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A proton beam with a velocity of the order of 109 cm/s is generated to interact with a

charge neutral hydrogen-boron medium such as H3B. The created charged particles are

confined by magnetic fields. This concept was the basis for a novel non-thermal fusion

reactor, published recently in Laser and Particle Beams [1]. The fusion is initiated by

protons followed by a process of chain reactions in a neutral medium density of the order

of 1019 cm−3, heated by the pB11 fusion created alphas up to a temperature of about

one electron volt. In this system, the radiation losses by bremsstrahlung are negligible

and the plasma thermal pressure is low. The ionization of the gaseous medium is caused

by the alpha elastic nuclear collisions with the hydrogen atoms and their thermal heating

and it is < 10−4. An external electric field is applied to avoid the energy losses of the

protons particles by friction, due to their interaction with the electrons of the medium,

to keep the proton-boron fusion at the maximum cross section of about 600 keV at

the center of mass frame of reference. The alphas created in the pB11 fusion undergo

nuclear elastic collisions with the hydrogen protons of the medium and causing a pB11

chain reaction. In this paper the equation of motion of these proton and alphas are

solved numerically for the one-dimensional (1D) case, and their possible solutions are

analyzed and discussed. Specifically, it is shown how the electric field can mitigate the

stopping power for the proton11-proton nuclear fusion. Our results show that starting

from a bunch of 1013 protons in our volume, an alpha number of particles of 6 ×

1016 was accepted after a 5ms cycle of applying our specially designed electric field.

Consequently, the medium temperature was raised to 1.3 eV. The aim of this paper is

to present a new concept by addressing only the main physical processes and not to

present a complete engineering design. The configuration for mitigating the stopping

power and the numerical solution in this paper is novel and promises few applications

with a viable proton-boron11 fusion reactions.

Keywords: proton-boron11 nuclear fusion, stopping power, plasma, non LTE fusion, chain reaction

INTRODUCTION

Two different distinctive schemes for solving the energy problemwith fusion have been investigated
in the past 60 years: (1)Magnetic confinement fusion (MCF) based on high intensitymagnetic fields
(several Teslas) confining low-density (∼1014 cm−3) and high temperatures (∼10 keV) plasmas for
long or practically continuous times (2). Inertial confinement fusion (ICF) based on rapid heating
and compressing the fusion fuel to very large densities (∼1024 cm−3) and very high temperatures
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for a very short time. The main fusion candidate so far has been
the interactions of the heavy hydrogen isotopes deuterium and
tritium yielding an alpha and a neutron.

In a recent paper [1] a novel concept for a nuclear fusion
reactor has been proposed for proton-boron11 yielding 3 alphas,

p+11 B → 3α + 8.9MeV (1)

In this novel reactor [1] the fusion events are initiated by protons
accelerated by a high power laser (or by an accelerator) followed
by a process of chain reactions in a medium. This medium
(e.g., H3B) is a charge-neutral gas with a density of the order of
1019 cm−3 that is heated to a maximum one (or few) electron-
volt (eV), so that the radiation level and the plasma thermal
pressure are very low. Here the alphas collide with the hydrogen-
protons of the medium causing a pB11 chain reaction without
neutrons. An external electric field keeps the chain reaction
process going on, for a pulse long enough to get a chain reaction
producing alphas.

The novel scheme described here can be used also for a
combination such as helium3-deuterium (He3+D→p+α+18.3
MeV), proton-litium6 (p+6Li→He3 + α+4.0 MeV), proton-
litium7 (p+7Li→2α+17.2 MeV), etc. In this paper we follow
the clean (i.e., without neutrons) proton-boron11 fusion yielding
3α. The starting point of this idea is supported by the
experimental development in the last decade for proton-boron11
fusions created by high irradiance lasers as described in the
next paragraph.

Using lasers, 103 alphas were derived in pB11 reactions [2] by
Belyaev et al. in 2005. In 2013 the lasers produced more than 107

pB11 fusions [3] at LULI laboratory in France. At Prague in 2014
the PALS facility measured [4] 109 alpha particles and recently [5]
in 2020 more than 1011 alphas were published per laser shot.

In section The pB11 Chain Reactions and the Stopping
Power Problem we describe our chain reaction and the alpha
energy losses (stopping power) due to their interaction with
the electrons. In section The Equations of Motion of Charge
Particles in an External Electric Field the alpha equations of
motion are given for a realistic case in the presence of an external
electric field and are solved numerically. In section Discussion
and Conclusion a discussion of our scheme is analyzed and
our numerical results discussed. In an appendix we check the
recombination process and using the Saha equation the proton
density and the temperature are calculated.

THE PB11 CHAIN REACTIONS AND THE
STOPPING POWER PROBLEM

In a classical collision between two particles 1 (an alpha) and
2 (a proton at rest) with masses m1 and m2 accordingly at a
scattering angle θ1, one gets the ratio between the alpha velocity
after collision v1f and its velocity before collision v1i by [6]

v1f

v1i
=

(

m1

m1 +m2

)

cos θ1 ±

(

1

m1 +m2

)

√

m2
2 −m2

1 θ1 (2)

In this collision the maximum scattering angle θ1,max for the α

particle is sin θ1,max =
mp

mα
= ±1/4, namely θ1 ≤ θ1,max =

±14.5, namely we have forward and backward scattering to a
good approximation.

The maximum energy W2f acquired by particle 2 that is
initially at rest (W2i = 0) is

W2f =

(

4m1m2

(m1 +m2)
2

)

W1i (3)

In this case the final (minimum) energyW1f of particle 1 and its
initial laboratory energy in comparison with the center of mass
energy for this collision is given by

W1f =

(

1−
4m1m2

(m1 +m2)
2

)

W1i =

(

m1 −m2

m1 +m2

)2

W1i

Wlab = W1i =

(

m1 +m2

m2

)

Wcm (4)

The avalanche of proton-boron11 reaction as described before
[7] needs 2 elastic collisions before inducing a nuclear fusion
creating 3 new alphas. In the first stage (i) an alpha (created in
the pB11 fusion) collides with a proton (at rest in the laboratory
frame of reference) and in the second stage (ii) this alpha has
a second collision with another proton of the medium (at rest).
This energetic proton with an energy Wp′ interacts with a B11 of
the medium (at rest) (iii) creating 3 new alphas.

In this paper the chain reaction of proton-boron11 requires
only one elastic collision, so that our novel scheme is

p+ B11 → α1 + α2 + α3

α1 +H
(

rest, lab
)

→ α1
′
+ p′ + e ⇒ (i)

p′ + B11
(

rest, lab
)

→ α1 + α2 + α3 + 11e (ii) (5)

After a first collision of an alpha with a hydrogen-proton, the
proton gets an energy Wp′ and in the center of mass the energy

Wcm(pB
11) is given by (3) and (4)

Wα′ =

(

1−
16

25

)

Wα =
9

25
Wα ; Wp′ =

16

25
Wα

Wcm

(

pB11
)

=
11

12
·
16

25
Wα

∼= 0.59Wα (6)

Ignoring the electronic stopping power in the medium, an alpha
with the energy of about 1 MeV would produce Wcm(pB

11) =
590 keV where the fusion cross section is maximum.

The rate of the chain reactions (5) are described by

dnp

dt
= nHnασelvα − npnBσfusvp

dnα

dt
= 3npnBσfusvp (7)

In Equation (7) np is the proton density created after colliding
with an alpha, and destroyed after a fusion event, as described
by (i) and (ii) in Equation (5). σel and σfus are accordingly the
elastic and the fusion cross sections in (5) and vα is the relative
velocity of proton-alpha before the elastic collision, while vp
is the relative velocity of proton-boron in the fusion reaction.
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In principle, Equation (7) should include recombination terms,
however, it can be shown that the recombination rate is expected
to be very small in our medium conditions (see Appendix A).
The proton-alpha elastic total cross section σel is of the order of

σel
(

α, p
)

∼= π

(

e2

µv2α

)2

(8)

Where µ = 4
5mp (the alpha-proton reduced mass) and vα =

(

2Wα

mα

)1/2
equals the relative alpha-proton velocity since the

proton is initially at rest. This estimate is consistent with more
accurate calculations [8, 9] where σel ∼ 10−24cm2.

We are interested in the fusion rate of pB11 i.e. σfusvp, where
the fusion cross section is σfus and given experimentally [10]
and vp is the relative pB11 velocity, as obtained from Wα (non-
relativistic)

Wcm

(

pB11
)

=
1

2

(

mpmB

mp +mB

)

v2p =
1

2

(

11

12

)

mpc
2
(vp

c

)2

vp =

(

Wcm

(

pB11
) [

keV
]

4.58 · 105
[

keV
]

)1/2

c (9)

For example, if Wcm

(

pB11
)

= 600 keV then the relative p-B11

velocity vp is 1.1× 109 cm/s and σfusvp ∼10−15 cm3/s.
In our scheme we use a chain reaction process as described in

Equation (7). To make the chain reactions a reality and overcome
the objections raised by Shmatov [7] and Belloni et al. [11]
we use an external electric field acting on the charged particles
in the medium with densities of the order of 1019 cm−3 and
temperature of the order 1 eV or less. These electromagnetic field
prolong the chain reaction process in a reasonable volume [1]
(∼104 cm3) by overcoming the Bethe-Bloch energy loss [12] of
the alphas and protons due to their collisions with the bound
electrons in our neutral gas,

dTA

dx
= −

4πZ2
AZBe

4n0

mec2β2

[

ln

(

2mec
2β2γ 2

ZBI

)

− β2

]

β =
v

c
; γ =

1
√

1− β2
(10)

The projectile (proton or alpha in our case) with a mass MA

and a charge ZAe (e is the positive value of the electron charge)
dissipates its energy into the medium (H3B) via interactions
with the electrons of the medium. TA is the kinetic energy of
projectile A, βc is the projectile velocity (β < 1/137), index B is
the medium where its particles have a charge ZBe. The medium
density is n0 [atoms/cm3], me is the electron mass and I ∼ 10 eV
is a phenomenological constant describing the binding of the
electrons to the medium.

THE EQUATIONS OF MOTION OF CHARGE
PARTICLES IN AN EXTERNAL ELECTRIC
FIELD

A constant external field E0 acting on the medium is taken to
revoke the stopping power energy loss. We solve numerically the
following equation of motion

MA
dv

dt
= ZAeE0 −

dTA

dx
. (11)

Theoretically, the calculation of the stopping power is given
in the literature [13–16] for different states of the medium.
The stopping power contributions are calculated for electrons
bound to the target atoms and for the free electron in a plasma
medium. The mean excitation energy, I, that appears in the
Bethe logarithm can be calculated according to the atoms of the
medium under consideration.

For our neutral gas, we take the stopping power given
experimentally [17]. The figures of this paper are all given for our
numerical solutions with the stopping power given in [17] as will
be further explained. Before solving numerically, we give some
simple analytical solution.

For simplicity, as a zeroth-order estimation, we approximate
the stopping force (10) by

dTA

dx
= −

g (v)

v2
∼= −

g (v0)

v2

g (v0) =
4πZ2

AZBe
4n0

me

[

ln

(

2mev
2
0γ

2

ZBI

)

−
v20
c2

]

∼=
4πZ2

AZBe
4n0

me
ln
[

2.7 · 10−17v20
]

(12)

where v0 ≪ c. The 1D equation of motion in this case is

MA
dv

dt
= ZAeE0 −

g (v0)

v2
(13)

And the implicit solution gives

v = v0 + c1t +
1

2
v1 ln

(

(v0 − v1) (v+ v1)

(v0 + v1) (v− v1)

)

c1 =
ZAeE0

MA
; c2 = −

g (v0)

MA
; v1 =

√

c2

c1
(14)

Since even at a constant energy of 0.6 MeV the protons’ mean
free path for fusion l = (n0σfus)

−1 ∼ 103 m is extremely
large, we assume a magnetic field confinement that will rotate the
particles in a periodic track and enable them to achieve a chain
reaction in a relatively small confinement, such as in a torus or
spiral configuration.

It should be noted that for the alpha-proton elastic collision
presented following Equation 2, the proton in principle can be
scattered at large angles. However, calculating the protons (at 0.6
MeV) and alphas (at 3 MeV) mean free path from the stopping
power of our medium yields 10 and 25 cm, respectively. This
short distance (which may be shortened further by increasing the
medium density) enables us to disregard the scattering angle and
consider our schema as 1D. This point will be clearer when we
present our cycle based schema in which all particles come to a
complete stop every cycle, and the electric field accelerates all the
particles in a single direction.

For the external field to accelerate both alphas and protons the
right-hand side of (13) must be positive, hence e.g.,

E0 ≥
g (v)

ZAev2
=

{

3.0 · 105 V
m for proton at 1MeV

1.7 · 106 V
m for alpha at 1MeV

. (15)
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FIGURE 1 | Comparison of Bethe Bloch approximation (10) and experimental

data [17] for protons in helium (Z = 2, as the average charge for nucleus in

H3B).

While a constant, sufficiently strong external field as in (15) will
accelerate the particles, it will not necessarily improve the fusion
rate, since the cross section of p-B11 fusion is quite low for
fast protons (>1 MeV). The problem intensifies if we consider
the unstable nature of the equation of motion (13) (11). The
right-hand side of (11) comprises of a constant (i.e., velocity
independent) driving force and an opposing friction force that
is inversely proportional to the velocity. When the particle
accelerates, the friction force decreases while the driving force is
unchanged, hence the total force increases, and the acceleration
rate becomes even larger. The result of that instability is that
every particle which is infinitesimally faster than the steady-state
velocity (dv/dt = 0) will accelerate very rapidly to relativistic
speeds, while particles which are infinitesimally slower will come
to a complete stop.

To overcome that instability, we will use experimental data
[17] for the stopping force, which is more accurate at low energies
than the Bethe Equation (10). At low energies, as can be seen
in Figure 1, the stopping force has a distinct maximum, which
means that at very low speeds (∼10 keV) the total force is
indeed stable: an increase in speed will lead to a decrease in
the acceleration until equilibrium is reached. However, as can be
seen in Figure 2, if we wanted to slow down protons at 1 MeV,
we would need to use a sufficiently small driving force that will
cause the total force at 1 MeV to be negative. At such a small
force the acceleration will be negative for all speeds below 1 MeV
and the proton will reach a complete stop. On the other hand,
to accelerate the proton again to 600 keV (all our calculations
were made at the lab frame of reference, and since the boron
is assumed at rest, the small difference in the maximum cross
section energy was neglected) we have tomake sure the total force
is positive for all energies below 600 keV, and now it will keep
accelerating to higher velocities.

We can go around that problem if we use pulsed external field.
A single cycle of such scheme would involve turning the external

FIGURE 2 | Proton acceleration under different values of the external field E0.

Dashed arrows represent the speed of a proton under the external field

described in Figure 3.

FIGURE 3 | A single cycle of the external field (black), with the resulting

speeds of the protons (blue), and alphas (orange).

field on and off, so the average proton speed would remain
around 600 keV. However, because of the unstable nature of the
equation of motion, the speed of the proton after a complete cycle
will never be exactly constant, and after a few cycles the speed will
either diverge, or decay to zero, just like with the constant field
suggested in the last paragraph.

Therefore, we suggest an even more sophisticated scheme,
where we first turn off the external field completely, in order to
stop all motion of both the alphas and the protons. Then, we
accelerate all the charge particles and use pulsed electric field to
keep the protons around an average speed of 600 keV for as long
as possible, as can be seen in Figure 3. The exact values of the
external field in each part of the cycle was chosen with the help
of Figure 2, and shown in dashed arrows along the acceleration
curves (Figure 2): The initial acceleration is made with external
field large enough so that the force on the protons is positive
for all speeds; Then, the force is decreased to a point where it
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FIGURE 4 | Alpha particle density during the first seven cycles of the external

field. Small differences in proton speed in each cycle are explained by

infinitesimal fluctuations in initial energy.

FIGURE 5 | Normalized proton density (np0 = 109) calculated from (7).

is negative for energies on the order of 600 keV; After all protons
slowed down to around 550 keV the force is increased again, but
only to a value sufficiently large to make those slower protons
accelerate again. The last two stages repeat a few times until the
speed starts to diverge again, at which time we turn the field off
again and start the whole cycle all over again. The long pauses
allow all particles to reach the only known and defined speed that
we can control (zero), so although the process is still unstable, the
predictability of the initial velocity allow us to reach the desired
energy for a considerable time.

The above method is quite sensitive, and the exact shape of
the external field cycle depends strongly on the medium density.
However, owing to the long pause at the beginning of each cycle,
it is independent of the initial velocity of neither the protons
nor the alphas, and therefore quite robust. By this method we

FIGURE 6 | Proton and alpha densities in the first 1ms of the calculation.

are able to keep the protons for 76% of the time at ∼600 KeV
where the chance for p-B11 fusion is at its maximum (Figure 3).
The medium density n0 = nH + nB is assumed to comprise
of hydrogen density nH = 0.75 · 1019 and 11B density nB =

0.25 · 1019.
The fusion rate is found by solving (7) with the above

calculated velocities, is shown in Figure 4. An increase in proton
density and in alpha density, that indicate fusion events, is
apparent during every cycle of the external field. As is evident
from Figure 4, during the intervals between cycles, when the
external field is turned off, no fusion occurs. At these times
the number of protons and alphas is constant as there are
no recombination mechanisms in (7). The normalized proton
density and hence the fusion rate for longer periods is given in
Figure 5, with p-B11 fusion cross section σfus is given numerically
[10] and the alpha-proton elastic cross section was taken as a
constant σel = 1b. The initial densities np0 = 109 and nα0 =

0 cm−3 were set under the assumption of 109 protons [these days
it is typical to obtain proton beams of 1013 particles with high
power lasers [18], and particle accelerators [19]], produced by
either laser-target interaction or an accelerator, evenly dispersed
in a 104 cm3 container.

Figure 6 presents a comparison of the proton and alpha
densities in a relatively short time after the beginning of the
calculation, it can be seen that the proton density decreases
initially due to fusion reactions that creates the alpha particles.

In Figure 7 the proton and alpha densities calculated to the
first 5ms are presented.

Assuming a constant volume and a complete transfer of
the alpha energy to the medium, the medium temperature is
calculated from the alpha density:

nαEα = nα(8.9MeV/3) = n0

(

3

2

)

kBT (16)
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FIGURE 7 | Proton and alpha densities in the first 5ms of the calculation.

FIGURE 8 | The medium temperature calculated from the alpha density.

A graph of the temperature for the first 5ms is presented
in Figure 8.

DISCUSSION AND CONCLUSION

The process described in this paper is schematically shown in
Figure 9. Our scheme is initiated by introducing a small amount
(relative to the neutral gas concentration) proton (or alpha)
particles. These charged particles serve as a starter. It is shown
explicitly how to mitigate the stopping power effect in a media
for nuclear fusions to occur. The prolonged interaction range
is obtained by applying a customized electromagnetic field at a
specific temporal shape to apply the right amount of force on the
target ions. The applied force design is made to avoid divergence
of the ions velocity due to the inherent instability in the equation
of motion.

FIGURE 9 | A schematic representation of the reaction process.

This novel idea may be used in numerous applications, in
this paper we present a rough design for a possible configuration
in which an initial proton bunch are accelerated in an H3B
gas to the maximum fusion cross section energy of 600 KeV.
Those protons create alpha particles by a fusion reaction with the
stationary boron atoms. The accelerated alpha particles in turn,
elastically collide with the stationary hydrogen atoms to produce
new accelerated protons. This chain reaction can continue for
several cycles. Due to the nature of the applied force, at each
cycle, the force is turned off to allow the protons and alpha
particle to reach zero velocity, which allows an accurate control
over the ion’s velocity at each cycle. In general, this process
can continue for long time periods and produce an ongoing
increasing alpha densities.

The energy input in the starter is supplied by the initial pulsed
laser or accelerator. For our example we took 109 protons per
cm3, within a volume of 104 cm3, namely we took as a starter
1013 protons. For the laser case, we need few hundred Joules [18].
After the avalanche process, our numerical calculations show an
alpha number of particles (see Figure 7 at a time of 5ms) of 6 ×
1016 having a total energy of 2.8 × 104 J. Thus, one can ignore
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the startup energy in comparison with the output alpha energy
in calculating the energy efficiency of the process. Under the
rough assumption that the work done by the external field on the
charged particles is counteracted by friction forces (i.e., stopping
power) and eventually transforms into heat of the neutral gas,
additional energy is not lost. The only external field energy that
is not recovered into heat is the electric field energy required to
accelerate the protons that undergo fusion. These protons create
three alphas with an energy of 8.9 MeV, or alternatively we can
use the resonant [10, 11] of the pB11 cross section at 150 keV to
achieve an appropriate chain reaction.

The energy estimations are an order of magnitude estimation
only since exact calculations of the losses effects is out of the
scope of this paper. However, an idea of the radiation losses by
bremsstrahlung is

Pbr

( w

cm3

)

≈ 1.7× 10−32ne
(

cm−3
)

Te (eV)
1
2 Z2

i ni ;

Wbr (J) = Pbr

( w

cm3

)

V
(

cm−3
)

t (s) (17)

Using our numerical solutions, we have (see Figures A10, 11)
ne = ni ≈ 1017cm−3; Zi = 1, Te = 0.5 eV , V = 104cm3,
only for 0.1ms out of our 5ms. The rest of the time ne = ni ≈ 0.

We thus get the bremsstrahlung energy losses Wbr of about 120 J.
This loss is also negligible in comparison with the fusion output
energy of 2.8× 104 J.

The calculations presented in this paper are of course not
a fusion reactor design; however, they might indicate the
possibility of a viable proton-boron11 fusion reactor for clean
energy creation.
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