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Ideal Energy Source by Mark Oliphant's Beam Fusion

heinrich hora

Abstract: The 70-year anniversary of the rst nuclear fusion reaction of hydrogen isotopes
by Oliphant, Harteck and Rutherford is an opportunit y to realize how beam fusion is the path
for clean, safe, unlimited and low-cost energy production, including magnetic con nement
fusion and inertial fusion energy (IFE). The measuremen of unpredicted low energy fusion
reactions compared with the usual nuclear reactions was a signi cant discovery. It is intriguing

that Oliphant's basic concept from 1937 for igniting controlled fusion reactions for generating
energy by beamshas a comebad even for magnetic con nement plasma, after this beam fusion
concept was revealed by basically non-linear processeof the well-known alternativ e of inertial

con nement fusion using laser or particle beams. After reviewing both directions someresults
are reported asto how experiments with skin layer interaction and avoiding relativistic self-
focussing of clean PW-ps laser pulsesfor IFE may possibly lead to a simplied fusion reactor
scheme without the need of special compression of solid deuterium-tritium fuel. It may be
that energy can be produced at a v e times lower cost than from any presert energy source.

Keyw ords: nuclear fusion, energy, plasma, laser, particle beam, Oliphant

INTRODUCTION

The very rst nuclear fusion reaction (Oliphant
et al. 1934) was achieved using a 100 keV gas
discharge. Heavy water for the deuterium was
produced by Paul Harteck and analysis of the
cloud chamber pictures by Lord Rutherford was
especially dicult (even for the grandmaster
Rutherford, the founder of nuclear physics),
since the unknown super-heary hydrogen iso-
tope tritium T = 3H appeared as well as the
light helium isotope 3He, protons p = *H, neu-
trons n and the usual helium isotope “He.

D+ D =T+ H+ 403MeV (50%) (1a)
SHe + n+ 3.27MeV (50%) (1b)

D + 3He= “He+ 'H + 18.3MeV (2a)
T+D =%He+ n+ 17.6MeV (2b)
The tritum reaction (2b) has an extraor-

dinary large reaction cross section and is the
main subject of the discussionbelow, although
the neutron-lean reaction (2b) is now of special
interest in view of the possibility of harvesting
3He asfusion fuel from the surfaceof the Moon.

Reactionsof the very light elemeris at beam
energiesaround 10keV wasa signi cant discov-
ery sincethe usual beam energy hasto be con-
siderably above 1 million volts in order to move

the nuclei against electrical Coulombic repul-
sionto distancesof their diameters (of the order
of femtometers, 1fm = 10 3cm). The tools
for these experiments were the multi-million-

volt accelerators. Cockroft was su cien tly ad-
venturous (with little knowledge of systemsus-
ing many millions of volts) to look to seewhat
happens when only 100to 200 keV were used,;
light nuclei such as boron did react with pro-
tons (Cockroft et al. 1933). It was then that
Oliphant's gasdischarge technique was usedto
producethe necessaryhigh currents to get more
preciseresults, such asthe correct value of the
proton-boron reaction (Oliphant and Ruther-
ford, 1933), and this was the prelude to the
discovery (Oliphant et al. 1934) of the famous
fusion reactions (1) to (2b). It hasto be real-
ized that these “hot fusion' reactions at 10keV
impact energy (corresponding to temperatures
of 10° C) happen at distancesabout hundred
times larger than the femtometer distances of
the usual nuclear reactions. This cannot be ex-
plained by a Gamov factor. Measuremerts of
the fusion reaction cross sections involved are
now highly accurate, but there was no theory
for explaining them, apart from numerical t-

ting (Clark et al. 1979). It was not beforeLi et
al. (2000) that a reasonabletheory was devel-
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oped using a Scredinger potential. The cross
sectionscould be reproduced using the two ob-
vious parameters, the resonanceenergyand the
resonancewidth (Li et al. 2004).

The following re ects on someinitial exper-
iments of Oliphant (1972) in 1937, especially in
the direction of fusion reactions using beams,
and how thesemay be consideredsomese\eny
yearsafter the rst fusion reaction (Oliphant et
al. 1934). Developmerts went rst against the
initial conceptof beamfusionin favour of avoid-
ing any beams;these moved in the direction of
magnetic con nement fusion. The subsequeh
text is an analysis how this aspect has changed
badc towards the initial view of Oliphant for
beam fusion. This is not only a question of
inertial fusion energy (IFE) without magnetic
elds, as known from laser- or particle beam-
driven fusion reactions. Even the initial mag-
netic fusion concept has developed into a beam
fusion schemeduring recert years.

DISCUSSION

The Spitzer Criterion and the
Imp ossibility of Beam Fusion

First attempts to dewvelop the reaction into an
energy source were made by Oliphant (1937)
and a continuation of a controlled reaction for
power production was considered about 1950.
Studiesof fusion reactionsfor energyproduction
were a contin uation of the work of 1937 carried
out under the leadershipof Nobel Laureate E.O.
Lawrence,together with Oliphant and other im-
portant pioneers. The aim was just to produce
extremely intensedeuterium or D-T beamsfrom
gasdischargesor otherwise with about 100 keV
energyto irradiate targets containing D or D-T.
These attempts were emphatically rejected by
Spitzer (1957), who argued that such beam ex-
periments do result in fusion reactions as mea-
sured (Oliphant et al. 1934), but that it was
absolutely impossible to produce more energy
by fusion than that usedto generatethe beams.
Lawrenceand the others simply arguedthat one
just had to apply higher and higher beam pow-

ers, but this was made ridiculous by Spitzer's
suggestionthat the fusion crosssectionis more
than 300times smaller for the incident 200MeV
nuclei than their interaction with the electrons
in the bombardedtarget. The ion energyis used
mostly to heat the electronsin the target, but
never permits an exothermal fusion reaction.

Spitzer's argument was mathematically sim-
ple, and physically and logically fully clear. It
led to the decisionthat, instead of bombarding
a cold target, one had to heat the all reacting
particles | asin the sun| up to the plasma
state at a temperature of dozensof million de-
grees,so that ions do not losetheir energy by
collision with electrons, and the desired fusion
reactions cantake place. The problem wasthen
how to con ne the plasma by magnetic elds
and to nd conditions where the loss of radi-
ation energy and con nement medanisms for
the hot plasma are more than compensatedfor
by the generation of fusion energy

Following Spitzer's argumert, the handling
of the fusion plasmawith magnetic con nement
is at a stage that a test reactor (ITER) is to
be built by 2015and may lead to a power sta-
tion with 4GW fusion energy output by 2040
(Hoang et al. 2004). This all is basedon expen-
sive researd during the last 50 years, with the
highest fusion gain of 16 MW being reached in
the Joint EuropeanTorus (JET) experiment at
Culham, England. However, this was mainly a
beam fusion exgeriment (Hora et al. 1998;Hora
1987), supporting Spitzer's argument that the
irradiated target had no problemswith low tem-
perature electrons. In a wider sense,this is
a sophisticated veri c ation of Oliphant's beam
fusion idea by way of a “Spitzer option' for fu-
sion energy It should be emphasisedthat the
concept of neutral beam irradiation was intro-
duced by Harold Furth, basedon his “idea of
exploiting fusion reactions that arise from in-
jected energeticions' (Fisch et al. 2004). It is
noted in passingthat Furth wasthe nephew of
Paul Harteck the co-discavererof the rst fusion
reactions (Oliphant et al. 1934).

There is another reasonwhy Spitzer's argu-
ments areinvalid and this concernslinear versus



MARK OLIPHANT'S BEAM FUSION 15

non-linear physics. In non-linear physics, re-
sults from linear physics can be completely dif-

ferent, asexperiencedin other physicsexamples
(Hora 2000). Non-linear physics does indeed
permit beam fusion, in contrast to the Spitzer
argumert, as initiated by Oliphant (1937), es-
pecially sincethe invention of the laser opened
the door to the application of non-linear physics
for fusion energy (Tanka et al. 2001). This per-
haps may be consideredas a further con rma-

tion of the comeba& of beam fusion envisaged
by Oliphant and is discussedbelow asthe "Non-
Spitzer' option.

The Spitzer Option for Fusion Energy

Magnetic con nement of a plasmais mostly fo-
cussedon toroidal geometries. Spitzer's initial

magneticstellarator con guration, built at com-
parably high costs,wassimpli ed into atoroidal
con guration and the early problems of gen-
erating a very low current stellarator plasma
were overcome by Grieger et al. (1981), who
produced fusion neutrons with an 800eV deu-
terium plasma. The diusion of the plasma
against the con ning magnetic eld due to col-
lisions was about 20 times faster than classical
collisions predicted. This could be explained
directly as a quantum correction to the colli-
sionsfor anomalousresistivity, sincethe factor
of 20 did immediately t the changeat a tem-
perature above 37eV by a linear temperature
factor (Hora 1981). The experiment had the
advantage of transparent measuremets as can
be seenfrom the abovemertioned factor of 20.
There is a modi cation of the classicalelectron
ion collision frequency ¢jass, Which is valid only
below the temperature T* = z%(4/3)mc? ? =

36.8 Z? eV (using the ion charge z), as shown
by Marshak (1941) and generalizedlater (Hora
1981; seeHora 1991, Chap. 2.6). Above the
temperature T* the quantum medanical value
hasto be taken, asin (3).

class T/T* (3)

This is the modi cation of the diusion of the
plasma acrossthe magnetic eld and was con-

ei =

rmed by Grieger et al. (1981), who arrived
at the factor 20 by the relation 800eV/T* (=
21.7).

In contrast to this zero-currert toroidal mag-
netic con nement stellarator, atoroidal con ne-
ment with a very high axial electric current for
heating the plasma was dewveloped as a toka-
mak (Hoang et al. 2004). This most advanced
schemeis usedin the International Toroidal Ex-
perimental Reactor (ITER) at a cost of $US10
billion, and planned to be operational in 2015.
Con dence for this decision is based on re-
cernt achievemerts with tokamaks (Hoang et al.
2004). It is ervisaged that a subsequeh test
power station may be nished in 2040if no un-
foreseendi culties, such as wall erosion, blis-
tering from the walls or anomalousion implan-
tation, arise (Hoang et al. 2004). These time
scalesagreewith what the Director for the very
large European budget for magnetic con ne-
mert fusion researd formulated in 1993in that
this developmert “will need at least 50 years
...and it is not sure whether the produced en-
ergy will be of su cien tly low cost' (Maisonier
1994).

The high achievemerts of tokamak develop-
mernts are seen(Hoang et al. 2004)from the fact
that its performance doubled every 1.8 years,
comparedwith that of transistor and chip tech-
nology every 2 years,and that of the particle ac-
celerator every 3 years. Operating the tokamak
completely as a magnetic con nement device
by inductive heating has not succeededyet for
more than about one second. The operation of
advancedtokamakswith superconducting coils,
with external heating by neutral beams and
RF electromagneticirradiation, is possibleover
1000 secondsin the Tore Supra at Cadarache,
France, or with a smaller Japanesedevice with
100 times lower input power over three hours.
The maximum neutral beamdensity for driving
the tokamak is limited by the Langmuir-Child
spacechargelaw for ion beamgenerationto less
than 10mA cm 2, in cortrast to the measured
many orders of magnitude higher ion current
densities emitted from targets by laser irradia-
tion (Laska et al. 2003; Wolowski et al. 2003).
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The highest nuclearfusion gain measuredby
the Joint European Torus (Hoang et al. 2004;
Hora et al. 1998) was 16 MW, produced by
21MW neutral deuterium beamsof 60keV en-
ergy and by irradiation with MW RF power.
The tokamak was lled with D:T = 40:60
(Hoang et al. 2004). This 66% gain, close
to break-even, does not take into accourt the
power neededto operate the tokamak. In this
connection, instead of the very high power con-
sumption of the tokamak coils, superconducting
magnets could have beenused at considerably
lower power but with lossesfor cooling of mag-
nets and limiter etc. It is important to note
that operation of JET without beam injection
asa purely magnetic con nement deviceresults
in very much lower fusion reaction gains.

Returning to the initial question about
Oliphant's view on beamfusion, we seethat the
highest fusion gain of the JET is in a clear (neu-
tral) beam fusion experimert, irradiating a tar-
get which ful lls the linear physics conditions
of the Spitzer option, but using a sophisticated
high temperature tokamak plasma instead of a
solid state target. In this case, as postulated
by Spitzer, collisions betweenthe irradiated ion
beam and the target electrons do not consume
much of the main ion beam energy (Hora et al.
1998).

A higher gain (above break-ewen) could have
been expected if the number of ion beam in-
jectors had been multiplied. Further improve-
ments may be expectedif the detection of the in-
ward particle ux asobsenedat the Tore Supra
could be analysedas being causedby E B-net
plasmarotation (Goldsworthy et al. 1987;Hora
1991,p. 171) or reducedthermal conduction due
to anomalousresistivity (Hora 1981;Hora 1991,
p. 50). In view of the problemsof wall erosionin
tokamaks, mainly due to disruption instabilit y,
one may considera neutral beam fusion device
whereinstead of the tokamak target, a stellara-
tor is usedand disruptions are excluded (Wobig
2002).

Non-Spitzer Option for Fusion Energy

We refer now to beam fusion where non-
linearities overcomethe Spitzer criteria. The
idea was obvious in 1960 after the discovery of
the fact that laserscanbe usedfor producing ex-
tremely high energy densitieswithin very short
times in very small volumes, as neededfor con-
trolled ignition of nuclear fusion reactions. The
pioneers of large-scalefusion reactions (Teller
2001; Nuckolls 1992; Sakharos 1982) immedi-
ately devoted attention to this concept. Particle
beam fusion | fully excludedunder aspects of
the Spitzer criteria | wasalso revoked in view
of non-linearity. Spitzer's argument keepsits
full validity aslong asthe beam-irradiated tar-
get remains solid. Howewer, if the beam inten-
sity createsplasmawith very complexhydrody-
namic developmerts, dynamics of pressurepro-
les and radiation e ects, exothermic energy
production can be expected by laser driven fu-
sion or from igniting self-sustainedfusion reac-
tion fronts by an intense electron beam (Yonas
1978), or by light or heavy ion beamsworking
through solid fusion fuel. The laser fusion con-
cept has beenwell-developed since, but new de-
velopmerns with picosecondaserpulsesmay al-
low usto return to seweral earlier argumerts for
ion beam fusion.

When estimating the necessaryconditions
for igniting a self-sustained fusion detonation
front in uncompressedsolid DT by impact of
a DT ion beam, a minimum ion beam density
of

jmin = 101° Acm 2 (4)

was given (Brueckner et al. 1974); this may be
too pessimistic and a lower value may be pos-
sible. A further condition is that the energy
density of the hot detonation front should be at
least that givenin (5) (Bobin 1972).

ED=4 108 Jcm 2 (5)
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This value may be decreasedby a factor of 20
or more when interpenetration processesre in-
cluded (Hora 1983). These conditions are far
beyond available electron or ion beamtechnolo-
giesfor igniting solid state DT. With the laser,
however, these conditions have been achieved
experimentally, as will be explained in the fol-
lowing section.

A further improvemert for igniting beam-
irradiated DT fuel is its compressionabove the
solid density. This can be achieved with the
irradiating laseror particle beamitself, by pro-
ducing an ablation of fuel from the irradiated
surface, which results in a compressionof the
interior by recoil. With spherical geometry the
compressedcore of maximum density n, and
volume Vg (s denotesthat this is the volume
of the uncompressedsolid fuel with a density
ns) receives an energy E, which may be as-
sumedto be uniformly spreadover the corevol-
ume. The adiabatic compressionand expansion
of the core, con ned only by its inertia (iner-
tial con nement fusion, ICF), following the self-
similarity model (Hora 1991, Sect.5), resultsin
a DT fusion coregain G at an optimum temper-
ature Tope = 17keV at maximum compression

G = (Eo=Ege)'™*(no=ns)*=3 (6)

(Hora 1991; Hora et al. 1998; identical to the
R value), where Egg is the break-even energy

(6.3MJ for DT). This result, basedon numer-
ical values of the fusion cross sections, shows
immediately how a compressionto 1000 times
the solid density requires a million times less
core energy for reaching the samegain.

Formula (6) doesnot include fuel depletion,
partial reabsorption of lost bremsstrahlung and
the gain of temperature by the fusion products
before leaving the reacting plasma (self heat).
When including this (Hora et al. 1998), the re-
sult in Figure 1 is very closeto the value of (6),
where for constart core volume a standard iso-
chor touchesthe optimised fusion gain plots at
Topt if the gain is lessthan 8.

For higher gains, the isochors are deformed,
showing volume ignition (Hora et al. 1978)with
increased gains and lower optimum tempera-

tures (bending of the vertical dashed lines to
the left). It is remarkable that the measured
highest gainsat direct drive laserfusion spheres
fully agreewith theseisertropic self-similarity
computations (Fig. 1), indeed below ignition as
simple volume fusion burn or quencing.

In contrast to this volume burn with rather
low gains, the scheme of spark ignition was in-
troducedat end of the 1960s(Nuckolls 1992)to
produce very much higher gains than by sim-
ple burn, before volume ignition was discov-
ered (Hora et al. 1978;Hora et al. 1998). This
could reach nearly the same high gains in a
much more natural way of adiabatic compres-
sion. The spark ignition is rather complicated.
It tries to schedule the compressionin a very
sophisticated way, especially when, instead of
direct laser drive, indirect drive by hohlraum
X-radiation is used. The laserirradiates the in-
ner walls of a capsuleto convert the radiation
into X-rays, which then produce a very sym-
metric compressionof the fuel pellet within the
capsule. The aim is that the compressedpel-
let has a low density, high temperature certral
spark plasma surrounded isobarically by a very
high density, low temperature outer part. At
the interface, the hot plasmaignites a spherical
fusion detonation wave in the cold outer plasma
with similar conditions as given by (4) and (5),
but with higher densities.

In summary, the highestlaserfusion gainsby
spherical irradiation were 2 10'* DT neutrons
from a 35kJ neadymium glasslaser pulse, un-
expectedly following the exact adiabatic volume
compression (Hora et al. 1998; Fig. 1), while
the best gainsfrom hohlraums were about 1000
times lower. If oneassumeghat only 5% of the
35kJ energy wert into compressedcores (95%
to ablation becauseof bad hydrodynamic e -
ciency), the fusion gain is then 31%.

For better studying these mecanisms with
both the fusion energysourceand large scalefu-
sion reactions in mind, glasslaser facilities for
producing pulsesof a few MJ energywith about
nanosecondduration are being built, the NIF
in Livermore, California and the LMJ in Bor-
deaux, France (Tarter 2002; Pellat 2002). The
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aim is to demonstrate ignition with a modest
total fusion gain not much above 10, by about
2010.

One of the problems experiencedby the ex-
periments was too low heating of the laser-
compressedplasma. Azedi et al. (1991) suc-
ceededto laser-compresspolyethylene to 2000
times the solid density thanks to Kato's laser
beam smoothing with random phase plates
where, however, the maximum temperature of
about 300eV was unexpectedly low. For very
large scalelaserfusion using few MJ laserpulses
including smoothing for working with long wave
lengths, this should not be too problematic if
volume ignition is usedfor direct drive and not
spark ignition. It has been calculated by Hora
et al. (2003) that by doubling the compression

LTI
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density, volume ignition will reach the range
where the bremsstrahlung re-absorption results
in ignition temperatures of only a few hundred
eV. This would be su cien t for a one step laser
fusion reactor based on robust adiabatic vol-
ume compression as was successfulwith the
hitherto highest laser fusion gains, but avoid-
ing the problems of spark ignition. This would
at least be a consenative solution for laser fu-
sion basedon well-establishedtechnology (Hora
et al. 2003). Broad researt is aimed at spark
ignition (Lindl 1994)wherethe fusion e ciency

may be two times higher than with the volume
ignition concept (Hora et al. 1998), but where
the problems with compressionsymmetry and
instabilities are much more di cult.

100 ns

10 ng

1ng

Figure 1. Optimised core fusion gains G (full lines) for the three-dimensionalself-similarity hydro-
dynamic volume compressionof simple burn (G < 8) (sometimes called quending) and volume
ignition for G > 8 with low temperature ignition above the LTI line. The measuremets points
A-D agreewith the isertropic volume burn model, while the earlier fast pusher, point E, with

strong entropy-producing shocks doesnot t.
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Non-linear Laser Force Driven Beam
Ignition for Inertial Fusion Energy

The scenariofor laser fusion changed dramat-
ically with Chirped Pulse Ampli cation, CPA,
discoveredby Mourou et al. (2002). This led to
the generation of pulseswith neadymium glass
or Ti:sapphire (or iodine) lasersof pulsesin the
range of picosecondsor lessduration and pow-
ers exceeding2 PW. Irradiation of targets with
these pulsesresults in numerous, not yet fully
explored, relativistic e ects. Very intensegam-
mas in the 10MeV range causenuclear trans-
mutations (Ledingham et al. 2002) with elimi-
nation of long lived nuclear waste (Magill et al.
2003), producing ions of more than 0.5GeV en-
ergy (Clark et al. 2001)or intense5MeV proton
beams(Roth et al. 2000,2001), with the possi-
bility of easygeneration of laser spark ignition
in indirectly drivenfusion pellets, or electronac-
celeration to more than 100MeV energy (Hora
et al. 2000).

For laser fusion, after Azechi et al. (1991)
had measured2000times solid compressionbut
at the low temperature of 300eV by nanosec-
ond laser pulses, Campbell et al. (2000) pro-
posedthat an additional ps-PW pulse may heat
the certre of compressedDT for spark ignition.
This fast ignitor (Tabak et al. 1994) preliminar-
ily led to the generation of nearly 10® fusion
neutrons (Kodama et al. 2002). The study of
this fast ignition (FI) schemeis now one of the
broader streamsin laser fusion researd. There
were numerous new phenomenaobsened that
desene much more detailed studies and may
lead eadh to one or other modi cations of the
laser fusion application. More as a possibleal-
ternativ e example, one of these phenomenawiill
be consideredhere in somedetails.

One of the numerous unexpected obsena-
tions wasthat the ions emitted with very clean
TW-ps laserpulses,having a suppressionof any
pre-pulse by a factor 10® (contrast ratio), re-
sulted in drastically low energies. The emit-
ted ions in this special case (Badziak et al.
1999) had maximum energiesof 450keV, while
22MeV energy was expected under the usual
conditions after relativistic self-focussing. A

similar obsenation concernedlow X-ray emis-
sion from targets following irradiation with

comparable intense sub-ps laser pulses of sim-
ilar high contrast ratio (Zhang et al. 1998).
Only when a pre-pulse was introduced at least
70ps before the main pulse was X-ray emis-
sion usual. The explanation was very straight
forward; with clean pulsesthere was no rela-
tivistic self-focussingpossible. When an earlier
(70ps) pre-pulsewasused,the necessaryplasma
in front of the target was producedfor relativis-
tic self-focussing(Hora et al. 2001;Fig. 2), lead-
ing to very high laserintensitiesin the lament
for high X-ray emission. The samehappensfor
ion emission (Hora et al. 2002) when the high
contrast ratio preverts relativistic self-focussing
(Hora et al. 2004), resulting then in the condi-
tions of plane wave interaction geometry within

the skin depth of the plasma. Details of this
evaluation led to splendid agreemen between
ion energies,quiver motion for X-ray emission
and dielectric swelling by a factor of 3.5 (Hora
et al. 2004). Someauthors now call this long-
known dielectric phenomenon(Hora 1991) ‘am-
pli cation', in error.

The plane geometry laser eld interaction
with plasma for a few picosecondsduration
(Fig. 3) wasstudied numerically with more com-
fortable initial plasmadistributions (Hora 1991,
Sect. 10.5) than in the experiment where at
leastthe basicmedanismscould be followed up.
The laserenergygoesnearly collision-lessby the
non-linear (ponderomotive) force (Hora 1991)
into the kinetic energy of a block of plasma
moving againstthe laserlight and another block
moving into the plasmainterior. For this plane
geometry, the general non-linear force (Hora
1991, 2000) can be expressedby the electrical
and magnetic amplitudes of the laser eld E_
and H_ by the ponderomotive force with the
plasmarefractive index n,

(n?  1)(@@)(EF=16 )
(@@)(EE + HE)=8 ] Q)
where the secondexpressiondenotesthe force

density asthe negative gradient of the electro-
magnetic energy density.

L
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Figure 2. Schemefor demonstration of the essetial di erent geometry of the laser-plasmainterac-
tion volumesfor subsequen volume-force non-linear electron accelerationwith separation by the
ion charge, z. In casea, the pre-generatedplasmabeforethe target causesinstantaneousrelativis-
tic self focussingof the laserbeamto shrink to lessthan a wavelength in diameter with very high
non-linear force acceleration due to the strong gradient of the laser eld density. In caseb, the
thin plasmain front of the target permits only interaction in the skin depth with much lower ion
energiesbut nearly ideal plasma geometry conditions.

The deuterium plasma (Fig. 3) reaches ve-
locitiesup to 10° cms ! and more (10 W cm 2
neodymium glasslaserintensity), within ablock
of more than 15 wavelengthsthickness. An ad-
vancedcomputation (Fig. 4) closerto the exper-
imental conditions (Badziak et al. 1999;Hora et
al. 2002)reproducedthis block motion in detail,
with numbers as expected from global calcula-
tions and experimerts.

The DT ionsin such non-linear-forcedriven
plasma blocks have ion current densities of or
above 10'°° Acm 2 (Hora 2003; Badziak et al.
2003). Thesefast ions are emitted within very
narrow anglesagainst and with the laser light
in total contrast to the wide anglesfor fast ions
emitted after relativistic self-focussing(Badziak
et al. 2003). The property of the accelerated
spacechargeneutral high density blocks with no
strong surrounding magnetic elds underlines

the basic di erence to the high current density
5MeV ions (Roth et al. 2001) from PW laser
irradiation of plasmas. Here, relativistic self-
focussingled to a decreaseof the ion density in
the focus (Hora 1975; Joneset al. 1982, Hauser
et al. 1992). Magnetic elds were generated
(Pukhov et al. 1996) such that the ion beams
are not spacecharge neutralized. In this case
the ions follow a free electron acceleration pro-
cesswith a conicalemission(Hora et al. 2000)in
agreemen with the measuremets of Umstadter
et al. (1996). Sincespacecharge neutral, highly
collimated, sub-relativistic ion current densities
of more than 10*° W cm 2 (Badziak et al. 2003)
canbe expectedfor 80keV deuterium and or tri-
tium ion energiesthe condition of (4) is ful lled
and theseions may ignite a self-sustainedfusion
reaction front in uncompressedsolid DT if con-
dition (5) could be ful lled simultaneously.
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Figure 3. Generation of blocks of deuterium plasma moving against the neodymium glasslaser
light (positive velocities, v, to the right) and moving into the plasmainterior (negative velocities)
at irradiation by a 10'® W cm 2 intensity neadymium glasslaser onto an initially 100eV hot and
100 m thick bi-Rayleigh prole with minimum internal re ection. The electromagnetic energy
density (E? + H?)=8 corresponding to the intensity is shavn at the sametime of 1.5ps after the
beginning of constart irradiation.
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Figure 4. lon velocity pro les at times 2, 4, 5 and 6 ps taken from geruine two uids computations
for a 3x10'®> W cm 2 4ps rectangular laser pulse irradiating a deuterium plasma ramp of 20 m
thicknesswith critical density at 12 m, con rming the generation of an ablating plasma block
(negative velocity) and a compressingplasmablock (positive velocity).
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It is important to emphasisethe fact that
generation of laser acceleratedblocks was mea-
sured even before the results of Badziak et al.
(1999) led to the detailed conclusionof the skin
layer interaction (Hora et al. 2002,2002a;Hora
2003; Badziak et al. 2003). This was detected
and analyzed from the badkscattered spectra
and the red or blue shift at laserirradiation of
targets with 100fs TW laser pulses(Sauerbrey
1996). Though the considerations begin with
the obsoleteargumert of ion acoustic wave ve-
locity, Sauerbrey (1996) acknowledgesthe ac-
tion of the non-linear (ponderomotive) force as
found in related experimernts (Kalashnikov et al.
1994) and consideredelsewhere(Schmutzer et
al. 1977).

It is especially encouraging that the non-
linear force acceleration of plasma layers to
blocks moving against and with the laser light
was well-recognized (Sauerbrey 1996). Exper-
iments con rmed an accelerationin deuterium
blocks of 1017 g, asseenalsoin the computations
of Figure 3, where10 m thick deuterium blocks
of 10?* ions cm 2 received an acceleration of
10'8 g (seethen discussionof how laseraccelera-
tion may reach that of the surfacesof black holes
with 10?° g; Hora et al. 2002c). Since energy
transfer to the blocks in a kind of collision-less,
non-linear absorption is well known and even
emergeas one of the rare analytical solutions
of an integral equation (Batchelor et al. 1985),
this method was proposedby Shank (1985) for
measuringthe pulse lengths and energytransfer
of sub-picosecondaser pulses.

The remaining question concerns how the
energy ux density for generating a reaction
front (ame propagation) into uncompressed
solid DT can be fullled as derived theoreti-
cally (Bobin 1971; Chu 1972) to be above the
threshold of (5). Even more pessimistic higher
thresholds, E*, were considered,but these may
be upper bounds as long as the very extensive
details for the derivation of the threshold (5) are
not found to be incorrect.

It may be possiblethat the value from (5)
is too pessimistic, asthere are indications from
theory asto how interpenetration of the ignit-
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ing energetic ions into the cold uncompressed
DT fuel may reduce E* to that in (8) (Hora
1983).

E,=2 107Jcm 2 (8)

How unexplored these beam fusion condi-
tions are may be seenfrom experiments (Kerns
et al. 1972; Guenther 1972) where 2MeV elec-
trons of an estimated current density of 3

10° Acm 2 interacting with a CD, target
showed a penetration of only 0.3cm. The sin-
gle electron penetration would have beenmore
than 40 times longer. The disagreememn with
the Bethe-Bloch-Bohr binary collision theory
for the stopping length could be clari ed by ap-
plying the collective interaction process,which
fully reproducesthe measured0.3cm. The col-
lective interaction was initially studied by Ga-
bor (1953) and basedon the independertly de-
rived theory (Ray et al. 1976) for the success-
ful explanation (Bagge et al. 1974) of the ex-
periments (Kerns et al. 1972, Guenther 1972).
Sud reduction of the collective stopping length,
combined with the not yet applied anomalous
plasma resistivity (Hora 1991, Sect. 2.6) and
electric double layer e ects with reduced ther-
mal conductivity (Eliezer et al. 1989), points to
the further decreaseof the threshold (8).

Thanks to the recert results on interaction
of clean TW-ps laser pulses, it was possibleto
show experimentally (Badziak et al. 2003) that
the rather extremely high threshold j* (4), for
ion beam fusion has beenful lled (Hora et al.
2004). The skin layer interaction mecanism
acceleratesa plasma layer or block initially of
30 wavelength width and several vacuum wave-
lengths thicknesswith a critical density of 10%*
electronscm 2 againstthe laserlight, whoseve-
locity from 20keV nucleonat 8 10 Wcm 2
intensity could be understood in the caseof a
DT plasmato be 1.23 10cms 1. This re-
sults in a block motion with an ion current den-
sity at the target of 1.9 10'°Acm 2. To-
gether with this block moving against the laser
light, measuremets with thin foils con rmed
the generation of a similar block moving into
the target with similar energy and ion current
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density. This result can be related to earlier
plane geometry detailed hydrodynamic compu-
tations (Fig. 2).

From this result it was concluded that the
compressing block may be used as requested
for light ion beam fusion for a power sta-
tion. A 10kJ laser pulse could then produce
100MJ of fusion energy where the exclusivity
for usefor the controlled reaction wascon rmed
(Hora 2002).

For the physics| within many more prob-
lemsto beclaried | it hasto be shown that
at least condition (5) hasto beful lled. For the
compressingblock, the whole maximum quiver
energy of the electron is converted into transla-
tion energy of the ions. The oscillation energy
of 80keV of the resonancemaximum of the DT
reaction may not necessarilybe the best choice.
Since this is closeto the relativistic threshold
intensity |, (Hora 1991), we have to use the
generalcase,

osc = mOCZ[(l + 3Skac=l rel)l:2 1] 9)

where the maximum intensity | nax = Slyac due
to dielectric swelling near the critical density is
expressedby the factor S with the laser inten-
sity lyac in Vacuum at the target surface.

For the generalanalysiswe have to be exi-
ble about the chosenvaluesof the applied max-
imum (dielectrically swelled) oscillation energy,

osc, Into the translation DT ion energy ans »
in adjustment to fusion crosssections. We fur-
ther leave openthe value of the energy ux den-
sity E = lyacty for reaction conditions (5) or
(8), or possibly even a lower value depending
on future researd, to nd the correct value E*,
where the laser pulse duration, t_, will have to
be in the range of ps. According to extensive
numerical studies (Cang et al. 2004) in agree-
ment with summarizing estimations, this value
could well be a few ps. From relations (5) or (8)

(trans;E ;t;S) = [t rel =(3SE )]l:2 fI( t ans :mocz) + 1]2

and (10), we arriv e at the function for the laser
wavelength (11, seebottom of page).

Ivac = E :tL (10)

Using as a special caset, = 3ps, E = 2
10°J cm 2, ans = 80keV, we nd (12).

= 0:516=S"2 m (12)

The non-linear force driven two-block skin
layer interaction model works for swelling con-
siderably large than 1, asis the caseautomat-
ically from detailed analysis of measuremets
(Hora et al. 2002a;Hora 2003;Cang et al. 2004)
with S = 3. The lowest possiblecase,with S =
1, is that without any dielectric swelling where
the whole laser pulse energy is transferred as
in the simple caseof radiation pressure(Hora
1991) to the absorbing plasma. We conclude
that the conditions of the kind in (5) or (8) could
well beful lled for the ignition of uncompressed
solid DT fuel when applying shorter laser wave-
lengths than that of the neadymium glasslaser,
and which are well within the reach of presen
technology, as seenwith excimer lasers (Teub-
ner et al. 1993). For the pessimistic case of
Bobin (1971) and Chu (1972), the numerical
factor in (12) is 0.105, such that with S = 1
just the borderline of higher harmonics CPA
excimer lasers (Teubner et al. 1996) would be
covered. Further researd on lower valuesof E*
and numerical studies for a little longer laser
pulses may further relax the conditions, and
longer laser wavelengthswould be possible. No
discrepancywas found in the detailed analysis
(Bobin 1971; Chu 1972) when followed up re-
cently (Kishony et al. 2001). Figure 5 showsthe
dependenceof the necessarylaser wavelength
for a pulse length of 3ps and swelling S = 1,
which one needsfor a desired ion translative
energyin multiples of myc? (m, is the rest mass
of the electron), if the threshold E* is given.

1g' (11)
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Figure 5. Relation betweenthe laserwavelength, the aimedion energy ans , in multiples of myc?,
and the necessaryenergy ux density E* for ignition of uncompressedsolid DT fuel for S= 1 and

a laser pulse length of 3ps.

The gain for a controlled reaction has been
estimatedto be of a high value. A 10kJ ps laser
pulse may result in 2700MJ fusion energy (Hora
et al. 2004). From the block ignition of solid
DT without compressionthere may perhapsbe
the possibility for neutron lean reaction leading
to direct conversion of the nuclear energy of the
chargedreaction products into electricity (Hora
2002;Hora et al. 2003a).

These dewvelopments may be consideredin
view of the project of the ITER tokamak to
be built with $ 15 billion during the next 10
yearsin Cadaradce/Franceand which may pro-
duceelectricity with high gain (Tran 2004). For
energy production by controlled inertial con-
nement fusion, it was demonstrated by the
Centurion-Halite project (Broad 1988) that a
50MJ x-radiation pulse on a fusion pellet pro-
ducesa very high gain of fusion energy (Phipps
1989) where the computation with the use of
a much more sophisticated laser irradiation of
10MJ instead of the x-rays may produce 1000J
fusion energy (Strom et al. 1988, Hora, Azechi
et al. 1998). Sincethe ignition of large amounts
of solid state DT or of somehigher density for
energy production (Nuckolls and Wood 2002)
may be possibleby electron beams,the just de-

scribed block ignition will comecloserto the ra-
diation ignition of thesevery high gain reactions
asunderlined by Nuckolls (1992). After the nec-
essaryconditions of very high energy ux den-
sity E* and the 10'* Amp/cm 2 are available now
by the just described block ignition it may be
indicated that the then interacting 10*” W/cm ?
laser intensity is in the range of the 20million
K radiation temperature involvedin the ignition
processesxplained by Nuckolls (1992).
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