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Abstract

An innovative oscillator for solid-state laser technology is developed for Single-Longitudinal-
Mode (SLM) operation, enabling narrow bandwidth, low pulse-to-pulse time jitter, laser
emission at 1064 nm. The system realized is fully characterized in terms of power, energy,
spatial, temporal and spectral performance. The technology developed is defined Self In-
jection Seeding Ring Oscillator (SISRO), which enables to generate close to transform lim-
ited pulses with remarkable reliability and unparalleled simplicity. Both Coherent Doppler
LIDARs (CDL) and High Spectral Resolution LIDARs (HSRL) can benefit from this tech-
nology, in terms of cost-efficiency, reliability and complexity. An additional significant ad-
vantage introduced by the SISRO laser architecture is modularity. This property allows to
tailor the technology to the desired application and LIDAR system. Both CDL and HSRL
are thus presented, after the fundamental principles governing standard LIDAR techniques
have been introduced. CDL is intended to measure the motion of winds whereas HSRL is
employed for discrimination between molecules and particulate matter. In both applications,
the systems share the need of a laser source able to generate narrow bandwidth pulses in
order to discriminate spectral broadening induced into the backscattered radiation.

The SISRO technique exploits a unidirectional ring architecture to suppress Spatial Hole
Burning (SHB), which is the main antagonist to SLM operation. Unidirectional propagation
and thus SLM operation is achieved by means of self-seeding. The SISRO technique emerges
as an appealing candidate for Master Oscillator Power Amplifier (MOPA) architectures, be-
cause of the good spatial, spectral, temporal properties and the significant pulse energies
involved (u.J order), which can be easily scaled depending on the application. It is also dis-
cussed nonlinear techniques to extend the wavelength operation. Indeed, conventional laser
systems struggle to access specific wavelengths, which are required for both physical reasons
and health considerations, such as laser safety. Nonlinear devices enable to shift conventional
high energies laser to exotic wavelengths. In this elaborate is presented nonlinear parametric
oscillators for wavelength extension from 1 pm to the Short-Wavelength InfraRed (SWIR)
region (1.8-2.5 um).

Each part is independently addressed in different chapters of this work. First, it is in-
troduced the LIDAR technology and optical requirements. Then, the optical theory neces-
sary to develop the SISRO, such as Passive Q-Switching and SLM operation, is described.
Subsequently, the novel SISRO laser and the several iterations of the architecture based on
Neodymium active materials are presented. The key parameters governing the SISRO perfor-
mance and especially stability are also investigated in details, while the reader is also made
aware of the typical trends associated with comparable technologies. Experimental results
and theoretical predictions are thoroughly discussed, in order to understand the advantages
offered by the SISRO technique and to devise suggestions to overcome its major limita-
tions. The nonlinear theory for wavelength extension is thereafter introduced. Both Optical
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Parametric Ocillators (OPO) and Backward-Wave Optical Parametric Oscillators (BWOPO)
systems are described, in combination with an Optical Parametric Amplifier (OPA) aimed at
the extension of the spectral coverage offered by traditional bulk devices. In these regards,
particular attention is dedicated to the spectral performance, showing the trade-off between
these two oscillators technologies.

During the course of my PhD I had in particular the opportunity to cooperate with Bright
Solutions Srl. The thesis is organized as follows:

Chapter (1) introduces LIDAR systems and their applications. Then, it is outlined the
possible physical process involved in atmospheric LIDAR and the emitter require-
ments, especially for CDL and HSRL systems.

Chapter (2) presents the Single Longitudinal Mode laser operation and Q-Switching
laser theory. It is then described the possible techniques to be employed to force SLM
operation, focusing on the seeding technique which constitutes the basis for the Self
Injection Seeded Ring Oscillator (SISRO).

Chapter (3) describes the SLM investigation of the SISRO design. Three ring laser
oscillators are tested to verify SLM operation and the technology potential.

Chapter (4) illustrates the ring laser oscillator improvement to enhance SLM stability
by means of a new ring laser design and mechanical support. Then it is described how
to pulse-to-pulse time jitter was reduced, after developing a mathematical model.

Chapter (5) describes nonlinear parametric optical theory for wavelength extension
to the SWIR spectral region. Specifically, it is described optical parametric oscilla-
tors and the technologically emerging optical Backward-Wave Parametric Oscillators
(BWOPO), also named as Mirrorless Optical Parametric Oscillators (MOPO).

Chapter (6) presents the thesis conclusion, outlining the most important results.

Appendix (A) illustrates the mechanical part developed with CAD for the SISRO tech-
nology.
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Chapter 1
LIDAR technology

The acronym LIDAR stands for Light Imaging Detection And Ranging. LIDAR is analogous
to RADAR (RAdio Detection And Ranging) and SODAR (SOund Detection and Ranging),
all these technologies exploit waves (either electromagnetic or acoustic) to gather informa-
tions about the surrounding environment or to vehicle informations through space. Radar
operates emitting electromagnetic waves in the radio frequency spectral region spanning
from tens of MHz to hundreds of GHz. For higher frequencies, conventionally the radiation
belongs to the optical domain. Indeed, for frequencies extending from units to thousands
of THz (which corresponds to wavelengths spanning from far infrared, i.e., 10-um to the
deep UV, i.e., 100-nm), the device is no more called RADAR, but instead it is identified as
LIDAR. Depending on the wavelength chosen and the properties of the light emitted, it is
possible to employ this technology in an impressively large variety of fields, such as:

* Range finding, target identification and tracking (military): Land platforms such as
tanks or self-propelled artillery as well airborne systems like UAV's (Unmanned Aerial
Vehicles) can take advantage of LIDAR devices to enhance battle awareness, to im-
prove effective counter-measures and to gather informations about different threats,
such as chemical or biological agents [1]. LIDARs allow to enhance offensive actions
too, enabling automated target acquisition for weapons systems, e.g, missiles [2, 3, 4].

* Autonomous driving: Probably the most iconic LIDAR application, the self-driving
cars [5] or trucks would enable at first an impressive improvement for passengers
safety, considering only the thousands of casualties and injuries in the European Union
alone [6]. Furthermore, LIDAR could allow automated transportation of people and
goods. This would result in traffic reduction and more efficient viability [7, 8].

» Topography: LIDAR are able to 3-dimensionally map the earth surface and coastal
regions with unprecedented resolution, allowing even to identify foliage and buildings
as well as ground morphology, [9, 10, 11, 12].

 Agriculture: Monitoring crops field with LIDAR, enables to control the growth rate
and to locate infesting plants, realizing more productive cultivations and reducing the
use of chemical substances. [13, 14, 15]. LIDARs would improve automation in this
sector, leading to an increase of productivity and efficiency [16].

* Medical application: LIDARs can be used also for diagnosis and disease monitoring. It
has been reported detection of cancer tissues by LIDAR-RADAR hybrid system [17].



1. LIDAR technology 2

» Mining: A profitable extraction of raw minerals and other soil resources is a critical
component for many nations economies. The use of LIDAR allows to gather infor-
mations on ore volumes, penetrating earth’s surface. LIDAR technology would boost
investments and improve mine structures revenues [18, 19, 20].

* Pollution monitoring: The amount of pollutant concentration in the atmosphere or
deposited on surfaces can be measured and monitored with LIDARs. This approach
would permit to identify toxic areas for human activities as well as to preserve envi-
ronmental heritage [21, 22, 23, 24, 25, 26, 27].

* Green Energy Improvement: Wind-Turbines can drastically improve their performance
by means of LIDARs. High spatial and temporal resolution wind and turbolence mea-
surements carried out from the ground up to several hundred meters of altitude, can
significantly aid the design of highly efficient turbine rotors for eolian energy genera-
tion [28, 29, 30, 31, 32, 33, 34, 35].

» Meteorology: Weather forecasting is extremely important for all economic activities
impacted by atmospheric conditions at a certain place and time, including fog, haze,
smog, heavy wind, rain, snow and other critical events. Most natural disasters stem
from severe weather phenomena. Worst of all, these disasters often lead to human ca-
sualties and property damage. The use of LIDARs improves the detection and forecast
of hazardous meteorological events allowing to execute timely emergency response
and rescue operations [36, 37, 37, 38, 39, 40, 41].

» Aviation: LIDARs enable safety and efficiency in this field. Airports use LIDARs to
gather real-time and highly accurate wind and aerosol measurements adapted to the
airport environment, providing critical information that helps ensure safe takeoffs and
landings, improving the overall air traffic management [42, 43].

As described above LIDARSs can be employed by a large variety of utilizers for several dif-
ferent applications. LIDAR platforms can be static and dynamic as well. Cars, trucks, boats,
ships, planes and satellites platform have been equipped already with LIDAR systems. This
is a clear indication of LIDAR technology flexibility, which traduces in several successful
market products.

The LIDAR market is constantly growing in the last years, reaching a value between 800
millions of USD and 1.2 billion of USD in 2019 [44, 45, 46, 47]. A strong market expansion
1s expected in this sector, expecting values ranging from 2 billion to 6 billion of USD in 2024.
A non-exhaustive list of the leading companies in this sector for their impact on the market
are: Teledyne Technologies (US), Hexagon (Sweden), Trimble (US), FARO (US), RIEGL
(Austria), SICK AG (Germany), Quantum Spatial (US), Beijing Beiketian Technology Co.,
Ltd. (China), Velodyne LIDAR (US), and YellowScan (France).

LIDAR system can be decomposed in several key elements, illustrated in Fig. (1.1). The
emitter is the core of the LIDAR system. It is responsible to generate the light probe with
suitable properties in order to select a suitable interaction with the target. The receiver is
the optical sensor able to detect a small fraction of the light probe returning to the LIDAR.
After the collection of the returning signal, a series of signal-processing and data-processing
devices can be found, e.g, optical spectrum analyzers and computers. All the system com-
ponents are powered by a mission compatible energy source (e.g, batteries or a power link
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to the LIDAR platform). The beam steering mechanism is the LIDAR component responsi-
ble of directing the light probe toward the desired target. Electronics provides an appropriate
control of all the above mentioned components, as well timing references. The tracker is nec-
essary in order to determine the LIDAR position with respect to the target. Finally the system
frame must be a suitable architecture for the chosen application, considering the mechanical
requirements and the cost-effectiveness.

{ Other light
sources
_{
Photomultiplier

Emitter

— Mechanical

m Beam steering gm MEMS

— Solid state

Frame and

assembly e Materials/layout

m Power supply

— Electronics

— Tracker GPS/IMU

s Data processor

Figure 1.1: LIDAR system components, the DPSS lasers are the main topic of this elaborate

LIDAR systems can be classified in several ways depending on applications, requirements,
scan rate, cost and transportability. However, it is possible to identify a LIDAR classification
based on the physical effect involved between the light probe generated and the target. This
description allows to point out the motivation of my work. In this Ph.D. thesis we will focus
on the emitter component, namely the Diode-Pumped Solid-State (DPSS) laser category.
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1.1 LIDAR typologies

The LIDAR basic function is the ToF measurement, in order to locate the target likewise
Radar. Lidars can obtain a returning signal exploiting different optical phenomena. Certain
Lidar categories are even able to fulfill multiple measures at the same time in order to gather
more data about the target, relying on multiple phenomena. LIDAR classification is made up
by [48]:

» LIDARs based on reflection: This typology is employed when it is expected a strong
signal reflection from the target. The signal received will show spikes emerging from
a noise floor. These spikes are generated by reflections coming back from the solid or
liquid reflecting targets and emerge as the dominant components in the received signal.
The multiple echos permit to identify obstacles and even to determine to a certain extent
the shape of the target.

* Elastic back-scattering LIDARs: This kind of devices, usually referred to as Rayleigh-
Mie LIDARs, acquire data about the presence and the location of aerosols and cloud
layers. Indeed, Rayleigh and Mie scattering are specific case of elastic scattering, elas-
tic” because the energy (therefore the frequency/wavelength) of the scattered photon is
equal to the incident one. The Rayleigh scattering intensity is proportional to A\~%, then
this regime takes place when light interacts with particles smaller than the wavelength,
such as oxygen and nitrogen molecules. When the diameter of the particulate is similar
or greater than the wavelength, the regime is typically named Mie scattering. However,
the scattering from very large particles does not depend on the wavelength [48]. Mie
scattering theory is often a rough approximation. For non spherical large particles Mie
scattering 1s inappropriate, but more elaborate scattering theories are required.

High Spectral Resolution LIDARs (HSRL) are a particular sub-category, which im-
prove drastically the LIDAR performance for aerosol transmission and light exinction
properties [48]. This system will be further discussed in Sect. (1.3.1).

Coherent Doppler LIDARs (CDL) use the Doppler effect on the laser spectrum to re-
cover information about the target motion. Several sub-categories exist depending on
how the information is recovered. They are Time of Flight Velocimetry (TFV), Laser
Doppler Velocimetry (LDV), Continous Wave Doppler LIDARs and Pulsed Doppler
LIDARSs. In Sect. (1.3.2) it is discussed the the Pulsed Doppler LIDARs, because they
are the most successful and practical devices [48].

* Raman LIDARs: This class exploits an inelastic scattering process called Raman scat-
tering, which involves the excitation of vibrational-rotational energy levels of molecules
resulting in a molecule-related wavelength (red) shift of the back-scattered signal with
respect to the incoming radiation. The specificity of the frequency shift allows to iden-
tify univocally a vast variety of atmospheric specimens. The main drawback of this
solution is related to the typically low intensity of the Raman-shifted signal that limits
the practical usability of this technique to high concentration targets. Another inter-
esting feature of Raman LIDARs, is that the temperature of the atmosphere can be
remotely measured through Raman scattering. Indeed, the population of the molecules
vibrational and rotational levels depends on the temperature according to the Boltz-
mann’s distribution law.
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Differential-Absorption LIDARs (DiAL), use two wavelengths to identify atmospheric
gases with high sensitivity. The use of two wavelengths, allow to acquire more in-
formation. E.g., if the differential absorption cross-section is known, then the gases
concentration can be easily determined. This technique can be succesfully employed
to measure concentration of chemical substances such as O3, NO,, NO, CH,, NH, and
HCI [48].

* Brillouin LIDARs: This kind of inelastic scattering LIDARSs rely on the light third-order
nonlinear interaction with the medium, involving acoustic phonons. As for Raman scat-
tering the light scattered in this process is less energetic (Stokes process) or more ener-
getic (anti-Stokes process), depending on the direction of the energy exchange between
radiation photons and medium phonons. For different incident optical power the gain
related to back-scattering can drastically change due to the substantial phonon con-
tribute from the medium. Exploiting Brillouin scattering it is possible to measure, for
instance, the temperature of oceans and the speed of sound in water [49].

» Fluerescence LIDARs: They rely on the absorption of LIDAR signal photons with
energy tuned to match the bandgap of the target molecules, typically dispersed in the
high layers of the atmosphere. The fluorescence signal at longer wavelength is then
collected by the receiver. The strong cross section of metallic molecules and 1ons allows
to easily identify also small target concentrations.

Elastic back-scattering LIDARs are widely applied in atmospheric analysis. In the fol-
lowing Sect. (1.2), it is described the working mechanism.

1.2 Atmospheric LIDAR working principle

The emitter is typically a high power DPSS laser source responsible of the illumination of the
target. The light generated is usually a light pulse, which is directed towards the target with
a proper optical systems (e.g, telescopes and steering mirrors). As the light hits the target,
part of the signal is redirected back to the source by means of elastic scattering. The time
required to reach the target and to return to the source is known as Time of Flight (ToF).
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Figure 1.2: Atmospheric LIDAR working principle
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If the speed of light in the medium is known, the ToF measurement permits to determine with
a precision that depends also on the light pulse duration, the distance between the source and
the target. If the effective refractive index of the atmosphere is perfectly modelled and no dis-
tortion of the returning waveform is taken into account, the target ranging resolution (spatial
resolution on the light propagation axis) is equal to Ar = ¢7/2. The quantity r is the distance
between the LIDAR and the target. The fraction c¢7/2 indicates the scattering volume. Thus
a laser probe with 7 = 1 ns pulse duration traduces theoretically into 0.3 m ranging accu-
racy in the vacuum. The achievable resolution can be significantly lower than the theoretical
one, considering the LIDAR movements, imprecise modelling of propagation through the
medium due to atmosphere inhomogeneities and perturbations, waveform distortions on the
returning signal. All these source of errors can be reduced employing a series of techniques.
Tracker can be placed on LIDAR to compensate perturbation and motion for accurate range
finding. A better modelling with the aid of precise data collected from ground sensor, e.g,
humidity and pressure, can lead to effective modelling of the refractive index at the working
wavelength. Finally, for what concerns waveform distortions, post-receiver processors can
minimize propagation error and improve discrimination.

Pulse repetition rate spanning from few to hundreds of shots per seconds are typically
sufficient and signals can be averaged over time intervals up to minutes in order to reduce
the amount of data to be stored. The output beam divergence, thanks to the the use of beam
expanders, is typically of the order of 100 prad. A telescope is also used on the receiver side
to enhance collection of incoming photons from the target, as illustrated in Fig. (1.2). The
telescope field of view can be chosen as low as a few hundreds prad by means of a field
stopper located in the focal plane, allowing an efficient reduction of the background light
coming from the atmosphere. After the receiver telescope, usually it is positioned an optical
spectrum analyser, which selects specific wavelengths or polarization states from the col-
lected light. Some examples of analysing elements are grating spectrometers, interferometers
and atomic-vapor filters. In the final stage, signal detection is achieved with photomultiplier
tubes (PMTs) or photodiodes. PMTs or avalanche photodiodes (APDs) operated in Geiger
mode are preferably employed in case of weak incoming signal. On the contrary for strong
incoming signal, analogic recording is preferred [48].

LIDAR system can be design in first hand starting by the expression of the detected signal
power [48]:

P(r,\) = KG(r, \)T(r,\)3(r, \) (1.1)

K measures the LIDAR system performance through Eq. (1.2), G(r, \) describes the geo-
metric disposition of transmitter and receiver optics, 7(r, A) is the transmittivity relative to
the light path, 3(r, \) is the back-scattered coefficient,  and \ are respectively the distance
from the target and the wavelength of the signal involved in the measurement. Part of the
equation is known from the designer, indeed K and G can be quantified experimentally. On
the contrary, 7" and ( are uncertain parameters, depending on the environment and the target
specific characteristics. From Eq. (1.1) it is possible to derive the required emitter energy,
enabling to outline the DPSS laser source specifications.
Expanding the previous terms, we have:

K= nPOA% (1.2)
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where 7 indicates the system overall efficiency, P, is the pulse peak power, A is the area of
the receiver, 7 is the pulse duration and c is the speed of light in vacuum. Thus, the term ¢7 /2
is the effective spatial pulse length from which back-scattering occurs. Eq. (1.2) shows how
to maximize K and consequently the detected power P. The straightforward optimization
strategy is to increase, if possible, pulse energy, receiver area and system efficiency. How-
ever, the increase of pulse energy can lead to laser safety issues and a larger receiver area
can cause a worst frequency response. System efficiency also presents intrinsic trade-offs.
Therefore, numerous compromises have to be taken into account to entirely design a LIDAR
system.
The equation defining G is:

G(r) = (1.3)

O(r) is called the “laser beam receiver field of view overlap function”. It depends on all the
geometric features of the LIDAR system, such as: beam diameter and divergence, optics focal
lengths and sizes, optical axes of the transmitter and receiver. The O(r) function vanishes
approaching the LIDAR and it is maximized, i.e. it reaches the unity, when the beam is
perfectly imaged on the receiver detector.

The transmission coefficient 7" is give by the following equation:

T(r,\) = exp (—2 /Or a(z, )\)da:) (1.4)

Function 7" takes into account the loss accumulated by the signal travelling from the in-
strument to the target placed at distance r and coming back. The term «a(x, \) is the overall
coefficient accounting for all the losses experienced through the propagating medium. Fi-
nally, the back-scattering function 5(r, \) describes the key interaction to realize with the
target:

B(r, A) = Bpar(rs A) + Bt (1, A) (1.5)

The terms f,,, and 3,,,; are the particles and molecules back-scattering. In case of atmo-
spheric applications, the molecular scattering is mainly due to nitrogen and oxygen molecules
and the function is strictly dependent on the gas density. The consequences of this density-
dependent back-scattering are extremely variable, depending on the nature of the target and
its shape. A last term to insert in detected power equation is the unwanted P,,;s. contribution
due to other sources, such as sun light or artificial lights.

P(r,\) = KG(r,\)T(r,\)3(r,\) + Proise (1.6)

This noise contribution must be accurately evaluated in order to avoid possible blinding of
the receiver. Wavelengths filters and polarizers, as well as an estimation of background noise,
can contribute to increase the Signal-to-Noise Ratio (SNR). The evaluation and subtraction
of the background noise can be accomplished using data coming from region beyond the
target or using the received signal in the time interval preceding the laser pulse emission.
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1.3 LIDARs based on narrow bandwidth laser emitter

Narrow bandwidth LIDARs are extremely interesting and powerful remote sensing tools,
thanks to several peculiar features. Firstly, they offer the possibility to obtain very high se-
lectivity for the desired light-target interaction. Furthermore, and even more interestingly,
in particular for atmospheric sensing applications, narrow bandwidth LIDARs offer the pos-
sibility to easily identify the target and simultaneously monitor its motion. To this class of
LIDARSs belong both HSRL and CDL, which both exploit the Doppler frequency broadening
and shift induced on the spectrum of the back-scattered signal to enhance target data acquisi-
tion. Indeed, in the atmosphere, the back-scattered light is subject to two different alteration:
one is due to molecules thermal motion, the other to particulate motion. By observing the
returning spectrum, it is possible to easily discriminate the spikes related to aerosol particles
scattering on top of the broader frequency distribution due to molecules scattering [50, 48],
as it is shown in Fig. (1.3).

Mscattered spectrum
particulate shift .Laser Spectrum
<« Av__ ~30MHz
par

Red shift Blue shift

Amplitude [a.u.]

Molecular broadening

<« Av_ ~1GHz
mol

-1.5 -1 -0.5 0 0.5 1 1.5
Frequency [GHZ]

Figure 1.3: Doppler effects on the laser spectrum. Molecular scattering is due to Cabannes-
Brillouin scattering, whereas aerosol particulates scattering is related to Mie scattering

To realize any measurement on the particulate frequency shift, the laser linewidth must be
narrower than the expected shift. This happens because the shift is accompanied by a broad-
ening effect that depends on the aerosol properties and motion homogeneity. In particular,
we can identify three main contributions:

* Molecular broadening: molecules are subjected to Brownian motion in accordance
with kinectic theory of gases related to temperature. The speed of molecoles is typically
Umor ~ 300 m/s, which means a spectral braedening of ~ 1 GHz order of magnitude.

» Aerosol particulate shift: for several aerosol particles moving homogeneously, the
Doppler effect leads to a shift to higher frequency (blue shift) or lower frequency (red
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shift). For wind speed (v,,, ~ 10 m/s) the Doppler shift can be of Av,,, ~ 30 MHz, in
case of turbolence (v,,, ~ 1 m/s) then the shift is only Av,,,. ~ 3 MHz.

* Aerosol particulate broadening: the Doppler shift is caused by the same agent as be-
fore, the aerosol particles, but an amount of disorder must be taken into account, leading
to a broadening effect also in this case. The scattering volume can have an homoge-
neous aerosol motion, which causes no appreciable broadening. On the contrary, if
inhomogeneous motion is present inside the investigated region, spectral broadening
is observed. In this case, useful informations can be still extracted, by comparing the
surrounding spatial regions to the one acquired.

If the spectral purity of the LIDAR laser emitter source is high enough, then it is possible
to effectively discriminate the above mentioned contributions in the spectrum of the back-
scattered radiation.

1.3.1 HSRL: High Spectral Resolution LIDAR

The master equation that must be solved to identify, for example, the concentration of a
given substance in the atmosphere, is Eq. (1.6). Unfortunately to solve Eq. (1.6), six un-
known variables must be quantified for each distance r, at a chosen operative wavelength .
The unknown coefficients are the sum of the following components: the extinction coeffi-
cient a(r, A) and the back-scattering coefficient 5(r, A). Luckily, the available knowledge of
physics of the atmosphere permits to reduce the unknown coefficients from six to only two.
The first consideration regards f3,,,;, which is proportional to the medium density, accord-
ing to Rayleigh theory. Therefore, it is possible to quantify this coefficient on the basis of a
measurement of ground atmospheric pressure and temperature. Consequently, also o1 sca
which is derived by 3,,,; by means of geometric considerations, can be estimated. Moreover,
amol.abs 18 Usually negligible, except in presence of high absorbent substances at operative
wavelength, an event that can be avoided, for instance, by properly selecting the working
wavelength of the emitter. After all these considerations, only two unknown coefficients
are remaining, namely qge, = Qgerabs + Qgersca ANd Beer. If the laser has a narrow enough
bandwidth, then it is possible to write two equations, one for molecules and one for aerosol,
instead of only Eq. (1.6), thus allowing to solve two equation with two unknowns, for a
chosen wavelength. The two equations are [48]:

Prot(1) = Koot %5 Bunor (r)eap (—2 [} a(x)dz)
(1.7)
Paer (T) == aer r2 ﬁaer e:np ( 2 f() )

K0 and K, contain all distance-independent variables, while the term « is given by:

& = Qmol,abs + Qger,abs + Amol,sca + Qger,sca (18)

HSRL requires, in addition, narrow bandwidth filters, used to enhance SNR and to dis-
criminate between signals. Typical devices chosen for this purpose are Fabry-Perot interfer-
ometers and atomic and molecular absorption filters. Narrower laser linewdith (<100 MHz)
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relaxes the necessity of spectral filters, driving photonics engineers to look for novel laser
system able to achieve appropriate laser spectrum to simplify HSRL design and reduce costs.

1.3.2 CDL: Coherent Doppler LIDAR

To measure wind velocity, the Doppler shift or broadening can be measured with respect to
the LIDAR line of sight, in order to recover the speed of particles. The relevant component
of detected power is:

P A Myt )) = Koy 20 e Nep (—2 | ot A)dm) (1.9)
0

AMpop 18 the wavelength shift due to aerosol particulate velocity v, along LIDAR line of
sight. Recalling that v = ¢/n), where n is the refractive index of the medium, then the
detected power can be recast as P,.,(r, V), Where v, is the detected central frequency.
The frequency shift Avp,, done to the emitter frequency vy is equal:

(et v4er) N Av
Vet = (¢ £ Vmred) v~|1+ . I (1.10)

Vaers Usource are€ respectively the aerosol, LIDAR velocities and Av is the speed difference.

The signal collected is mixed with the local oscillator signal (heterodyne detection), al-
lowing to generate a beat frequency, which is subsequently filtered by a low pass filter, then
sampled and finally demodulated. Thanks to the speed of aerosol particle, the two light fre-
quencies (laser and back-scattered frequencies) are similar enough that their difference or
beat frequency produced by the detector is in the radio band that can be conveniently pro-
cessed by standard electronics. The goal of the system is to traduce the beat frequency into
a velocity.

Py (Vger) X [Eger 08(210gest 4 ¢)]° (1.11)

P (v) o< [Ej, cos(2myot)]? (1.12)

where P,.,, Fget, Vaer and P, Ey,, 1), are respectively the detected and local oscillator power,
electric field amplitude and optical radiation frequency; ¢ is the phase of returning signal.
Mixing the two signals lead to the folliwng equation:

Priz X [E1p c08(270t) + Eger €0S(27 et + ¢))° (1.13)
1 2 ]' 2
Pmix X 5 lo + §Edet + 2EloEdet COS<27TI/dett -+ ¢) COS(QWV[Ot) (114)

The first and second term are non-oscillating contributions. Information is carried by the
third oscillating term of Eq. (1.14), which has sum and difference frequencies of the original
frequencies. Sum frequencies is too high for electronics (THz range), then only frequencies
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difference (MHz range) is exploited in heterodyne detection. The useful induced current in
the receiver derived by expression Eq. (1.14) is [48]:

iger = PN/ 2P P(r, \) c0s [27 (1o — (Vo + Avpop)] (1.15)

where p is the detector sensitivity, P, and v, are the power and the reference frequency
of the local oscillator employed for the heterodyne detection. It can be used only one laser
oscillator, splitting the emitter laser output. P(z, \) and vy + Avp,, are the power and the
frequency of the backscattered radiation. It is clearly from Eq. (1.15) that the beating signal
can be boosted by using a stronger local oscillator. The main advantages of the heterodyne
detection technique are the high tolerance of background light and the independence from
temperature and system components properties [48]. It is also clear that a Doppler LIDAR
presents a greater number of components compared to conventional LIDAR as illustrated in
Fig. (1.4). An other possible detection technique for Doppler LIDARSs is the Direct Detection,
which exploits optical filters, e.g. etalons [48].

Beam splitters
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Scattering volume

| b1 || D2 |

Timing analysis

Beam splitters

)

Scattering volume

Heterodyne analysis

Figure 1.4: Conventional LIDAR and heterodyne detection doppler LIDAR setups: TE is the
laser emitter, LL is the locking loop, LO the local oscillator, DI and D2 are the detectors.
The quantity r is the range between the system and the target.

1.4 LIDAR emitter requirements

LIDAR laser emitters can differ significantly depending on the applications. Pulse energy,
spatial, spectral qualities and repetition rates are the typical quantities used to address a sys-
tem. In Tab. (1.1) it is possible to compare how laser emitters can require drastically diver-
sified laser pulses characteristics.
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LIDAR Pulse Pulse Wavelength Operational | Repetition
Application energy | duration region distance rate
Automotive <1 pJ <l ns 905,1550 nm 0.1-100 m | 5-250 kHz

Volcanic emission | 4 uJ I ns 355,532,1064 nm 6 km 1 kHz
Forest canopy <1 pJ 5ns 1538,1064 nm 100 m 1-5 kHz
Wind motion 100 puJ 50 ns 1538,1064 nm 60-100 m 15 kHz

Airborne particles | 100 m.J 10 ns 532,1064 nm 40-100 km | 20-100 Hz

Vegetation map | <100 pJ I ns 600,700,1064 nm 1 km 1-100 kHz

Table 1.1: Examples of laser pulses characteristics for different LIDAR applications.

1.5 DPSS Single Longitudinal Mode Laser

In the previous sections we pointed out the necessity of narrow bandwidth laser sources. The
DPSS technology enables to achieve high energies laser pulses generation with specific per-
formances, usually relying on the Master Oscillator Power Amplifier (MOPA) architecture.
DPSS lasers have typically long lifespan of thousands hours [51]. MOPA architectures are
very attractive because they enable to distribute complexity among several laser stages. In
order to emit the narrowest pulse spectrum, the laser oscillator has to operate in SLM regime,
which is mandatory for high spectral resolution applications.

J\

Light probe

Converter

Amplifiers

Oscillator

Figure 1.5: Typical partition of a LIDAR emitter, it is not always required all three component
to realize a LIDAR emitter.

The design of a laser source operating in SLM is a challenging task, which typically requires
complex architectures in order to force this regime. In a similar way, the wavelength exten-
sion is an other critical passage during the design of the emitter. In this Ph.D. thesis, DPSS
laser solutions are investigated in order to design new attractive LIDAR emitter architectures,
especially for HSRL and CDL systems as well nonlinear devices to extend wavelength op-
eration. LIDAR systems do not require all the mentioned stages, illustrated in Fig (1.5). For
example Doppler LIDARs operating at short distances require pulse energy of few tens or
one hundereds .J pulse energy, which is quite easily available directly out of the oscillator.
In case of atmospheric HSRL systems hundreds of m.J for each pulse are typically required.
This traduces in the use of one or even several amplification stages in order to reach the tar-
get pulse energy level. If wavelength conversion is also necessary to select specific physical
phenomena, then the required amount of energy is increased to trigger nonlinear phenomena
and to balance the nonlinear conversion inefficiencies. In this thesis it is investigated new at-
tractive solutions for both the oscillator and converter components implementable in LIDAR
emitters architectures.



Chapter 2

High spectral purity pulsed laser
operation

Pulsed lasers can be obtained by means of several techniques: Q-Switching, Gain Switching
and Mode Locking. The generation of pulses with spectrum bandwidths within the MHz re-
gion, which is required for LIDAR applications as explained in Sect. (2.1), imposes the use of
Q-Switching or Gain Switching technologies. In this work we opted for Passive Q-Switching
(PQS) technique for laser pulse generation. The PQS theory is described in Sect. (2.2) en-
abling to identify the most significant optical elements in order to design an optimized pulsed
laser oscillator. The successive sections describe laser oscillator spectral properties (2.3), and
the available techniques to access the SLM operation (2.4). Finally are discussed the seeding
techniques, especially the self seeding approach exploiting the ring laser architecture in Sect.
(2.5).

2.1 Optical requirements

Recalling Fourier analysis, a signal s(¢), which describes the time evolution of a laser pulse,
can be decomposed into its spectral components by means of Fourier Transform (FT). The
FT is defined as:

S(v) = /OO s(t)e 2™ dt, (2.1

oo

where S(v) is the pulse spectrum, i the imaginary unit and v the frequency. The spectrum S(v)
is continuous for a not-periodic signal. The function S(v) is broader in the frequency domain
for narrower signal in the original domain ¢ and viceversa. The Inverse Fourier Transform
(IFT) is:

s(t) = /_OO S(v)e* " dy (2.2)

As first guesses, a laser pulse can be approximated by Gaussians, hyperbolic secant (Sech?)
or Lorentzian functions. All these mathematical shapes can be described by a Full Width Half
Maximum (FWHM) for both the representation in the time and frequency domains. This will
permit to quantify either the pulse duration At, or spectral width Av. The FT relates At and
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Av through the so called time-bandwidth product, which depends only on the specific shape
of the pulse.

AvAt = K, (2.3)

For the aforementioned mathematical shapes, we have the following values for the constant
K: Gaussian pulse has K = 0.441, Sech? pulse has K = 0.315 and Lorentzian pulse has
K = 0.142. In practice, more complex pulse shapes occurs. For higher accuracy, laser rate
equations solutions enable to model more precisely pulses waveforms [52]. For example Q-
Switching laser oscillators can exhibit asymmetric pulse shapes [53, 54]. The corresponding
spetra can be practically obtained by means of Fast Fourier Transform (FFT). Nevertheless,
in many situations, the Gaussian approximation is preferred since it simplifies significantly
the calculations (the Gaussian is an eigenfunction of the FT), without a major loss of accuracy
of the predictions.

For Doppler LIDARs and HSRLs, the FWHM pulse optical bandwidth has to be of the

order few tens, or even, few MHz. Thus, laser pulses with duration of several tens of nanosec-
onds are required. The currently available, most successful optical technologies to access
nanosecond laser pulses are Active Q-Switching (AQS), Passive Q-Switching (PQS) and
Gain Switching. The laser design is strictly affected by the chosen technique, and the perfor-
mance attainable in terms of available output energy, laser stability, reliability, complexity
and costs, differs significantly either.
AQS and PQS rely on modulation of the resonator losses as the pulse formation mecha-
nism. The active switches (electro-optic, acousto-optic and mechanical modulators) enable
to achieve a certain amount of control on pulse-to-pulse time jitter, output energy, repetition
rate and pulse duration. Typically electro-optic modulators are preferred for their limited
switching time, that can be as fast as few nanoseconds or even below. The drawback of
active modulators is the more complex laser design and an higher cost if compared to pas-
sive optical switches. The high voltage required by electro-optic modulators is a significant
additional disadvantage, also due to the associated electronic noise.

Passive switches, i.e., Saturable Absorbers (SA) and SEmiconductor SAturable Mirrors
(SESAM), allow compact, simple and robust laser design. The passive switches operate au-
tonomously depending on the laser design realized, without any external signal/trigger. The
involved inferior complexity traduces in lower costs and higher reliability. AQS and PQS
systems can generate laser pulses with energies ranging from few pJ to several tens of mJ
[55, 56], mostly depending on the laser repetition rate.

MOPA architectures are widely employed to amplify laser pulses produced by the oscillators
to hundreds of mJ energies, permitting a simplification of the oscillator design at a cost of
an increased number of stages.

Gain Switching technology is very attractive for applications requiring very high repetition
rate (from hundreds of kHz, up to MHz [57]), which are not easily reachable by PQS and
especially by AQS systems. Gain switching pulses are generated by quickly modulating the
gain by means of the pump power. From a laser material point of view, the long fluorescence
lifetime 7, which is a major advantage in Q-Switching regime, is a drawback in case of gain
switching. For this reason, the best performance in terms of high pulse repetition rate are
more easily obtained from semiconductor lasers with respect to DPSS lasers. Nevertheless,
it is possible to generate nanoseconds pulses in very short and compact laser cavities. The
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use of such cavities enable gain switching lasers to emit pulses with high spectral purity,
easily achieving FT limited bandwidths (SLM operation). A great limitation to gain switch-
ing technology is the extremely low output pulse energy attainable, typically in the range of
pJ or few nJ. Low energy pulses are not easily amplified: complex pre-amplifiers architec-
tures and high gain amplification chains, usually prone to self-lasing and parasitic Amplified
Spontaneous Emission (ASE) issues, are required. Thus, the overall system complexity is
shifted to the amplification stages [58, 59, 60].

Any laser oscillator based on the aforementioned AQS, PQS or Gain Switching technolo-

gies must operate in SLM to generate transform limited laser pulses that satisfy Eq. (2.3) with
the proper value of K.
A laser oscillator is composed by two fundamental components, the active medium and the
cavity or resonator. The gain bandwidth of the active medium identifies the optical frequen-
cies which can be amplified by stimulated emission. Depending on the material the gain
bandwidth can differ significantly [59]. For earth ions doped crystals the gain bandwidth
(FWHM) can be of few hundreds of picometers, corresponding to few hundreds of Ghz at 1
pm wavelength. Narrow gain bandwidths are consequential to ions isolation. Indeed, dopant
atoms act similarly to isolated atoms thanks to the electronic shielding. On the contrary,
transition metal ions doped crystals exhibit very large gain bandwidth, because of the strong
interaction between electronic transitions and phonons.

The resonator has several eigenfrequencies, which are the resonant frequencies of the
laser cavity.
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Figure 2.1: Cavity longitudinal modes, Multi Longitudinal Mode (MLM) operation and Sin-
gle Longitudinal Mode (SLM) operation. S(v) is the output laser spectrum.

These frequencies are called longitudinal modes or axial modes. Longitudinal or axial modes
must not be confused with transverse modes, which describe the intensity distribution of the
laser radiation in the plane orthogonal to the propagation axis.



2. High spectral purity pulsed laser operation 16

A laser oscillator emits a laser radiation whose spectrum is the superimposition of all the
modes experiencing enough gain to balance the roundtrip losses. The competition between
several longitudinal modes to saturate the stored gain is usually identified as "mode com-
petition” or “gain competition”. If during the oscillation build-up, one longitudinal mode
is able to dominate over all the other axial modes, then the laser will operate in the SLM
regime. Laser oscillators do not operate easily in SLM due to numerous factors, which will
be described in detail in Sect. (2.3).

A part from the considerations about the spectrum, there are a series of side requirements
to take into account to develop a LIDAR optical source, firstly the spatial beam quality. The
laser beam quality is extremely important to access transform limited pulse generation and
for correct imaging as well. Beam quality is usually quantified with the parameter A/2. The
divergence, the Rayleigh range and the focusing power of a lens are directly affected by this
parameter:

© = M?6,, (2.4)
TW§

ERZ ) (2.5)
A
_ a2

d=M ot (2.6)

Where O is the multimode beam divergence compared to the fundamental mode beam di-
vergence 6y. W, is the optical beam waist, A the laser wavelength, f the lens focal length,
D and d the beam diameter respectively on the lens and in the focus. Then, a diffraction
limited laser output is required to maximize the laser performance, i.e. M? = 1. Beam qual-
ity is usually very difficult to preserve during power scaling, especially in laser amplifiers.
High power laser oscillator can maintain very low M? factor exploiting unstable cavities.
Although, misalignment tolerance is smaller compared to stable resonators and large beam
modes are achieved sacrificing the mode quality because of the Fresnel fringes [59]. The
laser stability is an other critical aspect. The system must be able to deliver pulses with-
out excessive pulse-to-pulse time and energy jitters. Mechanical and thermal perturbations
should be tolerable for the laser application. PQS and AQS systems are highly vulnerable
to pulse-to-pulse jitters, respectively PQS for time jitter and AQS for energy jitter. Thus,
careful laser design is necessary to mitigate noise. For LIDAR applications time jitter can
be bypassed relying on an optical reference instead of the electronic trigger. Although, this
approach adds more complexity to the LIDAR emitter, which can be critical for airborne
or spaceborne applications. Sources with low jitter allow to enhance system reliability, sim-
plicity and enable more complex measures. Lastly, laser complexity, weight, volume, cost
and reliability should be carefully evaluated in order to develop an attractive and competi-
tive laser design. The technological challenge undertaken in this thesis is the investigation
of'a new SLM laser oscillator design, suitable for the generation of laser pulses of few MHz
bandwidths, exploiting PQS technology.



2. High spectral purity pulsed laser operation 17

2.2 Passive Q-Switching

Q-Switching allows to obtain short (from hundred of nanoseconds to hundred o picoseconds)
pulses from a laser by modulating cavity losses (Q factor) of the laser resonator. This tech-
nique is mainly applied for the generation of nanosecond pulses of high energy and peak
power with solid-state bulk lasers.

For what concerns the dynamics of the pulse generation, AQS significantly differs from
PQS. In case of AQS, the generation of a Q-switched pulse can be described as follows: ini-
tially the resonator losses are at high level and the pump stores population inversion density
in the gain medium. The amount of available energy is limited by spontaneous emission or
ASE, and, obviously, by the maximum loss per roundtrip guaranteed by the optical switch.
Then the losses are suddenly decreased to a small value through a proper Electro-Optical
or Acousto-Optical device, allowing the laser radiation to build up quickly in the resonator
(few roundtrips). In this case, the pulse repetition rate is under control and the pulse en-
ergy/duration will typically depend on the pump power level.

In case of PQS, the modulation of the losses is obtained through a proper saturable ab-
sorber (SA). In this case, the pulse buid-up is ’slow”, requiring several hundreds of roundtrips.
The net gain per roundtrip in the resonator is, indeed, very small, until the bleaching of the
SA is obtained.

For both techniques, the process typically starts with noise from spontaneous emission.
When the gain (saturated) equals the remaining resonator losses the peak of the pulse is
reached. The energy extraction occurs on a time scale depending on the photon cavity life-
time.

If the resonator is well designed, the pulse presents a symmetric temporal shape, i.¢., the
energy extracted after the pulse maximum is similar to the one contained in the initial part
of the pulse. Because of the peculiar pulse formation mechanism, in PQS, the pulse energy
and duration are almost fixed by the resonator design and SA properties, and an increase of
the average pump power only influences the pulse repetition rate.

In the following paragraphs, I will present a detailed model of the PQS regime that takes
into account parasitic effects taking place in the SA, such as Excited State Absorption (ESA)
[61]. This is a typical parasitic loss present, e.g., in Cr:YAG, which is the most commonly
used SA crystal for PQS lasers at 1 um, and is incidentally the SA used in the PQS lasers |
developed in this thesis. The model was developed to aid the design and to better interpret
the experimental results obtained with PQS lasers at 1 um in general and can be applied also
to the PQS lasers developed in this thesis.

As usually occurs, the modeling starts from the laser rate-equations. The dynamics of the
photon flux inside the cavity and the populations densities of the gain medium and saturable
absorber, considering also ESA are:

¢ dP P
 —g—qg-— — ) = D]—
o = l9—a=Bla—a )]tR’
dg (9 — 90) P
o — g 2.7
dt TL, EL7 ( )
d__(a-@) P

\ dt TA EA
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Where tr is the roundtrip time, P is the circulating intracavity power, g and [ the round-
trip gain and linear losses | = [y + [, respectively (I, as the output coupling and 1, round-
trip as passive linear losses). Initial unsaturated round-trip loss from passive Q-Switch is g,
whereas g, is the unsaturated round-trip gain provided by the pump laser. 7;, and 7,4 are the
fluorescence and SA recovery time respectively.

(a) (b) © (@ (@) (b) @ @ g
> g(t)
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Peak power Time jitter
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Figure 2.2: Passive Q-Switching mechanism showing losses, gain and pulse power dynamics.
Energy accumulation inside the active medium (a), intracavity losses decrease (b), pulse
formation occurs (c), system recovers the saturable losses for next pulse cycle (d).

Saturation energy for modulation loss ¢ and gain g is:

By = wAa 2.8)
NN

B, = A 2.9)
§<7L

Where o and o4 are the stimulated emission cross section for a four-level laser and the
absorption cross section of saturable absorber, A 4 and A, are the modal areas in the absorber
and laser medium. The coefficient §, is equal to 2 for standing wave cavities and equal to 1
for unidirectional ring cavities.

The use of Cr**:YAG as saturable absorber instead of SESAM (SEmiconductor SAturable
Absorber Mirror) requires to enhance the mathematical model by including the ratio of ESA
cross section of the absorber and ground state absorption cross section:

g="2E (2.10)

oA
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This additional factor 5 allows to describe more accurately pulse energy and pulse duration
for Cr**:YAG at 1 um wavelength, leading to longer and less energetic pulses than modelling
with 8 = 0. The gain and losses equations (second and third relation of system (2.7) evolve
faster than fluorescence and loss recovery times, these terms can be considered negligible,
leading to:

9 _ 9 2.11)
dgq q

The term « equal to the ratio between E, and E 4. Then it can be written:

— (2) , (2.12)
9i

Then we can rewrite the first equation of system Egs. (2.7) based on the above assumptions:

P —Ey {1_@ <2>a_ﬁ [@_@ <£>a] _1}, 2.13)
dg tr g9 \9i g9 9 \9 g

Integrating Eq. (2.13) from ¢g; = [ + qo:

Plg) = (= g) + e LB g gy B EDB, (9) 0 214

Assuming « > 1, which can be acceptable for Neodymium lasers (where o > 10 typically),
then the second term of Eq. (2.14) can be neglected. g; is the initial gain, then it can be define
g as the final gain respectively. Considering Ag = g; — g and requiring P(g;) = 0 then:

(2.15)

[ — A
Ag+ (I + Bg) In {M} =0,

[+ qo

An asymptotic solution exists for Ag relying on numerical or graphical arguments, in the
limit of [ /gy — oc.

Furthermore for [ /gy ~ 1 the error is only ~ 15% and this condition corresponds to optimum
output coupling. The asymptotic solution can be derived by Eq. (2.15):

l+y—=x
In|——| =0, 2.16
o (B [ 2.16)

A

=29 oL (2.17)

4o do

Expanding the logarithm term in Eq. (2.15) to the second order:

Ag =2qo(1 - B), (2.18)

Then energy, repetition rate and, most importantly, pulse duration can be forecast, allowing
to design the PQS for the desired pulse properties. The output energy is calculated as the
useful extracted fraction of stored energy E; = Eg:
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l

Ey=—-AE,—>—, 2.19
> L (2.19)
lo
Ey = E;2q(1 — , 2.20
0 L QO( 5)lo+lp ( )

Eq. (2.16) indicates the maximum possible energy extracted in the asymptotic condition.
Numerical solution allows to deduce a correction factor 7((), allowing to better describe the
gain depletion for ( < co. Then it is possible to write a more accurate value for the output
pulse energy.

Eo =1(¢)Ey, 2.21)

For the pulse duration a rectangular pulse shape can be initially assumed 7 = Ey/ P, recalling
that the peak power is reached for g = | + (¢, then using Eqs. (2.14) and (2.20):

(Ei/tr)[qo(1 = B) + (1 + Bao)ln((I + Bao) /(1 + q0))]lo’

The pulse duration can be rewritten for the asymptotic solution:

2utR(1 — B)

- 2.23
= (L= B) % L+ Buln((1 + Bu) (1 + ) 229
where:
Ll w

u= c T (2.24)
The resulting asymptotic pulse width (FWHM) is
4t

— R 2.25

Tp qo(l o /8) ( )

Sech? pulse shape is an accurate an realistic assumption. Hence, the numerical coefficient
in the previous equation can be refined, assuming the same pulse energy and peak power,
which are the results from rate equations:

/ Pysech?(t/T)dt = Pyt (2.26)

[e.9]

Thus, the FWHM for Sech? pulse shape is defined as
1
sech?({*" |T) = > (2.27)

Then 7,°*™ = 0.887,,, which leads to the factor 3.52:

(sech) . 352tR

(1= p) (229
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As for pulse energy, pulse duration can be improved using:

(1-0)

v(C) = , (2.29)
B
2 [14+ EBin(&2)]
Then it can be modelled more accurately pulse duration:
7_1’)(sech) _ W(gﬁ_ésech)) (230)

It must be observed that although 7(y) cause slightly energy output variation, the factor W (y)
leads to significantly longer pulses. For y = 1, for example, energy is only 15% lower,
whereas the pulse duration is 65% longer with respect to the asymptotic prediction. It is also
worth noticing that pulse symmetry is lost for y < 1 and Sech? shape may be no longer a
reliable assumption.

Repetition rate is strictly related to the pump power, for higher power and longer pumping
interval more energy can be stored in the active medium leading to higher repetition rate.

90— (I +q)

= 2.31
rep Ang ) ( 3 )

Thus to achieve the required pulse duration and energy with Passive Q-Switching technique,
the key design-parameters to work with are:

» Cavity length: increasing the roundtrip time, directly affects the pulse duration, without
significant modification of the output energy, as long as diffraction losses in the res-
onator are not significantly increased Eq. (2.20). Unfortunately, when SLM selection
is of concern, cavity length can not be stretched arbitrarily because of the consequent
reduction of FSR, that makes SLM selection harder.

* Saturable losses: Greater saturable losses allows to store more energy, then allowing
to increase output pulse energy Eq. (2.20). On the contrary pulse duration shortens for
greater saturable losses as stated by Eq. (2.23).

The trade-off between the cavity length and saturable absorber is a crucial aspect of PQS
laser design, in order to maximize energy output preserving SLM operation.
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Figure 2.3: Corrective functions n(y) and ¥V (y) for more precise PQS performance modelling



2. High spectral purity pulsed laser operation 22

2.3 Laser oscillator modes

The electromagnetic field has to experience constructive interference in order to be sustained
in a laser cavity. The laser radiation must circulate in the resonator several roundtrips. Thus,
the wave phase shift must be constant for each resonator roundtrip and consistent with the
constructive interference condition. For two plane waves with the same wavelength, con-
structive interference can be expressed as:

A¢ = 2%61 = 2nm, (2.32)
A¢ is the phase shift between waves, d is the distance between the two waves and X is the
wavelength. The total shift along the optical path or closed loop must equal an integral num-
ber of 27. The quantity d is determined in practice by the cavity mirrors distances. Two
fundamental classes of cavities exit, Standing Wave cavities (or linear resonators) and Trav-
elling Wave cavities (or ring resonators). For linear resonators feedback loop is obtained by
superimposing the forward and backward laser radiations, whereas ring resonator permits
laser wave to propagate in a circular path. In both cases the cavity eigenfrequencies are fixed
by the wave phase requirement Eq. (2.32):

(2.33)

Where v is the resonant frequency, c the light speed in the vacuum, ¢ is an positive integer
number, £ is equal to 2 for linear resonator or to 1 for ring resonator and L is the cavity optical
length. In standing wave cavities, constructive interference also requires the field amplitude
to be zero at cavity end mirrors. On the contrary, travelling waves can be achieved in ring
resonators due to the absence of any amplitude constrains on the cavity mirrors. The distance
in frequency between two adjacent longitudinal modes is called ’Free Spectral Range” (FSR)

C
Av=FSR= . (2.34)

To quantify the longitudinal mode FWHM linewidth, it is necessary to introduce the finesse
F of the resonator, which is determined by the resonator losses.

1 _ _1
Fen [2 arcsin ( VP )1 ~ 2T (2.35)
2y/p L=p

The quantity p is the remaining power after each roundtrip, i.e. 1 — p is the power loss at each
roundtrip. Then, the laser linewidth can be expressed as:

I — (2.36)

Finally, a useful concept derived by the electronics and microwave resonators, is the @ factor.
For a laser cavity, the Q factor quantifies the damping strength of the resonator oscillations.
The Q factor can be defined by energy (2.37) or by resonance bandwidth (2.38).

2m

Q= vt (2.37)
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Q=— (2.38)

where ¢, is the roundtrip time and [ are the power losses for each roundtrip. Both definitions
are valid in the limit of weakly damped oscillations. If the ) factor is rapidly modified, an
intense laser pulse is generated, from this the Q-Switching technique.

The laser spectral behavior can be described by comparing the above mentioned quanti-
ties to the gain function g(v), as showed in Fig. (2.1). Laser dynamics as Continuous Wave
(CW), QS and gain switching do not enable SLM operation easily. For standing wave cavities
SLM operation is very difficult because of Spatial Hole Burning (SHB). This phenomenon
is consequential to the spatially inhomogeneous gain saturation caused by the standing wave
patterns. The unexploited energy regions stored in the active medium allows to secondary
modes under the gain bandwidth to experience enough gain to balance the cavity losses, thus
oscillating. Recalling the formulation of electromagnetic wave £ = E,,.cos(wt — kz + ¢),
then the intensity function of two counterpropagating waves is:

I(2) = I1(2) + Ir(2) + 2v/ 1 Is cos[(ky — K1)z + ¢, (2.39)
Where I; and I, are the intensities of the two waves, the k; — &, identifies the spatial pe-
riodicity of the interference. ¢ is the relative phases between the two E fields. Then, for a
given longitudinal mode (or cavity eigenfrequency) the intensity interference spatial pattern

exhibit a sinusoidal oscillation between a maximum and a minimum: [58]

[max == ‘El + E12|2 & [mzn == ‘El - E2’27 (240)
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Figure 2.4: Standing wave cavity and Spatial Hole Burning, the undepleted gain is exploited
by secondary modes with suitable interference patterns.

Ring resonators are extremely appealing to suppress SHB, because they sustain travelling
waves. If unidirectional laser propagation is achieved inside a ring laser cavity, it is possible
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to avoid the interference radiation wave pattern. Thus, mode competition allows one lon-
gitudinal mode to deplete all the stored energy, effectively preventing secondary modes to
start oscillating. Ring laser oscillators architectures are widely employed in several single
frequency lasers designs, exploiting several techniques to force unidirectional propagation.
Mathematically a standing plane wave and a travelling plane wave can be described as:

. 2
Esw(z,t) = Epae sin (%Z + wt), (2.41)

Erm(z,t) = Epagcos(wt — kz + @), (2.42)

The transverse modes are the pattern of the laser radiation in the plane perpendicular
(i.e., transverse) to the radiation’s propagation direction. The transverse modes are identified
by the term TEM,,,,, for Cartesian coordinates or TEM,, for cylindrical coordinates. Trans-
verse modes are particular field configurations which reproduce themselves each roundtrip.
In cylindrical coordinates the radial intensity distribution with circular simmetry is given by
the expression:

Lu(r, 8, 2) = LnaoC'[LE (O)]? (cos® 18) exp(—C), (2.43)

Whereas for Cartesian coordinates the intensity distribution of a generic mode can be ex-
pressed by Eq. (2.44)

2 2

(%Y. 2) = I | Hin <x(2)1/2)e(w2i>> < |, <y(2)1/2)6(w2(2)) . (2.44)

Where ¢ = 2r® /w?(z), z is the propagation direction, r and @ are the polar coordinates in the
plane transverse to the beam propagation. The radial intensity is normalized to the Gaussian
spot w?(z). The spot radius is calculated for the intensity drops to the 1/e? of its peak value
on the axis. L, is the generalized Laguerre polynomial of order p and index [. The functions
H,,(s) and H,(s) are Hermite polynomial at a given axial position z. [59]

Transverse modes are not described individually during laser build-up, because they can
coexist. This leads the generation of very complex shapes. In order to identify the beam qual-
ity, as already mentioned, it is usually introduced the parameter M2 > 1, which quantifies
the beam quality degradation. The fundamental transverse mode TEM,,, which has a Gaus-
sian intensity profile, is used as beam quality reference with M? = 1. Lasers with M? ~ 1
are referred to as “diffraction limited”, enabling to maintain beam collimation along large
distances and to obtain smaller beam waists in the focus of a lens. One fundamental aspect
of higher order transverse modes is their influence on the longitudinal modes. The transverse
modes to be fully described should have a third index, i.e., TEM,,,,, or TEM,,,. Thus, the
index ¢ identifies an additional effect of higher transverse modes in the spectral domain:

v =1+ qAv+ (m+n)ov, (2.45)
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Where the quantity ov is the transverse mode spacing:
v = —Augb—G, (2.46)
2m

The term ¢ indicates the Gouy phase shift. Modes with n=m=0 are called Gaussian modes
or fundamental mode, whereas all other are called higher-order modes or higher-order trans-
verse modes. The presence of the Gouy phase shift causes that the optical frequencies depend
not only on the axial mode number, but also on the transverse mode indices n and m. The
magnitude of that Gouy phase depends on the resonator design. Thus, to generate transform
limited laser pulse, it is necessary to realize a laser oscillator operating on one longitudinal
mode and with a diffraction limited beam quality (i.e., M? = 1). The diffraction limited beam
output condition, i.e., M? = 1, can be more easily achieved in end-pumped laser oscillators
by exciting the fundamental mode longitudinally [59]. For high power TEM, laser outputs,
architectures based on zig-zag active material [62] or large volume oscillators [63, 64] can
be considered.
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Figure 2.5: Mode frequencies of an optical resonator. Gaussian modes and higher modes
display different resonant frequencies.

2.4 Practical techniques to select SLM operation

Numerous techniques exist to operate a laser oscillator in SLM regime, negating the effect
of spatial hole burning or directly suppressing it, by avoiding inhomogeneous gain deple-
tion. The following list describes possible techniques, that can be used either alone or in
combination, depending on the laser design:

» Compact laser oscillator: One of the most robust approach to ensure SLM operation
1s to use a very short laser cavities to reach FSR comparable or possibly larger than the
gain bandwidth, thus avoiding any adjacent longitudinal mode to experience significant
gain [65]. Compact laser cavities are successfully used for CW low power lasers [66]
and gain switching oscillators [67], which allows transform limited nanosecond pulses
generation. This technique can not be easily applied to AQS and PQS architectures,
because cavity length drastically affects pulse durations. Thus, microchip QS oscillator
are chosen for very short pulse, usually of the order or below the nanoseconds duration
[68].
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* Bragg grating mirrors: Using special mirror with extremely sensitive wavelength de-
pending reflectivities (0.1 nm or 0.01 nm reflective bandwidths) it is possible to select
the operative longitudinal mode. Bragg grating allows to achieve high spectral and
beam qualities with high energies involved [69]. Bragg grating mirrors can be also re-
alized for several wavelengths by properly design the step of the grating, enabling to
produce tunable reflectors called reflective Volume Bragg Gratings (VBG) [70]. The
high performance offered by these mirrors comes at the price of a high unitary cost,
especially if compared to conventional mirrors.

» Mode Twisting technique: this architecture uses two quarter-wave plates at both ends
of the gain medium in a standing wave cavity. The linearly polarized light at the end
of the laser resonator becomes circularly polarized when going through a quarter-wave
plate, the axis of which is oriented at 45° to the linear polarization axis. After the gain
medium, the polarization is transformed back to a linear state again. On the way back,
the light becomes circularly polarized once again for the second passage in the ac-
tive medium. The interference pattern for each linear polarization component is out
of phase, allowing that the total optical intensity is constant along the propagation di-
rection. This technique allows to suppress in standing wave cavities spatial hole burn-
ing. This technique has a significant downside, because it can be employed only for
isotropic gain media such as Nd:YAG [71, 72, 73, 74, 75].

 Spatial filtering: The Exploitation of spatial discrimination to select different optical
propagation paths is a possible approach to design SLM laser oscillators. Spatial dis-
crimanation can be obtained with diffraction gratings in Littrow configuration at the
cost of relatively high intracavity losses [76, 77]. Diffraction gratings are also benefi-
cial to drastically reduce mode hopping between axial modes [78] and they enable to
realize tunable laser systems. Another technique exploiting spatial filtering, is the use
of oscillators based on wedge crystals [79]. Introducing a sufficient angular dispersion
1s possible to force SLM operation. However, laser oscillators can be spatially discrim-
inated to enforce SLM operation only if the laser FSR is within the resolution of the
spatial filter or technique.

* Intracavity intereferometers: A flexible approach to force SLM operation is to in-
troduce additional phase constrains by means of intracavity interferometers such as
etalons. An etalon is a transparent plate with parallel reflecting surfaces. When inserted
into a laser beam, an etalon operates as an optical resonator, with periodical resonant
frequencies. Etalon can be used in transmission, by applying a certain degree of tilt
respect to beam propagation direction. In this case the etalon acts as a filter, exhibit-
ing a periodic spectral resonant pattern. Transmitting etalons cause additional losses
for all cavity modes out of the etalon resonance bandwidths. It is possible to tune the
laser output operating on the etalon tilt angle [80, 81]. If the etalon is used with or-
thogonal alignment and the etalon surfaces are partially reflective, then a composite
cavity is realized. Etalon used in this configuration are called Gires—Tournois Interfer-
ometers [82]. Gires—Tournois Interferometers allow to modify the spectral behaviors
of the overall composite resonator, preventing the conventional periodic resonances.
The use of intracavity interferometers has the disadvantage of higher cost required for
high quality etalons. Another downside is represented by the losses introduced by the
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intracavity interferometer and the increased risk of optical damages, due to the high
intensities reached by the laser beam inside the resonator.

* Unidirectional ring laser oscillator: unidirectional laser propagation in a ring laser
is almost completely a traveling-wave (depending on the cross path extinction ratio
achieved) rather than standing-wave, thus eliminating spatial hole-burning effects. The
increase of mode competition between adjacent axial modes makes possible to achieve
single-frequency operation for greater pump powers. In addition the absence of spatial
hole burning allows to extract more power by the gain medium during SLM operation.
Ring laser allows to achieve increased cavity design flexibility and alignment insensi-
tivity. Another useful design property is that the light wave operating in CCW or CW
can be differentiated through the order of the optical elements encountered. The pri-
mary disadvantages are the additional cavity complexity and structural requirements,
but expecially the gain medium is traversed only one time for each oscillator roundtrip.
There are numerous technique to unbalance the CW and CCW propagation paths such
as nonreciprocal optical diodes, nonplanar structure and laser seeding.

By nonreciprocal optical diode: This technique exploits the nonreciprocal effect on
the polarization state realized by a Faraday rotator. An optical isolator is composed
by a nonreciporcal Faraday rotator, an Half-Wave Plate (HWP) and a Polarization de-
pendent Beam Splitter (PBS) in order to discriminate CW and CCW propagation di-
rections. A linearly polarized wave going in the CW direction through the system can
pass through the PBS (or some other type of polarization-sensitive elements) without
experiencing any attenuation or propagation path changes. On the contrary a wave go-
ing in the opposite direction, because of the net polarization rotation, will experience
additional losses on each round trip. The extinction ratio achieved by this technique be-
tween CW and CCW intracavity power, called unidirectionality ratio, can reach around
30 dB and even 45 dB [83, 84]. Depending on the laser wavelength and the amount
of induced polarization rotation required, the Faraday rotator can be a bulky optical
element inside the cavity and it can introduce additional moderate cavity losses.

By bounce-amplifier geometry: Suppressing the ring symmetry allows to enhance dras-
tically the extinction ratio between the two propagation path. This approach allows to
achieve extremely high value 1200:1, relying on the position and orientation of polar-
ization sensitive optical elements. [85]

By nonplanar architectures: Non Planar Ring Oscillator (NPRO) is a monolithic de-
sign, which is extremely stable and compact. The light propagating inside the crystal
experience several internal total reflection which cause a rotation on the polarization
state. This polarization rotation is balanced by the presence of a static magnetic field
in order to prevent losses for the privileged laser propagation path. The undesired ra-
diation propagating in the opposite direction experiences higher losses thus leading to
its suppression. The attractiveness of this technique is the extremely reliable single fre-
quency operation, the architecture compactness and mechanical reliability. The NPRO
design allows effective frequency tuning by means of thermal control (e.g., by using
peltier modules) or by means of mechanical control (e.g., by exploiting piezoelectric
transducer). The disadvantages of this technology are laser radition reabsorption, which
can be avoided altering the dopant concentration in the crystal structure at the cost of
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higher fabrication complexity and harder quality control. Eventually the crystal geo-
metrical layout must be developed for the desired application shifting the overall laser
oscillator complexity to the crystal geometry design and realization process.[86, 87, 88]

By laser seeding: Laser seeding is an active approach to force unidirectional laser prop-
agation in ring oscillator architectures, by means of injecting laser radiation inside the
cavity during mode competition. In absence of seeding, axial modes experience an op-
tical gain of comparable magnitude and no discrimination exist between CW and CCW
propagation and MLM operation is highly likely to happen. It is possible to start gain
competition with an already dominant mode amplifying with a seeding narrow band-
width radiation close to one longitudinal mode. The seeding radiation allows to achieve
unidirectional propagation and strong SLM operation by actively selecting the desired
laser propagation path and longitudinal mode oscillating. The advantage of seeding
technique is the absence of intracavity optical elements (no additional losses) and the
high performance achievable. Laser frequency can be selected, thus tunable output can
be also achieved. Active seeding with a second laser system is a rather complex tech-
nique, because it is required that the seeding radiation match the resonant frequencies
of the slave oscillator. For this purpose active control is typically present in order to
lock the seeder frequency to the laser slave oscillator [89]. The overall system com-
plexity can be avoided resorting to self seeding. This technique is more sensitive to
noise. Self seeding allows a far simpler design for SLM operation at the cost of less
robust seeding, due to the lower power compared to a possible master laser.

Laser oscillators designs can exploit more than one of the aforementioned techniques in order
to realize a reliable SLM laser systems.

2.5 Unidirectional ring lasers and Seeding techniques

Injection seeding allows to control the spectral property of the seeded (slave) laser. A moder-
ate power signal with optimal spectral bandwidth is injected during pulsed slave laser build
up time. If the injected signal is strong enough, the pulse growing from the seed will domi-
nate and saturate the gain, preventing any other axial mode to oscillate. This is achieved in a
ring cavity, which enables to suppress spatial hole burning. Then, the high power slave laser
output will mimic the seed spectral properties. The seeding signal has to sufficiently amplify
the target slave resonant mode for mode competition, thus some moderate mismatch of fre-
quencies is acceptable. The frequency of the generated pulse may deviate from the seeded
frequency. On the contrary in injection looking the seeding laser is locked to the slave laser
resonant mode by a feedback loop. Injection looking can be achieved by several methods, e.g.
using error signal to adjust the slave cavity length, minimizing the build up time or resorting
to the ramp fire technique. For effective seeding, the mode of the injected signal must match
the mode of the slave oscillator. The coupling coefficient between the seeding modes and the
slave laser mode over a plane perpendicular to the propagation direction can be expressed:

/ / ElEgdiCdy
0o o = ) 0o 1727
[/ / ElEldxdy/ / EgEgdxdy]

(2.47)

Coverlap =
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Where the electric fields F; and E, are related to Gaussian beams, which can be expressed
in cylindrical coordinates:

Ei(r,z) = Emamﬁ%e:cp (w_(z;) exp (—z' <kz + k3 szz) - ¢G(z)) > , (2.48)

(7, 2) = Lynas (%)2 exp (w_(—z;> (2.49)

Where « 1s the polarization direction, r is the distance from the optical axis, z the distance
from the beam focus wy, R the wavefront curvature radius, & = 2nx /A the wave number, ¢¢
is the Gouy phase and w(z) is the beam waist function, which comprises the Rayleigh range
Eq. (2.5):

w(z) = w1+ (i) , (2.50)
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If the two beam are not of the same dimension, a beam radii mismatch coefficient can be
introduced:

2w wo2

3 5
Wo + Wi

2.51)

Cwaist =

For equal beam radii, the coefficient is trivially equal to one. If equal beam have the same
transverse positions, but a different longitudinal waist positions, then the longitudinal coef-
ficient ¢jongitudina €an be introduced.

N ) o1 -1/2
21 — %2
|Clongitudmal| = |1+ (W) ] , (2.52)
01
Transverse coefficient c¢;pqpsperse 1S:
2’11)01'11)02 AQ32
Ctransverse = —5 5 €XP | =55 |5 (253)
Wo + Wiy Wy + Wog

If the seed laser suffers from astigmatism a new coefficient has to be taken into account, i.e.
the Castigmatism-
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The penalty for astigmaic beams is relatively small unless the astigmatism is severe. If the
two beams have different propagation direction, but same waist positions (transversally and
longitudinally), then the angular coefficient c,,guqr can be defined as:
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For beam with same radii and for small of 6, the coefficient c,,guiqr becomes:

(92
Cangular — ETP |:_2_92:| ) (256)
0

where 0y = \/(mwp) is the beam divergence. Good coupling requires to achieve a good
matching between the two direction compared to the beam divergence. Typically the crit-
ical coupling parameters are the transverse and angular alignment of the injected beam in
the slave laser. The seed signal has a power coupling equal to the Trcoperiap, Where T 1s
the power transmission exploited to enter the slave laser. The quantity c,ueriqp can be de-
scribed by the product of the all mentioned coupling coefficients. The laser beam waist w(z)
of a ring laser resonator can be described by ABCD ray matrix method. This approach is
extremely useful considering the complexity of ring resonator compared to the well known
linear cavities (i.e. plano-plano, confocal, plano-concave cavities). Ring laser resonator can
have several shape. ABCD matrix modelling allows to design a stable ring cavities control-
ling the fundamental mode TEM,, sustained by the resonator. The paraxial approximation
is always required for ABCD matrix simulations, i.e., the involved divergence angles must
stay small in order to achieve accurate modelling. A ray can be described with a vector [2x1],
containing the distance from the optical axis r and the beam divergence 6. The beam propa-
gates through an optical element described by a matrix [2x2] (ABCD), the product between
the input ray and the optical component matrix returns an output ray.

m - [ég] m ’ (2.57)

An entire laser oscillator can be described utilizing the right overall ABCD matrix:

k
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From Eq. (2.58) it can be easily derived the stability of the laser oscillator, composed by &
optical elements. Resonator stability is guaranteed if the following relation is true:
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— <1

-1<
2 )

(2.59)

The second important parameter to control during seeding in addition to the spatial over-
lap is the spectral overlap. The seeding radiation must be tuned to the slave laser eigenfre-
quencies. In order to be effective, the mode amplified by the seed must extract the stored
energy before any other mode grows spontaneously. If the seed pulse exactly matches the
frequency of the resonan mode, it is a special case of seeding referred as injection locking.
The seed electric field F; can be compared to the slave natural electric field £,,. In one round
trip the seeded electric field is altered by the following power factor:

El = Es[(Rocl)l/Qexp(g()Lgain/Q + jkLcavity)]’ (260)

s
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Where P! is the amount of seed power after one round trip and R, is the output coupler
reflectivity. In addition the seeded laser radiation is augmented by the field coupled into the
resonator F.. The time evolution of the intracavity seeded radiation is:

E;c(t + tr) = Esc<t)[(Rocl)l/2e$p<g()[/gain/2 + jkLcavity)] + Ec(t + tr)a (261)

For a continous wave seeding the coupled seed field can be expressed:
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The quantity ¢,,, is the photon lifetime in the resonator. For a pulsed seeding, the field can be
described in the following way if the pulse is short compared to the round trip time interval,
1.€., interference is absent.

Eo(t) = E(exp(st)), (2.64)

Egs. (2.62) and (2.64) describe the evolution of continuous wave and pulsed electric seeding
fields within the laser resonator. Without injection seeding a laser pulse would evolve from
noise (the natural electric field F,) with a evolution time 7. and showing a natural pulse
width 7,. Injection seeding to be successful requires the following relation to be true: [90]

Es * Es|t:7'e—7'p Z En * En|t:7'e7 (265)

Eq. (2.65) indicates that the slave pulse has to deplete the stored energy before the natu-
ral time 7.. This requirement means that the seed laser radiation must be able to anticipate
enough the pulse dynamic (around the pulse duration 7,,) preventing any secondary natural
mode to experience amplification, thus starting to oscillate. A stronger seeding signal will
be detrimental. Tens of mJ pulse SLM laser output can be achieved by seeding power slave
oscillator with CW DP laser oscillators of moderate power (few tens of mW) [91].

A particular case of seeding is the self injection seeding technique. This approach is ap-
pealing because it allows to combine unidirectional propagation and seeding at the same time
in a ring resonator. A ring oscillator without any optical diodes or peculiar intracavity ele-
ments order exhibits a standing wave regime, emitting two, equally intense, separate laser
beams. If one of the two laser output is redirected back into the cavity as a seed, the laser
oscillator starts to operates in unidirecional propagation [92]. The clockwise and the counter
clock wise traveling waves compete for the laser gain. By placing an additional mirror, one
of the travelling wave grows at the expanse of the other. Then the additional mirror acts a
very low amplitude, self triggered injection seeding. This is valid for homogeneously broad-
ened active materials, for inhomoegenously broadened gain media the two travelling waves
do not compete with the same frequency.
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Figure 2.6: Unidirectional ring laser architecture with external feedback mirror

The typical extinction ratio achievable with this technique is around 100:1 [58]. It has been
reported also cases with higher unidirectional ratio around 2500:1 [93]. The unidirectional
extinction U ratio can be expressed as:

U= PC—W, (2.66)
Poew

Self seeding is extremely attractive because of the optimal spectral overlap and the easily
achievable spatially matching by means exploiting re-imaging in the feedback arm. This
technique is deeply investigated in the next chapters, yielding to the Self Injection Seeding
Ring Oscillator (SISRO).



Chapter 3
SISRO technology SLLM investigation

Three bow-tie ring laser oscillators operated in PQS regime based on Nd:YVO, and Nd:YAG
have been designed and characterized in terms of output energy, spatial laser beam quality,
pulse duration and spectral behaviour. These systems have been realized in order to investi-
gate the self-injection seeding technique for SLM operation, analyzing the effectiveness for
suppressing spatial hole burning thus allowing the onset of one dominant axial mode.

SA Cr*:YAG

fs

Active medium |:|
Etalon
M, Nd:YVO, & Nd:YAG M, /MG Ms

Figure 3.1: SISRO laser design

The oscillators realized have a “Bow-tie” layout, differing for the cavity length, mirrors cur-
vature radius and active medium (Nd:YVO, or Nd:YAG). The bow-tie ring cavities layouts
share the same mirror disposition: two flat mirrors M; and M, and two curved mirrors M;
and M, for cavity optical stability and also to realize a beam focus in the SA material to
facilitate PQS operation. Referring to Fig. (3.1), the pump mirror M; is a dichroic mirror
with high transmittivity for pump wavelength at 808 nm and high reflectivity at the laser
wavelngth of 1064 nm. The mirror M, is the output coupler, with reflectivity R at 1064 nm.
The mirrors M3 and M, are two concave, high reflective mirrors at 1064 nm, with curvature
radius r3 and 14, respectively. The active medium, as well the etalon, are placed between M;
and M,, whereas the SA, a Cr**:YAG crystal, is positioned in the proximity of the resonator
focus between mirrors M3 and M.
Here I list the main features of the three different resonators I studied in details.

o The first oscillator is based on 3x3x8-mm?, 0.3%-doped, a-cut Nd:YVO, crystal and
has a resonator length of 731 mm, which results in a F’'SR = 410 MHz. The folding
angle of the mirrors is 9.6°, mirror M has a reflectivity R=90%, r3 = 4 = 100 mm.
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 The second oscillator is based on the same Nd:YVO, crystal, the resonator length is
452 mm (F'SR = 660 MHz) and the folding angles are 8°. M, has a reflectivity R=90%,
r3 = 100 mm and r, = 50 mm.

* The third oscillator is based on a 3x3x12-mm? 0.8%-doped, Nd:YAG crystal and has
a resonator length of 540 mm (/'SR = 540 MHz). The folding angle is 7.5° and curved
mirrors have curvature radii of 100 mm. The output coupler, as in the previous cases,
1s a partially reflective mirror with R=90%.

As already mentioned, we used an intracavity etalon (intracavity Fabry Perot interferometer)
placed between the two flat mirrors M; and M,. The fused silica etalon is 1 mm thick, coated
with ~ 50% reflectivity at 1064 nm. It acts as a low-finesse Fabry Perot filter with 103 GHz
free-spectral range. As displayed in fig (3.1) the correct use of the etalon requires to tilt the
filter in order to avoid optical feedback, thus preventing parasitic cavities.

3.1 Ring laser oscillators models

The design of complex cavities, such as ring oscillators, requires specialized simulation in
contrast to simple linear cavities based on two reflectors. The laser stability and beam radius
are described by means of ABCD matrix, allowing to determine the optimal position of the
optical elements and their properties as well. For a ring architecture, exactly as it happens
for standing-wave resonators, the use of curved mirrors allow to achieve cavity stability. One
of the drawbacks of the bow-tie layout (3.1), is the astigmatism between the tangential and
sagittal planes introduced by the tilted curved mirrors. The three bow tie laser oscillators
realized are modelled and described in the following Figs. (3.2), (3.3) and (3.4). The target
is to realize a strong focus inside the cavity, in order to ease the fulfilment of the second
threshold condition for PQS operation [55].

The simulated cavities by means of ABCD matrix are:
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Figure 3.2: 731mm long bow-tie (FSR=410.1 MHz) ring laser oscillator ABCD modelling
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Figure 3.3: 452mm long bow-tie (FSR=663.2 MHz) ring laser oscillator ABCD modelling
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Figure 3.4: 540mm long bow-tie ring (FSR=555.1 MHz) laser oscillator ABCD modelling

Placing the saturable absorber in the focus region enables to guarantee a PQS condition:

As A
> —_

Fsa Fsl (31)

Where A, and A; are the cavity mode area on the SA and laser medium, Fy, and F}; are
the saturation fluence of SA and the active medium. Eq. (3.1) indicates that the saturable
absorber must be saturated prior the gain medium, in order to realize a PQS laser oscillator.
Condition (3.1) can be recasted as:

ASO'M > Alo-sl (32)
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To extract higher energies, laser architecture with larger effective mode areas in the active
medium should be pursued. Although, working closer to the laser instability in order to max-
imize energy output means higher sensitivity to misalignment and vibrations of optical com-
ponents. In this work it has been privileged a moderate output energy signal, trading off pulse
energy for a better pulse stability and optimized spectral property. This approach is exten-
sively used in DPSS MOPA laser engineering, where an high quality signal is amplified to
the desired power level.

3.2 Pump laser diodes

The ring oscillators I built are pumped with fiber coupled laser diodes provided by Bright
Solutions s.r.l. (BFP models [94]). The wavelength emitted by BFP diodes ranges between
803 nm and 807 nm, depending on the pump current and temperature set point of the ther-
mal control, with a spectral width of about 2 nm (FWHM). As typically occurs with this
class of devices, once the temperature is fixed, there is a residual current-dependent wave-
length shift. This is what should be expected from a laser diode, if no special wavelength
stabilization technique is used. However, this is not an issue thanks to the relatively broad
absorption spectrum of Nd:YVO, and Nd:YAG as well, which relaxes the pump wavelength
stabilization requirements.
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Figure 3.5: Diodes output power characterization versus input current, inset shows the wave-
length drift for different output powers.

* BFP Diode n°I: This diode, employed for the 731-mm-long Nd:Y VO, oscillator, can
deliver a maximum CW (Continuous Wave) power of 4 W. The pump diode fiber has
a core diameter of about 60-um and the measured beam quality M? is about 20. The
optimal diode temperature to maximize absorption is 32 °C.
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* BFP Diode n°2: This diode, employed for the 540-mm-long Nd:YAG and 452-mm-
long Nd:YVO, ring oscillators, can deliver a maximum power of 6 W. It can be driven
in both CW and Quasi-CW (QCW) regime, with adjustable pulse duration and peak
power. The diode laser fiber has a core diameter of about 105-pm (NA=0.22) with a
M?~34.

The ring oscillators are end-pumped. This approach allows to quite easily generate a close-
to-diffraction-limited laser output beam. Fundamental TEMg, mode is selected by means
of mode overlap in the gain medium. The pump beam is focused in the active medium for
the entire crystal length, according to Rayleigh range condition, superimposing to the cavity
laser mode. The telescope realized to fulfill this condition are respectively:

» Pump telescope for diode n°l: Spherical lenses with focal lengths of f;=20 mm and
f,=150 mm are employed for the 731 mm long ring oscillator, realizing a magnification
factor of 7.5. Both lenses are Anti-Reflection (AR) coated at 808 nm (Achromatic
spherical lenses).

* Pump telescope for diode n°2: Spherical lenses with focal lengths of f;=40 mm and
f,=150 mm are employed for the 452 mm and 540 mm long ring oscillators, resulting
in a magnification factor of 3.75. Both are Anti-Reflection (AR) coated at 808 nm
(Achromatic spherical lenses).

Laser diode Pump telescope Laser cavity
M4
i$ x Beam overlap inside
f, f, the active medium M,

Figure 3.6: End-Pump imaging in the active medium for SISRO architecture.

The active medium (Nd:YAG or Nd:YVOQ,) is wrapped in indium foils and inserted in a
aluminium or copper case for heat dissipation. Considering the maximum power delivered
to the active medium, and the overall typical optical-to-optical lasers efficiency, it was not
deemed necessary any active thermal control on the gain medium.

3.3 Experimental results

The SISRO characterization started by the CW regime characterization of the 731-mm-long
cavity. The laser oscillator operated with several longitudinal modes both with and without
the self-injection. The external feedback mirror enforced nearly unidirectional operation,
achieving an unidirectionality ratio of 99%. The use of the etalon resulted in bidirectional
stable SLM operation if no self-injection was present. With careful alignment of the etalon it
was possible to achievie SLM and high contrast unidirectional propagation, but this regime
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was highly unstable and the laser randomly switched between the two ring directions. How-
ever, in presence of the self injection seeding, even with the purest unidirectional regime
obtained in our experiments (extinction ratio close to 99%, as aforementioned), the laser ran
consistently with two adjacent longitudinal modes.

The laser spectrum was measured by means of a Fabry Perot Scan interformeter (Thorlabs
Inc., Model SA200) with FSR=1.5 GHz and resolution of 7.5 MHz. The use of the intracavity
filter, 1.e. the etalon, while enhancing the spectral properties of the laser oscillator, lowers the
system power efficiency, as illustrated in fig. (3.7):
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Figure 3.7: CW (SISRO 731 mm) output power characterization versus input power, Av is
the cavity Free Spectral range, i.e. 410 MHz.

Switching to PQS regime, with the insertion of Cr**:YAG, the SISRO architecture ex-
change the aforementioned behaviors. In presence of Self Injection seeding, the laser oscil-
lator is able to emit clean SLM pulses. The seeding power circulating in the low-power arm
1s slightly higher, 1.5% for Ts4 = 88% and 2.7% for Ts4 = 79% instead of only 1%. The use
of SA with initial transmission of 90% and 81% allowed to generate pulses with duration of
148 ns, 96 ns and with energies of 51 uJ, 37 uJ respectively. If self injection seeding was not
ensured, MLM operation always occurred, in particular the alignment of the etalon and the
mechanical stability of the feedback mirror were fundamental to emit SLM pulses. Despite
the system tends to privilege the SLM operation, mechanical perturbations, expecially on the
feedback mirror, traduced in poor overlap during pulse build up time preventing SLM opera-
tion, (2.47). The etalon also required frequent tuning for SLM pulses generation on relatively
large time of scale, (units to tens of seconds). This behaviour can be motivated due to the
etalon placing. It was positioned after the active medium due to the cavity spatial constrains.
The etalon was placed in an aluminium holder with poor thermal exchange and exposed to
pump residual power transmitted through the active medium. Both the gain bandwidth and
the etalon resonance bandwidth were thermally shifted, allowing SLM operation for only
short amount of time intervals of tens of seconds.

The small FSR (hundreds of MHz order) allows to easily monitor the spectral purity by ob-
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serving the beat modulation on the oscilloscope trace. The oscilloscope used in the laboratory
has a 1.5 GHz bandwidth, allowing to detect multiple oscillating modes.
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Figure 3.8: Laser pulse oscilloscope traces, in the inset is showed MLM pulses.

The use of the Fabry Perot scan interferometer allows to check mode hopping, and to quan-
tify the linewidth of the emitted laser pulses Fig.(3.9). It was observed that no mode hopping
happened and the measured pulse bandwidth FWHM was below 8.2 MHz. Considering trans-
form limited pulses, the oscillating SISRO laser has narrower emitted bandwidths compared
to the scanning interferometer. Then it can be stated only that the pulse linewidth is < 8.2
MHz. The pulse spectrum measured with the FP scan interferometer is discrete due to pulsed
operation. The low quality of the shape observed with the FP scan interferometer is due to
the high pulse-to-pulse time jitter.
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Figure 3.9: 731 mm long SISRO 148 ns pulse spectrum measured by means of the SA200 FP
scan interferometer, in the inset it is showed nearly SLM operation.
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The pulse repetition rate depends on the incident pump power: above the threshold, a further
increase of the pump power results in an increase of the pulse repetition rate, as it shown
in Fig. (3.10). However, any pump power increment does not alter the pulse energy and
temporal performance. If the repetition rate is several times higher the 1/7¢, then the previous
statement does not hold true. Then, it should be considered the low frequency regime and the
high frequency regime. In this work, the SISRO design operates in the low frequency regime
(<10 kHz for the Nd:YVO, and <5 kHz for the Nd:YAG).
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Figure 3.10: Laser pulse repetition rate and pulse energy for 150 ns pulses.

The peak power reached by the ring laser with Ts4 = 88% and T4 = 79% are respectively
0.5 kW and 1.1 kW. Recalling that the output coupler has a reflectivity of 90%, in the ring
oscillator, we can estimate the peak power of the pulse intracavity as 5 kW and 11 kW,
respectively.

The results obtained confirmed SLM operation with small FSR (only 440 MHz) com-
pared to the gain bandwidth of 265 GHz (~1 nm). This motivated further investigation of
shorter ring resonators in order to enhance SLM operation stability.

A cavity long 452 mm, i.e. a FSR of 630 MHz, was realized employing the same ac-
tive medium Nd:YVO, crystal. The cavity employed the same mirrors, excepted for one
curved mirror, which had a curvature radius of » =50 mm (M3). For this system laser diode
n°2 in pulsed regime was employed in order to reduce pulse-to-pulse time jitter. The aimed
improvement was to reduce SLM instabilities with the combination of a shorter cavity and
smaller thermal load (due to pulsed pumping at lower repetition rates). Pump pulse duration
could be varied in the range of few tens of microseconds. The new pulsed pump was expected
to decrease the amount of jitter by modulating the laser gain at well defined frequencies. The
power efficiency is similar to the previous design, showing a slope efficiency of ~ 55% with-
out and ~ 45% with the etalon inserted. The spectral behavior is the same regarding the CW
and PQS operation, i.e., self injection seeding aids SLM operation for pulsed operation. To
improve alignment tolerance for the feedback mirror, it was placed close to the focal plane
ofa f = 50 mm spherical lens. The misalignment tolerance of the feedback mirror increased
by an order of magnitude, and this improvement was crucial to obtain a more reliable SLM
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operation. When the etalon was finely aligned off-axis and the feedback mirror was in action,
the PQS laser operated unidirectionally in SLM regime from 100 Hz to 10 kHz repetition rate.
Laser pulses of 72 ns, 47 ns and pulses energies 45 ./, 80 pJ for Tsa = 88% and Ts4 = 79%
were observed.

T T T T
L ‘ SLM pulses MLM pulses | | _|
—T.,=90%, AT=72ns —_ —Tg,=90%
SA 3 To,=81%
—T,=81%, A7=47 ns %
— I o =
: E
S, £
O - < i
o
2 M
s
ET ]
<
A | [T L | | |
0 50 100 150 200 250 300 350

Time [ns]
Figure 3.11: SLM pulses emitted with SISRO (452 mm) employing POS by mean of Cr:YAG.

The pulsed pump enables to emit laser pulse with drastically lower pulse-to-pulse time jitter,
decreasing the standard deviation rise time delay between the pump square signal and the
optical pulse from ps order to few hundreds of ns. The reduced pulse-to-pulse time jitter
compared to CW pumping, allowed to improve the spectrum analysis by mean of the scan
interferometer.
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Figure 3.12: Pulse spectrum obtained by means of scan inteferometer, in the inset it is dis-
played the pulse linewidth. In the picture on the right it is shown the pulse-to-pulse time jitter
measured with respect to the pump pulse leading edge.

In this case, the spectrum obtained is more reliable. In order to extract a more precise data,
a de-convolution has to be used. Indeed the convolution between two Gaussians (i.e. the
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scan interferometer resonance bandwidth and the pulse spectrum) is still a Gaussian, with a
resulting variance equals to:

— 2 2
Omeasured = \/UinteTeferometer + Upulse’ (33)

Recalling that the Gaussian Variance is related to the FWHM bandwidth, then the effective
laser spectrum measured with the FP scan interferometer can be derived:

AVpulse = \/(Aymeasured)2 - (Ayinterferometer>27 (34)

Then, the effective pulse bandwidth emitted by the system is 10.6 MHz for the 48 ns long
pulses, yielding a time-bandwidth product of 0.51. For the previous configuration the pulse
linewidth is 3.3 MHz, meaning a time-bandwidth product of 0.488, which is extremely close
to the transform limit.

The pulse stability, most notably the drift of build-up time, was confirmed to depend critically
on the temperature stability of the laser diode. When this was stabilized within around 1%,
the PQS pulse delay with respect to pump leading edge was stable within 400 ns for 10.000
acquisitions at 10 KHz repetition rate. This was the intrinsic jitter of the PQS pulse in our
optimized setup. The pulse width and amplitude were also stable within 1%. The cyclically
changing of absorbed power (and laser crystal temperature) as the diode wavelength oscil-
lates near the controller set-point, produces a shift of the longitudinal mode pattern within
the etalon transmission spectrum as observed for the previous ring laser design. After one
longitudinal mode is tuned close to the gain peak, thermal drifts cause to lose the SLM oper-
ation. Such thermal (or power) sensitivity has been calculated from the temperature rise due
to pump absorption, averaged along the crystal length.

2
nhPabs R
AT >= In| — 3.5
< = 47Tk0lmn<rp)’ (3.5)

Where 7, = 0.24 is the fractional heat load (due to quantum defect), £y = 8.9 Wm'K™!
the thermal conductivity , [, = 8 mm the crystal length, 7, = 0.2 mm the pump radius
(assumed flat-top profile), R = 1.5 mm the crystal radius (assumed cylindrical in the model,
not a critical limitation due to logarithmic dependence). The thermal change of cavity optical
length, mostly due to heating, is:

1dn
- 8 8T :
d(nl,) {Oz + " dT} nl, 0T, (3.6)

Where o = 1.9107K ! [95] is the linear expansion coefficient along the direction of crystal
length, n = 2.17 the refractive index and dn/dT = 8107 %K =" [95]. Stable SLM operation re-
quires |d(nl, )| to be less than one half FSR of the cavity, corresponding to a shift allowing two
modes to oscillate with the same strength. In practice, it is observed that 1% pump threshold
oscillation (measured at the oscilloscope as the periodic drift of pulse delay from pump trail-
ing edge) is sufficient to ensure long term stable SLM operation. The maximum fluctuation of
absorbed power ¢ P,;s ~ 20 mW, corresponds to 7" ~ 0.03 °C and |§(nl,)| ~ A/350 < A/2.
This is the temperature stability requirement of the laser crystal. Furthermore, the etalon tilt
had to be slightly adjusted when changing the pump power. This can be understood since the
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peak wavelength of the cross section drifts with temperature by 0.2 pm/°C or 530 MHz/°C
[96]. However this was not very critical since the gain spectrum is much broader than cavity
FSR and etalon spectral width.

Spatial beam quality was was measured using a CCD camera, scanning along the focus
ofa f = 75 mm lens the laser radiation. Even at the maximum pulse repetition rate, the beam
quality was excellent M? < 1.1.
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Figure 3.13: Laser beam quality obtained with 452 mm long SISRO.

We also tested the cw pumping regime, i.e., without pump moudulation, in order to com-
pare the PQS pulse-to-pulse time jitter. After a few minute, necessary to reach steady-state
thermal condition of the laser crystal, and with a slight etalon re-alignment, the pulse were
still SLM. Although the temperature controller of the laser diode was performing with the
same stability level as in the previous tests on the 731 mm long laser, the jitter increased
significantly up to a few %. This suggest that pump modulation is effective in reducing the
pulse-to-pulse time jitter.

The external feedback mirror was essential for SLM operation of the PQS ring laser, either
with cw or pulsed pump. The focusing lens L for improving the misalignment tolerance of
such mirror was also essential, since the angular tolerance reduced from 3 mrad to 0.15 mrad
for PQS with respect to cw operation.

The third Bow-Tie SISRO laser oscillator was realized to investigate the Nd:YAG as ac-
tive medium. This material is more attractive for SLM operation because of the narrower
gain bandwidth (around half the Nd:YVO, bandwidth) and the better thermal conductiv-
ity. The higher thermal conductivity reduces the possibility of mode hopping and thermally
induced instabilities. The resonator length was 540 mm, meaning a FSR of 450 MHz. The
laser behavior in both CW and PQS is consistent with the performance observed with the
Nd:YVO, based SISRO lasers. The pulse generated were SLM but shared the same insta-
bilities for comparable time of scale. Pulses of 95 ns, 55 ns delivered energies of 70 p.J and
135 pJ respectively obtained with SA initial transmissions of 88% and 79%. It was observed
that modifying the Cr:YAG position along the propagation axis of few mm, it was possi-
ble to slightly change the pulse duration of tens of nanoseconds and output energy of tens
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of microjoules, without altering the other system performance. The measured laser slope
efficiency is 41%. The measured laser bandwidth of 55 ns pulses was of 13 MHz, which tra-
duced in effective pulse bandwidth of 10.6 MHz, recalling (3.4). Then, the time-bandwidth
product is 0.583. The overall system performance and SLM stability were comparable to the
452 mm long laser oscillator for the frequency range between 100 Hz and 2 kHz, allowing
higher energy output. For repetition rate higher than 2 kHz, the laser struggles to achieve
SLM operation.
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Figure 3.14: SLM pulses emitted with SISRO (540 mm) employing POS by mean of Cr:YAG.

A table summarising all the optical properties of the SISRO laser tested is reported below:

Crystals | L [mm] | FSR [MHz] | Tga [%] | P¢/P; [%] | E, [1J] | t, [ns] | S [MHz]
Nd:YVO, 741 410 88 1-2 36 148 | <8.2(3)
Nd:YVO, 741 410 79 2-3 51 9% | <11 (4.5)
Nd:YVO, 492 630 88 1-2 45 73 <12 (6)
Nd:YVO, 492 630 79 2-3 80 48 <13 (9)
Nd:YAG 540 540 88 1-2 70 95 | <11 (4.6)
Nd:YAG 540 540 79 2-3 135 60 | <13(7.3)

Table 3.1: SISRO lasers performance

The first three columns indicate crystal material, the cavity length and the free spectral range.
The T’s,4 is the initial transmission of the saturable absorber. P; and P, are respectively the
feedback power and the intracavity power. E, and t, are the pulse energy and time width. .S
indicates the measured pulse linewidth by means of Fabry Perot scan interferometer, within
the brackets it is indicated the theoretical transform limit spectrum bandwidth. All the data
have been obtained with an output coupler with R=90% and in the low frequency regime (i.e.
f.<l/7;). The number of modes under the gain curve can be estimated dividing the optical
gain bandwidth ¢(v) with the cavity FSR. The three cavities exhibit hundreds of modes:

nomodes = g(l/)/FSR, (37)
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From Eq.(3.7) the number of mode under the gain curve are respectively: 646, 398 and 286
for the Nd:YVO, cavities and Nd:YAG cavity. These numbers indicate the challenge for a
laser oscillator to operate on one axial mode for small FSR values.

3.4 Lesson learned

Mode selectivity in CW and PQS regime for SISRO architecture was investigated exper-
imentally. For SLM pulses generation SISRO architecture is extremely attractive for both
simplicity and performance. The role of the external mirror for self injection seeding was
essential for ensuring unidirectional SLM in the PQS laser. The narrow angular tolerance
could be increased by placing the mirror near the focal plane of a short focal lens, the po-
sitioning of the mirror was not critical. Temperature stability of the laser crystal requires a
proper diode temperature control to a few 0.01 °C, allowing the absorbed pump power sta-
bilization within 1%, leading to stable tuning between the longitudinal modes of the cavity
and the etalon resonance peak. Also a temperature control over the crystal medium could be
beneficial for high power oscillator design. Commercial electronics are able to achieve these
requirements. Pump modulation was very effective in reducing pulse jitter to < 0.1% of the
pulse period. Longer pulses up to 100 ns could be generated with this laser architecture, pos-
sibly with different gain media or stronger filters in order to satisfy the temporal criterion
for SLM PQS lasers [97]. It should be noticed that it is also expected that longer resonators
will require higher accuracy in temperature control to maintain the axial modes locked to
the gain and etalon peaks, due to the reduced FSR of the cavity. The comparison between
Nd:YVO, and Nd:YAG showed that the two materials are well suited for SLM operation,
performing with comparable pulse-to-pulse time jitter. The Nd:YVO, should be preferred
for high repetition rate, low jitter applications, whereas for more resilient SLM operation
Nd:YAG should be chosen, because of the higher thermal coefficient and narrower optical
gain bandwidth. Nd:YAG also allows to achieve higher pulse energy at low repetition rate
and PQS operation with Cr:YAG saturable absorber is achieved more easily, as it is well
known from PQS theory.
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Chapter 4

SISRO stabilization

A new square ring laser layout instead of the previous Bow-Tie architecture has been de-
veloped to employ the SISRO technology. The new mechanical components were designed
with CAD software in order to build a modular laser platform. This approach allows to reduce
mechanical instabilities, to enhance thermal management and to achieve higher alignment
precision. A square ring laser layout has been preferred in place of the bow-tie for the easier
space management and possible modifications. Indeed, multiple optical combinations can be
assembled with this structure.

Laser diode M, Nd:YAG f M,
fi 5 L T 2w=400 um
Cr*:YAG
——
/\SLM Output HWP
M, M,
1% of intracavity M;

circulating power Extra-cavity R=90%
O Feed-back Mirror for
M fs Self-Injection Seeding

5

Figure 4.1: SISRO 2nd architecture setup

The laser cavity is composed by four flat reflectors. M is the dichroic mirror for optical
pumping, M, and M; are 45° HR mirrors and M, is polarizer beam splitter (which act as
output coupler in combination with the half wave-plate or HWP). The pumping configuration
1s identical to the bow-tie laser SISRO. The laser diode n°2 output is coupled in the active
medium by means of a achromatic telescope f; and f>. Cavity stability is guaranteed by lenses
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f3 and f, instead of curved mirrors, but the focus is still reproduced in the saturable absorber
in a similar fashion to the previous designs. The active medium chosen was the Nd:YAG due
to the higher delivered energy, better thermal dissipation and a narrower gain bandwidth.
The etalon has been removed for PQS operation. Self injection seeding is achieved by using
a partially reflective mirror Mg, after folding and focusing by means of M5 and f5. The
feedback mirror Mg reflectivity is of R=90%.

4.1 ABCD matrix modelling and pump configuration

A cavity ABCD matrix simulation was performed for the square laser cavity, aiming to realize
a collimated propagation region with a laser focus between the two lenses. This configuration
was inspected for different lenses combinations and for different cavity lengths in order to
guarantee laser stability and suitable mode areas for several possible cavity configurations
allowed by the mechanical platform. The feedback mirror is a partially reflective mirror,
enabling to monitor the unidirectional extinction power ratio (2.66). The cavity length chosen
was ~ 200 mm employing a couple of 25 mm lenses.

300M1 Nd:YAG f, M, CrYAG M, f, E HWP M, M,
—
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Figure 4.2: Square ring (FSR=1.37) GHz ABCD simulation.

The same pumping fiber laser diode for 540 mm Nd:YAG and 452 mm Nd:YVO, long ring
oscillators have been used for this laser design. It is recalled that, the diode can deliver a
maximum power of 6 W and it is able to operate in both CW and QCW regime. The fiber
has a core diameter of about 105 um (NA=0.22). The pump radiation is matched to the
fundamental laser mode by means of a telescope with magnification factor 3.75, realized
with two achromatic spherical lenses of 40 mm and 150 mm focal lengths.

The use of intracavity lenses instead of tilted curved mirrors enables to suppress any
astigmatism and beam ellipticity, thus enhancing the beam quality output. The downside of
this technique is the increase of intracavity optical losses, due to an higher number of optical
elements and the residual losses of the AR coating of the lenses, which is typically higher
with respect to the residual transmission of HR mirrors. After the ABCD description, the
laser platform was designed in order to accommodate the square ring oscillators.
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4.2 Laser platform

The laser platform has been developed using a Computer-aided design (CAD) software,
which is the use of a computers software to design and test mechanical elements. Then,
the 3D or 2D files are produced by CNC (Computer Numerica Control) machines such as
millings for high quality mechanical objects. CAD software is used to increase the produc-
tivity, design quality and the visualization of the final product, allowing easy debug as well.
CAD file output assumes different form of electronic files for print, machining, or other man-
ufacturing operations. The most universal/portable 3D file extension is the .stl”, whereas for
the 2D files it is the ”.dwg” file extension. In my experience [ operated with Autodesk Inven-
tor CAD software [98], which allows both 3D and 2D mechanical drawing. The basement is
a unique aluminium piece linked to a platform through a Peltier cell for thermal control. The
smaller platform hosts several combination of slides on top of which the optical holders can
be placed and assembled. Laser cavity lengths from 100 mm to 220 mm can be realized with
this modular platform, enabling a wide variety of optical elements configurations, as in the
examples illustrated in the figures below.

Figure 4.3: CAD designed modular platform, example of a SISRO laser.

The SISRO was assembled by positioning the four perimeter mirrors first. The active medium
is placed in a copper holder wrapped in indium foils and a thermal conductive adhesive is
used to interface the copper holder to the aluminium slit to guarantee maximum heat dissi-
pation. Two spherical lenses with 25 mm focal length were placed as showed in Fig. (4.3),
mounted on transitional stages for laser alignment. The small focal length enables to easily
align the laser cavity due to the optical leverage. The HWP (Half Wave Plate) and the PBS
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(polarizer Beam Splitter) were used as a variable output coupler. An additional slit could be
placed for the etalon mount. Cavity alignment required only two spherical lenses, whereas all
the other elements were pre-assembled, by gluing them on the mechanical mounts. The use
of the two lenses allows to compensate the mechanical imprecision, thus effectively aligning
only two optical elements to start laser oscillation.

AN

Figure 4.5: SISRO Laser assembled on the platform, during aligning (side view).
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4.3 Experimental results

The laser oscillator operating in CW regime showed inferior performance with respect to
the 4-mirror bow-tie resonator in terms of output power, because of the higher intracavity
losses of the new configuration. To evaluate the intracavity losses, the Caird analysis [99]
was performed, revealing around 3% of intracavity losses and 40% of system efficiency.
The maximum slope efficiency of 30% was achieved for an equivalent output coupler of
reflectivity R=93%. The square ring slope efficiency was lower if compared to the bow-tie;
it was about 30% for optimum coupling against around 50% for R=90%, respectively.
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Figure 4.6: Laser Caird analysis and power characterization.

The laser spectrum displayed the same behavior of the previous designs. SLM operation was
easily achieved without self injection seeding during CW operation with the etalon inserted
in the cavity. SLM operation with self injection seeding could be achieved with fine align-
ment of the etalon, but this regime proved highly unstable, bi-modal operation was the most
frequent regime. The system with the use of the etalon could be tuned in wavelength under
the peak of the gain bandwidth, enabling this laser architecture for secondary seeding appli-
cation where two spatially identical outputs are needed. Switching to PQS regime, the system
operated stably on one axial mode with self-injection seeding without the need of the etalon.
The system operated from low repetition rate (100 Hz) to moderate frequencies (8 kHz).
The use of the FP etalon proved to be detrimental for SLM stability in this regime, requiring
further aligning procedures. Without the etalon the system was reliable and insensitive to
thermal pump changes and to mechanical perturbations. The saturable absorber initial trans-
missions T4 were lower compared to previous designs, T 4= 88% and Ts4= 93%. These
SAs allowed to generate laser pulse of 35 ns, 50 ns and energies of 67 J, 34 uJ respectively.
SLM operation was observed for repetition rates ranging from 100 Hz to 10 kHz for Ts4=
90% and from 100 Hz to 8 kHz for Ts 4= 93%. Pulse-to-pulse time jitter showed a standard
deviation of hundreds nanoseconds between rise time of the laser pulse and the end front of
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the electronically controlled pump pulse, displaying a slightly better performance compared
to the previous oscillators.
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Figure 4.7: Laser pulse traces for SISRO new square ring oscillator, left inset shows the pulse
trace without self seeding and the right inset shows the spectral content of the SLM pulse.

The laser pulse traces and the pulses spectrum have been recorded for several repetition rate
configurations to observe SLM operation. The laser FSR = 1.37 GHz, can still be resolved
by our oscilloscope, as it can be seen in the inset of (4.7).

The laser beam quality was measured by means of a CCD camera. Out of the laser os-
cillator a f3=150 mm spherical lens was used to collimate the laser radiation and then beam
quality was inspected in the focus of a ;=75 mm spherical lens. The result is shown in Fig.
(4.8) The beam quality was near to diffraction limited and no appreciable astigmatism was
observed, thanks to the cavity configuration.
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Figure 4.8: Laser beam quality and profile of the square SISRO architecture.
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Figure 4.9: Laser beam intensity profile in 3d.

The beam waist measured in the focus of the telecope is consistent with the ABCD cavity
model. The laser output wavelength for different repetition rates showed a drift of only 80
pm, from 1063.95 nm at 1 kHz to 1064.03 nm at 8 kHz, due to the different heating of the
active medium at different thermal load.

Unidirectional propagation and SLM operation versus self seeding power were investi-
gated to address the system sensitivity to seeding power instabilities. A quarter wave plate
was placed in the feedback arm, allowing to modulate the re-entering power in the cavity by
orientating the wave plate, as it is shown in Fig. (4.10)

Diode Dichroic Mirror HR 45°
laser Nd:YAG Mirror
—n [ ]
f=25mm
£,=40 mm —  +— 2w=400 um
f,=150 mm Cr*:YAG
—
Clockwise 2w=80 um—>+—
SLM Output
50-ns & 34-u
1064 nm HWP
f=25mm
PBS | O HR 45°
Mirror
1% of intracavity
circulating power Extra-cavity R=90%
. I Feed-back Mirror for
HR 45 Self-Injection Seeding

Mirror Qwp f=30mm

Figure 4.10: Laser unidirecionality and SLM operation statistics versus self seeding power.
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By rotating the wave plate, it was possible to derive the unidirectional power ratio (2.66) and
the energy ratio between secondary modes and the fundamental one by means of FFT.

FSR/2
2 . S(v)dv

J o 5@ia

It can be observed that for Re-entering power superior to 50%, the system is able to operate
stably on one axial mode with a very high contrast ratio C for an average over 10 000 sam-
ples, with strong unidirectional radiation path inside the cavity. SLM performance starts to
become unstable below 50% of seeding power, whereas the unidirectional extinction ratio
has a monotonic behavior toward the 0% value. The minimum unidirectional ratio seems to
be around 45%, but if the seeding beam is interrupted with a beam blocker, the unidirection-
ality ratio drop close to 0%. This indicates that a very weak seeding signal with a optimal
beam overlap is sufficient to drastically affect the oscillator. It appears clear that SLM opera-
tion condition is an harder regime compared to travelling wave operation. Indeed for almost
constant unidirectionality ratio the contrast ratio C worsened significantly earlier.
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Figure 4.11: Laser unidirecionality and SLM operation statistics versus self seeding power.

4.4 Lesson learned

The new mechanical modular frame proved to be extremely beneficial for reducing ther-
mal and mechanical instabilities. The system operated in SLM mode with high reliability,
allowing at the same time to realize a more compact ring laser cavity fast to assembly and
alignment. The system, although less energy efficient due to an higher intracavity number
of optical elements, is very attractive for the wide range of feasible configurations. Thus,
the system for PQS regime achieved significant improvements, considering that no etalon
was needed. The 220 mm long SISRO enabled reliable SLM operation for repetition rates
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between 100 Hz and 8-10 kHz. Beam quality was excellent, showing a nearly TEMy, trans-
verse mode and no significant astigmatism. Unidirectionality, SLM operation and pulse-to-
pulse time jitter compared to seeding power have been investigated, showing the sensitivity
of SISRO technology regarding the seeding power. The remaining undesired behavior of
the system is the relatively high pulse-to-pulse time jitter. The following research aimed to
further reduce the temporal jitter, in order to enhance the SISRO technology.

4.5 PQS model validation

The numerical solution of the mathematical model proposed in Sec. (2.2) were compared to

the experimetal values:

Laser Medium Nd:YVO, Nd:YVO, Nd:YAG Nd:YAG
Resonator type Ring Bow-Tie | Ring Bow-Tie | Ring Bow-Tie | Ring square
Saturation fluence 0.12[J/em?] 0.12[J/em?] 0.57 [J/em?] | 0.57 [J/cm?]
Cavity length [mm] 741 492 540 220
Output coupler R 0.9 0.9 0.9 0.93
Saturable absorber T 0.88 0.88 0.88 0.93
Intracavity losses 4% 4% 4% 4%
Beam radius|um)| 240% 270%* 200%* 180*
Energy E.., [t /] 36 45 70 34
Energy E,.oq(1J] 28 35 91 39
Energy error 22% 22% 23% 13%
Pulse 7.,,[ns] 148 73 95 50
Pulse 7,,,04[n5] 137 91 100 66
Pulse error 7% 19% 5% 24%

Table 4.1: POS model and experimental data. The values indicates with ”*” are assumptions
based on ABCD simulations.

Saturation fluence is taken by [100] for Nd:YVO, and Nd:YAG. The cavity length is ex-
perimentally measured within 1 mm precision. The outcoupler reflecitivity R and Saturable
absorber initial transmission T. The intracavity losses are set to few %. For the bow-tie ring
oscillators the etalon losses must be taken into account and similarly for the square ring oscil-
lator all intracavity optical elements such as lenses and the HWP are responsible of additional
losses too. The beam radius is directly calculated for the square ring layout due to the absence
of ellipticity. In the Bow-tie architectures an effective beam radius is derived because of the
beam ellipticity. Beam radius can differ by ABCD simulations for several reasons such as
gain/absorber apodization effects. In all cases, the agreement between experiment and model
is satisfactory. While the energy depends mostly on the accuracy of mode radius, the pulse
duration instead depends critically on the exact value of the induced losses by the saturable
absorber. The model can be also successfully used in order to precisely identify the oscillator
parameters by experimental data. This model has been tested also for other PQS oscillators
in order to check its reliability [61].
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4.6 Jitter reduction by SA bleaching

In order to decrease the pulse-to-pulse time jitter it was tested an optical diode to bleach the
saturable absorber. It was decided to test a similar approach to transverse bleaching, described
in [101]. The technique consists in triggering the bleaching of the saturable absorber with an
external laser pulse. In this case, the technique has to be identified as longitudinal bleaching,
in contrast to transverse bleaching. Since Cr:YAG has a broad absorption, this laser pulse can
be produced by a laser diode at 808 nm, as the one at out disposal. This method is attractive
because it allows in principle to control the optical switch in terms of intracavity optical
losses and switch timing.

The optical diode employed for this purpose is a modified Bright Solution BFP diode
laser, with a peak power of 10 W. The diode is fiber-coupled (NA=0.22, fiber core diameter
of 105 um) and emits at 808 nm. The modification regards the current driver, which enables
to switch the optical laser diode with rise time and fall time of 50 ns. The bleaching laser
beam is focused in the Cr:YAG by means of a achromatic lenses telescope. The two lenses
focal lengths are respectively 100 mm and 80 mm, resulting in a beam waist in the focal plane
of wy, ~ 40 pum, reasonably well matched to the cavity resonating mode inside the saturable
absorber.
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Figure 4.12: Laser setup for pulse-to-pulse time jitter reduction by mean of SA bleaching.

The bleaching laser was set in order to illuminate the saturable absorber with the maximum
available peak power, hence permitting to minimize the bleaching pulse duration. The satu-
ration fluence and recovery time of Cr**:YAG are 0.5 .J/cm? and 8.5 s, respectively [102].
Given the bleacher beam radius in the focus and maximum peak power, the peak intensity
is about 180 kW /cm?. Then, it is possible to reach Cr:YAG saturation energy with a ~3
us-long pulse width, significantly shorter than the recovery time of Cr:YAG. We tested the
bleaching with different delays between the laser pump pulse and bleaching pulse. For the
Ts4=90% without the bleaching pulse the SLM laser pulse would originate between 75 and
76 ps, measured from the raising edge of the pump pulse, with a standard deviation of few
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hundreds of nanoseconds. With the bleaching pulse it is possible to anticipate the start of
the SLM pulse to 72 us, a condition achieved with a bleaching pulse delay of 66-68 s.
For shorter or longer delay time the pulse dynamics becomes less affected by the bleaching
pulse. As expected, the anticipation of the laser pulse comes with a slight reduction of the
pulse energy from ~66 nJJ without bleaching, to around 61 p.J.
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Figure 4.13: SLM laser pulse start related to bleaching pulse timing.
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Figure 4.14: SLM laser pulse to pulse time jitter related to bleaching pulse timing.

Unfortunately, regarding the pulse to pulse time jitter, the results obtained were not satis-
factory. The bleaching pulse was able to effectively anticipate the pulse onset, but did not
significantly reduced the pulse to pulse time jitter. We may attribute this lack of performance,
mainly to two reasons. Firstly, the available peak power of the laser diode used for the bleach-
ing was barely sufficient to saturate the Cr:YAG. In this sense, a more powerful laser diode
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would have definitely eased the process and permitted to use much shorter bleaching pulses.
Secondly, and maybe more importantly, we suspect that in our operating conditions, if com-
pared to [101] the intrinsic jitter of our source was already relatively small and the effect of
the external bleaching is marginal. To better understand the possible sources of jitter and to
develope a more succesful strategy for minimization of jitter, we decided to go back to the
basics and try to model the behaviour of the PQS laser starting from the rate equations.

4.7 Jitter reduction by pumping pulses enhancement

Recalling the rate equation for population inversion density n(t) , laser pulse power P(t) and
SA losses dynamics ¢(t) of a PQS system, [103]:
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Where Wp, W, are the pump absorption and laser emission rate, n, is the dopant concentration-
dependent active 1ons density, 7 1s the active medium fluorescence lifetime, g is the single
pass gain coefficient, ¢tz and 7, are the cavity roundtrip time and photon lifetime respectively,
qo 1s the initial loss of the saturable absorber, 74 is the SA recovery time and, Fg,4 is the SA
saturation energy.

Describing the pulse “linear” growth until the onset of saturation, the loss dynamics are
not relevant. Therefore, in (4.2), the loss is assumed to be constant and excited state absorp-
tion from the SA (e.g., in case of Cr:YAG) was also omitted. Then:

!
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The pump rate can be directly related to the absorbed pump power:

! >\P Pabs
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Where o, is the active medium emission cross section, Ap and )\, are the pump and laser

wavelength, Fg is saturation energy of the active medium and the coefficient 7 is accounting

for quantum efficiency, pump/laser spatial overlap, Fresnel transmittivity. Then, with the
proper substitutions:

(4.4)

dg )\P Pabs g gP

Z = = = = = 4.5

dt g A L ES L Tf ES L ( )
In equation (4.5) during build-up after reaching laser threshold, the first term dominates
since there will not be significant gain depletion due to stimulated emission and the build-up

is much shorter than 7;. Then:
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)\P Pabs
t) ~ — t 4.6
g(t) ~ gin + ", By (4.6)

Equation (4.6) represents a linear growth of the gain with time after the threshold value is
reached. g;, can be expressed as:

t
Gin = 7R = L+ qo — In(Roc) (4.7)

[

Using equation (4.7) to recast the power equation (4.2):

AP Ap Py, t
o ARl b 4.8
P "\ Eetr (4.8)

Which can be easily integrated from ¢=0, which represents the instant of time in which g=g,,
to the onset of laser pulse .

P(t Ap Py t2
in(El)y _ pAp L 8
P AL Esp 2tg

Eventually we can estimate the build-up time for the PQS pulse emission after the gain has
reached threshold

4.9)

br\./

)\_P2ESLtRln(PSA> (410)

)\L nPabs Pz

The choise of Ps4 is not critical because of the logarithm, as well as a more precise es-
timation of starting noise (rather than the naive assumption of an initial “single photon”
in the cavity round-trip time, i.e., P, ~ hv/tg). In particular, we can define a parameter
G = In(Psa/P;) ~ 20-30 for a broad range of practical applications. Sensitivity (jitter) of
build-up time from fluctuations of absorbed pump power P, or with respect to starting
fluorescence noise P, is readily obtained by differentiation of equation (4.10).

(561 15Pabs

ol - 4.11

tb 2 Pabs ( )
2 1 _O0B/F 4.12)

tb _Eln(PSA/PZ)

The latter is going to be the main &t; jitter contribution due to non-Poissonian (thermal)
fluorescence photon statistics, predicting 6 P;/ P; ~1. It must be also considered the additional
jitter from pump pulse rise front, i.e., fluctuations of the delay time ¢, at which g = g, starting
from g = 0. Integrating equation (4.5) and neglecting the last term which is relevant only

during gain saturation:
/ [ E— / e 4.13)
0 >\P PabsTf N o Tf .

g_nﬂ Egsp,

Introducing the dimensions-less parameter x

. Ap Egp
Jth AL NPTy

(4.14)
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Eq. (4.13) can be solved:

to = —7¢ln(l — x) (4.15)

PQS pulse generation from a single pump pulse requires that x <1. It is possible to es-
timate the P, using the spectroscopic parameters of the active medium (emission cross
section, fluorescence lifetime) with sufficient precision, the g, by means of equation (4.7)
and 7, which can be obtained by Caird analysis. Practically, it can be observed by checking
the peak pump power required to start PQS emission, or from measurement of pulse delay %,
as a function of the absorbed pump power P, using best fit procedure. The jitter contribution
arising from pump pulse rise front, can be determined as:

5t ox T 0P
=T = -7
0 US US Ps
For a more accurate noise characterization, we need to consider that the pulse delay (or
total build-up time) actually measured is:

2
rms x B | (0 Faps Bx (P,
[ B () ()

(4.16)

Where:
ty, = 1o+ tp— > 5tm = 5t0 + 5tb71 + 5tb72 (418)
p_inG (4.19)
Tf Gth

Equation (4.17) can be used to derive 6 Py/p,,, and 6P/ P;.

4.8 Experimental validation of the Jitter model

The new laser diode could be used as new pump laser diode. This diode laser is attractive
because of the higher peak power with respect to the pump sources implemented in the pre-
vious designs described in Ch. (3). This property enables to investigate the reduction of the
pumping time interval. Switching from a CW diode to a more powerful pulsed diode showed
a significant improvement in terms of pulse-to-pulse time jitter. Thus, the new optical source
was tested, prior to proceed with pump pulse compositing. Pump compositing is similar to
the bleaching technique, but it operates on the gain of the active medium instead of the laser
intracavity losses. The concept consists in reducing the amount of time to deliver the required
energy in the gain medium necessary to trigger the passive Q-Switching. This is similar to
a weak gain switching, shortening the total build-up time and inherent jitter. This must be
done carefully if one needs to preserve SLM operation.

We performed several measurements on the SISRO PQS laser by varying the diode pump
pulse peak power/ duration at a fixed pulse repetition rate of 1 kHz in order to investigate
a “low-frequency” regime. At first, we characterized the delay time ¢,, between the pump
pulse rise-front and the emitted laser pulse as a function of the absorbed pump diode peak
power. In experimental conditions, given the relatively long pump pulse duration required
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to reach the threshold (several tens of pus even at the maximum available pump peak power),
it is reasonable to assume t,, = t + t,o. By fitting the measured data, it can be obtained a
Pabs,th of 1.15 W.

In order to caracterize the pulse-to-pulse time jitter and understand its dependance on the
design parameters of the PQS laser, we performed a measurement of jitter as a function of
absorbed pump peak power by varying the pump peak power and consequently adjusting
the pump pulse duration to slightly exceed the total build-up time. Pulse timing jitter was
measured as the standard deviation over 1000 recorded laser shots of the delay ¢, between
the pump pulse leading edge and the emitted laser pulse leading edge. This measurement was
carried out for different laser diode peak power corresponding to different absolute values of
tm. This measurement was repeated several times for each pump pulse configuration.
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Figure 4.15: Delay between pump pulse rise front and laser pulse emission as a function of
the absorbed pump peak power (a) and Pulse-to-pulse time jitter as a function of the pulsed
pump diode peak power. Red dots with corresponding error bars are the measured jitter (b).

A remarkably low pulse-to-pulse time jitter of 47 ns, comparable to the pulse duration of
50 ns, was obtained at the maximum available absorbed pump peak power of 9.5 W (pump
pulse duration of ~ 35 pus). The measurements were fitted by means of equation (4.17). It
turned out that the best fit procedure was very sensitive to P, ¢, since understandably for
low pump powers the logarithm function in (4.13) tends to diverge, however this parameter is
independently and accurately determined as explained above. Eventually we can fit the data
dt,, using only two independent parameters (noise sources): d Pys/ Py and 0P;/P; (rms).
Thus, increasing the pump power is clearly beneficial. It is also clear that the jitter contribu-
tion 0%, and 6%, » are rather small, whereas dt, accounts for as much as 90% of pulse jitter
in our experimental conditions.

Electronic feedback modulation of pump power, from time-to-current converter, or from
pump power transmitted by laser crystal, should also help minimize pulse jitter which is
presently mostly determined by 6 P,/ Pays ~1073 that is quite typical for commercial pump
power supplies. Extrapolation from the fit curve suggests that doubling the pump pulse peak
power should permit to further reduce the jitter of a factor about 2.5.

The model applies to low-frequency regime, where both laser pulse and gain dynam-
ics complete before the next pump pulse, where everything restarts again in the new cycle.
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However, we do observe a gradual jitter increase up to 150 ns for higher frequency than 1/7;
which we attribute to addition of noise from the previous cycle with that from the new pump
cycle, thus offsetting jitter reduction allowed by high peak pump power.

4.9 SISRO laser achievements

The experiments on the SISRO and the related models derived were exploited to propose a
novel single frequency laser source design, intended for both lidar (in particular HSRL and
Coherent doppler lidars) and nonlinear optics applications. The SISRO technology for PQS
SLM laser operation is an attractive design, emerging as an appealing and competitive laser
source architecture. Summarizing the SISRO advantages:

» System overall simplicity and all passive components: The SISRO is composed by very
few optical elements, excluding the pump system, are all passive. This design allows an
overall system simplicity, leading to a higher reliability and lower overall unit system
cost.

* Reliable SLM operation and narrow bandwidth laser pulses generation: SISRO tech-
nique has proven to be a viable way to stably produce narrow bandwidth, near Fourier
transform limited pulses. It has been proven the generation of SLM pulses ranging from
30 ns to 150 ns, with relative laser spectra between tens of MHz and few MHz.

* Sufficient seeding energy for MOPA systems: The output pulse energy is between few
tens and hundreds of pJ. These energies are suitable for easily seeding amplifiers in
MOPA architecture, allowing to effectively boost laser signal, avoiding amplified spon-
taneous emission.

* Pulse repetition rate: SISRO design allows to reach pulse repetition rates relative to
the inverse of gain medium lifetime, in accordance with SLM selective criterion. SLM
operation with higher repetition rate can be still achieved, at expense of higher pulse-
to-pulse time jitters.

* Near diffraction limited laser beam: Laser system is end pumped, meaning the super-
imposition between pump mode and cavity mode to achieve near diffraction limited
beam quality.

* Polarized laser output: The use of birifrengent gain crystal or the implementation of
PBS as output coupler are not strictly necessary for polarized laser output. Indeed the
Cr™*:YAG guarantees polarized laser operation, for anisotropic latency behavior.

» Low Pulse-to-Pulse time jitter: Passive Q-switching allows to emit laser pulses with
stable energies. Using high peak power short pump pulse, it is possible to drastically
reduce the pulse-to-pulse jitter.

» Low Pulse-to-Pulse energy jitter: Passive Q-Switching is intrinsically stable from a
energy point of view due to its mechanism, if beam dimensions are kept constant in
the active medium and the saturable absorber. Typically energy instabilities are lower
than 1%.



Chapter 5

Infrared wavelengths extension through
nonlinear optics

In this chapter it is described the access to infrared wavelengths by means of nonlinear op-
tics light generation and amplification. This experience was conducted at KTH in Stockholm
during a visiting period of 5 months. KTH is a renowned research center due to the vast expe-
rience for developing nonlinear complex systems and for design, growing and deploying the
use of nonlinear periodically poled crystals. Conventional laser source are able to generate
a set of discrete wavelengths relying on the transitions between energy levels of practically
available active media, but the realization of specific crystal for desired wavelengths is not
practically feasible. Instead of synthesizing new crystals, which possess opportune optical
properties, the use of nonlinear device is far more appealing. It allows to use very well known
high energy solid state laser source as pump systems to access new wavelengths through non-
linear devices. This allows to separate technological complexity in multiple stages, i.e., the
pumping high energy system and the nonlinear device stage, with a possible nonlinear ampli-
fier. This approach is appealing thanks to the possibility to tune nonlinear devices to multiple
requirements. In this work it is investigated nonlinear parametric light generation by means of
RPP-KTP (Rubidium Periodically Poled - KTP) crystals, to access 1.8-2.5 um wavelengths
in the nanosecond time domain. Optical source tunable in the 1.5-3.4 um (SWIR) region
are of interest for several fields such as spectroscopy [104], biology and medicine [105] and
remote sensing [106, 107].

5.1 Nonlinear optics basics

Nonlinear effects can be divided into two categories: parametric and non-parametric effects.
A parametric non-linearity is an interaction in which the quantum state of the nonlinear ma-
terial is not changed by the interaction with the optical field. Then the process is ’instanta-
neous” and the energy as well as momentum are conserved in the optical field. The dielectric
polarization density can be described by Taylor series expansion:

P(t) = PX + PVE = ¢g(xWE(®t) + xPE(t) + xWE3(t) + ...), (5.1)

where the coefficients y ™ are the n-th-order susceptibilities of the medium, and the presence
of such a term is generally referred to as an n-th-order nonlinearity. Note that the polarization
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P(t) and electrical field E(t) are considered as scalar for simplicity. In general, Y™ is an
(n + 1), rank tensor representing both the polarization-dependent nature of the parametric
interaction and the symmetries (or lack) of the nonlinear material.

The P’ is the induced polarization with linear dependence on the electric field E. At low
radiation intensity, the high order terms are negligible, on the contrary for growing intensities
this is progressively not true.

The presence of an intense laser radiation causes the high order susceptibilities to become
relevant. All optical phenomena involving x™ of the n-th-order higher than 1 are identified
as nonlinear phenomena PV’

The category of nonlinearities identified as ”Parametric” is an instantaneous response based
on the Y or x® of a medium. They give rise to effects such as frequency doubling, sum
and difference frequency generation, parametric amplification and oscillation, and four-wave
mixing. Parametric amplification and oscillation happen when two different radiations su-
perimpose in the nonlinear medium. The two beams with different optical frequencies inci-
dent on the nonlinear crystal cause a polarization wave at the difference frequency. Provided
that the polarization wave travels with the same phase velocity compared to the two incident
waves, cumulative growth will be observed. The two incident beams are typically referred as
”Pump” and “’Signal”, having frequencies v, and v, respectively. The radiation generated as
difference frequency is called ”Idler” with optical frequency v; = v, — v,. Under proper con-
dition (phase matching), the idler radiation and the signal radiation can grow at the expense
of the pump wave, thus shifting pump energies hv, to Signal and Idler. Recalling energy
conservation, it can be express:

hv, = hvs + hy; (5.2)

To achieve significant parametric amplification, it is required that each polarization wave
travel at the same velocity as a freely propagating wave. This condition is met for refractive
indices of the nonlinear material that satisfy the momentum conservation:

kp = ko + ki (5.3)

In case of collinear propagation, it can be described as:

Nplp = NsVs + N4 (5.4)

Where n,, ns and n, are respectively the refractive indices at the three frequencies. It is
referred as degenerate case when both idler and signal share the same optical frequency.
Phase matching can be achieved by means of birefringence or periodic poling [108]:

* birefringent phase matching: is a technique for achieving phase matching of a non-
linear process by exploiting the birefringence of a nonlinear crystal. Phase matching
can be divided in critical and non critical, depending on the position of the involved
beams respect to the crystal axes of the index ellipsoid. Critical phase matching re-
quires that the interacting beams are aligned at some angles respect to the crystal axes.
The term critical indicates the sensitivity to misalignment of the beams. The accep-
tance angle is finite where critical phase matching works, thus it can be also referred
as angular phase matching bandwidth. A intrinsic problem of critical phase matching
is the spatial walk-off between the ordinary and extraordinary beams, which limits the
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interaction length. Non critical phase matching, also referred to as temperature phase
matching or 90° phase matching, is achieved when the two beams propagate along the
same axis. The phase mismatch is minimized by adjusting the crystal temperature. The
disadvantage of non critical phase matching is the need of relatively high temperature,
which causes degradation of optical coatings and higher complexity compared to criti-
cal phase matching. Thus, the optical elements involved must be able to withstand the
operation temperature.

* Quasi-phase matching: Firstly proposed in 1962 [109]. The use of a non homogeneous
nonlinear crystal allows to periodically modulate the nonlinear properties of the non-
linear medium. Changing the nonlinear coefficient of the crystal allows to reverse the
increasing mismatch during propagation. Thus, conversion is mainteined in the desired
direction with an overall efficiency comparable to the birifringent phase matching. The
small reduction in conversion efficiency (for the same nonlinear coefficient the d. s is
reduced of a factor 2/7) allows to access to two important advantages. Firstly the beams
involved in the process can share the same propagation and polarization, thus enabling
to select the stronger nonlinear tensor. In second place, spatial walk-off is avoided.

5.2 Rubidium Periodically Poled KTP

The Potassium titanyl phosphate (KTP, K770 PQ,) is the nonlinear material employed for
wavelength extension. KTP belong to the ferroelectric materials category. Ferroelectrics are
material which includes ferroics. In absence of applied fields the ferroics have a stable state.
However the direction of such quantity describing the ferroics state can be reversed along
the crystal axes if a sufficient strong field is applied. Ferroics can be exploited in multiple
ways: for memory devices, sensores and for efficient nonlinear optical converter. KTP is a
positive biaxial crystal. The crystal properties are [110]:

Nonlinear-optical coefficients (pm/V) | d3; = 6.5; d3s = 5.0; d33 = 13.7
dyy =7.6;di5=06.1
Optical absorption (%/cm) <0.6 (at 1064 nm)
Transmission range (um) 0.35-4.5
Mohs hardness ~ b5
Melting point °C ~ 1150
Structure orthorhombic

Table 5.1: KTP crystal properties

Due to the relatively high temperature, normal melt processes cannot be used to grow this
material [110]. The most common technique to grow large single crystals of KTP are hy-
drothermal and flux techniques.

KTP has a combination of properties that makes it unique for nonlinear-optical applica-
tions, especially suited for Nd lasers pumping. KTP exhibit good mechanical and thermal
properties, an high nonlinearity (ds3) and a high damage threshold. The combination of these
properties with the high transparency makes it a optimal candidate for high energy and high
average power nonlinear operation. For nanosecond pulses at 1 xm, the damage fluence is 10
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J/em? [111]. For nonlinear applications, it is useful to use the z-polarization, enabling to ex-
ploit the d33 nonlinear coefficient. The refractive index can be derived by Sellmeier equation
[112]:
2 B D 2

n _A+1—C’>\—2+1—E>\—2_F/\ (5.5)
Where A, B, C, D, E, and F are specific to the material [112]. By applying an external
electric field with opposite polarity to the natural polarization direction, if the electric field
is greater tha F. ~ 2kV /mm [113] then it is possible to invert the polarization. Periodically
poled structures in KTP crystals with a thickness of up to 3 mm have been reported, but
it has been also demonstrated that the limitations of KTP can be overcome by employing
Rb-doping [114], enabling to access greater thickness. The rubidium ions can replace the
potassium ions in the crystal structure. At low Rubidium concentration (<0.3%) the optical
properties of the crystal are unchanged. The positive effect of Rubidium ions is the lower-
ing of ionic conductivity, yielding to a reduction of domain broadening during electric field
poling [115]. Rb-doped KTP crystals are also promising materials for fabrication of sub-um
periodically poled samples.

5.3 Optical Parametric Oscillators

The optical parametric generation is indicated as OPG. OPG differs from OPA because it is
assumed no seeding, i.e., OPG is achieved when two laser radiation are totally generated by
the pump field. Assuming a QPM nonlinear medium, the phase matching condition can be
expressed as:

Ak = ky — ky — ki — kopa ~ 0 (5.6)

The signal and idler grow exponentially with the interaction length inside the nonlinear
medium, if (5.6) is true. To increase the conversion efficiency the nonlinear medium can
be placed inside an optical cavity, thus leading to a Optical Parametric Oscillator OPO. The
cavity is resonant to one of the two generated/amplified waves at least. A parametric gain
can be introduced [59].

g = /Kl (5.7)
I, 1s the pump flux and « is a coupling constant:

8 2d2
o O Gepr (5.8)
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The effective gain can be rewrote to consider a phase mismatch Ak,,:

2
Geff = l92 - (%Akm> } (5.9)

For a singly resonant OPO (SROPO) the threshold condition is given by:

gI?=2/1—-R,(1 - L) (5.10)
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Where R, is the output coupler reflectivity for signal, [ is the crystal length and L are the
cavity intrinsic losses. The signal noise is amplfied in each transit meanwhile the pump radi-
ation is still present in the nonlinear crystal with significant power. The pump flux required
to reach threshold for a SROPO is: [59]

112 [ logwicy . P 1 2
Ly, = A In— 4+ 20l + In— + 1 2) 5.11
th 'fgslgff< o n P o n T n ( )

The g, is the signal spatial mode coupling coefficient, which indicates the overlap between
the optical pump and the cavity mode supported:

1
1+ (w,/wy)?
The signal and pump spot size are indicated by w, and w), respectively. The I ;s is the effective
nonlinear crystal length. For QPM crystal the total length is equal to the effective length,
because of no spatial walk-off. The first term in the bracket indicates the induced losses due
to build up time to raise signal power from noise level. It is reported in literature that the
best agreement between this model and experimental data is for a increase of 104 times,
i.e., In(Ps/P,) = 33. The logarithmic term is divided for the number of roundtrip necessary
to reach P,. Then, the use of a short cavity and a longer pump pulse lowers the threshold.
The second term indicates the amount of absorption and the third term output coupling loss,
which depends on R,. The last term is due to SROPO operation. The pump intensity is a
critical parameter, beacuse it determines the efficiency of the OPO. For plane waves model
the efficiency can be described as:

9s (5.12)

n = sin’gl (5.13)

Thus, the total conversion can be theoretically achieved for:

L/ In = (7/2)? (5.14)
Assuming a more realistic situation, with a gaussian shape for the pump beam, the maximum
efficiency achievable is ~ 71% [59]. In order to enhance efficiency of a OPO it is necessary
to increase the ratio P/ P;,. After reaching the optimal ratio the efficiency drops slowly and
damage threshold consideration become the most important upper bound limitation.
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Figure 5.1: SROPO strucure showing a plano-plano cavity layout.

An important characteristic of OPO systems is that the frequency linewidth of the generated
fields is broad (tens of nm). This is due to pumping very far above threshold which allows
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several longitudinal modes to oscillate. In order to achieve narrow linewidths, OPOs require
seeding or intracavity filtering. OPO technology is widespread in multi-stage laser systems,
the advantages of this architecture is the possibility to enhance beam quality, efficiency and
spectral behavior at the cost of higher complexity compared to Optical Parametric Generators
(OPQG). The main disadvantage of this technological is the overall complexity, the high cost
of the optical elements required due to ad-hoc coating and optical damage resilience.

5.4 Backward-Wave Optical Parametric Oscillators

A special category of OPO is the backward-wave OPO (BWOPO) also referred as Mirrorless
OPO (MOPO). In this typology of oscillators, one (signal or idler) of the two generated waves
1s counterpropagating respect to the pump wave. Then, the distributed feedback along the
nonlinear medium allows to achieve a self seeding regime without the need of a cavity. The
BWOPO also introduces other significant advantage, which is simplicity. The system does
not require any cavity to operate, drastically enhancing system reliability and reducing the
costs too. In order to realize a BWOPO, the phase matching imposes a strong constrain on
the grating, indeed it is required to realize very short grating periodicities, on the order of the
pump wavelength for first order QPM. To exploit correctly this technique the pump pulse
must be two times longer than the required time to travel the crystal. Momentum and energy
conservation relations are:

kp =k — Iy + lgp (5.15)

Vp :Vf+Ub (516)

Where the indices p, f, b stand for pump, forward and backward respectively.

W, Wi
Wp <T> Wp (depleted)

Figure 5.2: BWOPO structure of the periodically domain-inverted ferroelectric crystal and
vector diagram of counterpropagating waves.

Indicating the v; and v, as the forward wave and backward wave, then the grating periodicity
can be related to pump pump, signal and idler wavelengths and refractive indices.

L (np—mng)  (m+ny)

g 5.17

A Ap * b (5-17)
For a periodicity A > \,/n, the backward wave is idler, whereas for A < \,/n,, the backward
wave is signal. The degeneracy case is for A = ), /n,. BWOPO has very interesting spectral
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properties. The forward field is a copy of pump wave at a different frequency whereas the
backward wave is inherently narrowband [116]. Indeed considering the derivatives between
the involved optical frequecies:

vy _ Vs (Ugh + Vgp) e (5.18)
Oy gp(vgy + vgy)

% — U9b<vgp — Ugf) - —¢ (519)
Oy vgp(vgh + vgr)
Where v,i = (p, f,b) is the waves group velocities, and ¢ is a dimensionless parameter
which characterized the difference in group velocity. Considering the low dispersion and
the temporal regime the |¢| is negligible, i.e. ¢ << 1. The optical phases are linked by the
following relation:

s
Op—Or—bo=—5 (5.20)
Considering e ~ 0 the phase derivatives for the nonlinearly generated waves are:
a¢f a¢p
—L ~ 2P 5.21
ot ot (5:21)
Oy
— ~ 5.22
5 =0 (5.22)

Then the BWOPO exibiths astonishing spectral performance as optical parametric system,
without any auxiliary radiation or filtering element. The forward radiation is a spectral copy
of the pump wave, whereas the counter propagating radiation is transform limited. For the
BWOPO the pump threshold is [117]:

CEQMRM FIpA F Ay

2
20202,

where c is the speed of light in vacuum, ¢, is the permittivity of free space, n; are the refrac-
tive indices, \; are the backward and forward wavelengths, L is the crystal length and d.;
is the effective quadratic nonlinearity. The BWOPO represents a suitable substitute for the
relatively complex OPO. In this work it is investigated a BWOPO system in the nanosecond

domain, in order to compare the advantages and disadvantages compared to a conventional
OPO.

(5.23)

Ipn =

5.5 Experimental setups

The project realized at KTH (Stockholm-Laser Physics department) consisted in the realiza-
tion of two different MOPA systems based on RPP-KTP crystals. The stages were respec-
tively two parametric seeders, amplified by means of parametric amplification, exploiting
the same high energy optical pump source. THz generation is an additional stage of the
project, which it is considered to be developed in the near future. The THz gap is the spec-
tral region between 0.3 THz and 10 THz. This region is extremely hard to access due to
the lack of efficient sources and receivers, but it is of great interest for several applications.
[118, 119, 120, 121]
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Seeder: OPO Amplifier: OPA S
Seeder: MOPO Amplifier: OPA |

Figure 5.3: Optical setup scheme.

Nd:YAG pump
laser at 1064 nm

The Nd:YAG Q-Swtiched laser is used as optical pump for all the nonlinear devices. The
system is able to generate high energy pulses of 170 mJ, at 1064 nm with pulse duration of 11-
12 ns. The pump radiation is filtered in polarization, enabling a reasonable beam quality for
150 mJ pulses. The two seeders realized are an OPO standing wave architecture and a MOPO
device. The two system are compared in terms of conversion efficiency, stability, complexity
and emitted spectra. The two amplifiers enable to boost energy to tens of mJ energies. In the
future the two parallel MOPAs are meant to realized a THz wave by means of nonlinear
Difference Frequency Generation (DFQG) in suitable materials. The optical elements which
compose the OPO, BWOPO and OPAs are shown in the Fig. (5.4).

The setup is complex, but it can be easily decomposed in 6 blocks:

Pump system: An unstable Nd:YAG Q-Switch laser, which longitudinally pump all
the nonlinear devices. The output beam is ~ 5x5 mm?, enabling a very long Rayleigh
range or collimated beam path.

Splitter: The firt series of optics are used to enhance the polarization ratio between the
two beam axis and to divide the pump radiation in separate independently channels.

OPO seeder: The OPO is composed by optics for pump imaging, the cavity (Plano-
Concave, Standing Wave architecture). The nonlinear crystal is a 5x7x12 mm?® KTP
crystal AR coated, with poling period of 38.85 um. After the cavity dichroic mirrors
are used to separate the desired radiation.

BWOPO seeder: The BWOPO hosts a series of optics for both pump and signal imag-
ing, due to the counterpropagating nature of the signal radiation. The BWOPO similar
to the OPO uses dichroic mirrors to separate the desired radiation. The BWOPO crystal
is 3x1x7 mm? KTP crystal uncoated, with poling period of 500 nm.

OPO amplifier: A longitudinal optical parametric amplifier uses KTP crystals with AR
coating and poling period of 38.85 um to amplify the OPO seed radiation.

BWOPO amplifier: A longitudinal optical parametric amplifier uses KTP crystals with
uncoated surfaces and poling period of 38.5 pim to amplify the BWOPO seed radiation.

Seeders and Optical Parametric Amplifier do not include delay stages because of the layout,
the spatial walk-off between seeder and amplifier was limited to few cm. Operating with
pulse in the nanosecond regime (1-10 ns), the pulse spatial length ranges from 30 cm to 3 m.



71

5. Infrared wavelengths extension through nonlinear optics

- e o e o mm mm o e o Em e o mm e o Em e Em e o E——

Innolas Nd:YAG laser

Splitting setup

OPO seeder

BWOPO seeder
- EREmAad T e e e,
I
e e e e - ———-————= _— _ _ 1 HR HR
\ Rt ‘
HR 1!
I )
wr . HR |1 100mm -50mm HWP filter ===
Higher =t | _ i D [l '
order iy “ I q C _|_ “
modes V P P\ TFP 55° ;] <
||||||||||||||||||||||||||||||||||||||||| g
" " % TFP 55° “ Q
s 150 mm - -75 mm KTP A=38.50 pm 2
== | N S
Hwp “ v v HR o
HR
% PBS el n I 0 f\ HR 5 QAR «
7 1T < v (I (D &
. TFP 55° Q
HR TFPSSwe T 150mm  -75 mm BT KTP A\=38.86 um 3
HR I HR Q
! HwP
HR i HR “ [ 1
HwpP ;! Pump Mirror ocC || = Pump wavelength
! > > _|_ ' [ I| —— OPO signal/idler wavelength
1 _ C C _|_ _I_ /4 D “ —— BWAOPO signal wavelength
HR I .
/ _fﬁm mm -50mm  KTP A=38.86 pm HR h BWOPO idler wavelength
e e en Ee o o G EE O EE N EE EE EE G S S O S S EE . W

Figure 5.4: Optical setup displaying any elements.
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5.5.1 Nd:YAG High energy pump laser

The optical pump laser is an actively Q-switched Nd:YAG laser, emitting at 1.064 pum. The
laser is a Innolas Spitlight produced by InnoLas Laser GmbH. The laser delivered Gaussian
pulses with an available energy of 170-180 mJ with repetition rate of 100 Hz and a pulse
duration of 11-12 ns (FWHM). The laser was injection-seeded with a distributed feedback
fiber laser in order to strengthen single longitudinal mode operation and to secure wavelength
stabilization. The power stability of the laser was measured to have an rms value of 0.3%.
Exploiting a polarized beam splitter, 15 mJ of pulse energy is separated from the useful radi-
ation. The splitted component shows a strong multimodal beam quality, a Hermite-Gaussian
mode TEM(, ;). The filtered radiation is then measured. The beam quality is obtained by
means of the 4-Sigma Diameter method with the aid of a camera. The analysis revealed a
M? = 6.14 and a M} = 2.80, for an overall average of M? = 4.14. The intensity distribution
has been deeply investigated during each imaging procedure in order to determine the max-
imum peak intensity in each critical device. Between the sagittal and tangential plane there
is a relatively small focal plane shift of 10 mm.

<> Beam Diameter x [l Beam Diametery

Diameter [um]

! | i d X s 4 X I ¥ i X L | § H 3 h 1
0 50 100 150 200
Position [mm]

Figure 5.5: Pump laser beam quality.

The beam point stability and the beam shape were sensitive to temperature. Then, after polar-
ization filtering the useful pulse energy amounts to 150-155 mJ. The beam shape exhibits a
strong center with hot spots. Considering the high energies involved, optical induced damage
must be experimentally or numerically obtained.

Figure 5.6: Pump laser beam shape.
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5.5.2 Singly Resonant Optical Parametric Oscillator

In order to design an OPO, a good beam overlap between pump and cavity mode should
be achieved. An high intensity is also a important parameter to enhance conversion effi-
ciency. The good beam overlap between the pump laser mode and the cavity mode enables
to extract from the cavity a signal/idler radiation with high spatial quality. Achieving high
intensities allows to access higher conversion efficiency, though too high intensities can lead
to severe optical damages. A trade-off must be realized, because in order to increase energy
extraction, the cavity mode should be enlarged, but this action requires to extend the laser
cavity, decreasing the conversion efficiency. It can be exploited a larger volume at expense
of the output beam quality as sub-optimal approach to boost energy scaling. Energy extrac-
tion scaling can be ideally enhanced exploiting longer crystals (to avoid any non-converting
region inside the OPO) and suitable curved mirrors to optimize the pump beam overlap with
the fundamental mode. Practically, the pump mirrors operating at exotic wavelengths (espe-
cially dichroic mirrors) are expensive and require several weeks if not months to be delivered,
making the optimization of the cavity challenging in practice.

The cavity realized was 3.5 cm long; the nonlinear crystal was a 5x7x12 mm?, AR coated
Rubidium doped PPKTP, the poling period was 38.85 pm to achieve degenerate type-0 down-
conversion from 1.064 ym. The dichroic mirror is a HT at 1064 nm and HR at 1800-2600 nm
with curvature radius r=150 mm. The output coupler was reflective at 1800-2600 nm with
R=50% and R=1% for 1064 nm. The simulated OPO cavity reveals around 200 pm mode
radius in the nonlinear material, as shown in Fig.(5.7).
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Figure 5.7: OPO ABCD simulation, red line describes for the fundamental mode, the col-
orized region indicates the KTP region.

The pump beam must be matched to the cavity mode in the crystal in order to excite the
fundamental mode. In this regards a beam telescope and a CCD have been employed to ob-
serve the effective pump waist and quantify pump fluence in the crystal region. The optics
employed for the telescope are two spherical lenses because the pump radiation shows a
relatively small astigmatism. A small tilt of the lenses was sufficient to introduce an effec-
tive asymmetrical focusing action, enabling to avoiud cylindrical lenses. The focal lengths
employed are f1=125 mm and f,=-50 mm, yielding a telescope reduction of 40% for the
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incoming pump beam. The pump beam is collimated inside the cavity crystal region. The
beam is directly inspected after the OPO dichroic mirror to observe the intensity profile and
to quantify the peak intensity achievable. This technique is mandatory to prevent optical
damages and optimize the pump beam for the OPO. The beam shape is quite structured,
requiring a deep analysis to be described. Indeed the use of different filters allows to iden-
tify the ”wings” and the ’head” of the pump beam. The camera saturation indicates that the
largest amount of energy is contained in the central peak. Indeed, the pump radiation has a
very sharp energetic center with a complex surrounding pattern.
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Figure 5.8: Pump beam before the optical telescope, the CCD is saturated in the center. On
the left the 2D image of the beam and on the right the 3D replica.
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Figure 5.9: Pump beam after the optical telescope. On the left the CCD saturated regime to
describe the "wings”, whereas on the right the beam hot spot is revealed.
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In order to define the damage threshold we considered that the central spike of the pulse
observed with the CCD (camera DCC1545M) contains all the measured energy. Each pixel
corrdisponds to 5.2 um x 5.2 wm. This analysis describes the worst case scenario, enabling
to rapidly address a safe operating zone.
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Figure 5.10: Pump beam radii evolution of the most energetic component of the pump beam.
The beam radii are estimated and plotted versus the position on the propagation axis.

It is clear that in the crystal region the pump beam width is nearly constant. Then, it can be
inspected the beam hot spot in detail, in order to address the damage threshold issue.
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Figure 5.11: Pump beam dimension and shape inside the OPO cavity, red and blue describe
the two orthogonal axis for the beam.
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The damage fluence for all the optical elements employed is around ~ 10 J/cm?.

2F
Fgaussian = 5 (524)

ﬂ-wgaussian

Experimentally we used a dummy KTP crystal to verify this method for the optical damage,
displaying good agreement with Eq. (5.24) related to the most energetic component of the
pump beam.

Analyzing the pump energy peaks, the most energetic part of the beam has w, ~ 310 um
and w, ~ 190 pm. The beam is collimated inside the OPO cavity. Exploiting the dummy
crystal we observed that 5.5 m.J is the maximum tolerable energy. This value is consistent
with a beam radius of 200 pm. For higher incident energies than 5.5 mlJ, the cavity experi-
ences optical damage. Indeed, recalling equation (5.24) the corresponding fluence is close to
10 J/em?.

5.5.3 [Experimental results

The OPO was aligned exploiting the green radiation, generated by Second Harmonic Gen-
eration. Once aligned, the cavity emitted red radiation useful to identify the start of the os-
cillation.

Figure 5.12: OPO visible radiation generation before and after filtering. Red radiation is
obtained with one pump photon and one signal photon.
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Figure 5.13: Detail of Fig.(5.4), system setup showing the OPO and the OPA. The pump
mirror is a curverd mirror with r=150 mm and the OC has R=0,5. The useful radiation is
selected by means of dichroic mirrors.
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The laser beam shape emitted by the (SR)OPO is directly measured by means of a pyrocam-
era, (Spiricon bandwidth: 13nm-355nm and 1.06-3000um, Each pixel is 80x80 pm?). The
signal is isolated by means of a dichroic mirror and collimated with a CaF lens.

Near threshold 200 w 300 W 400 W 500 W 1.5ml)

Figure 5.14: Beam shape for different output pulse energies.

The pulse duration is of only 7 ns. The pulse width is shorter than the pump pulse width
because of the required intensity threshold to trigger the nonlinear process. The conversion
efficiency of the OPO realized is high, reaching a 43 % for 3.5 mJ pump pulse energy. This
was the maximum pumping energy we used in order to avoid optical damage of the crystal.
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Figure 5.15: On the left the comparison between the temporal depleted pump shape and the
induced parametric temporal shape. On the right the OPO conversion efficiency.

The signal beam dimension after the CaF lens has an overall beam dimension 2w,=2.3 mm
and 2w, =3 mm, which is comparable to the pump beam after the telescope with magnification
x0.5. To achieve these dimensions out of the optical cavity the M? is calculated to be M? = 7
and M, = 5.5, considering as initial beam dimensions the pump radii realized in the crystal
region, Fig. (5.16). The output beam quality is comparable to the pump M?2.

It should be noticed, that the signal beam shape is far cleaner shape compared to the pump
beam shape. The amplification arm used 0.8 m.J seeding energy for amplification. An HWP
was used to optimize the polarization matching between pump radiation and signal radiation.
The amplification crystals were 12 mm long KTP Periodically Poled crystal with the same
periodicity of 38.86 um and surface AR coating.
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Figure 5.16: Output beam quality simulation

The OPO output is superimposed with the pump radiation along the OPA region. Am-
plification tests were conducted with one crystal and two crystals with identical features. In
Fig. (5.17) is presented the amplified pulse energy measured after the dichroic mirror.
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Figure 5.17: OPA output pulse energy and amplifier gain.

The maximum gain and conversion efficiency are respectively 35 and 21% employing two
amplification KTP crystals. The gain GG and conversion efficiency 7,,,, are derived as:

Eout ut
G =" 5.25
Eseeding ( )
Eoutput
amp — 5.26
77 P Einput ( )

The depleted pump power is significant during the amplification process, thus indicating that
further amplification can be achieved employing longer interaction lengths, such as longer
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crystals or more crystals. A more efficient approach would be to maximize the intensity
at each amplification stages, but this technique would require to engineer each stage with
dedicated optics. In this test, more than 50% of the pump energy is not converted. It must be
remembered that down conversion can generate a conversion plateau if the signals photons
are too numerous compared to the pump photons in a given spatial region.
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Figure 5.18: OPA output energy and pump depleted energy.

Then, the depleted pump radiation can be still used, creating the possibility to further increase
the overall system efficiency. The critical disadvantage of the OPO is the output spectrum.
The absence of seeding or intracavity frequency-selective components prevent to control the
spectral performance of the device, resulting in poor spectral purity.
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Figure 5.19: OPO emitted spectrum.

In order to reduce the optical bandwidth emitted a Bragg Reflector is placed instead of the
output coupler (cavity plane mirror). The reflectivity (diffraction efficiency) of the Bragg
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grating is of R=50%=+10% and the reflective bandwidth is 1 nm. The threshold damage is
comparable to the other optical components.
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Figure 5.20: OPO emitted spectrum with Bragg Grating Output Coupler.

Solid state Bragg gratings are able to drastically reduce the optical spectrum by narrowing the
gain bandwidth which can experience oscillation. However, Bragg grating are not attractive
because of the high cost per unit and a high sensitivity to alignment.

5.5.4 Backward-Wave Optical Parametric Oscillator

The BWOPO (or MOPO) crystal has an effective grating of 3x1x7 mm? uncoated, which is
realized inside a KTP crystal of 5x1x12 mm?3. The pump beam diameter is reduced propagat-
ing through a first telescope with magnification x0.5, after that a splitting arm is encountered
in order to carefully control the amount of energy which is delivered to the crystal. This extra
splitter is intended to protect the BWOPO before each operation, because of the extremely
valuable manufactured crystal.
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Figure 5.21: BWOPO crystal polished surface and grating period.
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Figure 5.22: Detail of Fig.(5.4), BWOPO seeder and BWOPO-OPA architecture.
The pump beam diameter is further reduced and then focused in the crystal region. The optics

are a couple of spherical lenses of 125 mm and -50 mm, followed by a CaF spherical lens of
250 mm focal length.
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Figure 5.23: Most energetic componenet of the pump beam for BWOPO imaging.

The lenses have been placed after the dichroic mirror for two specific reasons. Firstly to
avoid optical damage to the mirror and secondly to allow to re-image the generated signal
beam in the OPA. The pump beam radii realized are comparable to the smaller dimension of
the poled region, i.e., 1 mm. Second but not less important, the pump beam has to propagate
along the crystal without crossing the crystal poled region. Then:

2

27y = 2057

> lpworo (5.27)
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The damage threshold is then numerically derived and subsequentally tested with a dummy
crystal revealing a maximum pump energy of 6 mJ. 6 mJ are transmitted throug a series of
uncoated optics and surface, i.e., the uncoated lenses and the BWOPO input face. Then the
effective maximum is 4.66 mJ. The energy characterization is showed in Fig. (5.23-5.24).
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Figure 5.25: BWOPO energy conversion efficiency.

The system threshold is around 1.2 mJ of input energy. The nonlinear conversion efficiency
reach 20% for maximum input energy, of 4.66 mJ. At maximum pump energy, it is possible
to extract around 0.5 mJ of signal and idler radiations respectively. This is an extremely
interesting result, considering the simplicity of the system, which requires only a correct
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pump spatial and energy sizing. The possibility to grow bigger crystals and use pump beams
with higher spatial quality could further enhance the conversion efficiency and interaction
length.

The signal and idler wavelengths are respectively 1.855 pm and 2.494 pm (Fig. 5.25).
The optical bandwidths are extremely narrow compared to the OPO output spectrum. Signal
and idler display pulse durations of 3.3 and 2.6 ns, exhibiting spectra narrower than 0.2 nm

respectively.
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Figure 5.26: BWOPO signal and idler spectra.

The beam quality was investigated with a pyro camera. The signal beam is separated from 1
pum radiation by means of dichroic mirror. Then, after propagating through a low pass filter to
suppress any green and residual pump radiation, the signal beam is focused with a spherical

CaF lens with focal length of 350 mm.
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Figure 5.27: BWOPO signal beam quality.
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The signal beam quality has a comparable M? (Fig. 5.26) to the pump radiation, which is
an expected result considering the lack of optical cavity. Thus, to enhance the output beam
quality of a BWOPO system, it is necessary to increase the pump beam quality. Recalling
Fig. (5.22) the OPA stage is composed by several uncoated amplification KTP crystals. The
crystal available were 6, which were tested in order to identify the quality of each crystal.
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Figure 5.28: KTP crystals efficiency maps for BWOPO amplification.
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Each crystal was individually investigated to derive the normalized conversion efficiency
map. The method consisted in placing the KTP crystal inside the OPO cavity and observing
the conversion efficiency change for different crystal positioning in the plane orthogonal
the propagation axis. The resolution was given by the intracavity beam mode, which was
calculated to be 0.4x0.4 mm? spot area by means of ABCD matrix analysis Fig. (5.7). This
technique indicates the homogeneity of the crystal in terms of optical performance.

The efficiency map indicates the normalized crystal quality for the nonlinear coefficient.
After it was recorded the maximum conversion efficiency, each subsequent inspection was
related to the maximum. The dark blue pixel in Fig. (5.28) are the spatial region of the crystal
which could not sustain oscillation.

Prior amplification, the signal and the pump beam were superimposed after the dichroic
mirror in the BWOPO-OPA setup, (Fig. (5.22)) for optical parametric amplification. This
approach allowed to optimize the two beam overlap for each amplification region, i.e., non-
linear crystal locations. The crystals used for amplification, manufactured ad hoc for the
BWOPO amplification experiment at KTH, were uncoated KTP 8x8x15 mm? with 38.5 um
poling period. For amplification we used the crystal sequence 5-1-4-6 leading to an output
pulse energy of 17 mJ with 200 .J seeding signal energy and 150 mJ pump energy. If seeding
was interrupted after the dichroic mirror, only 3 mJ of nonlinear radiation (OPG) were gen-
erated. Considering the transmission of the dichroic mirror at signal and idler wavelengths,
their energies should be 12.5 mJ and 11.7 mJ for T,;y,,,=69% and T,4.,=73% respectively.
It is worth reminding that this is a preliminary investigation for BWOPO amplification, be-
cause of the absence of AR coating, which in necessary to drastically enhance the amplifi-
cation efficiency. The preliminary result gives an overall amplification efficiency of 8% for
only signal radiation, realizing an optical gain G=50.

5.6 Comparison OPO vs BWOPO

The widespread OPO technology is a very convenient approach to efficiently convert a large
amount of optical pump radiation. The cavity confinement enables to drastically enhance the
non linear interaction and for a suitable pumping region the OPO is also able to generate
a close to diffraction limited output. The spectral quality of OPO instead is a great disad-
vantage, because several modes are able to experience enough parametric gain. Thus OPO
requires additional spectral sensitive optical elements or external seeding in order to gener-
ate narrow bandwidth laser pulses. Thus the overall complexity is quite significant for OPO
with enhanced spectral quality. Comparing the OPO to the BWOPO, it can be noted the in-
ferior energy extraction. Indeed, the signal radiation is not confined in a cavity, preventing
an high conversion efficiency. However the system is able to generate pulses of hundreds
of 11/, more than enough for efficient amplification. The BWOPO could theoretically scale
enery extraction if bigger crystal could be grown. Currently, great efforts are made to further
increase the BWOPO performance. The BWOPO, thanks to the counter propagating radia-
tion, is able to self-seed itself. This is the cause for a narrow output spectrum, without any
additional spectral sensitive element. The optical beam quality is comparable to the pump
beam, pointing out the necessity of very high quality pump laser for nonlinear system based
on BWOPO seeders, similar to OPG devices. BWOPO laser systems are very attractive, be-
cause they offer sufficient energy output level, comparable M? to the pump beam quality and
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excellent spectral properties. In Tab. (5.2) it is summarized the two systems performance:

OoPO BWOPO
Conversion efficiency 43% 20%
Maximum Output energy 1.5mJ 400 pJ
Pulse duration 7 ns 3-4 ns
Beam quality: M? <5 <5
Spectral quality: Linewidth 73 nm <0.2 nm
Wavelength 2100 nm 1855 nm
Complexity High Low
KTP dimension 5x7x12 mm? | 5x1x12 mm?
Coating AR yes no
KTP poling period 38.86 um 500 nm
Operative temperature 25-30C° 25-30 C°

Table 5.2: OPO and BWOPO results comparison

The BWOPO technology represents an interesting alternative to the widespread OPO
technology. The BWOPO would enable to generate narrow bandwidth laser radiation at spe-
cific wavelengths, determined by the pumping radiation and grating period. The complexity
of the system is concentrated in the grow of BWOPO crystals of significant dimension. The
absence of the cavity and the attractive property of the KTP crystal are key factor to realize
simple and reliable optical converter for LIDAR systems. Furthermore OPA stages guarantee
reliable energy scaling.

OPO-OPA | BWOPO-OPA
Conversion efficiency 21% 8%
Gain 35 50
Maximum Output energy 28 mJ 12.5m]
Seeding energy 0.8 mJ 200 pJ
KTP dimension 5x7x12 mm?3 | 8x8x15 mm?
Number of crystals employed 2 4
Effective length 12x2 mm 15x4 mm
Coating AR yes no
KTP poling period 38.86 um 38.5 um
Operative temperature 25-30 C° 25-30 C°

Table 5.3: OPO-OPA and BWOPO-OPA results comparison

The BWOPO signal radiation was successufully amplified, preserving the spectral prop-
erties. Currently further investigation on the BWOPO signal radiation amplification are un-
dergoing in KTH.



Chapter 6

Conclusions

In this thesis, narrow bandwidth new DPSS laser architectures in the nanosecond regime,
interesting for different applications, were developed and characterized. In all the projects
I took part, the laser linewidth was a primary parameter, which is fundamental for several
applications such as Doppler LIDAR and HSRL systems. The spectral management, i.e.,
bandwidth tailoring, is a critical aspect for laser engineering. Typically laser sources require
complex optical solution to control the output spectrum. The self seeding technique is pro-
posed as a practical and successful approach for bandwidth tailoring for both conventional
laser sources and nonlinear devices.

In the first part of this work Single Longitudinal Mode (SLM) operation theory is de-
scribed within the possible techniques which can be adopted to enforce this specific regime,
necessary for transform limited pulse generation. Then it is also proposed a model for laser
operation in Passive Q-Switching regime which takes into account excited states absorption
in the saturable absrober, i.e., Cr:YAG**. This model is of immediate use in the understand-
ing the critical parameters and theirs selection during laser design.

The SISRO (Self Injection Seeded Ring Oscillator) architecture is the technology de-
veloped to implement self seeding. The SISRO enables to efficiently suppress spatial hole
burning and to seed the laser with an optical radiation, which is already frequency matched
and locked to the cavity. The architecture comprehends a ring laser cavity and an external
feedback mirror. The feedback mirror is used to redirect back inside the cavity one of the
two spatially separated laser output. This action unbalance the laser cavity and help switch-
ing from standing wave regime to travelling wave regime. At the same time, the dominant
laser longitudinal mode seeds the oscillator, thus amplifying the strongest oscillation. Laser
oscillators based on Nd:YVO, and Nd:YAG were observed to emit close to transform limited
laser pulses with laser linewidths ranging from few units of MHz to few tens of MHz. The
output pulse energies stood between few tens of n.J to few hundreds of 1.

The technique was refined to the point not to require any intracavity filtering element in
order to emit close to transform limited pulses of tens of nanosecond. The SISRO architecture
1s extremely simple, not requiring any expensive filter or additional optical sources compared
to conventional approaches. Nd:YVO, and Nd:YAG have been proven both reliable active
materials for narrow linewidth pulse emission, in the 1 um region. These materials are very
common in laser industrial engineering, enhancing the attractiveness of the SISRO technol-
ogy as a viable solution for narrow bandwidth laser emission. Pulsed operation is achieved by
means of Passive Q-Switching technique, which traduces in the use of a Cr**:YAG saturable
absorber inside the laser cavity. Then, the system has the attractive additional property to be
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an all passive, modular and reliable device. With the aid of a rate-equation based model of
pulse-to-pulse timing jitter in PQS lasers, we were able to significantly reduce this unwanted
effect. The pulse-to-pulse time jitter, which is a common critical issue for PQS oscillators has
been drastically mitigated by the implementation of a pulsed optical pump diode, achieving a
pulse-to-pulse jitter standard deviation comparable to the pulse duration. Thus, the SISRO ar-
chitecture represents a suitable candidate for doppler LIDAR sources and a attractive seeder
for Master Oscillator Power Amplifier design for high energy class sources, which can be
employed by the HSRL.

In addition opitcal parametric oscillators has been investigated for wavelength exten-
sion. Accessing exotic wavelength is difficult by means of conventional lasers. Nonlinear
techniques represent an elastic approach to generate wavelengths which can not be real-
ized efficiently and/or economically with current state of the art crystals. Optical Parametric
Oscillators (OPO) and Distributed Feedback Optical Parametric Oscillators (BWOPO), the
latter indicated also as Mirrorless Optical Parametric Oscillators (MOPO), have been de-
signed and tested for wavelengths extension of Nd:YAG source emitting at 1064 nm to the
2 um region. Nonlinear optical amplifiers were also realized to boost the oscillator energies
exploiting the same pump radiation. For both oscillators, spectral analysis was conducted
with output energy, pulse duration and beam quality. The nonlinear optical material chosen
was the Rubidium Doped KTP. This material is favorable for nonlinear applications due to
the high nonlinear coefficient and high damage threshold.

The self seeding operation realized in the BWOPO (or MOPO), enabled by the extremely
small poling period of few hundreds of nm, has proven successful to preserve the pulse
spectral quality, i.e. the laser linewidth. Pulse spectra of both signal and idler radiations re-
spectively at 1855 and 2494 nm were narrower than 0.2 nm FWHM. This is in contrast to
OPO technology, which does not permit to access comparable spectral performance without
a significant higher complexity because of the need for frequency selective elements or ex-
ternal seeding. BWOPO displays a series of attractive features which can push forward the
technology and potentially supplant OPO in certain fields, such as for remote sensing appli-
cations. The very low complexity, the ability to preserve the spectral and the spatial quality
of the pump radiation along with a reasonable energy efficiency places this technology as an
appealing component for LIDAR systems sources.



Appendix A
CAD drawings for SISRO

This appendix displays the technical drawing used to realize the mechanical parts for the
square SISRO. The material used in most of the objects is aluminium 6082, typically used
for space frame. Some of the most important properties of aluminium 6082 are:

* Aluminium 6082 Density: 2.70 g/cm?

+ Aluminium 6082 Thermal Expansion: 24 x10~6 /K

* Aluminium 6082 Modulus of Elasticity: 70 GPa

¢ Aluminium 6082 Thermal Conductivity: 180 W/m.K

+ Aluminium 6082 Electrical Resistivity: 0.038 x10~¢ Qm
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