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PREFACE

Most of this book was written before October 1973. Thus the
statements concerning the energy crisis are now dated, but remain
valid nevertheless. However, the term "energy crisis" is no longer
the unusual new concept it was when the material was written; it is,
rather, a commonplace expression for a condition with which we are
all only too familiar. The purpose of this book is to point out
that the science and technology of laser-induced nuclear fusion
are an extraordinary subject, which in some way not yet completely
clear can solve the problem of gaining a pollution-free and really
inexhaustible supply of inexpensive energy from the heavy hydrogen
(deuterium) atoms found in all terrestrial waters.

The concept is very obvious and very simple: To heat solid
deuterium or mixtures of deuterium and tritium (superheavy hydrogen)
by laser pulses so rapidly that despite the resulting expansion and
cooling there still take place so many nuclear fusion reactions
tnat the energy produced is greater than the laser energy that had
to be applied. Compression of the plasma by the laser radiation
itself is a more sophisticated refinement of the process, but one
which at the present stage of laser technology is needed for the
rapid realization of a laser-fusion reactor for power generation.
This concept of compression can also be applied to the development
of completely safe reactors with controlled microexplosions of
laser-compressed fissionable materials such as uranium and even
boron, which fission completely safely into nonradioactive helium
atoms.

The papers that have been published on this subject are widely
scattered and quite daifferent in content, occasionally providing
contradictory and therefore rather confusing results. To undertake

vii



viii PREFACE

the preparation of an exhaustive monograph would therefore be akin
to the labors of Sisyphus: when finished it would be obsolete.
Many international conferences have been held which are turbulent
mixtures of new and unexpected results with an accumulation of
earlier unexplained results. With an eye to the necessity of re-
solving the energy crisis, some attempts have been made to provide
introductory material to this subject. The biannual International
Workshop Conferences on "Laser Interactions and Related Plasma
Phenomena" organized by Helmut J. Schwarz and the author are held
for this purpose. Both reviews and new results are presented and
then -- to the extent that the material is suitable -~ published in
proceedings volumes of a fairly representative character. However,
the level is necessarily advanced; and, therefore, both students
and beginners have need of a quick survey and an introduction to
plasma physics of such a nature as to enable them to follow the
papers of these proceedings as well as the current literature. With
this need in mind, this introductory volume was written to provide
in combination with the appended collection of important papers
something akin to a seminar in printed form, to be studied alone

or to be used in conjunction with lectures and discussionms.

The author has not been neutral in writing this introduction,
but he has tried to avoid the shortcomings of many so-called "review
articles.”" Such reviews often tend to be either muddled and undi-
gested collections of key words and formulas from a large number
of papers or extended discussions of very specific work by the re-
viewer himself to which he has added only results by others which
are relevant to his own. However, the author is not free of human
motivation -- otherwise he would not have been able to present the
subject with the enthusiasm and conviction of an active participant
in an exciting field of research -- and, therefore, this work may
also suffer to some extent from the above-mentioned defects. If
that is so and some aspects are emphasized more than they might have
been by another writer, the reader may compensate for it by studying
further in the papers of other authors.

Unavoidably, there is some mixing of highly elementary and in-
troductory descriptions of the physical properties of a plasma with
unresolved problems and with some new results. The yet unsolved
questions are especially pointed out, particularly when different
sources lead to confusing and conflicting results. For example,
measurements of the reflectivity of laser-produced plasmas differ by
a factor of 100 or more. There seem to be unexplained characteris-
tic phenomena at moderate laser intensities in ruby and neodymium-
glass laser pulses around 10° W/cem2, such as the Linlor effect; and
there are discrepancies between the models of homogeneous heating
and of generation of compression waves at 1010 to 1013 W/cm2. At
higher intensities the scattering results are equally complicated.
The inclusion of new results could not be avoided in view of the
presentation of a new method of compression of laser-produced plasma
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which is much more efficient than the previous approach of gas-
dynamic ablation. This method provides a new approach to the entire
field, and the whole discussion is influenced by this new point of
view.

It is a pleasure for the author to thank colleagues and friends
for direct and indirect help in finishing this work, especially
Vice-President Warren C. Stoker and Prof. Helmut Schwarz of Rens-
selaer Polytechnic Institute; Dr. Marcel Salvat, Director of Euratom
at IPP Garching, for constant and fruitful cooperation over many
years; and Prof. Moshe J. Lubin of the University of Rochester for
helpful arrangements during the author's term at his laboratory
while on leave from the Max Planck Institut fiir Plasmaphysik
(Association Euratom) in Garching, Germany.

Ottobrunn (Germany) Heinrich Hora
Rotdornweg 4



CONTENTS

Introduction

1.1 Nuclear Fusion

1.2 Laser-Produced Nuclear Fusion

Lasers

2.1 Laser Condition

2.2 Operation of Lasers

2.3 Available Lasers

Early Measurements and Gas Breakdown

3.1 Gas Breakdown

3.2 Plasmas Produced from Solids in Vacuum
(Linlor Effect)

Microscopic Properties of Plasma

4.1 Debye Length

4.2 Plasma Frequency

4.3 Collisions

Macroscopic Plasma Physics

5.1 Ohm's Law and Electromagnetic Waves

5.2 Equation of Motion and Equations of Conservation

5.3 Homogeneous Heating

Refractive Index and Absorption

6.1 Linear Properties

6.2 Nonlinear Absorption

6.3 Relativistic Absorption

6.4 Anomalous Absorption and Instabilities

Dielectric Nonlinear Forces and Dynamic Absorption

7.1 Basic Properties of the Dielectric Nonlinear Force

7.2 Transferred Momentum and Ion Energies

7.3 Predominance of the Nonlinear Force

7.4 Self-Focusing of Laser Beams in Plasma

xi



xil CONTENTS

7.5 Numerical Examples of Nonlinear Acceleration 64
8. Theory of Laser-Induced Nuclear Fusion 73
8.1 Inertial Confinement 73
8.2 Gas-Dynamic Compression 77

8.3 Direct and More Efficient Transfer of Laser Energy 81
into Mechanical Compression

8.4 New Concepts and Nuclear Fission 84

9. Experiments for Laser-Induced Nuclear Fusion 87

9.1 Irradiation of Spherical Targets 87

9.2 Neutron Generation 88

9.3 Anomalous Experimental Results 90

10. Conclusions 96

11. References 99

12. Appendix. List of Reprinted Papers 110
N. G. Basov and O. N. Krokhin, "The Conditions of

Plasma Heating by the Optical Quantum Generator." 113

N. G. Basov, P. G. Kryukov, S. D. Zakharov, Yu. V.
Senatskiy, and S. V. Chekalin, "Experiments on the
Observation of Neutron Emission at the Focus of High-
power Laser Radiation on a Lithium Deuteride Surface." 119
W. I, Linlor, "Ion Energies Produced by Laser Giant

Pulse." 123
R. Papoular, "The Initial Stage of the Laser-induced

Gas Breakdown." 125
A. J. Alcock, "Experiments on Self-focusing in Laser-

produced Plasmas." 143
G. Siller, K. Biichl, and H. Hora, '"Intense Electron

Emission from Laser-produced Plasmas," 165
H. Hora, "Experimental Result of Free Targets." 183
J. M. Dawson, "On the Production of a Plasma by Giant

Laser Pulses." 199
H. Hora, "Some Results of the Self-similarity Model." 207
P. Mulser, "Hydrogen Plasma Production by Giant Pulse

Lasers." 225
H, Hora and H., Wilhelm, "Optical Constants of Fully-

ionized Hydrogen Plasma for Laser Radiation." 239
D. F. DuBois, "Laser-Induced Instabilities and Anoma-

lous Absorption in Dense Plasmas," 249

‘H. Hora, "Nonlinear Confining and Deconfining Forces
Associated with the Interaction of Laser Radiation

with a Plasma." 273
J. D. Lindl and P. Kaw, "Ponderomotive Forces on

Laser-produced Plasmas." 283
H. Hora, "Nonlinear Forces in Laser-produced Plasmas," 291
F. F, Chen, "Physical Mechanisms for Laser-Plasma Para-

metric Instabilities." . 317

J. H, Nuckolls, "Laser-Induced Implosion and Thermo-
nuclear Burn." 341



CONTENTS
L.

J.

F.

N.

N.

C.

G.

M.

J.

L. Lengyel, "Exact Steady-state Analogy of Transient
Gas Compression by Coalescing Waves."

S. Clarke, H. N, Fisher, and R. J. Mason, 'Laser-
driven Implosion of Spherical DT Targets to Thermo-
nuclear Burn Conditions."

Floux, D. Cognard, L. G. Denoed, G, Piar, D. Parisot,
J. L. Bobin, F, Delobeau, and C. Fauquignon, '"Nuclear
Fusion Reactions in Laser-produced Solid Deuterium
Plasmas,"

G. Basov, O. N. Krokhin, and G. V. Sklizkov, "Heating
of Laser Plasmas for Thermonuclear Fusion."

G. Basov, Yu. S, Ivanov, O. N. Krokhin, Yu. A,
Mikhaylov, G. V. Sklizkov, and S. I, Feodotov,
""Neutron Generation in Spherical Irradiation of a
Target by High-power Laser Radiation."

Yamanaka, T. Yamanaka, T. Sasaki, K. Yoshida, M.
Waki, and H. B. Kang, "Anomalous Heating of a Plasma
by Lasers."

F. McCall, F. Young, A, W, Ehler, J. F. Kephardt,
and R. P, Godwin, "Neutron Emission from Laser-
produced Plasmas,"

Goldman, J. Soures, and M. J. Lubin, '"Saturation of
Stimulated Back-scattered Radiation in Laser Plasmas,"

W. Shearer, J. Garrison, J. Wong, and J. E., Swain,
"Pair Production by Relativistic Electrons from an
Intense Laser Focus."

13. Subject Index

369

377

383

387

407

409

417

421

425
445



1. INTRODUCTION

The problems of the interaction of high-intensity laser radia-
tion with plasma represent a very new, fascinating, and fundamental
field of research, which could be an important key for solving the
energy crisis. Whatever other results may come from this field,
the technique of inertial confinement of coumpressed pure hot deu-
terium by laser radiation may be the only clean, inexpensive, and
inexhaustible nuclear energy source of the future. For the short-
term, perhaps within 10 years under the most advantageous conditions,
laser fusion may lead to a practicable reactor if compression of
plasma by lasers to densities 10,000 times the solid state density
can be achieved within the near future.

This unusual prognosis -- though based on a highly optimistic
estimate -- is made with a somewhat simplistic point of view, with-
out considering other nuclear reactor concepts being developed at
present. If someone in 1908 had predicted the development of air-
planes from knowledge of the more than one century of development
of balloons and the most advanced "Zeppelin,'" he would have arrived
at a completely incorrect picture of transoceanic travel in 1974.

This book is intended to give the reader some feeling of just
how close the realization of laser-fusion reactors is; but even if
it is further away than we believe ~- if some as yet unknown diffi-
culty should arise —- it will at the very least show the way to
clean and cheap energy in the more distant future. The energy
crisis! is "a real problem, not a problem that has been simply put
together by some plot," as Governor Love, President Nixon's assist-
ant for energy, said. H. G. Stever of the National Science Founda-
tion sees an "urgent necessity for the U.S. to take aggressive
action now" in terms of long-range priorities.!

1



2 1. INTRODUCTION

To simplify the picture a little, we find from many references
on the earth's energy resources that the United States' reserves of
natural gas and oil can meet the national needs for the next 30
years, and coal supplies should last at least 500 years.1 The use
of fossil fuels may be limited by the tremendous increase in the
CO, content of the atmosphere,2 which can cause an increase in the
average temperature of the atmosphere,3 resulting in the melting of
polar ice and elevation of the sea level.

The next possible source of energy from the earth (after solar
energy or geothermal energy) is nuclear fission. The technology of
liquid-metal fast-breeder reactors is highly advanced, and the
design of a nearly 100 percent safe reactor will be available within
the next few years. A disadvantage of the breeder reactor is that
all of its reaction products are radioactive. A further problem is
the limited amount of ore which is worth working for production of
the fuel by present methods. While the earth's crust of 10 miles
thickness contains an inexhaustible amount of uranium, the energy
needed to separate the dispersed atoms is greater than that gained
from their fission reactions. According to a favorable estimate,”
the uranium and thorium ores worth working up would last for omnly
50 years supporting an energy consumption of 1022 J/yr, the esti-
mated minimum energy requirement for the year 2050.

1.1. Nuclear Fusion

Another source of energy is the heavy hydrogen isotope deuterium
D (or H2), which constitutes 0.03% by weight of the hydrogen in all
the water on earth. It may be used in a simple way to support
energy needs for millions of years. Deuterium reacts at tempera-
tures of approximately 100 million degrees centigrade, producing in
roughly equal amounts stable (non-radioactive) helium-3 (He3) and
neutrons (n) or superheavy hydrogen (H3), also known as tritium (T),
and a proton

He3 (0.82 MeV) + n (2.45 MeV) = (3.27 MeV)
D+D- (1.1)
T (1.01 MeV) + H (3.02 MeV) = (4.03 MeV)

where the energy of the resulting particle is given in parentheses.
The relation between the different energy scales is

1 eV=1.602x10"1 Wsec = 1.602x10"!2 erg = 1.16x10* K (1.2)

where the temperature in degrees Kelvin (usually denoted only by K)
corresponds to a monoenergetic velocity distribution of the particles.
For a nondegenerate equilibrium distribution (Maxwellian distribu-
tion) of the electron velocity, the maximum energy is 2/3 times that
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of the monoenergetic case. The unit Wsec (watt-seconds) is equal
to the joule.

He3 and T undergo the following additional reactionms:
D+ T~ He* (3.5 MeV) +n (14.1 MeV) = (17.6 MeV) (1.3)

D + He3 > He* (3.6 MeV) + p (14.7 MeV) = (18.3 MeV) (1.4)

The neutrons generated can pe thermalized by the lithium-6 isotope
(Li®), which constitutes 7.5% of natural lithium:

Li® +n->He* +T (= 4.6 MeV) (1.5)

The lithium has to surround the fusion reaction to absorb the energy
of the neutrons and also to '"breed" new tritium for the basic reac-
tion.

Summarizing, deuterium is converted into stable helium He“,
and -- without the breeding reaction -- 7.05 MeV of energy is gen-
erated for each deuterium atom, corresponding to an energy produc-
tion of 3.55 x 10!! J = 105 kW/hr (kilowatt—hours) from 1 g (gram)
of deuterium.

The most interesting part of the reaction sequence shown above
is Eq. (1.3), for which the cross-sections of the thermonuclear
reactions have been measured.>:® Therefore, present research is
directed to the study of fusion of mixtures of 507 decuterium and
50% tritium (D-T mixtures). To achieve an efficient fusion reaction
it is necessary to contain a D-T plasma of ion density nj and temper-
ature T = 5 keV (=50 x 106 K) during a minimum time T such that

nr > 10 cm3 sec  (Lawson criterion) (1.6)

Confinement of plasmas is also under study using magnetic fields
of toroidal configuration, such as those of the tokamak or stella-
rator; and these are sufficiently advanced to offer a realistic
chance to achieve a fusion reactor within the next few years. The
success of these attempts is based on the discovery7 of the Pfirsch-
Schliiter diffusion® of plasma across a magnetic field.

1.2. Laser-Produced Nuclear Fusion

Laser-produced nuclear fusion utilizes confinement without
external magnetic fields. Confinement results simply from inertia
in an expanding, very high-density plasma following sufficiently
rapid heating by lasers. The prospect of early success with a D-T
reactor by this method compared to magnetic field confinement is
based on the expectation that laser radiation can produce a very



4 1. INTRODUCTION

100
’7 13
P
s K\i\__ 3 6 "N
3] 4 12
s 10
> N '
z T
> 1 ~‘~‘5;‘
- n 10 I8
(8]
4 #
w“ 04 _
© )]
0.01
10° 10'0 10" 10'2 108 10'4 10'S 10'6 107

LASER INTENSITY [Wicm?]

Fig. 1.1 Experimental reflectivity (%) from
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strong compression of the plasma.? The key goal for the immediate
future is to achieve this compression. If it cannot be attained
for some reason, the laser fusion concept may have to be relegated
to a long-term program.

One advantage of the inertial confinement concept lies in the
possibility of using pure deuterium as fuel for the fusion reactor,
at least at the more advanced stages, while magnetic confinement
can work efficiently only with D-T mixtures. The emission of cyclo-
tron radiation from D-D due to confining magnetic fields is always
stronger than the fusion energy gained -- even for reactors of
impractically large size.l0 The use of T requires breeding with
Li®, which imposes a limitation owing to the restricted supply of
lithium. Estimates of supplies of reasonably low-priced lithium
indicate reserves sufficient to cover energy production at the min-
imum rate for the year 2050 for only 70 years.*’ll Consideration’
of this problem!? indicates the need for a pure D-D reactor, for
which the laser concept, in principle, points the way.

The energy crisis has created an overpowering technological
and economic need which may be met by study of the interaction of
laser radiation, but the physical problems involved are new and
very complicated. Just how confusing the experimental results can
be is shown in Fig. 1.1. Measurements of the reflectivity of
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plasma irradiated by laser radiation of varying intensities are
scattered over more than two orders of magnitude. Because there
is as yet no theory or model for this property, the results are
indicative of the very early stages of a pioneering field with
nearly-statistical scattering of the measurements.

To illustrate the problem, we refer to the publication in
1905 of Einstein's?2S theory of the linear increase of the maximum
energy of photoelectrons with the frequency of light. We now
know that the curve intersects the abscissa at a value Hw, equal
to the work function of the photoemitter. 1In the controversy
that followed Einstein's paper, detailed measurements made in
190826 gave a curve passing through the origin of the coordinate
system. Only the very careful experiments of MillikanZ2” eventually
confirmed Einstein's theory. The problem of measuring a quantity
without prejudice is also reflected in Kircherner's publication of
measurements of the photoelectric effect and the Compton effect on
the direction of the polarization of light,28 in which there is
quite detailed philosophical consideration of the difference be-
tween what is to be measured and what one likes to measure, a
problem that plagues even more recent measurements.?? These facts
should be taken into account when considering the very new field
of laser-plasma interactions.



2. LASERS

This section gives a survey on the laser, its mechanism, prop-
erties, and present status, dealing with these subjects to the ex-
tent that they are relevant to laser-produced plasmas. The basic
physical process involved is the stimulated emission of radiation.
Consider an atom, molecule, or a solid, in which electrons can occupy
two energy levels E; and E,. We have E = E; - E; = fw, where A is
Planck's constant divided by 27, and w is the frequency of the light
quantum (photon) which is emitted when the electron undergoes an
optical transition from the upper level E, to the lower level E;.
Such an optical tramsition can occur spontaneously within a time T,
the spontaneous lifetime of the electron in the excited state E,.

For atoms and molecules these lifetimes are in the order of

1078 seconds. Besides this spontaneous emission, the time in which
the photon is emitted can be decreased by another photon of the same
frequency w which passes the excited atom and stimulates deexcitation
by pulling out the photon from the atom. The two resulting photons
have the same frequency and the same phase which results in a high
coherence of the radiation. Stimulated emission was described in
1917 by Einstein in an ingenious derivation from Planck's law of
quantized radiation.

2.1 Laser Condition

In common substances the stimulated emission of radiation is
always less than the spontaneous processes or the usual absorption
of the light. In thermodynamic equilibrium the number N; of the
atoms in the state E, is always less than the number N; of the atoms
in the state E;. The necessary inversion N, - N; > 0 for producing
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predominantly stimulated emission can be obtained only by deviations
from thermodynamic equilibrium (negative temperatures); e.g., by
selecting atoms with forbidden optical transitions. This is possi-
ble with chromium ions in Al,03 crystals (ruby) which exhibit a
forbidden transition with E corresponding to an optical wavelength

A of 6943 A& with a spontaneous lifetime T of 3 milliseconds. The
population of the level E, is possible in an indirect way by optical
excitation of atoms using green and blue light into the broad band
of levels E, > E;, from which the electrons can fall within 1077 sec
into the level E;. 1In a ruby crystal under intense irradiation with
the blue light of a flashlamp, an inversion of the mentioned levels
can occur and the emission of coherent plane wave modes due to stim-
ulated emission of radiation of wavelength 6943 A is observed leaving
the crystal in various directions.

A laser is made from such a ruby crystal with plane ends. It
is placed inside an optical cavity with a totally-reflecting mirror
at one end and a mirror with a reflectivity R for the stimulated
emission wavelength, so that wave modes along the crystal axis are
reflected always parallel to this axis. Due to the repetitive re-
flections, the stimulated emission of the optically-inverted ruby
occurs preferentially within these axial modes. A laser beam of
very small beam divergence is emitted through the mirror with trans-
mission T = 1 - R, with much narrower spectral width than the spec-
tral width Aw of the spontaneous emission line and with a very high
degree of coherence. The only condition for laser emission (thresh-
01d)30 is an inequality for the inversion N, - N; related to the
volume V of the ruby

N, -N, 27n; \2 1-R
—=— > dn ) a Aw T (2.1)
\" A '

where n; is the refractive index of the ruby, % its length, and a is
the factor3! describing the ratio of the light intensity in the
cavity without stimulated emission to the value after one pass in
the cavity. This ratio thus describes all losses due to normal
optical absorption, scattering, and diffraction in the system.

In addition to the early ruby laser32’33 nowadays a large number
of materials are known which can be used for the population inversion
N, > N; and lasing. Instead of chromium atoms in Al,03 one can use
neodymium atoms to produce the YAG laser with emission at a wave-
length of 1.06 microns. Instead of using the expensive sapphire
crystal Al,03 as a host material, one can use glass to get the neo-
dymium-glass laser.3% To reach other laser wavelengths, numerous
other solid state lasers have been built using rare earth ions to
provide the forbidden transitions. Dye lasers3® use organic dyes
with appropriate molecules in which forbidden transitions occur.
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The preferred method of pumping these lasers, as in solid state
lasers, is optical pumping; the light of flashlamps or even of other
lasers is used to excite electrons to levels E, from which they relax
into the desired E, levels.

The excitation of semiconductor lasers is accomplished in yet
another way. In a heavily doped GaAs junction diode3® currents ex-
ceeding 20,000 Amp/cm2 generate an inversion of electrons and holes
in a thin layer at the junction from which laser emission can be
detected as a highly-directional radiation with a narrower spectrum
than that of spontaneous emission. Similar junction lasers of other
substances, e.g., Ga(As,P) and others, have been discovered.

Emission from degenerate states of homogeneous semiconductors
(E; in the conduction band and E; in the valence band) has been
proposed, in which the inversion is produced by very strong electron
beams.31°37 After reasonable thresholds for the electron beam den-
sity and the necessary conditions of degeneracy became known,3!
electron-beam-pumped semiconductor lasers were demonstrated experi-
mentally.38

To avoid damage in the solid materials and to obtain uniform
pumpin%, liquid lasers were developed; e.g., the europium chelate
laser3Y or solutions of neodymium ions in selenium oxychlorideLLO in
which pumping of the medium is provided by flashlamps as in the most
common solid state lasers.

There are several reasons favoring use of a gas or a plasma
as the active medium. The iodine laser with optical pumping is
an example of such a laser.“*! The uv radiation from flashlamps
causes photodissociation of the iodine atoms in molecules of CF3I,
or analogous aliphatic compounds. These are electronically excited
after dissociation to the 52P3/2 state which can lase to the ground
state 52P1/2. Other gas lasers are pumped by a gas discharge and
are therefore much more efficient than optically-pumped lasers.
The helium-neon laser“? was the first known gas laser; it has still
not produced sufficient power to be used for generation of plasmas.
The same is true for the argon and xenon atomic lasers."3 A very
important system is found in the CO» laser.** It consists of a mix-
ture of CO, with nitrogen and noble gases of pressures between 1 Torr
and 60 atmospheres. A gas discharge is generated either along the
cylindrical cavity containing the gas or by. transverse excitation.
In some cases irradiation by electron beams of some 100 keV or
photoionization by a discharge in the laser medium are used to give
homogeneous preexcitation of the gas to guarantee a homogeneous
main discharge. The discharge excites the v = 1 level of the nitro-
gen molecule which has nearly the same energy as the vibrational
transition of the CO, molecule from the state 0001 to 0000. This
vibrational transition has a very long lifetime, 3.5 microseconds
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per atmosphere at 300 K and 1 microsecond per atmosphere at 500 K.
The discharge in nitrogen, therefore, populates these vibrational
levels of CO, molecules and results in a laser emission.

The long vibrational lifetime of the CO, molecule can also be
used for a gas~dynamic method of population inversion. Consider
CO, and Ny mixtures heated up by a discharge or moving in a shock
tube with a Laval nozzle. There the gas is cooled by transfer of
the internal energy of the gas into kinetic energy. The vibrational
levels still correspond to the higher initial temperature while the
gas itself has a much lower temperature. The transition from the
excited vibrational levels may then result in laser action.

The use of the energy of chemical reactions to obtain laser
action“5 is one of the most promising ways to build highly-efficient
lasers. Theoretically, an efficiency up to 80Z% can be expected.
One system of this type is the HF laser, which, however, uses a
chemical reaction occurring in several steps. The final goal would
be a bootstrap laser, in which a reaction front in the chemically
reacting gas converts the reaction energy into optical energy for
a laser front which moves nearly with the speed of light through
the gas, initiating the reaction and collecting laser energy. A
laser illustrating this mode of operation, at least in part, has
been demonstrated using a gas discharge for excitation instead of
chemical reaction energy. In the nitrogen ultraviolet laser*® the
discharge front moves with the speed of light through the gas. The
resulting laser pulses are of low quality, however, because of
optical inhomogeneities in the moving discharge front.

2.2 Operation of Lasers

There are very different methods available for the operation
of lasers. On the one hand, continuous wave (cw) operation is
possible with more or less periodic substructure of emission pro-
files. Usually, gas lasers are used for cw operation, the helium-
neon laser for intensities up to 100 W or the argon ion laser with’
green and blue emission lines and intensities up to 500 W. CO,
lasers have attained intensities of 60 kW and more.“” These laser
beams have been used for welding steel up to 3 cm in thickness.
The first ruby lasers operated in "spiking! regime.32 Due to the
complex sequence of population of the upper levels E; and the
kinetics of the laser modes, the spiking laser emits an irregular
sequence of pulses during its total emission time of up to one
millisecond. An important advance was the discovery of the Q-
swit:ch;’+8 the Q of the laser cavity is controlled by either of two
methods: actively, by a rotating mirror at one end of the cavity
or an electro-optical shutter (Pockels cell), or passively, by a dye
placed in the cavity, the absorption and transmission of which is
changed by the incident laser light. Initially, the reflection from
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one end of the cavity is very low; therefore, the laser action is
suppressed and a high population of the upper level can accumulate.
At the time of high reflectivity of the rotating mirror or opening
of the Pockels cell to the highly-reflecting end of the cavity or
the equivalent opening from bleaching of the dye, an intense laser
pulse is built up in the cavity. The highly-converted states in
the active medium are depleted and result in very intense laser
pulses of some nanosecond duration. The discovery of the Q-switch
in 1962 resulted in sharp ruby laser pulses of intensities exceeding
10% W/cm?, which when applied to solids in vacuum immediately pro-
duced plasmas with up to keV ion energies.

Depending on the properties of the cavity, Q-switched laser
pulses can have a temporal substructure with oscillations and sub-
pulses of less than one picosecond duration. Using a passive Q-
switch with a tuned dye concentration, nonlinear coupling of the
laser modes, or their statistical correlation results in generation
of a mode-locked pulse sequence consisting of a chain of pulses of
few picosecond duration separated by a distance determined simply
by the optical length between the mirrors of the cavity. The models
of coupling of modes by DeMaria“® and Letokhov®? were investigated
experimentally by Saltzmann.>! One of the short pulses can be
selected by an electro-optical switch and transmitted to a chain of
laser amplifiers.

The properties of laser radiation are high coherence, small
beam divergence, and extremely high power or intensity. Coherence
means that the light beams after dividing and re-uniting can pro-
duce interferences, if the difference of the path of the beams is
less than a certain length. This coherence length for noncoherent
emitting atoms is of the order of meters. For lasers the length
can exceed 10 km. This means that the phase fronts of the laser
light are highly stabilized, which is the basic property needed
in holography. For laser-produced plasmas this property seems of
lesser importance, because the generation of high intensities is
the primary requirement. However, if certain intensity distribu-
tions within the irradiated plasma are desired, the properties of
coherence are needed.

The beam divergence is related to the mode structure of the
laser beam and to the diffraction properties of the laser. It is
obvious that not only is a wave mode parallel to the axis of the
optical cavity of the laser generated but also a set of modes with
a discrete sequence of angles off the axis. These transverse modes
can be suppressed simply by focusing the laser beam to the aperture
of a diaphragm transparent to the axial mode only. The higher trans-
verse modes are absorbed by the material of the screen. The axial
mode can also consist of several longitudinal modes separated by
small frequency differences determined by wavelengths permitted
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within the optical length of the cavity, as far as the wavelengths
are within the corresponding Aw of the natural spectral width of

the emitted radiation. The control or suppression of the longitud-
inal modes is possible with nonlinear materials arranged within the
cavity. If a single-mode laser beam has been generated, it possesses
a lateral structure of the intensity due to diffraction of the beam
in the exit aperture of the optics involved. Transmission of the
beam through subsequent laser amplifiers of varying thickness and
optics to increase the cross section of the beam can produce further
diffraction processes, resulting in a highly-complicated lateral
distribution of the laser intensity with several Fresnel fringes.

Lasers can emit energy up to kJ within a few nanoseconds or
tens of J within picoseconds. Because the beam divergence is in
milliradians or less, power densities of 106 W/cm? have been ex-
ceeded. The exact values of the intensity cannot be given with
great accuracy because of the complicated spatial and temporal struc-—
ture of the laser pulses arising in complex modes, and Fresnel
fringes and filamentary structure of the laser pulses due to self-
focusing within the optical media. Usually, time-integrated values
of laser energy from calorimeters are used, or spatially-integrated
intensities are measured by photodiodes with temporal resolution
down to several picoseconds. One method of measuring the intensity
of laser beams in vacuum with high spatial and temporal resolution
was proposed by using the diffraction of electron beams by the
laser beam (Kapitza-Dirac effect®2). An example of the measurement
of laser intensity in the focus of a lens is shown in Fig. 2.1; the
result is far different from the expected interaction of an ideal
plane wave with a plasma located at the focus. These markedly
varying conditions have to be taken into account when widely-differ-
ing results of different experiments in laser-produced plasmas are
discussed.

Several methods using nonlinear optics are available to modify
the properties of a laser beam before it interacts with a plasma.
The spatial distribution of laser beams can be corrected by lenses
and Fresnel zone plates to provide desired intensity and phase dis-
tribution at a given surface. The time dependence of the beam can
be modified by electro-optical shutters. The shutters operate
through the rotation of polarization of nonlinear materials by
electric fields, applied either with high voltages within one nano-
second or less or with the electric field of an additiomal laser
pulse with a width down to picoseconds (Duguay's shutters%). A
change in frequency of the laser beam is also accessible; e.g.,
frequency doubling which can be carried out with efficiencies of
20% or more>®> by passing the beam through a nonlinear crystal. The
most advanced technique of generating higher harmonics is that
discovered by Harris,®® in which metal vapors produce the 5th har-
monic. Another conversion of laser radiation to higher frequencies
utilizes stimulated anti-Stokes Raman lines in liquid hydrogen or
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Fig. 2.1 Measurement of (time-integrated) spatial
distribution of the laser intensity in a focus.

nitrogen with conversion efficiencies of a few percent.57 For
change of a laser pulse into a desired profile with time, the tech-
nique of 2w, 4w, and higher pulses in passive nonlinear materials
can be applied.>8

Summarizing these results, it seems that in the future it will
be feasible to generate very high intensity laser pulses and to
transform them by passive nonlinear elements into the correct time,
space, and spectral distributions especially suitable for laser-
plasma interaction.

2.3 Available Lasers

The properties of currently available high-power lasers ,are of
interest. The historic ruby laser with wavelength A = 6943 A has
been developed for larger systems. The major limitation lies in
the techniques of producing large ruby rods or disks. These lasers
have been used in laser-plasma research at only a few laboratories.
The maximum intensity obtained with ruby lasers is 1016 w/cm?2.59
There are no known experiments which produced fusion neutrons with
laser irradiation of pure deuterium or deuterium compounds. Laser
systems featuring YAG oscillators (A = 1.06 u) followed by Nd-glass
amplifiers have been reported as producing fusion neutrons at out-
put powers of 1015 W/cm?2.6¥
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Fig. 2.2 Nine-beam, neodymium-glass laser system:’0
2,3,9,10,11-14 = dividing elements; 4,5,15-20,30-41 =
total reflection prisms; 6-9,21-29 = neodymium-glass
rods; 42-50 = focusing objectives; 51 = spherical
target; 52-59 = isolating shutters. At 1 a beam
enters from a three-stage oscillator-amplifier with
mode selection.

The major work on laser-produced fusion plasmas has so far
utilized neodymium-glass lasers (wavelength A = 1.06 u). In several
cases the traditional Schott glass and similar glasses of French,
Soviet and Japanese origin were used. A special development at
Owens-Illinois resulted in a glass with the preferred light atoms
which has very high damage thresholds.®1 A neodymium-glass laser
system with pulses of 100 picoseconds and very flexible control of
the time profiles resulted in laser intensities exceeding
1016 W/cm?.62 Another system provides pulses of 800 J energy within
2 nanoseconds.®3 A Soviet system in operation since 1971 involves
focusing nine parallel laser beams on the target with spherical
geometry (Fig. 2.2). The laser pulses give 400 J within 2 nsec
and 3 kJ within 16 nsec.

A very advanced laser system for producing fusion plasmas is
the CO, laser (A = 10.6 u) with electron-beam preionization. The
most advanced system that supplies several hundred joules within
one nanosecond is that of Fenstermacher et al.®% Preliminary results
indicating generation of fusion neutrons were reported.65
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The iodine laser (A = 1.3 u) is an interesting system which
provides laser pulses of 20 J within few tenths of a nsec. The
self-oscillating emission of oscillators results in pulses of 400 J
within 1 microsecond. The goal of the development is a 1-kJ l-nsec
system. !

A very recent development is the electron-beam-pumped xenon
laser with a very short wavelength in the ultraviolet (A = 1722 A) .66
Laser pulses of 200 J within 50 nsec have been achieved, limited at
present only by the technology of the optical components, because
the damage threshold is a few mJ/cm? at these wavelengths. The
damage threshold for neodymium-glass laser radiation is from 5 J/cm?
up to a few hundred J/cm2.67

A very remarkable development of CO, lasers with electron-beam
excitation is that of Basov et al. using pressures up to 60 atmos-
pheres. Pulses on the order of tens of joules within ten nanosec-
onds have been obtained.®8

The transverse-discharge HF laser®? (A = 3.6 u) has been de-
veloped in a system giving pulses of the order of 100 J and pulse-
lengths of 100 nsec (half width). This is also an interesting
laser system for future research in fusion plasmas.



3. EARLY MEASUREMENTS AND GAS BREAKDOWN

Before discussing the physical basis of nuclear fusion in
laser-produced plasmas and the present state of detailed problems,
it is instructive to glean some important early experiments on
plasma production by lasers, in which one can distinguish between
laser-produced gas breakdown and plasma production from solids in
vacuum.

3.1 Gas Breakdown

The first occurrence of breakdown and plasma generation by
focusing of a laser beam in a gas was reported at the 3rd Interna-
tional Quantum Electronics Conference in Paris, February 1963, by
Terhune and his group at the Ford 1aboratories.\71 Later studies
were devoted to phenomenological details of the breakdown mechanism.
The dependence of the breakdown threshold on the gas pressure follow-
ed a Paschen law, well known from the classical physics of gas dis-
charges.72 These relationships were measured by several other
authors with only the exact value of the breakdown threshold vary-
ing.”’3 For ruby lasers the minimum values required of the electric
field strengths of the laser light were around 105 V/cm for pulses
from 1 to 30 nsec in duration. Some exceptionally-low thresholds
were probably due to the longer laser pulses. An increase of the
breakdown threshold up to 10° V/cm for laser pulses of picosecond
duration was measured some years later with neodymium-glass lasers.’"

A 9uite remarkable phenomenon, first observed by Ramsden and
Davies,’® was the propagation of the breakdown front towards the
incident laser light with velocities of 107 cm/sec or more, while
the expansion velocity of the plasma at the rear side was 10% cm/sec

15
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or more. The unusual phenomenon with the "notorious"’® 107 cm/sec
velocity was known earlier from Linlor's measurement of the expan-
sion of a plasma produced in vacuum by laser irradiation of compact
targets.77 A substantial motion of the nascent plasma in the
direction of the aperture was confirmed from measurements with
probes showing arrival of the expanding ions. The ions had surpris-
ingly-high energies of 1 keV or more! In the case of gas breakdown,
the existence of substantial motion could not be established as
simply as in the case of the targets in vacuum because the surround-
ing gas prevented free motion of the generated ions. The measure-
ment of the high-expansion velocity in gas breakdown was made by
side-view image converter cameras using the velocity of the contour
of the radiation front’3 and additionally by the Doppler shift of
the emitted line radiation.’® The spectra of Thomson scattering’S
and the Doppler broadening’® indicated electron and ion temperatures
of only a few eV. It is still an unexplained and remarkable phe-
nomenon that the reflected laser light did not show a Dopgler shift,
according to very careful measurements by Minck and Rado. 9

There were several different explanations of the '"notorious"
velocity based either on the assumption of a radiation-driven
detonation wave®? or on the assumption of a residual plasma and
rapid motion of the phase of the breakdown.8! Another model assumed
substantial motion of the generated plasma against the laser light
due to nonlinear forces of collisionless dielectric interaction of
the laser light with the plasma.82°83 The early experiments on the
Doppler shift, however, could not distinguish between any of the
proposed theories, except the observation of Minck and Rado.’?

Only the theory of substantial motion due to nonlinear forces re-
sulted in a vanishing Doppler shift, because the laser light itself
causes the motion and the Fizeau effect in plasmas (the motion of
light with moving media) does not exist.8% This force, however, is
effective only at laser intensities exceeding 10* W/cm? which can
occur in gas breakdown only after self-focusing.85°88% This has
been confirmed in recent work.87 The highly-sophisticated proof of
the substantial motion of the plasma in gas breakdown was given in
the work of Krasyuk, Prokhorov et al.8% on this basis it seems
quite probable that the mechanism occurs in the following way: the
focused laser beam causes gas breakdown, and within a time of

10710 seconds or less a self-focusing channel is built up. The
laser intensities allow a nonlinear force mechanism for expansion
of the plasma in the channel against the laser light with the high
velocities which have been measured and without the need of heating
(in accordance with measured low plasma temperaturessg). Support
of this model is given by thz fact that the measured energy trans-
ferred into the plasma corresponds to averaged anomalous or non-
linear absorption constants along the whole plasma 10 to 100 times
the highest classical values of inverse-bremsstrahlung absorption.
In the case of radiation-driven detonation fronts, these constants

90



3. EARLY MEASUREMENTS AND GAS BREAKDOWN 17

should be of even higher values than given classically. The non-
linear force mechanism, indeed, accounts for the measured non-
linear absorption constants.

A further basic question on gas breakdown is the mechanism
of initiating the breakdown itself. There exist models of the
classical avalanche breakdown mechanism presuming the existence
of an initial electron, generated somehow, which is oscillating
in the laser field and generates secondary electron-ion pairs by
ionization.%! Another model assumes that no electrons exist in the
focus and the laser field causes ionization by multiphoton mechan-
isms.%2 There exist other theories with mixed mechanisms.93 The
multiphoton process seems to be essential in the experiments with
picosecond laser pulses focused in gases of low density; for this
case the breakdown fields of 108 V/cm are in good agreement with
the theory. At higher pressures the breakdown threshold of about
10° V/cm for CO, laser radiation favors the avalanche mechanism,
because the longer wavelength results in lower thresholds in this
model. However, the observation of preluminosity from the laser-
irradiated gases and the very strange behavior of several proper-
ties in gas breakdown, as observed by Papoular et al.,93 indicate a
large number of unresolved questions. The interest in this field
has decreased during the last few years, because laser intensities
grew to such high values that the details of gas breakdown at
moderate intensities seem to be of little interest. However, many
of the problems involved are still important for the whole field,
and answers could be obtained by means of relatively inexpensive
experiments.

If the very high laser intensities are actually interacting-
with atoms in such a way that the generation of plasma occurs
within negligibly-short times, the mechanisms of self-focusing
are also important in high-intensity interaction. A highly-critical
question concerns whether satisfactory wavefronts of laser radia-
tion can be produced to heat and compress plasma or whether self-
focusing prevents uniform interaction with the irradiated plasma.

It is quite important, therefore, to study the mechanisms of self-
focusing in "transparent" materials like gases, in which diag-
nostics can provide direct information on the processes involved.

It is remarkable that self-focusing occurs even at laser powers as
low as a few megawatts and generates self-focusing channels of

a few microns thickness.®* Both the low thresholds and the diameter
of the channels can be accounted for quantitatively from a model

of the nonlinear forces.86°95 The lateral decrease of laser inten-—
sity causes an electrodynamic pressure on electrons in the radial
direction which is compensated by a gas-dynamic density gradient
resulting in a thermokinetic pressure. The resulting depletion

of the electrons (and thus plasma) in the center of the self-focusing
filament has been demonstrated experimentally with interferograms. 6
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3.2 Plasmas Produced from Solids in Vacuum (Linlor Effect)

The interaction of laser radiation with solids in vacuum has
been one of the topics of continuing interest since the discovery
of the laser. Laser powers of less than one megawatt focused to
intensities up to 10% W/cm? were available before 1962 with spiking
ruby lasers. The results were all in good agreement with the
classical theories:97 the evaporated materials contained plasma
with ions and electrons of energies of some electron volts. The
low (milliampere) emitted electron currents corresponded to therm-
ionic emission®® in which the limit is given, not by the Richard-
son-Dushman 92 equation, but by Langmuir's space-charge limit
applied to emission current densities.!00 There is still some
interest in this work for drilling, welding, 9! removal or destruc-
tion of materials, and for evaporation; e.g., for producing thin
films,102 etc. Very intensive work for these purposes was done by
Ready.?7 A consistent theory for the numerous classical processes
involved was developed by Hans Zahn.103

The situation changed drastically, with the appearance of
additional unexplained physical phenomena, when the Q-switched laser
was discovered by Hellwarth“8 at Hughes Aircraft Labs and was used
by Linlor’7 to generate plasmas at the surfaces of solids in
vacuum. %% The laser powers were in the range of 1 to 30 MW and
the power densities (intensities) were around 10° W/cm?. The plasma
exganding against the incident laser radiation had velocities of
10/ cm/sec, indicating ion energies of 1 keV or more, while at
slightly lower laser intensities ions of only a few eV were observed.
The emission of electrons suddenly changed from the classical values
of less than 1 Amp/cm? at 100-kW laser powers up to thousand Amp/cm?
at higher laser power.los’106 These current densities are far
greater than Langmuir's space-charge limitation.!%% The ion energy
e; increases according to the relationship

e, N 1% (3.1)

dependent on the laser intensity I, where the exponent o is between
1.5 and 2 (Fig. 3.1). 1t is, therefore, far greater than a linear
function, while gas-dynamic heating of the plasma results in a's

of 0.66, in the best cases.10721082109 The momentum transferred to
the irradiated target increases at laser intensities around

109 W/cm? as the fourth power (Fig. 3.2) of the intensity.llo’111
The reflectivit¥ of the plasma changes suddenly from the expected
metallic values!" of more than 60% to values less than 103152172109
(see Fig. 1.1).

This highly-anomalous behavior of the plasma changes into a
much more reasonable mode amenable to plasma physical models at
laser intensities exceeding 10!! W/cm?. Then the exponent o in
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Fig. 3.1 Isenor's measurement 107 of nearly-
linear increase of the ion velocity (and there-
fore a quadratic increase of the ion energy)
with the laser intensity (to be identified with
laser peak at constant focusing) at intensities
close to 100 W/cm?.

Eq. (3.1) decreases to understandable valuesl!l? around 0.5 to 0.7
(Fig. 3.3), and the measured recoil becomes reasonable.ll3 The
highly-pronounced anomaly at 10° W/cm? (Linlor effect) was obviously
little noted in the world of physicists, because the reasonable
behavior at higher intensities overshadowed the unusual behavior.

It was even the case that reports of some anomalous results near

10° W/cm? were rejected from publication because of the existence

of the reasonable results at higher intensity. It should be em-
phasized, that in this area much study can be done in small-scale
experimental efforts. This can be very important and it may sig-
nificantly influence major directions of the very expensive, big-
science projects which have started in laser-produced nuclear fusion.

There still is no gas-dynamic or plasma-physical explanation
for these anomalies. The assumption that the fast ions are due to
electrostatic acceleration of the thin plasma in the Debye sheath
at the surface does not hold, because the number of the fast ions
exceeds 1015, while a Debye-sheath mechanism can explain only 1012
ions or fewer. A sceptical physicist will be aware that the anom-
alies of the Linlor effect may be explained in the future by some
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Fig. 3.2 Measurements of Metz!10 of an increase
of the momentum p transferred to the irradiated
target with the fourth power of the laser inten-
sity I close to 1010 W/cm2.

other, clearer theory; at present only one model seems to be applic-
able to understanding the anomalies: Starting with the threshold

of 105 W for self-focusing, filaments are drilled into the targets,
resulting in required laser intensities®® of 10!* W/cm? for ruby

or neodymium-glass lasers and 1012 W/cm? for CO, lasers, to induce
the nonlinear-force acceleration mechanism. This mechanism ex-
plains without difficulty the keV ion energies,86’87 the exponential
increase of the ion energy,l07 and the recoil of the target as a
function of the laser intensity. In addition, the anomalous elec-
tron emission can be explained by the fact that the electrons are
accelerated primarily by the laser field within the space-charge-
free interior of the plasma, from where they can be emitted without
the difficulties presented by the Langmuir space-charge limita-
tions.106 At the higher intensities these mechanisms are thoroughly
mixed with the expected gas-dynamic properties of high-temperature
plasmas.“?-’113 The nonlinear forces should dominate over the gas-
dynamic processes again under conditions in which self-focusing is
probably absent at intensities exceeding 1016 w/cm?2.
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Fig. 3.3 '"Normal" increasell? of the ion
energy (ion velocity squared) of about 0.7
as a function of the laser intensity at
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In conclusion, one may say that neither the processes of
gas breakdown nor the processes in laser-produced plasmas at inten-
sities around 109 W/cm? (the anomalies of the Linlor effect and
Ramsden's '"notorious" expansion velocities of 107 cm/sec) are
understood sufficiently to be considered a reliable foundation for
future work on laser-produced nuclear fusion.



4. MICROSCOPIC PROPERTIES OF PLASMA

The physical description of a high-temperature plasma starts
with the single particle motion of electrons and ions, as these are
present in all gases at temperatures exceeding 1000° centigrade.

The mechanism of ionization of molecules or atoms by collisions due
to thermal motion or by radiation processes and interaction with
neutral atoms is of little interest in laser-produced plasmas,

which have plasma temperatures exceeding 100,000° centigrade (corre-
sponding to 10 eV). Each particle has a charge Ze (e is the ele-
mentary charge, e = 1.602 x 10~1% Coulomb = 4.807 x 10~-10 Gaussian
cgs—units) where Z is an integer describing the number of elementary
charges the ions of a mass m have. 1In nearly all of the following
cases Z is one, because we shall consider hydrogen ions with a mass
M= 1.67 x 1024 grams, or of two or three times this value if
deuterium or tritium ions are used. The mass of the electron is

m, = 9.109 x 1028 grams.

The motion of the electrons (index e) and ions (index i) is
described by their velocities v determined by the equations (4.1)
and (4.2), respectively, dependent on time t

dv?
m —— = -eE -2 v0 x H + V¢ (4.1)
e dt c e

dv?

_*_ Ze o
m, = ZeE + C VX H+ Vo (4.2)

where E and H are the electric and magnetic field strengths at the
spatial coordinate r(dr/dt = v%) and ¢ is a potential describing

22
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Fig. 4.1 Derivation of the Debye shielding
distance AD from the depth of the positively-
charged plasma boundary B which is depleted of
high-velocity electrons and is of such charge
as to reject the electrons from the space-
charge-neutral interior C.

non-electromagnetic forces such as Coriolis forces. 1In the follow-
ing, these forces will be neglected. E and H are due to externally-
applied electromagnetic fields and fields generated by other par-
ticles of the plasma. In all cases to be discussed classical
statistics are applicable, and the whole plasma can be described

by a point-mechanical N-particle problem, where N is the total
number of particles in the plasma.

4.1 Debye Length

One general property of a plasma is the space-charge neutrality
with respect to some minimum distance or a minimum diameter Ap
called the Debye shielding distance. The value of this distance can
be derived from the sheath at the surface region of a homogeneous
plasma (Fig. 4.1). 1Its interior consists of a homogeneous plasma
separated by a surface region B of thickness A, from the vacuum A.
In addition to the gas-dynamic mechanism of expansion of the plasma
against the vacuum, there is another process taking place. Although
the energy of both electrons and ions is equal to kT (the Boltzmann
constant) with both at the same temperature T, electrons, having
much higher velocity than ions, leave the plasma very rapidly
(arrows in A). This runaway process lasts only until the depletion
of the electrons from region B produces such an electrostatic
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potential ¢ that further electrons of energy kT emitted from the
plasma interior C are rejected electrostatically (curved arrows
in B). From this we have the relation

kT = ¢p = Ay |E| (4.3)

The electric field E in the region B is determined by the ion space
charge of density n; in B, given in cgs units by

4ﬂADnie = ¢nE . df = nZE (4.4)
where the refractive index n usually is unity and the integral
over the area is simplified by using an appropriate volume of
thickness Ap and a cross section of 1 cm?, Rearranging Eqs. (4.3)
and (4.4) one obtains

kT \1/2 eokT\1/2
XD = ( ) (cgs) = (MKS) (4.5)

4nnee nge

or in numerical quantities with AD in cm

1
Ay = 6.9(—T—(K)—3—)1/2 = 7.43 x 102 (—Mg—> /2

ne(cm‘ ) ng(cm™?)

In addition to defining the plasma sheath at a plasma surface,
the Debye length )\, also defines the long-range potential ¢, of an
excess charge within a plasma, given by a dependence on the radius
r

o, ™ % exp (-r/lp) (4.6)

where the amount of the excess charge determines the magnitude of
L
4.2 Plasma Frequency

A further property of a space-charge-neutral plasma is the
motion of the electrons and ions in specific electrostatic oscil-
lations characterized by the plasma frequency w,, sometimes called
the Langmuir frequency after its discoverer. ansidering'a plasma
with a homogeneous electron density within a thickness Ax (upper
part of Fig. 4.2), layers of electrons may be moved by varying
differences d¢ (lower part of Fig. 4.2) resulting in a change of
the electron density

dne
-5 (4.6a)
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Fig. 4.2 Displacements of electrons of homo-
geneous density (upper part) by df to generate
electrostatic oscillations with the plasma
frequency Wy

The electrostatic potential ¢e generated is given by a Poisson
equation

d?o, d de
—axZ IEI = lmnee = 4.7)

resulting in an electric field strength
|E| = 4mn_e £ (4.8)

and, therefore, in the equation of motion

mE = e|E|

L 4vnee25 (4.9)

which defines the frequency Wp of the electrostatic oscillation of
the electrons

2n
wpz = _m__e_ s wp = 5.65 x 10“Vne(cm‘3) (4.10)

The ion-plasma frequency is determined by the density n. and
the mass M of the ions, in place of the values for the electrons,
n, and m_, respectlvely The electrostatic oscillations cause a
resonance of the plasma to incident electromagnetic waves of the
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same frequency which are then totally reflected. The observation
of the total reflection of radio waves of about 30 meters wave-
length at the plasma shell of the ionosphere surrounding the earth
indicated an electron density of about np = 108 electrons/cm3;

this was in agreement with subsequent direct measurements by arti-
ficial satellites.

4.3 Collisions

The motion of single plasma particles can be changed by the
electrostatic field of neighboring particles (Coulomb collision).
The deviation in path of only small angles should be distinguished
from wide-angle deviations. Only the latter type are called
collisions and correspond to a considerable exchange of energy.
According to the Lorentz model for Coulomb collision of electrons
in a background of stationary ions modified by Spitzer's correction
factor YE(Z) for electron-electron collisions, the collision fre-
quency v for electron is

3 1
_ o rtm P2 nA; A= = o) (4.11)

U7 Smp @D P ’ 228\ mn, '
where 1nA is the Coulomb logarithm. With T in eV and ng in cm™3
we find

T3/2
v =1.483x 107 e inf1.555x 10%° — (4.12)
. T n,

The value of A is the ratio of the Debye length XD (Eq. 4.5)
to the impact parameter (defined by the maximum distance of the
colliding ion from the path of the incident electron, which still
gives a collision). The theory is limited to lnA larger than 2.
This limits the electron densities n, (in cm'3) and the plasma
temperatures T (in eV) to

n, < 4.46x 1018 T (4.13)

A further restriction is that classical statistics is applic-
able, an assumption for the whole theory treated here as is usually
the case in plasma physics. This is certainly the case if the
electron temperatures are greater than ten times the Fermi temper-
ature &g

h® (3n)\23
T>10§0=102me(§’1}) =3.65x 10" n, % (4.14)
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where T is in eV, n_ in cm™3 and h is Planck's constant. For plas-
mas with solid state density this restriction gives plasma
temperatures exceeding 5 eV, a limitation also for fully-ionized
plasmas because recombination is important at lower temperatures

at such high densities.

Using the collision frequency v one can define the classical
mean free path £ of electrons and ions neglecting in this estimate
Spitzer's factor Y., which is approximately 0.5 in the most extreme
case, and find from (Eq. 4.12)

Ve 2kt
v= 5 “Ym, /v (4.15)

This length is in most cases more than ten or one hundred times
the mean ion distance. In laser-produced plasmas the desired mean
free path is sometimes less than the laser wavelength to obtain
special physical properties.

Besides this limitation given by quantum statistics, the con-
ditions of classical statistics also give rise to a pronounced
quantum mechanical property of the plasma which involves the plas-
mons. As mentioned in the discussion of the preceding equation,
the mean free path in plasmas can be several times the ion separ-
ation, similar to electron motion in metals. If, however, the
electron has energy €,

€p = 4Mﬁ;n (4.16)

where m is an integer, the plasma frequency is given by the electron
density n, (Eq. 4.10), and the quantized plasmon energy is fw, with
4 = h/2m, then a strong interaction occurs with the plasma oscilla-
tions of the electrons. The direct measurements in metals of the
exit depth of photoelectrically-excited electrons show that the
usual mean free path of some hundred ion distances is reduced to

two or less if the electrons are emitted by photoelectric excita-
tion with energies €, given by Eq. (4.16). Therefore, it can be
expected in homogeneous plasmas at thermodynamic equilibrium that
the well-known Maxwellian energy distribution (Fig. 4.3) will be
modified by minima separated by the plasmon energy fw,. This
modification of the Maxwellian energy distribution in a homogeneous
and quiescent plasma at thermodynamic equilibrium has been demon-
strated in the spectra of Thomson scattering from arcs.l15 The

fact that there are energy differences measured corresponding to
half of the plasmon energy is not in contradiction to the given
explanation; this is related to the fact that only one-half of the
oscillation energy of the electrons is effective as averaged kinetic
energy of the electrons in the well-known formula for Thomson
scattering.
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Fig. 4.3 The Maxwellian distribution will be
modified due to strong interactions of electrons
of an energy €, ='ﬁwpm with plasmons.

The few basic properties of plasma in equilibrium which have
been mentioned indicate a rather complicated state of matter and
hint at highly-complex properties for inhomogeneous plasmas or for
the nonequilibrium state. The mechanisms occurring in the latter
conditions include several well-known types of micro-instabilities.
Such mechanisms appear automatically if the plasma is described
numerically as an N-particle problem, with N quite large. The
behavior of the plasma under incident laser radiation in particu-
lar can be studied by this method of direct plasma simulation. In
nearly all cases the necessarily long time intervals in the simu-
lation require a description of collisions in some way other than
simple Coulomb collisions, since for the latter very narrow time
steps compared with the collision time are necessary. Even macro-
scopic effects can be demonstrated; examples of this are the in-
crease of the electromagnetic energy density,116 known from the
macroscopic theory of the nonlinear force;83 the generation of fast
electrons and their interaction and heating of more dense regions;
and the growth rate and saturation of parametric instabilities.117
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The macroscopic theory describes a plasma as a continuum with
time-dependent spatially-varying functions of the density n(r,t),
velocity v(r,t), temperature T(r,t), and energy exchange of the
plasma. The plasma can be composed of two continuous fluids for
the electrons (e) and for the ions (i), each of which follows
Euler's equation of motion

dv. e
nm, —i = eE+ZV;x H+n,m, (V,~-Ve)+Vn,~kT,~+K,-

M gt (5.1)
dv, e

n,m, =—eE-;vexH—nemev(vi-ve)+VnekTe+Ke (5.2)

where equal particle densities for electrons and ions n. = n_ will

be assumed in most cases. K. and K represent external forcgs such
as gravitation, and VnkT pressure gradients. v; and v, represent
the continuous velocity fields of the two fluids, and the third
terms on the right-hand side of the equations represent the inter-
action between the fluids (friction) given by the collision fre-
quency v, which is assumed to be known from microscopic theories.

5.1 Ohm's Law and Electromagnetic Waves

As has been shown by Schliiter,118 subtraction of the equations
results in a "diffusion equation" or an Ohm's law for plasmas, in
which the difference of the velocities v; and v, represents the
currents in the plasmas, described by the current density j. With
the appropriate definition of j and using the gas-dynamic pressure

29
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Pe = nekTe,

m 9 c c
£ .i.q-,,j:E.,.vxﬂ.,._ jxH+—vp,. (5.3)
e’n,\ ot en en, ¢
e e

The net plasma velocity v is given by addition of the veloci-
ties v; and v,. On the right-hand side of Eq. (5.3), the second
term is the Lorentz term and the third term is the Hall term. In
taking the differences only the electron pressure remains as a
result of the much larger ion mass compared to the electron mass.

Equation (5.3) -- the difference between the Euler equations
(5.1) and (5.2) for the two fluids -- can be used very simply to
describe electromagnetic waves in a plasma. Neglecting all non-
linear terms and the electron pressure, and using the definition
of the plasma frequencies wy,, Eq. (4.10), we find

3 .
411(% + VJ) =w,E (5.4)

If j and E exhibit a periodic time dependence of frequency w,

j = jg exp (~iwt + iv); E = Ep exp (-iwt) (5.5)
and

. 19j . E = 1 3’E

ioa Er-waw (5.6)

With the imaginary unit i, Eq. (5.4) becomes

a' 2 2 2E
470 g __@p OE (5.7)
ot 1+EZ  2(1+i2) ot ’

o © .

The phase ¢ in Eq. (5.5) has been discussed before;119 it is
neglected here. The Maxwell equations

c dt
4w 1 3E
VxH E—j+c_? (5.9

when reduced by differentiation and substitution in the wave equa-
tion for E

1 2 _ _4n dj 5.10
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can be rewritten using the result of Eq. (5.6)

AE+- -—9 ¥ g=o (5.11)
S\ W +ik) ’
w
Here we have a wave equation for monochromatic fields E (Eq. (5.6))
and induced plasma current densities j, where the dispersion re-
sults in the complex refractive index T
2
~ wl)

n =l-m s (5.12)
w

for which the letter n is used sometimes to avoid a confusion with
n; and ng, the particle densities of plasmas.

Here the meaning of the plasma frequency can be seen immed-
iately for a collisionless plasma (v = 0), where the refractive
index vanishes for a frequency w of the electromagnetic wave equal
to the plasma frequency w,. The plasma is transparent only if
w > w,; otherwise the incident electromagnetic wave is totally re-
flected from the plasma. The frequency w = wp is called the
critical frequency or the cut-off frequency and is related by
Eq. (5.10) to a special electron density of the plasma nge, called
critical or cut-off density. The cut—off densities for different
lasers (in parentheses) are (in em=3):

n,, = 2.3 x 102! (ruby); 10?! (Nd-glass); 10'%(CO, ); 3.8 x 102 (Xe$) (5.12a)

If the density of the plasma is higher than the cut-off densi-
ty —- the solid state density of deuterium is 5.8 x 1022 em—3 —-
the plasma should then be totally reflecting like metals. As dem-
onstrated in Fig. 1.1, however, the reflectivity is less than 1%.
Only with laser intensities at or below the Linlor effect
(10° W/cm?2 for ruby or neodymium-glass lasers) is the reflectivity

of plasmas unusually high.

5.2 Equation of Motion and Equations of Conservation

The addition of the Euler equations (5.1) and (5.2) for the
two fluids of the plasma, the electrons, and the ions, results in
an equation of motion in terms of the velocity v obtained by add-
ing v; and v,. In Schliiter's original treatment the result was

dv _ 1. . 1 3E
minia___vp"' EJXH-'-J VT 3 (5.13)
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The left-hand side of this equation is the force density f.
If j and E oscillate with the frequency w (using the real parts of
Eq. (5.6)), the last term on the right-hand side is nonlinear. It
should be mentioned that the derivation of the equation of motion
by Spitzer!20 from microscopic theory using a kinetic equation does
not give this nonlinear term. The assumption of space-charge
neutrality when the lengths considered are larger than the Debye
length has to be modified for the space charge of high-frequency
oscillations. Such waves must be expected in a plasma from obliqe-
ly-incident electromagnetic waves with a polarization of the E-
vector parallel to the plane of incidence,83 which generate a longi-
tudinal component of the E-field. With this additional property,
the more general equation of motion is given, expressing the plasma
pressure p by 2n;kT,

= av S N loog-1 o, 52 _ (5.14)
f= nnyT +v Va— V2ka+EJxH EFV EE (n 1)
A formal transformation of this equation can be made by in-
cluding the Maxwell equations and taking always the real parts of
the quantities, E, H, y whereby,

?a ExH

| P
- ] I ~5_ _9 1
f=-Vp+ V. [U+ z-@*- DEE] -7 Z (5.14a)
where U is the Maxwellian stress tensor
%-(EZ-EZ—EZH{Z—HZ—HZ) EE +HH EE +HH
*T Yy 2 x Yy =z T Y Yy x 2 x 3z
= 1 c2.50 22 4o 2,00
41TUrs ExEy + H.'L'Hy 2( Ex+Ey Ex Hx+Hy+Hz) EyEz + Hsz
LE E +HH EE +HH l(-E2-}32+E2-H2-HZ+1{2)
Xy x 2z Yy = Yy 3 2" x 'y 3 x Yy =

From this formulation of the equation of motion one can immed-
iately see a condition for equilibrium of a plasma (f = 0) at
E=0

V(p-H?/(8x)) = 0 (5.14b)

in which the gas-dynamic pressure p is compensated by a magnetic
field H. This is a basic relation for confining plasmas by mag-
netic fields.

In addition to the equation of motion, the state of a plasma
is also determined by the equation of continuity
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on.

and by the equation of conservation of energy

8 (nm; , = _
at( >~ v +2nikT) xAT +W (5.16)

in which the change of kinetic energy and of the internal energy

is compensated by losses due to thermal conductivity with coef-
ficient x and the power W of emitted or absorbed energy. Equations
(5.14) through (5.16) can be considered as the gas-dynamic equa-
tions of conservation of momentum (5.14), matter (5.15), and energy
(5.16). The mathematical task is defined: The five plasma quan-
tities n; = ng, T and the three components of v depending on r and
t are determined by the five differential equations from (5.14) to
(5.16). There are certain initial or boundary conditions if j, H,
and W are given externally. Alternatively, the solution may uti-
lize involved functions of the plasma parameters and further
initial or boundary conditions. If the electrons and ions are
treated separately, the quantities nj, ng,, T;, Ty, Vg, V, are de-
termined by the six equations of motion (5.1) and (5.2), two equa-
tions of continuity for electrons and ions (5.15), one equation of
energy (5.10), and the Poisson equation (4.7).

The numerical solution of the gas-dynamic equations of conser-
vation uses the properties of generated waves in an implicit way.
The behavior of electromagnetic waves is determined by external,
incident waves. The propagation follows according to the actual
refractive index n (Eq. (5.12)) in the plasma, given by demsity n;
and temperature, as far as w, and v are functions of these quan-
tities (see the next Section). The generation of electron-plasma
waves or ion-plasma waves is either given implicitly by the propa-
gation of the electromagnetic waves or their generation as para-
metric Raman instabilities,121’122 are treated separately. The
waves generated by variations of the pressure, acoustic waves, are
described implicitly by the gas-dynamic motion. The Alfven waves
(hydromagnetic waves) are of importance only if constant magnetic
fields are present. These have been neglected in most laser-
produced plasmas but may become more important since the generation
of spontaneous magnetic fields has been observed under nonuniform
irradiation.!23°12% The Alfven waves result from a motion of the
plasma perpendicular to a static magnetic field Hy generating a
current j perpendicular to both. Using the appropriate coordinates,
the equation of motion (5.14) is

av, _. 9 . _ myn; 9%v
nimi—atL—jZHo > 3id: = Blol —a—tfz (5.17)
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and Ohm's law -- Eq. (5.3) -- neglecting the fast oscillations be-

comes
22 1 VK,
Ez—VyBO=0+WVy=—B—O—a—tZ—. (5.18)

Using the two last equations we find the wave equation (5.10)

a] - 1 = m.n.02 .
B, = B +anlro L (14 aa0E (5-19)

from which velocity of propagation of the Alfven waves Va

vy =c/ (1 +4mmn.c? / BHL/2 (5.20)

obtains directly. For densities of laser-produced plasmas of n;
exceeding 1018 cm 3, the Alfven velocity v, is in most cases

negligibly small, if By is less than 1 megagauss.
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Fig. 5.1 One-dimensional numerical solutionl?3 of
the hydrodynamic equations of conservation for laser
light with a steplike intensity of 10!2 W/cm? inci-
dent on a 50-micron-thick slab of solid hydrogen
(density pg). The resulting density p = n;m;,
velocity v, and temperature T are shown for times

t =0, 0.5, 1.5, and 2.0 nanoseconds.
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Fig. 5.2 One~dimensional numerical solution!?5
for a foil of 5-micron thickness with linear
velocity profile and Gaussian density profile at
129

5 nsec and later as found for irradiated spheres.

A numerical solution of the equations of conservation has been
treated by Mulserl?5 on the basis of a single plasma velocity v
based on a Lagrangian code. The results agree with those from an
Eulerian code.l26 The treatment of electrons and ions as separate
fluids was considered later by several authors.!277"130 The
discussion of a one-fluid model of plasma demonstrates the basic
behavior in a very clear way. If the irradiated slab of solid hy-
drogen is thick enough and if a classical value of thermal conduc-
tivity can be assumed for the highly-dense, low-temperature plasma
generated, gas-dynamic ablation of the plasma surface causes a
recoil to the interior where a shock-like compression of the plasma
is produced (Fig. 5.1). 1If, however, the irradiated target is a
very thin foil or if it has very high thermal conductivity, nearly
homogeneous heating of the plasma occurs, resulting in a nearly
Gaussian density profile and a linear velocity profile after some
time (Fig. 5.2).

The shock-like interaction can also be described analytically
on the basis of similarity laws, as shown by Krokhin and
Afanas'yev,131 Caruso and Gratton,132 and as derived generally by
Perth,!33
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5.3 Homogeneous Heating

The homogeneous heating of plasma can also be treated analyt-
ically (self-similarity model) assuming a sphere of plasma with
homogeneous transfer of energy from the incident laser radiation.
As derived!3* from the hydrodynamic equations of conservation, from
(5.14) to (5.16), the expansion of such a sphere can be related
to the analytic solution of simplified equations for a sphere with
radius R and an averaged mass M.13%4°1352136 The power supplied by
the incident energy is given by W, and the temperature T is assumed
constant within the whole sphere varying only with time t. For
some constant value of W = W; and g = W1t3/N1m1

R? = (R} + 10 g/9) (5.21)
and
Wit 2R§ + 5g/9
T eN; RZ ¥ 10879 -22)

where N. is the total number of ions in the sphere with an initial
radius ﬁo. Taking into account the change of the cross section of
the irradiated sphere in a laser beam of constant focal properties,
Eq. (5.21) has to be corrected by a first approximation

R2 = B2 + %& [1+G/(18 R2)] (5.23)

as well as an appropriate expression for the time dependence of the
plasma temperature. Following this model, Fig. 5.3 describes the
laser energies and pulse lengths t* for neodymium-glass and CO,
lasers, if a sphere of solid deuterium of a given initial radius is
heated up to reach an averaged ion energy ¢j.

There has been extensive discussion of whether the compression-
wave model or the homogeneous-heating self-similarity model better
describes the experimental results. One criterion is the time at
which the expanding plasma becomes transparent. The time calcu-
lated for penetration of the compression front through an irradiat-
ed solid target of a given thickness (or a sphere of a given
diameter) is larger by factors of 20 to 100 than the time calcu-
lated for homogeneous heating to reach the cut-off density (trans-
parency).lzs’1 8 TIn all experiments on irradiation of spherical
pellets of LiD,1397"1%2 31yminum!®9 or other materials with diam-
eters from 10 to 500 microns by ruby or neodymium-glass lasers at
intensities between 10!0 and 10!3 W/cm? and pulse lengths of 5 to
30 nsec, the measurements of expansion velocity, transparency time,
and energy transfer were in full agreement with the theory of
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Fig. 5.3 Energy and pulse length 1* of neodymium-
glass and CO, laser radiation for heating a solid
deuterium pellet of given initial radius to aver-
aged ion energies e€(p, derived from the self-similar-
ity model of homogeneous heating.!37

homogeneous heating. The transparency time of hydrogen foilslh3
and, similarly, polyethylene foils!** fully agree with the homo-
geneous heating model, while the compression-wave model gave
thirty-fold longer times.125 The compression-wave model based on
one-dimensional interaction cannot be modified for lateral expan-
sion mechanisms, because in most cases considered, the thickness
of the foil is much less than the beam diameter. The observation
of a small delay in plasma generated at the rear side of the foil
compared to the front side does not contradict the homogeneous
heating model. In some experiments with the same apparatus in
which self-focusing in a transparent target was measured, the
plasma at the rear side radiated earlier than at the front side.!">
In the case of CO, laser-irradiated targets, some observations
have been explained by the homogeneous heating modell*® and others
by the compression-wave model.l33°1%7 However, the most critical
quantity, the transparency time, cannot be used for a quantitative
comparison,1“7 because the power of the incident laser pulse varied
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too much during the time of passage of the light through the
plasma.

The distinction between the two theories is not only an aca-
demic question of studying gas-dynamic models for laser-produced
plasmas; the generation of a compression wave is an essential mech-
anism for reaching nuclear fusion with acceptable efficiencies.
Thus, in the numerous experiments with neodymium-glass lasers at
intensities from 10!0 to 1013 W/cm? irradiating solids in vacuum,
it is important to determine whether: (1) self-focusing occurred
and a complicated nonhomogeneous transfer of energy to the plasma
produced conditions for homogeneous heating without generation of
compression fronts or (2) the compression-front model should be
modified by including anomalous conditions of thermal conductivity
in the compressed plasma to reproduce the very short transparency
times which have been observed.
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As derived from the macroscopic theory of a plasma, the com-
plex optical refractive index fi is given by the dispersion rela-
tion of electromagnetic waves in a plasma, (Eq. (5.12)), where the
real part n, and the imaginary part «, are evaluated algebraically

~ w? 172
n=n+igk={1 - —F— (6.1)

W (1 +ivjw)
Ju2
} (6.2)
d

2 2 1/2 2
n=l - w; [ w, \2 . 9y
2 w? + 2 W 5242 _J w? +p?
wpz v wpz 7] 1/2 “-’pz 1/2
- - -{!- 6.3
FEIE PR I (6.3)

The real part n is sometimes called the refractive index. Here the
sum with the complex refractive index is denoted by the circumflex
fi. For a collisionless plasma (v = 0), both coefficients are
clearly equivalent

=

K=

n=f=(-w!/w?)2 (fr=0 (6.4)

The imaginary part of #i, k, is called the absorption coeffic-
ient. Its meaning is seen immediately from its relation to the
absorption constant K, which determines the attenuation of a laser

intensity I at some depth x; if I, is the intensity at x = 0

39
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I =15 exp(~Kx) (6.5)

The absorption constant is then

K= (6.6)

6.1 Linear Properties

As demonstrated by the preceding equations, the optical prop-
erties of a plasma depend on the plasma frequency w, (Eq. (4.10))
and, therefore, on the electron density n, and the glectron mass
m, (to the extent it can be changed relativistically), and they
depend further on the collision frequency v. Here it is important
to recognize in what sense the collision frequency was defined.

In Eqs. (5.1) and (5.2) the collision frequency v was defined by
changes in the motion of the electrons and ions due to Coulomb
interaction in which energy is exchanged. This kind of collision
leading to equipartition characterizes the friction of plasmas,

and the thermal conductivity. It also characterizes the exchange
of energy within one component (e.g., in the electrons if for some
reason the velocity distribution is non-Maxwellian as shown in

Fig. 4.3), or between electrons and ions if there is no thermal
equilibrium for some reason, e.g., if the electrons are heated

only by incident laser radiation. There is a question whether

this collision frequency is to be identified with the high-frequency
processes of the refractive index fi. The formal derivation of i
from the difference of Euler's equations for the two fluids should
prove the identity of the two definitions. However, there is some
microscopic difference between these mechanisms. If the colliding
particles were neutral molecules, their interaction would constitute
simple two-particle interactions, and there would be no doubt of
the identity. In the case of the charged plasma particles, the
collision of an electron with an ion can cause in addition emission
of an electromagnetic wave (photon), the well-known bremsstrahlung
radiation.

As has been shown before,l“8 the collisions for equipartition
are indeed very close to the collisions of the bremsstrahlung
mechanism. The absorption of radiation in a plasma is a mechanism
of inverse bremsstrahlung: If an electron moves around the collid-
ing particle within a Coulomb orbit, it can pick up energy from
the high-frequency electromagnetic field which causes its oscilla-
tion.

Speaking in terms of quantum mechanics, there is the motion
of an electron within a Coulomb field of an ion with continuous
energy eigenvalues during which the electron changes to a higher
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energy state by absorbing the energy of one photon. The exact
quantum mechanical description!*? results in an absorption constant
(index B for bremsstrahlung)

K = 64n> 7’ n, n;e °gT)
B 3V3  cw® (2mmkT)32

(6.7)

where T is the plasma temperature and g(T) is the "Gaunt factor,"150
a value which corrects the point-mechanical description by a factor

between 0.1 and 10. The justification for comparison of the quantum
mechanical process of inverse bremsstrahlung and that defined by

the collisions is given by the ratio of Ky to a value K derived

from Eq. (6.5) using the plasma collision frequency v (Eq. (4.11)),

K In A
= = 0324 — -
Kp 0 (D8 (6.8)

in which the validity of K in

K 47° Z’ n,ne’ln A (6.9)
Y (@D w? 2 |
c(w? +v?)2mm k)32 (1- 22—
e wz +V2

is restricted to plasma densities below the cut-off density,

w >> wpy, Ny, >> ngo (Eq. (5.12a)) and to relatively-low collision
frequency v << w. Using a special representation of the Gaunt
factor!5! whose validity is limited in a similar way, with T in eV
and np in cm™3

= 1
8§=1.2695(7.45+10g T - 3 log ne) (6.10)

and using the value of the Coulomb logarithm

In A=3.45 (6.692 +log T - ylogn, - >log 2) (6.11)
we arrive at

K 0883 076+ 3log Z

— = 1- T (6.12)

K (2 7.45+10gT - glog n,

The above equation shows once more the comparability of the
two theories. There has been some discussion of whether Spitzer's
correction Yg(Z) of the electron-electron collisions must be
included. Although this correction is small (YE(Z) varies from
0.582 to 1 when Z changes from 1 to «), it should be pointed out
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that electron-electron collisions can be accompanied by emission
and absorption of photons. If the thermal energy kT is larger
than the oscillation energy €, of the electrons, the coherent
oscillation of two colliding electrons in the high-frequency field
may be the source of another correction factor between the minimum
value and unity. It should be mentioned that another theory for
the absorption of laser radiation in a plasma exists, derived by
Dawson and Obermanl®3 from the description of the plasma by the
collisionless Vlasov equation, including the interaction of the
particles by phase mixing. The justification of this theoryll‘8
was demonstrated by comparison with the quantum mechanical theory
in the same way as shown previously for the theory of absorption
due to Coulomb collisions. For the absorption constant of Dawson
and Oberman Kpg, the ratio
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Fig. 6.1 Absorption constant K(cm™!) from Egs.
(6.3) and (6.6) with Coulomb collision for neo-
dymium-glass laser radiation in plasma as a
function of the temperature T(eV) and density
ny(cm”™ 3).148
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In A
— =0.276 —— (w>wp; v<w) (6.13)
g

is quite close to unity. Comparing this result with Eq. (6.8), we
find that the absorption theory based on Coulomb collisions is
closer to the inverse bremsstrahlung theory (e.g., for deuterium
by a factor of 2.02).

The quantum mechanical absorption constants may be considered
as the most probable values. The disadvantage of the theory is
its limitation to plasmas of low density and high temperature
(low collision frequency), while the laser-plasma interaction is
important for plasmas near the cut-off and higher densities. For
these cases the refractive index n (real part) and the absorption
constant K have been evaluated numerically at several interesting
wavelengths (ruby, neodymium-glass, and CO, lasers and their second
harmonics!“8)., Figures 6.1 and 6.2 give examples for neodymium-
glass lasers and Figs. 6.3 and 6.4 for CO; lasers.
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For some purposes it is important to evaluate the absolute
minimum value of the refractive index [ii|, which can be much less

than unity in a hot plasma near the cut-off demsity. From the
exact value

w? \2 v w2 14
- P4 A )4
a —I:(_w2+vz)+<w w?+1? ] (6.14)

we find the minimum

Bl . =@lw)2=a/ T (atw) =w® +17) (6.15)
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where the constant

12
wpﬂ3/4 me222 In A
a=
8775 (Z) (2k)32

{3.25 (eV)3/“ for neodymium-glass laser

(6.16)

for deuterium (Z = 1) and 1n A = 10,
1.03 (ev)3/* for CO, lasers

can be derived from Eq. (4.11).

6.2 Nonlinear Absorption

The assumption in the preceding discussion of the optical
constants was that the laser intensities did not exceed the thres-
holds I* for which the energy of oscillation eg,g of the electrons
in the laser field was larger than the thermal energy kT. For
higher intensities the energy of the electrons is determined
mainly by the intensity of the light. The electron kinetic energy
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(which determines the Coulomb collisions and, therefore, the

optical constants) causes a nonlinear dependence of the collision
frequency on laser intensity.

The energy of electrons is obtained from solution of the
equation of motion for one electron (Eq. (4.1)) using only the
first term on the right-hand side with E oscillating as given in
Eq. (5.5) and taking only the real parts.

v,=- 2 B gin ot (6.17)

gie

The oscillation energy e,, is given by the maximum velocity v,

_e_zglz_ S E? =Ev?/Mnl (6.18)
Eos-zmwz > By v n .

where the effective amplitude E; can be expressed in a WKB approx-
imation by the amplitude E, in vacuum and the absolute value of

the refractive index. The WKB approximation for the solution of
the wave equation (5.11)

n?(x) a2

c? at?

AE + =0 (6.18a)

with linear polarization of E in the y-direction (i,) and the prop-
agation in the x-direction (i;) becomes

i2 E X ~
E =—% cos S L h (x) dx + wt (6.18b)
Vil ( ¢ )

When one of the Maxwell equations (Eq. (5.8)) is included

S— X ~
Ho =-1E, VT cos -fé‘"’— n(x)dx + wt

. ¢ E, alml X ()~
+ iy —— - - =
* 20 RPP2 3% " ( d " ()dx + ot

(6.18c)

The WKB condition of restriction to small changes of #i(x) is

e 1 alnl

=__ 6.18d
2w P ax ¢ )

where O can reach values as high as 0.3 without serious error in
the approximation.

The effective temperature T which determines the optical
constant is
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T = Tth + eos/k (6.19)

where Tt is the temperature given by the random motion of the
electrons. For g,5 = kTy, the threshold I* for neodymium—glass
lasers and an electron temperature of 10 eV is 1.3 x 10!* W/cm?2.
The relation between the amplitude E, of the electric field
strength and the laser intensity I is

E, (V/emy21/Q = 27.4T(Watts/cm? ) ; E (cgs) =Y8n1/c = 2.91 x 10 5Y1(erg/cm? sec)
(6.20)
where Qg is the resistivity of vacuum, equal to 277 ohms.
The absorption constant for I >> I* has been calculated by

quantum mechanics methods from the theory of the inverse bremsstrah-
lung by Rand.2%3 The result was a nonlinear absorption constant

Rand
K NL
2
KRand_0257r1/2 12, 222 wm 121 32¢7 1 1312 6.2
€ methhcw2 (6.21)

Starting from the theory of Coulomb collisions, the nonlinear
absorption constant can be derived from Eq. (6.9) with v << w,
using T from Eq. (6.19) and taking into account Eqs. (6.17) through
(6.20),

K 4r e6ne2n,~2221n A b ﬂl/zwp m, U2e21n A
= where v =
NL 212 16 (kT +¢, )37 2172 16(kT + ¢, )

(6.22)

In this case the electron-electron collisions are negligible
because the electron gas is oscillating coherently, and the optical
constants are determined by electron collisions with ions only.

The ratio of the two nonlinear absorption constants

Rand 16 €,
KNC 41“<?1?r‘?“) (6.23)

M 2z1n A

KnL

is a constant which is close to unity within one order of magnitude.

6.3 Relativistic Absorption

The preceding discussion of the linear (e, g < kT4y) and the
nonlinear (e,g > kT4j) absorption constant presumed that the
oscillation energy e,; of the electrons was less than the relativ-
istic oscillation energy where E,g €Xceeds mecz. The relativistic
thresholds of the intensities I¥ for e 5 = mec2 are
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r=r /= (°“’m)2 ] 3 3.7 x10'8 Wjem? (No-glas laser)

l= — (6.24)
v nh 3.7 x10 W/cm? (CO, laser)

In the relativistic case, the exact solution of the equation
of motion for the oscillationl3%?155 (neglecting a possible longi-
tudinal motion depending on initial conditions and the switching-

on process of the laser field as shown by Nicholson-Florence!l%6)
results in an energy

2
em z :_EL_’_
w?c? il

eE2

1fe <mc
me

(6.25)
ecE, / (whn'l 1fe s> m,c?

Due to the relativistic change of the rest mass of the elec-
tron, the plasma frequency wp is

2 4me’n

w, =—-= (1-v* /c) (6.26)
me

where use can be made of the exact solution of the relativistic
equation of motion, yielding

2E2

vy 1y =1/ 1+ 6.27

max ) m?w?c? il ( )
As a consequence of results given by Eq. (6.25) we findl57

E, >> Ej
4me’n. m_c? _
w; = - € : =41renew\/|mc/}3v (6.28)
e os

From this the relativistic change of the cut-off density of

the electrons nggz, presuming that the frequency w of the incident
laser radiation will not change, is

2
el WMe € €Lin
Wee = are?  moc? Nec me 2 (6.29)

where ng, 1is the nonrelativistic cut-off density (see Eq. (5.12)).

The collision frequency v of the electrons in a plasma at
relativistic conditions changes from the value of Eq. (6.22) for
nonrelativistic conditions (I << IT)



6. REFRACTIVE INDEX AND ABSORPTION 49

72e221n A

Vg —
9/2
29/ Cé€,

for eos>m¢,c2 (6.30)

These relativistic collision frequencies v are remarkably
small. As an example, for € = 1 MeV, the value of v is in the
order of 100 kHz for CO, lasers and 10 MHz for Nd-glass lasers.
Therefore, the plasma absorbs less energy at relativistic condi-
tions and becomes more transparent. A similar result of increasing
transparency was derived for relativistic instability.158

The Coulomb logarithm 1n A used in Eqs. (6.29) and (6.30) must
be corrected relativistically

A= — By (6.31)
2e? w(mn )12 TRT :

where n, is always the cut-off value, if fﬁ[ is far from unity.
Using Eq. (6.28) we find

1.2x 10° eﬁs? for Nd-glass lasers
A = € (6.32)
€
1.2x 107 ;“QZ;I for CO, lasers

Now we can evaluate the minimum absolute value of the refrac-

tive index |di|, (Egs. (6.14) and (6.15)) for kT << €og With
2 = 42

wp =W

1/4 172

7w’ eln A

- L

832 A2 112 for eosg/ >me°2
oS

rﬁ'lm.m = (6.33)

1/4 172 1/4 In A

T (i Mo fore, <m,c’

8v2 eltf

The resulting transparency of the plasma at e,g > mocz,
avoiding loss of laser energy by collisions, is also favorable to
the dielectric increase of the effective field E; due to the denom-
inator VTE]in the WKB approximation. As an example, we find when
€ps = 1 MeV for CO; lasers a value Iﬁlmin = 1.2 x 1075, and for
neodymium~glass lasers Iﬁlmi = 4.1 x 10~°. Combining this result
with Eq. (6.24) relativistic oscillation energie5157 for electrons
are expected in plasmas near the cut-off density for neodymium-
glass laser intensities of 10!5 W/cm? if a WKB-like density pro-
file can be assumed.
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6.4 Anomalous Absorption and Instabilities

Besides the absorption due to Coulomb collisions described in
the preceding subsections covering moderate laser intensities
(linear case), high intensities causing a predominance of coherent
oscillation (nonlinear absqrption), and very high oscillation
energies exceeding the rest energy of the electrons (relativistic
case), an absorption of laser light in the plasma can occur from
collective phenomena, instabilities, and nonlinear forces, which
all together are often called anomalous absorption.

The first indication of anomalous absorption -- at least for
the case of laser frequencies -- was reported by Dawson and Ober-
manl53 following the numerical evaluation of absorption constants
calculated by phase mixing. The variation of K as a function of
density displayed mysterious peaks near the cut-off density,
and the slope was similar to those of Fi%s. 6.1 and 6.3. Because
of the well-known numerical difficulties!“8which occur near the
cut-off density in the region of poles of the complicated functions
of K and k, Eqs. (6.3) and (6.6), further study seemed worthwhile
to find out the essential reason for the mysterious peak.ls9 It
was found, ultimately, that there is a physical basis which may
be described as oscillating two-stream instabilityl®0 and which
manifests itself by increased reflectivity of high-intensity
radiation from the plasma. The observation of anomalously—hi%h
reflectivity of microwaves was correlated with this result, 16
similar to microwave measurements in a Q—machine.162 It was pointed
out163 that the intensity dependence of the reflectivity is in
marked disagreement with the theory of anomalous absorption.

Parametric decay instabilities cause a transfer of laser
energy into oscillations of electrons (Raman instabilities)
characterized by oscillation with the plasma frequency w, or 2w
of the electrons, or into acoustic oscillations (Brillouin insta-
bilitiesl6%42165)  The calculations for homogeneous plasmas must
be distinguished from those for the more complex inhomogeneous
plasmas.1%6 one goal is to evaluate the threshold for the onset
of the instability which varies under different conditions and for
the different types of instabilities between 10!! and 101% w/cm?
for neodymium-glass laser radiation. Another aim is to study the
(temporal) growth rate of the instabilities which may provide an
experimental criterion for validation. The acoustic (Brillouin)
instabilities especially have long growth rates which may help to
exclude these processes from the interactions of laser radiation
of very short pulse length. Another question is the saturation of
instabilities;1672168 apove a certain intensity there is no
further increase in the instability. Saturation is one of the
major points of discussion on whether the instabilities create
very high reflectivity of laser-produced plasmas169°170 apq
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prevent the necessary high input of laser energy into the interior
of the plasma for purposes of thermonuclear fusion or whether
saturation suppresses instabilitiesl’l and provides good input

of laser energy.

The experimental results indicating relatively-low reflectiv-
ity from laser—groduced plasmas seem to confirm the predominance
of saturation,?3’2% although some experimental facts clearly
indicate the mechanism of the instabilities from the spectrum
of the reflected light, its shift to half, three-halves and double
the frequency, and the spectra23’172 showing red-shifted maxima
which can be explained as stimulated Compton scattering.”2

In addition to these instabilities, nonlinear forces in
laser-produced plasmas (see the following Section) causing a net
motion of plasma involve a kind of collisionless nonlinear absorp-
tion. Either laser energy may be transferred into mechanical
energy of motion, or the ions may be heated adiabatically, prefer-
entially over the electrons (dynamic absorption) or vice versa,
as expected at the nodes of the standing waves generated. While
the type of absorption could be determined directly from numerical
calculations, a more analytic treatment of the instabilities and
a systematic description was provided by Chen using nonlinear
forces to calculate the microscopic mechanisms.l173

While in the case of the macroscopic nonlinear forces it was
possible to include the resonance-like increase of the mechanism,
for the instabilities, the nonlinear feedback of instabilities
leading to probable saturation was not included. The resonance
mechanism may be the reason for the strong increase of the observed
reflectivity of microwaves with intensity. The resulting strong
saturation may be the reason for the observation of the unexpected--
but for the purpose of the nuclear fusion highly desired--low
reflectivity23’21+ of laser-produced plasmas at intensities from
1015 to 10!® W/cm? or more.
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If an electromagnetic wave propagates into a plasma with a
density very close to the cut-off density, the absolute value of
the refractive index Iﬁl is much less than unity (Eq. 6.14)). The
energy momentum flux density E2 + HZ? is then greater by the factor
3= Tﬁl‘l, the effective wavelength of the laser light is increased,
and the effective laser intensity I = I,/|di| = J#1, increases over
its vacuum value I,, by this factor. Spatial gradients of the time-
averaged energy momentum flux density will cause forces corre-
sponding to one hundred times the radiation pressure of the light
or more. These forces can cause self-focusing and may be related
to the Linlor effect and to the homogeneous heating of a laser-
produced plasma. The same forces can, however, in determining the
dynamics of the plasma, cause ablation of the plasma surface and
result in recoil from compression of the plasma, and can cause
disadvantageous energy transfer by dynamic anomalous nonlinear
absorption. The nonlinear forces are mainly related to the fact
that the swelling factor ¢ is larger than unity, but also arise if
the factor is only a small quantity, as seen in dynamic absorption
or in Chen's general derivation!73 of instabilities causing anom-
alous absorption. The essential property is the dielectric change
of the refractive index from unity. This is the reason for the
more specific expression "dielectric" nonlinear force.

7.1 Basic Properties of the Dielectric Nonlinear Force

As we have shown®3 the force density of the equation of
motion (5.14a) can be written

52
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d ExH

B 7.1

= 1
f=-V-ptv:[U - i (n? - 1)EE] -

where the gas-dynamic part is called the thermokinetic force,
using a pressure tensor p

fy = - VD (7.2)
and the force
fyp = f- 1, (7.3)

is nonlinear owing to the quadratic form of the electromagnetic
field components. In the following, the Poynting term can be
neglected because of the much slower change of the averaged radia-
tion intensities compared with the laser periods.

Neglecting the effects occurring within a laser period, we
find the long-term forces by averaging Eq. (7.1) over the laser
period. The nonlinear forces are then essentially governed by
gradients of quadratic expressions for components E and H. Some
forces of this type are well known. If a standing wave is pro-
duced in a plasma of such a density that collective effects are
present, the plasma is driven toward the nodes of the standing
wave. Another such force was reported by Schliiter8* for a light
beam penetrating a plasma when a certain lateral decrease of the
intensity generates lateral gradients of E2. These forces of
static fields are well known as electrostrictive forces. The
essential point in this consideration is that the fields are oscil-
lating and, furthermore, that the magnetic field, too, effectively
provides "electromagnetostriction." The collective effects,
expressed by lﬁl - 1, are particularly important at plasma densities
np = ng,, Where the plasma frequency wp is equal to the laser
frequency.82283°174

Using equations (7.1) and (7.3) to evaluate the time-averaged
nonlinear force for a perpendicular incidence of plane waves on a
stratified plasma, with the propagation in the x-direction (unit
vector i;) and linear polarization of E in the y-direction, gives®3

o RN
NL “gr ax O ¥ ) (7.4)

Taking the special case of reflection-free penetration as
given by the WKB solution (Eqs. (6.18a) through (6.18d)) we find
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E2 1-MWP

i - B E2 1-hP 2w
N1 j6r R

i e TET o @k
(7.5)

exp (- kx) %( '+

with an amplitude of the electric field E, in the vacuum and inte-
gral absorption

1 w X
k)= — ~ [ Im@EE))E (7.6)
X C

The second term in equation (7.4) is the collision-induced radia-
tion pressure. This term can be neglected compared to the first
term of equation (7.5), which describes a nonlinear deconfining

force if the electron density n, exceeds the cut-off density ng.,
Eq. (5.12a).

In the case of a collisionless plasma we have

El ! on
f.,, =i — — 7.7
N1 T6n o?n? ax ( )

This expresses the purely-deconfining, collisionless nonlinear
acceleration of the plasma towards lower electron density, giving
collisionless absorption of radiation. Another derivation®? of
equation (7.7) is based on the two-fluid modelll8 where nonlinear

terms have to be added,83 or alternatively on single-particle
motion of the electron.85

E2er2-£2( L qy2 o ™
Yy 'z =y 7 SO
T--- - neco_..... - e e e e
=1 2,2
'f!l 'B_nV‘E}”HZ

Fig. 7.1 A profile of the electron density n,(x)
of a collisionless plasma with a penetrating laser
beam (hv) satisfying the WKB condition (n, has to
be at least a little less than the cut-off density
Ngep). The variation of Ej + HZ causes gradients
of this expression, resultgng in nonlinear forces
fyp. 7 is used for .
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Fig. 7.2 Density ng(x) of a plasma with collisions
exceeding the cut-off density ng,,, with an incident,
purely-penetrating laser beam (fv) which can also

be constructed in this case by the WKB approximation.
The variation of the quantity E2 + Hg results in the
nonlinear force fyr. Y

The essential properties of the nonlinear deconfining force
can be seen in the following schematic examples. Figure 7.1 dem-
onstrates a collisionless plasma with a simply-propagating laser
wave. The nonlinear force fy; is caused by the variations of
EZ + H2. The conservation of momentum is verified by direct com-
pénsation of the forces directed against the laser light on enter-
ing the plasma by the forces parallel to the light on leaving the
plasma. This is also valid for nonsymmetric density profiles.

Figure 7.2 illustrates a plasma with collisions where the
WKB approximation is possible even for densities exceeding the
cut-off density ng,. The quantity EZ + H3 decreases exponentially
in the interior of the plasma according to the skin depth. The
resulting forces are not compensated completely; there is an
additional transfer of momentum according to the momentum of the
absorbed photons.

7.2 Transferred Momentum and Ion Energies

The transfer of momenta can be seen by direct integration of
the nonlinear force fy;, equation (7.4) or (7.5). The total energy
g7, of a laser pulse between times tj;-and tp with a bundle having a
perpendicular cross section K; in the y-z plane, is

L. Ei(tiyi2)
€, =¢C dxdz dt =227 = plc
L K,lf qf % o (7.8)
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which defines the total momentum Py of the photons. The momentum
P transferred to the plasma between the vacuum, where the co-
ordinate x); is chosen, and the depth x, in the plasma is

X, 4
- Py
= _fdydz dx fy, dt = - [(‘71( i V(xz)) (7.9)

Ky x; t

1
exp( - k(x;)x,) <ﬁsz)l + 'kx, )) exp (- k(x, )Xz)] =0

This result was first obtained in a simplified way,83 175
then rederived by Lindl and Kaw.l!7®6 A more general discussion is
presented here. The second term in the bracket is equal to 2 from
the definition of the values fi and k for a vacuum. If x, is chosen
far inside the plasma, we have exp(-k(x5)x,) = 0, indicating that
the total momentum transferred is that of the photons incident in
the vacuum P?% which is a trivial result. The function P(x;) can
be monotonic!’®as indicated in Fig. 7.3, where no deconfining
force (i.e., force in the plasma directed toward lower density
in the negative x-direction) is expected. On the other hand,
conditions for density and temperature gradients can be given,
when P(x;) goes through a very low minimum, P describing the
momentum P;,7 at the minimum of the deconfining acceleration in
the inhomogeneous plasma. The extreme value of P75 is given by

~
¥ | no deconfining
x acceleration |
= econfining
a acceleratlon ‘ Po
+ =X
| X3
P, Pinh Pint

Fig. 7.3 Momentum P transferred to the plasma between
the vacuum (x; < %xp) and a depth x = x, given by
equation (7.9). The momentum of the incident photons
Py is compared with the deconfining momentum P;, , of
the plasma inhomogeneity and the final momentum int
in the plasma interior.
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equation (7.9) using exp(~-k(xs)xj) =1

P -
P, = ——— (I -, (7.10)
2n2|

inh
where fi, is the value of @i at the depth x; and |ﬁ| is the absolute
minimum.

The deconfining momentum P;,; in the inhomogeneous layer can
be approximated by using Eq. (6.5)

P,, =-P, T34 (2a) (7.11)

Therefore, the deconfining radiation pressure can exceed the
normal radiation pressure by a factor of 100 or more at tempera-
tures exceeding 1 keV. The deconfining momentum produces a recoil
to the plasma interior where a momentum P; .

Py = (1P, |+ )Py (7.12)

is to be expected. Thus, the plasma interior is confined by 100
times the normal radiation pressure or more. This nonlinearly-
increased radiation pressure is essentially connected with the
collective effects on which the nonlinear force fyr, (Eq. (7.3)),
is based. The plasma must therefore have a density n, exceeding
the cut-off density nge in its interior

n,(x)>n,, (x>x3) (7.13)

where x3 is located in the skin layer (see Fig. 7.3), characterized
by a strong exponential decrease of the laser intensity.

An additional general conclusion can be drawn concerning the
magnitude of the energy of the ions after their acceleration in
the inhomogeneous plasma layer.8% Irrespective of the special
density profile of the surface layer, we find that ion energy of
directed motion can be expressed by the maximum oscillation energy
of the electrons €,g pg, in the laser field near the cut-off
density

€=ZLe, 0 (7.14)

Because of the increase of the oscillation energy over the
vacuum value €,5 pge given by the WKB solution, we find

¢ E? e’ E? ]

€ = — = € —
oS ~ os vac
mew2 4 meoa2 4In’l . Ml

(7.15)
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By means of equations (6.19) and (7.15) T >> Ty

T3/4 e \4
T=¢, = ; T= ?":—- (7.16)

Finally, equations (7.14) through (7.16) yield

E2T3/4
2 a
T3/4 ec
€;,=Ze, " = - (7.17)
e 37y i
Z (M6man_i™)" »if €0 > Ty

, ifeos <T,

The increase of a; with the fourth power of the light intensity

I ~ E2 does not involve absorption due to the acceleration process
itself. This mechanism limits equation (7.17) with respect to
very high optical intensities.

The above considerations were based mainly on the WKB approx-
imation. Its more extended, general validity was proved by Lindl
and Kaw,176 who used in equation (7.4) the well-known solution of
E and H for a plasma with linear increase of the electron demnsity.
In this case the waves are totally reflected. Beyond the well-
known acceleration of the plasma towards the nodes of the standing
wave, we find an averaged force driving the plasma towards lower
density which is exactly the same as in the WKB case, equation
(7.7). This equation retains its validity also for increases of
the electron density which are so steep that the WKB-condition
ceases to be valid. A very important extension was made for the
case of oblique incidence of radiation on a stratified plasma.

The WKB case results in acceleration towards lower plasma demsity,
the direction of which does not depend on the polarization of the
light; only the magnitudes depend on third and higher orders of
the polarization.! With linear density profiles 76 the results
were the same as in the WKB case if the electric vector oscillates
normal to the plane of incidence. When the E-vector is in the
plane of incidence, there is a resonance effect causing a strong
increase in the acceleration compared with the WKB case. This
may be an experimental criterion for deriving information on the
density profile to find whether it is WKB-like, linear, or other-
wise. In the case of perpendicular incidence of the wave or
standing waves, strong turbulence within the nodes of the wave was
found®’ which could cause anomalous Brillouin scattering.

7.3 Predominance of the Nonlinear Force

The nonlinear force fyy will be observed only when the
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thermokinetic force f;; contained in the total ponderomotive

force £ (see Eq. (7.3)) is comparable with or less than fNL' This
question is connected with the nonlinear decrease of the collision
frequencyl>? caused by predominance of the coherent motion of the
electrons in the laser field over the random motion in regions of
minimum refractive index lﬁl (see Eq. (6.22)). The temperature T,
which determines the collision frequency, then consists in the
limiting case of equal terms on the right-hand side of equation
(6.19). This also distinguishes the two cases on the right-hand
side of equation (7.17). Using the expression

Ty =€pslkse, =€, T>* 2

we find a first approximation of the threshold value El* related
to the intensity Il

E!'*2 = 16mn,, akTY/*  E1* : =M1} ;11" . = NTJ/4 (7.18)

Neglecting the weak dependence of a on 1n A, we find
M=2.83 x 108 and N = 2.08 x 10!* W/cm? for ruby lasers, and
M=1.67 x 108 and N = 7.5 x 1013 W/cm? for neodymium-glass lasers,
where Ev = V/em, I = W/em?, and Ty = eV.

The limitation equation (7.18) of the nonlinear collision
process also describes the predominance of the nonlinear force
fyr, to some extent. The case in which the thermokinetic force
fi5 =-ngkTyy is equal to fyr is calculated from equation (7.1)
before differentiation, using equations (7.4), (7.5), and (6.15)
for perpendicular incidence of the laser radiation on a stratified
plasma. The difference in integration constants is taken into
account by the term 1 in the brackets, which is the vacuum value
of the momentum flux density of the radiation

E: 2 T3/4

16m a

a
+ —T—37'4 €Xpo - 1 (7.19)

ne(1+1/Z)kT,, =

where "exp(" denotes an undefined value of the exponential function
for the absorption which depends on the special profile of electron
density and temperature in the inhomogeneous surface region of the
plasma. In the following calculation we use expy = 1, 0.5, 1l/e,

and 1/e2. Starting from a special value of E¥ we obtain the
associated temperature Ty by the following iteration: The first
iteration of Tyy = Ty is found by putting T = T%h in equation (7.19)
and solving for Téi); the second iteration is found by solving

Téi from
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*2 )34\ 3/4
T Ev th)/ /
E*2 % " i6man_k a
n (1+1/2kTP = 2 < + ST DIA\ 34 | €XPo — 1
16w a I#)— Ev T
16man_k

(7.20)

the iteration being completed when IT(I) - T(3)| < 0.5 eV. The re-
sult for Z = 1 (hydrogen) and for neodymium-glass laser is shown in
Fig. 7.4 for the specified values of expg. The threshold for

expg = 1 is equivalent to the limiting parameter in equation

(7.18). From this it can readily be seen that the increase of ¢)

as the fourth power of the laser intensity shows the predominance
of the nonlinear force. It should be noted that a special self-
focusing process of laser-produced plasmas has an intensity
threshold!77 which is similar to I!*, being approximately 10l* W/cm?
for solid state lasers.

Another estimate of the magnitude of the nonlinear force
compared with the thermokinetic force was given by Steinhauer and
Ahlstrom.l78 The pressures generated by thermalization of the

radiation were compared to those produced by the nonlinear effects.
The ratio
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Fig. 7.4 Minimum intensity I* for neodymium-
glass laser required to produce nonlinear de-
confining force fy; larger than thermokinetic
force fiy = - ngkTyy. The undefined exponential
function expy refers to collision-induced
attenuation.
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[ | _ g5 114x10° (2 12
[z T\ (7.21)

is a realistic upper bound, because the maximum values of tempera-
ture were used, decreases due to thermal conductivity being
neglected. \Ap is the laser wavelength (in u) and T is that temp-
erature of the electrons (in eV) which determines the averaged
electron-ion collision time. The result is that even at intensities
less than the threshold (I << I*) the nonlinear force can exceed
the thermokinetic force if T > 10 eV. The correlation with our
result (Fig. 7.4) showing general predominance of the nonlinear
force for I > I* can also be seen from equation (7.21). Because
the Steinhauer-Ahlstrom temperature T is that of equation (6.19)
by definition, we can use

T=T,+ — o =T, + w E, g (7.22)
ek th 161u.onk|nl (161raneck3/4)4 ’

For I >> I!* =~ I* we find in equation (7.21) at Z = 1; g = 1.06 u

72x10 \8
s> — [E,] = V/em (7.23)
EV

This immediately shows the strong increase of fyr over fi; at
E,, of more than 7.2 x 108 V/cm, which correlates very well with
the threshold I* around 101* W/cm? for neodymium-glass lasers.
The high exponent in Egqs. (7.22) and (7.23) indicates a resonance
mechanism, which is damped by the nonlinear absorption due to the
nonlinear acceleration itself.

7.4 Self-Focusing of Laser Beams in Plasma

It was pointed out by Schliiter8" that the lateral decrease of
the intensity of a laser beam in a plasma should generate a
ponderomotive force which causes a rarefaction of the plasma along
the axis. The resulting density gradient produces a thermokinetic
force in the antiradial direction. In equilibrium both forces
will be compensated, as shown in Fig. 7.5. This condition was
used to calculate the properties of self-focusing.86°95 Starting
from a Gaussian density distribution which varies only in the
y-direction with the unit vector i, of a beam penetrating in the
x—-direction and having a linear polarization of the E-vector in
the y-direction

E2 _Exz:o 2702y -2 =2 2 (7.24)

v =5 P (Y lyg) s Hy =n” E .

we find a maximum of the nonlinear force
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Fig. 7.5 Scheme of a laser beam in a plasma of
lateral intensity decrease I(y), producing non-
linear forces in the plasma fy;, rarefying axial
regions, compensated by thermokinetic forces fu.
The density gradient 3n/d3y causes total reflec-
tion of a partial beam within a criticla angle o.
The trapped light beam (filament) has to give a
diameter resulting in a diffraction pattern
where ap has to determine the first diffraction
minimum. 2y, is the effective diameter of the
bundle and ) is the laser wavelength.

BEL
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8mox max "

Yo /7 exp (- 0.5) (7.24a)
16mny,

where y; determines the width of the beam. Setting fyr equal to
the thermokinetic force fth ——isz(1+Z)ane/8y, we find the relation

on - V 2/exp(1) ~ E?

e VA g pey B
dy l61rkT(l+Z)( ) % (7.25)

1

If fi is the refractive index in the beam center and i, is its
value at y = yqy, total reflection of partial waves of the g
propagating at an angle og to the axial direction is given by

.ﬁn(; - ) =nh&o (7.26)
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Using the expansion #,, = fi + (31/3y)yo and (in the case of
negligible absorption) @i =1 - wé/wz, we find from equation (7.25)

. .|20n0n,
sinag = ;,—a’;l'ea—y— Yo (7.27)

The resulting laser beam will have an effective thickness of
2yp, which determines an aperture for the first diffraction mini-
mum at the laser wavelength A = 2nmc/w. We postulate that the
trapped laser filament has a diffraction condition which does not
exceed the condition of total reflection

sin & = A\/(4y,) = mc/(Qwy,) < sin ag (7.28)
From equations (7.25), (7.27), and (7.28) we find a threshold

condition for the laser power P = y%E%OIC%(Cl =1.63 x 10> cgs)

= _ (mc)*n°mKT(142)

P> TN (7.29)
e /2[exp(1) ¢; (1+n*) ,

Using fi = 1 for w, << w and @i = aT~3/" from equation (6.15)
for wp S w and T < 30 eV, we find for a = 2.8 and Z = 1

P 1.46 x 10%/T5’* W for w,<wand T>30eV

g 11x 10* T W for w, <w (7.30)

Therefore, a laser beam can start self-focusing by the non-
linear interaction force even at low power, such as 10° to 10%® W,
as in the case of self-focusing in dielectrics.l7® The model is
limited by the time needed to form a filament. Starting from
values of yg = 10~% cm and velocities of 107 cm/sec, the formation
time for self-focusing is 10~ll sec. The second part of equation
(7.30) is limited to lower densities by the condition that yg be
larger than the Debye length. This treatment is based on self-
focusing of a slab. The constants in Eq. (7.30) are reduced by the
factor 0.8 because of the cylindrical symmetry of filaments.

The smallest possible radius of a filament (cylinder) yq is
given when the center is completely empty. In this case n kT is
equal to (E+H;/871). This condition occurs at intensities
I =1I*% = 11* (Eq. (7.18) or Fig. 7.4). Under cylindrical conditions
we have

2

Yo =(P/nNT,, )"’ (7.31)
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The self-focusing filaments observed by Korobkin and Alcock, 9%
who reported that laser power P of 3 MW produced filaments 2 u in
diameter, can then be readily explained. Assuming NTéﬁ“ =
2 x 101% W/em?, we find 2yy to be approximately 2 u.

The described self-focusing mechanism of laser radiation in
a plasma differs basically from the one presented by Kaw!77 which
starts at a threshold intensity of I*. It also differs from the
mechanism in stellar plasmas which explains very satisfactorily
the phenomenon of quasars.l180

7.5 Numerical Examples of Nonlinear Acceleration

There have been several studies of the dynamics and expansion
of laser-produced plasma including the nonlinear force.8721281181
One example shown in Fig. 7.6 was intended to demonstrate the
unimportance of the nonlinear force.l!8! However, the intensities
used were only a very small amount above the threshold I*. Below
this threshold the nonlinear forces could not predominate over
thermokinetic forces under any circumstances. But even in this
case a net acceleration of the plasma resulted with values more
than two times the thermokinetic force. Finally, a complete dy-
namic process has been investigated with similar moderated inten-
sities and with a slow increase of the laser pulse.l8l When the
nonlinear force was omitted, no change in the whole plasma expan-
sion was observed. A detailed analysis of the result, however,
indicated that the mechanism of gas-dynamic ablation with a driving
force below the plasma corona was established before the necessary
high laser intensity was present. Within the plasma corona there
were finally larger nonlinear forces than thermokinetic, although
the dynamics were determined at the later time only by the compres-
sed material below the corona.

The following detailed numerical example based on a code of
Kinsinger182 for complete plasma dynamics using laser intensities
exceeding 1016 W/cm? shows the important influence of the nonlinear
force.18

The equation of motion for the plasma in a one-dimensional

geometry was given by the force density, distinguishing between
electrons and ionms,

d 1 d
f=-— n kT - — nkT,+ — — (E2 +H?
i 8" dx( ) (7.32)

where the electrons (e) and ions (i) of different temperatures T
and T; are coupled by a Poisson equation and by collisions. Besides
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I=5x10% W/cm?
Nmax= 2.5)( lOz'cm"
T=10%ev
A=10"cm

Re(4j2)

NL-force/Thermokinetic force

5
Depth

Fig. 7.6 Numerical calculation of the wave equa-
tions for a density profile with a parabolic real
part of the refractive index.181 The resulting
standing wave at a plasma temperature T = 100 eV
for neodymium-glass lasers of 5 x 10% W/cm?
incident intensity (from the left side) creates
nonlinear forces whose value is given as the

ratio to the actual thermokinetic force. The net
force is given as a spatially-averaged value. It
exceeds the thermokinetic force by a factor higher

than 2.5

the equation of continuity (Eq. (5.15) for both components), the
energy equation (Eq. 5.16) contains internal and external thermo-
dynamic energies, thermal conductivity, and the incident laser
radiation absorbed by collisions or by nonlinear electrodynamic.
motion as a source term.

The calculation begins at a time t = 0 with a distribution of

plasma density starting from solid state density and a temperature
profile. Without any laser field there would be gas-dynamic expan-
sion and conservation of the total energy. At the successive time
steps, a time-dependent incident laser intensity is prescribed,

for which at each time step an exact stationary solution of the
Maxwell equations is calculated including the actual plasma density
and its refractive index. The retardation of the waves, the
switching-on mechanism, and the development of the reflected wave

are neglected.

The motion of the plasma within the next time step (with
appropriately varying step size) is described generally according
to Eq. (7.32), with the first two terms of the gas-dynamic force
and the last term of the nonlinear electrodynamic force included.
The following two examples from extensive series of computer runs
illustrate characteristic results. In both cases the initial
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temperature of the electrons and ions (100 eV) was constant for

the whole plasma. One may assume that this is produced by a pre-
pulse from the laser. The laser pulse increases within 10-13 sec
up to an intensity of 2 x 106 W/cmz, the increase is linear for

5 x 10~1% sec, and then follows smoothly a Gaussian profile.

After reaching 2 x 106 W/cm?, the laser intensity remains constant.

The initial plasma density increased (for x < 0) quadratically
above the cut-off density up to the solid state density of LiD.

It then changed smoothly in Fig. 7.7a into a linear decrease up to
the length x = 50 u. The resulting electromagnetic momentum flux
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Fig. 7.7a A laser beam is incident from the
right-hand side on a plasma of initial tempera-
ture of 100 eV and linear density increasing
from zero at x = 50 u to the cut-off density

at x = 0 and then increasing more rapidly. The
exact stationary (time-independent) solution
without retardation of the Maxwell equations
(5.8) and (5.9) with a nonlinear refractive
index ii Eq. (6.1) based on a collision frequency
(Eq. (6.22)) results in an oscillation due to
the standing wave and dielectric swelling of the
amplitude (curve A). At a later time

(2 x 10-13 sec) the laser intensity is

2 x 1016 W/cm? (curve B) where the relative
swelling remains, but the intensity at x = 0

is attenuated by dynamic absorption.
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Fig. 7.7b The initial density (dashed line) and
the density along curve B of Fig. 7.7a, where a
ripple is created by the nonlinear force pushing
plasma toward the nodes of the standing wave.
The electron and ion temperatures are increased
following the ripple by dynamic compression at
conditions identical to curve B.

density (E2 + H2)/8m is given in Fig. 7.7b. Curve A is taken at
an early time, when the laser intensity is 2 x 10% W/em?2. 1In a
very thin plasma (x = 50 u) the value of E2 + H? is constant, as

is well known, e.g., from Chen'sl73 general derivation of the
instabilities from laser-plasma interaction involving the nonlinear
force. At about 20 microns we find an oscillation of E2 + HZ,
which increases in amplitude and wavelength between O and 8 microms.
This behavior is well known from the analytical work for the same
linear density profile”6 (dealing, however, with temperature T = 0
and collisionless plasma). Near x = 0, the E2 + H? value has
increased due to the dielectric properties of the plasma.

The increase of the laser field E and of the wavelength A over

its vaTu?m values Ejy and Ay is given by a swelling factor
9= |a|-1 >1

E= — ; A=—0 (7.33)
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where ii is identical with the optical (complex) refractive index
of the plasma,83°87 provided the electromagnetic field can be
described by the WKB approximation. In the case of curve A in
Fig. 7.7a, the plasma fits the WKB conditions at 1.3 micron quite
well, and we find agreement between the swelling factor |ﬁ|'1 =6,
(taken from Fig. 7.7a) and the value calculated from the actual
refractive index.

For later times, curve A moves in nearly parallel fashion to
higher values. However, its upward shift is reduced near the
cut-off density (x = 0). This decrease becomes so marked at
t =2 x 10~1* sec (and later even more pronounced) as shown by
curve B that the intensity in the thin plasma (x = 50 p) decreases
by a factor of 10 up to x =20 u and to a thousandth part of the
initial intensity at x = 0. The reason is very simple: The
standing wave pushes the plasma toward its nodes with ion veloc-
ities as high as 107 cm/sec even at x =~ 48. The gas-dynamic
velocities reached at that time are 103 cm/sec or less. The result
is shown in Fig. 7.7b. '

At x = 46 u to 50 u, the initial linear density (upper part
of Fig. 7.7b) acquires a ripple. The slight total increase is due
to net motion driven by the nonlinear force. The ion energy
increases, oscillating up to 200 eV (from the initial value of
100 eV), out of phase with the ripple. There is a curious effect
seen in the electrons, in which the temperature increase is only
a fifth of that of the ions, as it should be for a collisionless
shock; however, the periodicity is markedly different from that of
the ions. At x = 20 u the periodicity of the temperature of the
electrons and the ions is nearly the same, but the electron temper-
ature is again less by a factor than the ion temperature.

The density ripple explains the strong decrease of laser
intensity with depth at later time: It causes strong reflection
of light and a transfer of the optical energy into the ions by
collisionless ripple shocks. Because it is not connected with
decay of photons into microscopic acoustic modes, one may call this
process of dynamic ion absorption a 'collisionless ion heating by
nonlinear-force-induced macroscopic dynamic ion decay (MDID)." It
is to be noted that depression of the laser intensity in interior
regions becomes marked only after the density acquires pronounced
maxima and minima (ripple).

An obvious idea is to start with a modified density profile
such that a change of the laser intensity I near cut-off results
in a change of the actual nonlinear refractive index i, by virtue
of the energy of the electron oscillation g,g(I) determining the
electron temperature (Eq. (6.22)). In Fig. 7.7a at 1.3 micromns
the absolute value of the refractive index is determined only by
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Fig. 7.8a Similar to Fig. 7.7a, but with an initial
density decreasing linearly from n,, at x = 0 to

nge x 107% at x = 10 u, and to ny, x 1072 at x = 20 yu,
and then to ny, = 0 at x = 50 u . The (E2 + 12)
values show an increase by a factor of 31.2 at time

5 x 10-15 sec. At 10-13 sec the again-constant

laser intensity of 2 x 1016 W/cm? was reached, with
much less attenuation due to dynamic absorption at

2 x 10-!3 sec. A swelling of ¥ = 400 occurred.

its real part (given by the actual density), while the imaginary
part (determined by the temperature) is too small. Therefore,

we calculated a case with the same overdense density profile and
a density varying linearly first from x = 0 to 10 microns from
cut-off to 10~6 times cut-off, then from there to x = 20 microns
to 10-? times cut-off, and last linearly at x = 50 microns to
zero cut-off. Figure 7.8a shows the (E2 + H2)/8m values for an
initial time (0.5 x 10-1% sec) at a laser intensity of 1015 W/cm?2
and at subsequent times of 10-13 sec and 2 x 10713 sec. The
swelling factor at the beginning was

d=In1"1=312 (7.34)

due to the dielectric properties of this density profile. At
10-13 sec, the little depression of the curve at x = 20 p indicates

some tendency to decrease due to density rippling. The maxima
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Fig. 7.8b 1Initial and subsequent density profiles
indicating inward motion of plasma toward the
interior for x less than 14 microns.

and minima of E2 + HZ, however, change locally very quickly, and

at 2 x 10~13 sec, we find a swelling of ¢ = |ii|™! = 400. The
dynamic change of the density near x = 20 u is shown in Fig. 7.8b.
A process resembling tunneling of the electromagnetic field through
the overdense plasma near x = 20 microns at 2 x 10-13 sec is very
strong, by virtue of the depth of the overdense plasma (=1 micron)
being small compared with the actual effective wavelength of more
than 20 microns.

The resulting velocity profile at 2 x 10~13 sec is shown in
Fig. 7.8c. The compression of plasma between x = 2 microns and
x = 14 microns with velocities of 4 x 107 cm/sec does not change
much within subsequent time intervals, while the velocities at
x = 50 microns, for example, are still changing. The increased
ion temperature from collisionless processes at x = 40 micromns is
again much larger than the electron temperature, as could be
expected from macroscopic dynamic ion absorption. A curious
effect occurs in the interval from 20 to 28 microns, where the
electrons are much hotter than the ions and display an irregular
oscillation. It can be assumed that a longitudinal acceleration
of the electrons due to the nonlinear force occurs when the elec-
trons have less interaction with the ions, comparable to hot
electrons in solids at high electric fields. This phenomenon of
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Fig. 7.8c Dynamic heating of ions (at x = 48 microns)
and of electrons (x = 20 microns) occurring at time

t =2 x 10713 sec. The resulting plasma velocity v
shows a compressing motion of the whole plasma between
- 4 and 14 microns with speeds up to 5 x 107 cm/sec,
followed by expansion and alternating compression

and expansion due to the standing-wave field.

dynamic electron absorption may be called "collisionless electron
heating by nonlinear-force-~induced macroscopic dynamic electron
decay (MDED)."

The effects observed are highly sensitive to changes in the
intensity I and the density profile. For an optimum case with
I =4 x 10! W/cm? and the identical time and density profiles,
the incident laser energy per cm® is 4.1 kJ up to 2 x 10713 sec.
The compression front between x = - 2 yu and x = 14 u absorbs
0.96 kJ in kinetic energy, the ablating plasma takes 0.68 kJ in
kinetic energy of net motion and 2.2 kJ for dynamic heating. The
remainder of 0.16 kJ goes into reflection and collisional heating
of electrons.

The dynamic description of a plasma by this numerical model
for neodymium-glass laser intensities exceeding 101 W/cm? indi-
cates that

(a) A strong dielectric increase of the laser field and the
effective wavelength occurs, described by a swelling
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factor |fi|~! of up to 400 (ii is a parameter resulting
from rigorous solution of the Maxwell equations and is
identical with the complex refractive index in the WKB
approximation);

A compression of plasma driven by the nonlinear force
occurs at a thickness of 15 microns with velocities
exceeding 6 x 107 cm/sec. The mechanical energy in the
compression front contains 237 of the incident laser
radiation.

A rippling of the density occurs in the whole plasma at
densities below cut-off with nonlinear-force-generated
velocities of 107 cm/sec or more. This may explain
generation of laser-produced fusion neutrons from
peripheral plasma coronas. The ripple decreases laser
light penetration of a plasma down to the cut-off density;

Rippling can be suppressed by selective profiling of the
plasma density and laser intensity with time;

A preferential transfer of laser energy to ions by
collisionless shock occurs in the ripples (MDID);

A preferential transfer of laser energy to electrons can
occur at densities near cut-off (MDED).



8. THEORY OF LASER-INDUCED NUCLEAR FUSION

It is to the merit of Basov and Krokhin that they discussed!3%
the possibilities of laser heating of solid deuterium or mixtures
of deuterjum with tritium for the purpose of nuclear fusion. Not
only are the physical facts interesting but also theirs is the
first discussion in the open literature. The earlier work done on
a classified basis could never be dignified completely, and the
step of Basov and Krokhinl!35 was an act of authority without which
the many attempts of other investigators would have been disquali-
fied with the well-known expressions of "frivolous" and "fantastic'
before any physical discussion. Indeed, this early phase of work
was characterized by a flexible imagination -- as is usual in all
new fields and especially in such an uncommon subject. The first
subject studied was the gas dynamics of expansion of a laser-
irradiated sphere under highly-simplified assumptions concerning
the optical properties of absorption and radiation from laser-
produced plasmas.

8.1 1Inertial Confinement

Inertial confinement starts from a spherical plasma of radius
Rg and an initial ion density ng to which an energy E; has been
transferred, giving an equilibrium temperature Ty. The initial
expansion velocity Ry is assumed to be zero in the simplest case.
How to realize such initial conditions is a very gemeral questiomn.
Several methods are possible: Laser pulses with a duration of the
order of 1 nsecl8% for the cases considered below, or electron
beams,185 particle beams, nuclear fission reactions, and annihila-
tion radiation if antimatter!®> could be made available by efficient

73
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generation in laser fields. Many details of the transfer of laser
energy have been discussed in which delays due to spatial energy
transfer or to finite time of transfer of the energy from electrons
to ions have been considered, especially with classical assump-
tions on the equipartition times.!8® These results may change
under the conditions of high density in favor of shorter times to
reach equilibrium. The initial parameters are related by

Eo
8kng Rol/3 (8.1)

The temperature T during subsequent adiabatic expansion and
the density in the plasma possessing a box-like density profile
(the change from a box-like to Gaussian density profile affects
numerical calculation of the gas-dynamic expansion only slightly)
are given by

T=To(Ro/R)* ; n;=n,(Ro/R)? (8.2)

Following the model of gas-dynamic expansion given in Egs.
(5.21) through (5.23), the variation of the radius R of the sphere
is determined by

SKT 112
— [1-R/R7 +R] (8.3)

R=

where we assumed an initial expansion velocity ﬁo = 0.

The nuclear fusion energy gained without secondary processes
such as heating and interaction with the alpha particles produced
is given in relation to the incident laser energy E, byl8%>187>188

oo R(t) \ .
G=F fdt fdxdydz AR <ov> (8.4)
Eo J A A

where e, is the energy produced by one nuclear fusion process,

(Eq. (1.1)) for pure deuterium (D-D) and (Eq. (1.3)) for deuterium
tritium (D-T), and where A is 2 for D-D and 4 for D-T. The
averaged value of the nuclear fusion cross-section o with the
velocity distribution v(T) of the Maxwell distribution for the
actual temgeratures T can be used from values in the litera-
ture.189°131 Because these are empirical in nature, only numerical
integration of Eq. (8.4) is possible.!88 Taking into account the
constant total number of ions involved, Eq. (8.4) can be rewritten
as
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T ‘/ iR _R_ 8.5
B, "3 / <ov(T(R)> s [1‘ (Ro)z] (8.5)

m, R

]

where a special numerical procedure is necessary around the pole

of the integrand at R = Rp. Results are given in Figs. 8.1 and 8.2
for two cases of initial ion densities, ng: the density of the
solid state and that of one-tenth the solid state density. From
the optimum gain G at the asymptotic line of a series of similar
curves as given in Figs. 8.1 and 8.2 we derived the relationship
for optimized initial volumesl842188:1925193
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Fig. 8.1 Nuclear fusion reaction yield G, =

(Eq. (8. 5)) for D-T mixtures with initial den31ty11°
of 6 x 1022 3 (solid state) as a function of
laser energy input Ep for various initial spherical
volumes! VO
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Fig. 8.2 Nuclear fusion reaction yield!8* as in
Fig. 8.1 for an initial plasma density of
ng = 6 x 102! cm3.

where ng is the ion density equal to the density of solid deuterium
ng = 6 x 1022 cm~3, and the energies Epp are the break-even energies
for which G is 1 at an initial density of solid deuterium

1.6 x 10°® Joules for DT

Epp = (8.7)
1.7 x 10'° Joules for DD

Clearly, Eq. (8.6) is only correct for G < 103, since nearly
all nuclei are burned at this limit. A further modification in
evaluating Eq. (8.7) is possible considering the fact that the
reacting ions may leave the plasma before a reaction takes place.
These problems18 are important only if a box-like density profile
is assumed. It has been shownl3%4°188 that an initial Gaussian
density profile (which is conserved exactly during the subsequent
expansion) specifically avoids the problem of ion losses before
reaction. n this case the break-even energy for D-T is higher by
a factor 23/2 (Eq. (8.7)) to reach Egau33$a” = 4.6 MJ.188 TFor D-D
there is no essential difference because of the relatively-large
plasma volume.!88 Taking into account the losses for a box-like
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profile, the numerical evaluation of Eq. (8.5) yields a break-even
energy for D-T of 37 MJ. For D-D the effect of losses is again
negligible.

It should be noted that the numerical calculations depend to
a large extent on the empirical values of the cross section o as a
function of the ion velocity v if the averaging of (o,v) is per-
formed numerically. An error in v of 10% results in an error of
60% in o at the important ion energies near 40 keV (where o ~ v®)
and, therefore, results in an error in the break-even energy Egp
by a factor of 5. The high sensitivity of the results has to be
taken into account when comparing several calculations. The situ-
ation becomes much more uncertain if much rougher assumptions are
used. Approximations exist in which it is assumed that the plasma
expands with the speed of sound to double its initial radius while
holding constant its initial temperature, and the fusion reactions
during this time are counted. With respect to our exact computa-
tion with Eq. (8.7) and its very high sensitivity to the empirical
values of o used, it is fortuitous that the break-even energies
obtained in primitive approximations gave the same results as
computations reported in 1964,187

8.2 Gas-Dynamic Compression

One significant feature of Eq. (8.6) -- a feature which is
also seen directly from Figs. 8.1 and 8.2 -- is that it is necessary
to have as high plasma densities as possible. A tenfold increase
of ny permits a hundredfold decrease of the initial laser energy
required for the same gain G. Taking into account necessary losses
in the laser and in the conversion of the energy produced into
usable electrical energy, G values of 100 or more and compression
of the plasma up to densities of ten thousand times solid state
density are required to permit use of feasible laser energies Ej
of magnitude from 10 to 100 joules.

The original basic concept for compression of plasma by the
laser beam itself through the gas-dynamic ablation mechanism was
first evaluated in the numerical studies of Nuckolls!®* and further
authors,195 followed by calculations made by other groups.196 One
motivation for this model is the fact that laser interaction with
a plasma of density higher than the cut-off density causes compres-
sion in the overdense region, as seen, for example, in the calcu-
lations of Fig. 5.1. For a planar geometry the compression reaches
densities four times the initial demnsity. For a spherical geometry
the compression in the center of the plasma increases to more than
thirty times its initial valuel97 if the laser pulse is rectangular
in time. Computer solutions indicated that much higher densities
could be produced if the laser pulse shape was not constant with
time but instead increased monotonously or quasi-monotonously.
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The formation of a steeglg-sloped compression front was well
known from Guderley's theory!98 of a sphere which considered a
sequence of compression momenta applied at the surface.l9% Similar
results were obtained by impact of a sequence of shock waves of
increasing amplitude on a spherical plasma,l%® in which the speed
of the later shock waves was larger by such an amount that all
the waves converged in the center of the plasma.200

Figure 8.3 shows the mechanism schematically. Laser radia-
tion enters from the left side and is absorbed in some way
linearly, nonlinearly, or anomalously within the plasma corona,
where- the density is less than the cut-off density. It is assumed
that efficient absorption takes place and that dynamic absorption
does not occur in the very outermost, thin regions of the corona.
The gas—-dynamic motion of the plasma gives a radial dependence of
the plasma density which is increased markedly if the laser pulse
has the required monotonic increase of intensity. For spherical

1 2 3
T,
e ne
Te
—_—
laser
—
radiation
- 1 | To
r fa b

Fig. 8.3 Scheme of laser interaction with a spherically-
irradiated pellet. The absorption of radiation takes
place within area 1 (corona) down to a depth r,, where
the electron density reaches the cut-off value ng,.

Down to depth r; (area 2) compression takes place in-
creasing the density to a maximum value n, above the
initial density ny of the sphere. The temperature T
decreases within area 2 and heats the compressed sheil

to cause an'ablation of plasma in area 2 and a compres-
sion in area 3.
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Fig. 8.4 D-T pellet densities as a function of
radius at various times shortly before maximum
compression196 for a spherical laser pulse of

6.3 x 101! W from 0 to 5.47 nsec, 6.3 x 1012 W
to 7.2]1 nsec, followed by a linear increase to

4 x 101% W up to 7.42 nsec (total laser energy
Eg = 60 kJ). The fusion energy gained is 510 kJ.
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Fig. 8.5 The D-T pellet for the same case as
Fig. 8.4196 with density profiles immediately
after the maximum compression.
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Fig. 8.6 Ratio of thermonuclear energy to incident
laser energy Ej as a function of the maximum compres-
sion for various values of Eg: a -- 1 MJ; b —— 100 kJ;
¢ —— 10 kJ; 4 -- 1 kJ.

symmetry the final density in the center can reach ten thousand
times the solid state densityl9%°196 (Figs. 8.4 to 8.6), thus
yielding thermonuclear energy 40 times the incident laser energy
Eg = 100 kJ.

For the compression it is essential that the compressed core
not be heated up too fast and so generate excessively-high final
temperatures. On the other hand, the core must be heated quickly
enough so that temperatures at least exceeding the Fermi tempera-
ture (Eq. (4.14)) are produced in the high-density plasma, other-
wise the plasma undergoes a marked change in equation of state
resulting in a much poorer compressibility. The inner side of
the compressed plasma is set in motion by the ablation of plasma
at the outer side of the compression shell.

The energy driving ablation is transferred from the laser
energy absorbed within the corona. The following processes of
thermalization are involved: The laser energy is transferred to
electron energy in the corona by thermalization. The hot electrons
with energies up to few hundred keV are then moving nearly without
collisions in the plasma down to the compressed region where they
are thermalized again to produce the energy for mechanical abla-
tion. The mechanism of the energy transfer of the electrons has
been analyzed quite extensively by Morse and Nielson.29! The
limiting energy conditions were derived for electrons involved in
energy transfer to reach the compressed plasma yet not escape from
it.

Due to the two steps of thermalization, at least two Carnot
processes are involved which decrease the efficiency. The extremely-
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high speed of the processes will reduce the efficiency even more
than the Carnot processes. 'This is the reason that in all known
cases the numerical models have not shown energy transfer greater
than about 7%; instead, 937 of the laser energy is dissipated

in thermalization, ablation, and other losses. Nevertheless, the
expected gains are singularly remarkable as shown in Fig. 8.6, and
give reasonable hopes for building a thermonuclear fusion reactor.

There are a number of critical questions: How much energy is
actually absorbed within the cut-off depth of the plasma; is
reflectivity too high from the several types of instability -- a
question which has been answered favorably by experiments;23’2”
is absorption too high in the peripheral corona due to dynamic
absorption (Fig. 7.1). 1In addition there is a serious question of
the stability of the spherical geometry of the plasma when temporal
and spatial irregularies in the incident laser radiation are taken
into account. Clearly, as mentioned in Section 2, there may be
available (passive) correction elements to give the desired costant
laser intensity at a specified spherical front within the irradiated
plasma. However, inaccuracies and irreproducibilities in the pro-
duction of the laser pulses may still occur, so that some tolerances
may be necessary in the geometry. The effects of self-focusing at
high laser intensities need further study. Spherical solutions
have been made for the compression which show that some irregular-
ities of a few percent in the geometry or in the intensity are
tolerable.202°203 The compression front has properties of self-
stabilization, such that the plasma does not escape during the
compression and still reaches rather spherical end states when
compressed to ten thousand times the solid state density.

A further improvement of the calculations was made by includ-
ing in the computer code not only the interaction of the alpha
particles createdl95°196>20% 454 their secondary heating of the
high-density plasma but also the ignition of self-sustained nuclear
fusion combustion fronts.l86°2052206 71p this way it was possible
to obtain nuclear fusion efficiencies exceeding 1000.203

8.3 Direct and More Efficient Transfer of Laser Energy
into Mechanical Compression

The result described in Section 7.5 may be used to derive a
more efficient type of compression than calculated by the gas-
dynamic ablation model, in which 93% of the incident laser radia-
tion is lost. Section 7.5 demonstrated that it is possible to
transfer a much higher amount of laser energy into mechanical
energy of a thick compression front by the mechanism of dielectric
nonlinear forces. Because this mechanism always works better the
smaller the amount of linear or nonlinear absorption described by



82 8. THEORY OF LASER-INDUCED NUCLEAR FUSION

an absorption constant due to collisions, it is possible to avoid
thermalization and to reduce losses through transfer of thermal
energy into mechanical energy, even by 100% under ideal conditionms.

The only loss of laser energy is that due to the mechanical
energy of the ablated plasma corona which is necessary to produce
the compression momentum of the plasma layer at the cut-off density.
In the specific example of Fig. 7.4, the amount of mechanical ener-
gy consumed in the corona blow-off was defined by the parameters
of averaged velocity and mass of the compressed plasma and by the
mass of the corona, which resulted in a 207 loss of the incident
laser energy, while a 23% loss was sustained in the compressing
plasma layei. The remainder of 57% was in reflected light and in
thermal energy of the plasma, especially in energy due to dynamic
absorption.

The example mentioned is only one of the first steps to opti-
mize the necessary conditions for a high-efficiency compression
scheme. Layers of various masses of the nuclei can be used in
the region of the cut-off density in a way which supplies a much
higher percentage of compression energy over ablation energy than
in the above example. Further improvement is possible by more
sophisticated variation of the laser intensity as shown by Nuckolls
et al.19% or by control of the laser frequency2°7 to suppress dy-
namic absorption. It is not impossible to obtain by these means a
compression of the plasma core to similar density as in gas-dynamic
compression (ten thousand times the solid density) with more than
50% of the laser energy used effectively instead of 7% as in gas-
dynamic ablation.

There is an additional question on how much energy is thermal-
ized in the compression process which may decrease the efficiency.
The optimum conditions would exist when the whole mechanical energy
of the compressing plasma shell is transferred adiabatically into
thermal energy. Deviation from this optimum may be caused, for
example, by the impact of fast particles of the compressing shell
with the cold stationary plasma which is to be compressed. The
use of hollow spheres of the initial plasma (or of the irradiated
target) and mixtures containing heavier atoms aid in optimizing
conditions.

Preliminary and unpublished calculations of Goldman at Rochest-
er deal with thermalization during the adiabatic compression of the
sphere by the rapidly-compressing outer shell under realistic gas-
dynamic conditions: Three-hundred joules in mechanical energy of
compression in the outer shell of a sphere of deuterium at solid
state density produced some 1013 fusion neutronms.



8. THEORY OF LASER-INDUCED NUCLEAR FUSION 83

An analytic calculation of the optimized adiabatic compression
can be based on a model in which the actual nonlinear pressure Py
at the compréssing layer is always larger than the gas-dynamic
pressure 2n;kT;, with equilibrium between electrons and the deu-
terium or tritium ions assumed for simplicity. The pressure
difference defines a kinetic pressure Py;, when Egqs. (7.10) through
(7.12) are used in the appropriate sense

p o1
LPYPT|

=2nkT; + P, (8.8)

The following relations between final density Neomp and temp-
erature T,,,,, and initial density n; and temperature T; hold for
the adiabatic compression if the degenerate state is avoided

2/3 3
T | M . Pcomg - ncomg / (8.9)
Teomp " omp P n,

Using this relation and the one for the incident laser energy
E;,, its intensity I, the laser pulse duration T;, and initial
radius Ry of the cut-off front, where I = EL/(lnng'rL), we find

ng 2/3 n 5/3
EL/(4"R(2; TL)=l =chiln chomp (n ) 1+(ML) (8.10)

comp L

n
~ = comp
—c|nln.chomp( )
n,

(8.11)

>
where D omp™ 2n,

For the compression with nonlinear force the nuclear fusion
efficiency G (Eq. (8.6)) is to be multiplied by a factor 2, be-
cause the fusion occurs during the phases of compression and
expansion. This factor 2 enters as the factor 1/8 in the break-
even energy Epp, and with ng = Deomp and E; = Eg in Eq. (8.6), we
arrive at

EL 1/3 EL 2/3
G= - .
Epp/8 41rro‘TLc|nlnol(l‘comp (8.12)

The value of Iﬁl is to be understood as an average value from
the detailed time-~dependent compression process.

The laser pulse length 1; can be determined from the adiabatic
expansion or compression process (see Eq. (10) in Ref. 192)
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1/2 1
TL =| ___Tcomp - l / mirminz\ /2 (8 . 13)
T KTsi5i0n

Using Eq. (8.9) and the minimum radius Ry;, = Rl(no/ncomp)1/3
we find

n /3 1/2 o 1/3
"'1,'-'[(11_:‘)z '{I (;—) R * 10% sec ~ R, 10 sec (8.14)
(4

and, therefore, from Eq. (8.12)

= Rﬁm 2.37x 10* (8.15)

where E; is in joules and Rjy in centimeters. Rg and E; are related
by

1/3

3 1/3

Ro=E!M [~ ) -1363x10% E, ! (8.16)
47rn0kT‘,0mp,

which is independent of the adiabatic compression. Therefore, from

Eqs. (8.15) and (8.16) we obtain

2/3

G=O.167m (8.17)

with the laser energy E; in joules. The necessary conditions are
the initial radius Ry (Eq. (8.16)), the total laser pulse length
17, (Eq. (8.14)), and always

I
= >(kT) (8.18)

with n, below the cut-off density NAoe
The break-even energy is then near one joule. At E; = 1 kJ
and lﬁl = 1073, a gain of 167 would result.

8.4 New Concepts and Nuclear Fission

Advances in the compression of laser-produced plasmas by laser
beams stimulated the concept of compressing fissionable materials
such as uranium isotopes 235 and 233 (obtained from breeding
thorium 232) or plutonium 239 (bred from uranium 238) by laser
pulses. Much lower ion densities are found effective than in the
case of hydrogen, because of the highly-stripped atoms, the
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accompanying electron density, and the limitations against degen-
eration. The detailed calculations of Winterberg,20 as reproduced
in later publications by other authors,209 gave critical masses

for fission chain reactions of some milligrams. The laser energies
necessary to obtain positive yield were some 100 kJ. The process
indicated by these calculations would thus be one of laser-
triggered micro-explosions of nuclear fission reactions, which
would be completely controllable. The fission reactors made
possible with such laser-driven micro-explosions are the only
known, absolutely safe reactors, since there is very fast control
of the power generation. The reactor can be stopped immediately

by interrupting the supply of uranium pellets. Each readily
controllable reaction is a separate event without connection to

a large amount of fissionable material, so there is little danger
of a catastrophic explosion.

A further application of laser-induced compression for obtain-
ing nuclear power is available in the use of boron 11, as reported
by Weaver.2!0 If a mixture of boron and hydrogen (the common light
isotope) is compressed to 100,000 times the solid state density
at a temperature of 30 keV, the reaction

H' + B! > 3 He* (+ 8.78 MeV) (8.19)

takes place with the generation of a large amount of energy per
reaction. The fission reaction products are stable helium atoms.
Such a reaction would have the advantage over fission reactions of
heavy atoms and also the D-T reactor since only stable and readily
available atoms of hydrogen (H) and boron (B) are used. The
reactor is absolutely free from danger of any catastrophic explo-
sion (as in Winterberg's fission of uranium?%8) and the direct
reaction product is clean, nonradioactive helium. The only problem
is that higher compression of the pellets is necessary than for D-T
fusion, which itself has been solved only theoretically by use of
gas-dynamic ablationl!®7 or ablation driven by a non-thermalizing
nonlinear force (Section 8.3).

It should be noted at this point that there is a much more
fantastic concept of power generation with the laser than the
previous concepts, the generation of antihydrogen. A rough esti-
mation of the principle shows the possibility of efficient conver-
sion of the energies involved.!®5’157 1t is possible to reduce
the threshold intensities from 101° W/cm? to 1016 W/cm? or less
(Eqs. (6.24) and (6.33)) for relativistic cases to obtain electron-
pair production with neodymium-glass lasers, in agreement with
measurements of pair production at these laser intensities.212
It should be possible to produce proton-antiproton pairs at intens-
ities of 10!9 W/cm? for neodymium-glass lasers or at 10!7 W/cm?
for CO, lasers with sufficiently-long pulses if a similar dielectric
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decrease in the relativistic threshold for getting GeV oscillation
energies of protons can be obtained. Because of the necessarily
long laser pulses (up to milliseconds), the laser powers required
are not extremely high at 10!! w.157

Even without the details of the mechanisms, it appears that
the efficiency of pair production should be higher by a factor of
1010 or more than in GeV accelerators, because the density in a
plasma at solid state density is greater than a particle beam of
an accelerator by this factor of 1010, The reason is that the
laser operates free of space-charge problems in a plasma and can
generate extremely-high particle energies, which is completely
impossible for particle beams due to the electrostatic forces.
Taking into account the 10-7 grams of antihydrogen produced per
year (which corresponds to 9 MJ of energy) in Serpukhov2ll where
the accelerator may have consumed an energy of approximately 107 J,
we find for 10!0 times higher efficiency a near balance between
input energy and the energy stored in antihydrogen. A similar
energy balance was estimated for antiproton generation by lasers,157
where the Bhaba formula for the trident mechanism was simply used.
A more realistic condition would be similar to that of accelerators
with the exception of the oscillation of particles and the subse-
quent radiation losses. Energy generation is then a very eas
procedure; the antihydrogen is stored at pressures below 10-15 torr
(corresponding to temperatures of less than 0.5 K) by electro-
magnetic levitation. Manipulation and guiding, for example with
laser beams, provides triggering of micro-fusion explosions by
pellets of 1078 grams of antihydrogen dropped into holes of solid
D-T particles of appropriate size such that a controlled explosion
is possible. This concept would also be workable with mini-
explosions of deuterium, which would really provide a clean,
inexhaustible, and inexpensive energy source if for any reason
there were no way to compress plasmas by lasers to the densities
necessary for D-T fusion or H-B fission.

Note added in proof: The concept of more efficient transfer of laser
energy to a plasma (Section 8.3) was developed for a transfer rate of
50% (H. Hora, Atomkernenergie 24, 187, 1974). This efficiency, ten
times higher than that of Nuckolls's gas-dynamic ablation,292 1eads by
Eq. (8.6) to an energy requirement only one-thousandth as large for
the same reaction efficiency G. The total efficiency Gi,y = 60 based
on incident laser energy Ej will be reached for Ej = 246 kJ (D-T),

Ei = 98 kJ (D-D), and Ef = 1.47 MJ (H-B). Comparison with detailed
computer studies (H. Hora, E. Goldman, and M. Lubin, University of
Rochester, LLE-Rept. 21, 1974) confirms these values. Thus, this
scheme of compression of plasma by nonlinear force-driven fast-implod-
ing nonheated plasma gives for the first time the possibility of exo-
thermic H-B fission (M. L. E. Oliphant and Lord Rutherford, Proc. Roy.
Soc. Al4l, 259, 1933), which is absolutely clean, does not involve
neutrons, and avoids heat pollution.
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The first observation of neutrons as a reaction product of
the D-D reaction from a laser-irradiated target of lithium
deuteride —-- published by Basov, Kryukov et al. in 1968213 —- was
a milestone in the experiments for laser-induced nuclear fusion.
The target was irradiated by laser pulses of energy from 10 to
20 joules and pulse duration of about 10 picoseconds. The overall
number of fusion neutrons was between 30 and 100 and was very close
to the noise level of the detectors. This experiment has been
repeated by Gobeli et al.,21” with similar pulses of a few pico-
seconds duration, but the number of neutrons generated was again
not far above the noise level. Since these experiments no further
results have been published on neutron production from deuterated
targets with picosecond pulses. The breakthrough came in 1969,
when Floux et al. irradiated solid deuterium with laser pulses of
a few nanoseconds duration, producing 103 neutrons or more.
Similar results were reported by Lubin at a Gordon Conference
one week before the disclosure of Floux, without, however, under-
going the normal processes involved in regular publication.

9.1 TIrradiation of Spherical Targets

Some time before the first fusion neutrons were observed,
several studies were made of irradiation of solid spherical
targets with radius varying from 5 to 150 microns. The particle
was normally suspended on a quartz fiber, a technique used also at
present.23 In other schemes, the particle was supported by an
electromagnetic fieldl39-—142,226 produced with three pairs of
plates each crossed and carrying a hf-field, such that the pellet

87
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described a stable path according to the solutions of Mathieu's
differential equation.?!7 1In yet different schemes, free-falling
pellets have been used,!%? where the initially-fixed pedestal was
removed downward with high acceleration.?!® The technique of
preparing spherical pellets of solid deuterium, hollow spheres, or
pellets of varying composition is still a major obstacle for laser-
induced nuclear fusion or, indeed, for generation of clean, well-
defined, high-temperature plasmas for other purposes.2

The early measurements were intended to analyze the process
of generation of the plasma, in particular whether a spherically-
symmetric plasma could be formed and whether the plasma parameters
of density, temperature, and ion velocity agreed with the values
expected from the theory of the self-similarity modell09>139--142>146
(Egqs. (5.21) and (5.22)). The highly spherically-s¥mmetric expan-
sion was established experimentally by Lubin et al. 41 only when
a prepulse of about 10 nsec duration was incident on a target and
having an intensity of less than 10%Z of the main laser pulse
(several joules) which followed the prepulse within 10 nsec or
more. In all other cases non-symmetries were observed. An unusual
phenomenon was noted with pellets of aluminum and using a pedestial
system,109 and also for LiD pellets suspended electromagnet-
ically.140 A fast bunch of plasma with high ion energies (several
keV) moving preferentially toward the laser aperture was record-
ed.108>221  Apalysis of the experimental data indicated that these
fast ions were generated by a surface mechanism,1092219 pecause
on varying the pellet diameter (with other parameters constant)
there was no change of the ion energy. A further anomaly was the
superlinear increase in ion energy with incident laser energy or
incident laser power, if the varying pulse length was readjusted.
However, the inner core of the plasma,!%° which contained most of
the generated plasma, expanded with high spherical symmetry, and
the parameters of ion energy, temperature, absorbed energy, and
transparency time corresponded exactly with the theory of the self-
similarity model. Again this confirmed that there was homogeneous
heating and no shock-wave heating. These thermokinetic properties
found by irradiation of aluminum spheres of 50- to 150-micron
radius were also observed under the much more severe conditions
of small, electromagnetically-suspended pellets,13977142 yhose
size had to be determined by a diffraction technique,1*! and
measurement of the absorbed radiation was much more difficult.l“l
Maximum electron temperatures of up to 1 keV have been measured!*!
with 1-J 10-nsec ruby laser pulses using the prepulse technique.

9.2 Neutron Generation
The generation of fusion neutrons by irradiation of deuterated

polyethylene or lithium deuteride targets by laser pulses of more
than 100 psec duration involves the question of the risetime of
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the laser pulses. During the 1968-1969 period several laboratories
studied neodymium-glass laser pulses of some ten joules and 30 nsec
duration. However, the temperature generated, as measured from

the x-ray spectrum, indicated values of only a few hundred eV,
although there were some anomalies in evaluation of the measure-
ments which occasionally gave temperatures of several kev.213

The systematic study of a carefully-measured electron tempera-
ture from the x-ray spectrum was performed by Floux et al,215
who discovered that there is an increase of the temperature if the
laser pulse exhibits a steeper increase with time. Floux used
electro-optical shutters with risetimes of about 1 nsec. With
this method conditions were found in which at high temperatures a
large number of neutrons was emitted. Figure 9.1 shows the results
attained with this method. The confirmation of neutrons produced
by D-D reaction was made by measuring the time of flight of the
neutrons, which corresponded to an energy of 2.45 MeV. 1In very
recent experiments,23 measurement of the fast protons generated
(Eq. (1.1)) with 3.02 MeV energy was used to establish the occur-
rence of more than 10° fusion reactions per shot.
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The next step in such experiments was the design of a laser
system by Sklizkov’? with eventually nine parallel beams operating
simultaneously. A spherical (CD,), target was irradiated sym-
metrically by the beams with a time accuracy of better than
100 psec. These measurements resulted in the generation of 107
neutrons,?33 a large enough number so that an analysis of the
thermal broadening of the signal could be made.l3 The conclusion
was that the ion temperature of the plasma generating neutrons
was less than 5 keV, a remarkable result proving the thermonuclear
origin of the neutrons.!3

There was some discussion of whether the neutrons came from
the plasma, from the wall of the vessel (by collision of fast
deuterons from the plasma), or from residual gas pressure in the
experimental chamber. A clear answer was given by experiments in
which after a prepulse laser pulses with energies from 2 to 50 J
and 100-psec duration were incident?3 on spherical (CD2)n or LiD
targets in a chamber with vacuum better than 10~® torr and walls
at a large distance. By means of the geometry and the timing of
the pulses, the neutrons could be definitely shown to originate
only at the pellet.?3 This does not exclude, however, the mech-
anism of neutron generation at the walls under other conditions
which favor generation of instabilities.

Some controversy has arisen in the theoretical interpretations
of the neutrons generated by compression and thermalization of
plasma and possibly also by instability mechanisms. While the
desired neutron fluxes of 10l% might be expected for a sophisti-
cated increasing laser pulse of 1 kJ spherically incident on a
pellet and provided high compression can be achieved, it was
pointed out that under the conditions of the nine-beam experiment
the gas-dynamic theory could account for only 103 neutrons per
pulse in contrast to the observed 107 neutrons.!3 The experi-
mentalists were puzzled over the theoretical result, while inter-
preting their values for these high-neutron fluxes in terms of
compressions up to factors of 40, presuming the measurements were
related consistently to the analytic theory of generation of a
compression wave.!3

9.3 Anomalous Experimental Results

keV x-rays were measured from plasmas created by lasers in
1969, while more carefully executed measurements resulted in an
order lower temperatures derived from the x-ray spectra. Similar
reports were made of some ten keV x-ray signals2?2* from plasmas
with high-neutron efficiency, while other measurements indicated
temperatures of only a few keV. Eidmann analyzed the x-ray spectra
more rigorously and discovered that there is no spectrum which can



9. EXPERIMENTS FOR LASER-INDUCED NUCLEAR FUSION 9N

be related to a definite temperature.l® 1Indeed, the irradiation
of carbon provided highly-distinct temperatures, clearly corre-
sponding to the maximum temperature in the plasma. But in addition
there were emission of a fast clump of peripheral plasma and
radiation at times when lower temperatures were present. The
latter processes are relatively of too little intensity. The
markedly-anomalous spectrum indicated the generation of a strongly-
non-Maxwellian temperature with an elevated higher value of

several keV in addition to the regular temperature of about 1 to

3 keV. The elevated temperatures have been confirmed by several
authors.l? There was some correlation between the elevated temp-—
erature and the neutron signals. Polarization of the x-rays was
detected in a direction parallel to the laser beam and, in evident
contradiction to this, there was also an isotropic flux of
x-rays.>3

The anomalously-high temperatures extended the physics of
laser-produced plasma very recently for the first time to the
physics of elementary particles. X-ray signals from plasmas
irradiated with laser pulses of intensities exceeding 1016 w/cm?
were measurable through six centimeters of lead.?12 The spectrum
corresponded to an electron temperature between 1 and 10 MeV.
Although the intensity would have to exceed 10!8 W/cem? to generate
electron-positron pairs in a plasma with an electron density less
than the cut-off density, it has been pointed out that the in-
crease of the effective electric field strength E in a plasma
near the cut-off density can significantly exceed the corresponding
vacuum value due to the small values of the denominator {ﬁ]

(Eq. (6.24)).155°157 Therefore, it is possible that the experiment
in question resulted in the production of electron-positron pairs
due to the dielectric effect or to another instability mechanism
in the plasma.2!? Following this result it was pointed out!57

that laser intensities in vacuum may give rise to proton pair
production at CO, laser intensities from 1017 to 10'8 W/cm? (this
is possible only with CO, lasers for solid state densities because
of the relativistic shift of the cut-off density).

Another anomaly in neutron production -- correlated highly
in some experiments -- is the generation of a group of fast
jons.18°19 This was not unknown in plasmas with laser intensities
much below the thresholds for neutron generation.!082109>1405221
While the major portion of the plasma had average ion energies not
greatly exceeding 1 keV, a group of fast ions of 20 keV was dis-
covered.!8°19 This fast group consisted of more than 1015 ions,
which excludes any electrostatic acceleration mechanism of the
Debye sheath at the plasma surface since the sheath concentration
is limited to 10!2 jons/cm3. )

19
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When the incident light was constant, the reflected light and
the emission of x-rays were not constant but showed a pulsation
with a frequehcy of about half a nanosecond.2262227 Thig may
indicate the generation of an instability in the plasma, or
possibly, the generation of self-reflecting density ripples (see
Section 7.7), their subsequent decay and re-establishment within
the measured time. The spectra of the reflected light sometimes
showed an anisotropy, depending on the polarization and the fre-
quency of the reflected light. The spectra of the reflected light
contained the second harmonics (2w) or the half harmonics (3/2)w
and (1/2)w which were in most cases red-shifted2282229 (in few
cases blue-shifted23°) and broadened.23 The likelihood of a stimu-
lated Compton effect was deduced from the generation of a second
line, a few Angstroms to the red of the second harmonic.22°? The
pronounced emission of the half harmonics especially at 45° from
the incident laser light indicated a two-plasmon decay instability
(Raman instability).lss’173

JRE) ) ,
50% 1, !
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Fig. 9.2 Focusing of neodymium-glass laser radia-
tion at various depths x in solid deuterium,229°231
the accompanying neutron emission, and reflection
of the basic frequency wg, and its harmonics 2w
and 3wg/2.
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A highly-important experiment on the correlation of the re-
flection and of neutron generation was performed by Floux, Bobin
et al.,2292231 ip which the focal depth of the laser irradiating
the solid deuterium was moved (Fig. 9.2) from 150 microns outside
the target to 500 microns inside. At a depth of 130 microns the
reflection of the incident light and of the 3/2 harmonics was
extremely high, as was the emission of x-rays from the elevated
high level, while the emission of neutrons was remarkably low.
Only at very deep focusing did the neutron emission reach its
greatest maximum paralleling closely the intensity of the reflect-
ed second harmonic. With such complexities, which still have not
been analyzed completely, it is no wonder that such a high scatter
of the experimental reflection coefficients has been observed as
shown in Fig. 9.2

The design of a laser fusion experiment and the facilities at
the Lawrence Livermore Laboratory in Livermore, California, is
shown in Figs. 9.3 through 9.5. The essential fact of high compres-
sion as emphasized by Teller, of Lawrence Livermore Laboratory,19L+
has not been demonstrated in a direct way. The observation of 107
neutrons from laser pulses of about 1 kJ was related to a compres-
sion of 40 times the solid state density;!3 only the 10!"* neutrons
expected in similar, but more sophisticated experiments shall be
an indication of the desired high compression.?23 Measurements in
laser-irradiated polyacrylate (Plexiglas) demonstrated directly
a compression up to 3 times the solid state at a maximum pressure

Prae ©of 10° atmospheres, using 10-J 6-nsec laser pulses.?3% From

Fig. 9.3 Model of a 12-beam neodymium-glass laser
experiment at the Lawrence Livermore Laboratory in
Livermore, California.
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Fig. 9.4 Design of the building for the 12-beam
laser of Fig. 9.3

these measurements a scaling law may be derived
Prax = a ¥ Eg ; a = 106 atm/joulel/2

The related compression is in distant agreement with the result
of 40-fgld compression for incident laser energies in the kilojoule
range.

The use of electron beams has been proposed for measuring the
density attained in the compressed plasma by a direct method.?35
The energy of the beam, E, = 100 keV or more, passing through the
plasma will be reduced by a part of the electrons by discrete ener-
gy losses, AE, = Hw,, where the plasma frequency w, is related to
the actual electron density given by Eq. (4.10). hese energy
losses can be measured either directly by velocity analysis of the

Fig. 9.5 Overall view of laboratory containing the
12-beam experiment of Fig. 9.3.
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electron beam or —- if the beam is highly monochromatic -- by its
modulation, which causes an emission of photons at the plasmon
frequency from targets hit by the electron beam. The modulation

by plasmons has been evaluated?3® in analogy to the quantum-
mechanical modulation of an electron beam by laser photons (Schwarz-
Hora effect).237 The necessarily high electron energy E, for trans-
mission through the plasma favors modulation. The modulation has
the advantage of permitting time-integrated measurements, while

a velocity analyzer of the electron beam requires high temporal
resolution such as provided by the method of Siegbahn.238

Finally, a worldwide increase of the research effort in the
production of fusion plasmas by laser should be underscored.
Concepts have been advanced on the future design of power reac-
tors.235 The 50-million-~dollar-plus annual budget for the
activities in this field in the United States for 1973 may double
in 1974.



10. CONCLUSIONS

The supply of inexpensive energy is one of the key problems
of modern civilization. It can be accepted only as a compromise
that such valuable resources as fossil oil or coal are used for
power generation instead of as raw materials for organic chem-
istry.z“0 This presumably temporary compromise is based on a
comparison of the cost of the present type of nuclear fission
reactor with the high cost of fossil fuel resources. Nuclear
fission at present hardly reaches the level of competitivit:yzL*1
because the basic material -- uranium and thorium ore -- is ex-
tremely expensive. Economically-available ore can supply energy
only for 50 years, when the minimum annual consumption of 1022 joules
predicted for the year 2050 is taken into account. The problems
of immense production of fissionable materials that are radioactive,
the possibility of a catastrophic explosion of a fission power
station, which cannot be completely ruled out, and other questions
of securityzqz basically categorize the present fission reactors
only as a short-range energy source.

A truly inexpensive, inexhaustible, and clean energy source
on earth -- as in the sun -- is hydrogen, especially its heavy
isotope deuterium (present as 0.03 percent of the weight of the
natural element), available in all water. Its thermonuclear
reaction producing helium has been realized, at least by the method
of uncontrolled large-scale reaction in the H-bomb, where inertial
confinement is used. The deuterium compounds are heated up by
small nuclear fission explosions to the desired temperatures
exceeding 100 million degrees, and exothermic reactions occur in
the subsequent expansion before adiabatic cooling takes place and
the reactions are extinguished. Controlled nuclear fusion by

96



10. CONCLUSION 97

magnetic confinement of the hot plasma may be considered in the
best case only as a temporary concept even if such a reactor can
be realized in the future. The cyclotron radiation that is neces-
sarily generated limits the possibilities to reaction of deuterium
with tritium, which can be bred only from lithium. However,
lithium sources are expected to last only 70 years compared to the
50 years for uranium and thorium, as mentioned above. This com-
parison is still based on expensive fossil energy sources and not
on the truly inexpensive energy source needed in the future.

The laser offers a means to produce controlled thermonuclear
reaction by inertial confinement similar to the H-bomb. For lasers
it is possible, at least in principle, to inject energies of
several kilowatt-hours (or Megajoules) within 10~°% seconds into
1-cm3 volumes of condensed heavy hydrogen isotopes, which causes
an exothermic microexplosion. This task can be solved in a much
more advantageous way if the laser-irradiated plasma is compressed
by the interaction to ten thousand times the solid state density.
Laser compression is presently aimed at fusion with deuterium-
tritium mixtures, but in the future this concept should work with
pure deuterium. Following realization of such a compression, the
possibility of a tenfold greater compression may be considered
for mixtures of hydrogen and boron; the greater compression would
provide exothermic controllable burning directly and with
absolute safety into clean helium. Laser compression could also
give absolutely-safe fission reactions, e.g., for uranium, in
which milligram critical masses suffice to produce controllable
microexplosions. If for any reason the laser compression up to
necessary densities is not effective, the laser may realize
controllable microexplosions of solid deuterium by inertial con-
finement in another way: In the next few years very high laser
intensities should produce antihydrogen efficiently, in contrast
to accelerator methods. Pellets of some 10~8 g of antihydrogen
should ignite microexplosions of deuterium under inertial confine-
ment.

The physical problems of laser-plasma interaction are highly
complex. The experiments of different research groups give results
with a wide range of scatter, and numerous phenomena remain unex-
plained. Current empirical results are: Laser-irradiated plasmas
have temperatures of several keV (tens of millions of degrees) in
addition to "anomalous" temperatures of up to 10 MeV; neutrons are
produced by nuclear fusion reactions of thermalized ions (107 neu-
trons from 200 joules of laser energy); reflected radiation indi-
cates instabilities which suppress neutron production; at the
desired intensities the reflectivity is low such that the laser
fusion concept still appears to be feasible. The compression of
plasma up to three times solid state density has been shown
directly, while the possibility of compression up to a factor of
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40 has been indicated indirectly. Self-focusing could be excluded
in these cases, and the generation of a compression front was
established.

Sophisticated experiments, however, can demonstrate the neces-
sary compression, where yields of 10!"% neutrons are expected from
irradiation with 1 kilojoule laser pulses. Numerical calculations
of the laser interaction, compression, and neutron production are
based on gas-dynamic ablation in which 7% of the laser energy
enters the compressed core. The compression is independent of
some asymmetries when a spherical target is irradiated. Calculated
fusion yields range up to 100 for incident laser energies of 100 kJ.
A new type of compression by ablation due to non-thermalizing
nonlinear forces of laser-plasma interaction gives a transfer of
23% of laser energy into mechanical compression energy and this
may be improved at least in principle.
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The Conditions of Plasma Heating
by the Optical Generator Radiation

N. G. BASOV and O.N. KROKHIN
Lebedev Institute. Academy of Sciences of the USSR

The possibility of concentrating energy of laser radiation in small
volumes allows to put forward a question about heating small volumes
of a dense hydrogen plasma up to the high temperatures at which
thermonuclear reactions arise. The heating mechanism in its main
stage consists of absorption of electromagnetic quanta by electrons in
the field of ions transfer of some energy to ions (we do not consider
the initial stage of heating to the temperatures of the order of several
tens of thousands degrees, i.e. to the moment of formation of an
essentially ionized plasma).

The final temperatures arising as a result of the plasma heating
are determined mainly by the optical generator power, since the principal
process limiting the heating is high thermoconductivity of the high
temperature plasma. The energy of the plasma heated to high tempe-
rature was found out to be rather small comparing to the energy lost
owing to thermo-conductivity and radiation.

1°/ The absorption coefficient of electromagnetic waves in plasma
is connected with the imaginary part of the refraction index n'' by the
ratio :

- e+ Verzs 5"2)112
2

where €' and e''-real and imaginary parts of the plasma dielectric
constant, respectively, and w-frequency of the electromagnetic wave.

(1)

w
K=2%p'=2=
C [od

The plasma dielectric constant is equal to :

ew =1- B(1.1¥) (2)

1/2
where w -Langmuir's frequency equal to (M) , v-collision fre-
m

quency of electrons and ions in the plasma n-electron density.

Reprinted from: 3rd International Conference on Quantum Electronics, Paris, 1963, Vol. 2, P. Grivet and
N. Bloembergen (eds.), Dunod, Paris, 1964, pp. 1373-1377.
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The maximum plasma density is limited by reduction of a real
part of the dielectric constant (2) into zero, since at large plasma
densities a complete reflection of the electromagnetic wave will take
place.

If for the sake of simplicity one assumes that €' « ¢' takes

place, then the expression for the absorption coefficient will take the
form : '

(kT)*'? V3 kT m?'? ]

161tv’2_7t n’e". max [ 1n (41”166)“2’ in (4nnezﬁz)112

k X (3)

w2\v2
3 (mkT)3? ¢ w? (1 -—w%)

One can see from (3) that the absorbtion coefficient decreases
with the temperature growth. The numerical value of the absorption
coefficient for radiation of a ruby optical generator w = 3,10 gec.-?
in the hydrogen plasma with the maximum density n = 3, 10%* ¢cm3 heated
to the temperature T = 107 degrees is equal, by the orders of magnitude ,
to 102 cm~!, This shows that absorption of an optical radiation by the
plasma is essential even at rather high temperatures.

2°/ Heating and gas-dynamic of small volume of plasma.

Let us assume that a small volume of plasma with the initial
radius r, is heated by the optical maser.

Variation of the temperature time and plasma motion can be
determined from the hydrodynamics equations taking into account the
thermo-conductivity processes. However, we shall not be interested
in the distribution of temperatures and velocities inside the plasma
volume, but consider only the average values dealing with the total
volume as a whole.

The equation of conservation of momentum and energy give :

av 25 = dv _ 25 = 4
Mdt 4m r?p O(_Mdt, 4 nr2p o (4)
i(Mv2/2+E)=Q‘—-£ M ﬁ + E = Q (5)
dt dt 2

where p is the averaged pressio, v radial velocity, E energy, M mass,
Q power of laser.

The system of equation (4) and (5) has a simple solution for the
case of ideal gas, when E =1,5 pV =1,5 NkT, where N number of
particles in the system, V its volume. :
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If .
Q, o<t<=T
Q:
(0] t<o, t>1

the solution has the simplest form :

3
reeppe 3 Qe (6)

Qt Qt¥/6M+r?
1,5 Nk = 2Q,3/3M+r2

(7)

One can see from (7) that the divergence of the plasma decreases its
temperature. The time, when the temperature decreases to one half

3IM )1/2
8 ’
where ¢ is energy of laser. If r, = 0,3.10 ¢cm, M = 0,2.107"gr,
e =10° erg, t is equal to 10-® sec.

of the temperature obtaining without divergence is about t ~ r, (

3°/ Energy processes in the high temperature plasma of large
density.

a) Plasma radiations.

Radiation energy losses of the plasma are determined by Brems-
trahlung and recombinaison radiations. The power of the plasma
Bremstrahlung :

2

q,,. - 1.6. 107" p?2 7?2 erg/cm? sec (8)

The radiation power connected with recombination, respectively, is
given by the formula :

q,,,. = 1,1.107% n2 T2 erg/cm’ sec (9)

One can see from (8) and (9) that for hydrogen plasma at T, = 4. 10°
Q,0¢ = G, At the temperature T = 10" and density n = 3.10%the
radiation power is equal to q,,, = 5.10" erg/cm’ sec. ‘

b) Thermoconductivity.

At high temperature, heat transfer in plasma is determined by
the electron and radiative thermoconductivities.

In the first case, the thermoconductivity coefficient is equal to :

K, = 1,24.10-® T>? erg/cm sec degr. (10)

takes into account electroconductivity. For the radiative thermo-
conductivity, the coefficient K, is equal to :
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1
K, =—36— 61T3 (11)

where ¢ Stephan-Boltzman constant, 1 Rosseland mean free path length
of photons in plasma.

For the hydrogen plasma with the density n = 3.10%' and at the
temperature T = 10’ linear dimensions of the plasma are considerably
less than 1, which, in that case, is equal by the order of magnitude
to 102 cm. It means that the plasma is practically absolutely trans-
parent and the total radiation flux from the plasma will be determined
by the power of the Bremstrahlung radiations given by the formula (8).

c) The equation of state.
At high temperatures of the order of 107, one can consider the

plasma as absolutely ionised and application the equation of ideal gas
state. In this case the energy density is equal to u = 3 nkT and pressure

p =% u. For n=3.10?* and T = 10", u =1,4,10” erg/cm? hence one

can see that, in principle, the radiation energy of laser of the order
100 joules will be enough for heating 10™ cm’? of dense plasma.

The corrections to the equations of state depending on the Coulomb

kT )1/2 Deb
41 ne? ebye
screening length. At n = 3,10 ecm™ and T = 10" A =3.1077 cm and
e?/\ kT = 1073,

interaction are of the order of e?/A kT, where X\ =

d) Ionization equilibrium.

According to the formula of ionisation equilibrium, the density
of ions with the ionisation rate i, i + 1 is connected with the density
of electrons by the relations :

nj, n

= 0,58, 10 T3/2 Bins j-tina (12)
ng

g;

where g, and g;,, statistical weights, I; potential of ionisation. For
more accurate calculations the values of g; should be replaced by the
statistical sum.

However, in the real plasma, it may happen that the relation (12)
is not fulfilled owing to absence of the thermodynamic equilibrium.
Indeed, if the photon density corresponded to the temperature T, the
photoionization time would be equal to the time of recombination which
can be estimated from (9) 7T~ n.kT/q,,. where n, thermodynamically
equilibrium density of neutral atoms. The time of ionizations by means
of electron collisions is equal to (6vn)-> where gv average value of
the ionization cross-section multiplied by the electron velocity.

It is obvious that in the case when the process of ionization by
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electrons is the fastest, i.e. 1;, » 71;, the formula (12) will be valid
as well in the absence of the thermodynamically equilibrium radiation
in plasma. For instance, at the temperature T = 10’ and concentration
n = 3.10%! the time of photoionization is of the order of magnitude
of '*-10'1: sec while the time of electron ionization is 3,10-3 sec
(o =10"1).

The above analysis shows that development of the methods of
generations of the optical radiations, in particular increase of power
of the available quantum generation, apparently, leaves some hope for
the experimental attempts to obtain small volumes of fairly dense
plasma heated to high temperatures. For this propose it is nessesary
to have at least 100 joules during 10-® sec.
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O-11—Experiments on the Observation of Neutron
Emission at a Focus of High-Power Laser Radiation
on a Lithium Deuteride Surface

N. G. BASOV, P. G. KRIUKOV, 8. D. ZAKHAROV, YU. V. SENATSKY

AND S. V.

Abstract—Theoretical calculations indicate that laser radiation
mny be used to heat a deuterium plasma to temperatures at which
may be observed. Using a neo—
dymium glass laser, producing a 20-joule pulse:of app
10~1-gecond pulse length, preliminary evidence of neutron emission
has been obtained.

HE PRESENT paper reports preliminary results of
Texperiments on the observation of neutron emis-

sion on focusing of high-power laser radiation on
a lithium deuteride surface.

In 1962 it was shown in [1] that one may produce a
high-density and high-temperature plasma by focusing
high-power laser radiation on the surface of a solid target.
Irom the calculations carried out in [1] it was evident
that, with the help of laser radiation, it is possible to heat
the deuterium plasma up to the temperature at which
thermonuclear neutron emission may be observed. Laser
powers of more than 10° watts were required for this
purpose. There were no lasers of such power at that time,
and extensive efforts were necessary to increase the out-
put power of lasers.

The efficiency of the method of amplification for ob-
taining short light pulses with a high peak power was
shown in our papers [2], [3]. Several gigawatts power
was obtained for the ruby laser and more than ten giga-
watts for the neodymium glass. The obtaining of such
power pulses led to self-damage of the active medium.
This fact made it difficult to carry out the experiments
on plasma heating. From our investigations, the power
damage threshold was found to increase with shorter
pulse duration, and it was presumed that the use of still
shorter pulses would permit the desired increase in giant
pulse power. The remarkable opportunity to realize this
was opened with the invention of ultrashort pulse lasers
using the nonlinear absorber [4]. Using this laser as the
oscillator, we managed to obtain (after amplification) the
output light pulse with the energy of 20 joules in a very
short time, not more, probably, than 10™** second."

Manuscript received May 17, 1968. This paper was presented
;‘ti nthe 1968 International Quam,urn Electronics Conference, Miami,

The authors are with the P. N. Lebedev Physical Institute of the
Academy of S of the U.S.S.R., Moscow, U.S.S.R.
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Fig. 1 illustrates the model of the device. A single
pulse was separated from the train of ultrashort pulses
of the oscillator with the help of the Kerr cell shutter,
and was then amplified. Unlike [6], in our case the Kerr
cell shutter to single out the pulse was placed outside
the Fabry-Perot cavity, thereby making it possible to
obtain the shorter pulses from the oscillator. The amplifica-
tion of the singled out pulse was produced by five cascades
of amplifiers, the length of the neodymium glass rods
being 60 cm in each cascade. The diameter of rods in the
two last cascades was 40 mm. The total amplification
coefficient was 10°.

Upon focusing of the laser radiation on a target surface,
plasma formation takes place from a very thin surface
layer. Since lithium deuteride is a very active material,
there is the danger of contamination and substitution of
deuterium by hydrogen on this target surface. Therefore
an investigation of the composition of the plasma formed
by the evaporation of the surface layer was carried out.
Investigation of plasma composition evaporated from
lithium deuteride by 10-MW ruby laser radiation was
carried out using a time-of-flight mass spectrometer with
electrostatic and magnetic analyzers. This investigation
showed that the plasma formed at the first laser shot
contains a great number of hydrogen and an insignificant
quantity of deuterium ions; in addition, contaminants of
oxygen and carbon were observed. Upon penetration into
the target material with the successive laser shots, the
deuterium ion portion significantly increased while the
admixture portion decreased.

Additional experiments on the plasma composition were
carried out using a laser neutron source. Fig. 2 illustrates
the scheme of the experiment. 100-MW ruby laser radia-
tion was focused on the lithium deuteride surface. Deu-
terium ions were then accelerated by a 50-kV electrostatic
field and struck another target containing the deuterium.
The output of neutron emission was evidence for the
presence of deuterium in the surface layer of the target.

! The experiments carried out separately with the oscillator
showed that the pulse duration was within the limits of 10~ to 10~
sec[orllds Pulse duration was measured using the method proposed
in [5].

Reprinted from: IEEE Journal of Quantum Electronics, QE-4, pp. 864—867 (1968).
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Scheme of the experimental device: 1, 2—oscillator mirrors, 3—neodymium glass rod of the oscillator, 4—cell with the bleachable
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lye, 5—beam splitter,

and the orient. of rods 6

The investigations carried out showed that special pre-
cautions must be taken to prevent the contamination of
the target surface. The targets used in the following
experiments on plasma heating were therefore prepared
in an argon atmosphere.

Fig. 3 illustrates the scheme of the observation of
neutron emission from plasma. Laser radiation was
focused by a 60-mm-length plane-convex lens on the
surfaee of a lithium deuteride sample in 10 torr vacuum.
A large neutron scintillation counter was placed at a
distance of 10 cm from the target. The plastic sample on
the base of polystirol with the p-terphenyl and POPOP
additions was used as a scintillator. The scintillator had a
shape of a 30-cm-diameter cylinder turning to the trun-
cated cone with the smaller base corresponding to the
dimensions of 52 type photomultiplier photocathode. The
total height of the scintillator was 20 cm. The counter
was inserted inside the double duraluminum box with
16-cm-thick walls. The polished surface of the scintillator
was surrounded by a magnesium oxide powder layer. The

pump

Fig. 2. Laser neutron source.

2, 4 e of the additional amplification, 7—sfparkogap chamber, 8—Kerr cell shutter, 9—cascades of the
main amplification. For the simplicity of the scheme the orientation o

and 3 before the shutter are shown in the same way.

the Brewster angle rods of the main amplifier 9 after the

efficiency of the detection of the neutrons from the target
in this arrangement was more than 10 percent. Electrical
pulses from the photomultiplier were displayed on one
of the two traces of the double-beam oscilloscope of
C 1-17 type. The RC constant of the circuit in the P\
anode was several tens of microseconds and the PM
worked in the linear regime. An electrical signal from the
Kerr cell shutter time coincident with the light pulse
incident on the target was displayed on the second beam.
The trace duration was 2 X 10™* second, the signal from
the Kerr cell shutter being roughly in the middle of the
sweep. Fig. 4 presents one of the oscilloscope traces in
which the pulse signal from the Kerr cell shutter may be
seen on the upper trace and the background pulses from
the counter on the lower trace. There is no coineidence of
the pulses from the counter and from the Kerr cell shutter
on this oscillogram.

Background pulses may be divided into two groups.
The pulses of cosmic origin have their amplitudes more
than 10 volts. The frequency of their appearance is small—

} to
osci c’fo.sco/oe

NEUTRON

DETECTOR

to vacwvum
Pum,a

Fig.3. Thescheme of the experiment on neutron detection,
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Fig. 4. Oscilloscopic traces of the pulses from the counter (lower
trace) and from the Kerr cell shutter (upper trace); the case of
no coincidence.

several pulses per second. The second group of pulses
are from the natural radioactivity of the scintillator;
their amplitude is about several volts, and the frequency
of appearance is 10°/second. The amplitude of the intrinsic
PM noises was sufficiently less.

Neutron detection experiments were carried out in
series of 5-10 shots. In each series the target used was
moved in such a way that a new part of the target surface
was irradiated at each shot. During the experiments the
input-amplification cascade rods were found to be dam-
aged. This damage took place only when the laser radia-
tion was focused on the target. The plasma formed
apparently reflects a sufficient portion of laser radiation
back through the amplifier so that this radiation, upon
being amplified, produces the damage. From this damage
and also from probable changes in focusing and target
quantity, the experimental conditions were not in general
reproducible from series to series. The experimental result~
in the two series are presented in Tables I and II.

The oscilloscope traces relating to one of the eases of co-
incidence of the pulses from the counter and from the Kerr
cell shutter is shown in Fig. 5. The amplitudes of the xig-
nals in cases of coincidence were approximately equal. The
calibration of the counter with the help of Cs'*” and Co®
sources showed that the pulses observed by us in the
cases of coincidence may be related to single neutrons
with the energies of:2.5 MeV.

TABLE 1

Energy

(joulex) 6 4 17 6 5 6 10 S

Coincidence |[no no yes no no no no no

TABLE 1I

Energy
(joules) 6 10 11 11 8 1

Coincidence yes yes no yes no no

21

Fig. 5. Oscilloscopic traces of the pulses from the counter (lower
trace) and from the Kerr cell shutter (upper trace); the case of
no coincidence.

The total number of coincidences (4) observed by us
in the two experimental series (14 shots) is 20 times more
than the probability of the accidental coincidence of a
background pulse with the Kerr cell shutter pulse. Note
that the cases of coincidence fall on the shots with energy
more than 6 joules. Unfortunately, as we did not make
simultaneous measurements of pulse duration, we cannot
point out in which shot the power was at a maximum.

Let us make some evaluations of the average power on a
particle and compare it with the experiment. Let the
energy delivered to the plasma be 10 joules and pulse
duration 107" second, light flux on a target being J =
10'* W/cm®. Then from the equations for an electron
gathering energy in an electromagnetic field

3 _ €E v

- 2msd’
where ¢ is the electron energy, E the amplitude of the
field, m the mass of the electron, w the light frequency,
and v/¢* the effective frequency of the collisions, we
obtain

e= 05X 10°eV.

From this one can calculate the thickness of the layer
in which the absorption takes place. It equals 107 cm.
The time between the electron-ion collisions is 3 X 107**
seconds for electrons with the energy of 10 keV; therefore
a free path length for the electron is 30 . Hence the volume
of the heated plasma is 3 X 107" c¢m®. Therefore the
average particle energy is 2 X 10° eV. Considering that
there were single neutrons in our experiments we may
determine the average energy of the particles from the
formula for the number of d-d reactions [7]:

2
2

where V is the volume, N the ion concentration of the
plasma, ov the cross section and ¢ the time of d-d reactions.
From this formula it follows that the deuteron energy is
2 X 10° eV. The value for the diameter of the focal spot
in this evaluation is 0.2 mm. These data were obtained
from a photograph of a hot region of plasma made with

ot~ 1,
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the aid of an X-ray-obscure chamber. In this experiment
the target was brass as the X-ray intensity from the
lithium deuteride target was insufficient to produce any
image.

Experiments in the heating of a gas by the focusing of
ultrashort pulse radiation were also carried out by us.
It was found that the plasma formed in the focus absorbs
less of the energy of ultrashort pulses than of the energy
of nanosecond pulses. Although we did not make neutron
detection experiments in the case of gas, the preliminary
tests carried out by us do not allow hope for reaching
thermonuclear temperatures by ultrashort pulses in the
case of gas. Addition studies of plasma production with
ultrashort pulses are in progress.
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ION ENERGIES PRODUCED BY LASER GIANT PULSE

William I. Linlor!
Hughes Research Laboratories
Malibu, California

Ion energies of ~1,000 eV have been produced
by the action of a single ‘‘giant pulse’’ from a ruby
laser.

The delivered energy was about 0.2 ] in a pulse
having full width at half maximum of about 40 nsec.
The peak power was 5.4 MW, as measured with a
Korad photodicde PDS-20-1C; all pulses were within
10% of this value. The area of the focal spot is
not well known; approximate measurements indicate
1073 cm?.  Energy was determined by the time
of flight of the ions over a path of 4.3 cm, and ranged
from 0.5 usec for carbon to 1.2 usec for lead.

The targets were in a system at 10=% Torr prior
to the laser burst. Within the vacuum system were
mounted a lens of focal length 67 mm, a target plate
on which the laser beam was focused, and a copper
collector plate 3.1 cm o.d. with a 0.64 cm-diam hole
to transmit the laser beam. Collector and target
plate biases of —23 and —20 V added negligible
energy to the ions in comparison with their thermal
energy. As indicated in Fig. 1, resistors connected
the collector and target to ground. The potentials
produced by current flow, and the laser pulse signal
from a 1P42 monitor, were displayed onoscilloscopes
triggered by the laser electronics. Sweep synchro-
nization was obtained by displaying the monitor
signal on all sweeps.

The time of flight from the beginning of the laser
burst to peak collector current is plotted vs the
square root of the atomic number, in Fig. 2, for
two laser power levels. If the initial temperatures
of each plasma produced by the laser burst were
the same, the points would theoretically lie on a
straight line. Rea bly good ag is ob-
tained with the solid line corresponding to an ion

CONTENT ANALYSIS

= = GROUND
103Q 250
_23v TO UPPER
COLLECTOR SWEEP
TO LOWER
10 SWEEP
MONITOR — =
ScoPe —> 1-4— 43cm
\-
Tt e
MONITOR  GIANT-
Ohagr oree s ] [T zov
LASER VACUUM TARGET
PUMP
Fig. 1. Experimental system. Laser beam passed

through hole in collector, and was focused on the target.
Giant pulse was timed by monitor and by flow of elec-
trons from torget.
1078 Torr.

System pressure before burst was

energy of 1,000 eV for the 5.4-MW laser pulse — and
with the dashed line corresponding to an ion energy
of 420 eV for the 2.5-MW laser pulse. ' The latter
pulse value is uncertain by about one megawatt
because of a change in the monitor photodiode. The
time-of-flight measurements at the higher power
level have been repeated many times, always within
10%.

Oscillograms for high-Z materials showed positive
pulses occurring very close to the time of the laser
burst and lasting a few tenths of a microsecond.
Such signals were absent for carbon and aluminum
but began to appear for titanium and increased with
the atomic number of the target material. These
seem to be caused by photoelectrons ejected from
the collector by photons from the energetic plasma.

A magnetic field of 1,200 G perpendicular to the
axis of the system did not prevent passage of the
plasma. Carbon plasma having ion energy of 400 eV

A. C plasma (ion)

A. Al plasma C. giant-pulse laser

A. Au plasma D. vacuum (10_6 Torr) hibi
A. Ti plasma E

B. thermionic emission

ed no discemible bending.

Interpretation of the preceding results is compli-
cated by “‘heat sink’’ problems and by uncertainty
regarding the amount of material ionized. Some
simplification was obtained by employing as targets

Reprinted from: Applied Physics Letters, 3,210—-211 (1963).
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Fig. 2. Time of flight for various targets.

aluminum and gold foils whose thicknesses respec-
tively were 1.8 x 10”* and 1.6 x 10™4 g/cm?. Ion
speeds on both sides of single and multiple layers
were measured for the same 5.4-MW laser pulse,
by the addition of a collector on the ‘‘aft”’ side
similar to the '‘fore’’ collector already described.
Bias voltages were applied as in Fig. 1; for some
measurements the bias voltages were removed and
a magnetic field of 1,200G was applied perpendicular
to the axis of the system. The lattér arrangement
(no voltages applied) produced a net positive cur-
rent flow to the collectors, such that the potential
drop across the resistors was 30 V for aluminum and
15 V for gold foil targets.

From the foil investigation the following con-

clusions were obtained:

1. The ion energy measured by the fore collecte
is very nearly the same whether a single foil
or a thick sheet is the target.

2. After the laser burst, the single foils required
about 0.3 psec for the heat to penetrate the
full foil thickness.

3. The ion energy on the aft side was about
equal to that on the fore side, though some-
times 3 factor of two lower.

W. L. LINLOR

4. For multiple foils of gold, the product of
thickness and ion energy on the aft side was
approximately constant.

The ion energies obtained are considerably higher
than indicated in previous publications dealing with
the interaction of laser beams with various target
materials.2=10  Of these, only ref 8 involves a
giant-pulse investigation, giving a carbon plume
speed in air comparable to the present result.
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THE 1INITIAL STAGES OF LASER-INDUCED GAS BREAKDOWN
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ABSTRACT

Instruments and methods are described which have
been used to detect and count free electrons released
in a gas by laser radiation at power levels below
breakdown threshold. The experimental results are ana-
lyzed and their possible relations to known elementary
phenomena are discussed.

INTRODUCTION

Gas breakdown is defined as the sudden onset of a
high electrical conductivity in a normally non-conduc-
ting gas. This, of course, is due to the appearance of
free electrons in the medium and is generally accompa-
nied by the emission of a bright light and, in the case
of laser-induced gas breakdown, by a strong absorption
of the incident laser light.

In fact, breakdown is a composite and dynamic
phenomenon, extending over a measurable time and going
through different stages, starting from the absence of
free electrical charges and ending possibly in complete

xPresented at the Second Workshop on '"Laser Interaction

and Related Plasma Phenomena" at Rensselaer Polytechnic

Institute, Hartford Graduate Center, August 30-September
3, 1971.

Reprinted from: Laser Interaction and Related Plasma Phenomena, Vol. 2, H. Schwarz and H. Hora (eds.),
Plenum, New York, 1972, pp. 79-96.
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ionization of the gas, not to speak of the following
after glow and recombination.

This paper is concerned with the first stages of
gas-radiation interaction and with the mechanisms by
which electrons are set free in the gas. Eight years
after the discovery of laser-induced breakdown!, these
mechanisms are by no means completely clarified, proba-
bly because of the smallness of both space and time
scales in the relevant experiments. The following pages
must therefore only be considered as an attempt to
describe experimental observations and their possible
relations to already known elementary phenomena,

EXPERIMENTAL OBSERVATIONS

Fig. 1 represents the incident, unperturbed laser
pulse (P ), the light pulse (P) transmitted through the
gas, and®the light emission from the gas (E) in the
visible band. The term "breakdown" is often used to de-
signate the time when P decreases abruptly while e, in-
creases rapidly, In this paper, we are interested in the
events occurring before that time, Indeed, the laser

RIE
P I
R~ N
// N
/ \
/ \
/ \\
/ \
oT——— E \\
P/ T —
/ -
/ : b
\ , N o
0 20 40 60 80 ths
Fig. 1

Gas absorption and emission on breakdown.

P : incident laser light ; P : transmitted laser light,
E°: light emitted by the gas in the visible band,
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pulse itself has a bell-shaped time profile and starts
much earlier than the instant of breakdown (a few tens
of nanoseconds). As a consequence, and although nothing
particular seems to occur, on Fig, l,before breakdown,
it is possible, even then, to detect and count free
electrons, if only sensitive instruments are used, such
as cloud chambers photomultipliers and proportional
counters.

Cloud Chambers?

When free charges appear at some point in a super-
saturated vapor with enough density, the vapor condenses
locally at that point and may be detected photographi-
cally as a small cloud or droplet, Naiman et al. used
a cloud chamber based on this principle to detect char-
ges formed at the focus of a laser beam. They used me-
thanol or dimethylmethylphosphonate as condensible tar-
get vapors. The sensitivity of their chamber was 5000
ion pairs/cma,enough to detect minimum ionization
cosmic-ray tracks, No such tracks were normally observed
passing through the focal volume when the laser was
fired. A clearing electric field (100 v/cm) was applied
to sweep away any electron originating from other parts
of chamber. Thus, any charge detected on firing the
laser could only be due to ionization of the vapor by
the laser itself.

Using a Q-switched ruby laser which could deliver
a maximum of 0,2 J in 30 ns (i.e. about 10MW), they
could exceed the breakdown threshold. A bluish plasma
was then formed at the focus, giving rise to profuse
swirling clouds that expanded throughout the chamber
and persisted for a few minutes.

At lower powers, however, the passage of the laser
beam resulted in a cluster of droplets, ranging in dia-
meter from 0.1 to 0.5 c¢cm, which fell to the bottom of
the chamber at about the same rate as the background
mist.

This proves that the laser could release a number
of charges without necessarily ending in complete break-
down (ionization) of the vapor : this is called prebreak-
down ionization.




128 R. PAPOULAR

Photomultipliers?

Let the light beam from a Q-switched laser be focu
sed by a lens onto the ‘gas in a pressure chamber. In the
particular experiment to be described, the laser had an
Nd : glass rod and delivered 40 nsec pulses of 25 MW
peak power, and the lens had a 100 mm focal length, The
light emitted by the focal region at a mean angle of 90°
relative to the laser beam direction was collected by a
field lens of 25 mm focal 1length and detected by a
photomultiplier type Radiotechnique 56 TVP (S20 cathode,
14 dynodes, 2-ns rise-time). The anode signal was dis-
played on a Tektronix oscilloscope type 585 A (4.5 nsec
rise-time)"*, The stray laser light is trapped by a sys-
tem of black-paper stops and a high-pass filter in front
of the photocathode.

For a given gas and a given set of pressure and
laser power values, oscillograms are taken with diffe-
rent achromatic attenuators in front of the photocathode.
The smaller the attenuation, the earlier one can follow
the development of the discharge ; from the correspon-
ding partial curves (shown in fig. 2), an overall curve
of brightness (I) against time (t) is drawn for each
set of physical conditions.

Sensitivity multiplying factor
210° 10° 10° 10 10

200
R e
bl
= P.M.Signal
/ A g
N
p
Aagomwi A\ Laser pulse
0 780 T T, S
break down
Fig.2

Raw photomultiplier data; gas: argon, 1 atm; laser
energy, € = 1 J,
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At low attenuator settings the photomultiplier is
strongly saturated during most of the time, but this
does not cause any permanent damage ; it is enough to
overlook anode signals higher than about 100 mA.

The experimental results are summarized in the
following figures, Fig. 3 shows the result of spectral

analysis of I(t) by means of a premonochromator with
a spectral resolution of about 200 & at X = 5000 k.

4250 A
i 5460 A°
B |
g' | ——- 6800 A°
0 . |
:E .--___2__—__—_ - — __ 3100 A’
A N 7500 A°
0

%

Spectrum at 50ns

—
spectral

resolution

3000 4000 5000 6000 7000  Ag

1 . l 2 n . >
40 60 80 100 tns
Fig. 3
I(t) for a few wavelengths (vertical scale arbitrary),
Argon, 1 atm. € = 1 J. Laser pulse shape also shown ;
the vertical arrow shows time of breakdown,

oo
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Each curve corresponds to one wavelength and the inset
shows the spectral profile at one instant near maximum
brightness. These very crude measurements are an indi-
cation of the predominance of the continuum over the
line emission during the period of interest.

Fig. 4 shows I(t) for different pressures, Notice
that, when the pressure increases, the curves are dis-
placed towards eardier times, their gross shape remai-
ning unchanged in that part which occurs before break-
down (the latter is represented by a vertical arrow for
each pressure). Light emission from the gas is clearly
detected as early as 20 to 30 nsec before breakdown.
At such times, the laser power is less than 1/10 th of
the threshold, i.e. the minimum peak power to cause
breakdown, which is indicated for 1 atm., by the hori-
zontal dashed line, marked (Pth)

latm.

Around the time of breakdown, light emission increa
ses approximately exponentially during 20 to 30 nsec,
In order to interpret this observation in terms of elec-
tron density, it should be noted that, before breakdown,
the degree of ionization of the gas is still low and the
light must be emitted mainly by free-free bremsstrah-
lung due to electron-neutral collisions ; I(t) should
therefore be proportional to the free electron density
in the observed volume. At breakdown and immediately
after wards, electron-ion collisions are prevailing and
I(t) should be proportional to the square of electron
density.

Fig. 5 shows the influence of laser energy (€) on
the early gas emission. An increase of € from 0,6 J up
to 1J does not alter very much the gross shape of I(t)
but shifts this curve to earlier times through about
60 ns. It has not been possible to draw a reproducible
brightness curve for € < 0,6 J.

Fig. 6 shows I(t) for different gases at 1 atm and
€ = 1 J.

Finally, Fig. 7 summarizes the general behaviour
of the brightness I(t) in correspondance with the laser
power P(t). The scale for I and P is arbitrary. If it is
assumed that ionization is complete at maximum bright-
ness, the free electron density, N, is then about
10'° c¢m?® ; if, furthermore, I is taken to be proportio-
nal to N, as the case should be for emission by electron-
neutral bremsstrahlung at constant temperature, then,
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I(t) for various argon pressures, € =~ 1 J,

at the foot of I(t), N should range between 10° and
10'2 em™3 corresponding to 10" to 10’electrons in the
focal volume (10‘5cm3). If account were taken of elec-
tron-ion collisions beyond breakdown, and also of tem-
perature variations, then still larger numbers would
have been found for the minimum observable N, This is
an indication that the photomultiplier method is not
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Summary of observationsfor a pressure of order 1 atm,
Vertical scale for I and P is arbitrary.

enough to detect the initial or priming electrons

for a definition, see "Discussion'below). Probably, when
meaningful signals start to be detected by this method,
the breakdown process has already developed into the
avalanche stage, (which is treated in detail elsewhere),
This could provide a method of studying the growth of
cascade ionization ; there is, however, a difficulty
here, in that it is not easy to account for the role of
temperature in the light emission from the focal volume,

Proportional counters®’%?’

Fig. 8 is a sketch of a measuring device®, showing
the laser beam traversing a pyrex chamber containing
two spherical bronze electrodes, 50 mm in diameter, to
which is applied a dc potential difference varying bet-
ween O and 40 Kv. The laser beam crosses the common
axis of the electrodes, a few millimeters above the
surface of the lower one (cathode). The n_ electrons
which are released by the laser pulse in this region are
accelerated by the dc electric field and thus can ionize,
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Proportional counter with spherical electrode.

by collision, the molecules of the ambiant gas. The
resulting free electrons are also accelerated and the
cascade process goes on, giving rise to a growing ava-
lanche of charges which can easily be detected when

they reach the anode. If the total space charge, n, does
not exceed the critical value (10° elementary charges)
leading to the formation of a streamer® » then the ampli-
tude of the voltage pulse in the high voltage circuit is
proportional to the initial number of free electrons in
the focal region, assuming the time constant of the load
is large enough (a few tens of usec), It is clear that
the maximum amplification factor M = n/n., is of the
order of 10% ; but since 10° charges is already enough
to give a detectable pulse of 1 mV (if the load capacity
is of the order of 10 pF), an amplification of only 10°
will allow one to detect a single initial electron.

Of course, the amplification factor, M, must be
decreased as the expected number of initial electrons
increases, so as not to exceed the streamer limit. This
is done by dereasing the high voltage, for given gas
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and pressure, Because of the stochastic nature of

the cascade process, M only represents the average value
of a number of measurements, the dispersion of which
decreases as p,_ increases. M is determined either by
direct calibraEion, using a known value of n,, or by
computation, using the known values of Townsend and
attachment coefficients,

The analysis of experimental results often requires
a knowledge of the volume in which every free electron
gives rise to an avalanche. In the case of fig. 8, this
is grossly the volume limited by the surface of the
spheres and the circumscribed cylinder, and the amplifi-
cation factor is function of the initial position of the
priming electron., In practice, one can take M to be
constant over about 20 mm along the laser beam axis, The
cylindrical counter’ with coaxial electrodes is superior
in this respect, because M is not sensitive to the ini-
tial position inside the counter (see fig. 9)

Fig. 10 shows experimental results obtained with a
counter of the type in fig. 8 ; curves of n_(number of
electrons released by the laser pulse) agai%st Pm (peak
laser power) are drawn for CO, at different pressures
and a focusing lens of 75 mm %ocal length (f;), using
an Nd : glass laser with 40-nsec. pulses. The vertical
bars define the dispersion of measurements, For each
pressure, P, has a minimum value, Pj, below which
no electrons are detected. This value is to be distin-
guished from the laser-induced gas breakdown threshold,
P., which is much higher (>20 MW for p<200 torr).

In between P, and P , the curves exhibit three
distinct regions * ¢

Laser beam

L — T
- T T -~
-— t T -}
} l__. Aﬂdc wire
| s Sensitive
I volume |
l 4
I l l | Cathode
Gasflow
Fig. 9

Proportional counter with cylindrical electrodes.
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a) an initial abrupt rise of n, from zero to 10 or 100;

b) an intermediate region where nt ~ Px , with k

R

2

c) an approximately exponential region, ending up in
complete laser-induced gas breakdown,

The initial abrupt part is probably to be identi-
fied with results obtained with a cylindrical counter’
apparently, the range of powers used there was not
sufficient to cover the three regions observed here
(except, perhaps, in the case of COZ)'

.
’

nt b
108}
108,
10°L
p=100torr X /
102} /}/
A il
p=50torg) s
I ’, /p=20torr
1 ) v '. 1 S
1072 10" 1 10 Py MW
Fig. 10

Number of priming electrons, n_,, as a function of peak
laser power, P ; f; = 75mm is the focal length of the

m
focusing lens; gas:COZ; laser wavelength : 1,06y
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As regards stage (C), one is tempted to link it
up with the exponential part of the brightness curve
(fig.4) in the sense that, in both cases, the breakdown
process has developped to the point where the laser
light gives rise to cascade ionization of the gas. It
must be kept in mind, however, that the counter inte-
grates the electron production over the pulse duration
while the photomultipliers respondes to the instanta-
neous population of electrons. )

Fig. 11 shows typical curves of the minimum power,
Pj, as a function of pressure, p, for a couple of focal
distances, f1=75 and 2500 mm. Below a pressure of some
tens of torrs , P, scarcely depends on p while, at
higher pressures, the slope of the curves lies between
-1 and -2. Similar results have been obtained for mole-
cular hydrogen and for a ruby laser®

Pig KW
10%
f1=2500mm
103}
f1=75 mm
103
10 . .
1 10 102 p.torr
Fig. 11

Minimum power, Pj, as a function of pressure, p, for

different focal distances ; gas : CO2 ; laser wavelength
1,06y,
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As regards absolute values, P, is of the order of
a megawatt at pressures of about 100 torrs 3. this value
is not very sensitive to the nature of the gas (CO2,H,p,
NZ,A,He,Kr) nor to the difference in wavelength between
ruby and neodymium glass ; it only increases by a factor
of 10 when focal distance increases from 75 to 2500 mm.

Finally, the light flux corresponding to P; is
about 10° to 10!° W/cm?2, for f1=75mm, This result is in
order of magnitude agreement with results on C02, obtai-
ned in reference 7.

DISCUSSION??1?2s11

In order to explain the production of free electrms
during the early stages of breakdown, which we are in-
terested in, one can think of two different mechanisms :

a) photoionization of neutral particles by one or
more (say k) photons "acting together" so as to climb
the potential barrier!?: this is the photoelectric ef-
fect of order k and gives rise to the so-called initial

or priming electrons ;

b) cascade ionization : this is due to free-free
"photon absorption by electron-neutral collisions, lea-
ding to an increase of electron energy, followed by neu-
tralsionization by electrons (like in microwave break-
down) ; at least one priming electron is required to
start this process.

(It is generally admitted that cosmic or other high
energy radiation do not produce more than 10 electron-
ion pairs per cm® and sec, and that the equilibrium con-
centration of negative-positive ion pairs does not ex-
ceed 10%cm~ ¥ at NTP!3, This, together with direct ex-
perimental evidence (e.g. reference 2), shows that back-
ground sources of electrons are not to be worried about),

The evolution of the free electron density N, in a
gas of neutral particles of density N,, under the action
of a photon flux F, is then given by

dN k
at =a kNoF + bNoNF (1)

where a8 and b are constant coefficients, and k is the
smalles% integer such that k times the photon energy
exceeds the ionization potential (photoelectric effect
of order k) ; for simplicity eq. (1) overlook loss terms
(attachment, recombination and diffusion) and electron-
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ion collisions (the ion density being negligible in
early stages).

The photons will be considered to be delivered in
a pulse of duration T and amplitude F = Pm/s, where T
is the half-power width of the laser pulse and Py its
peak amplitude, and s the area of the focal spot, By
integration of (1) with suitable initial and boundary
conditions, and neglecting the second term on the r.h.s,
the minimum flux necessary to produce one free electron
in the volume v under observation, is then found to be

1/k

Fi = Pi/g = CR v)~ (2)

-1/k

which is proportional to p , Since No ~ D

When F > Fi’ it is found that the total number of
electrons set free in the volume v at the end of the

pulse is :

n = a

k
T
¢ kF No v (3)

When the photon flux is much larger than Fi’

a
k- bN F
nt::'—bliFleoT'v

which is exponential in F when bNoFT is large enough.

(4)

If the photon flux is not spatially homogeneous,
the v in the above formulae is an "effective'" volume
over the flux distribution.

Let us now proceed to compare these equations with
the experimental results, fig. 10 and 11, From (3) and
(4), the slope a = d(log nt)/d(long) is equal to k_or
k-1 + bN,TF, respectively. Thus, o should always be
greater than k and increase with F steadily, Also, for
a given F, o should increase with p (i.e N_). Neither of
these predictions is verified experimentally in the range
of parameters considered here,

Also, according to ref. 2, the slope
B = d(log F;))/d(logp = d(logF;)/d(log- N,) should be
equal to -1/k. For the gases and photons employed here,
k is about 10 to 20 , so that B should be very small,
which fig. 11, for instance, shows not to be the case,
except at pressure lower than a few tens of torrs.
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Finally, one can compare experimental values of
F; with the values deduced from eq.2 by injecting the
coefficients ak given by measurements of the multi-
photon effect!® , done at low pressures (<2x10-® torr)
so that cascade ionization is absent, It appears that
multiphoton ionization of the main gas (COp,H;,N.,H,,
etc.,) is hardly probable in the present experiments
(at p>50 torrs) because the photon fluxes involved are
much too low,

One would then conjecture that impurities of low
ionization potential are present among the main gas
molecules and give rise to the priming electrons '!*!%
However, the concentration of impurities should be in-
dependant of pressure, which make it difficult to ex-
plain why doubling the pressure can result in a increa-
se of the electron yield by a factor larger than 10, at
constant light flux (see fig. 10), The fact that the
slope B (fig., 11) is of the order of -1 or less is also
hardly accounted for by the presence of impurities. The
above considerations apply all the more to breakdown
induced by COj lasers'® since the photons, there, are
ten times less energetic than those of Nd : glass lasers

Another conjecture could be that, at pressures hig-
her than about 10 torrs, some sort of permanent, absor-
bing!? or transient, "macromolecules" are formed with
the molecules of the main gas, their size and/or con-
centration depending on pressure, For a given pulse du-
ration, a minimum power would be required to ionize
these particles (viz P;). Would this critical value be
reached, a large number of electrons could be liberated
simultaneously, but once the particles were blown off,
the only remaining mechanism for the production of free
electrons would be cascade ionization.

This rough scheme is compatible a) with the
sharp initial rise of N, (P) for low P;'s, followed by a
bend going into an exponential, and b) with the strong
inverse dependance of Pi on p.

On top of any such mechanism, which remains to be
assessed, multiphoton ionization of impurities could
also occur, and it would be useful to estimate the rela-
tive importance of the two phenomena. One way to do so
is to analyze the products of ionization by means of a
mass spectrograph and hence determine the concentration
of impurities in the main gas.
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In conclusion, it may be noted that a large amount of
effort has been spent to build a theory of the avalanche
process !%,11 18 "The present theories appear to be
quite successful in predicting breakdown thresholds,
This, however, is only a global test of the theory, and
it is very much desirable that a direct experimental
study of the cascade be carried out (e,g., the e-folding
time as a function of pressure, gas and light flux). In
principle, the proportional counter could be employed
for this purpose,by measuring nt as a function of the
variables,
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EXPERIMENTS ON SELF-FOCUSING IN LASER-~PRODUCED PLASMAS *
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ABSTRACT

Recent investigations of laser induced gas breakdown have
revealed a number of phenomena which are compatible with the
occurrence of self-focusing at the time of breakdown. Some
examples of the effects observed are: 90° Bcattering of laser light
from regions having transverse dimensions as much as an order of
magnitude less than the diameter of the focal volume, intense for-
ward scattered radiation at a wavelength close to that of the laser,
and plasma filaments of V10U diameter which have been detected by
means of high spatial resolution, sub-nanosecond, Schlieren photo-
graphy and interferometry. In this talk the large amount of
experimental evidence for self-focusing is reviewed and a number of
possible mechanisms discussed.

INTRODUCTION

The first indication that self-focusing might be associated
with laser-produced plasmas was reported by Basov et al.! who
observed the creation of long sparks, extending over a distance of
V2 meters, in air by means of weakly focused neodymium:glass laser
radiation. Although this observation was explained in terms of the
temporal variation of the laser beam divergence, the possibility of
self-focusing leading to the observed effects was also introduced.
Within a short time a similar suggestion was made by Korobkin et
al.? who carried out a detailed study of the spark in air produced

-

Talk presented at the 2nd Workshop on 'Laser Interaction and
Related Plasma Phenomena', Rensselaer Polytechnic Institute,
Hartford Graduate Center, Aug. 30 - Sept. 3, 1971.

Reprinted from: Laser Interaction and Related Plasma Phenomena, Vol. 2, H. Schwarz and H. Hora (eds.),
Plenum, New York, 1972, pp. 155~175.

143



144 A. J. ALCOCK

(a) (b)

Film

Fig. 1 (a) Experimental arrangement used to obtain high magnific-
ation time integrated photographs of air sparks by means of
laser radiation scattered at 90°: L;-focusing lens; La-
imaging optics; LS-spark; F-narrow band filter. (b) Spark in
air showing filamentary and discrete scattering regions. The
direction of the laser beam is from right to left.

by means of a 100 MW, Q-switched ruby laser. From photographs of
the spark, obtained with the scattered laser radiation emerging at
90° to the beam axis, and laser-illuminated shadowgraphs, the
authors concluded that a number of discrete breakdown regions were
formed during the development of the plasma. Although this phenom-
enon was discussed in terms of a radiation wave mechanism the
authors also referred to earlier theoretical work by Askaryan and
Litvak" who discussed the possibility of intense electromagnetic
radiation being trapped within a plasma.

EXPERIMENTAL STUDIES IN THE NANOSECOND REGION .

Shortly after the possibility of a connection between self-
focusing and plasma production with lasers had been pointed out,
additional studies of spark structure, carried out by means of
scattered light photography, were reported.>’® In the case of (5)

a multimode ruby laser, Q-switched by means of a rotating prism,
was used to investigate sparks produced in hydrogen, nitrogen,
oxygen, carbon dioxide, chlorine, methane and inert gases. The
results obtained indicated a bead-like structure in molecular gases,
when the laser power was slightly above threshold, and the forma-
tion of fork-like scattering regions as the laser intensity was
increased. Further studies of the polarization of the scattered
light were carried out and from these, and photographs taken simul-

taneously in two directions, it was concluded that a "surface"
scattering process was responsible for the observed structure.
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Fig. 2 Experimental arrangement used to detect forward scattered
radiation emerging from a laser spark: L;, L,-lenses;
LS-spark; NF-neutral density filters; RF-narrowband filter;
SC-obstacle.

Some evidence for much weaker scattering was also obtained in the
case of noble gases, and in particular, the authors noted the
appearance of 3 to 5 widely separated scattering points in the case
of argon.

Somewhat different results, obtained with a passively Q-
switched ruby laser, operating in a single axial and transverse
mode, were reported by Korobkin and Alcock® who investigated sparks
in air by means of the scattered laser radiation emerging in the
forward direction and at approximately 90° to the laser beam axis.
Photographs of the sparks were obtained with a spatial resolution
of "5 using the type of experimental arrangement shown in Fig.
1(a). The diffraction limited laser beam which had a divergence of
0.5x10"% radians was focused by means of a 10cm focal length lens
and the highly magnified image of the breakdown region was recorded
on infrared film using a narrow band filter to select only the
scattered laser radiation. A typical result, obtained with the aid
of this technique, is presented in Fig. 1(b) where it can be seen
that the scattered radiation originated in filamentary regions
having a diameter which did not exceed the resolution of the optical
system. Thus the transverse dimensions of the scattering region
were at least an order of magnitude smaller than the estimated focal
spot diameter of 50u.

The strong resemblance of the filamentary scattering region
to the self-focusing of intense laser radiation in liquids prompted
an investigation of the forward scattered radiation and, using the
arrangement shown in Fig. 2, forward scattered light emerging from
the focal region was detected both photographically and photo-
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Fig. 3 (a) Photograph of forward scattered light. (b) Oscilloscope
trace showing both the incident laser pulse and the
forward-scattered pulse.

electrically. Photographs of the forward scattered radiatiom, such
as that shown in Fig. 3(a), revealed that the scattered radiation
from an air spark emerged in a well-defined cone having an included
angle of Vv30°. When the camera was replaced by a planar photodiode
coupled to a Tektronix 519 Oscilloscope it was found that, within
the 0.5 nanosecond resolution of the detection system, the scatter-
ed light was produced at the instant of breakdown* and had a rise-
time which could not be resolved. As shown in the oscilloscope
trace of Fig. 3(b), the peak power of the forward scattered light
corresponded to approximately 30% of the incident 3 MW pulse.

Having confirmed that the polarization of the forward scatter-
ed radiation was always the same as that of the incident laser
light, its coherence was also investigated by allowing two beams
emerging at opposite sides of the cone to interfere with ome
another. The results of this test clearly demonstrated that the
forward scattered light was coherent and on the basis of this
observation, the spatial distribution of the scattered light, and
its intensity relative to that of the incident beam, it was

*
ie., the time at which the transmission of the non-scattered
laser radiation decreased sharply.
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considered unlikely that scattering from the plasma alone could
account for the observed effects.

Although the above results, obtained in air, were initially
interpreted in terms of self-focusing in the neutral gas it was
clear that much additional evidence was needed to confirm the
presence of self-focusing effects and to determine the processes
involved. Valuable experimental data has been provided by more
detailed studies of scattered laser radiation which were carried
out by a number of authors.’?%’® Both Ahmad et al’ and Tomlinson®
carried out quantitative investigations of the fraction of incident
laser radiation scattered at 90°, On the basis of results obtained
in helium’ and a number of gases8 it was concluded that the scat-
tering was not Thomson scattering but was probably due to reflec-
tion from regions of high electron density. An important, addi-
tional, feature of both of these investigations was the emphasis
given to the transverse dimensions of the source of scattered laser
radiation. In the model proposed by Ahmad et al,,the geometry of
the optical system, used to collect the scattered light, was taken
into account, and, on the assumption of reflection from a spherical
shock front, it was predicted that the image of the reflecting
region would have transverse dimensions corresponding to the dif-
fraction limit. Although it was suggested that anomalous features
of previously reported streak photographsIo might be due to this
'apparent' reduction in the dimensions of the reflecting surface,
no direct comparison was made with time integrated photographs
obtained by means of scattered radiation. Such photographs were
presented by Tomlinson® who applied both time-integrated and high
speed streak photography to sparks produced in atmospheric pressure
air and argon by the 5 MW, 30 nanosecond pulse from a rotating-
mirror Q-switched ruby laser. When obtained with scattered laser
radiation, both photographic techniques revealed the existence of
discrete scattering centres having dimensions apparently less than
the 14y resolution limit of the recording optics. In the case of
air these scattering centres were sufficiently close to one another,
along the axis of the focal region, to form an almost continuous
scattering 'filament', while it was noted that the centres in argon
were clearly separated. The possibility that self-focusing might
be occurring in the plasma sometime after the beginning of the
ionization process was proposed as an eéxplanation for the observed
structure.

A similar suggestion was put forward by the author and co-
workers® following a detailed study of sparks produced in a number
of gases by means of the 4 MW peak power, 10 nanosecond, pulse
from a passively Q-switched sin%le—mode ruby laser having a
measured linewidth of 0.003 cm ~ and a full angle beam divergence
of 0.63 milliradians. The gases investigated were nitrogen, freon,
methane, helium, argon, neon, krypton and xenon, and the pressure
was varied in the range from 760 to 9000 Torr. Time-integrated
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Fig. 4 Photographs of ruby laser light scattered at 90° from
sparks in (a) nitrogen at 3800 torr and (b) argon at 1800
torr. The direction of the laser beam is from left to
right.

photographs having a spatial resolution of V5u were obtained in
nitrogen and argon and typical results are presented in Fig. 4.
The two photographs in this figure demonstrate both the small
transverse dimensions of the scattering regions and the sharp con-
trast between the spatial structure observed in the molecular and
noble gases. In all cases the transverse dimensions of the scat-
tering regions did not exceed the resolution of the optical system
even though the Gaussian beam from the laser was focused by several
different lenses to give estimated focal spot diameters as high as
30 microns. In addition it was found that the spacing of the
scattering centres in noble gases was not only a function of the
type of gas but decreased from a value of several hundred microns
as the pressure was increased from 760 torr. This result showed
very clearly that the observed structure did not result from
intensity variations in the focal region, produced by spherical
aberration of the focusing optics.!!

Image-converter streak photographs of the scattering regions
were also obtained and typical results, such as those presented in
Fig. 5, show both the smoothly developing scattering filament
characteristic of molecular gases (Fig. 5a) and the smaller dis-
crete centres which develop at intervals of a few nanoseconds in a
gas such as argon (Fig. 5b). Similar photographs (Fig. 5c),
obtained with the visible radiation emitted by the argon plasma
itself, confirmed that these small scattering points did in fact



EXPERIMENTS ON SELF-FOCUSING IN LASER-PRODUCED PLASMAS 149

Nitrogen

10 nsec

—
1 mm

(a) (b) (c)

Fig. 5 90° streak photographs showing longitudinal development
of sparks (a) scattered laser light from nitrogen at 3800
torr (b) scattered laser light from argon at 1800 torr
(c) visible radiation emitted by spark in argon at 1800
torr. The arrow indicates the direction of the laser beam.

correspond to isolated plasma blobs.

An examination of the forward scattered radiation emerging from
the sparks produced in noble gases yielded a number of unexpected
results. The latter were obtained by detecting light emerging in
the forward direction both photoelectrically and photographically,
and oscilloscope traces showing the radiation emerging from a spark
in argon at 8300 torr are presented in Fig. 6. On each oscilloscope
trace the incident laser pulse is displayed as the first half while
the second, delayed, photodiode signal shows the forward scattered
light transmitted by a narrow band interference filter centred at
the laser wavelength. In the absence of a spark equal signals
were obtained from both detectors. Fig. 6(a) shows the effect
observed when only radiation travelling in the same direction as
the incident beam was permitted to reach the second photodiode.

In this case the occurrence of breakdown was accompanied by the
apparent absorption of approximately 80 percent of the remainder

of the pulse. However, when all scattered light, emerging at angles
up to 30° from the forward direction was collected, the output of

the second detector corresponded to the trace displayed in Fig. 6
(b). This observation revealed that more than 80 percent of the
incident pulse emerged from the focal region and that the true
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Fig. 6 Oscilloscope traces showing forward scattered ruby laser
light in argon at 8300 torr. The first signal on each
trace corresponds to the incident laser pulse, while the
second shows the forward scattered pulse. (a) signal
obtained when only non-scattered laser radiation is per-
mitted to reach the second photodiode. (b) signal obtained
by collecting all light, at the laser wavelength, emerging
from the focal region at angles up to 30° from the forward
direction. The two detectors were normalized to give
equal signals when no spark was produced.

absorption was in fact quite small. Although the largest signals
were observed in the case of argon,similar results were obtained
with all the gases investigated, and in all cases the polarization
of the scattered radiation was found to be the same as that of the
incident light. Both the incident power and the gas pressure
determined the time at which breakdown occurred, however it was
found that the ratio of the scattered radiation's maximum intensity
to that of the incident light did not vary by more than "V10%.

An additional property of the forward scattered radiation,
revealed by recording it photographically, was the dependence
of the angle of emission on gas pressure. This effect is illus-
trated by Fig. 7 which shows the scattered laser light emerging
from argon sparks at pressures of 760 and 9000 torr. These photo-
graphs were obtained by using an obstacle to block out the direct
laser radiation transmitted through the focal region and permitting
only light that passed the obstacle to fall on the photographic
film after passing through a narrow band filter. Fig. 7(a) shows
scattered light emerging at an angle of V5° from the forward
direction when a spark was produced in high pressure argon. At
lower pressures the higher power required for breakdown resulted in
a noticeable leakage around the obstacle, however, in the case of
atmospheric pressure argon the radiation emerging at an angle of
90 was clearly visible, (Fig. 7b).

An investigation of the spectral characteristics of the
scattered radiation was also carried out and this revealed a
slight broadening of the spectrum towards longer wavelengths in the
case of molecular gases, while both anti-stokes shifts and a
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(a) (b)

Fig. 7 Forward scattered laser light in argon. a) Pressure of
9000 torr. b) Pressure of 760 torr.

spectral width of A0.1 cm ! were observed in noble gases. In the
latter case the intensity of scattered radiation permitted the
pressure dependence of the shift to be measured, and it was found
that it decreased smoothly from an initial value of 0.2 cm_l, at a
pressure of one atmosphere, and could no longer be resolved at a
pressure of V7000 torr. Although it was expected that the non-
linear effects associated with a self-focusing process might influ-
ence the spectral properties of the scattered radiation the shift
observed in the case of noble gases strongly resembled a Doppler
shift due to rapid motion of the 'scattering' source. However, it
is by no means clear why a similar effect was not observed in
molecular gases, and this discrepancy still lacks a satisfactory
explanation.

Although ,at the present time,the processes responsible for
the spatial and spectral characteristics are not fully understood
the high intensity of radiation emerging in the forward direction
does provide a strong indication of self-focusing, particularly
if it is assumed that the sources for 90° scattering and forward
scattering are one and the same. However, the need for more
direct evidence has prompted recent investigations where either
high resolution Schlieren photography'? or interferometry!?® have
been applied to study the initial development of the spark plasma.

Key et al.!? used a Nd:glass laser, operating in the pulse
transmission mode to produce breakdown in atmospheric pressure
argon. By passing part of the same laser beam through a gas break-
down cell,the 1 nanosecond rise time, 6 nanosecond duration, pulse
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was cut off to yield a 1 nanosecond pulse, which after frequency
doubling and an appropriate optical delay, illuminated a
Schlieren system. Photographs with 5y resolution revealed
filamentary regions, of high refractive index gradient, having a
diameter less than 10U and running between blobs of plasma sepa-
rated by several hundred microns. The use of interferometric
techniques by Richardson and Alcock!3 has permitted the identi-
fication of the observed filaments as extremely narrow channels
of high density plasma. The same single-mode ruby laser, used

in previous studies, was employed in the experimental arrangement
shown in Fig. 8 and interferograms of sparks were obtained with
a temporal resolution of V700 picoseconds and a spatial resolution
of V10p. As can be seen from the schematic diagram of the exper-
iment, the oscillator beam was split into two parts, one of which
passed through a subnanosecond electro-optical light gate, while
the other passed twice through an amplifier red to yield peak
powers of V20 MW. The 1 MW peak power, 700 picosecond long,
pulse transmitted by the polarizer-Pockels cell combination
illuminated a conventional Mach-Zehnder interferometer while the
amplified output from the oscillator was focused, with a 15 cm
focal length lens, into a pressure cell situated in one arm of
the interferometer. By means of appropriate optical delays the
interferometer could be illuminated at various times within the
first few nanoseconds after the initiation of breakdown, and,
since the subnanosecond probe pulse was polarized orthogonally

to the main laser beam, the orientation of a polarizer permitted
either the interferogram or scattered light to be recorded.

The intensity distribution of the high power radiation
within the focal region was investigated, by recording the light
scattered from a dilute solution of milk, and revealed that the
full width of the focal spot was Vv190u at the half power points
(Fig. 9a). An independent confirmation of this value was
obtained by comparing the minimum power required for breakdown
in argon with previously reported measurements of the breakdown
threshold. °

Interferograms were obtained in a number of gases at pres-
sures in the range of 0.5 to 8.0 atmospheres and examples of the
results obtained are presented in Figs. 9 and 10. In Fig. 9
a series of interferograms, obtained at various times after
breakdown in atmospheric pressure argon, provides a clear indica-
tion of how the plasma develops. As can be seen from the figure
a filamentary region, with a fringe shift corresponding to a
negative~going refractive index change, is created first at the
time of breakdown (Fig. 9b). This filament, which initially
has transverse dimensions of no more than 13u, rapidly develops
to a length of 300U at which time a larger region of plasma
is formed at the end of the filament farthest from the laser
(Fig. 9c). As the filament continues- to move rapidly towards
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Fig. 9

A. J. ALCOCK
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Subnanosecond interferograms of breakdown in argon at
760 Torr; (a) laser light scattered by dilute solution
of milk in focal region; (b) interferogram of spark
obtained at time of breakdown; (c) and (d) show inter-
ferograms obtained 4 nsec and 10 nsec after breakdown
respectively. The laser beam is incident from the left.
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Fig. 10 Variation of electron density and maximum filament
diameter along filament length, for the interferogram
shown in Fig. 9c.

the laser additional blobs of plasma are generated at intervals
of 200-400u and following their formation the filament between
them gradually decays (Fig. 9d).

From such interferograms an estimate of the average electron
density in the direction of the illuminating beam can be obtained
by assuming that the contribution of ions and neutral atoms to
the refractive index change is negligible. Thus from the width,
d, (cm) of the region where fringes are displaced, and the fringe
shift, S, the average electron density, T, is given by

fe = 3.25 x 1017 sa7! 3

For the interferogram of Fig. 9c the width of the plasma filament
and the average electron density are plotted in Fig. 10. As can
be seen from this figure the electron density has a maximum
value of V8 x 1019 cm=3 near the end of the filament closest to
the laser.

In the case of the larger regions of plasma which develop
along the length of the filament, regions of high electron density
are observed within a few nanoseconds after the blob's formation.
Such a high density core is clearly visible in the interogram
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Fig. 11 Subnanosecond interferogram of a spark in argon, at a
pressure of 760 Torr, obtained 5.5 nsec after breakdown
and showing the internal structure of the plasma blob.
The laser beam direction is indicated by the arrow.

of Fig. 11 and it appears likely that the discrete centres
observed previously by means of 90° scattered 1ight5’a’9
their origin in these regions.

have

In addition to the interferograms obtained in noble gases the
development of sparks in molecular gases, such as hydrogen, has also
been investigated. Although no extended filamentary regions of
plasma were detected, and the plasma expanded smoothly during
the laser pulse, the results indicated that the plasma developed
initially in the form of small filament and then expanded
rapidly behind the filament as it progressed towards the laser.

The direct observation of filamentary plasma regionms,
having transverse dimensions more than an order of magnitude
smaller than those of the focal region, has provided the most
significant evidence for self-focusing in laser-produced plasmas
reported so- far.

EXPERIMENTS INVOLVING SUBNANOSECOND LASER PULSES

Although all of the results described above were obtained
with lasers generating pulses longer than a nanosecond, a number
of similar observations were made on sparks produced by means of
sub-nanosecond pulses. Both 90° scattering and forward-scattering
from sparks produced by mode-locked ruby and neodymium:glass
lasers have yielded preliminary evidence for self-focusing!®
as has an examination of the spectral structure of the forward
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Fig. 12 Time-integrated photograph of spark produced in air by
mode-locked Nd:glass laser. The photograph shows
second harmonic laser radiation scattered at 90° to the
incident beam. A 2 cm focal length lens was used.

scattered light.}® These experiments were carried out with a
mode-locked neodymium:glass laser and a mode-locked ruby laser
generating pulses of 5 and 30 psecs respectively. Peak powers

of V4 GW were obtained from the glass laser, in a beam which had
a divergence of V2 milliradians, while the ruby system generated
pulses of 100 MW peak power and operated in a single transverse
mode to yield a diffraction limited beam divergence of 0.5 milli-
radians. Light scattered at 90° from sparks in air was detected
photographically be means of the scattered ruby laser light or a
second harmonic beam which was generated co-linearly with the
neodymium laser radiation. In both cases it was found that the
scattered light emanated from a number of discrete points dis-
tributed along the axis of the focal region (Fig. 12). The scat-
tering centres bore a strong resemblance to those observed previ-
ously with nanosecond pulses and noble gas breakdown, however, it
should be noted that in this case the sources of scattered light
correspond to different breakdown regions formed by successive
pulses in the mode-locked train. A more significant feature of
the scattering points was their small diameter (£ 5u) which,

as in the nanosecond case, was found to be independent of the
focusing lens used. Since the measured beam divergences indicated
focal spot diameters varying from 25 to 200u, and time-integrated
measurements of the near and far field patterns provided no
evidence for filamentary structure, it again appeared probable
that some type of self-focusing mechanism was involved. Addition-
al evidence was provided by observations of the forward scattered
light and as can be seen from a typical result, obtained with

the mode-locked ruby system, (Fig. 13), the scattered radiation
emerged from the focal region within a cone of 159-200 included
angle. As described already in the preceding section an obstacle
was used to block the laser light transmitted directly through
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(a) 20° (b)

Fig. 13 Photographs of forward scattered radiation when the
mode-locked ruby laser beam was focused by means of a
5 cm focal length lens. In (a) no spark was produced.

the focal region. Similar measurements made with either laser
and a photodiode detection system revealed that approximately
10% of the incident power was transmitted beyond the obstacle
when breakdown occurred. A study of the spectral width of this
transmitted light was carried out with the neodymium:glass laser
and indicated a broadening from the initial laser linewidth of
n75 8 to a value of 200 &. Unlike the results obtained with
nanosecond pulses of single-mode laser radiation the broadening
occurred towards both longer and shorter wavelengths with the
shift to longer wavelengths being slightly greater. So far these
observations have not been augmented by more detailed studies,
however, the spectral broadening does indicate the presence of

a non-linearity compatible with self-focusing effects.

Although similar observations of micron scale scattering
centres have since been reported16 only one experiment has
indicated the occurrence of self-focusing when breakdown is pro-
duced by means of a single picosecond pulse. This investigation
was carried out by Bunkin et all? Who used a 2 GW ruby laser
pulse, with a duration in the range of 20-100 psec., to produce
breakdown in air, nitrogen and argon. With the laser intensity
reduced well below the value required for gas breakdown, both
the diameter of the beam and the intensity distribution in the
focal region were measured by means of the fluorescence from
a solution of Rhodamine 6G in ethanol. In addition to revealing
a Gaussian intensity distribution in each section of the beam
measurements performed with a 15 cm focal length lens yielded a
minimum cross section of “200u.

When sparks were produced in air and nitrogen, time-integ-
rated and high speed streak photographs showed that a number of
discrete breakdown regions separated by distances of 1.5-2 mm
were formed in the vicinity of the focus. In some instances the
individual breakdown points had dimensions less than 15u and,
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from streak photographs, appeared to develop in the direction of
propagation of the laser radiation with a velocity comparable

to that of the actual pulse. Since the laser intensity decreased
by a factor of 2 only 0.2 mm from the focus, neither of these
observations could be accounted for without invoking a self-
focusing process. Further evidence was provided by the observ-
ation of scattered laser radiation at power levels slightly below
those at which the breakdown points appeared, and by measurements
of the actual threshold intensity. The value of 3.5 x 10%? W/cm?
was considerably smaller than that required to create a spark
when the beam was focused to a 17y diameter spot by a short focal
length lens. In view of the fact that diffusion effects are
negligible during a picosecond pulse such a dependence on the
dimensions of the focal region would not be expected under linear
focusing conditions. Although further experiments are required
these results appear to confirm the earlier suggestion that
self-focusing effects are associated with picosecond breakdown.

SELF-FOCUSING MECHANISMS

Although many of the experimental results described in the
preceding sections indicate the presence of self-focusing effects,
they do little to reveal the actual physical processes involved.
However, during the last few years a number of possible mechanisms
have been discussed and a brief review of these gives some insight
into the more probable explanations.

Since all of the experimental evidence obtained so far applies
to laser induced gas breakdown,self-focusing could occur during one
or more of the following stages of spark formation:-

a) immediately prior to breakdown in the neutral gas
b) during the cascade ionization process
c) after a high density plasma has been produced.

During each of these stages it is possible to identify non-
linear processes capable of producing refractive index changes of
appropriate sign. In the case of (a), either electrostriction
or the optical Kerr effect could provide the required nonlinearitg
and by using the expression for critical power derived by Kelley1
threshold powers have been estimated.’ The values obtained for
molecular and noble gases, at atmospheric pressure, are of the order
of tens of megawatts for electrostriction and gigawatts for the
Kerr effect. Thus in the case of nanosecond pulses, at power
levels of a few megawatts, a neutral gas process appears highly
unlikely since the Kerr effect threshold is much too high and
electrostriction requires both higher powers and longer pulse
durations. In addition self-focusing in the neutral gas would
inevitably lead to breakdown and a reasonable argument®’® can be
based on the fact that there is little evidence to support the
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hypothesis that self-focusing rather than cascade ionization
determines the breakdown threshold. However, processes occurring
in the neutral gas cannot be ruled out very easily in the case of
picosecond pulses where power levels may be well in.excess of the
Kerr effect self-focusing threshold.

Once the cascade ionization process, stage (b), has begun,
the neutral gas in the focal region is replaced by a mixture of
electrons, ions and neutral atoms with various degrees of excit-
ation. The presence of free electrons results in a reduction of
the refractive index which, in the absence of any compensating
effect, will eventually lead to a defocusing effect. However,
in many cases it appears likely that ionization occurs by photo-
ionization of excited atoms and that the populations of ioms, ex-
cited atoms and overexcited atoms (ie., atoms excited to within one
or two photon energies of ionization) are approximately equal.19
Since one would expect the absolute polarizabilities of the
excited atoms to exceed those of unexcited or ionized atoms it
is possible that the effect of the electrons might be cancelled
and a net self-focusing effect result. Although there appears to
be little experimental data on excited atom polarizabilities the
possibility of such an effect can be illustrated in the case of
argon where the observed polarizability of the 3P, state is 10722
and exceeds Ey approximately two orders of magnitude that of the
ground stateZ? The resulting refractivity at a wavelength of
70008 is v6x10~ 22 N,y while the electronic contribution is -2.3x
10722N_ (where No an& Njp1 are the densities of electrons and
excited argon atoms respectively). Although from the above it
is obvious that extremely high excited atom densities are required
to produce a significant change in the refractive index, ie., of
the order of 1%, it has been suggested that the effect of excited
atoms could be considerably enhanced due to the resonant character
of the nonlinear polarizability.12 Furthermore the presence of
excited molecules, at an early stage of the breakdown process
might well initiate the self-focusing effect and, although this
explanation has been proposed in the case of picosecond pulses,17
it might also explain some of the observed discrepancies between
molecular and noble gases.

Finally,the possibility of self-focusing occurring in the
resulting plasma, stage (c), must be considered since the exist-
ence of numerous nonlinear plasma effects is well known. However,
it appears that only two of these will be significant at the
relatively low power levels where most of the experimental
evidence for self-focusing has been obtained. Both of these pro-
cesses involve localized changes in plasma density which arise
either from thermal energy deposition or ponderomotive forces
governed by the intensity gradient across the focal region. These
mechanisms have been treated theoretically by Shimoda?! and Hora?2
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respectively and the minimum powers required to sustain a self-
trapped filament have been estimated. In each case the power
required is comparable to or less than the breakdown threshold and
thus it appears possible that such a filament could exist within

a laser produced plasma. However, in neither theory is any attempt
made to determine the self-focusing length and from an order of
magnitude estimate!? it is difficult to see how the ponderomotive
mechanism could account for the plasma filaments observed during
the very early stage of spark development. In a more recent con-
sideration of such effects Palmer?® has applied the stimulated
scattering theory of Herman and Grayzu to a dense plasma and
estimated the power densities required for the onset of several
stimulated scattering processes. Although the values obtained
indicate an extremely high threshold for thermal self-focusing
effects the results for ponderomotive self-focusing in a high
density plasma (Ne:1019) are compatible with observed breakdown
thresholds.

CONCLUSION

Although investigations of laser-induced gas breakdown,
carried out over a wide range of experimental conditions, have
yielded a substantial amount of evidence for self-focusing, a
satisfactory explanation for all of the observed effects is still
lacking. Several mechanisms which could have an important role
in such phenomena have been proposed and it appears that the
effect of excited atoms and molecules during the breakdown process
must be taken into account. However, before this can be done,
additional experimental data obtained from more carefully con-
trolled experiments, is essential.
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ABSTRACT

Measurements are reported in which laser pulses are
used to produce plasmas at tantalum targets biased as
cathode against an anode by a voltage U, = 30 to 200 kV.
The electron emission currents during 1oo nsec are a few
hundred amperes up to 1 kA. The brightness of the emit-
ted electron beams is more than a hundred times better
than in beams generated from comparable field emission
sources. The energy spread at 1oo kV anode voltage 1is
less than 800 eV. The measured high electron currents
cannot be explained by classical thermionic emission be-
cauﬁe space charge effects permit currents a factor of

less than observed. We suggest that self-focusing
filaments are created by the laser at the ends of which
the nonlinear force preaccelerates the electron in the
space-charge free surface region of the plasma up to
some keV energy. With such initial velocities the elec-
trons in vacuum are not restricted by space-charge
effects., Thus model also explains the independence of
the emission current J of the focusing, the linear con-
tinuation of the measured dependence of ﬂ on U and the
slope of J on the laser power P by a p3 law.

+Presented at the Second Workshop on "Laser-Interaction

and Related Plasma Phenomena" at Rensselaer Polytechnic
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INTRODUCTION

One of the early applications of a laser was to
heat solids in vacuum and measure the properties of the
electron emission. While a completely regular behavior
of the thermionic emission was established for laser
powers up to a few megawatts'~3 with emission currents
of a few milliamperes, very unexpectedly high currents
of up to 1oo ﬁmgeges were observed with laser powers ex-
ceeding 1o MW*>25°, Meanwhile emission currents of 1oo
amperes and more have been measuredT,8.

Electron currents of such magnitude are technolo-
gically important, e.g. for relativistic electron ring
accelerators (smokatron)9, where about 1013 and more
electrons of a beam of 10-8 sec duration are accelerated
beyond a few MV and formed into a ring by a nearly homo-
geneous magnetic field. The compressed ring consists of
a relativistically stabilized cloud of electrons which
can finally be accelerated. High current electron sour-
ces are also very important for the techniques of nu-
clear fusion with relativistic megaampere electron beams
10, This paper reports measurements of laser produced
electron currents and their properties of beam diver-
gence (brightness) and energy width, which are much
better than the properties of field emission cathodes,
used in smokatrons at present.

The problems entailed in explaining the anomaleously
high electron currents are discussed more qualitatively.
The classical description is not sufficient by orders of
magnitudes. We suggest a mode where a laser induced high
initial velocity of the electrons is concluded heuris-
tically on the basis of a nonlinear acceleration. This
mechanism should also explain why the field emission
cathode cannot, in principle, achieve the properties of
the laser produced electron emission principally.

EXPERIMENTAL SETUP

Two sets of apparatus were used, one for voltages
between the cathode and anode up to 60 kV and another
for voltages up to 200 kV. Figure 1 describes the first
apparatus. A Q-switched, two-stage ruby laser with an
energy output up to 8 joule, a pulse half-width of 17
nsec, and a beam divergence of 5 mrad was focused on the
cathode of a thick tantalum target. The focal lengths_
were 5 and 15 cm with focal radii of 2.5 and 7.5 x 10 “cm
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Fig. 1

Experimental setup for laser irradiation of a tar-
get biased by -30 to -50 kV against a collector
anode during the time of electron emission. The
switch-off after this time is performed by a laser
switched line.

respectively, resulting in 1010 W/cm2 intensities. The

target was within a grounded vessel of 10'6 torr pres-
sure. The total emission current was measured with an
anode as described in Fig. 1, while the cathode was
initially at a voltage of U = -30 to -6o kV. In order
to measure at the anode only the primary electrons and
not the following ions and to avoid a plasma discharge,
the voltage U_  was switched off at the time of the
arrival of thé fastest ions at the anode, corresponding
to the well known velocities!! of 10T cm/sec, by means
of a coaxial cable with a characteristic impedance Z of,
for example, 30f). This line was terminated at one end
by a series connection of an ohmic load R equal to Z and
a laser triggered spark gap (Fig. 1), the light of which
was taken from the primary laser pulse.

The second apparatus (Fig. 2) used a Bliimlein
cable to keep the cathode at & voltage of -200 kV for
the times before arrival of the ions at the anode. The
spark gap was triggered by a separate laser, while the
main laser was obliquely incident on a cathode designed
with a Pierce profile. The grounded anode had holes and
only the electron current passing through the central
hole was measured.
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Experimental setup similar to that in Fig. 1 with
a Blimlein cable biasing the cathode up to -200 kV.
The wavy arrow indicates the incident laser pulse.

RESULTS OF THE ELECTRON EMISSION CURRENT
Identification of the Current Carriers

It is not evident from the very beginning that the
measured negative currents are due to a free electron
beam from the cathode to the anode. Therefore, it is
necessary to identify the current carriers. The first
indirect argument that the current carriers are elec-
trons is as follows: It was found that the rise of the
current pulse coincided with the laser pulse within the
resolving time of the Tektronix 519. The cathode-to-
anode distance is 4 cm. For electrons of 30 keV this
means a transit time of about 0.8 nsec. The expansion
velocity of the plasma cloud is at least two orders of
magnitude smaller than the velocity of the electrons.
One method of direct identification of the current
carriers is the deflection in electric fields we used.

Figure 3 shows a sketch of the experimental arrange-
ment. The charge carriers fly through a hole (3 mm dia-
meter) in the anode into the electric deflection field.
Preference was given to identification of the deflec-
tion on a photographic film. The film was wrapped in a
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20 ,u aluminum foil. The range of 30 keV electrons in an
aléminum foil is about 5 mu. The X-rays produced by the
decelerated electrons in the foil will expose the film.

o £ Gl
T T fil -
ST Hm
i e ol
laser ’ It
+ I i'r &
o N B
o=31cm deflection i |
plates
anode
cathode

— without deflection voltage
|
i ~—with deflection voltage
tb
‘oo
ks F rl
Fig. 3

Reflection of the emission current in an electric
field for giving evidence of electrons. Scheme of
the apparatus (upper part) and photographic film
exposed by the electrons (lower part).

The deflection angle © (see Fig. 3 ) is given by

te @ = - (1)
B
where £ is the length of the deflection plates (2.5 cm ),
E the field strength (6x103 Vem™ '), and U, the accele-
ration voltage of the electrons. In the case of Fig. 3
we used a coaxial line with a characteristic impedance
of 51, and the amplitudes of the current pulses were
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of the order of 500 amperes. So the voltage drop across
the inner impedance was about 2.5 kV. The accelerating
voltage U, of the electrons between the cathode and the
anode was therefore about 2.75x10* V. This yields

tg ©6=0.273=b/a (see Fig. 3) and b~ 8.5 mm. From the
exposed film in Fig. 3 (lower part) it can be seen that
the deflection is that of a negative charge. The mea-
sured distance b is in good agreement with the com-
puted value. This indicates that the charge carriers
are electrons.

Properties of the Total Emission Current

Figure 4 shows the time dependence of the emission
current and of the laser pulse for a laser energy of
1.3 joule. The variation of the emission current with
various parameters is demonstrated by the following
figures.

One of the most surprising results was that the
electron emission current is independent of the dis-
tance of the focusing lens from the target. Figure 5
demonstrates the constant current J while the distance
of the lens was shifted from the point of complete
focusing five millimeters towards the target and ten

_position of the laser pulse

QN 100 200 300  tns]

I or———re————
F i line length 5.5 m
A 9
4004 & laser 1,3 joule
electron
current

yia]
Fig. 4

Time dependence of the laser pulse and the elec-
tron emission current for a line length of 5.5 m
and & laser pulse of 1.3 joule. The cathode vol-
tage U  was -60 kV.
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Variation of the focus distance for a 15 cm lens
shows no variation of the emission current.
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CURRENT OF EMITTED ELECTRONS 3 [A]
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AVERAGED LASER POWER L [Mw]
Fig. 6
The current of the emitted electrons as a func-

tion of the laser power for various voltages (30
to 60 kV) between anode and cathode.
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millimeters in the reverse distance, where a lens of

15 ¢cm focal length was used. The laser pulse length was
13 nsec and the power was 350 MW + .15 % for these mea-
surements.

Figure 6 demonstrates the measurements of the
emission current J at varying laser power P when the
cathode voltage U_ had values between 30 and 60 kV.
A theoretical liné of the power o = 3/L

J ~ P (2)

was drawn for the following discussion.

200+

100

501 /

30 20 -10kv 0 0 @ 50 60 Up Y]
ANODE  VOLTAGE

URRENT OF EMITTED ELECTRONS J [A]

\

Fig. T

Reversed diagram of Fig. 6 where the interpola-
ted currents are used for laser powers of loo,
300, 200, 100, and 30 MW for lines from up to
down, indicating a nearly linear increase of the
emission current on the anode voltage.

Figure T is a reversed diagram of Fig. 6, where the
dependence of J on U, = -U_is demonstrated with the
laser power as a parameter.

Emittance Measurements
The most interesting quantity of the electron source

is the current that can be obtained in a certain emit-
tance. The experimental setup used can be seen in Fig.8.
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Fig. 8

Experimental setup for mea-
suring the emittance

We determined the emit-

tance in the central part of

the electron beam. The
emittance g is defined as
an integral value of par-
tial divergence of the
electron beam (measured
by diaphragms )over the
radial coordinate of the
cylindrical electron beam.
This can be explained by
the product of the aver-
aged beam divergence of
all parts of the electron

Fig. 9

Array of the holes in the
emittance box (upper part)
and photograph of the
irradiated film (lower
part).
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The tantalum plate of the
cathode was surrounded by
an electrode to shape the
electric field lines (Pier-
ce optical system). The
anode was a grounded ring
with an inner diameter of

1 cm. This ring was con-
tinued on one side by a
cone so that only electrons
passing through the ring can
reach the emittance box.
The cathode-to-ring-dis-
tance was L4 cm. The cathode
was charged to -6o kV (see
Fig. * ). The total current
emitted by the cathode was
measured by the upper beam
toroid (Rogowski coil) and
the current to the emit-
tance box was measured by
the lower one.
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beam times the cross section of the beam. A good elec-
tron source should have a small value € , i.e. a small
beam divergence at a small beam diameter. The divergen-
ces were measured with an emittance box consisting of

a 1.5 mm thick metal plate with an array of apertures
0.3 mm in diameter. The array of the holes in the box
is shown in Fig. 9 (upper part). A film (Agfa Gevaert

N 33) wrapped in 1o p aluminum foil was mounted at a
distance of 2 cm behind the plate. The range of 60 kV
electrons in aluminum is 2o M. A photograph of the
irradiated film can be seen in Fig. 9 (lower part). The
distance of the holes in the emittance box must be so
large that the density curves of the holes on the film
do not overlap. The black sectors in Fig. 9 are for
calibrating the density of the film. In this area there
is a piece cut out of the metal plate of the emittance
box and the electrons hit the wrapped film directly.
The film is exposed to four electron pulses. In Fig. 9
(lower part) the black sector is divided into four sub-
sectors. The subsector 1 is hit by one electron pulse,
the next by two, the next by three and the darkest one
by four equal electron pulses. The difference in the
density of the four subsectors cannot be seen very well
in this reproduction, but is clear on the exposed film.
The photometric curves along these four subsectors in
the radial direction are evaluated and calibrated, as

described in detail in a separate report‘a, where the
emittance € is evaluated by integration over the mea-

sured two-dimensional phase-space diagram (Fig. 10).

[mrad] ° Fig. 1o
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The total current emitted by the tantalum plate was of
the order of several hundred amperes. The current with-
in the area where the emittance was measured was J =
17T A. We measured a current of J = 9.12 A in an emit-
tance of £ = 31.4 mrad.cm or a current of J = 12.3 A
in an emittance of &= 63.6 mrad.cm. With these values
of the emittance and the current one can compute the
normalized brightness. This quantity is given by the
formula J

B = >
E° eU (1+eU/2m°c
vhere eU is the kinetic energy and m c2 the rest energy
of the electrons. With the evaluated®values one gets

1 A

2)

B ~ 1.5 1o

1/2 sterad.cm2 eV
and
B1/h—’¥»h.8 10—2 A >
sterad.cm™ eV

We can compare these values with the electron emission
system, where a brightness8 of the order of 10-3 A/sterad
cm? eV is measured, and wﬁth hot cathodes (Ardenne),
where a brightness of 10~ A/sterad.cm?.eV is measured.

In our opinion the values evaluated for the emittance
are only an upper limit and the real values are smaller.
Therefore, the values of the real brightness are larger
than those given here, because of the photometric method
and with respect to our time integrated measurement '2,

Measurements of the Energy Spread

The next quantity in which we were interested was
the energy spread of the electrons in the pulse. The
energy of the electrons was measured by deflecting them
in a static magnetic field. The chosen radius of cur-
vature of the electrons in the magnetic field was about
10 cm. This corresponds to a field strength of about
110 gauss for 1oo keV electrons. The measuring device
for the electrons was an arrangement of 14 collectors,
each in the form of a strip with a width of 1 mm, a
height of 14 mm, and a distance of 1 mm from the next
strip. A change of 1 % in the energy of the particles
resulted in a deflection of about 1 mm at the place
where the 14 collectors were mounted. For these mea-
surements the voltage U_ at the cathode was of the order
of -100 kV., Evaluating %he time dependence of the cur-
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rents from the strips we immediately found12 an energy
spread of less than 800 V.

THE DIFFICULTIES OF A CLASSICAL INTERPRETATION

Two mechanisms have to be considered for a theore-
tical interpretation of the electron emission current
on the basis of classical theories: the thermionic
electron emission laws and space charge effects. We
present here a generalized equation of electron emis-
sion from a body (plasma) of temperature T including
the Richardson-Dushman equation and the revised Rich-
ardson equation of the photoelectric emission!3 which
becomes effective for plasmas at high temperature1 for
thermodynamic equilibrium!® with respect to the black-
body radiation.

In the case of no degeneration

neh3 << (2mekT)2/3 R (3)
the emission current density is
‘ Ay o p!/2, exp(-hy_/KT) if (x7)%/ % ;2’% n_ (ka)
R VR - exp(-hy_/KT) if (x1)°/ 2> ;g‘_:‘. n_  (4b)
where16

A1/2 = mnge vk/2wme (Le)

and the photoelectric efficiency constant1h

= 2_ (k3
M = 2 (h) . (ka)

h is Planck's constant, k is Boltzmann's constant, c is
the velocity of light, e is the charge, m_ the mass,
and n_ the density of electrons, T is the temperature
and hy 1is the work function for electrons. In the case
of degeneration

n h3 >> (2mekT)2/3

the emission current density is

A2.T2.exp(-hv°/kT) if kT-<.27rmec2 (he )

M .T3.exp(-hy_/KT) if kT > 2wm_c? (Lbf)
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where

A, = hﬂ'mkze/h3 (hg)

is Sommerfeld's "universal constant".

The work function h¥V_ 1is a well defined value for
the electron emission from solids or liquid metals. The
problems of semiconductors and insulators can be neglec-
ted in this discussion because of the considered high
temperatures. In the case of a plasma located in vacuum
and subjected to inertial or magnetic or radiation pres-
sure confinement17, the Debye sheath at the surface
produces a work function hvo which has the value kT.
Therefore, when the electrons of the Debye sheath are
separated, a thermionic emission of the maximum value of
equations (4 ) with an exponential factor exp(-1) can be
expected.

The current densities (4) are the saturation values
if no space charge processes reduce the emission. These
saturation currents can indeed account for the measured
high electron emission currents from laser produced plas-
mas even at very unfavorable conditions. If a plasma
surface of an electron density of n =10'9 cm™3 is as-
sumed, and if the electron temperature T 1is 1ol og -
these values being lower bounds of those of plasmas pro-
duced by lasers from solids -, the electron emission
current from a surface of 1o“§ cm2 cross section is found
from Eq.(4a) to be

J =9.2 x 103 amp (5)

where hv°=kT was used.

Such high saturation currents are usually prevented
by the space charge laws !9, The electron emission cur-
rent J_ from a surface F(cm“) of a parallel plate cathode
to an anode at a distance d1(cm) biased by a voltage U,
(volts) is
-6 F_ U.2/3

Js = 2.33 x 1o d2 L amp (6)
1
which gives for the case F = 10-3 cm2; d1 =4 cm; U, =
6o kV 2
JS = 2,14 x 1073 amp (1)

A case more comparable with our experiment is a cylindri-
cal geometry with a cathode wire of length 1, radius r

of a temperature T within a coaxial anode of radius r,.
The maximum current J, in the case of minimumfree po-

tential is for r, = 6 cm, r, = 2 x 1072 cm, 1 = hx1o‘2cm,
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and the extreme temperature T = 1o! Ok

JM = 2.39 x 1073 amp (8)

which is much too small to explain the measured currents
of kA.

The electron emission currents at the moderate la-
ser intensities of Ready3 of about mA are somehow within
the values given by space charge effects and are descri-
bable in terms of the usual classical theory of elec-
tron emission. In the case of the experiment of Siller
et al.T, the measured 103 amp was five magnitudes as
large as the space charge limitation (eq.(T7)), though
the pure thermionic emission from plasmas (eq.(5)) would
permit the measured values. Another necessary condition
for the high electron currents is a sufficient electric
conductivity of the plasma or of the metal below the
emitténg surface. The aim is to reach a current density
of 1o amg/cm2. With an electric conductivity of almost
102 “'em~1 for tantalum, we find a necessary field
strength of E = 10 V/cm, which is low enough - also if
it were increased by orders of magnitudes owing to the
heating of the material - to explain the observed?~ T
currents up to 1 kA at the applied voltages.

NONLINEAR THEORY

The impossibility of explaining the high emission
currents because of space charge effects is a serious
difficulty. Other results for the space charge proper-
ties can only be expected by postulating boundary con-
ditions for the electrons other than those usedl18, e.g.
by assuming a certain initial energy of the electrons of
some keV which they must have received within the space
charge free interior of the laser produced plasma. The
fact that such accelerated electrons enter the vacuum
within the cross section of the laser irradiated spot
of the cathode can indeed result in other space charge
limited currents, as could be shown from the change of
the boundary conditions of the differential equations
involved.

One mechanism of the preacceleration of the elec-
trons within the space charge free interior of the in-
homogeneous surface region of the laser created plasma
is well known from the nonlinear force of the colli-
sionless interaction of the laser radiation with the
plasma due to the spatial change of the complex refrac-
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tive index n 2°. For a reflectionless penetration of the
light into the plasma with negligible collision induced
absorption, the nonlinear force density in the plasma
for perpendicular incidence of the light along a coordi-
nate x 2

EV -3 1

fye =" B ax (i * 1) (9)

wvhere E_ is the amplitude of the electrical vector of the
light il vacuum. It was proved21 that this nonlinear
force exceeds the gasdynamic forces, if for ruby laser
radiation the intensity I exceeds a value I

I>1" = 2.08 x 101h T1/h W/cm2 (T>-102eV) (10)

or if for lower intensities®2 T exceeds 10h eV. These
intensities do not occur in our experiments, where I was
near 1019 W/cm2. However, it is well known from the
application of the nonlinear theory2° to self focusing
in plasma that laser powers P exceeding one megawatt can
create filaments the cross section FSF of which is simp-
ly given by
P
FSF = ™ (11)

because then the gasdynamic pressure of the filaments is

equal to the thermokinetic pressure. The diameter mea-
sured of these filaments on gas breakdown agree very
well with the calculated values of a few um. At the be-

ginning of the filaments at the plasma surface the non-
linear acceleration can be effective because the high
intensity I reaches I* there.

This model gives the following explanation of the
measurements:

(1) The high electron emission currents are explain-
able, in principle, in terms of the nonlinear space-
charge free preacceleration in the plasma surface to
avoid the well known space-charge limitations.

(2) The linear continuation of the measurement of
Fig. T to vanishing emission currents J indicate an ini-
tial energy of the electrons of a few keV. If a J were
to be measured between O and +30 volts of the anode vol-
tage U,=-U_ to shov a deviation from the linear rela-
tion, %his may not upset our conclusion because at low
values of U, one can expect a mixing up of several me-
chanisms whilch overlap the very linear behavior measured
for UA exceeding 30 kV.
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(3) The fact that the emission current J is inde-
pendent of the laser focusing (Fig. 5) indicates once
more the self-focusing mechanism, because the diameters
of the resulting filaments are independent of the inci-
dent laser intensity.

(4) The nonlinear theory also provides a fair ex-
planation of the slope of the curves of Fig. 6. It can
be assumed that the emission current J is proportional

to the cross section FSF of the self-focusing areas.
I~F = 5 (12)

If the temperature T in the filaments is assumed to be
proportional to the laser power p* by an exponent &« ,
we find from eq.(10) and (12)

J~p T (13)

The slope drawn in Fig. 5 is a P3/h—line according to
x=1, as can be expected from heating by thermokinetic
processes.

The authors gratefully acknowledge the encourage-
ment and stimulating remarks of Prof. A. Schliter on the
work presented.
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EXPERIMENTAL RESULTS OF FREE TARGETS*

Heinrich Hora
Rensselaer Polytechnic Institute and

Institut fir Plasmaphysik, Garching, Germany

Abstract

Plasmas produced from free small (5 to 10u radius)
electromagnetically suspended LiH targets showed in the first
measurements a quite symmetric expansion but finally an
asymmetry with a preferential direction against the laser,
Preheating by tailored laser nulses re-established conditions
of the self-similarity model of a symmetric expansion and
heating up to temperatures of few hundred eV, Aluminum balls
of 50 to 150 p radius showed two groups of plasma, a slow
spherical inner core fulfilling thermokinetic properties
describable by the self-similarity model, and an asymmetric
outer shell expanding preferentially against the laser due
to a nonlinear surface process., Free hydrogen targets of the
same larger size expand symmetrically and drift slowly into
the direction of the laser radiation, indicating a recoil
by a surface acceleration against the laser., Magnetic
fields decrease the expansion velocity and increase the
duration of luminosity in some experiments. Emission of
microwave radiation can be explained, but many effects are
unsolved (increase of ion energy, increase of electric
resistivity, instabilities etc.).

Introduction

When plasmas are produced from solids by incident laser
radiation, the observable processes are highly complicated.
To reduce_some essential influences, the solids were arranged
in vacuuml, though many applications need the pbresence of
surrounding gases“r>/or vice versa - the pnrocesses in the

¥*Talk presented at the Workshop "Laser Interaction and
Related Plasma Phenomena", Rensselaer Polytechnic Institute,
Hartford Graduate Center, June 9-13, 1969,

Reprinted from: Laser Interaction and Related Plasma Phenomena, Vol. 1, H. Schwarz and H. Hora (eds.),
Plenum, New York, 1971, pp. 273-288.
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gases, e.g., the blast wawves in very thin gases, could bhe
studied starting from plasma produced at solids®, But also
the arrangement in vacuum still seemed to be too complicated
with respect to the energy transport into the cold surround-
ing material, if the targets were compact material with a
plane surface and varying thicknessl/>, So, many experiments
were performed to study plasmas produced by lasers from
small free targets suspended in vacuum,

In the preceeding paper of S, Witkowski on "Free
Targets"” 6, the methods of arranging free targets in vacuum
were reviewed. Here we shall describe the experimental
results, One remarkable difference to the results of com-
pact targets seems to be that very small free targets expand
very well in agreement with a model of spherically symmetric
self-similarity expansion?, while larger free targets show
successively the result observed at thick compact targets,
namely, a fast group of ions of keV energy and a second
group of slower expanding plasma,

Many experiments were reported with compact targets,
where the keV ions have been observed hut no different
groups of plasma could be detectedlvs. So, the agroups were
discovered only where the diagnostic method allowed the
sensing of these details, The density of plasma in depend-
ence on the velocity showed a minimrum which separated
obviously two quUPsg. Different gsoups of varying ionizat-
ion were observed in carbon plasma'’, The interpretation
of time-of-flight-signals to discriminate two groups was
only pcssible after a thorough treatment of the targets'll.
Targets not carefully degased showed - as well known from
other experiments - very confusing charge collector signals,
The two different groups were observed at very different
conditions with special charge collectors screened by qridslz.
Another experiment performed to look for the two grngs,
analyzed the properties of each group by an HF probe and
demonstrated the thermal property of the slow thermal group
and a non-Maxwellian velocity distribution of the electrons
of the fast group., This result of the groups at compact.
targets caused us to start this review with small free
targets and to succeed with targets of increasing size., We
shall discuss first the experiments without a surrounding
magnetic field,

Small Free Targets

The first measurements with free targets suspended by
a three dimensional ac charge collector syst;m of Wuerker
et al1.%/14 yere performed by Haught and.Polk’, The diagnos-
tics were concentrated on charge collecting probes to detect
the ions and electrons of the expanding plasma. The targets
were specks of lithium hydride of 5 to 10 p radius, The
incident laser radiation was primarily restricted to peak
power of 20 MW of some 10 nsec length focused down to a
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P=1GW tL=15nsec

/4;;5()ev |

35
2r (cm)5 1070 2 5 10

Fig., 1

2 -2

Calculation of averaged eneray € from the self-similarity
expansion model in dependence on the focus radius rp,
target radius ry at given values of the laser nower P and
pulse length 17 as evaluated by Haught, Polk and Fader’,

diameter of 300 p and less. One type of probes had a slit
behind which charged plates, parallelly oriented to the
plasma ribbon, collected electrons or ions, The result was
that all atoms of the target were ionized. Times of flight
of the ions were measured with open electric nrobes, con-
sisting of two parallel plates with radially oriented sur-
faces. From measurements in different directions, it was
concluded that the plasma expands spherically symmetric
within 30% and that there was no evidence of any senaration
of the expanding pmlasma into a fast or slower group of ions.,
There was no measurable charge separation, These results
allowed the apnlication of the theorg of the self-similarity
expansion of the created plasma 15,1 from which it could

be concluded that the measured maximum ion energies indicated
an averaged ion energv of 100 to 200 eV, To get results

of the plasma pronerties without measuring the target size
(radius rgy), only starting from the maximum laser power P,
laser pulse length 1; (half width of intensity maximum),

the similarity model was used to calculate the averaged

particle energy gat varying r, and varying focus radius rp
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for given P and Tpe A maximum of € was found at a special
value rp (see Fig, 1). As one can understand, the procecure
that from a large number of experiments with varying target
size r, at constant P, T; and ry, the time of flight measure-
ments showed a maximum of € which could be compared with

the calculated €_from Fig, 1. The agreement was primarily
(Haught and Polk’) within a factor of two and later’ within
a few percent when powers of ruby lasers up to 300 MW were
used,

The same method of suspension of free lithium hydride
targets os similar size was used where an irradiation_of 1.5GW
neodymium glass lasers with 1, = 30 nsec was applied1 . From
measurement of the density profile, the applicability of a
self-similarity exmansion with Gaussian préfiles, which are
of significance for Epis mechanism*®, was oroven. The
initial mean enerqgy € per particle was around 100 eV,
Measurements of the emission of radiation of the H,; line
indicated an increase of recombination at a time 200 nsec
after the interaction of the laser beam, One interesting
result was the occurrence of two groups of plasma according
to the differentiated charge collector sionals of the arriv-
ing plasma (Fig. 2). The reality of the two peaks of the
curve of Fig, 2 was verified very carefullyl7,18,

Collector current 3 (t)

t=0 Time t

Fig, 2
Ion current I(t) by the time t of the carefully screened
charge collector of a lithium hydride nlasma produced by
neodymium glass laser radiation from a tarcet of about
10 u radius, according to measurements of Papoular et a1,17
The first peak at the time of t= 0 of laser interaction is
that of electron emission from the collector due to ultra-
violet emission of the plasma of higher temperatures than
10 eV,
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Fig, 3
Oscilloscope trace of the leading edge of a tailored
laser pulse with an initially vaporizatien tail, 1.5
nsec/div. according to Lubin et al.

Many details of the properties of nlasmas nroduiid from
lithium hWydride spmecks suspended electromacnetically
vacuum were found by Lubin et al.l?, The diagnostics were
extended by measuring the size of the suspended targets,
where an evaluation of the diffraction patterns of licht
by the target was necessarv. The radius r, of the targets
was around 5 to 20 p, Measurements were performed with charae
collectors of different design with respect to the cases
mentioned before’+17 and the time of flight was measured
at such a close distance as 5 mm. The result was that a
laser pulse of P = 600 Mi and 11, = 9 nsec nroduced a nlasma
with an asymmetry of expansion. The plasma expanded in the
forward direction against the plasma light 1,8 times faster,
corresponding to a 3,2 times higher ion enerqgy, than in the
backward direction. It was suggested that a svmmetric self-
similarity expansion can be verified, if the plasma is pre-
heated by a laser pulse before the main laser pulse is
incident. The properties of the preheating pulse were derived
heuristically from the values of energy for vaporization and
ionization of the target and a time not larger than that
required for a strong acoustic disturbance by a shock wave
to traverse the pellet, The prepulse had to be 2 nsec and
5 MW for a lithium hydride target of 10 u radius r,, if a
coupling efficiency of one mercent was assumed. Fig, 3
shows the oscilloscope trace of the leading edage of such
a tailored laser pulse., Measurements with laser nulses of
P = 1.5 GW and ty= 4 nsec showved indeed the far field
symmetry of the expanding plasma and a complete ionization
of the target. The applicability of the self-similarity
model-+>» for the heating and expansion of the plasma
was then certain, Time of flight measurements resulted
in the maximum ion energy and, by applying the model, in the
average energy € ner narticle near 800 eV, These measure-
ments are shown in Fig. 4 for varyine radius rse The
calculation of € from the self-similarity modell5,16 yas
possible immediately starting from the measured values of
P, 11, r,, and focus radius Ip (Fig, 4)., In the same wav,
the calculation of the maximum temperature Tpa, Or the
plasma was possible, The measurement of Tmax was tried
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Averaged energy per particle € measured by time of flight
and calculated from the self-similarity model for varying
target radius r,. Maximum temperature T,y measured by
Thomson scattering and calculated from the self-similarity
model according to Lubin et al,!”,

by means of Thomson scattering of an additional laser beam
of P = 100 MW and 1y, = 15 nsec. It was reconsidered whether
the scattering takes place in a region of too strong spatial
in-homogengitg of density and gsmperature, as it could be
calculated?9,21, The focusing<< of the scattering beam that
was reached down to 10u seems to solve these problems. The
agreement of the temperatures Tp,y from the evaluation of
the wings of the spectrum of scattered radiation showed a
considerable agreement with the average energy €, determined
by time-of-flight-measurements, and to the calculated values
of Tpax (Fig. 4).

Yamanaka et ali12 used the same method of electro-
magnetic suspension of lithium hydride targets to produce
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plasmas by lasers. Side-on framing camera pictures demon=-
strated an asymmetric exnansion with hicher velocities against
the laser light when the target had a radius r,. of 20 u, This
result is similar to that of Lubin et all?d. ng difference

to the_symmetric properties of the expanding plasma of Haught
et al,’ may be due to the fact that the targets of Yamanaka

et al.12 yore of relatively large size if the question of
preheating is neglectedl?.

A further resultl? yas the observation of two groups of
plasma by the differentiated signals of qgrid-screened charge
collectors. The maxima of the two groups corresnonded to
ion energies of 330 eV and 13 eV when the innut laser vower
was 20 MW. The_signals were very different to those of
Papoular et al, 17 (Fig. 2), taken at much hicher laser nowers.,
Whatever the reasons for these features are, it is established
that some interesting details of the nlasma nronerties are to
be found from such collector signals. The fact that these
groups _have not been observed by Haught et al,” and Lubin
et al.l9 may be due to their method of integrated charae
collector signals instead of differentiated signals,

Larger Free Targets

Another technique for irradiating free targets in the
focus of a laser than that of electromagnetic suspension is
the free fall of the particle, The techniques of free fall
and the problems of guiding were reviewed in Witkowski's talk
on "Free Targets"l6, <The size of the targets is then larger
than in the case of the electromagnetic suspension and,
therefore, the resulting plasma due to laser irradiation
shows some other properties than in the case of small tarcets.

The work at Westinghouse started from irradiation of
thin disks of aluminum of the size of the focus cross section
held by thin files of quartz23, The results are very similar
to those gained from aluminum spheres crossing the laser focus
by free fall?4 after having been released from a retracing ped-
estal system 5. The aluminum ball had a radius ro of 50 to
150 p, which could be measured by a microscope on the center
of the pedestal before the ball was to fall down. The laser
energy of reflection at the front side was measured. The
transmitted light was registered time-resolved at an oscillo-
scope in comparison to the incident light, and integrated
measurements of incident and transmitted light were taken by
calorimeters, The focal diameter (half of maximum intensity)
was about 400 u., The total absorbed energy depended on the
ball radius and varied between 30% and 50% at laser powers
P between 50 and 400 MW and pulse lengths T, between 15 and
35 nsec. Framing camera pictures were taken side-on and end-
on from 3 stages of the created plasma. Many differences
in the exposure time had to be taken into consideration and
it was not certain from the beginning whether it is right to
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relate the contours of the luminous plasma on the photographs
with the surface front of the plasma. The following proper-
ties,however, of the created plasma could be figured out,
the consistency of which proves once more its content of
verity. Further, the side-on and end-on framing camera
pictures allowed the identification of the outermost front
of the pictures of the plasma with its surface, This could
be checked by recalculating the radii of expansion of a set
of exposures to the starting time, which was identified with
the time of the laser pulse maximum, A further check was
that the maximum energy € .. of the fast ions expanding to-
wards the laser was the same within 20% compared with the

350 nsec

250 n sec

150 nsec

le— 10 cm —=l

Fig. 5
Side-on framing camera picture of a plasma produced from
an aluminum ball of 80u radius by a 100 MV, 30 nsec laser
pulse focused to 400 u diameter at the times marked after
the laser pulse maximum exposure times were 50 nsec. The
second fram shows the outer plasma part expanding fast
with a preferential girection towards the laser, and an
inner spherical part<”,
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Maximum ion energy €max (V) taken from the velocity of the

surface of the inner spherical vart of the plasma (Fig. 3)
and averaged energy per atom e(o) calculated by distribution
of all measured absorbed energy to all atoms of the aluminum
ball. The dependence on the ball radius r, was evaluable
for cases of constant laser power P and pu?se length T;, only.
In the case shown we have P 470 MW; Ty, = 30 nsec24.

measurement of plasma produced from compact aluminum targets
at conditions of the same laser intensity P and the same

laser pulse length T, , assuming the quadratic relation
€Emax¥I’s as described in the following.

The results are then:

) 1) The expanding plasma consists of two parts, an inner
thermokinetic and an outer part related to nonlinear surface
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mechanism, Both parts are separated by a zone of lower
brightness, (Fig., 5)

2) The thermokinetic propertiiﬁ of the inner part are
proved by the maximum ion energy €. .., taken from the photo-
graphs, and the averaged energv per particle €, derived from
a distribution of the me@gured absorbed eneragy to all atoms

of the ball (Fig. 6). ¢ ax is very close to values calcu-
lated from the se f-simiTaritv model of a thermokinetic
expansion process1®, The ratio € /€ is _of about two

and agrees with the self-similari@@xmodells. The brightness
of the thermokinetic pvart deg;eases in the center, indicat-
ing some recombinationl?,26, . The thermal core contains
nearly all of the created plasma.

3) The properties of the outer part of the plasma,
having a preferred expansion towards the laser light, cggld
be seen from the properties of the maximum ion energy ¢ ax’
taken from the wvelocity of the front of the exnanding pTasma.
This energy e, ., had the usual values of some keV and showed
no variation a% varying ball radius r, if the laser power P
and pulse length t1; were constant (Fig, 7). This confirmed
a surface mechanism. The yvalues of €max 29reed with that
of thescase of a free disc?3 and compac§ targets (Gregg and
Thomas~) as mentioned before. The proverty of the non-
linearity had to start from the fact that at commact targets
the relation between €ma and the laser intensity I was

nearly quadraticllrzsif the laser oulse length T; was constant,
So we have to not simply plot €y against the measured

laser power P bsgause we had varying T, but we had to

reduce the measuYed values epax by the laser pulse length

11,

€y = == (1)

to plot these against the laser power P, Fig, 8 shows the
result. The measured values epay are very close to a line
with a power of 1,6 with little scattering, while the dia-
gram of € against P was sublinear with strongly scattering
points ofmgﬁe measurements, An application of a theory ofg

a nonlinear surface acceleration (involving self-focusing~7,
shows the nonlinear absorption process and momentum trans-
fer, and confirms that the fast part of the plasma contains
less than a few percent of all plasma,

4) Mt large times (106 sec) after the laser was incid-
ent, an inner hole of the ion density of the exmanding plasma
was determined from reflection and transmission measurements
of microwaves2Y, The concluded velocities are related to
the thermal core. The thermokinetic theory does still not
describe these recomhination processes in details, at pre-
sent; also the measured electron temperatures of few eV at
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Fig, 7
Maximum ion energy emax of the fast outer front of the

plasma showing no variation at varying ball radlus L 9
(in contrast to the thermokinetic core, Fig, 6, if Ehe
laser power P and the pulse length T;, was constant?

times 90 or 190 nsec after the laser pulse31 are still not
understood theoretically.

Other measurements with larger free targets were per-
formed using solid hydrogen. The first measurements used
tips of hydrogen having a diameter of few 100u, comparable
with the dlameteg of the laser focus, Side-on framing
camera plctures demonstrated a spherically symmetric
expansion with velocities understandable by a thermokinetic
model, Fast ions have not been detected by the pictures.
Later experiments started from free falling cylindrical
specks of 200y d%ameter and 250u length of hydrogen as
described before The plasma produced by a laser was
measured by probes It was concluded §hat the target had
been fully J.onized3 In another case hydrogen of simi-
lar size was lrradlated by a laser and the expansion of the
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Fig, 8

Maximum ion energy epnax reduced by Eq. (1) to constant
1gier pulse lengths T;, in dependence of the laser power
pP<3,

luminous plasma was measured by streak photographs. The
result was a motion of the whole plasma along the direct-
ion of the laser radiation with an average ion energy of
such drift of 4 eV, The magnitude of the drift could not
be figuiid out from the measurements at free aluminum
targets<®. An estimation of the momentum transfer from
the asymmetric expanding fast nonlinear surface allows the
cong%usion of a drift of the same magnitude as for hydro-
gen .

Magnetic Field Interaction

The question of interaction of laser produced plasmas
with a magnetic field was connected with the first measure-
ments using Q-switched laser pulses., _The observations of
plasmas produced from compact targetsl were quite complex
taking into consideration that the observed two groups
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showed various behaviourll. So it is not simple to under-
stand that the ions were accelerated by the magnetic field
both for field lines oriented perpendicularly or parallelly
to the target surface, At special conditions an increase
of the velocity of the fgst group and a decrease of the
slow group was measuredlZ, Another curiosity was a jet-
like narrowing and acceleration of the plasma expanding
against the laser, due to a magnetic field3>,

In the case of free targets, initially the situations
did not seem to be so complicated as in the mentioned case
of compact targets. The suggestion of a confinement of
the plasma by the magnetic field was proved when the longer
time of emission of radiation (lines and continuum) from
the plasma in a magnetic field was measured in contrast
to the case without magnetic field?3. The behavior of the
plasma produced from small, electromagneticallg suspended
lithium hydride targets in magnetic fields’/» 17, 19 yas
quite well understandable36, "The expansion in a minimum
B-field or in a casp or bottle field against the field
lines was slower than without the field, as concluded from
time-of~-flight-signals of charge collectors. In addition
to such studieslg, the microwave radiation was calculated
and measured, being created by the interaction of the plasma
expanding into the magnetic field. In contrast to these
cases of a decrease of plasma expansion by magnetic fields,
also an increase was reported. The energy of expanding
protons was larager by a factor of six by a magnetic field
of only 7 kGauss37, “This result has a similarity to the
observations with compact targetsll and indicates many
unsolved problems,

The increase of the time of luminosity of the plasma
by a magnetic field was also observed with plasmas produced
from free solid hydrogen targets34, where the magnetic
field had values of 450 kGauss, But no final results could
be reached. The compression of the plasma by the magnetic
field could be calculated38, A more detailed theory of
the intsraction of the laser produced plasma was given by
Bhadra3?, The experiments performed parallelly indicated
an anomalous increase of the electric resistivity and
instabilities due to collective effects40, The measure-
ments of Tuckfield and Schwirzke40 were performed with
paraffin targets of 10y and larger radius suspended by a
1 u diameter quartz fiber, In addition to the reviewed
results, the plasma produced by laser pulses of P = 150 MW
and Ty, = 200 nsec showed a spherical expansion, Using
targets of 50 u radius, a preferential direction of exnan-
sion towards the laser was observed. In the presence of
a magnetic mirror field of 1200 Causs, the expansion was
stopped and an oscillation of the plasma diameter, synchron-
ous with an oscillation of the signals of a diamaanetic
probe was measured. The resulting shell structure in the
luminescence of the streak photographs of the plasma are
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expectable by the model of Bhadra39. This observed oscill-
ation is a very remarkable result in addition to all prob-
lems of increased ion energies37, instabilities, etc.40,
The oscillation was also calculated from a self-similarity
expansion of plasma in a uniform magnetic field 41,
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On the Production of Plasma by Giant Pulse Lasers

JouN M. DawsonN
Plasma Physics Laboratory, Princeton University, Princeton, New Jersey

Calculations are presented which show that a laser pulse delivering powers of the order of 10" W
to a liquid or solid particle with dimensions of the order of 102 cm will produce a hot plasma with
temperatures in the range of several hundred eV. To a large extent the plasma temperature is held
down by its rapid expansion and cooling. This converts much of the energy supplied into ordered
energy of expansion. This ordered expansion energy can amount to several keV per ion. If the expand-
ing plasma can be caught in a magnetic field and its ordered motion converted to random motion
this might be utilized as a means for filling controlled thermonuclear fusion devices with hot plasma.
Further, it should also be possible to do many interesting plasma experiments on such plasmas.

1. INTRODUCTION

NE of the basic problems of controlled thermo-
nuclear fusion is the filling of the various
fusion devices with high-temperature, low-density
plasma. One method which has been proposed is to
vaporize a small speck of material with a strong
laser pulse of short duration. Recently Basov and
Krokhin' presented some calculations which indicate
that this approach is feasible. It is the purpose of
this paper to present some further calculations on
this possibility. A number of the calculations given
here are also contained in the work of Basov and
Krokhin. Some similar calculations have also been
made by Engelhart.’

A typical plasma which might be produced by this
means would contain from 10 to 10'® electrons and
nuclei with energies ranging from a few hundred
eV to a few keV per particle. To achieve such
plasmas would require a laser pulse delivering powers
of the order of 10°~10'* W for times of the order of a
few nanoseconds. Published figures® indicate that
such pulses are close to the state of the art and may
be achieved in the near future. It should be possible
to do interesting experiments with pulses now
available.

I N. G. Basov and O. N. Krokhin, in Proceedings of the
Conference on Quantum Electronics, Paris, 1963.

* A. G. Engelhardt, Westinghouse Research Laboratories
Report 63-128-113-R2.

3 A. L. Schawlow, Sci. Am. 209 [7], 34 (1963).

2. REQUIREMENTS ON THE TOTAL ENERGY
AND POWER REQUIRED

If for the moment we assume that we can neglect
radiation, then the energy required to give N; ions
and N, electrons each an energy e is

E = ¢N;: + N,), (1)
or if we measure E in joules and ¢ in eV
E = 1.6 X 107%(N; + N.). (1a)

For an ¢ of 1 keV and N, + N, = 10" we see we
require 16 J. We would thus require energies in the
range of 1 to 10* J. Now if this material is initially
in solid or liquid form where typical densities are
of the order of 5 X 10* atoms/cm®, then we would
require the speck to have a volume of between
2 X 1077 em® to 2 X 107* cm®. The linear dimensions
of the speck will consequently be of the order of
6 X 107 to 6 X 10™” cm. If we assume that the
nuclei are protons and that they have 1 keV energy,
then their velocity is 4 X 107 cm/sec. The smaller
speck doubles its size in approximately 107° sec,
while the larger one requires 10~° sec. As we see later,
the plasma rapidly becores transparent to the
light pulse upon expanding, and so for the energy
to be effective, it must be delivered in the order of
this time. The small speck which requires 1 J to
reach the desired energy requires a power of 10'° W
while the larger speck requiring 10° J requires 10> W.
Lower energies, of course, require less power both
because less energy is needed and the gas expands
more slowly. A detailed calculation will be given
later.

Reprinted from: The Physics of Fluids, 7,981—-987 (1964).

199



200

3. PENETRATION

In order for the light pulse to penetrate the plasma
drop, the plasma frequency must be lower than the
light frequency. The frequency put out by a ruby
laser is 4.35 X 10" sec™'. The plasma frequency is
given by*

= 8.9 X 10%4, %)

where 7, is the electron density. Equating these two
frequencies gives

= 2.4 X 10* electrons/cm’. 3

This is somewhat lower than the electron density
in a solid or liquid (electron density in liquid hydro-
gen 4 X 10°%). Thus as soon as a high degree of
ionization is reached at around 10 eV, the plasma
will reflect the radiation. However, oace the volume
had increased by a factor of 10 or so (this would
require 10~° sec or so for hydrogen at 10 eV), the
light will again penetrate the drop. Once the plasma
frequency drops below the light frequency the frac-
tion of the light entering the drop rapidly increases.
If we assume the drop has a sharp boundry which

the light is normal to, then the fraction entering

the drop is given by

_b+ =D b= =)
b+ 6" — )T

where », and » are the plasma and light frequencies.
For a » of 1.05 »,, this formula predicts an f of 0.7. If
the boundary of the drop is diffuse on the scale of
the lightwave length A\ = 6.9 X 107° cm), the
penetration is even more efficient. On the other
hand, if the light strikes the drop at an oblique angle,
this penetration is hindered. Here penetration is
obtained only when .

y”>”n(4)

w = 27, 5)

where k, is the wavenumber parallel to the surface.
For 45° incidence the critical density is reduced by a
factor of 2.

o' — kicd > ol,

4. ABSORPTION

In order for the light to heat the drop, it must be
absorbed before it passes through. The primary
absorption process for a fully ionized plasma is due
to electron-ion collisions, i.e., resistance to the
induced currents. The inverse of the absorption
length due to such collisions for waves of frequency »
is given by®

¢ L. Spitzer, Jr., Physics t% Fully Iomzed Gases (Inter-
science Publishers, Inc., New ork 1956

5 J. M. Dawson and C. R berman, Phys Fluids S, 517,
1962.
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8xZ’nmie’ In AR)

K = semdit — i ©®
1.17 X 10°°Zn? In A() 1
K= 32 (kT)! A=z ©

kT in eVy, A = v1/W,Pnia. Here Ze and n; are the
ionic charge and density, —e, m,, n. are the elec-
tronic charge, mass, and density, c is the velocity of
light, vy is the thermal velocity of the electrons, pui.
is the minimum impact parameter for electron ion
colligions [P, = maximum of Z ¢*/kT or k(mkT)}].
If » is equal to »,, A is Spitzer’s* A.

The term (1 — »?/%")"} is important only for
v =~ v, and hence we will neglect it. In any case this
term only increases K. For hydrogen at 1 keV,

=24 X 10"y = 435 X 10" sec™’, In A = 10,
one finds K = 40 cm™. Thus the light will be
absorbed in a drop of dimensions 2.5 X 107% cm

S. RADIATION

The radiation from the plasma is black body
radiation at those frequencies for which the absorp-
tion length is less than the plasma radius, while for
frequencies where the absorption length is large
compared with the radius, the radiation is brems-
strahlung. The maximum of the Planck distribution
occurs for a frequency

Rae = 3KT. @

For kT = 1 keV, v, is equal to 7.2 X 10" sec™ or
about 2000 times the laser frequency. Thus by
Eq. (7)°® the plasma is transparent to these fre-
quencies and the radiation is primarily bremsstrah-
lung. The bremsstrahlung emitted is given by*

e = 4.86 X 107Zn2T* W/cm®, @®)

where T is in keV.
For hydrogen at 1 keV and a density of 2.4 X 10™
this formula gives

= 2.8 X 10" W/cm®. ©

A volume of 10™* cm® containing 2.4 X 10" pro-
tons radiates at the rate of 2.8 X 10° W, which is
small compared to the estimated required powers of
the order of 10'° W. For higher Z materials the
bremsstrahlung is more serious. The bremsstrahlung
calculation also ignores radiation by bound electrons
and from recombination. These processes become
more important with increasing Z, but appear to be
unimportant for Z’s less than or the order of 3 or 4
at plasma temperatures in the hundreds of eV. For

¢ Equation (7) is not strictly correct for h» = kT, never-
theless it gives a rough estimate of the absorptlon



PRODUCTION OF PLASMA BY GIANT PULSE LASERS

temperatures below 100 eV even black body radia-
tion from the drop would be negligible.

6. ION ELECTRON THERMALIZATION TIME

The thermalization time for ions and electrons is
given by*

tio = [1.05 X 104 /n.Z In AITH, 10)

A = V1/0Pmin,

where T is in keV and A is the atomic weight. For
hydrogen at a density of 2.4 X 10 at 1 keV with
In A set equal to 10 we find

to = 4.4 X 107" sec, 1)

which is of the order of the duration of the heating.
At lower temperature ¢;, is shorter so it appears that
up to this temperature the ions and electrons remain
in thermal equilibrium. If one tries to heat the
plasma to higher temperatures the electrons are
heated but the ions are not. If one had higher fre-
quency lasers so that one could heat at higher
densities, then equilibrium could be maintained at
larger temperatures.

7. THERMAL CONDUCTIVITY AND
ENERGY TRANSPORT

The primary process for temperature equalization
in the plasma is by electronic heat conduction.
Since the drop is transparent to its emitted radiation
this contributes to an energy loss, but not to the
heat conduction. The equation for the diffusion of
heat is (see Ref. 4)

C, 8T /ot = 7 8°T/d7°,

_ 585 x 10", ergs
ZIn A sec deg em’

where T is in keV,
C, = 2(n, +n;) X 107*°  ergs/cm® deg.

From this equation setting In A = 10 we find that the
distance ! that the heat will diffuse in time ¢ is

., _ 2.93 X 107
C."  Z, +mn)

For hydrogen at a density of 2.4 X 10 and at a
temperature of 1 keV we find for *

I’ = 3.05 X 10°.

(12)

==t T, (13)

(14)

For ¢t = 10™° sec, I = 1.75 X 107° cm, which is
of the order of the plasma radius. Lower temperatures
and higher Z’s and higher densities decrease I.

In the early stages of the pulse, strong local
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heating may occur at the surface of the plasma.
Since the absorption coefficient is a strong function
of the temperature such regions should rapidly
become transparent and the light will penetrate
deeper into the plasma. The expansion of the surface
layer also enhances t<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>