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1. Objectives

The main objective of this contract is to provide critical support to High Power Laser
Ablation 2010.

Since 1998, the International High Power Laser Ablation Symposium meetings have
provided a unique forum for exchange of ideas on the physics and application of
high power laser-materials interaction, including advances in relevant high power
laser sources and problems of beam propagation and detection, in a collegial
atmosphere. Our eighth meeting, just completed, was supported at a critical level by
AFOSR, through this contract.

The HPLA series is one of the first physics conferences to be organized around a
physical phenomenon (high power ablation) rather than a specific technology or
application. HPLA addresses every aspect of the high power ablation of materials
from the basic physics to the leading applications.

Our attendees are forefront specialists in the basic physics of laser-surface
interactions, high-power lasers, materials science, femtosecond lasers and effects,
beam propagation, beam forming, diagnostics and detection.

We provide a collegial atmosphere in which a wide array of specialists who might
not otherwise meet can talk and learn from each other. All sessions are plenary, so
that each attendee can hear all the oral papers. Two evenings of poster sessions are
contemplated.

We heavily emphasize the physics involved in the laser-surface interaction to avoid
missing the grand connections among these interesting applications.
Groundbreaking physics is discussed for its own sake. We also devote some sessions
to advances in the specific types of lasers (diode, solid state, rare gas
photodissociation, etc.) which are of use in these applications. Applications
discussed range from high-tech material processing to space propulsion to inertial
confinement fusion.

Past keynote speakers have included luminaries such as Prof. Charles Townes, Prof.
Yuri Raizer, Prof. Arthur Kantrowitz, Prof. Oleg Krokhin, Dr. Raymond Kidder, and
Prof. Sadao Nakai.

2. Corporate Sponsor and Duties

For the first time, General Dynamics Information Technologies (GDIT) was our
corporate sponsor. Their duties were hotel contract management, webpage
preparation (http://www.usasymposium.com/hpla/default.htm), making
conference announcements, setting and collecting registration fees, designing the
exhibitor and sponsor programs, selecting and paying for audiovisual services,
obtaining insurance for the event and onsite management.

3. Organizer and Duties

Dr. Claude Phipps, Photonic Associates, LLC was the conference organizer and chair.
His duties included creating the 2000-name conference contact list from scratch
(SPIE would not share this), creating the exhibitor and sponsor contact lists,
selecting and inviting speakers, communicating with all authors, organizing the
conference program, obtaining sponsorships and exhibitors, defining sessions, appointing
session heads, chairing the conference, coordinating with GDIT, coordinating



entertainment for the conference dinner including best poster awards, setting conference
paper guidelines, editng and assembling conference proceedings, coordinating reviews of
all papers, coordinating proceedings publication with the American Institute of Physics,
executing the contract with AIP and selling the proceedings. The publication contract is
between AIP and Dr. Phipps (GDIT is not involved).

4, Conference Location and Schedule

HPLA 2010 was held 18 - 22 April, 2010 at the Eldorado Hotel, Santa Fe. The
schedule was as follows:

Sunday April 18
4:00 - 6:00 PM: Early registration
5:00 - 6:00 PM: Reception
Monday April 19
7:00AM: Continental breakfast and registration
8:00 AM - 12:00 PM: Technical sessions
9:00 AM - 12:00 PM: Setup for tabletop exhibits and Monday posters
11:40 - 1:40 PM: Lunch
1:40 PM - 5:30 PM: Technical sessions
8:00 - 10:00 PM: Poster session and table top exhibits
Tuesday April 20
7:30AM: Continental breakfast and registration
8:30 AM - 11:10 AM: Technical sessions
9:00 AM - 12:00 PM: Setup for tabletop exhibits and Tuesday posters
11:10 AM - 1:10 PM: Lunch
1:10 PM - 4:50 PM: Technical sessions
8:00 - 10:00 PM: Poster session and table top exhibits
Wednesday April 21
7:30AM: Continental breakfast and registration
8:30 AM - 12:40 PM: Technical sessions
12:40 PM - 2:40 PM: Lunch
2:40 PM - 4:25 PM: Technical sessions
Thursday April 22
7:30AM: Continental breakfast and registration
8:30 AM - 11:25 AM: Technical sessions
11:25 AM - 12:15 PM: Panel “What are the issues we should be putting more
effort on in terms of understanding and/or overcoming technological
roadblocks?” moderated by Prof. ]. Thomas Dickinson
12:15 PM - 2:15 PM: Lunch
2:15 PM - 5:10 PM: Technical sessions
5:10 PM: Closing remarks by Dr. Phipps
6:00 - 9:00 PM: Conference dinner and best poster awards

5. Conference Topics, Program Committee, Sessions and Chairs

The complete program is provided in Appendix A. In that Appendix, papers
highlighted in gold are those which will be included in the American Institute of
Physics Proceedings but could not be given because of European and Russian
airport closings due to the Eyjafjallajokull volcano. Appendix B is our book of
abstracts. Appendix C lists our program committee (including a new member, Dr.
Pete Latham, AFRL Kirtland), and Appendix D lists sessions and session chairs.



One of the most interesting events in the conference was the panel, organized
by Tom Dickinson of Washington State, entitiled "What are the issues we should be
putting more effort on in terms of understanding and/or overcoming technological
roadblocks.” Those participating in addition to Tom were Leonid Zhigilei, University
of Virginia, Akos Vertes, George Washington University, Eugene Gamaly, Australian
National University and Chunlei Guo, University of Rochester. In addition inputs
were sent remotely by Razvan Stoian, Université St-Etienne, Michel Meunier,
Polytechnique Montréal, and Carmen Afonso, Optics Insitute of the Spanish
Research Council, Madrid. Some conclusions were

The details of absorption processes and the processes that follow absorption
are extremely important for understanding how heat is generated in
materials

All properties are time- and temperature-dependent, so that the spatio-
temporal shapes of the incident laser beam must be considered

Vortex beams have interesting properties

Applications lead physics and chemistry

The three types of models (electronic structure calculations, atomic level
classical simulations and continuum hydro models) need to be rationalized
We need the next ‘flagship application’

We need to understand the role of negative ions (are they as energetic as
positive ones)

We should consider group proposals to get funding for these studies

6. Conference Statistics
Table 1 gives the principal statistics for HPLA 2010.

Table 1. Statistics, HPLA 2010

Parameter Value Comment

Attendance 82 Would have been 102, absent the volcano
Volcano cancellations 20

Countries represented 18 New countries: Egypt

Total papers presented 95 18 could not be presented due to volcano
Oral papers 51

Poster papers 44

Papers in AIP Proceedings | 84

Pages in AIP Proceedings | 902

Sessions 14 Including poster sessions

7. General Comments

This was the toughest year in the history of HPLA to hold a conference. The
worldwide economic malaise caused potential sponsors and exhibitors to decline
our invitations. Hundreds of contacts produced only two sponsors. At the same time,
our new location in Santa Fe rather than Taos increased costs paid for hotel services




as well as the attendee room rate ($149). A month before the conference, our main
keynoter, Astronaut Donald Pettit, was sent to Kazakhstan to train for a Soyuz
launch. Then the volcano happened. Our technical keynoter, Prof. Johannes Pedarnig
of the Johannes-Kepler University, Linz, Austria could not attend. Ultimately, we lost
half of our European attendance from this cause. The organizer put 450 hours into
the conference, but we still had the lowest attendance in our history.

8. Costs supported by AFOSR
Table 2 lists the costs supported by this contract

Table 2. AFOSR support expenditures

Item Cost

Audiovisual Expenses $5,700
Exhibit Expenses $1,700
Web Setup $ 400
Supplies and Shipping $ 500
Photonic Associates Fee (4%) $ 330
Total $8,630

All expenses except Photonic Associates’ fee were in fact incurred by our corporate
sponsor, General Dynamics Information Technologies, 5100 Springfield Pike, Suite
509, Dayton OH 45431, and paid to them (Photonic Associates, LLC check 1297).
This information can be verified with Ms. Pamela Myers, 937-254-7950, extension
1135, pamela.myers@gdit.com.
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APPENDIX B
BOOK OF ABSTRACTS
INTERNATIONAL SYMPOSIUM ON HIGH POWER LASER ABLATION
ELDORADO HOTEL, SANTA FE, NM
19 APRIL - 22 APRIL 2010

Monday 19 April
Keynote I
[104] Pulsed-laser Deposition of Oxide Thin Films and Laser-induced Breakdown
Spectroscopy of Multi-element Materials
Johannes D. Pedarnig "*
! Institute of Applied Physics, Johannes Kepler University, A-4040 Linz, Austria

2 Christian Doppler Laboratory for Laser — Assisted Diagnostics, Johannes Kepler University,
A-4040 Linz, Austria, Phone: 0043-732-2468-9243, Email: Johannes.Pedarnig@jku.at

New results of the Linz group on pulsed-laser deposition (PLD) of oxide thin films and on laser-
induced breakdown spectroscopy (LIBS) of multi-element materials are reported. High-T,
superconducting (HTS) films with enhanced critical current density J. are produced by laser ablation
of novel nano-composite ceramic targets. The targets contain insulating nanoparticles that are
embedded into the YBa,Cu,0, matrix. Epitaxial double-layers of lithium-doped and aluminum-doped
ZnO are deposited on r-cut sapphire substrates. Acoustic over-modes in the GHz range are excited by
piezoelectric actuation of layers. Smooth films of rare-earth doped glass are produced by F, — laser
ablation. The transport properties of HTS thin films are modified by light-ion irradiation. Thin film
nano-patterning is achieved by masked ion beam irradiation. LIBS is employed to analyze trace
elements in industrial iron oxide powder and reference polymer materials. Various trace elements of
ppm concentration are measured in the UV/VIS and vacuum-UV spectral range. Quantitative LIBS
analysis of major and minor components in oxide materials is performed by calibration-free methods.
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J. Heitz, D. Béuerle (www.applphys.iku.at), M. Dinescu (NILPRP Romania), and the staff members
and industrial partners of the Christian Doppler laboratory (http://www.cdlabor-lad.jku.at/).

Session 2: Laser-matter interaction physics and modeling 1
Thomas Dickinson, chair

[98] Fundamental Studies of the Role of UV Laser Defect Production on the
Modification of Surfaces: Single Crystal ZnO and CaF;

Tom Dickinson

Department of Physics
Washington State University



UV-Laser interactions with wide bandgap insulators and semiconductors has generated a number of
examples of point defect production, surface and bulk modification, etching and re-deposition
processes, as well as numerous PLD related applications involving the emitted particles. In metal
containing compounds such as oxides and halides, aggregation of metals into nanoparticles has been
observed. In this talk we examine the fundamental mechanisms required to explain the formation of
such nanoparticles. We examine these modifications in oriented single crystals of semiconducting
ZnO with a band-gap of ~3.4 eV We first discuss results on interactions of strongly absorbing 248
nm (5 eV), 193 nm (6.3 eV), and 157 nm (7.8 eV) excimer laser light with high purity ZnO
surfaces in UHV. Using time resolved quadrupole mass spectroscopy, we show examine atomic and
molecular emissions (Zn, O, and O,) generated at fluences below plasma formation threshold.
Although the atomic Zn emission is robust, more total oxygen is observed to leave the surface. One
possible emission mechanism we are pursuing is the ejection of O by localized electron hole pair
annihilation. Accompanying exposure of these single crystals to 193 nm light is coloration: i.e. gray
to black spots (some preliminary evidence is showing detectable but less coloration at 248 nm); we
show conclusively that this coloration is due to surface metallic zinc in the form of nanoparticles,
typically 10-20 nm in diameter. We discuss formation mechanisms and the role of strong
interactions of the laser with these nanoparticles. Finally, we show preliminary results on the
production of defects in the VUV region of the spectrum induced by 157 nm light that results in
significant and novel first order interactions with the laser light itself. This may enter into the
processes that lead to Ca metal nanoparticles generated by 157 nm exposure.

[105] High Intensity THz Interactions with Materials: New Aspects and Applications

Dan Daranciang, Haidan Wen, Aaron M. Lindenberg*
Department of Materials Science and Engineering, Stanford University
Email: aaronl@stanford.edu; Phone: 650-725-2640

Topics: Physics of laser-matter interactions; Femtosecond and attosecond effects

Abstract: We describe recent results studying the interaction of ultrashort high field THz pulses with
a variety of materials ranging from small band gap and wide band gap semiconductors/insulators to
perovskite ferroelectrics. Evidence for THz-induced breakdown and impact ionization processes on
ultrafast time-scales are observed. Combined Thz-pump/X-ray probe ultrafast measurements are
described which capture the atomic-scale displacements associated with THz-driven materials. We
also present several novel aspects of plasma-mediated ultrafast THz emission, in which we
demonstrate attosecond level control of the half-cycle THz polarization and investigate the coupling
of femtosecond-laser-generated plasmas through THz emission spectroscopy.

[18] Atomic-Level Simulations of Laser Interactions with Metals: Melting of
Nanocrystalline Films and Generation of Crystal Defects

Leonid V. Zhigiiei,! Zhibin Lin,2 Eaman Tahir Abdul Karim,3 and Derek A. Thomas*

Department of Materials Science and Engineering, University of Virginia
395 McCormick Road, P.O. Box 400745, Charlottesville, VA 22904-4745, USA
Web page: http://www faculty.virginia.edu/CompMat/

1 Presenting author, Telephone: (434) 243 3582, Fax: (434) 982 5660, E-mail: 1z2n@virginia.edu
2 Current affiliation: Department of Physics, Texas A&M University, USA

3 On leave from the Institute of Laser for Postgraduate Studies, University of Baghdad, Iraq

4 Current affiliation: Faculty of Engineering, University of Tokyo, Japan
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Relevant topics: Fundamental Theory; Simulations; Physics of Laser Matter Interactions

Abstract: Atomic-level computer modeling has the ability to provide detailed information on the
complex processes induced by short pulse laser irradiation of metal targets and can assist in the
advancement of laser-driven applications. Recent results obtained in simulations of laser interactions
with metal targets (Au, Ni, Cr, AuCu bilayer) [1-4] are reviewed in the presentation with a particular
focus on the laser-induced generation of crystal defects and the role of the microstructure of the
target on the material response to the fast laser energy deposition. In particular, the mechanisms and
driving forces responsible for the generation of point defects (vacancies and interstitials) in
femtosecond laser interactions with Cr target [4] will be discussed based on the results of molecular
dynamics simulations. The simulations are designed to investigate the relative contributions of the
thermally-activated generation of vacancy-interstitial pairs during the laser-induced temperature
spike and the production of the point defects at the advancing solid-liquid interface during the
solidification process. The implications of the computational predictions for atomic mixing and
damage accumulation in multi-pulse irradiation regime are discussed. To address the role of the
microstructure of the irradiated target on laser-induced phase transformations, the results earlier
simulations of short pulse laser melting of single crystal films and bulk targets [1.5] are compared
with computational predictions obtained for nanocrystalline Au films [2]. The effect of
nanocrystalline structure on the melting process is investigated for a broad range of laser fluences.
At low laser fluences, close to the threshold for the complete melting of the film, the initiation of
melting at grain boundaries is found to steer the melting process along the path where the melting
continues below the equilibrium melting temperature and the crystalline regions shrink and disappear
under conditions of substantial undercooling. The unusual melting behavior of nanocrystalline films
is explained based on thermodynamic analysis of the stability of small crystalline clusters surrounded
by undercooled liquid [2]. The physical processes responsible for the material ejection in laser
ablation will also be briefly discussed based on the results of simulations performed for bulk Ni
targets [1].

[1] L. V. Zhigilei, Z. Lin, D. S. lvanov, Atomistic modeling of short pulse laser ablation of metals: Connections
between melting, spallation, and phase explosion, J. Phys. Chem. C 113, 11892, 2009.

[2] Z. Lin, E. Leveugle, E. M. Bringa, and L. V. Zhigilei, Molecular dynamic simulation of laser melting of
nanocrystalline Au, submitted, 2009.

[3] D. A. Thomas, Z. Lin, L. V. Zhigilei, E. L. Gurevich, S. Kittel, R. Hergenroder, Atomistic modeling of
femtosecond laser-induced melting and atomic mixing in Au film - Cu substrate system, Appl. Surf. Sci., in
press, 2009. (doi:10.1016/j.apsusc.2009.04.079)

[4] Z.Lin, R. A. Johnson, L. V. Zhigilei, Computational study of the generation of crystal defects in a bcc metal
target irradiated by short laser pulses, Phys. Rev. B77, 214108, 2008.

5] Z. Lin, L. V. Zhigilei, Time-resolved diffraction profiles and atomic dynamics in short pulse laser induced
structural transformations: Molecular dynamics study, Phys. Rev. B73, 184113, 2006.

[3] Transport of Light Absorbing Particles in Air with a Laser Pipeline

A. V. Rode," V. G. Shvedov,"*’ Ya. V. lzdebskaya,* A. S. Desyatnikov,’
w. Z KroIikowski,' and Yu. S. Kivshar®

"Laser Physics Center and ’Nonlinear Physics Center,
Research School of Physics and Engineering, The Australian National University,
Canberra ACT 0200, Australia

*Department of Physics, Taurida National University, Simferopol 95007 Crimea, Ukraine

Presenter: A. V. Rode, e-mail: avr111@rsphysse.anu.edu.au; ph. +61 2 6125 4637
Topics: Physics of Laser-Matter interaction, Advances of Laser Trapping



We developed an optical pipeline for laser-guiding particles in air using optical vortex beams. We
employ photophoretic forces for catching particles in air and transport them over a meter-long
distance by a laser beam. The photophoretic forces appear when a surface of an air born particle is
heated nonuniformly by an incident light, so that the gas molecules rebound off the surface with
different velocities creating an integrated force on a particle.

The main difficulty associated with the use of thermal forces in gases is the stability of trapping,
because absorbing particles are repelled from the intensity maximum of the laser beam. We
overcome this difficulty by employing counter-propagating doughnut-shaped optical vortex beams,
which offer stability and robustness of trapping [1,2]. The optical trap was formed by the standing
wave of two counter-propagating vortex beams with opposite topological charges, creating a radially
symmetric and azimuthally homogeneous intensity distribution in the trap volume. The
distinguishing feature of this approach is that particles are trapped at the intensity minimum of the
beam, thus with minimal heating and minimal intervention into the particle properties, which is
important for direct studies of particle properties and for air trapping of live cells.

We used agglomerates of carbon nanoparticles produced by a high-repetition-rate laser ablation
technique to illustrate trapping of particles in air [3]. The nanoclusters were trapped and
agglomerated in larger chunks, which could be collected from the trap for diagnostics of the content,
see Fig. 1(b). The size of the aggregates of the nanoclusters was varied from 0.1 gm up to 100 gm in
our experiments, mainly depending on the laser power and the cross-section size of the beam.

The scheme offers two principal degrees of freedom for optical manipulation of trapped particles, by
changing the polarization and by changing the distance between the focal planes of two optical vortex
beams. This feature presents a unique possibility of using the vortex beam as an optical pipeline for
transport of absorbing particles over large distances in gas environment.

The ability to capture absorbing particles suspended in gases by contact-less optical means opens up
rich and diverse practical opportunities. The new approach will be of direct importance in the areas
of air pollution and environmental protection, and will allow simulating on the processes studied in
atmospheric and planetary sciences in laboratory scales.

(@) (b)

Fig. 1. Trapping of particles in air with counter-propagating optical vortices. (a) The scattered light
from the agglomeration of carbon nanoparticles is clearly seen in the centre. (b) SEM image of a
particle collected from the trap on a Si wafer; the scale baris 1 ym.



V. G. Shvedov, A. S. Desyatnikov, A. V. Rode, W. Z. Krolikowski and Yu. S. Kivshar, Opt. Express 17, 5743-
5757 (2009).

A. S. Desyatnikov, V. G. Shvedov, A. V. Rode, W. Z. Krolikowski, Y. S Kivshar, Opt. Express 17, 8201-8211
(2009).

A.V.Rode, E. G. Gamaly, B. Luther-Davies, Appl. Phys. A 70, 135-144 (2000).

[7] Laser Applications for Nanotechnology: Insights from Numerical Modeling
Tatiana E. Itina*

Laboratoire Hubert Curien, CNRS/Université Jeann Monnet, Bat. F , 18 rue du Professcur Benoit
Lauras, Saint Etienne, 42000, France , 33 4 77 91 58 02, tatiana.itina@univ-st-etienne .fr,

N. Shcheblanov

Laboratoire Hubert Curien, CNRS/Université Jeann Monnet, Bat. F , 18 rue du Professeur Benoit
Lauras, Saint Etienne, 42000, France, shcheblanov@mail.ru

J-Ph. Colombier

Laboratoire Hubert Curien, CNRS/Université Jeann Monnet, Bat. F , 18 rue du Professeur Benoit
Lauras, Saint Etienne, 42000, France, jean.philippe.colombier@univ-st-etienne .fr

R. Stoian

Laboratoire Hubert Curien, CNRS/Université Jeann Monnet, Bat. F , 18 rue du Professeur Benoit
Lauras, Saint Etienne, 42000, France, 33 4 77 91 58 02, razvan.stoian@univ-st-etienne..fr

E. Audouard

Laboratoire Hubert Curien, CNRS/Université Jeann Monnet, Bat. F |, 18 rue du Professeur Benoit
Lauras, Saint Etienne, 42000, France, eric.audouard @univ-st-etienne.{r

Th. Y. Derrien

Laboratoire Lasers, Plasmas et Procédés Photoniques, CNRS/Université de la Méditerranée, 163
avenue de Luminy, 13288 Marseille, France, derrien@Ip3.univ-mrs.fr

J. Hermann

Laboratoire Lasers, Plasmas et Procédés Photoniques, CNRS/Université de la Méditerranée, 163
avenue de Luminy, 13288 Marseille, France, hermann@]Ip3.univ-mrs.fr

M. E. Povarnitsyn

Joint Institute for High Temperatures RAS, 13 Bd. 2, Izhorskaya street,
Moscow, povar@ihed.ras.ru
K. V. Khishchenko

Joint Institute for High Temperatures RAS, 13 Bd. 2, Izhorskaya street,
Moscow, Russia, konst@ihed.ras.ru

Abstract

Laser-produced nanoparticles have found many applications in bio-photonics, medicine and in the
development of photovolvatic cells. Many experiments have been performed demonstrating the
formation of these particles from solid targets in vacuum, in the presence of a gas or a liquid.
However, it is still difficult to predict the size distribution of these particles. Therefore, we have
performed an extensive numerical modeling of the involved physical processes. The developed
models allow us to compare the relative contribution of several processes involved in the cluster
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production by laser ablation: (i) direct cluster ejection from a target under rapid laser interaction, (i)
condensation/evaporation; (iii) fragmentation/aggregation processes during cluster diffusion; and (iv)
diffusion and coalescence if nanoparticles are deposited on a substrate. The calculation results of
both hydrodynamic and molecular dynamics simulations demonstrate that an exposure of a target to a
short or ultra-short laser pulse leads to an explosive target decomposition and to the ejection of
nanoparticles [1,2]. These cluster precursors are formed during rapid target expansion through both
thermal and mechanical processes. Collisions with background species affect the cluster size
distribution. The influences of the parameters, such as initial cluster temperature and size,
background temperature and density, on the cluster evolution are analyzed. The diffusion-limited
aggregation process is shown to depend both on laser-dependent cluster density and on the properties
of the background gas or liquid leading to a significant increase in particle size. If particle density is
high enough, the final size distribution is also affected by the substrate material properties due to the
particle diffusion and coalescence occurring after the nanoparticle deposition.

In addition, laser-induced phase explosion process is shown to play an important role in the first stage
of the formation of the periodic structures on the surfaces of some materials. Cluster ejection leads to
the formation of the caotically-modumlated relief that is then transferred into periodic structures upon
the action of several laser pulses.

These calculation results can be used to explain many recent experimental observations.

*presenting author, invited paper

[126] Controlled Nonlinear Energy Deposition in Transparent Materials:
Experiments and Theory

Alfred Vogel, Xiaoxuan Liang, Norbert Linz, Sebastian Freidank, Joachim Noack

Institute of Biomedical Optics, University of Luebeck, Peter-Monnik Weg 4, 23562 Liibeck, Germany
e-mail: vogel@bmo.uni-luebeck.de

Using a novel experimental technique that detects transient laser effects as small as 50 nm [1], we
recently demonstrated that low-density plasmas and nanoeffects can be produced not only using
ultra-short laser pulses but also, in a much more cost-effective way, by means of temporally smooth
nanosecond pulses of short wavelengths [2]. We also showed that luminescent plasmas of high
energy density are formed when tightly focused femtosecond pulses of > 100 nJ pulse energy are
focused into transparent materials and determined the corresponding plasma pressure and
temperature [3]. Our experiments thus reveal that controlled nonlinear energy deposition with widely
tunable energy densities is possible in a large part of the parameter space spanned by wavelength
(UV to IR) and pulse duration (fs to ns). Only ns breakdown at IR wavelengths is intrinsically
characterized by an abrupt jump from ‘no absorption’ to brightly luminescent, dense plasma. The
tunability opens exciting perspectives for laser material processing, precision manufacturing, and
surgery of cells and tissues.

Modeling of controlled nonlinear energy deposition requires a change of paradigms: it is no longer
sufficient to determine breakdown thresholds but one needs to be able to calculate the dependence of
energy density and material temperature from laser parameters to assess the resulting phase transition
and ablation effects. We present a model that fulfils these requirements. Besides considering
photoionization, avalanche ionization, recombination, and diffusion losses, it also considers heating
through residual linear absorption and via collision losses and recombination of the free electrons
produced by nonlinear absorption, as well as its counteraction by heat diffusion out of the focal
volume. Sufficiently high temperatures result in thermal ionization accelerating the ionization
avalanche.



The predictions of the advanced model are in excellent agreement with our experimental results
achieved with fs, ps and ns pulses at various wavelengths from 347 to 1064 nm. They also explain
the different ablation behavior of tailored fs pulses with positive and negative cubic phase from that
of unshaped pulses [4]. The good agreement encouraged creating a map of the (A,t) parameter space
in which the dependence of target temperature on laser energy is calculated for each (Ax) value. This
‘tunability’ map for the magnitude of laser effects is very useful in guiding the choice of laser para-
meters for a large variety of applications.

Finally, we demonstrate the tuning of nanosecond laser material interactions from the generation of
nanoeffects to larger, disruptive effects on various examples ranging from cell surgery and corneal
intrastromal dissection to the writing of waveguides or patterns in glass.

[1] A. Vogel, N. Linz, S. Freidank, G. Paltauf, Phys. Rev. Lett. 100, 038102 (2008)

[2] A. Vogel, N. Linz, S. Freidank, J. Noack, G. Paltauf, tutorial CLEO 2008, OSA Technical Digest, CMHH1 (2008)
[3] A. Vogel, N. Linz, S. Freidank, G. Paltauf, Invited Talk at CLEO Europe 2009

[4] L. Englert, B. Rethfeld, L. Haag, M. Wollenhaupt, C. Sarpe-Tudoran, T. Baumert, Opt. Expr. 15, 17855 (2007)

[63] Damage Mechanisms in Thin Film and Bulk Polymers upon NIR Femtosecond
Pulse Laser Irradiation: Sub-threshold Processes and Their Implications for Laser
Safety Applications

J&rn Bonse®, Javier Soiis®, Christian Spielmann®, Thomas Lippert®, Jérg Kriiger”

? BAM Bundesanstalt fir Materialforschung und —priifung, Unter den Eichen 87,
D-12205 Berlin, Germany
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Abstract

Ultrashort pulse lasers are the most important experimental tools for investigating fast evolving
processes in physics, chemistry, and biology. The availability of reliable laser systems enabled
applications in medicine and micromachining based on new regimes of light-matter interactions.
Therefore, in-depth knowledge of laser-induced damage thresholds (LIDT) and damage mechanisms
of optical materials is essential specifically to improve the laser protection abilities of the user against
the high-intensity radiation emitted by femtosecond laser systems. This contribution describes
different approaches for the measurement of LIDT of thin film and bulk polymer samples. The
dependence of LIDT on the band gap energy of bulk samples and on the laser pulse duration will be
discussed. In addition to ex-situ microscopic characterizations, in-situ real-time reflectivity (RTR)
measurements with picosecond and nanosecond temporal resolution were performed on thin polymer
films on a timescale up to a few microseconds. A model for polymer thin film damage will be
presented indicating that irreversible chemical modification processes take place already below the
fluence threshold of macroscopic damage. On dye-doped bulk polymer filters (as used for laser
goggles), transmission studies using femtosecond and picosecond laser pulses reveal the optical
saturation behavior of the material and its relation to the threshold of permanent damage.
Implications of the sub-threshold processes for laser safety applications will be discussed for thin
film and bulk polymer damage.
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Topic: Physics of Laser Matter Interactions
Abstract:

Understanding the chemical dynamics of electronically excited species in solids is essential to
forming mechanistic models relevant to photocatalysis, radiation chemistry, and energy transfer.
Irradiation of solid surfaces by UV, or higher energy photons, produces energetic species such as
holes and free electrons, that relax to form electron-hole pairs, excitons, and other transient species
capable of driving surface and bulk reactions. Photo-stimulated desorption, of atoms or molecules,
provides a direct window into many important processes and is often indicative of electronic excited
state dynamics of bulk and surface states. We use femtosecond and nanosecond lasers to excite
specific surface sites (e.g. terraces, step edges, corners) of nano-structured wide-gap ionic crystals
and measure velocities and state distributions of desorbed atoms or molecules under highly controlled
conditions. Photon energies are chosen to excite specific surface structural features that lead to
particular desorption reactions. The photon energy selective approach takes advantage of energetic
differences between surface and bulk exciton states and probes the surface exciton directly. We have
demonstrated that desorbed atom product states can be selected by careful choice of laser
wavelength, pulse duration, and delay between laser pulses. Excited state chemistry in solids is
inherently complex and greater understanding is gained using a combined experiment/theory
approach. Our experiments are designed specifically to test theoretical models based on the results of
ab initio calculations.

Application of this approach to controlling the yield and state distributions of desorbed species
requires detailed knowledge of the atomic structure, optical properties, and electronic structure. To
date we have thoroughly demonstrated surface-selective excitation and reaction on alkali halides.
However, the technological applications of alkali halides are limited compared to oxide materials.
Our current efforts focus on technologically important materials such as metal oxides. Oxides serve
as dielectrics in microelectronics and form the basis for exotic semi- and super-conducting materials.
Although the electronic structure of oxides differs considerably from alkali halides, it now appears
possible to generalize the exciton model for laser surface reactions to these interesting materials. Qur
recent studies have explored nanostructured samples grown by chemical vapor deposition or thin
films grown by reactive ballistic deposition (RBD) in addition to cleaved single crystal surfaces.
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Near-field effects in laser light-nanostructure interactions result in highly confined and enhanced
electromagnetic fields. These strong fields and elevated radiation intensities can efficiently couple the
laser energy to the local environment. Recently, ion production from adsorbates has been
demonstrated at elevated laser intensities from laser-induced silicon microcolumn arrays (LISMA)
that have features commensurate to the wavelength of radiation. Ion production from LISMA
exhibited nanophotonic properties, such as strong polarization and laser incidence angle dependence.
Activation of the ions, laser desorbed from LISMA structures, show fragmentation compatible with
the presence of both low and high energy channels.

To expand the limited range of accessible geometries and aspect ratios of microcolumns for photonic
ion production, silicon nanopost arrays (NAPA) are nanofabricated. The nanopost heights, H,
diameters, D, and periodicities, P, are varied in the 200-1500 nm, 50-600 nm and 200-1200 nm
ranges, respectively. Upon irradiation by a UV laser pulse, posts with subwavelength diameters show
resonant ion production at high aspect ratios (H/D). For example, a post height of 1200 nm and a post
diameter of 200 nm, i.e., H/D = 6, resulted in a 55-fold increase in the ion yield compared to the H/D
= 1 case. As the diameters of the posts decrease, the resonances shift to higher aspect ratios. These
resonances are linked to the near-field enhancements of the laser intensity around the posts, as well as
to energy dissipation and redistribution in these structures.

To explore the desorption and activation of adsorbates on NAPA surfaces, we study the survival
yields of preformed ions with a single decomposition channel (thermometer ions). For a wide range
of laser fluences, ions desorbed from NAPA with post diameters from 200 to 500 nm the survival
yields do not change. In contrast, NAPA with post diameters of 100 nm exhibit a dramatic decrease
in survival yields as the laser fluence is increased, indicating a different desorption mechanism for
the thinner posts. In particular, radial energy redistribution in these posts is limited, as the heat
conduction length is larger than their diameter. As a consequence, upon laser irradiation, the surface
temperature of these posts sharply increases. Similar to LISMA, biomolecular ions with multiple
decomposition channels show the presence of both low and high energy processes on NAPA.

The nanophotonic interactions are also explored by changing the incidence angle and plane of
polarization of the electromagnetic field in the ion production experiments. Dramatic increase in the
ion yield is observed when the laser beam is changed from s- to p-polarized and ion yields,
irrespective of polarization, vanish under right angle illumination conditions.

LISMA and NAPA systems constitute an entirely new class of ion sources that work on the
basis of photonic interactions. Their properties enable fast switching and modulation of ion
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production and provide control over the internal energy of the generated ions. Further development
and insight into photonic ionization promise to eliminate the need for additional ion activation, while
reducing the size of the ion source. Eventually, photonic ion sources can be integrated with
micromachined mass spectrometers and microfluidic devices.

Session 3: Laser-matter interaction physics and modeling I1
Wayne Hess, chair

[32] Fundamentals of Femtosecond Laser Ablation of Dielectric Materials
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Topics: Physics of Laser Matter Interactions, Femtosecond and Attosecond Effects, Simulations

The modeling of laser-excited dielectric materials requires a detailed description of the electronic
excitation. Dielectric materials do not absorb visible light by traditional linear absorption, so the
dynamical generation of conduction-band electrons strongly couples to the absorption. The
generation of free electrons is initiated by strong-field excitation and followed by multiplication
through impact ionization by energetic electrons heated by inverse bremsstrahlung. With free
electrons present, absorption of the remaining part of the light pulse becomes much more efficient.

There has been a lot of effort in modeling the ablation threshold of dielectrics. The level of detail has
varied considerably, where the most advanced models are computationally demanding and not
suitable for an extension to include propagation of light into the bulk. As a consequence Rethfeld [1]
has proposed a multiple-rate-equation (MRE) model, which includes the most dominant physical
effects, with less demand on the computation time. In the MRE model, electrons in the valence band
are excited to the conduction band by strong-field ionization followed by one-photon excitation
leading to an increased energy of the conduction-band electrons. When the energy of an electron in
the conduction band is sufficiently high, impact ionization can occur, and two electrons with a low
kinetic energy are generated.

In the present work [2], the MRE model is expanded to include propagation of the optical fields into
the material in a one-dimensional model. The excited electrons are assumed to behave as a free-
electron gas described by a Drude model. The model is generic and based on a few key para-meters:
the wavelength and the pulse duration of the light, and the band gap of the dielectric medium. The
inclusion of light propagation allows for a determination of ablation depths. Simulations have been
made for varying wavelengths, pulse durations and band gaps of the materials, see, e.g., the figure to
the right.

The dependence on key parameters obtained from the simulations as well as the underlying physical
explanation will be discussed. In addition, simulated results will be compared to an ongoing
experimental investigation of single-shot ablation on a range of dielectric materials.

[1] B. Rethfeld, Phys. Rev. Lett. 92, 187401 (2004).
[2] B. H. Christensen and P. Balling, Phys. Rev. B 79, 155424 (2009).
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Abstract

Rapid development of the ultrashort pulses lasers opens up possibilities for new applications of
material precision treatment as compared to conventional lasers. Nanostructuring of the metal surface
layers makes use of femtosecond laser pulses with the intensities close to the threshold ones, where
one observes the metal melting in a small volume without any significant ablation.

Modification of the structure and phase properties of the metal and alloy surface layers under
superfast cooling velocities are widely used to produce superfine crystalline and amorphous
structures with an application of the laser pulses of ultrashort duration. After the end of the laser
pulse the melt is rapidly crystallized due to the heat propagation into the specimen depth. Due to
superfast colling (10° K/s and higher) the size of the produced crystallites may be compared with an
interatomic spacing. An amorphous layer may be formed, if the cooling velocity exceeds the freezing
rate.

In case of a femtosecond laser pulse the material heating and melting processes take place under
essentially nonlinear and non-equilibrium conditions. However, the kinetics of the melt cooling after
the action of a supershort laser pulse is defined, finally, by the velocity of heat propagation into the
material depth, and for the metals this velocity makes about 10" - 10" K/s. So, the time of cooling
makes the value more than 10"?s. This means that one can make use of a heat model applied in
classical consideration of the crystallization kinetics.

The crystallization kinetics of metals from the melt under superfast cooling velocities realized in the
treatment of the materials by ultrashort laser pulses has been studied. An explicit solution to Kinetic
equation for the size distribution function of crystalline phase nuclei at the fast cooling of the melt
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was analyzed analytically and numerically. The use has been made of physical preconditions for the
crystallization process practically realized at superfast cooling: the existence of a sufficiently large
number of crystal nuclei of supercritical size and a plate-type shape of the nuclei. An average size of
crystallites has been defined, as well as the volume fraction of crystallized phase. The
amorphyzation criterion for the melt cooling velocity is determined.

The presented expressions for the crystal nuclei size and the new phase volume have been used to
describe the experiments on micro- and nanostructuring of the metal surface layers under the action
of femtosecond laser pulses.

The work was supported by the Grant 09-02-06186 of Russian Foundation for Basic Research, and
by Grants of Russian Academy of Science.
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In this talk we present results of large-scale molecular dynamics simulations of ablation and
spallation processes in gold thin films produced by the ultrashort laser pulse with duration T < 1 ps,
and incident fluence ~1 J/cm®. In order to capture reach physics of materials response, it is critical use
the realistic samples of 1 pm thickness which contain 0.1 billion atoms. The major processes
considered in this work are the two-temperature electron-ion thermalization, the formation of the
high pressure zone, followed by the propagation of strong rarefaction and compression waves. We
specifically discuss the atomic-scale details of the propagation of the rarefaction wave which produce
the nucleation of bubbles, cavitation and ablation of subsurface layer [1]. Concurrently, in the same
simulation run, the compression wave is transformed to shock wave propagating towards the rear side
of foil, followed by the formation of cracks and rear-side spallation of target. The MD simulations
were capable of capturing the complex interplay between the processes of spallation and ablation in
gold: dynamics of spallation depends on shock wave profile originated from the pressure profile in
ablated zone formed at early stage of laser energy absorption. Such strong inter-connection between
spallation and ablation can only be revealed if simulation includes the entire dynamics of the
materials response at the time and length scales close to those observed in experiment. The key to
achieving realistic description of the complex atomic-scale processes taking place during ablation
and spallation is the availability of robust interatomic potentials that are capable of to reproduce
properties of bulk gold at wide range of pressures and densities. Due to failure of existing embedded
atom potentials (EAM) to simulate the properties of gold at extreme conditions, we used in
simulations new analytical EAM Au potential which was fitted to reproduce the density functional
theory cold pressure curves [2]. In addition to observing complex atomic-scale processes during
ablation and spallation, the MD simulations provide quantitative data: cavitation strength of molten
Au, the ablation and spallation thresholds, the strain rate in spallation zone at the spallation threshold,
the spall strength of solid Au. Comparison with available experimental data including the crater depth
and the ablation threshold will also be presented.

[1]1 M. B. Agranat, et al., Applied Surface Science 253, 6276-6282 (2007); Proc. SPIE 7005, 70051W (2008)

[2] V. V. Zhakhovskii, et al., Applied Surface Science (2009) doi:10.1016/j.apsusc.2009.04.082
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Abstract:

The main focus of this presentation is to theoretically analyze the fast variations of energy spectrum
of electrons in non-metal crystals induced by high-intensity laser radiation. The main mechanisms of
the energy-spectrum changes are attributed to laser-induced variations of electron states. Being
subjected to action of laser radiation, the electrons cannot be characterized by the time-independent
Bloch functions. It means that the energy spectrum determined for the steady electron states (i.e.,
corresponding to the initial material before the laser action) is modified. We identify the following
modification mechanisms:

pondermotive potential resulted from the laser-driven electron oscillations;

specific high-frequency Franz-Keldysh effect attributed to laser-induced modification of the crystal
potential;

excitation of electrons from valence to conduction band.

We analyze and discuss each of those mechanisms and consider the interplay between them. In
particular, the pondermotive potential results in increase or oscillatory variations of effective band
gap. This effect was considered by Keldysh in his model of the photo-ionization [1]. Later we
demonstrated that this type of band-structure modification can be more complicated [2] leading to
flattening of energy bands. The classical Franz-Keldysh effect (FKE) [3] results in exponential
spreading of electron states into the forbidden band and the corresponding decrease of the band gap.
Our analysis shows that the classical description of FKE is not acceptable in the case of interest, i.e.,
when the band structure is modified by the same radiation that is absorbed by the electrons.
Analyzing the specific formulation of FKE for the high-intensity laser action, we demonstrate that the
band-structure modification by the pondermotive potential dominates in multiphoton regime at low
laser intensity, but FKE always dominates at high laser intensity in the tunneling regime. The high-
frequency FKE can result in a variety of effects, e.g., band-gap collapse in semiconductors and
specific shifts of the cutoff of white-light generation spectrum in wide-band gap solids. We discuss
the possible modifications of laser-induced electron processes resulted from the modifications of the
energy bands in transparent solids.

[1] L.V Keldysh, Sov. Phys. - JETP, 20, 1307 (1965).
[2] V.Gruzdev, Phys. Rev. B, v.75,205106 (2007).
[31 L.V Keldysh, Sov. Phys. - JETP 6(4), 763-770 (1958).

Key words: Franz-Keldysh effect, Keldysh formula, photo-ionization, laser-induced breakdown,
wide band-gap dielectrics.
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Abstract:

Ultrashort laser pulses are a promising tool for processing wide band gap materials for a variety of
applications ranging from precision micromachining even below the wavelength of light to medical
surgery. It is the transient free-electron density in the conduction band playing a fundamental role for
sub picosecond pulses [1] 2] [3] that after coupling to the lattice lead to phase transitions or the
creation of voids.

In our work we make use of temporally asymmetric femtosecond pulses of identical fluence
and identical statistical pulse duration in order to control two distinct ionization processes, i.e.
photoionization and electron-electron impact ionization. Control leads to different final electron
densities / energies as the direct temporal intensity-profile and the time inverted intensity-profile
address the two ionization processes in a different fashion. This results in observed different
thresholds for material modification in fused silica as well as in reproducible lateral structures being
an order of magnitude below the diffraction limit (down to 100 nm at a NA of 0.5) being robust with
respect to laser fluence variations [4] [5]. These findings are supported by our recent experiments:
we used chirped pulses with comparable pulse duration and observed that the asymmetric temporal
frequency ordering had no significant influence on the ablation thresholds. In addition, experiments
with geometrically overlapping focal regions did not show incubation effects on the creation of the
nanostructures. In order to get a conclusive picture we currently extend our studies on time resolved
plasma dynamics [6] to spectral interference measurements with shaped laser pulses. Aiming at
optimizing the temporal pulse shapes further, we started to simulate the free electron creation under
the constraint of minimizing the spatial structure. Minimizing the spatial structure and at the same
time maximizing the spectrochemical sensitivity for fs-LIBS [7] completes our experiments
exploiting temporal pulse tailoring for material processing.

Here I will shortly describe our temporal pulse shaping approach and discuss the experiments
sketched above.

1. Stuart, Feit, Rubenchik, Shore, and Perry, "Laser-Induced Damage in Dielectrics with Nanosecond to
Subpicosecond Pulses,” Phys. Rev. Lett. 74, 2248-2251 (1995).
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(2006).

4. Englert, Rethfeld, Haag, Wollenhaupt, Sarpe-Tudoran, and Baumert, "Control of ionization processes in
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Abstract:

In this talk, dynamic laser-material interaction will be reviewed to achieve high quality micro- &
nano-scale surface processing. How to achieve small heat affected zone (HAZ) is one of the key
issues. Process optimization of the laser-material interaction can provide us novel approaches to
overcome the optical diffraction limit for sub-wavelength resolution. Hybrid laser processing can
lead to the laser precision engineering of difficultly processed substrates, such as wafer thinning,
micro-drilling of heat sensitive polymer and singulation of ultra-thin devices. Combined with AFM
and NSOM means, laser processing resolution can be pushed further down to sub-50nm. To solve the
other technical bottleneck of slow laser nanoprocessing speed, parallel (multi-beam) and maskless
laser processing techniques are developed. Potential applications and technical challenges for the
laser-material interaction to cater for 22nm and beyond laser nanolithography, based on high
efficiency less debris laser produced plasma (LPP) EUV light source and flexible laser manipulation
of atom deposition will also be discussed.

Keyword: laser-material interaction, surface micro-processing, nanofabrication.
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Topics: 1 - Femtosecond & Attosecond Effects; 2 - PLD, MAPLE & Processing of Advanced
Materials; 3 - Physics of Laser Matter Interactions

Abstract:

Ultrafast pulsed laser irradiation of solid materials is used for surface and bulk structuring and for
deposition of nanostructured films or nanoparticles of a wide variety of materials. Ultrashort
femtosecond (fs) laser pulses promote efficient material removal with reduced heat transfer and high
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deposition rates of nanometer scale particles free of microscopic particulates. Therefore their use is
highly attractive for the micro- and nano-structuring of substrates and for the fabrication of
nanostructured deposits. However most of the studies to date have been performed with light pulses
centered around the peak wavelength of the Titanium:Sapphire laser around 800 nm. Analysis of the
process over a broader range of wavelengths can provide important information about the processes
involved and serve as experimental tests for advanced theoretical models.

This talk will present our recent [1,2] and on-going research on the effect that laser wavelength of fs
pulses has on: a) the nanostructuring induced in biopolymer substrates, and b) on the characteristics
of nanostructured deposits grown by pulsed laser deposition from semiconductor targets. Laser
irradiation with 90 fs pulses at 800, 400 and 266 nm of biopolymers is examined in self—standing
films of gelatine, chitosan, and blends with synthetic polymers, and is shown to result in the
formation of a modified layer with sub micrometric structures. The size and uniformity of the
observed features are strongly dependent on irradiation wavelength and on the characteristics of the
biopolymer (water content and mechanical strength). On the other hand, nanostructured deposits of
semiconductors TiO, and CdS were grown on Si (1 0 0) substrates by laser ablating a target in
vacuum or in oxygen using 80 fs pulses at the three wavelengths as above. A clear tendency is
observed consisting on the production of smaller nanoparticles with a narrower size distribution at
shorter wavelengths of the fs pulses.

The mechanisms governing the observed trends with fs laser wavelength, together with the
implications of the above findings for the application of organic and semiconductor nanostructured
substrates in biomedicine and photonics will be discussed in the presentation.

Acknowledgements: The skilled research of my collaborators, most recently S. Gaspard, R. de
Nalda, M. Oujja, S. Pérez, M. Sanz and W. Walczak is thankfully acknowledged.
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Abstract :

We discuss the possibility to influence and optimize the optical emission of the different ion species
in the ablation plume induced by laser-irradiated aluminium surfaces. For laser fluences exceeding
the ablation threshold, temporal tailoring of laser pulses was used to optimize the relative weight a
spectroscopic line with respect to the neighbouring spectral components and thereby to gain extended
control over spectral composition. Consequently, evolutionary algorithm and adaptive pulse shaping
were applied to control intensity ratios of selected emission lines in the induced Al plasma plume.
Furthermore, deposition of thin films is performed using the different temporally optimized and
femtosecond light distributions. Morphological characterization and the particle distribution on sizes

estimated by measurements on the corresponding deposited films are investigated for PLD
applications [1].

Hydrodynamics simulations have been performed to correlate intensity envelopes of the laser fields
and thermodynamical states reached by the emerging plasma phase. We will discuss the efficiency of
energy coupling as a function of different intensity envelopes and the resulting temperature, density
and ionization rates since the energy delivery rate is an essential factor that predetermines the
material thermodynamic evolution [2]. Subsequently, we examine probable thermodynamic paths for
material ejection under the laser action. The plasma composition is calculated as a function of time
and the neutral/ion species ratios typical of LIBS signals are compared with experimental results.
Moreover, the calculations allow to investigate the efficiency of nanoparticles generation from
materials subjected to different heating rates, in comparing the ejection features of a confined liquid
shell. With support from these numerical simulations of the hydrodynamic advance of the excited
matter, experiments revealed that controlling intensity envelopes of ultrashort laser pulse, emerging
plasma phase in a hot state generates a specific spectral emission which can serve as a guideline for
optimal control of its formation and kinetic evolution.

[1] M. Guillermin, C. Liebig, F. Garrelie, R. Stoian, A.-S. Loir, E. Audouard, App. Surf. Sci., 255, 5163 (2009)
[2] J.P. Colombier, P. Combis, A. Rosenfeld, I.V. Hertel, E. Audouard, R. Stoian, Phys. Rev. B, 74, 224106
(2006)

* presenting author - invited paper

[11] Ultra-fast Phase Transitions Induced by fs-lasers in Solids: Superheating Before
the Entropy Catastrophe

Eugene G. Gamaly

Laser Physics Centre, Research School of Physical Sciences and Engineering
Australian National University, Canberra, ACT 0200 Australia

Phone: 61 2 6125 86 59, e-mail: gam111@rsphysse.anu.edu.au

The advent of fs-lasers and novel diagnostic techniques (ultra-short x-ray, optical and electronic
probes) during the last decades made possible the studies of transient material transformation induced
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by ultra-short powerful lasers. However, there is a controversy in interpretation of the entirety of
experiments. There are papers interpreting the fall-off of x-ray probe intensity as evidence of a non-
thermal lattice melting solely by electronic excitation. On the other hand probing of the fs-laser
excited ice, Al, Bi and Ga demonstrate that the melting time is much longer than time needed for the
electron-to-lattice equilibration thus evidencing the purely thermal character of the ultra-fast melting.

It was established that the ultimate stability limit of a superheated crystal is achieved when entropy of
a crystal equals to that of it’s liquid (entropy catastrophe) [1]. The entropy catastrophe value mainly
depends on point defects concentration and lattice temperature [2]. The point defects and lattice
heating are two major sources for the catastrophic disordering of a crystal in equilibrium. I
demonstrate that the point defects formation time in fs-laser excited solid is the longest of all
relaxation times. Therefore a swiftly heated solid can be brought to the entropy catastrophe state
before the point defects formation only if a lattice is superheated well over the melting enthalpy.
Analysis of experiments on fs excitation of different solids reveals this salient feature of ultra-fast
transformation.

I demonstrate that characterization of the transient processes in a laser-excited solid through the
changes in entropy, the most fundamental measure of disorder, allows consistent explanation of the
diverse experiments without controversy [3]. The entropy catastrophe criterion unequivocally
determines that the ultra-fast melting commences when the lattice is superheated over the equilibrium
melting point while the point defects are so far absent. The main parts of electron and lattice
distributions are established before electron-to-lattice energy transfer time, thus making entropy a
legitimate concept for description of ultra-fast processes. The salient feature of the ultra-short laser-
solid interaction is that the generation of non-equilibrium point defects appears to be the longest of
all characteristic times. Thus ultra-fast catastrophic disordering, i.e. melting, becomes only possible
when the lattice is superheated in the absence of defects in a purely thermal mode.

1 H.J. Fecht & W.L. Johnson, Entropy and Enthalpy catastrophe as a stability limit for crystalline material,
Nature 334,50-5 (1988)

2. H.J. Fecht, Defect-induced melting and solid-state amorphization, Nature, 356, 133, (1992)

3. E. Gamaly, Entropy catastrophe: stability limit for solids overheated by ultra-short laser assunng
thermal mechanism of rapid melting, EMRS 2008 Spring Meeting, Symposium B, Strasbourg, May 26-30,
2008

Topics: Fundamental theory; Femtosecond effects; Physics of laser-matter interaction
[85] Laser System for Space Debris Cleaning

A.M. Rubenchik, C.P.J. Barty, R.J. Beach, A. Erlandson
Lawrence Livermore National Laboratory
Livermore, CA 94551

Presenter: Alexander Rubenchik, rubenchiki@IInl.gov

Topic: Applications — Laser Space Debris Mitigation and Planetary Defense

The use of a ground based laser for space debris cleaning was investigated by the ORION project in
1996. Since that study the greatest technological advance in the development of high energy pulsed
laser systems has taken place within the NIF project at LLNL. The proposed next laser system to
follow the NIF at LLNL will be a high rep rate version of the NIF based on diode-pumping rather
than flashlamp excitation; the so called “LIFE” laser system. Because a single "LIFE” beamline
could be built up in a few year time frame, and has performance characteristics relevant to the space
debris clearing problem, such a beamline could enable a near term demonstration of space debris
cleaning. Moreover, the specifics of debris cleaning make it possible to simplify the LIFE laser
beyond what is required for a fusion drive laser, and so substantially reduce its cost. Starting with the
requirements for laser intensity on the target, and then considering beam delivery, we will flow back
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the laser requirements needed for space debris cleaning. Using these derived requirements we will
then optimize the pulse duration, the operational regime, and the output pulse energy of the laser with
a focus of simplifying its overall design. Anticipated simplifications include operation in the heat
capacity regime, eliminating cooling requirements on the laser gain slabs, and relaxing B-integral and
birefrigence requirements. Estimates of laser size and cost will be presented.

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract DE-AC52-07NA27344.

Monday Evening Poster Session
Tony Hostutler, chair

[83] Solar Pumped Laser Microthruster

A.M. Rubenchik, R. Beach, J. Dawson, M. Messerly, C.W. Siders
Lawrence Livermore National Laboratory, Livermore CA 94551

Presenter: Alexander Rubenchik, rubenchik1@linl.gov
Topic: Laser Ablation Propulsion

Abstract:

The development of microsatellites requires the development of engines to modify their orbit. It is
natural to use solar energy to drive such engines. For an unlimited energy source the optimal thruster
must use a minimal amount of expandable material to minimize launch costs. This requires the
ejected material to have the maximal velocity and, hence, the ejected atoms must be as light as
possible and be ejected by as high an energy density source as possible. Such propulsion can be
induced by pulses from an ultra-short laser. The ultra-short laser provides the high-energy
concentration and high ejecta velocity. We suggest a microthruster system comprised of an inflatable
solar concentrator, a solar panel, and a diode-pumped fiber laser. We will describe the system design
and give weight estimates. The comparison with ion thrusters and direct pumping by the diodes will
also be presented.

This work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore
National Laboratory under Contract DE-AC52-07NA27344.

[70] High Current Cathodes Fabricated by KrF Laser Ablation

Dr. Ronald M. Gilgenbach (Presenter)
e-mail: rongilg@umich.edu, Phone: 734-763-1261
N.M. Jordan, Y.Y. Lau, D.M. French, P. Pengvanich, B.W. Hoff,
Plasma, Pulsed-Power and Microwave Laboratory
Nuclear Engineering and Radiological Sciences Department
University of Michigan,
2355 Bonisteel Blvd., Ann Arbor, M1 48109 USA

Session: High Power Laser Applications and Diagnostics
Abstract:

High current (1-10 kA) electron beam cathodes for accelerators and microwave sources have been
fabricated at the University of Michigan by several laser ablation techniques:

1) Projection Ablation Lithography (PAL) cathodes, 2) Ablation Line Focus (ALF) cathodes, and 3)
Metal-Oxide-Junction (MOJ) cathodes. Laser-ablative micromachining techniques (PAL and ALF)
have been utilized to generate microscopic features on metal substrates that provide electric field
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(beta) enhancement for Fowler-Nordheim emission and plasma cathodes. Since these laser-ablated
patterns are directly written on the substrate metal they exhibit much higher thermal conductivity for
higher current capability and increased damage thresholds.

The ablation laser is a KrF excimer laser with a per-pulse energy of 600 mJ and pulselength of 20 ns.
Laser-ablative deposition has been applied to deposit arrays of hafnium-oxide islands (metal-oxide
junctions) for triple-point cathodes. Triple-point is defined as the interface between metal, dielectric
and vacuum. We exploit the electron emission feature of triple-points to develop high current
cathodes. The KrF laser ablates a solid target of hafnium metal in a background gas of 20% O, / 80%
Ar at 100 mTorr. Contact lithography is employed to fabricate arrays of HfO, islands on metal
substrates. Plasma plume diagnostics by gated optical emission spectroscopy reveal neutral and
singly-ionized hafnium in the ablation plasma plume. Hafnium-oxide film diagnostics include XEDS,
SEM, TEM, profilometry, ellipsometry and x-ray diffraction (XRD). Hafnium-oxide deposition rates
are about 0.06 nm/pulse. Cathode experiments were performed on the MELBA-C accelerator: V = -
300 kV, pulselength = 0.5 microsecond. Data will be presented for PAL, ALF and MOJ cathodes. For
MOJ cathodes, three cases were compared: 1) pure Hf metal, 2) pure HfO,, 3) HfO, island on metal
substrate. Effects of laser ablated particulate will be discussed.

* Research supported by AFOSR, L-3 Communications and Northrop Grumman.

[111] Nanostructuring of Solid Surfaces by Femtosecond Laser Pulses

E.V. Golosov (presenter),’ A.A. lonin,’ Yu.R. Kolobov,’ S.I. Kudryashov,' A.E. Ligachev,’ S.V.Makarov',
Yu.N.NovoseIov,’ L.V. Seleznev,’ D.V. Sinitsyn’

' P.N. Lebedev Physical Institute, 53 Leninsky pr., 119991 Moscow, Russia
% Belgorod State University, 85 Victory st., 308015 Belgorod, Russia
® A.M. Prokhorov General Physics Institute, 38 Vavilov st., 119991 Moscow, Russia

Experimental results on femtosecond laser surface nanostructuring of various solid materials —
aluminum, titanium, and silicon — under dry and wet surface conditions are presented. The fabricated
nanostructures exhibit both quasi-periodic and irregular surface relief features.In particular, on
atomically flat silicon and mechanically polished titanium multi-shot fabrication of one-dimensional
sub-wavelength ripples with spatial periods in the range of 200-500 nm, visualized by means of
scanning ion-electron microscope, are observed. In contrast, on mechanically polished Al surfaces
two-dimensional nanostructures appeared even after single laser shot. Depending on laser dose (laser
fluence multiplied by the number of shots), in the case of titanium surfaces evolution of surface
nanoscale structures (spallation sites, trenches etc.) developing into the above mentioned one-
dimensional sub-wavelength nanoripples can be seen. The physical mechanisms underlying the
femtosecond laser fabrication of such nanostructures and their applications in biomedicine and
optoelectronics are discussed.

[23] Investigation of Laser Propulsion for Transport in Water Environment

Bing Han, Zhong-Hua Shen, Jian Lu, Xiao-Wu Ni

Department of Science, Nanjing University of Science & Technology, Nanjing 210094, People’'s Republic of
China.

Tel: 86+025+84315075(0), 86+025+84317075(H). Fax: 86+025+84318430.

Email: hanbingnjust@gmail.com.

Topics: Laser Ablation Propulsion, Physics of Laser Matter Interactions, Simulations.

Abstract: Problems that cumber the development of the laser propulsion in atmosphere and vacuum
are discussed. Based on the theory of interaction between high-intensity laser and materials, as air
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and water, it is proved that transport in water environment can be impulsed by laser. The process of
laser propulsion in water is investigated theoretically and numerically. It shows that not only the laser
induced plasma shock wave, but also the laser induced bubble oscillation shock waves and the
pressure induced by the collapsing bubble can be used. Many experimental results show that the
theory and the numerical results are valid. The numerical result of the contribution of ¢very
propulsion source is given in percentage. And the maximum momentum coupling coefficient ~ " is
given. Laser propulsion in water environment can be applied in many fields. For example, it can
provide highly controllable forces of the order of micro-Newton (uN) in microsystems, such as the
MEMS (Micro-electromechanical Systems). It can be used as minimally invasive surgery tools of
high temporal and spatial resolution. It can be used as the propulsion source in marine survey and
exploitation.

[109] O(a'A) Quenching in the 0/0,/0; System
VALERIY N. AZYAZOV, PAUL MIKHEYEV

Department of Chemical Lasers, Samara Branch of P.N. Lebedev Physical Institute, Russian Academy of
Science, Novo-Sadovaya st. 221, Samara 443011, Russia

DAVID POSTELL, MICHAEL C. HEAVEN'
Department of Chemistry, Emory University, Atlanta, GA, 30322, USA

Abstract:

Rapid quenching of O,(a'A) in OCP)/0,/O, mixtures has been observed. Oxygen atoms and singlet
oxygen O,(a'A) molecules were produced by 248 nm laser photolysis of ozone. O,(a'A) quenching
was followed by detecting the 1268 nm fluorescence from the a-X transition. Temporal profiles for
the oxygen atoms O(’P) were monitored by means of the O+NO chemiluminescent reaction. Fast and
slow decays of O,(a'A) were observed. The fast decay was observed when O atoms were present in
the system. An attempt was made to model the fast decay using the three body quenching process
0,(a'A) + O + O, — 20, + O suggested by Braginskiy et al. (J. Phys. D: Appl. Phys. 38 (2005)
3609). The near gas kinetic rate constant obtained from this analysis ((1.1£0.1)x10°' ¢cm®/s) was
inconsistent with data obtained from flowing afterglow experiments, indicating that additional
quenching species are generated by the ozone photochemistry. Rate constants for quenching of
0,(b'Z) by CO, ((6.10.5)x10" cm?/s) and O, ((1.9+0.2)x10"" cm?/s) were measured as a test of the
kinetic analysis techniques.

1)Presenter and corresponding author: (404) 727-6617 heaven@euch4c.chem.emory.edu

[129] Low-Power Laser-Metal Interaction for Space Propulsion Applications
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Department of Aeronautics and Astronautics, Tokai University, Hiratsuka, Kanagawa, Japan, +81
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Topics:
Laser-matter Interaction Physics and Simulations, Laser Ablation Propulsion

Abstract:

The micro-Newton thrust generation was observed through low-power continuous-wave laser and
aluminum foil interaction without any remarkable ablation of the target surface. To evaluate the
thrust characteristics, a torsion-balance thrust stand capable for the measurement of the thrust level
down to micro-Newton ranges was developed. In the case of an aluminum foil target with 10
micrometer thickness, the maximum thrust level was 15 micro-Newtons when the laser power was 20
W. It was also found that the laser intensity, or laser power per unit area, irradiated on the target was
significantly important on the control of the thrust even under the low-intensity level.

[130] High-lsp Mode of Pulsed Laser-Electromagnetic Hybrid Accelerator for Space
Propulsion Applications

Hideyuki Horisawa

Department of Aeronautics and Astronautics, Tokai University, Hiratsuka, Kanagawa, Japan, +81
463 58 1211, horisawa@tokai.ac.jp

Tadaki Shinohara

Department of Aeronautics and Astronautics, Tokai University, Hiratsuka, Kanagawa, Japan, +81
463 58 1211

Tei Kazuyoku
Department of Physics, Tokai University, Hiratsuka, Kanagawa, Japan, +81 463 58 1211

Shigeru Yamaguchi
Department of Physics, Tokai University, Hiratsuka, Kanagawa, Japan, +81 463 58 1211

Presenter’s Full Name: Hideyuki Horisawa
Department of Aeronautics and Astronautics, Tokai University, Hiratsuka, Kanagawa, Japan, +81
463 58 1211, horisawa@tokai.ac.jp

Topics:
Laser Ablation Propulsion, Optically-pumped Lasers
Abstract:

A fundamental study of a newly developed rectangular pulsed laser-electromagnetic hybrid thruster
was conducted, in which laser-ablation plasma was induced through laser beam irradiation onto a
solid target and accelerated by electrical means instead of direct acceleration only by using a laser
beam. The performance of the thrusters was evaluated by measuring the mass shot and impulse bit,
As results, significantly high specific impulses ranging from 5,300 ~ 7,100 sec were obtained
changing with the charge energies of 0.1 to 8.6 J, respectively. In addition, typical thrust efficiency
varied from 11.8 to 21.3% depending on the charge energy.
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[112] Gas-flow Slab RF Discharge as a Source of Singlet Delta Oxygen for Oxygen
lodine Laser

A. lonin (presenter),.Yu. Klimachev, . Kochetov, A.Napartovich, O.Rulev, L.Seleznev,
and D. Sinitsyn

P.N. Lebedev Physical Institute, 53 Leninsky pr., 119991 Moscow, Russia

Results of experimental and theoretical study of singlet delta oxygen (SDO) production in transverse
gas flow RF slab discharge for an electric discharge oxygen-iodine laser are presented. The electric
discharge facility operating in both pulse-periodic and CW mode was manufactured: gas flow duct
including multi-path cryogenic heat exchanger, dielectric slab channel, and slab electrode system
incorporated in the channel for RF discharge ignition. Experiments on SDO production in transverse
gas flow RF discharge were carried out. SDO production depending on gas mixture content, gas
mixture, gas flow velocity, low-frequency modulation of RF power and RF discharge power was
experimentally studied. It was shown that SDO yield increased with gas pressure decrease, gas flow
deceleration and helium dilution of oxygen at the same input power. CW RF discharge was
demonstrated to be the most efficient for SDO production at the same averaged input power of RF
discharge. SDO yield was demonstrated to be not less than 10%.

[19 ] Growth of Polyhedral Graphite Particles and Carbon Nanotubes Filled with SiC
Nanowires by Laser Ablation

Fumio Kokai, Kunihiro Uchiyama, Hajime Chigusa, Iori Nozaki, Koshio Akira

Division of Chemistry for Materials, Mie University, 1577 Kurimamachiya, Tsu, Mie 514-8507,
Japan

Abstract:

Nanocarbon materials have received widespread interests in basic and applied research fields. Laser
ablation can produce various nanocarbon materials such as single- and multi-walled carbon
nanotubes, single-walled carbon nanohorn aggregates, and polyhedral graphite (PG) particles. In
addition, laser ablation can be used to form nanocarbon composites such as metal-encapsulated
carbon nanocapsules, single-walled carbon nanohorn aggregates hybridized with carbon
nanocapsules, and carbon nanotubes (CNTs) filled with copper nanowires. We present a simple way
to grow PG particles and CNTs completely filled with naowires of silicon carbide based on laser
ablation of graphite containing silicon in the presence of high-pressure Ar gas atmosphere. All the
grown CNTs contain SiC nanowires and no empty CNTs were present. Laser ablation of graphite/Si
targets was performed using a continuous-wave Nd:YAG laser (500 W peak power) at room
temperature. The deposits produced by the laser ablation were examined scanning and transmission
electron microscopy. Depending on the Si content (0.1-70 at%) and Ar gas pressure (0.1-0.9MPa),
the products showing different morphologies were obtained. Unlike laser ablation of pure graphite in
which the growth of PG particles occurs at high Ar gas pressures of 0.5-0.9 MPa, for low Si contents
of 0.1-5 at%, PG particles with diameters of 100-1000 nm were grown even at a low pressure of 0.1
MPa. The reason for the enhanced formation of PG particles is unclear. However, one possibility is
that a Si atom could bind to a carbon atom and act as a seed to enhance the formation of carbon
clusters and/or graphitization. On the other hand, for higher Si contents, one dimensional structures
of amorphous SiC nanowires and CNTs containing SiC nanowires were produced. In particular, at
high Ar gas pressures of 0.7-0.9 MPa, SiC-filled CNTs (10-60 nm thick and 0.5-30 um long) were
efficiently grown. A selected area diffraction pattern showed spots corresponding to crystalline SiC.
The number of graphitic layers around SiC nanowires was up to 25, depending on the ratio of
graphite and Si in the targets. For the formation of these SiC-filled CNTs, high resident density of
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vaporized carbon and Si is thought to be essential in a space confined by Ar gas. From the TEM
observation of traces of molten composite particles at the ends of filled CNTs, we believe that the
growth of SiC-filled CNTs were self-induced from molten particles with specific carbon-Si
compositions together with separation of the SiC nanowire and graphitic layers.

Three topics: PLD, MAPLE, and Processing of Advanced Materials, Nnaoengineering, and High
Power laser Applications and Diagnostics

E-mail: kokai@chem.mie-u.ac.jp; Phone: +81-59-231-9422

[117] Femtosecond Laser Microstructuring of Transparent Materials and its
Ophtalmological Applications

Sergey Kudryashov, Andrey lonin, Svetlana Kozhushko, Leonid Seleznev, Dmitry Sinitsyn,
Alexander Alekhlin, Irina Kourilyova, Vera Likhvantseva, Mikhail Samoylov

P.N. Lebedev Physical Institute, Leninskiy prosp. 53, 119991 Moscow, Russia,
Phone: 7(499)1326739, email: sikudr@sci.lebedev.ru
Presenting author: Sergey Kudryashov

Section: Biomedical Applications

Abstract: At tight focusing (high NA > 0.5) femtosecond lasers with sub-critical peak powers are
known to enable fabrication of sub-micron voids inside transparent materials. Such voids could serve
as optical memory bits or photonic crystal units, while their continuous sequences make channels and
other internal structural elements of microfluidic devices. However, due to the fast temporal and very
short spatial appearance scales for such voids, their fabrication mechanisms (rupture of molten
material or plastic deformation of solid exterior by TPa-level shock wave) and parameters (laser
intensity, deposited volume energy density) are not well understood yet. Interestingly, at supercritical
peak powers tightly focused femtosecond laser pulses typically produce in bulk dielectrics not point-
like, but elongated (filamentary) damage structures, which should, however, appear at similar laser
intensities and deposited energy densities, thus enabling evaluation of the key quantities and
enlightening the underlying physical fabrication mechanisms for both these damage structures.

In our experiments on bulk micro-structuring of PMMA by tightly (NA = 0.65) focused 744-nm,
120-fs laser pulses with supercritical powers we observed inside the material prominent filamentary
damage structures with their volumes linearly increasing versus increasing laser energy (power). This
fact indicated homogeneous energy density inside the structures during fs laser filamentation in
PMMA with its upper bound corresponding thermal decomposition of the material. Ultrasonic
probing demonstrates formation of sub-critical plasma in the corresponding transient filaments,
enabling alternative evaluation of the deposited energy density, which is in agreement with the
abovementioned one. The potential physical mechanism of femtosecond laser nano- and micro-scale
modification of transparent materials at tight focusing is discussed.

Finally, femtosecond laser micro-perforation of eye tissues — cornea and sclera — has been
successfully performed in the similar manner opening, in the latter case, new perspectives in eye
surgical applications of femtosecond lasers.

This work was supported by Russian Foundation for Basic Research under the project # 08-04-
12068-ofi.
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Topics: Nanoengineering, Advances in promising new laser technologies, Physics of Laser Matter
Interactions

Abstract: Investigating interaction of intense extreme ultraviolet (EUV) light with solid surfaces and
induced phenomena becomes very much challenging, although extensive studies have been carried
out on interaction of EUV light at intensities below ablation thresholds. As application of the intense
EUV light to a novel technology, one could expect direct light nanomachining. We have investigated
micro- and nano-machining of transparent materials using laser-produced EUV light. In the present
paper, we report nano-ablation of silica glass and ablation process.

EUV light with a pulse duration of 10 ns were generated by irradiation of Ta targets with 532-nm
Nd:YAG laser light at 600 mJ)/pulse. EUV light radiated from the laser-produced plasma were
focused on silica glass plates using an ellipsoidal mirror, which is designed to focus EUV light at
around 10 nm efficiently. The optics has an advantage that it can focus a wide range of EUV light
compared to normal incident mirrors such as Schwartzchild mirros employed in EUV lighography.
We have achieved a fluence as high as 1 J/cm’.

In order to fabricate nano-trenches, a silica glass plate was irradiated with EUV light through
windows of a line and space mask. We demonstrated fabrication of nano-trenches with a width of 50
nm. It should be noted that the feature size is more precise than that estimated from the thermal
diffusion length for the 10-ns EUV pulse (i.c. 80 nm). Furthermore, the ablated area has a depth of
470 nm after ten shots of irradiation. Atomic force microscope analysis revealed that the irradiated
regions have a root mean square roughness of 1 nm. Thus, the EUV irradiation technique have a
significant feature of direct nanomachining.

The ablation occurs at fluences (F) beyond a ablation fluence (F;) and ablation depth per pulse (D)
obeys the law D = 1/a In (F/F,), where 'a' is an effective absorption coefficient. These results suggest
that absorbed energy is accumulated in the absorbed region without energy diffusion until ablation
occurs. It is notable that the accumulated energy density estimated from 'a' and 'F' is almost
comparable to the biding energy of silica glass. In addition, time-resolved mass spectroscopy
revealed that silica glass is broken into atomic ions and atomic neutrals after ablation. Because Si*
and O ions have a kinetic energy of 10° cm/s, non-thermal process such as Coulomb explosion may
be driving force behind the ablation. Such non-thermal process enables us to fabricate nano-
structures on silica glass.
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[4] Photorefractive Phase-shift of a Two Unidirectional Photorefractive Ring Oscillators Using Two
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Topic(s): Physics of Laser Matter Interactions

Abstract:

The interest in photorefractive materials has been increased in the last three decades due to wide
range of applications, such as storage of volume holograms, image amplification, real-time optical
signal processing, image processing, correlators, associative memories, information processing,
optical neural networks , beam coupling, phase conjugation, resonators, pattern formation etc.
Several experimental and theoretical investigations show that a photorefractive medium can act as an
amplifier in a Photorefractive ring oscillators .In the present paper, we have analyzed the
photorefractive phase shift for a primary and secondary cavity of a coupled photorefractive
unidirectional ring resonators under the assumptions of the plane-wave approximation and steady
state oscillation. The coupling in a coupled unidirectional ring resonators is achieved by a pair of
photorefractive two-beam coupling gain media ( photorefractive crystals A & B ) which are pumped
by an external laser beam and the oscillating beam which passed through crystal A & B respectively.
In such a case, crystal A acts as a gain element for a primary cavity while crystal B, loss element. For
the secondary cavity the crystal B acts as a gain element. We have also studied the two types of
steady state oscillations (in the first case both cavities oscillate simultaneously while in the second
primary cavity oscillate but not the secondary). The effects of parameters characterizing the
photorefractive medium and the pump intensity on the photorefractive phase-shift have been also
studied and it has been found that the strength of the photorefractive phase-shift in one resonator will
be affected by changing the characterizing parameters of the other resonator, i.e., the changing the
parameters of primary cavity will change the photorefractive gain and phase-shift of the secondary
cavity.

[106] Dynamic Pressure Recovery System for a Gas Laser

Carrle A. Noren, Theodore Ortiz, Michael Wilkinson, Wade Klennert, and Timothy J. Madden
Air Force Research Laboratory, Directed Energy Directorate, Kirtland AFB, NM, 87117

W. Richard Chan and H. Wilhelm Behrens
Northrop Grumman Aerospace Sciences, Redondo Beach, CA, 90278

Robert Walter
Schafer Corporation, Albuquerque, NM 87106

A diffuser, with the purpose of recovering pressure from a gas laser system, was designed and
studied. A diffuser is used in a gas laser system to transition the laser cavity’s low pressure to the
ambient pressure outside the device. Diffusers use a series of shocks in a duct to recover the pressure
of the laser effluent. The static pressure increases as the flow passes through each shock. This
diffuser uses a series of oblique shocks followed by a normal shock to accomplish the pressure
recovery. The diffuser studied here is made up of a constant-area supersonic section and a constant-
angle subsonic section. This diffuser was studied with non-reacting flows on a small scale test stand
with non-reacting flows and on a larger test stand. The efficiency of the diffuser was compared to a
baseline diffuser with static and stagnation pressure measurements. Computational Fluid Dynamic
(CFD) modeling was also performed, allowing insight to the fluid mechanics involved.
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Abstract:

This paper describes the comparative study of near-field nano-processing of glass and silicon by use
of metallic nano-particle and dielectric nano-particle excited by an 820 nm near-infrared femtosecond
laser pulse. Near electromagnetic field around metallic nano-particle and dielectric particle shows
quite unique properties on the substrate to be near-field processed. It is found that the existing
thought that the use of the metallic particle is better than the dielectric particle in a much smaller
particle size region than excitation wavelength is NOT always correct. As for near-field enhancement
on low refractive index glass substrates by the dielectric particle with appropriate refractive index, an
enhancement factor at the TE1 (magnetic dipole mode) resonance mode is found to be higher than
that induced by gold particle even at the TM1 (electric dipole mode) resonance mode of gold particle.
Conversely, on a high refractive index substrate like silicon, the near-field enhancement factor
becomes larger by use of the gold particle at the same particle size. This significant change of the
enhanced field intensity stems from the different nature of power flow based on the image charge
induced in the substrate. These results indicate that the best combination of the particle and substrate
for efficient localized near-field nano-processing is important for selecting either the metallic or
dielectric particle. The obtained result gives a useful means for the particle selection and
understanding of near-field interaction physics with substrate for efficient nano-processing of the
substrate surface. Finally, these theoretical results have been verified by experiment.

This work is supported in part by a Grant-in-Aid for the Global Center of Excellence for High-Level
Global Cooperation for Leading-Edge Platform on Access Spaces from the Ministry of Education,
Culture, Sport, Science and Technology, Japan.
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Abstract;

The physics of the Knudsen layer, formed near the vaporizing (ablative) surface is of great interest
for a number of applications such as capillary discharges, plasma thrusters, vacuum arcs, laser
ablation, etc.

Anisimov [1] was the first to consider details of the vaporization process for a case of vaporization of
a metal exposed to laser radiation. In his model, Anisimov used mass, momentum, and energy
conservation laws to determine the parameters of his bimodal velocity distribution function. The
assumption of his model are: (1) no absorption of laser radiation in the ablated gas, (2) the gas flow
velocity at the external boundary of the Knudsen layer is equal to the sound velocity, (3) the
temperature of the gas in the bulk region (beyond the Knudsen Layer) is constant, i.e. there is no
conductive heat flux to the ablative surface; (4) all particles that hit the ablative surface arc absorbed
by it. The primary result of his work was the calculation of the maximal flux of returned atoms to the
evaporating surface, which was found to be about 18% of the flux of vaporized atoms.

Since then, the Anisimov method has been extended to the certain cases of half-space evaporation
problem [2], and evaporation into dense plasmas [3-7], where the flow velocity at the outer boundary
of the Knudsen layer was assumed to be smaller than the speed of sound and dependent on the
properties of the bulk gas (plasma). In all these models, the authors still assume no conductive heat
flux to the ablative surface and complete absorption of particles by the ablative surface. This can be
significant because in these models [3-7] the temperature in the plasma core is assumed to be much
greater than the temperature of the ablative surface and, therefore, the thermal conduction can be
significant and has to be included in a Knudsen layer model.

Pekker et al [8] used a new bimodal velocity distribution function in the Kinetic layer and built a
more general Knudsen layer model that takes into account the conductivity of the bulk gas and can
therefore be used to simulate flows with large temperature gradients. However, as with all other
bimodal velocity distribution function model, the condensation coefficient of the model 8] was
assumed to be equal to unity.

Recently Pekker [9] extended the model [8] to the case of an arbitrary condensation cocfficient. He
also assumed a constant accommodation coefficient that specifies the fraction of diffuse and specular
collisions of incident particles on the ablative surface. This model allowed the author to formulate
gas-surface boundary conditions that can be used for CFD modeling of ablation process, which takes
into account thermal conduction and incorporate arbitrary condensation and accommodation
coefficients.

The motivation behind this work is to extend model [9] to the case of gas flow and to formulate the
boundary conditions for numerical simulation of fluid dynamics with ablative surface. This model
can be applied for laser ablation in gas flow as well.
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Abstract:

In the presented work, the theoretical research was done in order to investigate the transient
electronic dynamics within a solid semiconductor (silicon) under irradiation with an ultrashort VUV
laser pulse with the photon’s energy of hw = 92 eV and the Gaussian pulse duration of 1, = 10 fs),
according to the parameters used in experiments with a new Free Electron Laser (FLASH) in DASY
(Hamburg, Germany) [1].

The new Asymptotical Trajectory Monte-Carlo (ATMC) code [2] was created to describe the photon
penetration into the material accomplished with the electronic excitation and all following processes
with electronic subsystem (in the conduction and the valence band). The main goal of this work was
to obtain the transient energy distribution of the excited and ionized electrons within a solid silicon
target. The Asymptotical Trajectory Monte Carlo method was modified where necessary and
extended in order to take into account the electronic band structure and Pauli's principle for electrons
excited into the conduction band. Secondary excitation and ionization processes, made by free
electrons as well as by holes in valence band, were included and simulated event by event as well.

We demonstrate that the final kinetic energy of free electrons is much less than the total energy
provided by the laser pulse, due to the energy spent to overcome ionization potentials.

From the energy distributions of electrons and holes, we found the mean kinetic energy of free
electrons to be equal about a half of the minimum energy required for secondary electron creation
(which for Si is equal to the real band gap value of the material E,,;) just after the laser pulse. Quite
similar is the situation in the valence band with holes: they end up with the energy in between energy
gap and their own minimum of the energy necessary for a creation of secondary electron (which is
different from the electronic one). Both values can be found from the analysis of the static band
structure of the material.

It was found that the final total number of electrons excited by a single photon is significantly less
than hw/E,,.
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We introduce the concept of an 'effective energy gap' for collective electronic excitation, which can
be applied to estimate the free electron density after high-intensity VUV laser pulse irradiation. The
effective energy gap depends on the properties of material (like the band structure and the density of
states) and photon energy, but not on the intensity of the laser pulse.

[1] K. Sokolowski-Tinten, et al. High intensity XUV-FEL interaction with solids: first experimental
results (Springer Series in Chemical Physics Vol. 88, 737-742, Heidelberg, 2007)
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Abstract:

Electromagnetic radiation from an F, laser emitting at 157nm interacts strongly with most materials.
Due to the relatively large photon energy of 7.9eV shallow absorption depths and concomitant low
ablation thresholds are observed during laser processing. Thus the F, laser is an appropriate choice
for surface patterning when good depth resolution is required.

In this work we report on near-field laser ablation experiments at 157nm. In order to pattern the
surface of dielectrics they have been intentionally deposited with metal and semiconducting micro
and nano particles such that the incoming laser beam interacts with the obscuring particles. We
discuss the formation of seeded conical and prismatic structures with specific attention to the
attainable resolution, geometrical properties and plasmonic effects. The so called plasmonic
metamaterial structures will be discussed from a negative refractive index perspective.
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Abstract:

The objective of this combined experimental and theoretical research is to study the ablation
mechanisms of nanoparticle modification by ultrashort laser pulses. The experimental part considers
several groups of nanostructures built from spherical particles deposited on semiconductor and
dielectric substrates. Density of the particles varies from low (with mean inter-particle distance of 1-

10 pm) to high (with mean inter-particle distance less than 0.5 pm). We investigate different
geometries of the nanostructures — from random or quasi-random particle distribution to ordered
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linear and 2D patterns. Those nanostructured and the corresponding empty substrate surfaces are
irradiated with single 150-fs laser pulses at 775-nm wavelength and different levels of laser fluence.
Several different interaction regimes are observed in the experiments ranging from complete
nanoparticle removal by the laser pulses and melting at high intensity to very gentle size reduction
via non-thermal ablation at lower intensity. The removed particles frequently form specific sub-
micrometer-size pits on the substrate surface at their locations. Dependence of the size reduction on
laser fluence has been studied. Special attention is paid to the processes of laser-induced ionization of
metal and non-metal nanoparticles resulting in charging them positively.

The experimental effort is supported by simulations of the nanoparticle interactions with high-
intensity ultrashort laser pulse. The simulation employs specific modification of the molecular
dynamics approach applied to model the processes of non-thermal particle ablation following laser-
induced electron emission. This technique delivers various characteristics of the ablation flow from a
single nanoparticle including energy and speed distribution of emitted particles, variations of particl<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>