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Abstract

The 70-year anniversary of the first nuclear fusion reaction of hydrogen isotopes by Oliphant, Harteck, and Rutherford
is an opportunity to realize how beam fusion is the path for energy production, including both branches, the magnetic
confinement fusion and the inertial fusion enerdiE). It is intriguing that Oliphant’s basic concept for igniting
controlled fusion reactions by beams has made a comeback even for magnetic confinement plasma, after this beam
fusion concept was revealed by the basically nonlinear processes of the well-known alternative of inertial confinement
fusion using laser or particle beams. After reviewing the main streams of both directions some results are reported—as
an example of possible alternatives—about how experiments with skin layer interaction and avoiding relativistic
self-focusing of clean PW—ps laser pulses for IFE may possibly lead to a simplified fusion reactor scheme without the
need for special compression of solid deuterium—tritium fuel.
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1. INTRODUCTION special interest in view of harvesting the huge amounts of

3 ;
The very first nuclear fusion reactig¢®liphantet al.,, 1934 mHo%r?z::t?é%nr;L;(i/l J)??;;Ef/ is;]u;fglzcg of the moon when the

used the 100-kV powerful gas discharge developed by Mark The following will reflect some initial experiments of

Oliphant, the heavy water for the deuterium was pmduce%liphant(lwz especially in the direction of fusion reac-

by Paul Harteck, and the analysis of the cloud chambe ions using beams and how these may be considered now 70
pictures by Lord Rutherford was especially difficult because g Y

the unknown superheavy hydrogen isotope tritiurs 7H years after the first fusion reactig®@liphantet al.,, 1934).

appeared, resulting itself in nuclear reactions as well that oIhe development went first against the initial concept of
PP A g 1tsett beam fusion in favor of avoiding any beams and going only
the resulting light helium isotop&He:

into the direction of magnetic confinement fusion. The
following is an analysis of how this aspect has changed
D+D =T+ "H+4.03 MeV(50%) (18 toward the initial view of Oliphant for beam fusion. This is
not only a question of inertial fusion energ\~E) without

°He+n+3.27 MeV(50%) (D) magnetic fields as known from laser or particle beam driven
s 4 . fusion reactions. Even the initial magnetic fusion concept
D+ “He = "He + "H +18.3 MeV (28 has developed into a beam fusion scheme during the last
4 years as will be explained in the following.
T+D=4He+n+17.6 MeV, (2b)

producing protons g 'H, neutrons n, and the usual helium 2. SPITZER CRITERION ABOUT THE
isotope*He. The tritium reactiori2b) has an extraordinary IMPOSSIBILITY OF BEAM FUSION
large reaction cross section and is mostly discussed in th

following, though the neutron lean reactié@b) is now of EII’SI attempts to develop the reaction into an energy source

were done by Oliphart972 in 1937 and a continuation of

. a controlled reaction for power production was considered
Address correspondence and reprint requests to: H. Hora, Department o bout 1950 aft trolled | loSi
Theoretical Physics, University of New South Wales, Sydney 2052, Aus/N abou after .un'con rolie nup ear exp. osions S_UC'
tralia. E-mail: h.hora@unsw.edu.au ceeded by nuclear fission. The studies of fusion reactions
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for energy production were a continuation of the work ofin 1937 and aimed at by Lawrence and others, especially
1937 under the leadership of Nobel Laureate E.O. Lawrencsince the laser opened the door to the nonlinear physics for
together with Oliphant and other important pioneers. Thefusion energy(Tanakaet al,, 2001). This perhaps may be
aim was just to produce extremely intense deuterium or D-Tconsidered as a further confirmation of the comeback of
beams from gas discharges or otherwise, with about 108eam fusion envisaged by Oliphant and will be discussed in
keV of energy, to irradiate targets containing D or D-T. the following as the “Non-Spitzer” option.

These attempts were radically rejected by Spitd&57)

who argued that such beam experiments do well result in

fusion reactions as measur@liphantet al, 1934, butitis 3. SPITZER OPTION FOR FUSION ENERGY

?hbas:::tellj)z iLn;gftshsébtﬁatr%sprl?:vl\J/(r:(Sn::neO;i detr&irg{h:?/sgzoﬂvlagnetic confinement of plasma is mostly focused on toroi-
P ’ P¥al geometries. Spitzer’s initial eight-like magnetic stellar-

argued that one just has to apply higher and higher beam . . . .
powers, but this was made ridiculous by Spitzer’s numbers"jltor configuration, built at comparably high costs, was

that the fusion cross section is more than 300 times small simplified into a toroidal configuration and the early prob-

r .
for the incident 100 MeV nuclei than their interaction withqems ofgenerating suchavery low currentstellarator plasma

the electrons in the bombarded target. The ion energy goevgere overcome by the success of Griegeral. (19.8])’
. : . Where an 800-eV deuterium plasma produced fusion neu-
mostly into heating of the electrons in the target, never, e . -
i . . trons. The diffusion of the plasma against the confining
permitting an exothermal fusion reaction. e g .
g ; . magnetic field due to collisions was about 20 times faster
Spitzer’s argument was mathematically simple, and phys: . - . ; .
. . : L than classical collisions predicted. This could directly be
ically and logically fully clear, and it led to the decision that . : L
. : explained as quantum correction to the collisions for the
instead of bombarding a cold target, one has to heat the L S :
: : . anomalous resistivity because the factor 20 did immediately
reacting particles all—as in the sun—up to the plasma statf>

of a temperature of dozens of millions of degrees such thf(a}tIt the change at a temperature above 37 eV by a linear

ions do not lose their energy by collisions with electrons an emperature factogHora, 1981. This experiment had the

: ) : advantage of transparent measurements as can be seen from
the desired fusion reactions can take place. The problem w 9 P

then how to confine the plasma by magnetic fields and tgﬁe mentioned factor 20. There is a modification of the

: o - classical electron ion collision frequen which is
find conditions where the loss of radiation energy and queniass

. . valid only below the temperaturé* = Z2(4/3)mc2a? =
confinement mechanisms from the hot plasma are more thaé16 872 eV (using the ion charg&) as shown by Marshak
compensated by the generation of fusion energy. i 9 9 y

Following Spitzer's argument, the handling of the fusion(lgm) and generalized lateHora, 1981; see Hora, 1991,

. . ) . thap. 2.6 where above this temperatufeé the quantum

plasma with magnetic confinement is at a stage that a tesmechanical value has to be taken:
reactor ITER is going to be built by 2015, which may lead to ’
a power station for 4 GW fusion energy output by 2040
(Hoang & Jacquinot, 2004 This all is based on expensive Vei = Velass! /T" ©)
research during the last 50 years where the highest fusion
gain of 16 MW was reached in the JET experiment inThisis the modification of the diffusion of the plasma across
CulhanyEngland, however, mainly aseeam fusion exper- the magnetic field whose results were confirmed by Grieger
iment(Hora, 1987; Horat al., 1998 well fulfilling Spitzer’s et al. (1981 arriving at the factor~20 by dividing 800
argument that the irradiated target had not the problems witeV/T* = 21.7.
the low temperature electrons. In this wider sense we can In contrast to this zero-current toroidal magnetic confine-
say that this is the sophisticatedrification of Oliphant's ment stellarator, a toroidal confinement with a very high
beam fusiorby the way of a “Spitzer option” for fusion axial electric current, driven inductively like in a trans-
energy. It should be underlined that the concept of thdormer for heating the plasma, was developed as tokamak
neutral beam irradiation was introduced by Harold Furth(Hoang & Jacquinot, 2004 This most advanced scheme is
based on his “idea of exploiting fusion reactions that arisaused in the International Toroidal Experimental Reactor
from injected energetic iongFisch et al. 2004 not without  (ITER) at a cost of $US10 billion to be operating in 2015.
reflecting that Furth was the nephew of Paul Harteck, thelhe confidence for this decision is based on the recent
coauthor of the first measurement for fusion reacti@lgph-  achievements with tokamaksloang & Jacquinot, 20041t
antet al,, 1934. (See Note Added in Proofs. is envisaged that the then following test power station may

But there is another reason that Spitzer's argument can bge finished in 2040, if no unforseen difficulties appear
completely invalid. Itis linear physics. In nonlinear physics, where wall erosion or blistering from the walls or anoma-
results from linear physics can completely change from ndous ion implantation was mentionétloang & Jacquinot,
toyes, fromrightto wrong, and so forth, as experienced als@004). These time scales agree with what Maisoi€94),
in clear cases with other physics problefit$ora, 2000.  the director for the very large European budget for magnetic
Nonlinear physics does indeed permit beam fusion in coneonfinement fusion research, formulated in 1993 that this
trast to the Spitzer argument, as initiated by OlipHas72 development “will need at least 50 years . .. and it is not
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sure whether the produced energy will be of sufficiently lowfusion device where instead of the tokamak target, a stellar-
cost.” ator is being used and the disruptions are excludobig,

The high achievements of tokamak developments wag002.
seen(Hoang & Jacquinot, 2004from the fact that its
performance doubled every 1.8 years, compared with that o
the transistor and chip technology every 2 years, and that o
the particle accelerators every 3 years. Nevertheless the
objection for operating the tokamak completely as a magWe refer now to beam fusion where the nonlinearities are
netic confinement device by inductive heating has not sucevercoming the Spitzer criteria. The idea was obvious in
ceeded yet over more than about one second. The operatid®60 after the discovery of the laser that this can be used for
of the advanced tokamaks with superconducting coils withproducing extremely high energy densities within very short
external heating by neutral beams and RF electromagnetiimes in very small volumes as needed for controlled igni-
irradiation was possible over 1000 s in the biggest suchion of nuclear fusion reactions. The pioneers of large-scale
experiment, the Tore Supra at Cadarafrance, or with a  fusion reactions such as Edward Te(2001), John Nuckolls
smaller Japanese device with 100 times lower input powe(1992, and Andrei Sakharo(1982 immediately devoted
over 3 h. The maximum neutral beam density for driving theattention to this concept. Particle beam fusion—fully excluded
tokamak is limited by the Langmuir—Child space charge lamunder the aspects of the Spitzer criteria—was revoked in
for ion beam generation to less than 10 fieA? in contrast ~ view of the nonlinearity, too. Spitzer’s argument keeps its
to the measured many orders of magnitudes higher ioffull validity as long as the beam-irradiated target remains
emission current densities emitted from targets by lasesolid. But if the beam intensity creates plasma with a very
irradiation(Laskaet al., 2003; Wolowskiet al., 2003. complex hydrodynamic development, dynamics of pressure

The highest nuclear fusion gains measutedraet al., profiles, and radiation effects, exothermic energy produc-
1998; Hoang & Jacquinot, 2004dy the Joint European tion can be expected by laser-driven fusion or from igniting
Torus JET were the mentioned 16 MW fusion energy powerself-sustained fusion reaction fronts by an intense electron
produced by 21 MW deuterium neutral beams of 60 keVbeam(Yonas, 1978 or by light or heavy ion beams working
energy and by irradiation of 3 MW RF power at filling the through solid fusion fuel. The laser fusion concept has been
tokamak with D-T in the ratio 40:60Hoang & Jacquinot, well developed since, but the new developments with pico-
2004). This 66% gain, close to break-even, does not takesecond laser pulses may permit us to return to several earlier
into account the power needed to operate the tokamalgrguments for ion beam fusion.
which may be permitted in view of the fact that instead of When estimating the necessary conditions for igniting a
the very high power consumption of the tokamak coils,self-sustained fusion detonation frontin uncompressed solid
superconducting magnets could have been used with co®T by impact of a DT ion beam, a minimum ion beam
siderably lower power but with losses for cooling of the density of
magnets and limiter and so on. It is important to underline

. NON-SPITZER OPTION FOR
FUSION ENERGY

that the operation of JET without the beam injection as a jmin = 10 A /cm? (4)
purely magnetic confinement device results in very much
lower fusion reaction gains. was given(Brueckner & Jorna, 1974which may be too

Coming back to the initial question about Oliphant’s view pessimistic and a lower value may be possible. A further
on beam fusion, we see that the highest gain fusion of theondition is that the energy density of the hot detonation
JET is a cleafneutra) beam fusion experiment, however, front should be at leagBobin, 1971
irradiating a target which fulfills the linear physics condi-
tions of the Spitzer option to use not a solid-state target but Ep = 4 X 10% J/cm?, (5)
such a sophisticated high temperature tokamak plasma. In
this case, as postulated by Spitzer, collisions between thehich value may be decreased by a factor of 20 or more
irradiated ion beam and the target electrons do not take awayhen the interpenetration processes are inclugédra,
much of the main ion beam ener@ioraet al., 1998. 1983. These conditions are far above the available electron

Ahigher gain above break-even could have been expecteat ion beam technology for igniting solid state DT. With
if the number of ion beam injectors would have been multi-the laser, however, these conditions have been achieved
plied. Further improvements may be expected if the detecexperimentally—at least in principle—as will be explained
tion of the inward particle flux as observed at the Tore Supran the following section.
could be analyzed perhaps as caused by ExB-net plasmaA further improvement for igniting beam-irradiated DT
rotation(Goldsworthyet al., 1987; Hora, 1991, see p. 1)71 fuel is its compression above the solid density. This can be
or the reduced thermal conduction due to the anomalouachieved with the irradiating laser or particle beam itself by
resistivity (Hora, 1981; Hora, 1991, see p.)50n view of  producing an ablation of fuel from the irradiated surface,
the problems of the wall erosion in tokamaks mainly due towhich results in a compression of the interior as a recoil. At
disruption instability, one may consider a neutral beamspherical geometry the compressed core of a maximum
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densityng volume Vs (s denotes that this is the volume of where for constant core volume a standard isochor touches
the uncompressed solid fuel with a density receives an  the optimized fusion gain plots &, if the gain is less
energyE, which may be assumed to be uniformly spreadthan 8. For higher gains, the isochors are deformed, showing
over the core volume. The adiabatic compression and expawolume ignition(Hora & Ray, 1978 with increased gains
sion of the core, confined only by its inert{aertial con-  and lower optimum temperaturésending of the vertical
finement fusion, ICF following the self-similarity model dashed lines to the lgftlt is remarkable that the measured
(Hora, 1991, see Sect) Eesults in a DT fusion core gai@ highest gains at direct drive laser fusion spheres fully agree
at an optimum temperaturg,,; = 17 keV at maximum with these isentropic self-similary computatio(fsig. 1),
compression: indeed below ignition as simple volume fusion burn or
guenching.
G = (Eo/Ege)Y3(ng/ng)?/3 (6) In contrast to this volume burn with the rather low gains,
the scheme of spark ignition was introduced since the end of
(Hora, 1991; Horaet al,, 1998; identical to the@R-value, the 1960s(Nuckolls, 1992 to produce very much higher
see p. 336 of Hora, 199.where Ecg is the break-even gains than by a simple burn, before volume ignition was
energy, which is 6.3 MJ for DT. This result, based on thediscovered Hora & Ray, 1978; Horat al,, 1998, which
numerical values of the fusion cross sections, shows immezould reach nearly the same high gains in a much more
diately how a compression to 1000 times the solid demgity natural method of adiabatic compression. The spark ignition
requires a million times less core enelgyfor reaching the is rather complicated. It tries to schedule the compression in
same gairG. a very sophisticated way, especially when, instead of direct
Formula (6) does not include the fuel depletion, the laser drive, indirect drive by hohlraum X-radiation is used.
partial reabsorption of the lost bremsstrahlung, and the gaiithe laser irradiates the inner walls of a capsule to convert
of temperature by the fusion products before leaving thehe radiation into X rays, which then produces a very sym-
reacting plasméself-heat. When including thigHoraet al,, metric compression of the fuel pellet within the capsule. The
1998, the result in Figure 1 is very close to the reg6i, aim is that the compressed pellet has a low-density, high-
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Fig. 1. Optimized core fusion gain& (full lines) for the three-dimensional self-similarity hydrodynamic volume compression of
simple burn(G < 8; sometimes called quenchingnd volume ignition foiG > 8 with low temperature ignition above LTI line. The
measurementsee Ref. 5 of RochestéBoureset al., 1996, point A, Osaka( Takabeet al, 1988, point B, Livermore(Storm, 1986,
point C), and Arzamas-16Kochemasov, 1996, point)lagree with the isentropic volume burn model, whereas the earlier fast pusher
(Kitagawa, 1984, point Ewith strong entropy-producing shocks does notlfioraet al,, 1998.
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temperature central spark plasma surrounded isobaric by@ less duration and powers exceeding 2 PW. Irradiating
very high-density, low-temperature outer part. At the inter-targets with these pulses results in numerous not yet fully
face, the hot plasma ignites a spherical fusion detonatioexplored relativistic effects, such as very intense gammas in
wave into the cold outer plasma with similar conditions asthe 10-MeV range causing nuclear transmutatiteslingham
given by Eqgs(4) and(5) only with higher densities. et al,, 2002, for example, with elimination of long-lived

Summarizing experiments, the highest laser fusion gainsuclear wastéMagill et al., 2003, producing ions of more
by spherical irradiation were 2 10** DT neutrons from a than 0.5 GeV energgClark et al, 2001, or intense 5-MeV
35-kJ neodymium glass laser pulse unexpectedly followingporoton beamsgRothet al., 2000, 2001 with the possibility
the exact adiabatic volume compress({éig. 1; Horaet al,, of an easy generation of laser spark ignition in indirectly
1998, while the best gains from hohlraums were about 100airiven fusion pellets, or electron acceleration to more than
times lower. If one assumed that only 5% of the 35 kJ energyL00 MeV energy(Horaet al., 2000.
went into compressed coré¥s% to the ablation because of  For laser fusion, Mike Campbell had the immediate pro-
bad hydrodyamic efficiengythe fusion gain is then 31%. posal(Campbellet al,, 2000 after Azechiet al. (1991 had

For better studying these mechanisms both for the aim ofmeasured the 2000 times solid compression but too low
a fusion energy source and also for the aim of large-scaleemperature of 300 eV by nanosecond laser pulses, that an
fusion reactions, glass laser facilities for producing pulsesdditional ps-PW pulse may heat the center of compressed
of a few megajoules energy with about nanosecond duratioBT for spark ignition. This fast ignitofTabaket al., 1994
are being built, the NIF in Livermore, California and the preliminarily led to the generation of nearly & ®usion
LMJ in Bordeaux, FrancéPellat, 2002; Tarter, 2002The  neutrons(Kodamaet al, 2002. The study of this fast
aim is to demonstrate ignition with a modest total fusionignition (FI) scheme is now one of the broad streams in laser
gain not much above 10 by about 2010. fusion research. There were numerous new phenomena

One of the problems experienced by the experiments wasbserved that deserve much more detailed studies and may
the too low heating of the laser-compressed plasma. Azecldach lead to one or more modifications of the laser fusion
et al. (1991 succeeded in laser-compressing polyethyleneapplication. As one possible alternative example, one of
to 2000 times the solid density thanks to Kato’s laser beanthese phenomena will be considered here in a some detail.
smoothing with random phase plates where, however, the One of the numerous unexpected observations was that
maximum temperature of about 300 eV was unexpectedlyhe ions emitted with very clean TW-ps laser pulses, having
low. For very large scale laser fusion using a few megajoulea suppression of any prepulse by a factof 16ontrast
laser pulses including smoothing for working with long ratio), resulted in drastically low energies. The emitted ions
wavelengths this should not be too problematic if volumein this special cas¢Badziaket al, 1999 had maximum
ignition is used for direct drive and not spark ignition. It has energies of 450 keV whereas 22 MeV energy was expected
been evaluatedHora et al., 2003) that by doubling the under the usual conditions after relativistic self-focusing. A
compression density, volume ignition will reach the rangesimilar observation was the low X-ray emission from targets
where the bremsstrahlung reabsorption results in ignitiorat irradiation with comparable subpicosecond intense laser
temperatures of a few hundred electron volts only. Thispulses of similar high contrast rati@hanget al,, 1998.
would be sufficient for a one-step laser fusion reactor base®nly when a prepulse was irradiated at least 70 ps before the
on the robust adiabatic volume compression, as it wasnain pulse was the X-ray emission as usual. The explana-
successful with the hitherto highest laser fusion gains, avoidtion was very straightforward: With clean pulses, there was
ing the problems of spark ignition. This would at least be ano relativistic self-focusing possible; only when 70 ps ear-
conservative solution for laser fusion based on well-settledier a prepulse was incident was the necessary plasma in
present-day technolodyHoraet al, 2003). Much research  front of the target produced for relativistic self-focusing
is aimed at spark ignitiofiLindl, 1994, where the fusion (Fig. 2; Hora & Wang, 200} leading to the very high laser
efficiency may be two times higher than with the justintensities in the filament for the high X-ray emission. The
mentioned volume ignition concefitioraet al, 1998 but  same happens for the ion emissi@idora et al, 2002a)
where the problems with compression symmetry and instawhen the high contrast ratio prevents relativistic self-
bilities are much more difficult than in the case of volume focusing(Horaet al., 2004, resulting then in the conditions
ignition. of plane wave interaction geometry within the skin depth of
the plasma. Details of this evaluation led to a splendid
agreement between ion energies, quiver motion for X-ray
emission, and a dielectric swelliigome authors now call
this long-known dielectric phenomeng¢HRora, 1991 very
The scenario for laser fusion changed dramatically with thevrongly “amplification”) by a factor of 3.5(Hora et al,,
chirped pulse amplificatiofCPA) discovered by Mourou 2004).
(Perryetal, 1994; Mourou & Tajima, 2002 This led to the The plane geometry laser field interaction with plasma
generation of pulses with neodymium glass or Ti:sapphirdor a few picoseconds duratidfig. 3) was studied numer-
(or next iodineg lasers of pulses in the range of picosecondscally with more comfortable initial plasma distributions

5. NONLINEAR LASER-FORCE-DRIVEN BEAM
IGNITION FOR INERTIAL FUSION ENERGY
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Foous Diameter - Target (Hora, 1991, see Sect. 10than in the experiment where at
j least the basic mechanisms could be followed up. The laser
[~ Wavelength energy goes nearly collisionless by the nonlingamdero-
v motive) force(Hora, 1991 into kinetic energy of a block of
a) Laser . plasma moving against the laser light and another block
t _ moving into the plasma interior. For this plane geometry, the
... b MeVions general nonlinear foragHora, 1991, 2000can be expressed
Prepulse Produced :;f with the electrical and magnetic amplitudes of the laser field
Plasma E, and H_ by the ponderomotive force with the plasma
refractive indexn
-h'_h‘—.—_.______
fae = (n® = 1)(8/6%) (EZ/16m) = —(8/0x) [(EZ + HZ)/87] (7)
b) Laser Interaction in
Skin Depth where the second expression denotes the force density as a
___,,_.--———_'—"—f negative gradient of the electromagnetic energy density. The
velocity for deuterium plasmiFig. 3) reaches velocities up

to 10° cm/s and more at 1§ W/cm? neodymium glass laser
intensity within a block of more than 15 wavelengths thick-

Fig. 2. Scheme for demonstration of the essential different geometry of An ad d tatiig. 4) cl to th
the laser—plasma interaction volumes for subsequent volume-force nonlin_r:'ess' na Vfa_nce com_pu atigng. 4) closer to the exper-
ear electron acceleration with separation by the ion chargecase a, the ~Imental conditiongBadziaket al,, 1999; Horaet al, 2002)

pregenerated plasma before the target causes instantaneous relativisteproduced this block motion in all details with numbers as
self-focusing of the laser beam to shrink to less than a wavelength diametesxpected from global calculations and the experiments.
with very high nonlinear force acceleration due to the strong gradient of the The DTions in such nonlinear-force driven plasma blocks

laser field densityHora, 1991, see Sect. 12.2n case b, the nearly not . . .
X 2 Y have ion current densities at or aboveé3A/cm? (Badziak

present or too thin plasma in front of the target permits only interaction in . . o
the skin depth with much lower ion energies but nearly ideal plasma€t @l, 2003; Hora, 2008 These fast ions are emitted within

geometry conditions as treated beféHora, 1991, see Sect. 10.3 very narrow angles against and with the laser light in total

y a=2x10° 2 : o
107 7=1.5psec . 2 410
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=== VELOCITY
Fig. 3. Generation of blocks of deuterium plasma moving against the neodymium glass lasgpdigjkive velocities to the rightaind
moving into the plasma interignegative velocitigsat irradiation by a neodymium glass laser of80//cm? intensity onto an initially

100-eV hot and 10@sm-thick bi-Rayleigh profile(Hora, 1991, Fig. 10.17with minimum internal reflection. The electromagnetic
energy densityE? + H?)/(8x) corresponding to the intensity is shown at the same time of 1.5 ps after the beginning of the constant

irradiation.
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Fig. 4. lon velocity profiles at the times 2, 4, 5, and 6 ps taken from genuine two-fluid computations far B0¥ W/cm?, 4-ps
rectangular laser pulse irradiating a deuterium plasma ramp qiriCthickness with critical density at 12m, confirming the
generation of an ablating plasma bloglegative velocityand a compressing plasma blogositive velocity (Canget al., 2004.

contrast to the wide angles for fast ions emitted after relaations begin with the obsolete argument of ion acoustic
tivistic self-focusing Badziaket al., 2003. The property of wave velocity, Sauerbre§1 996 is well acknowledging the
the accelerated space charge neutral high density blockection of the nonlineafponderomotivigforce as was done
with no strong surrounding magnetic fields underlines alsdn related experiment&alashnikovet al,, 1994 and stud-
the basic difference of the high current density 5 MeV ionsied in these connectioi$chmutzer & Wilhelmi, 197Y. It
(Roth et al, 2000 from PW laser irradiation of plasmas is especially encouraging that the nonlinear force accelera-
where relativistic self-focusing led to a decrease of the iortion of plasma layers to blocks moving against and with the
density in the focusHora, 1975; Jonest al,, 1982; Hauser laser light was well recognize@auerbrey, 1996 Experi-

et al, 1992 and magnetic fields were generat®ukhov &  ments confirmed an acceleration in the deuterium blocks of
Meyer-ter-Vehn, 1996such that the ion beams are not 10'7 g (g is the earth acceleratipwhich was seen also in
space-charge neutralized. In this case the ions follow a frethe computations of Figure 3, where LOa-thick deute-
electron acceleration process with a conical emiséitora  rium bocks of 16! ions/cm? density received an accelera-
et al, 200G) in agreement with the measurements oftion of 10*®g(see then a discussion of how laser acceleration
Umstadter(1996. The fact that the space-charge-neutral,may reach that of the surface of black holes witi°1@in
highly collimated, subrelativisitc ion current densities of Hora et al, 20021). Because the energy transfer to the
more than 16°W/cm? (Badziaket al, 2003 can be expected blocks as a kind of collisionless nonlinear absorption is well
for 80-keV deuterium angbr tritium ion energy permits the known and may even turn out to be one of the rare analytical
conclusion that the condition of E(4) is fulfilled and that ~ solutions of an integral equatiofBatchelor & Stening,
these ions may ignite a self-sustained fusion reaction front985, this method was proposed by CV. Shafpers.

in uncompressed solid density DT if conditi@®) could be  comm) for measuring the pulse lengths and energy transfer
fulfilled simultaneously. of subpicosecond laser pulses.

It is important to underline that the generation of laser- The remaining question is how the energy flux density for
accelerated blocks was measured even before the results@énerating a reaction froflame propagationinto uncom-
Badziaket al. (1999 led to the detailed conclusion of the pressed solid DT can be fulfilled as derived theoretically
skin layer interactior{fHoraet al, 2002, 2002; Badziak  (Bobin, 1971; Chu, 1972to be above the threshold of
et al, 2003; Hora, 2003; Osmaet al, 2004. This was Eq. (5). Even more pessimistic higher threshokes were
detected and analyzed from the backscattered spectra andnsidered, which, however, may be upper bounds only as
the red or blue shift at laser irradiation of targets with 100-fslong as the very extensive details for the derivation of the
TW laser pulsegSauerbrey, 1996 Though the consider- threshold(5) are not found to be incorrect.
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It may be possible that the val(®) is too pessimistic, as quiver energy of the electron is converted into translation
there were indications from the theory about how the interenergy of the ions. The DT interaction, we use the oscilla-
penetration of the igniting energetic ions into the cold uncom+ion energy of 80 keV of the resonance maximum of the DT
pressed DT fuel may reduce the thresh&t to (Hora, reaction may not necessarily be the best choice. Because
1983 this is close to th¢Hora, 199] relativistic threshold inten-

sity l,e; we have to use the general case
E; = 2 X 107 J/cm?. (8)

€osc = mOC2 [A+ 3SlvaJ|rel)1/2 —-1], 9
How unexplored these beam fusion conditions are may be
seen from the experiment&ernset al, 1972; Guenther, Where the maximum intensity,. = Shacdue to the dielec-
pers. comm).where 2-MeV electrons of an estimated cur- tric swelling near the critical density is expressed by the
rent density of 3x 10° A /cm? interacting with a CRtarget factor Swith the laser intensity, .. in vacuum at the target
showed a penetration of 0.3 cm only. The single electrorurface.
penetration would have been more than 40 times longer. The For the general analysis we have to be flexible about the
disagreement with the Bethe—Bloch—Bohr binary collisionchosen values of the applied maxim(dielectrically swelleg
theory for the stopping length could be clarified by applying 0scillation energyeos. into the translation DT ion energy
the collective interaction process that fully reproduces theftansin @djustmentto fusion cross sections. We further leave
measured 0.3 crtBaggeet al, 1974. The collective inter- open the value of the energy flux densiy = Iyt for
action was initially studied by Gab@.953 and based on reaction conditions5) or (8) or possibly even a lower value
the independently derived theotRay & Hora, 1976 for depending on the future research to find the correct vialue
the successful explanatiofBagge & Hora, 1974 of the where the laser pulse duratigrwill have to be in the range
experimentgKernset al, 1972; Guenther, pers. comm. of picoseconds. According to extensive numerical studies
Such a reduction of the collective stopping length combine$éCanget al., 2004 in agreement with summarizing estima-
with the notyetapp”ed anomalous p|asma resisti(\mpra’ tions, this value could well be a few picoseconds. From
1991, see Sect. 26and electric double layer effects with relations(5) or (8) and
reduced thermal conductivifiEliezer & Hora, 1989 point
into the further decrease of the threshsi lvac = E7/1L, (10

Thanks to the recent results on interaction of clean TW-ps _ )
laser pulses it was possible to show experiment&lydziak we arrive at the function for the laser wavelength
et al, 2003, that the rather extremely high threshgfd
Eq. (4), for ion beam fusion has been fulfillg¢Horaet al.,
2004). The skin layer interaction mechanism accelerates a
plasma layer or block initially of 30 wavelengths width and
sgveral vacuum waveleng_ths thipkness with_ a critical de”Using as a special cage= 3ps,E* = 2 X 107
sity of 10** electrongcm?® highly directed against the laser gg e\ we find
light whose velocity from 20 keXhucleon at 8x 106 '

Megans E% 1L,S) = [t 176/(3SE")] vz
X {[(etrans/mocz) + 1]2 - 1}1/2 (11)

\]/sza Etrans™

W/cm? intensity could be undgrstood iq the case of a DT A = 0.516/SY2 um. (12)
plasmato be 1.28 10% cm/s. This results in a block motion
with an ion current density at the target of X20'°A /cm? The nonlinear, force-driven, two-block skin layer inter-

Together with this block moving against the laser light, action model works for swellin§ considerably larger than

measurements with thin foils confirmed the generation of al, as was the case automatically from the detailed analysis

similar block moving into the target with similar energy and of the measurementsioraet al,, 2002; Hora, 2003; Cang

ion current density. This result can be related to earlier planet al., 2004 with S= 3. The lowest possible case wif+ 1

geometry detailed hydrodynamic computatidrgy. 2). is that without any dielectric swelling, where the whole laser
From this result it was concluded that the compressingulse energy is transferred as in the simple case of radiation

block may be used as requested for light ion beam fusion fopressuréHora, 1991) to the absorbing plasma. We conclude

a power station. A 10-kJ laser pulse could then produce 10€hat the conditions of the kind d6) or (8) could well be

MJ fusion energy where the exclusivity for use for thefulfilled for the ignition of uncompressed solid DT fuel

controlled reaction was confirmed by a declassificationwhen applying a shorter laser wavelength than that of the

procedure by the authorities involvéHora, 2002. neodymium glass laser and is well within the reach of
For the physics—within many more problems to bepresenttechnology as seen from the excimer IgSensbner

clarified—it has to be shown that atleast conditiphasto et al,, 1993. For the pessimistic case of Bohih971) and

be fulfiled where we are aware that this even may beChu (1972, the numerical factor ii12) is 0.105 such that

considered as a pessimistic conclusion in view of the notwith S= 1, just the borderline of higher harmonics CPA

yet-exhausted theory about the threshildtoward lower  excimer laserg Teubneret al., 1996 would be covered.

values. For the compressing block, the whole maximunturther research on lower values Bf and numerical
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Fig. 5. Relation between the laser wavelength the aimed ion engggyin multiples ofmyc? and the necessary energy flux density
for ignition of uncompressed DT following E¢R2) for S= 1 and a laser pulse length of 3 ps.

studies for a little bit longer laser pulses may further relaxNOTE ADDED IN PROOFS
the conditions, and longer laser wavelengths would be pos- . .

sible. No discrepancy was found in the detailed analysi}mf' Minh Quang .Trar(Garchlng and Lausanpeepre- .
(Bobin, 1971: Chu, 197vhen followed up recentigishony sented nuclear fusmn to tr_]e World Energy Conference in
& Shvarts, 200L Figure 5 shows the dependence of theSyc_jney,. Australia and delivered a Iecture_ at the Sydney
necessary laser wavelength for a pulse length of 3 ps angm\./ers.ltythorl I??ge.mg%rlg’. ZOO;OgromoUrég I-IFER'hTh?d
swellingS= 1, which one needs for a desired ion translative esign is tha n na second pulse shou
energy in multiples ofmyc? (my is the rest mass of the produce 500 MW thermal energy where an operational input
electron if the thresholcE* is given of 500 MW electric energy is necessary resulting in a total

The gain for a controlled reaction has been estimated tgain of 0.2 or less.
be of a high value. A 10-kJ ps laser pulse may result in 100
MJ fusion energy(Hora et al, 2004. From the block REFERENCES
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