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In this paper the physics of laser fusion Is 
described on an elementary level. The irradi
ated matter consists of a dense Inner core sur
rounded by a less dense plasma corona. The 
interaction physics between laser and matter 
leading to thermonuclear burn is summarized by 
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LASER - FUSION 
(For pedestrians) 

S. Eliezer 

ABSTRACT 

In this paper the physics of laser fusion is de
scribed on an elementary level. The irradiated matter 
consists of a dense inner core surrounded by a less dense 
plasma corona. The laser radiation is mainly absorbed 
in the outer periphery of the plasma. The absorbed energy 
is transported inward to the ablation surface where plasma 
flow is created. Due to this plasma flow, a sequence of 
inward going shock waves and heat waves are created, 
resulting in the compression and heating of the core to 
high density and temperature. 

The interaction physics between laser and matter 
leading to thermonuclear burn is summarized by the 
following sequence of events: 

Laser absorption + Energy transport •* 
Compression •* Nuclear fusion 

This scenario is shown in particular for a Nd:laser with 
a wavelength of lum. The.wavelength scaling of the 
physical processes is also discussed. 

In addition to the laser-plasma physics, the Nd 
high power pulsed laser is described. We give a very 
brief description of the oscillator, the amplifiers, the 
spatial filters, the isolators and the diagnostics 
involved. 

Last, but not least, the concept of reactors for 
laser fusion and the necessary laser system are discussed. 
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1. INTRODUCTION 

A. Nuclear Fusion 

Nuclear Fusion refers to the phenomenon in which two or more 

light atomic nuclei combine to form a heavier atomic nucleus. These 

reactions for nuclei with low atomic numbers are exothermic and therefore 

they release energy. Fusion is the energy source of the sun and 

other stars. In a series of nuclear reactions in the sun, four 

hydrogen (II) nuclei are fused to form a helium nucleus. Laboratory 

experiments have shown that nuclear fusion can be achieved with 
2 

deuterium by accelerating deutrons (D -: .H) to very high velocities. 

In the great majority of collisions between those deutrons only a 

small number of fusion reactions occur, and therefore, much more 

energy is spent in accelerating the deutrons than is produced by 

fusion. In the year 1952 a large amount of nuclear fusion energy 

was achieved in a thermonuclear bomb (usually called hydrogen bonb) 

by utilizing fusion reactions in a mixture of deuterium and tritium 
3 

(T - H). Since then, research efforts were inaugurated to seek 

ways of using controlled nuclear fusion energy for peaceful needs. 

As the water in the oceans contains one deutron for every 6000 protons, 

(i.e. about one gram of deuterium in 30 kilogram of water) the oceans 

are an Inexhaustible source of nuclear energy. 

In order to realize a nuclear fusion, the two light nuclei must 

come close enough to Interact. Since each nucleus carries a positive 
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electrical charge the nuclei must have enough initial energy to overcome 

the electrostatic repulsion forces. The repelling force increases 

with the electrical charges, therefore, it is desirable that the 

interacting nuclei should have the lowest possible charge. Thus 

the hydrogen isotopes are the best candidates for controlled fusion. 

D + D -» 3He + n + 3.2 MeV (1.1) 

D + D • T + H + 4 . 0 MeV (1.2) 

D + T -• He + n +17.6 MeV (1.3) 

3 4 where He and He arc isotopes of helium, n denotes the neutron and 

the released energy per reaction is given in million electron volts (KoV). 

As mentioned before, the deuterium is easily obtained from water while 

the tritium is obtained from the nuclear interaction of neutrons with 

lithium nuclei. 

The electrostatic repulsion is overcome by raising the temperature 

of the fusion fuel. It is necessary to attain a sufficiently high 

temperature for fusion reaction to occur. Fusion reactions obtained by 

means of high temperature are called thermonuclear reactions. The tem

perature required for efficient fusion depends on the reactions that are 

being employed. From calculations based on measured cross sections, 

it has been determined that the D-T fusion fuel is efficiently burned at 

10 keV (about 10 K). The fusion of deuterium alone would require ev.n 

higher temperatures (about SO kcV), therefore It Is believed that the 
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controlled fusion will be realized through the D-T reaction before 

other possible reactions such as D-D. It is for this purpose that we 

limit our discussion to the D-T fusion in this review. 

B. Ignition Temperature and Lawson Criterion 

At these very high temperatures all the atoms will be stripped of 

their electrons and create a highly Ionized gas, i.e. a plasma. 

In order to obtain high temperature and ion density for the thermo

nuclear ronctlon to take place at n significant rate, initial energy 

has to be supplied. Once these conditions are reached in the plasma, 

they must be maintained long enough to recover the supplied initial 

energy. At the high temperature necessary for fusion, a plasma loses 

a considerable amount of its energy in the form of radiation. The 

main radiation results from decelerating electrons interacting with 

ions (bremsstrahlung). The system is self-sustained when the rate of 

energy produced by fusion exceeds the rate of losses from plasma by 

radiation. This requirement determines the critical ignition tem

perature of a nuclear fusion reactor. After the ignition temperature 

is reached, the plasma must be confined long enough to compensate for 

the supplied Initial energy to heat the plasma. This criterion was 

obtained by J.l). Lawson and is expressed by the condition (for 

D-T reactions) 

n T > 10 1* aec/cro3 (1.4) 

where n is the plasma density in unlta of particles per cubic centimeter 
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and T is the time (in seconds) for which the plasma of that density is 

confined. 

There are two basic approaches to achieve the desired controlled 

thermonuclear fusion: (a) by magnetic confinement, and (b) by inertial 

confinement. In the first approach the plasma is confined (i.e. T in 

Eq. (1.4) is increased) with the help of magnetic fields. Many 

different magnetic field arrangements have been proposed for the 

confinement of the high-temperature plasmas required for fusion reactions. 

In this paper we do not discuss magnetic confinement. In the second 

approach, the basic idea is to heat a pellet of deuterium-tritium 

mixture very rapidly to thermonuclear temperature. The Lawson criterion 

is obtained (see Eq. (1.4) ) by maximizing n through the implosion and 

compression of the fusici fuel while the confinement time T is fixed by 

the inertia of the imploded material. The pellet compression can be 

reached in principle by using the following drivers: (i) lasers, 

(11) electron beams, (ill) ion beams. In this paper we discuss the 

nuclear fusion scheme obtained with the help of lasers. 

C. Laser Implosion 

When an incident pulse of a high-lrradlance laser is absorbed by a pellet, 

a plasma is created from the outer surface of the target. The outward 

blowing plasma causes the remaining pellet mass to move rapidly Inward, 

I.e. an implosion takes place. Converging shock wave pressure compresses 
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and heats the D-T fuel very rapidly causing nuclear fusion interactions. 

The laser has to deliver its energy in very short periods' of time of 

the order of nsec (10 sec) in order to provide adequate pressures 

and compression. This is achieved with very high energetic pulsed 

laser beams. The laser beams can be focused onto very small areas causing 

high irradiation of the pellets. 

The pellet compression is essential for a successful laser fusion 

scheme . In order to easily understand the main idea we define the nuclear 

roactiontime (t„) and the confinement time x. 
K 

- - - X % R 3 (1.5) R n 1<oV> 

T - | % R (1.6) 

where n. is the ion density, o is the nuclear cross section, n. < 0V> is the 

rate of interactions, R is the radius of the pellet containing the D-T 

fuel and C is the sound speed in the appropriate medium. From Eqs. (1.5) 

and (1.6) we obtain for the burnt mass m(Fusion): 

m(Fualon) -, T ^ 1 (1.7) 
T R R 2 

where • la the initial mass of the pellet (assuming m t °"*<<1). o m o 
An additional advantage of the high core density is the absorption of the 

t, »(• He) particles by the dense material. Since the mean free path (l) 

of the a particles Is Inversely proportional to the density, one has 

t •x. R 3 (1.8) 
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Thus if the pellet radius is reduced by a factor of 10, the mean free 

path of a particles are reduced by a factor of 1000. In this case 

the energy carried by the a particles (3.52 MeV per reaction) would be 

deposited within the pellet and a self-supported thermonuclear burn 

wave will propagate outward causing fusion to the rest of the pellet. 

In this instance it is not necessary to heat the entire mass of the 

pellet to ignition temperature. 

Calculations have shown that high compression can be achieved by 

(a) shaping (in timp)of the laser pulse and (b) "clever" pellet design. 

The most effective compression is isentropic (i.e. constant entropy) and 

this can be achieved if the ablation pressure could be increased 

according to an ideal time profile. Besides the time shaping of the 

laser pulse, structured targets have to be used to vary the time 

evolution of the pressure on the compressed material and to avoid 

preheating of the pellet core in order to achieve the desired isentropic 

compression. 

D. I.aser-Plasma Interaction 

The interaction physics between high irradiance lasers and matter, leading 

to high compression causing thermonuclear burn, can be summarized 

schematically by the following intercorrelated process: 

Litflvt abioiption •• Ennigij tAanipolt •* Compne^iion •* hluctaaA pinion 

The irradiated matter consists if a dense inner core, surrounded by a less 

dense and hot corona. The laser radiation is absorbed in the outer 
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periphery of the plasma, up to a critical density (n ) defined as the 

region where the plasma frequency equals th/it of the laser light. 

The laser radiation hits the plasma flowing from the irradiated surfare. 

Near the critical surface, the electrons in the plasma are oscillating 

with the laser frequency so that the plasma refractive index becomes zero, 

the electromagnetic waves propagation ceases and reflection occurs. 

Plasma electrons dominate the dielectric behavior of the plasma and the 

resonance occurs when the electrons reach the critical density n 

Riven by: 
21 10 electrons ., .. 

"c " 72 3 ( 1- 9 ) 

where the laser wavelength \ is given in microns. The classical form 

of absorption is inverse bremsstrahlung in which an electron In binary 

collision with an ion absorbs a photon. 

The energy absorbed up to the critical density is transported inward 

to the ablation surface and outward into the expanding plasma. Diffusion 

of the heated electrons carries energy away from the point of absorption 

and In particular into plasma of greater than critical density. Besides 

the transport of thermal electrons, one has to deal with the transport of 

"fast electrons". Such electrons have a range in solid density material 

of tens of microns and therefore they deposit energy ahead of the thermal 

conduction front causing hot electron preheating. Last, but not least, "soft" 

and "ha-d" X-rays are created in the hot plasma causing another source of 

preheating the cold material. The phenomena of "energy transport" a r c 
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complicated by the existence of very strong magnetic fields, the existence 

of acoustic turbulence and the existence of strong temperature gradients 

at the critical surface. 

The onset of inward going shock and heat waves results in the compression 

and heating of the core to a high density and temperature, adequate to 

meet the conditions needed for thermonuclear burn. The isentropic 

("cold") compression of the D-T core is essential for laser-fusion. 

As mentioned above, the laser pulse shaping and the sophisticated pellet 

design are mainly to obtain the desired effective compression. 

E. In Addition ... 

The understanding of the laser-plasma physics is necessary but not 

sufficient. We also require (a) a laser capable of repeatedly 

delivering large amounts of energy in very short and properly shaped 

pulses and (b) laser fusion reactors transforming the thermonuclear 

energy into an electrical power plant. 

In Chapter 2, the high-power pulsed lasers and the laser-target system 

are described. Chapter 3 summarizes the physics of laser fusion, while 

in Chapter 4 the concepts of laser-fusion reactors are discussed. 

He conclude with a discussion in Chapter 5 on how to analyze the 

progress in laser fusion. 
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2. HIGH-POWER PULSED LASERS 

A. In General 

In the last decade the technology of high-power pulsed laser 

systems has developed dramatically. Good examples are the existing Shiva 
12 20 TV (1TW = 10 Watt) neodymium glass laser at Livermore and the 

Helios 10TW CO laser at Los Alamos in the USA. Designs and 

constructions of larger laser systems are under way in the USA, Japan, 

the Soviet Union, Prance and Great Britain. The status of this 

development is summarized in a series of articles on lasers for plasma 

applications in the proceedings of the Workshop on "Laser Interaction 

and Related Plasma Phenomena1' and in an excellent lecture series by 

J.F. Holzrichter . At present, there are four different laser media 

which are of interest to laser-fusion experiments : the Hd:glass with 

A - 1.06u, the CO- with A = 10.6u, the iodine I, with A = 1.3p and 

KrF with A <= 0.249M. In this paper we shall concentrate on the 

glass laser. 

B. The Laser-Target System 

The laser target interaction system consists of an oscillator, 

amplifiers, propagation and isolator devices, a target system and 

diagnostics. The purpose of this system is to deposit energy in an 

appropriate time interval on appropriate targets. The laser input 

to the target must be well controlled, repeatable and predictable 

in order to study the laser-target interaction physics or in order to 

operate a fusion reactor. For "doing progress" at the basic physics 
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level, the physicists measure "target response" parameters such as 

plasma temperature, X-ray production, neutron yields, particle 

accelerations etc., etc. 

The components of the laser system are: CI) the oscillator which 

creates the laser pulse with an output energy of about 0.1-1.0mJ 

(m,l=J0 .loule). The output energy of the oscillator is kept small 

in order to easily control the laser pulses. (2) The telescope 

system which projects and magnifies the beam from the oscillator. 

(3) The amplifiers which amplify the oscillator pulse to the energy 
5 4 8 

of 10-10 Joules. The amplifier gains are at least 10 -10 . In order 

to obtain maximum energy one requires about 10 amplifiers in a series. 

The diameter of the amplifiers increases from about 1cm to about 50cm, 

in order to avoid glass damage ,while increasing the energy in the beam. 

(4) The isolating elements which prevent target reflections to return 

and to damage the laser system. These isolators also preclude the 

amplifiers from self-oscillating off the target. With an amplifier 
4 8 gain of 10 -10 even the smallest disturbance through the laser beam 

-4 -8 will be able to reflect 10 -10 in the backward direction causing 

lasing conditions to occur and thus resulting in self-damage or 

destruction. Thus isolation is a necessity. (5) Mirror and focussing 

lens system directs the laser light onto the target. (6) The target and 

(7) Diagnostic systems to analyze the laser beam and to measure the 

parameters of the laser-target interaction. 
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C. Orders of Magnitude 

In order to realize the above laser system, we summarize here several 

orders of magnitude: 

Laser on target energy 

Laser pulse duration 

Laser medium pumping time 

Capacitor charging time 

Beam diameters 

Laser energy fluence (limited 
by breakdown thresholds and 
self-focussing) 

Typical beam intensities 

Beam (peak.) electric field 

Beam (peak) magnetic field 

Beam wavelengths 

Beam frequencies 

Number of optical cycles in 

10 - 10 J 

10 - 10 sec (0.1 to 10 nsec) 

10~ 6-10 _ 3sec 

l-102sec 

5 - 50 cm 

2 - 2 0 J/cm 
9 10 2 10 -10 1 UW/cm 

106-3xl06V/cm 

3000-9000 Gauss 

0.25)jm - 10ym 
13 15 3x10 - 10 Hz 

pulse of 1 nsec - 3x10 - 10 

Intensity on target - 1 0 1 2 - 10 1 6W/cm 2 

On target (peak) electric 
field - 3xl07 - 3xl09V/cm 

On target (peak) magnetic 
field - 10 5 - 10 7 Gauss 

In order to build a laser system, it is required to understand the physical 

conacralnts and the performance of the individual components that are 
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included: the oscillator, the amplifiers, spatial filters, isolators, etc. 

n. The Osii 1 lator 

The oscillator must generate the desired pulse shape in space and 

in time with the appropriate bandwidth. 

Consider a volume (V) of laser medium that has a constant gain for 

frequencies v + j - . The number of electromagnetic modes in the laser 

medium is 

N . » £ ^ J i . V (2.1) 

c 

where c As the light velocity. The number o( possible modes available 

for a laser with wavelength A = lp is obtained from Eq. (2.1) using the 
14 10 9 3 

typical values of v = 3x10 Hz, flv = 3x10 Hz: N = 2.5x10 modes/cm . 

For an oscillator crystal 10 cm long and with a 1 cm diameter, the number 

of free space modes are N = 2.5x10 . The purpose of the oscillator is 

to select only a few modes for amplification and propagation. The mirrors 

are added around the gain medium to form a "cavity" in order to limit 

the spatial direction of the oscillation and to obtain standing waves in 

the cavity. Due to the mirrors, stable electric field modes occur only 

at frequency intervals &v =• n(c/2d), where n = 1,2,3,... and £ is the cavity 

length. A two-mirror cavity alone is not sufficient to limit the mode 

structure of an oscillator. Therefore, an aperture is added in order to 

obtain the lowest transverse mode (called TEMoo) which is Gaussian in 

spatial profile. Rain as a function of frequency Is determined by the 

product of the laser transition llnewidth function and the cavity 

reflectivity. For further control of the mode structure, a Fabry Perot 

etalon is introduced In a laser cavity in order to decrease the lincwidth 
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of the transition. Finally, a stationary mode is obtained in the 

oscillator cavity when the desired field builds up slowly relative to 

the all transient modes. This is obtained with the help of a time 

variable loss element. By modulating the loss element at a rate equal 

to the round trip cavity time ttlc, the build-up of the pulses that cycle 

through the oscillator are forced to follow *-he periodicity of the 

time dependent loss. This is called "mode-locking". Such an oscillator 

pulse can be coherently amplified through a set of amplifiers to levels 

of Interest for plasma fusion experiments. In addition, the oscillator 
n 

pulse can be shaped in time in order to achieve the desired high 

compression on target. 
E. TluJ Amp] [f Itrs 

The amplifiers increase the beam radiance from the oscillator to the 

level required for target experimentation and fusion. The amplifiers 

operate on the principle that their lasing medium is a temporary energy 

storage until pulse extraction occurs. The gain medium should have a good 

optical quality in order to get phase uniformity and gain uniformity. 

The Nd:glass laser is based on the lasinR properties of neodymlum 

in an amorphous glass host. The concentration of t'ie Hd ion in the glass 

Is about 2%. The Nd:glass is excited by photons from broadband xenon 

flashlamps. The Nd Ion gain storage time is long, about 300usec, thus 

allowing the use of electrical pulse discharge technology. The pumping 

is done from the periphery and the Hd population Chat can be excited is limited 

by radiance of the xenon flashlamps. The efficiency of the conversion of energy 
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from flashlranps to stored energy and finally to inverted laser energy is 

about 1-2%, thus making it a low energy conversion efficiency for a fusion 

reactor laser. 

F. Spatial Filters 

In a laser chain the diameters of the amplifiers are increasing through 

the "line" and therefore imaging elements, such as "astronomical telescopes", 

a required to control the divergence and the diameter of the laser 

beam. When an aperture is added to the focus between two lenses, the 

system behaves as a spatial filter relay. In constructing the filter, 

one has to avoid the creation of plasma in the pinhole. 

(;. Isolators 

Optical isolators act as "diodes" allowing the laser light to pass only 

in one direction. The isolators are used to prevent back-reflected light from 

destroying the "source" from which the laser originally came. The main 

optical isolators are based on either the Faraday effect or the Pockels 

effect. In the Faraday rotation system, the polarization plane of the 

laser is rotated by an amount proportional to the magnetic field applied 

along the direction of propagation. For example, linear polarized 

light can be rotated 45 with respect to the magnetic field so that the 

back reflected light will be perpendicular to the original beam and 

therefore rejected by a polarizer. The Pockels cell rotates the polarisation 

plane due to electric fields. The Isolation is achieved by rotating the beam 

polarization and trannferrlng the pulse through the crossed polarizers. 
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H. Diagnostics 

The laser beam diagnostics should provide a complete description of the 

laser input on target in order to define the initial conditions in laser-

plasma interaction. In a laser system, measurements are made on the 

oscillator pulse train shape intensity, output energy and time (streak) 

image. The amplifier performance is known by measuring the input and output 

energies and beam profiles, finally the laser incident on target is diagnosed 

by directly imaging a fraction of the Incoming beam and using vidicon, 

streak camera, etc.to spatially and temporally analyze the laser beam. The 

input energy on target, the pulse shape and the existence of prepulses are 

checked routinely. Besides the laser beam diagnostics, a comprehensive set 

of spectrometers, streak cameras, charge particle collectors, etc. are used 

to measure the laser-target interaction. 

I. T.aser for Fusion 

In the preceeding sections a Nd:glass laser system was described. This 

system is used mainly to study the laser-plasma physics. Lasers for fusion 

applications will require 1 to 10 mJ (10 Joules) of energy on target in about 

lOnsec pulse duration with a rate of 1 to 10 pulses per second and an 

efficiency better than 102. At present some gas laser systems look more 

favourable mainly because of their high efficiencies. The development of 

lasers capable of delivering large amounts of energy in properly shaped 

pulses with a reasonable efficiency seem to lie in the realm of technological 

possibility. 
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3. PHYSICS OF LASER-FUSION 

A. The Scenario 

The interaction physics between laser and matter leading to thermo

nuclear fusion can be schematically summarized by the following sequence 

of events: 

LASER ABSORPTION •> EUERGV TRANSPORT •* COMPRESSION - NUCLEAR FUSION 

The irradiated target consists of a dense region surrounded by a less 

dense plasma corona. The laser radiation 1B absorbed in the corona and 

at the critical layer (electron density of 10 cm for 1 06|im radiation)-

During the process of light absorption, the energy is transferred to 

electrons at suhcrltical densities. Two types of electrons are 

produced: "cold" electrons with temperature (T ) about 1 keV and "hot" 
e 

electrons with temperature (T ) about 10 keV. (The typical numbers are for 
15 2 1.06um radiation with irradiance of 10 W/cm .) The "cold" electrons 

carry energy away from the point of absorption by the diffusion process, 

however, the "hot" electrons deposit their energy ahead of the 

thermal conduction front caused by the "cold" electrons, causing hot 

electron preheating. The transport of energy Inside the undisturbed 

material seems to be inhibited relative to "classical" expectations. 

There are (at least) three kinds of pressures in laser-produced plasma. 

The saallest is the light pressure (F ) caused by the direct laser 

radiation 

where I is the Irradlance. For I - 10 W / C B the laser light pressure is 
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about 0.3 Mbar. The main effect of P is to steepen the density 

gradient near the critical density in the plasma flow. The second 

pressure of interest is the ablation pressure (P ) associated with 

the flow of heated plasma from the solid target. The ablation 

pressure drives a shock wave into the solid target and causes it to 

compress. The "inhibition" of energy transport and the creation of 

"hot" electrons reduces the value of the ablation pressure. Since 

the ablation pressure acts by a low density hot plasma on a high 

density cold plasma the Rayleigh-Taylor instabilities occur at the 

ablation front. The third pressure is due to the hot electron pressure 
2 15 2 (P„). For IX > 10 Wum/cm (\ Is the laser wavelength), P„ might become H n 

the dominant pressure. 

If targets are irradiated so that the ablation process is confined to 

a thin surface layer compared with the target thickness, then Che 

material to be compressed is protected from preheating by hot electrons. 

In this case the compression pressure is significantly larger than the 

ablation pressure due to the acceleration of the imploding shell to high 

velocity. Calculations suggest that if the ablation pressure can be 

increased in a particular time profile, then an ideal lsentropic com

pression can be achieved. If the core is compressed to appropriate 

high density and temperature, then a thermonuclear fusion process occurs. 
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B. Absorption of Laser Light in Plasmas 

High power lasers, described in the previous chapter, can generate 
1 fi 2 pulses with irradiances on target as large as 10 W/cm . Even the 

"small" laser system at Soreq can achieve thesp high irradiances due 

to good quality optics and design. The irradiance (I ) is related 

to the peak electric field (E ) of the laser beam (in vacuum) by the 

formula: 
C€ E 2 

I 0 - - * f (3.2) 

15 2 where e Is the dielectric constant In vacuum. An irradiance of 10 W/cm o 
o 

imposes an electric field of 2x10 V/cm. Any atom which finds itself 

in an electric field of this magnitude will lose an electron within a 

few oscillations of the field. For laser with a wavelength of 
-14 X • lum this happens in an order of magnitude of 10 sec. It follows 

that when a high-power laser pulse is focussed on a solid target, a 

dense plasma is formed very rapidly. Therefore, at the high irradiances 

relevant to laser-fusion, one has to study and understand only the 

interaction of laser light with plasma and one can ignore the process by 

which the plasma is formed. 

Laser light can interact directly with plasma particles (i.e. with 

electrons and ions). Moreover, the laser photons may also interact with 

plasma waves which may be of an electromagnetic nature (i.e. transverse 

waves) or of an electrostatic or acouBtlc nature (i.e. longitudinal waves). 

Therefore, In order to understand the laser light absorption in plasma 

one ha* to know the behaviour and the interaction processes of pl.isca waves. 
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The possible couplings between these waves are: 

(a) photon + phonon + photon (stimulated Brillouin) 

(b) photon -» plasmon + photon (stimulated Raman) 

(c) photon -* plasmon + phonon (parametric decay instability) 

(d) photon * plasmon + plasmon (two plasmon instability) 

These processes are collective phenomena and one can understand these 

interactions b; mak lng an analogy with parametric aitî . j.ers where an 

c.tternal driving oource at (angular) frequency w excites natural 

oscillations of the system at frequencies u>, ami io. such that energy 

and momentum are conserved, i.e. 

ID • u, + to. (3.3) 
o 1 I 

k - k\ + L (3.4) 
o 1 I 

where k is the wave vector. In our case, a> is the driving laser light, 

while w and u, are either an ion acoustic wave (phonon) or an electron 

wave (plasmon) which are longitudinal waves or another photon. The 

frequency of an ion acoustic wave is given by 

u±

2 - k 2(ZT e + YjT^/M (3.5) 

and the frequency of a plaamon wave la 

» 2 » » 2 + 3k 2T /m (3.6) 
e p e 

T and T. are electron and Ion temperaturca in energy units, k Is the 
wave vector, H and a are the Ion and electron mass respectively, y. Is the 
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ratio of specific heats and to is the plasma frequency 
. 2 

, 4ire n 
u> = — ^ (3.7) p m e 3 where n is the number of electrons per cm and e is the electron e 

charge (in c.g.s. units). At the critical surface OJ = ui while 

i P 

The stimulated Raman and P.rillouin processes (and In particular the 

latter) lead to a reduced absorption while the parametric decay 

instability and the two plasmon instability add to the absorption 

efficiency. These wave couplings will occur at any driving laser 

light provided that the growth rate is not limited by damping. 

In reality where damping is a "fact of nature" the above nonlinear 

wave-wave interactions will not occur if the (laser) pump wave is not 

strong enough. An estimate of the laser absorption due to these 

mechanisms can be obtained from the formula 

1 u 2I'k ( ., .. 
abs o (3.8) 

lo - % 
where I and 1 are the incident and absorbed laser irradiances.r is o abs 
the effective energy damping rate of the instability and ( is the size 

of the plasma participating in the excitation of the instability. For 

laser (with wavelength of lum) irradiances larger than 10 W/cm 

these processes become important. 

Experimental data related to wave-wave interactions exhibit threshold 

and intensity dependence as discussed above. The most direct evidence 

for the existence of non-linear wave-wave interactions in laser produced 

r'-asmas has come from the observation of harmonic light emission i M the 
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plasma. As many as eight harmonics were measured in the backscattered 
14 2 light from a planar aluminium target irradiated by a 10 W/cm C0_ laser. 

The backreflected radiation from the plasma is mainly due to 
12 stimulated Brillouin scattering . It seems that the back reflected 
13 2 light has a threshold at about 10 W/cm for A = 1pm irradiation, and 

its magnitude increases with laser intensity up to 50% or more. The 
12 present existing experiments suggest that a significant Brillouin 

backscattering may also occur with shaped (In time) pulses which are 

planned for laser fusion . 

Reflected light at 2w frequency can also be explained on the basis of 

plasmon creation near the critical density with a frequency close to u> = 
o 

These plasmons can couple with the oncoming laser photon or with another 

plasmon to give a photon with a frequency near 2u . This radiation should 
13 exhibit threshold behaviour and be red shifted relative to 2cu . o 

The onset of nonlinear wave-wave interactions might be accompanied 

by the generation of fast (i.e. hot) electrons and ions in the plasma. 

The existence of these fast charged particles has been proven by X-ray 

and charge collector measurements. For high laser lrradiances the 

continuum spectrum of X-rays Is canposed of a thermal distribution together 

with a high energy tall which Is interpreted as a hot temperature (T ) . 
H 

The existence of fast electrons Is disturbing the desired efficient 

compression. 

Although we started our discussion of laser absorption by nonlinear 

wave-wave interactions (i.e. parametric Instabilities), the simplest form 



- 22 -

of absorption Is the classical inverse bremsstrahlung in which an 

electron absorbs a photon in the presence of an ion. The absorption 

coefficient for this process *s given by 

1 U " An -1 (3.9) 
• - cm T 3' 2,!-„/,. J 1/ 2 

where the laser wavelength is given in microns, the electron temperature 

In lii'V, Z is the ionization charge state of the ions, p :1s the plasma 

density and p Is the density of the critical layer. Equation (3.9) implies 

that the collisional absorption (i.e inverse bremsstrahlung) is maximum 
_2 near the critical density where p > p . Since p scales as A one gets c c 

-2 -3/2 K - z\ r J' (3.10) max e 

suggesting low absorption for low Z, long wavelength and high temperature 

T resulting from high laser irradiance. Collisional absorption ceases 

to be effective at about 10 -10 W/cm for X = 1pm lasers. 

Last but not least, laser light might be absorbed by resonance 

absorption in the plasma. Solution of Maxwell's equations shows that P 

polarized light (i.e. the vector polarization lies on the plane of 

incidence) Incident on a steeply rising plasma density at a few degrees 

from normal incidence has a singularity In the magnitude of the oscillating 

electric field. This electric field resonantly drives an electron plasma 

wave. Wave damping occurs by "wavebreaklng" and Landau damping. Up to 

40J absorption may occur by resonance absorption for Nd:YAG lasers 

while up to almost 100Z resonance absorption can be obtained with 10.6um 
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CO lasers. The main feature of the resonant absorption is the creation 

of hot electrons since most of the absorbed energy is acquired only 

by a minority of the plasma electrons in contradiction to collisional 

absorption which heats all the electrons. For high laser irradiances, 

e.g. IA > 10 Hum /cm , most of the absorption is occurring by 

resonance absorption. 

To summarize, two aspects of laser light absorption are of interest: 

(a) what fraction of the incident light is absorbed and (b) what are 

the mechanisms responsible for the absorption. While the importance 

of the first question is self-evident (i.e. NO absorption •+ NO laser-fusion), 

the importance of the second question is critical in order to obtain an 

efficient compression (e.g. fast electrons •* HO laser-fusion) which is 

crucial for the inertial confinement scheme. 

C. Energy Transport 

Absorption transfers energy to electrons at subcritical density. The 

heated electrons carry energies from the point of absorption into the 

ablation surface where plasma is created and the core is compressed due 

to acceleration caused by the rocket reaction effect. Efficient transfer 

of energy from the absorption region to the compressed core of the pellet 

is needed in order to obtain efficient thermonuclear reactions. T.e 

hydrodynaialc efficiency (n ) of a spherical implosion is optimized when 
H 

the ion blow-off velocity is comparable to the implosion velocity. This 

can easily be understood by the rocket model analogy: Che greatest 

efficiency occurs when the exhaust leaves the rocket at the rocket's own 
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speed since then the exhaust has no velocity (i.e. no kinetic energy) 

in the earth's frame of reference and so the whole energy is used to 

accelerate the rocket. 

The heat flux s is related to the temperature T by the transport 

equation 

pC-f£=-V.s (3.11) 

where n is the density, C the specific heat, t is the time and s is given 

by 

s - -KVT (3.12) 

where K is the coefficient of the thermal conductivity. From (3.11) 

and (3.12) one gets the heat diffusion equation if K is constant in 

space 

|f = XV 2T (3.13) 

where 

X - |L (3.14) 

is the coefficient of thermal dlffusivity. This description of heat 

flow breaks down when the scale-length of the temperature gradients 

is smaller than the mean free path. This seems to be the case for 

high irradiance lasers and it turns out that the heat flow is Inhibited 

in these cases. 

The heat transport from the critical surface inwards and the plasma 

flow from the ablation surface outwarda is Influenced by (a) the existence 
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of two electron temperatures T and T , (b) the generation of very 

strong magnetic fields (of the order of inegagauss) , (c) the ponderomotive 

forces, (d) turbulence, etc. (?) etc. (?) etc. (?). 

The magnetic fields may be created from currents driven by electron 

pressure in non-uniform plasmas, which are proportional to 

7n xVT , where n and T are the electron density and temperature, e e e e 

These self-generated magnetic fields can inhibit the electron heat 

transfer and can accelerate the ions through the JxB force, where 

J is the plasma current . Magnetic fields .transverse to the heat 

flow , inhibit the heat flow by a factor 

1 
R •* 

(l+uV) (3.15) 

where u is the electron cyclotron frequency and T is the 90 collision 

time. For typical high irradiance laser-plasmas, B % 10 Gauss, 
21 3 

n - 10 electrons per cm and T x 1 keV one gets R % 0.05 which gives 
an inhibition of a factor of 20 of the heat flow. 

The time average Lorenz force on an electron in the electromagnetic 

field with frequency to and electric field amplitude |E| is given by 

the ponderomotive force 

2 
F - - S _ V\E\Z (dyne) (3.16) 

p Amu 

This force may accelerate the ions in an indirect way by the gneration 

of a charge separation electric field E 

F - eE (3.17) 
P 8 
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The energetic ions cause an inefficient compression of the pellet, 

therefore, the fast ions play a negative role in the quest for 

laser-fusion. 

Plasma transport physics may be influenced by the existence of 

turbulence . The strong fluctuating electrostatic fields scatter 

the electrons transporting energy into the target. The physics of 

turbulence is far from understood and thus its role in laser-

plasma interaction is still an open question. 

Fiist nnd last, the single most important feature in existing experiments 

is the creation of hot (i.e. fast) electrons. This phenomenon occurs 

when the laser irradiance exceeds a critical value. The theoretical 

model describing fast electron transport is the Tokker-Planck equation. 

The fast electrons are approximately Maxwellian with a hot temperature 

(T„) about 10 to 20 times that of the cold electrons (T ). These H e 

hot electrons have considerable range in the target and cause 

the undesirable preheating. Moreover, fast ions are accelerated in the 

electric field set up by the freely expanding fast electrons, and this 

effect plays a negative role in the fusion process as explained above. 

D. Compression 

Due to the strong heating of matter in the absorption region, high 

pressure is exerted on the surrounding material which leads to the 

formation of an intense shock wave, moving into the interior of the 

target. The momentum imparted to the compreaaed material behind the shock 

front is balanced by the momentum of the outflowing plasma. The thermal 
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pressure together with the momentum of the ablated material drives 

the shock wave. The idea of compressing the pellet by convergent 

compression waves has significantly reduced the required laser energy 

needed for laser-fusion. Lawson criterion for the break-even condition 

may be expressed in the form 

pR > 1 g/cn.2 (3.18) 

where p is the fuel density and It is the core radius. 

The Hugoniot relations are used to determine the state of the compressed 

solid behind the shock front. For planar geometry the conservation of 

mass, momentum and energy for a steady state shock wave can be written as 

P V = P,(V -V ) (3.19) 
O S 1 S p 

p V 2 = p (V -V ) 2 +P (3.20) 
O S 1 S p 1 

C . t P . i P . l - E (P„ ,P ) = | P 1 ( f - - — ) < 3 - 2 1 ) 
1 1 1 O O O Z i p p 1 

where V is the shock wave velocity into the undisturbed solid, the s 
subscripts o and 1 describe the regions ahead of and behind the shock 

front respectively, V is the particle velocity, p the density, P 

the pressure and E is the specific Internal energy. From these 

relations the state behind the shock front can be determined if the 

equation of state e " e(P,p) is known, the initial conditions P and 

p are given and the shock velocity is measured. The pressures obtained 

with present lasers are in the domain of 1 to 100 megabars 
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In compression of matter to high densities the equations of state of the 

materials involved in laser-fusion are of considerable interest. For 

an ideal gas, the equation of state is 

e
 Y-l „ (3.22) 

where y is the specific heat ratio y*c / cv* ^ o r a n Ideal E a s with 

3 degrees of fieedom y =5/3. For an adiabatic compression one has 

P » const p Y (3.23) 

There is a minimum pressure for a cold free electron gas because the 

Fermi statistics permit only two electrons in a phase space volume 

of h (where h is Plank's constant), n electrons in a unit volume have 

a pressure P 

P = M 2 l 2 / V n 5 / 3 
F 20 n m e (3.24) 

\ j e 

and the electrons maximum energy is given by the Fermi energy 

£F-im\ 2 / 3 »•"> 
e 

A hot plasma is Fermi degenerate if its temperature T < E . For 
F 

22 3 

example(this occurs for T < 5eV in a plaBraa with n =5x10 electrons/cm 

(solid deuterium). The Fermi pressure for fully ionized deuterium can be 

written as 
p - 3.3[p(£-j)] 5 / 3 Mbar (3.26) 
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This free electron gas (Fermi model) description is limited because 

Coulomb energy may be significant. This is the case if 

Ze 2 

^ - > E^ and T (3.27) 
ei 

-1/3 where r is the electron ion separation (proportional to p ). 
22 3 

Tor the previously mentioned example of n "5.10 electrons/cm and Z=l 

the Coulomb and Fermi energies are approximately equal, therefore, the 

Coulomb effects must be taken into account. This model is called the 

Thomas-Fermi model and is applicable in particular for Z>>1. The 

I'oisson equation is so.'.ved to find the density distribution of 

electrons to be consistent with the potent^-l. 

The Fermi and Thomas-Fermi theories consider only the repulsive forces, 

however, there are also binding forces which make the solid stable even 

at zero pressure. The equations of state which also take into account 

these binding forces (quantum mechanical exchange fores) are given 

by the Thomas-Fermi-Dirac model . Further corrections have been 
ID 

introduced and vet the knowledge of the equation of state for high 

pressure as achieved in the laboratory with high powerful lasers is 

still not complete. 

Most compression experiments have been carried out with thin glass 

mlcrobaloons, about lOOum in diameter and a few microns thick, filled 

with D-T gas. Short laser pulses of the order of 100 psec were used to 

illuminate the pellets as symmetrically as possible. Most of the energy is 
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deposited in the glass before appreciable expansion has taken place. 

The glass shell then heats up and explodes both inwards and outwards. 

The inward motion of the glass causes the D-T gas to compress and heat 

so that thermonuclear reactions occur. This type of target is called 
9 

and "exploding pusher". Yields of 10 neutrons were obtained with 
12 laser pulses of a few TH(10 Watt). Calculations show that it is 

impossible to obtain a gain of energy with exploding pusher targets 

because the achieved compression is too low although high temperatures 

are obtained. 

The other types of targets are called "ablation compression" targets 

and calculations show that they should lead the way to nuclear fusion 

reactors. These turgets have a thicker shell and they usually contain 

multilayers or multishells. The thick shell prevents the high energy 

electrons from preheating the core and therefore it can be brought to 

pressures that are significantly larger than the ablation pressure. This 

happens as a result of the acceleration of an imploding shell to high 

velocity. In this way the ablation pressure could be increased with an 

"Ideal" time profile to obtain the desired isentropic compression. 

For spherical shells of the width fir and radius r it is usually required 
19 Chat r/Ar >1 in order to obtain efficient ablative accelerations 

However, this condition causes the Rayleigh-Taylor instability to increase 

which in turn destroys the desired high compression. 

When a spherical shell of dense material is accelerated by Che ablation 

pressure resulting from laser irradiation, Raylclgh-Taylor instabilities 

may occur. One has a situation of a low density medium accelerating a 

medium of high density. The interface between the low density and high 
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density fluids is subject to the Rayleigh-Taylor instability. The 

growth rate for a perturbation of spatial wave number k is 

f(p -p )kaf / 2 

Y = I—A 7 (3-28) 

where p and p„ are the densities and a is the acceleration. For 

constant acceleration, the total growth exponent for the instability 

through a distance r is given by 

Nl/2 ( 2<P1-p2)kr'Y' 

"l pl + p2 J Y ' 
(3.29) 

This instability problem for shells of finite thickness Ar accelerated 

by a laser produced plasma is still not entirely resolved, however, 

fluid code calculations give a maximum instability for 

r4T,( P l-p 2)ry 
I (P1+P2)arJ 

U/2 
I tTIVp^P,/! 

(yt> max i \ij,TuA/m j ,_ .,-.. 

Thus the ratio r/fir in an imploding shell seems to be the controlling 

factor in the growth of the instability. It is usually believed that 

shells of aspect ratio r/Ar > 10 cannot be imploded in a stable way. 

E. Nuclear Fusion 

Once the ablation driven implosion has led to the onset of thermo

nuclear reactions at the center of the pellet, a burn wave starts to 

propagate outwards from the center. Energy Is transferred from the 

hot core to the adjacent cold layers by the following possible 

mechanisms: (a) thermal conduction, (b) hydrodynamic expansion due to 
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pressure build up in the hot core,(c) transport of high energy charged 

particles (e.g. « particles), (d) transport of neutrons - this seems 

to be relevant only for densities larger than 1000 g/cm.3. At electron 

temperatures above 15 keV and sufficiently high densities, heat 

conduction propagates at subsonic velocities, and the burn wave 

is hence dominated by the supersonic charged particles. Taking into 

account energy deposition of a particles only, one gets in the 

thermi'mii'loiir wave about 6.7x10 erg/g , which la order or 

imtgnl ludes larger than iiny chemical reaction wave. The development, 

pt'opugnt ion and structure of the thermonuclear waveu were numerically 

studied assuming various initial and boundary conditions. The 

numericalsolut Ions indicate that a D-T fuel can actually be ignited 

with a net energy gain. 

K. Wavelength Sealing in Laser Fusion 

Most of the laser-target experiments have been carried out with 

the Hd:glass laser, A°1.06um and with the CO, laser, A=10.6um. 

Experiments with lasers having A<1 iiin have started in the last two 

vears. 

Absorption of laser light has mainly two different regimes of 

scaling: (a) col 1isionless absorptions(e.g. resonance absorption) 

which are dominant at high lrradiances, short laser pulses and longer 

luaer wavelengths. The absorption Is Independent of \ . (b) collislonal 

absorption (I.e. Inverse brcmaatrahlung) which la the main mechanism 

of laser light absorption at low lrradlanceu, long laser pulses and 
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short laser wavelengths. The absorption coefficient scales as \ 

therefore one gets better laser absorption at shorter wavelengths. 

The most important feature of short laser wavelength seems to be the 

fact that the preheat due to hot electrons should decrease. Computer 

simulntioiu suggest that the hot temperature scales as x where 

x=0.6 to 0.8. Therefore, the range of tue hot electrons, which is 
2 proportional to T , scale rather strongly with the laser wavelength. 

Itanne of hot electrons « A , y=1.2 to 1.6 (3.31) 

Another problem of Interest is Che coupling ol the "hot" corona to 

the "cold" core. Corona-core decoupling is predicted to be more 

severe for long laser wavelengths.. The hot electrons are collisionless 

in the corona and thus they may bounce many times in the corona before 

they hit the core. The energy transfer from the hot electrons to the 

corona seem to increase with increasing wavelength. 

Heat transport is measured to be inhibited for lym laser .light. 

General arguments show that heat transport is likely to improve for 

short laser wavelengths. If the transport inhibition is due to the 

existence of strong magnetic fields, then the inhibition is proportional 
2 

to X . Thus magnetic fields have smaller effects for shorter wavelengths. 

The energy is transported from the critical surface (where it is absorbed) 

to the ablation surface (where plasma flow Is created). For longer 
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wavelength the energy must be conducted further to reach the ablation 

surface. Thus the pressure at target surface decreases as conduction 

becomes more inhibited. 

The available calculations and the preliminary experimental results 

suggest that in the high intensity regime the ablation pressures 
-2 2 

scale as \ for constant IX (where I is the irradiance) or as 
-2/3 X for constant I. The scaling with laser wavelength of the laser 

generated ablation pressure is a significant factor in laser driven 

implosions and compressions. 

Last, but not least, not everything seems to go in favour of short 

wavelengths. The Rayleigh-Taylor instabilities are more disturbing 

at shorter wavelengths since it is harder to get a symmetrical 

implosion. 

In summary, short wavelengths "looks good" after solving the 

"symmetry" problem. 
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4. REACTORS FOR LASER FUSION 

The purpose of an inertial fusion power plant is to convert nuclear 

fusion energy into electromagnetic energy. The thermonuclear output 

of X-rays, a particles, neutrons and debris from the fuel pellet is 

converted to electricity. We limit our discussion to D-T fuel. 

Deuterium can be easily obtained from water, and as already mentioned 

in the introduction, there is practically an unlimited amount of D. 

However, the tritium has to be obtained by nuclear reactions. The 

nuclear reactions for the D-T fusion fuel cycle are given by 

D + T -> He <• n(fast) + 17.6 MeV 

7hi + n(fast) • T + He + n(slow) + 2.5 MeV 

6Li + n(slow) -» T + He + 4.8 MeV 

20 The main structure of the reactor includes a large chamber 

capable of withstanding the frequent explosions occurring when D-T 

pellets are heated by the laser beams. The neutrons produced in the 

D-T reaction would be absorbed in a lithium blanket generating tritium 

for subsequent use in the fusion reactions. The heated lithium is 

removed from the chamber, it passes through a heat exchanger, and then is 

returned to the chamber at a lower temperature. The heat removed in 

the heat exchanger is used to produce steam for operation of a turbine-

generator in the usual way. 
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A typical schematic diagram of the electrical power flow in a 

fusion reactor can be given by 

Turbine Generator . (l-f)P^ Electric 
Power Thermal to electric 

efficiency n . 

Electric 
Power 

J 
Thermal to electric 
efficiency n . s J 
Thermal to electric 
efficiency n . 

' fp 

< 

' fp 

< 

Fusion Pellet in 
Reaction Chamber• 
Gain Q « 

' fp 

< 
; i Driver (Laser), 

Efficiency n, , 

' fp 

< L V'" 

Driver (Laser), 
Efficiency n, , 

where the coefficients n., Q, n and f are defined as follows a t 

Laser energy on target 
nd ~ Energy into laser (4.1) 

Thermonuclear energy output 
' ~ Laser energy on target (4.2) 

Electrical energy output 
't Thermonuclear energy output (4.3) 

, _ Energy into laser 
Electrical energy output 

Multiplying these coefficients , one obtains 

(4.4) • 

n d Q n t f - 1 (4.5) 

In the above diagram the tritium breeding cycle has been ignored as 

well as the auxiliary power needed for the plant. To minimize the 

cost of electricity f haa to be as small as possible. A typical assumed 
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value for f is about 0.25. The value of n is limited by thermodynamics. 

Using n = 0.4 and f < 0.25 in Eq. (4.5) we get 

ndQ>10 (4.6) 

This relation implies that lasers with n. = 0.05 to 0.1 efficiency should 
d 

require pellet gains of (1=100 to 200. 

The most important feature of laser-fusion as far as the reactor design 

is concerned, is the fact that the confinement and implosion problems of 

the D-T pellet is decoupled from the reaction chamber, wall and 

blanket. Due to this flexibility a large number of chamber designs can 

be made. We discuss briefly the Livermore concept for a fusion power 
2 plant, given the name of HYLIFE (High-Yield Lithium-Injection Fusion Energy). 

The HYLIFE design selects the D-T fuel cycle with a liquid-metal 

blanket. The conversion to electricity is done with a conventional 
9 

steam cycle. The power plant should generate 10W(10 Watts) of electricity. 

The blanket is made of a close-packed array of]ithlum jets. The gaps 

between the jets allow passage out of the high pressure plasma and of 

the high pressures created in the lithium by the absorption of neutron 

energy. The X-rays and debris of the pellet hit the lithium 

streaming jets and vaporize a layer of lithium which recondenses before 

the next pulse. The neutron flux is attenuated so that the first wall 

is shielded from radiation damage. The structural wall is made of common 

ferritic steel and lasts for the life of the power plant. The flowing 
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lithium also regenerates the tritium required for the D-T reactions. 

The lithium blanket is made of 300 jets, each 30cm in diameter, 

flowing downwards 8 meters with a speed of 4.4 m/sec. The laser beams 

and the pellets enter the reaction chamber horizontally. The whole 

concept of this design is based on the assumption of hydrodynamic 

stability of the jets. It should be pointed out that these jets have 

Reynolds number equal to 2x10 I 

To conclude, HYLI^E is an ingenious and an attractive solution 

to the problems involved in constructing a nuclear laser-fusion 

power plant. However, there are still some principal technological 

issues to be investigated such as (a) lithium fluid mechanics,(b) material 

science ,(c) tritium removal from lithium, etc. etc. 
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5. THE PRESENT STATUS AI!D THE OUTLOOK FOR THE FUTURE 

The 3rd of February 1982. 

Nasreddin Hoja Is a beloved figure in Turkish folklore who actually 

lived during the thirteenth century in the town of Akshehir, in 

Anatolia. His tales and those inspired by his personality number in 

the hundreds and many of them have been adopted by neighboring peoples 

for their own counterparts of Hcja. There is something in all of 

the stories which is impish and incongruous and which provokes r.o 

laughter and promotes good fellowship, but also an enduring element 

of wisdom and reality. A case in print is Hoja's story of a 

Yogurt Project. 

One mofininq a uioodcutXeA 6cuv Hoja by the edge 0(j a lake, thiowing 

quantities o{ ye.ait into the wate/i. "What the devil aAe you. doing, 

Hoja?" he aifeerf. Hoja looked up iheepiihly and KeplXed, "I am Vtyitu, 

to make all the take into yoguAt". The. woodcutter laughed and &aid, 

"fool, iuch a plan v)i£l neveA succeed". Hoja lemained iilent fiol 

a while, and ttnoked kii beand. Then he izptied, "Bat ju&t imagine 

ifi it ihould wonk". 

The 3rd of February 2022. 

Hoja'i dKQ.am lit nealized'.'.'. It woik6'.'.'. 
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