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Abstract

Energy production by laser driven fusion energy is highly matured by spherical compression and ignition of deuterium-
tritium (DT) fuel. An alternative scheme is the fast ignition where petawatt (PW)-picosecond (ps) laser pulses are used.
A significant anomaly was measured and theoretically analyzed with very clean PW-ps laser pulses for avoiding
relativistic self focusing. This permits a come-back of the side-on ignition scheme of uncompressed solid DT, which is
in essential contrast to the spherical compression scheme. The conditions of side-on ignition thresholds needed
exorbitantly high energy flux densities £*. These conditions are now in reach by using PW-ps laser pulses to verify
side-on ignition for DT. Generalizing this to side-on igniting solid state density proton-Boron-11 (HB11) arrives at the
surprising result that this is one order of magnitude more difficult than the DT fusion. This is in contrast to the well
known impossibility of igniting HB11 by spherical laser compression and may offer fusion energy production with
exclusion of neutron generation and nuclear radiation effects with a minimum of heat pollution in power stations and
application for long mission space propulsion.
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1. INTRODUCTION

Very clean energy can be produced from the fusion reaction
of protons with ''B (hydrogen-boron reaction HBI1),
because no neutrons are produced, and the resulting alpha
particles are mono-energetic of 2.9 MeV, which is ideal for
high-efficient direct conversion into electricity (Miley,
1976). Secondary reactions lead to radioactivity, but this is
less per produced energy than burning coal due to its
natural contents of 2 ppm uranium (Weaver et al., 1973),
and may be considered as negligible. However, it was from
the beginning evident that this fusion reaction is much
more difficult than using deuterium-tritium (DT) fusion
fuel, as seen from the spherical laser compression of
HB11, which need densities of 100,000 times the solid
state (Hora, 1975, 2007). Nevertheless, a basically new
approach to laser fusion seems to be possible by the more
recent achievement of laser pulses in the petawatt-picosecond
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(PW-ps) range thanks to the discovery of chirped pulse ampli-
fication (Strickland & Mourou, 1985; Perry & Mourou, 1994;
Mourou &Tajima, 2002) or the Szatmari-Schifer (Szatmari &
Schiifer, 1988; Foldes & Szatmari, 2008) method.

The PW-ps laser pulses were developed for the fast
ignition method (Tabak er al., 1994) in laser fusion but it
also can be used for a basic alternative of laser fusion
where a side-on ignition of solid density fuel is used (Chu,
1972) in contrast to the spherical laser compression. In the
following, it is essential that an updating (Ghoranneviss
et al., 2008; Hora et al., 2008; Malekynia et al., 2009) is
reached for the side-on ignition of solid state fusion fuel
initiated by Chu (1972) and Bobin (1974) to be combined
with recently discovered block ignition (Hora et al., 2002,
2007; Hora, 2003, 2009; Yazdani et al., 2009) using non-
linear (ponderomotive) force acceleration by PW-ps laser
pulses producing highly directed space charge quasi-neutral
ion current densities exceeding 10'' Amps / cm? by suppres-
sion of relativistic self-focusing. The same fully plane geo-
metry acceleration if ions were generated in a similar way
(Nuckolls & Wood, 2002).
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Similarity is given with the side-on ignition of DT fusion
with densities not very much above the solid state using very
intense electron beams driven by PW-ps laser pulses (Hora,
2003) instead of using the here considered ion beams. The
side-on ignition was considered for HB11 from the begin-
ning (Hora, 2002) and a clarification was reached recently
by the surprising result that this is possible with about one
order of magnitude more difficult conditions than for DT.
This was reached by extending the updated conditions
of side-on ignition for DT (Hora et al., 2008) to the case
of HB11 (Azizi et al., 2009).

The very negative results of HB11 laser fusion by spheri-
cal compression at an early stage with the need of an exorbi-
tant compression in the range of 100,000 times of the solid
state (Hora, 1975), was confirmed later by very detailed com-
putations of volume ignition (Scheffel et al., 1997). Even at
higher densities, a retrograde dependence showed a limit
at 200,000 times the solid state. The optimum ignition
temperature dropped from more than 130 keV (without
re-absorption) to 23 keV due to reheat and partial self-
absorption of radiation, but the necessary laser pulse energies
were exorbitant with several dozens of MJ to produce total
gains per input laser energy of about 20. Other arguments
about the impossibility of laser driven HB11 fusion by
spherical laser compression were discussed on the basis of
the equation of state (Eliezer et al., 2007). The situation is
very different for DT fusion with spherical laser irradiation
and very high compression (Moses et al., 2006; Moses,
2008) where the many year developments are leading next
to a physics solution for laser fusion. The next task for devel-
oping the economic power station is then to reduce the costs
for the driving lasers by very many orders of magnitude,
which is possible in principle similar to the cost reduction
of transistors.

The HB11 fusion is the first kind of clean energy pro-
duction without any one of the environmental disadvantages
of nuclear energy. This may be important for consideration
and decisions in the future in a similar way as a drastic
cost reduction of solar cells may be possible by producing
the p-n junctions with sub-threshold electron beam
irradiation (Ghoranneviss et al., 2006; Hora, 2007) or as
energy production from other sources under development.
The importance of the HB11 fusion for space propulsion
was elaborated (Miley et al., 2008).

2. BLOCK IGNITION FOR DEUTERIUM-TRITIUM

Side-on ignition for fusion using plasma blocks driven by
nonlinear forces of laser interaction is based on preventing
self-focusing of the laser beam such that it remains uniformly
distributed over a broad interaction area of the target surface.
Physically, this requires strong suppression of laser pre-
pulses, i.e., a very high contrast ratio (ratio of the main
pulse intensity to pre-pulse intensity). This has to be higher
than 10® for times less than a dozens of ps before arrival of
the main pulse. The resulting plasma blocks have high
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momentum and are directed back toward the incoming
laser beam. Momentum conservation causes an imploding
block of plasma toward the inner portion of the target fuel
and is considered to produce a thermonuclear reaction
wave as elaborated by Chu (1972).

The necessary high velocity quasi-neutral plasma blocks
are generated by skin-layer acceleration by nonlinear forces
(Hora et al., 2007). This effect was first observed experi-
mentally, although long expected theoretically, and predic-
ted from numerical studies before (Hora, 1991, Section
10.5). Only after the very clean ultra-intense TW-ps laser
pulses were available (Sauerbrey, 1996; Zhang et al., 1998;
Badziak et al., 1999), the predicted block generation could
be measured where relativistic self-focusing was excluded,
permitting the plane interaction front for nonlinear force
acceleration (Hora, 2003; Hora et al., 2007). Since this accel-
eration of the ions is electro-dynamic by the nonlinear force,
and not thermo-kinetic, the observed blocks (pistons) are
highly directed, and have a comparably low temperature.
The measured DT ion beam current density j in the space
charge neutral block

j>j =10"A/em?, (1)

exceeds the threshold value j* for a fusion reaction wave in
solid DT fusion fuel.

Another necessary condition for the side-on ignition was
that the energy flux density E* of the irradiation had to be
larger than the threshold Ey* for DT

E* > E; = 4.5 x 108J/cm?. Q)

As shown from the hydrodynamic analysis by Chu (1972).
This can be seen in Figure 1 showing Chu’s results of the
generated maximum temperature 7 in irradiated solid DT
on time ¢ with the energy flux density E* as parameter,
which values were reproduced numerically (Ghoranneviss
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Fig. 1. Characteristics of the maximum temperature 7 on time ¢ for par-
ameters E* of energy flux density in ergs/ cm? for side-on fusion ignition
of solid state DT from Figure 2 of Chu (1972).
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et al., 2008). As soon as T is merging into a constant time
dependence, the threshold Ey,* is reached. The results with
the threshold temperature for ignition T, are

E;, =45x10°J/cm’> at T,y =7.2keV (DT).  (3)

An updating of Chu’s calculations with inclusion of the
reduction of thermal conduction between hot and cold
plasmas given by an inhibition factor F* due to the electric
double layer, and with inclusion of the collective effect for
the stopping length of the alpha particles in the plasma
resulted in a decrease of Ey* by a factor 20 (Hora et al.,
2008; Malekynia et al., 2009; Hora, 2009). Though this
value is still very high, this is not too far from the experimen-
tal conditions achieved in the experiments (Hora et al., 2007)
or for next generation PW-ps laser pulses.

It should be mentioned that the explanation of the very first
observation of plane plasma front acceleration based with
very clean TW-ps laser pulses by Sauerbrey (1996)—to be
understood from nonlinear force interaction (Hora, 2003;
Hora et al., 2007)—was the merit of Peter Hammerling
(see Hora et al., 2004). This generation of the highly directed
plasma or ion blocks accelerated perpendicularly to the target
surface by nonlinear forces (Hora, 1974), is essential for the
proton fast ignition scheme (Roth et al., 2005). The extra-
ordinary importance of the suppression of the pre-pulses
for generating very clean laser-plasma interaction—after rea-
lizing its importance to avoid relativistic self-focusing (Hora
et al., 2002; Hora, 2003)—was recognized also in proton
acceleration measurements (Kaluza et al., 2004, Neely
et al., 20006). The theoretical understanding of the nonlinear
force action on the electron cloud and the subsequent highly
directed ion acceleration by the electric fields as a double
layer mechanism (Hora et al., 1984) was a result of hydro-
dynamics and was appearing also in the particle-in-cell treat-
ments, which method was discovered by Wilks et al. (1992).
The application of these accelerations and electric field
mechanisms to experimental results can be seen in Table 1
of Badziak et al. (2005). A significant measurement is the
decrease of the proton energy on the backside of targets
(Neely et al., 2006) where the thickness varies from 0.1 to
10 wm. This is supported by comparable hydrodynamic
evaluation of the collisionless absorption of fs laser pulses
of near-relativistic intensities by the nonlinear force
(Batchelor & Stening, 1985). These evaluations of the
nonlinear force were based on the rare discovery to solve a
nonlinear differential equation exactly with elementary
methods.

3. CHU-THRESHOLD FOR HYDROGEN BORON

To be consistent with the results of Chu (1972) with DT fuel,
computations were first performed based on his assumptions
for HB11 fusion. Using the HB11 fusion cross-sections, the
hydrodynamic calculation resulted in the time dependence of
the plasma temperature shown here in Figure 2 in analogy to the

493

Figure 1 for DT. The parameter of the curves is the energy flux
density E*. The aim is to find the value of Ey* of the ignition
threshold where the plasma temperature 7 merges into a con-
stant value in the dependence on time ¢. The evaluation of
the threshold conditions needs a very detailed and high pre-
cision numerical following up of the detailed curves of
Figure 2 to exclude the very slight decay on time ¢. This
value is found to be for HB11 with the ignition temperature
Tign given by the curve in Figure 2 with the parameters

E; =1x10°J/em?  at Ty, = 87keV  (HBI11). @)

These results are remarkably modest compared with the
values of DT of Eq. (3) according to Chu (1972), Figure 1.
In view of the exorbitant difference between DT and HB11
for volume ignition based on spherical pellet compression, it
is really surprising how much easier the ignition of HB11
works for a side-on generated thermonuclear reaction front.

After Figure 2 showed the result of HB11 for strictly using
the presumptions used by Chu (1972) for DT, it was interest-
ing to see how the inclusion of the inhibition factor and of the
collective stopping power—similar to the DT case (Hora
et al., 2008)—will improve the conditions for HBII.
Figure 3 shows the result selected for the threshold con-
ditions. In this case the values of Eqs (4) (derived for the
Chu conditions) are reduced to

E; =4.5x10%J/cm? at Ty, = 85keV  (HBI1).  (4a)

It is evident that the reduction for HB11 is less pronounced
than for DT (Hora et al., 2008). The reason is obviously the
very much higher reaction temperature for HB11 where then
the thermal conduction effects of the plasma and the stopping
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Fig. 2. In analogy to Figure 1 for side-on ignition of solid state DT with his
same detailed hydrodynamic presumptions, the plasma temperature 7" for
hydrogen-boron(11) as function of the time ¢ is given for a parameter E*
in erg/cm?.
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Fig. 3. Characteristics for the side-on conditions following the laser ignition
of solid state density HB11 compared with Figure 2 are given with inclusion
of the inhibition factor and with the collective stopping power similar to the
former calculated reduction for DT (Hora et al., 2008).

mechanisms of the alpha particles is comparably less
pronounced.

The correctness of the shown hydrodynamic results may
be seen in the derived proof of consistency in the resulting
temperatures. In the case of DT, the ignition without reheat
and without partial X-ray re-absorption dropped from the
(energy averaged value of) 11.5 keV for spherical com-
pression to 5.8 keV even only under the simplified conditions
of Chu (1972). There is a clear similarity to the case of HB11.
In this case, the temperature for the spherical compression
without reheat and without partial self-absorption is in the
range above 130 keV (Scheffel et al., 1997), while the here
reported ignition of solid fusion fuel arrived at 85 keV temp-
erature for the side-on ignition even only with the assump-
tions of Chu (1972), Figures 2 and 3, and Eq. (4a).

One point of special attention is the temperature 7 as being
the non-equilibrium electron temperature in the hydrodyn-
amic analysis. For equilibrium between electron and ion
temperature, 7 has to be above a threshold 7* because the
shock wave process following Chu (1972) does not permit
a modification due to re-absorption of bremsstrahlung as in
the volume processes at spherical compression (Scheffel
et al., 1997). For DT without modification 7* is 4 keV. It
was the result for all cases including inhibition and collective
effects that the threshold for DT was always above 4.3 keV
(Hora et al., 2008). For HB11, the equilibrium temperature
threshold is 7% = 60 keV. The results for side-on ignition
of HB11 (Egs. (4) and (4a)) were found to be higher with
the presumptions used by Chu (1972) and respectively
with inhibition and collective effects. Up to this point we
can conclude with certainty that the side-on ignition for
fusion energy production of HB11 is not more than about
10 times more difficult than of the DT reaction at solid
state density for application of ps laser pulses above 10
PW power.

H. Hora et al.

The generation of bremsstrahlung was included in all these
calculations from the beginning with the work of Chu (1972).
Details of the computations clarified (Hora et al., 2008;
Malekynia et al., 2009) that these radiation losses were suffi-
ciently low for DT and HBI11 reactions. Otherwise no
ignition at all could have been seen beginning with the
plots of Chu (1972), Figure 1, and finally for the HB11 reac-
tions in Figures 2 and 3. Bremsstrahlung is not nuclear radi-
ation; its nature of X-radiation up to about 60 keV will not
produce nuclear reactions for protons and boron nuclei.
This permits sufficient screening in power stations known
from the usual handling of X-rays and avoids any radioac-
tivity in the material of the reactor.

4. EXTENSION OF THE CHU-COMPUTATIONS
FOR SIDE-ON IGNITION OF DLI6 FUEL

It was of interest from the beginning to consider the gener-
ation of fusion energy by the reaction of D with the isotope
6 of lithium (DLi6). The reaction energy is 22.4 MeV, i.e.,
about two and a half times higher than from HB11 fusion
and the reaction product are two alphas. This was men-
tioned by Miley (1976), especially underlining that no
neutrons are produced primarily. Secondary reactions of
the 11.2 MeV alphas may be more complex than the 2.9
MeV alphas of the HB11 reaction. The following evaluation
is indeed very academic only because it ignores the very
much stronger DD reaction at side-on ignition with gener-
ation of fusion energy as well as neutrons and radioactive
nuclei. The interest however is more for application in medi-
cine if the 11.2 MeV alphas are magnetically focused for
cancer therapy and separated from the DD fusion reactions.

An updating of the numerical fitting of the highly accu-
rately measured cross sections of DLi6 was of especial inter-
est by Sir Ernest Titterton (Clark ef al., 1978) with similar
views underlined by Sir Mark Oliphant (1989). At this
time the only theoretical contributions about the cross sec-
tions were numerological adjustments of the experimental
results while the fact of the fusion reaction e.g., of DT occur-
ring at hundred times larger distance than the nuclear diam-
eter could never be explained by Gamow factors or similar. A
first physics theory using Schrodinger potentials with ima-
ginary parts was arriving at the ever best fit of measurements
of cross sections for DT later (Li et al., 2004).

Using the cross sections (Clark ez al., 1978) for DLi6, the
22.4 MeV reaction energy and the other parameters for
side-on ignition only with the conditions of Chu (1972),
resulted in the characteristics of Figure 4. The characteristics
show that the ignition threshold is

E;, =25x 10°J/cm* at Ty, = 101keV (DLi6).  (5)

It is to be underlined that the emission of the bremsstrah-
lung is included as done from the beginning by Chu (1972).
The computations of Figure 4 are of some preliminary
nature while the results of Figures 2 and 3 are based on
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Fig. 4. Characteristics for the side-on ignition of uncompressed solid with
the same conditions as Chu (1972) for the fusion energy generation from
solid deuterium-lithium(6) fuel in analogy to DT (Fig. 1) and HB11 (Fig. 2).

computations using a critically revised code. What the results
(5) can show at least is that the HB11 and the DLi6 reactions
are basically not very much more difficult to be realized by
side-on ignition than of solid DT in very strong contrast to
the results for spherical laser compression for producing
fusion energy.

5. CONCLUSIONS

A drastic difference between the well established spherical
high-density compression scheme for laser fusion in contrast
to the alternative scheme based on side-on ignition by laser
driven high current density plasma blocks may simplify laser
driven controlled fusion energy generation from solid density
HBI11 fuel in further future. The recently explored strong
anomalies of nonlinear (ponderomotive) force driven plasma
blocks (Hora et al., 2007) are essential for the interaction of
PW-ps laser pulses having a very high contrast ratio to avoid
pre-pulses and subsequent relativistic self-focusing. This is
the first fusion reaction for energy production which is environ-
mentally clean and completely free from neutrons and from any
disadvantages of nuclear radiation. It should not need to be
underlined that the here presented new aspects of block ignition
are in an early stage of exploration only, while the spherical
ignition is in the highly matured state that the measurements
(Moses et al., 2006; Moses, 2008) expected during and after
2009 are to lead to the historical result of the first manmade
controlled ignition of fusion when 1.9 MIJ laser pulses
produce 10" DT fusion neutrons which is a gain of produced
fusion energy per laser energy of 16.
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