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Abstract

High-efficiency laser systems play a crucial role in precision
measurements and smart technologies. Key performance metrics
include efficiency, beam quality, stability and noise; typical
design goals are high efficiency, low noise, good cavity stability
and, in the case of smart systems, compatibility with
optoelectronic integration. To guide modelling efforts, essential
physical concepts are summarised (gain, loss, threshold,
saturation, mode competition, coherence and stability criteria)
along with relevant laser architectures (solid-state, fibre,
semiconductor). Performance requirements for precision
measurements focus on stability, drift and calibration, while
those for smart systems emphasise integration, power and size.

Core principles underlying high-efficiency laser operation
are compiled. A summary of energy level transitions, stimulated
emission and rate equations covers typical parameter ranges.
Laser modes, longitudinal/transverse mode structure, coherence
properties and their relationship to beam quality factors are
described. Thermal effects and management strategies together
with their impact on efficiency and stability are presented.
Nonlinear optical effects relevant to high-power operation and
their influence on system performance are also examined.
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Chapter -1

Fundamentals of Laser Physics

A concise palette of classic laser physics concepts sets the stage
for later analyses. Energy level transitions, stimulated emission,
and rate equations govern laser action and provide characteristic
parameters. Modes of oscillation determine coherence and beam
quality. Thermal management relates efficiency to stability and
lifetime, while nonlinear processes constrain design space at high
powers. Together, these form the groundwork for high-efficiency
designs capable of precision metrology, smart technologies, and
other advanced applications.

Transitions between neighboring or adjacent energy levels
enable all-optical laser operation through population inversion
and stimulated emission. Coherently coupled allowed transitions
evolve pairs of time-dependent populations in a four-level
system. Scale variation leads to a systems approach, where low
signal levels and interdependent processes reveal the classical
gain-switch response and ultimately the full set of coupled rate
equations describing the axial and radial evolution of laser pulses
in time and space. Typical parameter ranges for these concepts
solidify the principal effects governing high-efficiency design
work, [:2:3.4]

History and Development of Laser Technology

According to the Merriam-Webster Dictionary, a laser is a
device that emits a beam of coherent light through a process of
controlled stimulated emission; with the word first appearing in
1960. Lasers have revolutionized society since their invention
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and have become important tools in diverse fields such as
telecommunications, medicine, industry, defence, and
entertainment. The history of lasers is a rich and colourful one,
involving fundamental breakthroughs in separate fields of
science and engineering. The following is a concise survey of the
key developments that made lasers a practical reality.

Lasers can be thought of as mechanisms for generating and
amplifying coherent light, and historical accounts generally trace
their development back to the established theory of stimulated
emission first articulated by Albert Einstein in 1916. Einstein’s
work, however, came long before anyone knew how to
implement stimulated emission in a material medium or how the
process could generate powerful beams of light. The fast forward
button can be pressed during the next four decades, characterised
by numerous advances in optics and quantum theory, as well as
the invention of the maser — an acronym for Microwave
Amplification by Stimulated Emission of Radiation — by Charles
Townes and Arthur Leonard Schawlow in 1954. Their invention
opened up a new area of practical exploration, and microwave
radiation, unlike visible light, could be generated and amplified
for the first time. The maser consisted of a closed cavity
containing a gas at low density whose energy levels conformed
to the peculiar requirements for a three-dimensional optical
amplifier. [5:6.7. 8

Basic Principles of Laser Operation

High efficiency is a common design goal in laser systems.
The efficiency is defined in the general sense of the ratio between
output useful power and consumed output power. In most
applications, the main source of power loss is the optical output
coupling, and it is therefore beneficial to maximize the output
power for a given pumping power and pumping excess over
threshold. Consequently, for lasers operating close to threshold,
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circuit regulation is often used to maintain a constant pumping
power. For laser systems servicing smart application, efficiency
is often expressed in terms of electrical-to-optical conversion
efficiency or wall-plug efficiency, especially for semiconductor
laser diodes.

The design of a laser is a complex interplay between
numerous factors of which key aspects are the gain, loss,
threshold, saturation effects, mode competition, spatial
coherence, and mechanical stability. The importance of these
factors for the specific application determines the design trade-
offs. For lasers servicing precision measurements, the stability,
long-term drift, and need for calibration are paramount, while for
lasers servicing smart operations, the electrical integration,
power output, and miniaturization take precedence. The
performance envelopes associated with these different objectives
vary widely and are incorporated through the design constraints.
Typical architectures are solid-state, fiber, and semiconductor
lasers, with a clear progression from precision metrology toward
laser source systems integrating the optical source,
photodetector, high-level signal processing, feedback for control,
and interconnecting with the environment using advanced
detection technologies. [® 10 1% 121

Types of Lasers and Their Characteristics

High-efficiency lasers use a variety of physical mechanisms,
architecture types, and gain media. For the greatest effect on the
efficiency objective function, the other parameters of the lasers
may be relaxed, leading to a widening of the performance
envelope. These devices also satisfy the stability, drift, and
calibration criteria in the short term. Consideration of additional
requirements permits the application of less common types of
laser, such as certain semiconductor and fiber devices. At least
one of the stabilizing methods must be applied to any laser
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intended for long-term use; the remaining lasers can be stabilized
by other means or simply used in short bursts.

Consumer electronics and telecommunications have driven
the rapid development of semiconductor lasers for 30 years. By
every measure, these devices are the most efficient thin-film
sources of coherent light; they can be made incredibly small and
incorporated into other semiconductor devices. This integration
enables the construction of complete optoelectronic circuits
capable of very high-speed modulation and detection. However,
while the best laser diodes are also the fastest and most highly
integrated light sources, they are not the most efficient or
versatiles. The diode laser’s characteristics are governed by two
fundamental factors: the internal efficiency of the active layer
and the optical confinement factor. These parameters can be
optimized to create lasers of minimal threshold power and high-
speed, but often at the expense of reduced efficiency. (13 1415 161

Laser Modes and Coherence

Lasers generate optical fields through the stimulated
emission of radiation. Such emission strongly amplifies the
radiation already present in the cavity mode. For each
longitudinal cavity mode, the complex amplitude of the radiation
field is generally described by the equation

\[\tilde{E}(z,t) = \underbrace{E_ 0 e™{i(kz - \omega
)} {\text{wave}} \times \underbrace{e"{\eta(z) -
\frac{1}{2}\gamma t}} {\text{gain}} \times \underbrace{e"{-
i\mu t}} {\text{phase}}\]

where \(z\) is the axial distance, \(t\) is time, \(E_0\) is the
mode amplitude at the intracavity anti-node, \(\eta(z)\) is the gain
per round trip, \(\gamma = \frac{\kappa_+' + \kappa_-"}2}\) is
the energy loss per round trip, \(\kappa_+' ( > 0)\) and \(\kappa_-
" ( < 0)\) are the partial losses at the cavity mirrors, \(k\) and
\(\omega\) are the wavenumber and angular frequency of the
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mode, and \(\mu\) is the modal frequency.

The phase relationship between the signal and the mode
competition process is governed by the phase term \(e"{-i\mu
t}\). The gain and losses can depend on the space coordinate \(z\).
However, in many cases the gain \(\eta(z)\) is approximated as
signal independent. Each transverse mode of the cavity will also
have an independent electromagnetic field and corresponding
cavity function. These modes will generally also possess
different patterns of transverse intensity distribution, and thus
different characteristic properties associated with the phases of
their tensor fields. The term in the expontential related to gain
can reach larger values for some modes than for others. Hence,
for a given pumping level, the signal develops preferentially in
the mode for which this term is at a maximum.

The beams produced by lasers are highly collimated and, in
the ideal case, the spatial distribution of intensity in any given
transverse mode is that of a single transverse Gaussian function.
Although the boundary for the transverse distribution can be
more complex than a Gaussian, the overlap with the TemO
function of the corresponding cavity mode can still be dominant.
Such a situation is usually associated with an ideal laser beam
where the facets producing the interface with the propagating
medium at the same back and front mirrors are designed precisely
to minimize divergence. The correspondence between Gaussian
beams and the paraxial electromagnetic field equations ar
important to laser physics. Interestingly, the axial and complex
amplitude distributions of these modes can be related to the
notion of coherence.

Energy Level Transitions and Stimulated Emission

Atomically precise preparation of quantum optical states
paves the way for novel optical applications. Single molecules
possess a wealth of energy level transitions; nonetheless, efficient
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optical pumping and readout remain elusive because the typically
large transition moments also facilitate fast decay rates. To
overcome these challenges, In))-coupled nitride molecules
provide a promising alternative as their energy transfer is
mediated via spin-exchange rather than the electric dipole.
Nevertheless, transitions within coupled sublevels still exhibit
fast radiative decay.

A laser is an ubiquitous optical device resulting from this
physical mechanism. Many different types of lasers exist. Some
details differ greatly and correspond to specific requirements that
optimize some laser characteristics or fulfill additional functions;
however, any laser is based on the same general ideas and
physical laws, and most laser physics is common to all types of
lasers, From the perspective of efficiency, consideration must be
given to the laser light generation and collection processes as
well as the properties of the gain medium, because they define
the laser, the optical signals involved, and the way they propagate
inside the system.

Although several configurations and architectures readily
fulfill the requirements for precision metrology purposes, the
demands set by smart technologies call for new concepts and
designs. Sufficiently high integration levels are required for
compatibility with photonic integrated circuits, allowing
sensitive and fast responses and fast response times. Therefore,
extensive control capabilities, enabled via cutting-edge artificial
intelligence algorithms, further enhance the practicality and
functionality of these systems. Pushing for high efficiency is a
common objective in the design of all laser systems. Technology.
Technology. However, for lasers at the service of precision
measurements, emphasis has been put on stability, drift
compensation, and calibration need. Most pervasive and clever
piezoelectric stages are incorporated to achieve precision levels
on the millimeter scale. (1718 19, 20]
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Chapter - 2

Optoelectronic Engineering Basics

A number of optoelectronic systems are integrated into modern
life. Often combined into a single package, they include light-
emitting diodes (LEDs), lasers, photodetectors, and sensors for
controlling signals. Solid-state devices are typically rapid,
energy-efficient, compact, and lightweight. The optoelectronic
control of microelectromechanical systems (MEMS) is also
under investigation. Engineered in large numbers, these tiny
machines can be used to implement a variety of advanced tasks
when networked together. A related technique called LIDAR has
proven very powerful in surveillance and robotics.

Progress in the fundamental physics of the devices and in the
integration of optoelectronics with electronics accounts for many
of these advances. Semiconductor materials enable speed and
integration advantages, but photons operate with different
physical principles than electrons, and LEDs, lasers, and
photodiodes do not have the same speed or efficiency
characteristics. Laser diodes combine the speed of a laser and the
compactness of a diode. A deeper understanding of their
fundamental operation has led to improved performance and the
ability to extend the existing domains of LED and photodiode
technology.

Semiconductor Material Selection: The basic building blocks
of optoelectronic devices are semiconductor materials. The
threshold for luminescent operation is simply a combination of
the effective mass of the charge carriers and the bandgap of the
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material. In order to operate in the visible range, semiconductor-
based lasers must be made from materials with bandgaps between
1.85 and 2.5 eV, and these materials must either be compound
semiconductors or highly strained binary semiconductors. A key
concept in the design of semiconductor lasers and LEDs is the
combination of the active material and the chip structure. For
laser diodes, it is important to use the gain medium that has the
largest possible gain coefficient and lowest cross-section for non-
radiative recombination. In general, the energies of chemical
processes that involve the disruption of chemical bonds and the
formation of new bonds largely exceed those of electronic
excitations in matter, [21:22 23, 24]

Fundamentals of Optoelectronic Devices

A wealth of optoelectronic devices are present in modern
laser systems. Considerations of their speed, integration density,
wavelength range, and detection efficiency are all crucial to
achieving high-performance systems. Optical activation of a
semiconductor layer bank allows for the injection of optical
signals at MHz-GHz speeds, surpassing standard electrical
driver limitations. These signals can serve multiple purposes:
enabling high-speed data transfer with minimal noise impact
between laser subsystems, associating low-intensity errors to
multiplexed mode-control subchannels, or even controlling
diffractive optical elements for electro-optical modulation at
MHz rates. Advanced technologies provide the capacity for
electronic cameras to sense photons with sub-visible energy
levels—capable of alerting and activating high-density laser
response to incoming threats.

The integration of lasers and detection in a single
optoelectronic device provides a highly compact bottom layer of
a smart photonic system. Laser diodes can operate beyond GHz
speeds and exhibit higher efficiency than LEDs. Their low-power
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response makes them suitable for laser distance meters and
optical beam tracing, with frequency and phase demodulation
simplifying detection by inexpensive devices or even by the
LIDAR system itself. Advanced technology development opens
new spectroscopic detection options using low-energy-promoted
nanoparticles and dye cryptation. The combination of photonic
sensors capable of highly selective ultra-fast emission, combined
with actuation devices triggered by strength proximities, allows
standing on the edge of beam tracing directed-fire or dipping

bead—that is, rapid successive approach of tiny optical sources.
[25, 26, 27, 28]

Semiconductor Materials for Optoelectronics

Optoelectronic components rely on the interaction of light
with semiconductor materials. The bandgap of the semiconductor
material determines the emission or absorption wavelength of
these components. For a given application, the intensity and
speed of operation are determined by the choice of the
semiconductor structure. Different operating conditions must be
considered when a laser is used as an emitter or a detector.
Integration capabilities and low-cost manufacture make
semiconductors the best choice for smart systems.

Semiconductors typically possess an indirect bandgap,
leading to inefficient radiative transitions. The efficiency of
semiconductor light-emitting diodes (LEDs) can be increased by
using structures that favour radiative recombination but such
devices remain inefficient as lasers. Laser diodes, however,
utilize an active region of small volume where stimulated
emission predominates. This “ultra-fast” effect leads to the
possibility of optical communications with integrated laser-PD
(photodetector) pairs at very high frequencies (>10 GHz) but
these devices cannot be used for metrology. Indeed, the quantum
efficiency of a laser diode can reach 95% but is usually decreased
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when used in a photodetector mode. A photodiode can be made
with a much larger area than a laser-emitter, increasing the
chance of collecting light-signature photons and so achieving the

best success in LIDAR and other optical-range measurements. 2%
25, 14, 30]

Photodetectors and Photodiodes

Photodetectors are devices that convert optical signals into
electrical signals. They can broadly be classified into
photoconductor, phototransistor, photoresistor, and photodiode
types. Semiconductor materials cut for photoconductor and
phototransistor types demonstrate limited speed and dynamic
range, but are the most commonly used among photodetectors
due to good device speed, quantum efficiency, integration
potential with optical sources, and a favorable speed-
performance trade-off for laser applications.

The general structure of a photodiode consists of p-n or p-i-n
junctions in the active region and the front/BG contact structure.
The available active area of a photodiode is influenced by the
position of the front contact and the optical coupling with Optical
Source. In semiconductor laser-based systems, the photodiode
acts as a match filter to receive the optical information most
efficiently, requires a very small active region (often smaller than
very small area-independent LED), and must maintain a good
quantum efficiency681.

The common photodetector architecture is based on a
combination of front and back illuminated photodiodes of
semiconductor type parallel to a fast avalanche phototransistor
with low noise and dark current. This configuration combines the
advantages of increased sensitivity by integrating a photoassisted
transistor with gain, maintaining low noise and two-dimensional
confinement provided by the small area photodiode. Such
combinations are extensively used in optical communications.
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Photodetectors can also be considered smart when they provide

more output information than simple detection of light levels. Bt
32,33, 34]

LEDs and Laser Diodes

Because they operate concurrently as emitters and receivers,
optoelectronic systems are more efficient than traditional
alternatives by one or two orders of magnitude and can be easily
integrated. These and other advantages of optoelectronic devices
stem from fundamental properties of their constituent
semiconductor materials rather than specific design choices,
hence speed, efficiency, and integration capabilities of these
devices are quoted in order of decreasing performance. Laser
Diodes and LEDs exploit spontaneous and stimulated emissions
to produce light in a manner analogous to the natural process
occurring in atoms and ions. Nuclear transitions occur in matter
due to the exchange of virtual photons between levels of
forbidden energy, be it during the dropping of an atom from a
higher to a lower energy level or during the absorption of energy
by an atom to promote it to an excited state of greater energy.
Conversely, the emission of photons with longer wavelengths is
associated with forbidden transitions between energy states of
nuclei in the crystal lattice of the semiconductor. Hence, time
taken for atoms or ions to drop or rise between energy levels can
be ensured to be very low simply by forcing stimulated emission
to dominate over spontaneous emission, bursting out waves of
coherent energy of great intensity. High-intensity and high-
efficiency light sources based on these principles are known as
Laser Diodes.

Laser Diodes differ from LEDs in many ways. The former
are designed to return light into the device, while the latter allow
light to escape in a free-space lens. The LED allows transverse
and longitudinal modes to develop independently, hence
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momentum absorbed by its momentum is realistically lower than
to give the element a high quality factor. However, as shown in
the previous section, to give the laser diode a high quality factor,
the transverse dimensions must be made very small, hence, the
length of the laser diode is limited to few microns in order to gain
high intensity. The Laser Diode can be thought as an oscillator
possessing two mirrors, one of which is semi-transparent similar

to the LED, hence both these devices can be integrated in a single
chip. [29, 25, 35, 36]

Integration of Optoelectronics in Modern Systems

Advances in the semiconductor industry open numerous
avenues for smart or intelligent system development, integration,
exploration, and generalization. Complementary-metal-oxide-
semiconductor (CMOS) integrated circuit fabrication capability
enables integration of various circuitries on a single chip to meet
a specific application. Internet of Things (1oT) networks can be
formed using sensors and electronic modules. Such CMOS
device fabrication capability is gradually being extended to
include optoelectronic devices. Optoelectronic components,
namely light-emitting diodes (LEDs), laser diodes (LDs), and
photodetectors, presently made with discrete technologies can be
combined with the electronic parts of 1Cs. These types of passive
components offer flexibility in terms of choosing material
systems to meet specific application needs such as speed, power,
and temperature ranges. Modulation speed can also be optimized
when low-performance devices are combined with high-speed
photodetectors. Only limited development in optoelectronic
integration is yet achieved.

Integrating all functions onto a single chip makes many of the
smart system requirements easier to accomplish. Measurement
device-like functions can easily be realized in such systems.
However, there have been few attempts to combine fabs-enabled
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optoelectronic  devices with other IC-based electronics.
Nevertheless, the prospect of monolithic optoelectronic
integration is encouraging. While LED-based systems may be
sufficient for low-power applications requiring simple-color
illumination, new applications require multi-chip devices as a
result of color-mixing needs, power requirements, and color-
gamut expansion of displays. Smart technologies allow all
electronic gadgets to be interfaced with high-speed computing
systems and be integrated into web-based sensor networks.
Connections can also be established to high-performance
parallel, grid, and cloud computing systems. Sensor networks
that are easy to maintain enable monitoring of security systems,
plant growth, and weather trends, while detecting and counting
pollutants. (57 38.39.40]
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Chapter - 3

High-Efficiency Laser Design

High-efficiency laser systems find applications in precision
measurement technologies as well as smart devices that integrate
measurement and control tasks into one platform. For such
devices, performance envelopes are defined in stability and drift
specifications, calibration requirements, power, size, and
potential for integration. Precision measurement often combines
several physical measurement approaches, such as spectrometry,
distance measurement, LIDAR, and laser ranging, whose
accuracies and resolutions are compared.

To achieve high efficiency in laser design, general principles
and model calculations are first outlined, and then the key
concepts of laser physics and optoelectronic engineering related
to these operating regimes are summarized. These principles are
later extended towards stabilizing the output signal of the laser
diode and towards exploiting the optical aspects of artificial
intelligence technology. The principles of laser physics and
optoelectronic engineering are intentionally discussed separately,
as the primary applications for lasers usually lie in their optical
effects, with most of the other technologies simply using them as
optical sources.

Laser systems are generally complex engineering objects
involving many cases of multidisciplinary design and trade-off
optimization. The numerous factors that must be taken into
consideration for the specific application vyield infinite
combinations of laser-system parameters and measuring
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conditions. However, for each specific design, it is essential to
define the objectives and application region first, and then the
relevant physical concepts and equations, which thereafter serve
as the basis for decision making in designing the unique laser
system and interpreting measurement results. The laser-specific
performance properties, such as modulation speed, signal-to-
noise ratio, and thermal stability, depend on operating conditions
and trade-offs, and are therefore defined in the performance
envelopment for the laser. [41: 42 43.44]

Optimization of Laser Cavities

Fundamentally, laser efficiency is determined by the contrast
of gain and loss in the optical cavity. Accordingly, laser cavities
are optimized to restrict thermal or quantum noise as far as
possible in relation to optical power. The cavity mirrors are
coated with dielectric layers designed for maximum reflectance
at around the laser wavelength. To achieve a high power-to-heat
ratio, the cavity length is chosen to operate in the region of
maximum thermal gain per wavelength (i.e. quiescent oscillation
on the cavity mode or modes of lowest loss). Extending cavity
length enhances mode stability in solid-state lasers (with curved
mirrors) and fiber lasers (where mode radius is favored away
from the core-cladding interface). In semiconductor lasers, a
short cavity length minimizes the number of differential pieces
of the gain profile that compete for oscillation. Power-scaling via
an increase in the number of gain elements is preferable to
extending the length of a single element.

Cavity design also impacts beam quality by controlling the
transverse-mode spectrum. High-power designs often prioritize
efficiency over beam quality. A diffractive optical element at the
output coupler can relieve limitations imposed by the cavity
geometry. In a multisection laser-diode, the shape (or absorption)
of the fundamental mode can also be adjusted to tailor the output
pattern using a spatial-light modulator. [45 46 47. 48]
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Power Scaling and Thermal Management

In industrial-grade systems, thermal effects are decisive.
Scaling of solid-state laser power often requires stacking power
into a 1D or 2D system, and such scaling still leaves heat load per
thickness with a strong dependence on the thickness itself,
leading to serious thermal effects. As materials shrink in size
(becoming a few hundred micrometres thick), thermal
management often becomes less than optimal because the surface
area-to-volume ratio becomes lower, and half-couple heat
dissipation with the surroundings contributed by the optical
coatings also drops. By applying the low resonator-surface-to-
volume-ratio design principle, such thick heated surfaces can
therefore be replaced by hot areas with a much higher surface
area-to-volume ratio. Instead of having high average gain per
mode circumference and gain saturated only at the high peak
power levels, one can inject more saturated mode-pump powers
while keeping the integrated gain lower.

For fiber lasers and semiconductor laser chips, the design
involves nicely transferring the pipe-like gain medium to the
pipe-like position of the resonant cavity. The trade-off between
an efficient system and laser power that can be switched on and
off is determined by the time constant of the energy-depletion
switch mechanism (i.e., the effective time constant of the storage
medium compared to the lifetime of the resonator cavity). But for
fiber lasers, the two-dimensional thermal diffusion becomes
important when the power exceeds a certain level. To minimize
thermal effects and obtain an efficient system without sacrificing
turn-on and turn-off speed, one has to ensure that the three-
dimensional energy deformation does not take place in the
resonator cavity. [4% 450,51

Page | 16



Beam Quality and Divergence Control

Laser beam quality determines how laser radiation matches a
desired intensity distribution and temporal/spatial coherence.
Practical indicators encompass transverse beam quality factors,
which characterize the spatial profile in the plane wave
approximation, and, more generally, brightness—defined as the
radiation power across a given solid angle per unit projected area
or the integral of the intensity profile within the beam cross-
section.

From an applications viewpoint, beam parameters should suit
the intended purpose: scanning/illumination tasks favor high
divergence; while miniature optical systems with deep sub-
wavelength fading demand additional collimation; long-distance
links need low divergence; and deep-UV nanophotolithography
with facile atom-level resolution and pattern fidelity seeks sub-
wavelength spot size. In laser-visualized systems, a beam size
larger than the desired projection on the object is the usual layout,
since a smaller beam requires an optical scheme—or a radial
symmetrical laser with outward aberration—launched into time
and an optical scheme on its way out. Such a design softens the
transition boundaries and dispenses with worries about the high
divergence, but at the expense of efficiency.

Control in beam quality or divergence is achievable by
appropriately employing nonlinear interaction optical crystals,
compressive optics, or hierarchically combined optics layers
coded with the angular distribution of beams at successive
propagation stages. Methods for checking external feedback and
stabilizing anisotropic crystals with suppressed directivity, self-
focusing capabilities, susceptibility to depletion, excitation, and
distortion, and free boundaries. Fulfilling two conditions
associated with solid materials is usually sufficient for
establishing laser operation: the best reflectivity at the laser
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wavelength and low thermal influence of emission on the crystal
nature. [52. 53.54,55]

Gain Medium Selection and Efficiency

Selecting a suitable gain medium is pivotal for high-
efficiency laser design; it critically affects the pumping and
cooling channel designs and has major consequences on stability
and lifetime. Efficiency assessment is an essential and sensitive
aspect of the design. Non-radiative decay is usually detrimental,
reducing efficiency and generating additional heat. Strong
absorption of the emitted wavelength by the active material and
low gain in the cooling range must be avoided for efficient
operation.

Experimental results on spherical 1-um laser diodes
demonstrate that a p-n-junction surface normal external-cavity
laser provides more than 30% wall-plug efficiency with a
divergence factor of less than 10. Temperatures of external-
cavity semiconductor lasers can be stabilized to a few milli-
Kelvins, and the active-material test structure has negligible
thermal resistance. A surface-emitting InAs/InP laser diode that
operates at 3.48 um and generates a maximum output power of
9.6 mW has been developed. Selective oxidation of the double-
heterostructure layer allows achieving a sufficiently high-index
contrast for the fabrication of microdisks with a very low
threshold current. Reversed-mode-waveguide operation is
demonstrated for the first time in a focused InP-InGaAsP double-

heterostructure vertical-external-cavity surface-emitting laser.
[56, 57, 58, 59]

Minimizing Noise in Laser Systems

Preventing noise in laser systems guarantees that their high
spectral purity and beam quality remain unaffected. Although
noise can be inherent to laser systems, it can be actively reduced,
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mainly through feedback circuits that return a small portion of
the optical output to the pump process. These loops can be
designed to suppress amplitude fluctuations by utilizing the
physical process of optical feedback or to control the laser
frequency. These two mechanisms are often combined,
controlling the amplitude noise through optical feedback and
frequency fluctuations through external control. However, the
gain or loss of the feedback loop is not always the determining
factor in the amount of noise that can be suppressed.

Indeed, large amplitude noise should not be canceled by
using large gains on the feedback loop; otherwise, regions of non-
uniqueness in the laser dynamics are entered, with the risk of
instantaneous switching between two different power levels. The
optimum gain can therefore be computed by carefully balancing
the noise coming from the additional input signal to the laser and
the Johnsen-Anderson noise present in any laser system. Large
amplitude noise also carries a lot of information about the system,
S0 a better approach is to use the additional capacity of the loop
to hide its sources rather than cancel the noise altogether. The
goal is then not to obliterate the noise signal but to selectively
filter part of it to reach a higher signal-to-noise ratio at the output.

Passive noise suppression naturally comes with any
environmental isolation effort. A laser system placed on a soft
air-cushioned suspension can diminish all vibrations by several
orders of magnitude. Whenever the noise sources in the
environment are fast-moving or soft to a particular resonance of
the system, an effective dampening is achieved. A hundredfold
improvement in noise would require a thousandfold isolation of
the noise sources. More details about the physical processes
causing the noise in laser systems and about these mitigating
techniques can be found in foundational texts on laser theory and
on research papers. [60: 61.62,63]
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Chapter -4

Laser System Modeling Techniques

Mathematical models of laser systems are established using rate
equations and Langevin considerations. The dynamics of lasers
under varying pump power, temperature, and optical feedback
are described. Modeling approaches are reviewed, focusing on
numerical simulation techniques and finite element analysis for
thermal and mechanical aspects. Criteria for the correctness of
mathematical models, calibration processes, and uncertainty
quantification are discussed.

Rate equations based on a four-level gain medium model are
derived and allow for the study of temporal behavior and power
scaling. In addition to the standard approach, the Langevin
treatment of include external sources of noise, such as those
induced by thermal fluctuations or optical feedback. Typical
tools for numerical investigations are introduced, including
multitasking routines and control systems that speed up
parameter searches.

These rate equation models characterize the temporal
behavior of lasers, subject to both configuration and external
perturbations. Feedback from an external mirror or external
cavity can be either intentional (used in external cavity lasers) or
incidental (induced by the environment). In long systems,
discrete pulse solutions are particularly relevant and identify the
fundamental length-scale for nonlinear amplification delimited
by the time taken for the pulse to traverse the active region. For
high-rate applications, such as materials processing, low-latency
jitter is paramount, [64 65.66.67]
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Mathematical Models of Laser Dynamics

Laser systems can be described mathematically using rate
equations, treating the population density of the upper laser level
and energy in the cavity as the essential variables. These
equations describe laser operation under broad pumping and
thermal-balance conditions and consider thermal effects, laser
feedback, and spontaneous emission into the free space as
perturbations.

Rate equations based on the development of the laser
frequency distribution and expanding for small values of the
feedback factor are suitable to model the operation regime at
relatively small temperature and pumping variations. Nonlinear
optical processes, such as mode-locking and frequency
conversion that can be exploited in laser systems, are also
addressed. Mathematical models describing more complex, low-
loss laser systems and accounting for other variables such as
temperature and the pumping power of the laser can be found in
specialized literature. A detailed study of the laser system
dynamics using numerical simulations is essential to confirm the
qualitative behavior predicted by the analytical treatment.

Highly specialized software tools such as COMSOL
Multiphysics allow the coupled solutions of arbitrary governing
equations in partial or ordinary derivatives and the finite element
methods to be applied for a wide range of problems in physics
and engineering. The integrated environment offers specialized
modules for applications in semiclassical optics, photonics,
acoustics, heat transfer, and solid mechanics, among many
others. Such software packages can also be used to model laser
systems through the coupled solution of the laser rate equations
and the thermal or mechanical governing equations.
Approximating the laser by a spatial domain with simple
geometry allows the engineering programs to be used for hand-
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held, dynamic-interaction, or multi-physics modeling of laser
systems. The authors' finite-difference numerical simulations of
thermal and stress diffusion support typical equations. [68 69.70.71]

Rate Equation Modeling

The discussion of laser operation cannot be complete without
addressing the fundamental equations governing laser behavior.
In the simplest configuration, a laser can be considered a system
of coupled oscillators: a driven optical system interacting with a
reservoir of majority carriers available for stimulated emission.
Indeed, assuming transverse equality (infinite transverse area)
and operating close to one transverse resonator mode, the laser
cavity can be modeled as a driven harmonic oscillator obeying
the classical wave equation. Simultaneously, as long as the
amplitudes remain small, any transverse growth can be described
by the amplitude envelope equation with one transverse cavity
mode. Such a model leads to the following equations in the
stationary regime, where the energy reservoirs adapt nearly
instantaneously to the variation of the light field in the reflector
cavity.

Rate equations for the average number of carriers of groups e
and h in the laser material of area A can also be derived. Here,
the pumped atom density per unit of volume that can be used for
stimulated emission is N = NO - N1 - N2, N1 being the density of
atoms excited to the first upper state and N2 that of atoms excited
to the second upper state. Additionally, a typical plot of N*
versus optical intensity corresponds to a rate equation model of
the laser dynamics when considered in connection with the laser
power equation before the es and I'g terms are derived, often as
in the case of the saturation. The final form is a system of rate
equations that model the dependence of P,, the optical intensity
in the gain medium, and N* on the laser operation. [2: 7374, 75]

Numerical Simulations of Laser Systems
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Recent trends in photonics indicate that artificial intelligence
and the Internet of Things will play an increasing role in control
and monitoring tasks. Increased automation and smart features in
laser technologies, however, imply a growing need for integrated
laser systems, capable of providing substantial optical power and
a highly performant sensor. These require extensive signal
treatment, often proceeding with time delays. Such constraints
also apply to optical sensors, which are instrumental for surface
characterization, high-accuracy positioning or distances
measurement, and remote mapping and exploration (LIDAR). In
addition, optical metrology can also benefit from new trends in
artificial intelligence and the Internet of Things, which can
enhance adaptive optics and other intelligent laser control.

For smart technologies, further improvements are still
desirable in terms of density, speed, and efficiency, which
ultimately derive from semiconductor optoelectronic integration.
This approach has already led to the development of optical
transmitters and receivers that benefit from a relatively high
degree of integration. More ambitious proposals aim at
integration within the same die of a voltage-controlled laser
transmitter associated with a photoreceptor capable of covering
the entire optical band, making it usable to encode signals from
the IR to the visible band. The ultimate goal of smart optical
transmitters consists of offering even greater performance by
operating not only as transceivers but also as sensor devices
capable of measuring parameters such as temperature and
humidity. In this way, these devices would be able to provide not
only high-density communication but also feedback for smart
management and control in applications such as warning systems
or in environments with a high likelihood of natural disasters, for
example, earthquake-prone areas. /6 77 78 79

Finite Element Analysis in Laser Design
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The implementation of finite element analysis enhances
modeling of complex thermal or mechanical aspects of laser
performance, such as material indicators which may be integrated
into condensed thermal sinking layers in order to make advanced
laser sketches.

Modeling within a fiber laser system serving for
harmonic/TAL generation reveals special attention on thermal
dynamics while illustrating it as a growth area of numerical
model sophistication.

In laser systems, the evolution of light emancipation and
squeezing, relaxation phenomena, feedback institution, or mode
characteristics is chiefly described by rate equations, while their
use for thorough inspection of heat dissipation, stability, or
optical output Amit integrally develops feasibility in chosen
aspects of assessment rather than provides a fully predictive
representation. However, for robustness, the interest on heat
management, whether passive or active, can compel resort to
finite element analysis (FEA). This specialized modeling
approach primarily simulates the rate of heat diffusion, and often
considers the involved diffusion capacity of materials, or so-
called Fourier thermal equation: 0TH ot = 1 IVTI(k IVT 1)
(Ubuntu, 2020). Here TH, and TH, k and k, ¢ and ¢ H are the
temperature T, the time t, the heat conduction coefficient, the heat
loss density, and the robustation accelerating coefficient of the
component being modeled, H, respectively.

A different yet equally important approached is taken when
investigating part of a Yb-WC fiber laser system whose
generating characteristics encompass assymetric (also random)
spectral distribution and a low~medium squeezing level.
However, as the operating parameters alter through a relatively
wide range, the aim regards the system sensitivity to drift rather
than its emitting dynamics, and a proceeding Knowledge
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Discovery in Database (KDD) technology, encompassing data
fuzzification and modeling by means of adaptive neuro-fuzzy

inference system (ANFIS), is selected for eghat analysis. [8% 8182
83]

Model Validation and Accuracy

Accurate modeling of laser systems and controlled
technologies hinges on knowledge of the operating principles
underpinning the processes of interest. Such a foundation
empowers the identification and quantification of the underlying
equations for the employed models, thus enabling realistic model
implementations. Because the field of laser systems encompasses
an expanse of disciplines and concepts, the following discussion
aims to highlight three main elements. The first part centers on
the crucial elements of laser systems necessary to achieve high
efficiency and high precision, by providing key concepts,
equations, and typical parameters.

The second part focuses on the main physical concepts and
phenomena underpinning advanced laser designs, while the third
part aims to answer a complementary question: What must be
ensured when modeling a laser system under a specific aspect,
such as thermal behavior?

The modeling framework of laser systems under any
specified discipline has to evolve from these topics towards the
desired performance aspect of interest—stability, signal-to-
noise-ratio, coherence, threshold behavior, and so on—and
identify within those topics the equations governing that
behavior. This identification permits the unavoidable parameters
of the equations to be specified with the relevant physics, thus
ensuring accuracy in that aspect of the model. It is then essential
to assess model behavior in the remaining topics, identifying
potential drawbacks or limits introduced by the narrower focus
while achieving high accuracy regarding the main element of
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interest. Doing so allows quality or limitations of these aspects to
be translated back into the final system specification either with
a simple post-processing of the results or via sensitivity analysis
through uncertainty quantification. [84 4385 861
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Chapter - 5

Nonlinear Optics in Laser Systems

Laser systems naturally embody nonlinear effects—all physical
systems are nonlinear when pursued to sufficient intensity. The
resulting consequences can enhance the ultimate laser
performance, while simultaneously introducing complications
that may degrade beam quality or stability. The following
outlines nonlinear optical phenomena that lie within a laser cavity
and possess sufficiently broad transport times to affect the laser
dynamics. Nonlinear optics external to the laser system—such as
those encountered in high-power laser applications—maintain a
direct connection with the optics of laser operation; these will
also be examined, as they represent the most common method for
generating radiation at wavelengths other than that provided by
the laser gain medium.

The trade-off between beam quality and laser power is a
result of the diffraction-limited nature of laser operation—the
higher the peak laser intensity, the smaller the possible beam
area. With modern lasers contemporaneously pushing towards
higher output powers and smaller beam sizes, one may ask
whether the ultimate trade-off can be breached. That is, can
larger, higher-quality beams be produced, in a similar fashion to
shortcircuiting thermal losses by way of a cooled optic, but in
reverse? Nonlinear optics appears to offer a route: as the optical
intensity increases, the light interacts significantly with the
material, and the refractive index becomes intensity dependent.
Essentially, the medium becomes self-focusing at higher
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intensity levels. These phenomena not only manifest
considerable wavefront distortion leading to degradation of beam
quality, but may also alter group velocity in a manner that breaks
the approximation of constant refractive index, leading to

generation of superluminal and even negative group velocities.
[87, 88, 89, 90]

Introduction to Nonlinear Optical Effects

Nonlinear optical phenomena are emerging fields of research
that has gained significant attention owing to their potential in
applications in photonic integrated circuits, biophysics, quantum
information technologies, materials processing, and laser
engineering. Nonlinear optics fill the gap between quantum
optics and classical electromagnetism and consider the
interaction of light with matter in an electromagnetic
environment with a possible high-field intensity, i.e. strongly
non-paraxial, with phase-matching conditions for second-
harmonic generation or self-focusing. Compressible turbulence
and noise of lava flows are other phenomena considered in the
field of nonlinear optics.

Owing to their strength and speed of dynamics and non-
resonant nature, optical processes prove to be much faster and
easily controllable for the realization of transformative photonic
technologies and devices. Nonlinear optical effects encompass
four successive processes. Nonlinear electrodynamics is the field
of nonlinear optics, providing the response of matter and
transparent dielectrics characterizing the laser medium.
Nonlinear optics focuses on phase matching and efficient
conversion of radiation, and coherent inductive coupling in
small-volume media. Nonlinear optical phenomena consider the
analysis in an electromagnetic environment and the generation of
nonconservative fluids for laser-mechanical vibrations and
optical phase locks in separated laser loops. [°% 92 93 941

Page | 28



Second and Third Harmonic Generation

The production of light at various wavelengths in the
nonlinear optical region using laser radiation would not be
feasible without the nonlinear optical properties of materials
capable of frequency-doubling or more generally of generating
light at the harmonic frequencies of incident light. In most
systems acting as nonlinear optical media, the fundamental
frequency is often a laser one and the nonlinear optical
phenomenon being exhibited may be harmonic generation,
difference frequency generation, frequency mixing or parametric
generation.

In Kyropoulos—type crystals, KTP single crystals have been
developed for second-harmonic generation of Neodymium:
Yttrium Aluminium Garnet lasers. Frequency-agile laser systems
near 800nm are necessary for a number of applications including
fibre-optic communications, telecommunications, medicine, and
reflectance confocal microscopy. Applications where tunable
near-IR laser sources are used generally require significant power
at the longer wavelength. It is well established that both the
efficiency and power conversion of a second-harmonic
generation process become extremely rapid when both
wavelengths are of comparable order, which can be achieved
using standard Kyropoulos-grown KTP. The MAPLE process
permits low-temperature layer growth of a variety of complex
organic systems onto single crystals of other materials suitable
for device applications. The deposition—-reaction systems were
demonstrated for the regulation of ultraviolet laser damage and
healing recovery processing of KTiOPO4 surface. [%5: 96 9]

Self-Focusing and Self-Phase Modulation

Nonlinear phenomena are of paramount importance in
femtosecond laser technologies. During pulse propagation in a
medium with a self-focusing nonlinearity, focusing occurs, either
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spontaneously or because of an external configuration. Such a
focusing can be destructive because the peak intensity may then
become excessive and damage the material. The effects of self-
focusing and self-phase modulation are usually responsible for
the generation of solitons. During the evolution of a self-focusing
wave packet in a nonlinear medium, the width of the packet
becomes smaller, leading to an increase in the peak intensity.

Nonlinear media exhibit a nonlinear refractive index n with
respect to electromagnetic waves. A laser beam in a nonlinear
medium induces a perturbed electric field in the medium, and the
refractive index can be expanded in Taylor series in terms of the
electric field. The first-order term represents linear refraction in
the medium, while the second-order term corresponds to the
phenomenon of wave mixing, including parametric generation
and four-photon mixing. It is the third-order term that gives rise
to self-focusing and self-phase modulation. Phase matching can
also be satisfied and/or the nonlinearity may correspond to the
propagation of coherent beams. The transverse profiles of the
beams may be any complex functions of the transverse
coordinates, provided they are conjugate to each other.

These nonlinear phenomena are critical for high-power
picosecond and femtosecond lasers, both in the laser system itself
and in the interaction of the generated radiation with various
materials. In high-power laser systems, the nonlinear refractive
index plays a fundamental role in the establishment of the laser
dynamics. Self-phase modulation of the pulse has its advantages
and drawbacks. On one hand, it can induce a dramatic frequency
broadening of the pulse that allows for the generation of octave-
spanning spectra; on the other, or on the same, it can lower the
beam quality due to the strong transverse intensity variations it
creates. [98 99, 100]
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Applications in High-Power Lasers

When a high-power laser beam travels through a nonlinear
medium, the beam undergoes changes that depend on the
properties of the laser beam itself and the medium. The light-
matter interaction can be described as a wave equation that
includes a nonlinear polarization term; this leads to new
frequency generation through a nonlinear optical process. For
example, an intense laser beam can produce electrical fields in
the medium that result in a medium refractive index change
proportional to the light intensity. Such an effect causes the beam
to focus into its self-phase-modulated spectrum or produces self-
focusing. These changes, together with reabsorption and other
effects, can affect the transverse quality of the laser beam.

High-power lasers are increasingly used in several nonlinear
optical processes and their combinations, such as frequency
doubling, multiphoton ionization, and quenching, which are used
in laser-material interaction, laser machining, and laser-assisted
chemical processes. The generation of high-frequency photons,
for example, ultraviolet and X-ray photons, is of important
technological interest. The frequency down-conversion of a laser
beam in a nonlinear crystal has been extensively investigated. A
proper selection of the crystals allows a more efficient frequency
doublings of high-power lasers and wave mixing. High-power
lasers can be used to deposit thin layers of semiconductors and to
produce electronic transistors on their surface. Many of these
processes involve more than one nonlinear optical support to
achieve the desired result in a single step. [*7: 101, 102, 103]

Nonlinear Optical Materials

Materials exhibiting nonlinear optical properties can induce
non-negligible changes on the refractive index or absorption of a
high-intensity optical beam, and such processes can be profitably
exploited for wavelength conversion. Second-order nonlinear
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effects such as frequency doubling or sum-frequency generation
enter naturally into many applications, primarily because of the
importance of generating coherent radiation in the UV or in
spectral regions where efficient solid-state lasers are presently
unavailable.  Conversely, self-focusing and self-phase
modulation — that arise from the intensity dependence of the
refractive index — may severely degrade beam quality. Efficient
second-harmonic generation is generally only obtainable with
quasi-phase-matched structures.

A wide range of nonlinear optical materials has been
classified on the basis of the dominant order of nonlinearity.
High-power laser radiation can now be converted to the visible
and ultraviolet regions by means of second-harmonic generation
in suitable crystals or glasses. More recently, results on sum- and
difference-frequency generation, optical parametric oscillation
and optical parametric amplification have been reported for a
number of nonlinear media, both bulk and quasi-phase-matched.
In the case of third-order nonlinear media, the phenomena of two-
photon absorption and three-photon absorption are recognised
nonlinear absorption processes that usually only occur for high-
peak-power nanosecond or picosecond pulses. Such third-order
optical phenomena can have a negative impact in an optical
system. Nonetheless, these nonlinearities can be employed for
applications such as self-phase modulation, four-wave mixing,
self-focusing and soliton formation in fiber and bulk materials.
Nonlinear materials with hyper-Raman and thermal-lensing
properties have been reported, and Kerr effects have been
exploited.

Materials with sufficiently large thermal coefficients or
pronounced fluorescence a can be potential candidates for cavity-
dumping experiments. Nonlinear-optical studies that explore the
voice and cry of matter have been and are being investigated.
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Nonlinear-optics measurements are performed by taking
advantage of coupling with the low-frequency phonon modes in
the crystals. The application of mid-infrared radiation is not
restricted to probing the voice of the matter, but is also envisaged
to image the matter at a sub-diffraction scale. Remarkable
progress has been made in developing the nonlinear optical
properties of ethylene glycol, which is projected to be not only a
model substance for studying the optical Kerr effect but also a
probe of ultrafast dynamics of crystalline samples. [104: 105,106, 107]
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Chapter - 6

Laser Control and Stabilization

Maintaining laser stability remains a critical aspect when
employing a laser system for precision measurements,
particularly when these measurements require ongoing
calibration and drift minimization. Intrinsically, high-
performance laser systems exhibit optical elements and coatings,
selection of the gain medium, and pumping conditions.
Nevertheless, one must still consider some form of control to
maintain precise measurements throughout elapsed time.

Two distinct categories of control techniques exist: active and
passive stabilization. For active techniques, at least a feedback
loop senses a fluctuation and modifies a given parameter in real
time in order to counter the perturbation. Typical noise sources
include the optical path length, frequency or amplitude
modulation of the laser output, and the cavity response to
temperature changes. By contrast, passive stabilization
techniques employ component redundancies to suppress noise; in
such cases, the phase relationship between noise contributions

from the redundant components should be chosen carefully. 1%
109, 110]

Active and Passive Laser Stabilization

Lasers offer outstanding brightness, monochromaticity, and
coherence. However, due to their inherent physical mechanisms,
they are sensitive to thermal variations, cavity alignment, and
mechanical vibrations, leading to instability in output power,
frequency, and phase. Such randomness is associated with laser
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noise, arising from environmental perturbations and dynamic
forces like pump fluctuations and amplified spontaneous
emission. For precision measurement applications, lasers must be
stabilized, either actively or passively. The former involves
control loops that modulate cavity parameters based on output
signal feedback. Passive techniques, on the other hand, involve
mechanically decoupling the optical cavity from sources of
disturbance, reducing the transfer function.

Active stabilization approaches encompass two control loop
types: amplitude and frequency. Amplitude stabilization
minimizes power noise by adjusting cavity loss via a variable
optical attenuator. Frequency stabilization maintains output
frequency by actively controlling the cavity length. Both
strategies individually reduce noise in their respective domains
but present limitations on joint application. An alternative
method employs laser phase feedback to mitigate amplitude
fluctuations. Furthermore, feedback mechanisms can isolate the
laser cavity from disturbances, enabling suppression of other
noise sources through bandwidth analysis. [ 112 113, 114]

Frequency and Amplitude Control

Maintaining laser emission at a single frequency is essential
for a wide range of applications. Such frequency stability can be
achieved with passive or active cavity stabilization techniques,
both of which ideally require a long cavity to make the optical
length extremely sensitive to physical perturbations. A feedback
control system can also stabilize the emitted frequency by
modifying a cavity parameter in a way that counteracts frequency
changes. The gain curve of a laser can be manipulated for
amplitude stabilisation using two approaches. The first one
modifies the gain curve to compensate for intensity fluctuations;
this strategy often involves using an additive modulator and an
external modulator. The second approach is based on external
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feedback, where a portion of the output beam passes through an
intensity controller before re-entering the laser.

Control loops can be implemented to correct amplitude and
frequency fluctuations. These loops include an optical system
where a small portion of the beam is directed onto a
photodetector; an electronic part that processes the detected
signal and actuates upon the gain medium, the external
modulators, or the phase shifters; and an optical feedback that
uses a virtual or a physical optical path. Alternatively, laser
systems can be modulated using intensity-shaping modulators
incorporated in the optical path. Such amplitude modulation
directly on the laser signal may introduce spurious noise

components, hence a careful design of the modulation setup is
required. [115:17.116,117]

Feedback Mechanisms

Feedback mechanisms are ubiquitous in technical systems,
enabling diverse applications across biology, technology, and
industry. Properly designed, feedback stabilizes complex
systems and reduces noise. In laser systems, accumulated
experience suggests strategies for stabilization.

Active feedback applies an external closed-loop control
mechanism to stabilize laser properties, providing modulation
and suppression of certain noise sources. Loop architecture
determines characteristics such as delay and noisiness; upper and
lower control limits can be specified. Varies aspects of laser
operation can be controlled, including frequency, amplitude, tilt,
and beam displacement.

Feedback configurations reduce laser noise by responding to
processes sensed in generated wave fields. Re-injected light is
processed by the laser gain region, mitigating noise
amplification. The degree of feedback influences noise
characteristics; small amounts generally enhance behavior.
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Processes sensed and mitigated can include amplitude, phase,
frequency, and spatial mode. Feedback schemes should ideally

operate independently of laser choice and be tuned for minimum
noise. [118. 119,120, 121]

Noise Reduction Techniques

Noise reduction in laser systems encompasses both active and
passive techniques. Active stabilization requires measurements
of the quantity to be stabilized and, according to the feedback
principle, applies appropriate corrections. In passive control, no
measurements of the stabilized quantity are made, and the
feedback loop usually controls the laser characteristics by
making the laser dynamics automatically regressive: the laser
tends to return to the same behavior as soon as it is perturbed.
Active methodologies exploit the coupling between different
degrees of freedom to mitigate the effect of noise sources; laser
physics enables the modulation of several laser parameters,
including pump power, the refractive index of the gain medium,
and the external cavity length. Properly controlling these degrees
of freedom can improve laser-device performance and obtain the
desired properties.

Common active stabilization methods include frequency and
amplitude stabilization, as well as amplitude-control systems that
rely on modulation of the pumping current or power and a
feedback circuit to minimize the noise-induced variation of the
error signal. Passive linear damping of amplitude noise in
semiconductor lasers exploits the natural nonlinearity of the laser
dynamics, which generates slow increases and decreases in the
intensity. In addition, passive optical feedback exhibits a
favorable influence on laser intensity noise by appropriately
controlling the feedback parameters. However, passive methods
may not always be suitable—the interplay between relatively fast
and slow control mechanisms must be understood, particularly
when the amplitude is actively damped. [111122.123]
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Environmental Effects on Laser Stability

Noise sources in laser systems and engineering and
experimental measures to reduce the corresponding instability
can be classified into two groups: internal and external. Internal
effects can be compensated or mitigated via specific design
choices and operating modes, while external impacts, e.g.
temperature variations or acoustic perturbations, must be
separated from the laser cavity or compensated using external
control loops. These energy- or amplitude-related perturbation
sources tend to modify overall laser power, thereby modifying
the gain and loss balance of the cavity mode; if competing cavity
modes with very different path lengths or temperature
dependence are present, frequency deviations may also be
substantial.

Electro-optical or acousto-optical modulators, as well as fibre
Bragg gratings placed in the optical cavity, can be used to
implement power stabilization feedback loops. The phase or
frequency of the laser light can be stabilized by injecting an
external source of precisely defined frequency and amplitude into
the cavity, thus providing the laser with a reference signal that is
difficult to phase or frequency-lock using only the laser’s internal
dynamics. An overall noise reduction strategy is to separate
frequency-shifting and amplitude-modulating noise sources and
control them independently. Finally, for precision applications or
sensitive sensors, high-coherence lasers based on prisms or
magnetooptical equipment may also be considered to reduce
sensitivity to environmental influences. For these setups, noise
from Kramers-Kronig relations is highly disturbing.

For semiconductor and fibre lasers, temperature-related drift
and phase jitter can be particularly detrimental in precise timing
applications, as they combine to modify the instant on-off of the
laser state. The use of simple half-open causal time-delays has
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been reported to be effective in reducing timing jitter without
amplifying the overall signal. Nevertheless, external
environmental modulation is usually difficult to control; for fibre
lasers, the strongest perturbation typically comes from acoustic
waves in the index supporting medium. Active noise-cancelling
control systems based on acoustics or Schumann waves have
recently been proposed and successfully implemented.

For vibroacoustic measurement techniques, the signal itself
carries a high-frequency perturbation that modifies the laser
power; fast modulation of the conditioning modules has proven
useful in compensating for this perturbation in vibroscopy
experiments. Optical traps face acoustic modulation because the
bead pressure-induced air layer elasticity acts as a loudspeaker.
In fibre lasers the output amplitude has been observed to redefine
the overall laser noise characteristics, suggesting an
electromagnetic interference model similar to that applied in
quantum optics; phase-jitter control is thus external, as in optical
trapping with ultrasonic sources. [*24]
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Chapter - 7

Precision Measurement Technologies

Precision measurement with optical systems encompasses a
variety of techniques that utilize light to operate with exceptional
accuracy. Precise distance measurement can be performed using
laser interferometry, where the optical path length is directly
measured. Alternatively, optical distance measurements,
commonly known as LIDAR (Light Detection And Ranging),
utilize the time of flight of optical pulses to determine distance.
These techniques are supported by spectroscopic methods, which
infer distance from measurements of the Far- or Doppler-shift of
optical frequencies.

Optical systems designed for precision measurement must
achieve low measurement uncertainty. Uncertainty budgets
define how the contributions to measurement error from all
sources combine to determine the ultimate precision. The
individual contributions depend, in general terms, on the
precision of the optical system used to measure the distance, and
the amount by which the distance being measured must be
calibrated during the measurement process to compensate for
variable environmental factors. Thus, while precision
measurements are often regarded as being synonymous with high
optical stability, a good design can allow calibration to reduce the
uncertainty without needing to reach the extreme stability
required for calibration-free measurements.

In laser distance measurement systems, an optical frequency
is measured using the optical frequency comb technique or by
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direct counting techniques. The absolute distance value is then
determined by substituting the frequency into one of the
aforementioned formulas. Because the total distance to the retro-
reflector is known, the error caused by calibration can be
reduced. The uncertainty of these systems relies heavily on the
data both sources of uncertainty. While high-precision distance
measurement techniques rely on the optical stability of the
sensor, LIDAR does not, as random error sources immediately
affect the optical signal strength during the time of flight. As a
result, such distances are considered more accurate and reliable
than remaining measurement techniques. [125: 126, 127, 128]

Interferometry with Lasers

During interferometric measurements, environmental factors
may introduce fluctuations in path length, degrading
measurement  quality. Actively stabilizing the optical
interferometer by compensating for vibrations in a closed control
loop can substantially reduce uncertainty. However, while active
stabilization is effective at eliminating low-frequency noise, it
generally incurs an extra noise contribution in the high-frequency
domain, as the optical path length must be measured and
compensated. Active control, therefore, often leads to a reduction
in the overall noise level only within a limited frequency band.
Passive stabilization techniques utilize methods such as vibration
isolation to suppress the noise source directly. Optical feedback
or external temperature stabilization can also reduce path-length
fluctuations arising from misbehaving optical components,
improving measurement quality far beyond the uncertainties
associated with optical source coherence. On the other hand, they
cannot eliminate the fundamental limitations imposed by optical
source noise.

Laser-based distance measurement takes advantage of the
inherent low noise of coherent detection. An interferometric laser
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range-finder consists of a light source, an optical beam-splitter, a
beam-expander, a distant corner-cube reflector, a second beam-
splitter, and a balanced photodetector. The time delay between
transmitting and receiving the laser pulse is used for range
calculation. Since the accuracy of laser-based distance
measurements is dominated by the uncertainty in estimating the
round-trip propagation time of the pulse, careful calibration is
essential. Calibrating these devices can be tedious because the
required pink noise is not normally present in the environment.
Protocols permitting range-finder calibration using prior distance
measurements have been proposed to reduce effort. These
approaches, however, cannot entirely avoid the need for explicit

calibration, such as for micrometer-range industrial scanners. (2%
130, 131]

Laser-Based Distance Measurement

Interferometers are devices that exploit the interference of
optical waves. Their operability relies on the generation of
coherent light and a suitable beam splitting and recombination
device that provides the optical path length difference necessary
for optical wavefront interference. An extrapolated distance L
can be obtained by counting: L =n (A/2) + p plus an optical phase
measure in radians ¢, so that the scaled precision of the distance
measure is

\[\frac{\Delta L}{L} = \frac{1}{2n} + \frac{\Delta \phi}{2
\pi},
\I

because the wavelength of light is usually very small
compared to other optical path lengths, an error in estimating n,
the number of optical halfwaves along the beam direction, has a
negligible effect. In practice, however, n is difficult to establish
accurately and, therefore, greater measurement precision is
achieved by monitoring the additional optical phase offset
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relative to a reproducible reference.

For such measurements to be useful, it should be possible to
implement the measuring device at a distance L in a different
location from the principal optical source. Coherent distance-
measuring devices use a fixed optical reference representing the
measurement control of distance in the laboratory and a
transponder located at the distance to be measured. A pulsed laser
source flashes the coherent light, which is reflected back to the
laser source by the transponder. The pulse repetition frequency is
selected to achieve a round-trip distance equal to the speed of
light divided by that frequency. An optical phase measurement
between the transmitted and received pulses is then made in the
implementation mirror at the same time that the optical distance
of the transponder is being calculated.

Lidar (light detection and ranging) uses laser pulses shining
onto natural surfaces and objects and measuring the
backscattered signal to obtain distance information. The Time-
of-Flight approach works by determining the time that it takes for
a short laser pulse to travel out to a distant target and return. To
determine distance, the speed of light is precisely known, and
hence the round-trip time, t, can be measured. The temperature
dependence of the speed of light in air has to be accounted for in
applications where accuracy significantly exceeds several
centimeters. The precision of these distance measurements is
usually good enough for the laser to be pointed at test targets
before the measurement results are displayed. [132 133, 134]

LIDAR Systems and Applications

LIDAR (Light Detection and Ranging) is an active optical
method for three-dimensional imaging of objects at distances
beyond the range of the human eye. Short pulses of laser light are
focused on a measured object, and the light scattering back to the
source is collected by a receiving telescope. The distance of the
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object is accurately measured by timing the round-trip time of the
light round-trip time of the light pulse. Scanning these light
pulses across the scene allows images of large areas, such as
entire cities, to be recorded. From these optical measurements,
distances, three-dimensional shapes, and even other optical
properties of ground, buildings, and other scene elements can be
extracted.

LIDAR has advanced quickly in recent years, often using
solid-state lasers or laser diodes that are modulated at high speed
to form overlapping zones at large distances. Information such as
laser intensity is encoded into the return signal using time-of-
flight detection methods. Furthermore, the application of LIDAR
sensors to robot vision and automated navigation has led to
specialized designs capable of operating in particular
environmental and operating conditions. LIDAR has also gained
popularity in airborne imaging, where the parallelism of the laser
beam greatly increases the signal-to-noise ratio (SNR) by
concentrating the optical power at large distances, [135: 136, 137, 138]

Spectroscopic Techniques

Classical methods of laser frequency stabilization allow
ensuring a high-frequency and phase stability of laser radiation
for long periods of time, primarily through the use of high-Q
optical cavities. However, the necessity to maintain laser
radiation with ultra-low noise in both frequency and amplitude
regions over long distances often requires additional methods of
frequency stabilization. These methods can be combined with the
already existing stabilization techniques, thereby significantly
improving the total properties of the laser. Nevertheless, while
allowing one to control the damping of laser frequency noise in
a reasonably wide range down to a level less than one tenth of the
theoretical quantum noise, the practical implementation of all
possible techniques should be limited — otherwise it can lead to
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oscillations of undesirable, difficult to predict control mode(s).
In practice, for high power lasers (especially, fiber and disk
lasers), control of laser amplitude fluctuations is therefore usually
achieved only though passive means.

Nonlinearity is one of the most interesting phenomena in
contemporary optics. Nonlinear optical effects provide a means
for frequency conversion, supercontinuum generation, pulse
compression and many other useful applications. As all optical
materials exhibit nonlinearity to some extent, it is also possible
to use nonlinear optical properties to enhance the performance of
high power laser systems. The extent to which such effects can
be utilized in high power lasers, however, is limited by
requirements for high beam quality, low noise and other
performance criteria. Expansion of parameters of laser systems
with regard to nonlinear effects, therefore, must be considered
careful |y [17, 139, 103, 140]

Calibration and Error Analysis

Calibration is vital to achieving the stated accuracy of every
interferometric technique. Interferometric cofiguration, Laser
distance meters and the associated calibration Protocols
remained in the foreground of this short overview. From the
underlying physics to possible error sources, much emphasis was
placed upon testing Inclusion and Error Budgeting. In the
Multiple Light Detection and Ranging-LiDAR- Section All the
content was featured where Error Analysis enters the Stage.
These Methods allow for a better Understanding of Accuracy,
Resolution, Cost, Robustnes, logistic Feasibility to and
Suitability of different Techniques in Distinct Applications.

Like Like Distant illumination and a returned signal are the
core of Light Detection and Ranging-LiDAR- Systems, their
Emission and Reception are the drinking water of Resource
Lighting To an Existence Databse. Although Accuracy plays a
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Crucial Role in the Effective LIiDAR Operation, extensive
Research regarding the Cause of the Uncertainty Traceable in
LIiDAR Systems hes to date brought a very sparse Outcome.
Techniques that deliberately Dedicate the Quality of the LIDAR-
Mapping to precise Error Confirmation and might therefore
Compensate for Cost and Performance Constraints of Mapping
LiDAR require quite another Kind of Treatment than Techniques
where the Purpose is to consistently Minimise the Errors in the
produced Map.

Lateral-Hole Fibers offer a unique potential for foliate
interdependent Sensor Integration. The complete Structure
Lessens the Practical demands of the Sensing Environment and
allows for the Connection of multi-Hole-and Surface Lateral-
hole Fibers in any Direction within a Portrait, Tandem-or even
3D-Network. These Advantages as well as Future Researched
Non-exhaustive ldea Catalogues hold incredible Potential for
their Inclusion in the Sensing Networks of an autonomous Car.
Inspecting highway or Forest Areas for Danger Recognition
becomes Realistic through a "Drive heureka-stick System" with
Small-Sized Lateral-hole-Fiber-Vertical-Operating-Mode
Integrating Alarm or Immobil Tyre-Options.
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Chapter - 8

Smart Laser Systems

The forthcoming Lidar generation capitalizes on laser-induced
dynamics to recreate three-dimensional pictures or videos of
objects and the surrounding atmosphere. New intelligent
approaches implement structured laser beams and integrated-
phase control for spatial specification, and offer noise router
channels and real-time shot-to-shot error compensation in
adaptive optical setups. Such node loops track and control
centred vulnerabilities, channel noised variations, patterned
errors, and any correlated solvent variation of the measured area.
Support from Al renders automation possible and pushes beyond
regular utilities. Sensors offer concentrated data, thus relating
conservative shields and monitoring paths without continuous
interaction. All this turns the Lidar idea into a part of a far-
reaching smart monitoring layer based on sensor webs, open to
all users.

Laser systems connect with Neural-Associative information
layers through the laser control unit. Intelligent path design
exploits Physics and offers extra results hidden in classic models.
Adding Al brings more history information to the Neural-
Associative layer, enabling the system to upgrade learnt
calibration from sacrificial work and on-line models tuned during
use. Potentially, control design may follow Zhao's model and
furnish appropriate optical feedback. Coupling Genesys
Emulators with Lidar technologies could enhance camera system
design, by pursuing spontaneity instead of control. Similar
connections promise wider gain, [14% 142, 143]
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Al-Enhanced Laser Control

Robust control schemes enhance performance under
fluctuating operating conditions, while machine learning
augments adaptability. Integrating a cascade of complementary
control techniques collectively improves automation and system
reliability. Self-learning routines adapt optical operation,
stabilizing brightness and spectral output against temperature and
flow variations. Testing adapts a semiconductor laser installation
for intelligent endpoint monitoring of a temperature- and flow-
sensitive manufacturing process. Supervised and unsupervised
classification exploits a low-dimensional spectral embedding to
optimally store the mappings. Operational mapping enables
smart supervision of multimode laser brightness against
temperature-induced flow variations.

Machine learning algorithms automatically detect control and
supervision scenarios requiring human intervention. Laser
control incorporates these mechanisms to provide a solution for
the influence monitoring. The optical setup is a semiconductor
laser with a gas housing, whose optical return path is directed
through two monochromaters before feeding the peripheral
detectors. The gas is within the pivotal application domain of
semiconductor lasers, as brightness and spectral output depend
strongly on flow and temperature.

Integrating laser systems into larger intelligent platforms
requires connection to dedicated or general node networks for
data exchange and process feedback. Optical sensing readily
exploits the spectral response of light sources, with
environmental influences directly affecting the information
content.  Environment-potential use of supervised or
unsupervised learning provides the frameworks for optical circuit
cloud storage in intelligent platforms. Such approaches enable
efficient real-time mapping of contamination influence or flow
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metrics. Classical mapping paradigms controlling physical
effects though are still time-intensive and suited only to slow-
responding processes. As an alternative, the control architecture
can bundle learning routines that self-learn how to map
temperature and flow. These engineeered processes derive
parallel stages controlling brightness or spectral output from an
optical circuit right from available data. Therefore, such optical
routing employs Al to discover use in easily sensing quality
response through simple spectral evaluation, [144 145146, 147]

Adaptive Optics in Laser Systems

Active optical aberration compensation radically improves
the capabilities of laser systems, enabling extremely sensitive
detection and imaging through turbid media or with long and
complicated optical paths. Real-time tuning of the wavefront
compensated thousands of phase changes per second in a non-
coherent laser source. Such adaptive optics innovations also
empower super-resolution imaging based on fluctuating intensity
signals, combining 3D localization techniques with an active
optical correction of spherical aberration.

Computational adaptive optics, implemented in standard
two-photon microscopes by manipulating only four optical
components, suppress the influence of optical aberration that
grows dynamically during in vivo imaging without special
calibration. Such low-cost solutions can further benefit total
internal reflection fluorescence microscopy, improving the
fidelity of protein distribution maps in living brain tissue and
allowing for sub-wavelength localization precision in 3D super-
resolution imaging. Full-wave optical imaging of embedded
dynamics holds great potential by combining full-wave modeling
and high-speed wavefront shaping with suitable localized
dynamics, such as fluorescence-active nanoparticles and others.
Expanding the application of laser sources through adaptive
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optics with real-time feedback achieves exciting results in many
areas, [148. 149,150, 151]

Laser Integration in 10T Devices

The emergence of a vast number of IoT devices and the
request for local intelligence and intelligent monitoring and
control functions in unattended applications will make lasers an
important part of the integrated devices. Laser integration in 10T
devices for control and feedback will be important for several
applications. When it comes to environmental monitoring, for
instance, laser-based temperature or other physical sensors with
a smart electronics interface can be integrated. An array of
monitors can be created for different parameters, where each
element of the array continuously sense the parameter and send
them through a smart control system. These data can be used for
future predictive strategies. The future smart laser devices,
supported by Al algorithms, will be able to continuously monitor
the status of the circuits and controls and carry out predictive and
predictive maintenance without human interaction.

Another important part of today’s technology is the advent of
machine learning and Al concepts. Smart laser systems with
external recognition and control units connected through a cloud
will also give rise to smart laser systems capable of intelligent
monitoring and control. Examples include: the presence of air
density change that signal the presence of movement in a border,
the presence of laser light in the air at unusual places, that may
suggest the presence of wild animal crossing, and other situation
monitoring where responses or alarms can be generated. Smart
networks of these devices working together through intelligent
external algorithms will provide better prediction and corrective
responses, beyond a distributed set of data capturing single event
characteristic only. [152 153, 154,155]

Smart Sensors and Laser Feedback Loops
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Smart technology enhances devices with computation,
communication, automation, sensing, and control capabilities to
facilitate various tasks. Such capabilities can be incorporated in
many forms, including monitoring system parameters, predicting
development, implementing feedback loops, adapting to
changes, and interacting with user environments. In this context,
laser systems can also be enhanced by integrating optical sensors
with feedback loops for automatic adjustment of control
commands or processes. Smart features are expected to augment
existing capabilities of laser systems and ease operations. In a
practical implementation, an image-sensing array was employed
for smart monitoring of laser-illuminated objects in dark
environments, giving rise to a smart LIDAR-like system.

In this use of a laser as excitation source, a feedback
command was generated if light reflecting from an imaged object
is detected by the sensor array. A higher-accuracy laser-based
positioning system was proposed, in which the normal distance
is externally monitored by an optical sensor. Adaptive optics
(a.0.) improves the quality of laser beams by compensating
diverse perturbations encountered during propagation in the
atmosphere. Typically, closed-loop a.0. systems operate on
information obtained from a wavefront sensor and control mirror
elements. Furthermore, techniques used in automated machine
learning can enhance the adjustment of parameters in laser
systems. These smart enhancement technologies can also be
implemented in other laser systems, expanding the concept of
intelligent laser platforms beyond mere smart technology.
Intelligent optimization over a broader system level can enhance
laser properties for the directed application while still preserving
the overall smart aspect. [156: 1571
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Future Trends in Intelligent Laser Systems

Future directions for intelligent laser platforms are
highlighted, focusing on integrating artificial intelligence into
control schemes and knowledge-based components. Efficient
sensor networks, cloud data storage and processing, and the
Internet of Everything allow implementing advanced and
adaptive control of lasers for specific applications by automatic
selection of parameters, modes, and feedback loops. Enhanced
control leads to optimized performance, improved stability, and
reduced calibration effort. Research and technology development
for monitoring, diagnosis, and safety play a key role in laser
evolution toward smart technology. The interface between laser
optoelectronics and the surrounding environment determines the
dynamic behavior. Specific sensor networks acting on the laser
can increase the system reliability and offer automatic
monitoring. Artificial intelligence-based algorithms can improve
operations success by selecting the optimal control parameters
for setpoints and execution over days or months. An adequate
description of the integrated system may require several sensors,
whose data can be efficiently and economically processed by
cloud computing. The integration of highly developed electronic
sensing and processing technology with an immediately
surrounding laser system creates a demanding environment for
research, stimulating both knowledge generation and new
products. [158, 159, 160]
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Chapter - 9

Quantum Optics and Lasers

The topics of quantum optics and the role of fiber lasers in
precision measurements are examined. Quantum noise sources,
coherent light properties, and single-photon sources are
described. The basic premises of fiber lasers, mode-locking
operation, and nonlinear optical effects in fibers are presented.
Finally, the use of precision measurement based on these
techniques and the application of fibers in integrated photonics
systems are outlined.

Quantum fluctuations are inherent in optical fields; when
laser coherence is preserved, these fluctuations contribute to the
total noise. Because laser powers can be very high, shot noise is
the leading term in the noise expression and imposes a limit on
the uncertainty of a measurement. Quantum noise is particularly
relevant in advanced laser configurations with very low noise,
such as squeezed-state and frequency-entangled sources; it
represents a fundamental limit that is not possible to overcome.
Therefore, quantum noise should be introduced when a
measurement is analyzed, especially when using very short
coherent pulses.

The analysis of fiber laser systems is important because of
their wide range of applications and benefits, such as
compactness, immunity to contamination, wavelength versatility,
and by the incorporation of a number of nonlinear effects,
together with a moderate complexity of the mathematical
description. Very high peak powers can be achieved with no
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degradation of the optical components. Also, dispersion and
nonlinearity can be compensated for during propagation, and the
small size facilitates Fiber-Integrated Devices. These advantages
are particularly important for precision measurements and in the
development of smart devices, in which neither fabrication of
very large systems nor addition of complexity are convenient.
These classes of laser sources also offer the possibility of being
easily integrated into electronic and optoelectronic systems,
either monolithically or with the use of appropriate interfaces and
connections, and can also be easily inserted in suitable
configurations and setups. [16% 154 162]

Principles of Quantum Optics

Fundamental physics concepts governing counting statistics
are reviewed. Important sources of photon shot noise and the
implications of single-photon and thermal sources for
metrological applications are discussed. Principles of quantum
optics modeling based on quantum rate equations and the bosonic
nature of the field for difficult nonlinear propagation problems
are outlined.

The counting statistics of light, the nature of thermal
radiation, the impact of quantum noise on laser performance, the
coherence properties of light, and the description of light sources
with weakly illuminating intensity below levels of photon
correlation are subject to quantum mechanical principles and
require quantum optics modeling approaches. A brief
recapitulation of these principles highlights key topics. The
combined model couples spatial and polarization degrees of
freedom and is based on quantum rate equations for an ensemble
of quantum objects coupled to a bosonic field.

In the low-energy limit, spontaneous and stimulated emission
yield a thermal and a coherent source contribution respectively.
Shot noise appears as the sum of the second-order guiding
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coefficient of the interference amplitude when two sources
illuminate at different moments. The excess noise term arises
from the count rate in the Poissonian statistics, indicating the
number of guises and the time required to record them. In the
Poissonian noise regime, the count rate yields the second-order
guiding coefficient and is the diagnostic operated in photonic
Counting. [163, 164, 165]

Quantum Coherence and Entanglement

Quantum noise limits the accuracy of laser-based metrology
systems. For a given measurement method, such as
interferometry, distance sensing, or spectrometry, enhanced
measurement integrity requires a careful interpretation of
different types of error sources, including quantum noise
considerations. Interferometric measurements naturally lead to
the involvement of quantum noise relations, and a deep
understanding of quantum coherence is pivotal for the
development of coherent transport of quantum states. However,
with careful deployment of quantum-enhanced measurement
techniques, optimal results can be achieved even when quantum
coherence requirements are relaxed. The connection between
quantum optics and laser metrology rests on careful examination
of noise origins in the measurement method and smart selection
of laser design parameters.

Quantum noise arises from three main sources: shot noise,
radiometric noise and quantum backscattering, as well as
possible contributions from three correlations; higher-order
correlations in the measurement viewpoint; and signal-related
higher-order nonlinear distributed amplitude fluctuations. The
coherence of luminance is naturally contained in the analysis. It
is well known that the optimum source for a specific
measurement method often requires a full utilization of higher-
order correlations, which can only be accomplished by using a

Page | 55



laser source equipped with Alice’s quantum echo and followed
by Bob’s quantum channel. Nevertheless, the examination of
different measurement techniques shows that, even for the
LIDAR-based methods intrinsically correlated with the
backscattering of a small part of the illuminating beam, the use
of general laser sources opens the path toward lowering the
required laser resources. With an appropriate pattern of the
injected laser noise, the N-bit resource can become N+1. For any
other method classically connected with a rainbow without
higher-order correlations, Alice’s laser source can be built
without concerning the compliance of higher-order correlations,

allowing the production of Alice’s source by standard optical
circuits, [166.167. 168]

Single-Photon Lasers

The broad spectrum of laser technologies covers both the
quantum limit of laser light, where the distribution of photons
follows a Poissonian law, and lasers emitting coherent squeezed
light. A single-photon laser is a source of coherent light capable
of operating in the single-photon limit. Such a source is expected
to have a wide field of applications in quantum optics, quantum
communication, and quantum information processing. On the
other hand, an ideal single-photon laser is a monomode device
with low pump power and low energy consumption. Recent
theoretical proposals consider some high-dimensional sources,
such as an N-photon laser or two-photon laser.

The demonstration of a liquid-state single-photon laser using
a dye solution in laser mode-locking has provided a new way of
realizing a practical single-photon source. The novel laser uses
photoinduced absorption to achieve laser action at low pump
power. Operating at low pump power, the laser can produce the
squeeze-1/2 light. Hysteresis, threshold characteristics, and
coherence of the liquid-state laser are also similar to those of any

Page | 56



classical laser. However, the light output reduces to nearly zero
when excited at the single-photon limit. Therefore, the liquid-
state single-photon laser is a squeezed light source in normal
laser operation and a single-photon source when operating at low
pUMpP PoWer. [169, 170, 171]

Quantum Noise and Laser Precision

Source of quantum noise in lasers, its effect on laser
precision, coherence properties, and the single photon laser
concept.

The fundamental limit of measurement precision originates
from quantum uncertainty, which manifests itself in the form of
quantum noise in the laser source. Quantum noise arises from the
discrete character of the energy of light, leading to the shot noise.
The cousins of the laser source are known to be coherent light
sources with equal phase and amplitude fluctuations. The ability
to attain duration smaller than the cavity round-trip time is a key
feature of the lasers based on passive four-wave mixing in a fiber
loop with polarization-dependent delay. Detection using standard
avalanche photodiodes is feasible; however, due to their large
gain-bandwidth product, the lasers are not optimal single-photon
sources. Laser sources of single-photon pulses play a crucial role
in the field of quantum optics in many protocols, including
quantum repeaters. Yet, recent studies have also dealt with the
development of a single-photon laser—the mode of a standard
laser that generates single-photon pulses in a coherent manner.

Under coherent operation, quantum noise acts as an ultimate
precision limit in most laser-based measurement techniques due
to the nature of spontaneous emission, whereas for brink-induced
instabilities it plays a similar but more hidden role. Nevertheless,
laser sources remain close to the ideal coherent source over a
wide range of laser operating conditions. 172 173 174]
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Applications in Quantum Measurement Systems

Substantial progress has been made in the development of
higher performance lasers for precision measurements in the
science of metrology and for fundamental photonic research in
quantum optics. Nevertheless, further breakthroughs are still
necessary to reach the performance envelope that would satisfy
major new requirements and open new avenues of inquiry. Core
laser development areas of interest include quantum optics; fiber
lasers; linking laser science, engineering, and technology; laser—
material interactions; and laser safety.

Four branches of quantum optics are of particular interest:
sources and sensors that exploit quantum coherent properties
(narrow line-width techniques, ghost imaging, interference,
GAVND, GHZ); sensors (interferometers) with enhanced
accuracy made possible by squeezedbacking; sources and
sensors with greater extrapolation reliability based on the
advanced knowledge offered by quantum rational agents and in
refresher-band process; and quantum oscillators with greater
fidelity produced by advance-sensing control technologies. The
rapid advancement of quantum optics is enabling the first
coherent light beams produced in mid/far-infrared regimes from
ultra-photon linking. Substantial improvement has been made in
deterrent schemes using passion and messiness of opto-photon
quantum-—optical implementers of quantum-state transfer and of
opto—quantum information protocols through long quantum
channels. Condensed-matter proposals for wireless dispositions
of quantum data and states enabled by electronic channel are
becoming more realistic. The linking of quantum optics,
information, and photonic chip science has become a fast-
growing and fashionably demonstrable endeavor. 175 1761
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Chapter - 10
Fiber Optic Laser Systems

Fiber lasers exhibit a monolithic design that minimizes optical
misalignments and guarantees robustness, enabling high output
power while maintaining both beam quality and efficiency. These
advantages, combined with the air-cooled operation of most
devices, have resulted in fast-growing markets and a wide range
of industrial applications, including material processing,
welding, cutting, and marking. Despite the enhanced level of
laser power and energy, users still demand more compact and
efficient lasers with smaller footprints for easy integration into
other systems, morespecifically in those related to aerospace or
automotive application fields. With their first potential
applications in mid-infrared spectroscopy and remote sensing,
Tms33i oned fiber lasers attract new interest due to their ability to
combine solid-state laser advantages, such as improved stability,
with the benefits of fiber laser-shape design. Highly efficient and
highly-stable laser diodes maintain those particular properties
and indeed it was our group who demonstrated that they are the
best solutions to implement smart laser systems in metrology,
precision measurements, or intelligent surveillance and control
applications. Recent progress in this domain has demonstrated
how artificial intelligence could enhance the performances of
these laser configurations. [177: 178,179

Fundamentals of Fiber Lasers

Fiber lasers are laser systems in which the gain medium is an
optical fiber instead of a solid-state crystal, a gas or a

Page | 59



semiconductor chip. Their operation, performance and general
concepts can be extended to laser-diode pumped solid-state
systems with large-area pump power coupling, when these
systems operate in single-mode fibres with low spatial
divergence and small laser spot size, as well as for semiconductor
lasers with non-negligible optical cavity length for the dominant
longitudinal mode. Fiber laser properties are oftentimes designed
for high average or peak power without degradation due to
thermal-distortion effects. In high-power fiber lasers the
availability of low-cost single-mode optical-fiber mirrors also
avoids the risk of catastrophic failure, typically experienced in
disk laser systems. Good temperature stability and long-range
coherence make fiber-lode-pumped Yb-doped lasers convenient
sources for laser-rangemeasurement systems.

Upon scaling up to very high input powers, effects such as
thermal lensing, transverse mode coupling and nonlinear phase
distorsition become eventually unavoidable. The impact of these
nonlinear effects is dealt with either by exploiting specific
nonlinear optical properties of the fibres or, conversely, by
minimizing them through astigmatic beam expansion, oligomode
propagation, or enhancing modulation bandwidth and gain-
bandwidth product of the diode-laser pumping sources.
Optological-fiber phase matching of all resonant nonlinear

processes is intrinsically ensured in fiber laser systems. [18 18L
182]

High-Power Fiber Laser Design

A range of applications, including material processing and
medical treatment, exploit the unique features of lasers: a narrow,
monochromatic beam with high temporal coherence and noise
properties. However, demanding and sometimes conflicting
requirements in efficiency, reliability, output power, beam
quality, and mode structure can challenge the design. Mode-
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locked solid-state lasers, for example, produce very short pulses
with very high peak powers and rely on scintillation of the gain
medium to prevent thermal lensing during the pulse, while fiber
lasers avoid this problem but typically suffer from transverse
mode competition, which leads to poor beam quality and possible
damage to optical components; similar drawbacks occur in high-
power semiconductors. Optically pumped fiber lasers sidestep
both issues, providing a high-energy-density pump while
controlling the gain aperture.

High-power fiber lasers consist of a multimode gain fiber and
conical volume Bragg gratings that provide the characteristic
mirror tuning of the laser cavity and minimize the scattering loss
of the multimode fiber. Although it exhibits good output
characteristics, the design presented by B.J. Wiggins and other
researchers is ultimately limited by the transverse mode stability
and heat management of the active fiber. A new design approach
of co-pumping the active fiber provides a route to high-pulse-
energy operation without degrading the beam quality. The
proposed scheme reduces the influence of thermal lensing during
the supershort pulse evolution and allows for a better thermal
distribution within the laser cavity during operation, 183 184 185]

Mode-Locking in Fiber Lasers

Passive mode-locking exploits a saturable absorber's
nonlinear response to generate short optical pulses in cavity-
equipped lasers, where such dynamics can cut the longitudinal
mode separation. Fibers, being diacritical devices, can focus self-
generated nonlinear responses to great effect, with applications
in precision measurement, sensing, and material processing.

Pulses can be achieved in fiber lasers by catering to the cavity
dispersion. Stable operation generally demands sufficient gain to
balance propagation loss and an internal path length that exceeds
the linear time-of-flight by several factors. Like solid-state and
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semiconductor systems, fibers withstand high optical power;
fibers respond well to nonlinearity. The approach can yield low-
threshold laser sources operating from the near-infrared region to
beyond the visible, including several sources in the blue. Multiple
quantum  well-dyed systems designed for biophotonic
applications have met recent expectations for low-noise
operation. [186, 187, 188]

Nonlinear Effects in Fiber Systems

Nonlinear effects in optical fibers have become increasingly
prominent due to the widespread use of active fibers in laser
systems. The rapidly developing field of ultrafast optics relies on
them, especially for mode-locked sources. The effects may be
manipulated to yield desirable results, such as soliton formation.
In addition to the beneficial aspects, nonlinear phenomena can
also degrade pulse shapes and broaden the spectrum of the
output, especially when a normal dispersion region is not
included in the fiber. The amplifying action introduced into the
fiber usually compensates for the unavoidable effects of the
nonlinear processes, so that output pulses maintain a good shape.
Distortion may be internally compensated.

Self-focusing and self-phase modulation are two important
effects associated with Kerr nonlinearity in high-power laser
beams. The change in refractive index is positive in such
materials as air, glass, and water, so that the focus spot shrinks as
the light intensity increases. [18% 190, 1911

Industrial and Medical Applications

The laser is nowadays used in a multitude of applications in
industry and medicine. In industry, the main use of lasers is as a
non-contact processing tool. The high intensity of the laser beam
can be used to permit the cutting, welding, marking, engraving,
or drilling of materials, including metals. Processing may be
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achieved by the heating of the material close to its melting point
(e.g. engraving or welding) or by producing a plasma at some
distance from the surface (e.g. cutting). In all cases the process is
highly localised and there is little damage to the surrounding area.
The laser can be used both in the original and in the reflective
mode, although reflective marking is usually achieved using QR
or Data Matrix codes. The characteristic of the process is a time
constant that is small in relation to the time constant associated
with the heating or melting of the material being scanned.

One of the most important non-contact industrial applications
of lasers is laser surface melting and therefore laser hardening of
steel. The high intensity of the laser beam can raise the
temperature of the steel to above 1400°C in very short time (10—
2 seconds) and permit melting of small areas of the steel surface.
Such melting increases the temperature of the steel to the
transformation point and causes a remelting of a thin layer of
steel, which subsequently cools rapidly owing to the presence of
the underlying cold steel. A thin case hardened layer is produced
with very high hardness. Proper heating of the steel causes a
phase transformation of the surface layer coupled with very fast
cooling. In practice the process occurs repeatedly and locally
using moving lasers, with successive portions of liquid metal
being introduced and afterwards cooled quickly. The lasers used
are normally high-power solid-state lasers. [192 193, 194,1%5]
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Chapter - 11

Laser-Material Interaction

Laser-material interaction describes effects on the target exposed
to optical excitation of sufficient intensity. During laser ablation,
extremely high radiation intensity generates a highly dense
plasma at the surface of the irradiated material. The expansion
speed of the plasma reaches thousands of meters per second, and
at the initial stage, the temperature of the plasma can reach 10"4—
1075 K or higher. Consequently, a liquid or solid material layer
can transform into vapor under sufficient energy density within
the interaction volume in the beam.

The ablation process depends closely on the energy density
distribution as well as the exposure duration and space-time
parameters of the laser pulse. Most often, only optical parameters
of the beam are controlled—the energy density, polarization, and
duration of exposure. The impulses with energy densities falling
within several tens of joules per square centimeters lead to
ablation in transparent dielectric materials with a coupling layer
for creating a chain reaction, especially in the case of beryllium
oxide, aluminum oxide, sapphire, strontium titanate, and others.

The properties of the heat-excitatory mechanisms of
semiconductors and insulators are important from the standpoint
of high-contrast optics, and their understanding seems to be the
key for a large qualitative and quantitative progress in
semiconductor and laser optics. Radiative transitions in many
simple and complex semiconductors follow under the action of
intensive radiation due to thermal and other excitatory processes.
A three- and four-level thermal-transfer properties within short-
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wave radiation of active media have become the basis for the
high-contrast pyrolitic screens with a speed of response to the
order of 10"—=5 s to 10”6 s.

Fundamentals of Laser-Material Interaction

Laser-material interaction studies the effects produced when
a focused laser beam impinges on a material. The most prominent
low-intensity processes are photothermal and photochemical
phenomena, which occur when the laser power is not sufficient
to induce multiphoton processes. For high-intensity laser beams,
the ablation process is predominant, by which direct removal of
material from the surface takes place. Safety regulations are
crucial when working with lasers, in order to avoid eye damage
or other injuries.

In photochemical processes, the laser excitation induces a
change in the physical structure or chemical composition of the
material, by the absorption of one or several quanta of energy.
An example is photolysis of chemical bonds, which may occur in
gases or liquids. Photothermal interaction occurs when the heat
produced in the excited region is sufficiently high to induce phase
transitions. Conduction of excess energy from the excited zone
to the surrounding volume gives rise to temperature gradients.
The associated thermal stresses can create a shock wave in
transparent dielectric for high-intensity laser beams. These
thermal physical effects are mainly responsible for the interaction
of metals and semiconductors with low-intensity laser light, since
the absorption in these materials occurs predominantly through
free carriers.

When the intensity of the laser beam is increased above a
critical value, material ablation occurs. The material vaporizes in
the spot irradiated by the laser beam and the vapor expands
rapidly. The derivative of pressure in relation to the radius of the
beam is employed in several approximations on the ablation
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process, as it defines the thermal and pressure-based mechanisms
in ablation. Specifying its use in a case where these two
mechanisms are combined, the expression provides a reasonable
estimate of the range of intensities for which the energy density
in the laser pulse is critical for ablation, in the simple model that
pressure defines the ablation process. A large number of
industrial applications have been developed based on laser
ablation, as surface cleaning, thinning and etching, and
micromachining, where the ablation phenomenon is employed
for mass removal or modification of thin layers. The particularity
of laser ultrafast and high-density ablation involves the
sublimation of insulating materials without any macroscopic
plasma formation, [196: 197 1%

Ablation and Cutting Mechanisms

Material removal by laser ablation, which occurs through one
or multiple laser pulses, may involve the heating of material close
to or above the vaporization threshold. If the absorption depth
exceeds the material's characteristic absorption length, thermal
diffusion may change the process to photochemical, in which the
irradiated material vaporizes or reacts chemically under the
radiation’s influence. If a critical fluence density is reached,
processes of thermal melting, thermal vaporization, or
multiphoton absorption activation will initiate a cascade of
excited states in the irradiated material. As a consequence, in
gases, aromatics, and small molecules, there is a density increase.
Such a gaseous supercritical fluid is energetically favorable for
chemical processes. In ethanol strongly diluted with water, laser
processing leads to the detection of polymerization wastes, while
for ethylene aqueous solutions, the detection of probes with
absorption bands of polymeric and carbogenic-like materials and
chlorophyll destruction has been shown. Two-photon absorption
leading to bleaching at long irradiation times has been
demonstrated. However, upon the polymer's degradation,
thermal effects will prevail over the photochemical ones.
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Macrofabrication processes based on thermal dissolution,
photopolymerization, and thermal sputtering suitable for
momentum disentanglement of two-photon-excited subsystems
of large optical density have been investigated. Experimental
results and thermodynamic considerations indicate that a two-
photon-photopolymerization process opens up new possibilities
for micro- and nanostructures fabrication monitored through
fluence-density measurements or details of two-photon
polymerization properties temperature variations. The results
confirm that both direct polymerization and bleaching by two-
frequency laser beams are promising for laser-based optical
lithography. At low energy fluences, the attention is focused on
indirect laser patterning with two-photon absorption bleaching
leading to strong diffraction efficiency changes. Such processes
constitute a promising route for laser-based optical lithography
combined with an indirect approach. [99 200, 201]

Thermal and Photochemical Effects

Thermal, photochemical, and other high-intensity laser
interactions with matter cause subtle bulk or surface
modifications to materials. Long exposure to focused laser beams
can result in thermal diffusion, melting, or even vaporization of
material. At low-enough powers, the material solidifies once the
beam is moved, leaving little or no trace; at higher, damage
occurs and material is removed. At yet-higher powers, the
interaction is explosive in nature and leaves a clean hole or crater
in the material.

Thermal effects under laser irradiation are encountered at one
stage or another of all laser-material interactions. Other than the
actual ablation process, laser-induced photothermal effects are
important in  photoacoustic  spectroscopy, laser-induced
fluorescence, laser-shock diagnostics, laser welding, colour-
marks laser engraving processes, and so on; they are invariably
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also present in laser cleaning operations. Yet these effects depend
not only on the absorbed energy but also on the pulse duration,
energy distribution in the beam, number of overlapped pulses,
damping of the generated thermal wave, and much more.

Changes due to radiation with pulse durations of the same
order of magnitude as the characteristic time of molecular
rearrangement in the volume illuminated by the radiation are
often termed photochemical effects. It is clear that a deliberate,
purposeful selection of the radiation parameters can favourably
alter the properties of materials. Some chemical reactions that
normally take place in the gaseous phase can be initiated in

vapour or solution in the presence of laser radiation. [292 203,204
205]

Microfabrication with Lasers

Lasers can be employed in microfabrication due to their
immense power density. Surface ablation can be achieved with
UV radiation in order to avoid thermal damage, yet higher
temperatures can be beneficial for applications such as welding
or 3D printing. Photochemical effects and laser-induced plasma
are also relevant to concurrent processing.

Safety standards ensure the safe usage of lasers in the
laboratory or industry, and the implementation of laser systems
with adequate personal protection are mandatory. Lasers can be
classified depending on the wavelength, power and illumination
angle, among other parameters.

Microfabrication is possible with lasers due to the extreme
power density that they can generate in the interaction with
matter. Surfaces may be ablated by UV radiation in order to avoid
thermal damage, although significantly higher temperatures can
be advantageous too, for example when welding metals or
creating 3D printed components. Photochemical effects and
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laserionized plasmas switching to deposition mode with suitable
thin-film compounds may allow concurrent superimposition of
surface structure on micro or nano-scales, [206 207, 208, 209]

Applications in Industry and Medicine

Modeling and analysis work enables precise measurement
technologies in medicine, materials, and environment. External
Light Detection and Ranging (LIDAR) and spectroscopy for
spatial-temporal characterisation of water bodies exploit
ephemeric natural phenomena by firing ultrashort high-energy
laser pulses into the probed medium. Spectral signatures of
returns convey water quality and temperature profiles. Al-
controlled photometric monitoring of turbulence-induced
scintillation can warn of natural hazards or deliver intelligence
for time-critical rescue missions. Recent technical advances in
photonic integration underpin the miniaturisation of LIDAR,
ranging, spectrometry, and adaptive optics. Fabrication
techniques for optical elements, artificial-transparent materials,
and thin-film photodetectors advance the implementation of
photonic functions at low cost across a vast range of applications.
Emerging augmented and virtual reality technologies can boost
environmental mapping and monitoring. A growing interest in
Earth System science for risk prediction and management is
supported by Novel Air-Ground Environments focusing on
Remote Sensing and Heavy Weather. Measurement reliability
ultimately hinges on precise knowledge and control of sources of
error related to calibration, accuracy, and resolution.

Quantum Laser Metrology applies Cross—Arevalo's anti-
Huygens principle using Optical Frequency Combs as a Fourier
basis on the luminous field to allow for a general Harmonic
Analysis of Electronic Land Planning. Quantum noise limits
Optical Frequency Combs, and an evanescently coupled field
between two optical nanofibers of multilayered ultrathin
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stoichiometric TiO2-SiO2 films damps the UV mode, enhancing
the quality of higher-order mode periods of potential Quantum
Optical-Frequency Combs weaver with reduced cost and
material. A dependence of Quantum Optical Frequency Combs
on quantum coherence in the Quantum Physics domain for the
D-Wave Quantum Computer is presented. Prospective
developments relate to spectroscopy with implementation whilst
applying Grammar Technology, and adaptation for spectrometric
purposes with the D-Wave Quantum Computer combinatorial
design performing auto-bio-systemic grammar, 1173210 211, 212]
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Chapter - 12
Laser Safety and Standards

Safety and risk management are paramount when working with
lasers. Classification schemes based on output power and optical
hazards enable the establishment of control measures to
minimize exposure and accidents. Common laser hazards are
associated with damaging effects on the eyes and skin, as well as
fire caused by highly focused beams.

When modeling, designing, or using a laser system, it must
be classified according to the International Electrotechnical
Commission IEC 60825-1 Ed. 3.0 standard. The standard also
provides detailed guidance on establishing warning procedures,
specifications for protective equipment, and measures for risk
control and management. Additional hazards beyond the optical
hazard may be critical for a specific laser system, including
electrical hazards, chemical hazards, and radiation hazards.
Many of these hazards are also addressed by IEC standards, such
as IEC 61010 for electrical equipment.

Ablation of various materials, whether intentionally or
unintentionally, is possible due to the interaction of the laser
beam with the target through a variety of physical and chemical
processes. The energy density in the interaction region
determines whether thermal effects (temperature increase),
photochemical effects (substantially lower temperature increase,
such as in laser-induced deposition), or photophysics (ablation
below a threshold) take place. Guidelines for laser micro-
ablation, thermal laser processing, and photochemistry should be
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consulted to reduce the risk of unintentional laser ablation. 213
214, 215, 216]

Laser Safety Regulations

The international standard IEC 60825-1, adopted by various
countries as their national standard, governs laser safety
regulations. Each laser is assigned to a specific class based on its
potential hazard. The standard specifies test methods used for
classification, as well as requirements for the labeling of laser
products and for user information and installation instructions.
Supplemental safety requirements are provided in IEC 60825-2.
Safety information from other laser safety committees,
organizations, or agencies is also included in the IEC 60825
series to facilitate compliance with laser product safety
requirements by manufacturers. Such safety information can
include that from the U.S. Food and Drug Administration (FDA)
Center for Devices and Radiological Health for lasers and laser
products, and the American National Standards Institute (ANSI)
Z535 series of standards.

Class 1 represents a laser product that is inherently safe under
reasonably foreseeable conditions of operation, maintenance,
service, or failure. Class 1M indicates that the product is safe for
viewing with the naked eye only when the beam is not focused
and other viewing conditions are maintained, but it may present
an eye hazard when viewed with optical instruments. In general,
lasers with output energy over 5 mW are prohibited from being
marketed as Class 1 products. Class 2 consists of visible lasers
(wavelengths between 400 and 700 nm, inclusive) that are not
considered a safety hazard for diffraction-limited exposure,
except for prolonged exposure (greater than 0.25 s) that might
cause visual discomfort. A Class 2 laser system is not considered
to be a hazard for any reasonable use, but is still subject to caution
and safety recommendations. Class 3R also comprises visible
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lasers, considered to be low-hazard lasers; however, they are
subject to eye safeguards and care must be taken to prevent

exposure to the specular and back reflections of the laser beam.
[217, 218, 219, 220, 221]

Eye and Skin Protection

The use of lasers in industry and medicine poses hazards for
the eye and skin. In those applications where optical damage is
possible, such as laser materials processing and dermatology,
safety considerations should take account of the risks of
cumulative exposure. Protective measures appropriate for the
energy and wavelength of the laser radiation must be instituted
within the facility. These measures may include the use of
protective enclosures, backwalls or shields designed to contain
scattered radiation, and attenuating filter materials placed in the
optical paths of non-absorbing substrates. Such filter materials
must have a damage threshold greater than that of the absorbing
component of the device.

The use of lasers for communications and non-destructive
techniques is an emergent application area, and particular care
must be taken in the design and use of sources to ensure that they
are placed in the "eye-safe" region of the infrared where no
optical damage is possible due to thermal blebbing of the retinal
epithelium. Lasers operating at wavelengths greater than 1400
nm are "non-feasible", below 300 nm "dangerous for skin", and
in the range 800-1400 nm both risk being hazardous for "eye and
skin". The exposure of laser light is generally aggregated for thin
tissue layers of the cornea, retina, conjunctiva or lens depending
on the wavelength.

Lasers have been marketed as surgical tools for use in
medicine and for cosmetic surgery. Safety classifications CDRH
has recognized that lasers represent nonionizing radiation and
have developed standards recognizing the potential hazards to the
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eye and skin. Of concern in clinical practice is the fact that burns
may occur on skin and/or eye after focal interest. The damage
effects produced by the laser beam in soft and hard tissues are
due to dry thermal, photochemical or pulsed mechanism. The
pattern of the at tissue conduction phenomena operates
determining characteristic radiating similar to a diode laser with
low frequency generator, [222:223, 224, 225, 226]

Laser Classification and Labeling

Classification of lasers serves to identify different types of
laser sources characterized by their physical, optical, or
operational properties. The classification adopted commonly
depends on laser operation: the laser media, operating
wavelength, power output, arrangements, excitation natural, laser
procedures, internal energy states, and temperature conditions.

Generally, lasers are divided by the physical state of the
lasing medium into solid-state lasers, gaseous lasers, dye lasers,
and semiconductor lasers, in which the laser medium is either a
solid, a gas, a liquid, or a semiconductor material, respectively.
Based on the type of energy levels that lasers utilize in producing
stimulated emission, lasers may also be classified into four
groups: three-level lasers, four-level lasers, five-level lasers, and
quasi-four-level lasers. If the energy source causing the
population inversion is external to the laser (as in the case of
flash-lamp-pumped, or arc-lamp-pumped gases), the laser is
termed a flash-lamp-pumped laser or an arc-lamp-pumped laser,
and so forth; if the prism is the main optical component of a laser,
then the laser is classified as a prism laser; if the working state of
the dye laser is based on the dye solution radiation, then it is
called a self-oscillation dye laser. If the laser uses the internal
source of the air as the working substance, the laser is the air
laser. If the laser has undergone enlargement of the crystal size
and the performance has been improved, then the laser is termed
a cerium-doped laser.
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Physical labels, such as "solid-state”, "fiber", "gas", or
"semiconductor”, offer insight into laser construction. "Ce-doped
sapphire™ or "YAG" denote the type of material inside the laser.
Fabrication labels such as "miniaturized” and “fiber" indicate
small laser systems. Function-based labels say whether a laser is
tunable or "mode-locked". The term "coherent™ is now applied to
any laser that produces a pencil-like beam. [227: 228,229, 20]

Safe Handling and Operation Protocols

Appropriate safety practices are essential when using any
laser devices. The most important aspects are outlined in the
respective directive, standard, and guide [1-3]. The designation
of a laser system as a hazard level is primarily determined by its
laser radiation. However, factors such as the laser-assisted
processes and how they affect the operator or bystanders can also
determine the necessary safety measures. When a laser system
generates light beams at levels that may harm users or bystanders,
safe operation and hazard minimization require supervision,
protocols, and procedures that address all safety levels.

For safety purposes, lasers represent hazards when their
radiation energy, intensity, or coherence can have an adverse
biological effect. Classification is based on the potential for
hazardous phenomena such as exposure to skin or eyes and
exposure to the diffusion of emitted light. The classification
ranges from level 1, which presents no risk, to level 4, which may
cause permanent eye damage, skin burns, and ignite
combustibles. Precautions range accordingly from basic
measures to limit exposure time and distance from the beam to
established procedures that comply with the level classification,
color-coding, and signs.

Protocols comprise the parameters and operational details
that enable safe handling and operation. Aspects such as speed,
the presence of protective shields, and labelling, including colour
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coding, should define handling protocols. Operations such as
remote handling, recursive evaluation of focus zones, warnings
to bystanders, monitoring of acne diseases, automatic
activating/disabling features, and assignment of a supervisor
should be considered. Additional aspects such as the presence of
fires, flammable products, or chemicals in the affected areas
should guide specific decisions. [230 231,232, 233]

Risk Assessment and Management

The safety of high-efficiency laser systems is critical due to
hazards associated with human exposure to intense light.
Although such exposure can produce multiple harmful effects
that are brightly illuminated upon lasers, the most dangerous
consequence is damage to the retina. Contact with high-intensity
laser beams can injure the surface of the eye or skin and even
cause fire; affecting deeper structures. In addition, hazards can
occur when the beam emits scattering radiation, or when the laser
is used to generate ionizing radiation via interactions with
materials.

The danger from laser beams is quantified according to the
International Standard 1SO 25-739. Lasers are classified into
different risk categories on the basis of their characteristics,
potential risks, types of uses and safety measures for design and
control. Cat 1 contains the safest laser, with a maximum energy
of 0.001 mW. The most hazardous are cat 4 which need strict
protection and management of risks of exposure either by
accident or danger to the environment. Compliance with these
standards is required for any new laser system design and
conditions set in 1ISO 20-917 must be met. [234 224,235, 236]
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Chapter - 13

Integrated Laser Systems in Telecommunications

Telecommunications systems, widely regarded as one of the
main drivers of present-day technology, have undergone great
advancement over the last decades. A key component in the
overall system is the integrated laser source. An ideal laser source
for communications requires a light with low direct-current (DC)
modulation threshold, and a high-speed response to allow large
data bandwidth transfer. Falling Short of these ideals implies
increased complexity in the temperature management system in
order to maintain operation at the target wavelength.
Semiconductor lasers being the laser devices with vertiginous
response times have emerged in two configurations; optical gain
coaxial to the optical axis, laser diodes (LD), and optical gain
transverse to the optical axis, light-emitting diodes (LED). On
one hand, the most commonly used laser source for
communications, the laser diode (LD), being a fast device has a
relatively high DC reverse current threshold and consequently
requires large DC currents for modulation. On the other hand,
LEDs exhibit a very low threshold, however its speed capability
is a severe limitation preventing its widespread usage in real
communication systems. Therefore, the ideal laser source in
terms of minimal operating power without sacrificing speed is
provided by the Vertical-Cavity Surface-Emitting Laser
(VCSEL) integrated device.

The initial concept of the VCSEL was reported in 1990 and
has since been intensively developed by many research groups
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and companies worldwide making this device a reliable laser
source. VCSELs are manufactured in circular shape emitting
low-divergent light with transverse electric and transverse
magnetic (TE-TM) optical patterns. Its compact size enables
integration on top of optical transmitters and detectors, making
possible the direct connection between transmitters and receivers
with no added semiconductor devices. Moreover, embedding
circuitry for DC modulation uses minimal operating current. The
development of optoelectronic integrated devices offers many
advantages over discrete laser sources and detectors for
telecommunications. The incorporation of light sources together
with light detectors has endless applications, such as the
construction of Optical Interconnected Circuit Packets, VVOA,
multiplexers, wavelength converters, and so on. Despite early
applications limited to laboratory facilities, VCSELs have now
become increasingly attractive for commercial use in advanced

telecommunications and optical networking systems. [237: 238239,
240, 237, 238, 239, 240]

Lasers for Optical Communication

Light-emitting diodes and laser diodes are key optoelectronic
components with distinct emission characteristics. Diodes based
on direct bandgap semiconductors emit light through radiative
electron-hole recombination in the depletion region. These
diodes exhibit low-cost, compact, reliable operation, near-
symmetric radiation patterns, and a simple excitation
mechanism. LEDs have low production cost, allow integration of
emitters and detectors, and find use in low-speed or non-critical
applications.

Optical extended links can be enabled with laser diodes,
permitting longer-distance communication possible in virtually
any environment, at higher speeds, and with higher data quality
without requiring modulator or demodulator circuits. However,
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they are temperature-sensitive and support modulation speed that
peaks more than three orders of magnitude lower than the
oscillation frequency. Semiconductor lasers integrate naturally
with photodetectors, allowing their integration to other optical-
electrical devices. Directly modulated laser diodes and laser
sources are employed for long-haul and metropolitan region
optical networks. Compensated laser diodes operated with a
delay circuit can modulate 8 gases of carrier. Directly-modulated
lasers and laser sources employing external modulators have
been demonstrated at rates greater than any direct modulated
laser. Such lasers become effective and inexpensive wide
bandwidth sources only in the upper range of the optical
communications window. Directly-modulated shortwave lasers
operating at less than1/10 of their available bandwidth, but with
very low relative intensity noise, become important for fibre
receiver sensitivity.

Optical links using coherent detection with either Mercury
Cadmium Telluride detectors or photomultiplier tubes can
operate at greater than cm —1 extinction ratios. Wavelength
division multiplexing is a popular technique to enhance the
capacity of telecommunication optical fibre systems: different
wavelengths can carry information independently.

Wavelength Division Multiplexing (WDM)

A WDM is combined by merging various colored optical
signals the same way a prism divides white light with different
wavelengths. Be it full-duplex communication or point-to-
multipoint connection, the principle behind the operation of a
WDM is the same. For example, in WDM-TDM combination for
multiplexing, the goal is to use the multiplexing technique to
connect multiple remote terminals with a single fiber. In this form
of transmission up to 64 each time-division multiplexed signal
colored by different wavelength can be sent to or from terminals.
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It helps to assign one separate pulse train of single colored signal
to attach a particular remote terminal through point-to-point
connection using Optical Splitter. The hideous task of managing
up to 64 operation in one optical fiber becomes monumentally
simple compared to separate point-to-point fiber connections.

The technology transmits many optical signals via single
fiber by combining multiple laser sources colored with different
wavelengths at one end of the fiber and demultiplexing the output
signals at the other end. A similar operation is achieved with a
tuner in a multi-channel TV, which receives TV signals colored
by different frequencies via a single antenna, but only select one
channel at a time. The same principle can be applied to full-
duplex operation using two tuners tuned to different colors.
However, a transmitter with Wavelength Division Multiplexing-
Time Division Multiplexing (WDM-TDM) combination can
transmit and receive colored signals simultaneously through a
single fiber cable.

In this method, the time-multiplexing technique encodes
information into many colored signals and transmit all signals
simultaneously through a transmitter, while WDM technology
manage the task of maintaining separate channels through the
same fiber without any interference. This concept can be further
applied in a point-to-multipoint communication scheme using an
Optical Splitter at the central node of the network. The same
technology can be applied to access network in FTTH (Fiber-To-
The-Home) technology with respect to Optical Networking Unit
(ONU) at the customer end and optical signals colored with
different wavelengths assigned to different user for point-to-
multipoint operation. [241242.243]

Coherent Communication Systems
Coherent optical communication is the dominant approach
for transport networks, employing multiple spatial, spectral,
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temporal, and polarization dimensions. By using multiple spatial
channels, optical fibers can carry extraordinary amounts of
information at practically unlimited bandwidths. Within a single
spatial channel, coherent techniques support ultra-long-haul
communication with expanded reach, virtually lossless noise
accumulation, and minimized distortion effects.

Optical signals are imprinted with a time-varying amplitude,
phase and polarization information, and they are sent through
fibers that distort, amplify, and add noise through its
imperfections. At the receiving end, coherent detection enables
extremely sensitive retrieval of the signal from the noise through
a combination of linear and non-linear detectors, and signal
processing is used to compensate and reverse the accumulation
of distortion and noise in the transport medium. For the first time,
the combination of coherent detection and advanced digital
signal processing can be successfully applied to information
carriers that follow different temporal, spectral, or spatial paths.
Pressing technology trends are towards higher integration and
datacenter scaling, where digital signal processing is extended to
all domains, as well as reduction in size and cost along with

temporal coherence amplification for constant-speed systems.
[244, 245, 246, 247]

Fiber Amplifiers and Repeaters

Although fibers are commonly treated as active media in
mode-locked lasers or as nonlinear amplifiers for short optical
pulses, they can also be used as standard amplifiers or repeaters
within a longer optical link. Optical pulses are injected with
lower power than would generate gain saturation, thereby
preventing the onset of nonlinear effects within the fiber.
However, when power levels are kept sufficiently low, nonlinear
effects can be used advantageously. Since fiber amplifiers are
pumped by laser diodes that are coiled and electrically insulated
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for heat management, they can be used to extend the range of
terrestrial optical links.

Again, feedback from the fiber reduces temporal noise.
Depression of amplitude fluctuations occurs within both the
fibers and the amplification stages for any reasonable optical
signal-to-noise ratio; these systems are active devices that can be
placed sequentially along a link to overcome loss at each stage.
Although feedback is rarely upset, a completely passive system
should be considered. Local modulation and demodulation may
permit slow localized amplitude fluctuations to be reduced; this
may be particularly useful in long-haul systems, where any
reasonable optical signal-to-noise ratio leads to very low
assignment noise.

An alternative approach is to replace the fiber with a fiber
repeater. The length of fiber is sufficient to allow monitoring of
the eye. Single-shot detection removes the earlier problems with
detection speed and permits control of the demodulation marks.
It is important not to approach quantum noise within an optical
repeater, as all three contributions become important. The effect

of routing is different for the demodulation and detection
elements. [248, 249, 250, 251, 252]

Emerging High-Speed Optical Networks

The ship, once a millennium when the moondust lay deep
enough, will make tidal voyages when the nascent City, nurtured
behind its barriers, awakens to more luxuriant day warmth. Then,
newly intelligent, it will steer, but first a burdened helmsman
must choose the arch in the Dim Sea overlooked by Indra's lofty
House—water-grey and smooth as the Dialogite large crystal
shining like a great cormorant. When a thousand years of
Christian history have sculptured the rugged southern coast—
when it bears cathedrals like jewels in a fitted bejewelled
Crown—the first ship to lift the sawdust—smoky, sawdusty
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dawn of the wave-rustling summer moon—Baldur in his cradled
dew will take.

When frost-crowned, the storm-dark hipped Giorgonesque
blocks of sunset—those rustic rocks of honey-gold ochre—are
silhouetted in the mingled moonlight-glow of winter eves that
stoop over the longLevel rest—when a strange love trembles
round the chaste Divine House—then, on the last night of the
month-half—in that night left dark for an After, the moon in her
black smoky crescent appears disclosing the invisible
Hesperides, the corbeilles in another world, in another life, from
where there are no return nor echoes—Balder models the
Dramatic Night, whose soul he was fated to betray, for his last
pilgrimage becomes his first Fall or Eden. In friendships deep,
confiding in child stories, indeed with some degree of
individuality, Edwin Webb assumes the part of Wordsworth's
guide in the Tempest, no less distinct than the obedient cloud-pile
that directs Lear's Brain beating Landru-pulses.

The /Ather of Christianity burns in the sky—a burning
ambiguity withdrawn ruled by by the shaping truth of Latin
Universality. Tabor, clad in glory, revealed to a staff entitled
protecting the seed of the Great Heart that pointed the celestial
path-throne from the City of Tabor. The reflection of these
horrors has already come under the sinking Cauldron-thalweg
that carries its spirit towards the hot South, when the sinner God
reveals himself in his imagined soul- and disease-agthul
synergetic shadows.
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Chapter - 14

Advanced Laser Materials

Advanced laser materials remain a cornerstone of research on
achieving high laser efficiency. Regarding solid-state lasers,
crystals with large bandgaps are exclusively used as host media
and activators, whereas their application in fiber lasers and
amplifiers is limited to activators only. The enormous amount of
pumped energy, required for high output power in solid-state
lasers, generates a huge amount of waste heat, which must be
efficiently evacuated to avoid thermal lens effects and
consequent depopulation of the upper energy level. In addition,
the other common undesirable thermal effect, consequent
refractive index variation, impairs the beam quality, challenging
the balance when good beam quality is the mission. The difficulty
in homogenuity and large-scale growth limits the expansion of
laser crys-tals to exotic and new spectral domain regions.
Borosilicate glasses bring a new approach for high-power laser
with nitrate salts employed in chemical solid-state laser.

Simplistic and less-optimized reflectors achieve state-of-the-
art efficiency for high-power second harmonic generation in KTP
and KTA crystals. Optimization of material and optical design
allowed near-perfect frequency conversion during reflective
second-harmonic generation in a thin-crystal actively cooled
KTP and for first-harmonic powers above 10 kW, attaining an
estimated efficiency exceeding 70%. Metasurfaces—
subwavelength nanostructured optical layers engineered to
introduce tailored phase shifts—achieve new beam shaping and
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steering functionalities. They have been employed to deviate an
optical beam, simulating an optical wedge, composing a
meniscus, steering a beam, or focusing it. Unconventional optical
functions have even been introduced in the near-infrared by
scattering-type meta-atoms designed for a specified application.

Solid-State Laser Materials

Solid-state laser media based on neodymium and ytterbium
doped crystalline materials, fibers, or glasses, in addition to on
the pseudo solid-state laser medium of laser-diode-pumped
ytterbium-doped ceramics, are—together with fiber laser
media—the most essential for achieving high output power in
any single device, primarily enabled by their naturally high
thermal conductivity. Solid-state laser media are commonly
employed in power stabilized laser systems, but only the pseudo
solid-state laser media of laser-diode-pumped ceramics achieve
sufficient power and differentiable performance for any precision
measurement technology. Nevertheless, the fluoride-dominated
Y2SiO5 crystal remains the sole solid-state laser medium with
sufficiently low temperature-induced geometical aberration to
enable laser distance measurement of the moon without
subsequent deformation correction.

Fundamental absolute noise performance limitations
considered utilising established absolute noise models are
suitable for quantifying both expected absolute performance of
any laser setup in which sufficient gain is available and
differences in absolute performance of processes dues to changes
in configuration and optimised for stabilisation or adaptability.
LiDAR absolute error budgets can specify all noise noised
contributions  with  minimal assumptions, using stirred
environments to essentially neglect all amplitude noise in ratio-
metric measurements such good temperature stability of gaseous
measurands when compared to value stability of solid-state and
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liquid measurands to approach sufficient angle stability for room-
safe clutter LIDAR. The absolute performance expectation is of
use primarily for predictions of expected performance if the
system is constructed and operated as designed or simply

sufficient level of knowledge in design and optimisation. [72 253
173, 254]

Rare-Earth Doped Crystals

Rare-earth doped crystals are extensively used in solid-state
laser systems as active media and in optical waveguide structures
for frequency-doubling, -mixing, and other processes. Due to
large differences in the size of the dopant and host ions, the
solubility of RE ions in single crystals of most hosts is limited.
Crystals doped with Yb3+, Er3+, or Tm3+ are often studied for
laser applications because of their relatively simple energy level
schemes, with one or two excited states in the range used for laser
action (about 1 um) or, for Tm3+, in the 2—-3 um range, an area
of interest for laser radar applications. A recent breakthrough has
been the growth of Tm-doped Gd2Zr207 at separation distances
of only a few hundred nanometers, yielding a jump in the
concentration of Tm3+ ions as the defect-rich regions coalesce.
Using a rapid freeze-thaw process, Yb-doped glasses have been
made in the AgBr-Agl system, with much higher Yb3+
concentrations than are possible in crystals or in usual glasses.
Even higher concentrations are possible in highly disordered
AgBr-Agl powder yet near infra-red laser action has not been
observed in these materials because of the high degree of
scattering.

The absorption and emission cross sections of these
materials, required for the design of devices, may be deduced
from the Judd-Ofelt theory and subsequent generalisation to
account for the presence of two inequivalent sites,
complementary to site-selective optical spectroscopy. The
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absorption and emission cross sections for the 419/2—4115/2
transition in Yb3+-doped ZrF4-BaF2-LaF3-AlF3 glass
ceramics with nanocrystalline phases have been evaluated and
low spectral sensitivity associated with non-cubic crystalline
fields is inferred. Information on the temperature-dependent,
polarization-resolved absorption spectra of the 419/2—4111/2
and 419/2—4113/2 transitions in Yb3+:ZBLAN glass is also
presented. In the 1.55 pm range utilized for dense WDM, the
4113/2 excitation of Er3+ is accompanied by the 41i11/2
transition of Yb3+ for pumping from 0.98 um and by the
419/2—4112/2 near-IR band for excitation between 1.28 and 1.40
um; detailed assessments on the electric dipole-only allowed
spectral features of the 4111/2—4115/2 transition of properly
doped Er3+-doped glasses are included as well. [255 256, 257, 258]

Semiconductor Gain Media

Semiconductor gain media are formed by a modified p-n
junction in which optically active impurities are added. These
impurities lower the energy gap of the semiconductor by creating
a new energy level in the band gap. The energy level of the
dopant is placed close to the conduction band, allowing electrons
to be injected into the conduction band and holes into the valence
band when a forward voltage is applied across the junction. At
the same time, a current through the junction overcomes the
losses associated with nonradiative recombination. As a result,
multiphonon processes are rapid, and all vibrational modes in the
remaining thermal distribution of the lattice participate in the
stimulated emission or absorption process.

Different techniques for realising optically active layers
based on 1l1-V semiconductors cover a wide range of doping
concentrations—»by far the highest concentrations of 1019-1020
cm-3 are achieved in GaAs:Zn2+—and thus a correspondingly
wide range of carrier lifetimes. For concentrations above 1019
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cm-3, the radiative lifetime can no longer be defined because it
is shorter than the time between recombination events. In these
instances, em, the effective emission cross-section, becomes
more useful; this is specified in terms of the radiative power, Pr,
emitted from a volume V at the temperature T by the expression:

\[em = Pr/(NphV/) \]

where Nph is the photon density at temperature T. The values
of em reported in are compared with the full spectral width of the
stimulated emission. The Soret coefficient and the total thermal
conductivity of the laser materials provide the basis for
estimating the temperature rise produced by the output power P
during continuous operation. [259, 260, 261, 259, 260, 261, 259, 260, 261, 262]

Nonlinear Optical Crystals

Nonlinear optical (NLO) crystals are critical materials for
high-efficiency laser systems due to their ability to generate,
convert, and manipulate optical frequencies. Aside from NLO-
specific functions, their integration enhances a number of other
performance metrics, such as temperature stability and beam
quality. However, both the selected optical process and the
specific material must be suitable for inclusion in precision
metrology or smart technology applications.

High-frequency operation is enabled by NLO processes such
as second harmonic generation, difference frequency generation,
or optical parametric oscillation. These interactions alter the laser
wavelength and thus allow direct coverage of entire spectral
domains without tuning. Although the relevant crystal choice is
critical for accurate frequency conversion, other properties such
as photo-thermo-elastic response or absorption coefficient also
determine suitability for laser integration. Non-collinear phase-
matching conditions further increase flexibility, enabling NLO
coupling with non-NLO elements of the laser chain.

Material Engineering for Efficiency Enhancement
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Efficiency enhancement is a primary aim and consideration
in laser engineering and design. A variety of techniques have
been developed for laser operation at high efficiency, depending
on the laser architecture, materials of the gain medium and pump
source, and the laser output power. The selection, design, and
finishing of the laser cavity mirrors have a large impact on the
efficiency of solid-state and fiber laser and the gain element
coating optimizes the efficiency of semiconductor lasers.
Variable dispersion control mirrors can be used for efficient
operation of ultra-short pulse fiber lasers. Minimization of
thermal load and management of the thermal field in the laser
gain/blocking medium is essential for high laser efficiency. The
thermal load is to be minimized by pumping at wavelengths of
minimal absorption (or of high pumping efficiency on the other
hand) and it must be managed in such way that the thermal
induced lens does not significantly worsen the beam quality or
the light extraction.

Methods for non-imaging broadband light coupling or two-
dimensional gain packing have been proposed for the
enhancement of the optical-to-optical efficiency of
semiconductor lasers. The efficiency of high-power fiber lasers
with Yb3-doped double frequency laser pumps (DFLP) and those
with InGaAsQ/InP laser diode pumps in the AlGaAs technology
is of the same level (above 40%), and is much higher than that of
similar high-power solid-state Nd3+:YAG or Nd3:+YVO4
lasers. For high-power even bulk Yb3+-doped lasers
(requirements of a lot of applications, is important that the
photoiso-lation of the laser cavity allowed by the higher value of
the light transverse-exit dimension) in the IR-Solar spectral range
with low optical-to-optical delays Delay (temporal width shorter
30 ns are closer to C.O. conventional dye laser sources as well on
stability as on efficiency of the fully pumped cavity stability.)
configurations the pe-ak power should be ventilated for High CO
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2 frequency-modulated Lidar sources, however at lower
efficiency—stability regimes (at least within the 12 um spectral
range) laser resonator with different cavity The nonideal
coherency has no significant impact on the raw Lidar system
accuracy."
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Chapter - 15

High-Power Laser Applications

High-power lasers find multiple applications through
mechanisms that exploit different physical properties of light-
matter interactions. Interaction with an absorbing medium in
different regimes allows using lasers for surface machining.
Super-resolved lithography techniques involve laser-assisted
two-photon polymerization, in which polymerization occurs via
nonlinear absorption of laser light.

LIDAR, which stands for Light Detection and Ranging,
employs transmitters transmitting laser pulses and receivers
detecting backscattered radiation. Simple LIDARs use a single
laser source for both transmitting and receiving without any
additional filtering of the detected light. The range is measured
through the time difference between triggering the laser and
detecting backscattering.

Spectroscopic techniques employ laser radiation for probing
molecular vibrational and electronic transitions. As the laser
frequency diverges from the molecular transition, the electron
energy from the laser is removed, leading to a drop in absorption
intensity and thus absorbing material concentration. Error
budgets take into account not only systematic bias but also
statistical uncertainties associated with laser measurements, and
can be established based on other commonly used parameters like
SNR.

Resolution describes how closely adjacent objects can be
distinguished. It is usually measured as the minimum resolvable
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angle that depends on laser beam divergence and the dimensions
of the illuminated area on the target. However, these three
parameters alone cannot completely describe measurement
confidence; a robust error budget should include the accuracy of
the calibration reference, whether it is located in close proximity
to the measurement area, and other auxiliary systematic and
statistical uncertainties.

Active and passive stabilization techniques can be compared
in terms of their domains of application, such as frequency and
amplitude stabilization methods or, more generally, noise
suppression. Control loops can also assume a variety of structures
depending on the principal operation mode of the laser system
and the optimization goal, such as modes for reducing the error
probability of measurements or designing smart lasers, [263 264.26%]

Industrial Cutting and Welding

Dry cutting or welding is now achieved using CO2 or
Nd:YAG lasers, and disk-laser technology in these fields is also
becoming popular. The markers for deep (30 mm) penetration
welding, operating at wavelengths around 1.2-1.5 mm, are now
typically solid-state lasers or fiber lasers working in the same
wavelength region. E.g. a 20 kW fiber laser can deliver 2 kW to
cut or weld at speed of <50 cm/s. Metal cut thinner than 5 mm
often can use an ordinary cutting torch with oxygen as the cutting
assist gas (blow) at speed of >50 cm/s. The quickest cutting is 20
m/min with CO2 laser (kerf: 0.2 mm; thickness: 3 mm; plate
material: Stainless steel) or laser with beam power of 1.8
kW/Beam area of 2.5 cmz2.

Superficial coating (depth of 0.2 mm), alloying or melting of
metals can be done for application such as decoration, change of
conductivity and magnetism of surfaces. Especially for corrosion
protection, Au coating is important. During coating process, Au
powder is absorbed by the substrate; next, with laser beam
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irradiating, the Au melts and penetrates into the substrate to a
depth of 0.2 mm. The penetrating depth increases with increasing
temperature. The electrical resistance of laser alloyed Cr surface
become considerably lower than that of non-alloyed Cr surface.

For hard, smooth surface, the copper or carbon surface can be
directly added with a layer of Ni; otherwise, the Ni layer is made
by other methods and then alloyed with laser beam. The
perpendicularity between coating surface and wafer surface hold
on 0.1-0.3 mm. Appling graphite powder on the surface of Zn-
silicate glass and treating by laser beam, a damage threshold of
the coating is 623 mJ/cm2 with shock time of 2.72 ns.

The welding of Ni, stainless steel, metal, with thick plasma-
generating coating, other special welding and cladding also have
been done. The coating can be a mixture of the normal laser
material for coating and paint. For cladding using powdered
ceramic material, the coating consisted of several marks can
obtain better quality and shape stability, and the surface can be
shorter than +-5 mm by varying the reflection coefficient of the
immersed tank. [266, 267, 268, 269]

Medical and Surgical Applications

Laser systems with single-fiber or fiber-coupled output
deliver an ideal combination of small size, high efficiency, and
ease of integration into modern systems. The electronic
properties of semiconductor lasers and photodetectors facilitate
further integration. However, fiber lasers are limited in terms of
beam quality — particularly when deployed at high power.
Optical parametric oscillators allow coherent operation across a
wide range of wavelengths by combining the strengths of solid-
state and fiber lasers, thus further expanding the spectral range of
laser systems with mass production potential.

Lasers have found widespread use in medical applications
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such as laser surgery and laser-induced fluorescence imaging.
Safety precautions take into account the significant interaction of
lasers with human tissue caused by light absorption. In these
applications, safety can be considered at the device design stage,
and addressing the detection and action requirements of a
medical procedure during the design stage will help determine
the most suitable laser technology for the task.

Spectroscopic sensing systems are commonly discussed in
terms of measurement accuracy and precision. However, the
accuracy of a spectroscopic detection of a substance also depends
on the calibration procedure and stability of the laser source.
Noise, stability or long-term drift induced by temperature
change, and optical power output all affect the laser and thus the

calibration of the spectroscopic measurement. [270. 271, 272, 273, 270,
271,272, 273]

Military and Defense Systems

Military and defense systems involve a broad range of
technologies for reconnaissance, surveillance, engaging targets,
jamming, and countermeasures. This section focuses on airborne
early warning radars and light detection and ranging (LIDAR) as
examples of laser-based reconnaissance and surveillance
systems. Early warning radars are employed for reconnaissance
and surveillance missions. They must be able to detect highly
maneuverable and low radar-cross-section stealth targets at long
ranges, allowing sufficient time for possible reaction and
interception by combat aircraft.

LIDAR sensors use laser light to measure the distance to
objects. In combination with laser-illuminated cameras, LIDAR
systems are also able to detect and identify covert targets
equipped with retroreflectors, such as special markers for a target
search in dark conditions. Distance measurements in a LIDAR
system are subject to random errors due to photon statistics,
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systematic errors caused by a non-Gaussian shape of the
transmitted light pulse, or by errors in the detection hardware.
The latter often limit the overall performance of state-of-the-art
LIDAR systems. Raman or fluorescent LIDAR configurations
utilize backscattered laser light in non-linear scattering
processes, enabling additional sensing modalities but offering
reduced detection ranges due to the lower power in-shoot power
level.

High powers in LIDAR systems enable jamming of
automatic target illuminated missile systems. An additional
military application is a laser distance measuring device that
incorporates a calibration system allowing to achieve the
required accuracy level within a typical measurement run.

Scientific Research Applications

Market demands for laser systems encompassing advanced
beam technology, miniaturization, higher output power, and
more compact yet efficient systems have stimulated scientific
research. A key challenge for scientific measurements using laser
systems is to achieve high precision and establish ultra-stable
operation. Such systems typically rely on optical interferometry
for such applications. The precision of calculations adopted in
optical metrology is generally determined by carefully
considering the environmental conditions, contamination of
optical elements, and other accompanying optical arrangements.
Interferometric optical distance meters are capable of
determining an object's distance to within several micrometers
using consumer products. Sufficient accuracy, however, is often
difficult to obtain, for example due to air pressure and
temperature variations. Errors due to changes in refractive index
can be resolved using a calibration process.

Laser-radar systems provide additional important, reliable,
and distinctive information that cannot be obtained from
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photometric measurements. Such laser-radar detection schemes,
termed LIDAR, are now widely used and researched. Beyond
measuring shape, transparency, and other space-variant
attributes, spectroscopy opens up an entire optical dimension of
investigation, leading to an inversion problem in which the
spectral accuracy and resolution of the measurement both play a
central part, demanding an error budget. Factors contributing

higher errors must therefore be carefully controlled. 274 275 276,
276, 274, 275, 128]

Space-Based Laser Systems

The distinction between space-based laser systems and
conventional laser systems lies primarily in the application and
the optical pathlength that is needed in these applications.
Generally, space-based laser systems are used in range-finding or
in measurement of surface reflectivity or in star imaging and the
optical pathlength required in these applications is much larger
than the usual laser system. In special cases space-based laser
systems can also be used in laser weapon system, active laser
detection and ranging etc. The laser is pointed towards a target
and the resultant scintillation or return pulse is analyzed for
detecting and discriminating the object being imaged. In such
cases the range can lie anywhere from meter to tens of
kilometers. The optical system requirement involved holography,
active coherent matched filter detection, long interaction region
for scintillation detection and analysis etc. The optical path
provided in space (up to 6000km in the case of star imaging at
laser wavelengths) in a laser system makes it unique in action, as
it can act as either a natural star imager or as a communication
system giving improvement in the collection of photons at the
area of a lens. The image quality can be further improved with
adaptive optics.

A Planck radiating source in space for the laser band of
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interest can be imaged with high resolution of about 0.5” with an
F-number of 3930 at A =3.7 um. Detection will be done with an
active laser detection and ranging system. The signal-to-noise
ratio and range of detection will exceed that of the passive
method by more than an order of magnitude. A Non-Line-Of-
Sight scintillation ranging (lunar-located) technique for laser
detection and ranging of targets on the earth is also investigated.
Here the range to the target is greater than two orders of
magnitude than that of the pathlength of the laser in the
atmosphere. The use of a long Wenner detection scheme
combined with a holographic processing technique has been
shown to hold great promise for laser communication efficacy.
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Chapter - 16

Laser Diagnostics and Metrology

It is implicit in both optoelectronic engineering and laser physics
that to use a laser for precision measurement, it must be
calibrated, noise minimized, preparable, and stable over the
measurement duration. Depending on the measurement
technique, the technology requirements may differ. These are the
central elements of smart laser systems, where machine learning
or sensor networks are used to adaptively control the laser or its
environment. Chapter roadmap and technology-tour sections
illustrate the diversity of techniques and the variety of
applications that can benefit from lasers. The synthesis informs a
set of workhorse principles, built around key laser diagnostics
and control technigues, to assist black-box experimental efforts.
Smart laser-system approaches are a naturally appealing
direction of research. The techniques are diverse—the
requirement to use fast adaptive optics makes self-organizing
sensor networks for monitoring ambient disturbances a distinct
alternative to injected machine-learning control of feedback
loops. However, the effort can be formidable, particularly
without comprehensive error budgeting or guidance.

Sensors can be positioned wherever an optical measurement
is convenient and quantifiable; they can make breathing-ring
patterns at the proper offset, a Timex at the door, and a payroll
system in tabe; or they can be profiled in laboratory forma, with
learned Al control. Connectivity allows information to be made
available if refined enough for use and if privacy is sufficient to
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avoid policing control. The great danger is that all this
knowledge, even in scattershot format, may be available to
establishment positions only; but knowledge is position-
independent, and in any carefully constructed overall plan it
should eventually emerge much more subtly through preparation
and integration than through explicit air-brush use. [130.277.278,279]

Laser Interferometers

Laser interferometers use stable laser sources with low
amplitude and frequency fluctuations. Such lasers are typically
bulky and difficult to integrate into small devices. Miniaturized
laser distance measurement systems based on laser diodes
employ multiple measurements converted into a distance
estimate, compromising measurement uncertainty while
remaining sensitive to noise. Techniques for increasing the
stability of small laser systems leverage the principles of passive
interferometric stabilization. Reducing volume and cost while
enabling smart features using adaptive optics and radio sense
systems represent prospective smart technology paths.

Interferometric configurations may follow various optical
arrangements. Typical principles include the measurement of
optical path length difference and phase difference in two
coherent beams. Laser distance measurement utilizes a time-of-
flight technique with angular modulation of the optical beam to
allow measurement. Precision distance systems require
calibration against primary standards. Light detection and
ranging (LIDAR) measures time-of-flight in depth.

Precision metrological measurements with lasers achieve
increasing power, accuracy, and stability through dedicated and
elaborate systems. Considering the expense associated with
metrology-grade sources, several techniques seek to leverage the
stability of the source for detection in lower-grade sources.
Independent of source grade, noise contribution requires
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thorough budgeting in systems design, as dependencies often
remain nontrivial. Although sources for molecular spectroscopy
become increasingly available, techniques for wavelength-based
analysis remain limited. Additional effort is required to achieve
precision, stability, and accuracy in LIDAR intensity-based

detection, given the high-power generation requirements, [280: 16%.
281, 282]

Spectral and Temporal Measurement Techniques

High-accuracy spectral and temporal measurements
determine essential properties of optical sources, including
wavelength, bandwidth, centre frequency drift, coherence length,
timing jitter, and pulse duration. Achieving the measurement
goal often requires combining multiple techniques. While state-
of-the-art instruments provide measurements at the level of
physical limitations, they can be prohibitively large, complex, or
expensive especially in the case of frequency-resolved optical
gating (FROG), optical frequency domain reflectometry
(OFDR), or optical frequency combs. Simpler, cost-effective
implementations generally demonstrate greater measurement
uncertainty, such as coarse bandmappings mapping spectroscopy
or a single-mode fibre with a local oscillator for swept
Wavelength Interferometry.

Spectral measurements identify the probability distribution of
wavelengths contained in a light source, typically visualised in a
wavelength-intensity graph. Coherence properties can also be
inferred, but more thorough analysis uses N-th order coherence
theory. Measuring the intensity of a light signal bouncing back
and forth in an interferometer provides sufficient information to
reconstruct g(1). Completion of the spectrum requires additional
information about g(2), the second-order intensity correlation
function, and subsequent noise measurements, [283: 284, 285, 286]

High-Resolution Imaging Systems
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Efficient laser systems are especially relevant for precision
measurement technologies, offering ultrastable signals suitable
for metrology and testing. Interferometric configurations are
widely implemented, and examples include laser distance
measurement, LIDAR, and other depth-sensing methods. The
stability of the optical signal is paramount for the accuracy and
practical implementation of these techniques, as is the ability to
acquire measured data with low rate fluctuations. However,
evaluation of prediction uncertainty is often overlooked and
deserves further attention.

Of particular interest are approaches that exploit the
emerging capabilities of smart sensors, such as Al-enhanced
control schemes, adaptive optics, and the integration of 10T with
smart monitoring. The increase in commercial and experimental
short-range sensors afford by these combined technologies is
opening new research opportunities in other areas. Such
platforms will enable system-level optimization that takes into
account the enhanced monitoring and control capabilities of
currently deployed sensors, even when they have not yet been
designed for such purposes. In parallel, quantum optics is set to
play a greater role in sensing techniques, with single-photon
sources becoming increasingly available. [287. 283,289, 2%0]

Metrology Standards for Laser Systems

When a metrology laser system is built, its performance must
comply with a defined set of specifications. An important aspect
is the stability and drift of the laser, which directly determines
the drift of precision measurements. Basically, precision lasers
should have sufficiently high thermal stability so that the drift
during one calibration cycle is negligible. Typically, the
operational calibration of a metrology laser takes place every
year. Therefore, the drift during the whole interval must comply
with the calibration accuracy. In many applications, the
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calibration accuracy itself has to be detected.

Concerning the calibration accuracy, it is necessary to
evaluate the calibration target and process. The precision itself
can introduce additional systematic errors in calibration. The
stability of the laser, but also of the reference cavity wavelength,
can close a loophole for possible precision problems. However,
if both elements are sufficiently stable, a second cavity can be
used for a tighter Bandwidth. In this case, the two calibrations are
decoupled, and the calibration accuracy must be less than the
precision. In this scenario, the precision and accuracy are of
similar magnitude.

Smart laser systems that are embedded in a communication
infrastructure, such as distributed sensor networks, require
different performance characteristics. Here the performance of
the sensor and the related signal-to-noise ratio are of primary
importance. The laser serves as a photonic source. Therefore, the
performance demand can be translated into the preferring use of
small. Integrated semiconductor devices at increased power
levels. Hence, smart laser systems require small laser tiles that
can operate efficiently and with high output power at the required
wavelength and with high output speed. [*54 291,17, 18]

Calibration Techniques and Error Minimization

Precision measurements require thorough calibration. In two-
beam laser setups with large distance ranges, calibration reduces
the length measurement uncertainty. A method of surface
characterization and correction for laser distance measurements
uses a precisely known wavelength to determine the distance drift
and the roughness influence on a high-accuracy optical
measurement. An approach to length measurements with laser
range finders permits inverse estimation of surface parameters
from length measurements and improves the accuracy of
determining large distances.
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Lidar-like techniques with free-space laser beams are also
employed to extend communication distances and acquire data
on the observed natural environment. These measurements
feature advantages not found with shorter-distance
aerial/terrestrial scanners. However, results can be affected by
calibration and error budgeting.

Error budgets based on the law of propagation of uncertainty
guide the selection of techniques permitting an accuracy gain.
Techniques also identify measurement system accuracy for a
determined measurement condition. The analysis explains why
some parameters have to be as small as possible and allows them
to be estimated for a given measurement condition. The
combination of techniques offers a comprehensive perspective

on lidar-like laser systems, enabling smarter design and
operation [292, 293, 294, 295]
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Chapter - 17

Emerging Technologies in Laser Engineering

High-efficiency laser systems facilitate precise environmental
measurements and integrate optoelectronics in smart technology.
Relevant laser design principles encompass beam quality,
stability, precision, and noise performance. Systematic
approaches unify disparate optoelectronic and electronic
domains and employ Al, feedback, and sensor networks.

High-efficiency laser systems open novel research directions
with precision environmental measurements, including atomic
clock stabilization and vibrational spectroscopy. Integration with
semiconductor ~ components  enables  photonic-  and
optoelectronic-electronic systems. Al-assisted laser control,
adaptive optics, and Internet of Things coupling adapt platforms
for smart, autonomous operation.

A clear summary of the fundamental principles that govern
laser systems is essential to achieve the desired performance. The
focus is placed on the various operating regimes, constraints, and
the underlying phenomena involved in high-efficiency laser
systems. Key areas of interest include efficiency, noise, stability,
and beam quality, which are essential for applications in
precision measurement and smart technology. A systematic
approach enables the unification of different physical domains
(optical, electrical, thermal, etc.) and considers the impact of
spatially resolved phenomena on system performance. Artificial
intelligence, feedback loops, and sensor integration amplify the
potential for advanced development, [2%: 297, 298, 299]
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Ultrafast Laser Systems

Ultrafast laser systems emit short-duration optical pulses,
enabling wide-ranging applications and opening new scientific
disciplines. These devices leverage passive or active mode-
locking techniques to attain high peak power through
longitudinal spatial mode competition or are operated in a giant-
pulse mode by injecting Q-switching control into a laser without
microstructure. Such sources enable new science of ultrafast
phenomena, applied techniques like time-resolved spectroscopy,
ultrafast electron diffraction and imaging, and ultrafast laser-
material interaction for microfabrication and photochemical
synthesis.

Nanosecond-duration pulses are generated in Q-switched
systems by using saturable optical or electrical elements at high
energies. The pulsed lasers achieve very small pulse durations via
the combination of large gain bandwidth and dispersive optics to
allow mode-locking at a rate determined by the dispersive
properties of the laser. Highly nonlinear propagation in optical
fibres with an extremely large core diameter and lower refractive
index than neighbouring materials has led to the development of
fibre lasers with large gain lens-assisted focusing to create large
power density in the medium that operates without cryocooling.
Harmonic frequency operation produces a wide variety of
wavelengths and utilizes passive saturation properties of
sidelobes of the fibre that allow self-phase modulation that can
produce short-duration pulses. (300 301, 302, 300, 301, 302, 303]

Micro-and Nano-Laser Devices

A classification of lasers, by device size and crime-laser
classification. Lasers that use epitaxial techniques for integrated
on-a-chip systems. Applications of on-chip lasers for both
telecommunication and sensing.
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The investigation of miniaturization in laser systems is driven
by various motivations. At the telecommunication level, compact
laser sources are essential for voluminous chiplevel photonic
integrated systems, where the possibility of stacking layers of
chips broadens the use of optical connectivity in data bridges
between machines, as well as the distribution of compact
broadband sensors among objects integrated into the Internet of
Things (1oT). In the case of sensing, the trend points toward
systems capable of forming sensing networks in environments
considered hostile for human or other living beings, such as
monitoring the entire atmosphere of a city. At a different level,
micro- and nanolasers are important components of hybrid
integrated systems for sensing applications in environments that
are dangerous for living beings, such as monitoring the
atmosphere in cities. At the lower level, considering the laser at
the nanoscale, laser devices capable of operating as a source of
single photons for quantum applications have received great
attention. Lastly, miniaturization of the laser level capable of
running at the quantum regime opens a new playground for the
investigation of the interplay between quantum noise and
coherence, which is at the basis of the interplay between
Quantum Mechanics and the classical world.

Miniaturizing laser systems with sizes of the order of the light
wavelength in solid state is a critical challenge. Microresonators
can be used as an isolated laser device or as an integrated laser in
a photonic circuit. These laser sources can be fundamental
elements in the fields of infrared telecommunication and sensor
networks.  Device integration in  applications  for
telecommunication systems should end at the chip scale, where
the encoding-processing could be done through optical waves,
with the same concept of communication between two machines
by optical fibers. Depending on the carriers, light sources could
be semiconductor laser sources or semiconductor laser sources.
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On-chip devices integrated in circuit devices could be hybrid or
monolithic. Monolithic on-chip integration of lasers with other
elements with frequencies different from the laser is still a
challenge due to restrictions in the different materials. Hybrid
integration of laser sources in on-chip systems is simplified if the
threshold of the light source is higher than the contributions of
the other photonic-carrier circuits such as detectors.

Integrated Photonic Circuits

Photonic components can be interconnected using integrative
approaches to form photonic circuits, similar to electronic
circuits with light as the signal medium. Fiber optics technology
achieves this by connecting discrete components through glass
fiber with the inherent advantages of long-range communication,
low scattering loss, immunity to electromagnetic interference,
and a high degree of parallelism. Micro-optical devices made of
transparent materials also take advantage of sufficiently small
dimensions to connect using specially designed optical
waveguides. Optical fibers are, however, limited in integration
because two-dimensional integrated optical devices, realized
using photolithographic techniques, are the only possible version
available for optical signal processing. The dimensions of these
devices can be small enough to realize single-channel
communication as well. Optical signals can also be connected
with more than two dimensions by using optical switches and
electrical-to-optical convertors.

Semiconductor technology is now widely used for realizing
optoelectronic  devices such as light-emitting diodes,
semiconductor lasers and semiconductor lasers. The electrical
speed of these devices can be as high as 1012 Hz. The speed of
emission of these devices can be more than four orders of
magnitude higher than that of LEDs. The photonic devices can
also be integrated. It is possible to fabricate many photodetectors
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and photo-devices to function with a gain-bandwidth product of
over 1012 Hz. Photonic devices can be integrated with electronic
devices with a higher speed of operation. The development of

optical interconnects will greatly aid in fast signal processing.
[304, 305, 306]

Laser-Assisted Al Sensors

Integrating artificial intelligence into established laser
systems enhances control capabilities without altering hardware.
Closed-loop systems employing sensors, cameras, and
microphones facilitate the development of autonomous laser
processes, enabling applications including automatic pulsing,
cutting setup adaptation, generation of engraving paths or angles,
and more precise parameter adaptation to specific objects 37,
Adapting control systems to meet varying specifications such as
work materials and desired performance, thus minimizing
manual adjustment, represents a step toward achieving intelligent
laser systems.

Optical sensors are widely employed in laser machining and
material processing systems to acquire information on Remanent
Images, Edge Position, and Surface Roughness. Sensors collect
feedback to adjust control commands, maintaining target
specifications despite deviations. Assistance from sensors
enables automation of control systems to achieve sharpening,
engraving, 3D scanning, object detection, defect identification,
and recognition tasks. Deep learning methods are utilized for
laser machining, allowing trained models to automatically
complete engraving paths based on input images.

Trends in Smart Laser Platforms

Recent developments in smart laser technology have focused
on deep learning-based image restoration of laser-damaged
historic architectural elements, neural network-assisted
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adjustment of laser surface modification machining parameters,
intelligent control of laser particle size measurement schemes,
and adaptive optimization of laser welding parameters. These
advancements have stimulated interest in the design of intelligent
lasers embedded with smart technologies 3%l Smart laser
systems continuously monitor changes in the operating
environment and incorporate artificial intelligence for improved
correlation and prediction of laser parameters.
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Chapter - 18

Future Directions and Innovations

Precision measurements are a cornerstone in fundamental
science, and smart technologies are becoming paramount in the
digital era. High-efficiency laser systems are powerful tools for
both applications, but the requirements imposed on them differ
significantly. Coarse categorization is still possible, as both
domains look for low-noise operation, but the specifications
diverge further afterwards. For smart applications, integration in
compact devices is also important, while in-depth performance is
often needed for precision measurements (%81,

By focusing on high-efficiency systems compatible with
greater liberties in operational regimes, the adopted upgraded
approach does not clash with the aforementioned principles yet
accommaodates a wider spectrum of advanced technologies.Next-
Generation High-Efficiency Lasers

The emerging fields of smart technologies and precision
measurement motivate the investigation of next-generation laser
systems. Several distinct requirements define the necessary
design goals and performance metrics. The principal objective is
to achieve the highest possible overall efficiency while
maintaining the beam quality, intensity stability, and noise
performance within well-defined limits. Various physical
phenomena and constraints limit these parameters and influence
the design process. The regime of operation also plays an
important role, with different considerations applicable to the
early stages of laboratory prototypes compared to the final
specifications for integrated solutions.
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The starting point is a description of the target operating
conditions and performance envelopes for smart-laser and
precision-measurement applications. For smart-laser
technologies involving optical sensing and communications,
low-power,  small-footprint, and large-integration-scale
configurations are essential. Full integration into analog and
digital systems is desirable. Regarding precision measurement,
all relevant elements—including calibration methods, drift rates,
and long-term stability—must remain below specific limits.
Along with the overall efficiency, beam quality (cut by a factor
eb), noise level (Nc¢), average intensity (Pavg), and total electrical
power (Pel) are selected as key performance indicators,
accompanied by associated trade-offs.

The different architectures encountered in laser systems
strongly influence the aforementioned trade-offs. A first
classification divides systems into three main categories: solid-
state, fiber-based, and semiconductor platforms. Solid-state and
fiber devices reveal a great potential for achieving high
efficiency, as dedicated work on both fundamental science and
laser design has resulted in a solid understanding of their
underlying physical mechanisms. Nevertheless, their size and
thermal-mass limitations impede integration B%l. High overall
efficiency requires therefore a deep analysis and understanding
of the underlying physical principles.

High-power laser systems routinely encounter heat-load
management issues that directly impact stability and efficiency
[399 The development of efficient thermal and optical designs
remains a field of active research, aiming for an improved time-
to-market of high-powered laser systems. Two pioneering
principles for thermal coupling have been identified that reveal
similarities and could incorporate two-dimensional finite-
element thermal distribution modeling. These foundations enable
the establishment of routine models for semiconductor-laser
design and the assessment of thermal management.
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Physical-laser considerations constitute the first building
block of the digital-modeling approach to laser device definition
and architecture from an electrical, optical, and pumping
perspective. Accurate representation of the laser rate equations
and transverse-mode properties under varying pumping levels
and the influence of external cavity on system performance set
the next steps of the model-development process.

Laser Applications in Smart Cities

Lasers find extensive applications in smart cities, enhancing

infrastructure, healthcare, and communication systems [0,
Advantages include precision, remote operability, compactness,
and integration with smart technologies B!, Key applications
include:
— Optical Data Storage, Display, and lllumination. Data storage,
displays, and illumination remain critical in smart cities. Hard-
disk drives utilise laser-induced thermal writing to mark
magnetic films on disks, enabling rapid information read-back.
Lasers drive display and lighting technologies including laser
light-emitting diodes, laser-based picoand ultra-short throw
projectors, laser backlit liquid crystal displays, and projection-
based augmented reality systems. Optical-disc technologies have
evolved from compact discs to the wealth of data now stored on
Blu-ray discs. Optical data storage and video projection formats
interaction between access-device specification and information
access must be compatible.

— Measurement, Sensing, and Calibration. Optical
measurements and sensors are ubiquitous in cities today; laser
ranging plays a vital role in position monitoring in global
positioning systems including satellite-based augmentation
systems. Precise and accurate measurements remain paramount
in building monitoring, quality control, and automotive
applications. Holography and laser interferometry enables highly
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precise three-dimensional displacement measurements and
surface-roughness assessments. @rsted developed a mobile
optically interrogated structural health-monitoring system
(LISST) incorporating a laser distance-measurement capability;
uninterrupted ranging and quick calibration were essential for the
mobile-lidar system.

— Environmental Monitoring. Air quality, noise pollution,
and other environmental parameters directly influence human
health. Laser-induced breakdown spectroscopy holds promise as
a chemical-sensing technique for gaseous, liquid, and solid
samples. Remotely detected laser-induced luminescence
spectroscopy incentives both a) fluorescence spectroscopy for
solid-, liquid-, and gaseous-phase sample interrogation from
stand-off distances, and b) thermoluminescence spectroscopy for
solid materials. Smart cities face increased monitoring demands
as population densities rise. Efficient, small, portable, and, if
possible, field-deployable lasers are essential; laboratory-size or
potential bench-top mixed-technology solutions do not qualify.

— Industrial, Urban, and Semiconductor Manufacturing.
Smart cities' infrastructure, monitoring, and communication
systems engage industrial lasers at fabrication, assembly,
integration, maintenance, and recycling stages. Laser-induced
surface texturing and laser-assisted bonding significantly
enhance the integrity of semiconductor packages, robots, and
commercial food products. Nano-aspect industrial and urban
ingredients feature—nanotexturing, lipostatic microsensors, and
nano-electro-mechanical systems [3%°1,

— Smart Technology Content. Smart cities integrate
environmental monitoring, modelling, and planning in system-
design procedures. Smart technologies enable vegetation,
landscapes, water bodies, health, and other monitoring through
interrelated feedback loops. Smart monitoring underpins
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efficient maintenance, replacement, and positioning of such
technologies.  Therefore, monitoring remains a vital
consideration in smart-city technology design. Variables include
nature, type, amount, and frequency. Required standards
constrain legislation. Lasers offer significant technology and
specification enhancements—massive, channel, illumination-
structuring, and stand-off measurements enable existing range
extension from mobile graphic-information-supporting three-
dimensional transformation to thirty-kilometre coverage and
remain a prime specification consideration.

Hybrid Quantum-Optoelectronic Systems

High-efficiency  laser  systems  enable  precision
measurements and smart technology applications, such as
Internet of Things (loT) devices. Table 1 outlines the
fundamental performance criteria, desired operating conditions,
and distinctive characteristics of laser architectures that inform
the design of high-efficiency laser systems tailored to these
scenarios.

The calibration, stability, drift, and noise of laser systems
impact sensor measurement uncertainty, whether applied to
smart technologies, computer-memory automatically, or self-
powered sensors. An average torque of 800 mN-nm over large
cavities of 4 mm or more on mixed crystal Li7La3Zr2012
maintains amplitude and spatial-beam quality on-chip [,
Semiconductor devices rate-limited to 5 ps facilitate 200-um-
long cavity frequencies in the GHz demand Omega channel to
achieve modulation-extinction levels set by a 150-ps time—
bandwidth product with additional record peaking.

Laser-platform design further influences ordinary-craft and
treatment-laser systems integrated with Web-of-Things and
laser-looper systems on eutectic-BaO-ZnO glass via thin-film
microwave contour patterning. 10T temperatures embedded into
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laser-frame standards enable water-parameter-cell monitoring
and adhere to WiFi/WIoT sensor operations integrated on silicon;
selected Internet-wavelength bands and initial demonstrations
with selected Internet-wavelength operations clarify smart-
control directions for temperature, force, flavor, gas, and pH
monitoring on low-cost platforms 231,

Sustainable and Green Laser Technologies

Several promising eco-friendly laser technologies for
precision measurements and advanced smart systems have
emerged. Green light sources are important for precision optical
measurements in scientific and technological applications.
Lasers producing green light at high power levels continue to be
key components in a variety of precision measurement
techniques. Solid-state, fiber, and semiconductor laser sources
provide an important array of green light sources for precision
measurements. The foundation of precision measurement
technologies has been built upon solid-state laser sources. Further
improvements in many solid-state laser designs, including laser
diodes and fiber laser architectures, will continue to enhance the
capability of these light sources, enabling more precise
measurements and emerging smart technologies 3%,

Sustainable and green laser technologies remain important
technologies for facilitating and enhancing precision
measurements and over the past several periods, various
publications have contributed to the advancement of these
technologies. Green laser systems have aided in various scientific
and engineering disciplines through the outset of laser
technology. The emergence of semiconductor laser technology
combined with advanced optical modules enabled a simple,
compact laser system to be integrated into an existing Laser-
Induced Fluorescence (LIF) measurement system. The
Semiconductor Chilean Government has designated laser beam
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output of less than 540 nm for high brightness laser, and
monolithic tapered laser with a maximum wavelength of 530 nm
using giant Conventional Grating integrated laser and
Semiconductor Optical Amplifier configuration have been
developed for atmospheric applications. In certain conditions,
these laser-beam sources are potential candidates for high
brightness high spectral purity transmitter in future structured
Light Communication Systems. The broad area laser diode is
assembled in a self-Microlens-coupled 125um core Highly
Nonlinear Photonic Compensating Fiber and also provides good
output characteristics for remoted LIF Sensor.

A laser technology for producing a band of light capable of
inducing high-performance dye-sensitized solar cells is a focal
point in laser research as the world increasingly turns to energy
sources that can sustainably satisfy energy needs. High-
performance dye-sensitized solar cells can be achieved through
continuous-line  and  gap-beam-patterning  of  specific
wavelengths onto the photo-sensitive surface of a substrate,
which cannot be obtained from traditional ultraviolet laser
source. A unique laser technology produces a band of light that
either remains continuous or exhibits high-speed modulation,
with configuration of spectrally gain-clamped wavelength
tunable fiber cladding laser having emerged as a candidate
technology for further investigation. The fiber-based system that
generates a maximum output of 50W continues-line input-setup
wavelength-coupled argon fluoride hard mask, with specific
wavelength pass- and band-reflector patterned light emitted onto
the photo-sensitive surface is a leading-design consideration.

Challenges and Opportunities in Laser Research

In the last decades, significant advances in ultrafast lasers and
laser systems operating in novel regimes, including the
development of mode-locked fiber lasers, radically changed the
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landscape of scientific research and paved the way for new
applications. A wide variety of disciplines, such as
semiconductor manufacturing, communication networks,
biology, medicine, defense, and security have benefited from, for
instance, chirped pulse amplification (CPA) technology and
nonlinear optical (NLO) systems. Laser modelling and
simulation have curbed these advances by enabling better
understanding of the underlying physical phenomena, estimating
design space, and accelerating the convergence toward high-
performance systems. However, high-fidelity system-level
models that accurately predict the system operation under
varying pumping, temperature, and feedback are still rare. In
addition, black-box simulation approaches, capable of predicting
system performance without describing the underlying
dynamics, can help data-driven optimization schemes and tackle
the curse of dimensionality by reducing the design space. The
lack of fully integrated models hampers the development of new
laser systems and the implementation of data-driven optimization
approaches. A modular software model has been developed to fill
this gap, encompassing the major CPA and NLO-based laser
architectures and the most common post-processing routines.
The model is capable of simulating, in a modular fashion,
electromagnetic fields and physical characteristics. The
implemented tool assists in reverse engineering, performs system
optimization, and enables inverse design, as exemplified by a
case study of a high-power laser system operating above the
kilowatt level. Time-energy and pulse-slicing techniques are
essential enablers to generate short, high-energy pulses from a
high-power picosecond seed able to reach the multi-kilowatt
regime. These methods are particularly suited to CPA, which
remains the predominant approach for power scaling beyond the
one-kilowatt level. [314, 315, 316]
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Conclusion

High-efficiency laser systems are indispensable in precision
measurements and smart technologies, each driving specific
design requirements. Important performance metrics include
efficiency and beam quality for both applications, but
measurement technologies additionally demand noise stability
and long-term drift control, while smart systems prioritize
compactness and integration potential. Fundamental laser
concepts—spanning gain, loss, threshold, saturation, mode
competition, coherence, and stability—couple tightly to energy
efficiency and noise control. Moreover, thermal management
remains a central concern, as high-power operation can greatly
reduce measurement accuracy and system lifespan.

Solid-state, fiber, and semiconductor architectures all support
the necessary specifications yet present distinct trade-offs. Solid-
state lasers typically provide the highest output power and
efficiency but often require extensive thermal management. Fiber
systems offer good beam quality, high robustness, and substantial
output power with lower thermal loads, yet usually necessitate
complex pump schemes to achieve energy efficiency.
Furthermore, environmentally robust semiconductor lasers are
easily integrated with complementary optical, electronic, and
software components, making them attractive candidates for
smart applications.

Research on precision and smart technology lasers spans
modeling approaches, optoelectronic integration, nonlinear
optics, and cavity design. Techniques include rate equation
modeling with phenomenological gain, loss, and feedback terms,
coupled differential equations for multi-mode dynamics, and
scattering-transport models for spatial distributions. An
additional focus on nonlinear optical interactions examines self-
focusing, self-phase modulation, harmonic generation, and
mode-locking dynamics in solid-state and fiber cavities; relevant
materials and architectures are also discussed.
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