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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 cechnology 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 different 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 discussions. 

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 adcied 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 109 W/cm2, 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 



PREFACE ix 

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 fUr Plasmaphysik 
(Association Euratom) in Garching, Germany. 

Ottobrunn (Germany) 
Rotdornweg 4 

Heinrich Hora 
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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 crlsls. Whatever other results may come from this field, 
the technique of inertial confinement of cumpressed 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 1 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 
C02 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 ~heir fission reactions. According to a favorable estimate,4 
the uranium and thorium ores worth working up would last for only 
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 (He 3 ) 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~ 

T (l.01 MeV) + H (3.02 MeV) ~ (4.03 MeV) 
(1.1) 

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

1 eV = 1.602x10-19 Wsec = 1.602x10-12 erg = 1.l6x104 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 veloc1ty, 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. 

He 3 and T undergo the following additional reactions: 

D + T -+ He4 (3.5 MeV) + n (14.1 MeV) ~ (17.6 MeV) 

D + He3 -+ He4 (3.6 MeV) + p (14.7 MeV) ~ (18.3 MeV) 

(1.3) 

(1.4) 

The neutrons generated can De thermalized by the lithium-6 isotope 
(Li6), which constitutes 7.5% of natural lithium: 

Li6 + n -+ He4 + 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 He4 , 
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 lOll 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. 5,6 Therefore, present research is 
directed to the study of fusion of mixtures of 50% deuterium and 
50% tritium (D-T mixtures). To achieve an efficient fusion reaction 
it is necessary to contain a D-T plasma of ion aensity ni and temper­
ature T ;;; 5 keV (;;; 50 x 106 K) during a minimum time T such that 

n.T ~ 1014 em-3 see (Lawson criterion) 
1 

(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
Schluter diffusion8 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 
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strong compression of the plasma. 9 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. 10 The use of T requires breeding with 
LiG, 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. 4 ,11 Consideration 
of this problem12 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 th.e 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 ofa pioneering field with 
nearly-statistical scattering of the measurements. 

To illustrate the problem, we refer to the publication in 
1905 of Einstein's25 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 ~o equal 
to the work function of the photoemitter. In the controversy 

5 

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 Mi11ikan27 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 1ight,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. 29 These facts 
should be taken into account when considering the very new field 
of laser-plasma interactions. 
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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 El and E2. We have E = E2 - El = ~w. where ~ is 
Planck's constant divided by 2TI. and w is the frequency of the light 
quantum (photon) which is emitted when the electron undergoes an 
optical transition from the upper level E2 to the lower level El. 
Such an optical transition can occur spontaneously within a time " 
the spontaneous lifetime of the electron in the excited state E2 • 
For atoms and molecules these lifetimes are in the order of 
10-8 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 Conditio~ 

In common substances the stimulated emission of radiation is 
always less than the spontaneous processes or the usual absorption 
of the ligh~. In thermodynamic equilibrium the number N2 of the 
atoms in the state E2 is always less than the number Nl of the atoms 
in the state E1 • The necessary inversion N2 - Nl > 0 for producing 

6 
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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 A1203 crystals (ruby) which exhibit a 
forbidden ~ransition with E corresponding to an optical wavelength 
A of 6943 A with a spontaneous lifetime T of 3 milliseconds. The 
population of the level E2 is possible in an indirect way by optical 
excitation of atoms using green and blue light into the broad band 
of levels En > E2, from which the electrons can fall within 10-7 sec 
into the level E2. In 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 wav~ 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 ~w 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 N2 - N1 related to the 
volume V of the ruby 

(
2nDl )2 > 47r --

A 

1 - R 
a-- ;1w·r 

Q 
(2.1) 

where n1 is the refractive index of the ruby, l its length, and a is 
the factor 31 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 laser 32 '33 nowadays a large number 
of materials are known which can be used for the population inversion 
N2 > N1 and lasing. Instead of chromium atoms in A1203 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 A1203 as a host material, one can use glass to get the neo­
dymium-glass laser. 34 To reach other laser wavelengths, numerous . 
other solid state lasers have been built using rare earth ions to 
provide the forbidden transitions. Dye lasers 35 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 En from which they relax 
into the desired E2 levels. 

The excitation of semiconductor lasers is accomplished in yet 
another way. In a heavily doped GaAs junction diode 36 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 
(E2 in the conduction band and El 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
sityand the necessary conditions of degeneracy became known,31 
electron-beam-pumped semiconductor lasers were demonstrated experi­
mentally. 38 

To avoid damage in the solid materials and to obtain uniform 
pumping, liquid lasers were developed; e.g., the europium chelate 
laser 30 or solutions of neodymium ions in selenium oxychloride40 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. 41 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 52Pl/2' Other gas lasers are pumped by a gas discharge and 
are therefore much more efficient than optically_pumped lasers. 
The helium-neon laser42 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. 43 A very 
important system is found in the C02 laser. 44 It consists of a mix­
ture of C02 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 
photo ionization 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 C02 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 I microsecond per atmosphere at 500 K. 
The discharge in nitrogen, therefore, populates these vibrational 
levels of CO2 molecules and results in a laser emission. 

The long vibrational lifetime of the C02 molecule can also be 
used for a gas-dynamic method of population inversion. Consider 
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C02 and N2 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 
action45 is one of the most promising ways to build highly-efficient 
lasers. Theoretically, an efficiency up to 80% 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 laser46 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. C02 
lasers have attained intensities of 60 kW and more. 47 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 E2 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
switch;48 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 
109 W/cm2 • 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 DeMaria49 and Letokhov 50 were investigated 
experimentally by Saltzmann. 51 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 ~w 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 sing1e~ode 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 1016 W/cm2 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 52). 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 additional laser 
pulse with a width down to picoseconds (Duguay's shutter 54 ). 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 55 by passing the beam through a nonlinear crystal. The 
most advanced technique of generating higher harmonics is that 
discovered by Harris,56 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. 53 

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 2~, 4~, and higher pulses in passive nonlinear materials 
can be applied. 58 

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 lasersoare 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 intensi~y obtained with ruby lasers is 1016 W/cm2 . 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 ~) followed by Nd-glass 
amplifiers have been reported as producing fusion neutrons at out­
put powers of 1015 W/cm2 . 60 
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Fig. 2.2 Nine-beam, neodymium-glass laser system: 70 
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. 
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The major work on laser-produced fusion plasmas has so far 
utilized neodymium-glass lasers (wavelength A = 1.06 ~). 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. 61 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/cm2• 62 Another system provides pulses of 800 J energy within 
2 nanoseconds. 63 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 C02 laser (A ~ 10.6 ~) with electro~beam preionization. The 
most advanced system that supplies several hundred joules within 
one nanosecond is that of Fenstermacher et al. 64 Preliminary results 
indicating generation of fusion neutrons were reported. 65 
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The iodine laser (A = 1.3 ~) 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 1-nsec 
system. 41 

A very recent development is the e1ectron-beam-pumped xenon o 
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/cm2 at these wavelengths. The 
damage threshold for neodymium-glass laser radiation is from 5 J/cm2 
up to a few hundred J/cm2 •67 

A very remarkable development of C02 lasers with electron-beam 
excitation is that of Basov et a1. using pressures up to 60 atmos­
pheres. Pulses on the order of tens of joules within ten nanosec­
onds have been obtained. 68 

The transverse-discharge HF 1aser69 (A = 3.6 ~) has been de­
veloped in a system giving pulses of the order of 100 J and pu1se­
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 laboratories 71 Later studies 
were devoted to phenomenological details of th~ 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. 73 For ruby lasers the minimum values required of the electric 
field strengths of the laser light were around 106 V/cm for pulses 
from 1 to 30 nsec in duration. Some exceptionally-low thresholds 
were probably due to the lon~er 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. 74 

A ~uite remarkable phenomenon, first observed by Ramsden and 
Davies, 5 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 106 cm/sec 

lS 
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or more. The unusual phenomenon with the "notorious,,76 107 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 75 and additionally by the Doppler shift of 
the emitted line radiation. 78 The spectra of Thomson scattering75 
and the Doppler broadening78 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 Doppler shift, 
according to very careful measurements by Minck and Rado. 79 

There were several different explanations of the "notorious" 
velocity based either on the assumption of a radiation-driven 
detonation wave80 or on the assumption of a residual plasma and 
rapid motion of the phase of the breakdown. 81 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. 79 
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. 84 This force, however, is 
effective only at laser intensities exceeding 1014 W/cm2 which can 
occur in gas breakdown only after self-focusing. 85 ,86 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. 88 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 
10-10 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 temperatures89 ). Support 
of this model is given by the 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. 90 
In the case of radiation-driven detonation fronts, these constants 
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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 
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in the laser field and generates secondary electron-ion pairs by 
ionization. 91 Another model assumes that no electrons exist in the 
focus and the laser. field causes ionization by multiphoton mechan­
isms. 92 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 
105 V/cm for C02 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. 94 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. 96 
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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 108 W/cm2 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 emission98 in which the limit is given, not by the Richard­
son-Dushman99 equation, but by Langmuir's space-charge limit 
applied to emission current densities. IOO There is still some 
interest in this work for drilling, welding,lOl 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.97 A consistent theory for the numerous classical processes 
involved was developed by Hans Zahn. l03 

The situation changed drastically, with the appearance of 
additional unexplained physical phenomena, when the Q-switched laser 
was discovered by Hellwarth48 at Hughes Aircraft Labs and was used 
by Linlor77 to generate plasmas at the surfaces of solids in 
vacuum. 104 The laser powers were in the range of 1 to 30 MW and 
the power densities (intensities) were around 109 W/cm2• The plasma 
e~anding 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/cm2 at 100-kW laser powers up to thousand Amp/cm2 
at higher laser power. IDS, lOG These current densities are far 
greater than Langmuir's space-charge limitation. lOO The ion energy 
Ei increases according to the relationship 

(3.1) 

dependent on the laser intensity I, where the exponent a is between 
1.5 and 2 (Fig. 3.1). It 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. I07 ,I08,109 The momentum transferred to 
the irradiated target increases at laser intensities around 
109 W/cm2 as the fourth power (Fig. 3.2) of the intensity. 110, 111 
The reflectivity of the plasma changes suddenly from the expected 
metallic values14 of more than 60% to values less than 10%15'17'109 
(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 1011 W/cm2• Then the exponent a in 
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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 1010 W/cm2 • 
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Eq. (3.1) decreases to understandable values 1 12 around 0.5 to 0.7 
(Fig. 3.3), and the measured recoil becomes reasonable. 113 The 
highly-pronounced anomaly at 109 W/cm2 (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 
109 W/cm2 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 110 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 lOG W for self-focusing, filaments are drilled into the targets, 
resulting in required laser intensities95 of 1014 W/cm2 for ruby 
or neodymium-glass lasers arid 1012 W/cm2 for C02 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, 107 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 1imita­
tions. 10G At the higher intensities these mechanisms are thoroughly 
mixed with the expected gas-dynamic properties of high-temperature 
p1asmas. 112 ,113 The nonlinear forces should dominate over the gas­
dynamic processes again under conditions in which self-focusing is 
probably absent at intensities exceeding 101G W/cm2• 
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In conclusion, one may say that neither the processes of 
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gas breakdown nor the processes in laser-produced plasmas at inten­
sities around 109 W/cm2 (the anomalies of the Linlor effect and 
Ramsden's "notorious" expansion velocities of 107 em/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 10-19 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 mi have. In nearly all of the following 
cases Z is one, because we shall consider hydrogen ions with a mass 
M = 1.67 x 10-24 grams, or of two or three times this value if 
deuterium or tritium ions are used. The mass of the electron is 
me 9.109 x 10-28 grams. 

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

dvO e 
-eE _ ~ vO x H + Vq, (4.1) me --= 

dt c e 

dvq 
Ze ° 1.-

ZeE (4.2) m. --= +-v.xH+Vq, 
1.- dt c 1.-

where E and H are the electric and magnetic field strengths at the 
spatial coordinate r(dr/dt = va) and ¢l is a potential describing_ 
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non-electromagnetic forces such as Coriolis forces. In 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 AD 
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). Its interior consists of a homogeneous plasma 
separated by a surface region B of thickness AD 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 electrostat~c 
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potential ~D 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 

(4.3) 

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

(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 AD and a cross section of 1 cm2• Rearranging Eqs. (4.3) 
and (4.4) one obtains 

( kT)1 /2 (e: OkT)I/2 A = -- (cgs) = -- (MKS) D 47Tnee nee (4.5) 

or in numerical quantities with AD in cm 

_ (T(K) )1/2 _ 2 (T(eV) )1/2 
AD - 6.9 ne (cm-3) - 7.43 x 10 ne (cm-3) 

In addition to defining the plasma sheath at a plasma surface, 
the Debye length A~ also defines the long-range potential ~e of an 
excess charge with1n a plasma, given by a dependence on the radius 
r 

(4.6) 

where the amount of the excess charge determines the magnitude of 
~e· 

4.2 Plasma Frequency 

A further property of a space-charge-neutral pla~ma is the 
motion of the electrons and ions in specific electrostatic oscil­
lations characterized by the plasma frequency wp , sometimes called 
the Langmuir frequency after its discoverer. ~onsideringa plasma 
with a homogeneous electron density within a thickness ~x (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 d~ 
ne = dx (4.6a) 
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... --- Ax ----•• 

I<dx 

Fig. 4.2 Displacements of electrons of homo­
geneous density (upper part) by d~ to generate 
electrostatic oscillations with the plasma 
frequency wp' 

2S 

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

d2~e d d ----.,- I E I = 41Tn e ~ dxL dx e dx (4.7) 

resulting in an electric field strength 

(4.8) 

and, therefore, in the equation of motion 

(4.9) 

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

w 2 
P m e 

w p (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 elections, 
ne and m , respectively. The electrostatic oscillations cause a 
resonanc~ 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 ne = 106 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 

W 2 Tf3(2 m 1(2 Ze2 3 p e 
In A; A= v = 

8Tf'YE(Z)(2kn 3(2 2'h2 

where InA is the Coulomb logarithm. With T in 
we find 

v = 1.483 X 10-6 ~ 
T3/l 

( 
T3/2 \ 

In 1.555 x 1010 ~J 

(k'Tr 
Tfne 

(4.11) 

eV and ne in cm- 3 

(4.12) 

The value of A is the ratio of the Debye length AD (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 InA larger than 2. 
This limits the electron densities n (in cm-3) and the plasma 
temperatures T (in eV) to e 

n < 4 46 X 1018 T3 e . (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 1;0 

T> lOt = lOX (01/3 =365 x 10-14 n 2/3 
o 2me . &"}. e (4.14) 
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where T is in eV, ne 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 YE, which is approximately 0.5 in the most extreme 
case, and find from (Eq. 4.12) 

(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 eon­
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 Ee 

Ee = -fiwpm (4.16) 

where m is an integer, the plasma frequency is given by the electron 
density ne (Eq. 4.10), and the quantized plasmon energy is ~wp with 
~ = h/2~, 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 Ee 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~wp. 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. lIS 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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Maxwell distribution 

, 
... l'IWp l'tWp .... 

Plasmon -modified 
Maxwell distribution 

ELECTRON ENERGY Ee 

Fig. 4.3 The Maxwellian distribution will be 
modified due to strong interactions of electrons 
of an energy Ee = ~wpm 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 rtonequilibrium 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 

~ 
njmj dt 

= eE + ~ v. x H + n m v (v. - v ) +\7n.kT,. + K,. 
C T pel e I (5.1) 

dVe e 
nm--=-eE--v xH-nmv(v.-v)+\7nkT +K 

e e dt c e eel e e e e (5.2) 

where equal particle densities for electrons and ions ni = ne will 
be assumed in most cases. K. and K represent external forces such 
as gravitation, and ~nkT pre~sure g~adients. vi and ve 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 SchlUter,11S subtraction of the equations 
results in a "diffusion equation" or an Ohm's law for plasmas, in 
which the difference of the velocities vi and ve represents the 
currents in the plasmas, described by the current density j. With 
the appropriate definition of j and using the gas-dynamic pressure 
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(5.3) 

The net plasma velocity v is given by addition of the veloci­
ties vi and vee 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 wP' Eq. (4.10), we find 

47T~:~ + vj) =w/ E (5.4) 

If j and E exhibit a periodic time dependence of frequency 00, 

and 

j = jo exp (-iwt + i~); E = EO exp (-iwt) 

. i aj 
J=(;)at 

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

4rr aj = ~E=- wk a2 E 

at l+i~ w2 (l+i!') at2 
·w w 

(5.5) 

(5.6) 

(5.7) 

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

'J 
1 elH x E = ---c at 

(5.8) 

'J x H .. 41f j + !. aE 
c c at 

(5.9) 

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

47T a j 
-7 at (5.10) 
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can be rewritten using the result of Eq. (5.6) 

(5.11) 

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 n 

(5.12) 

for which the letter n is used sometimes to avoid a confusion with 
ni and ne, 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 wp' The plasma is transparent only if 
w > wp; otherwise the inc1dent 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 plasna nee, called 
critical or cut-off density. The cut-off densities for different 
lasers (in parentheses) are (in cm-3): 

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 cm-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 
(109 W/cm2 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 vI and v2' In SchlUter's original treatment the result was 

.., + 1. H' 1 aE 
- v p c J x + J 'VW'% at (5.13) 
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The left-hand side of this equation is the force density f. 
If j arid 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 Spitzer120 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 ob1iqe-
1y-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-fie1d. With this additional property, 
the more general equation of motion is given, expressing the plasma 
pressure p by 2nikT, 

f = m;D;(:: + v • V v) = - V 2D;kT + ~ j x H - 41rr V· EE (iil - 1) (5.14) 

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, 

f=- Vp+ V· [U+ i;-(rP-l)EE]-;t E4:~ 

where U is the Maxwellian stress tensor 

411"U 
1'8 

!(E2_E2_E2+H2_H2_H2) E E + H H E E + H H 
2 x y z x y z xy xy xz xz 

!(_E2+E2_E2_H2+H2+H2) E E + H H 
2 x y x x y z y z y z 

E E + H H !(_E2_E2+E2_H2_H2+H2) 
y z y z 2 x y z x y z E E + H H x y x z 

(5.14a) 

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 - H2 /(871'» = 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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an. 
----.!c.. + "iJ • (lliv) = 0 at (5.15) 

and by the equation of conservation of energy 

(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 ni = ne, T and the three components of v depending on rand 
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 Ware 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 ni, ne , Ti, Te , vi, ve 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 density ni 
and temperature, as far as wand 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 instabi1ities,121,122 are treated separately. The 
waves generated by variations of the pressure, acoustic waves, are 
described implicitly by the gas-dynamic motion. The A1fven waves 
(hydromagnetic waves) are of importance only if constant magnetic 
fields are present. These have been neglected in most 1aser­
produced plasmas but may become more important since the generation 
of spontaneous magnetic fields has been observed under nonuniform 
irradiation. 123 '124 The A1fven waves result from a motion of the 
plasma perpendicular to a static magnetic field HO generating a 
current j perpendicular to both. Using the appropriate coordinates, 
the equation of motion (5.14) is 

(5.17) 
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and Ohm's law -- Eq. (5.3) -- neglecting the fast oscillations be-
comes 

a2 1 a2E 
E - v BO ,.. 2 (5.18) o -+ ~v = Bo atr . 2 Y at y 

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

~ E 1 E·· + 4 ajz = 1 E·· (1 + 4l1"mi~c2 ) 
z = ~ Z 1r at CI z 

from which velocity of propagation of the Alfven waves VA 

VA ,.. c I (1 + 4mminic2 I B~)l/2 

(5.19) 

(5.20) 

obtains directly. For densities of laser-produced plasmas of Oi 
exceeding 1018 cm-3 , the Alfven velocity VA is in most cases 
negligibly small, if Bo is less than 1 megagauss. 

CampNuIan wave 
t. a 10" ./em' 

Fig. 5.1 One-dimensional numerical solution125 of 
the hydrodynamic equations of conservation for laser 
light with a steplike intensity of 1012 W/cm2 inci­
dent on a 50-micron-thick slab of solid hydrogen 
(density PO). The resulting density P ,.. Oi~, 
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 solution125 
for a foil of 5-micron thickness with linear 
velocity profile and Gaussian density profile at 
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5 nsec and later as found for irradiated spheres. 129 

A numerical solution of the equations of conservation has been 
treated by Mulser125 on the basis of a single plasma velocity v 
based on a Lagrangian code. The results agree with those from an 
Eulerian code. 126 The treatment of electrons and ions as separate 
fluids was considered later by several authors.1Z7--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). If, 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. 133 
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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 derived13~ from the hydrodynamic equations of conservation. from 
(5.l4) 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~'135'136 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 = WI and g = Wlt3/N1ml 

and 

R2 = (R~ + 10 g/9) 

WIt 2R~ + 5g/9 

kT = 6Ni R~ + 10g/9 

where N. is the total number of ions in the sphere with 
radi~s ko• Taking into account the change of the cross 
the irradiated sphere in a laser beam of constant focal 
Eq. (5.21) has to be corrected by a first approximation 

(5.21) 

(5.22) 

an initial 
section of 
properties, 

(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 C02 
lasers, if a sphere of solid deuterium of a given initial radius is 
heated up to reach an averaged ion energy EO. 

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).125,138 In all experiments on irradiation of spherical 
pellets of LiD,139--l~2 aluminuml09 or other materials with diam­
eters from 10 to 500 microns by ruby or neodymium-glass lasers at 
intensities between 1010 and ~013 W/cm2 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 



5. MACROSCOPIC PLASMA PHYSICS 

... 
(!) 

ffi 10~--~r-~~~~~~~~~~~--~ 
z 
w 
z 
Q 

, 
/ " 

INITIAL PELLET RADIUS il!] 
30 4050 70 100 300 soO 1000 

1016 ld 1 10 10 
NUMBER OF PELLET ATOMS 

Fig. 5.3 Energy and pulse length T* of neodymium­
glass and C02 laser radiation for heating a solid 
deuterium pellet of given initial radius to aver­
aged ion energies EO, derived from the self-similar­
ity model of homogeneous heating. 137 

homogeneous heating. The transparency time of hydrogen foils 143 
and, similarly, polyethylene foils144 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 
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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. 145 

In the case of C02 laser-irradiated targets, some observations 
have been explained by the homo~eneous heating model146 and others 
by the compression-wave model. 1 3,147 However, the most critical 
quantity, the transparency time, cannot be used for a quantitative 
comparison,147 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 1010 to 1013 W/cm2 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. 



6. REFRACTIVE INDEX AND ABSORPTION 

As derived from the macroscopic theory of a plasma, the com­
plex optical refractive index ft 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 K, are evaluated algebraically 

(6.1) 

(6.2) 

(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 
ft. For a co11ision1ess plasma (v = 0), both coefficients are 
clearly equivalent 

n = n = (1 - wp2 / W 2 ) 1/2 (ifv = 0) (6.4) 

The imaginary part of ft, 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 10 is the intensity at x = 0 
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I = 10 exp(-Kx) (6.5) 

The absorption constant is then 

K 
2w 
c 

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 wp (Eq. (4.10» 
and, therefore, on the electron density ne and the electron mass 
me (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 n. The formal derivation of n 
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,148 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 description149 results in an absorption constant 
(index B for bremsstrahlung) 

6411'2 
K =--

B 3.,,[3 
Z2 ne nje 6g(T) 

cw2 (2mn kT)3/2 e 
(6.7) 

where T is the plasma temperature and geT) is the "Gaunt factor,"15D 
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 KB to a value K derived 
from Eq. (6.5) using the plasma collision frequency v (Eq. (4.11», 

K inA 
K- = 0.324 -(Z) 

B 'YE g 

in which the validity of K in 

K= 
'Y E (Z) 

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

(6.8) 

(6.9) 

W » wP' ne » neD (Eq. (5.12a» and to relatively-low collision 
frequency v «W. Using a special representation of the Gaunt 
factor 151 whose validity is limited in a similar way, with T in eV 
and ne in cm-3 

g = 1.2695 (7.45 + log T - } log ne) (6.10) 

and using the value of the Coulomb logarithm 

1 2 
In A = 3.45 (6.692 + log T - 310g ne - 310g Z) (6.11) 

we arrive at 

K 0.883 
=--

KB 'YE(Z) 

0.76+ }10gZ 
1- -----=-...,.--

7.45 + log T - ~log ne 
(6.12) 

The above equation shows once more the comparability of the 
two theories. There has been some discussion of whether Spitzer's 
correction YE(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 00), it should be pointed out 



42 6. REFRACTIVE INDEX AND ABSORPTION 

that electron-electron collisions can be accompanied by emission 
and absorption of photons. If the thermal energy kT is larger 
than the oscillation energy Ea 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 Oberman153 from the description of the plasma by the 
co11ision1ess V1asov equation, including the interaction of the 
particles by phase mixing. The justification of this theory148 
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 Kno, the ratio 
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Fig. 6.1 Absorption constant K(cm- 1) from Eqs. 
(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 
ne (cm- 3).148 
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Fig. 6.2 Variation of refractive index n (real 
part) for neodymium-glass laser radiation in 
plasma with temperature T(eV) and density 
n (cm-3).148 
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(6.13) 

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 C02 lasers and their second 
harmonics 148). Figures 6.1 and 6.2 give examples for neodymium­
glass lasers and Figs. 6.3 and 6.4 for C02 lasers. 
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Fig. 6.3 Dependence of absorption constant 
K(cm-I ) for CO2 laser radiation in plasma on 
temperature T(eV) and density ne (cm-3).148 

For some purposes it is important to evaluate the absolute 
minimum value of the refractive index Iftl. which can be much less 
than unity in a hot plasma near the cut-off density. From the 
exact value 

(6.14) 

we find the minimum 

(6.15) 
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Fig. 6.4 Refractive index (real part) n for C02 
laser radiation as ~ function of plasma tempera­
ture T:(eV) and densl.ty ne (cm-3).11f8 

where the constant 

a = (wp rr3/4 II1e 1/2 Z2 In A)1/2 

8rr 'YE (Z) (2 k)3/2 

{
3.25 (eV)3/4 for neodymium-glass laser 
for deuterium (Z = 1) and In A = 10, 
1.03 (eV)3/4 for CO2 lasers 

can be derived from Eq. (4.11). 

6.2 Nonlinear Absorption 

45 

(6.16) 

The assumption in the preceding discussion of the optical 
constants was that the laser intensities did not exceed the thres~ 
holds 1* for which the energy of oscillation EOS 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. 

e Ecr . v =-- - smwt e mw (6.17) 

The oscillation energy EOS is given by the maximum velocity ve 

e2 E.2 _ 
e = _..!::1L..- . E 2 = E v2 / In I 

os 2m w2 , a (6.18) 

where the effective amplitude Ea can be expressed in a WKB approx­
imation by the amplitude Ev in vacuum and the absolute value of 
the refractive index. The WKB approximation for the solution of 
the wave equation (5.11) 

(6.l8a) 

with linear polarization of E in the y-direction (i2 ) and the prop­
agation in the x-direction (il) becomes 

E =~ cos f - n (x) dx + wt i2 E (x w - ~ 
a v'IifI C 

(6.18b) 

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

Ho = - i~v y inl cos - J: n(x)dx + wt 

+ i3 _c_ ~ alill f. x w - ~ 
2w Iii 13/2 ax sin \" f ~ n (x)dx + w1 

(6.18c) 

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

e 1 a Iii I 
8=-----<1 

2w mp ax 
(6.l8d) 

where e can reach values as high as 0.3 without serious error in 
the app~oximation. 

The effective temperature T which determines the optical 
constant is 
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T = Tth + e:.O/k (6.19) 

where Tth is the temperature given by the random motion of the 
electrons. For e:.08 = kTth, the threshold I* for neodymium-glass 
lasers and an electron temperature of 10 eV is 1.3 x 1014 W/cm2• 
The relation between the amplitude Ea of the electric field 
strength and the laser intensity I is 

Ell (V/em'!l2 I/no' = 27.4VI(Watts/emz),; Eiegs) =Y8" lIe' = 2.91 x 10~I(erg/emlsee)' 

(6.20) 

where no is the resistivity of vacuum, equal to 277 ohms. 

The absorption constant for I » I* has 
quantum mechanics methods from the theory of 
lung by Rand. 243 The result was a nonlinear 

been calculated by 
the inverse bremsstrah­
absorption constant 

K Rand 
NL 

KRand = 0.25"112 e112n2 n~Z2e3 wm 1/2 It 32e
2 

I ]/1312 
NL e I e m k T ew2 

e th 
(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), 

(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 

KRand 
NL 4ln(1;flv' ) 

(2")1/2fr In A 
(6.23) 

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

6.3 Relativistic Absorption 

The preceding discussion of the linear (e:.08 < kTth) and the 
nonlinear (e:.08 > kTth) absorption constant presumed that the 
oscillation energy e:.08 of the electrons was less than the relativ­
istic oscillation energy where e:.os exceeds mec2. The relativistic 
thresholds of the intensities Ir for e:.08 = mec2 are 
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3.7 x 1018 W/cm2 (Nd-glass lased 

3.7 x 1016 W/cm2 (C02 laser) 
(6.24) 

In the relativistic case, the exact solution of the equation 
of motion for the osci11ation154.155 (neglecting a possible longi­
tudinal motion depending on initial conditions and the switching­
on process of the laser field as shown by Nicholson-Florence 1 56) 
results in an energy 

(6.25) 

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

(6.26) 

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

(6.27) 

As a consequence of results given by Eq. (6.25) we find 157 
E\} » E~ 

w 2 
P (6.28) 

From this the relativistic change of the cut-off density of 
the electrons n~~l, presuming that the frequency w of the incident 
laser radiation will not change, is 

(6.29) 

where nee is the nonre1ativistic cut-off density (see Eq. (5.12». 

The collision frequency \) of the electrons in a plasma at 
relativistic conditions changes from the value of Eq. (6.22) for 
nenre1ativistic conditions (I « Ir) 
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(6.30) 

These relativistic collision frequencies v are remarkably 
small. As an example, for E = 1 MeV, the value of v is in the 
order of 100 kHz for CO2 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 In A used in Eqs. (6.29) and (6.30) must 
be corrected relativistically 

(6.31) 

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

A= 

1.2 x 109 €os 
m c2 

e 

7~ 1.2 x 10 m c 
e 

for Nd-glass lasers 

(6.32) 
for CO2 lasers 

Now we can evaluate the m1n1mum absolute value of the refrac­
tive index Inl, (Eqs. (6.14) and (6.15)) for kT « E08 with 
w 2 = w2 

P 

1[1/4 w 1/2 e in A 

8V 2 c1/2 € 112 os 
for € 3/4 ;;;. mec2 os 

1[1/4 w1/2mo 114 e In A 

8V 2 €1/2 os 

(6.33) 

The resulting transparency of the plasma at E08 > mOc 2 , 
avoiding loss of laser energy by collisions, is also favorable to 
the dielectric increase of the effective field Ea due to the denom­
inator Ifftl in the WKB approximation. As an example, we find when 
E08 = 1 MeV for C02 lasers a value Inlmin = 1.2 x 10-5, and for 
neodymium-glass lasers Inlmin = 4,1 x 10-5. Combining this result 
with Eq. (6.24) relativistic oscillation energies157 for electrons 
are expected in plasmas near the cut-off density for neodymium­
glass laser intensities of 1015 W/cm2 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
man153 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 Figs. 6.1 and 6.3. Because 
of the well-known numerical difficulties I48which 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. 159 It 
was found, ultimately, that there is a physical basis which may 
be described as oscillating two-stream instability160 and which 
manifests itself by increased reflectivity of high-intensity 
radiation from the plasma. The observation of anomalously-high 
reflectivity of microwaves was correlated with this result,161 
similar to microwave measurements in a Q-machine. 162 It was pointed 
out 163 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 wi·th the plasma frequency wE or 2wp 
of the electrons, or into acoustic oscillations (Brillou~n insta­
bilities164 ,165). The calculations for homogeneous plasmas must 
be distinguished from those for the more complex inhomogeneous 
plasmas. 166 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 1011 and 1014 W/cm2 
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; 167, 168 above 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 plasmas l69 ,170 and 
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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 instabilities171 and provides good input 
of laser energy. 

The experimental results indicating relatively-low reflectiv­
ity from laser-produced plasmas seem to confirm the predominance 
of saturation,23,24 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. 172 

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. 173 

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 
reflectivity23,24 of laser-produced plasmas at intensities from 
1015 to 1016 W/cm2 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 Iftl is much less than unity (Eq. 6.14». The 
ener~y momentum flux density E2 + H2 is then greater by the factor 
~ = Iftl-1 , the effective wavelength of the laser light is increased, 
and the effective laser intensity I = Iv/lftl = ~Iv increases over 
its vacuum value Iv 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 o.nly a small quantity, as seen in dynamic absorption 
or in Chen's general derivation173 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 shown83 the force density of the equation of 
motion (5.l4a) can be written 

52 
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1 aExH 
f = - V ·p+V·[U - ;r;- (fl2 - l)EEJ - ---

<+7r at 47rC 
(7.1) 

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

fm = - V·p (7.2) 

and the force 

(7.3) 
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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 SchlUter8~ 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 Inl - 1, are particularly important at plasma densities 
ne = nec ' where the plasma frequency wp is equal to the laser 
frequency.82'83'17~ 

Using equations (7.1) and (7.3) to evaluate the time-averaged 
nonlinear force for a perpendicular incidence of plane waves ona 
stratified plasma, with the propagation in the x-direction (unit 
vector i1) and linear polarization of E in the y-direction, gives83 

(7.4) 

Taking the special case of reflection-free penetration as 
given by the WKB solution (Eqs. (6.l8a) through (6.l8d» we find 
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1 - IllP a E2 
Iill exp (- lex) - Iill + il ~ ax 161T 

1 -IilP 2w 
-- - Im(n)exp (- lex) 

Iill c 
(7.5) 

with an amplitude of the electric field Ev in the vacuum and inte­
gral absorption 

1 w x 
k(x) = - -f1m(n(t»dt 

x c 
(7.6) 

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 ne exceeds the cut-off density nea , 
Eq. (5.l2a). 

In the case of a collisionless plasma we have 

E2 2 a 
f =. v ~ n 
NL 11 -16 2-2 -;-

1T W n uX 
(7.7) 

This expresses the purely-deconfining, collisionless nonlinear 
acceleration of the plasma towards lower electron density, giving 
collisionless absorption of radiation. Another derivation82 of 
equation (7.7) is based on the two-fluid model l18 where nonlinear 
terms have to be added,83 or alternatively on single-particle 
motion of the electron. 8S 

------~------------------~------~x 

Fig. 7.1 A profile of the electron density ne(x) 
of a collisionless plasma with a penetrating laser 
beam (~v) satisfying the WKB condition (ne has to 
be at least a little less than the cut-off density 
neao). The variation of E~ + H~ causes gradients 
of this expression, resulting in nonlinear forces 
f NL • n is used for ft. 
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ne(X) 

1iv -
Fig. 7.2 Density ne(x) of a plasma with collisions 
exceeding the cut-off density neeo with an incident, 
purely-penetrating laser beam (~v) which can also 
be constructed in this case by the WKB approximation. 
The variation of the quantity E~ + H~ results in the 
nonlinear force fNL' 
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The essential properties of the nonlinear deconfining force 
can be seen in the following schematic examples. Figure 7.1 dem­
onstrates a co11ision1ess plasma with a simply-propagating laser 
wave. The nonlinear force fNL is caused by the variations of 
Et + H~. The conservation of momentum is verified by direct com­
pensation 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 nee' The quantity E~ + H~ 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 fNL' equation (7.4) or (7.5). The total energy 
EL of a laser pulse between times tl'and t2 with a bundle having a 
perpendicular cross section Kl in the y-z plane, is 

(7.8) 
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which defines the total momentum Po of the photons. The momentum 
P transferred to the plasma between the vacuum, where the co­
ordinate xl is chosen, and the depth x2 in the plasma is 

This result was first obtained in a simplified way,83 175 
then iederived by Lindl and Kaw. 176 A more general discussion is 
presented here. The second term in the bracket is equal to 2 from 
the definition of the values nand k for a vacuum. If x2 is chosen 
far inside the plasma, we have exp(-k(x2)X2) = 0, indicating that 
the total momentum transferred is that of the photons incident in 
the vacuum POL which is a trivial result. The function P(x2) can 
be monotonic l/6as 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(X2) goes through a very low minimum, P describing the 
momentum Pinh at the minimum of the deconfining acceleration in 
the inhomogeneous plasma. The extreme value of Pinh is given by 

econfining ~ p. 
acceleration ~ 0 

~-*~~----~--+-------------~'-X 
Xo 

p.-o ...--

x3 

Pint .. 

Fig. 7.3 Momentum P transferred to the plasma between 
the vacuum (Xl < xO) and a depth x = x2 given by 
equation (7.9). The momentum of the incident photons 
Po is compared with the deconfining momentum Pinh of 
the plasma inhomogeneity and the final momentum Pint 
in the plasma interior. 
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equation (7.9) using exp(-k(X2)X2) = 1 
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(7.10) 

where n2 is the value of n at the depth x2 and Inl is the absolute 
minimum. 

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

(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 Pint 

(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 f NL , (Eq. (7.3», 
is based. The plasma must therefore have a density ne exceeding 
the cut-off density nea in its interior 

(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. 8S 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 8 0S max in the laser field near the cut-off 
density 

E.=ZE 
I OSmtlX (7.14) 

Because of the increase of the oscillation energy over the 
vacuum value 80S vaa given by the WKB solution, we find 

(7.15) 
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By means of equations (6.19) and (7.15) T » Tth 

T=EM r': ; T=(::f (7.16) 

Finally, equations (7.14) through (7.16) yield 

= (7.17) 
a 

The increase of 8i 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 density. 
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 density, 
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. 13 With linear density profilesI76 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 
foundS7 which could cause anomalous Brillouin scattering. 

7.3 Predominance of the Nonlinear Force 

The nonlinear force fNL will be observed only when the 
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thermokinetic force fth contained in the total ponderomotive 
force f (see Eq. (7.3» is comparable with or less than f NL . This 
question is connected with the nonlinear decrease of the collision 
frequency159 caused by predominance of the coherent motion of the 
electrons in the laser field over the random motion in regions of 
minimum refractive index Inl (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 

Tth = €os/k ; €os = €os T3/4 / a 

we find a first approximation of the threshold value E1* related 
to the intensity 1 1* 

El *2 = 161Tn akTI/4. El * . = MTI/8 . 11 * . = NT 1/4 
ec th'v· th'· th (7.18) 

Neglecting the weak dependence of a on In A, we find 
M = 2.83 x 108 and N = 2.08 x 10 14 W/cm2 for ruby lasers, and 
M = 1.67 x 108 and N = 7.5 x 10 13 W/cm2 for neodymium-glass lasers, 
where Ev V/cm, I = W/cm2 , and Tth = eVe 

The limitation equation (7.18) of the nonlinear collision 
process also describes the predominance of the nonlinear force 
fNL to some extent. The case in which the thermokinetic force 
fth =-nekTth is equal to fNL 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 

T3/4 a 
-- + -::r:JT4 expo - 1 

a T 
(7.19) 

where "expo" 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 exPO = 1, 0.5, lie, 
and 1/e2 • Starting from a special value of E~ we obtain the 
associated temperature Tth by the following iteration: The first 
iteration of Tth = Tth is found by putting T = Tth in equation (7.19) 
and solving for T~h); the second iteration is found by solving 
T~~) from 
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E*2 
n (1+1/Z)kT(2) = _lI_ 

e th 161r 

~2) - E*2T(1)3/4) 3/4 
v th 

a 

a 

(7.20) 

the iteration being completed when IT(l) - T(3)1 < 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 expo. The threshold for 
expo = 1 is equivalent to the limiting parameter in equation 
(7.18). From this it can readily be seen that the increase of El 
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 
threshold177 which is similar to 1 1*, being approximately 1014 W/cm2 
for solid state lasers. 

Another estimate of the magnitude of the nonlinear force 
compared with the thermokinetic force was given by Steinhauer and 
Ahlstrom. 178 The pressures generated by thermalization of the 
radiation were compared to those produced by the nonlinear effects. 
The ratio 

~ 3-1)15 
N 

~ 
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* .... ,.. 
.~ 3·~'J----
11 
~ 101',-__ 

~ 51013+-------,-,=---------r.,.-----r-r--_ 
10 102 10 

Electron Temperature Tth leV] 

Fig. 7.4 Minimum intensity 1* for neodymium­
glass laser required to produce nonlinear de­
confining force fNL larger than thermokinetic 
force fth = - nekTth' The undefined exponential 
function exPO refers to collision-induced 
attenuation. 
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/fth I _ 1.14 x lOs (z )1/2 
IfNL/ - S;;;' T5/4 Ao (7.21) 

is a realistic upper bound, because the maximum values of tempera­
ture were used, decreases due to thermal conductivity being 
neglected. AD is the laser wavelength (in ~) and T is that temp­
eratur~ 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 « 1*) 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 > 1* 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 

(7.22) 

For I » 1 1* ~ 1* we find in equation (7.21) at Z 1; AD 1.06 ~ 

S~72 ~,IO)' [Ev] = V/cm (7.23) 

This immediately shows the strong increase of fNL over fth at 
Ev of more than 7.2 x 108 V/cm, which correlates very well with 
the threshold 1* around 1014 W/cm2 for neodymium-glass lasers. 
The high exponent in Eqs. (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 SchlUter84 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 z of a beam penetrating in the 
x-direction and having a linear polarization of the E-vector in 
the y-direction 

(7.24) 

we find a maximum of the nonlinear force 
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Total reflection 
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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 fNL' rarefying axial 
regions, compensated by thermokinetic forces fth. 
The density gradient on/oy causes total reflec­
tion of a partial beam within a criticla angle a. 
The trapped light beam (filament) has to give a 
diameter resulting in a diffraction pattern 
where ao has to determine the first diffraction 
minimum. 2yo is the effective diameter of the 
bundle and A is the laser wavelength. 

(7.24a) 

where Yo determines the width of the beam. Setting fNL equal to 
the thermokinetic force fth =-i2kT(I+Z}oneloy, we find the relation 

.J 2/exp(l) -2 E2 
(1 + n ) --.J!. 

161rkT(1+Z) Yo 
(7.25) 

If ft is the refractive index in the beam center and Duo is its 
value at y = yO' total reflection of partial waves of the Deam 
propagating at an angle aO to the axial direction is given by 

Sin(~ -ao) = nln 0 . 2 y (7.26) 
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Using the expansion ftyo 
negligible absorption) ft = 1 

ft + (aft/ay)yO and (in the case of 
w~/w2, we find from equation (7.25) 

. ./2 anane 
sm 0:0 =V~ aneay Yo (7.27) 

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

(7.28) 

From equations (7.25), (7.27), and (7.28) we find a threshold 
condition for the laser power P = YTIE2 /ct(C 1 = 1.63 x 10-5 cgs) 

vo 
- (TIC)2r;3 m kT(1+Z) 
P ~ e 

po e2 ..J2/exp(1)c~ (1+;;-2) (7.29) 

Using ft = 1 for wp « wand ft = aT- 3 / 4 from equation (6.15) 
for wp ~ wand T ~ 30 eV, we find for a = 2.8 and Z = 1 

(7.30) 

Therefore, a laser beam can start self-focusing by the non­
linear interaction force even at low power, such as 105 to 106 W, 
as in the case of self-focusing in die1ectrics. 179 The model is 
limited by the time needed to form a filament. Starting from 
values of Yo z 10-4 cm and velocities of 107 cm/sec, the formation 
time for self-focusing is 10-11 sec. The second part of equation 
(7.30) is limited to lower densities by the condition that YO be 
larger than the Debye length. This treatment is based on se1f­
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) YO is 
given when the center is completely empty. In this case nekT is 
equal to (E+Hz/8TI). This condition occurs at intensities 
I = 1* ~ 11* (Eq. (7.18) or Fig. 7.4). Under cylindrical conditions 
we have 

- 1/4 1/2 
Yo = (P /TINTth ) (7.31) 
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The self-focusing filaments observed by Korobkin and A1cock,9~ 
who reported that laser power P of 3 MW produced filaments 2 ~ in 
diameter, can then be readily explained. Assuming NTih~ = 
2 x 10l~ W/cm2, we find 2yO to be approximately 2 ~. 

The described self-focusing mechanism of laser radiation in 
a plasma differs basically from the one presented by Kaw177 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. 180 

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. 87 ,128,18l 
One example shown in Fig. 7.6 was intended to demonstrate the 
unimportance of the nonlinear force. 18l 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 pu1se. 18l 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 
Kinsinger 182 for complete plasma dynamics using laser intensities 
exceeding 1016 W/cm2 shows the important influence of the nonlinear 
force. 183 

The equation of motion for the plasma in a one-dimensional 
geometry was given by the force density, distinguishing between 
electrons and ions, 

d d d 
f = - - n kT - - nl"kT1" + - (E2 + H2 ) 

dx e e dx 81Tdx (7.32) 

where the electrons (e) and ions (i) of different temperatures Te 
and Ti are coupled by a Poisson equation and by collisions. Besides 
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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 
stailding wave at a plasma temp.erature T = 100 eV 
for neodymium-glass lasers of 5 x 1014 W/cm2 

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. 
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The calculation begins at a time t = a 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 e~act 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 1016 W/cm2 , the increase is linear for 
5 x 10-14 sec, and then follows smoothly a Gaussian profile. 
After reaching 2 x 1016 W/cm2 , 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 V. 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 V 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 fi 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/cm2 (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)/8n is given in Fig. 7.7b. Curve A is taken at 
an early time, when the laser intensity is 2 x 1014 W/cm2. In a 
very thin plasma (x ~ 50 ~) the value of E2 + H2 is constant, as 
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is well known, e.g., from Chen's173 general derivation of the 
instabilities from laser-plasma interaction involving the nonlinear 
force. At about 20 microns we find an oscillation of E2 + H2, 
which increases in amplitude and wavelength between 0 and 8 microns. 
This behavior is well known from the analytical work for the same 
linear density profile176 (dealing, however, with temperature T = 0 
and collisionless plasma). Near x = 0, the E2 + H2 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 vacuum values Eo and Ao is given by a swelling factor 
t1= Ifil-1 > I 

Eo 
E= -

inl 
AO 

A=-
Inl 

(7.33) 
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where n 1S 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 Inl-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 10-14 sec (and later even more pronounced) as shown by 
curve B that the intensity in the thin plasma (x ~ 50 ~) decreases 
by a factor of 10 up to x ~ 20 ~ and to a thousandth part of the 
initial intensity at x ~ O. 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 ~ to 50 ~, 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 ~ 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 (MOlD)." 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 n, by virtue 
of the energy of the electron oscillation £08(1) determining the 
electron temperature (Eq. (6.22». In Fig. 7.7a at 1.3 microns 
the absolute value of the refractive index is determined only by 
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Fig. 7.Sa Similar to Fig. 7.7a, but with an initial 
density decreasing linearly from nee at x = 0 to 
nee x 10-6 at x = 10 ~, and to nee x 10-2 at x = 20 ~, 
and then to nee = 0 at x = 50 ~. The (E2 + H2) 
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/cm2 was reached, with 
much less attenuation due to dynamic absorption at 
2 x 10-13 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 10-2 times cut-off, and last linearly at x = 50 microns to 
zero cut-off. Figure 7.Sa shows the (E2 + H2 )/Sn values for an 
initial time (0.5 x 10-14 sec) at a laser intensity of 1015 W/cm2 

and at subsequent times of 10-13 sec and 2 x 10-13 sec. The 
swelling factor at the beginning was 
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" = I nl - 1 = 31.2 (7.34) 

due to the dielectric properties of this density profile. At 
10-13 sec, the little depression of the curve at x = 20 ~ indicates 
some tendency to decrease due to density rippling. The maxima 
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Fig. 7.8b Initial and subsequent density profiles 
indicating inward motion of plasma toward the 
interior for x less than 14 microns. 

and minima of E2 + H2, however, change locally very quickly, and 
at 2 x 10-13 sec, we find a swelling of ~ = /n/-1 = 400. The 
dynamic change of the density near x = 20 p 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 (~l 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 microns 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 10-13 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. 

71 

00 

dynamic electron absorption may be called "co11ision1ess electron 
heating by non1inear-force-induced macroscopic dynamic electron 
decay (MOED)." 

The effects observed are highly sensitive to changes in the 
intensity I and the density profile. For an optimum case with 
I = 4 x 1016 W/cm2 and the identical time and density profiles, 
the incident laser energy per cm2 is 4.1 kJ up to 2 x 10-13 sec. 
The compression front between x = - 2 ~ and x = 14 ~ 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 co11ioiona1 heating 
of electrons. 

The dynamic description of a plasma by this numerical model 
for neodymium-glass laser intensities exceeding 1016 W/cm2 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 Iftl-1 of up to 400 (ft is a parameter resulting 
from rigorous solution of the Maxwell equations and is 
identical with the complex refractive index in the WKB 
approximation); 

(b) A compression of plasma driven by the nonlinear force 
occurs at a thickness of 15 microns with velocities 
exceeding 6 x 107 em/sec. The mechanical energy in the 
compression front contains 23% of the incident laser 
radiation. 

(c) A rippling of the density occurs in the whole plasma at 
densities below cut-off with nonlinear-foree-generated 
velocities of 107 em/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; 

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

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

(f) A preferential transfer of laser energy to electrons can 
occur at densities near cut-off (MDED). 
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It is to the merit of Basov and Krokhin that they discussed135 
the possibilities of laser heating of solid deuterium or mixtures 
of deuterium 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 Krokhin135 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 Inertial Confinement 

Inertial confinement starts from a spherical plasma of radius 
RO and an initial ion density nO to which an energy Eo has been 
transferred, giving an equilibrium temperature To. The initial 
expansion velocity RO is assumed to be zero in the simplest case. 
How to realize such initial conditions is a very general question. 
Several methods are possible: Laser pulses with a duration of the 
order of 1 nsec184 for the cases considered below, or electron 
beams,185 particle beams, nuclear fission reactions, and annihila­
tion radiation if antimatter155 could be made available by efficient 
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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. 186 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 
To = (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 

(8.2) 

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

. SkTo . 2] 1/2 
R = --;:- [1 - (Ro/R)2 + Ro 

I 

(8.3) 

where we assumed an initial expansion velocity Ro = O. 

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 EO by184,187,l88 

00 R(t) 
€ 

G=L 
Eo 

fdt f dxdydz 
o 0 

ni(R(t))2 
-'---- <uv> 

A 
(8.4) 

where Ep 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 cr with the 
velocity distribution v(T) of the Maxwell distribution for the 
actual temperatures T can be used from values in the litera­
ture. 189 ,191 Because these are empirical in nature, only numerical 
integration of Eq. (8.4) is possible.1 88 Taking into account the 
constant total number of ions involved, Eq. (8.4) can be rewritten 
as 
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(8.5) 

where a special numerical procedure is necessary around the pole 
of the integrand at R = Ro. Results are given in Figs. 8.1 and 8.2 
for two cases of initial ion densities, nO: 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 volumes184tl88, 192, 193 
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l.a •• 1' eneI'D (Joule.) 

Fig. 8.1 Nuclear fusion reaction yield G2 = G 
(Eq. (8.5» for D-T mixtures with initial density ll0 
of 6 x 1022 cm-3 (solid state) as a function of 
laser energy input EO for various initial spherical 
volumes 184 Vo 

(8.6) 
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Fig. 8.2 Nuclear fusion reaction yield184 as in 
Fig. 8.1 for an initial plasma density of 
nO = 6 x 1021 cm-3• 

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

_11.6 x 106 Joules for DT 
EBE - 1.7 x 1010 Joules for DD 

(8.7) 

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 ma~ leave the plasma before a reaction takes place. 
These problems18 are important only if a box-like density profile 
is assumed. It has been shown134 ,188 that an initial Gaussian 
density profile (which is conserved exactly during the subsequent 
expansion) specifically avoids the problem of ion losses before 
reaction. l;n this case the break-even enE:rgy for D-T is. higher by 
a factor 23/ 2 (Eq. (8.7» to reach E~uss~an = 4.6 MJ. 188 For D-D 
there is no essential difference because of the relatively-large 
plasma volume. 188 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 a as a 
function of the ion velocity v if the averaging of (a,v) is per­
formed numerically. An error in v of 10% results in an error of 
60% in a at the important ion energies near 40 keV (where a - v 6) 
and, therefore, results in an error in the break-even energy EBE 
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 a 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 nO 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 EO 
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 194 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 density. For a spherical geometry 
the compression in the center of the plasma increases to more than 
thirty times its initial value197 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 steerly-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. 199 Similar 
results were obtained by impact of a sequence of shock waves of 
increasing amplitude on a spherical plasma,196 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 

2 3 
,,... __ ~A'_ __ _.. 

-- ------------~ no 
laser -radiation 

4-________ ~~ ____ ~==========~To 
r 

Fig. 8.3 Scheme of laser interaction with a spherically­
irradiated pellet. The absorption of radiation takes 
place within area I (corona) down to a depth ra , where 
the electron density reaches the cut-off value nee. 
Down to depth rb (area 2) compression takes place in­
creasing the density to a maximum value ne above the 
initial density nO of the sphere. The temperature T 
decreases within area 2 and heats the compressed shefl 
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 lOll W from 0 to 5.47 nsec, 6.3 x 1012 W 
to 7.21 nsec, followed by a linear increase to 
4 x 1014 W up to 7.42 nsec (total laser energy 
EO = 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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Compression (X liquid density) 

Fig. 8.6 Ratio of thermonuclear energy to incident 
laser energy EO as a function of the maximum compres­
sion for various values of EO: a -- 1 MJ; b -- 100 kJ; 
c -- 10 kJ; d -- 1 kJ. 

symmetry the final density in the center can reach ten thousand 
times the solid state density194,196 (Figs. 8.4 to 8.6), thus 
yielding thermonuclear energy 40 times the incident laser energy 
Eo = 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. 201 The 
limiting energy conditions were derived for electrons involved in 
energy transfer to r~ach 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, 93% of the laser energy is dissipated 
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in therma1ization, ablation, and other losses. Nevertheless, the 
expected gains are singularly remarkable as shol~ 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;23,24 
is absorption too high in the peripheral corona due to dynamic 
absorption (Fig. 7.1). In 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 irreproducibi1ities 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 
to1erab1e. 202 ,203 The compression front has properties of se1f­
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 created195 ,196,204 and their secondary heating of the 
high-density plasma but also the ignition of self-sustained nuclear 
fusion combustion fronts. 186 ,205,206 In this way it was possible 
to obtain nuclear fusion efficiencies exceeding 1000. 203 

~.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 
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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 conditions. 

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 20% loss of the incident 
laser energy, while a 23% loss was sustained in the compressing 
plasma layer. 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. 195 or by control of the laser frequency207 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 neutrons. 
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An analytic calculation of the optimized adiabatic compression 
can be based on a model in which the actual nonlinear pressure PNL 
at the compressing layer is always larger than the gas-dynamic 
pressure 20ikTi' with equilibrium between electrons and the deu­
terium or tritium ions assumed for simplicity_ The pressure 
difference defines a kinetic pressure Pkin when Eqs. (7.10) through 
(7.12) are used in the appropriate sense 

(8.8) 

The following relations between final density ncomp and temp­
erature Tco~ and initial density n1 and temperature T1 hold for 
the adiabatic compression if the degenerate state is avoided 

= __ I ; ~ = ncomp 
[

n J2/3 P r ~/3 
ncomp PI nl 

(8.9) 

Using this relation and the one for the incident laser energy 
EL, its intensity I, the laser pulse duration TL, and initial 
radius Ro of the cut-off front, where I = ELI(4~R~TL)' we find 

( n 2/3 ~ ~n 1/j E 1(41rR2 t )=1 =c Iillnl J(f _1_) 1 + ~ 'L -"0 L comp n n 
comp I 

(8.10) 

(8.11) 

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 EBE , and with no = ncomp and EL = Eo in Eq. (8.6), we 
arrive at 

(8.12) 

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

The laser pulse length TL can be determined from the adiabatic 
expansion or compression process (see Eq. (10) in Ref. 192)' 
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Using Eq. (8.9) and the minimum radius Rmin 
we find 

and, therefore, from Eq. (8.12) 

E 
G= _L_ 2.37 x 104 

Ro lii'11/3 

(8.13) 

(8.14) 

(8.15) 

where EL is in joules and Ro in centimeters. 
by 

RO and EL are related 

Ro = Ell3 ( 3 ~/3 = 1.363 x 10-3 EL 1/3 
41rDotlcom;/ 

(8.16) 

which is independent of the adiabatic compression. Therefore, from 
Eqs. (8.15) and (8.16) we obtain 

E 2/3 
G = 0.167 .1: (8.17) 

m 11/3 

with the laser energy EL in joules. The necessary conditions are 
the initial radius Ro (Eq. (8.16», the total laser pulse length 
TL (Eq. (8.14», and always 

I 
clJiI >(D,.kTj ) (8.18) 

with ni below the cut-off density nCO. 

The break-even energy is then near one joule. At EL 1 kJ 
and Inl = 10-3 , 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,20a 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. 210 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 

HI + B" -+ 3 He4 (+ 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 uranium208 ) 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 ablation197 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. 155 ,157 It is possible to reduce 
the threshold intensities from 1019 W/cm2 to 1016 W/cm2 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 1019 W/cm2 for neodymium-glass lasers or at 1017 W/cm2 
for C02 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 lOll W. 1S7 

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 ~article 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 Serpukhov211 where 
the accelerator may have consumed an energy of approximately 1017 J, 
we find for 1010 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,1S7 
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 easy 
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 10-8 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 B.3) was developed for a transfer rate of 
50% (H. Hora, Atomkernenergie 24, lB7, 1974). This efficiency, ten 
times higher than that of Nuckolls's gas-dynamic ablation,202 leads by 
Eq. (B.6) to an energy requirement only one-thousandth as large for 
the same reaction efficiency G. The total efficiency Gtot =60 based 
on incident laser energy Ei will be reached for Ei = 246 kJ (D-T) , 
Ei = 9B kJ (D-D), and Ei = 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. A14l, 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.,214 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. 215 
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 Irradiation 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 field139--142,226 produced with three pairs of 
plates each crossed and carrying a hf-field, such that the pellet 
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described a stable path according to the solutions of Mathieu's 
differential equation. 217 In yet different schemes, free-falling 
pellets have been used,199 where the initially-fixed pedestal was 
removed downward with high acceleration. 219 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. 220 

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 model 109 ,139--142,146 
(Eqs. (5.21) and (5.22». The highly spherically-symmetric expan­
sion was established experimentally by Lubin et al. 141 only when 
a prepulse of about 10 nsec duration was incident on a target and 
having an intensity of less than 10% 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 Analysis of the experimental data indicated that these 
fast ions were generated by a surface mechanism, 109,219 because 
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,109 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 ISO-micron 
radius were also observed under the much more severe conditions 
of small, electromagnetically-suspended pellets,139--142 whose 
size had to be determined by a diffraction technique,141 and 
measurement of the absorbed radiation was much more difficult. 141 
Maximum electron temperatures of up to 1 keV have been measured 141 
with l-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. 21 3 

The systematic study of a carefully-measured electron tempera­
ture from the x-ray spectrum was performed by Floux et al,21S 
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. In 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 105 fusion reactions per shot. 
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Fig. 9.1 Neutron yields from laser-produced 
plasmas. 222 
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The next step in such experiments was the design of a laser 
system by Sklizkov70 with eventually nine parallel be~ operating 
simultaneously. A spherical (CD2)n 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,233 a large enough number so that an analysis of the 
thermal broadening of the signal could be made. 13 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. 13 

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 incident23 on spherical (CD2)n or LiD 
targets in a chamber with vacuum better than 10-6 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. 23 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 1014 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. 13 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. 13 

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 seectra. Similar 
reports were made of some ten keV x-ray signals22 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 
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be related to a definite temperature. 1S Indeed, 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. 19 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. 53 

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/cm2 
were measurable through six centimeters of lead. 212 The spectrum 
corresponded to an electron temperature between 1 and 10 MeV. 
Although the intensity would have to exceed lOIS W/cm2 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 Inl 
(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. 212 Following this result it was pointed out157 
that laser intensities in vacuum may give rise to proton pair 
production at C02 laser intensities from 1017 to lOIS W/cm2 (this 
is possible only with C02 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 
ions. 1S ,19 This was not unknown in plasmas with laser intensities 
much below the thresholds for neutron generation. 10S ,109,140,221 
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. 1S ,19 This fast group consisted of more than 1015 ions,19 
which excludes any electrostatic acceleration mechanism of the 
Debye sheath at the plasma surface since the sheath concentration 
is limited to 1012 ions/cm3• 
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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 frequency of about half a nanosecond. 226 ,227 This 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 (200) or the half harmonics (3/2)00 
and (1/2)00 which were in most cases red-shifted228 ,229 (in few 
cases blue-shifted230 ) 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. 229 The 
pronounced emission of the half harmonics especially at 45° from 
the incident laser light indicated a two-plasmon decay instability 
(Raman instability).165,173 
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A highly-important experiment on the correlation of the re­
flection and of neutron generation was performed by F1oux, Bobin 
et a1.,229,231 in 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,194 
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; 13 only the 1014 neutrons 
expected in similar, but more sophisticated experiments shall be 
an indication of the desired high compression. 223 Measurements in 
laser-irradiated po1yacry1ate (Plexiglas) demonstrated directly 
a compression up to 3 times the solid state at a maximum pressure 
Pmax of 106 atmospheres, using 10-J 6-nsec laser pu1ses. 234 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 l2-beam 
laser of Fig. 9.3 

these measurements a scaling law may be derived 

Pmax = a ~ ; a = 106 atm/joule 1 / 2 

The related compression is in distant agreement with the result 
of 40-fold compression for incident laser energies in the kilojoule 
range. 13 

The use of electron beams has been proposed for measuring the 
density attained in the compressed plasma by a direct method. 235 

The energy of the beam, Ee = 100 keV or more, passing through the 
plasma will be reduced by a part of the electrons by discrete ener­
gy losses, ~Ee = ~wP' where the plasma frequency wp is related to 
the actual electron density given by Eq. (4.10). These energy 
losses can be measured either directly by velocity analysis of the 

Fig. 9.5 Overall view of laboratory containing the 
l2-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 
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by p1asmons has been eva1uated236 in analogy to the quantum­
mechanical modulation of an electron beam by laser photons {Schwarz­
Hora effect).237 The necessarily high electron energy Ee 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-mi11ion-do11ar-p1us 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.240 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 competitivity241 
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 security242 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 pe!rcent 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 
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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 10-9 seconds into 
l-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 micro explosions 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 101~ 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. KROKIDN 
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 ansmg 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 0/ The absorption coefficient of electromagnetic waves in plasma 
is connected with the imaginary part of the refraction index nil by the 
ratio : 

w w ( _ e:' + V e: '2 + e: "2) 1/2 
K = 2 - nil = 2 -

c c 2 
(1) 

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

The plasma dielectric constant is equal to 

w2 ( V ) e:(w) = 1 - _0 1 - i-
W2 W 

(2 ) 

( 4 1t n e2)1/2 
where w -Langmuir's frequency equal to , v-collision fre-

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

Reprinted from: 3rd International Conference on QUIlntum Electronics. Paris. 1963. Vol. 2. P. Grivet and 
N. Bloembcrgen (cds.). 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 e:"« e: I takes 
place, then the expression for the absorption coefficient will take the 
form: 

[ 
(kT)3/2 Va kT m 3/2 ] 

16n ffi n2 e 6• max In (4nne' )1/2' In (4n n e21i2 ) 1/2 

k ~ ----------------~--~~~~--~--~------~--~ 
( 

W2 ~1/2 
3 (mkT)3 /2 c w2 1 - w; 7 

(3) 

One can see from (3) t"hat the absorbtion coefficient decreases 
with the temperature growth. The numerical value of the absorption 
coefficient for radiation of a ruby optical generator w = 3.1015 sec.-1 

in the hydrogen plasma with the maximum density n = 3.10 21 cm-3 heated 
to the temperature T = 101 degrees is equal, by the orders of magnitude, 
to 10+2 cm-1• 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 : 

M ~: - 4n r 2p = 0 r- M :; - 4 n r 2 p = 0 

-!!....(Mv2/2 +E) =Q~J!. [M v 2 + E] = Q m m 2 

(4) 

(5) 

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: 
o<t<1: 

the solution has the simplest form : 

2 Qot' r2 = r2 + -
o 3 M 

t < 0, t> 1: 

T 
Q" t' /6 M + r02 
2Q V/3M+r2 

o 0 
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(6) 

(7) 

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

of the temperature obtaining without divergence is about t"" ro (3~ )112 , 

where e: is energy of laser. If ro = 0,3.10-1 cm, M = O,2.10-'1 gr , 
e: = 109 erg, t is equal to 10-8 sec. 

3 0
/ 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 : 

q = 1 6. 10-21 n 2 T 1/2 erg,/ cm' sec 
ret. ' 

(8) 

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

q '.c. = 1,1. 10-21 n2 T-1I2 erg/ cm' sec (9) 

One can see from (8) and (9) that for hydrogen plasma at To = 4.10' 
q,.t = q,.c· At the temperature T = 101 and density n = 3.10 21 the 
radiation power is equal to q,.t = 5.1019 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. 10-6 T5 /2 erg/cm sec degr. ( 10) 

takes into account electroconductivity. For the radiative thermo­
conductivity, the coefficient Kp is equal to : 
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(11) 

where <J Stephan-Boltzman constant, I Rosseland mean free path length 
of photons in plasma. 

For the hydrogen plasma with the density n : 3. 1021 and at the 
temperature T : 10J linear dimensions of the plasma are considerably 
less than I, which, in that case, is equal by the order of magnitude 
to 10 2 cm. It means that the plasma is practically absolutely trans­
parent and the total radiation nux 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 10 J, 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 

2 
p = '3 u. For n = 3.1021 and T = 10J , U = 1,4.101, erg/cm', hence one 

can see that. in principle. the radiation energy of laser of the order 
100 joules will be enough for heating 10-01 cm' of dense plasma. 

The corrections to the equations of state depending on the Coulomb 
( kT )1/2 

interaction are of the order of e2 /"A kT, where ~,= 4n ne2 Debye 

screening length. At n = 3.1021 cm-' and T = 10 J "A = 3. 10-J cm and 
e2 /"A kT = 10-'. 

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 : 

I1i+l n = 0,58.1016 T"2 gi+l rIi/kT (12 ) 
ni gi 

where gi and gi+l statistical weights, Ii potential of ionisation. For 
more accurate calculations the values of ~ 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 corresporided to the temperature T, the 
photoionization time would be equal to the time of recombination whi~h 
can be estimated from (9) 'tip-" nolfl:/qrec where no thermodynamically 
equilibrium density of neutral atoms. The time of ionizations by means 
of electron collisions is equal to (6 vn)-! where av 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. "tip»"tie the formula (12) will be valid 
as well in the absence of the thermodynamically equilibrium radiation 
in plasma. For instance, at the temperature T = 101 and concentration 
n = 3. 1021 the time of photoionization is of the order of magnitude 
of ... 10-10 sec while the time of electron ionization is 3.10-1' sec 
(C1 = 10-18 ). 

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 10-8 sec. 
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O-ll-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, S. D. ZAKHAROV, YU. V. SENATSKY 

AND S. V. TCHEKALIN 

Abstract-Theoretical calculation. indicate that laser radiation 
may be used to heat a deuterium plaama to temperatures at which 
thermonuclear neutron emission may be observed. Using a neo­
dyminm g1aas laser, producing a 20-ioule pulse of approximately 
lo-ll....second pulse length, pre~ary evidence of neutron emission 
has been obtained. 

T HE ~RESENT paper reports .prel. iminary results of 
expenments 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. 
From 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 stilI 
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 ven' 
short time, not more, probably, than 10-11 second.' • 

:Manuseript recei!ed May 17, 1968. This paper was presented 
at the 1968 IntenlatlOnal Quantum Electronics Conference, Miami 
Fla. .' 

Thb authors are with the P. N. Lebedev Physical Institute of the 
Academy of Scienoes of the U.S.s.R., Moscow, U.S.S.ll 

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, thereb.y 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-ftight 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. l00-:\IW ruby laser radia­
tion was focused on the lithium deuteride surface. Deu­
terium iOlls were then accelerated by a 5O-kVelectrostatic 
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. 

1 The experiments carried' out separately with the oscillator 
showed that the pulse duration was within the limits of 10-11 to lO-lJ 
~conds. llulse duration was measured using the method proposed 
m[5]. 

Reprinted from: IEEE Journal of Quantum Electronics. QE4, pp. 864-867 (1968). 
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---<:S--
Fig. 1. Scheme of .. he experimental device: 1, 2---oseillator mirrors, 3-neodymium glass rod of the oscillator, 4--cell with the bleachable 

dye, &--beam splitter, 6-cascad~. of the additional amplification, 7-spark-gap chamber, 8-Kerr cell shutter, 9--caacad .. of the 
mam amplificatlOn. For the slmpllCity of the scheme the orientation of the Brewster angle rods of the main amplifier 9 after the 
shutter and the orientation of rods 6 and 3 before the shutter are shown in the same way. 

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 6O-mm-length plane-convex lens on the 
surfaee of a lithium deuteride sample in 10-3 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 3O-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 
l&-em-thick walls. The polished surface of the scintillator 
was surrounded by a magnesium oxide powder layer. The 

-50KV 

Fig. 2. Laser neutron source. 

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~I 
anode was several tens of microseconds and the P~I 
worked in the linear regime. An electrical signal from the 
Kerr cell shutter time coincident "ith 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 I(err eell shutter being roughly in the middle of thc 
sweep. Fig. 4 presents one of the oscilloscope traces ill 
which the pulse signal from the Kerr cell shutter may hI' 
seen on the upper trace und the background pul,cs from 
the cowder on the lower tracc. There i" 110 eoincidcnce 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 amplitude:; mon° 
than 10 volt:;. The frequency of their appearance is ,01,,11-

~ to 
\ oSCi tf o.sc o/,e 

NEUTRON 

DETECTOR 

"R::C'-' ---.6eQ"1 
Li'D 

to vacuum 
1>""'1' 

Fig. 3. The scheme of the experimt'nt on 1lf'llt relll del(,c" iOlI. 
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Fig. 4. Oscilloscopic traces of the plIlst'S (rum the ('"uullier (luwt'r 
tra(~) 8111J (rom the Kerr cell :shu Her (upper tra(.'e,; thr ca."(· cof 
no cuincidelll'C. 

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 
P!'.I noises was sufficiently less. 

"eutron detection experiments were carried out in 
series of :>-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 lhnugh 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 nnd II. 

The oscilloscope traces relating to one of the ease:; of co­
incidence of the puIs.,,; from the counter and from the I"err 
cell shutter is shown in Fig. 5. The amplitudes of the sig­
nals ill case:; of coinci.l~nce w~re approximatl'iy equal. Th,' 
calibration of the counter with the help of CSI37 and Co" 
sources showed that the pulses observed by us in the 
cases of coincidence may be rela1{!d to single neutrons 
with the energies of·2.5 MeV. 

Energy 
(jvule:-:) 6 

TABI.E I 

6 6 III 

Coincidelll'e no no yes III) no no 110 nu 

Energy 
(jOllIes) 

\AJincidenC'e 

6 

yes 

TABLE II 

10 II 

yes 

II 8 II 

yes no no 

Fig. 5. Oscilloscopic traces of the pulses (rom 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 
thall 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 I'ulse 
duration 10-11 second, light flux on a target being J= 
lO" W/cm'. Then from the equations for an electron 
gathering energy in an electromagnetic field 

ii. e'E' 'Y at = 2""",' ~, 

where • is the electron energy, E the amplitude of the 
field, m the mass of the electron, ., the light frequency, 
and 'Y /,,/2 the effective frequency of the collisions, we 
obtain 

• = 0.5 X 10' eV. 

From this one can calculate the thickness of the layer 
in which the absorption takes place. It equals 10-< cm. 
The time between the electron-ion collisions is 3 X 10-11 

seconds for electrons with the energy of 10 keY; therefore 
a free path length for the electron is 30 p.. Hence the volume 
of the heated plasma is 3 X 10-7 cm3 • Therefore the 
average particle energy is 2 X 103 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-ti reactions [7]: 

VN' 
2C711t~1, 

where V is the volume, N the ion concentration of the 
plasma, C7II the cross section and t the time of d-d reactions. 
From thi.! 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 piasma made with 
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the aid of an X-ray~bscure chamber. In this ezperiment 
the target was bl'lllll as the X-ray intensity &om the 
lithium deuteride tarpt was insllfficient to produce &D~' 
imap. 

Experiments in the hcatinl of a ps by the fOCllding of 
ultrashort pulae radiation were aI80 carried out by u.-. 
It was found that the plasma formed in the focus absorbs 
1_ of the energy of ultrashort puIees than of the energy 
of II8I1OIIeCOnd puIees. Although we did not ma.ke neutron 
detection experiments in the ease of gas, the preliminary 
tests carried out by 1111 do not allow hope for reaching 
thennonuclear temperatures by ultraahort puIees in the 
case of ps. 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 1 

Hughes Research Laboratories 

Malibu, California 

Ion energies of Fv1,OOO 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 osee. 
The peak power was '5.4 MW, as measured with a 
Korad photodiode PDS-20-IC; all pulses were within 
10% of this value. The area of the focal spot is 
not well known; approximate measurements indicate 
10- 3 em 2. Energy was determined by the time 
of flight of the ions ovec a path of 4.3 em, and ranged 
from 0.5 ,.,.sec for carbon to 1.2 ,.,.sec for lead. 

The targets were in a system at 10- 6 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 laset 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 IP42 monitor, were displayed on oscilloscopes 
triggered by the laser electronics. Sweep synchro­
nization was obtained by di splaying the monitor 
signal en all sweeps. 

The time of flight from the beginning of me 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. Reasonably good agreement is ob­
tained with the solid line corresponding to an ion 

CONTENT ANALYSIS 
A. C plasma (ion) 

A. Al plasma C. giant -pulse laser 

A. Au plasma D. vacuum (iO-6 Torr ) 

A. Ti plasma E 

B. thermionic emission 

SWEEP 

MONITOR 
SCOPE 43cm 

VACUUM 
PUMP 

AXIS 

Fig. 1. Experimental system. Laser beam passed 

through hole in collector, ond was focused on the target. 

Giant pulse was timed by monitor and by flow of elec. 

trons from torget. System pressure before burst was 

10-6 Torr. 

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 fot the 2.5-MW laset pulse. The lanet 
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 
l~vel 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 micro$econd. 
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 e V 
exhibited no discernible bending. 

Interpretation of tl1~ 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. Ti .... 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/cm2• Ion 
speeds on both sides of single and multiple laye,s 
were measured for the same 5.4 .. NW laser pulse, 
by the addition of a collector on the "aft" side 
similar to the ufore" collector already described. 
Bias voltages were applied as in Fig. 1; for some 
measurements the bias voltages were removed and 
a magnetic field of 1,200 G was applied perpendicular 
to the axis of the system. The latter 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 collect ... 
is very nearly the same whether a single foil 
or a thick sheet is the target. 

2. Afte, the laser burst, the single foils ,equi,ed 
about 0.3 "sec for the hea, ro penetra,e the 
full foil thickness. 

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

w. I. LlNLOR 

4. For multiple foils of gold, rhe 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. 

I thank the directors of the Research Laboratories 
for providing a giant-pulse laser and other equipment, 
and for interested support·. The use of Fred 
McClung's giant·pulse laser in tbe early phases of 
this work is appreciated, as well as the assistance 
of Larry Allum. Discussions of this ma ,erial with 
A. Wayne Ehler we,e of considerable help. 
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Rockville, Maryland, and U. S. Atomic Energy Com­
mission, Thermonuclear Branch, "ashin8ton 25, D. C. 
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THE INITIAL STAGES OF LASER-INDUCED GAS BREAKDOWN 

Renaud Papoular 

Association Euratom-CEA, DPh PFC 

B,P. N°6,92-Fontenay-aux-Roses (France) 

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: Loser Interaction and Related Plasmtl Phenomena, Vol. 2, H. Schwarz and H. Hora (eds.), 
Plenum, New York, 1972, pp. 79-96. 
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126 R. PAPOULAR 

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 1 , these 
m~hanisms 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, andOthe light emission from the gas (E) in the 
visible band. The term "breai{"(i"Q;n" 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 
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Fig. 1 

Gas absorption and emission on breakdown. 

'-
t ns 

P incident laser light ; P : transmitted laser ligh~ 
EO: 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 2 

When free charges appear at some point in a super­
saturated vapor with enough densitYt 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/cm 3 ,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 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. 
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Photomultipliers 3 

Let the light beam from a Q-switched laser be foc~ 
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 0 

relative to the laser beam direction was collected by a 
field lens of 25 mm focal length 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. 

---2()MWl ~ 
O~--~~~~~~~--~l~ro~~t·~s 

breakdown 
Fig.2 

PM.Signal 

laser pulse 
(gross shape) 

Raw p hot 0 m u 1 tip 1 i e r d a t a; gas: a r go n , 1 at m ; 1 a s e r 
energy, £ '" 1 J. 
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At low attenuator settings the photo~ultiplier is 
strongly saturated during most of the ti~e, but this 
does not cause any permanent damage ; it is enough to 
overlook anode signals higher than about 100 rnA. 

The experimental results are summarized in the 
following figures, Fig. 3 shows the result of spectral 
analysis of l(t) by means of a premonochromator with 
a spectral resolution of about 200 X at A = 5000 A. 
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Fig, 3 
l(t) for a few wavelengths (vertical scale arbitrary), 
Argon, 1 atm. E ~ 1 J. Laser pulse shape also shown; 
the vertical arrow shows time of breakdown, 
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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 earJier 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 (P h)l t atm. 

Around the time of breakdown, light emission incre~ 
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 (E) on 
the early gas emission. An increase of E 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 E < 0,6 J. 

Fig. 6 shows I(t) for different gases at 1 atm and 
E '" 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 19 cm 3 ; if, furthermore, I is taken to be proportio­
nal to N, as the case should be for emission by e1ectro~ 
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 9 and 
10 12 cm- 3 • corresponding to 10~ to 107electrons in the 
focal volume (10-scm 3 ). 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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Vertical scale for I and P is arbitrary. 

enough to detect the initiAl or ~riming 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 itis not easy to account for the role of 
temperature in the light emission from the focal volume, 

Proportional counters S ,6,7 

Fig. 8 is a sketch of a measuring device 6 , 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 0 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 t 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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Pump 
Fig. 8 

Proportional counter with spherical electrode. 

by collision, the molecules of the ambiant gas. The 
resulting free electrons are also ac~elerated 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 8 elementary charges) 
leading to the formation of a streamer 8 , 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 psec). It is clear that 
the maximum amplification factor M = n/~t, is of the 
order of 10 8 ; but since 10 5 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 5 

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 n increases. M is determined either by 
direct calibration, using a known value of nt, 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 7 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) agaiftst Pm (peak 
laser power) are drawn for CO 2 at different pressures 
and a focusing lens of 75 mm focal length (f l ), using 
an Nd : glass laser with 40-nsec. pulses. The vertical 
bars define the dispersion of measurements. For each 
pressure, Pm has a minimum value, Pi, below which 
no electrons are detected. This value is to be distin­
guished from the laser-induced gas breakdown threshold, 
Pc' which is much higher (>20 MW for p<200 torr). 
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Proportional counter with cylindrical electrodes. 
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a) an 

b) an 
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initial abrupt rise of n t from zero to 10 or 100; 

intermediate region where n - pk with k ~ 2 . t m' , 

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 CO 2 ), 

10 Pm MW 
Fig. 10 

Number of priming electrons, nt' as a function of peak 
laser power, Pm ; f1 = 75mm is the focal length of the 
focusing lens; gas:C0 2 ; laser wavelength : 1t06~ 
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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, 
Pi' as a function of pressure, p, for a couple of focal 
distances, f 1 =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 1aser~ 

Pi KW 

10 L-__________ ~ __________ ~ ______ ~ 

102 10 p.torr 
Fig. 11 

Minimum power, Pi, as a function of pressure, p, for 
different focal distances ; gas : CO 2 ; laser wavelength 
1,06)1. 
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As reg~rds absolute values, P is of the order of 
a megawatt at pressures of about 160 torrs ; this value 
is not very sensitive to the nature of the gas (C02,H2, 
N2 ,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 Pi is 
about 10 9 to 10 10 W/cm 2 , for f l -75mm. This result is in 
order of magnitude agreement with results on CO 2 , obtai­
ned in reference 7. 

In order to explain the production of free electr~ 
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 12 : 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 3 and sec, and that the equilibrium con­
centration of negative-positive ion pairs does not ex­
ceed 103 cm- 3 at NTp 13 • 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 No. under the action 
of a photon flux F, is then given by 

dN 
dt 

(1) 

where a 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 
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is the half-power width of the laser pulse and Pm its 
peak amplitude, and s the area of the focal spot, By 
integration of (1) with suitable initial and bounda~y 
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 

which is 

-11k 
F i = Pi I s = (ak NoT V ) 

-11k proportional to p , since N 
o - p 

(2) 

When F > F., it is found that the total number of 
electrons set ffee in the volume v at the end of the 
p'..llse is 

(3) 

When the photon flux is much larger than F. , 
1 

a k k-l bN FT 
(4) n t '" b F e 0 .v 

which is exponential in F when bN FT is large enough. 
0 

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,ll. From (3) and 
(4), the slope a = d(log nt)/d(logPm) is equal to k_or 
k-l + bNoTF, respectively. Thus, a should always be 
greater than k and increase with F steadily, Also, for 
a given F, a should increase with p (i.e N ). Neither of 
these predictions is verified experimental~y in the range 
of parameters considered here. 

Also, according to ref. 2, the slope 
S = d (log F i) I d (log p) = d (log F i ) I d (log • No) s h 0 u 1 d b e 
equal to -11k. For the gases and photons employed here, 
k is about 10 to 20 , so that S 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 
Fi with the values deduced from eq.2 by injecting the 
coefficients a~ given by measurements of the mu1ti­
photon effect 1 ,done at low pressures «2x10- 3 torr) 
so that cascade ionization is absent. It appears that 
mu1tiphoton ionization of the main gas (C02,H2.Ne,He' 
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 11,15 
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 S (fig. 11) is of the order of -lor less is also 
hardly accounted for by the presence of impurities. The 
above considerations apply all the more to breakdown 
induced by C02 1asers1~ 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, som~ sort of permanent, absor­
bing 17 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 
thes~ particles (viz Pi)' 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 Nt(P) for low Pi's, followed by a 
bend going into an exponential, and b) with the. strong 
inverse dependance of p. on p. 

1 

On top of any such mechanism, which remains to be 
assessed, mu1tiphoton 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 

10 11 18 process , , • 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 n as a function of the 
variables. t 
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* EXPERIMENTS ON SELF.-FOCUSING IN LASE&-PRODUCED PLASMAS 

A.J. Alcock 
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Canada, Ottawa, Ontario, Canada 

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 0 scattering 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 ~10~ 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. 1 who 
observed the creation of long sparks, extending over a distance of 
~2 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. 2 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: Loser Interaction and Related Plasma Phenomena. Vol. 2. H. Schwarz and H. Hora (eds.>. 
Plenum, New York, 1912, pp. 155-175. 
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(0) (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 900 : Ll-focusing lens; L2-
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 
900 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 tadiation wave mechanism the 
authors also referred to earlier theoretical work by Askaryan 3 and 
Litvak 4 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. 5,6 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: Ll, L2-lenses; 
LS-spark; NF-neutral density filters; RF-narrowband filter; 
SC-obs tacle. 

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 6 who investigated sparks 
in air by means of the scattered laser radiation emerging in the 
forward direction and at approximately 900 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. 
l(a). The diffraction limited laser beam which had a divergence of 
0.5xI0- 3 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. l(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 50~. 

The strong resemblance of the filamentary scattering region 
to the self-focusing of i.ntense 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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5 nsec/div 

(a) (b) 

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 radiation, 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 ~300. 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 one 
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. 
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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. 7 ,8,9 Both Ahmad et al~ and Tomlinson8 

carried out quantitative investigations of the fraction of incident 
laser radiation scattered at 90 0 • On the basis of results obtained 
in helium7 and a number of gases 8 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 photographs lO 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 8 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 14~ 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 not~d 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 explanation for the observed 
structure. 

A similar suggestion was put forward by the author and co­
workers 9 following a detailed study of sparks produced in a number 
of gases by means of the 4 MW peak po~er, 10 nanosecond, pulse 
from a passively Q-switched si~yle-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 lbrr. Time-integrated 
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a) 

b) 

Fig. 4 Photographs of ruby laser light scattered at 900 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 ~5~ 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 betwe~n 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 
gO 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. ll 

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 
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(a) (b) (c) 

Fig. 5 90 0 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 
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(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 300 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 300 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 '\.10%. 

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 obs tacle to fallon the photographic 
film after passing through a narrow band filter. Fig. 7(a) shows 
scattered light emerging at an angle of '\.50 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 
rvgo 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. 
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spectral width of ~O.l cm- 1 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-1, at a 
pressure of one atmosphere, and could no longer be resolved at a 
pressure of ~7000 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 900 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 photography12 or interferometry13 have 
been applied to study the initial development of the spark plasma. 

Key et al. 12 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 I 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 5~ resolution revealed 
filamentary regions, of high refractive index gradient, having a 
diameter less than 10~ 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 .• Band interferograms of sparks were ohtained with 
a temporal resolution of ~700 picoseconds and a spatial resolution 
of ~10~. 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 ~20 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 em 
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 ~190~ 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. 9 

Interferograms were obtained in a number of gases at pres­
sures in the range of 0.5 to B.O 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 13~, rapidly develops 
to a length of ~300~ 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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(c) 

(d) 

Fig. 9 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 200-400~ and following their formation the filament between 
them gradually decays (Fig. 9d). 
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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, ne , is given by 

17 -1 -3 
fte = 3.25 x 10 Sd cm 

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 ~8 x 10 19 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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IOOfL I 

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 900 scattered light S ,8,9 have 
their origin in these regions. 

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 regions, 
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 pl~smas 
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 900 scattering and forward-scattering 
from sparks produced by mode-locked ruby and neodymium:glas~ 
lasers have yielded preliminary evidence for self-focusing14 

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 900 to the 
incident beam. A 2 em focal length lens was used. 

scattered light. 15 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 ~4 GW were obtained from the glass laser, in a beam which had 
a divergence of ~2 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 900 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 (5 5~) 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 200~, 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 150_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) (b) 

Fig. 13 Photographs of forward scatte~ed 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 
~75 R to a value of 200 R. 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 reported 16 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 al~7 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 ~200~. 

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 l5~ 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 acco~nted 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 12 W/cm 2 

was considerably smaller than that required to create a spark 
when the beam was focused to a l7~ 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 
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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 nonlinearitI 
and by using the expression for critical power derived by Kelleyl 
threshold powers have been estimated. 9 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 B,9 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 pf 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 ions, 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 3P2 state is ~lO-22 
and exceeds blc approximately two orders of magnitude that of the 
ground state. 0 The resulting refractivity at a wavelength of 
7000g is ~6xlO-22 NAI while the electronic contribution is -2.3x 
lO-22N (where Ne andNA1 are the densities of electrons and 
excitea 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, 1 7 

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 re~ion. These 
mechanisms have been treated theoretically by Shimoda 2 and Hora 22 
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respectively and the minimum powers required to sustain a self­
tr~pped 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 12 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 23 has applied the stimulated 
scattering theory of Herman and Gray 24 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 (N ~l019) are compatible with observed breakdown 
thresholds. e 

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 volt~ge UA = 30 to 200 kV. 
The electron em~SS10n currents dur~ng 100 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 100 kV anode voltage is 
less than 800 eV. The measured high electron currents 
cannot be explained by classical thermionic emission be­
ca~~e space charge effects permit currents a factor of 
10 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 keY 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 J on UA and the 
slope of J on the laser power P by a p3/4 law. 

+Presented at the Second Workshop on "Laser-Interaction 
and Related Plasma Phenomena" at Rensselaer Polytechnic 
Institute, Hartford Graduate Center, August 30 - Septem­
ber 3,1971. 
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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 
elect.ron emission. While a completely regular behavior 
of the thermionic emission was established for laser 
powers up to a few megawatts 1- 3 with emission currents 
of a few milliamperes, very unexpectedly high currents 
of up to 100 ~mpe~es were observed with laser powers ex­
ceeding 10 MW ,5, . Meanwhile emission currents of 100 
amperes and more have been measured7,8. 

Electron currents of such magnitude are technolo­
gically important, e.g. for relativistic electron ring 
accelerators (smokatron)9, where about 10 13 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_ 2 
were 5 and 15 cm with focal radii of 2.5 and 7.5 x 10 cm 
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-30 KV 

1~f:1==~L==j-i.~j[~~==::J~~-JL cathode 
(To) 

~~--__ anode 

Fig. 

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. 
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t . I I·· 10 W/ 2. .. Th respec 1ve y, resu t1ng 1n 10 cm 1ntens1t1es. e 
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 -60 kV. In order 
to measure at the anode onl§ 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 thg fastest ions at the anode, corresponding 
to the well known velocities 11 of 107 cm/sec, by means 
of a coaxial cable with a characteristic impedance Z of, 
for example, 30fl. This line was terminated at one end 
by a series c6nnection 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 Blumlein 
cable to keep the cathode at a 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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laser 

Fig. 2 

Experimental setup similar to that in Fig. 1 with 
a Blumlein cable biasing the cathode up to -200 kV. 
The wav~ 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. Th~ range of 30 keY electrons in an 
aluminum foil is about 5 p. The X-rays produced by the 
decelerated electrons in the foil will expose the film. 

-J. 
I I 

anodt 

cathodt 

r--without dtdlection voltage 
I i ;-with deflection voltage 

r t...l 1 

L I I J 

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 9 (see Fig. 3 

t E tg 9 = --
2 UB 

is given by 

(1) 

where .t is the length of the deflection plates (2.5 cm), 
E the field strength (6xlo 3 Vcm- 1 ), and UB the accele­
ration voltage of the electrons. In the case of Fig. 3 
we used a coaxial line with a characteristic impedance 
of 5f) , 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 UB of the electrons between the cathode and the 
anode was therefore about 2.75x104 V. This yields 
tg 9=0.273=b/a (see Fig. 3) and bl¥ 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 ~ 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 p'ulse 
- i:?'" .. 

100 2 0 300 t [ns] 

o~--~~~----~-----

200 \ I 
\ I 

'00 v· 

electron 
current 
[A] 

Fig. 4 

line length 5~5 m 

laser 1,3 joule 

Time dependence of the laser pulse and the elec­
tron emission current for a line length of 5.5 m 
and a laser pulse of 1.3 joule. The cathode vol­
tage Uc 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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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 ling of the power ~ = 3/4 

J ,.., poC (2) 

was drawn for the following discussion. 

-30 -20 -10 kV 0 30 40 50 60 UA V] 

ANODE VOLTAGE 

Fig. 7 

Reversed diagram of Fig. 6 where the interpola­
ted currents are used for laser powers of 400, 
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 7 is a reversed diagram of Fig. 6, where the 
dependence of J on UA = -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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EMITTANCE BOX 

Fig. 8 

Experimental setup for mea­
suring the emittance 

We determined the emit­
tance in the central part of 
the electron beam. The 
emittance £ is defined as 
an integral value of par­
tial divergence of the 
electron beam (measured 
by diaphragm~ )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) • 

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 4 cm. The cathode 
was charged to -60 kV (see 
Fig. 1:). The total current 
emitted by the cathode was 
measured by the upper beam 
tDroid (Rogowski coil) and 
the current to the emit­
tance box was measured by 
the lower one. 



174 G. SlLLER, K. BoeHL, AND H. HORA 

beam times the cross section of the beam. A good elec­
tron source should have a small value e , i.e. a small 
beam divergence at a .small beam diameter. The divergen­
ces were measured with an emittanc~ 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 10 p aluminum foil was mounted at a 
distance of 2 cm behind the plate. The range of 60 kV 
electrons in aluminum is 20 p. 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 o~ 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 re~ort12, where the 
emittance E is evaluated by integrat10n over the mea­
sured two-dimensional phase-space diagram (Fig. 10). 

120 [mrad) 

100 

80 

so 

40 

20 

04-~~~~--~--~--~--~--~--~~ 
1.S[cm) 0.4 O,S 0,8 1,0 1.2 1.4 

-20 

Fig. 10 

Measurement of the 
angle (mrad) at which 
the electron density 
of a particular beam 
passing through the 
holes of 0.3 mm at a 
distance from the cen­
ter of the beam (cm) 
has decreased to 1/2 
(x) or 1/4 (.) of the 
central intensity. 
The half-value of 
emittance e is given 
by the area surroun­
ded by curves. 
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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 = 
17 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 8.= 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 

£2 eU (1+eU/2m c 2 ) 
B = 

. .• 0 2 
where eU 1S the k1net1c energy and m c the rest energy 
of the electrons. With the evaluatedOvalues one gets 

B1 /2 ~ 1.5 10 -1 A 

sterad.cm2 eV 
and 

B1/4 = 4.8 10 -2 A 

sterad.cm 2 eV 

We can compare these values with the electron emission 
system, where a brightness 8 of the order of 10-3 A/sterad 
cm2 eV is measured, and w~th hot cathodes (Ardenne), 
where a brightness of 10- 4 A/sterad.cm2 .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 12 . 

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 100 keY 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 the time dependence of the cur-
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12 rents from the strips we immediately found 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 13 Wh~Ch 
becomes effective for plasmas at high temperature 1 for 
thermodynamic equilibrium 15 with respect to the black­
body radiation. 

In the case of no degeneration 

n h 3 « (2m kT)2/3 
e e 

the emission current density is 

j ={ A1 / 2' T1/2. exp(-hllo/kT) 

M • T3 • exp(-h)) /kT) 
o 

16 where 

if 

if 

2 3 
(kT)5/~ L!L 

2tlvm: 
2 3 

(kT) 5/ 2:::-- L!L 
211J"~ 

A1/2 

and the photoelectric 

= n e ~ k / 2;r m i 
ere 

ff · . t 14 e 1c1ency constan 

n e 

n e 

(3) 

(4a) 

(4b) 

( 4 c) 

M = 22 (~)3 . (4d) 
c 

h is Planck's constant, k is Boltzmann's constant, c is 
the velocity of light, e is the charge, m the mass, . . e and n the dens1ty of electrons, T 1S the temperature 
and h~ is the work function for electrons. In the case o . 
of degenerat10n 3 2/3 

n h >"> (2m kT) e e 

the emission current density is 

{ 2 
if 2 (4e ) A20T .exp(-hllo/kT) kT <. 2vm c e 

j 
= M. T3.exp(-h~0/kT) 2 if kT> 211"m c (4f) e 
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where 

is Sommerfeld's 

A2 = 4 W mk 2e/h3 

"universal constant". 
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(4g) 

The work function hV is a well defined value for 
the electron emission frog 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 confinement 17 , the Debye sheath at the surface 
produces a work function hV which has the value kT. o 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 19 cm- 3 is as­
sumed, and if the electron temperat~re T is 10 4 oK -
these values being lower bounds of those of plasmas pro­
duced by lasers from solids - the electron emission 
current from a surface of 10-3 cm 2 cross section is found 
from Eq.(4a) to be 

J = 9.2 x 1 0 3 amp (5 ) 

where h~ =kT was used. o 

Such high saturation currents are usually prevented 
by the space charge laws 18 • 2The electron emission cur­
rent J from a surface F(cm ) of a parallel plate cathod~ 
to an ~node at a distance d 1 (cm) biased by a voltage UL 
(volts) is 

J s = 2.33 x 10- 6 

which gives for the case F = 10-3 
60 kV 

J = 2.14 x 10- 3 amp 
s 

( 6 ) 

4 cm; U 2 = 

A case more comparable with our experiment is a cylindri­
cal geometry with a cathode wire of length I, radius r 1 
of a temperature T within a coaxial anode of radius r 2 • 
The maximum current J M in the case of minimumfree po­
tential is for r 2 = 6 cm, r 1 = 2 x 10- 2 cm, 1 = 4x10- 2cm, 
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and the extreme temperature T = 107 oK 

J M = 2.39 x 10-3 amp (& ) 

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

The electron emission currents at the moderate la­
ser intensities of Ready 3 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.7, the measured 10 3 amp was five magnitudes as 
large as the space charge limitation (eq.(7», 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 
emitt~ng surface. The aim is to reach a current density 
of 10 amp/cm2 • With an electric conductivity of almost 
10 5 -1 cm-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 5- 7 
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 boundar~ con­
ditions for the electrons other than those used 18 , e.g. 
by assuming a certain initial energy of the electrons of 
some keY 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 ~ 20. 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 E2 

v 
fNL = - 8" 

C 1 
- (- + 1"2') 
ax I" 

where E is the amplitude of the electrical vector of the 
light iX vacuum. It was proved 21 that this nonlinear 
force exceeds the gasdynamic forces, if for ruby laser 
radiation the intensity I exceeds a value I~ 

I > I· = 2.08 x 10 14 Tl/4 W/cm2 (T> 102eV) (10) 

or if for lower intensities 22 T exceeds 104 eVe These 
intensities do not occur in our experiments, where I was 
near 10 10 W/cm2 . However, it is well known from the 21 
application of the nonlinear th eory 20 to self focusing 
in plasma that laser powers P exceeding one megawatt can 
crea~e filaments the cross section FSF of which is simp­
ly g1 ven by 

( 1 1) 

because then the gasdynamic pressure of the filaments is 
equal to the thermokinetic pressure. The ~iameter mea­
sured of these filaments on gas breakdown 3 agree very 
well with the calculated values of a few pm. 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. 7 to vanishing emission currents J indicate an ini­
tial energy of the electrons of a few keY. If a J were 
to be measured between 0 and +30 volts of the anode vol­
tage U =-U to show a deviation from the linear rela­
tion, thisCmay not upset our conclusion because at low 
values of UA one can expect a mixing up of several me­
chanisms Wh1Ch 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. 

P 

If the temperature T 
proportional to the 
we find from eq.(10) 

J""F=!1f (12) 

in the filaments is assumed to be 
laser power p-c by an exponent oc. , 
and (12) 

oc 
J ~ p 1-4 (13) 

d . F' 5' p3 / 4 . d' The slope rawn ~n ~g. ~s a -l~ne accor ~ng to 
~=1, as can be expected from heating by thermokinetic 
processes. 

The authors gratefully acknowledge the encourage­
ment and stimulating remarks of Prof. A. Schluter on the 
work presented. 
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EXPERIMENTAL RESULTS OF FREE TARGETS* 

Heinrich Hora 

Rensselaer Polytechnic Institute and 

Institut fUr Plasmaphysik, Garching, Germany 

Abstract 

Plasmas produced from free small (5 to 10~ radius) 
electromagnetically suspended LiH tar~ts 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 fe,'1 hundred eVa ~luminum balls 
of 50 to 150 ~ 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 

Nhen plasmas are produced from solids by incident laser 
radiation, the observable processes are highly co~plicated. 
To reduce some essential influences, the solids were arranged 
in vacuuml , though many applications need the oresence of 
surrounding gases 2 ,3'or vice versa - the orocesses 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 Int.eraction and Reillted 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 waves in very thin gases, could be 
studied starting from plasma produced at solids 4• 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 co~act material with a 
plane surface and varying thiCkness l ,5. So, many experiments 
were performed to study plasmas produced by lasers from 
small free targets suspended in vacuum. 

In ~e preceeding paper of S. tiitkowski on "Free 
Targets· , 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 expansion7 , 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 detectedl ,8. So, the qroups 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 minimum which separated 
obviously two groups9. nifferent Ylioups of varying ionizat­
ion were observed in carbon plasma • The interpretation 
of time-of-flight-signals to discriminate two groups was 
only Possible after a thorough treatment of the targetS,II. 
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 grids l2 • 
Another experiment performed to look for the two gro~~s, 
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 al. 6 ,14 were performed by Hauqht 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 S to 10 ~ radius. The 
incident laser radiation was primarily restricted to peak 
power of 20 Mti of some 10 nsec length focused down to a 
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'tL = 15n sec 
5~r----.--~-.--~-.----~~~--' 

P = 1 GW 

£=50 eV 

2 

2L-~~~~~~--~~~~~~ 

2 r 0 (c m) 5 2 5 10-l 

Fig. 1 

Calculation of averaged energy £ fro~ the sel~-si~ilarity 
expansion model in dependence on the focus radius rF, 
target radius ro at given values of the laser nower P ann 
pulse length 'L as evaluated by Haught, Polk and l"a.der 7 • 

diameter of 300 ~ 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 \",ere ionized. Times 04' flight 
of the ions ,.,ere measured \.,ith open eiectric nrobes, con­
sisting of two parallel plates with radially 0riented sur­
faces. Prom measurements in different directions, it \.,as 
concluded that the plas~a expands spherically symmetric 
within 30% and that there \.,as no eviClence of any senaration 
of the expanding plasma into a fast or slower group of ions. 
There was no measurable charge separation. These results 
alloNed the apnlication of the the0f¥ of the self-similarity 
expansion of t.1-te created plasma 15,1 fro~ ,.,hich it could 
be concluded that the measured maximum ion energies indicated 
an averaged ion energy of 100 to 200 eVe To get results 
of the plasma properties \.,i thout measuring the target size 
(radius r o )' only starting from the maximum laser power P, 
laser pulse length 'L (half width of intensity maximum) , 
the similarity model ,,,as used to calculate the averaged 
particle energy eat varying ro and varying focus radius rp 
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for given P and T L • 'ft. maximum of £ was founrl at a special 
value r F (see Fig. 1). As one can understand, the procecure 
that from a large number of experiments 'ofith varying target 
size ro at constant P, TL and r F , 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 r-1W 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 TL = 30 nsec was appliedl ? From 
measurement of the density profile, the applicability of a 
self-similarity expansion \ofith Gaussian profiles, which are 
of significance for ~is mechanism16 , 'ofas proven. The 
initial mean energy £ per particle \ofaS around 100 e'7. 
Measurements of the emission of radiation of the HB 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 signals of the arriv­
ing plasma (Fig. 2). The reality of the two peaks of the 
curve of Fig. 2 was verified very carefullyl?,18. 

l=O Time t 

Fig. 2 
Ion current I(t) by the time t of the carefully screened 
charge collector of a lithium hydride olasma produced by 
neodymium glass laser radiation from a target of about 
10 ~ radius, according to measurements of Papoular et al. l ? 
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 eVa 
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Fig. 3 
Oscilloscope trace of the leading edge of a tailored 
laser pulse with an initially vaporizati~n tail. 1.5 
nsec/div. according to Lubin et al. 19 • 
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Many details of the properties of ~lasmas nrodurid from 
lithium Wydride soecks' suspended electromagnetically in 
vacuum ,.,ere found by Lubin et a1. l9 • The diaqnostics t.<1ere 
extended by measuring the size of the Ruspended targetR, 
where an evaluation of'~~e diffraction patterns of light 
by the target was necessary. The radius ro of the targets 
was around 5 to 20 lJ. r1easurement~ ,.,er.e performed wi th c.~arO'e 

collectors of different design Nith respect to tl'te cases 
mentioned before7 ,17 and the time of fliqht was measured 
at such a close distance as 5 mm. The result was that a 
laser pulse of P = 600 Mi and TL = 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 energy, than in the 
backward direction. It ,.,as suggested that a sYIT'.JI1etric 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 lJ radius r Q, if a 
coupling efficiency of one nercent was assumed. F1g. 3 
shows the oscilloscope trace of the leading edge of such 
a tailored laser pulse. ~easurements with laser nulses of 
P = 1. 5 G~i and TL= 4 nsec sho,oled indeed the far field 
symmetry of the expanding plasma and a complete ionization 
of the target. The applicability of the self-similarity 
model 15, 16 for the heating and expansion of the plasma 
was then certain. Time of ~light measurements resulted 
in the maximum ion energy and, by appiying the ~odel, in the 
average energy E ner narticle near 800 eVe These measure­
ments are shown_in Fig. 4 for varying radius roo The 
calculation of E from the self-similarity model15 ,16 was 
possible immediately starting from the measured values of 
P, TL' r o ' and focus radius r F (Fig. 4). In the same wav, 
the calculation of the maximum temperature Tmax ot tne 
plasma was possible. The measurement of Tmax was tried 
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£ 

5 10 15 20 
ro Microns 
Fig. 4 

Averaged energy per particle E measured by time of flight 
and calculated from the self-similarity model for varying 
target radius roo Maximum temperature Tmax measured by 
Thomson scatter1ng and calculated from the self-similarity 
model according to Lubin et al. 19 • 

by means of Thomson scattering of an additional laser beam 
of P = 100 MW and TL = 15 nsec. It was reconsidered whether 
the scattering takes place in a region of too strong spatial 
in-homogeneity of density and temperature, as it could be 
calculated20 ,21. The focusing22 of the scattering beam that 
was reached down to 10~ seems to solve these problems. The 
agreement of the temperatures Tmax 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 Tmax (Fig. 4). 

Yamanaka et a1 12 used the same method of electro­
magnetic suspension14 of lithium hydride targets to produce 
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plasmas by lasers. Side-on framing camera pictures demon­
strated an asymmetric ex"ansion \·lith higher velocities against 
the laser light \"hen the target had a radius ro of 20 \..I. This 
result is similar to that of Lubin et al19 • T~e difference 
to the symmetric properties of the expanding plasma of Haught 
et al. 7 may be due to the fact t.1iat the targets of Yamanaka 
et al. 12 were of relatively large size if the question of 
preheating is neglected19 • 

J'l. further result12 vIas the observation of tt"O groups of 
plasma by the differentiated signals of rrrid-screened charge 
collectors. The maxima of the t\"O groups corresoonded to 
ion energies of 330 eV and 13 eV \.,hen the input laser ':'o\.,er 
was 20 ~V. The signals were very different to those of 
Papoular et a1. l7 (Fig. 2), taken at much higher laser 1':)m.,ers. 
Whatever the reasons for these features are, it is established 
that some interesting details of the nlas~a nroryerties are to 
be found from such collector sianals. The fact that these 
groups have not been observed by Haught et al. 7 and Lubin 
et al. 19 may be due to their method of intec:rrated charae 
collector signals instead of differentiated-signals. 

Larger Free Targets 

Anot.1ier 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 ~Vitkowski 's talk 
on "Free Targets"16. The size of the targets is then larger 
than in the case of the electromagnetic susnension and, 
therefore, the resulting plasma due to laser irradiation 
shows some other properties than in the case of small targets. 

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 alumimun spheres crossing the laser focus 
by free fal124 after having been released from a retracing ped­
estal system25 • The aluminum ball had a radius ro of 50 to 
150 \..I, 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 liqht, and integrated 
measurements of incident and transmitted liqht were taken by 
calorimeters. The focal diameter (half of maximum intensity) 
was about 400 \..I. The total absorbed energy depended on the 
ball radius and varied between 30% and 50% at laser powers 
P between 50 and 400 MN and pulse lengths TL between 15 and 
35 nsec. Framing camera pictures were taken side-on and end­
on from 3 staqes of the created plasma. Many differences 
in the exposure time had to be taken into consideration and 
it \"as 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. 1>. further meck was 
that the maximum energy Emax of the fast ions expanding to­
wards the laser was the same within 20% compared with the 

350 n sec 

250 n sec 

150 n sec 

f.- 10 em--.l 
~---

Fig. 5 
Side-on framing camera picture of a plasma produced from 
an aluminum ball of 80~ radius by a 100 MW, 30 nsec laser 
pulse focused to 400 ~ 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 9!rection towards the laser, and an 
inner spherical part • . 
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Fig. 6 
Maximum ion energy £~x (V) taken from the velocity of the 
surface of the inner spherical oart of the plasma (Fig. 3) 
and averaged energy per atom £(0) 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 TL only. 
In the case shown we have P Ql70 MWJ TL Rl30 nsec24 • 

measurement of plasma produced from compact aluminum targets 
at conditions of the same laser intensity P and the same 
laser pulse length TL , assuming the quadratic relation 
£max~I2, 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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nechanism. Doth r:>arts are separated by a zone of lo''''er 
brightness. (Fig. 5) 

2) The thermokinetic propertit~ of the inner !,art are 
proved by the maximum ion energy e:max ' taken from the photo­
graphs, and the averaged energy per particle £, derived from 
a distribution of the me~ured absorbed energy to all ato~ 
of the ball (Fig. 6). e: ax is very close to values calcu­
lated from the self-simi~arity model of a thermokinetic 
expansion process l6 • The ratio e: tn / e: is of about two 
and agrees with the self-similari~xmodeI15. ~e brightness 
of the thermokinetic !,art de~,eases in the center, indicat­
ing sone reconbinationI7 ,26, • The thermal core contains 
nearly all of the created !'lasma. 

3) The properties of the outer part of the plasma, 
having a preferred expansion towards the laser light, c~ld 
be seen from the !,roperties of the maximum ion energy e: ax' 
taken from the velocity of the front of the e~anding !,~asma. 
This energy e:max had the usual values of so~ keV and showed 
no variation at varying ball radiuS" ro if the laser nower P 
and pulse length TL were constant (Fig. 7). This confirmed 
a surface mechanism. The values of E agreed with that 
of thescase of a free disc23 and comp~8~ targets (Gregg and 
Thomas ) as mentioned before. The property of the non­
linearity had to start from the fact that at comnact targets 
the relation between Emax and the laser intensity I , ... as . 
nearly quadraticll , 2Sif the laser pulse length TL was constant. 
So we have to not simply plot Emax against the measured 
laser power P b~~ause , ... e had varying TL, but we had to 
reduce the meas~ed values Emax by the laser pulse length 
TL 

E 1 
max (1) 

to plot these against the laser power P. Pig. S shows the 
result. The measured values Em ax are very close to a line 
with a power of 1.6 ' .... i th little scattering, while the dia­
gram of Emax against P was sublinear with strongly scattering 
points of tne measurements. An application of a theory of9 a nonlinear surface acceleration (involving self-focusing! , 
shows the nonlinear absorption process and momentum trans­
fer, and confirms that the fast part of the plasma contains 
less than a fe'''' percent of all r:>lasma. 

4) ~t large times (10- 6 sec) after the laser was incid­
ent, an inner hole of the ion density of the ex!'anding plasma 
, ... as determined from reflection and transmission measurements 
of microwaves 30 • The concluded velocities are related to 
the thermal core. The thermokinetic theory does still not 
describe these recowlination processes in details, at pre­
sent, also the measured electron temperatures of fe'''' eV at 
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Maximum ion energy £ of the fast outer front of the max 
plasma showing no variation at varying ball radius rp 
(in contrast to the therrnokinetic core, Fig. 6, if ihe 
laser power P and the pulse length TL was constant2 • 
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times 90 or 190 nsec after the laser pu1se31 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 100~, comparable 
with the diameter of the laser focus. Side-on framina 
camera pictures32 demonstrated a spherically symmetric 
expansion ~.,ith velocities understandable by a therrnokinetic 
model. Fast ions have not been detected by the pictures. 
Later experiments started from free falling cylindrical 
specks of 200~ dtameter and 250~ length of hydrogen as 
described before. The plasma produced by a laser was 
measured by probes. It was concluded that the target had 
been fully ionized~3. In another case34 hydrogen of simi­
lar size was irradiated by a laser and the expansion of the 
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Fig. 8 
Maximum ion energy £~ax reduced by Eq. (1) to constant 
laser pulse lengths TL, in dependence of the laser power 
p24. 

luminous plasma was measured by streak photographs. The 
result was a motion of the whole plasma along the direct­
ion of the laser radiation wi~h an average ion energy of 
such drift of 4 eVe The magnitude of the drift could not 
be figu21d out from the measurements at free aluminum 
targets • An estimation of the momentum transfer from 
the asymmetric expanding fast nonlinear surface allows the 
conclusion of a drift of the same magnitude as for hydro­
gen34 • 

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 fast group and a decrease of the 
slow group was measuredl2 • Another curiosity was a jet­
like narrowing and acceleration of the plasma expanding 
against the laser, due to a magnetic field35 • 

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 field23 • The behavior of the 
plasma produced from small, electromagnetically suspended 
lithium hydride targets in magnetic fields 7, 17, 19 was 
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 studies 19 , 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 larger by a factor of six by a magnetic field 
of only 7 kGauss 37 • 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 targets 34 , 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 • ~ more detailed theory of 
the inj~raction of the laser produced plasma \'1as given by 
Bhadra • The experiments performed parallelly indicated 
an anomalous increase of the electric resistivity and 
instabilities due to collective effects40 • The measure­
ments of Tuckfield and Sdlwirzke40 were performed ,'lith 
paraffin targets of lO~ and larger radius suspended by a 
1 ~ diameter quartz ,fiber. In addition to the revie\'1ed 
results, the plasma produced by laser pulses of P = 150 ~1 
and TL = 200 nsec showed a spherical expansion. flsing 
targets of 50 ~ radius, a preferential direction of expan­
sion towards the laser was observed. In the presence of 
a magnetic mirror field of 1200 Gauss, 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 plas~a 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 energies 37 , instabilities, etc.~O. 
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 
JOHN M. DAWSON 

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 10--2 em 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 ke V per ion. If the expand­
ing plasma can be caught in a magnetic field and ita 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 

ONE 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 whicQ 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.2 

A typical plasma which might be produced by this 
means would contain from 10" to W'" electrons and 
nuclei with energies ranging from a few hundred 
eV to a few keY per particle. To achieve such 
plasmas would require a laser pulse delivering powers 
of the order of 10"_1012 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. 

'N. G. Basov and O. N. Krokhin, in Proceedings of u.. 
Conference on Quantum Electronics, Paris, 1963. 

• A. G. Engelhardt, Westinghouse Research Laboratories 
Report 63-12S-1l3-R2. 

• A. L. Schawlow, Sci. Am. 209 [71, 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 < is 

E = «N, + N,), (1) 

or if we measure E in joules and < in eV 

E = 1.6 X 1O- 1"«N, + N,). (la) 

For an < of 1 keY and N, + N. ~ 1017 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 1022 atoms/cm', then we would 
require the speck to have a volume of between 
2 X 10-7 cm' t02 X 10-4 cm'. The linear dimensions 
of the speck will consequently be of the order of 
6 X 10-' to 6 X 10-2 cm. If we assume that the 
nuclei are protons and that they have 1 keVenergy, 
then their velocity is 4 X 107 cm/sec. The smaller 
speck doubles its size in approximately 10-10 sec, 
while the larger one requires 10-9 sec. As we see later, 
the plasma rapidly becor.les transparent to the 
light pulse upon expanding, and so for the energy 
to be effective, it must be delivered in the order of 
this tim:e. The small speck which requires 1 J to 
reach the desired energy requires a power of fO" W 
while the larger speck requiring 10' J requires 1012 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). 
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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 nlby 
laser is 4.35 X 101• sec-I. The plasma frequency is 
given by' 

vo = 8.9 X lO'n!, (2) 

where n. is the electron density. Equating these two 
frequencies gives 

n. = 2.4 X 1021 electrons/cm'. (3) 

This is somewhat lower than the electro~ density 
in a solid or liquid (electron density in liquid hydro­
gen 4 X 1022). Thus as soon as a high degree of 
ionization is reached at around 10 eV, the plasma 
will reflect the radiation. However, once 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 

[v + (v' - V!)1]2 - Iv - (v' - V!)1]2 
f = Iv + (v' _ v!iY , v > v. (4) 

where v. and v are the plasma and light frequencies. 
For a v of 1.05 v., this formula predicts an f of 0.7. If 
the boundary of the drop is diffuse on the scale of 
the lightwave length (X = 6.9 X 10-' 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 

w = 2-rv, (5) 

where k. is the wavenumber parallel to the surface. 
For 45° incidence the critical density is reduced by a 
factor of 2. 

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., PkysieB of Fully Ionized Gase:. (Inter­
science Publishers, Inc., New York, 1956). 

• J. M. Dawson and C. R. Oberman, Phys. Fluid. 5, 517, 
1962. 
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SrZ"n.n,e6 In A(v) 
K = 3cl(2rm.kT)!(I _ .:/.')!' (6) 

K _ 1.17 X lO-·Zn! In A(.) 1 (6a) 
- 3.'(kT)! (1 - v:/v')!' 

kT in eV., A = VT/W.Pm' •. 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, VT is the thermal velocity of the electrons, Pml. 
is the millirnum impact parameter for electron ion 
collisions [Pml. ~ maximum of Z e2/kT or h(m.kT)I]. 
If v is equal to •• , A is Spitzer's' A. 

The term (1 - .:/",)-1 is important only for 
• ~ •• and hence we will neglect it. In any case this 
term only increases K. For hydrogen at 1 keY, 
n. = 2.4 X 1021 • = 4.35 X 1010 sec-., In A = 10, 
one finds K = 40 cm-I. Thus the light will be 
absorbed in a drop of dimensions 2.5 X 10-2 cm. 

5. 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 

Iwm~ ~ 3kT. (7) 

For kT = 1 keY, .~ is equal to 7.2 X 1017 sec-lor 
about 2000 times the laser frequency. Thus by 
Eq. (7)6 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 lO-'IZn!r W/cm3 , (8) 

where T is in keY. 
For hydrogen at 1 keY and a density of 2.4 X 1021 

this formula gives 

E = 2.8 X 1012 W/cm3 • (9) 

A volume of 10-' cm' containing 2.4 X 1017 pro­
tons radiates at the rate of 2.8 X 10· W, which is 
smaIl compared to the estimated required powers of 
the order of 101• 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) i. not strictly correct for k. ~ kT, never­
thele .. it gives a rough estimate of the absorption. 
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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' 

tie = [1.05 X lO13A/n.Z In AjTI, (10) 

where T is in keY and A is the atomic weight. For 
hydrogen at a density of 2.4 X 10" at 1 keY with 
In A set equal to 10 we find 

tie = 4.4 X 10-10 sec, (ll) 

which is of the order of the duration of the heating. 
At lower temperature tie 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. aT/at = '1 a2T /iJr2 , (12) 

5.85 X 1012 TS/2 
'1 = Zin A 

where T is in keY, 

ergs 
sec deg em' 

C. = 2(n. + nil X 10-16 ergs/cm'deg. 

From this equation setting In A = 10 we find that the 
distance / that the heat will diffuse in time t is 

/2 = !L t = 2.93 X 1027 T'/2t. (13) 
C, Zen. + n.) 

For hydrogen at a density of 2.4 X 10" and at a 
temperature of 1 keY we find for 12 

l' = 3.05 X 10't. (14) 

For t = 10-0 sec, I = 1.75 X 10-2 em, which is 
of the order of the plasma radius. Lower temperatures 
and higher Z's and higher densities decrease I. 

In the e8 rly stages of the pulse, strong local 

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 the decrease in absorption 
coefficient. In addition to the advancing region of 
light penetration, shocks are set up in the plasma 
due to the local high temperature and pressure. 
Such shocks are quite effective in carrying energy 
away from the hot spots and in heating the plasma 
through which they pass and thus provide another 
means for equalizing the temperature. The details 
of all these complicated processes depend on how the 
drop is illuminated, i.e., uniformly over its surface 
or locally, and a complete analysis of them would 
be very ~omplicated. Since the purpose of this paper 
is merely °to show the feasibility of using this method 
to produce interesting plasmas we do not attempt 
such an analysis here. Instead we simply assume that 
the drop is heated uniformly. Towards the end of the 
time when the drop absorbs, this should be a reason­
able approJl1imation since the light penetrates the 
whole plasma at that time and the electronic heat 
conduction is fairly large. 

A much more detailed analysis of the temperature 
profile within the plasma appears called for. How­
ever, here we assume that the whole drop is at a 
uniform temperature. 

8. EXPANSION AND COOLING 

For temperatures greater than 100 eV and number 
densities of the order of 10" em -3 any low Z material 
(Z ::s; 5) is essentially completely stripped oof elec­
trons since the thermal energy is of the order of the 
binding energy for the most tightly bound electron. 
As a consequence the plasma behaves like an ideal 
gas of electrons and ions and, as already pointed 
out, rapidly expands. We may approximate this 
process as was done by Basov and Krokhin' by 
assuming a uniform density and temperature and 
equate the work done by the pressure to the increase 
in the kinetic energy associated with the radial 
expansion. We have 

PAV = A!Mf2 

or 

2 dr - d (dr)2 
P4rr de = !M de de ' (15) 

where P is the pressure and M is some suitable aver­
age total mass for the plasma. If we take the density 
of the plasma to be uniform and assume the velocity 
i~creases linearly from the center to the edge, then 
M is iM where M is the actual mass (we use this 
value of M). 
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The pressure is given by 

P = 3{N, + N.)kT /4-rr3 , (16) 

where Ni and N. are the total number of electrons 
and ions contained in the drop. Finally the tem­
perature is determined by the equation for conserva­
tion of energy 

dT dr 
leN. + Ni)k dt = -4rPr'dt + W, (17) 

where W is the rate at which the laser is supplying 
energy. The left-hand side is the thermal energy 
of the plasma, while the first term on the right-hand 
side is the rate at which energy is going into the 
expansion. Here we have neglected the radiation 
though it could be subtracted from W. If one assumes 
W is constant and that the initial expansion velocity 
is zero, then these equations can be integrated to 

J.M.DAWSON 

Comparing (21) and (22) shows that for long times 
i of the energy goes into expansion and 1 into 
thermal energy. 

As the plasma expands it rapidly becomes trans­
parent to the laser light because by Eq. (6&), K 
is proportional to n:. We can find the time when the 
drop becomes transparent by equating Kr to 1. In 
doing this let us find the dependence on the rate of 
power input and the initial electron density and drop 
radius by making use of Eqs. (2O) and (21) and the 
relations 

N. =n .. M, n. = n •• {ro/r)3,' 
(23) 

N, = N./Z, n, = n./Z. 

Substituting all these expressions in Kr = 1 gives 

52.5 In An:.(l + 1/Z)3/·r~Sm~/2 
3z3/VW'f = 1. (24) 

give 

r = [r~ + ¥Wt3/N,m,]t, 
Setting v = 4.35 X 10", m, = 1.66 X 1O-.4A, 

(18) In A = 10, Eq. (24) becomes 

kT _ Wt [2r~ + 5Wt" /9N,m,] 
- 3{N. + N,) T~ + 10Wt3/9N,m, ' 

(19) 
1.45 X 1O-s·r~"n:. AM2(1 + 1)3'2 _ 

3Z3I'W'tO Z - I, (25) 

where To is the initial radius of the plasma and m, is 
the mass of the nuclei. 

where r. is in cm, and TV is in watts. Solving for t 
we find 

For times sufficiently large 80 that We" /N,m,>>r~, 
we can approximate these expressions by 

2 A 5/1"(1 + 1/Z) I/O t = 73 X 10-1• "3 T :">.=---='~~t.:::..L--. n.. ZI/OW"O sec. 

(20) The energy delivered per particle is 

kT = Wt/6(N. + N,). (21) 

For short times when the expansion is unimportant, 
kT goes like 

Wt 
• = n •• k:(l + 1/Z) 

A S'SWS/I 

= 6.5 X 10" n:~3ZI/0T.(l + 1/Z)s,o, 

kT = iWt/(N. + N,). (22) where. is in eV and W is in watts. 
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FIG. 1. Heating and expansion of hydrogen 
plasma drop. 

(26) 

(27) 
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FIG. 2. Heating and expansion of a deuterium 
plasma drop. 

For deuterium with initial radius of 1.5 X 10-' cm 
and a W of 10'0 W, t comes out equal 9 X 10-10 sec 
and E to be 1.0 keV. 

The results of some more complete calculations on 
deuterium and lithium drops are shown in Figs. 1-5. 
The results are in general agreement with the 
approximate formulas (20), (21), (26), and (27) 
even though the radii of these drops expands less 
than a factor of 2 before they become transparent. 
The approximations used in deriving these equations 
break down for drops which are so small that they 
become transparent before they expand appreciably. 
For very small drops one cannot increase the energy 
per particle by decreasing the drop size as predicted 

r 
8 
7 

6 

EXPANSION ENERGY 
PER 10~ 

! 
/ 

T,~f---o 

li 
I • 

3 </ / 
2 / • 

by (27). If the plasma is heated very fast so that 
expansion is unimportant, then we may estimate the 
temperature we can reach by again equating Kro 
to 1. From Eq. (19) this gives 

kT = 2.5 X W-8 [Z2/3n!/3(ln A)·13r:/3j/Z·/3, (28) 

kTineV. ForZ = 1, n. = 2.4 X 10",,, = 4.35XI0", 
and ro = 10-' cm we obtain a temperature of 525 e V. 
While one could certainly reach somewhat higher 
temperatures than this since the plasma is still 
being heated, a large increase in temperature above 
this will be difficult since the allsorption coefficient 
drops off rapidly and the expansion will soon be­
come important. 
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FIG. 3. Heating and expansion of a lithium 
plasma drop. 
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FIG. 4. Heating and expansion of a lithium plasma drop. 

O. EXPANSION AFTER HEATING AND 
PLASMA TRAPPING 

J.M. DAWSON 

After the plasma became transparent it still 
expands rapidly and it cools as a result. If one 
assumes that no energy is added after transparencY 
is reached, then Eqs. (15), (16), and (17) governing 
the expansion can again be solved and one finds 

We see that the plasma·temperature drops rapidly 
with expansion and that by the time the radius has 
increased by a factor of 10 the temperature is down 
to a few eV. All the energy ends up as energy of 
radial expansion. 

At this point one must check on whether or not 
the plasma recombines. At these densities the 
principle mechanism for recombination is due to 
three particle encounters, two electrons and one 
ion. A theory for such recombination for hydrogen 
has been worked out by Hinnov and Hirschberg.7 

T = T 1(r1/r)', (29) 

t 2 = t~ '+ [3(N. + N;)jM]kT.[1 - rUr']. (30) 

where rl, T1, and tl are the radius, temperature, 
and radial velocity of the plasma at the time it 
becomes transparent. 

'E. Hinnov and J. Hirschberg, Phys. Rev. 125, 795 
(1962). 
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FIG. 5. Heating and expansion of a lithium plasma drop. 
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According to these authors the rate of recombination 
dn,ldt is given by 

dn.ldt = 5.6 X 1O-',(kT)-9/'n!. (31) 

with kT in eV. 
The characteristic recombination time is 

T = 1.8 X 10'6(kT)9/2 In:. (32) 

where T is in sec. 
If we substitute (29) and (23) into this formula 

we obtain 

T = 1.8 X 1026 [(kT,)9/2 In;,l(r,/r)3. (33) 

where 1 refers to the plasma state at the time it 
becomes transparent. This time should be compared 
to the time required for the plasma to double its 
radius 

T = rlv ... (34) 

where v .. is the expansion velocity. If these times are 
equated we find for r, 

(35) 

If we take kT, = 300 eV, n., = 5 X 10'0, r, = 

2.5 X 10-', Vox = 3 X 107 (expansion energy of 1 keY 
for deutrons) which roughly correspond to the values 
given in Fig. 2, then (35) gives for r, r = 0.4 cm. 
Thus the radius has increased by roughly a factor 
of 20, the density has decreased by a factor of 8000, 
and the temperature has fallen to ! eV. 

For three-particle recombination the ionization 
energy is returned to the plasma and this tends to 
keep the temperature up and prevent further re­
combination. The drop in temperature should be 
almost arrested at this point. If it is assumed that the 
temperature remains constant with recombination 
just supplying the work done in expansion then we 
get 

E, dN = 47rr:n.kT,(dr/r). (36) 

tlN = 47rT~n.kT. In !.. = 3NkT, In !.. (37) 
Ei T2 Ei T2 ' 

where 2 refers to the state at the time recombination 
starts and E, is the ionization energy for the atoms. 
We see from (37) that when kT, is much smaller 
than E" that even for relatively large rlr" tlN IN is 
small. From this it would appear that we could 
neglect recombination. Of course cooling by radia­
tion will enhance the recombination rate. Straight 
radiative recombination is negligible because of its 
small cross section. However, radiation by highly ex­
cited states produced by three-body recombination 
might be important. On the other hand recombina­
tion is reduced if the laser continues to operate during 
the expansion since the drop never goes completely 
transparent and even a small increase in temperature 
over that used above greatly reduces its rate. 
Finally if we attempt to catch the plasma in a 

magnetic field (see below) the currents set up in the 
plasma will probably keep the electrons sufficiently 
warm to prevent recombination. This problem needs 
to be investigated in much more detail. 

If the organized motion of expansion can be 
randomized the plasma will again acquire a high 
temperature. One method of achieving this would be 
to allow two expanding plasma drops to collide with 
each other. Sinee the ions have most of the energy 
this would result in a plasma with a high ion tempera­
ture and a low electron temperature. 

Many possibilities suggest themselves for trapping 
the plasma in a magnetic field. The plasma expan­
sion is ultimately stopped due to the work required to 
push aside the magnetic field. Creating a cavity of 
volume V in the magnetic field of strength B requires 
an amount of energy W, 

TV = (B'/87r)V. (38) 

If B is in kG, Y is in em', and TV is in J, this formula 
reads, 

TV = 3.98 X 1O-'B2 V. (39) 

For a field of 10 kG a volume of 2.5 cm' is required 
to absorb 1 .J of energy. The maximum volume to 
which the plasma can expand is obtained by equating 
W to the plasma energy and we see for B's in the 
10 kG range and W in the range of a few joules this 
volume is of the order of 10 cm'. 

When the plasma expands against the magnetic 
field surface currents are set up in it. The energy re­
quired to maintain these currents against the ohmic 
dissipation is supplied by the radial expansion. Thus 
the ordered expansion energy may again be con­
verted to heat. Further such a plasma expanding 
against a magnetic field is subject to strong Rayleigh­
Taylor instabilities. These may cause turbulence 
which effectively randomizes the organized motion. 
On the other hand the resultant plasma turbulence 
may result in plasma escaping across the field lines. 
Experiments with various fields configuration are 
required to determine how effectively the plasma 
can be trapped. 

10. CONCLUSION 

It appears that laser pulses with powers in the 
range of 10'0 \V lasting for a few nsec can, by 
vaporizing a small speck of material. produce 
plasmas with particle energies in the keY range. It 
should be possible to do many interesting experi­
ments on such plasmas. Among the possible experi­
ments which might be carried out are the following: 

(1) The interadion of a rapidly expanding plasma 
drop with a magnetic field. Can the plasma be 
trapped or does truhulence result which takes the 
plasma across the magnetic field? If the plasma can 
be trapped one might employ this means to fill 
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thennonuclea.r machines. One might also mock up the 
interaction of supernovae with the interstellar mag­
netic field and possibly also solar flares and their 
interaction with the Earth's magnetic field. 

(2) Investigation of collisionless shocks. If two 
such expanding plasma drops collide the conditions 
for establishing a collisionless shock are easily met. 
Another possibility is to. embed the drop in a low­
density plasma. A1J it expands it could act as a driver 
for an intense shock in this plasma. 

(3) Recombination in the expanding drop might 
provide some information on recombination in dense 
plasmas. Such recombination might also provide a 
means for obtaining energetic neutral particles. 

J.M. DAWSON 

(4) One might use the drop to study the inter­
action of radiation with dense plasma as, for example, 
absorption, scattering, and hannonic generation. 

ACKNOWLEDGMENTS 

The author wishes to thank John L. Johnson for 
calling his attention to this problem and also for 
many interesting discussions of the problem. He is 
also indebted to Lyman Spitzer, Jr., for valuable 
discussions and encouragement. 

This work was perfonned under the auspices of 
the U. S. Atomic Energy Commission under Contract 
AT(30-1)-1238. 



SOME RESULTS OF THE SELF-SIMILARITY MODEL* 
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ABSTRACT 

The self-similarity model of expanding laser produced 
plasma is derived from the hydrodynamic equations. An 
analytical iterative solution taking into account the vary­
ing plasma diameter results in remarkably higher electron 
temperatures. Numerical iteration wlth the condition of 
total transfer of the radiation to the plasma in overdense 
states shows a good agreement with measurements of Engel­
hardt et al. at large spherical suspend~d targets and 
agreement with measurements of Sigel et al. at hydrogen 
foils. On the basis of detailed numerical calculations 
of Mulser et al., either heating by self focusing, or 
higher thermal conductivity than Spitzer's values are 
concluded due to collective effects at conditions of high 
density, if conditions of degeneration and Coulomb log­
arithms less than unity are present. 

I. INTRODUCTION 

The following considerations are devoted to some 
applications of the thermokinetic self-similarity expan­
sion model to las~r produc~d plasmas, a~ it wa~ used by 
Basov and Krokhin , Dawson ~ Engelhardt , Hora 4 Haught 
and pOlk5 , papoular et al.o, and Lubin et al. 1 The 
reasonable success of this model for interpreting many 
measurements 5 ,6,7,8 and the generalization of the theory 
for nonspherical plasmas 9 shows a high degree of reality 
reached by this model to describe the thermokinetic expan­
sion properties of a large group of laser produced plasmas. 

*Presented at the Workshop on "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 (cds.), 
Plenum, New York, 1971, pp. 365-382. 
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The theory will not cover the nonlinear processes invoi~ed 
in the interaction of the laser radiation with plasmas , 
an effect which is connected very probably with the kev­
ions first observed by Linlorll • Further problems are 
given regarding the number of theoretical models describ­
ing a thermokinetic shock wave mechanism produced by the 
interaction of laser radiation with matter12 to 18. 

As we have pointed out before8 , and as discussed 
quantitatively in much detail18 , the essential difference 
in both theories is the question of the time scale of the 
heating mechanism. The similarity expansion model pre­
sumes that the distribution of the energy absorbed at the 
front of incidence of the radiation is distributed fast 
enough to the whole volume of the irradiated material, if 
it is limited geometrically as a free sphere or a thin 
foil. The heating of the material is then homogeneous and 
the gas dynamic or thermokinetic process can be described 
by the self-similarity expansion model. If the laser pulse 
length is too short and the thermal conductivity too small, 
the heating will be an asymmetric shock wave process 12 to 
18 

Somehow, the shock wave process and the similarity 
expansion can be considered as consecutive mechanisms. 
The self-similarity model ignores many details of the 
energy transfer from radiation to plasma and of the energy 
distribution within the material, while the shock wave 
process covers numerous properties of the initial processes 
by considering the equation of state of the primary mater­
ial, the Saha equation, the thermal conductivity, different 
temperatures of electrons and ions, etc. As it was pointed 
out in detail by Mulser lS , a general numerical treatment 
of the case of plane geometry covers both the shock wave 
process and the following self-similarity expansion (see 
Fig. 10 of Mulser lS). The result of a good applicability 
of the self-similarity process to certain experiments is 
no argument against the shock wave mechanism but an express­
ion of the neglibility of the details of the starting 
mechanism which is determined by the shock wave process. 

This paper discusses some experiments differing 
essentially from the usual casesS to 7 which can be 
explained by the self-similarity model. The problems in 
connection with the shock wave process are considered in 
section V. bringing up an indirect conclusion that high 
density deviations of the usual thermal conductivity may 
occur due to collective effects or others. Section II 
gives a rigorous derivation of the basic formulae of the 
self-similarity model from the hydrodynamic equations, 
demonstrating limitations and general properties. A 
specific appltcation of the generalized formulae to an 
experimental case is derived in Sect. III, and Sect. IV 
discusses the comparison of the model with measurements 
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of laser interaction with free falling aluminum ballsB 
or thin hydrogen foils 19 • 

II. RELATIONS BETWEEN THE SELF-SIMILARITY MODEL AND THE 
HYDRODYNAMIC EQUATIONS 
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A detailed derivation of the self-similarity model 
from the hydrodynamic equations will demonstrate the 
various assumptions which are necessary for the validity 
of the model. The mathematical purity of the assumptions 
of Basov and Krochinl and Dawson 2 will be pointed out as 
well as mathematical details of the assumptions of Haught 
and FolkS. An analytical discussion of solutions of the 
hydrodynamic equations of Fabre and vasseur 20 on the basis 
of the results of Jacquinot et al. 21 confirms the numeri­
cal results of Fader 22 for the self-similarity solutions. 

The hydrodynamic equations for a thermokinetic model 
are the equation of continuity, the equation of motion, 
and the equation of conservation of energy to find time 
and space dependent solutions of the ion density ni' the 
temperature T and the ion velocity v of the plasma. The 
equation of continuity is 

an. 
_l. + 'V.(n.v) = 0 (1) at - l.-

and the equation of motion with the pressure p, the mass 
me of the electron and mi of the ion is 

(2) 

In the equation of conservation of energy with the ion 
charge Z and Boltzmann I s constant K , 

a n.m. m 
- ~ (1 + Z ~)v2 = - ~ (1 + Z)n KT + w (3) at 2 m. - at i 

l. 

where w is the power density of external energy input 
(from the laser light) or radiation loss, the change of 
temperature T in addition to w is only due to the change 
of kinetic energy, indicated by the index k: 

a nimi m a a 
at -2- (1+Z m~)y2 = -KT at (1+Z)n i - (1+Z)n i K at Tk + w (4) 

l. 

In order to formulate the total change of the temperature 

aT aTk dTth 
at=at+~ 

we have to take into account the change by thermal 
conduction (index th) which is 

dTth 
-- = - Kt.T at 

(5) 

(6) 



210 H. HORA 

using 23 

K (7) 

0L is Spitzer's correction to electron interaction against 
the case of the Lorentz-gas which increases from 0.225 to 
1 for Z from 1 to ~. with respect to Eqs.(5)to(7) one 
gets finally the complete equation of energy conservation 

(8) 

Equations (1), (2) and (8) are general hydrodynamic 
equations to solve n1, v, and T in space and time at given 
initial conditions. 

If a spherical symmetric plasma is considered with 
a spatial dependence only on the radial coordinate r 
with the radial component vr of the velocity, we get 
the equation of continuity from Eq. (1) 

a a 2n i at n i + at n i vr + -r- vr (9a) 

using the equation of state 
p = n. (1 + Z)KT 

1 
(9b) 

in Eq. (2) we get the equation of motion for the spheri­
cal case 

d m a 
dt n1·m1· (1 + Z ~)v = - ~ n. (1 + Z)KT (9c) mi r or 1 

and finally the equation of energy conservation from Eq.(8) 

a n i mi me 2 a 1 a 2 a at -2- (1 + Z ~)vr = - ar (1 + Z)niKT - K "7 a (r a T)+w (9d) 
1 r r t 

We then have to solve the basic Eqs. (9) together with 
the initial conditions at a time t = toT(r,t - to)' 
ni(r, t = tQ) and vr(r,t = to)' to find solutions T, N 
and ~ as a function of rand t. 

we shall now derive the formulae of the self-simi­
larity model which were used by Dawson2 , starting from 
the general radially symmetric hydrodynamic Eqs.(9). 
We multiply the equation of motion (9c) with vr 

1 d me 2 a (10) 2" dt nimi (1 + Z ~)vr = - vr ar P 
1 

and integrate over the whole volume of the spherical 
plasma with the radius R of the plasma surface. This 
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leads to 

- tVr 
o 

(11) 

It is essential to point out that the procedure of 
integration in Eq. (11) and in the following equations 
gives a loss of information. Instead of details of 
n1(r,t) we can expect only average values. In this 
sense a still further restriction is made, when Eq. (11) 
is evaluated using the averaged values of the functions 
under the integrals. 

If the pressure within the spherical plasma is 
assumed to be a constant value p from r = 0 till r = 
R - £ and decreases to p = 0 at r = R, then the left 
hand side of Eq. (11) can be written 

-lim v 4nR2 JR ~ dr = - v 4nR2 (P(R) - R(R - £» 
£+0 r dr r 

R-£ 2 
4nR pv (R) (12) r 

Constant p at constant T gives an averaged constant 
n1 in the inner of the sphere. Assuming additionally 
a linear velocity profile 

v (r) = v .£ 
r ro R 

(O<r<R) (13) 

which expresses the properties of a similarity expansion, 
then the right hand side of Eq. (11) leads to 

1 d fR me 2 2 1 - d 2 
-- n.m.(1 + Z -)v 4nr dr = -M-v (R) 2 dt 11m. r 2 dt r 

o 1 
(14) 

- 3 m 
with the abbreviation of an averaged mass M = - n.m.(1+Z ~) 
Combining Eqs. (14) and (12) we find 5 1 1 mi 

2 dR 1-d 2 1-d dR 2 
4nR p dt = 2: M dt vr(R) = 2: M dt (dt) (15) 
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A further integration over the volume is of interest, when 
similar to the assumptions for Eq •. (15) ni is used constant 
in the averaged sense within the plasma sphere and a linear 
velocity profile Eq. (13) is used. In this case one gets 
from the left hand side of Eq. (9d) 

(16) 

Using 

(17) 
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one finds for the integral of the left hand side of Eq. 
(9d) 

a 2 3 - - 411pR at 3 
(18) 

Integrating the right hand side of Eq. (9d) ~ver the plasma 
volume and assuming a constant temperature br- T = 0) 
an equation of energy conservation with the total power W 
absorbed in the plasma after reduction of the radian loss 
is 

411pR2 -..2... R = _ l. K dT [411 R3(1+Z)n ] + w 
at 2 dt 3 i 

(19) 

Equations (9b), (15), and (19) are the same which Dawson 
derived from the base of phenomenological combination of 
gas kinetic laws. The essential points in the derivation 
from the hydrodynamic Eq. (9) was that the energy transfer 
from the radiation has to be assumed in such a way that 
the plasma temperature can be assumed spatially constant 
at each instant and that a linear velocity profile, Eq. 
(13), is valid. The properties of an averaged density 
ni and an averaged mass H, and a steep pressure decrease 
at the surface, are consequences of the integration 
procedures: these are mathematically correct but they 
involve a loss of details of mostly unnecessary information. 

The question is a little different than that of the 
preceding result, when details of the density profile 
ni(r) at varying times are to be evaluated. To reach a 
certain statement on the actual density profile, Haught 
and polks started from a linear decrease of the density 
n!(r) from the center of the plasma to the surface. 
SilRultaneously, a linear velocity profile, as given by 
Eq. (13) should be conserved. We show that both linear 
profiles are not conservable in time. Substituting 
n. = ni (1 - r/R) with the normalization nio cc R(£)-3 
a~ spa~ial invariant T in the equation of motion (9c)~ 
we find 

dv 
r 

d"t= 
(1+Z)KT 
m 

(1+Z ~)m.R(1-r/R) 
. m. 1 1 . 

(20) 

a non-linearly varying acceleration profile, even with a 
pole at r=O. If, at any time to' the velocity profile 
should be linear and t.he density profile at to and 
further on linear, the velocity profile must change its 
linearity at t> to due to Eq. (20). 

One way that a linear velocity profile (self-simi­
larity motion) can be conserved at the condition of 
spatial independent temperatures, can be verified if the 
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density profile is Gaussian 20,21 Such a profile 

n 
ni(r,t) = 3/~ 3 exp(-r2/£2) 

1T £ 
(21) 

where the length £ is only a function of t, produces an 
acceleration in the equation of motion (9c) 

a2r KT(l+Z) a KT(l+Z) 2r 
at2 = - m ar n i = m"i2 

m.(l+Z~)n. m.(l+Z~) 
l m. l l m. 

l l 

(22) 
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If the starting velocity vr(r,t=O) is zero or linear with 
r, the acceleration22 conserves this property. The bell­
like density profile expands similarly. The limitation of 
the model with the Gauss-profile is given by the fact that 
the real plasma has a definite surface, while the Gauss­
profile distributes the plasma to any distance. It is 
interesting that the Gauss-like density profile was obser­
ved by interferometry of plasma produced by lasers from 
thin foils24, that a direct numerical calculation based 
on the hydrodynamic equations of a starting linear density 
profile assimilates after a certain time a Gaussian profile 22 
and that the hydrodynamic numerical calculation for thin 
rectangular density profiles (foils of hydrogen) will be 
developed also into a kind of a Gaussian profile lS • 

III. SELF-SIMILARITY MODEL FOR OVERDENSE PLASMA WITH 
VARYING RADIUS 

An application of the self-Similarity model, Eqs. 
(9b), (15), and (19), to interpret some experimental 
resultsB,2S made it necessary to develop some general­
izations with respect to the energy transfer from the 
radiation to the plasma which occurs even at times when 
the plasma interior is overdense (light frequency w is 
less than the plasma frequency w ). A further step was 
to include the varying cross section of a spherical plasma 
during irradiation within constant laser focus due to the 
heating and expansion. It was reportedS that this fact 
was included into a numerical application of the self­
Similarity model. Here we can give some analytical 
expressions, demonstrating immediately the physical 
properties. A numerical application is based on an 
iteration procedure with a definite numerical stabiliz­
ation. 

As evaluated by Dawson2 , the solution of Eqs. (9b), 
(15), and (19) for an energy input W 1 = \v starting at a 
time to and remaining constant gives the solutions derived 
by Basov and Krokhinl, for the time dependence of the 
laser heated sphere of the radius R and temperature T 

R2 = [R2 + .!Q G] (23) 
o 9 
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(24) 

where Ro is the 
and 

initial radius of the target before to 
3 

WIt 
G = -- (25) 

Nimi 

The total number of ions Ni was used 

N () 41T R 3 
i = n i to 3 o· (26) 

The model used l ,2 implies a Z constant in time which 
is quite reasonable, especially in the following discuss­
ion of aluminum targets with respect to the conduction 
electrons in the cold material. 

A modification in the time variation of the input 
power W is made taking into account that the plasma 
sphere expands and changes its cross section of energy 
transfer. We assume a power density in the focus which 
is spatial constant and has a time dependence as a step 
function and constant for t> to. We use the further 
assumption that all energy incident within the cross sect­
ion of the plasma is transferred to the plasma as long as 
the plasma is overdense (wp > w) with the ion density ni 

2 41Te 2 
w = -- Zn (27) 

p me i 

This assumption is based on the fact that plasmas produced 
from solids or at overdense gas breakdown by laser pulses 
larger than 2 nsec and with intensities higher than 1010 
w/cm2 have a negligible reflectivity 8,19,26,27. The 
details of the energy transfer from the skin depth to 
the whole plasma are assumed to be fast enough, as it 
will be discussed later. The power input then has the 
formulation 

W(t) R(t)2 W 
=~ I 

o 
(28) 

Where Wi is the constant power input of the starting cross 
sections. Using this time dependent wet), we cannot solve 
the Eqs. (9b), (15) and (19) immediately. We use an 
iteration by calculating, as done in Eqs. (23) and (24), 
a first iteration Rl(t), Tl(t) using W = Wl and a second 
iteration R2(t), T2(t) using W = Rl(t)2Wl~ etc. The 
second iteration is. then (avoiding the index 2) 

R2 = R2 + .!.Q. G(l + _1_ G) 
o 9 I8R2 

(29) 

o 
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W1 2R~ + SG/3 + 80G2/(81R~) - 200G3/(14S8R~) 
KT = 3N. (HZ) 

~ 

(30) 
R2 + (10G/9)(1 + G/18R2) 

o 0 

The difference of this solution as compared with the 
solutions Egs. (23) and (24) is obvious, when we evaluate 
the time tTP at which the plasma becomes transparent 15 
(~ = w). In the case of ruby laser radi.,tion (w = 2.7 xlO Hz) 
and an init ial dens ity no = 6xl022cm-3 , as is the 
case for solid hydrogen or solid aluminum, we find from 
Eq. (23) with Eq. (25) for such an R, for which (R/Ro) 3 
= no/nco with the cut-off density, given by Eq. (27) at 
n i = nco for wp = w 

ti!)= (7.78 r~ Ni mi /W 1) 1/3 (31) 

For the solution with varying cross section, from Eq. (29) 
there follows in the same way 

tTP = (7.15 r~ Ni m/w1)1/3 (32) 

The higher energy input in this case makes the plasma 
transparent a little earlier. 

A higher difference of both cases can be seen from the 
temperature reached by the plasma. The maximum temperature 
of the plasma is where a total energy input wIt is so short 
that the expansion of the plasma is negligible2,4. In this 
case the temperature is2 

T = T = 2/[3KN.(l+Z)] (33) 
max ~ 

We consider the temperature T at the time t = tTP and find 
in the case of Eq. (24) 

T(I)= 0.32T (34) 
max 

and in the case of varying cross section 

T = 0.S83T 
max 

(35) 

The temperature is increased nearly by a factor of two 
although t < t (1) 

TP TP 

A numerical program to solve R(t) and T(t) for a 
more general input power W in Eqs. (9b), (15) and (19) 
was based on the following assumptions: 

Evaporation, ionization, and recombination were neglected. 
The focal region was approximated by a boxlike intensity 
profile constant in space. The intensity had a time depen­
dence of variable forms (rectangular, triangular, symmetric 
or with steepened rise time), tailored? with triangular 
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initial pulse and triangular main pulse, expressed by 
Wl(t) given by the laser power within the area of the cross 
section of the plasma at t=t • The geometry of the cross 
section of the plasma with tRe laser radiation is given 
by a factor 

for R < ~ 

for (36) 

with the focus diameter R. The energy transfer due to 
the absorption given by the optical absorption constant 
K is approximated with respect to the spherical geometry by 

for n. : n ]. co 

1 - (1 + 2KR)exp(-2KR) 
2K2R2 for (37) 

The power input into the plasma at negligible radiation 
losses is then 

W(t) = WI (t) g(t) f(t) (38) 

The time dependent functions R(t) and T(t) are solved 
from the following system of equations where the total 
mass of the plasma is M = 411 R3 n m./3 

00], 

(39) 

and 

KT(t) M dR 2 10 It 
5N.(1+Z) {-(dt) + 3M dTW[R(T), T(T)J} 

]. 0 

(40) 

The numerical program used the absorption constant K 
from the collision produced dispersion relation of 
plasmas28 • The ~olution was verified by iteration with 
the first step R (t) T (t) as described before, put 
into W(Rl(t), Tl(n) ana Eqs. (39) and (40) solved to 
find the second iteration R2 (t), T2 (t) and with these 
values a W(R (t), T2(t) was used to solve the third 
iteration R 3~)' T 3(t) etc. The iteration was performed 
until the Rand T-values differed by less than 10-4 from 
the values of the former iteration. In the follow1ng 
examples the necessary number of iterations was six or 
less. A check of the numerical stability of this procedure 
was given by the result that th~ temperature T(t) decreas­
ed to zero at large t compared with the laser pulse length 
t I: defining WeO at t> t L in Eq. (38). 
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Fig. 1 

Numerical calculation by iteration of Eqs. (39) and (40) 
to evaluate the time dependence of the plasma radius R. 
temperature T. maximum velocity v~bx and ion energy £th 
of the plasma surface for an aluminum ball of 80]J max 
radius irradiated by a laser pulse of 4.3 Joule energy 
and a rectanglar pulse length of 16 nsec. 

IV. COMPARISON WITH MEASUREMENTS 

The results of the self-similarity model of the 
formulation described here will be compared with experi­
ments. A first comparison is performed with experiments 
at westinghouseB where single aluminum balls of 50 to 
l50]J radius were irradiated by focused laser pulses of 
2 to 5 Joule energy and 15 to 35 sec pulse length. A 
numerical solution of the time dependence of the ball 
radius R(t) and the temperature T(t) for a case measured8 
is shown in Fig. 1. The velocity of the plasma surface 
v(t)~x = dR/dt is evaluated and also the maximum ion 
energy £th (t)=m. y2 /2 • Further. the amount of the total 
absorbedml6ergy~was evaluated. taking into account the 
geometry of the growing plasma within the laser focus 
and the absorption constant. The results were that the 
calculated absorption of energy was equal to the measured 
values within 15% and the dependence of the amount of 
the absorbed energy on the ball radius and the pulse 
length showed the same systematic variation as seen from 
the measurements. 

The final maximum ion energy of the expanding plasma 
was measured from side-on framing camera pictures~. 
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Measured maximum ion energies of plasmas produced from 
aluminum balls of varying ball radius at irradiation of 
laser pulses of about 70 MW power and 30 nsec pulse 
length (V) compared with theoretical values based on 
the self-similarity model (curve). 

These values fit very well a theoretical slope with a 
triangular pulse shape, the parameters of which were 
determined by thllimeasured pulse shape (Fig. 2). The 
index "th" in Emax expresses the inner thermal part 
of the created plasma that was studied, while an outer 
part of plasma8 had properties of a nonlinear surface 
mechanism, explaining Linlor's keV-ions on the basis 
of a theory of a pondermotive interaction of the laser 
radiation with the plasma lO if self-focusing produces 
power densities of 10 14 w/cm2 • This is easily possible29 
in the case discussed. 

The result of Eqs. (34) and (35) indicates a higher 
temperature of the plasma if the self-similarity model 
is applied in the way described. This increase of the 
temperature was observed by Thomson scattering experi­
ments8 in principle - besides the possibility that 
recombination mechanisms increase the electron temperature. 



SOME RESULTS OF THE SELF·SIMILARITY MODEL 

A further comparison of the self-similarity model 
with experiments is possible at measurements of the time 
t TP at which a plasma produced from a solid foil of 
pOlythene30 or solid hydrogen19 becomes transparent. 
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with respect to the results of the nonspherical case of 
the self-similarity mode19 , the expansion properties along 
one axis of an elliptic plasma are independent of the 
properties of the other axes. Therefore, we can begin 
the procedure for solid hydrogen and ruby laser radiation 
from Eq. (31) to evaluate the transparency time where 
ro is the thickness of the foil and 

2 2 2 
WI = W r IrF = Pnr o 0 0 

(41) 

W is the input laser power at the front of the layer, 
wRere the laser beam has a radius rF and P is the laser 
intensity. Using the density = 0.1 g/cm3 of solid 
hydrogen we find from Eq. (31) 

tTP = (7.78 ~ r! p/P)1/3 (42) 

In experiment19 with Wo = 200 MW and P = 2.4xl012 w/cm2, 
Eq. (42) results in 

tTP = 3.5 x 10-7 ro (43) 

with a foil thickness r in em, and for W = 500 MW 
o 0 

t TP = 4.75 x 10-7 ro (44) 

To compare these values with the measured transparency 
time19 tD we have to add to ~p the time between the 
beginning of the laser pulse and the creation of the 
plasma, which is of about 5 nsec in agreement with 
analogous experiments. Eqs. (43), and (44) fit very 
well the measurements as shown in Fig. 3. 

v. CONCLUSIONS 

The self-similarity model is an analytically treat­
able method for describing symmetric expension of not too 
strongly extended laser produced plasmas1 to 9. It 
implies a good enough thermal conduction to reach a 
uniform distribution of the energy which is transferred 
in many cases only from the side of illumination of the 
plasma where the energy is absorbed only within the 
inhomogeneous skin depth. 

The validity of this model was confirmed by many 
measurements with targets of LiB of about 10 1.1 radius 
suspended free in vacuum in the focal center of a laser 
beam 5 to 7 A special proof of the self-similarity 
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Fig. 3 

Measured (o,x ) values of the delay time of transparency 
t~ of solid hydrogen foils of given thickness compared 
w1th the calculated (lines) transparency time t TP of the 
self-similarity model, when tp - t TP is 5 nsec. The 
laser intens it ies were 200 MW ( ) and 500 MW (- - --) • 

expansion of the plasma was the measured spherical 
symmetry of the plasmaS and the maximum energy of ions 
of some 100 ev in agreement with the thermokinetic 
processes. Larger targets, i. e. of 20).J radius showed 
no spherical symmetry, and charge collecting measurements 
of the expanding plasma differentiated two groups of 
plasma3l • Free targets of aluminum balls of 50 to 150 
also showed two parts, one outer part with an asymmet­
rical nonlinear behaviour, and an inner spherical part. 
If the self-similarity model is applied in the way 
demonstrated here, the agreement with the measurements 
of the inner part is satisfactory with respect to 

1) the measured amount of the total absorbed energy, 
if the energy absorption in the overdense state 
is assumed totally within the varying cross 
section of the laser beam and the plasma: 

2) the final maximum ion energy of the thermal core: 
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3) the increased electron temperature according to 
Thomson scattering experiments. 

The assumption of total energy absorption in the over­
dense case allows a very good fii of calculated trans­
parency times with measurements of plasmas produced 
from solid hydrogen foils up to thicknesses of 600 II • 

A numerical calculation of the interaction process 
on the basis of the hydrodynamic equation with forces due 
to the thermodynamic states after thermalization of the 
radiation includes in a general way the details of the 
initial processes (shock waves, Saha equation, etc.) and 
the following expansion mechanismlS • This following 
process is comparable with the self-similarity model. 
The agreement of the transparency times of the self­
similarity model with measurements allow the conclusion 
that the initial pxocesses are fast enough for an appli­
cation of the self-similarity model. The details calcu­
lated for the initial process on the basis of the usual 
constants of optical absorption and thermal conductivity 
result in larger times of thermal exchange and larger 
transparency times lS • So the indirect conclusion can be 
drawn that the constants of absorption and thermal con­
ductivity based on the macroscopic theory23 are not valid 
in plasmas of the cases considered. The problem is 
indeed obvious, because densities higher than 1023 cm-3 
at temperatures of a few ev have been calculated, while 
it is known from the calculation ~f ab~orption constant 28 
that fully ionized plasmas of 102 cm-3 electron density 
degenerate below temperatures of 100 ev and have larger 
impact parameters than the Debye length (Coulomb log­
arithm less than unity) below 10 eVe If in this wayan 
increased thermal conductivity could be concluded, it 
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would be of interest to find a relation to the concluded 
decrease of the electric conductivity due to collision­
less damping and instabilities in laser produced plasmas 32 • 
Another mechanism of a fast heating of the whole plasma 
in the hydrogen foils would be a self focusing process 29 
which develops pipes of high energy transfer. A further 
point of view in this discussion was a consideration O{ 
the three-dimensional properties in the hydrogen layer 9. 
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Hydrogen Plasma Production by Giant Pulse Lasers * 
PETEll MULSEll 

Institut fiir Plasmaphysik, Canning bei Miindlen 

The problem of interaction of an intense laser beam with solid hydrogen is theoretically in· 
vestigated in a one·dimensional plane geometry. The time dependent distributions of density, tem· 
perature and velocity of the produced plasma as well as those of the solid are found by numerical 
solution of the hydrodynamic equations for various laser powers. The maximum temperature can be 
approximately expressed in closed form as a function of the lasl'r intensity and time. The calcula· 
tions allow for the influence of thermal conduction and viscosity. At lnser intensities abo\'e 1.8 x lOll 
W fcm· the plasma frequency rises above tlmt of the laser in the transition sheath between the 
hot plasma and the cold solid. The problem of absllrption and reflection of laser radiation in this 
region is investigated. 

I. Introduction 

Nowadays giant pulse lasers ream intensities of 
1012 W /em2 and more if focused with lenses of 
suitable focal length to an area of 10-4 em2• Emis· 
sion thereby lasts between about 2 and 50 nsec. 
The interaction of sum radiation fields with matter 
greatly differs from the usual picture of low·inten· 
sity electromagnetic waves passing through a me· 
dium. Numerous experiments since 1963 have de· 
monstrated that a sufficiently intense laser will 
make transparent dielectrics opaque and cause a 
hot, dense plasma cloud to form on the surface. 

Near the ruby laser frequency (co = 2.73 X 1016 
sec-1) many insulators sum as hydrogen appear 
completely transparent; with normal light sources 
their coefficients of absorption are almost zero. If, 
however, there are some free electrons in the insu· 
lator, these in the intense radiation field of a laser 
can gain so mum energy that they quickly increase 
in number as a result of collisional ionization, and 
strong absorption occurs. CARUSO et al. 1, for 
example, have calculated that at a radiation inten· 
sity of 1011 W/cm2 a 100 p thide hydrogen foil be-

• Auszug aus der von der Ifakultit fiir Maschinenwesen und 
Elektrotedmik der Tedtnismen Hodtsmule Miinmen zur 
Erlangung des akademisdten Grades eines DoktOTS der 
Naturwissensmaften genehmigten Dissertation iiher "Er· 
zeugung von Wasserstoffplasma durm RiesenimpuIslaser" 
des Dip\.·Phys. PETEll MULSEll. Tag der Promotion 31. 7. 
1969. 

comes opaque in less than 10-10 sec if there are 
10& free electrons per cm3 present when irradiation 
begins, i. e. a vanishingly small number compared 
with the number of atoms, whim for solid hydrogen 
is 4.5 X 1022 cm-s. No matter where the first free 
electrons originate - whether from multiphoton 
absorption, from impurities in whim they were 
loosely bound or from external marging - it was 
found experimentally time and again that with suf· 
ficient laser intensity a highly absorbent layer of 
free electrons forms in a very short time. Any study 
of subsequent processes will therefore start from a 
certain initial ionization. 

In the field of fusion researm one is mainly 
interested in the complete evaporation of solid or 
liquid drops of low atomic weight in a focused laser 
beam. The production, heating, and expansion of 
sum a plasma was therefore studied theoretically 
in a spherical model on the assumption that the 
matter in the focus is fully ionized from the outset, 
and that the energy input is uniformly absorbed in 
the drop as long as its diameter does not exceed 
that of the focus as a result of expansion 2-'. 

Sonderdrudtanforderungen an Dr. P. MULSEll, Institut fiir 
Plasmaphysik, Experimentelle Plasmaphysik 3, D·8046 
GardUns bei Miinmen. 

1 A. CAllUSO, B. BEllTOTTI, and P. GlUPPONI, Nuovo Cim. 
45 B, 176 [1966]. 

I J. M. DA"SON, Phys. Fluids 7, 981 [1964]. 
• A.If. HAUGHT and D. H. POLlt, Phys. Fluids 9, 2047 [1966]. 
• W. J.IfADEll, Phys.lfluids 11, 2200 [1968]. 
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The 8IIIIumption of uniform energy abllOrption 
greatly facilitates calculation of heating and ex­
pansion and affords useful information on the pro-

eon!pl'lllIan wave 
+0 • 10" W/em 2 

P.MULSER 

perties of the pluma after a lengthy period of time. 12 
It does not, however, provide a satisfactory answer 0 nHC 9 01 ~'Clo 
to the physically· interesting question in what way I 1 
and how quiddy the IIOlid is converted to pluma ----~--I.I_~~-~.:.....-_t.f_~-
at high laser inteDllities. A major advance in this x [111 50 

4 

Y'Cla 
direction was made by Al'ANASYEV et all, who 
investigated plasma production in plane geometry, 
and then by CAlluso et ale 8 These authors consider 
the case of a time conetant light flux incident on the 
surface of a IIOlid occupying a half-space and then 

0,5 nsec 
2 

make a dimensional analysis of the dynamic pro- -----...L----....,...'1»--.---­
cess. This allows the pluma parameters averaged 
in space to be determined in closed form as func­
tions of the laser inteneity, time, and abllOrption 

o 
2-10' 

coefficient. 
In order, however, to determine the distributione 

of the density, temperature, and velocity of the 

y [em/.1 

1,5 nsec 

pluma produced, the local conservation laws of -----.....J.-1"'"""""""l----.---­ o 
hydrodynamics have to be solved simultaneously 
with the equatione of optics. Only thus is it possible 
to treat sum questions as the influence of thermal 
conduction and viscosity, propagation and reflection 
of light in the high deneity region, recombination in 
the plasma, or the problem of ponderomotive for-

2,0 nsec 

Y 

ces 7• -----~--~~----.------ o 

D_ The Model 

Basic physical information is eneured by making 
all calculatione one-dimeneional and using laser 
pulses of conetant inteDllity. For this purpose we 
coneider an infinitely extended foil of thickness D 
and initial deneity eo on the one surface of whim 
a laser of conetant power deneity 4)0 is incident 
starting at the time t = 0 (Fig. 1). A small number 
of free electrons should be present in the foil so 
that a noticeable fraction of the light can be ab­
IIOrbed from the outset and is converted into heat. 
This causes a dlange in the number of free electrone 
and hence in the light abllOrption; in addition a 
strong pressure gradient forms at the surface and 
matter escapes into the vacuum. Part of the laser 
light· can now penetrate more deeply into the target, 

• Yu. V. Al'ANASYEV. O. N. KB.OKHIN, and G. V. SUIZJ[OV, 
IEEE J. QaanL EL QE-2, 483 [1966]. 

• A. C-uuso and R. GUTI'ON. Plasma Phys. It, 867 
[1968]. 

Fig. 1. Shod< wave in solid hydropn at various times for 
4>. = IOU W/eml • The shod< :velocity is 2.7 x 10' em/sec. Un· 

distrubed foil above. Irradiated from the right. 

to the extent to whim the expanding plasma be­
comes rarefied, and heats more matter. 

This gasdynamic process can be adequately 
described in a one-fluid model taking thermal con­
ductivity and viscosity into account. For this pur­
pose all parameters of interest sum as the deneity 
e, velocity v. pressure p. energy per unit m8IIII e. 
and laser inteDllity 4) are expressed as functione of 
the Lagrange parameter a .and the time '. where a 
is mosen sum that z is identical with a at the time 
t = O. i. e. a is the initial position of the volume 
element under consideration. The laws of conser­
vation of mIIIIII, monentum, and energy (see, for 
example 8• Vol. I, p. 4. et seq. and p. 71) 

7 H. HoRA, Phya. Fluids lZ, 182 [1969]. 
8 YA. B. ZnooVICH and Yu. P. RAIZD, Physics of Shod< 

Waves and High·Temperature Hydrodynamic Phenomena, 
Acad. Preas, New York 1966. 
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I:?o = I:?Cox/oa) , (1) intensity f/Jo by the absorption law 

av a { 4 e aV} 1:?0at=aa -p+ 3"To"'aa ' 
as acJi + a (e aT) 

I:?o at = aa aa To x aa 

+{-p+ -}! '" ~:} ~: 
together with the relation for the velocity 

v(a, t) = ox(a, t)/ot 

(2) 

(3) 

(4) 

then afford a complete description of the processes 
involved. The coefficients of viscosity and thermal 
conductivity are denoted by '" and x in Eqs. (2) 
and (3). The three terms at the r.h.s. of energy 
equation represent consecutively energy input due to 
irradiation, thermal conduction, and memanical 
work. In the energy range under consideration the 
radiation losses of the plasma are small and are not 
taken into account, cf. I. 

All of the calculations here apply to hydrogen. 
The number of free electrons is expressed in terms 
of the degree of ionization, whim is defined as 
the ratio '7 = ne/ (lin + ni) = ne/nH' where lin is the 
neutral particle density and nH the total number of 
hydrogen nuclei per unit volume. Quasi-neutrality 
is thereby assumed, i. e_ n. = n;. nH, T and '7 are 
related by the Sahy equation (see Section V) : 

_71_ = (~n me k )'/' _rl. exp {-Ui/k Tl (5) 
1-71 ht RH' 

Here the partition-function ratio for ions and hydro­
gen atoms I+/Io= 1/2 was used. As an equation of 
state we take the ideal gas law for the plasma as 
well as for the high density region: 

p=(I+'7)nH kT. (6) 

The internal energy per unit mass is then the sum 
of the thermal energy and ionization energy: 

E= ~H {f(I+'7)kT+Ui '7} (7) 

(mH = mass of hydrogen atom, Ui = ionization 
energy per atom). In order to satisfy the energy 
balance, the ionization energy of the atomic hydro­
gen is increased by half the dissociation energy of 
HI' i. e. Ui = 13.6 + 2.24 = 15.84 eV. The local 
light intensity f/J (x, t) should be related to the laser 

• I. P. SHItAllOFSItY, T. W. JONSTON, and M. P. BACHYNSItl, 
The Particle Kinetics, Addison-Wesley Pub!. Co., Reading 
Mass. 1966. 

00 

f/J(x, t) = lPo exp { - f cz(x, t) dx}; (8) 
'" 

a (x, t) denotes the local absorption coefficient. (For 
cz and the validity of Eq. (8) see Appendix I and 
Section IV.) According to', p. 462, the viscosity '" 
is given by the following expression: 

3 mi'l. /tl. rl. 
'" = Pi = 1.365 4 (2 n) 'I. eO In A [cgs grad] 

The coefficient of thermal conductivity according 
to 10 is 

( 2 )".k'i• E "'r rl. x-20 - ----- n m!/le4 InA [cgs grad] 

with E = 0.4189 and t5T = 0.2252. In A is calculated 
in all transport parameters according to the fol­
lowing formulae 11 : 

for T;;;;; 4.2 X 105 OK, 

for T ~ 4.2 X 105 OK. 

All calculations are made for ruby laser step pulses, 
i. e. the laser starts with the intensity f/Jo at the time 
t = 0, and this' remains constant for the entire 
heating period_ The density of solid hydrogen I:?o is 
mosen as initial density, and for t = 0 the tempera­
ture T and How velocity v are everywhere set equal 
to zero; the thidmess of the foil is assumed to be 
D = 50 ",. An initial degree of ionization '7 = 7 X 

10-3 was mosen. The numerical calculations were 
performed for intensities f/Jo = 1011, 1012 and 1018 
W/cm2• The numerical integration method is out­
lined in Appendix II. 

m. Numerical Results 

The shock wave: As soon as the foil is exposed 
to laser radiation some of the light is absorbed and 
converted into internal energy, '7 increasing in ac­
cordance with the Saha equation (5). As a result, 
50", foils quickly become opaque at laser intensities 
f/Jo = 1011 W/cm2, because with the rising number 
of free electrons the absorbing region reduces to a 
small layer at the surface and hot plasma streams 
off into space. At a power density f/Jo= I012W/cm2 

" L. SPITZE1I. and R. HXIlioI, Phys. Rev. 89,977 [1953]. 
11 L. SPITZEIl, Physics of Fully Ionized Gases, Intersc. Pub· 

lishers, Inc., N ew York 1956. 
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a pressure of over 300 kbar builds up in less than 
0.2 nsec in the region of strongeet light absorption, 
and a shod. wave with a velocity of 2.7 X 10e em/see 
is formed in the foil (Fig. 1; the laser is directed 
from the right). Behind the shod. front the hydro· 
gen. now compressed in a ratio of about 1 : 4, has 
attained the temperature 1.5 X 10' OK. After 2 nsec 
the compression wave readIes the free badt surface 
of the 50 p. foil, a rarefraction wave runs badt to 
the right, and the foil as a whole. begins to move. 
The shodt velocity depends, of course, on the laser 
power. At !Po = 1011 W/cm2 it is 1.1 X 106 cm/sec 
and at !Po = 1013 W/cm it is 6.7 X 106 cm/see. The 
compression ratio in all cases is about 4, as it should 
be for strong shodts in atomic gases (r = cp/c" = 

5/3). The shodt wave in Fig. 1 has a somewhat dif· 
ferent profile to that in 12 because the Saha equation 
was used here with the result that r is no longer 
constant everywhere. 

The hot plasma: On the laser side of the com· 
pressed foil the density drops sharply as a result of 
the strong temperature rise caused by heating. 
Fig. 2 shows the spatial distribution of plasma den· 
sity, temperature, laser intensity, and velocity for 
!Po = 1012 W/cm2 at the times 2, 7, 12, 20, and 
30 nsec. The left ends of these curves have to be 
imagined as joining on to the points in Fig. 1 where 
the density (normalized to the undisturbed solid) 
has the value 1. Because of the high electron den· 
sity this is also the region of strongest absorption, 
as can be seen from the diagram for the laser iDten· 
sity. All curves show similar behaviour here: The 
transition region is dIaracterized by very high gra· 
dient of density, temperature and velocity whim 
only decrease slightly at later times. As seen above 
the total conservation of momentum causes the foil 
to recede to the left. This is indicated in Fig. 2 by 
the pronounced displacement of the curves relative 
to one another. For the same reason more and more 
plasma streams to the left with time (negative velo· 
cities in the fourth diagram of Fig. 2). After about 
55 nsec the. foil is completely evaporated and trans· 
formed into plasma. Very similar diagrams are ob· 
tained for other power densities. Fig. 3 gives the 
temperature distribution at various times for !Po = 
1013 W/cm!. The time development of the tempera· 
ture maximum for three diJIerent power levels can 
be seen in Fig. 4 (solid curves). 

to P. MULSER and S. WITKOWSKI, Phys. Letters 28 A, 703 
[1969]. 

P. MULSER 

The quantity of plasma produced is shown in 
Fig. 5 as a function of time. The right ordinate 
gives the number N of atoms evaporated from an 
area of 10-4 cm!. On the left ordinate the cor· 
responding depth d of the evaporated layer is plot. 
ted. The foil is completely converted into plasma as 
soon as d readIes the value 50 p.. The increase of d 
per unit time is equivalent to a velocity mudI smaller 
than that of the shodt wave. This velocity after 
10 lisee, for example, is d = 1.04 X lOS cm/see for 
!Po = 1012 W/em2• 

As a result of the large difference in density be· 
tween plasma and compressed solid (see Fig. 1 and 
2) it follows that the major part of the incident 
laser energy is transferred to the plasma. In fact 
only about 8% of energy go into the dense coM 
phase. .ouring irradiation and as long as there is 
still a residue of cold matter present the ratio of the 
total thermal and kinetic energy is about 45% to 
55%. 

Similarity relations: In 6. 6 a dimensional ana· 
lysis is made for the parameters of interest when 
heating infinitely thidt foils. This is successful on 
the assumption that the heating process does not 
depend on the following parameters: initial density, 
ionization energy, thermal conductivity and visco· 
sity. The following relation is then obtained for the 
quantity of plasma produced: 

N ,." !po'/. II.. (9) 

Although all the above mentioned parameters are 
allowed for in our computations it can be seen from 
Fig. 5 that the relation (9) is very well satisfied. 
The two bottom curves deviate so little that they 
could not be plotted separately. For !Po = 1013 W/cm2 

the dependence can no longer be described exactly 
by (9), but the deviations can largely be ascribed to 
the finite foil thidtness. The proportionality constant 
can only be obtained by numerical calculation, and 
it deviates from that determined in 5. 8 (in 5 a fac· 
tor of about 2; cf. 13, Fig. 2). If it is assumed that 
the sets of curves in Fig. 2 are similar to one another 
at other time independent laser intensities, a rela· 
tion for the maximum temperature T max can be 
derived: 

T max"" !po'/. t'/ •• (10) 

This relation is also well satisfied (Fig. 4). If we 
apply a laser intensity of !Po = 1012 W/cm2 and 

13 P. MULSER and S. WITKOWSKI, Phys. Letters 28 A, lSI 
[1968]. 
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Fig, 2, Plasma density (normalized to solid; log scale), tem­
perature, laser intensity, and velocity distributions at various 

times, Irradisted from the right, 4'.=10" W/cml , 

moose the proportionality constant so that T max 
from Eq_ (10) coincides at 15 nsec with the value 
determined numerically without thermal conduction, 
these curves lie between the solid and dash-and-dot 
curves. At /flo = 1011 W/cm2 the influence of the 
ionization energy causes a small deviation: The 
true temperature (solid curve) lies below the curve 
calculated from the relation (10), where the ioni­
zation energy ill disregarded. The largest d~iations 
from (10) again occur at /fIo=1013 W/cm2 due to 
the finite thidcness of the target. 

Influence of thermal conductivity and viscosity: 
The numerical calculations with and without visco­
sity show deviations of a maximum of 4% only at 
/flo = 1013 W / cm2• The mean deviation is less than 
1%. More important is the influence of thermal con­
ductivity. For comparison the numerical results 
without thermal conduction are plotted (dash-and­
dot curves) in Figs. 2, 3, 4, and 5: its influence is 
best pronounced at the highest intensity /flo = 1013 

W/cm2 but does not exceed a few percent. At lower 
intensities it is still smaller and can be neglected. 

IV. On the Refteetion of the Laser Light 

The use of the absorption coefficient in Appen­
dix I in conjunction with the -Baha equation leads 
to the high spatial gradients in the transition region 
(Fig. 2), where the normalized density increases 
from 2 X 10-2 to 1. The transition from given to 
complete ionization in the intensity range con­
sidered occurs between 0.6 and 1 jL, i. e. over about 
a vacuum wavelenght of the ruby laser. This causes 
appreciable manges of the refractive index (4a) 
(Appendix I) over a wavelenght. In addition, the 
plasma frequency alp exceeds the light frequency 
up to a factor of 3 in this region. The question 
arises how the light propagates in the transition 
region. Appreciable reflection is sure to be en­
countered here. As far as the author is aware, the 
problem has only been treated once before in this 
connection, by assuming the simplifying WKB con­
dition 14. For layers of sum high optical inhomo­
geneity the wave structure of the light has to be al­
lowed for in calculating reflection and absorption. 
This means in our case that in the transition region 
the wave Eq. (2a) would have to be solved simul­
taneously with the equations of motion (1), (2), 

,. J, DAWSON, p, KAw, and B, GREEN, Phys. Fluids 12, 875 
[1969]. 
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and (3). Since this is a cumbersome procedure, 
only time independent density profiles (fitted to the 
numerical results described above) for purely trans· 
verse electromagnetic waves are investigated in the 
following. In the numerical results of Section III the 
elctron density rises steeply to a maximum in the 
region of greatest absorption and then drops very 
quidcly to almost zero towards the shod!: wave. The 
real part of the refractive index varies as follows: In 
the low density plasma Re(n2) is only slightly be­
low 1; with increasing electron density it tends to 
zero or may even drop below it; finally, in the 
shodted region it resumes a value of about 1 (the 
value in solid hydrogen is n = 1.112). We therefore 
consider an inhomogeneous layer of thidtness d in 
whim the particle density is determined by 

and the temperature by 

T=Tocos2(;~) 
The number of free electrons is again governed by 
the Saha Eq. (5). The value 5 X 105 OK was mosen 
for To, while n should cover the range from 
1021 to a few lOHcm-a. The local refractive index 
n is then d~termined by (4a) of Appendix I. On 
the left and right of the profile n should be n = 1. 

The Maxwell equations yield the energy con­
servation law in the following way: 

i ~+eoc2 \7 (@;x}B) 
a + at {l EO @;! + 1 EO c2 }B2} = 0 . 

In real notation i ~ thereby represents the work ir­
reversibly performed by the electromagnetic field 
per unit time and volume. Since we set E = 

E(z)e-10>' and, accordingly, i complex, this yields 
for the light absorption averaged over an oscillation 
period 

~~ = (Re(j)'Re(E» = lRe(o)EE*. (11) 

E has to satisfy the stationary wave Eq. (2a), and 
a is related to n by (3a). The simple absorption law 
a ifJ/az = a. ifJ following from Eq. (8) and taken 
as basis for the numerical calculation in Section III 
thus has to be replaced in strongly inhomogeneous 
media by the relation (11). In the case of weak op­
tical inhomogeneity, of course, relation (11) leads 
bad!: to the expression (8). In order to solve the 

wave equation, whim can only be done numerically 
for the above profiles, one has to satisfy the condi­
tion that only a transmitted wave may occur behind 
the layer. The wave equation is therefore split into 
the equivalent first-order system: 

(E-+E'"),= ik(E--E+), 

(E--E+)'= ikn!(E-+~). 

Where ~ + E- = E (see IS, p. 11). Here, in front of 
the layer (x ~ 0), E- denotes the laser wave and 
E+(z) the wave reflected by the layer. On the side 
of the emerging wave (x = - d) we have to set 
E+ = O. The reflection and transmission coefficients 
Rand Tr are calculated from 

( E' E'*) (~E-*)"'=-d 
R= E- ~* ",=0 and Tr= (E- ~*)"'=o . 

The results for four profiles with different values of 
n~ are shown in Fig. 6. The bottom curve in eam 
case gives the variation of the real part of n2 in a 
layer of thidtness d = 1.· As long as the electron den­
sity n. remains everywhere below the value 2.34 X 

1021 cm-a, the plasma frequency is lower than the 
ruby laser frequency co, and Re(n2) is positive 
everywhere. This is the case in the top two pictures; 
in the bottom two pictures the electron density 
reames higher values inside the layer, and Re(n2) 

becomes negative. At the boundaries x = 0 and 
z = - d of the layer the electron density drops to 
zero and n2 continuously attains the value 1. The 
curve denoted by I E I gives the magnitude of the 
electric field I E'" +~ I for a monomromatic wave 
with amplitude I E-I = 5 units that is incident from 
the right (dashed line in Fig. 6). The total coef­
ficients of reflection R, transmission Tr, and abo 
sorption A of the profiles are given at the bottom 
of eam picture. R remains below 25% as long as the 
plasma frequency is everywhere below the light fre­
quency. In the four layers drawn there is super· 
position of the incident and reflected waves so that 
I E I appears to be modulated and. elevated in part, 
in the fourth picture by a factor of almost 2. The 
curve denoted by A (x) represents for every point 
the energy absorbed in the layer up to this point; 
(Re(j) 'Re(R») determines the slope of A(x). Cal· 
culating the absorbed energy for the profiles in 
question according to the WKB approximation (8) 
still yields good agreement with Eq. (11) for the 

,. P. MULSEll, IPP 3/85 [1969]. 



232 

first picture, but the deviations grow with increasing 
reftection. Equation (8) would give the strongest 
absoprtion for the profile with the highest electron 
density, whim is not at all the case using the exact 
Eq. (11): Because of the strong reftection in the 
latter case only a little light penetrates into the re­
gion of high electron density, and there is a de­
crease in absorption. 

The transmission Tr, reftection R, and absorbed 
energy A for sum inhomogeneous layers of thidmess 
d=O.5l, U, 1.5l, and 2l are shown in Fig. 7. 
The curves result from the fact that for eam profile 
thidmess ni:: covers the whole range from lOll to 
a few 1()11 em-a. In eam case we mose as abscissa 
the square of the maximum normalized plasma fre­
quency (m,,/m)2 since, with constant To of course, 
(m,,/w)2 is a function of n only. With increasing 
electron density the transmission quiddy decreases, 
and the reftection rises strongly. The absorption 
behaviour already mentioned, viz. A rises to a maxi· 
mum and drops towards higher electron densities, 
is particularly pronounced for d = 2 l. 

It emerges from the foregoing remarks that the 
absorption calculated according to Eq. (8) is close 
to the values determined from the correct Eq. (11) 
as long as reflection is not too large. According to 
Fig. 7 this is the case when mIl does not exceed the 

lD.----------------------, 
A 

075 

os 

OSl 0 
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laser frequency m at any point of the profile or, ac· 
cording to Sections II and III, when the laser power 
4>. does not exceed the value 1.8 X 1011 W1eml • It 
can therefore be regarded as proved that already 
at relatively low intensities 4>. ~ 2 X 1011 W/em! 
there is an overdense region (m" > m) in the plasma 
in the immediate vicinity of the cold phase. The 
limiting intensity is probably lower still because our 
calculatioDS made no allowance for the reduction 
of the ionization energy, whim at high densities 
can be quite large but is very difficult to state 
numerically (according to the Debye theory it 
should be about 8eV); in addition, the Saha equa· 
tion always gives too low values for the degree of 
ionization.in the heating phase if the recombination 
time is not short enough (d. Section V). As soon 
as we have mIl > m, of course, the wave equation has 
to be solved in order to obtain exact information on 
the electron densitites that actually occur. 

At the point in the plasma where the WKB condi· 
tion is no longer satisfied the original intensity 4>0 
in our intensity range has dropped to at least 1/4 
owing to absorption. This immediately explains why 
ouly a small amount of reflection is observed in the 
experiment 18; for even with total reflection in the 
overdense layer the remaining intensity would be 
reduced by at least 3/4 in the region of low electron 

OSl 0 
-11_ -x­

Ra9.2"1.. TraS2.2"1..A=28.6"1. R=23.4"1.. Tra37.1 "I.. A. 39.5"1. 

lIDT----------------------~ 

A 

o.n 0 -x-
R=38.9"1. ,Tro19.S%,A.41.& % 

1~~----------------------~ 
A 

0.75 

os 
Fig. 6. Variation of the real part of 
,.., ftriation of I E I IIDd normalized 
IiPt absorption A (:0) for profiles of 

I ....... ""I"!!!!II~;..--r-...,......;;!!;.,-..-..j. thidmeoa d=A. IIDd urious electron o II 0 densities. R, Tr, A relIection, trims· 
-x - miasion IIDd absorption coefficients. 

Irradiated from the riPt. Arbitrary 
Ra77 .. "I., Tr aO.'''I.,A.21.3% units on riPt ordinate. 

II R. SIGEL, Thesis Tedmisdle HodJsmuIe Munmen (1969) or IPP 3/96 [1969]. 
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density on its way ba<i, i. e. 1/16 of the original 
intensity at most would be observed as reflected 
light. It is not until sub·nanosecond laser pulses of 
extremely high intensity are applied that consider­
able reflection of up to 45% 17 occurs because in this 
case the expanded plasma in front of the transition 
region is absent. 

v. Discussion 

The basic equations in Section II are subject to 
two esesntial conditions; firstly, that the plasma pro­
duction and heating processes can be described by 
hydrodynamic theory and, secondly, that a thermal 
model with Ti=Te=T (Te, Ti electron and ion 
temperature) may be used. The momentum equation 
(2) is valid if the pressure in the numerical results 
man~es only slightly over a mean free path 4; i. e. 

li~ aP < 1, or if, according to t, p.258 and 438 
P z 

and with the aid of Eq. (1), 

-18 T" 1 a (m T) A' [ 
4.3 x 10 In A ni T -;3;- ...... 1 cgs grad]. 

This inequality is in fact very well satisfied in alI 
calculations. - The critical point for the application 
of a thermal model with the electron temperature 

100 .,. 

equal to the ion temperature is in the transition 
region from the cold phase to the thin, hot plasma. 
Figures 3 and 5 show that the temperature here 
rises almost linearly to lOS OK and enters the dense 
phase between 0.5 and 1 nsec with the velocity 
J = 6.5 X 10' em/sec. Since this increase in the cal­
culation covers four space steps Aa = 2 X 10-5 cm 
(see Appendix II), we get the maracteristic reference 
time TO = 4 Aa/d = 1.2 X 10-10 sec. At the point T = 

108 OK the normalized particle density is N = nulno 
= 0.1. The following relaxation times (In A = 5) are 
now calculated according to 9 for the values: 
Thermalization time for ions: 

T·· = ~ =6x 10-12 sec· 
11 "ii ' 

Thermalization time for electrons: 

Tee = TU (:; r = 1.4 X 10-13 sec; 

Equipartition time for Ti = Te: 

mi 65 10-11 Tei = Tee 4me = . X sec. 

These times are appreciably shorter than TO, and 
so it seems certain ,that there is equilibrium in the 
transition region as well. 

R .. .................. 
.. -.-

........... d = 0.5 A 
SO ----d • 1.0 A 

-·-d = 1.5 A 
--d = 2.0 A 

A 

o 5 

................................. _ ........... . o ~~~~~~-r--~~~~~~~~~---. 
10 <:p )2 

Fig. 7. Transmission Tr, reflection 
R, and absorption A as functions of 
the maximum norma1ized plasma fre­
quency for layer thicknesses d = 0.5, 

I, 1.5, and 2 l. 

17 N. G. BASOV, B. A. BOIKO, O. N. KROnnN, O. G. SEMENOV, and G. V. SKLlZKOV, ZHTF 38, 1973 [1968]. 
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Saba equilibrium is obtained when the ionization 
and recombination rates are sufficiently high. Esti· 
mates according to 8, Vol. I, p. 389 et seq. yield 
ample ionization rates for applying the Saha equa· 
tion. It is more difficult to obtain concrete infor· 
mation on the recombination times. Should these in 
fact be very long (whim is certainly the case for 
very low degrees of ionization well below 0.7%), the 
Saha equation yields a lower limit for the electron 
density in the narrow, not completely ionized part 
of the transition region. This, however, is completely 
sufficient.· for our purposes since our aim in this 
connection has been to show that a strongly abo 
sorbing layer has to form in a plasma produced 
from solid hydrogen and that there are layers in the 
transition region where the plasma becomes over· 
delll!e (w" > w). The value for the initial degree of 
ionization 1l8ed in Section III, 1J = 7 X 10-3 is arbi· 
trary to a certain extent. Test calculations showed, 
that the special moice of the value .for the initial 
ionization only has an effect in the first few nano· 
seconds, provided it is not too small (e. g. 10-10) 

since ionisation-recombination equilibrium is not 
even approximately obtained in sum a case. 

The transition region is maNicterized by high 
densities and 1Jtr0ng gradients. There is some un­
certainty here as regards the equation of state and 
transport parameters. The absorption coefficient 
(6a) , for example, may assume extremely high 
values. Numerical test calculations with widely 
varying coefficients for the de1l8e region (2 ·10-1. ~ 
eleo ~ 1) - more than a factor 101 for the ab­
sorption coefficient - did show. differences in the 
density, temperature, and velocity distributions in 
the inlmediate vicinity of the solid (up to a factor 
of 2), but sum variations have almost no inHuence 
(;;;;; 6%) on the properties of the thin plasma 
(eleo ~ 1O-!), and the maracteristic behaviour 
described in Section III persists in all regions. The 
curves in Fig. 5 for the quantity of plasma produced 
proved to be particularly insensitive (deviations 
below 2%). 

In these calculations the collision frequency in 
the absorption coefficient is assumed to be caused 
by purely thermal motion. This is justified as long 
as tthe oscillation energy represents only a small 
fraction of the thermal energy of the plasma, as is 
the case here. In the coefficient of thermal conduc-

II M. vANTHm. and B.J.ALDEA, MoL Ph,.. 10,427 [1966]. 

P. MULSER 

tivity allowance was made only for Coulomb inter­
action since only very close to the solid the plasma 
is not completely ionized and there thermal conduc­
tion is almost inBisnificant beca1l8e of the lower 
temperature. Taking the electron-neutral collisions 
into account reduces thermal conduction in this 
region even more. 

The true equation of state for hydrogen in the 
cold compressed phase is not known. The experi­
mental investigations in 18 show very high compres­
sibility for liquid hydrogen, and the assumption of 
Lennard-Jones interaction between the molecules 
does not yield correct results. On the other hand, 
we are not interested here primarily in the shock 
wave, but only insofar as it can modify the calcula· 
tions for the hot plasma. It may be stated with cer­
tainty that the true compressibility of the solid 
hydrogen is between zero (incompressible solid) 
and that of an ideal gas, but closer to the latter. In 
order to obtain some idea of the inHuence of the 
equation of state of the cold phase on the heating 
of the plasma, the case of an incompressible solid 
was also calculated. The differences in temperature 
and density after 14 nsec in the plasma produced 
are shown in Fig. 8. The maximum error in the den­
sity is 18%, but it is under 10% over wide ranges. 
The largest relative error in the temperature is 
found to be 7.2%. It should be pointed out, how­
ever, that Fig.8 misrepresents the values as too 
high, this being due to the fact that the incompres­
sible case was calculated only for an infinitely ex­
tended solid (no reaction present), while the solid 
curves refer to a 50 I' foil accelerated to the left. 
The special form of the equation of state in the solid 
phase has very little inHuence on the quantity of 
plasma produced. After 20 nsec the difference in the 
quantity of plasma for compressible and incompres­
sible hydrogen is less than 1%. 

Even if the electron densities calculated with the 
Saba equation are too low in the transition region, 
they . are still sufficient for forming a very strongly 
absorbing layer whim prevents uniform heating of 
the foils and results in a strong shock wave. The 
conditions when small pellets are irradiated are 
similar, provided the laser intensity rises fast 
enongh. "Burn-through" from one side of a foil has 
been convincingly demonstrated 18. This, however, 
does not contradict the experimental findings that 
the plasma obtained by evaporating a drop espands 
almost isotropically after a relatively short time. 
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+0. 1012 W/cm2 
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Fig. 8. Differences of temperature and density in the·plasma for a compressible (ideal gas equation) and an incompressible 
solid. 

5 JI Foil 
10 12 W/cm 2 

V 5 

110'em/sJ 
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T 1.0 
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Fig. 9. Heating of a 5 p thid< foil and development of a symmetric plasm distribution. The solid curves below give the inten· 
sity, the dotted curve the density distribution. 41.=10" W/cml • Irradiated from the righL 
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This can be seen by following up the heating of a 
thin foil beyond its burn.through time in our plane 
model, as in Fig.9. One can readily trace the de­
velopmeat to. symmetrical distribution of velocity, 
temperature and density. 

All of the results in this paper refer to a one­
dimensional plane model. With the laser intensities 
at present available sum a case cannot be adlieved 
experimentally. In experiments aotually conducted 
the plasma is alwaJ'll more or less rotation sym· 
metric since the high radiation densities required 
can only be obtained by focusing the luer light. The 
analogue calculations for sum a geometry were felt, 
however, to be too cumbersome, especially since the 
heating process can readily be studied qualitatively 
in a one·dimensional model and the deviation esti· 
mated. In the experiments conducted hitherto the 
hot plasma can also expand to the sides, some of it 
already escaping from the radiation field of the laser 
after a short time. This reduces the temperatures at· 
tained theoretically in the one·dimensional case, 
whim means thld for a given incident energy the 
temperature has to be distributed over more par· 
ticles with the result that a larger quantity of plasma 
is produced (cf. the comparison of theory and ex· 
periment in Ie) • 

Appendix I 
Absorption Coefficient 

In the Maxwell equations 

cI \7 x~ =i/eo+ ti, 
\7xQ;:= -~ 

the electric field strength is represented by that of a 
monomromatic light wave. Neglecting the polariza· 
tion current one·geta;-for the current density 

j=neey 

co 

P. MULSER 

(y perpendicular to :1:). Furthermore, the equation 
of motion of free, not too fast electron is 

(la) 

where the Lorentz force is neglected and " is the 
collision frequency. By substituting the solution of 
Eq. (la) in the expression for j one obtains the fol· 
lowing stationary wave equation for a plane electro· 
magnetic wave E=E(z,t)e-io>I with amplitude 
varying slowly with time: 

E" +Pnl(z!,) E=O (2a) 

and j itself is proportional to E: j=a'E, where the 
high frequency conductivity a is related to the re­
fractive index n by 

(ialelro) =n2 -1 (3a) 

(k = ro/c is the wave vector in vacuum). The com· 
plex refractive index n = nR + i"I is then expressed 
by means of the electron plasma frequency ro" = 
(no ell eo me) 'I. as follows: 

2 ( ·)2 1 (co,,)2 1 n = TlR+lnI = - ru 1+ (v/W)I (4 a) 

. " (co,,)2 1 
+lQ)' -W- 1+ (t'/CO)I • 

If 12~,,1 {,,~, --H: nl -< 1, the solution of the 
wave equation is 

co 

E= ~;'exp{ik S nda:} 
II: 

co 
E.exp{ -kJ IIp,} co 

V"" exp{ikSnRda:} 

(WKB approximation; see, for example 1', p. 181). 
As loug as "I is small relative to nR, one obtains 
for the intensity using the relation for the group 
velocity Vgr=CTlR (8. 1', p. 232) 

4'(x, I) = e0;-r E:!o- exp{-US nIda:= ~c E,E,*exp{-UJ.nIb} = 4'oexp {- S alh} (Sa) .. .. .. 
with the absorption coeffi.cieut a = 2 k nI' Solving (4&) for nI yields for a 

a = 2k V ~ fl1 1 - (:: r 1+ (!/O»I r + [: (!!f:-r 1+ (!/O»I r -ll- (!!f:-r 1+ (!/CO) I ]} • (6a) 

for" -< ro and ro,,<ro (6a) reduces to the mOBt 
comonly used formula 

(6a') 

The expression (6a) is somewhat more general than 
the formula (6a'), and so (6a) is alwaJ'll nsed in 

.. v. L. GINZBUB.G, The Propaption of Electromagnetic 
Wa_ in P1umu, Perl. Preu Ltd., ODord 1964. 
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this paper. For the temperatures expected it holds 
that h" « k T. The induced emislJ.ion must there­
fore be taken into account. The way in whim CJ is 
derived means, however, that it is already con­
tained in (6a) (cf., for example 8, p. 124). 

The collision frequency " has two components 
,,= "ei + "en corresponding to the electron-ion and 
electron-neutral collisions; "ei is taken from 
SPITZER 11, p. 83. 

,,'I. e4 Z' DB 1J In A 
"ei= 2m!"(2kT)'I'YE [cgs grad]. 

For "en we take 
A (na/no) (1-71) 

(no partiole density in solid hydrogen). According 
t0 20 the mean value for A is A=4.5xI014 sec-l, 

this being roughly in agreement with theoretically 
determined cross sections. 

It should also be mentioned that Spitzer's formula 
for "ei in hydrogen is not very different from that 

Difference scheme 

used by Dawson. The difference in fact is 

,,:fritaer 16 
-Dawson = -3 rE = 0.988 . 
"et :Jr 

Appendix n 
Numerical Integration of the Equations 

of Motion 

For numerical integration of the equations of 
motion (I), (2), (3), and the velocity (4) the ex­
plicit difference smeme listed below proved suitable. 
The lattice points have the indices (1, m) 1 for time, 
m for space; the time step is LIt, the space step Lla. 
The term q denotes the artificial viscosity, for whim 
the expressions in 21, p. 216 were used. The expres­
sion for the thermal current was rearranged as fol­
lows: 

-x~~= -x'~T'I' aT = _ ~~ x' aT'l. 
(10 aa (10 aa 7 (10 aa 

I) I { 1 1 + 4 [I 1 (1- % 1_ %) 1 Lla pm+ % - Pm- % 3 Lla (1 ... - %,uin- % V",-'I - VIII - (1111+ % 

. ( v l - % _ VI-+%I)] 1..} _ Llq 
... ... (10 Lla 

2) 
1+% _ z~1 -:r! .. 

V.. - LIt ' 

3) 

4) 

The signs of the. individual terms are due to the 
fact that the m-suhscripts are counter to the a-direc­
tion. Solution of e for the temperature T was done 
by the nested interval method. 

Step sizes: For given Lla=2 X IO-scm and laser 
intenlJ.ities below 4x1012 W!cml a time step Llt= 
10-12 sec was moscn; for higher 4'0 the LIt was 
half as large. This is ,beoause the time step has to 

II W. P. ALLIS and S. C. BIlOYN, Phy •. Rev. 81, 419 [1952). 

be made at least 80 small that the inequality 
I LlvlIIl LIt < I LIz .. I is satisfied at all lattice points. 
A further condition is imposed, on the ratio 
LIt! Lla and on Lla itself. Owing to the finite space 
and time step sizes it is not possible to determine 
the velocity of the plasma front, i. e. the velocity of 
the plasma-vacuum interface; the calculation has to 
he truncated towards the vacuum at a finite thidt-

"' R. D. RICHTIIYEIl, DiJference Methods for Initial·Value 
Problems, Intersc. PubL Inc., New York 1957. 
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DellI. This may result in errors propagating into the 
interior of the pluma. The clliIerence .meme was 
therefore tried out on an adiabatic rarefaction wave 
for whic:b the solution can also be given in closed 
form. Exoellent agreement was obtained U8ing the 
above step 1izeI. In calculating the thermal conduc­
tion it was ensured that no heat can flow into the 
vacuum by introducing an appropriate boundary 
condition. After every 500 time steps the coJulel" 
vation of energy and momentum was medreci by 

P. MULSER 

intesrating the appropriate quantities over space. 
The relative errors are below 0.1%. 

This work wU undertaken as part of the joint 
research programme between the IlIItitut fUr Pluma· 
physik and Euratom. 
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OPTICAL CONSTANTS OF 
FULLY IONIZED HYDROGEN PLASMA 
FOR LASER RADIATION t 

H. HORA. H8lUlelore WIUfElM 
Institut fiir Plasmaphysik 
Garching near Munich 
Federal Republic of Gemlany 

ABSTRACT. The refractl.., Index n and th. aboorptloo _ K .... numerically .valuated for fully ionized hydrogen 
pluma. al fWlCtionl of the.1ectron temperatUle T and atcmlcdenslty N for the ca .. of IUby. neodymium-Slass. and Co, Wer 
tadlatloo and for the _d Iwmonlc. of each type of radiation 00 the basis of the two-fluid model of hydtodynamici IIIinS 
Spitzer's colUston frequency. umitations due to degeneration, too small Debye length. and DOlI-linear effects are given. 
The ahoorption c:onstant is ccmpued with the .alue. of the quantum ~ of In ..... bIem-ahIuos wltbcut collective effect •• 
and with the Dawoon-Obeanao theory. 

1. INTRODUCTION 

Since the first successful measurement of laser 
light scattering by plasmas [1] and the advent of 
plasma production by lasers for the purpose of 
controlled thermonuclear reactions [2]. knowledge 
of the optical properties of plasmas at the frequen­
cies of laser radiation has become increasingly 
important. An evaluation of the optical constants -
the refractive index n and the absorption constant 
K - on the basis of the dispersion relation of the 
two-fluid model [3] has already been given (4) for 
radiation having the frequency of the ruby laser. 
These results were used in several cases of laser­
produced plasma (5) and reached high interest in 
view of controlled thermonuclear fusion. after the 
first neutrons were observed in laser-produced 
plasma (6) -and the existence of controlled thermo­
nuclear fusion reactions was proved careCully with 
an efficiency of only two magnitudes less than the 
theta pinches [7] . 

In this paper we report the numerical calculations 
of the optical constants for the radiation of ruby, 
neodymium glass and Co, lasers and their second 
harmonics for Cully ionized hydrogen. Therefore, 
all questions of recombination and line radiation 
at low temperatures are neglected. The absorp­
tion is based on the usual collision process. The 
stimulated emission processes are included, and 
the results are of a linear type. Non-linear ab­
sorption processes are not treated. 

2. OPTICAL CONSTANTS 

The complex refractive index l!. for a plasma 
without external magnetic fields is given by the 

t ThIs work wu pelformed u put of the joint _ JIIOS'Am 
of EURATOM and the Imtltut fUr P1unaphyalk. 

Reprinted from: Nuclar Fusion, 10,111--116 (1970). 
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dispersion relation derived from the Maxwellian 
equations and the equations of the two-fluid model 
without pressure terms and neglecting relativistic 
motions of the plasma (3) : 

2 
ii2 = 1 _ ~ __ 1_ 

'" 1 - i ~ 
'" 

(1) 

where", is the frequency of the light, and the plasma 
frequency "'p is given by 

(2) 

Here N. is the density, e the charge and m. the 
mass of the electron. The electron collision fre­
quency v introduced by Spitzer [8] is, in Gaussian 
units, 

_ "': .. 3/?zn¥2Z e2 ln A 
v - 8""rE (Z){2kT)3/2 (3) 

where we have used the Boltzmann constant k, the 
atomic number Z of the Cully ionized plasma, 
Spitzer's correction 1'E (Z) (8), and the Coulomb 
logarithm with 

(4) 

expressing the ratio between Debye length and im­
pact parameter. With [NJ = cm-3 and [T) = eV we 
obtain 

v = 8.64 X 10-7 ~ I t;. 55 X 1010 ~ 
"rE{Z) T3/P- n,-:' ZN;) (5) 
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which is slightly more general than before [4) in 
the case of ruby lasers and where the value [8) 
'YE (1) =0.582. 

The real part of ii. the refractive index n. is 
found from Eq. (1) to be 

(6) 

The imaginary part of ii is the absorption coef­
ficient /(. which is related to the absorption constant 
K by 

K • 2 ~ /( = 2 ~ J J (A - B) (7) 

where 

The simple meaning of K can be seen in the special 
case of a homogeneous plasma from the attenuation 
of the intensity I of the electromagnetic radiation 
propagating along x 

1= Ioexp (- Kx) (8) 

H. HORA AND H. WILHELM 

inequality (9) is not fulfilled. All curves are ending 
at A= 1. which means from Eq. (4) for As: 1 

(10) 

where [T) = eV and [n.,) = cm-3. 
A further limitation of the optical constants of 

Figs 1 to 6 is given by non-linear effects. One 
type of those processes is the creation of a non­
linear force due to the direct interaction of the 
radiation with the plasma [9) producing non-
linear collisionless absorption of the radiation. This 
force exceeds the thermokinetic (gas-dynamic) 
forces if the increase of the electrodynamic mo­
mentum nux density due to collective effects over 
the vacuum value is larger than the gas-dynamic 
power density. This relation is approximated at 
the cut-off density (wp "- w) and sufficiently high 
temperatures (T > 10 eV) by the condition that 
the energy of the electrons of coherent oscilla-
tion exceeds the energy of random motion of 
temperature T. 

The non-linear effect is important if the ampli­
tude of the electric field of the radiation in the 
vacuum E exceeds 

E* = J4mew2 kT e 2 
(11) 

The following figures give a numerical evaluation This limitation. corresponding to a laser intensity 
of K and n for Z = 1 for the case of ruby. neodymium· I *. is in the case of a ruby laser with [T) = e V 
glass. and CO2 laser radiation (Figs 1 to 3) and for 
the second harmonics of each of these types of radi­
ation (Figs 4 to 6). At temperatures exceeding 
10 eV the figures demonstrate an extremely large 

E*= 1.263X 108 ./T(V/cm); 1*=2.12X1013 T(W/cm2 ); 

change of the optical constants on varying the elec- for neodymium-glass laser 
tron density at wp!ll w. This very close neighbourhood 
of BKfaNe or BnfaNe to a pole induced difficulties of 
the numerical treatment. which could be avoided by E* = 8.27 X 107./T(V/cm); 1* = 9.06 X lot2 T(W/cm2 ) 

a special procedure only. 

3. LIMITATIONS OF VALIDITY 

In Figs 1 to 6 the curves are fully drawn where 
the linear absorption constants can be derived from 
the dispersion relation based on the two-nuid 
model. 

Limitations are given by the assumption of Boltz­
mann statistics and the condition that the Debye 
length must be larger than the impact parameter 
(A;r 1). Boltzmann statistics is valid at tempera­
tures T larger than ten times the Fermi tempera­
ture 

2/3 
T> 10 to = 10 2':e e::) = 3.65 X 10-14n~3 (9) 

using Planck's constant h and [nJ = cm-3 . Figures 
1 to 6 show dashed curves where the calculation is 
continued on the basis of Boltzmann statistics but 

and for CO2 lasers 

E*= 8. 27 X 106 ./T(V/cm; 1*= 9.06 X 1010 T(W/cm2) 

The same limitation (11) determines a non-linear 
decrease of the collision frequency [10). the 
beginning of a special mechanism of self-focusing 
[11). of a two-stream instability [12). and of a 
change of the absorption constant as it was evalu­
ated. at least. for lower densities than the critical 
value (wp « w) [13). Another type of non-linear 
processes is the absorption by a decay into plasma 
waves [14). 

4. COMPARISON WITH OTHER CALCULATIONS 

The quantum-mechanical calculation of the in­
verse bremsstrahlung gives an absorption constant 
KJIr which can be compared with the two-auid 
values K of Eq.(7) at densities much below the 
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cut-off density ("'p «",). These cases are the 45°­
branches of the curves in Figs 1 to 6. Using a 
Gaunt factor g (15) with [T) z eV. [Ne) = cm-3 

g= 1.2695(7.45 + lnT- (1/3)lnN,,) (12) 

we find a ratio of the two absorption constants 

.!..=o 324..!!!..A-=O.883 (1- o.76+1lnZ ) Ka . 'YE(Z)g 'YE(Z) 7.45+lnT-!-lnNe 

(13) 

which is very close to unity. The quantum­
mechanical calculation of K p for "'P~ .... including 
the collective effects. is still not available. 

Dawson and Oberman (16) calculated the ab­
sorption constant Koo on the basis of a micro­
scopic theory. If "'P «'" we obtain 

K 1.18 
~='YE(Z) (14) 

and at "'p;' '" we found a quite good agreement of 
K and K DO which is possible by numerical calcula­
tion only (4). Equation (14) demonstrates that the 
absorption constants of Dawson and Oberman are 
smaller than K by a factor of 2 at Z = 1 (hydrogen). 
The difference decreases at higher Z. This rough 
agreement proves. that the statically derived colli­
sion frequency v is applicable even st such high fre­
quencies as that of light. The difference due to 
'YE indicates that Spitzer' s model presents some 
further details. 

Calculations for Z = 1 to 4 and for the same 
cases as given in Figs 1 to 6 are available in 
report IPP3/ 83 011 request from the authors. 
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LASER-INDUCED INSTABILITIES AND ANOMALOUS ABSORPTION IN DENSE 

PLASMASt 

Donald F. DuBois 

Los Alamos Scientific Laboratory 

Los Alamos, New Mexico 87544 

INTRODUCTION 

In the last three years or so, the subject of radiation-induced 
parametric instabilities in plasmas has become an exceedingly active 
field of research. These instabilities have been observed in many 
experiments. High power transmitting antennas can excite these in­
stabilities in the F-layer of the ionosphere where the resulting 
enhanced wave fluctuations are observed by radar backscatter tech­
niques. Numerous laboratory experiments using Q-machines, DP 
devices and discharges and employing radiation sources in the 
radio-frequency to microwave regime have studied these instabili­
ties. Many detailed theoretical predictions have been verified by 
these experiments, but at this early point there also remain many 
unanswered questions. Perhaps the most exciting but least under­
stood application of these effects is toward the heating of laser 
produced plasmas for laser-induced fusion. 

This is such a rapidly advancing subject that it is impossible 
to do it justice in a forty-five minute talk. I will therefore 
limit myself to the simplest cases which have received the most 
study. These instabilities were first seriously studied in 1965. 
(References 1, 2, and 5a.) At that time, however, available laser 
intensities were four orders of magnitude below the threshold in­
tensities needed to excite these instabilities. Today available 
power densities are several orders of magnitude above this thresh­
old. 

tResearch supported in part by A.F.O.S.R. contract #AFF 44 620-73-C-
003. Presented at the Third Workshop on "Laser Interaction and 
Related Plasma Phenomena" held at Rensselaer Polytechnic Institute, 
Troy, New York, August 13-17, 1973. 

Reprinted from: La,er lntertlction and Reklted Pia'mIl Phenomena, Vol. 3A, H. Schwarz and H. Hora (eds.), 
Plenum, New York, 1974, pp. 267-289. 
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The basic processes which interest us particularly for laser­
fUsion research are anomalous absorption and anomalous backscatter­
ing processes, all of which can be classed as parametric instabili­
ties. These processes can be represented schematically as in Fig. 
1. The anomalous absorption processes are three wave decay 
processes in which an intense electromagnetic wave is transformed 
by nonlinear interaction into two predominantly longitu~inal plasma 
waves which ultimately give their energy to random particle motion 

ABSORPTIVE 
DECAY ""-

INSTABILITIES )---
/ 

/ 
Ir ,,/ .Il,,w, Plasma Wow 

~ 
Incident E.M. Wave '.Is. W Pbsma Wave 1- r-

BACKSCATTER 
INSTABLITES 

Incident E.M. Wave 
L.Wo 

Boc:bcattered E.M. 
Wave 

Wo = w, + w2 

Ao = A, + J5.2 

Figure 1. Schematic representation of three wave parametric 
instabilities. a) Absorptive decay instabilities 
b) Backscatter instability. (Decay of plasma waves 
is indicated by inverse Cerenkov effect into particle 
energy.) 
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via Landau or collisional damping. Thus electromagnetic energy is 
converted into plasma energy. In the case of an isotropic plasma 
001 may correspond to a high %requency electron-plasma (Langmuir) 
waves [001 =~(W 2 + 3k 2v 2) ] and 00 to an ion-acoustic wave [002 = k2(T 1m.) 1.peWe cal! tRis the ele§tron-ion decay instability 
(00 '" ~ '.(1.2) If 001 and 002 both correspond to Langmuir waves'(3) 
weocallP~his the electron-electron decay instability (00 '" 200 ). 
The absorptive parametric instabilities appeared at firit sigR~ to (4) 
be just what was needed for plasma heating of laser-fusion pellets. 
However, computer simulations, experiments, and some preliminary 
theory shows that these instabilities often produce very high energy 
tails on the electron velocity distribution which have detrimental 
preheating effects on laser-fusion schemes which rely on extreme 
compression of fuel pellets. 

The backscatter instabilities in an ;sotropic plasma have two 
names: Stimulated Raman scattering (SRS) if the excited plasma 6 
wave is a Langmuir wave, and stimulated Brillouin scattering (SBS) 
if 002 corresponds to an ion-acoustic wave. In the inhomogeneous 
plasma encountered in laser-plasma interaction, these instabilities 
mostly backscatter the incident laser light. They do relatively 
little plasma heating and may prevent the radiation from reaching 
the region of density where the absorptive instabilities can act 
and where appreciable linear absorption by inverse bremsstrahlung 
can occur. 

SUMMARY OF LINEAR THEORY 

Next I will give a brief sketch of a phenomenological linear­
ized theory of these instabilities which can all be treated from a 
common point of view. In a homogeneous, but not necessarily iso­
tropic plasma, we can write the space-time Fourier transform of 
Maxwell's equations in the following from 

(2.1) 

k 2c2 ~.~~ A.j(k,w) = - [o.j - ~ ] - El..j(~'w) l. - 002 l. 
(2.2) 

where E . . (~,w) is the dielectric tensor which takes into I£count 
the lin~~ induced currents in the plasma. The current ~: (k,w) 
arises from nonlinear induced currents which result from !he beat­
ing of the intense pump wave 

i(k 'r - 00 t) 
e -0 - 0 + c.c. (2.3) 
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with waves excited in the plasma. If the pump is sufficiently weak, 
we can write~' as a series and Eq. (2.1) becomes l 

( ) (1) 0 ) A.j(k,w)Ej ~,w = X' jk Ej K (k-k , w-w 
1 - .- 1 -k--o 0 

(2.4) 

+ terms of form 

The coefficients such as X~l~ (which depend on k, k , w, w ) are 
called nonlinear susceptibll1ty coefficients. ThiSOis theOpoint 
where microscopic plasma physics comes in. Either from the kinetic 
equation (e.g., Vlasov eq.) or the fluid equations, we must compute 
the nonlinear response of the current to the electric fields in the 
plasma. I will hot have time in this talk to discus~lt~e7,etails 
of these important but straightforward calculations. " Many 
cases have been considered by various workers. The X .. (and higher 
order) coefficients have important symmetry propertie§j~ich again 
I will not discuss here. 

For the purposes of this talk, we will regard these coefficients 
as given phenomenological quantities. The advantage of this formu­
lation, which essentially is that commonly used in nonlinear optics., 
is that .all the parametric instabilities in a plasma can be viewed 
fro~ a common point of view. On the other hand, the approach using 
the particle kinetic equations or fluid equations which emphasizes 
the particle variables rather than the associated wave variables 
seems to be favored by plasma physicists. In this approach it is 
harder to see the common features of all these instabilities. 

Equation (2.4) as written(~,s been linearized by neglecting 
terms such as (21T)-Vd3k'dw' X. k E (~'w') Ek(~-~' ,w-w') which are 
of second order or higher in t!~ "w~ak" Four1er coefficients. Such 
terms must be retained to study the nonlinear theory of the satura­
tion level of these instabilities. In the linearized theory, we 
also assume that the pump parameters are fixed (the origin of the 
term parametric). Then the expansion on the right-hand side of Eq. 
(2.4) ~ cont~~n7ybi trarily high powers of I E I. More detailed 
considerations ' show that only the leading 'terms of this ex­
pansion are required for a nearly collisionless pla~ma if 

1 

d oe 

repeated indices are summed 

= eEo « L 
2 21T 

m w 
(2.6) 

e 0 
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That is, if the excursion amplitude of an electron in the pump field, 
d , is much less than the wavelength of the plasma waves A involved. 
Igecases of large E , the coefficients of tf~ ?,at amplitudes are 
often Bessel functi8ns of argument (d /A). ' 

oe 

Although it is not an essential restriction in carrying out 
the linearized theory, I will assume for simplicity that the direct­
ed velocity v = (eE /mw ) of electrons in the oscillating ~aser 
field is muc~less tHan ~he thermal velocity v = (~T 1m )~. 
This guarantees that I k • d I = (v Iv ) (k/k_ '(w Iw' <~ 1 pro-. - ~e 0 e :"De De f;?-
v~ded k« ~ -- the electron Debye wavenumber. r"or '""BT = 1 keY 
and a laser Intensity I = cE2/4~ of lOlSW/cm2 , the ratIo is 
v2/v2 = 1xlO-2• 0 0 

o e 

Even in the linearized theory we have an infinite set of coupl­
ed equations for the various Fourier beat amplitudes. This set of 
equations can often be truncated by noting that waves of a given 
polarization can only be resonantly excited if their linear disper­
sion relation is satisfied. We introduce a complete set 1 of polar­
ization vectors e. (a=1,2,3) which diagonalize the Maxwell opera­
tor A.j(k,w) in E~~ (2.1) 

1 -

A .. (k,w) ej (k,w) = A (k,w) ei (k,w) (2.7) 
~J - a - a-- a -.. .. 

The (usually complex) solutions of A [k,w (k)] = 0 for w in terms 
of k give the linear dispersion rela~i~n ~or waves of po~arization 
@. 7 In general these solutions are complex values Q = w - iA 
f6~ fixed k. In other words, A -l(k,w) is the lineararesp2nse a 
function f~r the harmonic oscil~ator representing the mode with 
polarization @ (k,w ) and wave vector k. For the example of an 
homogeneous is2trop~c plasma, we have three mutually perpendicular 
polarization vectors @. (a=1,2,3) where @. = 1. with A (k,w) = 
-£L(k,w) where £L is tAg usual 10ngitudinll dielectric tunction. 
For a = 2,3, we have two mutually perpendicular transverse polariza­
tion vectors and A (k,w) = (k2c2/w2 ) - £T(k,w) where £ is the 
transverse dielect~ic function. We represent the coefticients E.(kw) 
as a superposition of these polarization vectors with coefficients­
€(kw). Then, barring certain degeneracies, it is often the case 
tgat if the frequency and wavevector matching condition 

k =k, +k" 
~ -.1. -"" 

(2.8) 

is satisfied for two modes, a=l and a=2, that only these two modes 
can be simultaneously resonantly excited by the parametric inter-

lActually, a biorthogonal set since Aij is non-hermitian. 
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action and the Eqs. (2.4) reduce to a 2x2 set: 

wh (1). th J t· ere XI02 1~ e pro ec 10n 
three waves 1nvolved 

x (1) = 
102 

D. F. DuBOIS 

(2.10) 

where e is the polarization vector of the pump. We. see here that 
the beai~ng of one Fourier component with the pump acts as a source 
or driver for the other Fourier component. This "bootstrapping" or 
regenerative effect is the source of the instability. The effect 
is strong only if the two driven harmonic oscillators are simultan­
eously near resonance, a condition which leads to Eq. (2.8). 

The dispersion relation for the coupled wave problem is obtain­
ed by setting the determinant of Eqs. (2.9) to zero. If we solve 
this for complex W for fixed values of k, we find that there are 
temporally growing solutions corresponding to instability provided 
the pump amplitude is greater than a threshold value. If we 
define a quantity r of dimensions sec-1 

(2.11) 

the threshold condition can be written as(l,7) 

r 2 (k) > r 2 = y Y 
- m 1 2 

(2.12) 

the threshold is determined by the uncoupled wave damping decre­
ments. These relations hold for all three-wave decay-type para­
metric instabilities including those in a magneto-plasma provided 
only that the uncoupled waves are sharply defined as modes, i.e., 
Yl!Wl « 1, y2!w2 «1. The quantity r is the growth rate of the 
coup ed modes for perfect frequency matching, ~W = W - wl - w2 = 0, 
in the absence of damping (y 1 - Y 2 = 0). 0 

Near threshold, the growth rate depends critically on YIY2 
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and f1w; 

Y (£ ,k) g 0 Yl+Y2 

255 

(2.13) 

Notice that for f1w=O, Y =0 for r2= r 2. For f1w::f:.o, a higher value of 
r 2 is required to produ~e instabilit~ (y > 0). . g 

2 
In this near-threshold limit, Y behaves linearly with 1 ~ 1 • 

In the electron-ion decay instability and in SBS when the pump ~s 
sufficiently high above threshold so that the growth rates becomes 
c~mparable.in magn~tud~9)0 the ion acoustic frequenc~, the disper-
s~on rel~;3on pred~cts that the growth rate then ~s proportional 
to 1 ~ 0 1 • 

If the solution of the dispersion relation is used to relate 
wto ~ in Eqs. (2.9), we can solve for the amplitude ratio el(~,w)1 e2(k-k ,w-w). The result can be summarized in the so callea 
Mafiley~owe ~elations which simply express the fact that for a 
three wave decay process for every pump photon absorbed, a plasmon 
appears in the modes 1 and 2. Letting n , nl , and n2 represent the 
quantum occupation numbers (or more strigtly, the change in these 
quantities), we have 

or since the energy in the mode a is related to n by W = 
we have a a 

(2.14) 

n hw, a a 

(2.15) 

Thus the energies in the coupled modes ar~in the ratios of their 
frequencie~the greatest energy in the highest frequency mode. If 
the SBS and SRS instabil~ties are strongly excited, this means that 
most of the absorbed pump energy will appear in the scattered light 
wave and relatively little will be.absorbed in the lower frequency 
plasma waves. In Table I, the properties are listed of the four 
decay-type parametric instabilities which can be excited in a non­
magnetized plasma by an intense electromagnetic wave pump. The 
geometry of the ~ vectors, which satisfy the matching condition, 
relative to the pump polarization is shown, the 3 frequency dis­
persion relations involved, the form of r 2 for each instability. 
Numerical values of the pump intensity I = E2c/8~ in Watts/cm2 at 
threshold for the case of an Nd-glass la~er ~th n = 1021 cm-3 at 
the critical density (w =w ) and T = 1 keY and f8r the case of a 
CO2 laser with nc =10190 Rg-3. Fot the two absorptive decay 
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instabilities, only the cases k «kl , k2 are shown and ~or SRS 
and SBS only the geometry ~or bRcksca~ter is shown. 

257 

There are several cases o~ parametric instabilities in which 
one mode is actually not well de~ined fl)is a quasi-mode. This is 
the case ~or the e-i decay instability or SBS ~or T = T. ~or 

which the ion acoustic mode is not well-de~ined. In tHis c~se, 
the process we are discussing may be more correctly described as 
induced scattering (or conversion) ~rom ions off transverse waves 
into Langmuir waves or transverse waves (see Fig. 2). 

~n t~e case(i, which mode 2 is a longitudinal wave, this growth 
rate ~s g~ven by 

Y (E ,k) '" g 0 

2 

XI02X2011 eo I 
aReAl 

ow 

I I 1 I - Yl m e:(k-k ,wl-w ) o 0 

(2.16) 

(This assumes that the real parts coupled mode ~requencies are not 
shi~ted ~ar ~rom their uncoupled values.) The condition ~or maxi­
mum growth, i.e., maximum 1m £-l(k-k ,Wt-W. ) provides a matching 
condition wl (k) - W = -1. 7 (k/~ ) J!r!. m. "w which can be obtained 
from tables o~ the ~lasma dispersIon rUnctioE. 

The simple two-mode coupling scheme ~ails in several important 
cases. In these cases, the "anti-stokes" mode with Fourier compon­
ent W +w, k +k can also be resonantly excited in addition to the 
Fourigr co~onents at w,k and w -w, k -k already considered. In 

- 0 -:-0-this problem, we have 3 coupled equat~ons t8 §~lve and thus a some-
what more complicated dispersion relation.' Two important 
cases arise: 

1) All three modes resonantly coupled: This can occur in the 
electron-ion decay instability i~ 2w2 « Yl and ~or ~orward 
Brillouin and Raman scattering. The instaoility threshold(~, gen­
erally higher i~ the third mode can be resonantly coupled. 

2) Purely growing mode. (9) In this case, the stokes and anti­
stokes modes w -wand w +w are resonantly coupled but the mode w is 
shi~ted ~ar ~rgm a reso&ance. For the case k =0, i.e., a homogen­
eous pump ~ield, this leads to a root o~ the ~ispersion relation 
which is unstable but has a zero real ~requency, i.e., a purely 
growing instability with wavevector k. The Fourier components at 
w ±w then oscillate at exactly the pump ~requency wand grow in 
t~me with the growth rate Imw. When k ~O, this modg with wave­
vector 1 retains a small real ~requenc~ proportional to k. The o 
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Figure 2. 
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D. F. DuROIS 

a} Dec~ instability ror T = T. which is best repre­
sented as induced scatterifig or1 conversion or E.M. 
waves into Langmuir waves rrom ions. b} Schematic 
representation or mode coupling ror the purely grow­
ing instability which involves an orr resonant ion 
wave (w.~). 
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threshold and growth rate for this instability is nearly equal to 
that of the electron-ion dec~ instability if the electron (T ) and 
ion temperatures (T.) are nearly equal. It has a higher thre~hold 
if Te »Ti. This Instability excites electrostatic waves with 
k > k. It appears that the quasi-linear dec~ of shorter wave­
lengtH waves excited by the purely-growing instability are respon­
sible for the high energy electron tails observed in the computer 
simulations.(lOa) In the forward scattering geometry of SRS and SBS, 
i.e., when the scattered light wave is in the same direction as the 
laser wave, the "anti-stokes" mode k + k ,00+00 can likewise be 
:eson~t~y excited. The resulting zero~requgncy or low freq~iB5~ 
~nstab~l~ty goes by the name Of(rBE)self-focusing instability 
or the modulational instability C depending on the relative 
orientation of ~ and k. A schematic diagram of the wave coupling 
involved in these ins~bilities is shown in Fig. 2. 

PARAMETRIC INSTABILITIES IN INHOMOGENEOUS PLASMAS 

All actual experiments are performed in bounded or inhomogen­
eous plasmas. In these situations, it is necessary to understand 
the spatial behavior of the parametric instabilities. Consider 
first a plane-l~ered plasma whose properties vary only in the z 
direction. We also restrict attention to the case in which the 
pump electromagnetic wave propagates with k in the z direction, 
polarized in the transverse direction. (ThRs, we avoid the import­
ant problems of tunneling and longitudinal wave resonance associat­
ed with oblique incidence.) 

Consider for a moment a homogeneous plasma. The dispersion 
relation arising from Eqs. (2.9) can also be solved for complex k 
for fixed real values of oo. Then for given values of k , k , we 
can find complex solutions for k corresponding to spatfalif 
growing (or convective) modes pr8vided 

where k = (k , k , Rek ) and vl ' v2 are the group velocity components 
of the-uncou~ledYwavesZalong tne z (or pump) direction. These 
quantities generally depend on (k , k , Rek). In this regime, a 
wave packet of unstable modes will g~w as it moves in space but 
will not grow in time at a fixed point in space. 
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However, one can show by several methods o~ analYSis(II,12) 
that ~or the backward wave case vl v2 < 0, the dispersion relation 
leads to absolute temporal instab111ty (growth in time at a ~ixed 
spatial point) provided 

(3.2) 

This threshold is generally higher than that (r ) ~or spatial 
growth except ~or the 00 = 200 decay instabili~y ~or which y Iv = 
- Y2/v2 so that rT = r ~ ForPSRS and SBS there is an intermeaiate 
pump region o~ spatialmgrowth where r < r < r. In the absolute 
instability regime ~or SBS and SRS, t~ere is spatial growth as well 
as temporal growth; the peak o~ the back scattered pulse moves with 
a velocity [vl+v2]/2 and grows. This spatial growth may b~ IDQre 
signi~icant than the temporal growth ~or short laser pulses.~lj) In 
this case, the absolute regime may not di~~er signi~icantly ~rom 
the convective regime. 

In an inhomogeneous plasma, the k matching condition k = k +k 
can only be satis~ied locally since k-is not a constant ove¥ thel -2 
ray path o~ the wave. The region over which matching can be approxi­
mately satis~ied is called the interaction region. For the convec­
tive instabilities, the waves will grow exponentially in space only 
in this limited region and thus the gradients limit the size to 
which the excited waves can grow. O~ course, nonlinear e~~ects may 
still be a limiting ~actor i~ this spatial ampli~ication is su~~i­
ciently large. We impose the rather arbitrary criterion ~~r thresh­
old in this case that the wave (power) grows by a ~actor e where, 
say, A is 5 in the interaction region. The stronger the gradient 
the smaller the interaction region and so the pump amplitude must 
be stronger to achieve the same total spatial ampli~ication over 
the.infi4aI~~on region. This type o~ reasoning leads to the cri­
ter10n ' 

with K' = d(~k)/dz where ~k(z) = k (z)-k (z)-k (z) is the local 
zo zl z2 

mismatch o~ the z components o~ the wavevectors calculated in the 
WKB approximation ~or the three waves; k' is inversely proportional 
to the scale height, H, o~ the density gradient. In Table II are 
shown the threshold conditions dependent on the density gradient 
~or our 4 instabilities. The ~actor in parenthesis multiplying 
YI Y2 in these ~ormulas is the enhancement ~actor o~ the threshold 
due to gradient e~~ects. The rough order o~ magnitude of this 
~actor is given ~or the same laser-plasma parameters as used in 
Table I. 
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Note that the electron-ion decay instability threshold is the 
least strongly e~~ected by the gradient since in the geometry 
chosen, the excited electrostatic waves propagate normal to the 
density gradient and thus "stay" in the interaction region eX~i~) 
~or di~fraction spreading of the waves along the z direction. 
SBS and SRS have their thresholds raised more strongly by the 
gradient because the backscattered waves rapidly propagate out of 
the interaction region. The enhancement factor ~or SBS is dominated 
by the temperature gradient if k2c2 /w2 » I since the acoustic mode 
frequency depends only on tempergture~ In the plane-layered geom­
etry considered here, the sidescattering SRS or SBS process in 
which the scattered light wave propagates(f~l to the gradient 
also has a lower inhomogeneity threshold. ,Cj The plasma wave 
involved propagates at 450 to the gradient direction. Side-scatter­
ing which has a higher homogeneous threshold and lower growth rate 
may dominate backscatter for sufficiently strong gradients provided 
the laser beam width is largfl~nQugh to permit appreciable growth 
in the transverse direction. )C) The electron-electron decay 
instability usually behaves an an absolute instability since ~l = 
-~2 if kl »k so that yI/vI = -Y2/v2 • The propagation veloc~ty of 
th~s coupled mgde (v = (vI +V2)/2) is zero and we find only tf~~~ral 
growth in the intervgl ~z surrounding the interaction region. 
In this interval, the(I~~egrowth may saturate for large times due to 
inhomogeneity effects or may be limited by nonlinear effects. 

Recent work indicates an important sensitivity of the backward 
wave, inhomogeneous problem to boundary conditions. If a linear 
mismatchk(z) = K'(Z) is assumed and also that the right an~13,ft 
going waves decay at z = ± ~, respectively, it can be shown 
that no absolute instability exists in an inhomogeneous plasma, i.e., 
a pulse will begin to grow at the absolute inst~bility growth rate 
but will ultimately saturate and die away as the pulse spreads out 
of the interaction region. However, if the homogeneous plasma is 
bounded (as it always is), an absolute instability which grows ex­
ponentially in the asymptotic time limit can be excited even when 
the amplitudes of the oppositelY(12,veling waves are taken to be 
zero at the entrance boundaries. 

NONLINEAR THEORY 

The nonlinear theory of the parametric instabilities is, of 
course, the most poorly understood area of interest. In this 
regard, computer simUlations have been very helpful in indicating 
important nonlinear effects, especially in cases of very strong 
pumping. I will concentrate on some recent results on the satura­
tion of the electron-ion decay instability which is the case that 
has received the most attention from the "analytical theorists." 

The question of most interest is "how much of the electro­
magnetic energy of the pump can be converted into heating of 
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TABLE II 

STABIUTY CCJNECTIVE GRlmI 'lHRESHOID ENHANCEMENT 
FACTOR 

e-i I.IIp H • .01-.1 em 

IECAY r2 > Y Y (1 + ! ~ -1......) 
1 2 2 Yc Hk1 

1 - 10 
(H is scale height of density 

gradient) 
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2 A 0 
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2 2 
2 ~W2 1.110 1 kOC HJ 

SBS 
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e.Lectrons and ions?" In this process, we have electromagnetic 
energy or the pump transrormed into energy associated with coher­
ent electrostatic plasma waves which is ultimately converted into 
random particle energy. Since the rate or energy loss by the pump 
by the parametric process is exactly equal to the energy gained by 
the plasma waves, we can derine a nonlinear conductivity (or some­
times fi~teadinglY identiried with an errective collision rrequency, 
veU )· 

Here the lert hand side is the errective rate of pump energy de­
pletion and the right hand side is the rate or growth or the energy 
or the excited electrostatic waves. (Note -- we must subtract the 
growth rate ror E = 0, a negative contribution corresponding to 
damping, since weowant only that part or the growth rate due to the 
pump.) Alternatively, the nonlinear conductivity can be viewed as 
arising rrom the interaction or the pump wave with the enQe~ced 
density rluctuation levels arising rrom the instability. t) The 
well-known Dawson-Oberman rormula predicts an increased a NL 
arising rrom the enhanced ion density rluctuation level. Not so 
well~known is the increased aNL due to enhanced electron-density 
rluctuations which is usually a much weaker errect but may 
dominate in a case to be discussed below. ~t is clear that to 
compute the wave intensity I (~) = < 1 Ek 12 > , we need a saturated or 
nonlinear theory or the instability si~e Ek grows without bound 
as exp[y (E ,k)t] in the linear theory, and no rinite steady state 
wave ene~gyOwould result. 

In the linearized theory discussed above for rixed plasma pa­
rameters, only a rinite region or k space is unstable, i.e., cor­
responds to y (E ,k) > O. This is-the lense shaped region shown 
in Fig. 3a wh~chois centered at km ror which the rrequency matching 
condition 811l(k ) = III - III (It. ) - III (k ) = 0 is exactly satisried. 

h t bl m. 0 L km . am.. . T e uns a e reg10n arouna 1ncreases 1n S1ze as E 1ncreases. 
For the cases k <.2~, themprimary saturation mech~ism or the 
electron-ion de~aY if,ia£~li~)ror equal electron and ion tempera­
tures has been shown' , to be the process or induced scat­
tering or Langmuir waves rrom ions. This proce~s is diagramed 
schematically in Fig. 3b. Note that this is a ladder or successive 
induced scattering processes beginning with the primary interaction 
which is the induced conversion or a transverse e.m. wave orr ions 
into a Langmuir wave which in turn acts as a pump to scatter into 
still another Langmuir wave, etc. The system is stabilized by scat­
tering waves out or the unstable region or ~ space into a stable 
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region in which they are cOltle}onally or Landau damped. Recent 
detailed numerical solutions of the nonlinear equations des­
cribing this process have produced a saturated wave spectrum con­
centrated in umbrella shaped regions as shown schematically in 
Fig. 4a. These regions spread toward values of k lower than k as 
shown_schematically in Fig. 4b which shows the angle averaged ~nten­
sity Ik = ~ r~l dp I(k,p) where fl~s11,e cosine of the angle between 
k and E. 1far~ analytical work ' which neglected the fine - ~ structure of the spectrum resulted in a curve such as the dotted 
curves in Fig. 4b. The spectrum gets higher and spreads to lower k 
as E increases resulting in a to.tal enhanced electrostatic wave 
eneriY proportional to E~, a result also found in the detailed numer­
ical results. The peaksoin the fine structure of the spectrum are 
separated by multiples of roughly Ak = 200 (k )/v (k ) = (2/3) ~ 
Jm 1m. where 00 '" k c is an ion acousti~ f'¥!equfinc§l, and V (k j is 
theegr~up veloctty of ~he Langmuir waves. This saturated wivem 
spectrum can be used in Eq. (4.1) to c~~~~te a nonlinear conductiv­
ity (or effective collision frequency) 

(a) 

00 E2 
~e 0 = Tl 1 'lTnT 

e 

Linear 
Unstable 

ReQjon 

(b) Induced Scattering of Langrruir Waves 
from Ions 

Parametric Ladder ScattefS Langm..ir 
Waves Out of Unstable Region 

(4.2) 

Figure 3. a) Linearly unstable regions of k space for e-i dec~ 
instabili ty are the lens shaped regions at k '" k cen­
tered about the direction of the pump E. b) S~ematic 
representation of the saturation proces~ of induced 
scattering of Langmuir waves from ions. 
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Figure 4. a) Regions of maximum intensity of the saturated e-i 
decay instability spectrum are shown to the right. 

b) Angle averaged spectrum of Langmuir waves. 
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Solid lines represent structure found in detailed numeri­
cal solutions. Dashed lines show results of approximate 
analytical theory. Spectrum in purely growing region is 
purely schematic. 

where n varies between(19~ and 4/3 depending on the details of the 
nonlinear theory used. As E increases, the spectrum described 
above spreads to k = 0, and for Righer values of E , theNtotal 
energy goes as E2 (instead of E~) with the result ~hat a asymp­
totically approaghes a constantOvalue independent of E. Applica­
tion of the Manely-Rowe relations to the electron-ion aecay instabi­
lity shows that the energy in the low frequency mode (ion acoustic 
waves) is mU~~6tess than the energy in Langmuir waves. Thus it 
can be shown that this enhanced conductivity arises from en-
hanced electron-density fluctuations rather than ion fluctuations. 

Because of the flow of energy from pump into electrostatic 
waves, the amplitude of the pump inside the plasma is less than 
that predicted by linear theory for the same boundary conditions. 
To compute the steady state pump amplitude self-consistently inside 
an inhomogeneous plasma, it is necessary to solve the wave equation 
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Figure 5. a) Radiation amplitude squared (in units of incident 
amplitude) versus distance (in units of c/~). The in­
cident intensity is 101~W/cm2. The plasma parameters 
correspond to aNd-glass l\jer/(A = 1.06~) incident 
on a deuterium plasma (a = me ~ = 0.0165). b) Nega­
tive Poynting Flux (in units of incident flux) versus 
distance for same parameters as above. c) Total re­
flection coefficient versus incident laser intensity 
from an overdense plasma for parameters above. Upper 
and lower curves correspond to values 1/3 and 4/3 
respectively for the scaling parameter n. Vertical 
lines labelled by values of Pc = E~/Eth the ratio of 
local pump at the largest maxima in Fig. 5a to thresh­
old power. 
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iv. iaNL(E ,r)]} ____ e1 ________ ~o___ (r) = 0 
(110 (110 0 

(4.3) 

Here the term proportional aNL(E ,r) represents (the time deriva­
tive of) the currents associated°with the excited electrostatic 
waves which react back on the pump field and the term involving v lei 
iiLthe usual collisional absorption. In an inhomogeneous plasma, 
~. (E ,r) can be obtained from a homogeneous calculation by replac­
ing tRe plasma parameters by their local values if these do not 
vary appreciably over the distance of an electron mean free path. 
In Fig. 5, typical numerical results are shown for a pl&fi-}ayered 
plasma whose density varies linearly in the z directiono 9 The 
nonlinear conductivity discussed above was used in these calcula­
tions, with some additional modifications to take into account 
Landau damping which limits the instability to a narrow region in 
z near the reflection point (II = (II in which the matched k values 
of the excited Langmuir wavesoare ~ch smaller than ~ (z)om In 
Figo 5a, the ratio of local wave intensity squared to Incident laser 
intensity is plotted versus distance from the reflection point z = 0 

for which (II (0) = (II for parameters typical of Nd-glass laser inter­
actions 0 H~re z i~ the density scale height H in units of free 
space wavelengthg c/(II. The upper curve includes only linear colli­
sional absorption while the lower curve includes the nonlinear ab­
sorption for an incident intensity of IOl~W/cm2. Note that the 
standing wave pattern and swelling behavior persist for rather strong 
nonlinear absorptions. In Fig. 5b, the net Poynting flux of the 
pump wave versus distance is plotted for the same two cases; the 
regions of largest slope indicating the regions of maximum absorp­
tion of energy. In Figo 5c, the total reflection coefficient is 
plotted as a function of incident intensity for typical Nd-glass 
laser parameters. 

This is, of course, a very idealized theory since it neglects 
the effects of strong gradients which themselves may saturate the 
instability and effect of the backscatter instabilities which may 
reduce the electromagnetic energy which reaches the absorption . 
region near (II = (II. In this regard, one should consider E. to 
be the net in£ensi:ey incident on the absorption 'region, subiPicting 
away the backscattered intensity. This calculation is included here 
only as an example of a self-consistent theory. The problem of 
oblique incidence with E in the plane of incidence is of great 
interest 0 Here the inciRent electromagnetic wave can directly 
resonantly excite a longitudinal wave via the density gradient. 
This ~v~ in turn can drive a parametric instability. It can be 
shown~20) that a maximum absorption of 50% can arise from this 
effect. In a sufficiently weak gradient, the normal incidence case 
can lead to more absorption but in stronger gradients, oblique 
incidence absorption will dominate. 
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The nonlinear theory on which the calculations above are based 
has a number of important limitations. First, if T ~ T. as assumed, 
the purely growing instability discussed above has ~ thr~shold 
nearly equal to that of the decay instability. As mentioned above, 
this instability excites a zero frequency mode and a high frequency 
electrostatic wave with frequency exactly equal to w and k > k = 
J(w2 - w2)/3V2• This high freque~y mode can decayOby the indRced 
scat~erini pro~ess into an electrostatic wave in the decay instabi­
lity region k < k. This decay provides another parametric ladder 
process which tenas to stabilize the purely growing instability. 
The spectrum for k < k looks like Fig. 5b except that the peaks 
are displaced to lie bgtween those in Fig. 5b. When w > w ,this 
process can increase the energy in the decay region (ko< k ~eand 
thereby increase the nonlinear conductivity. This effect gan be 
incorporated into the factor n in Eq. (4.2). In addition, computer 
simulations and numerical solution of coupled fluid equations show 
that the wave energy remfiB~ng in the region k > k spreads toward 
IBLger k as P increases. These high k waves also contribute to 
a and provide low phase velocity waves to accelerate electrons to 
produce the h~gh en~rgy tails observed in the simulations and in 
experiments. ~IO,2I) 

If T »T., the ion waves become weakly damped and the thresh­
old for tfle dec~ instability is lower than that for the purely 
growing instability by a factor of Jm /m .• In this case, it is 
possible to excite only the decay inst~bi±ity. The nonlinear theory 
is complicateq. by tpe necessity of including ion wave nonlinearities. 
Some ~tt~mpts(22a,b) have been made to do this. There are indica­
tions~22) that the usual weak-turbulence theories for the ion waves 
are not adequate to describe the saturation of the ion waves and 
that an orbit-perturbation approach may be necessary. However, 
under most conditions it is found that the spectrum, and more 
certainly, the total wave energy at saturation is unchanged from 
the result found for T = T., i.e., the inclusion of ion wave non­
linearities has littleeeffeat. Even in the case of Langmuir waves, 
the orbit-perturbation approach may provide the strongest nonlinear­
ities for wavenumberf2~)~.2~ where Landau damping effects begin 
to become important. In this theory, the parametrically excited 
waves are locally absorbed in the unstable region of~ space by a 
sort of resonance broadened Landau damping in which the resonance 
width increases with the wave energy. The saturated spectrum is 
therefore roughly confined to the unstable region of tht 3~near 
theory. The total wave energy predicted by t~~, theory 2 is in 
qualitative accord with computer simulations ~ the wave spec-
trum is not broadened in k as in the simulations. The induced 
scattering saturation mechanism discussed above af~g)does not lead 
to results completely in accord with simulations. This may be 
due to the inability of the simulation codes to treat close range 
particle-particle collisions accurately, or to a failure of the 
random phase approximation made in weak turbulence theory or the 
inapplicability of this approximation to the simulations. 
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A recent investigation of the weak turbulence saturation of 
the electron-electron dec~ instability (w = 2w ) has shown that 
induced scattering f2~ ~ is again the itrongiit nonlinear effect. 
Preliminary results indicat that the total saturation wave 
energy in this case is proportional to (k /k )4 (m./m )E4 where kg 
is the pump wave number and k the matchea wivenumi>ere(wo = 2 Ji-w .... 2~+-3k-..-2v....,2-.). 
This saturation level is genei!ally much lower than that 8btainedP m e 
for the electron-ion dec~ instability. Similar considerations can 
be applied to saturation of SRS. 

Computer simulations ( 5e, 10, 24) have been extremely important 
in demonstrating the dominant nonlinear effects for cases of strong 
pumping v /v > .1. Here such highly nonlinear phenomena as par­
ticle traBpifig~and wave breaking become important. In the back­
scatter instabilities, pump depletion is seen to be an important 
saturation mechanism. 

Among the important rema1n1ng theoretical problems is the need 
to study regimes in which the analytical weak turbulence theory and 
the computer simulations both apply so that we can better under­
stand the limitations of both techniques. 
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Nonlinear Confining and Deconfining Forces Associated with the Interaction 
of Laser Radiation with Plasma 

Hf;]NRlCH HORA-

W cstinghouse Research Laboratories, Pittsburgh, Pennsylvania 

The nonlinear interaction of an intense light wave with an inhomogeneous plasma produces a mac­
roscopic motion. A rigorous treatment of this interaction based on the ponderomotive force descrip­
tion leads to a general equation of motion. In a plasma with collisions and high electron density, the 
resulting force density can be int.erpreted as an expression of the radiation pressure. Below special 
densities there results a nonlinear collisionless force whose direction is toward decreasing density, and 
which produces a deconfillement. The magnitude of this force has a polarization dependence only in 
the third-order terms of the spatial dependence of the den.<ity. The total deconfining recoil momentum 
transferred to the inhomogeneous transition layer is evaluated. The theory of the nonlinear collision­
less acceleration is used to explain the experiment.ally observed properties of the fast part of plasmas 
produced by lasers from isolated single small aluminum balls and thick solid targets. 

I. INTRODUCTION 

The interaction of laser radiation with plasma 
has been discussed from several points of view. There 
have been investigations of ion and molecular scat­
tering of light,' of light mixing; and of self-focusing 
or defocusing." With a view to estimating possible 
applications to controlled thermonuclear fusion a 
number of investigations' have considered plasma 
heating as the result of laser light absorption by 
means of the usual collision processes! In addition 
to thcse studies there remains to be treated the 
important case of the macroscopic motion of a 
plasma due to the interaction of the electromagnetic 
field. 

The macroscopic motion is relevant to the observa­
tion of a substantial acceleration of plasma up to 

• Now with Institut fiir Plasmaphysik, Garching, Ger­
many, and Rensselaer Polytechnic Institute-Hartford 
Graduate Center, East Windsor Hill, Connecticut. 

, See for example, E. E. Salpeter, Phys. Rev. 122, 1663 
(1961); E. Fiillfer, B. Kronast, and H. J. Kunze, Phys. Letters 
5, 125 (1963); T. V. George, L. Goldstein, L. Slama, and M. 
Yokoyama, Phys. Rev. 137, A369 (1965); and H. ROhr, Z. 
Physik 200, 295 (1968). 

• N. M. Kroll, A. Ron, and N. Rostoker, Phys. Rev. Letters 
13, 83 (1964); A. Salat, Z. Natllrforsch. 20a, 6R9 (1965). 

• S. A. Akhmanov, D. P. Krindach, A. P Sukhorkukov, 
and R. V. Khokhlov, Zh. Eksp. Teor. Fiz. Pis. Red. 6, 509 
(1967) [JETP Letters 6,38 (1967)]. 

• N. G. Basov and O. N. Krokhin, Zh. Eksp. Teor. Fiz. 
46, 171 (1964) [Sov. Phys.-JETP 19, 123 (1964)]; A. G. 
Engelhardt, Bull. Am. Phys. Soc. 9, 305 (1964); J. M. Dawson, 
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• J. M. Dawson and C. Oberman, Phys. Fluids 5, 517 
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kiloelectron volt ion energies.' Surprisingly, the ac­
~eleration was directed against the laser light. A 
previous description' of a nonlinear collisionless 
interaction of the laser light with the inhomogeneous 
transition region of a plasma showed that the interac­
tion had the same sign as that observed," and that 
the measured high values of ion energies could be 
reproduced when simplifying assumptions were used. 
The results of the theory of this article are consistent 
with more detailed recent observations of plasmas 
produced from isolated single small aluminum balls.· 

The first steps in the deduction of the theory are 
just as difficult as those in the similar situation of 
considering the microwave interaction with plasmas." 
If a ponderomotive force description based on the 
momentum-flux-density tensor is used, the resulting 
forces can be either positive or negative, depending 
on whether the description starts from Maxwell's 
or Lorentz's theory of the continuum. This problem 
in determining the correct sense of the pondero­
motive force is not new.'· A partial resolution of 

• W. I. Linlor, Appl. Phys. Letters 3, 210 (1963); Phys. 
Rev. Letters 12, 383 (1964); H. Opower and E. Buriefinger, 
Phys. Letters 16, 37 (1965); H. Opower and W. Press, Z. 
Naturforsch. 21a, 344 (1966); J. C. Bryner and G. H. Sichl­
ing, Bull. Am. Phys. Soc. 12, 1161 (1967). 

7 H. Hora, D. Pfirsch, and A. Schluter, Z. N aturforsch. 
22a, 278 (1967). 

• A. G. Engelhardt, H. Hora, T. V. George, and J. L. 
Pack, Phys. Fluids (to be published). 
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and Electron Physics, L. Mart{)Il, Ed. (Academic Press Inc., 
New York, 1967), Vol. 23, p. 153. 

10 W. Weizel, Lehrbuch TMoreliscM Physik (Springer­
Verlag, Berlin, 1949), Vol. I, p. 360. 
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the dilemma has been found' by using the two-fluid 
model to describe the macroscopic plasma behavior. 
The right sign of the force WDB determined and a 
first description by the momentum flux denaity was 
sketched. The two-fluid and momentum-flux models 
are in agreement for Jierpendicular incidence of light 
on a plane inhomogeneous plDBma. In the case of 
oblique incidence, however, the tw0-8uid model 
shows insufficiencies, DB will be shown here. 

The general deduction of the theory given here 
is based on the Lorentz theory, DB it is treated by 
Landau and Lifshitz." The equation of the force 
density of the plDBm& is then given by the pondero­
motive force. This force is intrinsically nonlinear, 
for a force quantity is combined with products of 
at leDllt two field strengths, each of which are force 
quantities. 

Further, the question of an inhomogeneous plasma 
with collisions will be discussed. It will be found 
that at high electron densities a confining force 
occurs in the same direction as the light producing 
the radiation pressure. By evaluating the total 
momentum transferred by the collisionless de­
confining acceleration of the plasma, one finds the 
region of the electron density for which the decon­
fining process (acceleration of plasma against the 
laser light) is more dominant than the thermal 
absorption process. 

n. PONDEROMOTIVE FORCE 

The force density f of a plasma in the presence 
of electric and magnetic fields E and H is given by 
the ponderomotive force description'i 

f = V ... _ .!ExH 
at 4rc ' 

(1) 

where t is time and c is the velocity· of light. This 
relation is also defined to be the equation of motion. 
In Eq. (1) the three-dimensional stress tensor .. has 
the following components: 

[ EI ( I HI) H"J 
".. = -p.. - s.. II - p ap + s.. &.. 

+11"~+!Yb. 
4r 4r 

(2) 

H. HORA 

P •• is the ." xth component of the pressure tensor, 
&.. is the Kronecker delta, the magnetic permeability 
is unity, and II is the complex index of refraction; 
i.e., 

In Eq. (3) til is the radian frequency of the electro­
magnetic field, and " is the total collision frequency 
of the plasma electrons given 11 by 

tII; .. tm!Ze" lD. A 
p = Srr.(Z)(23CT)'· (4) 

Here m. is the electron mass, II the electronic charge, 
n. the electron density, lD. A the Coulomb logarithm, 
3C the Boltzmann constant, and T the temperature; 
'1., which is a function of the ionic charge Z is 
Spitzer's correction due to electron-1l1ectron col­
lisions. The electron plDBm& frequency til. is defined 
by the relation 

(a): = 4rtln./m •. (5) 

The density p in Eq. (2) can be replaced by the well­
known relation" 

em" 
P -=fj,"-l ap , 

(6) 

which is derived using the theory of continuous media 
[see Eq. (15.14) of Landau-Lifschitz). Thus, Eq. 
(2) can be modified to take the form 

" •• = -P •• - (E" + H") & .. /8 .. + fj,I E.E./4 .. 
+ H.H ./4... (7) 

Equation (7) can also be written as 

- - + u - tII!E.E. (1 + .!) (8) " •. - p.. •. 4r(tII" + .*) ~ til ' 

where the Maxwellian stress tensor U has the form 

[
1(C. - E! - E! + H: - Ii! - H!> E.E. + H.H. E.E. + H.H.] 

4r(U •• ) = E.E. + H.H. I( -c. + E! - E! - H! + H! - H!> E.E. ~ H.H. . (9) 
E.E. + H.H. E.E. + H.H. I( -E! - E! + E! - Ii! - H. + H!) 

U L. D. Landau IUId E. M. Lifahitll, EIM:trod~ oj 
Contift_ MediA (Perpmon Preas, Ltd •• <>Doni, 1966Y. 
p.2G. 

U L. Spitar, Jr .• P1&,.u:. of'vllv I""Vetl 0- (Intenci­
ence Publishen. Inc.. N_ York. 1950). 
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Consequently, the force density in the plasma takes 
the form, 

f = -V·p + V.[ u - 4"'(..,!"~ v2) (1 + i~)EE ] 
a ExH 

-at4rc· (10) 

With the aid of Maxwell's equations, Eq. (10) can 
be rewritten as 

f= -V·p+!jxH+..lEV·E 
c 4,.. 

_..l .... ! 2 (1 + i !.)EV . E 
4,.. ... +v ... 

_..l .... : 2 (1 + i!')E.VE 
4,.. ... +v ... 

- ..l EE. V 2"'! 2 (1 + i!.) 
4,.. ... +. ... ' (11) 

where the current density j was introduced by the 
second of Maxwell's equations. Equations (10) and 
(11) are the most general expressions for the force 
density (Le., the equation of motion) of a plasma in 
an electromagnetic field. The procedure for getting 
real quantities will be discussed when the formulas 
are applied. 

If the equation of motion is deduced not from the 
ponderomotive force description but from the macro­
scopic theory of the two-fluid model, ,. we find 

f= _V·p+!jxH+j·V..!.aE (12) 
c ... ' at ' 

when the gravitational forces are neglected. The 
first two terms of this equation are identical with 
those in Eq. (11). The third term in Eq. (12) is 
identical for v = 0 (collisionless plasma) with the 
second from last one in Eq. (11) because of the 
relation 

Depth x 

FIG. 1. Electron density fI, as a function of the depth", of & 
plane inhomogeneous plasma layer between vacuum ('" < ",,) 
and a homogeneous plasma ('" > "',). The arrows show the 
momentum Po of inCIdent N. photons and the resulting force 
density f in the inhomogeneous layer. 

on page 271 of Ref. 9] but the last term in (11) of 
this paper is usually neglected. Thus, the microwave 
theory takes into account the space charge term 
because an inhomogeneous electromagnetic wave 
with a longitudinal component produces periodically 
oscillating space charges. But, as will be shown, only 
an equation of motion with all terms present in Eqs. 
(10) or (11) is sufficient to evaluate the nonlinear 
acceleration effects in IllSCr produced plasmas. 

It should be mentioned that the complete equa­
tion of motion, (10) or (11), can be deduced from the 
basic equations of the continuum mechanics in the 
relativistic formulation." In the present treatment 
the description using the ponderomotive force is 
preferred, because the nonlinear interaction of light 
on plasma has the character of a radiation pressure 
(confining or deconfining as the case may be). 

(13) m. PERPENDICULAR INCIDENCE OF RADIATION 

which is valid when the fast oscillation properties 
are neglected. The remaining three terms in Eq. 
(11) do not appear in the CIISC of the two-fluid model. 
In fact the last three terms in Eq. (11) are less 
important in the usual cases of the macroscopic 
plasma theory. From the general point of view it 
should be emphasized that while the term (13) is 
reproduced by Schliiter's model," it is not verified 
by the deduction 12 of the macroscopic equations 
from the microscopic theory. The third term on the 
right-hand side of Eq. (11) is due to space charges, 
which were neglected by Schluter" because of the 
assumed quasineutrality. A more general equation 
of motion is used in the well-known theory of radio 
frequency acceleration of plasmas [see Eq. (12) 

11 A. Schluter, Z. Naturforach. Sa, 72 (1950). 

The force density as given by Eqs. (10) or (11) 
will now be evaluated for the case of an inhomo­
geneous plasma, located between vacuum and the 
homogeneous interior of a plasma. It is assumed, 
that the plasma is one dimensional (Le., in Fig. 1 
the inhomogeneity is between x, and x.), and the 
light is perpendicularly incident and penetrates in 
the positive x direction. With these conditions one 
has 

~=.!=O E E 0 dH H 0 ay az ' • = '.= , an • = • = , 
(14) 

when the electromagnetic wave is linearly polarized 
with the direction of oscillation parallel to y. It is 

.. D. Pfirsch (private communication). 
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convenient to split the force density (10) into a 
thermokinetic part f'b = - V • P and a nonlinea.r 
part fNL' viz., 

(15) 

From Eqs. (10) and (14) it follows that for the case 
of perpendicular incidence 

f I, iJ (_ + u2\ iI E,.H, • 
NL = -S,.. ilz LJ.. U,) - iii 4..c I,. (16) 

The unit vectors are ill is, and i. in the directions 
of the z, 1/, and z axes. 

In the following, average va.lues of the force 
density during one period of the light wave will 
be considered. One can presume that the switch-on 
process of the light wave is very slow in comparison 
with the frequency of the laser light, so that the 
neglect of the time average of the Poynting term, 
the last term in Eq. (16), is possible, i.e., 

(17) 

Equation (17) which gives the mean force density 
will be applied to the case of a slow spatial variation 
of the refractive index in order to fulfill the WKB 
condition, 

_ ~_l_iI Inl 
8 - 2c.I Inl" ilz «1. (IS) 

The complex electric and magnetic field strengths 
are then 

E • E, (.F) (k(Z») = loWexp, exp =FTZ , (19) 

and 

H = i.E,(n)t exp (iF) exp ( =Fk~) Z) , (20) 

where 

F = "'(t =r r Re ~n(m dE) 

and k(z) = ! ~ f' 1m [neE)] de. (21) zc 

In Eq. (21) the m&gnitudes of the real and imaginary 
part of the index of refraction n are used. As shown 
in Fig. 1, the upper sign denotes a wave propagating 
into the +z direction, whereas the lower sign de­
notes propagation in the -z direction. E, is the 
electric field amplitude in vacuum. Terms with 
derivatives of 1i in space are neglected within this 
section, for these only give terms of second and 
higher order in the time-averaged expressions to 
follow. 

By selecting only the real parts of the expressions 
for the nonlinea.r terms in Eq. (10), one finds from 

H. HORA 

Eq. (19) 

[( 1 )" (1 )" . " .E! = E! Re W COt! F + 1m (;i)I 8m F 

+ I Re (~) 1m (~) sin" F] exp[=Fk(z)z]. 

(22) 

This leads to the time-averaged value 

-. 1 
E. = IE! 11i1 exp (=Fkz). (23) 

In the same way from Eq. (20) one gets· 

H! = ± ~: 11i1 exp (=Fkz). (24) 

The averaged nonlinea.r force density (17) is then 

fn = -i, !:z C!I + 11i1) exp (=Fkz) (25&) 

_. E: 1- 11i1" (1.-,)2..1-1 
- I, 16.. 11i1" exp =F..... ilz n 

. E! 1 + 11i1" 2c.I 
± I, 16.. 11i1 C 1m (n) exp (=Fkz). (25b) 

In the collisionless case with k = 0 and 1i t&ken 
from Eq. (3), the second term of Eq. (25b) vanishes 
and one obtains the previous result' 

(26) 

This expression indicates a deconfining collisionless 
acceleration because the direction of the force den­
sity is towards decreasing plasma densities, and is 
independent &Iso of the direction of the incident 
laser light. Since Eq. (26) was derived for the col­
lisionless case, the force density can rise to infinitely 
high va.lues as 1i -+ 0+. In the case of collision8, a 
limitation on the m&gnitude of the nonlinea.r force 
is determined by the minimum of 11i1 in Eq. (20). 
When the electron temperature increases, this mini­
mum of 11i1 does not approach zero as rapidly as 
the minimum of the rea.! part of 1i which is the usua.l 
index of refraction. From Eq. (3) one finds 

min (11i1) = ~y at .... = '" 

and 

min IRe (11i!» = ~ at Col. = 2'"" if p« Col. 

'" 

(27) 

Here, the dependence of p on the temperature T 
is given by Eq. (4). 

Another result of Eq. (25b), is that the second 
term on the right-hand side indicates an &eceleration 
of the plasma in the same direction as the laser 
light, i.e., a confinement is produced when the 
geometry of Fig. 1 is considered. This acceleration 
can be interpreted as a collision produced radiation 
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pressure of the light within the inhomogeneous 
plasma in analogy with the usual radiation pressure 
of homogeneous media. When the direction of wave 
propagation in Fig. 1 is changed from +i, to -i" 
the sign of the second term on the right-hand side 
of Eq. (25) also changes. The radiation pressure is 
always in the direction of the light. 

We now ask for what conditions the collisionless 
nonlinear deconfining force is larger· than the usual 
radiation pressure. This is the case, if the right­
hand side of Eq. (25) is negative; i.e., if 

1 -_lni21~ Inll 
Inl ,ax 

= W + In12 ) ~ 1m (ii), for ~ ~ 1. (28) 

High force densities are possible only for very small 
Inl. This restricts our consideration to w. near w. 
With Eq. (18) one can then rewrite Eq. (28) in the 
form 

~ 1 = -0 D(n., T) (29) 

where 

DIp w! 
= 2I;;; w2 + .. - w! ' assuming p« w. (30) 

In the case of laser produced plasmas, n. and T- l 

will decrease with time during the early stages of 
the absorption of radiation by the plasma. D is 
then monotonically decreasing with respect to Eqs. 
(4) and (5). Consequently, ~ increases with time, 
and the nonlinear force density (25) changes from 
a confining case of radiation pressure to a de­
confining acceleration. The details of this process 
cannot be followed without special assumptions 
about the individual plasma described. We now 
try to determine the region, where the WKB ap­
proximation is applicable and where the radiation 
pressure is smaller than 20% of the nonlinear col­
lisionless deconfining force. In order to insure ap­
plicability of the WKB approximation [see Eq. 
(18») it is reasonable to select (J < 0.25. The second 
condition dictates that ~ > 5. These two constraints 
on (J and ~ determine an upper limit to n. or w. 
which we denote by w~, i.e., 

= -0.1 ±[O.Ol + 0.4w2(I/waTI - 0.I/a2T 3)]I. (31) 
2(I/waT' - 0.I/a'T3) 

Here the quantity a is defined by [cf. Eq. (4») 

w! 811/' g(Z)(2X) I 
a =';TJ = ;;Jm!Ze' In A . (32) 

In Fig. 2 the variation of w~/w is given as a function 
of the temperature T for Z equal to 1, and the 
Coulomb logarithm In A equal to 5 since we are only 
discussing cases of high deusity. Further, Spitzer's 
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FIG. 2. PI..ama frequency",.· which determines the electron 
densities below which the radiation pressure can be neglected 
compared to the deconfining acceleration. 

correction 'Y E(Z) which is due to electron-electron 
collisions is set equal to unity. In Eq. (31) only the 
upper sign of the square root is possible. The expres­
sion in the brackets under the square root sign of 
Eq. (31) is positive for 

T > (0.1 ~r = 0.69 eV. (33) 

IV. OBLIQUE INCIDENCE OF RADIATION 

A. The WKB Solution 

Now to be considered for a collisionless plasma is 
the case of a plane electromagnetic wave obliquely 
incident at an angle ao in the x-y plane which is the 
plane of incidence. The wave propagates from 
vacuum into a stratified inhomogeneous layer be­
tween x, and x. having a density profile similar to 
that dcscribed in Fig. 1. As a condition for neglect­
ing the collision produced radiation pressure as 
compared with the collisionless nonlinear accelera­
tion, one can adopt the same criterion that has 
been found for perpendicular incidence [see Eq. 
(31) and Fig. 2). As in Sec. III we restrict our con­
sideration to a reflectionless propagation of the 
waves. 

In this case the first- and. second-order WKB 
conditions with p = 0 in Eq. (3) are 

8(a) - ! ~ __ I_ld(n cos a) I 1 
- 2 W ii2 cos2 a dx «, (34) 

and 

1/1( ) = ! <t ____ 1_ld2(n cos a) I « 1 (35) 
a 2 ",2 ii,3 cos2 a dx2 I ' 
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where the angle a of the propagation direction of 
the wave in the plasma follows Snell's law, 

n'(x) sin' a(x) = sin' ao. (36) 

First to be resolved is the question whether it is 
possible using the WKB conditions (34) and (35) 
to write the general line!Lrly polarized obliquely 
incident plane wave as a sum of two parts-one 
with oscillating E vector parallel to the plane of 
incidence (subscript II) and the other with its E 
vector perpendicular to this plane (subscript .L). 
It is well known that this separation is not possible" 
in the most general case. In order to obtain the 
electric vector in the perpendicular case, one has to 
solve the equation 

( a' a' , ) 
ax' + ay' + ~2n'(x) E.L = O. 

The WKB solution gives 

where 

G = ±~ 
c 

E . E,(cos ao)l G 
.L = 13 [1i2(x) _ sin' ao]1 cos , 

(37) 

(38) 

. (r [n'W - sin' ao]ld~ + ii(x)y sin a(x») + wt. 

(39) 

The upper sign is to be chosen for an electromagnetic 
wave whose propagation vec~or has a component 
towards the plasma. The lower sign is for the op­
posite direction. From Eq. (38) one gets from the 
Maxwellian equations 

H.L 
E,(n cos ao)'/2 '" , 

= ± (cos a)l/2 (11 sm a - I, COS a) COS (, 

. c E,(cos ao)/' dii. G ( 
- 1,;;; 2n3/2(x) cos'/2 a(x) ax sm. 40) 

In the case of E" the electric vector is no longer 
perpendicular to the direction of propagation as it 
was for the general case, and the electric field is 
no longer divergenceless. The components of the 
electric field strength E are given by" 

( a' a' w' _,) a 
ax' + ay' + COn (x) E., - ax V·E, = 0, (41) 

and 

( a' a' w' _.) a 
ax' + ay' + COn (x) E .. - ay V·E, = O. (42) 

The last terms in Eqs. (41) and (42) couple all 
components of the electric field, so that a representa­
tion as the sum of two differently polarized com­
ponents is not possible. In the case of the WKB 
condition, however, the last terms in Eqs. (41) and 

Ii V. L. Ginzburg, The Propagat;tm of Electromagnet;;, 
Wave.. in Plamuu! (Pergamon Press, Ltd., Oxford, 1964), 
p.205. 
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FIG. 3. Schematic dem­
oostration of the nonlinear 
collisionless forces (full ar­
rows) produced by a plane 
electromagnetic wave (hol­
low arrows) in the inhomo­
geneous transition region 
of a spherical plasma when 
obliquely incIdent plane 
waves are considered. 

(42) are negligible, as will now be shown. Using the 
relation 

ii(x) V 'E, = -2E, dn (43) , dx ' 

which can be derived from Eq. (19.19) of Ginzburg, '0 
for (41) and (42) one gets 

(::. + :;. + ~n'(x»)E" 
+ 2 i!. (E d 1n1i(X») = 0 

ax " ax ' (44) 

and 

(~ + ~ + ~ -'( »)E + 2 aE., d In ii(x) = 0 
ax' ay' c' n x.. ay dx . 

(45) 

Comparison with the WKB conditions (34) and 
(35) shows that the time-averaged last term in 
Eq. (44) is always (8 + 21/1) times the ii'(x) term in 
the first bracket of Eq. (44). Because 8 and 1/1 from 
Eqs. (34) and (3:;) are very much smaller than 1, 
ncglecting the last tenu in Eq. (44) is possible. 
:'\egiecting the last tenu in Eq. (45) in comparison 
with the ii'(x) term in the first brackets in Eq. (45) 
is possible in the same way when 

2tga(x) sin a (x) $; 1, i.e., when a $; 40°. (46) 

So, with the conditions given by Eqs. (34), (35), 
and (46), one can separate the two cases of polariza­
tion and can solve Eqs. (44) and (45) separately 
without the eoupling tenus to get 

E = E,(cos ao)l 
, [n(x) cos a(x)]1 

.[ -it sin a(x) + i, cos a(x)] cos G. (47) 

Substitution of Eq. (47) into Maxwell's equations 
gives 

H _ ±' E,(n cos ao)l G 
,- 1. (cos a)1 cos 

. c E,( cos ao)l(l - sin' a) dn . G (48) 
- 1.;;; nt C(J3t a dx Sill . 

B. Calc:u1ation of the Force Density 

For the geometry of Fig. 3, the time-averaged 
values of the following quadratic forms are zero; 
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viz., 

~ EE = ~ EE = ~ HH = ~ HH = O. (49) 
oy OZ oy OZ 

The time-average force density (equation of mo­
tion) from Eq. (10) for a collisionless plasma (v = 0) 
is then 

-f 1. 0 [(2-' 1) (E---;2 E') " = g; II a;; n - ., - .. cos" 

- E~. sin' {3 + (H~. - H~.) sin' {3 - m. cos' {3] 

+ ~ i, ~ (ii'E,.E,. cos' (3 + H~.H~. sin' (3) 

1 . 0 (ii' -- -). + g; 13 a;; "2 EII.E~. + H~.HII. sm 2{3, (50) 

where {3 is the angle bet ween the electrical vector E 
and the plane of incidence. The i3 component shows 
a coupling between parallel and perpendicular 
polarization. To evaluate this component, one finds 
from (38), (40), (47), and (48), 

iiE! cos 1>0 sin I> sin' G' 
cos a ' 

(51) 
HH iiE!cosl>o. 'G 

.1", u. = cos a SIn a COS . 

As a result, the time-averaged bracket in the i. 
component of Eq. (50) vanishes identically. 

Because of the last result, one can construct an 
expression for the case of a general (3 by a simple 
addition of the two expressions valid for each 
polarization. For E~({3 = !,..) the expression of the 
time-averaged perpendicular component t~ of the 
force density is 

- 1.0 -,- --, -. 
t~ = 8,..11 a;; (-E~. + H~. - H~.) 

1.0--+ 4;;: I, oX (H ~.H ~.). (52) 

From (40) one finds 

H ~.H~. = -fIE! eos 1>0 sin I> cos' G 

c E! cos 1>0 sin I> dii . 2G 
=F 4;;; iii cos' I> dX sm . (53) 

From Eq. (39) the time-averaged value of Eq. (53) is 

H ~.H ~. = - !E! cos 1>0 sin 1>0 = const, (54) 

and as a result, the i, component of r:. vanishes in 
(52). From (38) and (40) one finds 

-E~. + H~, - H~. = -E! cos 1>0 

. cos' 1>0 + ii' cos· I> + .4. (55) 
2ii cos I> 2 

No second-order term was found but only a third­
order term given by 

c' 1 (dii)' 
A = 4<.>' ii' cos' I> dX . (56) 

The force density from (52) is then 

f - i E! cos 1>0 (_1 _ ~~ l dii _ !£ A). 
~ - 1 lfu- cos' I> w' ii' dx dx (57) 

In the case of E,({3 = 0) one finds in (51) 

f = iL ~ [E2 (1 - 2 ~~)' - E' + H' ] 
I 871'" ax Q,. w2 .. I. 

(58) 

The last term vanishes because of the constancy 
in space of 

-_,-- E! . 
n EII.E •• = 2 cos 1>0 sm 1>0' (59) 

If one uses the equation of motion (12) of the 
two-fluid modeP' or that of the microwave interac­
tion,' the i, component of the force density (58) 
does not vanish. Only thc general formulations (10) 
or (11) give the right results. Thus, the importance 
of the last three terms of Eq. (11) is demonstrated. 

Using Eqs. (56) and (3) wit.h v = 0 one finds 

(2ii' -1)E~, - E~. - H:. = -E! COSI>o 

+ (cos' 1>0 + ii' cos' I> + A '(1 2" )') 2ii cos I> 2" cos I> - sm I> , 

(60) 

and finally from Eqs. (58) and (60) 

f, . E! cos 1>0 
= Il-W;;:-

( 1 w! 1 dii dA '( . • )' 
. cos' I> ;;; if dx - dx cos I> 1 - 2 sm I> 

+ 2A t!!! s~· I> (2 sin' I> - 1) 
dx sm 1>0 

·(3sin2a - 2 cos· I> - 1»)' (61) 

A comparison with the collisionless case of per­
pendicular incidence, Eq. (26), shows in the first 
order from Eqs. (57) and (61) that 

tea) = teO) cos ao. 
cos3 a 

(62) 

This expression has already been obtained by 
SchlUter using a specialized treatment. lO In addi­
tion the force density of this analysis is only in the 
negative x direction, i.e., toward decreasing electron 
density, up to the third order in the spatial varia­
tion of the index of refraction in all cases of polariza­
tion, and is independent of the propagation direc­
tion of the light. The magnitude of the force density, 
however, is weakly dependent on the polarization 

11 A. Schluter, Plasma Phys. 10,471 (1968). 
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of the light in the third-order terms in ii. The 
consideration of these third-order terms is also 
justified in the case of the WKB approximation, 
because it can be shown" that deviations of the 
WKB solution from the exact solution are ex­
ponentially small and are given by exp (- 8) where 
8 is much smaller than unity according to Eq. (18). 

The validity of the force density of Eq. (50) is 
restricted to angles a :s 40° [see Eq. (46)]. For a 
parallel light wave interacting with a spherical 
plasma, if one can approximate each part of the 
inhomogeneous layer of the plasma by a plane 
geometry, then one would expect a collisionless 
nonlinear acceleration of the plasma as indicated 
by the full arrows at A and C of Fig. 3. The accelera­
tion which is not parallel with respect to the incident 
light will be larger by cos a.1 cos3 a in comparison 
with perpendicular incidence. At the points B of 
the plasma, this treatment loses validit.y because 
of the already discussed coupling of the differential 
equations of the field components. But the accelera­
tion can be expected to be approximately as in­
dicated by the arrows at B. 

V. MOMENTUM TRANSFER TO THE 
INHOMOGENEOUS TRANSITION LAYER 

The application of an equation of motion similar 
to Eq. (25) to solve the dynamical interaction process 
is extremely complicated due not only to the de­
pendence of the refractive index fl. on space and 
time, but also because of the attenuation of E. by 
this process of collisionless absorption. Even if 
one considers the nonlinear collisionless case when 
the condition of Eq. (31) obtains, no significant 
simplification occurs. Consequently, the discussion 
of integrated expressions is of greater interest. 

In the treatments of the previous sections, plane 
waves of constant amplitude were used. If a giant 
laser pulse a few nanoseconds wide between the 
times t, and t. is considered, the time variation of 
the amplitude E. of the electric field strength in 
the vacuum is slow enough and does not change the 
applicability of all conditions assumed in this anal­
ysis. Also the picosecond substructure of laser 
spikes" does not change these assumptions. The 
total energy EL of the laser pulse is then 

E. = c /. dy dz ft. E!(t, y, z) dt. (63) 
K '. 8'21" 

Here the integration is performed across the entire 
cross section K (coordinates y and z) where the 
light interacts with the plasma. The momentum of 

17 H. L. Berk, D. L. Book, and D. Pfirsch, J. Math. Phys. 
8, 1611 (1967). 

U S. L. Shapiro, M. A. Duguay, and L. B. Kreuzer, AppJ. 
Phys. Letters 12, 36 (1968). 

.!!: 
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all photons in the vacuum is then 

p. =~. 
C 

(64) 

Under the condition (31) which gives the main 
interaction of the light beam with the plasma transi­
tion layer by the collisionless nonlinear process at 
sufficiently high temperatures T at the surface, 
the force given in Eq. (26) produces a total mo­
mentum p; •• transferred to a plasma between x, 
and x. in the direction of f shown in Fig. 1 given by 

/. 1" ft. 
p; •• = dy dz dx fNL dt. 

I s. '. 

(65) 

Using Eq. (26) and the procedure which led to this 
equation under collisionless conditions, one finds 

p; •• = -/. dy dz ft. dt 
K t, 

.f"'<) dX[~ E!(y, z, t) (~ + 1fl.1)] (66a) 
,,(I) ax I&.- In I 

= - 2 ~~21 (1 - 1fl.21)2. (66b) 

fl.. equals fl.(X2) by definition. Equation (66b) ex­
presses the momentum of· the accelerated inhomo-
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FIG. 4. Ratio of P;Dh to P, as a function of electron tempera­
ture T •. P iDb is the momentum transferred to the inhomo­
geneous plasma in the direction of decreasing density. P, is 
the momentum of the incident laser radiation in the vacuum. 
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FIG. 5. Momentum 
transfer to an inhomo-
geneous plasma a from a 
laser beam. P.... is the 
momentum of photons ~ 
and plasma in the homo-
geneous part b. 

geneous transition layer in terms of the momentum 
Po of the laser pulse in vacuum. To get a high 
momentum one needs low values of In.l. The mag­
nitude of the momentum is limited by the extent 
to which the radiation pressure can be neglected, 
i.e., by how high T. is in Eq. (31). In Fig. 4 the 
momentum p ••• is given for densities determined 
by w~ [see Eq. (31) and Fig. 2]. We had pointed out 
before,' that the nonlinear collisionless interaction 
can transfer to the plasma a momentum much larger 
than the magnitude of the momentum given by all 
photons, because then the momentum at the front 
of the plasma is compensated by that at the back 
of a collisionless plasma. Here, we have found to 
what magnitude the momentum imparted by the 
nonlinear collisionless acceleration can increase for 
a plasma with collisions. 

In Fig. 5 we are considering the total momentum 
P'om transfered to an absorbing homogeneous plasma 
b and the photons in it, when the vacuum momentum 
of the photons is Po and the momentum transferred 
to the inhomogeneous layer a by the collisionless 
nonlinear process is p ••• as given by Eq. (66). The 
conservation of momentum gives 

(67) 

When all photons are absorbed in the homogeneous 
plasma, then the momentum transferred to b is 

P'om = Po + p ••• = ~o C!I + Inl)· (68a) 

In terms of Po, we can write 

Pbom = 1 + P"'. 
Po Po 

(68b) 

For example, when the temperature T. of the 
homogeneous plasma is 1 keY, then the momentum 
transferred to the plasma by the nonlinear mech­
anism can be 100 times the momentum of the 
incident laser light in vacuum. At higher temper­
atures this momentum transfer increases nearly 
linearly [see Eq. (68b) and Fig. 4]. This result may 
explain the measurement by Gregg and Thomas. II 
The momentum measured by these authors can be 
identified with Pbom. Neglecting a small variation 
with the laser pulse length, one finds for the de­
pendence on the input laser energy <L 

(69) 

" D. W. Gregg and S. J. Thomas, J. Appl. Phys. 37, 2787 
(1966). 

where the number l" is about 0.2 to 0.3 for different 
materials. This gives 

(70) 

Thus, the measured recoil indicates an essentially 
nonlinear process. 

The observation·> of P'om being 10' to 10" times 
Po could be explained by surface electron temper­
atures in excess of 10" eV (see Fig. 4). Since the 
primary light-plasma interaction takes place at 
the surface, such high values of T. may not be too 
unrealistic. Th~ ion temperatures can be much 
lower during this process. Consequently, the explana­
tion given here may be interpreted as the basic non­
linear process leading to a shock wave, probably in 
the same sense as an explanation by Kidder has 
been mentioned·> or in the sense of blast. waves."o 
A purely thermodynamic expansion is less probable 
as an explanation for the measurements·> because 
a thermodynamic process would lead to a relation 
P:om ex <L instead of the nonlinear relation (70). 

VI. CONCLUSIONS AND DISCUSSION 

This treatment has verified the existence of sub­
stantial macroscopic acceleration of an inhomo­
geneous plasma by interaction with laser light. This 
nonlinear interaction results from a rigorous applica­
tion of the ponderomotive force description based 
on Lorentz's theory. The deduced equation of motion 
is more general than that· of the two-fluid model of 
the plasma and that used in the theory of microwave 
interaction with plasma. 

The necessity of using all nonlinear terms of the 
general equation of motion is demonstrated, when 
the nonlinear eollisionless acceleration of an inhomo­
geneous plasma at oblique incidence of light is cal­
culated. As might be expected, the forces are only 
in the direction of lower plasma densities and tan­
gential forces vanish only with the general equation. 
This result has been verified up to the third order 
in the spatial variation of the electron density. 
Deconfinement results because the acceleration is 
always in the direction of decreasing electron density. 
The magnitude of the acceleration varies for difierent 
cases of polarization only in terms of the third 
order in the spatial variation of the electron density. 

In a plasma with collisions, the nonlinear accelera­
tion is in the direction of the laser light, and can be 
interpreted as a radiation pressure when the electron 
density is equal to or higher than that which gives 
a plasma frequency equal to the light frequency. A 

temperature-dependent upper limit of the electron 
density has been evaluated for electron densities 
below which the radiation pressure term in the 

so E. PanareUa and P. Savic, Can. J. Phys. 46, 183 (1968). 
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force density can be neglected, a.nd only the nonlinear 
collisionless deconfining acceleration remains. 

Integration of this force density in space a.nd 
time gives the deconfining recoil momentum im­
parted to the inhomogeneous plasma in terms of 
the momentum of the photoDB in vacuum. Under 
certain reasonable conditioDB the transferred mo­
mentum can be 100 times or more the vacuum 
photon momentum. The high recoil momentum 
measured by Gregg a.nd Thomas" may be explained 
by extreme heating of the outermost plasma front 
to initiate the nonlinear mechanism. Consequently, 
the observatioDB of Gregg a.nd Thomas'· could be 
the result of a nonlinear interaction. 

In addition, the theory given here can explain 
some of the observatioDB in plasmas produced by 
lasers from single small aluminum balls.' While .a.n 
inner part of plasma containing nearly all the plasma 
shows the properties of a thermal expansion,· be­
havior of the outer part ca.n be attributed to a sur­
face mechanism. An averaged nonlinear absorption 
cODBtant based on the recoil momentum shows that 
nonlinear acceleration at the surface of inhomo­
geneous aluminum plasmas" overwhelms the thermal 
absorption processes for electron temperatures above 

H. HORA 

130 eV." The nonlinearity of the expansion is 
verified by a superlinear dependence of the maxi­
mum ion energy on the laser inteD8ity, as was the 
ease for measurements from a thick target of 
ta.ntalum .• , 
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Ponderomotive Force on Laser-Produced Plasmas 
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The deconfining ponderomotive force exerted by an intense electromagnetic wave on a linearly 
inhomogeneous plasma layer has been analytically investigated. Since the ponderomotive force 
maximizes near the region where the dielectric constant .. -+ 0, an exact solution of the wave equation 
is required for a correct estimate of the maximum force. For the case of oblique incidence with the 
electric vector in the plane of incidence, the solution of the exact wave equation leads to an interesting 
resonance effect which predicts a force higher than that obtained by earlier workers using a WKB 
procedure. Physically, this enhanced ponderomotive force arises because of the large nonuniform 
longitudinal fields that are generated in the region .' = 0 for this geometry. 

I. INTRODUCTION 

Hora, Pfirsch, and Schluter,' Schluter,' and Hora' 
analytically investigated the nonlinear interaction 
of an intense laser beam with an inhomogeneous 
plasma layer, and have shown that such an inter­
action leads to a deconfining (i.e., directed away 
from regions of high particle density) ponderomotive 
force on the layer. Physically, this force arises be­
cause of the general tendency of any nonuniform 
dielectric fluid to move toward regions of higher di­
electric constant in the presence of an electric field.' 
The analyses in Refs. 1 and 3 (the details of Ref. 2 
are not known) are based on the use of the WKB 
approximation for laser wave propagation in the 
inhomogeneous plasma layer. Explicit expressions 
have been derived for the ponderomotive force, and 
it is concluded that this force will have its maxi­
mum value for the critical layer in which the laser 
frequency w matches the local plasma frequency w •• 
Unfortunately, in this critical layer the WKB ap­
proximation is least valid; the estimates of the 
maximum ponderomotive force made in the above 
papers are therefore of a rather limited range of 
applicability. Further, some interesting qualitative 
effects for the case of oblique incidence have been 
missed because of the use of WKB approximation. 

A more rigorous way of computing the magni­
tude of the maximum ponderomotive force is to solve 
the wave equation exactly in the critical layer. One 
obvious limitation of this procedure is that exact 
solutions can be obtained only for some special 
density profiles.' However, for most of the situations 
(especially if the critical layer is far removed from 

the flat top of the density profile) it is a good ap­
proximation to consider the density variation in 
the critical layer to be linear. This then is the ap­
proach that we have adopted in the present paper. 

Three cases have been examined in detail: 

1. Normal incidence on a plane stratified layer. 
2. Oblique incidence with the 

(a) electric vector normal to the plane of inci­
dence, and 

(b) electric vector in the plane of incidence. 

In cases 1 and 2(110), the exact analysis extends the 
range of validity of Hora's treatment and sets an 
accurate upper bound on the level of the force. The 
effect of the superposition of incident and refl.ecied 
waves which leads to a standing wave pattern and 
a "ponderomotive bunching" effect has a\ao been 
investigated, in contrast to earlier work. In case 2 (b) , 
an interesting resonance effect, not found by the 
WKB approximation, leads to a deconfining force 
which is much greater than that of the first two 
cases. 

Momentum transfer to the plasma layer in the 
three cases is a\ao evaluated. 

Do PONDEROMOTIVE FORCE 

As derived by Hora,' the expressions for the 
pon4eromotive force components are in terms of the 
electric and magnetic field vectors. Most of the 
present work will, therefore, be concerned with an 
evaluation of the electric and magnetic field vectors, 
by solving the exact wave equation. 

Reprinted from: The Physics of Fluids, 14,371·-377 (1971). 

283 



284 

Starling from Maxwell equationa, one can derive 
the general wave equation for the propagation of 
electric and magnetio fields in an inhomogeneous 
plasma; these are 

1 

v"E - V(VoR) + ~ .'(.., ... )R = 0 (1) 
c 

and 
1 v"B +~) IV.'(.., •• ) x(V xB») 

E \CII," 

..," + ? .'(..,. ,,)B = 0, (2) 

where the symbols have their usual meanings and 
an exp (-i6Jt) time dependence for the fields has 
been 1I88UIIlOd. The complex dielectric permittivity 
for a cold plasma may he written 

'( . ) , CaJ. 11' • =1--1--,1--, 
'" +" '" 

(3) 

where " is a phenomenological collision frequency. 
Equations (1) and (2) are investigated in the neigh­
borhood of the region where .' ~ 0; in this region, 
"'! is assumed to depend linearly on z. Thus, for 
p/",« 1 

.. = -az + is, (4) 

where a ~ ({l/n)(dnldz») is a measure of the density 
gradient and /I = (pi",). It has been assumed here 
that the imaginary part of .. is independent of the 
position coOrdinate and equal to its value at '" ~ "'p' 

This is a good approximation since ("1,,,) « 1 and 
the variation of Re .. (which pases through a zero) 
with III is much more important than that of 1m .' 
(which approaches a constant). In general, only one 
of Eqs. (1) and (2) need he solved. 

A. Norma1lncidence 

Since the dielectric constant is a function of z 
alone, we can call the medium plane layered. Con­
sider an electromagnetic wave propagating along 
the III direction, i.e., normal to the plane stratifica­
tions. Equation (1) for this case assumes the form 

:] + ~ (-az + is)R = O. (5) 

Without loss of generality, one can choose the x 
axis along the direction of the electric vector. Intro­
duce 

l' = f:;;j'" (-az + is) = P"13( -az + is) !E p"/3~. 
(6) 

Equation (5) then reduces to 

d"E dr' + l'E = O. (7) 

The solutions to Eq. (7) are the well-known Airy 
functions with complex arguments, which may be 

J. D. LlNDLAND P. K. KAW 

written in terms of Bessel functions of order I; thus 

E ,;" 3Aa,(-l') = Ar'12IJ".(U"'") 

+ J -II,(fl'''"») Rel' > 0 (Sa) 

= A(-l')'!2{L,,"lf(-l')"") 

+ I,,"lf(-l')""]} Rel' < O. (8b) 

This type of solution has been discWllled by Ginz­
burg.' It represents a standing electromagnetic 
wave in the region Re l' > 0 (arising because of a 
superposition of the incident and reflected waves) 
and an exponentially decaying evanescent wave in 
the region Re r < O. The constant A is to he de­
termined from the boundary conditions. It is as­
sumed that the plasma boundary is far from the 
reflection region or the critical layer, so that on the 
boundary ~me has Irl » 1. One can then use the 
asymptotic form for the electric field at the pla."ma 
boundary; viz., 

R = ~~ r- II ' cos (~ r3/2 - !) 
r 3 4 (9a) 

- __ ~ -II' -Ud '''dz + .r 3A ~)-.'. [ ( . /+i.,O ) 
- 2r'/2 • exp c . ' '4 

+ exp ( +~ ["'0 .'12 dz - i~) ] ' (9b) 

where Eqs. (4) and (6) have been used. In Eq. (9b) 
the first term represents a forward-propagating 
wave lremember that an exp (-i6Jt) time dependence 
has been assumed) and the second a backward 
propagating or a reflected wave. Now, if the vacuum­
plasma boundary is assumed sufficiently diffuse, then 
there will be negligible reflection from the boundary 
itself and one can equate the forward propagating 
part of Eq. (9b) to the incident electric vector E, 
at the boundary. This gives 

A - • 12{~)"6E (+~ 1+'·'0 1/2 d ir) - 31r \.ro :.I, cxp C -I/G E Z - 4 

~ frI2p"6l!:, exp (-ps) cxp [ -i(ip - ~)J ' 
(10) 

where 8 = (pi",) has been assumed to he much less 
than unity. 

For normal incidence, the ponderomotive force is 
given by" 

One can relate H. to E, for our special geometry 
by using Maxwell's equations; thus, 

H +. -lIo(dE,) 
• = 'P ~. 

Multiplying Eq. (Sa) for E, and the corresponding 



PONDEROMOTIVE FORCE ON LASER-PRODUCED PLASMAS 285 

16 

~ 
1'1 f1 

Ii 

o. 

0. 

/ ~ s 

0.111 

0D4 

tiara', bit, 
wxs-!. 

1Iecamt, , 
Invalid , 

-0.08 
, 

2 

-0.1 6 J V V 

-2 -I 3 4 5 10 

t'-p"'a I 

FIG. I. Punderomotive force for normal incidence as a func­
tion of distance from plane of reflection. 

expression for H. by exp (-iwt), taking the real 
parts, squaring and adding them, and finally averag­
ing over several periods of the laser frequency, one 
obtains from Eq_ (11) 

+ p.2/3[a:"(t"a,,, - trau) + ah(t,a,,, + tRaU) II , 
(12) 

where a'R, etc., are the Airy functions, the sub­
scripts R and 1 denote the real and imaginary parts, 
and the prime denotes difierentiation with respect 
to the argument. Hom's expression 

(13) 

could be recovered, if only the first term (viz., the 
forward-propagating part) of the asymptotic form 
(9b) for the electric vector and the corresponding 
expression for the magnetic vector had been used. 
Thus, the interesting ponderomotive "bunching" 
effect, arising because of the standing wave pattern 
on the left of the reflection region, also is not in­
cluded in Hom's treatment. a 

Figure 1 is a plot of 

F-~ 
- [(",/c)E!] 

versus t for a collisionless plasma. It shows the 
typical foree profile in the neighborhood of the re­
flection plane. Note that a positive force acts in 
the direction of the incident beam and acts as a 
confining force whereas a negative force does the 
reverse. In Fig. 1, the force to the left of A (viz., 
the first zero) acts on the main body of the cold 

plasma and pushes it inward. The force to the right 
of A is, however, oscillatory in space and leads to 
ponderomotive bunching. This may give rise to 
"striations" in the plasma. If one averages the oscil­
latory force to the right of A, one gets the net out­
ward directed force on the plasma layer. Note that 
the largest contribution to the average force will 
come from the unbalanced force in the region AB; 
the rest of the maxima and minima nearly average 
out to zero. 

In Fig. 1, the force profile due to Hom's expres­
sion [Eq. (13)] has also been plotted for comparison. 
A more appropriate comparison is the one between 
Eq. (12) and the force obtained using a standing 
wave solution obtained from the sum of incident 
and reflected WKB solutions. Such a comparison 
shows that the WKB approximation gives the cor­
rect order of magnitude of the force to the right of A. 
However, the absolute magnitudes can be oft by 
more than a 100%. Furthermore, one also incor­
rectly predicts the phases of the fields (and hence 
the position of A, for example). Finally, to the 
left of A, the WKB solution breaks down and pre­
dicts an infinite force at t = O. Figure 1, on the 
other hand, clearly shows that the maximum ponder­
omitive force at any point in the plasma is of the 
order of a few tenths of E!(",/c) and is determined 
by the free space wavelength. 

Table I illustrates the variation of the normalized 
ponderomotive force F at the first negative maxi­
mum, with the level of collisions. The force is seen to 
decrease as tr = (",/ca) 2Ia (./"') increases. The 
values of t r chosen are typical of laser produced 
plasmas; thus tz = 1 corresponds to a 100 p. radius 
plasma with a density of 10" cm·a and a tempera­
ture of few hundred volts. 
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TAB ... I. Variation of the normaliad ponderomotive loree F - F./E,"( .. /C) at the finlt maximum with the colliaio I 
Jllll"llDl8ter t, - ( .. /CtJ..,II(./ .. ) lor the normal incideoce. n req-cy 

t, o 0.2 0.<& 0.8 0.8 

F 0.178 0.320 X 1(1-1 0.5114, X 10-< 0.883 X 10-< 0.930 X 10-" 

B.O ..... 'ncid_ 
Collllicler a pIaM stratified layer of the type de­

IICl'ibed earlier with , a function of II only. Aaaume 
(without loas of pnerality) that the incident k 
vector lies in the ".. plane; all of the field quantities 
ate then independent of z. If one writes the general 
wave equation· (ll in its component form, one finds 
that the equation for E. decouples from those 
of E. and E. (which are coupled to each other). 
This circumstance arises only because <' is chosen 
independent of z, and physically it means that in 
this case one can decompose an electromagnetic 
wave with arbitrary polarization into two waves: 
one with the electric vector in the plane of incidence 
and the other with electric vector normal to the 
plane of incidence. One is thus justified in discussing 
these two waves separately. 

1. E V ector Normal to the Plane of Incidence 

In this case E. = E, = O. Let E. = F(z) 
exp (:l:ik(II)«(II)YI, where k(lI) = (",/e)[<'(z)]lI', 
a(z) = sin I(z), and 1 is the angle between the 
direction of propagation and the z direction. Substi­
tuting in the z compop.ent of Eq. (1) and demanding 
that the resultant equation be valid for all y, one 
obtains 

d (k (k(z)cr(z)1 = 0 or k(z)a(2) = const = k.,a. (14a) 

and 

IF' , 
dtI = -? .'(1 - a')F = -~ (.' - Sill' 'o)F, 

e (Ub) 

where «0 = sin I. is the sine of the angle of incidence 
on the layer and ko = (",/e) is the free-space wave­
number. Introducing .. = -CIZ + iB, r = (",/ea)"" 
(.' - cr!), one gets 

IF 
dt + rF = O. 

This equation is identica.I to the one obtained for 
normal incidence; thus, the results obtained in the 
last section are valid with a redefinition of r. For 
this case the ponderomotive force is given by· 

F e, a (E" H" H') ·.L=-Sr;i .- ,+ • 
(15) 

e, a I( ",L" H" = -Sr;i 1 - «.}D. + .1. 

One can thus derive an expression for the pondera­
motive force; this force always turns out to be less 
than that for normal incidence. 

I. E Vector in the Plane 0/ Incitl81u:e 

In this case the electromagnetic wave exhibits a 
very interesting behavior in the neighborhood of the 
region .' ~ O. The wave is reflected at a plane 
z < z., where Zo is determined by .(z.) = sin" ' •. 
Beyond this point, the wave begins to exhibit the 
usual evanescent character. However, ns the point 
<' ~ 0 is approached, there is a large increase in the 
magnitude of the electric vector.' Thus, huge 
gradients in the e1actromagnetic fields are devel­
oped in the neighborhood of <' ~ 0, and one can 
find a very large ponderomotive force. 

To examine this problem in some detail it is . . ' collveruent to start from Eq. (2) for the magnetic 
vector. For the present special case, H has only one 
nonzero component, H.i furthermore, E. and E. 
can readily be related to H. by the equations 

F _ _ i!:_ aHz 

J II - WE' iJz (16a) 

and 

E. = ic, all,. 
. "'. ay 

(Hib) 

Using H. = G(z) exp [±ik(z)a(z)YI iu the z com­
ponent of Eq. (2) and proceeding as in Sec. IIBI, 
one obtains 

k(z).(z) = k.a .. = (w/ c) sin '. 

and 

d2G 1 d.' dO ",' . 2 dT - Ilk dz + c. (.' - Sill ' .. )G = O. 

Using Eq. (4) and introducing ~ = -az + is, 
P = (",/ea), and U(~) = ~-l/·G(~). this equation cnn 
be put in the form 

,/'F (?( ., a) . dt!- - P ~ + a .. ) + -i( l = O. (17) 

An approximate solution to Eq. (17), valid every­
where except near ~ = 0 and which represents a 
~ding wave to the left of ~ = «!. can be written 

(r4)'" (ir)(S )"1 Ill" U = 2 exp -12 S' H " ,,(!."). (18) 
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where 

s = p f ... (~ + a~)"' d~ = ip(~ + a~)an, 

S' = (~:) and A = p(1 _ a')"2 

. exp [-2ps - ~ip(1 _ a')31'). 

and the H:~~ denotes the Hankel function of the 
first kind of order 1. The constant in Eq. (18) is 
chosen so that the amplitude of the incident wave 
equals unity at the boundary of the inhomogeneous 
layer. For large E, the asymptotic form of the H. 
obtained by using Eq. (18), agrees with the expres­
sion derived by Hora," using the WKB approxima­
tion. 

Another approximate solution to Eq. (17), valid 
everywhere to the right of E = -a~, is 

where 

'I = P [ (~ + a~)"' d~ = ip[(~ + a~)3/2 - a~). 

I d'l 
'I = d~ , 

and A is an arbitrary constant. The two solutions, 
(18) and (19), should be close to each other every­
where except in the neighborhood of E = 0 [where 
(18) is not valid) and E = -a~ [where (19) is not 
valid]. l\Iatching the solutions in the region -a~ < 
E < 0, one can evaluate A. Thus, the solution to 
Eq. (17) in the neighborhood of E ~ 0 is given by 

UW = ~-'/2GW 

( A)"' (. )( )'" = 11'2 exp ~ - ipa~ ~ H:I)(i'l). (20) 

If E is very small, we can use 'I ~ paoE « 1 and 
expand 

Using this series expansion in Eq. (20), and also 
using Eqs. (16a) and (16b), we find the following 
expressions for the electric and magnetic field vectors 
in the neighborhood of E small: 

( 2 cos 110 )'" llzW = - --. -. - exp (-I/> + it/!) 
1I'psm II" 

= -G(O) exp (i ~ aoy) , (21a) 

E.(~) = _i(2: cos 110 sin' (10)'" In (p sin lloE) 

·exp (-I/> + it/!), (21b) 

1 (2 cos II )'" E.W = -f ~ exp (-I/> + it/!) 

CtoG(O) (. '" ) 
= - E exp '~Ctoy , (21 c) 

where 

G(O) = (2 ~. 110 )'" 
1I'psm 110 

·exp (-ps - ipa~ + 1- iip cos' 110) , 

I/> = ipa: + ps, 

t/! = ~ - ip cos' 110 +~ sin lIoY· 

Equations (20) and (21) are valid only for rela­
tively large angles of incidence because it was as­
sumed that the region E = 0 is well separated 
from the region E = -Ct~. For arbitrary angles of 
incidence the problem is a bit more complicated; 
however, such a problem has been solved by 
Denisov· and his results apply here. 

Note from Eqs. (21a)-(21c) that for E small H. is 
nearly a constant and E. and E. become large. As 
a matter of fact, E. is the largest field component 
near E ..... 0 and, therefore, it will dominate the 
ponderomotive force. The magnitude of E. is de­
termined by the collision frequency (which deter­
mines the minimum value of E) and the function 
ao IG(O)I. For arbitrary angles of incidence, this 
latter function has been studied by Denisov.· It is 
found that for 110 = 0, Cto IG(O)\ = 0; as 110 inCreaB!!S, 
this h!.(ltion increases and reaches a maximum; for 
stili higher values of 110 , it decreases. One may 
express this dependence on 80 as 

IG~O'\ I - exp ( - pBL.(· "8 ) an \ ~ - (211'p)l/2 ... P Cto. 

where cI> is a function which attains "its maximum 
value of (1.2)(211'p) 1/2 for CtoP'" ~ 0.8 (for a plot of 
~ vs 110, see Denisov·). For p = 10', this leads to an 
optimum angle of incidence of 4° to 5°. Note that 
p = 10' corresponds to an inhomogeneous layer 10' 
wavelengths thick since p = ",/ea = .d/A, where d 
is the thickness of the layer and >. is the free space 
wavelength. Such a value of p is typical of laser­
produced plasmas. We may finally write 

exp ( - ps) ~(anP'") (. '" ) 
E. = (211'p)"i E exp' ~ any . (22) 

For oblique incidence with the electric vector in 
the plane of incidence, the following expression for 
the ponderomotive force derived by Hora,· can be 
used: 

F _ e, .! ( II> ,.. ) 
., - 4r az E.G.."" 

+ ~ ~ [(U - I)E! - 'E! - R!). 
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The tenn for the force in the e. direction time­
averages to zero leaving a force in the e. direction 
ooly. To the lowest order, the force can be obtained 
by retaining only the E: term in the square bra.cket. 
Multiplying 'Eq. (22) by exp (-itIIt), taking the 
real part, squaring and averaging over several 
periods of the laser frequency, one obtains 

_ c(>. exp (-2ps) za' 
F •• - e. Hw.p (a'? + i)'· (23) 

This force has its maximum value for z = ±(,/3"'a), 
when it is equal to 

F - 3"· ~;o..2 exp (- 2ps) E2 (24) 
-.- - e. 256r2 corn ., 

where r, = (..,/00)211(.1..,), as before, and E! is 
introduced on the right side to take care of the 
earlier normalization to unity. 

A comparison of Eq. (24) with Eq. (12) (which is 
appropriate for nonnal incidence) shows that the 
oblique incidence force becomes higher when 
p·/'(III..,) = kr < 0.30 (for a typical ruby laser 
produced plasma with p = !O', this corresponds to 
a temperature of about 1 keY) and becomes in­
creasingly larger for decreasing (vi..,), i.e., increasing 
temperature. This increase does not continue in­
definitely. As the collision frequency becomes 
smaller, other dissipative processes assume an im­
portant role in the expression for l. As an example, 
if one retains the coupling of electromagnetic waves 
to plasma waves due to finite temperature and 
plasma inhomogeneity in the intera.ction region .' = 0, v should be approximately replaced by'·' 

("Ta2
)'" V.ff ~ v + W nz.c.,2 • (25) 

Equation (25) indicates that the absorption due to 
plasma wave coupling becomes comparable to the 
collisional absorption (for the same typical laser 
plasma pa.rameters as above) when rr '" 0.1. This 
value of r, therefore determines the maximum 
ponderomotive force for oblique incidence; it turns 
out to be about 50 times the maximum obtained 
for normal incidence [Eq. (12)). The above estimate 
should be treated with caution since it is based on 
Eq. (25), which is at best a crude approximation. 

m DISCUSSION 

The authors have investigated the nonlinear 
intera.ction of an intense electromagnetic wave 
with a linearly inhomogeneous plasma layer and 
have estimated the magnitude of the ponderomo­
tive force on the plasma. It is concluded that for 
normal incidence, the maximum ponderomotive 
force is determined by the free-space wavelength 
of t.he wave. An interesting new effect explored in 
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this work is the ponderomotive bunching effect, 
arising because of the standing wave pattern on 
one side of the reflection plane. This ponderomotive 
bunching can lead to the breakup of the plasma 
layer into striations. 

For oblique incidence with the electric vector 
normal to the plane of incidence, the force is always 
less than that for nonnal incidence. The most 
interesting case, however, is that of oblique inci­
dence with the electric vector in the plane of in­
cidence; in this case the maximum force can be 
considerably higher than in the first two cases and 
is only limited by the magnitude of the imaginaiy 
part of the dielectric constant l (e.g., collisions, 
finite temperature effects, etc.). Furthennore, in this 
case there is an interesting optimization of the 
maximum force with the angle of incidence; for 
typical laser-produced plasmas, the optimum angle 
seems to be around 4-5°. Qualitatively, the en­
hanced force arises because of the excitation of huge 
longitudinal fields in the region l ~ o. This physical 
picture also explains the optimization of the force 
with the angle of incidence. For, in the case of 
nonnal incidence, the wave stays transverse all the 
way to the reflection point and so there is no such 
enhancement. On the other hand, if the angle of 
incidence is too large, the region .. ~ 0 is far away 
from the reflection point l ~ -a:; in this case, 
therefore, the wave amplitude decays considerably 
before reaching the resonant regions, and hence 
strong longitUdinal fields cannot be excited to give 
a large force. 

The treatment in this paper has been based on the 
use of cold plasma expressions for the dielectric 
constant. Thus, interesting finite temperature effects' 
have either been ignored or very crudely taken into 
account. Furthennore, since the longitudinal fields 
in the resonant regions may be quite large, non­
linear effects" may also become important. It should 
be mentioned here that these finite temperature 
and nonlinear effects may lead to a considerably 
enhanced absorption of the laser energy before any 
of the effects discussed in this paper can be pro­
duced. A detailed analysis should, therefore, take 
all of these effects into account. 

It is of interest to obtain the net amount of 
momentum transfer to the inhomogeneous plasma 
layer. This can readily be obtained by using the 
analysis of Hora.· Thus, 

J f"· f" p, •• = dy dx dt dz F. 
11 ,.. 

For oblique incidence with the E vector in the 
plane of incidence, we have 

P" ~ -iP exp (-2p8) (26) 
iDh ,......, 0 ps2 t 
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where 

Po = f dy dx fl. dtE!(x, y, t) 
10 &r 

is the incident momentum of the electromagnetic 
wave pulse. Note that for sufficiently small 8 = 
(vj",), P(!h can be much greater than Po; thus, the 
inhomogeneous plasma layer can acquire a huge 
directed momentum. The direction of the momentum 
is that of the density gradient, and is independent 
of the direction of incident electromagnetic wave. 
This momentum transfer to the plasma layer is 
balanced by momentum transfer in the opposite 
direction to the rest of the plasma. Thus, 

In a similar manner, one can als.o estimate the 
momentum transfer for the case of E vector perpen­
dicular to the plane of incidence. It is usually smaller 
than the above momentum transfer. 

Steinhauer and Ahlstrom' have made a compari­
son of the magnitudes of thermokinetic and electro­
magnetic forces for a typical laser produced plasma. 
Using the expression for ponderomotive force 
derived by Hora3 they conclude that thermokinetic 
effects dominate everywhere except in a thin region 
in the neighborhood of the critical layer for reflec­
tion. Their estimate of the thermokinetic force, how­
ever, contains a questionable averaging procedure 
which somewhat artificially makes the thermokinetic 
force depend only weakly on the electron-ion 
collision time. A correct comparison of the thermo­
kinetic and ponderomotive forces actually involves 

the solution of equations of motion for the plasma, 
under the combined influence of the two forces; 
this is left for future investigation. 

It is also of interest to note that for a small plasma. 
blob isotropicaUy illuminated by the laser beam, the 
ponderomotive force expansion, if important, will 
be anisotropic, i.e., one will see plumes of plasma 
coming out at small angles to the incident direction­
since for them, the ponderomotive force is a maxi­
mum. The thermokinetic expansion, on the other 
hand, should be isotropic. This may, therefore, be 
one way of experimentally distinguishing between 
the two effects. 
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ABSTRACT 

The very recent observation of a correlation of the 
1ncrease of reflectivity from laser produced plasmas 
with the onset of nuclear fusion reactions indicates a 
nonlinear mechanism. Numerical calculations of Shearer, 
Kidder and Zink of the plasma dynamics on interaction 
with light that allow for the nonlinear force, descri­
bed before, on the basis of the ponderomotive inter­
action for collisionless dispersion effects indicated 
the increase of reflectivity due to this force. A re­
view on this force is given and an exact numerical 
example of 10 15 W/cm 2 laser intensity (Nd glass) in a 
plasma with a temperature of 10 3 eV and with a WBK-like 
density profile shows the predominance of the nonlinear 
force over the thermokinetic force. More detailed cal­
culations of the threshold intensities I for the pre­
dominance of th~s force fora net plasma acceleration 
around I· = lolq W/cm 2 are reported. These include the 
calculation of Steinhauer and Ahlstrom, where this 
threshold was given even for lower intensities but 
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so that temperatures exceeding 10 keY are then needed. 
The non-WBK-like density profile as treated analyti­
cally by Lindl and Kaw, resulted in the same net acce­
leration of the layer as in the WBK case, and the acce­
leration towards the nodes of the created standing 
wave was again very similar to the WBK case treated be­
fore by the author. For oblique incidence, where a 
Brillouin turbulence can occur, Lindl and Kaw found the 
possibility of a polarization dependent increase of the 
nonlinear force due to a Ginzburg-Denisov coupling of 
electromagnetic and electrostatic waves. Numerical cal­
culations for non-WBK cases are reviewed, showing the 
predominance of the net acceleration and the increase 
of reflectivity. The forces in standing waves can ex­
ceed the thermokinetic forces even at intensities 
appreciably below I·, as Mulser found from a dynamic 
numerical calculation. This fact allows the assumption 
that this mechanism may be one reason for the correla­
tion of reflectivity and neutron production. 

INTRODUCTION AND SYNOPSIS 

Laser produced fusion plasmas show many very unex­
pected properties compared with the plasmas generated 
with lower laser powers than about 10 14 W/cm2, in which 
no fusion neutrons are produced. While the optical re­
flectivity of plasmas produced by laser intensities be­
tween 109 and 10 13 W/cm2 is remarkably low (only a few 
per cent although the radiation interacts with an over­
dense plasma) 1-4, a reflectivity of more than 30 % 
was reported from the first neutron producing plasma 
created by picosecond pulses5. Furthermore, it was ob­
served that in the fusion experiment with nanosecond 
pulses of Floux et al. 6 the reflectivity was also always 
remarkably high when neutrons were produced, otherwise 
the reflectivity was smal17. The same increase of re­
flectivity was correlated with other measurements of 
fusion neutrons, and a furthgr correlation with the 
measurement of a temperature of about 2 keY in addi­
tion to the usual temperature of about 0.5 keY was found. 
The same increase of the reflectivity with the neutron 
production was also observed by Swain et al. 9 , where the 
high reflectivity was observed only when a laser pulse 
impinged a few nanoseconds before the main pulse. 

The increase of the reflectivity with increasing 
intensity could be seen from simplified numerical cal­
culations using a rectangular laser pulse7 ,8, and linear 
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absorption processes only, but the experiment of Swaine 
et al. demonstrated that the preheating of the plasma 
and its creation of a slightly inhomogeneous plasma 
surface should not increase the reflectivity on the 
basis of the linear theory. It is to be underlined that 
a few months before Floux et al. 7 measured the corre­
lation between reflectivity and neutron production for 
the first time, J. Shearer 10 et al. found from their 
numerical model WAZER that a remarkable increase of the 
reflectivity results if at high laser intensities the 
nonlinear force 11 - 13 is included in the calculations. 
At present it is too early to say whether this result 
completely explains the observed correlation, but it 
seems to be a first obvious indication of the action of 
nonlinear processes in high intensity laser produced 
plasmas. Indeed, there may be a number of other non­
linear processes involved, such as the nonlinear change 
of the collision frequency13-15, the relativistic cor­
rection of the plasma frequency16, coupling of the 
transverse waves with longitudinal waves 17 , self-focus­
ing with a low-power threshold 12 ,18 or with a high in­
tensity threshold 19 , two stream instabilities 20 , or 
anomalous absorption at the cut-off density21. Nearly 
all of these processes have their threshold at about 
10 14 W/cm 2 and it would be puzzling if plasmas irradiated 
at higher intensities than 10 14 W/cm 2 should be described 
only in terms of linear thermokinetic processes. 

This contribution presents a review of the results 
for the theory of the nonlinear force, following the de­
tailed description of the basic theory at the preceding 
Workshop12. From the outset it is to be pointed out that 
this type of nonlinear force we are treating is essen­
tially connected with the strong changes of the absolute 
value of the complex refractive index ~ insofar as the 
actual electrical field strength of the laser light E 
is given by the field E in vacuum as 

-y t;v 
§ = 1Iili ( 1 ) 

or somehow modified by absorption or standing wave pro­
cesses. Only these variations of the fields can create 
forces of the kind '\7(E2/lezl) which give a net accelera­
tion of the whole plasma layer against the laser light 
and a recoil to the plasma interior by an increased ra­
diation pressure (increased possibly by factors of a 
hundred and more). Other types of nonlinear forces such 
as the ponderomotive, electrostrictive or magnetostric­
tive type have been well known for a long time, e.g. 
radiation pressure or plasma confinement by standing 
waves 22 or similar configurations 23 . With the exception 
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12 . .. f of Ref. there 1S no case known where the var1at10n 0 
the refractive index was included generally. All that 
is important for the net acceleration and is mainly re­
sponsible for the Brillouin turbulences (see Ref.12 p. 
408), the increase of reflectivit y l0 and the pola-
rization dependept increase of the net acceleration ob­
lique incidence 24 • The standing wave process modified 
by the dispersion effects also seems to be important, 
as will be shown. 

After sketching the derivation and the basic equa­
tions of the nonlinear force, the progress achieved in 
determining the range of validity is reported, includ­
ing the paper of Steinhauer and Ahlstrom25 , where the 
predominance of the nonlinear force over the thermoki­
netic force is proved for laser intensities even below 4 
I" if the electron temperature of the plasma exceeds 1 0 
eV; the same treatment can be used to prove the predo­
minance for 1-1* at electron temperatures T ~ 30 eV. 
The properties of the force are demonstrated by the 
special example of a plasma of constant temperature 
where the density profile satisfies the WBK condition. 
The analytic treatment of Lindl and Kaw for a collision­
less plasma not fulfilling the WBK condition proves the 
agreement of the calculated nonlinear force with the 
value of the WBK case where the latter is valid, and be­
yond this range the nonlinear force is even larger than 
the formal value of the WBK case. At oblique incidence 
a.resonance-like i~crease of the force is derived' 26 
F1nally, the numer1cal results of Mulser and Green 
are reported for non-WBK-like profiles of a collisional 
plasma, the nonlinear force being compared with the 
thennokinetic force. Even at an intensity of neodymium 
glass lasers only a little higher than the threshold 
(I = 5xlo 14 W/cm 2 ) and ~ low plasma temperature (T 
100 eV), the net nonlinear forces are 2 to 3 timeseas 
high as the thermokinetic forces. The forces due to 
standing waves are 12 times as high as the thermokinetic 
forces. All these cases were treated for the very spe­
cial condition of static density profiles. The more in­
teresting case of dynamics was treated for the first 
time by Shearer, Kidder, and Zinkl0, some results of 
whose will be reported at the end of the paper. It is 
to be mentioned that the following short contribution 
of P. Mulser 27 reports on some further steps of a dy­
namic treatment. 
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BASIC CONCEPT OF THE NONLINEAR FORCE 

The nonlinear force is given by direct interaction 
of the electromagnetic radiation with a plasma, thus 
causing the plasma to accelerate without any conversion 
of the radiation energy into thermal energy. There are 
different possible methods of derivation, always lead­
ing to the same expression for the force. The theory is 
based on the two-fluid model of plasma physics 11 or a 
combination of the single particle motion of the elec­
trons in the plasma whose electric and magnetic fields 
E and H are determined by the collective properties of 
the pl~sma12. The most general derivation based on the 
nonrelativistic Lorentzian theory starts from the gene­
ral equation of the ponderomotive force density 28 

f = V-t! _ l ~x1J (2) 
- -::::: at" 47fC· 

By this definition of Landau and Lifshitz both forces 
in the plasma are ponderomotive forces, the force gene­
rated by the gas dynamic pressure tensor g and any 
force given by the electromagnetic field strengths E 
and H, determining the stress tensor ~ in Eq.(2). The 
tensor components are Z 

0' .. = _p .. _[E2 (,;:;2_ ,,~)+ H2Jb .. +,"2 EiEj + HiHj 
1.J 1.J 8iT /,. .)ay 811 1.J /,. 411" 4'71" 

where 
index 

9_ denotes the dens~ty, and t~e complex refract~ve 
'2 of electromagnet1.c waves W1.th a frequency w 1.S 

",2 
_2 = 1 ---"-(1 + i~) ."1. cu~ +)It. w 

Her e t he plasma fr equ ency "'p 
GJ2 = 47r e 2 n /m 
pee 

( 4 ) 

1.S given by the charge e, the density n and the mass 
m of the electrons. The relativistic cBange of the 
e!ectron mass 16 at neodymium glass laser intensities 
exceeding 10 16 W/cm 2 will be neglected here because 
these intensities are about 100 times as high as these 
considered here. The collision frequencYlJ in Eq.(3) is 
given by the theory of the inverse bremsstrahlung29 or 
by the Dawson-Oberman theory30, or derived 31 from 
Spitzer's d.c. plasma resistivity 32, nearly the same 
values always being obtained. The collision frequency 
of the collision theory is 

)I = 
2 3/2, f/~ z .:1.1 A GJ1Tm en p e 
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with the Boltzmann constant k, the ion charge Z, with 
Spitzer's correction factor YE (being 0.2 ••• 1) and the 
Coulomb logarithm with.A. 

A = _3_ (k3T 3 ) 1/2 
2Ze 3 '1rne 

(6 ) 

The electron temperature T in Eq.(5) is such that the 
electron motion determines the dispersion relation, which 
means that the temperature is given by the random ther­
mal motion according to a temperature T h and by the co­
herent motion of the electrons in the eiectromagnetic 
field, given by the actual oscillation energy of the 
electrons E. os c 

e 

In this way the nonlinear change of the collision fre­
quency at high light intensities is included. 

With an appropriate interpretation of the density 
factor in Eq.(3), Eq.(2) can be written 

( 8 ) 

where the gas dynamic part is called the thermokinetic 
force 

and therefore 

_f th = - V. n ,.. ~ 

( 10) 

is essentially nonlinear owing to the quadratic forms of 
the electromagnetic field components. In the following 
the Poynting term (last term in Eq.(2» can be neglected 
because of the much slower change of the radiation in­
tensities compared with the laser periods. Averaging 
Eq.(8) over the time of one laser period neglects all 
effects occurring during these short times and results 
in the interesting long-term forces. 

Some essential properties of the nonlinear force 
can be seen from the special case of perpendicular inci­
dence of the laser radiation along the x-coordinate with 
linear polarization of the E-vector in the y-direction 
onto a stratified plasma. The time averaged nonlinear 
force is from Eqs.(8) and (10) 

- ix a 
!NL = 8T ax + ( 1 1 ) 
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This force is well known from standing waves in a thin 
plasma22 , where the particles are driven towards the 
nodes. If then the refractive index is always very close 
to unity, no spatially averaged net motion of the plasma 
results. Any net motion can be expected only by disper­
sion effects, when the absolute value of the refractive 
index differs appreciably from unity, which only occurs 
in the neighborhood of the cut-off density. 

In the following sections the nonlinear force is 
evaluated for general density profiles, of which the 
quantities E and H are especially calculated. To gain 
a better insIght into the mechanism of the force, we 
first discuss the case of the WBK approximation which 
forces also agree with those derived from general non­
WBK cases 24 • 

The WBK solution for a reflection-free penetrating 
wave with an amplitude E in vacuum is v 

E i E", (.) exp(~K(x) x) ; i31~li ( 1 2 ) = _ t/2- exp 1F !!. = -y "2. 2 

where 
x ~ 

F = '" (t =ffU~'"i(f» df) and K(x) = i;-f Im('ii<f») df. (12a) 

The condition of the WBK approximation 1S 

e = c 1 
2til 1~12. 

Using Eq.(12) we find 

-al"il « 1 
(be 

from Eq.(11) 

( 1 3 ) 

E 2 
1. _ 1,.;;,1 ..,. 

.~ ( )... ,-, . v 
Iii exp -Kx ~ '? + ':x ~ 

1 _1~i1 2", 
~I --Im(~)exp(-Kx) = 1 -x 1"1.. c " 

( 1 4 ) 

At densities below the cut-off density, only the first 
term of the right-hand side dominates, which is the 
essential part of the nonlinear force, as can 
Eq.(13) is written for a collisionless pl~sma 
K = 0; Im(i) = 0) using Eqs.(3) and (4) 

f = i E~ ~ a;z, 
-NL-x 1617 w2.;z,2 ax.J 

be seen if 
(11=0, 

while at densities exceeding the cut-off density n eco 
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(given by Eq. (4) if G1 = 6J) the second term of the right­
hand side of Eq.(14) Pdominates. This term describes the 
usual radiation pressure, but increased by the refractive 
index variations. 

NUMERICAL EXAMPLE OF THE WBK CASE 

In Fig. 1 we report on the numerical calculation of 
the conditions and force densities of a special static 
case where a neodymium glass laser pulse with an inten­
sity of 10 15 W/cm2 is perpendicularly incident on a plas­
ma with local constant temperature of 103 eV and with a 
density profile such that the radiation can penetrate 
reflection-free according to the WBK condition (13). The 
term "static case" means that the evaluated light inten­
sities, pressures and force densities are valid only 
during a time where the density profile can be considered 
constant. If this profile were an initial condition, the 
further dynamic development would obviously change the 
profile and the assumed local constance of the tempera­
ture. 

Firstly, the electron density n was calculated on 
the basis of a value 9 = 0.1 in Eq.(13) with a monotonic 
increase along the depth x. This was performed by start­
ing from a density difference~n and calculatingl~land 
~I~I from Eqs.(3), (4) and (5) ~sing in Eq.(7) T = Tth 
and then Ax from Eq.(13). The approximation T = Tth 1n 
Eq.(7) causes a lower bound of the final values of the 
forces because the implication of the electron oscilla-
t ion causes higher temperatures, hence lower values I"ZI , 
and then stronger force densities. The result in Fig. 2 
is a very slow increase of n (x) around the cut-off den­
sity, which for neOdymium gliss laser radiation is around 
1021 cm- 3 • The second step was to calculate the intensity 

2-
2 E'v 

1= E = 1"1' exp(-K{x)x) (16) 

following the numerical integration according to Eq.(12a). 
The strong increase of (E/Ev)~ with depth up to values 
beyond 20 proves that the change of the I~I values occurs 
much earlier than the decrease of I is influenced by the 
integral absorption constant K(x). Therefore, the maxi­
mum values of I~I-tare higher than 20. This results in an 
increase of the effective wavelength A = ),./1 "l.1 com­
pared to the vacuum wavelength).. by more than 20 as well. 
From this point of view, the ne:rly pathologically flat 
density profile from 25 to 65 pm (Fig. 1) is only over 
about four effective wavelengths. 
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The next step was to calculate the thermokinetic 
force density !th = -v P = -kTyn , which is given by the 
pointed curve in Fig. 1. The noniinear force fUL was ne­
gative up to a depth of 52 pm and is drawn pos1~ive in 
Fig. 1. First we have to remark that the nonlinear force 
is larger than the thermokinetic force for a depth lar­
ger than 13 pm and can be 9 times as large as the maxi­
mum of the thermokinetic force. To use one scale in the 
loga:ithmic diagram ~e drew t~e to~al force.f = fNL+fth 
and 1tS components w1th negat1ve s1gn, mean1ng an 
acceleration of the plasma in the negative x-direction. 
For depths larger than 53 pm the nonlinear force fNL is 
positive (directed in the +x-direction), and because its 
absolute value is very high the total force f is posi­
tive up to a depth of 68rm, where the nonlinear force 
decreases strongly because of the absorption of the ra­
diation. The depth from a little more than 53 pm to 
68 pm is nearly the skin depth, which is so large be­
cause the effective wavelength is at some depth larger 
than 20 vacuum wavelengths. We continued to increase n . . .. e monoton1cally for h1gher depth 1n an arb1trary manner. 
A detailed dynamic calculation may also result in a 
decreasing n within the highly shocked material below . . e .. . . the rad1at10n zone, but th1s quest10n 1S 1rrelevant at 
this point. 

Fig. 

Numer ical calculat ion of a WBK-like dens i ty profile nJ x) 
of a plasma of temperature T = 1 keY. The radiation of 
10 15 W/cm 2 , incident from the left-hand side, produces 
an amplitude E of the electric field of the penetrating 
light wave compared with the amplitude E in vacuum be~ 
fore incidence. The resulting thermokine!ic force fth and 
the n~nlinear f~r:e fNL are calculated on the basis of 
the l1near coll1s10n rrequency. 
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RANGE OF PREDOMINANCE OF THE NONLINEAR FORCE 

The example of the preceeding section demonstrated 
the predominance of the nonlinear force over the thermo­
kinetic force at intensities of neodymium glass lasers 12 
of 10 15 W/cm 2 . This agrees with our former calculations , 
whete the threshold of predominance was found to be near 
10 1 W/cm2. The evaluation of this threshold was given in 
more detail by an iteration method 13 and was discussed by 
Steinhauer and Ahlstrom25 . We review these treatments in 
three steps, namely a simplified consideration, the ite­
ration procedure and the estimation of Steinhauer and 
Ahlstrom2 5. 

Simplified Consideration 

For a plasma where the absorption is small up to 
the cut-off density, as shown in the preceding section, 
the oscillation energy of the electrons 

osc 
E.ev 

= 
I~' 

( 17) 

is given by its value in vacuum, but increased by the 
changes of the refractive index ~ • The maximum value 
of -1J T3/ 4 

I~' ~nax= a 
. 12 13 has already been del;" ~ ved ' , where 

[ 
(..)2 ;/2 m 1/2 Z e 2 

a - p e 
- a"''''KE (Z)(2k)3/2 

3/4 
(eV) 

( 1 a) 

( 19) 

has values around 2 •.. 4 (ev)3/~ for neodymium glass la­
sers at temperatures around 10 ..• 10 4 eV. A simplified 
integration of the equation of motion was possible to 
evaluate the final energy e~rans of the translational 
motion of the ions with a caarge Z after the nonlinear 
acceleration where the details of the special density 
profile cancelled. 

e~rans 
~ 

= Z E~S~ so 

bax 
Z 

osc 
S-ev 

T3/ 4 . ---
a 

(20) 

The problem is to use the electron temperature T of 
Eq.(7). The temperature where the random electron energy 
is equal to the energy of coherent motion 
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Tth = 
leads with (at c.J ~ tel,,) 

to 

osc 
E.ev = 16 1l" n eco 

k a 

'* I 

161fn k T1/4 
eco a th 

In this way we find from Eq.(2o) 
T3/4 
.~ 

trans 
£.. 

1 
= 

E2 
v 

Z 161Tn 
eco a ) 

. f .osc < T . 
1 ~e <:; th 
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( 21) 

(22) 

(23) 

(24) 

which shows resonance-like increase of the ion energy due 
to the nonlinear force at intensities a little higher than 
I"'. The damping mechanism can be explained qualitatively 
from the fact that at the start of this resonance the 
absorption due to the nonlinear force also acts and will 
result in an asymptotic limiting value of the ion energy 
sirans • The evaluation of Eq.(23) gives the threshold 
values with tTl = eV 

{
2.83X10 8} 

1... 1 8 . 
Ev = 8 .T t ' V/cm; 

1.67x10 

{2'08X1014~ i* 1/4 
I = 

7.5 x1013 th 

{
ruby } 

for 
Nd glass 

2 W/cm 

This first approximation is indicated by the index 1 
of the threshold values. 

Iteration Method with WBK Approximation 

(25) 

The most direct way to compare the nonlinear force 
with the thermokinetic force is to go back to Eq.(8) and 
compare the gasdynamic pressure with the momentum flux 
density of the electromagnetic field (after subtraction 
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or its vacuum value) berore perrorming the spatial dirre­
rentiation. With the WBK approximation we have the 
rollowing relation, with the general threshold indicated 

by n:; ':::::::~h _ ~t [ (~I ~ l"il)"xpo - ~ (26) 
The exponential runction given by the damping is to be 
determined separately and will be included as an open 
parameter between 1 and 1 /e 2 • The ract that 14i' is to be 
used in the rorm or Eq.(11) with a temperature given by 
Eq.(1) causes the solution or Eq.(26) by an iteration 
only. For a set or E values with expo as a parameter 
we solved as a rirstVstep Eq.(26) forl;;z,.l= a/T:~1t readling 
Tf~ • With this value we calculated by iterat10n higher 
approximations (n+ 1) (n= 1 ,2 .•• ) 

~ (1+ 1 ~)kT:c--,) _ E:1[r (T::~;;:'~:~ ): a. ';P. -1!( 21) 
a ~"16.. a. (T.<t E:&T;:>"4-.. 0 

~ l'1I'Q.n.cl:-~ 
Wh T ( n + 1) Tn 5·· en th - th was less than o. eV the 1terat10n was 
rinishea. The results are shown in Figs. 2 and 3. We 
see that the rirst approximation liS is very close to the 
case or exp = 1 to 1/2, reproducing again the thresholds 
near 10 14 W7cm 2 for neodymium glass lasers. 

.... 
N 

E 

~ 
~ 

* .... 

10'6 

. ~ V5,.l----~ 
i 
:5 

~ 
.~ 

Ruby laser 

:i 1O'4,-+-----""T"J.-----.... .------.,---
'0 10 

Electron Temperature Tth [eV] 

Fig. 2 
Minimum intensity I- for ruby laser to create larger non­
linear deconfining f~rces fNL tha~ thermok~netic forces r th= 
- V n kT th . The undef1ned exponent1al runct10n exp of col-
1 · .e d .. d t 0 1S10n 1nduce attenuat10n 1S use as a parame ere 



NONLINEAR FORCES IN LASER-PRODUCED PLASMAS 

Neodymium 
Glass Laser 

Electron Temperature Tth [eV] 

Fig. 3 

= e-2 

e-I 

V2 

303 

Minimum intensity I *' for neodymium glass laser to create 
larger nonlinear deconfining forces flL than thermokine­
tic forces f h = -Vn kT h' The undef1ned exponential 
exp of collIsion ind~cea attenuation is used as a para­
met~r. 

Steinhauer and Ahlstromls Method 

Steinhauer and Ahlstrom25 compared the nonlinear 
force for the cases where no nonlinear changes of the 
collision frequency12 take place} i.e. for neodymium 
glass laser intensities below 10 14 W/cm 2 • For a one­
dimensional model, the thermokinetic pressure p due to 
the tb&malization of the radiation is given by 

dn 2 ==--VExH db 3 - ,., (28) 

Using approximations for the time of an acoustic wave to 
travel one absorption length and using averaging proce­
dures which were recognized to include somewhat arti­
ficially the dependence of the thermokinetic force on 
the electron-ion collision time (as was pointed out by 
Lindl and Kaw24 ), the ratio 

I!t h I ~ 1 • 1 4 x 1 0 5 z 1 /2 

I.fNLI T5/ 4 
= eV (29) 

was given for the neodymium glass lasers. This means that 
the nonlinear force can exceed the thermokinetic force at 
low laser intensities only at temperatures exceeding 10 4 
eV. 
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The temperature T in Eq.(29) is the quantity 
describing the energy of electrons with respect to the 
refractive index. Therefore, for high light intensities 
we have to use the value from Eqs.(7) and (17) 

e2fc 
T = Tth + kIt' (30) 

Using the relation (18) with T = Tth from Eq.(23) we get 
for E ~E * a predominance of the second term on the 
right-hand side of Eq.(30). With such a T the relation 
(29) reads 13 

8 
~ (1.~X10)8 Z1/2j [Ev] = V/cm 

v 
This means that at intensities a little higher than I~ , 
a resonance-like increase of the predominance of the non­
linear force can be expected. The assumptions for Eq.(31) 
did not include such types of absorption which cause the 
nonlinear collisionless acceleration of the plasma. This 
mechanism will again cause a damping of the resonance. 

2 Though the condition of Steinhauer and Ahl-
strom 5 was not derived in the most general way it re­
confirms the predominance of the non~inear force for in­
tensities exceeding I~ of about 10 1 W/cm2 and additio­
nally proves a predominance at lower intensities as well 
if the temperature exceeds 10 keV. This result agrees 
also with the special numerical calculation of the pre­
ceding section, where at intensities of 10 15 W/cm 2 the 
nonlinear force was more than 8 times as high as the 
thermokinetic force and also agrees with the following 
numerical results of non-WBK~like profiles of plasmas 
with collisions. 

ANALYTICAL NON-WBK CASE OF LINDL AND KAW 

An analytical treatmept of the nonlinear force was 
performed by Lindl and Kaw24 where a special restriction 
to an analytically well known case 33 was necessary, with 
a linear density profile at the surface of the plasma. 
The solutions of the Maxwellian equations for E and H 
for evaluating the nonlinear force in the case ~f a on~­
dimensional geometry, Eq.(11), can begin by solving the 
wave equat ion 

+ _2 E = 0 "2 y (32) 
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where the 
following 

where 

complex refractive index f (Eq.(3» has the 
spatial variation 

"2 2 = - ax + is ( 33 ) 

_1_ alj' _ 2 e" 
l"i' oZ - c 

( 34) 

the definition of e being taken from Eq.(13). The col­
lision frequency ~ is assumed to be very small and the 
density profile n(x) follows from Eq.(33) and (34) 

2 
4"lT'e n(x) =w 2 (x) = w2. ~ 

m p xl 
( 35 ) 

The layer has a depth xl and is distributed from x = 0 
to x. At x = xl is the reflection point where a colli­
sionless plasma creates total reflection of the inci­
dent wave. The solution of the wave equation (32) is gi­
ven using the substitution 

r c.J 2/3 2/3 F 
~ = ( ~ ) • (- ax + is) li ~ ~ ~= ( :a) 2/3 

( 36 ) 

where the Eq.(32) reduces to 

which results in the well known Airy function a .. In ex­
pressions of the Bessel functions of the order 1/3 we 
find 

with 

11/2 [ 2 3/2 2 3/2 ~ . 
A~ J 1 / 3 (3" ~ )+J- 1 / 3 (3"$ )J' l.f Ref>O 

A(-n 1/ 2 [I_l/3(~(-S)3/2)+~(}~(-~~],if ReJ<O 

(38) 

2 1/2 w 1/6E exp(+ 
A = 3 V (--) v ca 

+is/a 

iCol /_1/4 
7" 'Z 
-l/a 

dz - i1() (39) 
4 

The solution of the magnetic field strength is derived 
from the Maxwell equations 

H = + io- 1 / 3 (~) 
Z .) djl 

(40) 
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From Eq.(38) it can be seen24 that for x ~ 0 there exists 
a totally reflected (standing) wave (exactly verified 
only in a collisionless plasma )1= 0), as is to be ex­
pected t and for x < 0 a strongly damped wave occurs. The 
(time averaged) nonlinear force results simply by sub­
stituting Eqs.(38) and (40) in Eq.(ll) 

. "" 2 ( ,fI( I , ) 
!NL = ~x C Ev exp -21s~aiRaiR + aiIaiI 

where the real parts and the imaginary parts of the Airy 
functions are denoted by the indices R and I. The prime 
denotes differentiation with respect to the arguments. 

QI6 

01 ~ 

008 

/ ~. 
Harcis Results 

WkB...!. =:r ; 
8 

, 

-01 2 

-Q16 

-2 -I 0 

II 

'B 

V v 

2 3 4 5 ·6 7 89m 
~=_pV3ax 

Fig. 4 
Nonlinear force for a collisionless plasma of linear 
density profile at light incident from the right­
hand side. The resulting standing wave creates the 
locally oscillating force, whose net acceleration is 
given by the double value of the monotonic force 1 
close to the abscissa. Comparison of the WBK case 2 
with the rigorous case of the lipear profile is gi­
ven as derived by Lindl and Kaw 24 • 

Figure 4 reports on the numerical result of the 
evaluation of fNL from Eq.(41) (oscillating curve). Very 
similar to our-result of a standing wave with the WBK 
approximation 12 we find for the general case of Fig. 4 
that the nonlinear force oscillates according to the 
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acceleration of the plasma towards the nodes of the 
standing wave. In the neighborhood of the turning point 
(x=xl;~ =0) the effective wavelength increases and the 
maxima and minima of the force decrease monotonically. 
The spatially averaged net force acting on the whole 
surface region of the plasma is double the monotonic 
curve close to the abscissa. This superposition of th'2 
net nonlinear force was also observed in the WBK case • 

If Lindl and Kaw24 use the incident wave only, they 
find the nonlinear 

E .1 

f =i--Y­
-NL -x 1611' 

force 
l­

e.).. ' 

Cc)a til. ~ dx 
(~ .::.:: 1) (42) 

in agreement with our expression Eq.(15). A more detailed 
evaluation of Eq. (41) of a collisionless plasma (lJ = 0) 
was given by Kaw 3Q • The force at the deepest maximum of 
Fig. 4 is then 

0.1 
= 36 

CcJx [ 2/3 6J (_1) 1 + (_c_) • o. 
c ",xl 

This can be compared with the force in the WBK case, 
which by substituting Eq.(13) in Eq.(15) or (42) 

fWBK 
E2 

2"" e v (44) = T61r NL c 

because CoJ~"'. The ratio of Eqs.(43) and (44) is p 

fKaw 
o. 1 16'11' (_c_2/3 NL 

[1 + 0.6] (45) = 36 fWBK 2 e wX 1 ) 
NL 

It is seen that at (c/~xl)« 1 both forces are equal if 
the WBK parameter e is 0.07. We note that for values 
(c/~xl »> 1, in which case the WBK solution will become 
inva11d, the rigorous solution of Kaw can even become 
very much larger than the formal (but invalid) value of 
the WBK solution. While the WBK solution will remain fi­
nite, in principle, as can pe seen by combining Eqs.(13) 
and (15), Kaw's case could formally go to infinity but 
many other plasma physical conditions will then become 
critical. 

Lindl and Kaw 24 also evaluated the solutions of the 
wave equations for the case of oblique incidence of the 
radiation on a plasma with linear increase of the elec­
tron density. The expressions for the ponderomotive 
force were taken from our former derivation of the case 
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of oblique incidence". While it was found for field 
strength derived from the WBK approximation that there 
was no strong difference of the plasma acceleration for 
the different cases of incidence, the linear density pro­
file can cause an increase of the nonlinear force by a 
factor of 50 as high as for perpendicular incidence, if 
the electric vector of the light oscillates parallel to 
the plane of incidence. The reason is the influence of a 
certain function ~ , which is the result of the solution 
of the wave equation for this case, given by Denisov35. 
In this case a strong coupling of the electromagnetic 
waves and the longitudinal electrostatic waves occurs 
owing to finite temperature and plasma inhomogeneity in 
the interaction region, causing l.;z 1«'. There the colli­
sion frequency lJ should be replaced b y 33,35 

v eff .~ 11+ ""( kTa: ) 1/3 (46) 
mw 

which, however, is a crude approximation. This strong 
increase of the nonlinear force at an optimum angle of 
incidence around 4 - 50 should be one of the possibili­
ties to distinguish the nonlinear force from the thermo­
kinetic processes. 

The increased momentum Pinh transferred to the in­
homogeneous layer was derived by Lindl and Kaw24 on the 
basis of our relation",'2 

"t~ )(.1. 

P inh = JdY dz J dt I dx !NL (47) 
t x, 

where for oblique incidence tith the E vector in the 
plane of incidence 

P z - 1 P 
inh 2 0 

exp(-2f S ) 

2 fS 
(48) 

where P is the momentum of the incident electromagnetic 
wave pu~se at the times between t, and t2 

"t, 

Po = f dy dz J dt 
-t, 

2 E (y,z,t) 
v 

8l1" 

The quantity s = (~/M) can become very small, especially 
at high electron temperatures or - as we have to point 
out - at high laser intensities following Eq. (7) at I> Iiro. 
This results in another way in a very remarkable in­
crease of the usual ~adiation pressure compared with the 
case treated before 3 • 
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Lindl and Kaw 24 mentioned that the involved finite tem­
perature and nonlinear effects may lead to enhanced ab­
sorption of the laser energy20,21. This may influence 
the nonlinear force positively or negatively. 

NUMERICAL CASES 

The numerical calculation of the field strengths E 
and H for a given density profile of a plasma permits ~ 
numerical calculation of the nonlinear force according 
to Eq.(8) and (10) or, for perpendicular incidence of 
the radiation, Eq.(11). At the beginning only static so­
lutions could be treated in the same sense as the ana­
lytic treatment of the preceding section was a static 
case where the force was calculated for a special den­
sity profile and no attention was paid to the temporal 
development of the density profile and of the forces, 
as a dynamic treatment takes into account. 

! 
averaged force 

I=5xI0Ilo W/cm2 

nma •. =2,5x 1021cm-l 

T=102eV 
A=l(r'cm 

-1.50 2,5 

Depth 

Fig. 5 

Numerical calculation of the solutions of the wave 
equations for a density profile whose real part of 
the refractive index is parabolic, given by Mulser 
and Green 26 . The resulting standing wave at a plas­
ma temperature T = 100 eV for neodymium glass lasers 
of 5x10 14 W/cm 2 incident intensity (from the left­
hand side) creates nonlinear forces whose value is 
given as ratio to the actual thermokinetic force. 
The net force is given as a spatially averaged 
value. It exceeds the thermokinetic force by a fac­
tor higher than 2.5. 



310 H. HORA 

Figure 5 demonstrates the result of Mulser and 
Green20 , where a parabolic profile of the electron den­
sity n(x), given by Eq.(3) and (4) is used 

2 
R e ( ii2 ) = 1 - 4 'If" e • n ( x ) 

m(u 2+v2) 

this value chan~g within the depth of five vacuum wave­
lengths from 1 (vacuum) to -1.5. The 2plasma is assumed 
to have a constant temperature of 10 eV and the inten­
sity of the incident radiation is 5x10 14 W/cm2 of neo­
dymium glass lasers. The oscillating curve of Fig. 5 
gives the ratio of the nonlinear force to the thermo­
kinetic force, each calculated for the actual conditions. 
The oscillation is due to the fact that a depth of the 
cut-off density at less than 3 vacuum wavelengths below 
the vacuum can obviously cause nearly total reflection 
of the wave only. As can be seen from Fig. 5, the force 
may be nearly twelve times the gasdynamic force. Be­
sides the forces driving the plasma towards the nodes 
of the standing wave, there is a net force accelerating 
the whole plasma layer, which is calculated by averaging 
over the spatial oscillation period ~ x 

x • .6x 

! (x + ~.A x) = ~lx J f ( f) d f . ( 5 1 ) 

. . -We f1nd that th1S averaged nonlinear force also exceeds 
the thermokinetic force by more than a factor of two. 
Averaging of the kind in Eq.(51) cannot be performed for 
Re(~L) < 1, where only the aperiodic decrease of the non­
linear force results owing to absorption within the skin 
depth. Applying the.6 x of the last period before this 
case, we get approximately the dashed curve in Fig. 5. 

The larger net nonlinear force compared with the 
thermokinetic force is not unexpected, as can be seen 
from Fig. 3, where the threshQld for the nonlinear force 
at 100 eV is around I" = 3x 1 0 14 W / cm2 at reasonable ex­
ponential factors e- 1 , which is only a little less than 
the calculated case 36 with I = 5 x 10 14 W/cm 2 . 

We also report a prel~minary result of a dynamic 
numerical calculation of Shearer, Kidder and Zink 10 , 
where numerical simulation of the interaction of plasma 
with laser pulses of some picoseconds is treated. Figure 
6 (top) shows the time dependence of a 150 psec neody­
mium glass laser pulse of 10 10 W/cm2 intensity inter­
acting with a plasma with a density profile of moderate 
slope over 150 vacuum wavelenghts crossing the cut-off 
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Fig. 6 
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times at a laser intensity 
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computer program WAZER as 
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low density maximum is cau­
sed by the nonlinear force. 

Fig. 8 

Electron and ion temperature 
vs distance at t = 92.9 psec 
for WAZER computer run38 of 
Fig. 6. 

1.0 

ION TEMPERATURE T j 

(DEUTERIUM IONS) 

I 
o'~\oo 1,,"---~::-------!:-----+:-;:50~---+:-:1~00 



312 H.HORA 

density at z=O. Figure 1 describes the pressure pro~ile 
at the time o~ 90.9 psec, where the material pressure p 
is distinguished ~rom the electromagnetic energy-momen­
tum-~lux density (radiation pressure). The resulting 
temperature pro~iles at the time 92.9 psec (Fig. 8) de­
monstrates a state ~ar away ~rom thermal equilibrium 
between electrons and ions. 

The result with respect to the nonlinear ~orce was 
that the laser pulse is too short to generate a pronounced 
net motion o~ the plasma owing to this ~orce. But it was 
established - and one can be sure that this is not due to 
numerical instabilities, which 'were certainly eliminated 
be~ore the earlier steps o~ the program31 - that the den­
sity pro~ile was very strange at the times 33.1 psec and 
92.9 psec (Fig. 6), showing strong maxima and minima. It 
is well known that the electron density can be monotonic 
or only have one maximum i~ only the thermokinetic ~orce 
is taken into account. The strong bending o~ the pro~ile 
causes an increase o~ the re~lectivity o~ the laser light. 

A ~urther dynamic numerical treatment was per~ormed 
by Mulser, the details o~ which will be reported separa­
tely21. It should merely be noted that the nonlinear 
~orce at the low intensity of 10 14 W/cm2 ~or neodymium 
glass Lasers creates in a plasma no strong net accele­
ration, as expectable ~rom the higher threshold 1* , but 
maxima in the standing waves which are ~orty times high­
er than the thermokinetic ~orces. 

CONCLUDING REMARKS 

The nonlinear ~orce causing a net acceleration o~ 
the plasma has a threshold around 10 14 W/cm2 or at tem­
peratures o~ 10 4 eV at lower intensities ~or ruby and 
neodymium glass lasers, as could be demonstrated analy­
tically and by numerical examples of a WBK case (Fig.1) 
and of a non-WBK-like hyperbolic density pro~ile (Fig.5). 
At oblique incidence and parallel orientization o~ the 
!-vector to the plane o~ incidence, a strong increase o~ 
the nonlinear ~orce is possible owing to coupling of 
transversal and longitudinal waves in the plasma. It is 
still an open question how the nonlinear increase o~ the 
absorption at the cut-o~~ density (Kaw and Dawson20 ) in­
~luences the nonlinear ~orce. It should be pointed out 
that positive changes o~ ", also cause strong gradients 
VI" necessary for the nonlinear force. 
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The forces in standing waves, first treated under 
the aspects of changes of the refractive index under the 
conditions of the WBK case 12 , mo~e generally treated by 
Lindl and Kaw 24 and resulting in general numerical treat­
ments 10 ,26,27, cause strong thermalization of the radia­
tion and changes of the density profile. Therefore, the 
plasma is heated strongly and shows an increased reflec­
tivity. 

It is suggested that the standing-wave forces -
which become effective even below the critical intensi­
ties I~ - are the dominating mechanism for increased 
heating (and neutron production) if the maxima of the 
nonlinear force exceed the thermokinetic force because 
of the anticipating acceleration of plasma fronts at 
wave modes (Brillouin resonances). Under these strongly 
disturbed conditions, the reflectivity is increased syn­
chroneously. 
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PHYSICAL MECHANISMS FOR LASER-PLASMA 

* PARAMETRIC INSTABILITIES 

Francis F. Chent 

University of California, Los Angeles 

Los Angeles, California 90024 

During the past year, there has been a profusion of theore­
tical results concerning parametric instabilities, anomalous back­
scattering, and other nonlinear interactions expected to occur at 
the large laser intensities needed to achieve fusion. It is often 
difficult for the experimentalist to gain an intuitive grasp of the 
important physical mechanisms involved. Fortunately, most of these 
phenomena are generalized parametric instabilities which can be 
explained, both qualitatively and quantitatively, by simple physical 
descriptions involving the ponderomotive force. 

THE PONDEROMOTIVE FORCE 

Originally invoked l in connection with laser interactions to 
explain fast-ion production, the ponderomotive force is nothing 
more than radiation pressure in a plasma. It is most readily 
understood from the single-particle point of view. Following 
SChmidt2 , we write the equation of motion for a single electron 
moving in a wave: 

dv 
m~= dt (1) 

* Presented at the Third Workshop on "Laser Interaction and Related 
Plasma Phenomena" held at Rensselaer Polytechnic Institute, Troy, 
New York, August 13-17, 1973. 

tThis work was supported by the U.S. Atomic Energy Commision, 
Contract AT(04-3)-34, Project 157, Mod. 6, Task II. 

Reprinted from: user Intf!l'flction and Relllted PIIllma Phenomena. Vol. 3A. H. Schwarz and H. Hora (cds.). 
Plenum. New York. 1974. pp. 291-313. 
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where 

and c VxE sinwot 
1.110 --5 

F. F. CHEN 

(2) 

(Maxwell's equation) . (3) 

The vx8 term in Eq. (1) is vOle times smaller than the £ term (vo 
will-be defined below), and to lowest order the electron oscillates 
in the cirection of E: 

-vel) = _ ~ E sinw t 
mI.IlO -5 0 

(4) 

We define the quiver velocity Vo to be the peak value of vel) in a 
plane-polarized wave (EO = IEsmaxl): 

_ eEO 
Vo = - (5) 

mI.IlO 
When the quantity vole, which characterizes the strength of non­
linear interactions, is small but finite, we can use v ll ) to solve 
Eq. (1) to the next order. We must also expand E(r) about the 
initial position !O, for Eq. (1) holds in the frame moving with the 
electron. Thus 

(6) 

where or is given by the integral of Eq. (4): 

(7) 

Thus 

(8) 

Using Eqs. (7), (4), and (3) and averaging over time, we find the 
secular force acting on the electron: 

dv(2) 
~L = m < Tt- > = -

e 2 1 
--2 2" (~.Y. ~ + ~xy.x~) (9) 
mwO 

The ExVxE term gives rise to a drift of the electrons in the direc­
tion-ofthe wave. This is caused by the wave magnetic field, which 
distorts the linear orbit of the electron into a figure-8 path, 
as described by Horal . This term drives the backscattering insta­
bilities. The E·V E term is due to the finite excursion of the 
oscillating electron, which brings it into regions of different 
field intensity. This term is equivalent to the v·V v convection 
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term in the fluid equation. The electrostatic parametric instabi­
lities are driven by this term. 

The ponderomotive force FNL is the force per unit volume, 
ne!NL: 

~L = -

W 2 E 2 
~V[_s )= 2 - l61T Wo 

W 2 2 
n <E > 

.....£- V--
2 - 81T Wo 

where W 2 = 41Tn e2/m, and the average is over a wavelength. p e 

(10) 

Although the corresponding force on the ions is m/M times 
smaller, the force !NL on the electrons is transmitted to the ions 
by self-consistent fields, provided (a) there are density gradients, 
and (b) !NL varies in time more slowly than the ion plasma frequency 
wpi. As the electrons respond to !NL' they generate a charge­
separation electric field ~ such that !NL - nee~ = o. The ions 
feel a force nie~, and the total force density in the quasineutral 
plasma is therefore ~L. 

Eq. (10) can also be derived 3 from the macroscopic viewpoint, 
considering the plasma to be a dielectric with E = l_wp2/w2, but 
the physics is then more obscure. One can consider ~L to be a 
radiation pressure 

(11) 

but this expression does not contain the plasma density explicitly. 
To see how the density enters, consider first the case of a 
vacuum. If the wave were infinite, the field strength would be 
uniform, and !NL would be zero. If the wave were reflected from a 
perfect mirror, !NL would still vanish, because there is no pre­
ferred direction for it. Fig. 1 shows that in the standing wave 
pattern V<E2>/81T is always equal and opposite to V<S2>/81T. On the 
other hand, if the wave were reflected from the cutoff layer of an 

REFLECTOR 

Fig. 1. Standing wave pattern of a reflected light wave in a 
vacuum. 
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inhomogeneous plasma, one would get the usual Airy-function pattern4 
of Fig. 2. As is well known, there is now a ponderomotive force, 

1 

Fig. 2. Standing wave pattern of a light wave traveling along a 
plasma density gradient. 

which reverses sign in each striation. This is because the oscil­
lation of the plasma electrons causes ~ and ! to have different 
amplitudes, so that V<E2>/8~ and V<B2>/8~ no longer cancel1/ 2The 
difference is proportional to the density. Since ck/w = E in a 
dielectric, Eq. (3) yields <B2> = -E<E2>. Inserting this in Eq. 
(11), one has 

~L (12) 

as before. The macroscopic approach is so circuitous and opaque 
that derivations based on the Maxwell stress tensor are often 
erroneous. 

ELECTROSTATIC PARAMETRIC INSTABILITIES 

The parametric decay of an electromagnetic wave with 000 ~ wp 
into electrostatic perturbations has been extensively studied in 
recent years because of the applications to both ionospheric 
heating and laser~pellet heating. There are two processes, de­
pending on the sign of wo-we , where we is the Bohm-Gross frequency, 
given by 

00 e 
2 

= 00 
2 

P 
(13) 

For wo<we , the oscillating two-stream (OTS) instability can occur, 
with Rew = O. For wO>we ' the parametric decay into an electron wave 
we and an ion acoust1C wave wi can occur. The reason for the dif­
ference is made clear by the ponderomotive force approach. 
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The Oscillating Two-Stream Instability 

In the OTS instability, Wo is less than we' and density ripples 
in the direction of ~o grow without propagating (Fig. 3). Let a 
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Fig. 3. Geometry of the OTS instability. 

quasineutral density perturbation nl have k » kO' so that kO can 
be assumed to be zero and ~ to be uniform. The motion of electrons 
in the direction of -~ will give rise to a space charge oscilla­
ting at the frequency wo' as shown in Fig. 4 at an instant when 
~O is in the +x direction. This space charge creates a field ~l 

EO-

I 
I 
I 

FNL I 
I 

• - ..... _ .. 1 
I 

~I ~I: I I I I 
I I I I 
I I 

x 

x 

Fig. 4. Physical mechanism of the OTS instability. 

with the phase shown in Fig. 4. For uniform~, the ponderomotive 
force is given by 

(14) 

and hence has the phase shown in the figure. Since the phase of 
!NL is such as to move plasma into the regions of positive nl' the 
density perturbation grows. Although these phase relationships 
hold for any wo<we, excitation is easiest when wo is near the 
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natural oscillation frequency 00 of the electron fluid. The elec­
trons move in a standing wave, But the ion motion does not follow 
a natural mode of the ion fluid. By symmetry, the ion perturba­
tion does not propagate in either direction, and this is an abso­
lute instability with Rew = O. It is possibleS to recover from 
this ponderomotive force treatment the exact threshold and growth 
rates obtained by standard techniques 6 . A well-known theoretical 
result6 is that the threshold for this instability depends on the 
damping rate Ye of the electron waves, but not on the damping rate 
Yi of ion waves. This is because the ions do not oscillate and 
suffer friction against another fluid but simply move slowly at 
the growth rate y. By contrast, the electrons oscillate rapidly, 
and their motion is damped by collisions with ions and neutrals. 
Note that the ExVxE part of FNL does not enter in this geometry, 
since it gives-a-drift along planes of constant density. 

The Parametric Decay Instability 

If 000 is larger than we' the OTS mechanism does not work; 
instead, the incident wave decays into an electron wave we and an 
ion acoustic wave wi = kcs ' Consider an oscillator x with natural 
frequency we driven by a force Fcoswot: 

x = 
Fcoswot 

2 2 
00 -00 e 0 

(IS) 

If wO<we' the displacement is in the same direction as the force, 
and the mechanism of Fig. 4 obtains. If wO>we ' the displacement 
has the opposite sign, and electrons would move in the +~ direc­
tion. As Fig. 5 shows, the resulting FNL then acts so as to 
destroy a density perturbation nl, which would then decay rather 
than grow. However, if the density ripple of wavenumber k were an 
ion wave traveling with velocity cs ' the phase relation can be 
reversed. In a frame moving with the ion wave, the density per­
turbation would be ~ rest, as in the OTS case. In the limit 
kAD « 1, the plasma is quasineutral, and the electron fluid 
follows the motion of the ion fluid very closely. However, in the 

Fig. S. Phase of FNL relative to nl if wO>we' 



PHYSICAL MECHANISMS FOR LASER·PLASMA PARAMETRIC INSTABILITIES 323 

moving frame the electron fluid feels the pump field ~ not at the 
frequency wo. but at the Doppler-shifted frequency wo' = wO-kcs . 
If wi = kcs is sufficiently large. so that wo'<we. the mechanism 
of the OTS instability can again operate. and the ion wave grows. 
Note that the critical condition wO-kcs = we is just the frequency­
matching relation Wo = we+wi for the decay process. Fig. 6A 
shows the usual parallelogram construction for wand k matching in 
the parametric decay instability. 

W 

--==--~~-- k 
o o 

W 

, , , , , 
I , 

Wo 

k 

(AI DECAY INSTABILITY (BI BACKSCATTERING INSTABILITY 

Fig. 6. Comparison of the wand k matching conditions for electro­
static and electromagnetic parametric instabilities. In 
each case. Wo is the incident electromagnetic wave. and 
it decays into an ion wave wI and another wave w2' In 
(A). w2 is an electron Bohm-Gross wave. In (B). w2 is a 
backscattered electromagnetic wave (Brillouin scattering). 
In Raman scattering. the ion wave is replaced by a Bohm­
Gross wave. 

BACKSCATTERING INSTABILITIES 

Fig. 5B shows that backscattering is a parametric decay with 
one of the products being an electromagnetic wave. Since both 
wo and w2 can be much larger than wp. backscattering can occur in 
an underdense plasma. For simplicity. we shall assume Wo » wp 
in describing the physical mechanism. Let wI be electrostatic and 
w2 electromagnetic. The Stokes and anti-Stokes lines are given 
by w2 = wO±wI' In backscattering. the Stokes process (minus sign) 
is important. and the matching conditions are wo = wI+w2' ~ = 
~+~. The most likely process is for ~ to be opposite to ~. 
as shown in Fig. 7. Since Ik21 ~ Ikol for Wo » wp' we have 
~ ~ -~ and. therefore. ~ ~ 2~. 
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~l 
Let the incident wave be 

~ = EOxcos(wot - koY)' 

~I 
k, The quiver velocity 

eEO ~ 
(16) ~ mwo sin(wot-koY)x 

Fig. 7. 

then leads ~ by 90°. We look for 
a ponderomotive force !NL at the relatively low frequency 001 of 
the electrostatic wave; this frequency results from the beating 
of the incident wave 000 with the backscattered wave 002' The rele­
vant cross terms in Eq. (8) then give 

2 
nOe enO 

~L = - --2 <Eo·.y. ~2 + E2 ''y' ~l> - C <~x.!!.2 + Y..2x~>. (17) 
mwo 

The E'V E terms vanish by geometry in straight backscattering, and 
!NL is-due entirely to the ~x! terms. In Fig. 8A the two electro­
magnetic waves are shown at an instant of time when the maxima of 
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Fig. 8. Phase relationships in backscattering. The incident 
wave is indicated by solid lines; the backscattered wave 
by dashed lines. They heavy arrows indicate the pondero­
motive force. 
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ED and the quiver velocity !2 of the scattered wave are coincident. 
Taking !o to be in the direction of ~xED' one finds that the part 
of fNL due to -~x~ is downward. As the waves pass, this term 
oscillates between 0 and its maximum value and hence has a finite 
average (over the 000 time scale) which depends on position. Fig. 
88 shows the situation 1/4 of a period later. ED has shifted 
upward and !2 downward; hence, -!2x~ is upward at the locations 
shown. Making use of the fact that v leads E by 90°, one obtains 
Figs. BC and 8D for the phases of the -~x:!!2-term at the times 
corresponding to Figs. BA and 88, respectively, It is seen that 
the two terms in FNL add in phase in such a way as to cause 
electrons to bunch up and form a density ripple with half the 
wavelength of the electromagnetic waves (k l = 2kO). Thus, a 
density perturbation nl results from the nonlinear interference 
of the incident and backscattered waves, as depicted in Fig. 9. 
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Fig. 9. Physical mechanism of backscattering instabilities. 

It remains to show that nl causes the wave 002 to grow at the 
expense of the wave 000' closing the feedback loop for the insta­
bility. Since!D is perpendicular to Vnl, we do not have the 
charge separation mechanism of the OTS instability. Instead, the 
effect is a spatial modulation of the oscillating current -nevO 
caused by~. Let us neglect the motion of the density ripples 
and consider a phase 1/8 of a period after that of Fig. 8C. The 
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maxima of ~ and nl are then aligned, and the current modulation 
l' = -nle~O is as shown in Fig. 9. This current generates a 
magnetic field B' with the phase shown. At this instant of time, 
examination of Fig. 8 shows that the phases of ~ and ~ are as 
given in Fig. 9. It is seen that B' is in phase with ~ and out of 
phase with ~, as needed for excitation of~. The ponderomotive 
force approach can be used7 to derive the exact results for these 
instabilities. 

The density perturbation, as yet unspecified, mayor may not 
be a natural mode of the plasma. We distinguish several cases: 

1) If wI = W (an electron plasma wave), the process is· called 
stimulated Raman sgattering (SRS). 

2) If wI = kcs (an ion acoustic wave), the process is called 
stimulated Brillouin scattering (SBS). 

3) If wI is not a normal mode, the density perturbation can 
still exist if EO is large enough to maintain it against diffusion. 
This has been called resistive quasimode scattering. 

4) If wI = klve or klv., where ve and vi are thermal velo­
cities, there can be intera~tion with resonant particles to give 
instability. This has been called induced Compton scattering 
or nonlinear Landau growth, a process that can be important when 
the natural modes are inhibited, say, by Landau damping. 

Homogeneous Plasmas 

The thresholds and growth rates for SBS and SRS in a homoge­
neous plasma have been computed by a number of authors 7 - 11 and are 
listed here for future reference. Note that Vo is the peak 

SBS 

SRS 

Threshold Growth Rate 

2 
Vo 
-2- = 
c 

2 2w Y v. 
-L~~ 

2 W Wo 
Wo p 

1 Vo . 1/2 
YO '" -2 - (wOI w. ) w. 

C 1 p1 
(18) 

(19) 

2 quiver velocity in a plane-polarized wave. Here v = KT 1m, Yi 
and Ye are the ion and electron wave damping rates; and (~2Iwo 2) 
(vei/2) is the damping rate of the electromagnetic waves. The 
growth rates are fOr the intermediate-intensity regime (see below), 
where YO «EO. Note that YO depends very weakly on density -­
hence the possibility of anomalous reflection from the outer 
layers of a plasma. The collisional thresholds above are easily 
exceeded but are not relevant to actual experiments. 
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Finite Homogeneous Plasmas 

If the interaction region is limited in size either by the 
length of the plasma or the depth of focus of the laser beam, it 
is not sufficient to exceed the threshold; the growth rate must be 
large enough to overcome convection of wave energy out of the 
region. This problem has been treated by Pesme et al. ll , whose 
results may be summarized as follows. If ~ is the length of the 
interaction region, YO is the homogeneous-plasma growth rate 
given above, and VI and Vz are the group velocities of the product 
waves, an absolute instability is possible if Vl V2 < 0 and 

or (ZO) 

This result holds for weak damping such that YO » YT, where 

1/2 
(y.y ./Z) (w /wO) for SBS 

1 el p 
(Zl) 

YT is just the threshold given in Eqs. (18) and (19). 
We shall discuss specifically the Brillouin case, which has a 
higher nonlinear saturation level than Raman scattering. In SBS, 
ion Landau damping for reasonable ratios Te/Ti causes Yi/wi to be 
non-negligible. In such a case, the growth length is greatly 
increased by the damping, and Eq. (ZO) is valid only if yo further 
satisfies YO » Yc ' where 

1 . l/Z 
-Z y. (c/c ) 

1 s (ZZ) 

In most cases YO lies in the range YT < YO < Yc ' when no absolute 
instability is possible, but the waves can grow in space regard­
less of the sign of Vl V2' The condition for a large number of 
e-foldings in ~ is 

(Z3) 

This condition is considerably more stringent than Eq. (20) and 
greatly reduces the large disparity between the SRS and SBS thre­
sholds given in Eqs. (18) and (19). 

These results can be understood physically as follows. In 
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~------2------~ 

Fig. 10. Spatial variation of wave intensities in backscattering 
in a finite interaction region. 

Fig. 10, we have shown schematically the behavior of the wave 
intensities in the weak-damping case (absolute instability). The 
pump wave is from the left; the ion wave grows from thermal noise 
from the left; and the backscattered wave grows from essentially 
zero amplitude from the right. To avoid questions of reflection 
from plasma boundaries, we assume the interaction region is 
limited by the focal depth alone, and the waves propagate with 
weak damping outside the region. The growth of each wave depends 
on the amplitude of the other one when it exits from the region. 
The light wave e-folds YO~/c times in the length ~, while the ion 
wave e-folds YO~/cs times, c and Cs being the respective group 
velocities. Since each wave bootstraps the other, the net e­
folding of the normal mode is the product of these two: 

YO~ YO~ 
_0_= 

c c s 
1 . 

This is essentially Eq. (20). Thus it is the geometric mean 
of the group velocities which determines the convection. 

(24) 

In the intermediate damping case, Ye [Eq. (22)] is determined 
by the ion wave damping, the light wave damping term being negli­
gible. The damping length is cs/Yi. The J20wth length is 
(ccs )1/2/yo , since we have seen that (ccs)l is the effective 
group velocity of the normal mode. For the damping length to 
exceed the growth length, we require 

c (cc ) 1/2 
1/2 ~> s 2y (25) YO > y. (c/c ) = y. YO 1 S C 

1 

This is the meaning of Yc . If YO < Yc~ the ion wave loses energy 
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by damping more rapidly than by convection out of the growth 
region. In the length 1, the ion wave exponentiates Y01/Cs times 
while being damped Yi1/cs times. The net exponentiat1on is then 
YO/Yi. Meanwhile, the light wave e-folds Y01/C times. The pro­
duct of the two is 

--= c 

Eq. (23) is just the condition that this be »1. 

Inhomogeneous Plasmas 

If the plasma is infinite but inhomogeneous, a different 
effect occurs. The plasma wave has a different wavelength in 

(26) 
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each part of the plasma, so that the matching conditions 000 = 
001+002' ~ = ~+~ can be satisfied only over a finite region. 
As a wave travels away from the point of perfect matching, it 
grows until the phase mismatch is so large that the proper phasing 
for growth is lost. The wave equation has a turning point there, 
and the wave propagates without growth from there on. The number 
of e-foldings is given by Eq. (24), with 1 replaced by the 
distance lt between turning points. A turning point occurs when 
the phase mismatch f~kdx ~ ~klt is of order I, where ~k ~ k'lt , 
k' = dk/dx. Thus lt2 ~ l/k', and Eq. (24) gives the approxi-
mate condition Y02/cc$k' » 1 for appreciable growth. The exact 
number of e-foldings 1n E2 is12 

(27) 

In SRS, k' is determined by the density gradient length Ln, since 
the Bohm-Gross dispersion relation depends sensitively on Wp. In 
SBS, it is the temperature gradient length LT which is important 
in the ion wave dispersion relation. Using these relations and 
the values.of YO from Eqs. (18) and (19), one obtains the 
following "inhomogeneous thresholds" from Eq. (27): 

2 2 
Vo 000 8 

SBS. - > --k- (28) 
2 00 2 OLT 

SRS 

ve p 

2 
Vo 
-2- > 
c 

(29) 

Note that there is no density dependence in Eq. (29). This is 
because the density dependences in YO and k' exactly cancel. Thus, 
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SRS can occur in a very underdense plasma. on the other hand, 
both Eq. (23) and Eq. (28) for SBS show that the threshold power 
varies as nO- l (when Landau damping dominates). 

Nonlinear Behavior 

Analysis of the nonlinear regime 9 shows that the growth rate 
(both temporal and spatial) varies with pump amplitude in the 
manner shown in Fig. 11. Region B is the region of linear growth 
rate described by Eqs. (18) and (19). Since the electrostatic 

A: RESISTIVE OUASIMODES 
B: NORMAL MODES 
C: REACTIVE aUASIMODES 

~~------------------ EO 

Fig. 11. Behavior of the growth rate of parametric instabilities 
with pump amplitude. 

wave, say Wi' is driven by the ponderomotive force, the ion wave 
equation is of the form 

(30) 

In region B, the damping term is negligible, and the quadratic 
equation yields y «EO. In region A, only broad, damped responses 
rather than normal modes are excited. In this case, 2iYiw term 
dominates in Eq. (30), and y is proportional to E02. In region C, 
the ponderomotive force is so strong that the right-hand side of 
Eq. (30) determines the frequency W rather than the natural 
frequency Wi. The E02/3 dependence of y is a result of optimi­
zing the phase shift w-wi' a process for which we have not found 
a simple physical explanation. The result is that a factor W 
appears in the denominator of the right-hand side of Eq. (30), 
making the equation a cubic in w, so that y «E02/3. This beha­
vior at large amplitudes is quite general~. 

Nonlinear saturation levels in collisionless plasmas with 
Wo ~ 10wp have been investigated by numerical simulations in one 
dimension 9 ,13. Although SRS grows faster than SBS, the former is 
easily saturated so that no more than 50% of the incident energy 
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is reflected. Possible saturation mechanisms for SRS are electron 
trapping, electron heating followed by increased Landau damping, 
mode-coupling followed by nonlinear Landau damping, and modula­
tional instabilities. The last mechanism8 is the refraction of 
plasma waves away from regions of high density because the index 
of refraction for them is less than unity. The waves then pile 
up in regions of low density, and the ponderomotive force causes 
the density to decrease further there. The large resulting 
density perturbations stabilize the backscattering by the inhomo­
geneity effect. Ion waves are not subject to these saturation 
mechanisms, and consequently SBS is expected to grow to large 
amplitudes. In numerical simulations, there are relaxation 
oscillations with reflected power reaching 99%. Given enough 
time, however, the light pressure eventually causes the incident 
wave to bore through any finite thickness of plasma in spite of 
SBS instabilities. At the point where Wo = 2w , a particularly 
strong interaction occurs which causes a rift ~n the plasma. This 
has a simple physical explanation: SRS occurring at this point 
generates a scattered wave W2 = wp. This wave cannot propagate 
out of the plasma and is trapped. 

SIDESCATTERING 

Consider now the orientation of wave vectors as the angle 8 
between ~ and ~ is changed, as in Fig. 12. Since Ikol and Ik21 
are fixed at ~ wO/c for Wo » W , the locus of the tip of the ~ 
vector lies on a circle. It isPclear from the geometry that ~ 
and - ~ are at an angle 28. 

Vno t VI t 

CD k, @ Ito kO k, 

A B 
k, k, 

C 

Fig. 12. Vector relations for CA) backscattering. (B) side­
scattering. and eC) forward scattering. The incident. 
electrostatic. and scattered electromagnetic waves are 
~. ~, and ~ respectively; and ~ = ~ + ~. 

Case A in Fig. 12 is backscattering. Case C is forward scatter­
ing; this is a weak interaction because ~l' and hence the electro­
static field, is small. Case B. sidescattering. is important if 
~ is parallel to the plasma gradients. The wave ~ then pro­
pagates at right angles to the gradients and does not suffer the 
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phase mismatch due to plasma inhomogeneity. For SRS, Mostrom et 
al. 14 find that the growth rate in an inhomogeneous plasma is 
limited only by the beam radius ~ (cm) and the damping rate Yeo 
They have also calculated statistically the required number G of 
e-foldings from the thermal level. For CO2 , the threshold inten­
sities are: 

Sidescattering: Is > 4.5 Gs Yl/wpa x 1012 W/cm2 

Backscattering: Ib > 0.7 Gb/Ln x 1012 W/cm2 

(31) 

(32) 

where Gs '" 35 and Gb '" 30. Eq. (32) agrees with Eq. (29) for 
~ ~ 2n. Thus, depending on the ratio aiL , sidescattering may be 
as 1mportant as backscattering if the plasMa is inhomogeneous. 

The physical mechanism of sidescattering is illustrated in 
Fig. 13. 

AT A: 

1/4 PERIOD LATER: 

-Jl.O XB2 

---1 E2 t 
Vo ® 82 

HORIZONTAL 
POLARIZATION 

VERTICAL 
POLARIZATION 

Fig. 13. Physical mechanism of sidescattering. 

The wave fronts of the incident wave ~, traveling upward, are 
shown by the solid lines. The dashed lines show the wave fronts 
of the sidescattered wave ~, traveling to the left. For the case 
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of horizontal polarization, E is in the plane of the page, and the 
wave ~2 is simply rotated by-gOO from Fig. 8. At the point A, ~ 
and ~ are assumed to be at their maxima. As shown in the center 
column of Fig. 13, the term - ~2 x ~ of the ponderomotive force 
£NL' Eq. (17), is then to the right. At the same point A a quarter 
period later, ~ and ~ are in phase, and the term - ~ x ~ is up­
ward. Since these two terms are equal in magnitude, the resultant 
~L is at 45°, as shown. At the point B in Fig. 13, both ~ and E 
are reversed in direction, and ~L is the same as at A. At the 
point C, v and E are shifted gO from A in opposite directions; 
their product, therefore, is the negative of that at A, and ENL is 
in the opposite direction. The resulting pattern of the pondero­
motive force causes density striations at a = 45°, in agreement 
with Fig. l2B. The wavelength is AO/2 cos a, or kl = 2kO cos a-­
also in agreement with the geometrical construction of F1g. 12. 

This polarization is not the optimum for excitation, however, 
because of the E·VE terms in Eq. (17), which we have neglected. 
These terms oppose-the v x B terms in the a = 45° case and diminish 
the net ~L' The~· z.~ terms identically vanish by geometry in the 
case of vertical polarization, in which both ~ and ~ are out of 
the page. In that case, ~ - ~ are in the plane of the page, and 
the vectors in the third column of Fig. 13 indicate the total 
ponderomotive force. 

Note that the regular spacing of the density ripples in Fig. 
13 is possible in SRS only if Te = 0, so that w = w. For finite 
T , the BolLm-Gross dispersion relation requires kl ~o vary with wp' 
Tfie wave fronts of ~l must then be curved, and a plane wave ~2 
cannot exist without phase mismatches even in sidescattering. 

We wish now to explain the angular dependence of stimulated 
Brillouin scattering, whose growth rate7 varies as cos ~Ccosa)~ 
where, is the polarization angle between ~ and~. The cos ~ 
factor is easily understood, since the entire expression of Eq.(17) 
for !NL is proportional to V <~.~>. The cos a factor is best 
seen from the v x B terms in the case ~ = 0, when the E'VE terms 
vanish. From Eq. (g) it is clear that ~L is proportional to 
<~ x (~ x ~2» + <~ x (~ x ~». These terms are of equal mag­
nitude and are in the directions of ~ and ~, respectively. The 
phases are such that the averages are of opposite sign. The total 
FNL is, therefore, proportional to I~-~I. From Fig. 12, we see 
that 1~-~21 = Ikll ~ 2kO cos a. The growth rate YO is proportion­
al to FNL' and hence to cos e.! In Eq. (1~), however, we ~ee that 
YO is also proportional to wi-~ = (klc )-~ ~ (2kOcscosa)-~. This 
additional factor is due to the fact tliat the electric field in the 
ion wave depends! on its wavelength. The growth rate YO' therefore, 
varies as (cose)~. This weak dependence on a, which is valid only 
for linear ion waves, is in disa~reement with the experimental ob­
servations of Eidmann and Sigel 1 , which show strongly collimated 
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backscattering. If the ion waves are nonlinear, however, it is 
possible that the fastest growing mode--that with 9=O--is the only 
one that survives. 

FILAMENTATION 

Filamentation, or self-focussing, occurs when the incident 
wave vector lies along incipient density striations (Fig. 14). The 
refraction caused by the density perturbations of wave number kl 
channels the light beam into the less dense regions. The resulting 
ponderomotive force pushes plasma away from such regions and in­
creases the density perturbations. In steady-state, FNL balances 
the electron pressure V(nKTe), giving rise to the Boltzmann-like 
relation 

W 2 
<E2> 

n = nO exp - [E 
BmOKTe 

] (33) 
2 

Wo 

which is independent of gradient scale length .. 

t t t t t t t t ko 
Fig. 14. Physical mechanism of filamentation. 

If the light waves are not damped and Debye shielding were 
perfect, this equilibrium would occur with any intensity; and 
there would be no threshold for filamentation. The deviation from 
strict neutrality due to finite Debye length, however, means that 
FNL must overcome a small electric field proportional to kfAD2. 
The filamentation threshold given by Kaw et al. 7 ,16 is 

v02 T. 
7 > 4(1 + /")kiAD2 (34) 

e 
The first density perturbations that grow will be of smallest kl 
and longest wavelength, comparable to the plasma or beam radius. 
Since v 2 is proportional to intensity, or power divided by beam 
radius,Othe threshold for self-focussing depends. only on total 
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beam power. For a Gaussian beam, this threshold is 

P c 
2 8500(w Iw ) T V watts c p e (35) 

For kl ~ r- l , Eqs. (34) and (35) are identical to within a numeri­
cal factor. Although the threshold for filamentation is lower than 
that for absolute parametric instabilities, the growth rate is 
slower 7,1.6: 

1 vo 
y ~ -- w 

2 c pi 
(36) 

1/2 This is a factor (wi/wo) smaller than that given in Eq. (18) 
for SBS. 

The preceding picture of self-focussing is well-known; 
indeed, it was the first application of the ponderomotive force. 
This phenomenon, however, can also be considered a parametric 
instability in which the ion wave ~ is at right angles to ~, as 
in Fig. 12C. Since ~ is small in this limit, the anti-Stokes 
process 1s.;z = ~+1l is indistinguishable from the Stokes process 
~2 = ~-~l; and both must be considered. Filamentation is, there­
fore, a four-wave, rather than a three-wave, interaction. 
[The anti-Stokes diagrams corresponding to Fig. 12 are obtained 
by reversing the directions of the ~ arrows.] The forward­
scattered waves ~ interfere with the incident wave to produce 
the refraction and self-focussing in the usual physical picture. 
The geometry of this instability is identical with that of the 
OTS instability (Fig. 3), and both are non-convective. However, 
Since 1s.;z is a light wave, the simplification kO « kl cannot be 
made in filamentation. 

OPTICAL MIXING AND CASCADING 

By using two lasers with a frequency difference, it is 
possible to couple strongly to an underdense plasma by making 
wO-wl = wp. This was first suggested by Kroll, Ron, and Rostoker1 7 

and exper1mentally tested by Stansfield, Nodwell, and Meyer18. 
Recent work 19 ,20,21 treats nonlinear saturation and plasma inhomo­
geneity. Fig. 15 illustrates the basic idea. In the Raman process, 
two electromagnetic pump waves Wo and w2 beat with each other to 
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Fig. 15. Laser-beating at ~w = w 
p 
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generate a plasma wave wI' such that w -w =wl~w, k -~ = ~1~2~. 
The plasma wave, in turn, interacts wi~h ~he inc~de~ waves to 
change their amplitudes: the higher-frequency wave wo is damped, 
while the lower-frequency wave w2 is enhanced. The interaction is 
strongest with ~2 = -k , as shown. This process will be recognized 
as just stimulated ba~scattering: the backscattered wave w2, with 
the proper frequency shift, is imposed on the plasma, so that it 
does not have to grow from thermal noise. The threshold, therefore, 
is lower than in SRS. The theory differs only in that the amplitude 
of w2 is assumed fixed, with the consequence that the wp oscillation 
grows linearly with time rather than exponentially. 

It is tempting to try to heat a plasma by this anomalous ab­
sorption process. For instance, the 10.6~ and 10.2~ lines of the 
C02 laser can beat to couple with a plasma of density 1.5 x 1016 
cm- 3 , or the 10.6~ and 9.6~ lines with n = 1017 cm- 3 . Unfortunately, 
the energy given to the wave wI is much less than the energy 
exchange between wo and w2 . This is a consequence of the conserva­
tion of action. From a quantum mechanical viewpoint, the energy of 
a wave is W = Nfiw, where N is the number of quanta. Since N is 
conserved, one has 

(37) 

where WI is small because wI «wO,w2' However, the wave momenta 
£ = Nfi~ are such that they add rather than subtract, and electro­
magnetic momentum can be transferred to the plasma to achieve low­
frequency coupling22. 

To circumvent the restriction on energy coupling, Kaufman et 
al. 23 suggested a cascade process (Fig. 16). Two incident beams 
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to • 
k, a_kp 

k, • 
k2 a_ kp 

k2 a 

k3 • - kp 

Fig. 16. Decay of wave vectors in cascading. 

Wo,!D and wl'~ undergo forward scattering to produce a plasma 
wave wp = wO-wl, ~ = ~-~. The plasma wave then interacts with 
~ to produce w2 = wl-wp ' !2 = ~-~, and so forth until the laser 
energy is almost all converted into plasma waves. Repeated 
k-matching, unfortunately, works only for forward scattering, which 
is wp/WO times less efficient than backscattering. Because of this, 
the threshold for cascading is rather high. 

KINETIC INSTABILITIES 

There are a number of parametric instabilities involving reso­
nant particles which cannot be treated by fluid theory. One of 
these is nonlinear Landau growth, discussed previously. Another is 
a kineticmodulational instability, which is driven by particles 
resonant with the group velocity v of a large amplitude wave. 
The physical mechanism is made cleir in Fig. 17. The ponderomotive 

Fig. 17. Mechanism of kinetic modulational instabilities. 
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force associated with the envelope of a modulated wave interacts 
with particles traveling near vf to produce Landau damping or 
growth, depending on the sign 0 fO'(vg). 

The plasma laser is an interesting idea suggested by J.M. 
Dawson. Let a density ripple of wavenumber ki exist in a plasma, 
and let a light wave ~ with frequency 000 and kO « ki be imposed 
(Fig. 18). As in the OTS instability, a high-frequency field ~ 
is set up by charge separation. The field ~ is the sum of two 
waves with phase velocities ±ooO/k. and can therefore interact with 
particles at these velocities. If1 the electron distribution is 

E, • .. EO(wO) -n, 
k j Wj«wo 

E, MOVES WITH Y41 = Wofkj 

RESONANT PARTICLES: 

fly) fly) 

j -0 j~O 

Fig. 18. Mechanism of the plasma laser. 
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symmetric, no instability occurs. However, if a current exists in 
the plasma, so that f(v) is shifted as in the lower right-hand part 
of Fig. 18, the resonant particles can feed energy into ~, and 
hence ~O. Thus, lasing action occurs without molecular transitions. 

The author is indebted to Prof. George Schmidt for a large 
number of clarifying discussions. 

REFERENCES 

1. H. Hora, Laser Interaction and Related Plasma Phenomena, ed. 
by H.J. Schwarz and H. Hora (Plenum Press, New York, 1971), 
p. 383 ff. 

2. G. Schmidt, Physics of High Temperature Plasmas (Academic Press, 
New York, 1966), p. 47 ff. 

3. J.W. Shearer and J.L. Eddleman, Lawrence Livermore Laboratory 
UCRL-73969 (1972). 

4. V.L. Ginzburg, Propagation of Electromagnetic Waves in Plasmas 
(Pergamon Press, New York, 1964), p. 365. 

5. A.Y. Wong and G. Schmidt, UCLA PPG-15l (1973). 
6. K. Nishikawa, J. Phys. Soc. Japan 24, 916 (1968). 
7. J. Drake, P.K. Kaw, Y.C. Lee, G. Schmidt, C.S. Liu, and M.N. 

Rosenbluth, UCLA PPG-158 (1973). 
8. M.N. Rosenbluth and R.Z. Sagdeev, Comments on Plasma Physics and 

Controlled Fusion 1, 129 (1972). 
9. D.W. Forslund, J.M. Kindel, and E.L. Lindman, to be published; 

also Phys. Rev. Lett. 30,739 (1973). 
10. C.S. Liu and M.N. Rosenbluth, Inst. for Advanced Study COO 3237-

11 (1973). 
11. D. Pesme, G. Laval, and R. Pellat, Phys. Rev. Lett. 31, 203 

(1973); also D. Pesme, Thesis, Univ. of Paris (1973). 
12. M.N. Rosenbluth, Phys. Rev. Lett. 29, 565 (1972). 
13. W. Kruer, Lawrence Livermore Laboratory, private communication. 
14. M.A. Mostrom, D.R. Nicholson, and A.N. Kaufman, Lawrence 

Berkeley Laboratory LBL-2032 (1973). 
15. K. Eidmann and R. Sigel, Inst. ,f. Plasmaphysik, Garching, 

Germany, IPP IV/46 (1972). 
16. P.K. Kaw, G. Schmidt, and T. Wilcox, UCLA PPG-140 (1972). 
17. N.M. Kroll, A. Ron, and N. Rostoker, Phys. Rev. Lett. ~, 83 

(1964) . 
18. B.L. Stansfield, R. Nodwell, and J. Meyer, Phys. Rev. Lett. 26, 

1219 (1971). 
19. M.N. Rosenbluth and C.S. Liu, Phys. Rev. Lett. ~, 701 (1972). 
20. G. Schmidt, UCLA PPG-133 (1972). 
21. A.N. Kaufman and B.I. Cohen, Phys. Rev. Lett. 30, 1306 (1973). 
22. F.F. Chen, Comments on Plasma Physics and Controlled Fusion 1, 

81 (1972). -
23. B.I. Cohen, A.N. Kaufman, and K.M. Watson, Phys. Rev. Lett. 29, 

581 (1972). 



LASER-INDUCED IMPLOSION AND THERMONUCLEAR BURNt * 

John H. Nuckolls 

University of California Lawrence Livermore Laboratory 

Livermore, California 94550 

ABSTRACT, INTRODUCTION 

In high density laser induced fusion, the key idea is laser 
implosion of hydrogen isotope microspheres to approximately 
10,000 times liquid density in order to initiate efficient ther­
monuclear burningl. Fusion yields 50-100 times larger than the 
laser energy for laser energies of 10 5_10 6 joules have been 
achieved in sophisticated computer simulation calculations. Most 
of the dense pellet is isentropically compressed to a high density 
Fermi-degenerate state, while thermonuclear burn is initiated in 
the central region. A thermonuclear burn front propagates radi­
ally outward from the central region heating and igniting the 
dense fuel. 

The laser fusion implosion system consists of a tiny spheri­
cal pellet of deuterium-tritium surrounded by a low density 
atmosphere extending to several pellet radii, located in a large 
vacuum chamber, and a laser capable of generating an optimally 
shaped pulse of light energy. Figure 1. The atmosphere may be 
produced by ablating the pellet surface with a laser prepulse. 

tPresented at the Third Workshop on "Laser Interaction and 
Related Plasma Phenomena" at Rensselaer Polytechnic Institute, 
Troy, New York, August 13-18, 1973. 

*Work Performed Under the Auspices of the U.S. Atomic Energy 
Commission. 

Reprinted from: Laser Interaction and Related Plasma i'henomeTIII, Vol. 3B, H. Schwarz and H. Hora (eds.), 
Plenum. New York. 1974, pp. 399-425. 
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radiation 

Fig. 1 - Multiple laser beams are ~ocussed on the atmosphere 
ablated ~rom the surface of the imploding pellet. Laser 
heated electrons generated in the outer atmosphere 
transport energy inward through the atmosphere to heat 
and ablate the pellet sur~ace. Ablation reaction forces 
implode the pellet. 

Mirrors (or lenses) are used to ~ocus the laser light on the 
atmosphere more or less uni~ormly from all sides. Absorption of 
the laser light in the outer atmosphere generates hot electrons. 
The atmosphere and the pellet surface are heated by electron 
di~fusion and transport. As the electrons move inward through 
the atmosphere, scattering and solid angle effects greatly 
increase the spherical symmetry. Violent ablation and blowoff 
of the pellet surface generates the pressures which implode the 
pellet. This is essentially a spherical rocket. The laser 
pulse is shaped (in time) to achieve ultra-high compression of 
the pellet while fUlly exploiting electron degeneracy and ther­
monuclear propagation to maximize the fusion yield. 



LASER-INDUCED IMPLOSION AND THERMONUCLEAR BURN 343 

THERMONUCLEAR BURN 

The feasibility of thermonuclear explosions was demonstrated 
by Los Alamos scientists in the early 1950'S2. 

Thermonuclear micro-explosions scale as the density-radius 
product pRo The rates of burn, energy deposition by charged 
reaction products, and electron-ion heating are proportional to 
the density, and the inertial confinement time is proportional to 
the radius. Consequently the burn efficiency, self-heating, and 
feasibility of thermonuclear propagation are determined by pRo In 
spherical compressionr pR increases (because p ~ R- 3 ) and is 
proportional to (Mp2) /3, where M is the mass. Compression by 10~ 
reduces the mass--and laser energy--required to initiate an 
efficient thermonuclear micro-explosion by up to lOB_fold, depen­
ding on the efficiency of the compression process. 

The burn efficiency, ~, is proportional to the product of the 
burn rate, pav, and the inertial confinement time, R/4c, where ~ 
is the Maxwell velocity-averaged reaction cross section and C is 
the sound speed; The factor of 4 arises because in a sphere half 
the mass is beyond 80% of the radius. Both ~ and C depend on 
temperature, but their ratio is approximately constant in the 
20-50 keY temperature range characteristic of efficient deuterium­
tritium micro-explosions. Using av/c evaluated at 20 keY, and 
correcting for depletion, it follows that 3 

"'~ ~ '" 6+Rp 

At pR = 3 g/cm2, ~ ~ 1/3, corresponding to a fusion energy release 
of '" lOll joules/g. 

The average specific heat energy required for ignition is 

Cp e. a 
19n 

where Cp is the heat capacity, e. is the ignition temperature, 
and a is a correction for the 19n self-heating by the 3.6 MeV 
DT alpha particles, and for thermonuclear propagation. If 
pR » 0.3 g/cm2, then only about 0.3 g/cm2 in the central region 
need be heated to approximately 10 keY in order to initiate a 
radially propagating burn front which ignites the entire pellet. 
In this case 1.6 x 10 10 joules/g of fusion energy will be released 
from the central region; one fifth of the energy is in alpha 
particles, sufficient to heat 3 times more DT to 10 keY. The 
alpha particles will deposit their energy in approximately this 
mass since their range in 10 keY DT is about 0.3 g/cm2• 
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Due to the effects of shock convergence and pulse shaping 
during implosion, the DT temperature just prior to ignition may 
be made to vary approximately R-2• Then S is proportional to 
(pR)-2. Because of practical limitations on implosion symmetry~ a 
minimum of ~ 0.03 is imposed on S, which occurs for pR ~ 3 g/cm • 
Then the average ignition energy is 3 x 107 joules/g. This is 
also the minimum compressional energy of DT at a density of 1000 
g/ cm 3, and this minimum occurs if the DT electrons are Fermi­
degenerate": 

where ~, the Fermi-energy, is ~ (1 n )2/3, h is Planck's con­
stant, m is the electron mass, S nisethe electron temperature, 
and n is the electron density. FoF p = 1000 g/cm3 
(n %e2 . 5 x 1026/cm3), £F ~ 1 keY, and the DT electrons are 
de~enerate if the implos10n is carried out so that Se « 1 keY 
(except in the central region where ignition occurs). 

The minimum average energy of ignition and compression with 
pR ~ 3 g/cm2, assuming propagation and degeneracy, is roughly the 
sum of the compression and ignition terms, or ~ 6 x 107 joules/g. 
Since the fusion energy produced at this pR is lOll joules/g, the 
gain is ~ 1500. Approximately 95% of the laser energy absorbed 
by the pellet during implosion is lost to kinetic and internal 
energy of the blowoff. Consequently the energy gain relative to 
the laser light employed is about 75 fold. This is sufficient 
for CTR applications with a 10% efficient laser, a 40% thermal­
to-electric efficiency, and about 30% of the electrical energy 
circulated internally. 

Figure 2 shows the variation of gain (relative to laser 
light energy) with compression and laser light energyl'l~ The 
curves have been slightly normalized to computer calculations of 
the implosion and burn. Gains approaching 100 are predicted for 
~aser energies of 106 joules. The calculations indicate that less 
than 1 kJ of laser light may be sufficient for breakeven 
(gain ~ 1) and 105 joules may be sufficient to generate net 
electrical energy with a 10% efficient laser. These predicted 
gains are probably upper limits to what can be achieved. 
Unforeseen difficulties may cause significant performance degra­
dations when the predictions are experimentally tested. 

Similar gain curves may be generated for D2 , DHe 3, and 
BllpX pellets seeded with a small percentage of tritium to faci­
litate ignition. Since these reactions have smaller av's than DT, 
higher pR's are required for efficient burn. This may be 
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Fig. 2 - Calculated gain (ratio of fusion energy output to laser 
light energy input) as a function of fuel compression for 
several different laser light energy inputs. At compres­
sions less than about 10 3 , the gain increases strongly 
with increasing compression because of increasing burn 
efficiency and propagation. The ~ain decreases with 
compressions much greater than 10 because the energy of 
compression (against degeneracy pressures) becomes 
larger than the energy of ignition. 

achieved either by use of larger pellets and higher energy lasers, 
or by compressing the pellet to higher densities (~ 104 g/cm3 ). 

The D2 and DH~ fuels produce fewer neutrons than DT, and the 
Bllpx fuel produces essentially no neutrons s . 

IMPLOSION 

Conditions involving pressure, symmetry, and stability must 
be satisfied in order to implode a DT sphere to a state at 104 

times liquid density, in which both Fermi-degeneracy and thermo­
nuclear propagation can be exploited to achieve maximum gain l • A 
pressure of at least 1012 atmospheres must be generated. Much 
higher pressures are required if the electrons in the high density 
DT are not Fermi-degenerate, i.e. if the implosion is not essenti­
ally isentropic. The pressures applied to implode the pellet must 
be uniform spatially and temporally to less than one part in 
twenty in order to preserve effective spherical symmetry. During 
compression the radius decreases by about 20-fold (10,000 1 / 3 ), and 
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it is necessary to maintain suf~icient symmetry within the central 
region in order to utilize central ignition and propagation. The 
hydrodynamic Rayleigh-Taylor instability must be controlled. 
Otherwise the pellet sur~ace cannot be relatively gradually 
accelerated during the implosion as required by the optimum pulse 
shape. These conditions may be satis~ied by the characteristics 
o~ the laser pulse shape and o~ the laser implosion scheme. 

Pressure 

The minimum pressure o~ DT at 104 times liquid density is 
1012 atmospheres, and occurs i~ the electrons are Fermi­
degenerate. I~ e = 5 keY, the ideal ignition temperature ~or DT, 
the electrons are not degenerate, and the pressure is 1013 

atmospheres. The required 1012 atmosphere pressure is generated 
by ~ocussing the high power laser light to high intensities on 
the outer atmosphere, multiplying the absorbed energy ~lux by 
electron transport in the spherically convergent density gradient 
~rom the outer atmosphere to the pellet sur~ace, ablating the 
pellet sur~ace, and multiplying the resulting ablation pressures 
by the concentration o~ energy density which occurs in the 
implosion process. 

Absorption. Laser light is ~ocussed to intensities as high 
as 1015 watts/cm2 on the outer atmosphere. Absorption occurs at 
densities less than the critical density (where the plasma ~re­
quency equals the optical ~requency) by inverse bremsstrahlung 
and by plasma instabilities i~ the intensity exceeds the instabi­
lity thresholds. Figure 3 ~om Shearer6 shows the inverse 
bremsstrahlung opacity in matter at one keY temperature ~or Nd 
laser light (A ~ 10-4cm). The light slows down as it approaches 
the critical density (1021 electrons/cm3 ~or Nd light), the 
electromagnetic ~ield increases, and at high intensities the 
quivering velocity o~ the electrons may exceed their thermal 
velocity. The inverse bremsstrahlung opacity scales as ~ollows: 

Z3 n 2 A2 e-e 3 / 2 cm-l 
Kinverse brem '" -;:r (l-n/nc )~ 

where ee is the electron temperature, A is the laser wavelength, 
n is the electron density, n is the critical electron density 
('" A- 2 ), A is the atomic wei~ht, and Z is the e~~ective charge. 
Since in typical laser ~usion pellets the scale height o~ density 
is comparable to one mm, e~~icient absorption via inverse brems­
strahlung is not possible with Nd at electron temperatures ~ 10 
keY, or with CO2 , at electron temperatures ~ 1 keY. Plasma 
simulation calculations show that the instability absorption 
length near the critical density is approximately ten wavelengths?, 
or 10-3cm ~or Nd light. The threshold ~or the modi~ied two-stream 
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Fig. 3 - Inverse bremsstrahlung opacity for laser light absorp­
tion, 1 ~ wavelength, one keY electron temperature 6 • 

instability is approximately7 

n 3 

Instability threshold ~ (~)~ Z x S a e 

347 

where the swelling factor, S, corrects for the increasing electro­
magnetic field as the light approaches the critical density. For 
1 keY DT, this threshold is approximately 1012 watts/cm2 • 

Electron Spectrum. Absorption of intense laser light 
generates hot electrons. If absorption is by inverse bremsstrah­
lung the electron spectrum is near Maxwellian 

mv2 

f(ve ) ~ ve exp( - 2ae ) 
inverse brem e 

where ve is the electron velocity. If absorption is by plasma 
instabilities the electron spectrum may be non-Maxwellian 8 • 

Figure 4 shows an electron spectrum calculated by a plasma 
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Fig. 4 - Calculated E!.1.ectron spectra generated by absorption of 
intense laser light via plasma instabilities 8 ; v is the 
electron velocity, and Vtb the thermal electron velocity. 
The central core tV/Vth ~ 0) is near Maxwellian 
and the wings are non-Maxwelllan. (Dashed is theory). 

simulation computer programH• An exponential-like tail extends 
to 100 times the thermal electron energy. 

The laser heated electrons heat the pellet atmosphere by 
electron-electron collisions. The mean free path, A ,is e-e 

~ 1 cm, E ~ 60 keY, n ~ 1021 cm- 3 • 
e 

where E is the electron energy. After a tiny fraction of the 
electro~s escape into the vacuum chamber, electrostatic potentials 
comparable to 8e are generated and the remaining electrons are 
trapped within the atmosphere which expands at ion velocities. 
Sufficiently high energy electrons will reflect back and forth 
across the atmosphere many times before losing a significant 
fraction of their energy. 

Ablation Pressure. Typically the density falls off inversely 
as radius cubed from the ablating radius to the absorption radius. 
So long as electron-electron collisions are sufficiently rapid 
energy is strongly coupled by electron transport in this spheri­
cally convergent gradient from the absorbing surface to the much 
smaller ablatiQg surface. Then 

E ~ 2 PACAp + smaller terms 
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where PA is the ablation pressure, Ap is the ablating surface 
area, the factor 2 corrects for heating of the blowoff--through 
which energy is transported--and E is the absorbed laser power. 
The blow-off velocity, C, is approximately sound speed in the hot 
atmosphere 

(9 »9.) 
e 1. 

where ge is the electron temperature. This temperature is 
determined largely by the equation for flux limited electron 
transport 

n v flEA :tE 
c e c 

where nc ve is the incident electron flux, lIE is the net energy 
carried by each electron from the absorption region, and Ac is 
the absorption area. Then it follows that the ablation pressure 
is approximately 

A • 2/3 
P ~....£. (!...) pd3 

A A A c P c 

where p is the critical density in g/cm3 • If A = ~ (plane 
geometrY) this is the equation derived by KidderC9 • The 
pressure is multiplied by a factor Ac/Ap by electron transport in 
the convergent density gradient. 

The ablation coupling efficiency is 

v 
2C 

where v is the implosion velocity. Typically v varies from l06 
to 3 X l07 cm/s while C varies from 2 x l07 to lOB cm/s, so that 
the coupling efficiency varies from 2 to l5 percent. Most of the 
energy is coupled near the end of the implosion, so that the 
average coupling efficiency is 5-l0 percent. 
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Decoupling. If the hot electron range becomes comparable to 
the absorption radius, the electron may cross the pellet, re-enter 
the region in which laser light is absorbed and be further heated 
before its energy is lost to colder electrons. Then the electrons 
are heated to even higher energies, have a larger range, and lose 
energy even more slowly to the colder electrons 10 • The threshold 
for onset of this decoupling determines a maximum hot electron 
energy and laser intensity, and thereby a maximum ablation 
pressure. If self-generated electric fields and anomalous 
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effects are neglected, then the maximum ablation pressure is 

However if the density gradient is steeper than R- 3 , (as in 
implosion of hollow pellets), higher pressures may be generated. 
Decoupling may be a serious problem for CO2 laser implosions 
(pc is smaller), and weakly affects Nd laser implosions. For 
larger pellets and laser energies decoupling becomes less severe 
because the hydrodynamic time is larger. Decoupling can be com­
pensated for if the initial volume is increased by making the 
pellet hollow. Then the required implosion velocity may be 
achieved with limited implosion pressures (acting over a larger 
volume) • 

Preheat. Electrons with energies of 50 keY have a range of 
100 ~ in liquid density DT, comparable to the thicknesses of 
typical laser fusion pellets. Electrons of this energy are 
generated by long wavelength lasers even if the electron spectrum 
is assumed to be Maxwellian because of decoupling effects and by 
lasers of any wavelength via instabilities if non-Maxwellian 
electron spectra are assumed. If the flux of these electrons is 
too high the resulting preheating may make compression to a Fermi­
degenerate state impossible, and a high compression extremely 
difficultl. The tolerable fraction of electron energy in hot 
electrons with range comparable to the pellet thickness is 
exceeded when the preheat energy flux is comparable to the 
implosion energy flux: 

where PA is the ablation pressure, v is the implosion velocity, 
Pe is the electron pressure, and ve the hot electron velocity. 
In the initial stages_of a CO2 implosion PA is 1 Mb and v is 1 
cm/~s, while Pe is 10 2 Mb (ae ~ 1/2 keY) and ve is 104 cm/~s, so 
that f is only one percent. For Nd f is initially 10-2%. Because 
of the preheat problem, absorption of the laser light by plasma 
instabilities may not be feasible for some laser fusion pellet 
designs. Since high intensity CO2 light must be absorbed by 
instabilities, it is possible that C02 is not suitable for high 
density laser fusion. In order to increase the instability 
threshold and the inverse bremsstrahlung opacity, seeding of the 
pellet with higher Z material, and use of short wavelength lasers 
is advantageous. The instability threshold may also be increased 
by frequency modulation of the laser20. [However recent studies 
at Livermore by J. Lindl show that with 1 ~ light if ~ 20% of the 
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Fig. 5 - Modes of energy transfer and coupling in laser implosion. 
In the preferred mode ablation occurs via hot and thermal 
electrons. The implosion may be perturbed or destroyed 
by the other channels, i.e. reflection, anomalous ion 
heating, decoupling, and preheat. 

electron spectra is non-Maxwellian then the laser implosion may 
not.be strongly degraded.] 

Magnetic Field. Spontaneous magnetic fields are generated 
due to the non-uniform irradiation of the atmosphere with the 
laser 1 1 Gradients in the electron pressure and in the electron 
density are generated which have a non-zero cross product (via 
the electron temperature). Then 12 

.'" -+ -+ C B '" '\Ix [v x B + - VP +. • • J 
ene e 

Implosion calculations with long wavelength lasers (e.g. CO2 ) 
show magnetic fields sufficiently large to inhibit electron 
transport. However the magnetic energy density is much smaller 
than the electron energy density. The effect of the magnetic 
field may be reduced by increasing the collision frequency (via 
short wavelength lasers and seeding with small amounts of high Z 
material). 

Implosion. In the implosion the applied ablation pressUre 
first generates kinetic energy 
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where PA is the average ablation pressure, Vo is the initial 
volume, and Vf is the final volume. At maximum compression most 
of this kinetic energy is internal, so that the pressure multi­
plication ratio is proportional to the compression 

~V2 PA(Vo-Vf ) 
'" 2 '" P '" (y-l) -- '" (y-l) V max Vf f 

P V 
max '" (y-l) 0 V » Vf '" Vf 

, 
PA 

0 

Convergence transforms the kinetic to internal energy nearly 
isentropically--except for a small region near the implosion 
center. If the matter is compressed to a Fermi-degenerate state 
(the initial implosion velocity is near sonic and the subsequent 
ablation pressure increases sufficiently gradually) then 

and 

where PAo is the initial ablation press~e. Large pressure 
multiplications may be achieved even if PA is limited (e.g. by 
decoupling) by use of hollow pellets (Vo term). However Vo 
cannot be made indefinitely large because of symmetry and 
stability constraints. The multiplication ratio is also increased 
by making the average ablation pressure large compared to the 
initial pressure (via pulse shaping). Because of the magnitude 
of the Fermi-energy in matter under ordinary conditions, the 
entropy is not significantly decreased by making PAo much less 
than one half megabar. 

Pulse Shape. The optimum laser pulse shape--which maximizes 
the fusion yield for a given laser energy--satisfies five 
condi tions. 

(1) Densities greater than 1000 g/cm3 are achieved. 
(2) The implosion occurs in less than one sonic transit 

time so that long wavelength Taylor unstable growth is 
tolerable. 

(3) In most of the compressed pellet the electrons are 
Fermi-degenerate. This minimizes the laser energy 
required for compression. 
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(4) The central core o~ the compressed pellet--having a 
radius comparable to the DT alpha range at ignition 
temperatures--reaches temperatures o~ ~ 10 keY, initia­
ting rapid thermonuclear burn and propagation. This 
minimizes the laser energy required ~or ignition. 

(5) The implosion and blowo~~ velocities are increased 
together so as to maximize the ablation e~~iciency. 

These ~ive conditions are satis~ied by a pulse shape having 
the ~ollowing two properties. 
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(1) The initial implosion velocity is ~ 1 cm/~s, slightly 
larger than sound speed. This shock is su~~iciently 
weak so that most o~ the pellet can be compressed to a 
Fermi-degenerate state, but--with convergence--is strong 
enough so that the center is signi~icantly shock heated. 
The peak implosion velocity is su~~iciently large 
(~ 3 x 10 7 em/s) so that densities o~ 1000 g/cm3 are 
reached, and central ignition occurs. 

(2) The implosion pressure is increased with time so that 
the hydrodynamic characteristics coalesce within most 
o~ the compressed mass, but beyond one alpha particle 
range ~rom the center. This insures isentropic Fermi­
degenerate compression o~ most o~ the pellet while 
igniting the central region. 

By means o~ hundreds o~ implosion/burn computer calculations, 
the optimum pulse shape (laser power history) has been determined. 
In these calculations the pulse shape was represented by an eight 
element histogram. The amplitudes and durations o~ the elements 
were varied to optimize the ratio o~ ~usion energy to laser light 
energy. For solid DT pellets in which preheat, decoupling, and 
other e~~ects are not important, the optimum histogram can be 
approximated b,y the ~ollowing equation: 

• • -s t 
E = E L , where L = 1 - -" t < t' o L 

s ~ ~r 1 ~ 2 (if Y = i), and y = ~V + 1. 

. 
where E is the initial laser power (which generates an initial 
implosi8n velocity o~ ~ 1 cm/~s), and t' is the implosion time. 

I~ the pellet is hollow or seeded, or i~ preheat, decoupling, 
or other e~~ects are important, the optimum pulse shape is signi­
~icantly modi~ied. Symmetry requirements also a~~ect the optimum 
pulse shape. 



354 J. H. NUCKOLLS 

Symmetry 

In compression of a sphere by 104_fold , the radius decreases 
somewhat more than 20-fold. If after compression spherical sym­
metry is required to within 1/2 the compressed radius (1/40 the 
initial radius) then the implosion velocity (and time) must be 
spatially uniform (and synchronized) to 'V one part in 40, or a few 
percentl. In general, for a spherical implosion in which the 
ratio of initial to final volumes is n, and in which the tolerable 
error in the final radius, R, is wR, the tolerable fractional 
error in the integral of velocity and time is approximately 

b.fvdt 'V w 
fvdt - -1- ,n » 1. 

nl 3 

Implosion errors may be reduced to about 10% by a many-sided 
irradiation system, consisting of a laser, beam 'splitters, 
mirrors, lenses, and other optical elements. This error can then 
be reduced to less than 1% by means of electron transport in the 
atmosphere surrounding the pellet. 

Multiple Beam Irradiation. If a sphere is irradiated from 
all sides with many laser beams focussed to the diameter of the 
sphere, intensity variations over the spherical surface as small 
as 10% may readily be achieved. However light which is not inci­
dent perpendicular to the spherical surface is refracted in the 
density gradient 6 • If the incident angle is more than 300 from 
normal, the light trajectory in the density gradient does not 
approach the critical density surface. Then absorption by plasma 
instabilities is not possible. Also absorption by inverse brems­
strahlung is reduced and occurs at low densities, so that the 
electron decoupling problem is more severe. 

Using fll optics the entire surface of a sphere cannot be 
illuminated by as few as six circular laser beams focussed on the 
center of the sphere. However if each of six beams is focussed 
to a point one spherical radius beyond the center (along the axis 
of each beam) then the entire surface is illuminated, and the 
maximum angular deviation from normal incidence is less than 
twenty degrees. If the overlapping edges of the beam are blocked 
(so that each beam is four sided instead of circular) then the 
maximum error in intensity of illumination is lO-20%. This error 
may be reduced to less than 10% by using more laser beams, e.g. 
12 beams with pentagonal cross section. 

Complex lenses and mirrors may also be used to increase the 
symmetry of irradiation. 



LASER-INDUCED IMPLOSION AND THERMONUCLEAR BURN 355 

Electron Transport in Atmosphere. The region in the 
atmosphere where the laser light is absorbed has a radius several 
times that at which ablation occurs. Consequently each point on 
the ablating sur~ace is heated by nearly 2rr steradians o~ the 
absorbing region. I~ many laser beams are used, e.g. 12 pentagons, 
then each beam occupies a small ~raction o~ 2n steradians, and 
each point on the ablating sur~ace is e~~ectively heated by many 
beams. These e~~ects reduce the irradiation error. 

The range o~ the laser heated electrons in the low density 
region where the laser light is absorbed is comparable to the 
diameter o~ one o~ the multiple ~ocussed laser beams. An initial 
prepulse may be used to satis~ this condition at the beginning 
o~ the implosion (a~ter the atmosphere is ~ormed). Hence non­
uni~ormities which occur over small areas are strongly smoothed. 
In addition there are many electron scattering mean ~ree paths 
through the density gradient between the absorbing and ablating 
sur~aces. The smoothing due to scattering during electron trans­
port may be estimated by use o~ spherical harmonic analysis i~ a 
steady state, a short electron mean ~ree path, and a uni~orm 
density are assumed 13 • This analysis shows that scattering in 
the atmosphere reduces the heating error ~rom 10-20% at the 
absorbing sur~ace to less than 1% at the ablating sur~ace with 
heating by eight laser beams. Solution of this problem with the 
real (non-uniform) density gradient would reduce the heating 
errors even further. 

Stability 

The unstable growth of small surface perturbations during 
acceleration of a fluid interface is described by the Rayleigh­
Taylor theoryl~. 

where Ao is the initial amplitude of a perturbation with wave­
number K, and a is the acceleration. Unless some stabilization 
mechanism can be utilized, a fluid shell can be accelerated 
through only about ~ive thicknesses be~ore it is essentially 
destroyed by this instability. However in the laser fusion 
implosion scheme described here the optimum pulse shape may 
accelerate shells through many tens of thicknesses. Stabilization 
is achieved by several means. 

(l) Growth of perturbations with wavelength less than '\, 2n 
times the shell thickness is prevented because the implosion 
pressure is generated by surface ablation driven by di~fusing 
electrons. Under these conditions 
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where PA is the ablation pressure lS • This stabilizing effect 
occurs largely because the temperature gradient near the peak 
of the perturbation is steeper than the gradient near the 
valley. Consequently the rate of transport of energy is 
higher to the peak than to the valley, and higher ablation 
rates and ablation pressures are generated. This reduces 
the amplitude of the perturbation. 
(2) Growth of long wavelength perturbations--which have a 
slower growth rate--is sufficiently limited by imploding the 
pellet as rapidly as possible consistent with compression to 
a Fermi-degenerate state. Consequently the initial implosion 
velocity is somewhat supersonic. 
(3) Pellets are used which have an initial ratio of shell 
thickness to radius of more than 2%. If thinner shells are 
used, perturbations with wavelengths greater than 2TI times 
the shell thickness (which are not stabilized by ablation) 
grow so large that the shell is destroyed. 

Because the implosion stability is affected by the symmetry of the 
pellet irradiation, and because of other complex factors 
(convergence, compressible DT, finite sound speed, long range 
electrons, etc.) the theory is uncertain and stability has been 
demonstrated with two-dimensional computer calculations. 

COMPUTER CALCULATIONS 

The compression and burn processes which have been described 
are illustrated in results of a typical computer simulation calcu­
lation of the implosion of a fusion pellet to 10,000 times liquid 
density, and of the resulting thermonuclear micro-explosion. This 
calculation was carried out at the Livermore Laboratory by Albert 
Thiessen on the CDC 7600 computer with the LASNEX program 
developed by George Zimmerman 16 • LASNEX is a two-dimensional 
(axially symmetric) finite difference code which includes coupled 
non-linear partial differential equations for the following physi­
cal processes (Figure 6) 

Hydrodynamics--Lagrangian; real and generalized Von Neumann 
artificial viSCOSities; pondermotive, electron ion, 
photon, magnetic, and alpha particle pressures. 

Laser light--absorption via inverse bremsstrahlung and plasma 
instabilities; reflection at critical density. 

Coulomb coupling of charged particle species. 
Suprathermal electrons--Multigroup flux-limited diffusion 

with self-consistent electric fields; non-Maxwellian 
electron spectra determined by results of plasma simula-
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Fig. 6 - Physical processes included in the LASNEX laser implosion 
/fusion computer program. Arrows represent coupling and 
possibilities for diagnostics. 

tion calculations for laser light absorption by plasma 
instabilities; inverse bremsstrahlung electron spectrum 
for classical absorption. 

Thermal electrons and ions--flux-limited diffusion. 
Magnetic field--includes modification of all charged particle 

transport coefficients, as well as most of the equili­
brium MHD effects described by Braginskii 12 • 

Photonics--Multigroup flux-limited diffusion17 ; LTE non-LTE 
average-atom opacities for free-free, bound-free and 
bound-bound processes 18 ; Fokker-Planck treatment of 
Compton scattering19. 

Fusion--Maxwell velocity-averaged reaction rates; the DT 
alpha particle is transported by a one group flux­
limited diffusion model with appropriate energy deposi­
tion into the electron and ion fields; one group trans­
port of the 14 MeV neutron. 

Material properties--opacities, pressures, specific heats, 
and other properties of matter are used which take into 
account nuclear Coulomb, degeneracy, partial ionization, 
and other significant effects. 

In this implosion calculation, a 54 KJ pulse of laser light 
is focussed symmetrically onto a low density atmosphere 
(generated by a laser prepulse) surrounding a 400 ~ radius 
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spherical pellet of liquid deuterium-tritium. The applied laser 
power is optimally increased from ~ 1010 to ~ 1015 watts in 24 
nanoseconds, while the laser wavelength is varied from 4 jJJD. initi­
ally to 1/2 micron at the end of the implosion. Figure 7. The 
initial spike in the pulse shape increases the implosion ~etry 
b,y preheating the a~osphere. Long wavelength light also minimizes 
asymmetries in the early stages of the implosion and short wave­
length light avoids decoupling in the late stages. (Recent calcu­
lations show that much less frequency variation is required than 
was used in this calculation.) The laser light is absorbed via 
inverse bremsstrahlung and plasma instabilities near the critical 
density in the atmosphere, generating hot electrons with an 
assumed near-Ms.xwellian spectra. Coupling between the hot and 
cold electron distributions due to self-generated electric fields 
is assumed to be strongly degraded by runaway and other effects, 
and coupling due to anomalous effects is assumed to be negligible. 

o 5 10 15 20 25 

TIME (nanoseconds) 

Fig. 7 - Pulse shape: power and wavelength histories. This pulse 
shape achieves a symmetric implosion in which degeneracy 
and thermonuclear propagation are fully exploited to 
maximize the gain. 
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If these pessimistic assumptions are relaxed, up to 20% of the hot 
electrons may be generated with a non-Maxwellian (i.e. exponential) 
distribution without significantly degrading the implosion. If 
the electron spectrum is hotter than this, then seeding, hollow 
pellets, frequency modulation, and short wavelength light may be 
utilized1 • The atmosphere is heated by the hot electrons to 0 
electron temperatures which increase in time from ~ 106 to 108 K 
at the absorption radius. The surface of the pellet is heated and 
ablated by electron thermal conduction through the hot atmosphere 
generating implosion pressures which optimally increase from ~ 10~ 
to ~ 1011 atmospheres. Figure 8. This five order of magnitude 
increase in implosion pressure occurs at an optimal rate during 
transit of the initial shock to the center. Consequently the 
outer part of the pellet is isentropically compressed into a high 
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Fig. 8 - Implosion history. The solid line is the surface of the 
dense pellet and the "x' s" inside of this line show the 
trajectory of the initial shock. Numbers along the solid 
line indicate the ablation pressures. Circles show the 
electron temperatures at the radius where the critical 
density occurs. The dashed line indicates the variation 
in the critical radius during the implosion. 
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density spherical shell (p > 100 g/em3 ) while at the same time 
this shell is inwardly accelerated to velocities which increase 
in time from 106 to 3.5 X 10' em/so As the internal pressure 
becomes larger than the ablation pressure the rapidly converging 
shell slows down and is compressed near isentropically, at sub­
Fermi-temperatures, to densities greater than 1000 g/em3 • 

Figure 9. The inner region is compressed by the outer shell to 
densities approac~ing 1000 g/cm3 , and heated to ion temperatures 
greater than 108 K, initiating thermonuclear burn. A thermonu­
clear burn front then propagates outward. Figures l2t 11. About 
1800 KJ of fusion energy is produced in less than 10 1 seconds. 
The energy gain is about 35 fold. 

> ., 
~ 

1&.1 
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~ 
II: 
1&.1 
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:Ii 
1&.1 .... 
Z 
o .... 

DENSITY (gm/cm 5) 

Fig. 9 - Thermodynamic histories of the central and outer regions 
of the dense pellet. Dashed line shows the Fermi energy. 
The numbers along curves are times relative to ignition 
(t=O ps). The outer material is isentropically compressed 
to a highly degenerate state while the central material 
is compressed to thermonuclear ignition conditions. 
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Fig. 11 - Structure o~ thermo­
nuclear burn ~ront_ An 
electron temperature precursor 
is caused by deposition o~ most 
o~ the DT alpha particle 
energy in the electrons at 
temperatures around 10 keY as 
well as by thermal conduction. 
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A two-dimensional calculation has been made of this same 
pellet configuration to study symmetry and Taylor instability. 
The pellet was irradiated with ten laser beams consisting of 
adjacent equiangular (180 ) conical shells symmetric about a common 
axis.. The laser intensity varied sinusoidally ± 10% across each 
beam. Selected frames from a computer movie of the resulting 
implosion and explosion are reproduced in Figures 12 and 13. A 
cross section of one quadrant is shown (the horizontal axis is a 
line of symmetry and the vertical axis is a plane of symmetry). 
The lines are the Lagrangian mesh and are attached to the matter. 
The counters show the maximum electron and ion temperatures (TE,TI) 
and density (D), the inputted laser energy (EL), fusion energy (EP), 
time, and scale size. The thermonuclear yield produced in this 
two-dimensional calculation was 1750 KJ, only a few percent less 
than that in the corresponding one-dimensional calculation. For 
reasons discussed earlier, the magnetic field physics was not used 
in this calculation. If the calculation is run with magnetic 
fields, decoupling effects are observed but the symmetry is not 
strongly perturbed. 

A two-dimensional calculation was made of the same pellet in 
which the thickness of the initial atmosphere was reduced by a 
factor of two, the laser wavelength was 1 ~ (and was not varied), 
and the pulse shape did not contain the initial spike. The 
central region of the pellet is destroyed by a severe axial jet 
when the radius is 100 ~ and the pellet surface is strongly 
perturbed. Figure 14. Negligible thermonuclear yield is 
produced. 

CTR APPLICATION 

Cheap fuel pellets are required for commercial power 
production. Ten million joules of electrical energy is currently 
worth roughly one cent, and most of this cent must be used to pay 
capital and operating costs of the power plant. In the scheme 
described here the pellet may be a droplet of DT (or deuterium, 
using multi~egajoule lasers) ejected from a sophisticated eye 
dropper and spherized by surface tension and viscosity effects, 
while freely falling in an evacuated drop tower. The pellet may 
also be a hollow sphere of fusion fuel. The high cost of tritium 
is obviated by regenerating the consumed tritium by means of 
neutron reactions in lithium blankets. 

Thermonuclear microexplosions producing of the order of 
107_108 joules (5-50 pounds TNT equivalent) may be suitable for 
commercial power production. Then multigigawatt-electric average 
power levels could be achieved by burning of the order of 100 
pellets per second, perhaps 10 per second in each of 10 explosion 
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I I I I I I I I 

TE(KEV}= +2.151 EL(K-J}= +5.69 TIME(NS}=+23.58~7 

Tl (KEV)= +1.060 EP(KJ)= +.00 SIZE (MU) = +250.00 

D(G/CC}= +32.86 M2D38 

Fig. 14 - Two-dimensional failure of implosion calculation in 
which atmosphere was too thin and was not preheated, and 
in which initial laser wavelength was too short. 

chambers. 

The electrical power, P, is related (via energy conservation) 
to the laser energy, L, explosion frequency, N, gain, GL, and 
thermal-electric efficiency <l>L by 

where it is assumed the laser is electrically pumped and the hot 
gas exhausted from the laser is not used to generate electricity. 
Less than one third of the electrical energy circulates internally 
if GL <l>t ~ 3 <l>Ll. Then if <l>t = 0.4, <l>L = 0.1, GL must be 75 or 
more, which occurs for L ~ 10 5_10 6 joules--see Figure one. Conse­
quently if P = 109 watts, L = 1/2 X 106 joules and N = 100 sec- 1 • 

The explosive impulse from a fusion energy pulse is much 
smaller than that from a chemical explosion of the same energy, 
because the fusion pellet weight is < 10-6 that of the chemical, 
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and the impulse generated is proportional to the square root of 
the mass. However, a specially designed combustion chamber is 
required to withstand the neutrons, x-rays, and hot plasma. A 
chamber several meters in diameter can be designed to withstand 
the neutron flux. The walls may be protected from x-rays and 
plasma by a thin film of Li21 

Conventional thermal cycles may be used to generate electri­
city if the fUsion neutrons are absorbed in lithium blankets. If 
relatively large DT pellets or essentially pure deuterium pellets 
are burned (requiring a multi-megajoule laser energy), the fusion 
neutrons will deposit much of their energy in the fuel plasma, and 
this plasma may be expanded against a magnetic field and much of 
the fusion energy directly converted to electricity2~. Then 
higher electrical generating efficiencies may be achieved. Wi th 
deuterium pellet burning, lithium utilization and tritium storage 
and cycling may be greatly reduced. 

Hybrid reactors--in which the 14 MeV DT neutrons which escape 
from the combustion chamber are used to fission natural uranium 
(or thorium)--may be capable of generating more energy than used 
to pump the laser even with low efficiency, low energy lasers 
(e.g. 1% efficient, 10 KJ lasers). 

A high energy, high efficiency, possibly short wavelength 
laser which is sufficiently cheap and capable of firing up to 100 
t~es per second must be developed for CTR applications. This 
laser, the associated electrical power source l and the explosion 
chamber must be designed to function up to 10 0 times without 
replacement. The overall capital cost of this equipment must be 
less than about $100 per installed kilowatt (electrical). 
Although these are formidable technological problems, it is 
believed that they are soluble. 
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Exact Steady-State Analogy of Transient 
Gas Compression by Coalescing Waves 

L. L. LENGYEL· 

Max-Planck-Institut fUr Plasmaphysik, Garching bei 
MUnchen, Germany 

-T HE possibility of compressing gases to very high densities 
by converging spherical shock waves was first noted by 

Guderley.l Nuckolls and co-workers2 suggest compressing 
matter to extreme densities in very short times (to 103 to 104 
times solid density in 20 to 30 nsec) by a preprogramed 
train of isentropic spherical compression waves produced by a 
suitably shaped laser pulse and coalescing at the center of the 
target. Extreme densities are required for reducing laser 
power requirements, just as high fluxes are required for ef­
ficient radiation absorption and are thus a prerequisite for 
laser induced thermonuclear fusion. At the temperatures 
inherent in this process, the matter (deuterium-tritium 
mixture) behaves like a gas. While in an ideal gas subject to 
shock compression the attainable density ratio is limited, no 
theoretical upper bound exists for density changes corre­
sponding to isentropic compression. 

The existence of steady-state analogies to certain transient 
state processes is well-known in continuum mechanics (see, for 
example, Zel'dovich and Raiser,3 Zierep,4 etc.). The respective 
discussions are, however, usually restricted to the qualitative 
aspects of the observed similarity. Zierep4 doubts that quantita­
tive analogies, in general, could be found. 

It shall be shown here that the one-dimensional plane variant 
of the coalescing wave compression has an exact steady-state 
analogy manifested by the compression of a steady-state two­
dimensional supersonic flow over a suitably shaped concave 
wall. The properties of the steady-state flow may thus be 

* Research Scientist. 

Reprinted from: AIAA Jouf7llll. 11,1347-1349 (1973). 
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indicative of the qualities of the respective transient state 
process. Moreover, analogies sometimes provide simple means 
for experimental study of some complex phenomena 

A. Tl1IIISient State CompressioD 

Consider the one-dimensional compression process associated 
with the accelerating motion of a piston in an ideal gas. The 
piston path is to be programed in such a way that all compres­
sion waves sent forward coalesce at a given distance L measured 
from the initial piston position. Hence the respective character­
istics intersect at a single point of the z, t plane (see Fig. 1). 
This type of problem· involving simple waves can be solved 
analytically, S and analytic solutions have indeed been obtained 
by various authors.6 •7 For further use, we shall present here the 
main features of such a solution. 

Assume a set of initial conditions: z = 0, " = "0' and C = Co 

at t = 0; where t. z. ". and c denote time, piston position, 
piston velocity (equal to local gas velocity), and sonic velocity, 
respectively. The slope of a characteristic (simple wave) 
originating at z. t and passing through the point L. T can be 
written as follows: 

(dz/dt)char = (L-z)/(T-t) = "p+c (1) 

where L/T = "0 + co. and " = "p = dz/dt is the local gas velocity 
equal to the piston velocity. Since the process is isentropic, " and 
c are related by the respective Riemann invariant (the specific 
heat ratio y is assumed to be 5/3 in this analysis) 

"-2c/(y-l) = const = "0-2co/(y-l) (2) 
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Eliminating c from Eq. (1) by means of Eq. (2) and introducing 
the dimensionless variables z* = z/L, t* = tiT the following 
first-order differential equation is obtained for the piston path: 

dz* 2 [1-Z* 1 ( y-l )] 
dt* - y+l I-t* - Mo+l 1- -2-Mo = 0 (3) 

whose solution satisfying the initial conditions is 

z*=I---·-(1-t*) -(I-c*)-'-I+-M 1 2 [Y+ 1 y-l ] 
Mo+l y-l 2 2 0 

(4) 

where Mo is the initial Mach number and r = (y-l)/(y+ 1). 
Note that z* = 1 at t* = I, i.e., the piston path also terminates 
at point L, T (the piston velocity is infinite there). The variation 
of the velocity, Mach number, pressure, flow work rate, etc. 
can readily be found from the previous expression and the 
isentropic flow relations 

p* = p/Po = (1-t*)-Ys, s = 2/(y+ 1) 

p* = p/Po = (1- t*)-S -+ oc> as c* -+ 1 
(5) 

B. Steady-State Analogy 

Consider now the two~imensional plane supersonic flow of 
an ideal gas over a concave surface. The wall shape is to be 
defined in such a manner that all compression waves originating 
at the wall intersect at a single point whose coordinates X, Y 
are given (see Fig. 2). The initial gas state (M 0' etc.) is known. 

Prescribing zero wall inclination e = 0 and parallel flow 
u = (u,O) at x = 0, the equation of characteristics intersecting 

y 
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Fig. 2 Steady-state compression of a ~Dic Bow. 
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at X. Y can be written at once 

(dy/dx)char = (Y - y)/(X - x) = tan (8+ 1') (6) 

where I' = arc sin (l/M) is the Mach wave angle and tan 8 = 
dy/dx represents the wall slope. Note that X/Y = (M02_1)1/2. 
Introducing the dimensionless variables 

y* = y/Y. x* = x/X = (Mo 2_1)-1/2X/Y 

the above expression yields the following first-order differential 
equation for the wall contour line: 

dy* (l- y*)(M2 _1)1/2 -(1- x*)(Mo 2_1)1/2 

dx* = (l-x*)(M2-1)1/2+(I-y*)(M02r l)-1/2 
(7) 

Note that in this representation y* = 1 at x* = 1 and, in 
accordance with the boundary conditions, dy* /dx* = 0 at x* = o. 
The variation of the Mach number as a function of the isentropic 
pressure change (pstg = const) is given by the expression 

{l + [(y-l)/2]M2} /{l + [(y-I)/2]Mo 2} = (p*)(1-y)/y (8) 

where subscript "0" denotes the value at x* = O. Equations (7) 
and (8) in combination with Eqs. (4) and (5) are sufficient for 
showing the analogy proposed. 

C. Calculatiolli and Results 

The two processes described are analogous both kinematically 
and dynamically if equal changes of the reduced coordinates 
z* = z*(t*) and y* = y*(x*) produce equal changes of the gas­
dynamic variables p*. p*. etc. in both coordinate systems; and 
vice versa. Hence the computation can be carried out in the 
following manner. 

For making the two models consistent, zero initial piston 
velocity (uo = M 0 = 0). i.e., zero initial slope of the z* = z*(t*) 
curve, is assumed for the transient compression case. Selecting 
now equal fractional increments for the respective independent 
variables (ax* = L\t*). one computes first the functions z*(t*) 
and p*(t*) for a given at* increment. For the pressure ratio 
thus found one determines, by means of Eq. (8), the Mach 
number change corresponding to this pressure change in the 
x*. y* plane. In other words, taking equal fractional changes 
of the independent variables x* and t*. i.e., x* = t*. the com­
bination of Eqs. (5) and (8) yields an expression for the Mach 
number as a function of the x* coordinate 

Knowing the Mach number change over the distance ax*. one 
determines ay* by integrating numerically Eq. (7), and so on. 
The steady-state freestream Mach number Mo = M(x* = 0) is a 
free parameter in these calculations. As can be seen from the 
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Fig. 3 Reduced piston path z*(t*) and wall contour y*(x*) for 
Mo =IO,y=5/3. 

integrated Prandtl-Me~er expressIOn (J- (Jo = f(M)- f(M 0)' 
where (Jo = 0 and 

f(M) = ~[(y+ 1)1/2 arcsin (2;-t-l)M2
2)+arcsin(1 - ~)J 

2y-l +y-l)M M 

(11) 

the larger M 0 the better is the correspondence between the 
unsteady and steady-state processes (with y = 5/3 a total turning 
angle of 11(J = n/2 corresponds to M 0 = 00 and M(x* = 1) = 1). 

Machine plots of z* (solid line), y* (broken line), and the 
respective characteristics computed for Mo = M(x* = 0) = 10 
are shown in Fig. 3. The rather good correspondence is evident. 

If the integrated Prandtl-Meyer expression is included in the 
system of steady-state equations considered, an algebraic solution 
can be constructed for y* = y*(x*) without integrating Eq. (7).+ 
Indeed, solving Eq. (6) for y* (or, equivalently, replacittg dy* /dx* 
in Eq. (7) by (M / - 1 )1/2 tan (J) the following expression is 
obtained for y* : 

y* = 1 +(M / - 1)1/2(1- x*) cot [(J- arctan (M2 _1)1/2] (12) 

where (J = (J(M) and M = M(x*) are given by Eqs. (11) and 
(10), respectively. Note that for a given finite M 0 value the Mach 
number values computed by Eq. (10) become iftaccurate as one 
approaches a limiting x* value: Xt'l'm = 1- [(y+ 1)/(2+ 
(y-l)M02)]. xlim,·of course, approaches unity as Mo --+ 00. 

The analogy thus shown is in fact quite natural: the displace­
ment of the piston in an unperturbed gas is replaced in the 

t This possibility was noted by the editor reviewing this Note. 
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steady state case by an equivalent displacement of the wall in 
the direction normal to the unperturbed motion. Hence some of 
the known features of supersonic flows over curved surfaces 
may be generalized and applied to the transient state case as 
well. It is known, for example, that a supersonic compression 
fl()w may be considered as a nearly isentropic one only in 
regions where the compression waves are spread over a 
sufficiently large distance and the associated gradients remain 
sufficiently small. As one approaches the point where the com­
pression waves (or weak oblique shock waves) intersect, the 
gradients become increasingly steeper and the very condition of 
isentropicity-vanishingly small gradients-is violated. The 
compression becomes increasingly nonisentropic in the direction 
of the intersection point and the flow is compressed with 
different efficiencies, depending upon the location of the respec­
tive streamtubes. For equalizing the pressures downstream from 
the compression zone, wave or shock reflection takes place at 
the point of intersection of the compression waves and a slip­
stream (shear layer) is generated at the point itself. 

A similar situation should also be expected in the transient 
compression case: as time goes on, the spatial extent or spread 
of the compression wave packet decreases, and the associated 
gradients rapidly increase in magnitude. As t* -+ 1 the flow 
conditions deviate more and more from the isentropic ones. 
From the moment collision of the compression waves, i.e., for 
t* > 1 an expansion wave must propagate backwards to the 
piston to adjust the pressure to the shocked value (this applies, 
of course, only if the piston does not follow the path pre­
scribed by Eq. (4) up to the z* = 1 end position). Hence in the 
usual gasdynamic approximation a compression by coalescing 
waves cannot be considered as an isentropic process. 

This does not mean, however, that high compression cannot 
be obtained by coalescing waves. The process can be made 
more efficient by approximating an isothermal compression,8 

i.e., by heat removal ("entropy removal") from the hot zone 
during the critical compression phase. Thus the attainable com­
pression ratios depend to a great extent upon the energy 
exchange processes prevailing in the final compression phase. 
Detailed numerical calculations performed for spherical and 
hollow DT targets2.8 indicate the possibility of reaching density 
ratios of the order of lij4 with laser pulses of the order of 
10 kjoule output and some nsec duration. 
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Laser-Driven Implosion of Spherical DT Targets to Thermonuclear Burn Conditions· 

J. S. Clarke, H. N. Fisher, and R. J. Mason 
University of California, Los Alamos Scientific Laboratory, Los Alamos, New Me%ico 87544 

Calculations predict that carefully timed laser pulses can implode small DT spheres 
and shells to extreme densities such that thermonuclear burn ensues. We characterize 
the implosion quality as a function of the pulse time scale, growth law, and initial inten­
sity. Phenomenological rules for mass scaling, input energy threshold, and yield ratio 
YR=Eou,IEln are presented. We find that YR=4.7 for only 1.9 kJ of CO2 laser input' energy 
to a 3-j.lg shell. The performance of shells is compared to spheres. 

Short-pulse CO. and Nd lasers which deliver up 
to 8 kJ should soon be available.' Anticipating 
this, we discuss the possibility of initiating ther­
monuclear fusion in small DT targets exposed to 
properly timed pulses from such lasers. 

Theoretical considerations.-At 8 keY the rate 
of thermonuclear energy production exceeds the 
bremsstrahlung rate in DT at equilibrium, pro­
vided the a-particle reaction products are re­
captured by the plasma.' This temperature rep­
resents 600 J / ,.g. Thus, conceivably, the pro­
posed lasers could suffice to ignite, say, a 0.75-
/Lg sphere of DT fuel. At solid density, n = 5 
x 10"" cm-s, the sphere has a radius R = 1.13xl(J" 
cm. The 8-keV ions have a mean thermal speed 
V,h = 5.6 X 107 cm/sec. So the sphere will disas­
semble by expansion on a time scale T .... R/V'h 
= 1. 7 X 10-.0 sec. Energy producing reactions oc­
cur with the characteristic time T. = l/n(av} = 2.9 
X 10-7 sec, In which the averaged cross-section 
term (av) increases monotonically with tempera­
ture for T < 65 keV.3 Thus, T./T.« 1 and any ther­
monuclear burn in the ambient solid is quenched 
long before completion. Also, the a-particle' 
mean free path,4 "a = 0.0327"'" (kev) = 1 cm, far 
exceeds the pellet dimensions. Under compres­
Sion, however, these conditions can be markedly 
improved since T./T. -"a/R -,,-'lis. With an ex­
treme 104-fold increase in density, for example, 
"aiR =0.7 and T./T. =0.27. a particles from the 
center of the sphere redeposit their energy, and 
roughly 27% of the DT fuel is consumed. Com­
plete burn yields 326 kJ / /lg, so - 60 kJ should be 
produced in the sphere. 

The utility of high compression is not a new 
concept. Early work on fission weapons at Los 
Alamos in 1943 by S. Neddermeyer' explored the 
possibility of improving the neutron economy and 
enhancing the rate of fission energy release by 
compressing a solid ball of fissile material to 
high density using a spherical implosion driven 
by detonating high explosives. This technique 
did indeed achieve high compressions and as a 
consequence the technique has been studied and 
used.a great deal since. It is for this reason 
that the concept of using the laser energy to com­
press a DT pellet to improve the retention of Q­

particle energy and to increase the rate of ther­
monuclear energy release occurred naturally to 
workers at Los Alamos and Livermore. The 
maturing of this idea over the past ten years cou­
pled with the development in laser technology 
and the experimental and theoretical investigation 
of the interaction of laser energy with matter has 
led to the serious consideration of this concept 
as an approa~h parallel to that of magnetic con­
finement for the production of electrical energy 
for utility use by the fusion process. The first 
discussion of these ideas in the journal literature 
appears in an article by Nuckolls et al.· This 
Letter presents Los Alamos work on the laser­
driven ablative implosion of DT spheres and 
shells. 

Figure 1. demonstrates this process for a shell. 
The laser heats electrons on the outside of the 
shell by inverse bremsstrahlung and anomalous 
mechanisms. 7 - 1O This heating travels inward as 
a thermal wave in competition with an outward-

Reprinted from: Physical Review Letters, 30,89-92 (1973). 
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LASER-DRIVEN IMPLOSION OF SPHERICAL DT TARGETS 379 

moving expansion of ablating ions. II The ions are 
thermalized by electron-ion collisions. The inner 
-10% of the shell (its core) is compressed and 
'accelerated I. by the gradient of electron and ion 
pressures, and by the reactive force to the ablat­
ing ions. 

Optimized timing of the laser pulse can signi­
ficantly improve the quality of implosions. Com­
pression is easiest when the DT core remains 
cool. In spheres some heating will derive from 
a first shock generated at the low initial laser 
intensity. Thereafter, the laser exposure pro­
file can be tailored to keep the subsequent com­
pression of the target core adiabatic to a max­
imal degree. This is accomplished when the ris­
ing laser intensity continuously generates weak, 
overtaking shocks which first coalesce to a strong 
shock just before the center. Then, only, as this 
shock collapses at the center are the high tem­
peratures produced which are required for igni­
tion. 

In the adiabatic compression of a sphere or 
shell, the core temperature obeys T-n Y- 1 -R-Tf+3, 
where y is the effective ratio of speCific heats. 
The shock overtaking process keeps the mean 
speed of the compressed portion of the core fol­
lowing v - TJh. - R(-3y+3)1I.. Since v'" - dRldt with 
R -0 at time T, we can therefore solve for the 
velocity dependence, obtaining v - (1 - tiT) -., 
q = (3y - 3) I( 3y - 1). Finally, because work is 
done on the core at a total rate IV = 41TH'Pt' with 
P -nv', and since we expect this to be propor­
tional to the energy input rate from the laser 
E(t), we conclude that an optimized laser expo­
sure profile is 

E(t) = {~(1- tIT)-', 
0, E >Ein , 

(1) 

where p=(9y-7)/(3y-l) (= 2 for y=-!), Eo is 
some appropriate initial input power, and Eln is 
the chosen total laser input energy. 

Numerical results. --We have made extensive 
studies of the implosion of DT spheres and shells 
by computer simulation. The calculations have 
been performed with a one-dimensional, Lagran­
gian hydrodynamic, three-temperature (electron, 
ion, and Planckian radiation) code, that includes 
energy exchange among the fields (Coulomb, 
bremsstrahlung), radiation diffusion, claSSical 
ion and electron conductivity, and time-dependent 
nonlocal a-particle energy deposition, with Fer­
mi degeneracy effects included in the equations of 
state. For the results presented, CO. laser light 
was absorbed by inverse bremsstrahlung up to 
the critical density ncrlt, with the remainder de­
posited at ncri' by assumed anomalous mecha­
nisms. 

Figure 1 describes the implosion of a 7. 5- ~g 
DT shell of initial inner radius R = 5.4 x 10 -2 cm 
and thickness AR = R156. The laser input energy 
is 5.3 kJ. The pulse parameters are 7=30 nsec, 
I' = 1.875, and Eo = 5.7 X 10· W. The peak power is 
3.85xl013 W. With the assumed energy dump-all 
and classical conductivity, this raises the elec­
tron temperature at the critical density to a 10-
keY maximum. A highly optimized compression 
results bringing the inner 0.75- jJ.g core of the 
shell to 10' times solid density with a central 
peak density at 6xl03 g/cm3• The mean ion tem­
perature in the core under full compression is 
8 keY, although a 30-keV temperature is record­
ed at the pellet's center just after the shock col­
lapse. The burn yields 58 kJ, in accordance with 
our theoretical considerations. Thereafter, a 
blast wave Is seen to develop in the density coin­
cident with a region of elevated ion temperature. 
The higher conductivity of the electrons rapidly 
flattens their temperature profile. 

In Fig. 2 we have collected the data from nu­
merous runs. We have found the quality of implo­
sion to be relatively insensitive to the choice of 
I' and T in (1) over the ranges 1.5 <I' < 2.5 and 
0.570<7<370, where 70 is the transit to the cen­
ter of spheres of the first shock launched with 
E(t) =Eo. The yield ratio, YR=Eou,lEin, is, how­
ever, quite sensitive to Eo, as apparent from 
Fig. 2(a), which gives results for shells of dif­
fering mass. Clearly, a proper choice for Eo 
is more essential at smaller masses. For a giv­
en mass m a threshold energy Ein* is required 
for good returns; more input energy than this is 
wasted. In general, Ein*lm=0.7 kJ/~ seems to 
apply. Figure 2(b) shows this result for a 60- ~g 
sphere. The optimal initial intensity Eo* has been 
found to obey the strict mass dependences (over 
3 orders of magnitude) Eo*-"r'o for spheres, 
and Eo* - wt· 3. for the shells, as derived from 
Fig. 2(c). For a fixed mass, inner radius, and 
choice of 1', the time dependence Eo* - 7-1 is 
obeyed. From this, integrating (1), we can con­
clude that with fixed Ein * the. optimal pulse closes 
at a fixed power level, E*(t = tin), independent of 
the time scale. 

Figure 2(d) shows the mean temperature versus 
mass-density behavior of the 6-~g core of a 60-
~g spherical pellet under (1), employing 7 = 20 
nsec, I' = 2, and Eo* = 1.3 X 1010 W. The DT is first 
shock heated to 10-' keY. then rides up the y =t 
adiabat to 2 keY, where the final shock collapse 
and burn raises 1j to 95 keY, prior to the expan­
sive disassembly of the core. Clearly, the ex­
pansion pursues a similar adiabat down to p = 0.1 
g/cm3 • 

Optimal yield ratios (from pulses using Eo*) 
are given versus Ein• in Fig. 2(e). Here the cal-
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culations for spheres employed local a deposi­
tion, which artificially improves their perfor­
mance at small m. For the shells with nonlocal, 
time-dependent deposition, the rules YR" - (EI n ")"", 

Eln" >8 kJ, and lJ," -(Eln )"", Eln '" 8 kJ, are ob­
served. We calculate lA" = 4.7 for only 1.9 kJ de­
livered to a 3- j.lg shell. Thus, breakeven with 
only 350 J of input energy is implied. With non­
local deposition and parameters other than R and 
Eo" held constant, our studies show degraded 
performance for shells relative to spheres under 
the exposure profile (1), as documented by Fig. 
2(f). 

Thus, within the constraints of the physical 
model described, our calculations imply the 
feasibility of controlled thermonuclear burn by 
inertial confinement. Scaling laws for a broad 
range of potential target designs have been pre­
sented. Still numerous questions remain, as to 
the three-dimensional stability of these designs, 
the details of anomalous light absorption,13 hy­
perthermal electron production and deposition, I. 
and the effects of spontaneously generated mag­
netic fields.1S 

We acknowledge valuable assistance from Dr. 
R. S. Cooper, Dr. R. L. Morse, and Dr. R. Pol­
lock and helpful discussions with Dr. F. Evans, 
Dr. H. H. Rogers, and Dr. R. N. Thorn at Los 
Alamos. 
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Nuclear Fusion Reactions in Solid-Deuterium Laser-Produced Plasma 

F. Floux, D. Cognard, L-G. Denoeud, G. Piar, D. Parisot, 
J. L. Bobin, F. Delobeau, and C. Fauquignon 

Commissariat a L'Energie Atomique, Centre V'Etude de Limeil, 94 Limeil-Brevannes, France 

When focusing a 4-GW t fast-rise-time, nsee-range laser onto a solid deuterium target, 
neutron production is observed. We give evidence for nuclear fusion reactions, measure the 
electronic temperature, and estimate the number of neutrons for each laser shot. 

Nanosecond laser pulse heating of solid-state 
deuterium targets has been carried on in our lab­
oratory for three years. Evidence for electron 
temperatures of up to 500 eV was reported ear­
lier. 1-' 

In order to deal with experimental results, a 
tractable theoretical model was devised. 4 It pre­
dicts a plasma temperature proportional to the two­
thirds power of the incoming light flux, which is in 
fair agreement with electron-temperature measure­
ments. Since 500 eV were found with only I GW, 
it was expected that a higher power would lead to 
plasmas in which a significant amount of nuclear 
DD reactions would occur. 

Our approach to the problem of kilovolt plasmas 
produced by laser irradiation of a solid target is 
then quite different from that of Basov's and his co­
workers, who focus powerful picosecond pulses on­
to DLi targets.' Another important feature of the 
interaction process is the coupling between the 
plasma dynamics and the laser pulse itself: The 
beam is focused inside the ice (0. 7 cm in depth, 
say), and, indeed, one has to manage in order that 
the deflagration front reaches the focal volume 

, ,'" 
• 

~-.~ 

- t( 10 n •• c/dlv)-

FIG. 1. Typical oscillogram of output laser pulse re­
corded on a Tektronix 519 oscilloscope. Signal Is given 
by an ITT fast-rise-time photodiode. 

Reprinted from: Physical Review, AI, 821-824 (1970). 
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when the laser pulse is at its peak value.' The in­
crease of the maximum power should be completed 
by a suitable tailoring of the pulse shape. 

In the previous experiment,' the Nd glass laser's 
maximum output power was 1 GW, and the main 
limitation to the increase of temperature was the 
too-long rise time of the pulse. Then the follow­
ing trick was used. A Pockels's cell, made of a 
potassium dihydrogen phosphate crystal inserted 
between two Glan prisms, was located after the 
first amplifier rod. Triggering is provided by 
part of the 30-nsec pulse deviated towards an 8-atm 
argon-filled spark gap. By applying to the cell a 
voltage pulse of 12-kV amplitude and a rise time 
of 2 nsec, tl.e laser pulse half-width is reduced to 
15 nsec, and its energy is about 2 J. It is then am­
plified by four rods up to 80 J; diameter of the end 
rod is 45 mm. Figure l~shows a typical pUlse. 
The rise tim~ is less than 5 nsec. An average out­
put energy of 40 J was used, and the peak power 
varied from 3-5 GW, depending on each shot. The 
beam is focused by a 50-mm foeallength fl1 aspher­
ical lens.· The target is a solid deuterium stick, 
1 mm square in cross section. Optimum focusing 
conditions range from 100-300 j.Lm inside the ice. 
Light is partly reflected from the target, is ampli­
fied backwardsthrOuglt the cascade, and is eventual­
ly shuttered by the Glan prism, thus preventing the 
first stages of the laser from being broken down. 
The system is now operating well, and can sustain 
about 3 or 4 J of reflected energy, measured at the 
Glan-prism level, without any damage. 

Electron-temperature recording and neutron de­
tection are used as diagnostics. The "plasma ther­
mometer" uses nickel and beryllium foils. The 
setup and results were extensively described in 
Ref. 2 and Ref. 3. Neutron detection is secured by 
two large,plastic phosphors connected through 
light pipes with XP 1040 Radlotechnique photomul­
tipliers. Each phosphor is 450 mm in dtam. From 
calibration measurements made by means of a DD 



384 

pulaed neutron source, the efficiellCY of detection 
was fOUDd to be one pulse for about 40 neutrons 
emitted in a solid aagle of 4. sr by a ~e lo­
cated 50 cm from the center of the IiIospbor exter­
nal bouDdary. 'lbe quantum efficiency of the IiIos­
IiIor is about 50%. Tbe detectors are completely 
shielded by lead sheets 5 mm thick. Tbey are lo­
cated 50 cm from the plasma in olJP)8ite directions. 
ODe of tbem.can be moved from 50 to 150 cm in 
order to make time-of-flight measurements. X rays 
and neutron signals are recorded by Tektronics 585 

(0) 

( b) 

( c) 

( d) 

FIG. 2. Typical _llacnma of neutron alpalB. De­
tecto ... are located. re.pectively. at (a) 50 em aDd (h) 

150 em from the target. Tbe recording la mme with 
200 m V I div and 40 naool dlv. Cues (e) and (<I) eorrespoDd 
to a lea. efficient wer shot, with the two detector. 
located at 150 em from the tarpt. 
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cathode-ray oscilloscopes. A time recorder, 
wbose steps are registered with each track to be 
analyzed, provides a standard time scale. Then, 
by taId.ng.1nto account the IiIotomultiIiier time de­
lay - which turned out to be close to 36 nsec - a 
chroDolocY of laser pulse, x rays, and neutron sig­
nals can be made with an accuracy better than 10 
nsec. More than 150 shots have been performed. 
Energy varies from shot to shot in the range 30-50 
J, and the peak power ranges from 3 to 5 OW. 
SillCe the focal-spot diameter inside the ice is about 
100 ,un. the maximum Dux density is a few times 
loa W/cm." Shots are carried on in series of 15 
and, within each series, signals were recorded 
from neutron detectors 10 times over. After im­
proving the focusing accuracy, 90% of the shots 
yielded signals from neutron detectors. 

To determine the origin of these signals, tests 
were made under the following conditions. 
(a) The lead shield also protects the detector 
against the laser flash lamp light. When several 
shots were made without target, no signals were 
detected. Thus, our neutron detectors are not sen­
sitive to spurious electromagnetic noise. (b) To 
determine if these signals could be caused by hard 
x rays (> 120-keV energy), the lead shield was tak­
en off one of the detectors. The signals recorded 
on the two detectors were of the same amplitude. 
(c) Our experimental setup allows us to use, alter­
natively, deuterium and hydrogen targets; this is 
quickly effected by merely changing the gas enter­
ing the cryogenic device. Thus, other experimen­
~ conditions remain identical. When shining on 
hydrogen targets, the electron temperature was 
recorded and was found to be the same as those re­
corded in deuterium plasmas, within the experi­
mental uncertainties. 

In all tests, signals from neutron detectors were 
recorded with deuterium targets: No signaloc­
curred when replacing deuterium by hydrogen; and 
signals were recorded again when returning to the 
deuterium ice. Thus, we got evidence for believing 
that the recorded signals coming from the plasma 
were due to the presellCe of deuterium atoms inside 
the target. Further information is derived from 
signal chronology. It was checked that within a 
10-nsec accuracy: (a) Soft x rays are contempo­
rary to the laser peak power; (b) shots were made, 
locating one of the pboslilorsat50cmandtheother 
one at 150 cm from the plasma. Typical signals 
are displayed in FJp. 2(&) and 2(b). 

Taking Into account the first spikes, these are 
fOUDd to be about 45 nsec apart, which is consis­
tent with the time of flight of 2. 45-MeV neutrons 
produced by DD reaction (46 nsec). Further spikes 
occur randomly UP to 120 to 150 nsec after the first: 
Tbeyare dne to scattering, as will be shown later. 
Figures 2(c) and 2(d) correspoDd to a less efficient 
laser shot; with both detectors 150 cm apart from 
the target, no further spikes occurred. With re­
spect to the laser peak power, the first neutron 
spikes occur 20 or 25 nsec later, when detectors 
are located at 50 cm from the target. When this 
distance is varied to 75, 100, and 150 cm, the 
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signals appear 35, 50, 8.IId 70 usee after the laser 
peak value. For these measurements, the mea­
sured photomultiplier time delay of 36 usec has 
been taken into ·account. Now if one subtracts the 
time of night of DD neutrous from the experimen­
tally recorded chronology, and compares it with the 
laser pulse time history, it is found that most of 
the detected signals are cousistent with neutrons 
emitted when the laser power is maximum, as 
shown in Fig. 3. The number of neutrous for each 
shot is estimated on the oscillogram by studying 
the maximum amplitude of signals and by counting 
the different pile-up spikes. For one laser shot, 
the number of neutrons varies from 100-500 emit­
ted in the total solid angle. This number strongly 
depends on the laser power and the focusing con­
ditions. The tail observed for later times is con­
sistent with neutron paths larger than direct tra­
jectories by about 1 m, which is most likely due to 
scattering on nearby items, such as the helium 
bath, gas pipes and tanks, and iron structures. 1n 
another test, the most sensitive detector was en­
tirely shielded by a 3-mm-thick cadmium foil and 
by 25 cm of paraffin. 1n this case, no signal oc­
curred, whereas, for the same shot, a signal was 
recorded from the bare detector. Taking off the 
shield, signals occurred again on the two detectors. 
Finally a BF. detector, using three counters in­
serted into paraffin with an over-all effiCiency of 
one pulse for 100 neutrons emitted at 15 cm in 
41T sr, was set up and one to five pulses were re­
corded for each laser shot. Connected with these 
measurements, electron temperatures were de­
rived from x-ray signals. Since we concentrated 
on neutron detection, the results are not at this 
time very accurate. However, average electron 
temperatures range between 500-700 eV. For 
these values, provided ions are at the same temper­
ature as electrous, rough calculatious show that 
some DD fusion reactious are likely to occur. 

We seem to have gotten definite evidence for a 
neutron yield from a Iaser-produced deuterium 
plasma. These neutrons are most likely due to DD 
fUSion reactions. This result, which was obtained 
by carefully tailoring the pulse shaPe of an other­
wise-classical, nanosecond giant pulse laser, .ap­
pears promising for the quest of very-high-temper­
ature plasmas. 1n this respect, nanosecond lasers 
are expected to be very convenient and effiCient 
tools, since neutrons were obtained with a peak 
power of only 4 GW. 

The authors are greatly indebted to J. L. Bocher 
and D. Meynial who, over a period of two years, 
contributed substantially to the success of this ex­
periment. We are deeply grateful to P. Langer, 
E. Laviron, and C. Delmare for laser and elec­
tronic support. We thank., especially, J. de Metz 
for the very fine focusing lens he devised for us; 
C. Faure, A. Perez, and P. Meunier, who 
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FIG. 3. Histogram of up-to-date results. Neutron 
spikes are numbered with amplitude and time for each 
laser shot. The total number of so-recorded events is 
plotted in a time scale given by laser pulse. Chronology 
takes account of times of flight corresponding to distances 
between plasma and phosphors. 

achieved counter calibration and neutron detec­
tion; and H. GuUlet, C. Meunier, D. LeGoff, 
and J. Osmalin, of the C. G. E. Co., who de­
vised the laser-sharpening system and partic­
ipated in the experiment. Finally, P. Nelson 
and P. Veyrie are thanked for their crucial 
contribution to the beginning of this experi­
ment. 
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ABSTRACT 

In this survey the experimental results of the investigation 
of the laser produced plasmas in a wide interval of energy and 
light pulse duration are reported. The processes taking place at 
a dense plasma heated by laser radiation for the obtaining of a 
thermonuclear yield have been analyzed. The directional motion 
for heating in the various schemes using cumulative effects is 
discussed. 

The experimental results of plasma heating investigation are 
described. The laser description and the methods of investigation 
of plasma parameters are given. The results of measurements of 
neutron emis sion from deuterized polyethylene plasma are con­
sidered. 

Spectroscopic and interferometric studies of gas-dynamical 
parameters in the process of heating are reported. The interfer­
metric method of measurement of plasma pres sure and momentum 
carried away by the heated plasma during laser pulse has been 
carried out. It has been observed that for a conventional laser the 
maximum of the pressure coincides with the beginning of a pulse. 

*Presented at the Second Workshop on "Laser Interaction and Re­
lated Plasma Phenomena" at Rensselaer Polytechnic Institute, 
Hartford Graduate Center, August 30-September 3, 1971. 
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The application of Inulti-beaIn lasers for the target heating is 
discussed. The laser having a rectangular shape of light pulse 
with energy of 103 J within 2-16 nsec has been Inade. The effi­
ciency of the beaIn energy absorption by the spherical target and 
the influence of laser beaIn paraIneters on this efficiency are de­
terInined. 

1. INTRODUCTION 

At present the idea of laser application for plasIna heating 
seeInS to be prospective and is universally accepted. In Reference 
1 it has been noted that in order to obtain a useful yield of a d-t 
therInonuclear reaction an aInount of ...... 105 - 106 J of laser energy 
is required, and it seeInS to be quite a reasonable value. The 
saIne energy values are also presented in References 2 and 23. 
The saIne value was Inentioned at the International Conference on 
Laser PlasIna held in Moscow, NoveInber 1970. The obtaining of 
therInonuclear fusion by Ineans of lasers can be realized nowadays 
only with the help of aNd-glass Q-switched laser. One should re­
IneInber that the efficiency of such lasers equals to about 1 per 
cent. Such a low efficiency will require a developInent of a new 
type of laser to be used in a real therInonuc1ear arrangeInent. 

Now the investigators face two probleIns. On the one hand 
the enhanceInent of laser energy, and on the other hand the in­
crease of neutron yield due to the iInproveInent of the target and 
the elucidation of the phenoInena taking place at laser interaction 
plasIna. The up-to-date experiInental studies of plasIna heating 
are perforIned with the energy of several tens of Joules, see 
References 3-7, 22, and 27. rf0Ine works repor~ed the neutron 
eInission frOIn the LiD target, solid deuteriuIn , and deuterized 
polyethylene 7 , the InaxiInuIn nUInber of neutrons equals to 104 -
105 neutrons per pulse. Thus, laser energy increase frOIn 102 J 
to 106 J is required to enhance the neutron yield up to 1016 _ 1017 
neutrons per pulse in order to achieve a therInonuclear reaction. 
Speaking of the laser energy, we Inean the radiative energy at the 
optiInal duration (for various targets it is within 10-10 - 10-9 sec). 

The usage 9f com.plex targets with Inixtures having the atoInic 
weight A"",250 can be proInising when lasers of supershort dura­
tion are eInployed8 • 

The present paper deals with the phenoInena that take place 
in the heated plasIna during a lase;r pulse. The usage of a 
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multi beam laser resulted in the measurement of the heating effi­
ciency of the spherically irradiated target at a level of 103 J 
energy. 

2. TARGET AND I..!ASER RADIATION PARAMETERS 

In the case of the pulsed plasma heating the condition for a 
thermonuclear fusion is 

(1) 

where n is plasma density, r is the character.istic radius of a 
target for spherical irradiation~ and vs· is thermal velocity. 
Hence, for NT !.10l4, r = 10- cm, Vs = 108 cm/sec the re­
quired density of the heated substance should be more than 1024 

cm- 3 One of the ways to achieve such densities is to use spheri­
cal hydrodynamic plasma implosion24 or a statical compression 
of substance. The experiments on collisions of two laser flares 
showed that in the plane of the flare convergence an increase of 
plasma density and temperature is observed9, 10, 2S. With the 
spherical geometry it seems to be reasonable to expect the den­
sity of two or three orders of magnitude. Such a substance com­
pression is eXferimentally observed in the devices such as a 
plasma focus 1 • However, the use of targets with a high density 
requires the preliminary studies of the heating efficiency of plas­
ma, the density of which is higher than the critical one. 

The laser radiation parameters (divergence, duration, energy) 
are determined on the one hand by the target dimensions, and on 
the other, by the optical quality of laser elements and focusing 
system. The beam divergence (l should be determined by an in­
equality 

r 
Cl ~ f 

2 2 < -4 ) (at r~ 10- cm and focus f~ 10 cm, Cl _ 10 rad. The use of 
ob~ectives with f ~ 10 cm is possible only at the energy of about 
10 J. 

3. THE MEASUREMENT OF PLASMA PRESSURE 

To understand the processes of plasma heating one should 
know the value of plasma pressure and its variation in the process 
of heating. In this section the value of pressure depending on 
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time is determined using the data of high-speed interferometric 
measurements4 . 

The experimental arrangement (Fig. 1) consisted of an Nd­
glass laser used for plasma heating and a ruby laser that served 
as a pulse source for the illumination of an interferometer. 

2 

Fig. 1. Scheme of the arrangement for a time scanning 
of a flare interferogram using an image converter camera 
in streak mode. 1 - Nd-glass laser; 2 - ruby laser; 3 -
controlling device; 4 - focusing objective; 5 - target; 6 -
splitters; 7 - mirrors; 8 - full reflective prism; 9 - objec­
tive that is projecting the image of the interferogram on 
the slit 10; 11 - objective that is projecting the image of 
the slit on the photocathode of the electro-optical tube; 
12 - image converter camera; 13 - photocamera. 

The carbon target was placed in vacuum at pressure not higher 
than 10-5 mmHg. Nd-glass laser energy was equal to 8 J at pulse 
duration of 80 nsec;: at the level of O. 1 amplitude. Pulse oscillo­
gram is shown in Fig. 2. The maximum beam divergence :~at 
corresponded to the maximum intensity was equal to 2 x 10 rad. 
During the rise time the divergence was increasing linearly with 
the intensity. and the focal spot radius varied from O. 05 tnm to 
0.2 rom (the radius of the beam at focal area due to abbe ration was 
equal to 0.05 rom). 
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Fig. 2. Time scanning of the carbon interferogram which 
is correlated with the laser pulse (bottom curve). The 
slit of the camera coincides with the Nd-g1ass laser beam 
axis and is perpendicular to the target surface. Inter­
ference fringes in the zero position are parallel to the 
target. r - distance from the target, r = 0 - corresponds 
to the target surface. Dotted region is an opaque area. 
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The split image of the interferogram was scanned in time with 
an image converter camera in streak mode. 

A typical streak interferogram is shown in Fig. 2. It is seen 
that an opaque zone is broadening with time, and it reaches a maxi­
mum value of 0.25 mIn in 76 nsec after the beginning of the heat­
ing pulse. The electron density in the zone edge was equal to 
5 x 1019cm-3 The profiles of the electron density for various 
time intervals have been determined by using the interferogram 
(Fig. 3). Interferograms have been unfolded by the parabolic 
method assuming an axis symmetry 21 
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Fig. 3. Distribution of the electron density in the direc­
tion of the laser beam axis in various time intervals. Fig­
ures above the curves indicate the time from the beginning 
of a laser pulse in ns: I - 10; II - 16; III - 23; IV - 36; 
V - 56; VI - 76. 

The full mass of plasma heated to a given moment was deter­
mined by integrating the density curves. Here the missing parts 
of curves were approximated by an expression: 

(2) 

-1 where ~ = (r + O. Ol)R , r - distance from the focal point, 
R = vut - radius of the plasma edge, Vu - asymptotic velocity of 
plasma particles. Plasma expansion is assumed to be spheri­
cally symmetrical. The best approximation of all the curves is 
achieved at index a ~ 16. The gradient of plasma density in the 
heated region is seen to be the largest and is reducing with time 

t - 3 ,,-oJ • 

The data of the density profile and of the velocity of various 
regions of plasma make it possible to calculate the momentum 
that is carried away by the plasma. Since the plasma acceleration 



HEATING OF LASER PLASMAS FOR THERMONUCLEAR FUSION 393 

occurs near the target the momentum value determines the plasma 
pressure on the target. Here we assume that plasma expands 
spherically symmetrically. During the laser pulse the plasma edge 
expands far away in comparison with the focal spot diameter. For 
the plasma momentum projection normal to the target surface we 
have 

F(t) = J p(r,t)vn(r,t)dV (3) 

where p (r, t) = nemiz-l, mi - ion mass, z - effective charge, 
vn (r, t) - projection of the velocity to the normal, r - distance 
from the centre of the focal spot. Integration is over the whole of 
volume. 

Hence the pressure in the hot part of a flare will be 

p(~) 
') -1 

( 1Trb'[) dF 
o d~ 

(4) 

where ro - radius of the focal spot, '[ _ time of heating, ~ = tT -1 
- dimensionless time. 

The profile of the velocit y v( r) us ed in the calculations is 
presented in Fig. 4. The choice of such a profile is conditioned by 
the experimental data on the measurement of plasma velocity ac­
cording to the Doppler shift12 , as well as on the results of time 
scanning of ion ei§Pansions of various changes in the light of cor­
responding lines • Here Vo - sound velocity, rl - 0.06 ern. Tak­
ing into account that vo..v q 1/4(q - radiation flux density), r = 
r o .(x1 + X 2 !;), rot - maximum value of the focal spot atOthe 
moment of time; '[, Xl and x2 equal 0.25 and 0.75, respectively. 

For the case of an Nd-glass laser with the radiation pulse 
shown in Fig. 2 , and 8 J energy to the end of a pulse ('[ = 76 
nsec), the temperature has been measured. 

In our case we have temperature of T ~ 50 eV and an effec­
tive ion charge z I;d 5. Here Al = O. S x T07 ern/sec, v 

7 2 um~ 
= 2.5 x 10 ern/sec, ro = 2 x 10- ern. Laser beam divergence 
increases linearly with time during the largest part of the pulse 
front. Angular and space characteristics of the light beam were 
investigated by a slit-optical converter camera. To calculate the 
pressure the growing part of the pulse was approximated by a 
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linear function. Noting the mentioned conditions the pressure is 
calculated by Formula (4). A force, acting on the target can be 
derived from the momentum 

~------------------. Vm 

o rl R r 
Fig. 4. Profile of the substance velocity in plasmas 
along the laser beam axis. 

linear function. Noting the mentioned conditions the pressure is 
calculated by Formula (4). A force, acting on the target can be 
derived from the momentum 

f (I;) = .! .iliQ 
T dl; 

(5) 

Figure 5 illustrates the curves of the dependence in time of 
the force, momentum and plasma pressure on the target. The 
maximum pressure is seen to act at the beginning of a pulse due 
to the fact that the divergence is small at small intensity and the 
focal spot diameter is determined in this experiment only by the 
lens parameters. At later times (as is seen from Fig. 3) the den­
sity profile is rising. The plasma region where the absorption oc­
curs, is shifting from the target and is growing. The mass of gas 
heated by laser is also increasing. The decrease of pressure in­
dicates an attenuation of laser radiation. The temperature in the 
hot region falls and the larger part of the radiative energy is trans­
formed into the kinetic energy of the expanding substance. 

Thus, changing the time dependence of the radiation diver­
gence one can shift the maximum pressure and use the laser ener­
gy optimally for the plasma heating in real conditions. The pres­
ence of the peak of pressure and hence, theomaximum temperature 
at the beginning of the laser pulse can explain the experiments of 
Reference 14, the authors of which have observed the intensive 
peak of x-ray emission from the flare in the very beginning of a 
laser pulse with the radiative power much less than the maximum 
one. 
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Fig. 5. Tim.e variations of plasm.a pressure p in the "hot" 
region and m.om.entum. F carried away by plasm.a during the 
growing part of the laser pulse, the intensity of which is 
approxim.ated by the linear function (line I). f is force, ap­
plied to the target, S is a focal square. 

4. NEUTRON GENERA TION 

The im.provem.ent of an Nd-glass laser has m.ade it possible 
to record neutron em.ission from. the deuterized polyethylene tar­
get 7 • The presence of heavy ions in the deuterium. plasm.a rhould 
lead to the increase of tem.perature and decrease of density 5 (in 
com.parison to pure deuterium.) 
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T Tn 2/3 < __ 2 __ 2/3<~)2/9 
Z Z+1) 2 

(6) 

N 

where Z, A - average charge and ion mass, respectively, TDND 
- temperature and pressure in the case of pure deuterium. 

In the experiment we used a laser with five amplifiers. The 
laser beam was focused by a lens f = 100 rnrn onto the massive 
target prepared from the powder-like polyethylene. At the beam 
divzrgence of 1. 2 x 10-4 rad the heated area was equal to 10-4 

cm. Maximum laser energy was of 80 J and the duration did not 
exceed 3.5 nsec at the 1% level. 

Neutron emission was recorded by a photomultiplier with a 
plastic scintillator. The photomultiplier recorded the light flash 
of recoil photons. 

Figure 6 illustrates the pulses from the neutron detector at 
distances from the scintillator to the target of 10 cm and 60 cm. 
Laser pulse from the coaxial photodiode recorded at the same 
trace served as a time mark. The minimum number of neutrons 
is easily determined because at the distance of 60 cm the neutrons 
are always recorded in each exp~riment (at energy not less than 
14 J). It makes not less than 10 neutrons for the total number. 

5. SPEC TRAL MEASUREMENTS 

To measure electron temperature T of the dense laser pla-s-e 
rna there have been used the relative intensities of the spectral 
lines in the vacuum ultraviolet spectrum region, in the ran~~ 100 
- 200X. They correspond to the transitions 2s2pn - 2s2pn of 
ions of the elements with char1.i of Z = 20-30, that are stripped at 
temperatures of 100 - 1000 eV • 

Stark line broadening of the hydrogen-like ion CVI has been 
used to measure the electron density. The choice of the ion CVI 
of a rather high ionization potential (498 eV) permits the 
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Fig. 6. Oscillograms of the pulses from the neutron de­
tector distanced 10 cm and 60 cm frem the target. A light 
pulse from the coaxial photodiode is recorded at the begin­
ning of the traces. 
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evaluation of the density distribution in the hot flare region during 
the action of the laser pulse19 by the integrated spectrograms. 

The measurement of the profile of plasma velocity was per­
formed by the analysis of data on time scanning of CVI ion lines 
in the visual spectrum region13 and on the Doppler shift of absorp­
tion lines17 of the resonance doublet of CIV ion (Fig. 7). The hot 
dense flare nucleus radiates in a continuous spectrum through an 
expanding cloud of the rarefied cold plasma. It leads to the appear­
ance of the absorption lines similar to the "Fraunhofer lines" in 
the solar spectrum. The shift of absorption lines relative to the 
emission lines to the blue side of A"'" u\. permits the evaluation 
of the velocity of the directed motion of the "cold" envelope. Spec­
trogram of Fig. 7 shows that the multi-charged laser plasma that 
is leaving a dense "hot" region, accelerates due to the thermal 
electron energy up to the velocity .-v 3 x 107 cm/sec. 

6. MULTIBEAM LASER 26 

With the help of a powerful laser arrangement there has been 
measured the efficiency of radiation absorption in the target with 
spherical irradiation. The arrangement consisted of a successive­
parallel system of amplifiers and it provided the obtaining of 
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Fig. 7 •. SpecY-0grams of the lines A = 1550.77 X, 
A = 1548.20 A, r - distance from the target. Absorp­

tion lines of the cold envelope are shifted on a I:J.A = 1.2 Jl 
relatively to the emission line. 

about 103 J energy at the controllable pulse duration from 2 to 16 
nsec. Nine beams were formed at the output. Divergence of 
each beam did not exceed 2 x 10-4 rad. The background energy 
did not exceed 0.1 percent of the useful energy. The energetic 
characteristics of the laser arrangement are listed in Table I. 
E - total output energy in Joules (with an accuracy of about 10%), 
B - radiative brightness, q - flux density on the target, h -
efficiency relating to the electric energy of the condensor. From 
Table lone can see that with the pulse reduction from 16 to 2 
nsec the energy falls about a factor of two. Accordingly, the 
space distribution:- of intensity and coherent properties of the 
beams do not vary, in fact. 

A preamplified laser beam was directed to the powerful ampli­
fying cascade (Fig. 8) where the light beam obtains the whole ener­
gy despite a rather small amplification coefficient (-10). Am­
plification proceeds into two stages. In the first stage a beam is 
split into three parts, each of which is amplified by a rod after 
the corresponding isolating shutter. In the second stage each beam 
is again divided into three, and each is again amplified. As the 
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l, nsee E, J 
BolQ-16 , 
W/em2 osr 

q, W/cm2 ,/, % 

2 600 4,3 I.5 0.I5 

4 800 2.9 I 0.2 

8 1000 I.8 0.6 0.24 

16 I,300 I.2 0.4 0.,3 

TABLE I 

active elements Nd-rods are us ed, 4. 5 cm diameter and 60 cm 
pumping part length. 

The arrangement provided a flux density on the target that 
equaled 1 016 W f cmZ (for a flat target) and 2 x 1015 W f cm2 (for a 
spherical targ.et). In the case of spherical irradiation the time 
derivative of the sp~cific energy yield in the heated plasma can 
achieve 10 18 W fcm , in the condition of full radiation absorpti~n 
by the plasma. For ro = 2.5 x 10- 2. cm an energy yield of 5 x 
1015 W fcm3 has been experimentally achieved. The latter value 
can be substantially increased, using heavy targets of smaller 
d o ° 8 ImenSlons • 

Compensation of the optical paths of each beam was realized 
by optical compensators that provided an accuracy of synchroniza­
tion of light pulses corning to the target not greater than 3 x 10-11 

sec. 

The formation of a rectangular light pulse is performed by 
means of a shutter controlled by a spark gap with laser trigger­
ing18 • The shutter provided a contrast of O. 5 x 105. The oscil­
lograms of light pulses after the shutter are given in Fig. 9. 

After amplification all nine beams are directed to the focus­
ing objectives mounted in the walls of a vacuum chamber. The 
focusing system provided a practically uniform irradiation of the 
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~~~-----Te=~~20 
~ ______ ~~~----~15 

6 52 

21-29 
7 53 

1 

8 

I 
I 

Fig. 8. Schem.e of the powerful am.plifying system.. 2, 3, 
9, 10, 11 + 14 - dividing elem.ents; 4, 5, 15-20, 30-41 -­
prism.s of the full internal reflection; 6-9, 21 + 29 - Nd-rods; 
42-50 -- focusing objectives; 51 - spherical target; 52-54 -_ 
isolating shutters. Calorim.eters and coaxial photodiodes are 
not shown in the schem.e. In som.e beam.s the light delays are 
used to com.pensate optical ways (they are not shown in the 
schem.e). 

spherical target, 0.1 - 0.5 m.m. diam.eter. 

To photograph high tem.perature processes that occur at- the 
target a system. of a high speed laser photography has been used19• 
Fram.e exposure equaled 0.4 ns, a num.ber of fram.es - 7. 

7. EFFICIENCY OF THE TARGET HEATING 

Light radiation was focused on the spherical target dim.en­
sioned from. the condition ro~ v'r , where v - therm.al velocity of 
expansion c:t9tem.perature T. At T -:::: 1 KeV and pulse duration 
.. ~ 2 x 10 sec we have ro-'=::: 2.5 x 10- 2 cm.. 
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----- d 
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f 

Fig. 9. Radiation light pulses of the powerful laser. 
a - a pulse after the oscillator; b, c, d, e - radiative 
pulses after a forming shutter and a first three passes 
amplifier for the regimes, respectively: 2, 4, 8 and 
16 nsec; f - time marks of 10 nsec. 
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The energy, absorbed in the target, has been measured by 
observation of a gas dynamic expansion of the spherical shock wave 
in the residual gas. The motion of the wave is described by 
formulae of the spherical instant point explosion20 when the mass 
of the shock driven gas is sufficiently greater than the mass of 
the heated target. In our case it occurs when the radius of the 
shock wave equals R·:::::;: 20 roo 

Figure 10 illustrates a seven-frame shadow photograph of the 
shock wave formed in air at pressure of 17 torr. Due to the spher­
ical irradiation of the target the shock wave has good spherical 
symmetry. The long duration of the shock wave formation (first 
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Fig. 10. Shadowgram of the spherical shock wave. Time 
intervals correspond to the following delays from the be­
ginning of heating. 1 - 2.0; 2 - 20; 3 - 45; 4 - 70; 5 - 140; 
6 - 210; 7 - 460. Stin diameter e~uals 5.0 ern. A poly­
ethylene target has ro = 2.5 x 10- ern. Laser energy is 
equal to 560 J. Pulse duration - 2 nsec. 

three frames) compared to the time of heating, 2 nsec, is ex­
plained by high target density versus the density of the surround­
ing gas. 

The law of the shock wave front motion is defined by the ex-
pression 

(7) 
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O~-----r---r--~~~~TT------r---~-r~-r--~t, nsec 
50 100 500 

Fig. 11. Experimental dependence of the shock wave radius 
on time - a dotted curve. The marks 0, x, fj, correspond 
to the three separate experiments in the mode of T = 2 nsec. 
Theoretical curves correspond to the explosion energies: 
10, 102 , 3.5 x 102 ; and 103 J. Gas pressure (air) before the 
wave equals 15 mm Hg. 

where a(Y) - coefficient that depends on the adiabatic index, 
which in our case is equal to I, Ee - energy of the explosion. 
which equals the absorbed laser light energy neglecting the plas­
ma radiation, Po - density of unperturbed gas. 

Figure 11 shows the dependence of R(t) for three expe riments 
at the same conditions. The same figure illustrates R-t diagrams 
that are calculat~d by Formula (7) at the explosion energies of 10, 
100, 350, 1000 Joules. Comparing theoretical and experimental 
curves one can conclude that the explosion energy equals 300 J. 
This is the minimal value for the laser radiation energy absorbed 
by the plasma. Taking into accourt the energy losses on the opti­
cal elements of the converging and focusing systems one can de­
rive that a light energy of about 450 J falls on the target surface. 
more than 70 percent of which is absorb~d in the target. 
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After 250 nsec the dependence of radius on time changes 
from R- to. 4 to R.-J to. 2 This can be explained by the losses 
due to recombinative radiation for which the plasma is transpar­
ent behind the shock wave front in the considered time interval. 

Note that the reduction of the energy yield (see the Ta ble) 
for shorter pulse length cannot yet be explained. It can turn out 
to be an important point whgn designing a thermonuclear system, 
because for a laser with 10 J energy the optimal pulse duration 
is equal to 10-10 - 10- 9 sec. If the energy reduction is connected 
with the saturation of the lower nonradiating transition then .for 
the decrease of the pulse to 10-10 sec the energy reduction won't 
be more than about two times. However, this assumption needs 
a special experimental verification. 
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NEUTRON GENERATION IN SPHERICAL IRRADIATION OF A TARGET BY HIGH-POWER LASER 
RADIATION 

N.G. Basov, Yu.S. Ivanov, O.N. Krokhin, Yu.A. Mikhailov, G.V. Sklizkov, 
and S.I. Fedotov 

P.N. Lebedev Physics Institute, USSR Academy of Sciences 

One of the essential problems in the use of lasers for thermonuclear pur­
poses is the determination of the dependence of the temperature and of the neu­
tron yield on the laser radiation energy and on the heating conditions. A yield 
of not less than 10' neutrons from a CDz target heated by a sharply-focused 
nanosecond laser beam, at 50 J energy, was registered in [1]. In [2], where a 
solid D, target was used, the maximum neutron yield was ~5 x 10' at a laser 
energy up to 100 J and a duration 3.5 nsec at half-altitude. 

At large values of the light-pulse energy, sharp focusing of the radiation 
on the target surface 'is not the decisive factor, owing to the smearing of the 
high-temperature zone by the heat-conduction and gas dynamic mechanism of energy 
redistribution. 

The development of a multiple-beam laser has made it possible to experiment 
with heating a spherical target by spherically symmetrical irradiation [3]. In 
this case the neutron yield from a heated solid deuterated-polyethylene target 
greatly exceeded the results obtained with sharp focusing. In contrast to the 
known experiments, the dimension of the heated target was approximately equal to 
the diameter of the focal spot, and the heated mass was determined by the mass 
of the particle. 

The scheme used to focus nine laser beams on the target was analogous to 
that used in [3]. The focusing was with two-element lenses of f = 6 cm pro­
ducing a focal-spot diameter of 20~. Thus, taking into account the divergence 
of the laser radiation, the latter was focused into a spot of 50 p diameter. Un­
like in [3], a divergent beam with angle 10-2 rad was used in the preamplifier 
system. Before reaching the splitting system, this beam was made parallel, with 
simultaneous compensation of the astigmatism in the laser system. The energy of 
all nine beams, for a duration of 6 nsec at the base, was 214 J, and the average 
temperature was 840 eV. To reduce reflection and for more uniform target ir­
radiation, the focal plane of the objective was located a distance of 200 ~ away 
from the target surface. The target diameter was 110 ~. 

The neutrons were registered by three scintillation detectors located at 
different distances from the target [1]. To measure the time of flight, a time 
marker froID a laser beam was aimed on each detector scintillator with the aid 
of a light pipe. The neutron pulses were thus identified by the delay time of 
the neutron signal relative to the laser signal, which was proportional to the 
time of flight of the neutrons from the target to the detector. 

The quantitative measurements were performed with nuclear emulsions, using 
the recoil protons. A type NIKFI-R emulsion 300 ~ thick was placed 6 cm from 
the target. A control emulsion from the same batch was located in a different 
room. After three experiments in which neutrons were recerded by the scintil­
lation counters, both emulsions were developed simultaneously under the same con­
ditions. The irradiated emulsion had 87 tracks per cm', corresponding to the 
recoil protons from the neutrons of the D-D reaction, while the control emulsion 
had 48 tracks. To verify that the photographic properties of both emulsions 
were identical, the number of stars in the same square centimeter was measured 
and turned out to be 45 and 49 respectively. It follows therefore that if the 

Reprinted from: JETP Letters. 15,417 ·419 (1972). 
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neutrons are assumed to be isotropically emitted from the plasma, the number of 
neutrons per flash is 3 x 10'. The table lists the results of the temperature 
measurements for spherical targets with different radii. At a radius of 30 p, 
the temperature reached 4 keV. 

[Laser energ, Average 
Neutron yield per ~se 

Target radiuB 
CIa J temp., eV exper. calc. 

Z".11-2 - 41 - -
1.21.11-2 ZIZ· 1ZI - I" 
11.11·11-' Z14 Itt S·II' •• 117 

S •• lo-' ZSZ 4.11' - 1'1110 

It is interesting to estimate the plasma temperature and the parameter nT 
under the conditions of our experiment. Since the laser-pulse parameters cor­
respond to an intermediate heating regime (between the thermal-conductivity and 
gasdynamic stages), we present here two independent estimates. According to [5] 
we have for C02 

0·",219 
Tth • 1.11·11'--- eV • 3.8'11' eV. 

er ,"',,2/9 

T • 3.'.112 Q4I9 eV • 2.15 '11' eV. 
gas ,2/J 

where Q is the radiation power in GW, r is the target radius in 10-2 cm, and n 
is the total ion density. The numerical values are given for Q = 8 GW, r = 30 
p, n • 10 23 , and T = 10-9 sec. 

One cannot exclude the possibility that a certain role is played in our ex­
periments by the cumulation effect. Estimates of the pressure, using the re­
sults of [4], give a value not less than 10' bar. It should be noted, however, 
that the laser-pulse duration used in the present study was much longer than the 
optimal value determined by the gasdynamic lifetime of the heated target, which 
was ~0.5 nsec in our case. 

The authors thank V;G. Larionova and L.I. Ivanova for help with the reduc­
tion of the emulsion data and also V.M. Groznov, A.A. Erokhin, N.N. Zorev, and 
N.V. Novikov for help with the work. 
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Anomalous Heating of a Plasma by a Laser 
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As lasers have an ability to deliver a large amount of energy very rapidly to matter, one can 
produce a plasma of thermonuclear temperature by laser bombardment of matter. We obsezved 
a neutron yield from a solid deuterium target irradiated by the beam of a glass laser, which had 
a power of 20 GW for 2 nsec. The theoretically estimated threshold laser power for anomalous 
heating owing to the parametric instability was in agreement with the experimental result. 
Above this threshold. an increase in the electron temperature, the appearance of a fast-ion 
group, and an anomaly in the reflection of light from the plasma were obilezved. These phe­
nomena were closely correlated with the neutron yield. At the high-temperature region above 
a few hundred electron votts, the anomalous heating plays an essential role in reaching the 
fusion~reaction temperature. 

I. INTRODUcnON 

With the development of high-intensity lasers, 
one can produce plasmas with high denSity and high 
temperature which are relevant to thermonuclear­
fusion research. 1 The Limeil group2 has reported 
substantial neutron emission from a solid deuteri­
urn target irradiated by a 7-nsee 4-GW Nd3+laser. 
(Recently they used a 3. 5-nsec 24-GW glass-laser 
system. ) 

In order to investigate the potential of laser pro­
duced plasma for a future fusion reactor, a de­
tailed investigation of the properties3 of these plas­
mas is very important. In particular the laser 
heating process is one of the most important topics 
to study. Classical absorption is weak at high 
temperatures and becomes inefficient as the tem­
perature increases. The absorption length I near 
the cutoff density of glass-laser light is 

l~ 5x 1035 T!'2n-2 (cm) , 

where T. is the electron temperature in eV and n 
is the density in cm-3 • For a density of 1021 cm-3 
and a temperature of 1 keY, the absorption length 
is 150 fJ.. Therefore the absorption is small within 
a focal spot of 100 fJ. in diameter with a plasma of 
this temperature and density. According to the 
classical process, the laser beam would be per­
fectly reflected or transmitted with very little ab­
sorption, depending on whether the laser fre­
quency Wo is less than or greater than the plasma 

Reprinted from: Physical Review. A6, 2335 2342 (1972). 
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frequency we_. Considering our experimental re­
sults, it seems that anomalous absorption due to 
nonlinear effects induced by the high field strength 
of the laser beam is important in heating the plas­
ma. 

In this paper we report the properties of laser 
plasmas from solid deuterium and LiH targets, 
measured by various kinds of diagnostics, and we 
discuss the correlation of the neutron yield to the 
anomalous effects. 

II. EXPERIMENTAL ARRANGEMENT 

The laser was composed of an oscillator and 
five amplifiers·,5 constructed in our laboratory. 
Three alternative oscillators could be used. Two 
of these were glass lasers, operating in the nano­
second and picosecond ranges, respectively. The 
third was a Y AG oscillator which had a narrow 
spectrum beam especially suitable for scattering 
spectroscopy. The nanosecond oscillator delivered 
a pulse whose duration could be varied6 from 2 to 
10 nsec with a rise time of 1 nsec. A pulse-shap­
ing system consisting ola laser-triggered spark 
gap, a potassium diphosphate (KDP) Pockels cell, 
and Glan prisms was employed. The oscillator 
pulse could be amplified up to more than 40 J, cor­
responding to 20 GW for a 2-nsec pulse. The 
energy of the pulse was kept below its maximum 
attainable value as a precaution against damage to 
the glass lasers by the beam reflected from the 
target. The damage to the glasses has been com-
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FIG. 1. Experimental arramgement of laser plasma research. 1: Pockels cell Q-swltched yttrium-aluminum-garnet 

(YAG) laser, 2: rotating prism Q-swltched glass laser, 3: mode locked glass laser, PC: Pockels cell, DC: saturable dye 
cell, XD: x-ray detector, ND: neutron detector, FC: Faraday cage, Spec: spectrometer, US: IIJIiguIde slit, A: attenuator. 

pletely studied and has been reported elsewhere.' 
To protect the glasses from the reflection, we 
used a Faraday rotato:', dye cells, and a special 
uniguide slit which was provided with an alocal 
lens system and a pin-hole slit as shown in Fig. 1. 
In this system the weak forward laser beam passes 
through the slit but the more intense backward one 
produces a plasma at the slit, which prevents the 
reflected beam passing through the slit. By these 
methods the reflected beam could be attenuated by 
more than a"factor of 10'. 

The picosecond oscillator could deliver a single 
pulse selected from a train of picosecond mode 
locked pulses by the pulse transmission mode 
method, ~ich has been described in a previous 
paper.' To amplify the picosecond pulse, a POCls-
Nd4 liquid· laser seemed to be most suitable since 
it has a larger transition cross section than that 
of a glass amplifier. 

The yttrium-aluminum-garnet (YAG) laser was 
Q switched by a Pockels cell and fed to the glass 
preamplifier through the pulse-forming system. 
Then the beam was separated into two, one of 
which was used to generate second harmonics of a 
few MW by a KDP crystal and the other was sent 
to the main ampllfler (see Table I). 

The divergence of the output beam was less than 
1 mrad. It was focused onto the target using an 
asphericallens of focal length 50 mm andf=O. 83. 

The experimental arrangement is shown sche­
matically in Fig. 1. A cryostat of liquid helium 

produced a solid deuterium stick, the diameter of 
which was 2 mm, in a vacuum of 10-' Torr. 

III. EXPERIMENTAL RESULTS 

A. Preliminary Results for Luer P1asma 

To identify the properties of the plasma that de­
pend on the type of laser target, we performed 
experiments on a small suspended particle and on 
a solid thick plate, each made of LiH. Streak 
photographs of a LiH particle 50 ,.. in diameter ir­
radiated by a glass-laser beam were taken using 
an STL streak camera. The expansion velocity 
was about 5x 10' cm/sec as shown in Fig. 2. At 
a distance of 30 cm from the irradiated point, Hh, 
Lllo , and LiZ. ions were resolved by an energy 
analyzer, and their velocities were found to be 
2.4x10', 2.7x10" and4x10' cm/sec, respec­
tively.· This is in agreement with the well-known 
characteristics'o-" of multicharged laser plasmas. 

From our simple gas-dynamical computation, '5,'6 
when the glass-laser rise time is 2 nsec and the 
power is 10 GW, the temperature reaches a maxi­
mum of 300 eV within 1 nsec and then decreases. 
Applying a magnetic field to suppress the expan­
sion, the decrease in the temperature reverses 
and the temperature can rise again to 600 eVafter 
the expansion. Without a magnetic field, inertial 
confinement seems to finish after 1 nsec. The ex­
perimental values of electron temperature are in 

TABLE I. Parameters of the glass amplifier. 

Osc. Amp. I Amp. "II Amp. III Amp. IV Amp. V 

Rod dimension (mm) 10·x150' 20. x 320' 20· x320' 30· x 320' 30· x 320' 40·x600' 
NdzOs(wi%) 3.5 3.5 3.5 3.5 3.5 3.5 
Flash lamp 2 4 4 6 6 10 
PUmping energy (kJ) 0.8 9 9 13.5 13.5 60 
Oltput power (MW) 4.5 31.5 160 720 2900 10' 
Gain 7 5 4.5 4 3.5 
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FIG. 2 . lrcak photograph of suspended LiU par ticle 
50 #1 in diameter irradiilLed by g lass laser. 

good agreement with the calculated values, which 
are shown in Fig. 3. 

When we used a thick target, the plasma formed 
had some spatial structure lO • I ' which was probably 
caused by the self-induced field. ,. After the ap­
pearance of the plasma, very-high-density neutral 
gas appears. The electron and neutral gas densi­
ties were measuredl9 using Thomson and Rayleigh 
scattering of the laser light as shown in Fig. 4. 
The appearance of this neutral gas is a drawback 
for the magnetic confinement of a laser plasma. 

B. Neutron Yield from Deuterium Targets 

To investigate the laser-heating process for a 
deuterium plasma we examined the correlation be­
tween the plasma parameters and the neutron 
yield. 

1. Electro" Temperature 

The electron temperature was measured from 
the absorption of soft x rays from the plasma by 
plastic scintillators with beryllium windows of 
different thickness (25, 50, and 100J..L). The small 
type of photomultiplier HTV - R292 has a time res­
olution of 10 nsec. The experimental results for 
solid deuterium are shown in Fig. 5. The laser­
pulse13 duration did not seem to influence the elec­
tron temperature for the cases where the duration 
was 2, 4, and 10 nsec. The dependence of the 
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FIG. 3. Gas-dynamical behavior of laser-irradiated 
LiH particle, laser power: 10 GW, rise time; 2nsec. focal 
spot size: 100 #J., particle size: 50 J.l, magnetic field: 
2xlO' G. 
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FIG. 4. Evaporation of dense neutral atoms from 
laser-irradiated solid target measured by light scattering. 

electron temperature on the laser power seems to 
have an abrupt change at a power of 2 GW. Below 
this point the electron temperature had a depen­
dence on laser power P of P 2/3, while above this 
point the dependence was P 1.2, and also the data 
began to scatter. The above point of discontinuity 
corresponded to a laser intensity of about 1013 

W/cm 2 ; this will be referred to as the critical 
intensity. 

2. Laser-Beam Reflection 

A fairly large amount of the input laser energy 
was reflected by the target. The pulse form of 
the input and reflected laser light was measured 
by the same biplanar photodiode, type HTV-R3l7. 
The ratio of reflected energy to incident energy 
changed suddenly from 4 to 20% at a laser intensity 
of 10" W/cm2 , i. e., at the critical intensity. 

At the lower side of this intensity where the 
electron temperature was about 200 eV, the re­
flected laser lightaJ was often observed to oscillate 
with a frequency of about 10· Hz. 

3. Ion CaUutian and Time of Flight 

As previously reported,I7,21 the ejection of the 
laser plasma from the target had some directional 
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FIG. 5. Dependence of electron temperature of 
deuterium plasma on incident laser intensity. 
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FIG. 6. Time of flight of ions from deuterium solid 
target. (a) laser power 1.1 GW, (b) laser power 3 GW; 
sweep time: 200 ns~c/division. Upper trace: 60 0 from the 
incident beam, loweI" trace: 30° from the incident beam. 

dependence. We measured the ion flux at 30° and 
60° to the incident beam as shown in Fig. 6. The 
time-of-flight measurements showed the existence 
of two groups of ions, fast and slow, above the 
critical laser intensity. Below the critical point 
only the slow-ion component was observed. The 
dependence of the mean ion velocity V. on the elec­
tron temperature is shown in Fig. 7. The number 
of ions in the slow component decreased with the in­
creasing of electron temperature, while the number 
in the fast component increased as shown in Fig. 
8. The ion temperature T, 21.22 was estimated from 
the velocity profiles of the ions, which are shown 
in Fig. 9. The temperature of the fast component 
had a dependence on laser power of p,.2, while 
the dependence of the slow component was pO. 3 • 
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FIG. 7. Dependence of expanding mean velocity V. of 
deuterium plasma on electron temperature. 

C. YAMANAKA ET AL. 

let 

Electron Temperature (eV ) 

FIG. 8. Ion numbers of fast and slow components vs 
the electron temperature. 

The appearance of these fast ions exactly cor­
responded to the appearance of neutrons from the 
plasma. 

The ratio of the energies of the fast ions and the 
slow ions was 4 to 1 at a laser intensity of 3 x 10'3 
W/cm 2 , i. e., roughly at the critical point. 

4. Neutroll Yield 

We used three plastic scintillators which were 
set at distances of 5, 10, and 40 cm from the tar­
get to detect the neutrons. The detectors were 
calibrated using an Am-Be neutron source. 

The threshold laser energy for neutron emission 
was 5 J for a 2-nsec pulse, corresponding to just 
above the critical intensity of 1013 W/cm', and the 
electron temperature was about 500 eV. With a 
laser energy of 10 J neutrons were observed in 
40% of the shots, and neutrons appeared in every 
shot when the laser energy was more than 15 J. 
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FIG. 9. Dependence of ion temperature T, of deuterium 
plasma on incident laser intensity. 
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FlG. 10. Neutron yield from solid deuterium irradiated 
by laser beam. 50 hsee/division. Absorbed laser energy 
is 5 J. 

The position of the focal spot on the target was 
very critical for the production of neutrons. Fig­
ure 10 shows the response of a plastic scintillator 
for the neutron flux at the threshold. The de­
pendence of the neutron yield on the absorbed laser 
energy is shown in Fig. 11. The number of neu­
trons N was strongly dependent on the laser energy 
E, varying as E,·5. When the number of collected 
fast ions was about 1015 , assuming the ion tem­
perature to be 2.5 keY, then the calculated neutron 
yield is 10', which agrees with the experimental 
result. There was a close correspondence be­
tween the abrupt change of the electron tempera­
ture dependenc e on P, the appearance of fast ions, 
and the threshold of the neutron yield. Table IT 
shows a sample of the experimental results leading 
to this conclusion. 

IY. DISCUSSION 

When a laser pulse, whose duration is larger 
than a few nsec, is used for plasma production, a 
hydrodynamic expansion takes place and the energy 
of the laser is diffused outwards. If a shorter 
pulse can complete the energy injection into the 
plasma before the development of the expansion, 
then we can expect effective heating. The laser 
energy is mainly supplied to electrons either by 
inverse bremsstrahlung in a collisional plasma or 
by an anomalous effect in the collisionless state. 

In the region of electron temperature less than 
a few hundred electron volts and for a laser inten­
sity of 1012 wi cm2, the energy relaxation between 
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FIG. 11. Dependence of neutron yield on absorbed 
laser energy. 

electrons and ions is affected by electron-ion col­
lisions. According to the classical theory, the 
electron-electron relaxation time T .. is 10- ". sec 
and the electron-ion relaxation time T'I is given 
by 

3 
T.t = 81211' 

and the ion transit time T. is given by 

.:.. (5ZT) -1/2 
T::::: ....::.IL..-=.x;, ~ , 

.s vac 3m i 

(1) 

(2) 

where Xo is the plasma dimension, which is of the 
order of 10-2 cm, m. and m, are the electron and 
ion masses, z is the charge, n. is the electron 
denSity, and Va. is the sound velocity. When we 
put T.= 200 eV, n.= 1021 cm-', then the values are 
T e.-la-to sec and T.-lO-o se". If the initial elec­
tron temperature increases, T .. becomes large and 
and relaxation decreases. The electron tempera­
ture T: at T •• = T. gives a condition for relaxation; 
Le., for T:> T. the ion temperature will approach 
the electron temperature. For a deuterium plasma 
T: has been estimated23 to be 400 eV. The de­
pendence of the electron temperature on the laser 
power can be estimated by conSidering the energy 
relaxation in the hydrodynamic expansion of the 

TA BLE II. Properties of deuterium plasma produced by laser. 

Fast ion Slow ion 
Temperature (es- Temperature (es- Total 

Electron timated from veloc- timated from veloc- neutron 
Input temperature Mean energy ity spread) Mean energy ity spread) yield 

energy T. E. T, E. T, 
(J) (keY) (keY) (keY) (keY) (eY) 

-0.2 0.7 70 
-0.5 10 1.1 0.9 80 -300 

12 -2 11 3.2 1.5 90 -5000 
20 -4 -17 -7 2 140 -20000 
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plasmalH and has been found to be T.a: p 2/'. Our 
experimental results show that this law holds up 
to a laser intensity of 1013 W/cm2. 

The maximum incident laser intensity was 10" 
W/cm2. At this intensity we may expect anoma­
lous absorption of the laser energy in our experi­
ments. According to the theory of anomalous ab­
sorption25- 30 predicted by Nishikawa,25 two types 
of instability are expected near Wo = w.t. One is 
the oscillating two-stream instability, which ap­
pears at w •• > wo, where w .. is the Bohm -Gross 
frequency. The threshold P T is given by the fol­
lowing equation: 

PT=2y.(w .. v • .!w:.)noCKT. (W/cm2), (3) 

where y. is compression ratio of the electrons, v .. 
is the plasma wave damping decrement including 
electron Landau damping, and C is the velocity of 
light. 

The other instability is the parametric instabil­
ity which appears for Wo > w... The threshold in­
tensity p. is given by the following equation: 

2131'. ~~ (/ 2 
9 ,.,2 nocKT, W cm ) 

w., u" 

P -j 
.- ~noCKT. (W/cm2) 

w .. fl. 

(4) 

(5) 

where 11,. is the ion acoustic wave damping dec­
rement including ion Landau damping and fl. is the 
frequency of ion acoustic wave. Wehaveestimated26 
the threshold for these instabilities in the range of 
our experiments and these are shown in Fig. 12. 
For our experimental conditions n. '" 1021 cm- S , 

wo=1.8x1015 rad/sec, and Eq. (4) is satisfied in 
the low-temperature I'egion. This expression has 
a minimum at k~D = 0.2, where k is the wave num­
ber of the instability and ~D is the Debye shielding 
distance. The threshold laser intensity decreases 
with increasing T., varying approximately as 1';7/2, 

since the effective collision frequency of the Lan­
dau damping of an ion wave is smaller than the 
ion-ion colllsion frequency. 

In the high-temperature region, Eq. (5) is satis­
fied and has a minimum at k~ D '" 0.15. In this re­
gion the effect of the Landau damping of the ion 
wave is dominant, the effective colliSion frequency 
of the ion wave is independent of temperature (the 
value of " .. is about 4 x 1012 Hz), and the threshold 
laser intensity vary as T;1/2. The threshold of the 
parametric instability is smaller than that of the 
oscillating two-stream instability when the elec­
tron temperature is larger than 200 eV. 

In our experimental conditions the electron tem­
perature was 300 and 400 eV when the laser in­
tensity at the focal point was 2 x 1013 and 3 X 101• 
W/cm2 , respectively. These values almost agree 
with the calculated value 1013 W/cm2. Up to an 
electron temperature of 200 eV, the heating pro­
cess is mainly controlled by classical absorption, 
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FIG. 12. Estimated threshold laser intensity of oscil­
lating two-stream instability and parametric instability. 
If plasma, no::: 1021 cm~ 3, laser frequency: Wo =1.8 x 1015 • 

but beyond this temperature the anomalous heating 
due to the parametric instability seems to domi­
nate. The growth rate of this instability is known 
to be very fast above threshold 3t and the induced 
plasma waves tend to saturate and heat the plasma. 
As shown before, the electron temperature mea­
surement of soft x ray verifies these conclusions. 
This anomalous effect seems to be very effective 
in the high-temperature range as shown in Fig. 5. 
At the threshold of neutron'2 yield we observed the 
appearance of a fast-ion component as well as the 
abrupt change of the electron temperature depen­
dence on P. Concerning the sudden change of the 
reflection of the laser radiation by the plasma at 
this critical point, it seems possible that above 
the threshold the strong laser radiation produces 
a sharp boundary of very dense plasma, and thls . 
induces the strong reflection. While below the 
threshold the diffused plasma attenuates the re­
flected laser beam. The oscillation of reflected 
light just below the threshold may be due to a 
macroscopic variation of the plasma surface. 

The incident laser energy is malnly taken up by 
the fast-ion component. The pulse duration of the 
nanosecond laser has no appreciable influence on 
the plasma properties at high temperatures. 

At the present time experiments are being per­
formed USing a picosecond pulse to heat the plasma. 

In conclusion, the plasma heating in the keY 
region, which is a very important subject for laser 
plasma research, appears to be mainly due to the 
anomalous absorption of laser light. Also we can 
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FIG. 13. Wave damping decrement of D' plasma and 
ion acoustic frequency VB electron temperature. Plasma 
density is 10" cm-', T. =5Tj , and kl\o=0.15. 

say that the threshold intensity of the anomalous 
heating agrees very well with the theoretical pre­
diction of the onset of the parametric instability of 
laser radiation and plasma in the hot-electron re­
gime. However, the quantitative distribution of the 
energy between the electrons and the ions needs 
to be investigated more thoroughly. 
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APPENDIX A 

In the estimation at high {3 of the plasma heating, 
we use the following equations 18 : 

(p- ::) 411r2 ~; =Hf d~ (~;r, 
(All 

(A2) 

p-- 411r2 --=W ( B2) dr 
811 dt' 

(A3) 

W= ~ ~(r/Ro)(l-e-K"") (Ro>r) 

( ~(1 - e-K • r ) (Ro< r) , (A4) 

where N, and N. are the total number of ions and 
electrons; B is the applied magnetic field; iii is 
the average plasma mass; rand Ro are, respec­
tively, the radius of plasma at time t and the focal 
spot of the laser beam; P is the plasma pressure; 
I( is the Boltzmann constant; T is the plasma temper­
ature; W is the rate of energy absorption by the 
plasma; ~ is the input laser power as a function of 
time; and K" is the classical plasma absorption co­
effiCient. A typical solution of these equations is 
shown in Fig. 3. We assumed that the initial tem­
perature, electron density, and velocity of expan­
sion due to precursor radiation were 10 eV 1022 

cm~, and 2x 108 cm/sec, respectively. The laser 
light was simply absorbed by the classical process, 
and this solution shows the highest attainable tem­
perature with classical absorption. 

APPENDIX B 

If the plasma has a Maxwelllan distribution in 
energy, the wave damping decrement due to col­
liSional and Landau damping of plasma waves and 
ion acoustic waves is approximately 

_ .! ~ -1(2.2,.2 
lid -V.t + 2'1' kJA~· eD, (B1) 

(T.» T, ), (B2) 

where " •• and "" are the collision frequency be­
tween electron-ion and ion-ion, respectively, T. 
and T, are the electron and ion temperature, and 
z is the average charge of the ions. In equation 
(B2), the Landau damping caused by the electrons 
has been neglected. The values of these under our 
experimental condition are shown in Fig. 13. The 
solid and dotted curves are, respectively, the wave 
damping decrement of ion acoustic waves and that 
of plasma waves. The dashed curve is the fre­
quency of ion acoustic waves. 

·Guest staff of Institute of Plasma Phy~ics, Nagoya 
University, Nagoya, Japan. 

1N. G. Basov. P. G. Kriukov, S. D. Zakharov, Yu. V. 
Senatsky, and S. V. Tchekalin, IEEE J. Quantum Elec­
tron. QE-4, 864 (1968). 

2F. Floux, D. Cognard, L. -G. Denoeud, G. Piar, D. 
Parisot, J. M. Bobin, F. Delobeau, and C. Fauquignon, 
P",Ys. Rev. A 1, 821 (1970). 

C. Yamanaka, T. Yamanaka, T. Sasaki, H. Kang, 
K. Yoshida, and M. Waki, in International Quantum 
Electronics Conference, Kyoto, 1970, Digest of Technical 
Papers, p. 16 (unpuhlished); Proceedings of the Interna­
tional Conference on Laser Plasma, Moscow, 1970 (un­
published). 

4T. Sasaki, T. Yamanaka, G. Yamaguchi, and C. 
Yamanaka, Japan J. Appl. Phys. §., 1037 (1969). 



416 

5C. Yamanaka, T. Yamanaka, and T. Sasaki, in Inter­
national Quantum Electronics Conference, Kyoto, 1970, 
Digest of Technical Papers, p. 404 (unpublished). 

'K. Yoshida, T. Yamanaka, T. Sasaki, H. Kang, M. 
Waki, and C. Yamanaka, Japan J. Appl. Phys. !1. 1643 
(1971). 

7C. Yamanaka, T. Sasaki, M. Hongyo, and Y. Nagao, 
in Proceedings of the Conference on Damage in Laser 
Materials, Boulder, 1971 (unpublished); ASTN Damage 
in Laser Materials, edited by A. J. Glass and A. 
Guenther (National Bureau of Standards, Boulder, Colo., 
1971), p. 104. 

8e. Yamanaka, T. Sasaki, and M. Hongyo, IEEE J. 
. Quantum Electron. QE-7, 291 (1971). 

3M. Ohnishi and C. Yamanaka, Tech. Rept. Osaka 
Univ. 20, 121 (1970). 

tOp. Langer, G. Tonon, F. Flowe, aoo A. Ducauge, 
IEEE J. Quantum Electron. QE-2, 499 (1966). 

11 B. c. Boland, F. E. Irons. and R. \V. P. McWhirter, 
J. Phys. B I, 1180 (1968). 

"B. E. I'3:tron and N. R. Isenor, Can. J. Phys. 46, 
1237 (1968). -

13M• Mattioli and D. V~ron, Plasma Phys. 11, 684 
(1969). -

"w. Demtroder and W. Jantz, Plasma Phys. !b 691 
(1970). 

HiC. Yamanaka and T. Yamanaka. Progress Reports 
of Plasma Electronics, Osaka University, 1968 (unpub­
lished). 

I6A• F. Haught and D. H. Polk, Phys. Fluids!l" 2047 
(1966). 

C. YAMANAKA ET AL. 

ITT. Yamanaka and C. Yamanaka, Tech. Rept. Osaka 
Univ. 18, 155 (1968). 

18J. A. Stamper et al., Phys. Rev. Letters 26, 1012 
(1971). -

"Y. Izawa and C. Yamanaka, Japan J. Appl. Phys. 7, 
954 (1968). -

20M• Waki, T. Yamanaka, H. Kang, K. Yoshida, and 
C. Yamanaka, Japan J. Appl. Phys. 11, 420 (1972). 

21H. Kang, T. Yamanaka, K. Yoshida, M. Waki, and 
C, Yamanaka, Japan. J. Appl. Phys. ll, 765 (1972). 

"F. J. Allen, J. Appl. Phys. ll, 3048 (1970). 
23 N. G. Basov et al., Quantum Radiophysics Laboratory 

Preprint No. 50, 1970 (unpublished). 
"C. Fauquignon and F. Flow<, Phys. Fluids 13, 386 

(1970). -
25K. Nishikawa, J. Phys. Soc. Japan~, 916 (1968); 

24, 1152 (1968). 
-2'C. Yamanaka et al., Phys. Letters 38A, 495 (1972), 

21E. A. Jackson, Phys. Rev. 153, 235 (1967). 
28p . K. Kaw, E. Valeo, and J. M. Dawson, Phys. 

Rev. Letters 25, 430 (1970). 
29E. Valeo, C. Oberman, and F. W. Perkins, Phys. 

Rev. Letters 28, 340 (1972). 
"D. F. Duiicis and M. V. Goldman, Phys. Rev. 

Letters 28, 218 (1972). 
3lp. Kaw, J. Dawson, W. Kruer, C. Oberman, and E. 

Val eo, Princeton University. Institute of Plasma Physics, 
Report No. Matt-817, 1970 (unpublished). 

32C. Yamanaka, T. Tamanaka, T. Sasaki, K. Yoshida, 
M. Waki, and H. B, Kang, institute of Plasma Physics 
Nagoya University Research Report No. IPPJ-117, 1972 
(unpublished) • 



Neutron Emission from Laser-Produced Plasmas* 

G. H. McCall, F. Young, A. W. Ehler, J. F. Kephart, and R. P. Godwin 
Las Alamos Scientific Laboratory, University of Californilz, Las Alamos, New Mexico 87544 

Neutron emission from laser-produced plasmas is shown, experimentally, to be ade­
quately explained by electron heating and electrostatic ion acceleration. The absence of 
anomalous ion-heating mechanisms is not proved, but these mechanisms, if they exist, 
may be unimportant in reported experiments. It is concluded that no neutrons of thermo­
nuclear origin are necessary to explain the results obtained thus far. 

Because of the possible application of lasers 
for the production of thermonuclear fusion, much 
attention has focused on the generation of neu­
trons in laser-produced plasmas of deuterium or 
deuterated polyethylene (C02), Inverse brems­
strahlung and other mechanisms which selective­
ly heat only electrons are discounted as ways of 
heating ions to thermonuclear temperatures be­
cause of the long electron-ion equilibration time 
in these plasmas. I -, Various anomalous ion­
heating mechanisms are invoked to explain the 
neutron emission. 5 -8 In the work described be­
low, we show that anomalous ion heating is un­
necessary and possibly incorrect as a descrip­
tion of the neutron-generation mechanism. 

IPD 

() 
Incident 

laser beam 

Ion and electron A 
detector V 

() 
RPD 

Neutron detector D 
with lead shieldino 

Torqet 

FIG. 1. Experimental setup. IPD and RPD are photo­
diodes for measuring incident and reflected laser ener­
gy, respectively. BS is a beam splitter. 

It is well known that neutrons are observed in 
plasmas heated with 2- to 10-nsec pulse lengths,o-'2 
but not to any great extent in plasmas heated with 
picosecond pulses. IO •13 •I ' We have investigated 
the problem experimentally using a mode-locked 
Nd:YAlG (yttrium aluminum garnet), Nd:glass 
laser capable of delivering up to 17 J, in a band­
width-limited pulse approximately 25 psec in 
length, to a solid target. These experiments em­
ployed anj/3.5 aspheric lens which produced a 
spot diameter of 50 /lm or less on a 125-/lm-
thick target of CH2 or CO2 , giving a peak inten-
sity of approximately 3 x 10'· W Icm2 at the tar-
get. The experimental setup is indicated in Fig. 
1. No attempt has been made to show all of the 
extensive set of diagnostics, but the relevant 
ones are indicated. 

The neutron detector was a cylindrical Pilot-
F scintillator 15 cm in diameter and 12.5 cm in 
length viewed by an RCA 4522 photomultiplier. 
The detector was calibrated using a known flux 
of 2.45-MeV neutrons from an accelerator, so 
its sensitivity and efficiency were known. One 
count would appear in the detector with 50% prob­
ability for isotropic emission by the plasma of 
100 neutrons. Typical signals encountered cor­
responded to 1 to 20 neutrons detected. The rise 
time of the output pulse was approximately 5 
nsec with a full width at half-maximum of 14 
nsec. The neutron time of arrival was calibrat­
ed by remOVing the 3-cm-thick lead shielding 
between the detector and the target and observ­
ing the> 100-keV x rays passing through the 
brass target chamber. Time was measured from 
an incident-light photodiode signal used to trigger 
the scope. This signal was also displayed on the 

Reprinted from: Physical Review Letters, 30, 1116--1118 (1973). 
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Tektronix type-454 oscilloscope. A target of 
CU, was used to confirm the effectiveness of the 
lead shielding used to eliminate x rays in the de­
tector. 

Initially, no neutrons were observed. X rays 
having energies above 100 keY were detected, 
and a fast-ion component as shown in Fig. 2 was 
observed. This is identical to the x-ray and ion 
results for nanosecond plasmas except that for 
longer pulses the fast ions are accompanied by 
neutrons. To confirm that the fast ions were 
deuterons, a CD, foil (2 cmx2.5 cm) was placed 
6 cm from the target in the position indicated as 
foil A in Fig. 1. A neutron signal was then ob­
served with a delay time corresponding to the 
velocity of the fast-ion component (-2xl0· cml 
sec) observed at the ion detector. Assuming an 
ion energy of 65 keY and a d-d cross section giv­
en by the Gamow formula, '5 with a range over 
which significant neutron production occurs of 
2.5xl0-5 g/cm', one obtains approximately 2 
x 1012 ions striking foil A. No neutrons were de­
tected from foil B of Fig. 1, which was placed 3 
cm behind the target (although for some shots a 
factor of 5 lower yield would have been undetect­
able), so the fast ions are assumed uniformly 
distributed in the forward hemisphere. This as­
sumption gives agreement between the foil and 
ion detector measurements and yields a total 
fast-ion number of 1 xl014. It is interesting that 
before foils A and B were inserted, a few neu­
trons were observed after approximately ten 
shots had been fired, with a delay time corre­
sponding to generation at the chamber walls: Be­
cause of the short interaction range of a 65-keV 
deuteron, only a few monolayers of deuterium 
on the chamber walls are required to give the 
same result as a solid foil. This problem should 
be especially troublesome in experiments with 
solid deuterium targets. For example, the as­
sumption of wall generation for at least part of 
the neutrons is not inconsistent with the data 
shown in Fig. 10 of Ref. 10. Thus, it is possible 
to observe fast ions in the absence of neutron 
production. 

The fast-electron theory of Morse and Niel­
son'· provides a possible explanation of the ob­
served phenomena. X-ray spectral measure­
ments" indicate a fast-electron component which 
gives a slope of 30 keY on an intensity-versus­
energy plot. According to the calculation of 
Morse and Nielson, one should observe ion ener­
gies of the order of or, perhaps, twice that of 
the fast electrons. The calculation of the elec­
tron energy is based on flux balance between the 
laser input and the electron conduction out of the 
absorption region and is insensitive to the de­
tails of the electron heating mechanism. Using 
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FIG. 2. Typical ion detector signal. Distance to tar­
get is 50 cm. Horizontal scale 200 nsec/div. Vertical 
scale 100 mV Idiv. Initial pulse is produced by x-ray 
emission from target. The second pulse is the fast­
deuteron peak. 

only flux balance, one obtains an electron energy 
which is in agreement with the x-ray spectral 
measurements. It should be noted that the ions 
are accelerated away from the target only, and 
no neutrons were observed from ion collisions 
in the target region. This is in agreement with a 
fast-electron model which predicts that the elec­
tric field on the target side of the absorption re­
gion should be canceled by the flow of cold elec­
trons from the dense region into the absorption 
region; it also is in agreement with the absence 
of anomalous ion heating. Recent measurements 
with an ion spectrometer indicate that the ratio 
of the maximum fast-ion energy to the ion charge 
is a constant independent of the ion species. 
These measurements will be reported in detail 
later. 

The differences in neutron-emission results 
for nanosecond and picosecond pulses can now be 
understood. The ion expanSion, reflected"light 
threshold, and x-ray emission are similar for 
the two cases. This indicates, at least, a non­
thermal mechanism for electron heating which 
may be only resonance absorption,'·' with the en­
hanced reflectivity being due to stimulated Brill­
ouin scattering.7 For nanosecond pulses, howev­
er, a low-density, low-temperature plasma is 
gene rated in front of the target before significant 
fast-electron production occurs, and when elec­
trostatic acceleration occurs near the critical 
surface (where the plasma frequency and laser 
frequency are equal), the fast ions pass through 
the cold plasma generating neutrons. For pico­
second pulses, no low-density region exists and 
the fast ions produce no neutrons. The neutron 
yield then depends on the time characteristics of 
the pulse, and this mechanism may explain the 
difference in results obtained by different inves­
tigators. 

To test this hypothesis, the CD, target was ir­
radiated by two pulses of approximately 6. J each 
separated in time by about 4 nsec. Neutrons 
were produced in the target region at a time cor­
responding to the second pulse on each of two 
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shots. The ion energies and x-ray spectrum 
were the same as for the single pulse case. (No 
further data were taken.) 

Thus, we believe that electrostatic accelera­
tion of a relatively small number of ions is the 
dominant mechanism responsible for neutrons 
which have been observed in laser-produced plas­
mas. This is not to say that the proposed insta­
bilities are entirely absent or that they will be 
unimportant as laser energies are increased. 

'Work performed under the auspices of the U. S. 
Atomic Energy Commission. 
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Saturation of Stimulated Backscattered Radiation in Laser Plasmas· 
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Measurements of the back reflection from laser-produced plasmas have been carried 
out for laser intensities of up to 1.5~ 1016 W/cm' with pulse durations of 120 psec using 
spherlcallow-Z targets. The reflectivity of the plasma increases with Incident intensity 
but saturates at a value of 10%. The Intensity-dependent reflectivity Is attributed to stim­
ulated Brillouin scattering. 

Over the past several years theoretical calcu­
lations'-3 and experimental measurements'-· 
have indicated that nonlinear processes such as 
stimulated Brillouin, Raman, or Compton back­
scattering might prove to be a limiting factor in 
the heating of a dense plasma by laser radiation. 
The experiments reported here indicate that for 
intensities below 1.5 x 10'· W /cm' the measured 
reflectivity (into the focusing system) of the plas­
ma appears to saturate at a value close to 10%. 
The experimental intensities were above the ex­
pected threshold for Brillouin scattering, and 
near the threshold for stimulated Raman and 
Compton scattering. 

The experiments were conducted with a Nd­
glass laser producing 120-psec (full width at 
half-maximum) pulses varying in energy from 5 
to 40 J. In all cases, a prepulse of approximate-. 
ly 0.5% of the total laser energy preceded the 
main pulse by 6 nsec. The laser beam was fo­
cused on spherical targets of lithium deuteride 
or C3.D? with a 20-cm focallengthj/2 lens. 
From far-field measurements of the beam di­
vergence, the spot size was determined to be 
less than 60 ~m. The targets varied from 150 
to 250 j.lm in diameter; the beam size was al­
ways small compared to the target dimension. 
The spherical shape of these targets should be 
noted since most of the previously reported ex­
periments at high intensities' -. have used planar 
targets. 

Measurements were made of the incident and 
reflected laser energy, the expansion energy in 
the plasma, the electron temperature of the 
plasma, the ionic species produced, the neutron 
yield, and the spectral characteristics of both 
the incident and reflected light. Details of all 
these measurements will appear in a forthcoming 
publication. ? 

The energy absorbed was deduced from the ex­
pansion energy in the plasma as determined by a 

set of charged-particle collectors and a time-of­
flight mass spectrograph. 8 Figure 1 shows the 
measured spatial distribution of the ion density 
and the energy flux for a typical plasma. Inte­
gration of the energy flux over all angles gives 
the total expansion energy. This represents a 
lower limit on the absorbed energy as it does 
not include the energies of evaporation, ioniza­
tion, or reradiation. 

In Fig. 2(a) the dependence of reflectivity on 
incident light intensity is shown for two different 
experimental conditions. Reflectivity is defined 
as the ratio of light intenSity reflected back 
through the focusing optics to the incident light 
intenSity. In apprOximately half the experiments 
a single 120-psec pulse was used. In the re­
mainder of the experiments there were two 120-
psec pulses separated by 10 nEiec, both having 
apprOximately the same amplitude. 

In the single-pulse experiments the reflectivity 
increases with incident intensity. In the two­
pulse studies the reflectivity rapidly reaches a 
constant level independent of incident intensity. 
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FIG. 1. Angular distribution of particle and energy 

flux from a LID plasma produced by a 2D-J laser pulse. 

Reprinted from: Physical Review Letters. 31,1184-1187 (1973). 
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FIG. 2. Measured reflectivity (a) versus Incident In­

tensity and (h) versus absorbed energy. 

An alternative method of presentation shows the 
variation of reflectivity with absorbed energy 
E Ao Fig. 2(b). The reflectivity is essentially 
constant from 1 to 3 J absorbed, indicating a 
rather complete saturation. It is of interest to 
note that the linearly polarized incident beam 
was depolarized by less than 10% u~ reflection. 

The spectrum of the backscattered radiation 
has been measured at both the incident wavelength 
and twice the indicent·wavelenglh. The spectrum 
of the incident beam was typically less than 2 A 
wide, centered around A., = 10620 A. A sample 
of all three spectra is shown in Fig. 3. In almost 
all cases the peak of the reflected radiation at 
A., was shifted to the red by 2-6 A and was broad­
ened by amounts which ranged from 2 to 15 A. 
At >.../2 the shifts were increased to 10-15 A, 
with a broadening similar to that of the reflec­
tion at A.,. The intensity of backscattering at 
A.,/2 was only 10·' of the backscatterer at A." 
i.e., a maximum of 10·' of the incident intensity. 
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FIG. S. Mlcrodensltometer traces of spectra abowlDg 
(a) Incident laser spectra at "0, (b) backscattered llght 
at "0. (c) backscattered light at >"012. All spectra were 
taken simultaneously under the foUowlag condltloD8: 
slagle SD-J, 12D-paec-wlde laser pulse with a prepulse 
Incident on a 15D-,.m LID target. 

There are a number of possible mechanisms 
contributing to the backscatter, such as reflec­
tion from the critical density interface, and 
stimulated Raman, Brillouin, and Compton scat­
tering. A portion of the measured backscattered 
light is due to reflection from the critical inter­
face. However, if one assumes that the plasma 
acts as' a diffuse body reflecting 90% of the inci­
dent energy, then a maximum of 4% of that en­
ergy is reflected into thef/2 collecting optics. 
If one assumes that the reflection from the criti­
cal surface is specular, it is very difficult to 
estimate the fraction of light reflected back along 
the incident beam as this is a sensitive function 
of the shape and position of the reflecting sur­
faces. It is possible that this sensitivity con­
tributes to the large scatter in the measured re­
flectivity at the lower intensities. The additional 
intenSity-dependent reflectivity may be accounted 
for by stlmulated mechanisms, and/or .deneity 
modulations.' The Brlllouin scattering threshold 
for an inhomogeneous plasma is given by Liu and 
Rosenbluth': 

Po > (m"c·w.!tre"L)(v. !c)" ergs/cm" sec, (1) 
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where L is a density scale length associated with 
the density profile n(x) ;nc (1 +x/L), ve is the 
electron thermal velocity, and Wo is the laser 
frequency. The measured electron temperature 
in these experiments is approximately 1.0 keY. 
The density scale length L is taken to be 3 x 10. 3 

cm, as determined from calculations of the den­
sity profiles produced by the prepulse. '0 The 
same scale length is used for the second-pulse 
case, although a longer scale length might be 
more appropriate. This leads to a threshold for 
stimulated Brillouin scattering of 3.0 x 1014 W / 
cm2 • The expected threshold for Raman scatter­
ing will be larger by a factor of C/Ve , leading to 
a threshold of 3 x 10'0 W /cm2 under the conditions 
described above. Using the measured values of 
the pulse energy, pulse width, and focal spot 
size one may calculate an average (rms) power 
on the target surface assuming the intensity is 
uniform across the focus. From such averaged 
intensities we derive peak intensities which range 
from 0.25x 10'0 to 1.5x 10'0 W/cm2, and thus 
stimulated Brillouin rather than Raman scatter­
ing should be dominant. The shilt in the back­
scattered spectrum is in the correct direction 
and of the proper magnitude for stimulated Bril­
louin scattering. This shift, as determined by 
the resonant conditions on w and k, may be writ­
ten as 

(2) 

where n is the index of refraction in the plasma. 
At an electron temperature of 1 keY for the deu­
terium component of the plasma, 

.u./>.; (1.33 x 10·')n. (3) 

To account for the observed shift at 1.06 jJ.IIl of 
2-6 A the refractive index would take on values 
from 0.14 to 0.42, representing densities varying 
from 0.98 to 0.90 of nc ' the critical density for 
1.06- /-Lm radiation. 

An estimate of the effect of stimulated Comp­
ton scattering may be made following the analy­
sis of Krasyuk, Pashinin, and Prokhorov. ll The 
reflectivity due to Compton scattering can be 
written as 

R ;Roexp[j31 oL(l- R)l, (4) 

where lois the incident power density, Ro is the 
reflectivity in the absence of Compton scattering, 
L is the effective plasma thickness, and 

C~, v.n_ ( me' ),12 (mv ') (3; 3 -'..lL;j! -- exp _.:::..:lL 
IrVa kT. 2lrkTe 2kT. ' 

(5) 

with Vo the expansion velocity of the plasma and 
ro the classical electron radius. For the condi­
tions of these experiments, namely, Vo '" 2 X 107 

cm/sec, T. ~ 1 keY, n. '" 4x 1020, L "'3 X 10. 3 

cm, and (3"'1.4x 10·'4 cm/W, we find 

For Ro; 0.01 this expression predicts a reflec­
tivity of R "'0.013 at 5 x lOIS W/cm2 and R "'0.03 
at 2x 10'· W/cm'. This estimate indicates that 
stimulated Compton scattering could be contrib­
uting to the observed backscatter. One point 
which appears to argue against Compton effects 
is the spectral width, which is large compared 
to the width of the initial spectrum. '2 

It is our best estimate that the intensity-de­
pendent portion of the observed reflection from 
the plasma is due to stimulated Brillouin scat­
tering. Higher reflectivities reported in the lit­
erature may be due to differing target geometries, 
laser pulse width, and prepulse configuration. 4 • 0 

The significant point is that for some geometries 
the effect saturates at a,reflectivity of 10% and 
thus should not seriously limit energy absorption 
In the plasma at these power densities. 
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Pair Production by Relativistic Electtonsfrom an Intense Laser Focus* 
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A preliminary discussion is given of electron-positron pair production by means of electrons 
accelerated to relativistic velocities at the focus of a laser beam. First, the pair-production cross section 
was numerically evaluated near its energy threshold. Then, two methods of relativistic electron 
production by focused 1aser light were considered: the coherent oscillation of electrons, and the 
acceleration of a few high-velocity electrons by plasma waves excited by 1aser-driven instabi1ities. It was 
found that the first method would produce pairs for neodymium-laser light at intensities close to the 
achievable limit (10" _1020 W/cm' ). The second method. however. may be capable of producing pairs 
at lower intensities. 

I. INTRODUCTION 

In recent years the brightness of pulsed laser 
light sources has increased from 1012 W/cm2/sr 
up to the range of 1017 _10'0 W /cm2 /sr at the 
neodymium -laser wavelength of 1.06 j.L. ~2 With 
a well-designed short-focus lens, such laser 
pulses can be focused to corresponding intensities 
of 1017 -10'0 W/cm2 • At these intensities electron­
positron pair production by the strong electro­
magnetic field at the focus might be possible 
either by direct vacuum pair production or in­
directly from relativistic electrons accelerated 
by these strong fields. 

Two calculations of the probability of vacuum 
pair production by multiphoton absorption bave 
been published"'; both of them indicate that the 
production of a detectable number of pairs from 
this process would require many more orders of 
magnitude of intensity than contemporary lasers 
provide. A simple order-of-magnitude estimate 
can show this. For an appreciable pair-production 
probability, the pair energy 2m"c" should be of 
the order of the electric -field potential energy 
at one Compton wavelength X. That is, 

(1) 

where E, is the average electric field of the fo­
cused laser light. Therefore, the intensity I, of 
the laser light in vacuum can be written 

m c3 
I -c€ E 2",,= , ,- 0 7rY rJo.2 (2) 

where r 0 is the classical radius of the electron: 

(3) 

Reprinted from: Physical Review, A8, 1582·-1588 (1973). 
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Numerically, this is an intensity of 2 x 1030 W /cm', 
which is many orders of magnitude greater than 
available intensities, but is in rough agreement 
with values previously cited ... • 

However, it is well known that focused laser 
pulses create hot plasmas in matter. It has been 
pointed out that there exists the "wholly real 
possibility" of observing pairs produced in such 
laser-plasma experiments by means of the exci­
tation of high -energy electrons. 5 When the elec­
tron kinetic energy E. exceeds the pair-production 
threshold 2m.,c" , the fast electron can prod?ce an 
electron-positron pair by scattering in the Coulomb 
potential of a nucleus as first calculated by 
Bhabha." This is often called the "trident" process 
(see Fig. 1). In this paper we shall discuss some 
mechanisms by which energetic electrons can be 
created in the laser -plasma focus, and we shall 
attempt to evaluate the number of electron-posi­
tron pairs which can be produced by the subse­
quent trident process. 

II. TRIDENT CROSS SECTION AT ELECTRON 
ENERGIES NEAR THE PAIR-PRODUCTION 

THRESHOLD 

We have calculated the cross section aT for the 
trident pair -production process by two different 

_e _ ~:+ 
@~ 

Nucleus e 
of 

charge Z 

FIG. 1. Schematic of trident process of pair creation. 
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FIG. 2. Total cross section aT of trident process 
plotted vs the dimensionless energy excess above thresh­
old, where E. Is kinetic energy of the incident electron. 
CUrve (a) Is Bhabha's analytical calculation (Ref. 6) for 
this range [see Eq. (4)\. CUrve (h) is our computer cal­
culation based on Brodsky and Ting's method (Ref. 7). 

CUrve (c) Is our approximate fit to the computer calcu­
lation. 

methods; the results are plotted in Fig. 2. In 
the first method we integrated Eq. (.30) of Bhabha' s 
paper,· and obtained 

aT= (aTt2~l" (In!~ _1:~ + c, + c, + co) (~, -2 r, 
(4) 

where a is the fine -structure constant, To is the 
classical electron radius, Z is the nuclear charge, 
and YB is defined by 

--.!.=1+~ . 
YB m"c2 

(5) 

The symbols c,' c,' and Co in Eq. (4) are lengthy 
algebraic functions of YB which are given in Eq: (28) 
of Bhabha' s paper. Numerical calculations of 
Eq. (4) are plotted in Fig. 2. 

Bhabha' s approach has the merit of yielding a 
convenient analytical expression for the cross 
section; however, he makes two approximations 
having attendant errors that are difficult to esti­
mate. In the first place, the inltial electron·is 
described by a classical straight -line trajectory; 
secondly, the interference effects between the two 
electrons in the final state are neglected. Both 
approximations are avoided by evaluating the low­
est-order Feynman dtagrams which are applicable 
to the trident process. Our numerical calculation 
uses a program for evaluating these diagrams 
which was written by Brodsky and Ting.' The 
program numerically evaluates the necessary 
products of Dirac matrices and takes the trace 
to get the differential cross section. This pro­
cedure is more accurate than the usual one, which 
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involves algebraic reduction of the matrix prod­
ucts. The differential cross section is then 
numerically integrated to obtain the toial cross 
section as a function of incident -electron energy. 
The results of these calculations are also plotted 
in Fig. 2. 

It is seen that the second, more exact calcu­
lation gives lower cross-section values over most 
of the energy range of interest -near the trident­
production threshold. The reduction in cross 
section is presumably due to inclusion of the 
interference between direct and exchange scatter­
ing' an effect which was omitted in Bhabha' s 
calculation. For the subsequent portions of this 
paper we use the equation 

( E )0.' aT~9.6xI0-·(aToZ)2 ~ -2 , (6) 

which approximates the more exact cross-section 
curve. In Fig. 2 we see that the fit of the approx­
imation is good up to kinetic energies of '" 4in"c2 , 

which is a sufficient range for our problem. The 
possibility of pair production by bremsstrahlung 
from the electrons, mentioned in a footnote of 
Ref. 7, is not as likely as trident production in 
this energy range because it is a two -step process. 

III. HIGH·INTENSITY CIRCULARLY POLARIZED 
LIGHT 

We consider first the coherent motion of plasma 
electrons in the electromagnetic wave of the laser 
light. Because the pair -prodUction threshold is 
twice the rest energy, this motion must be treated 
relativistically. This treatment is more difficult 
than the well-known nonrelaUvistic treatments.' 
We have not treated the linearly polarized wave, 
because it has been shown to be coupled to a lon­
gitudinal plasma wave." However, the circularly 

10.------r-----.------, 
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FIG. 3. Electron kinetic energy E. (in units of moe2) 

plotted as a function of laser beam Intensity (normalized 
to the wavelength).) as obtained from the circularly po­
larized transverse-wave solution of steiger and Woods 
(Ref. 10) at two different plasma-density ratios. 
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F1G.4. Density-normalized pair-production rate 
plotted vs laser intensity, as computed from Eqs. (7) 
and (13). 

polarized wave is a simple transverse wave at 
all intensities, and a convenient solution for this 
case has been obtained by Steiger and Woods!O 
We shall use these authors' results for the case 
which includes the relativistic mass change and 
the inverse Faraday effect, but we neglect energy 
losses caused by radiation by the electron. 

Steiger and Woods 10 found that at high circularly 
polarized laser-beam intensities where the coher­
ent electron-orbit velocity is relativistic, the 
electron kinetic energy E. is a strong function 
of laser intensity, but is almost independent of 
plasma density. We replotted this result (Fig. 3) 
and found that a useful approximation is given by 
the following simple power law: 

where the laser wavelength A is measured in IJ. 
and the intensity I Is in W /cm2 • 

(7) 

An equation that describes the rate dN~/dt of 
creation of pairs by means of the trident process 
in a volume whose characteristic dimension is 
apprOximately / times the wavelength A is 

(8) 

where N, is the ion (nucleus) density and v. is the 
velocity of the electron. Assuming that the ther­
mal velocity can be neglected in comparison with 
the relativistic coherent velocity of gyration in 
the intense electromagnetic field, we have 

v. '" fJc = (eIY)(,.. _1)"" (9) 

where the coefficient" is the normalized total 

E (1121 )0'.'7 
"=1+~=1+ 9x1018 , 

where we have substituted from Eq. (7). 
Consider a plasma containing ions of charge 

Z, = N. /N" where Z, is not necessarily the 
nuclear charge Z. Substitute Eqs. (6) and (9) 
into Eq. (8) to obtain the result 

(10) 

t!!!.L = 9.6,r (~)/3 2Z2(~)2( _3)' .• (,,2 _1)1/2 
dt HY' A a Z, Nc " ,,' 

(11) 

where the density N c' 

N "'E J»f~) 2 = _7r_ (12) 
co', e YOA2 , 

is the nonrelativistic cutoff-density parameter at 
which the plasma frequency W, equals the laser 
frequency "f.. In convenient units, Eq. (11) be­
comes 

dN 0 15 Z" (N) 2 (,,2 _1)112 =.:..t.dt (pairs/ns) = -'- _/3.:.:L (" _3)3.6 __ - . 
X(IJ.) Z, Nc " 

(13) 

Equations (7) and (13) :tre presented in graphical 
form in Figs. 4 and 5. 

The pair -prodUction rate threshold (,,= 3) corre­
sponds to a threshold laser beam intensity I r of 

( W) 2.6X 101• 

I .. cm2 =~. (14) 

The pair -production rate then rises steeply to 
interesting values at somewhat higher intensities. 

N IN e c 

FIG. 5. Pair-production rate plotted VB density ratio 
for several values of the laser intensity. The figures on 
the curves are A2J [(p)2 (W/cm2»). The curves continue 
beyond cutoff [(N./N.) > 11 because of the possibility of 
relativistic beam penetration (Refs. 9 and 11). 
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These intensities (greater than 101• W /cm' for 
neodymium lasers) are at the upper limit of 
current laser practice.'" 

Of course, this is an idealized single -particle 
calculation which neglects unstable collective 
effects in the plasma. One should regard it main­
ly as an order-of-magnitude estimate that trident­
process pair production is hard to produce by 
means of the coherent electron motion alone. 

When the electron motion is relativistic the 
laser beam can penetrate an overdense plasma, •. 1. 
because the plasma current is limited to the value 
N ec instead of increasing with increasing beam 
i;ten~ity. 11 In such cases the pair -production 
rate will be enhanced, provided the intensity is 
above the threshold. 

IV. DISCUSSION OF PLASMA INSTABILITIES AT 
WWER LIGHT INTENSITIES 

Anomalous heating of plasmas by intense elec­
tromagnetic waves is now recognized as a signif­
icant effect both at radio-wave frequencies and at 
laser frequencies.'" 13 The incident wave energy 
is coupled into plasma waves by plasma instabil­
ities.14 One of these is the ion -acoustic decay 
instabilityl5 and the other is the oscillating two­
stream instability. 16 

According to numerical computations of these 
processes, l3. 17 the growth of the amplitude of the 
plasma waves is sufficiently rapid for the instabil­
ity mechanism to saturate, causing the plasma 
to become turbulent. Many such calculations 
show a high'-velocity, high-energy group of elec­
trons, which is called a "suprathermal electron 
tail" on the Maxwellian electron -velocity distri­
bution. One physical picture of this process is 
that some of the electrons are trapped by high­
phase-velocity, high-amplitude plasma waves.'" 17 

Although these numerical calculations were non­
relativistic, the same qualitative arguments 
would be expected to hold for plasma waves whose 
phase velocity v_is nearly the velocity of light 
(v,-c). Thus we must examine the plausibility of 
relativistic electron production by these plasma 
instabilities. H relativistic electrons (E. > 2m"c') 
are produced, the trident mechanism for pair 
production is possible. 

The dispersion relation for longitudinal plasma 
waves can be written in the form'" 

(15) 

where K is the wave number and v, is the thermal 
velocity of the electrons. Let u's examine the 
wave whose phase velocity v, is equal to the 
velocity of light, because waves which trap rel­
ativistic particles will have velocities which 
closely approach this limiting solution. Then for 
v. = c, we find 

(16) 
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where K. is the corresponding wave number and 
AD is the Dei!ye length of the plasma (ADW. = v,). 
From Eq. (16) we find that waves which are poten­
tially capable of trapping electrons in the relativis­
tic energy range tend to have small values of K., 
corresponding to longer-wavelength waves. As 
v, -0, K. -,,?/c, as can be seen by eliminating 
AD from Eq. (16). Thus in the low-temperature 
limit, the wavelength of the longitudinal wave of 
velocity c is equal to the vacuum wavelength of 
an electromagnetic wave whose frequency is 
equal to the plasma frequency. 

Now we ask whether plasma wav.es of wave 
number K. are likely to be excited in the plasma 
by laser -driven instabilities. Consider first the 
threshold conditions for the ion -acoustic decay 
instability. The most unstable wave number K. 
can be written1. 

K z _ wi -w: 
• - 3,r, (17) 

If we set K, = K., and make the approximation 
v,« C, we find from Eqs. P6) and (17) that 

Here Eq. (12) can be used to find the plasma 
density 

6.N/N. "'3(vVc'), 

(18) 

(19) 

where 6.N is the difference between the cutoff 
density N. and the electron denSity N. and where 
6.N«N •. 

This result shows that electron plasma waves 
of velocity v. "" c can be excited by the parametric 
ion-acoustic instability at plasma densities close 
to the cutoff density. This is just the plasma­
density regime where the threshold intensity for 
this instability is low'>· For example, if the 
electron temperature T. is 1 keV, we find that 
N. = 0.994 N •. Also, we find that in this case 
the wavelength of this longitudinal wave is approx­
imately the same as the vacuum wavelength of the 
laser radiation. Because most focal spots used 
in practice are at least several wavelengths in 
diameter, several wavelengths can build up inside 
the focus. 

At incident laser intensities high above threshold, 
the ion -acoustic decay instability will be excited 
at lower plasma densities, where the most un­
stable mode will have a phase velocity less than 
the velocity of light. However, other modes will 
also be excited, particularly after saturation of 
the initial growth of the instability. Plasma -sim­
ulation calculations l7 show that the wave -number 
spectrum is enhanced in the low-K regime after 
saturation. Thus, long-wavelength plasma waves 
whose phase velocity is comparable to C should 
be excited over a wider range of densities in the 
plasma. 

Another requirement for relativistic electron 
production is that the plasma-wave amplitude be 
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sufficiently high to provide the necessary 
acceleration electric field. In order to reach the 
threshold energy for trident pair production 
(2moc'), we must have 

2moc'e! eE.(A,!2)± im"v:. , (20) 

where E. is the average electric field of the 
plasma wave, A. is the wavelength, and v •• is 
the velocity component of the individual electron 
in the direction of the electric field E.. The 
number of electrons that will be accelerated 
thus depends not only on the wave intensity, but 
also on the shape of the velocity distribution on 
the "tail" of the distribution function. If the 
suprathermal tail is sufficiently large, an appre­
ciable number of electrons can be accelerated to 
the threshold for trident pair production. 

We conclude that it may be possible to obtain 
pair production from electrons accelerated in 
the turbulent plasma environment of anomalous 
absorption instabilities. However, we have not 
been able to estimate the probability of this pro­
cess, or to make quantitative estimates of the 
production rate of the relativistic electrons. 
Such a capability awaits development of a rela­
tivistic theory or a relativistic plasma-simulation 
numerical code which can be applied to the inhomo­
geneous plasmas which are produced within the 
small dimensions of the focal-spot region of the 
focused laser light. 

V. EXPERIMENTAL EVIDENCE FOR 
RELATIVISTIC ELECTRONS 

In Sec. IV we have shown the plausibility of 
relativistic electron production by the plasma 

10 

1.0 

A~Fe~-Pb---------

0.1L-~1~0~--~~--~~~70 

Absorber thickness (g/ cm2) 

FIG. 6. X-ray absorption curve for laser-target ex­
periment described in text. The ordinate scale is based 
upon tbe energy absorbed by tbe detector. The abscissa 
representa absorber tbickness; tbe aluminum and iron 
were never removed. 
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instabilities associated with the anomalous 
absorption of laser radiation. Experimental in­
dications of such electrons have recently been 
seen at this laboratory. 

These experiments were done with our "long­
path" neodymium-glass-disk laser system.""· 
A 6-ns double pulse was used whose intensity 
peaks were separated by 3 ns; the pulse shape 
was as shown in Ref. 21, not Ref. 22. The total 
output energy in each pulse was 80± 10 J. One 
difference from the older work was that the light 
path through the system made only five passes 
through the disks, rather than nine passes. Op­
tical spectrometer measurements of this new 
pulse indicated a narrower over -all spectral 
widtb ('" 60A) than the previous pulse ('" 100A). 
A detailed account of the substructure of the out­
put pulses from the long-path laser is aVailable." 

Although the narrowing of the over -all spectral 
width seemed like a minor change, an unusually 
penetrating hard component of th~ x rays was 
seen when this new pulse was incident on our stan­
dard polyethylene target [approximate composition 
(CH.).l. The detector was a plastic fluor (15-cm 
diamx20 cm long) originally intended for neutron 
measurements with (CD.). targets; its front face 
was located 22 cm from the target. The absorp­
tion curve obtained from these measurements is 
plotted in Fig. 6. 

The absorption coefficient Ii- of the hard compo­
nent in Fig. 6 is apprOximately Ii- =0.05 cm'/g, 
corresponding to x rays in the 1-10-MeV range 
(independent of the absorbers used)." Such ex­
tremely hard x rays were not seen in such abun­
dance in earlier experiments"; the reasons for 
the difference are not known. Whatever the 
reasons, it appears that in at least one set of 
experimental conditions hard x rays were seen 
which are best interpreted as bremsstrahlung 
created by relativistic electrons of energy great­
er than 2m"c" (-1 MeV) . 

However, we are unable to estimate the abso­
lute number of relativistic electrons produced, 
because we do not know where the x rays were 
produced. One-MeV electrons have a range in 
cold material of 0.4 g/cm2 or more." The range 
in hot plasma would be higher, but even the cold­
material rlinge is already much greater than the 
dimensions of the laser focal spot. Thus, relativ­
istic electrons created at the target would be 
expected to escape jnto the vacuum chamber, 
where they would travel to the walls, creating 
bremsstrahlung x rays at many locations. Until 
further experimental work is done to isolate and 
measure these effects, it is not possible to esti­
mate the absolute number of electrons produced. 

These considerations also cast doubt on whether 
pair production takes place at the focus, since 
in some directions the distance from the focus 
that the relativistic electron travels is much 
greater than the focal-spot dimensions. 



VI. COMPARISON OF PAIR PRODUcnoN AND 

BREMSSTRAIIWNG BY FAST ELECTRONS 

For experimental plrplses it is of interest to 
compare the average energy loss of fast electrons 
by pair production to the average energy loss by 
bremsstrahluDg x radiation. To do this, consider 
the probability dP that pairs are produced in 
distance d%: 

dP .. a~.dx, (21) 

where ar is the trident cross section and N. is 
the density of IDlclei per unit volume. Near the 
threshold we can assume that approximately all 
of the kinetic energy E. is lost when the trident 
process occurs, so that the averaged energy loss 
(over many electrons) can be written 

(:) ..... ~ -E. = = -9.6x 10-·oy'Z"N.E. 

( B ) ... 
x ~-2 , (22) 

where we have substituted from Eq. (6). 
It is well knawn that a similar equation exists 

for the radiative energy loss due to bremsstrah­
lung; •• 

( dE) [(183) liS] dx .... = - 4ar!Z2N.E. In Z . (23) 

This expression is the average energy loss at 
all x-ray frequencies. For comparison With the 
experiment described in Sec. V, however, we 
want to know the average radiation loss by emis­
sion of hard x rays (E Z 2moc"). Because the 
x-ray spectrum is almost constant, this can be 
written apprOximately as 

(:L .. x co -21or!Z"N.(B. -2moc"), (24) 

where we have put Z = 1 in the slowly varying 
logarithmic term. 

The approximate ratio of average pair-produc­
tion energy loss to average hard x-ray emission 
is then found from Eqs. (22) and (24): 

(dE) ..... "" 4.6x 10-.0(~) (~-2)···. 
(dE) .... x m"c" m"c" 

(25) 

This result can be used to make an estimate of 
the possibility of pair production in an experiment 
where bremsstrahlung x rays have been produced. 
In our earlier experiment, .. 10-1 J of x-ray energy 
was emitted by the source as x rays of 100 keV 
or greater. One would expect much less energy 
to have been emitted as x rays of 2m"c" or greater. 
For electrons near threshold [(E./m"c" -2)« II, 
Eq. (25) predicts that the ratio of pair energy to 
hard x-ray energy would be much lells than 10-0 • 

So one concludes that the. average pair-production 
energy loss in this example was much less than 
10-15 J. However, the threshold energy 2m"c" for 
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production of a single pair is of the order of 10-11 

J, which is still greater than this extreme upper 
limit. Thus we conclude that no pairs were pro­
duced in our early experiment, .. and that one 
Should not expect to see pair production in similar 
experiments unless orders-of-magnitude-greater 
x-ray bremsstrahlung intensities are detected. 

In the more recent experiment, described above, 
in which more hard x rays were detected, we 
cannot tell whether pairs were produced, because 
we could not estimate the absolute x-ray intensity 
for that experiment. 

VII. SUMMARY 

We have examined various mechanisms for 
electron-positron pair production by intense, fo­
cused laser light pulses. Vacuum pair production 
was estimated to be unobservable, in agreement 
With previous authors. The trident process of 
pair production by high -energy electrons was 
then conSidered, and the cross section was cal­
culated. The remalning question is how the high­
energy (kinetic energy> 2m"c") electrons can be 
created at the laser focus. 

In one case, that of the coherent "quivering 
velocity" of an electron in a circularly polarized 
beam, we were able to obtain a result for the 
threilhold of pair production which was at the ex­
treme upper end of contemporary feasible focused 
intensities. 

In another case, that of the parametric ion­
acoustic instability which is excited in laser­
produced plasmas, we have given qualitative 
arguments for the plausibility of production of 
at least a few relativistic electrons by the 10ngi­
tudlnal plasma waves. On the basis of available 
experimental information, it seems uniilrely that 
electron -positron pairs have been produced at 
experimental intensities of 10'"-1011 W/cm". 
When new experiments are done in the intensit; 
range 1011_1011 W/cm", however, a few pairs 
may possibly be produced. Thus, an experimen­
tal search for positron -electron pairs need not 
wait for a focused laser intensity as high as 
1011-10"" W Icm", as previOUsly estimated.· 
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Estimates for the efficient production of 
antihydrogen by lasers of very high 
intensities 

HEINRICH HORA 
Rensselaer Polytechnic Institute, Graduate Center Hartford, Conn., USA 

Starting from the non-linear relativistic equations of motion for charged particles in 
the very high intensity fields of laser radiation, the maximum kinetic energy Ekln of the 
resulting oscillation is derived exactly. In non-relativistic conditions Ekin agrees with 
the well-known value e" Ev",(2rn. w"lnl), showing a dependence on the rest mass rn. 
of the particle. In the relativistic case, the mass dependence vanishes. The multipole 
radiation is calculated on the basis of Sommerfeld's formula for relativistic conditions. 
It is shown that this radiation is not important for oscillation energies up to 
Eklnmr = 70 rn. c" for electrons in neodymium glass laser radiation and up to higher 
values for CO" lasers and for protons. With the limitation rn. cO < Ekln < Eklnmr, the 
formula for £kIn is used to calculate the pair production (a) for singly oscillating 
particles in vacuum without collisions and (b) for plasmas with collisions. Taking into 
account the local increase of the effective electric laser field near the cut-off density 
due to the decrease of Inl (n is the complex refractive index), there is the possibility 
of efficient proton pair production at intensities of 10" W cm -" for neodymium glass 
lasers and of 1017 W cm -" for CO. lasers, besides electron pair production. 

1. Introduction 
With high laser intensities, the motion of singly charged particles or of plasma part­
icles in the laser fields becomes important. If the oscillating particles reach relativistic 
energies, the question arises of producing antiparticles, as studied by Prokhorov 
et al. and Bunkin et al. [1, 2]. These treatments used the total relativistic energy of 
the particles. The total energy splits into that of oscillation and of translation [3], 
determined by the time dependence of the pulse and the initial conditions of the part­
ic�es. A further question is the generation of standing waves, and the dielectric pro­
perties with respect to this translation. To solve for the dielectric properties simply, 
only the oscillation of the particles in their co-ordinate system is considered. The 
problem of electron pair production in vacuum [3] due to vacuum polarization [4] 
is excluded, because this occurs at intensities exceeding 1028 or 1024 W cm-2 for Nd: 
glass or CO2 lasers, while the following treatment is for smaller intensities. 

From an analytical treatment of the relativistic equation of motion we shall derive the 
general value of the maximum kinetic enegy Ekln during the oscillation. With this value 
the multi pole radiation of a charge will be calculated on the basis of the derivation given 
© 1973 Chaptntln and Hall Ltd. 

Reprinted from: Opta-Electronics. 5,491-501 (1973). 
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by Sommerfeld [5]. Because the duration is limited by emission of muhipole radiation 
at much higher laser intensities than the relativistic threshold, the oscillation energy can 
be used for deriving the equations defining the probability of pair production. Finally 
collective effects are considered in a plasma with such high densities that the plasma 
frequency Wp is equal to the light frequency w. The thresholds of pair production are 
then decreased by similar changes of the refractive index as these are the origin of non­
linear forces of direct collisionless interaction of laser radiation with plasmas [6]. 

2. Relativistic motion 
In the non-relativistic case, the forces acting on a free particle (electron, proton, etc.) of 
rest mass mo and (single) charge e in a laser field are due to the electric field E, resulting 
in a velocity 

e e . ,,= - E = - '2 Eo cos wI ; 
mo mo 

(1) 

where Eo is the amplitude of a plane, linearly polarized wave propagating in the direction 
of the unit vector i l with an orientation of E parallel to the is-unit vector and where a 
complex refractive index n is present. Ev is the corresponding amplitude in the vacuum 
if the wave penetrates with negligible loss into the plasma. The maximum kinetic energy 
during the oscillation of the particle is 

(2) 

to which nothing has to be added from the motion of the particle due to the magnetic 
field 

~Inl H = ialEvl- cos(wl +,p) 
c 

(3) 

because a magnetic field does not change the energy of a moving particle. In Equation 3, 
the phase ,p is effective only if n '* 1. 

The relativistic equation of motion without the retardation of the field is defined by 
the velocity v 

(4a) 

(4b) 

where only the components Vy and Vx exist parallel to E and E x B respectively. Using 
the substitution 

z = {I - (vx2 + Vy2)/CS}t = {I - v2je2}t , 

we integrate Equation 4a: 

(5) 
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eEv z . 
Vy = -1-1- SID wt. mnw 

Using Equations 5 and 6 we find from Equation 4b 

d {c2 - Z2(C2 + e2 Ev2 sin2 wt/(m02lnl w2) p. 
dt Z 
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(6) 

e2 E 2 

= Z -2-
v- [! sin 2wt cos 4> - sin2 wt sin 4>] • (7) 

mo cw 

Obviously, the expression under the radical cannot become negative, therefore Z can 
vary only between 

o ~ Z2 ~ Z*2, (8) 

where 

1 . (9) 

The maximum value of z*, 

(10) 

defines the maximum kinetic energy of the oscillation, using the definition of the 
relativistic kinetic energy 

(11) 

For Ev ~ Evr we reproduce the non-relativistic value in agreement with Equation 1: 

(12) 

where Ev is the relativistic limit 

Ev2 mo w 2 r;;r = m 0 c2 --;;- • (l3) 

This limit for neodymium glass lasers with a wavelength ,\ = 21T c/w = 1.06 Ilm(Nd) 
and for CO2 lasers (,\ = 10.6 Ilm) in the case of electrons (e) and protons (p) is: 

{ 
3 X 1010 V cm-I (e) (Nd) 

Evr = 5.5 X 1013 V cm-l (p) (Nd) 
.Jlnl 3 x 109 V cm-1 (e) (C02) 

5.5 x 1012 V cm -1 (P) (C02). 

The corresponding laser intensities Iv = Ivr in vacuum are 

(l4a) 
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{

1.1 X 1018 Wem-z (e) (Nd) 
[vr _ 3.7 X 1024 Wem-2 (P) (Nd) 
Inl - 1.1 x 10111 W em-Z (e) (CO.) 

3.7 x lOsl Wem-z (p) (COJ, 

H. HORA 

(14b) 

where the refractive index n is to be used at the actual location r 0 within the plasma 
neglecting absorption between the vacuum and r o. 

For the pure relativistic case Ev ~ Evr we find from Equation II : 

ecEv 
Ekln = w.J/nl - .JI. (15) 

This result demonstrates that there is no dependence of the oscillation energy of relativ­
istic particles on their rest mass mo, and the increase is proportional to the square root 
of the intensity [ only. The consequent use of the refractive index Inl diminishes the 
effect of neglect of the retardation of the laser field at the -cut-off densities of plasmas. 

3. Multipole radiation 
The oscillation of particles follows Equations 4 as long only as the emission of multipole 
radiation can be neglected. Here we like to know only the upper limit of laser intensities 
beyond which the re-emission is very strong. Weak effects like frequency shifts can occur 
at much lower intensities, indeed [I], but this is of less importance when we wish to 
know the energy of the particles with respect to collision induced pair production. 

The energy re-emitted per oscillation from a particle of one elementary charge is [5] 

e2 w 3 xo3 

S = 3c3(21T)3 (1 _ vZ/c2)Z 
(16) 

where Xo is the amplitude of the oscillation. In the non-relativistic case (Vi ~ c2) with 
Xo = eZ Eo2/(moZ w 4) we find 

(17) 

Using Ekln from Equation 12 with n = I, we find a negligible ratio SNR/Ek1n = 2e2 w/ 
(241T3 c3 m) = 4.49 x 10-11 for neodymium glass lasers and 4.49 x 10-12 for COzlasers. 

For the relativistic case we over estimate S a little by putting Xo = 21T c/w = c.\ and 
using Ekln/(mo CZ) = (1 - V2/CZ)-1/Z from Equation II, we find from Equation 16 with 
Equation 15: 

(18) 

The upper limit for neglecting multipole radiation (mr) is that laser field strength Evmr 
or kinetic energy Eklnmr of the particle for which Ekln = SR, following from Equations 15 
and 18: 

(19) 
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(20) 

Using the rest masses for electrons (e) and protons (p) and the frequencies for neodym­
ium glass (Nd) and CO2 lasers again, we find from Eq~ations 19 and 20: 

{

2.15 X 1012 V cm-1 (e) (Nd) 
Ev IDr _ 3.95 X 1015 V cm -1 (p) (Nd) 
,Jlnl - 2.15 x 1011 V cm-1 (e) (C02) 

3.95 x 1014 V em-I (p) (C02) 

{

6.34 X 1021 W cm-2 (e) 
IIDr = 2.14 X 1028 W cm-2 (p) 
Inl 6.34 x 1019 W cm-2 (e) 

2.14 x 1026 W cm-2 (p) 

Ekin mr {3~! 
rno c2 = 112.5 

505.9 

(e) 
(p) 
(e) 
(p) 

(Nd) 
(Nd) 
(C02) 

(C02) 

(Nd) 
(Nd) 
(C02) 

(C02) 

(21) 

(22) 

(23) 

Because of the increase of the multipole radiation with the sixth power of Ev in the 
relativistic region, the limits Ev mr are very strongly pronounced, implying the multi pole 
radiation is accurately negligible for Ev < Ev mr. The large numbers of Equation 23 
demonstrate that there is a very wide relativistic range where the multi pole radiation is 
negligible. 

The fact that Imr for electrons is always less than the relativistic threshold Ir (Equations 
14) for protons demonstrates that in the relativistic range for protons, the electrons will 
not have the kinetic energy Ekin of Equation 15 but a smaller value due to the quad­
rupole radiation. For the mechanism of pair production of relativistic protons, it is of 
less importance what energies the colliding electrons have. 

4. Conditions for pair production 
Besides of the concept of interaction of a high intensity laser field with the vacuum for 
producing electron proton pairs by vacuum polarization [3, 4] which has a threshold 
near an intensity of 1026 W cm -2 for neodymium glass laser, another mechanism was 
discussed by Erber [7] where a free electron is oscillating in the laser field without any 
collision. The pair production is given by a transition rate 

exp (- 8/3y), (24) 

where [2] 

Ekln Eo 
y = --2 -E and Eer = rn 02 c3/(e Ii) . 

rno C er 

Using Eo = Ev (putting Inl = I) and Ekln from Equation IS we arrive at 
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etlt 
1'= • ..s&. w mo ,,- (25) 

With a value l' = 0.1, resulting in an exponential function before Equation 24 of 
2.6 x 10-11 we find field strength &v and intensities Ivv: 

{

4.4 x 1018 V em-I (e) (Nd) 
v _ 2.7 x IOU V em-I (P) (Nd) 

Eo, - 4.4 X 1011 V em-I (e) (CO.) 
2.7 x 1011 V em-I (P) (CO.) 

(26) 

{
2.7 X 10M Wem-I (e) (Nd) 

v _ 1.03 x lOt' Wem-I (P) (Nd) 
Iv - 2.7 X 10 •• Wem-I (e) (CO.) 

1.03 x lOti Wem-I (p) (CO.). 

(27) 

which are similar to the result with the uncorrected value [2] of Ekln and which are 
higher than the laser intensities considered below. 

A third mechanism is the pair production due to collisions resulting at lower thres­
holds by the condition only of Ekln ~ mo c· or Iv > Ivr or Ev > Evr of Equations 14, 
given by an order of magnitude for the cross-section of pair production [2]: 

(28) 

The number N p of pairs produced in a plasma volume V during a time T and a density 
7Ie of electrons is . 

(29) 

or by using Equation 15 

(30) 

Because of the logarithmic function in Equation 30, the difference of our result to that 
with the uncorrected value [2] of Ekln is indeed not very strong, at least it is not a question 
of many orders of magnitude. 

Because the following considerations are also directed to questions of pair production 
of protons besides of that of electrons, the use of Equation 30 is then a: very rough 
approximation, because the interaction of the protons with other particles and quanta 
is neglected. The mass mo in the factor before V appearing in Equation 30 was derived 
from electrodynamic quantities only expressed by the fine structure constant, therefore 
at this point the electron mass will remain. The only condition for proton pair produc­
tion is that of intensities Iv and fields Ev exceeding the relativistic thresholds of Equation 
14 for the protons. 
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5. Collective effects 
The result of pair production in plasmas due to collisions, Equation 30, has a remarkable 
rate, if the particle energy exceeds the energy of the rest mass by a factor of 3 or more. 
For electrons, the needed laser intensities Iv and field strength Ev are then indeed not 
too far from the present state of technology if thin plasmas with n = I are presumed. 
But the results of Equation 14 indicate intensities exceeding strongly the present aspects 
of laser technology, if the pair production of protons is desired. In this case we have a 
chance only by assuming collective effects at such electron densities lie of the plasma 
that the laser frequency w is equal to the plasma frequency Wp. 

4n- e2 l1e 
wp2 = --- {I - v2/e2}* , 

mo 
(31) 

where the relativistic correction of the electron mass was used as indicated by Kidder 
[8]. The refractive index n, 

(32) 

is determined by the collision frequency v defining at high laser intensities an absorption 
constant KNL if the electron density ne is much less than the cut-off density lIeco derived 
from Equation 31 for w = Wp. In this case Inl = I and we find for a hydrogen plasma 

e8 ne2 TT3/1 In A 
e w l (2m 0 k T)3/2 

Here the collision frequency, 

e' lie In A 
v= 

(2k T/TT)3/1 mo* ' 

(33) 

(34) 

(35) 

was used for describing the electron-ion collisions. We have to neglect the correction 
for electron-electron collisions in this case because of the coherent motion of the 
electrons in the laser field. In A is the Coulomb logarithm where, with Ev in V cm-1, 

e Ev {3.9 x 10-5 Ev/ ~/nl (Nd) . 
A = 2e1 W(TT lIe)* . .Jlnl = 3.9 x 10-3 Ev/ ~Inl (C02) if Ev > Evr . (36) 

For the following relativistic cases of cut-off density we shall use In A = 17. Here the 
electron energy Ekln = 3 kT was substituted in the well known [9] expression of In A 
taking into account that Ekln is the maximum value of the oscillating electron and the 
average value 

<Ekin> = Ekln/2. 

For the condition w = ~(Wpl + vi) from Equation 32, there follows the minimum 
value of 
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Jv (e' lie In A )t 
Inl = .j(Re(n)Z + [m(n)Z) = j ~ =! (kT)1/1 w mot ' (37) 

from which we find for In A = 17 and Tin eV, 

I I" a {2.26 (Nd) 
n = ra/ ; a = 0.715 (COl) (38) 

Substituting again for T by Ekln in Equation 37, we find 

_ (e' ne(ln A) 31/1 wt)t . 
Inl -! (2mo e c Ev)3/1 (39) 

The physical meaning of this value is the effective increase of the vacuum field Ev by 
the denominator .j/nl, resulting in Evl/.j/nl = Evl ra/'la producing an increase of Ev 
by factors of 100 and more, if the laser light penetrates into the plasma with a negligible 
reflection of light and a negligible absorption. This increase of the actual field strength 
Eact causes non-linear forces in the plasma of a ponderomotive kind, as were first 
described in 1967 [10] and later on more generally [6]. A case of an exact evaluation 
avoiding the WBK-approximation was given by Lindl and Kaw [11], while the pre­
dominance of the non-linear force over the thermal forces was shown by Steinhauer and 
Ahlstrom [12] at high temperatures for all intensities. Their evaluation could be used to 
prove the predominance for laser intensities exceeding 1014 W em -2 (Nd) and 1012 W cm-I 

(COl) generally [13]. Also numerical evaluations demonstrated the predominance in a 
WBK-case for 1015 W em-I (Nd) immediately [14] and a non-WBK-case including the 
reflection of light by Mulser and Green [15] showed the larger non-linear force for the 
global (net) acceleration over the thermokinetic force even for intensities of 5 x 1014 W 
em -2 (Nd). It does not cancel these results, for a dynamic calculation with laser pulses 
incident on a plasma demonstrated at selected conditions of long laser pulses that the 
forces in the shocked plasma below the absorption region can determine the expansion 
to a greater degree [16] than the mechanisms within the interaction region of the laser 
light with the plasma. The influence of the non-linear force also on the whole dynamical 
numerical description was demonstrated by Shearer, Kidder, and Zink [17]. If the 
derivation of the non-linear force includes some approximations, the resulting expression 
for the force only in certain conditions [18] has the same value as that from a general 
derivation without the approximations. The non-linear forces caused by changes of n 
for cases of infra-red lasers and microwaves were treated by Chen [19] and Klima [20] 
and were included in the calculations of laser compression offusion plasmas by Nuckolls 
et al. [21]. 

[n Equation 39 it was assumed that the absorption in the plasma with relativistically 
oscillating electrons is due only to collisions even at densities where Wp ~ w. The know­
ledge of instabilities [22] or anomalous absorption [23] at these densities may modify 
the values given in Equations 38 and 39. These instabilities are still not known in the pure 
relativistic conditions Ev ~ Evr, therefore the following considerations lack this know­
ledge and should be considered very preliminary. 
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6. Conclusions of proton pair production 
Considering a hydrogen plasma with densities exceeding IJeco (lOll em-3 or a little less 
due to relativistic effects) where neodymium glass laser pulses of intensities of 1011 
W em-I corresponding to field strengths of,.., 1011 V·cm-1 are incident, the pulse length 
being assumed sufficiently long (> 10-10 s) to build up a plasma region of cut-off 
density of a thickness exceeding many vacuum wave lengths with little absorption, we 
shall expect electron pair production in all regions of the interaction zone. But in the 
cut-off-region we find by a first iteration from Eact = Ev T-3/8, with Tin electron-volts, 
values with T = 106 eV, and therefore Eact = 1.7 X 1013 V cm-I • This causes again an 
effective increase of the electron energy accompanied by a new density profile and/or 
conditions of reflectivity for electron energies of 1.7 x 108 eV. This would again 
increase Eact within the next step of iteration with this last energy, we shall exceed the 
field strength at 1014 V cm -1 which will cause pair production of protons following 
Equation 30. 

Though these conclusions are very preliminary (with respect to the lack of detailed 
knowledge of the instabilities in relativistic conditions [24] and of the processes of 
mUltipole radiation emission of electrons beyond the thresholds of Equations 19 to 23, 
and of following processes of re-absorption and perhaps meson generation etc.) we can 
expect the production of proton pairs even with such laser intensities which are needed 
for electron pair production only. The only condition· is the use of cut-off plasma 
densities and the described decrease of the refractive index n in the cut-off region as 
known from the mechanisms of the non-linear force. 

Finally, we can estimate very roughly the size of an apparatus for most optimistic 
conditions, resulting in an effective conversion of laser energy into proton pairs. Assum­
ing the logarithmic function in Equation 30 has a value 25, we arrive at 

N p = 101' V T = 1014 FIT, (40) 

if F is the cross-section of the laser bundle and 1 is the length of the reaction zone. We 
compare the total energy Ep of the pairs (Ep = 2mo proton cl N p) with that of the incident 
laser energy EL, 

(41) 

being a little above the relativistic threshold for electrons in the case of neodymium glass 
lasers. 

We arrive at 

E 2m r clN .2 = 0 proton p = 5.45 X 10-5 1. 
EL 2F T Iv electron 

(42) 

Neglecting the details of absorption, Equation 42 results in a length of the reaction 
zone of 1 = 10, if a conversion efficiency Ep/EL = I should be reached, of 

10 = 73 m. (43) 

The use of a self-focused filament of a diffraction limited beam will be preferable because 
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of stabilizing quasistationary conditions of the reaction. A diffraction-limited beam 
from a Nd laser (F = 10-7 eml) as described in Equation 41 would result, using Equa­
tion 14b, in 

EL = 2.2 x 10-11 TJ, (44) 

which corresponds to a feasible laser power of 2 x 1011 w. 
In our gedankenexperiment we have assumed a value Inl 10-8 which causes an 

effective velocity of light of 3 x 101 m S-l in the reaction zone, resulting in a minimum 
time of operation of 0.25 s. This comes to a laser pulse energy of 5 x 1011 J. 

The conditions of a 73 m long reaction zone and laser energies of SOO GJ of 0.25 s 
length are not too fantastic conditions for an efficient production of antiprotons, tak­
ing into account that the energy to be stored within I s in the magnetic fields of a future 
tokamak device for nuclear fusion is of the same order of magnitude. 
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laser-produced vi,3,4,6,10,ll,13,15,21,22,27,33,34,38,50,51, 
52,60,64,73,84,89,90,91,110,111 

low-temperature 35 
macroscopic properties of viii,28,29 
microscopic properties of viii,22,28 
overdense 69,70,77 
quiescent 27 
residual 16 
shockwave heating of 88 
solid state viii,15,18,60 
space-charge-neutra1 24 
spherical 73,78,88 
stellar 64 
stratified 53,58,59 
therma1ization of 80,90 

plasma core 80,88,98 
plasma corona 64,72,78,80,81,82 
plasma diagnostics 17 
plasma frequency viii,24,25,30,31,40,48,50,52,94 
plasma oscillations 27 
plasma resonance 25 
plasma sheath 24 
plasma simulation 28 
plasma transparency 49 
plasma velocity 30,35,71 
plasma waves 33 
plasmon 27,28,95 
Pocke1s cell 9,10 
Poisson equation 25,33,64 
positive yield 85 
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preionization 13 
proton 2,86 
proton-antiproton pair 85 

Q-machine 50 
Q-switch 9,10,18 
quasar 64 

radiation pressure 53,54,57 
Raman effect 12 
reaction 

breeding 3 
controllable 85,97 
D-D 87,89 
D-T 97 
fjssion 2,73,84,85,97 
fusion v,3,77,89,97,lll 

yield of 75,76 
H-B 85 
products of 85 
thermonuclear 3,96,97 

reactor 
D-D 4 
D-T 3,85 
fast-breeder 2 
fission 85,96 
fusion 3,4 
laser-fusion v,l 
liquid-metal 2 
nuclear 1 
power 95 
practicable 1 
thermonuclear-fusion 81 

recoil 19,20,35,52,57 
reflectivity vi,4,18,3l,50,5l,81,97 
refractive index viii,7,24,31,33,39,43,44,45,46,49,52,58,59,62,65, 

66,68,72 
retardation 65 
rippling 68,69,72,92 
rotating mirror 9,10 
runaway electrons 23 

scattering 7 
Schott glass 13 
Schwarz-Hora effect 95 
self-focusing viii,11,16,17,20,37,38,52,60,61,63,64,81,98,110,111 
self-similarity model 36,37,88,110 
shielding distance 23 
space-charge neutrality 23,24,32 



spontaneous emission 6,7 
stellarator 3 
stimulated emission 6,7 
swelling factor 72,67,68,69,70,71 

target 
aluminum sphere 88 
carbon 91 
compact 16 
D-T 111 
deuterate4 polyethylene 37,87,88,90 
electromagnetically-suspended 87,88 
foil 36,37 
free 110 
hollow-sphere 82,87,88 
laser-irradiated 37,82,87 
lithium deuteride 87,88,90,110 
polyacrylate 93 
recoil of 19,20 
spherical ix,36,87,89,98,111 
transparent 37 

thermalization 60,80,81,82,90 
thermokinetic pressure 17 
thermonuclear burn 111 
thin films by laser 18 
Thomson scattering 16,27 
thorium 2,84,97 
threshold for lasing 7 
threshold for self-focusing 20 
tokamak 3 
transparency time 36,37,88 
tritium v,2,3,4,73 
tritium ions 22,83 

uranium v,2 
fission of 85,97 

vibrational level 9 
vibrational transition 8 
Vlasov equation 42 

welding by laser 
WKB approximation 

9,18 
46,49,53,54,55,57,58,68,72 

x-rays 89,90,91,92,93,103 

YAG oscillator 12 
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