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Investigating the Combustion Energy of the Reaction
of Helium Ions Using the Acceleration of Plasma Blocks

V.Markani'’, N. Azizi’, M. Amniat talab’ and R. Nader ali*

Abstract— Helium-3 (He3) fusion may also be possible to ignite side-on utilizing petawatt-
picosecond laser pulses for uncompressed proton-Boron (HB11) fusion. Interestingly, for the same
energy production, HB11 fusion releases a lot less radiation than coal-fired power stations. This
method depends on the Chu-Bobin side-on ignition technique, which reduces pre-pulses in order to
prevent a phenomenon known as relativistic self-focusing. Theoretical predictions of highly
directed plasma blocks with moderate temperatures and extraordinarily high ion current densities
exceeding 10" Amps/cm? were confirmed by experiments. The acceleration was caused by a
nonlinear force. These results open the door to solid-density fusion's Chu-Bobin side-on ignition.
Lastly, a detailed comparison of side-on ignition and standard spherical laser compression is
shown to emphasize the essential distinctions in the ignition process.
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1. Introduction

The National Ignition Facility (NIF), the most potent
laser ever constructed, was completed in 2009, marking a
significant advancement in laser-powered fusion. NIF fires
laser pulses with energies greater than one million joules
(MJ), with a duration of around one billionth of a second
[1]. The goal of this project is to use indirect drive to create
"spark ignition"[2]. Using this technique, lasers inside
deuterium-tritium (DT) fuel capsules are transformed into
X-rays. The fuel is compressed and heated by the X-rays to
more than 1000 times its initial density. With approximately
10" fusion neutrons produced each laser shot, this intricate
process seeks to achieve a gain (ratio of fusion energy out
to laser energy in) of 50 to 100 [3]. Scientists have created
advanced methods to get around the problems with spark
ignition, often known as central ignition. Figure 1 displays
previous results, which are positive. They propose that as
laser energy increases, the number of fusion neutrons
increases almost exponentially. This suggests that 1018
neutrons might be produced by megajoule lasers, which
could increase the 10" neutrons produced by kilojoule
lasers.

Volume ignition is a further compression method that

increases the likelihood of obtaining high neutron yields [4].

This strategy has been supported theoretically by Wheeler
mode assessments and simulations that include self-heating
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caused by neutron generation [5, 6, 7]. Volume ignition is
praised for its durability and ease of use, among other
qualities [8]. Interestingly, peak fusion yields seen in
previous experimental programs [9] seem to correspond
exactly with volume ignition theory predictions. These tests
offer strong evidence and were carried out at prestigious
facilities such Osaka (1986) [10], Livermore (1986) [10],
and Rochester (1995) [12], when a record yield of two x
10"neutrons was obtained. If the linear scaling connection
holds true, compressing the fuel to a density 1000 times its
initial level might result in 1020 neutrons, as seen by the
trendline created from these historical data points in Figure
2. Surprisingly, this trendline was established in 1991 [13],
four years before to the world record-breaking experiment
that took place in Rochester 12. This lucky happenstance
offers strong evidence for the viability of volume ignition
as a path towards high fusion neutron yields.

B om

Fig. 1 Measured and projected neutron gains at DT fusion using
ignition by spherical laser compression depending on the energy of the
laser pulse following Nakai [3].
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Fig. 2 Measured DT neutron gains from spherical laser compression
for direct and indirect drive with single and double shell targets depending
on the measured maximum compression, summarized in 1998 [9].

Although extensive experimentation may be required to
verify the proposed reactions by complex spark ignition [1],
volume ignition presents a possibly faster way to achieve
fusion energy. As shown in Figure 2, this technique makes
use of carefully planned double-shell compression of target
specimens[14]. This method shows promise in achieving
notable energy gains more than a factor of 50, even at room
temperature. As a result, it might be possible to produce
1019 neutrons per second using the National Ignition
Facility (NIF) [15, 16]. This kind of discovery would
theoretically make it possible to quickly create a Laser-
driven Inertial Fusion Energy (LIFE) prototype by 2020. It
is probable that the prototype fusion power plant would
make use of solid-state laser drivers pumped by diodes,
which are significantly more efficient. With the use of these,
a design that is significantly smaller than the National
Ignition Facility could be realized. By utilizing the potential
of fusion energy, the effective use of this technology would
represent a significant and reliable contribution to the
mitigation of the climate crisis.

2. Question of very High Fusion Gains

Fuel exhaustion within the reacting pellets is the reason
for the limitations of spherical laser compression for
Deuterium-Tritium (DT) fusion, which may possibly attain
maximum gains (G) of 100 and neutron yields of 10* [11].
If no other options are available, the LIFE project might
still provide a workable nuclear fusion energy production
solution. Stable helium, the main consequence of fusion,
circumvents the hazardous radioactive waste produced by
nuclear fission reactors [2]. Although nuclear radiation
inside the reactor structure is still a problem, tritium
creation and handling in the power plant is far easier to
handle than in fission reactors, which may lead to more
feasible solutions [2].

Nuckolls and Wood explored the possibility of
achieving significantly higher gains, ranging from 100 to
10,000, for laser-driven fusion energy [17, 18]. This study
concentrated on a modified fast ignition technique that
made advantage of the recently developed petawatt (PW)-

class laser pulses with durations of picoseconds (ps) [19,
20]. Early investigations of these pulses' interactions with
the target materials revealed surprising relativistic non-
linearities. Among these were nuclear transmutations
caused by extreme gamma-ray emission, electron and
heavy ion acceleration to GeV energies [21], positron
production through pair creation, and an exciting possibility
for studying B-meson generation and annihilation related to
the Large Hadron Collider (LHC) [22]. Furthermore, these
exchanges provided opportunities to investigate a number
of fresh directions [23, 24].

The two-step scheme proposed by Nuckolls and Wood
leverages a sequential laser irradiation process. The first
phase consists in compressing the plasma using nanosecond
(ns) laser pulses to densities more than 1000 times its initial
condition (1000 ns) utilizing standard spherical irradiation
techniques. The compressed plasma is then exposed to a
petawatt-picosecond (PW-ps) laser pulse, which produces a
very powerful electron beam with an energy of about 5
MeV. Then, maybe by chemical implosion, this electron
beam initiates a thermonuclear reaction within a sizable
volume of DT fuel at a relatively low density (e.g., 10 ns).
This strategy provides a regulated way to produce energy in
a power plant setting with a targeted repetition rate in the
Hz range [19].

Nuckolls and Wood acknowledged several complexities
associated with their scheme, including the distinction
between volume interaction processes within this method
and those discussed in subsequent sections. More research
is required to clarify these details as well as those related to
the following factors, especially those that examine the
alluring possibility of making extraordinarily large profits.
Despite these difficulties, NIF's high compression
methods—which the LIFE system uses to harness laser
fusion—represent a well-thought-out solution. This
technology may help avert the impending climate
catastrophe by providing a route towards the creation of
energy devoid of carbon.

3. One-Step Side-on Laser Ignition

Early propositions by Dean envisioned single-step laser
ignition for achieving fusion reactions [25]. This method
might facilitate plasma compression with nanosecond (ns)
laser pulses, potentially yielding gains within the range of
100 [26]. However, But achieving the more desirable goal
of increases over 10,000 [20] still requires a two-step
procedure. This method consists of (a) high plasma
densities produced by an initial ns compression and (b) a
subsequent ps laser pulse that produces the necessary ultra-
high energy electron beam for ignition. Unexpected
anomalous interaction phenomenon with laser pulses in the
petawatt-picosecond (PW-ps) regime may be exploited as a
potentially revolutionary route to single-step laser
interaction and high gains [21, 22].

Hydraulic simulations were used by researchers to look
into this idea more. In order to evaluate the viability of
immediately igniting solid-state DT fuel with a laser pulse
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and doing away with the necessity of Chu and Bobin's side-
on compression approach, the simulations concentrated on
creating a shock-like fusion flame within the fuel [27, 28].
The outcome disappointed me greatly because ps laser
pulses required an energy flux density E* with the threshold
Et*.

E*> Et* =4 x 10° J/eml for DT (1)

The first side-on compression system was abandoned in
favour of the more practical spherical laser compression
scheme because it was more complex and required more
laser power than was currently available. But a new set of
difficulties emerged with the introduction of extremely
short (2 petawatt) laser pulses (half picosecond). The
intricate relativistic effects demonstrated by these intense
pulses made their practical implementation unfeasible. The
identification and subsequent clarification of an aberrant
interaction phenomenon was a major advance. Most
importantly, the ability to effectively take advantage of this
anomaly depended on suppressing pre-pulses to a contrast
ratio of greater than 10° Researchers successfully
eliminated all other confusing relativistic self-focusing
effects by establishing this crucial pre-pulse mitigation [29,
30]. The intended plane-wave interaction was realized as a
result of this effective mitigation, and this phenomena was
later confirmed by comprehensive experimental validation
[31]. Specifically, studies examining the interplay between
picosecond neodymium glass laser pulses (10° W/em?) in a
flat shape demonstrated that nonlinear (ponderomotive)
acceleration dominated. Moreover, the resulting accelerated
planar fronts' Doppler observations exactly matched
previous theoretical and computational predictions [13, 31].

It was proven that there were two highly directed
plasma fronts: one going into the target and the other
moving perpendicular to the irradiated target [32]. They
originated from dramatically enlarged skin layers with
dielectric properties [33]. The generated plasma blocks at
modest temperature consisted of space-charge quasi-neutral
direct ion beams of up to

j>j*= 10" Amps/cm’ 2)

or even higher current densities j. This made the side-on
fusion flame ignition in solid density DT [31] consistent
with the Chu-Bobin theory possible again. But given the
later discovered impacts of collective (Gabor) stopping
power [33, 35] and thermal inhibition [34], this needed to
be modified. A proposal to employ ultra-intense ion beams
for nuclear fusion using pulsed ps laser pulses with a power
output of 10 PW was made earlier [33]. Similar to Nuckolls
and Wood's electron-driven laser ignition, gains of up to
10,000 might be possible [19, 20]. Similar to electron
beams, a pre-compression of the DT fuel by chemical
explosives to roughly ten times the solid state is feasible for
side-on driving by the nonlinear force driven plasma blocks
with the ultra-high ion current densities of Eq. (2) [19].
Below, we'll talk about how two- or three-dimensional

features differ between electron and ion driving.

4. Fusion of Hes;-He;: Nuclear Energy with
Negligible Radioactivity

The complexity increase was unexpectedly small, on the
order of 10 times, when hydrodynamic simulations of laser-
driven side-on ignition from Deuterium-Tritium (DT) fuel
to Boron-11 (HB11) were expanded. This is a very different
picture from spherical compression fusion, where HB11
ignition is approximately 100,000 times more difficult than
DT [36-38]. These results point to the feasibility of
employing picosecond laser pulses with power in the
several dozen-petawatt range as a greatly simplified laser
fusion method for HB11. With this technique, nuclear
energy production might become incredibly affordable and
eliminate the complicated problems associated with
managing radioactive waste that plague traditional nuclear
power facilities. Furthermore, the associated nuclear
radiation per unit of energy produced would be
demonstrably lower than that from coal combustion[39],
considering the fuel, the reactor structure, and the final
waste product (helium). This discussion warrants further
exploration of alternative fusion scenarios that eliminate
primary neutron production, such as the helium-3 burning
reaction presented in the following section [40]:

'He + 'He = *He(1.492MeV) + 'H(5.716MeV) +
"H(5.716MeV) 3)

One possible fuel source for Deuterium-Helium-3
fusion schemes is the harvesting of Helium-3 (He-3) from
the lunar surface [41]. Based on these suggestions, the
whole U.S. energy requirement for six months may be met
by a single Space Shuttle cargo of He-3. Like the Boron-11
(HB11) reaction, Reaction (3) is aneutronic, which means it
doesn't generate primary neutrons. On the other hand, when
the helium and the 5.716 MeV protons interact, secondary
reactions could happen and produce radioactive nuclei.
Additional assessment is required due to the relative
radioactivity of these secondary reactions in relation to the
energy produced per unit of coal burning. However, the
expected level of radioactivity is expected to be similar to
that of the HB11 case. The characteristic plots in Figure 3
depict the results of hydrodynamic computations performed
under identical conditions as those previously employed by
Chu [27].
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hydrodynamics with the assumptions of Chu [27] and Bobin [28] with the
input of the energy flux density as parameter.
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Fig. 4 Computed dependence of the temperature T on time t from
hydrodynamics with the all assumptions of Fig. 3, but with modification
of thermal conductivity by the inhibition factor [33], and collective model.

Performing the hydrodynamic computations at the same
conditions as before by Chu [27], but in this time with
inhibition factor and collective model results in the
characteristic plots shown in Fig. 4. To find the threshold
driver energy flux density one notes that 1x109 J/cm2 does
not lead to ignition while 2.5%x109 J/cm2 does ignite. By
interpolation, the threshold of laser side-on ignition of solid
state density He3 has a threshold energy flux density and
threshold temperature.

In order to determine the threshold driver energy flux
density, one must take note of the fact that 3 x 109 J/cm2
ignites while 2 x 109 J/cm2 does not. The solid-state
density threshold of laser side-on ignition is determined by
interpolation.He3 possesses a threshold temperature and
energy flux density.

E*=27x10° Jem®

T,* = 88 keV, for He’-He’ 4)

As opposed to earlier, when fusion energy is produced,
the bremsstrahlung emission is only offset. To understand
the outcome of Equation (4), we are presenting the results
[36] here, using the same streamlined circumstances as Chu
[27].

E* =4 x 10°J/cm’

T,* = 87 keV, for HBI1 (3)
E*=4x10° Jem’

T,* = 7.2 keV, for DT (6)

This shows that, in stark contrast to the ignition using
the spherical laser compression technique, both neutron-
free reactions (4) and (5) for laser side-on ignition of solid
state density are not significantly more complex than DT.

5. Discussion

Although it is still in its early phases of investigation,
side-on ignition using nonlinear force-driven plasma blocks
promises a promising new avenue for laser-driven fusion
energy.  Additional investigation could uncover
unanticipated difficulties when utilising approaches other
than hydrodynamics. Thus, it is imperative to keep a close
eye on the proven spherical compression method, made
possible by the most potent laser in the world [1,17] and the
ensuing LIFE power station project [16]. But since the
standard compression method can only achieve increases of
about 100 or somewhat higher for Deuterium-Tritium (DT)
fuel, it is equally vital to evaluate the possibility of
generating gains surpassing 10,000 with the new scheme.

There is a significant conceptual difference between the
suggested ion beam method and side-on ignition techniques
that use electron beams [31, 36]. The fusion flame is
produced via a two-dimensional shock wave technique
according to the Chu and Bobin approach [27, 28]. This
draws attention to a key distinction between a nuclear flame
and a chemical detonation flame, which was previously
discussed in-depth [27]. On the other hand, the three-
dimensional R criteria must be applied in the case of
electron beam interaction [19], taking into account ignition
inside a plasma sphere that is bounded by radius R and
plasma density. This criterion was derived from
numerically calculated optimal fusion gains (G) [13,42] to
determine the fusion energy output per unit of input laser
energy (Eo) within a spherical volume with radius R
containing DT fuel of density (expressed as a multiple of
solid-state density s). The formula for G is presented as:

G=(E/Es:)"”(p / p,)’ =constx pR
(N

In this case, the break-even energy is denoted by Egp,
and it is 6 MJ for DT. Equation (7)'s first portion was
developed in 1970 [42], while Kidder [43] was the first to
publish its second component, which comes from Eo ~ pR>.
According to the self-similarity model ([13], Section 5),
this equation represents the volume burning under spherical
uniform compression; however, it is only valid at ideal
temperatures (11.5 keV for DT) and for gains G smaller
than 8 for DT fuel [44]. Volume ignition for larger gains
was found [4] and verified by Wheeler modes [5], which
resulted in the development of alternate gain formulas that



Journal of Applied Dynamic Systems and Control,Vol.7, No.2, 2024: 19-24 23

can be used for higher gain regimes [9, 26, 45].

The p R formula (equation 7) is limited to three-
dimensional geometries under these particular restrictions.
A two-dimensional problem by nature, side-on ignition by
nonlinear force-driven plasma blocks produces shock fronts
as fusion flames [27, 28]. Betti has derived more broad gain
formulas that can be used in three-dimensional contexts
[45].
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