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Abstract. A brief review on studies aimed at initiating a neutronless nuclear reaction between protons and 
boron nuclei is presented. The least energy-cost of a currently  known approach  to ignition of pB reaction is 
proposed using a petawatt laser for producing a magnetized plasma of laser-accelerated ions and electrons 
as well as using a terawatt laser for inertial confinement of such a plasma.  

1 Introduction  
Promising aneutronic nuclear power based on the 

reaction of a proton with boron, which gives three  α 
particles with a total energy of about ε ≈ 8.6 MeV, is 
currently under active discussion. As compared to other 
aneutronic reactions, pB reaction has the largest cross 
section in the region of the main resonance, σmax ≈ 1 b (at 
the energy of the relative motion of the nuclei Erel ≈ 675 
keV), which is nevertheless much smaller than the 
maximum cross section for the reaction of deuterium 
with tritium (6 b at Erel ≈ 60 keV). The initiation of the 
pB reaction in the plasma is experimentally studied with 
the use of laser methods of creation of a high-
temperature plasma and a proton beam [1–4]. The 
maximum detected yield of α particles in the pB reaction 
was about 109 [3]. Due to a rather small cross section, the 
initiation of an  energetically profitable pB reaction 
requires a significant initial energy expense much higher 
as compared to the fusion reaction between hydrogen 
isotopes. Nevertheless, several approaches were 
proposed to solve this problem. They are (i) the use of an 
external magnetic field for the quasi stationary 
interaction between the colliding proton beam and boron 
nuclei [5], (ii) initiation of the reaction in a degenerate 
plasma with a superhigh density of about 105 g/cm3 [6], 
(iii) action of laser-accelerated proton beams on a 
preliminarily compressed boron-containing target [7], 
and (iv) the collision between ponderomotively 
accelerated  thin layers of matter [8]. All these 
approaches are devoted to reduce the effect of Coulomb 
breaking of protons and boron nuclei initially accelerated 
to MeV energies. 

Here we discuss the least energy-cost of currently  
known approach  to ignition of pB reaction, which has 
been proposed in [9]. It is based on the inertial 
confinement of a magnetized plasma of laser-accelerated 
charged particles. The features of this approach are, first, 
the creation of the magnetized pB plasma in the inner 
cavity of the target in the form of a spherical or 

cylindrical shell owing to the irradiation of its inner 
surface by a picosecond petawatt laser pulse and, second, 
the compression and confinement of such a plasma 
owing to the irradiation of the outer surface of the target 
by a nanosecond terawatt laser pulse. In order to match 
the processes of formation and compression of the 
plasma, a plasma producing pulse should be applied at 
the final stage of acceleration of the target under the 
action of a compressive pulse. It is proposed to use 
targets similar to the spherical [10, 11] or cylindrical 
[12] target designed for fast ignition [10, 13] of the 
preliminarily compressed plasma at the inertial 
confinement (see Fig. 1). In both cases, compression 
occurs in the radial direction. The spherical target is 
compressed along the conical guiding channel and the 
cylindrical target with the shape of a coil is compressed 
along the end walls. Holes in the vertex of the conical 
channel and end walls serve for the introduction of the 
plasma-producing laser pulse. 

 

Fig. 1. Spherical (left) and cylindrical (right) targets for the 
compression and inertial confinement of the magnetized 
plasma formed at the grazing incidence of a relativistic laser 
pulse on the surface of the inner cavity of the target. The thin 
arrows correspond to the beams of petawatt laser, the thick 
ones corresponds to the beams of terawatt laser.  
 
The creation of the magnetized plasma of laser 
accelerated ions and electrons was predicted in [14] on 
the basis of the PIC simulation of the interaction of a 
relativistic laser pulse with an intensity of 1019 W/cm2 
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with the inner surface of a quasicylindrical target. 
Radiation tangentially incident on the curved surface of 
the target generates surface currents of fast electrons. 
They generate a flow of fast ions and discharge currents 
of thermal electrons. In the region between the two 
currents, a high magnetic field is generated and is carried 
together with the plasma of laser-accelerated and thermal 
particles into the cavity of the target; i.e., the ablation of 
the magnetized plasma inside the target occurs. The 
numerical calculations in [14] indicate the formation of a 
plasma with MeV particles, where the density exceeds 
the critical plasma density (1021 cm–3). The time of 
existence of the magnetic field with a strength of several 
hundred megagauss was much longer than the duration 
of the pulse. The kinetic energy of the shell at the time of 
the end of the creation of the plasma should be enough to 
compress the plasma to a density necessary for 
breakeven, i.e., for the release of the energy in the pB 
reactions equal to the energy of the plasma. This 
requirement determines the relations between the 
parameters of the plasma-producing and compressive 
pulses. 

2 Magnetized plasma of laser-
accelerated Mev ions  

To numerically simulate the formation of the pB 
plasma a model substance as a mixture of three parts of 
hydrogen and one part of boron was used in PIC 
simulations. The shape of the target was specified by the 
expression r(θ) = r0(1 + θδr/2πr0), θ Ì (0, 2π). The angle 
θ = 0 corresponds to the upward direction along the y 
axis in Fig. 2 and the parameters were δr = 50 µm and r0 
= 98 µm. The two-dimensional geometry, limited 
computation region, and limited duration of calculation 
(9.5 ps) were taken according to the available 
computational capabilities. A helical shape of the target 
was used for the two-dimensional simulation of the 
penetration of a laser pulse into the cavity of the target 
after its tangential incidence and multiple reflections 
from the walls of the target, which is the most important 
phenomena here.  

The laser pulse had an intensity of 1019 W/cm2 and a 
duration of 1.7 ps, the wavelength of radiation was 1.06 
µm, and the radius of the beam was 20 µm. The electron 
density ne = 4.5×1022 cm–3 corresponded to 45 critical 
densities. The spatial and time steps were 20 nm and 
0.07 fs, respectively. Figure 2 shows the spatial 
distributions of electron fluxes and the strength of the 
magnetic field at the time of the end of the laser pulse t = 
1.7 ps. The initial shape of the target is also presented 
and the trajectory of the laser pulse, as well as the region 
filled with the plasma, are qualitatively shown.  
The characteristic plasma density in the region of 
interaction of the laser beam with the plasma near the 
boundary of the cavity was 4×1021 cm–3. A more detailed 
description of the spatial distributions of the parameters 
of the plasma and magnetic field, as well as of their time 
evolution, was given in [9]. Figure 3 shows the energy 
distributions of electrons at t = 1.7 and 9.5 ps, as well as 
of protons and boron nuclei at t = 9.5 ps in the inner 

region of the target. The energy of protons and boron 
nuclei in the central region of the target is several MeV, 
and the strength of the field, which is “frozen” in the 
plasma at such a high energy of particles, is about 100 
MG. In such a field, the Larmor radii of boron nuclei, 
protons, and 3-MeV α particles from the pB reaction are 
about 10, 3, and 50 µm, respectively. 

 

Fig. 2. Spatial distribution of the electron flows and magnetic 
field at a time of 1.7 ps. The momenta of the electrons are 
demonstrated by arrows in units of mec, the strengths of the 
magnetic field Bz in the direction perpendicular to the figure 
plane are shown as the background of the figure according to 
the color scale at the same times. 

 

Fig. 3. Energy  spectra of electrons at a time of 1.7 ps (line 1) 
and 9.5 ps (line 2) as well as of protons (line 3) and boron 
nuclei (line 4) at a time 9.5 ps  in the inner region of the target 
inside a distance of 50 µm from the center of the target.  

3 Lawson’s criterion for pB-plasma    
In view of the possibility of the producing of the 

magnetized plasma with MeV light nuclei in the inner 
cavity of the target, we estimate the conditions for the 
initiation of the pB reaction in the following formulation 
of the problem. A plasma-producing laser pulse with the 
intensity I1, energy E1, and duration τ1 is guided through 
a transport channel to the inner surface of the spherical 
pB shell in the final stage of its acceleration under the 
action of a laser pulse with the respective parameters I2, 
E2, and τ2 (τ2 >> τ1). The velocity of flight of the shell to 
the center u and the radius of its inner surface R0 at the 
beginning of the action of the plasma-forming pulse 
correspond to the condition under which the time of the 
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convergence of the shell to the center th = R0/u is much 
larger than the duration of the plasma-producing pulse: 
th>>τ1. Although the frequencies of collisions involving 
laser-accelerated particles are very low, as will be shown 
below, the electron–ion and, the more so, ion–ion energy 
relaxation processes occur in the time of the compression 
of the plasma. Then, under the assumptions that (i) the 
average energy of particles of the plasma formed at the 
interaction between flows of laser-accelerated and 
thermal particles is ε ≈ 500 keV (corresponds to the 
kinetic energy of 675 keV of nuclei in the center-of-mass 
system), (ii) the number of protons is equal to the 
number of boron nuclei, and (iii) the plasma is 
quasineutral, the ratio of the energy released in nuclear 
reactions to the energy of the plasma is G ≈ εrncσmaxvtr/8ε 
≈ 2.1×10–15nctr, where v = (2ε/mp)1/2 is the relative 
velocity of nuclei, which is approximately equal to the 
velocity of protons; mp is the mass of the proton; nc is the 
density of nuclei in the plasma in cm-3; and tr is the time 
of the confinement of the plasma in seconds. 
Consequently, the condition of breakeven, when the 
requirement G>1 (Lawson’ criterion) is satisfied   for the 
pB reaction has the form  

144.5 10n t
c r

> × s/cm3                       (1)  

4 Compression and inertial confinement 
of magnetized pB-plasma of laser 
accelerated particles  
 
Now the requirements to the degree of compression and 
the duration of confinement of magnetized 500-MeV 
pB-plasma under the action of terawatt laser pulse will 
be determined which are necessary to achieve Lawson's 
criterion (1). The degree of compression of the plasma 
can be estimated in the adiabatic approximation from the 
condition of the transfer of the kinetic energy of the shell 
to the internal energy of the plasma decelerating it 
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is the density of nuclei in the plasma produced by the 
petawatt pulse; nc and Rc are the density of the 
compressed plasma and corresponding radius of the 
shell, respectively; η1 is the fraction of the energy of the 
plasma-producing laser pulse spent on the formation of 
the plasma; η2 is the hydrodynamic efficiency of energy 
transfer [15], which is the ratio of the kinetic energy of 
the shell to the energy of the compressive laser pulse; 
and E1 and R0 are measured in joules and seconds, 

respectively. In view of Lawson’s criterion (1), the time 
of confinement of the plasma in the shell with the mass 
Mc is given by the expression 
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The substitution of Eqs. (2)–(4) into Eq. (1) gives 
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where u is measured in centimeters per second. 

For further analysis, we introduce a number of 
additional constraints. To simplify the focusing of the  
plasma-producing beam with the radius R1 on the inner 
surface of the shell at the final stage of its acceleration, 
we set R0/R1 = 5. Below, for the stability of compression, 
we take the relatively small  ratio R0/Rc = 5, which 
corresponds to the degree of compression nc/n0 = 125. In 
this case, according to Eq. (2) at g=5/3, η2E2/η1E1 = 25. 
Taking into account the accepted relations, we estimate 
the initial radius of the cavity as R0 ≈ 1.8×103u2/η1I1 
according to Eq. (5). Taking η1 = 1, the velocity u = 300 
km/s as a typical value for inertial confinement fusion, 
and the intensity I1 = 1020 W/cm2, we estimated the 
radius of the cavity as R0 ≈ 180 µm, the time of 
compression as th ≈ 600 ps, and the other parameters of 
the plasma-forming pulse as R1 = 36 µm, τ1 ≈ 15 ps, and 
E1 = 50 kJ. According to Eqs. (3) and (2), the initial and 
final densities of nuclei in the pB plasma are, 
respectively, n0 ≈ 3.4×1021 cm–3 and  nc ≈ 4.2×1023 cm–3 
(larger than the density of solid boron by a factor 3) and 
the mass of the plasma is m ≈ 1.6 µg. The calculation 
shows that the ion–ion energy relaxation time (about 2 
ps) is much shorter than the plasma compression time, 
whereas the electron–ion energy relaxation time (about 1 
ns) is close to this time. 

Energy losses to cyclotron radiation in a time of 
about 1 ns in a field of 100 MG are no more than a few 
percent. The above analysis was performed in the 
approximation of full magnetization of the electron heat 
conduction to the shell compressing the plasma. For this 
reason, the field does not appear in the expression for the 
ignition criterion. A more accurate calculation should 
certainly include the dependence on the field caused by 
the field dependence of energy losses owing to the 
electron heat conduction. The parameters of the laser 
pulse required for the compression of a spherical inertial 
confinement fusion target were chosen such that 
approximately 80% of the mass of the shell is evaporated 
in the process of acceleration. In this case, the 
hydrodynamic efficiency is close to its maximum 
possible value of about 30%. Then, with the use of the 
parameters η2 = 0.3, η2E2/E1 = 25, and E1 = 50 kJ, the 
energy of the compressive pulse should be E2 = 4.1 MJ. 
The final mass and velocity of the spherical shell at laser 
ablation are (see, e.g., [15]) 
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respectively. Here, uav is the average velocity of the 
shell, Vs = (I2/3ρcr)1/3 is the speed of sound in the fully 
ionized plasma of the evaporated part of the target, and α 
= ρcrRs/ρsΔs is the dimensionless acceleration parameter, 
where Rs, Δs, and ρs are the initial radius, thickness, and 
density of the material of the shell, in microns, 
respectively; and  ρcr ≈ 3.6×10–3 λµm

-2 is the critical 
plasma density, where λµm is the wavelength of radiation 
in microns. 

For the pulse of the third harmonic of the Nd laser for 
which the critical density is 0.032 g/cm3 and for the 
target with ρ0 ≈ 2.34 g/cm3 at Mc/M0 = 0.2 and uc = 3×107 
cm/s, estimates by Eqs. (6) and (7) give α ≈ 1, Rs/Δs ≈ 
70, and I2 ≈ 5 ×1013 W/cm2. This value of the intensity I2 
at the duration of laser pulse equal to the time of shell 
implosion τ2 = 2Rs/uc corresponds to the radius of the 
target Rs = 0.46 cm. At the aspect ratio Rs/Δs ≈ 70, this 
radius corresponds to the thickness of the shell of 65 µm, 
the final mass of the shell Mc ≈ 8 mg, and the duration of 
the pulse τ2 = 30 ns. Summarizing the parameters of the 
compressive pulse of the third harmonic of the Nd laser 
are I2 ≈ 5×1013 W/cm2, E2 = 4.1MJ, and τ2 = 30 ns. The 
total energy E2 + E1 = 4.15 MJ is more than five times 
higher than the energy of the laser pulse necessary for 
the compression and ignition of the traditional inertial 
confinement fusion target with the DT fuel (see, e.g., 
[16]). Such a high energy is due primarily to a 
significantly higher energy of the shell required for the 
compression of the pB plasma preliminarily heated by a 
relativistic pulse. 

The ratio of the final mass of the shell to the mass of 
the compressed plasma Mc/m is about 5×103. The total 
gain Gt equal to the ratio of the energy released in pB 
reactions to the total spent energy E1 + E2 ≈ E2 at the 
propagation of combustion to the compressed material of 
the shell can be larger than Gt ≈ McE1/mE2 ≈ 60, which is 
sufficient for the positive energy cycle including the 
efficiency of the laser. However, the initiation of a 
combustion wave with allowance for the features of the 
problem under consideration requires separate analysis.  

 

4 Conclusion  
The presented justification of the fundamental 

possibility of the least energy-cost of currently  known 
approach  to ignition of pB ignition of the magnetized pB 
plasma produced in the inner cavity of the compressed 
inertial confinement fusion target implies  a further study 
of the dependences of the parameters of the pB plasma, 
the strength of the spontaneous magnetic field, and the 
time of conservation of the magnetized plasma state on 
the parameters of the plasma-producing pulse.  
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