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Preface

The aim of this book is to present a succinct description of 
the non-equilibrium physics of the laser–solid interactions 
induced by the action of the ultra-short laser pulse on metals and 
dielectrics. The ultra-short pulse stands for the pulses shorter 
of the major relaxation times in the laser-excited solids (in 
the sub-picosecond time domain). Such a pulse excites only 
electrons while the atoms remain at the initial temperature and 
at the initial positions. We consider interactions in a broad 
range of intensities from the subtle excitation of the coherent 
phonons at low intensity up to the creation of the extreme 
energy density by the intense short laser focused into sub-micron 
volume.
 The basic physics of the interaction is the focus of the studies. 
Therefore, we present mainly the analytical estimates in a form 
allowing to a reader using (or creating) the numerical code on 
a clear physical basis. The effects of the laser field on the matter 
and the effects of the excited matter on the field are considered 
intertwined.
 The goal of the book is the study of the interaction of the 
intense ultra-short laser pulse focused to the sub-micron volume 
inside the transparent dielectric at the laboratory tabletop. The 
interaction zone and laser-affected material remain confined 
inside the pristine crystal. The absorbed energy density exceeds a 
few TPa (1 TPa = 106 J/cm3 = 10 Mbar) that is higher than Young’s 
modulus of any existing material. Hence, the micro-explosion 
after the end of the pulse creates a void inside an undamaged 
crystal, the size of which can be controlled by the proper choice 
of the laser and material parameters. It was found that in the 
conditions of micro-explosion the unusual high-pressure phase 
transformations occurred resulting in the formations of bcc 
aluminium and novel phases of silicon.
 The phase transitions in the laser-induced confined micro-
explosion take place along the unique transformation path first 
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transforming solid into the chaotic state where the memory of 
initial structure is lost. Transition from the randomised state to 
the ambient conditions occurs allegedly along the path where 
the kinetic barriers are suppressed resulting in the previously 
unobserved structures.
 The laser intensity during the interaction increases up to 
few hundreds of TW/cm2 well below the relativistic intensity. 
We describe the changes in the material properties step by 
step as the intensity grows up to the maximum. We provide the 
reader a succinct description of the ultra-short laser–matter 
interaction starting from the low intensities, when a solid 
remains intact after coming back to the ambient state after the 
interaction. Step by step, we proceed up to the high intensities 
when any solid is converted to plasma and the extreme energy 
density is achieved. The analytical formulae, scaling relations, 
describing the major characteristics of laser–matter interaction 
are combinations of the laser and material parameters having 
a clear physical meaning. These relations allow planning the 
experiments; interpret the results, indicating the methods for 
control over the phenomena. The rigorous formulation of the 
problems for the computer simulations naturally follows from 
this approach.
 Energy transfer from electrons to atoms (ions) occurs after 
the end of the pulse producing on the route to equilibrium 
the wide variety of unusual transient material states. At low 
intensity, the laser light produces the subtle material 
modification keeping material intact. The low-intensity laser-
induced transformations are reversible: A material returns to 
the initial state after cooling to the ambient conditions. The laser 
can excite short-lived coherent atomic vibrations (phonons). 
At elevated intensity, laser excitation creates the transient states 
with the properties, which cannot be attributed to either solid 
or liquid, metal or dielectric.
 The tightly focused short laser pulse may achieve the maximum 
intensity of hundreds TW/cm2 at the focal spot generating the 
energy density of a few MJ/cm3 (pressure a few TPa) in the focal 
volume confined inside of a transparent crystal. Any material 
in this volume is converted to the hot solid density plasma. 
The memory of the initial structure is lost in this high entropy 
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state. The return to the ambient condition occurs along the 
unique chaos-to-equilibrium routes drastically different from the 
conventional high-pressure transitions. The novel, never observed 
previously, high-pressure phases of aluminium (bcc-Al) and 
silicon were discovered under these conditions.
 We limit the consideration of ultra-short laser/matter 
interaction mainly to a single-pulse interaction with solids, metals 
and dielectrics. The chain of the inter-connected non-equilibrium 
processes in a single pulse-solid interaction and assumptions 
made are explicitly presented. This is the first step to the description 
of the material modification by the multiple-pulse action on the 
same spot. This problem is much more complicated and less 
studied experimentally and theoretically and not considered in 
this book. However, the single-pulse ablation studies were 
successfully extended to the material ablation under the 
multiple-pulse action. The theoretical and experimental studies 
of the material ablation by the high-repetition-rate lasers (up to 
96 MHz), described in the book, demonstrated that it is possible 
to control and predict the multiple-pulse ablation process.
 The short/intense laser–matter interactions found numerous 
applications in industry (micro-machining), information technology 
(optical memory, waveguides, photonic crystals), materials science 
(new material, nano-cluster and nano-structure formation), 
biology (selective action on cells and big molecules) and medicine 
(dentistry and surgery). In this book, we concentrate on achieving 
the extreme energy density and creation of conditions where the 
unique paths for the formation of the novel high-pressure material 
phases are created.
 The knowledge of physics in the frames of the university 
course of physics is sufficient for the understanding and 
practical use of this book. We believe the book is accessible for 
advanced undergraduate and graduate students, practitioners 
and newcomers to the field, either theorists or experimentalists.
 This book is the updated version of the book Gamaly (2011) 
partly on the basis of the review articles (Gamaly, 2011; Gamaly 
and Rode, 2013) and on the lectures (Aix-Marseille University, 
2014, 2015; the Photonic Centre of Osaka University, 2019). The 
book is neither a review of the author’s works nor a review of 
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the works of numerous groups working in applications of the 
ultra-short laser–matter interactions in micro-machining, writing, 
cutting and welding. The book is dedicated to a sufficiently 
complete description of the non-equilibrium physics of the 
ultra-short laser–solid interactions, which is the basis for any 
application.
 I am indebted to my colleagues who helped to understand 
many phenomena in the course of the joint work on the 
projects described in the book. I would like to express my 
sincere gratitude to Andrei Rode, Barry Luther-Davies, Wieslaw 
Krolikowski (Australian National University), Saulius Juodkazis 
(Swinburne University), Olivier Uteza, and Marc Sentis (Aix-
Marseille University) for the many enlightening discussions of 
the books topics. My special gratitude to Professor Vladimir 
Tikhonchuk (University of Bordeaux), who read the manuscript 
and made numerous comments, which were implemented in the 
revised text. My sincere gratitude to Professor Juodkazis for the 
kind permission for using his photograph of the void in sapphire 
for the front cover.
 The list of the references reflects the author’s views on the 
most important papers and does not cover the entire field 
completely. The author considers the cited papers as the guides in 
the vast sea of publications.
 The ultra-short laser–matter interactions studies are 
multidisciplinary by nature. The topics include optics, the 
electromagnetic field interaction with solids and plasma, atomic 
physics, fundamentals of plasma physics, elements of the solid- 
state physics, and statistical physics with the glimpses from the 
quantum mechanics. In order to account these topics succinctly, 
the book has been organised as follows.
 The first chapter is dedicated to the description of the 
main features of the light source as the interaction tool and the 
characteristics of a matter response to the laser action. The second 
chapter considers the laser interaction with metals. The third 
chapter is devoted to the laser interaction with dielectrics up to 
the conversion of a dielectric to plasma. The unconventional 
transient material states created at the gradually increasing 
laser intensity are described in the fourth chapter. The fifth chapter 
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considers the processes of the non-equilibrium evaporation 
(ablation) of metals and dielectrics under the action of the intense 
ultra-short laser beam. Sixth chapter describes the ways for the 
light concentration inside a transparent dielectrics allowing 
the achievement of the extreme energy density and preserve 
the pressure/temperature-affected material returned to the 
ambient being confined inside a pristine crystal. The methods 
and processes leading to the extreme energy density are also 
considered in Chapter 6 along with the experimental results 
that evidence the formation of previously unobserved novel 
material phases. In the conclusive remarks, we address the 
unresolved problems and future directions in the ultra-short 
laser–matter interactions studies.
 We demonstrate that the understanding of the fundamental 
features of the laser–matter interactions phenomena is the direct 
way to the technical solutions allowing the implementation of 
academic studies’ results into the applications such as micro-
machining and new material formation. We present the description 
of the relevant experiments, experimental setups, experimental 
results and comparison to the theoretical predictions.
 In the book, we are using the Gaussian (CGSE) system of 
units since the SI units are incongruous for the description of 
the electromagnetic phenomena. The dimensions of the electric 
and magnetic field strengths are different in SI, even though 
both enter the Maxwell equations (and the electromagnetic field 
tensor) in a quite equivalent manner. The table for the conversion 
of CGSE units into SI units is presented at the end of the book.
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