234 Meeting on the topic of Fusion Energy, American Nuclear Society, Orlando FA, 11-15 November 2018
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Abstract:

The Chirped Pulse Amplification CPA — which discovery was highlighted by the 2018
Physics Nobel Prize to Gerard Mourou and Donna Strickland — reached such an extreme
ultrahigh power level that the ignition of controlled fusion reactions in a reactor is possible
without needing thermal pressures with dozens of million degrees centigrade. In contrast for
avoiding the extreme temperatures, non-thermal pressures driven by the nonlinear force for
ultrahigh picosecond acceleration of plasma blocks are to ignite the environmentally clean,
safe and low cost fusion of hydrogen with the abound boron-11 isotope.

Why are many dozens of billion dollars invested since 60 years in research for a fusion power
reactor “but why does it always seem to be 30 years away” [1]? The need for the fusion
energy reactor is an important option for electric energy generation in contrast to burning
carbon from the present level. It has to be below the level of 1960 needing a reduction to less
than 20% of the present carbon emission. The attraction of fusion energy is given by the fact
that the nuclear reaction energy is about ten million times higher than the chemical energy
from burning coal. The problem however is that the temperature of chemical burning is few
hundred degrees C and the nuclear burning needs temperatures in the range of hundred
million degrees.

60 years research was needed to nearly master these astronomic temperatures in the
laboratory. The reaction of hydrogen nuclei into helium in the center of the sun is at 15
million degrees. Equilibrium temperatures for fusion of deuterium in a Wendelstein-
stellarator reached 10 million degrees (about 800 eV) in 1980 [2] (see Chapter 2.6 of [3]) that
now was increased by a factor four [4]. These high temperatures were about for aiming a
continuously working extremely low density DT fusion reaction in a toroidal magnetic
confinement in the JET-tokamak experiment [5] working at the high temperature conditions.
To reach a positive energy gain the aim is in the ITER experiment with DT fusion in the year
2037 to achieve an eight minutes run [6]. Alternatively, inertial confinement of controlled
micro-explosions for a reactor using nanosecond laser pulses for ignition in the NIF
experiment at solid state or much higher plasma densities did reach similar temperatures [7]
but none has yet arrived at the conditions of break-even for a reactor.

These fusion reactions are using the usual gas-dynamic plasma pressures p given by the
density and very high temperature T. Can one have other non-thermal pressures? Let us look
to other pressures [3][8] with conditions of nonlinearities [9][10][11], different form LTE
(local thermal equilibrium) or of non-ideal plasmas [12] or laser-fusion during especially



short picosecond times (about 1000 times shorter than NIF) for laser-plasma ignition. The
nonlinearities were evident [13] and may lead to solve the problem [14][15].

The alternative way for igniting a fusion reaction not by thermal pressures p but by non-
thermal pressures was given by the nonlinear interaction of laser irradiation with plasmas [8]
for the equation of motion for the force density

f=-Vp + fa (D

fa represents the forces due to electric and magnetic fields E and H of a laser pulse of
frequency o in the plasma with a plasma frequency ®, and a refractive index n. These fields
are force quantities and are determining the force in the plasma in quadratic form as result of
electromagnetic laser irradiation and are the gradients of the Maxwellian stress tensor

fuL= Ve[EE+HH-0.5(E2+H?)1+(1+(0/0t)/w)(n>-1)EE]/(47)-(8/0 ExH/(4mc)  (2)

where 1 is the unity tensor. This expression of Eq.(2) defines the final, general, Lorentz and
gauge invariant transient formulation of the equation of motion in a plasma of Eq. (1) in the
presence of a laser pulse including dielectric optical response [8]. At plane wave geometry,
the nonlinear force of Eq. (2) can be reduced to [8] with the electric field amplitude of the
irradiated laser pulse Ey

L= - (0/0x)(E*+H?)/(8m) = — (wp/®)*(0/0x)(Ev*/n)/(167) (3)

while general cases need all tensor components of Eq. (2) [16].

This type of force in electrostatics was discovered by Thomson [17] as ponderomotion.
The beginning of electro-dynamics was Coulomb’s realizing of the kind of Newton’s forces
between electric charges to be linear by the electric field E as a force quantity. A basically
different electric force in (3) is without charges [17]. It is given by the square of the force
quantity E but with inclusion of the dielectric response or refractive index, not only for
statics, also for time dependent fields, generalized through Maxwell’s equations for magnetic
fields H, and expressed by Maxwell’s stress tensor and the physics of plasmas developed
later since 100 years ago. This is why Eq. (2) is a nonlinear force [8][9][10][11].

The computation result of Fig. 1 of 1977 was performed with similar parameters as the
measurements of Sauerbrey 1996 [18] that were possible only after the CPA laser pulses [19]
of 0.3ps duration were available. The ultrahigh acceleration above 10*° cm/s?> can be seen
directly from Fig.1 how within 1.5 ps, the laser intensity could accelerate the plasma block
moving against the incident laser light as later measured by Sauerbrey [18] from the blue
Doppler shift of spectral lines in the plasma moving against the direction of the laser light.
This was the first measurement of nonlinear force driven plasma block acceleration. The
computation included the most general thermal (collisional) heating of the plasma but this
was not pronounced. Thermal acceleration with comparable nanosecond laser intensities were
more than four orders of magnitudes lower. The ultrahigh nonlinear force acceleration was
repeated [20] in exact agreement with the computations. The necessary condition was that the



laser pulses had a very high quality contrast ratio similar to comparable experiments [21][22]
where a most extreme experimental technology could show [23] how the usually appearing
relativistic self-focusing [24] had to be suppressed.
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FIG. 1. 10'® W/em? neodymium glass laser is incident from the right hand side on an
initially 100 eV hot 100 um plasma slab with initially low reflecting bi-Rayleigh density
profile at initial time t=0, resulting at time t=1.5 ps of interaction in a velocity
distribution v(x) on the depth x and in an energy density of the laser field (E>+H?)/8.
The dynamic development had accelerated the plasma block of about 20 vacuum wave
length thickness of the skin layer moving against the laser and another block into the
plasma showing ultrahigh >10°°cm/s’ dielectric acceleration by the nonlinear force
(figure 10.18a&b of [10], summarized in Fig 8.4 of [11]).

The plasma block acceleration of picosecond laser pulses for measuring the fusion
reaction was clearly demonstrated in deuterium targets [25] with picoseconds laser pulses,
Fig. 2. This resulted in 10,000 times higher fusion gains at low plasma temperature by block
acceleration in the target [26] in contrast to the numerous fusion measurements under heating
at thermal equilibrium conditions, Fig. 2. Compared with the numerous measurements at
varying laser pulse duration, The measurements [25] N98 and B06 were with same ps laser
pulses of same power, however the measurement of Norreyes et al., N98, were with
extremely high contrast ratio for producing block generation with the 10,000 times higher
fusion gains in contrast to BO6 with usual pulses working at thermal equilibrium conditions.
In the first case, the 10,000 times increased neutron gain at measured exceptionally low
temperature confirms the expected plasma block generation.

Computations with ps energy deposition on plane solid deuterium-tritium fusion targets
resulted in the threshold for ignition needing an energy flux of 10® J/cm? [27]. These
computations were updated [28] and when instead of the DT fusion that of hydrogen H with
the boron isotope 11 (HB fusion) was used - resulting in equal energetic helium (alpha
particles)
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Fig. 2.,Compilation of emission of fusion neutron gains from deuterated targets
irradiated by laser pulses of varying energy and varying pulse duration [25]. At thermal
equilibrium interaction, the results were on a line but the result with picoseconds pulses
N98 with non-thermal block acceleration were increased by a factor 10,000 against the
thermal equilibrium cases.

H+ B = 3%He + 8.7 MeV, (4)

a surprising result turned out [29]. It was well known that HB11 fusion under thermal
equilibrium had about 5 orders of magnitudes lower energy gains than DT at classical thermal
equilibrium conditions, see Section 9.5 of [11]. This was considered as too low for a fusion
reactor. However if the non-thermal ps-plasma block ignition was used in the calculation, the
gains were nearly five orders of magnitudes higher than classical [29] though the
computations were pessimistically only using binary reactions like DT. When measurements
of HB11 reactions resulted in billion times higher fusion gains [30] first estimations [14]
included the three-fould alpha multiplication, Eq. (4) based on preceding computations [31]
using the genuine two fluid hydrodynamics [32]. A detailed analysis of the avalanche
reaction by inclusion of the elastic nuclear collisions between the nuclei resulted in an
increase of the gains by four order of magnitudes [33]. Adding this increase by four
magnitudes to the five orders from the block mechanism [29] the measured billion times
higher gains than classical have been explained.

The design of an environmentally clean, safe, comparably fast available boron fusion
reactor for low cost electricity was possible [14]. Finally the generation of about 10,000 times
less neutrons by secondary reactions than produced per alpha particles can be controlled such
that the generated radioactivity is below the level [34] needed for an environmentally clean
operation of the reactor.

As a consequence, the design of a spherical HB11 fusion reactor was given, see Fig. 16 of
[14], where the solid density fuel had to be in cylindrical form and the reaction is trapped by
the recently produced ultrahigh kilotesla magnetic fields produced [13] by capacitor coils at



irradiation of kJ nanosecond laser pulses. The end-on initiation of the fusion reaction in the
cylinder needs picoseconds CPA-laser pulses [19] of more than 30kJ energy. These types of
lasers are close to be on the market with minute repetition time and shorter producing 277
kWh of electricity per shot from burning 14 milligrams of boron [15].
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