JOURNAL AND PROCEEDINGS
OF THE

ROYAL SOCIETY
OF
NEW SOUTH WALES

Volume 140 Parts 1 and 2
(Nos 423, 424)

2007
ISSN 0035-9173

PUBLISHED BY THE SOCIETY
BUILDING H47 UNIVERSITY OF SYDNEY, NSW 2006
Issued June 2007



THE ROYAL SOCIETY OF NEW SOUTH WALES

OFFICE BEARERS FOR 2007-2008

Patrons His Excellency, Major General Michael Jeffery AC CVO MC,
Governor General of the Commonwealth of Australia.
Her Excellency Professor Marie Bashir AC CVO, Governor of
New South Wales.
President Mr J.R. Hardie, BSc Syd, FGS, MACE
Vice Presidents Prof. J. Kelly, BSc Syd, PhD Reading, DSc NSW, FAIP, FInstP
Mr C.M. Wilmot
one vacancy

Hon. Secretary (Gen.) vacant
Hon. Secretary (Ed.) Prof. P.A. Williams, BA (Hons), PhD Macq.
Hon. Treasurer Ms M. Haire BSc, Dip Ed.
Hon. Librarian Ms C. van der Leeuw
Councillors Mr A.J. Buttenshaw
Mr. T. Danos

Mr J. Franklin
Em. Prof. H. Hora
Dr M. Lake, PhD Syd
Ms Jill Rowling BE UTS, MSc Syd
A /Prof. W.A. Sewell, MB, BS, BSc Syd, PhD Melb FRCPA
Ms R. Stutchbury
two vacancies
Southern Highlands Rep.  wvacant

The Society originated in the year 1821 as the Philosophical Society of Australasia. Its main function is
the promotion of Science by: publishing results of scientific investigations in its Journal and Proceedings;
conducting monthly meetings; organising summer science schools for senior secondary school students;
awarding prizes and medals; and by liason with other scientific societies. Special meetings are held for:
the Pollock Memorial Lecture in Physics and Mathematics, the Liversidge Research Lecture in Chemistry,
the Clarke Memorial Lecture in Geology, Zoology and Botany, and the Poggendorf Lecture in Agricultural
Science.

Membership, as an Ordinary, Associate or Absentee Member, is open to any person whose application is
acceptable to the Society. An application must be supported by two members of the Society. Subscriptions
for the Journal are also accepted. The Society welcomes, from members and non-members, manuscripts
of research and review articles in all branches of science, art, literature and philosophy for publication in
the Journal and Proceedings.

ISSN 0035-9173

Copyright

The Royal Society of New South Wales does not require authors to transfer their copyright. Authors are
free to re-use their paper in any of their future printed work and can post a copy of the published paper
on their own web site. Enquiries relating to copyright or reproduction of an article should be directed to
the author.



Journal € Proceedings of the Royal Society of New South Wales, Vol. 140, p. 11-19, 2007

ISSN 0035-9173/07/010011-9  $4.00/1

Oral presentation at the 17" Australian National Physics Congress
Brisbane 3—8 December 2006

New Aspects for Low Cost Energy by Inertial Fusion
Using Petawatt Lasers

FREDERICK OSMAN, HEINRICH HORA, GEORGE H. MILEY AND JAK C. KELLY

Abstract: The prospect of generating clean, safe, virtually unlimited, universally accessible
and low cost energy from nuclear fusion has cost many billions of dollars over the last fifty
years. The aim is to confine the hydrogen isotopes deuterium (D) and tritium (T) and hold
them in this state for a sufficient length of time at temperatures of dozens of million degrees
for the nuclei to fuse into helium. The predominant method used is the confinement of the
reacting plasma by magnetic fields (MCF, magnetic confinement fusion) or confinement by
the inertia of a fuel pellet after extremely fast heating and compression such that much more
fusion energy is produced than one needed for this ignition (ICF, intertial confinement fusion).

Prospects for such processes are reviewed.

Keywords: Fusion energy, Laser, Plasma, Ion currents.

INTRODUCTION

One of the leading experts on environment prob-
lems is James Lovelock FRS, who played a key
role in detecting damage to the atmosphere
caused by the chlorofluorohydrocarbon emission
and succeeded in their worldwide banning. He
was listed by the magazine Prospect in 2005 as
one of the hundred most influential intellectuals
in the world. In an interview with Ulli Kulke
for the German newspaper Die Welt (March 23,
2006, p. 10), Lovelock maintained that all sep-
arate observations of environmental problems
have to be combined. It is for instance sug-
gested that ocean levels may rise during the
next few decades not by several meters but by
up to sixty meters. These catastrophic devel-
opments may be irreversibly on the way and it
might be too late to stop them. Nevertheless,
they may be delayed. Under the banner ‘Das
ist doch grimer Unsinn’ (this definitely is green
nonsense) Lovelock favours nuclear energy, and
very interestingly mentions fusion energy for the
future (Hora 2007, 2007a).

For the very fast ignition of controlled fu-
sion reactions, the laser was immediately con-
sidered as the preferred tool and suggested as
such by Teller (1960) and Sakharov (1961). The

prospect of laser powered fusion has driven the
development of very high powered lasers, in-
cluding the multibillion dollar facilities at NIF
and LMJ (Gerstner 2007), opening develop-
ments up to conditions of the Hawking-Unruh
radiation (Hora et al. 2002a, Stait-Gardner &
Castillo 2006).

As always happens when increases of or-
ders of magnitude are achieved, new physics
has been revealed and old phenomena clar-
ified. Currently available laser pulses of
petawatt (PW = 105 W) power and picosecond
(ps =107'2s) duration permit new schemes for
fast ignition. A basically new effect based on
drastically anomalous measurements (Zhang et
al. 1998, Badziak et al. 1999) was explained by
a skin layer theory (Hora et al. 2002, Hora 2004,
2005) in combination with much earlier compu-
tations in Australia. This effect may be used for
igniting virtually uncompressed solid DT fuel
by PW-ps laser pulses to ignite a very high gain
controlled fusion reaction wave, which, if con-
firmed by further research, may lead to very low
cost fusion power stations.

This controlled ignition of weakly com-
pressed DT fuel follows a scheme of Nuckolls
& Wood (2002) where PW-ps laser pulses gen-

erate ultra-intense relativistic electron beams.
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The new effect led to measurements of space
charge neutral D-T-ion beam current densi-
ties exceeding 10 A cm~2, through which ion
beams instead of the electron beams of Nuckolls
et al. (2002) may lead to low cost, controlled ig-
nition of fusion.

THE SOLUTION OF NUCKOLLS &
WOOD (2002)

Nuckolls (2005) suggested in 1960 that laser
pulses might be used to ignite solid or lightly
compressed DT directly. This can be seen
from the fact that a 107 Wem™2 laser inten-
sity is comparable with 11 million degree (keV)
Planck radiation. This ignition has not yet
been achieved, as Kidder (2005) has critically
remarked. However, with the advent of PW-
ps laser pulses, the chance of success has been
greatly improved. Nuckolls & Wood (2002)
modified the fast igniter scheme (Tabak et al.
1994) so that they produce an intense 5MeV
electron beam such that an ignition of virtually
uncompressed and large amounts of DT may re-
sult in 100 MeV fusion energy produced by a
10kJ laser pulse of ps duration.

The electron beams have to be produced by
irradiation of the 10kJ-ps laser pulse onto a
plasma at pre-compression to more than 1000
times solid state density. Examples for ignition
of DT are given for 10 times the solid state with
the remark that for lower densities, even better
conditions will be expected. This is all within
a controlled energy generation and clearly dif-
ferent from an uncontrolled reaction. The close
borderlines between controlled energy produc-
tion and the uncontrolled case should not be
used to bedevil laser fusion, as it was openly
done by Tran (2004). Reporting on fusion en-
ergy to the UN-World Energy Conference in
Sydney, he excluded laser fusion and reported
only on the International Thermonuclear Ex-
perimental Reactor (ITER) using magnetic con-
finement fusion (MCF). Other objections to in-
ertial fusion energy (IFE) are discussed else-
where (Hora et al. 2005, 2007, 2007a).

To properly assess the position of ITER, the
following facts have to be taken into account.

This project, with funding of more than $16
billion, is scheduled to come to fruition in 2016
and the gain is still rather modest: a 500 MW
electricity input should produce 500 MW fusion
power during 500 seconds such that after con-
version at 30 % efficiency in an electric genera-
tor, a gain of 0.3 may result (Tran 2004). The
best measurement concerning magnetic confine-
ment fusion (Keilhacker 1999) was with the JET
(Joint European Torus), when a magnetically
confined plasma torus during 2 seconds pro-
duced 16 MW of fusion power by irradiation of
21 MW neutral beam power and 3 MW heat-
ing by electromagnetic radiation. To this fusion
gain of 0.66, one had to ignore the 100 MW of
electricity which was needed to run the torus.
If one takes the operation of JET into account,
the gain of fusion energy is 0.129 and with 30 %
conversion to electricity, the total gain is 0.042.
ITER should then produce an increase of the
gain by a factor only 7.4. It can be estimated
that at least the same increase of gain is possible
with the JET facility, if a number of additional
neutral beam injectors were added. This would
cost very much less than the projected ITER
project cost and could be achieved in a much
shorter time. However, this would be neutral
beam fusion (Hora 2000, 2004) and contradict
the Spitzer theorem of 1951.

The modified fast igniter (Nuckolls & Wood
2002) has still the disadvantage that the gen-
eration of the 5MeV electron beams needs
the interaction of a 10 PW-ps laser pulse with
a plasma of very high (thousand times solid
state) pre-compressed plasma. Then the elec-
tron beam ignites the voluminous low density
DT fuel to produce 100 MJ fusion energy. This
is the step to fulfil the initial dream that laser
pulses may result in controlled ignition of virtu-
ally uncompressed solid DT fuel with very high
gain.

A further step forward without any very
high compression of plasma is to use space
charge neutral ion beams instead of the rela-
tivistic electron beam as will be shown in the
following section in order to completely fulfil the
initial visions of Nuckolls (2005), with a plane
geometry laser ignition of solid DT with PW-ps
laser pulses.



12 OSMAN et al.

EFFECT OF LASER DRIVEN
PLASMA BLOCKS WITH VERY
HIGH DT CURRENT DENSITIES

The following is a combination of the fast ig-
niter concepts for laser fusion (Tabak et al.
1994) with the initial vision of Nuckolls (2005),
in view of the recent development of petawatt-
picosecond laser pulses. We underline the new
aspects in this development, focussing on the
fact that a new effect was found with the most
anomalous measurements resulting from the in-
teraction of laser pulses with a few TW-ps
laser pulses (Sauerbrey 1996, Zhang et al. 1998,
Badziak et al. 1999). Usually, these pulses
produced extreme relativistic effects such as
100 MeV electrons, GeV highly charged heavy
ions, extreme X-ray and gamma ray bursts with
subsequent nuclear transmutations by the nu-
clear photo effect, pair production, and so on
(Cowan et al. 1999). In strong contrast to this,
the anomalous measurements showed very low
X-ray emission (Zhang et al. 1998), very low
ion energies (Badziak et al. 1999) and a rather
transparent plane geometry plasma accelera-
tion (Sauerbrey 1996). This could be combined
with early numerical computations carried out
around 1978 in Australia (Hora 1991) to explain
these phenomena as a nonlinear force driven
plasma block generation due to the avoidance
of relativistic self- focussing by suppression of
pre-pulses with extremely high contrast ratios
(Hora et al. 2002, Hora 2003, Hora et al. 2005,
Badziak et al. 2005).

We have first to return to the initial vi-
sion of Nuckolls (2005) as to whether irradia-
tion of solid DT without pre-compression could
result in ignition of a thermonuclear burn, or
flame propagation. It has to be noted that
the electron beam scheme of Nuckolls & Wood
(2002) still needs very high plasma compres-
sion for generating the special electron currents
and even the controlled fusion reaction in the
large volume of DT of only 12 times solid state
density needed the support of the highly com-
pressed part of the fuel. We are aiming to use
the ultra-intense ion beam following the skin-
layer effect to avoid the requirement for very
high compression.

Equivalent to laser irradiation, it was con-
sidered that electron beam irradiation or irra-
diation by a beam of DT could be used for the
flame ignition (Bobin 1974). It turned out that
a DT ion beam current density under optimized
conditions of

i>i* =10 Acm2 (1)

was necessary and an energy flux density E
given below was required.

E>E*=10% Jem 2 (2)

The condition (1) was many orders of magni-
tude beyond any particle beam technology and
the condition (2) also was very extreme. It
should be mentioned that by evaluation of the
fusion detonation wave at spark ignition (Hora
et al. 1998), the ignited core produced a value
of E = 1.62 x 10° J cm~2 for ignition of the high
density low temperature outer DT shell. A cor-
rection of E* in (2) to about ten times lower val-
ues may be possible (Hora 1983) if the interpen-
etration of the energetic particles into the low
temperature fuel is considered, if the anoma-
lous resistivity is included as expressed by the
quantum correction of the classical collision fre-
quency, and if the inhibition of the thermal con-
ductivity is taken into account as given by the
double layer between the hot and cold areas.

The fast ignitor scheme (Tabak et al. 1994)
for laser fusion where the fuel is compressed to
several thousand times the solid state density
with ns laser pulses and the missing tempera-
ture in the centre for spark ignition was assumed
to be provided by a ps-PW laser pulse, led to
the development of these pulses. When study-
ing the interaction of ps laser pulses of TW
and higher power, the above-mentioned numer-
ous relativistic effects (Cowan et al. 1999) were
observed. If, however, the relativistic self fo-
cussing was avoided by suppressing any laser
prepulse (high contrast ratio), the plane geom-
etry of interaction within the skin layer of the
plasma surface produced two plasma blocks.
This is by nonlinear (ponderomotive) forces
(SLA, skin layer plasma block acceleration by
the nonlinear force), one moving with low side-
wise expansion against the laser light and the
other into the plasma (Figure 1), as expected
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from computations carried out prior to 1980, and confirmed in all details, both experimen-
(Figure 2). This was first analysed from ion tally (Badziak et al. 2004) and numerically
emission (Badziak et al. 1999, Hora et al. 2002)  (Badziak et al. 2005).
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Figure 1. Fusion scheme where a laser beam irradiates solid DT producing a block of plasma moving
against the laser light and another block moving into the target. Ignition requires extremely high
DT current densities and energy fluxes of the blocks, equations (1) and (2).
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Figure 2. Generation of blocks of deuterium plasma moving against the neodymium glass laser
light (positive velocities, v, to the right) and moving into the plasma interior (negative velocities)
produced upon irradiation by a neodymium glass laser of 10'® W cm™2 intensity onto an initially
100eV hot and 100 pm thick bi-Rayleigh profile (Hora 1991) with minimum internal reflection. The
electromagnetic energy density (E?4+H?)/(87) is shown at the same time of 1.5 ps after beginning
constant irradiation (Cang et al. 2005).



14 OSMAN et al.

The suppression of the self-focussing was in-
directly confirmed (Hora et al. 2002) from the
measured intensity independence of the accel-
erated ion numbers (Badziak et al. 1999). The
suppression of the self-focussing channel (Hora
1975, 1991, Hiuser et al. 1992) was ingeniously
measured by Zhang et al. (1998) where TW-
100fs laser pulses were clean with a contrast
ratio of 108; the need for a pre-pulse generated
plasma plume for the relativistic self-focussing
was demonstrated by detecting the emitted X-
rays changing from very low values without self-
focussing into very high values if a femptosecond
pre-pulse was irradiated at least 70 ps before the
main pulse.

It is very important to underline the fact
that SLA-plasma-block acceleration was ob-
served previously, without the later realized
connections, by Sauerbrey (1996), confirming in
retrospect that his 350fs TW laser pulses were
sufficiently clean. The pulses were produced by
the Schafer-method, amplifying 350 fs dye-laser-
pulses through an activated KrF laser medium
(Schéfer 1986) without the need for gratings
or pulse compression as with Mourou’s chirped
pulse amplification CPA method (Mourou &
Tashima 2002). Sauerbrey (1996) measured
an acceleration, A, in a carbon plasma front
moving against the laser by the Doppler effect,
produced by a 350fs TW KrF laser pulse at
3.5 x 101" W cm~—2 as follows:

Aczp = 10%° cms™2 (3)

This corresponds to an electric field E? =
2.9 x 10'% ergem ™3 and a density, n;m;, of the
accelerated plasma layer of 5.4 x 1073 gem™3
at the critcal density n; = 1.6 x 10%' cm™3 for
C%* jons. The nonlinear force for the simplified
plane geometry (Hora 1991) is given in (4).

fyr = - (0/0x) (E? + H?)/(87)
= nimiA

= -(1/167)(wp/w)?(8/0z) E (4)

Assuming for simplification Ox = Ax =10 pgm
and a swelling of S=2 (the experiments of
Badziak et al. (2004, 2005, 2006) for ps pulses
resulted in S =3.5), we find the theoretical value
given in (5).

Anr = 1.06 x 1020 cms—2 (5)

Applying this result to the accelerated
plasma blocks of DT with a critical density
at n, = 102! cm™3 and an ion velocity above
108 cms™! shows that the plasma blocks have
an ion current density above 10'° A cm ™2, there-
fore fulfilling condition (1) for flame propaga-
tion. A very detail numerical confirmation of
this fact using the genuine two-fluid model has
been provided (Badziak et al. 2005, Cang et al.
2005, Glowacz et al. 2006).

ENERGY FLUX DENSITY FOR
FUSION FLAME PROPAGATION

We now discuss how condition (2) could be ful-
filled with ps laser pulses of TW power or several
PW by defocussing to large areas and interact-
ing with the DT in order to produce moder-
ate ion energies, since the optimized DT fusion
cross sections require 80 keV only. Experiments
(Badziak et al. 1999, 2004, 2005) provided E
values for (2) of nearly 10% Jem=2.

For the compressing block, the whole maxi-
mum quiver energy of the electron is converted
into translation energy of the ions. For the
DT interaction, use of an oscillation energy of
80keV for the resonance maximum of the DT
reaction may not necessarily be the best choice.
Since this is close to the relativistic threshold
intensity I,..; we have to use the general quiver
energy (Hora 1991)

Eose = Mo [(1 + 3STyac/Irer)'/? - 1] (6)

where the maximum intensity I,,q: = Slyae due
to the dielectric swelling near the critical den-
sity is expressed by the factor S with the laser
intensity I,4. in vacuum at the target surface.
For the general analysis we have to be flexi-
ble about the chosen values of the applied max-
imum (dielectrically swelled) oscillation energy
€osc into the translation DT ion energy €irqns in
adjustment of fusion cross sections. We further
leave open the value of the energy flux density
E* = 1,4/, for reaction condition (2) [possibly
even a lower value depending on future research
on interpenetration mechanisms (Hora 1983)]
to find the correct value of E* where the laser
pulse duration 7;, will have to be in the range
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of ps. According to numerical studies (Cang et
al. 2005, Badziak et al. 2005, Glowacz 2006),
in agreement with estimations, this value could
well be a few ps. From (7)

Lyoe = E*/71 (7)

we arrive at the function for the laser wave
length given in (8) where m, is the rest mass
of the electron.

Metrans, ES 1L,S) =
[rLI7,,/3SE*]Y/?

{[(etrans/moc®) + 12 — 1}1/2 (8)
Using as a special case 77, = 3ps, E* = 2 x 107
Jem™2, g4rans = 80keV, we arrive at (9).

A = 0.516/S'/2 ym (9)

The nonlinear force driven two-block skin
layer interaction model (Figure 1) works for
swelling, S, considerably larger than 1, as was
the case automatically from detailed analysis of
the measurements (Hora 2003) with S=3. The
lowest possible case with S=1 is that without

any dielectric swelling where the whole laser
pulse energy is transferred, as in the simple
case of radiation pressure to the (nomnlinear-
force dominated, nearly collisionless) absorbing
plasma. We conclude that the condition (2)
could well be fulfilled for the ignition of un-
compressed solid DT fuel when applying shorter
laser wave length than that of the neodymium
glass laser; this is well in reach of present tech-
nology. For the pessimistic case of Bobin (1974),
the numerical factor in (9) is 0.105, such that
with S=1 just the borderline of higher har-
monics CPA (Mourou & Tashima 2002) or of
excimer lasers (Schéfer 1986) would be covered.
Further research on lower values of E* and nu-
merical studies for slightly longer laser pulses
may further relax the conditions, and longer
laser wave lengths would be possible. Fig-
ure 3 shows the dependence of the necessary
laser wave length for a pulse length of 3 ps and
swelling S=1 which one needs for a desired ion
translative energy in multiples of m,c?, if the
threshold E* is given. Maybe there is a narrow
gap for successful conditions.

100
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=
0 1
o
kS
]
= 01
=
0.01
0.001
108 107 108 10°
E*(J/cm?)

Figure 3. Relation between the laser wave length, aimed ion energy €44ns in multiples of m,c

2

and the necessary energy flux density for ignition of uncompressed DT following (8) for S=1 and

a laser pulse duration of 3 ps.
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DISCUSSION

To produce energy at five times lower cost
than all the existing energy sources on earth
is potentially achievable if the laser could ig-
nite solid state DT without the complicated pre-
compression step. It is remarkable that Nuck-
olls & Wood (2002) developed the option of
the fast igniter where very intense 5MeV elec-
trons would ignite large quantities of nearly
solid state (or moderately compressed) DT and
where some 10kJ of laser energy produces more
than 100 MJ of fusion energy. It can be assumed
that this ignition scheme involves controlled
laser fusion processes quite differently to uncon-
trolled fusion reactions. A similar scheme may
be reached with nonlinear force driven skin layer
acceleration SLA plasma blocks (Hora 2002).
The necessary condition (1) for 10! A cm=2 and
higher DT ion current densities for this have
been verified (Hora et al. 2002, Badziak et al.
2005) for optimum ion energies of 80keV. For
condition (2), the possibilities seem to be in
reach since the value E* will be considerably
reduced in view of modifications that have not
yet been fully explored. The final question is
whether the necessary laser intensities of 10'7
to 10'® W em ™2 of few ps duration provide com-
parable conditions for igniting the fusion flame
in a way similar to radiation ignition (Nuck-
olls 2005), which refer to uncontrolled reactions
with similar intensities of Planck radiation (11
million K).

With several preliminary estimations con-
cerning fusion, apart from solid experimental
and theoretically based results on plasma block
generation, the present study may provide the
framework for further evaluation of Particle in
Cell (PIC) computation results for generation
of plasma blocks (pistons) covering conditions
(1) and (2) (Esirkepov et al. 2004). We must
find out how to avoid relativistic self-focussing
and how to optimise DT ion energies for the fu-
sion flame. Our present position from the side
of sub-relativisitc conditions may be an alter-
native approach leading to a very simplified low
cost laser fusion reactor.

If this laser-plasma block controlled ignition
(LABIG) scheme becomes a serious method of
producing energy at very low cost, nonprolifer-

ation problems associated with uranium fission
would be greatly reduced (Hora 2002). The ben-
efits in reducing global warming would be much
greater than the risks of a suggested increase in
the number of fission reactors. Unlike the finite
supply of uranium, the availability of hydrogen
and its isotopes is essentially unlimited.

The problems to be clarified are the new the-
oretical aspects of the interpenetration process
for Bobin’s (1974) fusion flame and techniques
for producing sufficiently thick highly directed
and low temperature plasma blocks by the skin
layer effect. The use of radially driven layers
with shrinking width and increasing thickness
are currently being discussed (Badziak et al.
2006).

CONCLUSIONS

Interaction of TW-ps laser pulses with plasma
results in a skin layer mechanism for nonlinear
(ponderomotive) force driven two dimensional
plasma blocks (pistons). This mechanism re-
lies on a high contrast ratio for suppression of
relativistic self-focussing. Space charge neutral
plasma blocks are obtained with ion current
densities larger than 10!° Acm~2. Using ions
in the MeV range results in 1000 times higher
proton or DT current densities than the pro-
posed proton fast igniter requires (Roth et al.
2005). This should result in better conditions of
this fast ignitor scheme. The ballistic focusing
of the generated plasma blocks and then short-
time thermal expansion increases their thickness
but maintains high ion current densities. As
shown here, this approach then provides condi-
tions that are very favourable for efficient fast
ignition of a fusion target. If successful, this ap-
proach to fast ignition could significantly sim-
plify operation of an IFE plant, leading to very
attractive energy production costs.
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