Universita di Pavia

PhD in Electrical, Computer and Biomedical engineering

Faculty of Engineering

High energy nanosecond laser systems for
nonlinear optics and remote sensing
applications

PhD Thesis of

Luigi Fregnani

XXXI PhD cycle



Contents

1 Introduction

2 High energy 1-um MOPA laser system for HSRL and nonlinear optics

2.1 Laser system specifications . . . . . . ... ...
2.2 Designoverview . . . . . . ... ...
2.3 High Spectral Resolution Lidar . . . . . .. ... ... ... ...........
24 GainSwitching . . . . ...

24.1 Relaxation oscillations . . . . . . ... ... ..o Lo L
2.5 Microchiplaser . . . .. ... ...
2.6 Seeder pump diode characterization . . . . . ... ... ... L.
2.7 Microchip seeder characterization . . . . . .. ... ... ... ...
2.8 CW-pumped amplification stage . . . . . . . ... ... ... ...
2.9  Quasi-CW pumped amplificationstage . . . . . ... ... ... . ... ...
2.10 Frequency stability measurements . . . . . . . ... ... ... ... ..
2.11 Nonlinear optics experiments . . . . . . . . . ... ...

2.11.1 Stimulated Raman Scattering . . . . .. ... ... ... ... .....

2.11.2 Experimental setup and Raman conversionresults . . ... ... ...

2.11.3 Spectral and spatial beam quality characterization . .. ... ... ..

3 Nonlinear 2-ym MOPA laser system for THz generation
3.1 Introduction . . . . . . . ...
3.2 Basics of nonlinear opticsand DFG . . . . . ... ... .. ... ........

3.3 Optical Parametric Oscillators . . . . . ... ... ... ... ... .......

12
12
13
14
16
17
19
20
22
26
30
33
37
37
40
43



3.3.1 Nanosecond OPO . . . . .. .. ... ... ... ... ... .
3.4 Characterization of the InnoLas pump laser at KTH Laser Lab . . . . . .. ..
3.5 Design of a PPRKTP 2-pm OPO . . . . . . ... ... ... ... .. ......

3.6 Optical Parametric Amplification stage: setup and results . . . . . ... . ...

4 Porro-prism, Nd:YAG multi-m]
Q-switched laser
41 Introduction . . . . . . ... ...
4.2 Porro-prism laser resonator . . . . . . .. ...
43 Misalignment sensitivity characterization . . . . . ... ... ... ... ...
4.4 Passive and Active Q-switching experimental results . . . . . . ... ... ..
44.1 Beam pointing stability measurements . . . . . . ... ... ... ...

4.5 Summary of PQS and AQS performance . . . . . ... ... ... ...
5 Conclusions
A Jones calculus

B Terahertz sources and applications

B.1 Terahertz applications . . . . . . ... ... ... ... oo



Summary of the PhD Thesis

During my PhD research activity carried out at the Laser Source Laboratory of the University
of Pavia, I had the opportunity to study and develop complex high-energy (from several mJ to
several tens of mJ) and high spectral purity, even single longitudinal mode (SLM), nanosecond
laser systems operating at 1 ym and 2 pm. High spectral purity, high energy nanosecond
pulses are requested in many applications ranging from nonlinear optics frequency up- and
down-conversion, high resolution spectroscopy, LIDAR and remote sensing.

The first laser system I had the opportunity to developed is a table-top pulsed Master Os-
cillator Power Amplifier (MOPA) laser originally intended as a part of a more complex laser
system aimed to work as a transmitter for High Spectral Resolution LIDAR (HSRL) applica-

tions. The main specifications required for the laser system I developed were:
+ Operating wavelength 1064 nm.
« Optical bandwidth < 100 MHz (SLM).
+ Pulse duration > 10 ns.
« Pulse energy > 1 mJ.
« Low energy pulse monitor at 1 kHz.
« High energy pulse repetition rate up to 100 Hz.
« Very good spatial beam quality (M? < 1.5).
« Compact foot-print (table-top).

Given the very demanding specifications in terms of both spectral and spatial quality,
and high pulse energy, we opted for a MOPA architecture based on a high quality, compact,
low-energy seeder and a suitable number of amplifiers. As a seeder we designed and built a
Nd:YVO, microchip laser operating in the gain switching regime. This choice resulted in a
very compact and simple seeder architecture (a monolithic cavity of few mm of length) which

produced SLM nanosecond pulses (13 ns duration) at the requested 1 kHz repetition rate. The



gain switching technique has the main drawback of producing low-energy pulses: in our case
the pulse energy available from the seeder was as low as 80 nJ. This required a careful design
of a multi-stage, high-gain amplification chain. The first amplification stage consisted of a
longitudinally CW diode-pumped, double-pass Nd:YVO, amplifier which increased the pulse
energy to 12 ] (gain of about 21 dB). After this amplifier, we opted for a two stages, Quasi-
CW diode-side-pumped Nd:YVO, amplifier operating at 100 Hz which boosted the energy to
the mJ level. The final output pulses had energy of 3,2 mJ with 13 ns duration and an optical
bandwidth of 63 MHz, corresponding to a time-bandwidth product of about 0,8, close to the
Fourier limit for a Gaussian pulse temporal profile.

This MOPA laser was employed as a pump source for a nonlinear optics experiment con-
sisting in the demonstration of Raman conversion in the visible with a 4x4x30 mm? SftWO,
crystal. This material provides a Raman gain of about 5 cm/GW at 1064 nm pump wavelength.
The gain is as high as 16 cm/GW, if pumped at 532 nm. For this reason, we decided to pump
with the second harmonic (SH) of the MOPA laser. The maximum available pump energy
at 532 nm was 1,5 mJ]. Pump pulse duration was 11 ns after SH generation in a 5-mm-long
type-II KTP crystal. The pump pulses at 532 nm were SLM and with almost diffraction limited
spatial beam quality (M? = 1.1). The high parallelism of the Raman crystal facets permitted
to exploit a low-finesse (facets Fresnel reflectivity was about 9%) cavity effect to further re-
duce the Stimulated Raman Scattering (SRS) threshold. A SRS threshold as low as 0.4 mJ (100
MW/cm? corresponding pump intensity) was obtained. The Raman shifted pulses at 559 nm
showed a duration of 3,3 ns and a maximum energy of about 0,17 mJ, corresponding to a high
peak power of about 50 kW. The beam quality was well preserved (M? = 1.3). We also care-
fully characterized the longitudinal mode content of the Raman shifted pulses. About 15% of
the generated pulses resulted SLM, the remaining 85% contained only two or seldom three
longitudinal modes, confirming the very high spectral purity of the Raman generated pulses.

During the second year of my PhD, I took part in a 6-month research activity at KTH
Royal Institute of Technology in Stockholm, Sweden, from February 2017 to July 2017, when
I was hosted by the Laser Physics group of the Department of Applied Physics at the School
of Engineering Sciences. During this research activity I had the opportunity to take part in a

project aimed to build a tunable double-wavelength nanosecond excitation source, with pulse



energies in the range of tens of mJ. This rather complex MOPA laser system was intended to
be a universal laboratory source for testing different THz platforms which were developed in
parallel by other colleagues at KTH.

In order to achieve higher power conversion efficiency in THz generation the tunable
source was designed to operate in the spectral range around 2 ;um providing two wavelengths
close enough to permit THz generation through difference frequency generation in proper
nonlinear materials. Moreover, this wavelength range (2 ;zm) opens the possibility to exploit
large range of THz generating media, including semiconductor platforms, which were the
target of the project.

The architecture chosen for the 2-um laser source was an Optical Parametric Oscillator
(OPO) followed by an Optical Parametric Amplifier (OPA) both pumped at 1 pum, since this
was the most practical solution for achieving the required pulse energies in the spectral range
of interest. The tunable source employed as nonlinear crystals specially designed quasi-phase-
matched (QPM) structures in Rb:KTiOPO, directly produced at KTH. The pump laser at 1 um
for the optical parametric source was a commercial injection-seeded, single-longitudinal mode
laser at 1064 nm with a maximum output energy of about 150 mJ (InnoLas Laser GmbH) and
was available for the experiments at the laser lab at KTH.

The OPO was realized with a plane-concave Fabry-Perot cavity. The plane cavity output
coupler was a chirped Volume Bragg Grating (VBG) with a peak reflectivity at 2130 nm. The
peculiarity of this VBG was its central reflective wavelength that could be tuned by moving
it orthogonally to the incoming beam, specifically in a range of £ 10nm from the central
wavelength.

The maximum output energy of the OPO was 1,5 mJ with a pump of 7 m]J, corresponding
to about 5% of the available pump energy, the remaining 95% being used to pump the OPA.
The maximum pump energy level for the oscillator was dictated by the damage threshold of
the VBG which was the most delicate component of the OPO. The measurements confirmed
the theoretical expectations as the source generated narrowband pulses (7 ns with 0,4 nm
FWHM optical bandwidth) that could be tuned in a range of 1,5 THz around the degeneracy
wavelength of 2128,4 nm.

In the OPA we used the same nonlinear material used for the OPO (PP-RKTP). At the end



of the amplification chain we obtained 52 m]J total energy (signal+idler) at 2 ym with a tuning
range of about 21 nm (1,5 THz). The 7,5 ns pulses showed an optical bandwidth of 36 GHz
and a fairly good beam quality. THz generation experiments using this excitation source are
ongoing at KTH.

During the final year of my PhD I focused my research activity on high-energy (multi-
mJ), Q-switched nanosecond laser oscillators architecture suitable to be employed in remote
sensing and military applications. This kind of applications are usually very demanding for
what concerns the robustness of the laser, since it is supposed to be working in harsh condi-
tions. In all these applications, the laser can be subject to strong accelerations, vibrations and
high temperature variations that can heavily affect resonator alignment and laser components
functioning. Therefore, it is very important to adopt simple laser architectures, employing few,
well tested and technologically mature components, and proper design strategies to make the
resonator functioning less sensitive to the environmental conditions.

To this purpose, Porro prisms have been widely employed in substitution of usual flat or
concave mirrors in Fabry-Perot resonators. Porro prisms are retro-reflecting prisms with 90°-
cut reflecting surfaces that allow the laser beam to be reflected into the same direction where it
comes from, up to a small angle of misalignment from the normal of the input plane face of the
prism. Since Porro prisms induce polarization phase change in the incoming beam, this effect
must be modeled and taken into proper account when the resonator is designed, in particular
when polarization-sensitive components are used in the laser. This analysis is usually done by
means of a Jones matrixes analysis of the resonator.

The laser source I designed and characterized was a multi-mJ, side-pumped Nd:YAG Q-
Switched nanosecond laser originally intended as a possible seeder for a more complex MOPA
laser at 1064 nm for a space-borne atmospheric LIDAR. For this reason, a special attention
was devoted to the identification of a simple pump configuration and resonator geometry still
offering a reasonably good beam quality and effective mitigation of misalignment sensitiv-
ity. To this purpose, I investigated both a Passively Q-switched (PQS) and an Electro-Optical
Modulator (EOM) Actively Q-Switched (AQS) resonator configurations. The interest in these
two different Q-switching techniques is motivated by the trade-off required from the specific

application, i.e., generally AQS can provide higher energies as well as a higher pulse-to-pulse



jitter stabilization, whereas PQS architectures generally are far simpler and therefore more
cost-effective and reliable.

The characterization of the laser I realized is comprehensive of a spatial and spectral beam
quality analysis, a detailed characterization of the misalignment tolerance guranteeed by the
Porro prism resonator, as well as measurements of the output pulse energy, jitter and beam
pointing stability. For the PQS experiments, two different Cr:YAG saturable absorbers with
different initial transmission Ty = 90% and 70% were employed. Best results in terms of
output pulse energy were obtained with the Ty = 70% saturable absorber, yielding 7-m], 46-
ns pulses (150 kW peak power). The active Q-Switching is achieved with a double 7x7 x5 mm?
thermal matched RTP Pockels cell with a half-wavelength voltage of 2,4 kV. A maximum pulse
energy of 10,5 mJ, with a corresponding pulse duration of 39 ns was obtained (250 kW peak
power).

Part of the results I obtained in the research I carried out during my PhD have been pub-
lished on peer-reviewed international journals and presented at international conferences. A

detail of the publications and international conferences communications is reported here.
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1. Introduction

A large variety of applications ranging from material processing [1][2][3][4][5], to medicine
[6][7][8][9], from optical communications [10][11][12], to environmental monitoring [13][14][15],
from spectroscopy [16][17][18][19][20], to nonlinear optics [21][22][23][24][25] just to name
a few, are made possible by solid-state pulsed laser sources.

In many cases, the most important single parameter that has the largest impact on the
potential application of the laser is the pulse peak power Pp..; o f—: (being E, the pulse
energy and 7, the pulse duration) that can be realized in the spectral window requested by
the specific application. Higher peak power traduces in the possibility of reaching higher
local optical field intensity when the light beam is focused on the target, thus enabling special
radiation-matter interactions exploited in all those exciting applications made possible only
by laser technologies.

Pulse peak power can be increased either augmenting the pulse energy, usually adopting
the master oscillator power amplifier (MOPA) architecture, thanks to its flexibility, intrinsic
modularity and efficiency, or by developing laser sources able to deliver shorter and shorter
pulses. The possibility to obtain extremely high peak powers without the need for very high
pulse energy is one (surely not the only one!) reason for the huge success of ultrafast (picosec-
ond and femtosecond) lasers. As an example, a 1-W diode-pumped solid-state femtosecond
laser working at tens of MHz repetition rate and delivering 100-fs-long pulses with only few
nJ of energy (typical numbers for a low power Yb-doped femtosecond laser, for example), al-
ready delivers tens of kW peak power pulses. The same peak power from a 10-ns laser, would
require a pulse energy of ~ 100 uJ, which would result in kW (!) average power at tens of MHz
repetition rate! This example should clarify the great benefit that may come from ultrashort

pulses.



However, in many practical situations, the requisite of high peak power comes in combina-
tion with strict requirements for what concerns the spectral purity, i.e. the optical bandwidth,
of the laser pulses. Since a Fourier-transform relation exists between the optical pulse duration
7, and the optical bandwidth Av,, so that in practice Av,7, ~ 1, the condition on the spectral
purity traduces in a minimum acceptable pulse duration.

Therefore, tens of nanosecond pulses (which are considered relatively long in the optical
domain), are required in all those applications where the optical bandwidth must be very nar-
row, in the range of tens of MHz. This is the case in many nonlinear optics and remote sensing
applications.

This is the framework in which is inserted the research activity described in this thesis,
since during my PhD I had the opportunity to work on the development of two rather complex
and challenging high-energy, high-spectral-purity, nanosecond MOPA systems operating at 1
and 2 pm respectively.

The detailed description of the MOPA laser operating at 1 yum is reported in Chapter 2. This
table-top laser system was developed as a part of a more complex laser system intended for
High Spectral Resolution LIDAR (HSRL) applications. In this case, the strict requirement about
spectral purity of the laser (optical bandwidth < 100 MHz) is a consequence of the application
targeted, which was the remote measurement of wind velocity through the discrimination
of a Doppler-shift in the spectrum of the radiation back-scattered by aerosol particles. The
energy required for the HSRL application was as high as 200 mJ, thus requiring a multi-stage
MOPA design. I personally took part on the development of the master oscillator and the
high-gain amplification stages up to the mJ level, whereas the design and development of the
final booster amplifier was part of another PhD student research and it is not described in
this thesis. Nevertheless, the peculiar characteristics of the laser system were successfully
exploited in nonlinear optics experiments, namely Stimulated Raman Scattering (SRS) in the
visible employing a STWO, crystal, as described in Section 2.11.

In Chapter 3 it is described the research activity I carried out at the Laser Physics Lab of
KTH in Stockholm during a six months visiting period. The project I was involved in was
aimed to the realization of a tunable double-wavelength nanosecond excitation source with

pulse energies in the range of tens of mJ which would be a universal laboratory source for
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testing different THz platforms. In order to achieve higher conversion efficiency in THz gen-
eration, the tunable source was designed to operate in the spectral range around 2 ym gener-
ating two wavelengths close enough to permit THz generation through difference frequency
generation in proper nonlinear materials. Moreover, this wavelength range opens the possi-
bility to exploit a large variety of THz generating media, including semiconductor platforms,
which was the target of the project. The architecture chosen for the 2-pm laser source was an
Optical Parametric Oscillator (OPO) followed by an Optical Parametric Amplifier (OPA) both
pumped at 1 pum, since this was the most practical solution for achieving the required pulse
energies in the spectral range of interest.

After an intense activity in developing complex MOPA laser systems operating in different
regimes and wavelength regions, I had the opportunity to focus more on the direct generation
of mJ-level nanosecond pulses in diode-pumped oscillators. In particular, my research was
focused on the identification of practical solutions for nanosecond Q-switched sources suit-
able to be employed in remote sensing and military applications. This kind of applications are
usually very demanding for what concerns the robustness of the laser, since it is supposed to
be working in harsh conditions. Therefore, it is very important to adopt simple laser architec-
tures, employing few, well tested and technologically mature components, and proper design
strategies to make the resonator functioning less sensitive to the environmental conditions.
To this purpose, in stead of the traditional standing-wave Fabry-Perot resonators employing
plane or curved end-mirrors, I investigated resonators employing Porro prisms as end-mirrors.
This solution permits an effective mitigation of the misalignment sensitivity of the laser at an
expense of a relatively more complex resonator design and a slight reduction in laser efficiency

and spatial beam quality. The results of this research activity are reported in Chapter 4.

11



2. High energy 1-ym MOPA laser system

for HSRL and nonlinear optics

2.1 Laser system specifications

High energy, single longitudinal mode (SLM) lasers are irreplaceable tools for many different
applications requiring good beam quality, narrow linewidth, and long coherence length, such
as remote sensing, LIDAR and high resolution spectroscopy [26]. Master Oscillator Power
Amplifier (MOPA) is the most exploited architecture for this kind of laser systems, thanks
to its flexibility, intrinsic modularity and efficiency. Owing to the well-developed Nd-doped
high gain amplification modules technology [27][28], 1064 nm is the natural wavelength for
the MOPA system. The good spatial beam quality, high spectral purity, and high pulse peak
power provided by the laser permit an efficient nonlinear frequency up or down-conversion
to match the specific wavelength required by the application.

In this chapter I will describe the design and realization of a table-top pulsed MOPA laser,
developed as a part of a more complex laser system intended for High Spectral Resolution
LIDAR (HSRL) applications. A brief overview on LIDAR technology and HSRL systems is

given in Section 2.3. The main specification required for the laser system were:

+ Operating wavelength 1064 nm.

Optical bandwidth < 100 MHz (SLM).

« Pulse duration > 10 ns.

Pulse energy > 1 mJ.

12



Low energy pulse monitor at 1 kHz.
 High energy pulse repetition rate up to 100 Hz.

« Very good spatial beam quality (M? < 1.5).

Compact foot-print (table-top).

The architecture of the laser system, with the motivation of the main design choices for the
building blocks will be described in Section 2.2, the characterization of the building blocks and
the whole MOPA laser system I built is presented in Section 2.7, 2.8, 2.9.

In Section 2.11 I describe the setup and the experimental results obtained employing this
MOPA laser as the pump source for a nonlinear optics experiment consisting in the demon-

stration of Raman conversion in the visible with a STWO, crystal.

2.2 Design overview

The specifications for this laser system operating at 1 ym were very demanding both in terms of
the required pulse energy and the spectral purity, corresponding to a SLM pulsed regime. SLM
operation can be relatively easily obtained by employing short resonators (microchip lasers),
where the frequency separation of the cavity axial modes, the so-called Free Spectral Range
FSR=c/2L (being c the speed of light and L the optical length of the cavity) becomes larger
or comparable to the gain bandwidth of the active medium, thus preventing the possibility
of simultaneous oscillation of more than one resonator longitudinal mode. Microchip lasers
can be pulsed by means of two main techniques, namely, Q-Switching and gain switching.
In laser materials offering high upper level energy storage capability, i.e. long fluorescence
lifetime, such as rare earth doped crystals Nd:YAG and Nd:YVO,, Q-Switching is usually the
more convenient regime to generate energetic pulses. Unfortunately, in Q-Switching regime,
pulse duration is proportional to the cavity length and the extreme compactness of microchip
lasers (cavity < 1 cm) results in very short, usually sub-ns pulse duration. This limitation
can be overcome with gain switching technique, since with this technique, even very short

microchip resonators can produce laser pulses with duration longer then 10 ns in SLM regime.
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The major drawback in the gain switching pulse generation is its intrinsic low output energy,
usually in the range of few tens of nJ, which transfers part of the complexity of the design
from the oscillator to the proper amplification chain.

The architecture we decided to implement for this laser system was, therefore, a multi-
stage, MOPA laser system with a Nd:YVO, micro-chip laser in gain switching regime as a
master oscillator and a two-stages Nd:YVO, power amplifier chain. Even if the repetition rate
requested for the mJ-level amplified pulses was 100 Hz, the low energy seeder was supposed to
work at 1 kHz repetition rate to provide a signal monitor for the electronics at this higher rate.
Given the very low pulse energy available out of the gain-switched seeder, this signal was not
ideal for the monitoring purposes, therefore we opted for a first amplification stage operated in
cw to initially increase the pulse energy at 1 kHz repetition rate. For the booster amplification
stage, given the low repetition rate of 100 Hz, the natural choice was a QCW diode pumped
amplifier. In this way, we could take advantage of the high gain available pumping with 150-W
peak power QCW diode array at 808 nm. Proper synchronization of the different amplification
stages was realized by means of an external commercial pulse generator (Berkley Nucleonics
BNC 565) providing the properly delayed enabling signals for the seeder fast modulated pump
diode and the QCW diode pumped final amplification heads. The schematic representation of

the architecture of the system is shown in Fig. 2.1.

Ep=3,2m)]

Ep =80 n) @ 1kHz Ep = 12 u] @1kHz single shot - 100 Hz

Figure 2.1: Schematics of the output power and energy at every step

2.3 High Spectral Resolution Lidar

LIDAR (LIght Detection And Ranging) is a measurement technique based on the illumination

of a specific target by a laser pulse and the measurement of the backscattered signal. LIDARs
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can work with different configurations and therefore can measure different parameters of the
target. Time of flight LIDAR are the most common. In this case laser pulses are sent to a target
and a receiver measures the amount of time it takes for the pulses to be reflected or scattered
back to the source. From this information, the system retrieves the information about the
distance of the target from the source. By analyzing the back-scattered signal as a function of
time, 3d maps can be realized with this technique. But a signal analysis in the time domain is
not the only possible source of information from a LIDAR system. If also the optical spectrum
of the back-scattered signal can be measured, many more information can be made available.
This is what happens in one of the most common area of application of LIDAR systems which is
the atmospheric monitoring. In this case, for example, Raman scattering is used to identify the
presence and concentration of specific molecules in the atmosphere (usually pollutants). Given
the relatively large spectral shift provided by Raman scattering, the spectral purity of the laser
source is not so crucial in this atmospheric LIDAR. A very challenging, but very important
measurement that can be done with a LIDAR system, is the measurement of velocity of wind,
or in general the velocity of aerosol in the atmosphere. To target this application, the so-called
High Spectral Resolution Lidar (HSRL) must be developed. Indeed, the physical effect used in
this kind of measurements is Doppler effect, responsible for a velocity dependent, frequency

shift in the back-scattered radiation collected by the LIDAR receiver.
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Figure 2.2: Spectrum of the scattered pulse as it can be resolved by a HSRL

In particular it becomes critical to be able to distinguish between the signal produced by
the random thermal motion of the molecules and the signal generated by the particles that
are moving with the speed of the wind. The typical shape of the scattered radiation is rep-
resented in Fig. 2.2, where the two contributions can be easily distinguished because of the
very different associated bandwidths (particles — tens of MHz, molecular scattering — few
GHz). This is possible only if the receiver has a very narrow bandwidth tunable filter (much
narrower than the molecular response shown in Fig. 2.2), and the laser excitation source has
a very narrow bandwidth, comparable with the bandwidth of the signal produced by particle

scattering. More details about LIDAR in general and HSRL technique can be found in [29].

2.4 Gain Switching

A detailed description of the Gain Switching dynamics can be found in [30]. To introduce the
gain switching pulse generation it is worth describing the behavior of a four level laser system
under the assumption that the transition between the upper energy levels and the lower laser

levels takes place with duration relatively longer than the laser transition between the levels
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2 and 1.

Pump Laser

0

Figure 2.3: Scheme of a generic 4 level laser

If we define n(t) as the population inversion density and ¢(¢) as the photon density inside

the resonator, the dynamic behavior of a four-level system can be described by the equations

0
O [0}
_r,t - 066¢n 5

Where R, is the pump rate, o, is the emission cross section at the laser wavelength, 7; is the
fluorescence time, i.e. the decay time of the upper laser level to the lower laser level due to
radiative transition and 7. is the photon lifetime which depends on the length of the cavity as
well as its intrinsic losses and its output coupling.

The second term of the first equation (and the first term of the second) quantifies the stim-
ulated emission due to the laser photons. Equation 2.1 holds as long as the transient time
between the ground level and the first laser level and the transition between the upper level
and the upper laser level are both relatively faster then the fluorescence time, as it is the case

in practical situations.

2.4.1 Relaxation oscillations

If we consider a continuous pump which instantaneously reaches its threshold value, ie. a
step function pump, the term Rp in the first equation of the system 2.1 becomes equal to 0.
Moreover, if the analysis is applied to short time span it is also possible to neglect the term

depending on the spontaneous emission that usually takes place in longer time span, therefore

17



equation 2.1 becomes

d
5 = —0con

0\
8_¢t) = g.con

(2.2)

J

Population inversion density
Photon density

o

Time

Figure 2.4: Evolution of the population inversion density and the photon density in

response to a step function pump

As it can be seen in Fig. 2.4, which represents the evolution of n and ¢(t) in a four level
system we can see a series of oscillations of the two variable of our interest.

To describe the process: at the time t=0 the inversion of population starts and the upper
level of the laser transition starts to get filled, then, when the inversion exceeds the threshold
value ny, = 1/(co.c), the number of photons intracavity starts to grow while simultaneously
the inversion mechanism still takes place (On/dt > 0 and 0¢/0t > 0); then, when the num-
ber of photons reaches a certain value (¢¢), the stimulated emission due to the laser photons
becomes dominant over the pump and the inversion density starts to decrease (On /0t < 0 and
0¢/0t > 0), until it falls below the threshold value ny,, then the photon density diminishes
and reaching again ¢, and the process repeats itself with a lower modulation depth, until the

inversion population is stabilized to the threshold value.
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Figure 2.5: Evolution of the population inversion and of the photon density inside a laser cavity

If the pump pulse is stopped as soon as the first peak is generated it is possible for the laser
to emit a short pulse whose duration depends on the characteristic of the material and on the

pump pulse instead of the length of the optical resonator [30].

2.5 Microchip laser

Microchip laser are monolithic solid state laser where the whole cavity is made by the gain
medium and the mirrors are substituted by the coatings of the crystal.

Microchip laser have been invented by J. J. Zayhowski and A. Mooradian [31] with the pur-
pose of creating a simple and compact single longitudinal mode solid-state laser. Today they
find use in various sectors such as automotive, biomedical, laser marking, telecommunications
and environmental applications [32].

One of the obvious advantage of this architecture is the easiness of alignment. Because
of their short length microchip lasers represent an excellent choice for sub-nanosecond Q-
switched sources with a SESAM or Cr:YAG as a saturable absorber [33]. The most common
material used as gain media are Nd:YAG and Nd:YVO, for generation in the 1 ym region. The
seeder for the MOPA was a 2 X 2 x 1,5 mm?® Nd:YVO, 1%-doped laser crystal with a coating
that was HR for the laser wavelength and AR for the 808 nm pump. The coating on the output

face was still AR for the pump and had a 97% reflectivity for the laser wavelength.
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Figure 2.6: Nd:YVO, microchip laser employed in the MOPA
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2.6 Seeder pump diode characterization

The pump diode is a BFP1 laser diode from Bright Solutions srl operating near 808 nm. The
maximum output power at 1 kHz was ~ 7 mW for a pulse duration of 500 ns corrispending to
a max peak power of 14 W and a pulse energy of 7 1] (see Fig. 2.7). The spectrum emitted by
the laser diode was measured with a ANDO AQ6317B optical spectrum analyzer. The result of
the measurement, repeated at different laser diode pulse repetition rate ranging from 100 Hz
to 50 kHz is shown in Fig. 2.8. Given the extremely low duty cycle of operation no significant
thermal drift of emitting pump wavelength was observed. The pump beam is coupled to a 100

pm core diameter optical fiber and then focused inside the crystal by means of a telescope.
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Figure 2.7: Output power of the BFP pump diode in function of its driving current
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Figure 2.8: Optical spectrum of the BFP diode at different repetition rates
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Figure 2.9: Spatial beam quality of the BFP1 pump diode

The spatial beam quality of the pump source was measured with the knife-edge technique.

The result is shown in Fig. 2.9. The M? ~ 27 is quite typical for the 100-xm multi-mode fiber.

The pump radiation was imaged in the active medium with a 1:1 telescope.

2.7 Microchip seeder characterization

The design of the seeder stage with the reshaping optics and optical components, such as Fara-

day isolators, used to protect the gain-switched microchip laser from back-injection coming

from subsequent amplification stages is shown in Fig. 2.10
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Figure 2.10: Design of the seeder stage. Two opto-isolators were inserted in the

architecture in order to avoid any possible effect of self-lasing or back-injection

LD1 BFP1 Bright Solutions srl pulsed diode laser, 14 W max peak power at 808 nm
coupled in a 100 pm optical fiber

L1 f=6,25 mm aspheric lens AR at 808 nm

L2 f=6,25 mm aspheric lens AR at 808 nm

C1 Nd:YVO, 2 x 2 x 1,5 mm 1% doping Roc=97%

M1,M4,M6,M7,M8 | Dielectric mirror HR 45° at 1064 nm

L3 f=300 mm spherical lens

M2 Metallic mirror

M3 Metallic mirror

W, 0,82 mm beam waist on lens L4

L4 f=250 mm spherical lens

L3-M2 17 cm

M2-M3 25 cm

M3-1L4 30 cm

HWP Half wave-plate at 1064 nm

Table 2.1: List of the acronyms and distances in Fig. 2.10

The first step of the analysis was the characterization of the diode-pumped 1,5-mm-long

Nd:YVOy, laser seeder. Just outside the microchip an output power of 137 W and a pulse
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width of about 13 ns were measured. These values were obtained with a pump repetition rate
of 1 kHz and with pump pulses of 500 ns of duration and 6 W of output peak power.

The spatial beam quality was measured by means of a CCD camera scanned along the focal
plane of a spherical lens. The result is shown in Fig. 2.11. The M2 XMZQ/ = 1,07x1, 05 prove the
almost diffraction limited beam quality of the gain-switched seeder. The central wavelength
emitted by the seeder is 1063,9 nm as shown in Fig. 2.13. This unusually “short” wavelength can
be justified by the extremely low pump duty cycle (0,05%) and correspondingly low thermal

load of the active medium (incident average power of few mW).
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Figure 2.11: Seeder M? measurements (Mg =1,05 M§=1,07)
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Figure 2.12: Seeder pulse measured with Tektronix digital phosphorus oscilloscope TDS5104B
(1 GHz bandwidth)
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Figure 2.13: Spectrum of the seeder pulses taken with an ANDO AQ6317B spectrom-
eter
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2.8 CW-pumped amplification stage

Monitor
photodiode M2

Brewster
plate

Figure 2.14: CW amplification setup

L4 =250 mm achromatic lens

LD2 high power diode laser CW 20 W maximum power

coupled in a 200 pm core diameter fiber

L5 f=30 mm achromatic lens

L6 f=40 mm achromatic lens

C2 Nd:YVO, 0.3% doping 3 x 3x 10 mm?® AR/AR
Wy 1,3 mm

L4-C2 25 cm

C2-M4 | 18,5 cm

M4- wp | 11 cm

L7 f=300 mm spherical lens

Table 2.2: List of the acronyms and distances in Fig. 2.14

The first stage of amplification was intended to increase the energy of the seeder thus easing
the work of the last stage of amplification. The pump waist in the Nd:YVO, double pass am-

plifier was ~ 133 pm due to a magnification of 4/3 made by an achromatic lens telescope. In
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order to optimize the mode matching the seeder waist was decreased to ~ 100 ym. The thermal
management of the Nd:YVO, amplification crystal was performed with a water cooled copper
mount whose temperature was kept around 18°C. The pump diode of the first stage was a CW

diode with a maximum output power of 20 W.

12 4

=
o
1

Output Power [mW]

6 7 8 9 10 1|1 12 13 14
Pump Power [W]

Figure 2.15: Output energy in function of the CW diode pump power

The maximum output power obtained was for 60% of the maximum current corresponding
to 12,5 W incident pump power. Further increasing the pump power the pump energy dropped.
We attribute this limitation to a thermal shift of the emission cross-section peak of the CW
pumped Nd:YVO, amplifier. Indeed, as it can be seen in Fig. 2.16, if we compare the seeder
spectrum with the fluorescence spectrum of the Nd:YVO, CW-pumped amplifier, we notice
that increasing the pump power results in a progressive red shift of the gain peak wavelength,
as expected by literature [34]. This mismatched between the seeder wavelength and the gain
peak wavelength in the amplifier is unavoidable given the very small thermal load in the low
duty cycle microchip laser.

It was also noted that a careful mounting of the amplifier crystal in its copper case was

critical for the optimization of the output energy up to 18 uJ, as measured before the final
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Faraday isolator in Fig. 2.14.

—Seed
—8W
—12W
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Bl Wy E ‘ L W

1063 1063.5 1064 1064.5 1065

Figure 2.16: Spectrum of the seeder (red) and fluorescence spectrum of Nd:YVO, as measured

at different pump power levels

An optical isolator was inserted between mirror M4 and lens L7 in order to avoid any retro-
injection of the amplified beam inside the microchip. During the measurements of the output
power the seeder pulse was monitored and it could be noticed that, in the absence of the optical
isolator, as the pump power grew, an instability appeared in the seeder. The instability caused
a certain number of pulses (about 5% out of 100 samples) to be reduced in amplitude and to
have a longer duration (18 ns).

The seeder beam was then collimated with the lens L7 (see Fig. 2.14). The amplified beam
was then collected with mirror M4. After the optical isolator a maximum energy of 12,3 uJ
was measured. The unavoidable decrease in output energy caused by the optical isolator rep-
resented a necessary trade off to avoid any possible damage to the microchip and to increase

the stability of the output pulses.
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Figure 2.17: M? after the CW amplification M§=1,15 Mi=1,14

We measured a beam quality of the CW amplified beam of M3 xM? = 1,14 x 1,15. The
result is shown in Fig. 2.17. The astigmatism was already present in the seed beam as it can
be seen in Fig. 2.11.

The very good beam quality preservation in the double-pass CW-pumped amplifier was
possible thanks to the careful adjustment of seed beam waist in the amplifier trading off energy

extraction efficiency for beam quality preservation.
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2.9 OQuasi-CW pumped amplification stage

L7 L8

M5

[

M6 M7

M9

Figure 2.18: Quasi-CW amplification setup

Wp 1,3 mm

L7 t=300 mm spherical lens

L8 f=150 mm spherical lens

L9 f=-50 mm spherical lens

We 0,5 mm

M5 Metallic mirror

LD3 Quasi-CW high power (150 W) laser diodes
C3 4 x 2 x 15 mm?3 Nd:YVO, 1% doped 6° wedged slab
M9 Dielectric mirror HR 0° at 1064 nm

Wy 0,5 mm

L8-L9 | 10 cm

L9-C3 | 17 cm

C3-C3 | 24 cm

C3-wy | 50 cm

Table 2.3: List of the acronyms and distances in fig 2.18
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Before entering the second amplification stage the laser was collimated then resized with a
spherical telescope to a beam radius of 0.5 mm. Just like in the CW amplification stage when
the amplification started to increase (as the pulses reached 0,2 mJ of energy at 50 Hz) the
same instability as before was seen in the seeder pulse. The same procedure as the one in the
previous stage of amplification was applied and another optical isolator (the one between the
Nd:YVO, and the mirror M1) was inserted.

The pump repetition rate of the second amplifier could be modified from single shot to 100
Hz, the width of the pump pulses was 100 s and the peak power was 150 W at 160 A for a
pump pulse energy of 15 mJ for each amplifier. The synchronization of the 1 kHz pulse train
with the pump pulse train was controlled by a BNC 565 pulse delay generator. The input of
the generator was given by a current monitor signal taken by the driver of diode LD1, then

the output frequency was obtained by dividing the seeder frequency by a chosen value.

150 W QCW Laser diode

HWP at 808 nm
Collimation u-lens

N

IN

o Ut

4 x 2 x 15 mm3 6°-wedged
1% Nd:YVO, slab

Figure 2.19: Grazing-incidence Nd:YVO, QCW laser diode pumped amplification head

The amplification stage is based on a couple of 4 x 2 x 15 mm?, Nd:YVOy slabs, 1%-doped,
6° wedge, in a grazing-incidence configuration. Each slab was pumped by a 150 W peak power

quasi-cw laser diode array with emitting size 10 mm x ~ 1 ym, tuned at 808 nm and collimated



by a microlens to a vertical dimension 2w, of 0.8 mm. The input and output faces of the slabs
were antireflection-coated at 1064 nm, while the pump side was AR coated at 808 nm. Half-
wave plates were used to align the polarization of the pump diode arrays with the Nd:YVO,
c-axis (perpendicular to the plane of Fig. 2.19). The pump pulse duration was selected to 100
us, matched to the active medium fluorescence lifetime, in order to maximize the amplifier
gain. The grazing incidence, total internal reflection configuration permits to obtain very high
gain (small signal gain > 30 dB have been demonstrated with configurations similar to the
one adopted here [35]), fully exploiting the high-peak power pump diode, still maintaining an
excellent beam quality [35]. The strong gain shaping established by such extremely high gains
makes the beam divergence basically dominated by diffraction from the gain aperture and
nearly independent of the seed diameter. This effect may be responsible for the slight beam
quality improvement we noticed after amplification, as it can be seen in the M* measurement
result presented in Fig. 2.20.

Up to 50 Hz the maximum pulse energy was 3,2 mJ. At 100 Hz a power of 330 mW was
obtained, but we noticed a drop in the output pulse energy from 3,2 to 2,5 mJ after around
30 minutes of operating time. This loss of energy was likely due to a thermal detuning of the

QCW amplifier.

& WK
fit v

0.04
-10 -5 I 5 10

Displacement(mm)

Figure 2.20: M? after the QCW amplification Mg =1,07 M§=1,05
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2.10 Frequency stability measurements

In this section I report the spectral characterization of the seeder and the measurement of the
stability of the bandwidth and the central output frequency. Because of the narrow bandwidth
of the laser, the resolution of a general purpose optical spectrum analyzer such as the one
available in our lab (ANDO AQ6317B) was not sufficient to obtain any usable information
about the bandwidth of the pulses generated. It was then necessary to employ a scanning

Fabry-perot interferometer, the model at our disposal was a Thorlabs SA210-8B.

Fabry-Perot

| 1

Monitor
photodiode

LD1
L1 L2

IIII Nd:YVO,
— 0
1l ﬁ M1

Figure 2.21: Schematics of the measurements taken with the Fabry-Perot scanning interfer-

ometer

A Fabry Perot interferometer is a frequency filter composed by two partially reflective
mirrors with respective reflective coefficients R and R,. If we consider a monochromatic
plane wave with amplitude F; and wavelength A it can be shown that the ratio between the
amplitude of the transmitted electromagnetic wave and the incoming one is

. |E|? 1+ RiRy— Ry — Ry

T = =
|Eil2 14+ RiRy — 2v/Ri Rycos6

(2.3)

where § = 4mnL/\ + ¢1 + ¢o is the phase shift produced in a round-trip (including the phase

shift ¢; and ¢, given by the two mirrors), L is the cavity length, n is the refractive index of the
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medium between the two mirrors. If, as it is in most cases, R;=Ry, eq. 2.3 becomes

_ (1-R)?
~ 1+ R% — 2Rcos(9)

(2.4)

The ratio between T,,,,, (0 = 2¢qmw for ¢ = 0,£1,42,...) and T},;, (6 = 2q7w + 7 for ¢ =
0,41,+£2,...) is called coefficient of finesse and is given by

Pore 2 o

Since ¢ is linearly dependent on the frequency it is possible to define the so called resonant

¢ ¢1 + P2
Yo = 2nL (q - or ) (2.6)

frequencies v, as

and the distance between two consecutive resonant frequencies is called Free Spectral Range
FSR.
FSR =vg1 — v, (2.7)

Another key parameter in a Fabry-Perot interferometer is the FWHM of the transmission

bandwidth W, which, if R ~ 1 can be approximated to ~ 4/v/F = 2(1 — R). Thanks to this
last parameter it is possible to calculate the FWHM ¢v with the proportion dv/Av = W/2n

which is :

v =~ Av (2.8)

in particular the ratio Av/dv is called finesse of the Fabry-Perot. [36]
This particular scanning Fabry-Perot interferometer uses an optical cavity formed by two
spherical mirrors with the same radius of curvature disposed in a confocal configuration which
simplifies the alignment of the cavity.
Given the instrument FSR = 1,5 GHz, we measured an average bandwidth of 63 MHz
FWHM with a standard deviation of 1.1 MHz over 60 measures taken in a span of 2 hours.
The bandwidth was calculated by measuring the time distance between two consecutive
peaks transmitted by the Fabry-Perot interferometer and, by measuring the bandwidth of these
v _ b

7oz = 5. InFig. 2.22 it is shown the typical oscilloscope

peaks, then exploiting the proportion
trace showing the SLM operation of the laser (only one pulse present in a complete scanning

Fabry-Perot FSR). The detail of the spectrum as measured by the instrument is shown in Fig.
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2.23(a). Please notice that the spectrum appears as it is “sampled” at the period corresponding
to the pulse period of the 1 kHz oscillator. In Fig. 2.23(b) it is shown the gaussian fit of the

spectrum.

14
FSR -
1.5GHz
10 210 ms 1
8 i
X |

905 00 015 0.2 025 03 035 04 045
Sec

Figure 2.22: Oscilloscope trace of the scanning Fabry-Perot, the resolution of the measure was

of 1 point every 200 ns for a total number of points of 2 million for every scan
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Figure 2.23: Zoom over the first peak of the Fabry Perot scan (a) and gaussian fit of the enve-
lope of the first peak (b). The gaussian fit was needed to accurately measure the FWHM and,

therefore knowing the actual bandwidth of the pulses
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Figure 2.24: Series of measurements of the bandwidth taken in a span of 2 hours

Another information of the scanning of the Fabry-Perot was the absolute frequency stabil-

ity of the laser which could be calculated as the displacement of the position of the first pulse.

In order to calculate the stability of the frequency also the distance between the peaks was

monitored and it was found to have a standard deviation of about 1% of its average value.
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Figure 2.25: First peak pulse position (top), fit of the data (center), position deviation without

the slope (bottom)
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In Fig. 2.25 it is shown that the position of the first peak of the trace is changing almost lin-
early in time. The growth-rate is compatible with the room temperature growth. By ignoring
the slope it is possible to calculate the standard deviation of the center of the peak and thus
the absolute stability of the losing frequency. It was found a standard deviation of 23 MHz.

By assuming an average pulse duration of 13 ns and an average bandwidth of 63 MHz the
time-bandwidth product was ~ 0,8 fairly close to the Fourier limit for a gaussianly shaped

pulse.

2.11 Nonlinear optics experiments

2.11.1 Stimulated Raman Scattering

The complex MOPA laser system I described in the previous sections had the following per-
formance:

Pulse duration: 13 ns

Pulse energy: 3.2 m]

Pulse peak power 250 kW

Pulse repetition rate: s.shot — 100 Hz

Output wavelength: 1064 nm

Optical bandwidth: 63 MHz (SLM)

Beam quality: M7 xM_ < 1.1

Table-top footprint: (~1 m?)

In order to match the requirements of the HSRL application (pulse energy 100 m]), a further
high energy amplification stage was required. I did not take part to the experiments related
to this final amplification stage that was part of the PhD work of a colleague and are not de-
scribed in this work. Nevertheless, the peculiar characteristics of this laser system, namely the
high peak power available with excellent spatial and spectral beam quality are very interesting
features for nonlinear frequency conversion experiments. Therefore, we took advantage of the
availability in the Lab of a suitable sample of SfTWO, to perform Stimulated Raman Scatter-

ing (SRS) experiments pumping with our nanosecond high spectral purity MOPA. The main
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characteristics of StTWO, crystal relevant to SRS experiments are reported in Table 2.4.

Crystal family Tungstates

Hardness 4 Mohs

Thermal conductivity 3 Wm K™}

Refractive index 1.87 at 1 um

Sample dimensions 4 x 4 x 30 (length) mm?
Dephasing time T, 3.9 ps

g, for pumping at 1064 nm | 5 cm/GW (c-axis) 4 cm/GW (a-axis)
g, for pumping at 532 nm | 16 cm/GW

Raman shift 921 cm ™!

Table 2.4: Main physical and geometrical properties of the St WO, sample used in the

experiments

SRS is a third-order nonlinear effect corresponding to an inelastic scattering process in-
volving the interaction of an incident photon (the pump photon at 1064 nm in our case)
with a molecule, or the lattice of a crystalline medium. Depending on initial conditions (i.e.
whether the molecule is in ground or excited state), the pump can transfer energy to the Ra-
man medium, which in turn releases a red shifted beam (referred to as Stokes line), or extract
energy from the already excited molecules, resulting in a blue shifted scattered light (called
the anti-Stokes line).

It is worth noting that the anti-Stokes lines are typically much weaker than Stokes coun-
terparts, since they rely on starting population in the excited state, whose value is predicted by
the Boltzmann distribution at thermal equilibrium. Given the vibration nature of the Raman
effect excitation, in solid-state materials, the energy absorbed or released by the materials is

of the rough order of several hundred-few thousand of cm™*

, resulting in typical wavelength
shift of 50 - 150 nm for a pump photon at 1 pm.

It is possible to identify a characteristic material response time T,, after which it is rea-
sonable to assume the interaction to be over. T, is referred to as dephasing time which varies

from material to material, but is typically of the order of few ps up to tens of ps in solid state
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materials and it is found to be proportional to the inverse of the linewidth associated with the
Raman transition, which is consequently typically in the rang 10-100 GHz. Given the material
parameters reported in Table 2.4 and the characteristics of our pump laser, we fully exploited
a steady state SRS regime, since our pulse duration was way longer than the dephasing time
of Sf(WO,.

Limiting the discussion of SRS to the situation in which a single Raman transition (i.e.
first Stokes) experiences enough gain to be observed, at the same time applying a plane-wave
approximation and neglecting pump depletion, the growth of the Stokes beam power Py, can

be written as:

Py(L) = Py(0)edE = Py (0)e” (2.9)

Where g, is the wavelength-dependent Raman gain of the material usually measured in cm/GW,
L is the length of the Raman medium (if matched to the nonlinear interaction length, as usually
occurs) and [, is the incident pump intensity. In practical situations, when a travelling-wave
SRS generation is targeted, in order to amplify the spontaneous quantum noise at the 1* Stokes
Raman-shifted wavelength, a net small-signal gain G ~ 25 must be provided. This permits to
make an estimation of the required pump intensity to reach the Raman signal detection thresh-
old, once is given the crystal length and the material Raman gain g,. A significant reduction
in SRS threshold intensity can be obtained if a cavity is employed in stead of a single-pass
travelling-wave geometry. Considering a Raman oscillator pumped by pulses with duration
7, much longer than the round-trip time 2nl/c, the oscillation threshold is reached when

P N
N ROCG—QaLengtOhSCL G (2.10)

o ~ e
where Py is the Raman pulse power after the maximum number of round trips N = ¢7/2nl,
during which the pump provides the Raman amplification action, F is the initial noise power
at the Raman wavelength, Ro¢ is the output coupler reflectivity, and « is the passive loss
per unit length due to scattering and other possible source of passive losses in the crystal.

Therefore, one can relate the thresholds in a single pass, and for the oscillator,

t, In(R + 2al
Iosc = <—+ n(foc) +2a )ISP (2.11)
Tp grL

The term in the brackets represents the reduction factor of the Raman oscillation threshold
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with respect to a single-pass traveling-wave setup. It can readily exceed one order of mag-
nitude, but even an uncoated monolithic crystal resonator can provide significant threshold
reduction, allowing for safe SRS below the damage threshold for a given pulse duration.

Considering Eq. 2.9 and the material parameters of the STWO, crystal at our disposal, we
could estimate an incident pump threshold intensity for a single-pass travelling-wave Raman
generation of I, 1064nm ~ 1.7 GW/cm?, Iy, 5320m =~ 0.5 GW/cm?. Considering the relatively
long pump pulse duration (exceeding 10 ns), these incident intensity values could be already
close to typical 1 GW/cm? material damage threshold. Even pumping at 532 nm, which clearly
is very advantageous with respect to 1064 nm owing to the more than tripled value of the ma-
terial Raman gain, the expected threshold is too high to permit efficient conversion, which
requires typically above-threshold factor of about 2-3 before the onset of higher order Stokes
limit the conversion efficiency of the 1% Stokes. However, if one considers the threshold re-
duction factor in Eq. 2.11, even a low-finesse resonator constituted by the uncoated plane
parallel facets of the crystal acting as two plane mirrors, can already yield a significant re-
duction in the expected threshold. Given StWO, refractive index (see Table 2.4) the uncoated
facets Fresnel reflectivity is R ~ 9%. If one makes the reasonable assumption that distributed
internal losses can be neglected, pumping the 30-mm-long StWO, crystal with the 13-ns-long

pulses (resulting in the factor N ~ 30), the threshold reduction factor

OSC)/I(SP) ~ (2.12)

This may be not enough to guarantee safe operation in case of pumping at 1064 nm, but turns
out in an expected threshold pump intensity of about 100 MW/cm? pumping with the second
harmonic of the 1064 nm MOPA pulses. For this reason, once we verified that the parallelism
of the STWO, crystal facets was good enough to permit the low-finesse resonator behavior,

we decided to setup a Raman generation experiment pumping at 532 nm.

2.11.2 Experimental setup and Raman conversion results

The experimental setup is shown in Fig. 2.27. In order to protect the MOPA laser from danger-
ous back-reflections we inserted a Faraday isolator between the final amplification stage and

the SHG module. An HWP was used to properly adjust pump beam polarization for the SHG
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Figure 2.26: Oscilloscope trace of the Second Harmonic pulses at 532 nm

ina 3 x 3 x 5 mm? type-Il KTP crystal. After the Faraday rotator the maximum available pulse
energy was about 2,7 mJ. The telescope formed by spherical lenses L12-L13 yelded a minimum
beam waist in the KTP crystal of w, ~ 200 um resulting in a maximum on-axis peak intensity
of about 300 MW/cm?. In this conditions, we measured a SH conversion efficiency of about
56% with a pulse energy of 1,4 mJ at 532 nm. The oscilloscope trace of the SH pulses is shown
in Fig. 2.26. The pulse duration was bout 11 ns.
Lens L14 (see Fig. 2.27) was used to re-image the 532 nm beam in the SftWO, crystal with a
beam radius of 150 ;zm yielding a maximum on-axis pump peak intensity of about 360 MW/cm?
in the Raman crystal.

Carefully aligning the Raman crystal with respect to the pump beam readily produced SRS
at 559 nm with a pump energy threshold as low as 0,4 m]. The corresponding on-axis pump
intensity threshold is about 100 MW/cm?, as shown in 2.29, which is in fair agreement with

the prediction of Eq. 2.11.
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M8, M12 Dielectric mirror HR 45° at 1064

M9 Dielectric mirror HR 0° at 1064

wy 0,5 mm

L12 f=150 mm broadband AR coated in the near infrared
L13 f=75 mm broadband AR coated in the near infrared
We 200 um

KTP 3 x 3 x 5 mm? AR coated at 532 nm and 1064 nm
M10 Dichroic mirror, HR/HT at 1064/808 nm at 45°

L14 f=75 mm AR coated at 532 nm

wg 150 pum

M13, M14, M15 | metallic mirror

L13 f=-50 mm broadband AR coated in the visible

Table 2.5: List of the acronyms and distances in Fig. 2.27

559nm
532nm

V SF10
prism

SrWOHﬂ» W

M11 L14

S

L13 L1z HWP o

KTP

10 We

M8

Figure 2.27: Setup for the SRS experiments

M9

The SH and the Raman radiation were separated by a SF10 prism. It is worth noticing that

even at the highest pump power no 2"¢ Stokes was measured. Nevertheless, by observing the

conversion curve of Fig. 2.29 it can be expected the onset of the 2"? Stokes to have a role in
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the slight drop of conversion slope efficiency close to the maximum incident pump energy.
The output energy measured behind the exit face is shown in Fig. 2.29. The external slope

efficiency amounts to 21%. Also taking into account the measured Raman output from the

input face, the internal slope efficiency is 31%.

2.11.3 Spectral and spatial beam quality characterization

The oscilloscope trace of the Raman shifted pulses is shown in 2.28. The 3,3 ns pulse duration
corresponds to a compression factor of about 3 with respect to the pump that can mainly be
attributed to the small “above threshold” factor we operated the Raman converter. The pulse
reduction contributed to maintain a significant pulse peak power at 559 nm: the maximum

pulse energy obtained was 0,18 m], yielding a peak power of about 60 kW for the Raman

shifted pulses.
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Figure 2.28: Oscilloscope trace of the generated Raman pulses
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Figure 2.30: Setup for the analysis of the spectrum of the Raman pulses
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Since the Fabry-Perot scan interferometer used for the characterization of the MOPA laser
at 1064 nm was not suitable for investigation of spectral properties of the pulses in the visible,
in order to investigate the longitudinal mode content of the pump at 532 nm and the Raman
generated pulses, we employed a Quanta-Ray FPA-1 etalon specified with a finesse of about 10
and a FSR = 7.5 GHz. The SLM operation of the pump laser beam at 532 nm can be appreciated

by the ring pattern produced by the Etalon as it is shown in Fig. 2.31.

Figure 2.31: SH interference pattern

Figure 2.32: Single Mode Figure 2.33: Multimodal

Figure 2.34: About 15% of the generated Raman shifted pulses resulted SLM

The same Etalon was used to characterize the longitudinal mode content of the Raman
shifted pulses, with the setup shown in Fig. 2.30.
In Fig. 2.32 we report the ring pattern recorded in case of SLM Raman shifted laser pulses

at 559 nm, whereas in Fig. 2.33 it is shown the ring pattern recorded in the presence of two
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longitudinal modes. Notwithstanding the small feedback from the end facets, corresponding to
a low finesse resonator, the cavity is clearly shaping the spectrum. At full pump energy, about
3 times above the threshold, oscillation occurs most often with 2 — 3 longitudinal modes whose
spacing (inferred by the period of the ring pattern and etalon thickness) does correspond to
the crystal length.

Previous results [37] showed that SRS pumped by a SLM laser exhibits a spectrum whose
bandwidth is defined only by the finite dephasing time of the phonons. It is however possible,
just like in [38] to obtain a SLM Raman generation if the pump energy is decreased close to
SRS threshold. In our case when we get closer to the treshold (about 2 times above threshold)
we noticed an increase in the occurrence of SLM pulses, but only for 20% of the times, while
60% were composed by only 2 longitudinal modes. Closer to threshold it was impossible to
analyze the rate of SLM pulses because the low Raman power produced rings with too low
intensity for our camera. It is believed however that the tendency is, like in [38], to obtain
more frequent SLM emission.

In order to measure the spatial beam quality of the Raman radiation the beam was colli-
mated with a 300 mm lens and then focused with a shorter 50 mm lens. The CCD camera was
centered in the focus and translated in a span of 40 mm. As shown in Fig. 2.35, the Raman

exhibited a fairly good beam quality (M? ><M321=1,3 % 1,15) which is similar to the pump.
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Figure 2.35: M2 = 1,3 and M?QJ =1,15

A reverse calculation from the magnification telescope and the waist diameter in the focus
showed resulted in a Raman beam waist ~ 120 ym in the StWO, crystal, which is ~ 20%
smaller than the pump beam waist, due to the nonlinear interaction. But it is significantly
larger with respect to the expected wr ~ wp /3 for the traveling-wave generation with a slight
pump depletion. This result suggests that, again, a cavity effect is taking place and shaping
the beam.

The absence of mirrors and the geometry of the crystal only allowed a plane-plane con-
figuration, which reduced the optical and slope efficiency with respect to [37] [39]. In this
configuration it was therefore harder to optimize the mode-matching between the pump and
the cavity mode. If a better beam quality or an higher efficiency are required, it would be possi-
ble, at an expense of more complex setup with respect to the monolithic plane-plane resonator,

to design a stable cavity with curved mirrors and optimized mode matching.
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3. Nonlinear 2-ym MOPA laser system

for THz generation

3.1 Introduction

In this Chapter I describe the research activity and the experimental results obtained during
a 6-month visiting period I spent at KTH Royal Institute of Technology in Stockholm, Swe-
den, from February 2017 to July 2017, when I was hosted by the Laser Physics group of the
Department of Applied Physics at the School of Engineering Sciences. During this visit [ had
the opportunity to take part in a research project aimed to build a tunable double-wavelength
nanosecond excitation source, with pulse energies in the range of tens of mJ [40]. This rather
complex laser system was intended to be a universal laboratory source for testing different THz
platforms which were developed in parallel by other colleagues at KTH. In order to achieve
higher power conversion efficiency in THz generation the tunable source was designed to op-
erate in the spectral range around 2 ym. Moreover, this wavelength range opens the possibility
to exploit a large variety of THz generating media, including semiconductor platforms, which
was the target of the project. The architecture chosen for the 2-/m laser source was an Optical
Parametric Oscillator (OPO) followed by an Optical Parametric Amplifier (OPA) both pumped
at 1 pum, since this was the most practical solution for achieving the required pulse energies
in the spectral range of interest. The tunable source employed as nonlinear crystals specially
designed quasi-phase-matched (QPM) structures in Rb:KTiOPO, (RKTP) directly produced at
KTH. The pump laser at 1 um for the optical parametric source was a commercial InnoLas

injection-seeded, SLM laser at 1064 nm with a maximum output energy of about 200 mJ and
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was available for the experiments at the laser lab at KTH. In Section 3.4, preliminary to the
description of the research activity I personally took part in, I will report for the shake of com-
pleteness and clarity the characterization of the pump laser system at 1 um as it was carried
out when the laser was delivered to the lab. In Section 3.5 I report some design consideration
for the singly resonant OPO and I describe the architecture and the performance of the OPO
we built. In Section 3.6 it is described the OPA and the related experimental measurements. In

Appendix B I give a brief overview on THz generation and applications of THz sources.

3.2 Basics of nonlinear optics and DFG

Nonlinear optics is the branch of optics that studies the interaction between optical radiation
and matter when the incoming electric field E;,, associated to the light beam is strong enough to
excite a nonlinear response in the material polarization P. If the electric field has a sufficiently

high intensity, indeed, the material susceptibility exhibits a non linear behavior:
X =x" +xPE@W) + xPED@)... (3.1)

Where x(? and Y are respectively the second and third order terms of the expansion. High
enough field can be easily obtained with laser radiation and, in particular, if two laser beams

at different angular frequencies wy, wo
Ei, = Eycos(k1z — wit + ¢1) + Escos(kaz — wat + ¢o) (3.2)

enter a crystal whose second order nonlinear coefficient is sufficiently high, the generated
radiation will be described by the following expression :

1

P? = 5E12cos(2(/<:1z —wit +¢1))+
1
§E§cos(2(/€22 — wat + ¢2))+
1
L+ e (3.3)

E1Eycos((ky 4 ko)z — (w1 4+ wo)t + (1 + ¢2))+

EyEscos((ky — ko)z — (wy — wo)t + (1 — ¢2))
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The last term of equation 3.3 oscillating at angular frequency (w; —w»), specifically, represents
the nonlinear effect called Difference Frequency Generation (DFG) since the frequency of the
generated wave is the difference of the frequencies of the two incoming ones.

Second order nonlinear process are energy conservative, meaning that in DFG holds the rela-
tions

hw;g = hw1 — hCL)Q (34)

where wjs is the frequency of the generated radiation and w; and w,, are the two incoming ones,
with w; > wy > wa.

Since, usually, the refractive index of materials follow normal dispersion, the refractive index
at different frequencies will have three different values i.e. ny > ny > ng creating a k-vector

mismatch between the three waves given by
Ak =ky — kg — ks. (3.5)

In order to maximize the plane wave interaction the value of Ak needs to be as close as possible
to zero. This condition is called phase matching,.
In the DFG process in particular the relation between the three amplitude of the waves is

A3 _ 198 A Asd(z)ed (3.6)

dz nge
meaning that without phase matching the energy keeps flowing back and forth between the
newly generated radiation and the incoming ones. A possible solution is to vary periodically
the sign of the nonlinear coefficient: this technique is called Quasi Phase Matching (QPM).
QPM can be obtained by applying a periodic voltage over the length of a proper nonlinear

crystal.
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Figure 3.1: Quasi-Phase Matching scheme in a periodically poled crystal

The periodical poling will generate a new k-vector that will modify the interaction of the
three waves and, if the period of the poling is properly chosen, the mismatch will be set to
zero at a specific wavelength: 0 = k; — ko — k3 — ky where £, is the k-vector of the periodicity

of the nonlinear coefficient, i.e.

k}A = Z%m (3.7)
where
Az 2T (3.8)
T AR '

Meaning that the k-vector artificially created with the poling needs to compensate the phase

mismatch [41].

3.3 Optical Parametric Oscillators

Radiation around 2 ym wavelength represents an interesting part of the optical spectrum be-
cause of its unique properties [42]. For example, 2 yum is a part of the so called “eye safe”
spectrum (A > 1,4 um) allowing a series of free space operations for this kind of sources such
as LIDAR, gas sensing system and for space optical communications.

Another important characteristic of the 2 ym radiation is related to the absorption spectrum
of water (see Fig. 3.2). There is indeed a peak in its absorption that allows systems operating
at this particular wavelength to be excellent choices for biomedical treatment, since biological

tissues well absorb this wavelength.
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2 pum is also very interesting for applications in wind speed analysis which can be in turn

very useful for weather forecasting.
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Figure 3.2: Optical spectrum of the absorption of water [43]

Because of its properties a series of possible sources for 2 m generation have been in-
vestigated. In the field of solid state lasers particular interest has been put in Tm3* and Ho?"
based systems. In particular Tm*" lasers can be pumped by commercially available 800 nm
diode lasers.

Another alternative, expecially for high energy applications, are the mid-infrared OPOs.
OPO have been proposed first by Joseph Giordmaine and Bob Miller in 1965 [44]. Since their
demonstration they have been used in many scientific research area thanks to their output
wavelength flexibility, and, more recently, they have also been employed in industrial appli-

cations such as LIDAR or biomedical optics.

3.3.1 Nanosecond OPO

An OPO is a light source based on the DFG process [45][44]. As introduced in Section 3.2 a DFG
process takes place when two beams properly phase matched enter a second order nonlinear

medium, then a third beam, whose frequency is the difference of the two is generated. In an
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OPO the DFG process takes place between a very intense pump beam and the quantum noise

present in the nonlinear crystal and their relation is given by

Wpump = Wsignal + Widler- (39)

The two waves generated inside an OPO are called signal and idler, with the former being the
one at the higher frequency. Their frequencies need to sum up to the frequency of the pump,
therefore if one of the two is changed, the other follows.

The generated traveling polarization wave needs to propagate at the same velocity of the
two injected waves, meaning that the respective k-vectors of the three waves need to obey to

the momentum matching condition

NpumpWpump = NsignalWsignal + NidierWidier- (310)

HR ocC ®Wpump

®pump

Widler

Figure 3.3: Singly resonant OPO general scheme. The incoming pump amplify the
quantum noise at the frequency of the signal which is then amplified by the feedback

effect of the cavity and the pump energy

Most OPO are singly resonant, meaning that the cavity mirrors are reflective (100% the
pump mirror and usually 40-90% the output coupler) only for one of the two frequencies,
being the signal or the idler. Another possible approach is to employ a double resonant design,
i.e. an OPO where both the signal and the idler resonates inside the cavity.

The first CW pumped OPOs where built with a double resonant architecture, because they
offer a lower threshold. Singly resonant OPOs however became more popular thanks to their
higher output stability.

The main problems that limited the diffusion of OPOs in the past were the lack of high

spatial beam quality pump sources and the low damage thresholds of nonlinear materials.
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These two problems have been solved by the improvement of diode pumped solid-state lasers
and by the development of new more resistant nonlinear materials such as BBO, LBO and KTP
that allows high level of pump power as well as the possibility to adopt quasi-phase matching
(for KTP).
If we consider an end-pumped linear OPO, it is possible to define the gain ¢ per unit of
length as [46]
g =+/kl, (3.11)

with I, being the pump intensity and « the coupling constant measured in W*

8m2d?
k=— T (3.12)
AsAilsNiNp€nC

where d.; is the nonlinear coefficient which depends on the type of conversion between
pump, signal and idler and, of course, on the choice of the nonlinear material (for PPKTP at
1064 nm it is in the range of ~ 5 - 10 pm/V).

The ideal single-pass power gain can be approximated by
1
G = Zemp(le) (3.13)

where [ is the length of the crystal. However, the gain in the equation 3.13 does not take into
account any possible mismatch Ak in the wavenumbers of the three waves interaction. When

such a mismatch occurs the actual gain coefficient can be expressed by the equation

2
1
Gerf = 1| 9% — (§Ak> (3.14)

If we consider the case of a RKTP crystal pumped at 1 ym and generating around 2 pm, from
[47], the typical value of damage fluence is in the order of 10 J/cm?, which corresponds to the
remarkably high damage intensity of 1 GW/cm? for 10-ns pulses. The typical values of d.;
for PPKTP are d.;; ~ 8 pm/V, which results in a coupling parameter of eq. 3.12, k ~ 8 - 1078
W ! for a pump at 1064 nm and a signal/idler around degeneracy at 2.1 um. If one considers to
work far from the damage threshold, for example at 30% of the maximum theoretical allowed
1

incident intensity, the available gain per unit length of eq. 3.11 can be as high as g ~ 5 cm™

in condition of perfect phase matching. Clearly, in order to maintain such high gain per unit
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of length, the phase matching condition must be satisfied precisely enough to maintain the

phase mismatch Ak/2 < g (see eq. 3.14). At 1 um, given a refractive index n ~ 1,7, this

means that the propagation constants have to be phase-matched to better than 10~°/cm.
According to the model developed by Byer et al. [48], an estimation of the threshold in-

tensity for the nanosecond pumped OPO can be obtained by

I 112 (Lz Bt oal 4 in—2 +z2)2 (3.15)
= ———|—In—+2al+In——+1In .
" /@'gslsz tee Py v Roc

where,
+ k can be calculated through eq. 3.12;

* g5 is the spatial mode coupling defining the overlap between the pump mode of radius

w, and the resonating signal mode (w;) inside the nonlinear crystal and is given by

1

P = T (wafuwy)?

* loyy is the effective nonlinear gain length, that can be approximated with the nonlinear
crystal length if walk-off can be neglected and the confocal parameter of the pump is

larger than the nonlinear crystal length;

« L/7,c represents the number of OPO cavity roundtrips contained in a pump pulse du-

ration (the shorter the cavity, the lower the threshold once the pump pulse duration is

fixed!);

« In(P,/P,) is usually assumed ~ 30 and represent the logarithmic gain required to am-

plify spontaneous quantum noise to a detectable (“threshold”) energy level;
+ 2l are the length dependent nonlinear crystal losses;

» Roc is the reflectivity of the output coupler.
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3.4 Characterization of the InnoLas pump laser at KTH
Laser Lab

The pump laser was an injection seeded, Q-Switched Nd:YAG commercial Innolas Spitlight
diode pumped solid state nanosecond laser. The complete characterization of the laser can be
found in [49].

In 2012, when the laser was delivered to KTH laser lab, the maximum average output power
of the oscillator was ~ 8,5 W at 100 Hz while the maximum available average power of the
MOPA was ~ 24 W corresponding to a maximum energy of 240 mJ as shown in Fig. 3.4. The
stabilization of the laser in term of pulse duration and maximum output power needed one
hour of stabilization time. In Fig. 3.5 it is presented the spectrum of the laser measured with
an ANDO AQ-6315A optical spectrum analyzer. The central output wavelength was approxi-
mately 1064.12 nm, whereas the FWHM bandwidth was about 50 pm, close to the instrument
resolution. The beam quality of the system was measured with the knife edge technique and
resulted in an Mi XM§=3,2 %X 3,3.

It is worth noticing that the actual power at our disposal for the pumping of the OPO was
15 W at 100 Hz and that the maximum power could be reached only after a 2 hour thermal

stabilization of the system.
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Figure 3.4: Pulse duration and average power from the Innolas pump laser from the
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Figure 3.5: Spectrum of the pump laser [49] measured with an ANDO AQ-6315A

optical spectrum analyzer

The power level was selectable with a half wavelength waveplate combined with a polar-
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izer. The maximum attenuation given by this system was 90%, and, assuming a polarization
extinction of 99% from the polarizer, it can be deduced that the pump beam had a polaritazion

ratio of 9:1.

3.5 Design of a PPRKTP 2-um OPO

Semiconductor materials have been successfully employed for the generation of Mid-infrared
and Terahertz radiation [50][51] in particular a tunable THz wave with a peak power of 134
W was obtained by [52]. The main advantages in employing a 2 ym source instead of a more
common 1 pm laser is represented by the lower losses in the semiconductor materials, meaning
higher energy usable for the Terahertz conversion.

Down-conversion from the established 1 ym pump laser has been widely used for high
energy generation in the far infrared [53] [54]. For these OPOs, KTP has often been used
thanks to its high nonlinearity as well as its high damage threshold [55]. In this project we
aimed at the development of an OPO based MOPA system whose signal and idler were tunable
in the THz range.

The output coupler was a chirped VBG made by Optigrate inc., a mirror selective in fre-
quency, a selectivity given by the periodicity of the refractive index inside the device. The

wavelength reflected A\ is given by the relation:
Ap = 2n.Acos(0) (3.16)

Where A is the period of the grating, n, is the average refractive index of the material and
is the incidence angle, with cos(#)=1 for normal incidence.

From equation 3.16 it is clear that the reflected wavelength depends on the periodicity of
the gratings. The particular VBG used in the experiment was a chirped VBG, i.e. a VBG whose
periodicity of the Bragg grating changed linearly along its transverse dimension, as shown in

Fig. 3.6(b).
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Figure 3.6: VBG (a) and chirped VBG (b) schemes. In the chirped VBG the periodicity
changes along the transversal length of the device changing the wavelength reflected
from a minimum value of \; = 2n.A; to a maximum of Ay = 2n.As for normal

incidence

The VBG used was fabricated by Optigrate and the grating had a dimension of 2.2 x 19 x 5
mm? in the x-y-z coordinates. The wavelength reflected at the center of the VBG was ~ 2130
nm and the chirp rate was 1,08 nm/mm meaning that the possible reflected wavelengths fell
between 2120 and 2140 nm with a maximum reflectivity of 55%. The VBG was mounted on
a translational stage in order to easily select the operating wavelength and it was thermally
controlled by a Peltier cell.

The chirped VBG was the most sensitive component in terms of optical damage. It had a
damage fluence of 5 J/cm? according to the datasheet. Since the chirp rate was 1,08 nm/mm
the beam radius of the resonating radiation needed to be lower than ~ 450-500 ym in order to
exploit its full wavelength sensitivity. This limitations translated in a maximum pump pulse
energy of 19 mJ. Since it was our priority to avoid any optical damage to the VBG we decided
to operate at least 2 times below threshold.

The nonlinear material employed for the OPO architecture was a Rubidium doped Period-

ically Poled Potassium Titanyl Phosphate (RPPKTP).
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KTP presents a series of advantages if compared to other nonlinear crystal such as a large
nonlinear coefficient, a large angular bandwidth, small walk-off angle and broad temperature

and spectral bandwidth.

Properties Values
Nonlinear optical coefficient (pm/V) | d = 3-16
Thermal conductivity 3 Wm!'K!
Refractive index 1,71 at 1 ym

1,73 at 2 um
Sample dimensions 5 x 7 x 12 (length) mm?
Optical absorption 0,6% /cm at 1064 nm
Thermal expansion coefficient 10x107¢°C?
Transmission range 0,35-4,5 ym
Hardness 5 Mohs

Table 3.1: Main physical and geometrical properties of the PPRKTP sample used in

the experiments

Moreover RKTP can be relatively easily poled with electric poling techniques, thus allow-
ing relatively high precision and a wide range of possible phase matching condition.

The PPRKTP employed was a 7 x 5 x 12 mm? crystal periodically poled. Rubidium doping
made the electric poling of the crystal easier thus allowing the fabrication of better quality
samples [56]. The period of the poling was 38,85 um with a duty cycle of 50% in order to
convert the pump wavelength at 1064 nm to 2 ym. The end faces were AR coated for 1 and
2 pm and the PPRKTP was thermally controlled by a Peltier cell and it was kept at 55° to be
insensitive to any room temperature fluctuation.

A preliminary estimation of the pump intensity and pump energy required to reach the
threshold for the parametric generation can be done according to eq. 3.15. Assuming ad.rs ~ 8
pm/V, a signal and pump mode coupling coeflicient of ~ 0,5, corresponding to a perfect overlap

and a resonator length of 5 cm, the threshold energy for a 12-mm-long PPRKTP resulted to be
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in the order of ~ 3 m]J for a pump beam radius w,=0,5 mm.

Starting from a fixed pump beam radius on the VBG a series of simulations were performed
by means of the free simulation software SNLO and different cavity architectures were ana-
lyzed. The simulations regarding the design and the validation of the experimental results
were performed by other PhD students from KTH and Sun Yat-Sen University involved in the
project.

The final design which guaranteed the highest output energy still remaining below damage
threshold resulted in a concave plane cavity of ~ 50 mm of length. The curved pump mirror of
the OPO was a plane—concave mirror with a double coating on the curved surface which was
HR for 2 um and AR (92% of transmissivity) for 1 um. The pump fluence inside the nonlinear
medium was ~ 2,5 J/cm? for a pump energy of ~ 7 mJ. The waist radius of the signal+idler on
the VBG was 480 ;um and the fluence on it was 2,4 J/cm?.

Another simulation was later performed by means of a numerical model briefly described
in [40] to verify the experimental results and the fit of the data led to a d.s of the active

material employed of 7,6 pm/V which is similar to the expected value for PPKTP.

Pump mirror

VBG
PPRKTP
28mm 5mm
A — -~
12mm
(a) (b)

Figure 3.7: Architecture of the OPO: the pump mirror had a curvature radius of 150
mm and was HR coated for 2 ym and AR coated for 1 ym (a) and photo of the chirped
VBG and the nonlinear crystal (b)

In order to maximize the spatial beam quality of the generated radiation, the pump beam
ellipticity was corrected and its waist was reshaped in order to match the cavity mode.

This was possible with a combination of spherical and cylindrical telescopes. We estimated
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a pump beam waist of 500 ym in the PP-RKTP crystal.

The VBG was translated orthogonally to the optical axis for a length of around 20 mm and
the spectrum of the signal and the idler covered wavelengths from 2117 nm (signal) up to 2140
nm (idler) as shown in Fig. 3.8. The spectra of the various configurations were taken with a
Jobin Yvon iHR330 diffraction grating monochromator and a PbSe photodetector. The groove

density of the grating was 300/mm and it could provide an accuracy of 0,5 nm.
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Figure 3.8: Output of the OPO with the VBG at different position

The input beam needed to be further filtered from the 1 ym pump in order to avoid any
influence of the pump in the measurement. The fluctuation of the amplitude of the signal
and the idler, especially for the wavelengths far from degeneracy, can be explained by a non-
optimal alignment of the cavity for this particular configurations. The alignment could anyway
be corrected and the output presented the same characteristic of spectral and spatial quality
for any operating wavelength.

The maximum output power obtained from the OPO was 1,5 mJ for a pump energy of 7 mJ
and a threshold of 4 m] 3.10 (a). The rms was 1,4% with a conversion efficiency of ~ 20%.

The duration of the pump pulse and OPO pulse were measured respectively by an InGaAs
photodetector and a PEM (VIGO) detector and is shown in Fig. 3.9 .
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Figure 3.10: Output energy of the signal and the idler combined versus the pump
energy (a) and optical efficiency of the OPO (b)

In Fig. 3.10 it is shown the characterization of the output energy (signal + idler) as a func-
tion of the incident pump energy. The output energy of the seeder was dependent on the

alignment of the cavity. In Fig. 3.11 (a) it is shown the pump beam profile whose non-perfectly
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gaussian shape determined a similiar profile for the OPO (Fig. 3.11 (b)). It is however worth
noticing that the seeder beam profile could be improved at the expenses of the output energy.

It was indeed possible to obtain a better spatial quality for the seeder beam (Fig. 3.11 (c)) for a
20% drop in output energy.

Figure 3.11: Beam profile of the Pump (a), the seeder optimized for maximum energy

(b) and maximum beam quality (c)
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Figure 3.12: Spatial beam quality for the x and y directions measured with the knife
edge technique

In Fig. 3.12 it is shown the results of a beam quality measurement of the OPO output
carried out when the OPO was aligned for maximum energy conversion. The measurement

was carried out with the Pyrocam and resulted in a M2 xMj = 7,9 x 3, 1. Since our goal was
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the optimization of the energy performance of the nonlinear MOPA, we decided to optimize

OPO alignment for maximum conversion efficiency in subsequent experiments.

3.6 Optical Parametric Amplification stage: setup and re-
sults

The experimental setup of the OPO+OPA MOPA is shown in Fig. 3.13.
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Figure 3.13: Setup of the Optical Parametric Amplifier

Signal and idler generated by the OPO were collimated by means of a 150 mm spherical
lens and separated from the pump by three dichroic mirrors highly reflective for 2,1 ym and
highly transmittant at 1 pm.

The OPO output and the residual pump were then superimposed and injected in the OPA
crystals. The amount of pump and signal + idler were controlled by a combination of thin film
polarizer and half wavelength waveplates at 1064 nm and 2,1 um respectively.

In order to improve the mode matching between the pump and the 2 ym radiation the

waist of the former was adjusted by a telescope.
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Figure 3.14: Output energy after the amplifier with the three different configurations (a) and

their respective efficiencies (b)

The measured output energy and conversion efficiency of the different OPA stages are
given in Fig. 3.14. At the maximum pump energy of 140 mJ used in the amplifier and with a
seed energy of ~ 1,5 mJ, this corresponded to an incident fluence of 2,25 J/ cm?. Tt is well below
the damage threshold of the crystals, which have been measured to be 10 J/cm? at 1 um with
nanosecond pulses [47], indicating further power scaling would still be possible. The number
of crystals in the amplifier stage was varied, from one to three in total, and the energy output
of each configuration was measured. The seed energy from the OPO was 1,5 m] in each case.

For a single-amplifier crystal with a length of 12 mm, and pumping with 140 m], we were
able to reach a maximum total energy output of 38,3 m]J. This corresponds to an OPA conver-
sion efficiency of 26%. In this case, the OPA did not reach saturation yet. To drive the OPA
into saturation and increase the extraction efficiency, a longer OPA crystal would be required.
Therefore, we added a second 12 mm PPRKTP crystal to the OPA stage and re-measured the
output. For two crystals (12 + 12 mm), we measured an improvement in the energy yield of
OPA, with a maximum output energy of 52 mJ at 140 mJ pump energy, see Fig. 3.14.

This corresponded to the OPA power-extraction efficiency of 36%. In this case, the amplifier
began to saturate at around 60 mJ of the input pump. Extending the OPA length further by

adding one more 7-mm-long crystal did not improve the OPA efficiency. This configuration (12

66



+ 12 + 7 mm), actually showed lower performance than the two crystal amplifier. A maximum
output energy of 48,5 mJ] was reached in this case, with a corresponding conversion efficiency
of 33,5%, limited by back-conversion. For this reason, we used the two-crystal amplifier for
further measurements. The OPA gain as a function of the seed energy was measured at the

pump energy of 60 mJ where the OPA just reached saturation (see Fig. 3.15).
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Figure 3.15: Amplifier efficiency measured by varying the amount of energy of the

OPO injected inside the amplifier while maintaining a fixed pump energy of 60 m]J.

The amplifier showed significant saturation for seed energies above 1 mJ. The linear slope
of the output energy vs input seed energy for the seed below 0,5 mJ was 12,8%, meaning that
OPO fluctuations of 1,4% rms would have been amplified to 18% rms after the amplifier. At the
seed energies above 1 m], the slope decreased to 2,6%, reducing the output fluctuations to 3,6%.
By increasing the pump energy to 140 mJ, the rms fluctuations of the OPA output approached
that of the seed OPO. For this reason, we decided to use a seed energy of ~ 1,5 mJ in the
amplifier experiments. The output spectra of the amplifier was also measured (Fig. 3.16). The
spectrum of the OPA stage was measured for increasing pump energies (40, 80 and 120 my]).
As it can be seen in the figure, the amplified signal and idler spectra showed no broadening or
wavelength shift even for maximum pump energy and thus, the bandwidth was comparable
to that of the OPO output. The OPO was singly resonant on the idler field, and therefore, the

majority of the power was initially contained in the idler. This is also the reason why one sees
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such a fast growth in the signal during amplification, since there was little signal power to
begin with, therefore, a greater improvement was easily seen. After significant pumping (post
80 m]J), the amplifier began to become saturated leading to larger increase shown in Fig. 3.16.
The saturation was evident from the measured conversion efficiencies in Fig. 3.14. At this
point, the OPA behavior approached something more similar to difference frequency mixing

(DFM), as opposed to DFG amplification, so more energy flew into the signal field [40].
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Figure 3.16: Spectrum of signal and idler at different pump energy values with the

VBG at a fixed position
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4. Porro-prism, Nd:YAG multi-m]

Q-switched laser

4.1 Introduction

High-energy nanosecond Q-switched laser sources are routinely used in many applications in
different sectors like medical systems, laser marking, industrial laser machining, remote sens-
ing. In many situations, the laser is required to work in harsh conditions, such as high tem-
perature variations, mechanical vibrations or great accelerations (e.g. in airborne or aerospace
applications) that can strongly affect the alignment of the cavity. Therefore, the study of opti-
cal solutions suitable to minimize the resonator sensitivity to misalignment is of great interest.
One of the most extensively applied techniques to enhance the resonator stability makes use
of Porro prisms instead of regular flat mirrors [57], [58]. Porro prisms, otherwise referred to
as ‘right angle” prisms, have the property that an optical ray incident on the prism is back-
reflected parallel to the initial propagation direction, no matter was the angle of incidence.
Due to this property, a Fabry-Perot resonator configuration employing crossed roof Porro
prisms instead of flat end-mirrors highly improves the misalignment tolerances [59]. Indeed,
by “crossing” the Porro prisms, so that the apexes are at 90° to each other, any misalignment
in one direction is compensated for by one prism and any misalignment in the orthogonal
direction is compensated for by the other prism, thus making the resonator highly insensitive
to misalignment.

One of the main drawback of this cavity configuration is given by the phase change in the

polarization produced by these prisms, because of the out of plane total internal reflections that
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takes place inside the prisms. This effect must be taken into account in the design of the laser
resonator, in particular when dealing with intracavity polarization-sensitive components, as
usually happens, e.g., in actively Q-Switched laser sources. For this reason, a proper resonator
modeling based on Jones’ matrixes formalism (see Appendix A for some details about Jones
matrixes) is often required when dealing with Porro prisms resonators. The other principal
drawback is represented by the “petal-like” structure of the transverse modes sustained by
Porro prisms resonators, due to the presence of the apexes of the prisms, which limit the beam
quality.

In this chapter I will describe the design and experimental results obtained with a multi-m],
side-pumped Nd:YAG Q-Switched nanosecond laser I developed during my last year of PhD.
This laser source was originally intended as a possible seeder for a more complex MOPA laser at
1064 nm for a spaceborne atmospheric LIDAR. For this reason, a special attention was devoted
to the identification of a simple pump configuration and resonator geometry still offering a
reasonably good beam quality and effective mitigation of misalignment sensitivity. To this
purpose, I investigated both a Passively Q-switched (PQS) and an Electro-Optical Modulator
(EOM) Actively Q-Switched (AQS) resonator configuration.

In Section 4.2 it is described the pump module, the free-running resonator design and the
results of Jones matrixes model of the resonator. In Section 4.3 I report a detailed character-
ization of the misalignment sensitivity of the resonator. In Section 4.4 I present the results
I obtained in PQS and AQS regimes in terms of pulse energy/duration, spatial and spectral

quality of the pulses and beam pointing stability.

4.2 Porro-prism laser resonator

The experimental setup is shown in Fig. 4.1. The geometrical resonator length was 52 cm. The
active medium was a 1%-doped Nd:YAG crystal slab. The slab was shaped in a triangular form,
with lateral facets cut at the Brewster angle. The 3 mm (height) x 18 mm (width) facet was
AR coated at 808 nm and side-pumped by means of an 8-emitters laser diode stack (Intense
Inc.) providing a maximum peak power of 1600 W. The pump diode and laser crystal were

mounted on the same metallic plate that was maintained at room temperature by means of a
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Peltier module. The radiation emitted by the diode stack was coupled in the active medium
trough a properly designed cylindrical thick lens with a lateral width (along z-direction in Fig.

4.1) of 5 mm and a radius of curvature of 5.6 mm in the xy-plane.

pol //y KTP
® Pockels Cell
prism N
0,57 A Nd:YAG pol // X — ' Prism
=L AQS/PQS —H
A
Polarizer I
X
.. [ Lateral
Yol > Say View 1 CrYAG
1 1 T0=70%
Pump Diode '--------- !

Figure 4.1: Scheme of the cavity architecture. It is possible to identify a Gain Arm,
the one including the wave-plate and the Porro prism on the left side of the polarizer,
and a Feedback Arm, the one containing the polarizer, the Porro prism, the wave-plate

and the Q-switch (EOM or saturable absorber) on the right side of the resonator

This optical element acted as a pump beam homogenizer in the xz-plane and a focusing
element in the xy-plane, hence producing a pump spot on the lateral facet of the Nd:YAG
triangular slab of 1/e? diameter 2w, x 2w, ~ 5 x 1 mm®. A pair of fused silica Porro prisms
(1-inch diameter) were used as end mirrors of the linear resonator. The prisms where inserted
in a kinematic mounting that permitted tip-tilt in the xy plane (Thorlabs model KM100) in
combination with precise rotation (1° tolerance) along z-axis (Newport model RM25A). The
prisms were oriented so to have their apexes laying in the the xy-plane and forming a 45° angle
with respect to the x-axis. Because of the specular reflection of the cavity mode at the pumped
facet of the active medium, this arrangement corresponded to the crossed-Porro configuration
yielding the highest misalignment insensitivity for the resonator. A 0,57\ retarding quartz
wave-plate (WP) was employed in front of each Porro prism to compensate for the polarization
rotation induced by the out-of-plane total internal reflections taking place in the Porro prisms.

A 45° Thin Film Polarizer (TFP) acted as output coupling element of the resonator. According
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to the notation introduced in [60], the 0,57\ WP positioned in the “gain arm” (left side of
the resonator with respect to TFP in Fig. 4.1) was adjusted for minimum roundtrip losses,
whereas through the rotation of the optical axis of the 0,57\ WP of the “feedback arm” (right
side of the resonator with respect to TFP in Fig. 4.1) we realized the output coupling of the
resonator. Modeling the evolution of laser beam polarization inside the resonator with Jones
matrixes formalism, one can predict the equivalent output coupling through the TFP. In Fig.

4.2 we report the comparison between our simulations and experimental measurement of the

effective transmission realized in the feedback arm.
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Figure 4.2: : Feedback arm equivalent output coupling transmission as a function of
the 0,57\ WP optical axis angle of rotation (0° correspond to WP optical axis perpen-

dicular to the x-z-plane). The result of simulations based on Jones matrixes formalism

is shown in dashed red line, experimental measurements in blue dots
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Figure 4.3: Free-running regime characterization

At first, we operated the laser in free-running regime at a pump repetition rate of 20 Hz.
Pump pulse duration was set to 150 us during all the experiments in order to guarantee a
reasonable trade-off between pump energy deposition and Nd:YAG upper energy level storage
efficiency. This corresponded to a nominal available maximum pump energy E, ;0. = 1), -
Pyear, = 240 mJ. In order to determine the effective pump energy incident on the Nd:YAG slab,
we characterized the transmission of the pump-coupling cylindrical lens. Despite a nominal
AR coating at 808 nm, the transmission of the lens was as low as 67%, resulting in a maximum
available pump energy at the pumped facet of the Nd:YAG slab E, ,,,a, >~ 160 mJ. A possible
explanation of the poor performance of the coating can be the highly out-of-normal incidence
of the divergent pump stack-diode radiation on the curved surface of the cylindrical lens that
was put in proximity of the diode emitters (see inset of Fig. 4.1).

The output energy as a function of the incident pump energy for different values of the
output coupling is shown in Fig. 4.3. Optimum coupling resulted Toc = 33%, yielding a maxi-
mum output energy E,,,, = 15 mJ. The maximum slope efficiency 7 = 15% with respect to the

incident pump energy was obtained with Tpc = 33%.
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4.3 Misalignment sensitivity characterization

Since Porro prisms are employed mainly for their tolerance to misalignment, the analysis of the
latter was a crucial point for the characterization of our architecture. In free-running regime
we characterized the misalignment sensitivity of the resonator by measuring the output energy
as a function of the angular deviations of the end prisms with respect to optimum position.
Starting from the best alignment condition (output power = 100%) the Thorlabs kinematic
mounts were misaligned and the output power was recorded. The angular resolution offered
by the mirror mounts was about 0,8 mrad.

The result of the measurement is presented in Fig. 4.4 for both the gain and feedback arm
Porro prisms. As expected, each Porro presents an “insensitive” axis and a critical one and the
two are orthogonal to each other thanks to the crossed Porro configuration adopted. Output
power remains almost constant at about 90% of its maximum value for a misalignment angle

of about 50 mrad in the insensitive direction for each prism.
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Figure 4.4: Misalignment measurements for the Porro prism oscillator
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Figure 4.5: Misalignment measurements for the plane-plane oscillator

In order to have a quantitative estimation of the improvement due to the employment of
these prisms, two other resonator architectures were tested. The first architecture was a plane-
plane cavity where the two prisms were replaced by a couple of HR mirrors coated at 1064 nm.
The results of the misalignment measurements are shown in Fig. 4.5. The sensitivity of the
mirror mount was not accurate enough to provide a detailed characterization of the tolerance.
It is however clear that a misalignment of less than 2 mrad could decrease the output energy
to level lower than 10% of its maximum. The different behavior of the horizontal plane (more
insensitive), with respect to the vertical (more sensitive), can be explained if one considers the
peculiar shape of the gain volume in the active medium which is asymmetric with a vertical

extension smaller then the horizontal.
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Figure 4.6: Misalignment measurements for the plane concave oscillator

The other design tested was a plano-concave cavity where the Porro prism in the Gain arm
was replaced by a concave mirror with a radius r=1000 mm and the Feedback arm Porro prism
was replaced by a plane mirror HR coated at 1064 nm. This cavity was designed to provide a
similar spatial beam quality of the Porro prism resonator (M2 x Mg ~ 10x10). The results of
the misalignment measurements are shown in Fig. 4.6. The misalignment is slightly improved
since the output power maintains a value higher than 50% of its maximum for a range of ~
3-6 mrad of misalignment angle.

We can conclude that the use of Porro prism as end mirrors can increase the tolerance to

misalignment of the resonator of more than one order of magnitude.

4.4 Passive and Active Q-switching experimental results

For the PQS experiments, we employed Cr:YAG saturable absorbers with different initial trans-
mission Ty = 90% and 70%. Best results in terms of output pulse energy were obtained with the
Ty = 70% saturable absorber, yielding 7-m]J. Employng the saturable absorber with Ty = 90% the
output energy dropped to 3,5 mJ. The oscilloscope trace of the 46-ns-long, 7-mJ pulses is shown
in Fig. 4.7. Laser resonator output coupling was adjusted to optimize the output pulse energy

and was 36%. The measured pulses optical spectrum of 37 pm FWHM bandwidth centered at
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1063,97 nm (see Fig. 4.8), was close to the resolution of the instrument (20 pm, ANDO optical
spectrum analyzer, model AQ6317B). The oscilloscope trace of the PQS pulses presented in
Fig. 4.7 was recorded with a 2 GHz photodiode (model EOT3000) and 1 GHz bandwidth os-
cilloscope (Tektornix TDS5104B) and clearly shows the presence of multi-longitudinal modes
beats. A FFT of the signal (see inset of Fig. 4.7) reveals the presence of at least 5 oscillating

modes.
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Figure 4.7: Oscilloscope trace of the pulses in PQS regime. In the inset it is shown the
computed FFT of the signal revealing the longitudinal modes revealing longitudinal

modes equally spaced of a resonator FSR

77



25

201
37 pm
~ 15 1
-
© — ~—
e 10 d
5 4
10é3.8 106'3.9 106'4.0 106'4‘1 106|42

Wavelength (nm)

Figure 4.8: Optical spectrum of the pulses in PQS regime

One of the main drawback of PQS laser is represented by the intrinsic pulse jitter. We
characterized it by measuring the time delay between the pump pulse rising edge and the Q-

Switching pulse rising edge with a mean value of 133 us and a standard deviation of ~ 700

ns.
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Figure 4.9: Spatial beam quality measurement for the PQS configuration

Spatial beam quality of the PQS laser was measured by scanning a CCD camera along the

focal plane of a f = 175 mm spherical lens put at the output of the laser resonator. A M2 x =M§
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8,8 x 9,9 was obtained as it can be seen in Fig. 4.9. This relatively high M? value is quite typical

for side-pumped configuration and Porro prisms resonators [61].
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Figure 4.10: Pulse duration and spectrum of the AQS laser

For active Q-Switching we employed a double 7 x 7 mm?

x 5 mm (length of the single
element), matched RTP Pockels cell with a half-wavelength voltage of 2,4 kV. The output cou-
pling of the laser was controlled through the voltage applied to the Pockels cell, being the
0,57\ WP of the feedback arm (see Fig. 4.1) oriented for ideal 100% output coupling when the
switch was “off”. In order to operate in a safe condition for possible intracavity element optical
damage, we maintained the output coupling transmission to 40% during the AQS experiments.
In these operating conditions, the maximum pulse energy was 10.5 mJ, with a corresponding
pulse duration of 39 ns. Pulse oscilloscope trace and the pulse optical spectrum (68 pm FWHM
bandwidth centered at 1064,01 nm) are shown in Fig. 4.10. The output pulse energy and pulse

duration as a function of the incident pump energy in AQS regime are shown in Fig. 4.11. At

the maximum incident pump energy, the pulse peak power exceeded 250 kW.
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Figure 4.11: Pulse duration and pulse energy as function of the pump energy
The spatial beam quality of the AQS configuration was measured by means of a CCD cam-
era and the results were comparable to the PQS architecture being M2 x Mz =9 % 9,9 (see Fig.

4.12)
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Figure 4.12: Spatial beam quality measurement for the AQS configuration
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4.4.1 Beam pointing stability measurements

The beam pointing stability is the measurement of the fluctuation in the pointing direction of

the laser beam due to thermal or mechanical effects.
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Figure 4.13: Setup for the analysis of the beam pointing stability of the laser oscillator

In Fig. 4.13 it is represented the setup employed for the measurement of the beam pointing
stability of the laser. The analysis was carried out by means of a ABCD matrix calculation. In

a ABCD matrix model the paraxial laser beam is represented by a ray vector

X

6

(4.1)

where z is the displacement of the ray from the optical axis and 0 is its angle with respect
from the optical axis. Different optical components are represented by different matrices, for

example
1 1 0
Free space propagation = Thin lens = (4.2)
0 1 *71 1
where L and f are respectively the length of the propagation in free space and the focal length
of a thin lens. The ray vector and its angular divergence after it has passed trough a series of

optical components described by a proper ABCD matrix, can be found with the following
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calculation

Tout A B Lin
= (4.3)
eout ¢ D ein
A B
where is the matrix describing the optical setup, i.e., product of all the matrix repre-
C D

senting the optical elements.
The measurement setup for our analysis consisted of a focusing lens of focal length 175
mm, a HR mirror and a CCD camera. The beam was focused by the lens into the CCD camera

placed at a distance L=175 mm from the lens, in order to measure the beam profile in the focus.

Ty 1 0|1 L| |z
= (4.4)
6 - 1} [0 1] O
In our case the free propagation distance L = f. If we carry out the calculations
M= f | (4.5)
Qf Hin - #n
From equation 4.5 it is possible to notice that xs=0;, f and thus
Oxy = 00, f. (4.6)

From equation 4.6 follows that any instability in the pointing direction of the input beam in
the measurement setup can be calculated from an instability in the position of the focus by
00;,= Ox s/ f. The CCD camera captured 100 images of the beam in a span of 5 minutes. The
images were analyzed by a MATLAB code that calculated the centroid of the beam in each
image. To obtain the beam pointing stability the standard deviation of the 100 samples was
divided by the focal length of the lens. The beam pointing stability, i.e. the standard deviation
of the angular divergence of the laser, was found to be 7 prad for the PQS configuration 4 urad

for the AQS configuration. The results are shown in Table 4.1.

4.5 Summary of PQS and AQS performance

In Table 4.1 there is a comparison between the results obtained in both PQS and AQS regime:

it is clear that generally AQS can provide better results especially in terms of output energy
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and jitter of the output pulse with respect to the pump pulse. These advantages however
come with the price of the increased complexity (mostly for the electronics required) and
therefore with the increased cost, making the PQS architecture the best choice whenever the
pulse jitter is not of concern for the application, as it is usually the case for example in range
finding applications. In some applications however, where the specifications on the jitter are

particularly strict (LIDAR), the choice is forced on the AQS configuration.

PQS | AQS
M2 x M2 8,8%9,9 | 9%x9,9
Pulse duration 46 ns 39 ns
Bandwidth 37 pm | 68 pm

Beam Pointing Stability | 7 yrad | 4 prad

Jitter 700 ns | 90 ns
Pulse Energy 7 m] 10 mJ
Pulse Peak Power 150 kW | 250 kW

Table 4.1: Comparison for the results for the two architectures of AQS and PQS
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5. Conclusions

During my PhD I studied different types of high energy, narrow bandwidth, master oscillator
power amplifier laser architectures for various applications, ranging from nonlinear optics to
remote sensing. In all the projects I took part the bandwidth of the laser was a critical param-
eter for either fulfilling certain conditions for the LIDAR system or for an efficient frequency
down-conversion in the nonlinear optics applications.

In addiction, I had the opportunity to design and characterized a multi-m], side-pumped
Nd:YAG Q-switched nanosecond laser originally intended as a possible seeder for a more com-
plex MOPA laser at 1064 nm for a space-borne atmospheric LIDAR.

At the beginning of my PhD, I developed a MOPA laser system capable of generating SLM
high energy pulses (3,2 m]) with a narrow bandwidth (63 MHz) and excellent beam quality.
The system is composed by a gain switched microchip seeder, an high-gain, double-pass CW-
pumped amplification stage and a QCW-diode-pumped, two-stages booster amplifier. Owing
to the high peak power (250 kW) and extremely good spectral and spatial beam quality of
the generated nanosecond laser pulses, this complex MOPA laser system at 1064 nm proved
to be an excellent source for nonlinear optics experiments, namely for SRS frequency down-
conversion in the visible.

We exploited the good properties of SfWO, crystal, by pumping it with the second har-
monic of the MOPA pulses, thus obtaining wavelength shifted pulses at 559 nm with a duration
of 3,3 ns and a maximum energy of about 0,18 mJ, corresponding to a high peak power of about
50 kW. To this purpose we took advantage of a significant SRS threshold reduction permitted
by the low-finesse Fabry-Perot resonator effect taking place in the Raman crystal. Despite an
extremely simple SRS experiment setup, we could demonstrate a very good beam quality (M?

= 1,3) at 559 nm. We also carefully characterized the longitudinal mode content of the Raman
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shifted pulses. About 15% of the generated pulses resulted SLM, the remaining 85% contained
only two or seldom three longitudinal modes, confirming the very high spectral purity of the
Raman generated pulses.

The second project realized was a, high-energy and high spectral purity MOPA laser sys-
tem tunable around 2130 nm, based on an OPO followed by an OPA pumped by a commer-
cial nanosecond, narrow-bandwidth, high-energy laser at 1064 nm. The tuning of the plane-
concave Fabry-Perot cavity OPO was realized with a chirped Volume Bragg Grating (VBG)
with a peak reflectivity at 2130 nm and about 20 nm tuning range. The nonlinear crystals
employed in these experiments were periodically-Poled, Rb-doped, large-area KTP crystals
specifically designed and realized at the Laser Physics department of the KTH in Stockholm.

The maximum output energy of the OPO was 1,5 mJ with a pump of 7 m]J, corresponding
to about 5% of the available pump energy. The maximum pump energy level was dictated by
the damage threshold of the VBG which was the most delicate component of our OPO. The
measurements confirmed the theoretical expectations as the source generated narrowband
pulses (7 ns for 0,4 nm of bandwidth) that could be tuned in a range of 1,5 THz. The remaining
95% of the pump energy was used to pump the OPA in which the same nonlinear material used
for the OPO (PP-RKTP) was employed. At the end of the amplification chain we obtained 52
mJ total energy (signal+idler) at 2 ym with well-preserved spectral properties and a fairly good
beam quality. This rather complex MOPA laser system is intended to be a flexible platform for
THz generation in semiconductor materials through difference frequency generation.

In addition to the intense experimental activity I carried out developing complex MOPA
laser systems operating in different regimes and wavelength regions, I also had the opportunity
to study simple laser architectures, employing few, well tested and technologically mature
components for direct generation of mJ-level nanosecond pulses in diode-pumped oscillators
operating at 1 um. In particular, I concentrated my attention on Porro prism laser oscillators,
which are routinely used in remote sensing, space-borne and military applications, where the
laser is supposed to be working in harsh conditions.

To this purpose I studied and built a multi-mJ, polarization coupled, Porro prism laser oscil-
lator operating in nanosecond AQS and PQS regime. The characterization of the laser I realized

is comprehensive of a spatial and spectral beam quality analysis, a detailed characterization of
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the misalignment tolerance guaranteed by the Porro prism resonator, as well as measurements
of the output pulse energy, jitter and beam pointing stability. Best results in terms of output
pulse in PQS regime energy were obtained with the Ty = 70% saturable absorber, yielding 7-
mJ, 46-ns pulses (150 kW peak power). In AQS regime, we demonstrated a maximum pulse
energy of 10,5 mJ, with a corresponding pulse duration of 39 ns (250 kW peak power). The
use of Porro prism as end mirrors of the linear resonator in substitution of the usual plane or
concave mirrors allowed a more than one order of magnitude reduction of the misalignment

sensitivity of the resonator.
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A. Jones calculus

It is often necessary to determine the nature of the polarization of a light beam which has
passed through various anisotropic optical elements. Such elements alter the nature of the
polarization of light and can be placed both outside and inside the laser resonators. If such
elements are placed inside the resonator, they not only alter the polarization of the output
radiation but also change significantly the losses in the resonator.

Calculations of the polarization state of a light beam propagating through anisotropic opti-
cal media or inside resonators containing such optical elements can be performed successfully
by applying the Jones matrix method [62].

In addition, Jones method can yield the values of the parameters which determine the
steady-state polarization and the losses in optical systems comprising any number of optically
anisotropic elements and can be quite easily implemented on computer.

In Jones calculus, the electrical field associated to the polarized light beam is represented

by a complex, two-components vector. For example, if we consider a linearly polarized beam
E(Z, t) _ &Exe—i(wt—k:z-&-ox) + S\,Eye—i(wt—kz+ay) (Al)
It is possible to define Fy = (/L2 + E? and thus the Jones vector of the light beam becomes

E’()€_wz

o (A2)
he

where o, and o, are the phase shifts in the x and y directions respectively.
If we consider for example a linearly polarized wave along the x axis with an amplitude of

Eq its Jones vector will be

Ey (A.3)
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Similiarly if we consider a circular polarization with the same amplitude the Jones vector will

be
Ey |1
V2 i
since a in a circular polarization the component in each direction have the same amplitude

and a phase shift 0 = 7/2 (exp(im/2) = i).

(A.4)

In Jones calculus, the effect of the optical elements on the polarization state of the light
beam is described by a 2 x 2 transfer matrix. Here I report the Jones matrixes for the most

common components that can be fine in an optical setup.

(

1 0
Horizontal Polarizer =

0 0

cos(0 sin(6
Rotation = ®) ©) (A.5)

—sin(0) cos(0)

1 0
Phase delayer =

0 61’0

\
The first matrix in equation A.5 describes a linear polarizer oriented along the x axis. Indeed,
every vector that is multiplied by that matrix keeps only its horizontal component. The second
matrix is called the rotation matrix and describes a change of coordinate system. For example,
if a wave is linearly polarized at 45° from the horizontal plane and passes through a horizontal

linear polarizer, the output can be calculated as follows

\% _ cos(—m/4) sin(—n/4)| |1 O] | cos(w/4) sin(w/4)| |1 46)
0 —sin(—m/4) cos(—w/4)| [0 Of |—sin(w/4) cos(m/4)| |0

From another point of view it can be said that the combination of two rotation matrix and the
horizontal linear polarizer matrix are equal to the 45° polarizer matrix.

The last matrix in (A.5) models the phase shift introduced by an anisotropic medium be-
tween two orthogonal polarizations. For example it is possible to describe a half-wavelength
retarding waveplate whose optical axis is oriented at an angle 8 from the horizontal plane

with the following Jones matrixes
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cos(2p)  sin(2P) _ cos(—=p) sin(—=p)| |1 0 cos(f)  sin(p) (A7)

sin(28) —cos(25) —sin(—pF) cos(=F)| |0 —1| [—sin(B) cos(f)
More in general, any component that introduces a phase shift ¢ and is rotated by an angle 0

with respect to the x-axis, can be described by

M(6,6) cos(—0) sin(—0)| |1 0 cos(f)  sin(0) (A8)
—sin(—0) cos(=0)| |0 €?| | —sin(d) cos(0)
When a wave passes through an anisotropic element or a system of such elements, the state
of its polarization normally changes. However, there are some states of polarization of an
incident wave which are not affected by a given element. These states are known as the eigen-
polarizations.
The problem of finding eigenpolarization states reduces to the determination of the eigen-

values and the eigenvectors of the Jones matrix M representing the single optical component

or the cascading of an arbitrary number of optical components.
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B. Terahertz sources and applications

The Terahertz gap is a fraction of the electromagnetic spectrum that separates the optical
frequencies from microwaves, in particular, usually, with THz gap it intended the spectral
region extending from 0,3 THz to 10 THz.

In 1995 the first imaging system based on terahertz time-domain spectroscopy was de-
veloped [63]. In the early 2000s the interest in this part of the spectrum due to its possible
application in high speed optical communications, medical diagnostic, public security and
spectroscopy to name a few, has drawn a lot of scientific effort worldwide in order to provide
the scientific and industrial opto-electronic community with efficient Terahertz sources and
detectors.

The challenges in the adoption of the Terahertz radiation in the above mentioned fields
are mainly due to the lack of efficient sources and receivers. A lot of technologies are being
developed in order to fill this gap, such as up-conversion from microwave frequencies, vacuum
electronics, quantum cascade lasers (QCL, which are the most promising solution) etc... [64].

In this appendix a brief review of Terahertz sources and applications will be presented.
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Figure B.1: llustration of the general Terahertz sources [65]

CO; narrow bandwidth laser have been employed as sources for Optically Pumped CH;OH
THz lasers. These systems exploit the molecular rotational transitions of the gas and are able
to emit narrow bandwidth radiation (in the MHz range). The disadvantages of these sources is
their intrinsic dependence on the molecular structure of the gas which limits their tunability.

Recently Quantum Cascade Lasers (or QCL) have proven to be a very promising alterna-
tive for the generation of THz waves. QCL are semiconductor lasers composed by a series of
Quantum Wells coupled made by nanometers-thick layers of GaAs and AlGaAs. The thickness
of the quantum wells is the parameter defining the transition level of the electrons and, thus,
defining the energy of the photons emitted. QCL THz lasers have recorded output power in
the ranges of hundred of mW, moreover their semiconductor nature makes them excellent
candidates for low cost applications. The main drawback with QCL is their working temper-
ature. These systems, indeed, need to be cooled down to ~ 160 K in order to provide enough
power for the applications that make THz such an attractive region of the electromagnetic
spectrum. A lot of research, anyway, is being carried on to increase the working temperature
of QCL THz lasers.

One of the most popular techniques for THz generation, especially for scientific purposes,
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is the employment of ultrashort laser pulses for the optical pumping. The optical pumping can
be divided in two main branches: the use of Photoconductive Antennas or the exploitation
of the Optical Rectification.

When a Photoconductive Antennas is illuminated by a laser pulse with a duration ~ 100
fs a transient photocurrent is generated. The transient photocurrent then drives the antenna
and is re-emitted in the form of a broadband THz wave.

The Optical Rectification exploits the nonlinearity of certain semiconductor meterials (ZnTe,
LiNbOs, GaAs, and GaSe) and generates a THz radiation whose frequency depends on the en-
velope of the laser pulse illuminating the material. Generally fs-pulses are employed since
they have a bandwidth of the order of ~ THz.

Frequency down-conversion has long been popular for the generation of mid-infrared ra-
diation and it has also been exploited for the generation of THz radiation. One of the most
efficient choice as source of energetic Terahertz pulses is parametric generation [66]. Paramet-
ric generation of Terahertz radiation is based on DFG process, i.e. two very energetic waves
whose frequency difference is in the THz range interact in a nonlinear medium creating a third

wave whose central frequency is in the THz range.

B.1 Terahertz applications

As mentioned in the previous Section THz radiation has attracted a lot of interest from re-
searcher in different fields. In this short Section it will be given a short review of different

applications.
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Figure B.2: Illustration of the general Terahertz applications [65]

Increasing food production and its relative quality standards are pushing for a develop-
ment of faster and more reliable monitoring methods. Infrared radiation have been widely
employed for the control of food produced in industrial plants. However near-infrared and
middle-infrared can provide limited information about the molecular composition of certain
chemicals. THz sources and detectors can exploit the response that residual pesticide exhibits
in this frequency range.

In mechanical and civil engineering a lot of different non destructive testing techniques
have been developed to monitor the quality of building material. In particular the response of
plastic and foam polymer materials to THz radiation makes this type of source very efficient
to a failure analysis when these materials are employed [67].

Wood used for building engineering present generally the same properties unrelated to
the type of wood. THz radiation however can penetrate better than infrared radiation and
presents different absorption coefficient for different kind of wood.

Composite materials have recently proven to be a better choice with respect to common
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material thanks to their properties of increased strength, light weight and safety. Different
absorption coeflicient for different orientation of the fiber composing these materials are par-
ticularly enhanced in the THz range. These sources can thus be employed for the analysis of
the quality of the fabrication of composite materials.

Due to their resistance to chemical attacks and high temperature ceramic materials have
been widely employed in civil engineering. The quality in the fabrication in ceramic strongly
depends on the porosity of the final product. It has been proven that low-porosity ceramics
present a constant refractive index in the THz range whereas high-porosity sample show a
sensible change in the refractive index in this spectrum.

The increasing number of terrorist attacks in public places have pushed the research of
novel and more efficient systems for non invasive weapon detection. Some of the most critical
parameters are the ability to detect explosives, ceramic weapons and chemical threats. THz
radiation can offer a solution which could be easily implemented in the areas more vulnera-
ble to these attacks. It is therefore being pushed a research for the development of security
surveillance system. In this framework THz sources and detectors can be an intriguing option

for many reasons [68].

« While most common materials are transparent to THz waves, plastic and ceramic present

a higher absorption coefficient and can thus be easily spotted.
+ Pulsed THz sources can provide the user with radar-like images.

« Different chemicals exhibit different signatures and can be detected even when sealed

in a container.

« THz is a non-ionizing radiation and, in contrast to X-rays, can be used with lower health

risks.

The non-ionizing nature of THz waves makes them excellent alternatives to X-rays also for
biomedical imaging and spectroscopy. Since they can penetrate hundreds of microns in the
skin they can be used in the skin disease diagnosis, or, more generally, in tissue character-

ization. Moreover it is possible to distinguish between molecules with the same molecular
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formula, but with different structural forms (isomers) since the vibrational modes correspond-
ing to protein tertiary structural motion lie in the THz range [69].

In the pharmaceutical industry time domain spectroscopy has found an important appli-
cations in the detection of polymorphs. Crystal polymorphs are defined as substances that
are chemically identical but exist in more than one crystal form. Different polymorphs exhibit
different response to THz radiation and can thus be easily identified with this technique. THz
time domain imaging can also be used for analysis and characterization of coating thickness

and uniformity [70].
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