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ABSTRACT

This paper discusses the suitability of proton sources and the appropriate targets for lithium-proton and boron-proton fusion reactions. Protons are emitted by a
hydrogen-based source that is exposed to an intense laser beam. The protons are sent onto lithium or boron targets where fusion reactions are triggered. A
comparison is made between solid, liquid and gaseous proton sources and the required laser intensity. Furthermore, the main characteristics of the lithium and boron
targets are assessed. It is shown that a hybrid target made of lithium and boron offers opportunities to considerably enhance the fusion yield.

1. Introduction

This paper is a continuation of a previous work [1] that presented a
small-scale fusion reactor in which aneutronic fusion reactions could be
efficiently triggered in the gas phase. The device consists of a hybrid
between a laser driven and an inertial electrostatic confinement (IEC)
fusion reactor. IEC uses concentric, usually spherical electrodes to
create conditions conducive of fusion reactions via strong electric fields
[2,3]. Furthermore, it was argued that a hybrid reactor can overcome
some of the challenges related to other fusion schemes, such as mag-
netic confinement or IEC, because it can be built much smaller than a
tokamak or a stellerator. Also, the classical limit of confinement time in
magnetic confinement fusion machines can be overcome by the appli-
cation of brief laser pulses [1]. Since this hybrid reactor was proposed
in 2017, it has been shown [4] that the number of fusion reactions on
the cathode surface of an IEC device can exceed the number of fusion
reactions in the gas phase by a factor of up to four, due to the high
density of the embedded and absorbed hydrogen isotopes on the surface
of the cathode. From this discovery, a further improvement of lithium-
proton or boron-proton fusion reactors is presented in this work. The
principal idea is that protons are accelerated by a high-intensity laser
beam onto a lithium or a boron target where fusion reactions then
occur. The lithium target will be liquid due to heating through the fu-
sion reactions. The boron target, on the other hand, will stay solid
because of its high melting temperature. The fusion-generated energy is
transferred out of the reactor via water cooling, which keeps the target
temperature constant. The steam created in the cooling process will
then drive a steam turbine.
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2. Fusion yield in lithium and boron

The two isotopes of lithium, °Li and ”Li have a natural abundance of
7.4% and 92.6%, respectively. Both lithium isotopes can undergo fusion
reactions with protons (p*) according to the following reaction paths:

p* + °Li > “He + 3He + 4.0MeV @

p* + 'Li > 2%He + 17.2MeV )

Since 7Li is far more abundant and the energy yield per fusion re-
action is much larger than for °Li all calculations in this paper will focus
on reaction (2). The laser-accelerated protons are assumed to be
monoenergetic and will move through vacuum until they hit the target.
However, it will be demonstrated that even in the case of considerable
energy spread the fusion yield can be conveniently maximised. In such
a system the motion of the charged particles is not disturbed by any
collisions and is only determined by the electric field generated by the
laser beam. Thus, the fusion rate F is given by:

Frmn <ov>. 3)

Here n; and n, denote the densities of the particles involved, while
<ov> is the reactivity. Note that in the case of monoenergetic proton
beams there is no averaging needed for the calculation of the cross
section ¢ and, subsequently, the reactivity. The density of the laser-
accelerated protons will be discussed separately in the following section
as the interplay between laser and proton source is more complicated.
However, the density in the Li target can be obtained via the density of
lithium, which is rather constant for solid Li but a function of the
temperature for liquid Li, given by [5]:

o(T) =562 — 0.1-T @
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Fig. 1. Density of solid and liquid lithium.

where the temperature T has to be taken in K to obtain the density in
kg/m>. While solid Li has a density of about 534 kg/m>, the tempera-
ture dependent density of liquid Li is shown in Fig. 1 in the range be-
tween the melting point of 453.7 K and the boiling point of 1603 K. As
soon as the initially solid Li target is molten, we assume a steady state
temperature of 1000 K, which corresponds to a density of 462 kg/m>.
This temperature is stabilised by active cooling. Subsequently, the
particle density n; can be calculated with the mass of the Li atom
(1.15 x 107 %°kg). n; = 4.6 x 10*® perm>.

The cross section and reactivity for lithium-proton fusion reactions
is depicted as a function of the incoming proton energy in Fig. 2. The
maximum cross section is reached at a proton energy of 3 MeV, which
corresponds to a cross section of 0=0.125barns. It has to be empha-
sised at this point that there is another local maximum in the cross
section at around 6 MeV. However, at this value the cross section is
smaller and the acceleration of protons with a laser requires over pro-
portionally more laser power for 6 MeV than for 3 MeV.

Proton-boron fusion reactions, on the other hand, occur according
to the following reaction path:

p* + B - 3%He + 8.7MeV 5)

Since boron has a melting point of about 2350 K, a constant solid
stat mass density of 2340 kg/m® is taken for the subsequent calculations
[8]. The following Fig. 3 shows the cross section and reactivity for
boron-proton fusion reactions:
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Fig. 2. Cross section and reactivity for the fusion reaction between protons and
7Li atoms as a function of the proton energy. Data taken from the EXFOR da-
tabase in the version of 17th December 2018 [6] and Ref. [7].
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Fig. 3. Fusion cross section and reactivity for boron-proton fusion as a function
of the proton energy. Data taken from the EXFOR database in the version of
17th December 2018 [6] and Ref. [7,9].

Table 1
Comparison of the properties of different hydrogen phases and their corre-
sponding laser intensities.

Intensity (W/cm?)  Phase Proton Number of Reference
energy protons
(MeV)
10 Gaseous 1.1 5-10° Palmer [10]
10'® — 10% Gaseous 0.6 10° Sharma [11]
10%° Gaseous  0.7-1.5 1.2-10% Helle [12]
5-10'® Liquid 2 10® Morrison [13]
3-510" Liquid 1.1 2-10'° Gauthier [14]
3-10'® Solid 1.5 10° Maksimchuk [15]
107 — 10'® Solid 4 10'° — 10! Khaghani [16]
3-10'° Solid 0.3 10" Margarone [17]

3. Comparison of hydrogen-based proton sources

In the following Table 1 some values for the laser intensity, max-
imum proton energy and number of accelerated protons are compared
from recent literature sources for different types of hydrogen phases:
gaseous, liquid, solid.

Since it is not necessary to have protons with the highest kinetic
energy but rather the largest amount of accelerated protons with en-
ergies that correspond to the maximum fusion cross section the fol-
lowing Fig. 4 shows the product of proton energy, number of
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Fig. 4. Products of proton energy, proton number and fusion cross section at
each of those energies for the data listed in Table 1. The different symbols and
colors indicate the phase of the proton source.
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accelerated protons and fusion cross section as a function of the laser
intensity.

It is evident that the solid hydrogen phase used by Margarone et al.
[17] provides the maximum value of about 3 X 10~ '5MeV m? for a
relatively small laser intensity of 3 x 10'® W/cm?. The authors in this
reference used the 600 Joule Prague Asterix Laser System (PALS) with
sub nanosecond pulses. The laser beam was focused onto a spot with
80 um diameter onto a 62 um thick cryogenic hydrogen ribbon. It was
found that after the impact of the laser pulse a plasma of around 200 pm
length was formed on the rear side of the proton source. These data
allow to estimate the proton density and, hence, the potential fusion
rate for this type of reactor. The volume of the accelerated proton cloud
is assumed to be a cylinder of 80 um diameter and 200 um length. This
corresponds to a volume of about 10~ '2m?. Ref. [17] reports essen-
tially the creation of slow protons with 0.4 MeV and fast protons with
1 MeV at the same time. Both of these species have sufficient energy to
undergo fusion reactions in the solid lithium target but have different
cross sections. The proton numbers for the fast and slow protons are
6.5 x10'* and 5 x 10, respectively. The corresponding densities are,
thus, around 6.5 x10%°m ™2 and 5 x 10%° m 3, respectively.

Since the Li target can be made large enough so that beam spreading
is not an issue and thick enough so that nearly all incoming protons
fuse, one can calculate an upper limit for the fusion reaction rate from
Eq. (3) using the reactivities at the given energies: 1.7 X 10~ >*m?>/s at
1MeV and 3.9 x10~2*m>/s at 0.4 MeV. This yields a reaction rate of
5.1 x10*2m™3s~! for the fast and 0.9 x10*?*m™3s~ ! for the slow
protons. Hence, the theoretical upper limit for fusion processes in this
kind of reactor is 6 x 103 m ™35~ ! per laser shot. If the lithium target is
thick enough and all of the incoming fuse, the obtainable energy is 1.15
x10%° x 17.2MeV x1.6 x 107'° = 3.16 kJ. However, it has to be
noted that this value alone is too low to reach the energetic break-even
with this setup, since the experiments from which the data was taken
lists an laser-ion conversion efficiency of about 5%. On the other hand,
these experiments were not tailored for proton-lithium fusion and there
should be much room for improvement. Furthermore, typical sub na-
nosecond laser systems have repetition rates of up to 10 Hz, which gives
energy yields of 31.6kJ per second. Other experimentalists, such as
Brenner et al. [18] measured a proton acceleration efficiency of 15% for
similar fusion relevant conditions (solid target, proton energies
5-30 MeV). Reaching this value in laser-proton acceleration efficiency
would already increase the energy output up to around 100kJ per
second. Taking all these numbers into account yields an estimation of
an energy gain Q = 167 in the ideal case. To further enhance the effi-
ciency of such a fusion reactor, it is suggested to use hybrid targets that
are made of boron and lithium. This enables to make the optimal use of
proton beams with a certain energy spread as can be seen in the fol-
lowing Fig. 5:

It is evident that especially in the energy range between 2 and
3MeV there is almost a doubling of the achievable fusion output.
Unfortunately, data for proton-boron fusion cross sections couldn’t been
found for energies greater than 3.3 MeV.

Another important entity for designing an optimised fusion target is
the penetration depth R(E) of the proton beam into the target. This can
be calculated via the semi-empirical equation given by Burrell [19]:

1.53 X 1073 4 2.33 X 10™4J/A
1.6 X 106 + 1076JZ
x In[1 + (1.6 X 1075/Z)EL78] 6)

R(E) =

Here Z denotes the atomic number, A is the mass number and E is
the energy of the incoming proton beam. This equation has an accuracy
of = 5% for Z < 20. The results of the calculation is shown in the next
Fig. 6:

The penetration depth for a monoenergetic proton beam lies be-
tween 330 microns for lithium and 400 microns for boron. If the pe-
netration occurs at the energies related to the peaks in the fusion cross
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Fig. 5. Products of fusion yield and cross section area for lithium (blue) and
boron (red) targets and the sum between the two (black).
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Fig. 6. Proton penetration depth as a function of the beam energy in B (red), °Li
(black) and 7Li (blue).

section, the values for the proton range are 4 micron at 0.4 MeV and
110 micron at 2.5 MeV for boron and about 120 micron at 3 MeV for Li.

It has to be emphasised at this point that the distance between the
proton source and the LiB target is, in principle, arbitrary as long as the
proton beam can be collimated. For example, in Ref. [1] a distance of
1 m was assumed and the necessary properties for collimation magnets
were discussed. Such a long distance has the big advantage of avoiding
steep temperature gradients between the hot LiB target and a liquid
hydrogen proton source.

4. Geometry of a cryogenic hydrogen based proton source

Since the cryogenic hydrogen source acts as a target for the laser
beam, it is useful to also discuss possible geometries for it. In this work a
solid hydrogen [20] proton source with an elliptical cross section is
compared to one with a cuboid shape. The former is similar to the
cylindrical one that was used in a recent experiment [21]. It will act like
a convex lens and can correct the natural divergence of the incoming
laser beam and generate a more homogeneous proton energy distribu-
tion [21]. The latter is preferable in the case of an incoming laser beam
with small numerical aperture (NA). A sketch of a setup with a hy-
drogen lens is shown in the following Fig. 7:

It is evident that the incoming photons may be either absorbed or
backscattered. In both cases the photons will transfer some of their
momentum onto the electrons upon ionization and will accelerate them
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Fig. 7. Sketch for a lens shaped cryogenic hydrogen proton source. p,;; are the
momentum vectors of the electrons, incident and scattered photons, respec-
tively.

outwards. The direction of the electron momentum is defined by the
difference in the momentum vector of the incident and scattered pho-
tons, respectively. The protons are then, in turn, accelerated by the
electric field created by the leaving electrons. Since the inverse of the
focal length of a lens as depicted in Fig. 7 is given by:

fl=m- 1)(i _ l + M)

R R nRiR, 7
where R; and R, denote the radius of curvature of the left and right
hand side of the lens. Thus, the diameter to radius ratio of a solid hy-
drogen lens can be calculated with the numerical aperture of the in-

coming laser beam, which is defined by:

D D
N = sin[tan™(=)] = —
2f 2f (8
For the setup in Fig. 7 R; = R and Ry = oo. Thus f= % and
D _ 2N,
R n-1 (C)]

It is evident from Eq. (9) that the curvature and diameter of a
cryogenic hydrogen lens will have an influence on the trajectories of the
photons and charged particles. As the refractive index of cryogenic
hydrogen is 1.13 and nearly independent of the wavelength in the re-
gion of 400-1100 nm [22] and a typical numerical aperture for the laser
beam is 0.29, the diameter to radius ratio of the solid hydrogen target is
4.46 in our example.

On the other hand, for an incoming laser beam that has a smaller
numerical aperture or is perfectly parallel, the physical situation
changes drastically as shown in the following Fig. 8.

It can be seen that a lens shaped proton source will create an in-
homogeneous charge density profile when hit by a parallel laser beam.
This is due to the greater thickness in the center of the ’lens’, where
more hydrogen atoms are available for ionisation than on the edges.
The resulting charge density gradient will induce radial currents, which
might lead to a variety of instabilities in the proton beam. One example
is the magneto rotational instability (MRI) that occurs due to the
Lorentz force acting on the charge carriers in the radial electrical cur-
rents. The MRI can lead to beam distortions when the protons enter an
external magnetic field as it is typically used for focusing the beam in
laser-proton acceleration experiments. Furthermore, a cuboid hydrogen
target leads to a smaller spreading of the outgoing proton beams as
depicted on the r.h.s of Fig. 8. The reason for the increased spreading
for the lens-shaped target is the enhanced electric field sensed by pro-
tons with a radial velocity component as shown in Fig. 7. In the case of
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a lens-shaped target, almost all protons that exit the back of the lens
have such a radial component of velocity. These protons experience a
Lorentz force 1_:; = q(E) + 7 x E)) in the magnetic field, which causes
an additional tangential electric field E =7 x 1_3), which together with
the electrostatic field }Ti)r caused by the proton distribution within the
beam, leads to a larger Em for the protons with a radial component of
the velocity. Ultimately, the proton beam spreads out more due to this
enhanced Em.

In order to further investigate the behaviour of the proton beam PIC
code simulations have been performed with 100 protons, which start off
the back of the proton source based on the incoming photon beam
profile. The number of protons was taken to be constant throughout the
simulation (no subsequent electron capture assumed) and the screening
effect of electrons is neglected. Using 1 proton per cell, it was assumed
that along the horizontal direction, the motion is linear with constant
speed and the kinetic energy is 1 MeV for each proton. In the perpen-
dicular direction Coulomb interactions between the closest 8 neighbors
of each proton was taken into account. Then the increase in the per-
pendicular speed from the electrostatic energy exchange with the clo-
sest 8 neighbors of each proton was calculated. The proton source and
the initial proton beam diameter was taken to be =5 mm for the PIC
code simulations based on data described in [23]. The results of the
numerical calculations are shown in Figs. 8 and 9:

The blue line is the envelope of the curves that run perpendicular to
the total velocity of a proton (averaged over 8 cells). Each line illus-
trates a different moment of the temporal evolution of the proton beam.
Given the large speed on the horizontal direction, the spreading of the
proton beam is not large at this short distance from the target because
the speed in the perpendicular direction amounts to just 0.1 MeV. But
for more protons in the beam, the electrostatic interaction increases.

5. Design of a lithium-boron hybrid target

In order to maximise the fusion output we propose a lithium-boron
hybrid target that compensates the energy spread of the incoming
proton beam to some extend by taking advantage of the very different
peaks in the fusion cross sections of these materials. The easiest way to
achieve this is a system of lithium and boron foils that are embedded in
a actively cooled steel case. This case has an orifice on top through
which the proton beam can enter and can be opened in order to simply
replace the Li-B fuel after it is burned up. The proton beam enters the
casket from the top, which allows to handle molten Li without pro-
blems. The melting of the lithium is expected since the envisioned fu-
sion reactions will produce a significant amount of heat. A schematics
of such a hybrid target is presented in Fig. 10:

As to be seen from Fig. 5 boron has its maximum fusion yield at
much lower proton energy than lithium. This means that protons with
an initial kinetic energy of, for example, three to four MeV can pene-
trate a thin lithium foil, lose some of their energy and are still able to
fuse efficiently with boron. Hence, it is suggested that the top layer of
the hybrid LiB target should be made of a lithium foil of around 200
micron thickness. A comparison with Fig. 6 shows that after traversing
this distance in lithium the protons will have lost about 1-1.5 MeV.
Thus, they will just have enough energy to undergo fusion with atoms
in the boron layer underneath. The thickness of the boron layer should
be in the same order of magnitude. The number of individual layers is
arbitrary. However, more layers will enhance the operation time of the
LiB target, since the lithium and boron will be over time consumed due
to the fusion reactions. Recent results show that magnetic focusing of
up to 108 cm ™2 charged particles down to 5 microns is possible [24].
Thus, an entrance orifice diameter of about 1 mm is sufficient for the
protons to enter the target. This ensures a highly improved efficiency in
terms of aneutronic fusion rates. Furthermore, such a multi layered
system will increase the lifetime of the target considerably and it is easy
to be replaced. The heat from the fusion reactions is supposed to melt
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Fig. 10. Multilayered lithium-boron (LiB) fusion target with active cooling.

the lithium while the boron stays solid due to its much higher melting
point. This thermal energy will be used to heat up the coolant inside the
target casket wall, which will create steam to drive a turbine.

6. Conclusions

In this paper we compared several experimental data from laser-
proton acceleration experiments as well as different types of targets and
proton sources that are relevant for aneutronic fusion. The most pro-
mising proton source in terms of high proton yield at comparatively low
laser power is cryogenic hydrogen. For this type of source different
geometries were compared and discussed. It was argued that a lens
shaped cryogenic hydrogen ribbon offers a more homogeneous proton
energy distribution in the beam and can correct the natural divergence
of the laser beam. A flat ribbon, on the other hand, minimizes the beam
spreading and is easier to be produced as a rectangular orifice for the
hydrogen extruder is less complicated than a perfectly elliptic one.
Additionally, some important physical properties of the fusion targets
were examined. It was argued that the most promising target is a hybrid
of boron and lithium as it enables to get a maximum fusion yield even if
the energy spread of the accelerated protons is large. In fact, with such a
hybrid target the permissible proton energy can be somewhere between
0.4 and 4 MeV in order to achieve a notable number of fusion reactions.
It was also shown via calculations of the proton penetration depth that
most of the fusion reactions will occur in the first few 100 um below the
boron-lithium target surface. When the top layer of the LiB hybrid
target is made of lithium while the following one consists of boron and
so on, a maximum number of fusion reactions can be achieved in such a
type of aneutronic reactor. The heat from the fusion reactions will be
used to actively cool the LiB target container and to produce steam for a
suitable turbine.
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