1

3

20

21

22

23

24

25

26

27

28

29

Effects of the state of boron on the proton-boron fusion

reaction

Xiaochuan Ning!*, Tianyi Liang™*, Dong Wu?®, Shujun Liu', Yangchun Liu', Zhengmao Sheng!?,
Jieru Ren®, Bowen Jiang®, Yongtao Zhao?, Dieter H. H. Hoffmann?, and X. T. He!

L Institute for Fusion Theory and Simulation, Department of Physics, Zhejiang University,
Hangzhou 310027, China
2Key Laboratory for Laser Plasmas and School of Physics and Astronomy, and Collaborative
Innovation Center of IFSA (CICIFSA), Shanghai Jiao Tong University, Shanghai 200240, China
3MOE Key Laboratory for Nonequilibrium Synthesis and Modulation of Condensed Matter, School
of Physics, Xian Jiaotong University, Xian 710049, China.
1These authors contributed equally: X. C. Ning, T. Y. Liang.
5Correspondence and requests for materials should be addressed to D. Wu (email:

dwu.phys@sjtu.edu.cn) or to Z. M. Sheng (email: zmsheng@zju.edu.cn).

Abstract

It becomes increasingly attractive to use intense laser beams or intense laser-accelerated proton beams to
impact a boron target so as to generate the p*!B reaction and produce a particles. Labaune et al [Nat. Commun.
4: 2506, 2013] first experimentally found that the state of a boron target (solid or plasma) played an important
role in the p''B fusion reaction. Considering the inner physical mechanism is still not clear, we have recently
performed a set of simulations on the laser-boron interaction and the p''B fusion reaction. It is found that
degeneracy effects and collective electromagnetic effects will exert influences on the number of fusion reactions
through changing the energy loss of proton beams. To be more specific, we find that the collective electromagnetic
effects play the dominant role in the p''B fusion reaction and the yields of o particles, and the degeneracy effects
play a secondary role. Our results may be able to serve as a reference for not only analyzing or improving further
experiments of the p!'B fusion reaction, but also investigating other beam-plasma systems such as ion-driven

inertial confinement fusion and fast ignition.

There is definitely progress in fusion experiments towards the final goal to contribute to the world energy supply
even though this progress is slow. Both the magnetical confinement fusion experiments and the inertial confinement
fusion experiments have achieved significant milestones in these years. The Experimental Advanced Superconducting

Tokomak (EAST) at Hefei have made a world record for realizing a 101-second H-mode discharge [1], and the most
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advanced experiments at the Livermore National Ignition Facility (NIF) have obtained a 1.35-MJ fusion energy
output recently, which is about 70% of the laser input energy [2]. Despite the great achievements, there remains a
long way to go to solve the energy problem. For the magnetic confinement approach, adequate plasma confinement
time and qualified materials that can bear the tough conditions in the inner modules of the reactor are still two main
issues to be addressed. As for the inertial confinement approach, in the case of the NIF, though it obtains a 1.35-MJ
energy, it starts with more than 400 MJ of stored energy. From this perspective, the ratio of the total output energy
to the total input energy is quite low and far from the envisioned goal to achieve a gain of 10. Moreover, 14-MeV
neutrons produced by the deuterium-tritium fusion also raise some concern about induced radioactivity and it is still
a challenging problem to efficiently convert the neutron energy into useful electricity.

While we are convinced that nuclear fusion is the world energy source of the future, it is obvious that even if
from now on all fusion scenarios based on ITER technology or similar, proceed on schedule, fusion will not contribute
significantly to eliminate the problems associated with climate change during this century. Having said that, we
believe that it makes sense to investigate fusion scenarios that use fusion fuel which is not radioactive, and is available
in abundant quantities. The holy grail of advanced fusion fuels therefore is considered to be the p''B reaction, where
the primary reaction produces 3 energetic a particles. Only secondary reactions are producing neutrons, and induced
radioactivity. Due to the lower cross section as compared to D-T fusion and a much higher ignition temperature,
energy gain from proton-boron fusion is much more difficult to achieve.

Nevertheless, due to advances in laser technology, the p''B fusion has drawn renewed attention. The proposal of
using intense laser beams or intense laser-accelerated proton beams to impact a boron target so as to generate the
p'!'B fusion is becoming increasingly attractive. Based on this method, a number of groups [3, 4, 5, 6, 7, 8, 9] have
performed a series of experiments on the p''B fusion reaction and measured the yields of a particles. Meanwhile,
much significant progress has also continuously been made in this field. The record yield of a particles has been
increased from about 10° /st in 2005 [3, 10] to about 10°/sr in 2020 [7]. However, there still remain unclear physical
problems in the interaction of intense proton beams and a boron target, which strongly depends on the intensity of
proton beams as well as the conditions of the boron target including temperature, density, ingredients and so on,
and potentially has a large influence on the chances of the p'!B fusion reaction and the a-particle yields. Labaune
et al [4] first experimentally found that the state of a boron target (solid or plasma) played an important role in the
p!!B fusion reaction. In their experiments, compared with a normal boron solid, a laser-ablated boron solid (boron
plasma) can produce much more « particles under the impact of proton beams accelerated by a picosecond laser. In

order to figure out this problem, we have recently performed a set of simulations according to the experiments.

1 Results

1.1 The interaction between a nanosecond laser and a boron solid

First, to ascertain the specific state of the boron target after ablated, we have performed a one-dimensional radiation-
hydrodynamic simulation with the MULTI-1D code [11] on the interaction of a nanosecond laser pulse and a boron

solid, which is the first step in the experiment of Labaune et al. The grid size is 8 pm and the time step is 0.02 ns. To
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be consistent with the experiments, the laser duration time is 1.5 ns with a 0.53 um wavelength and an intensity of
6 x 101 Wem =2, The results are displayed in Fig. 1. It can be seen that under ablation of the laser, the boron target
spread outwards and the temperature rises. We have extracted the data at t=1.2 ns, as shown in Fig. 1 (b) and (d).
A low-density boron plasma is widely formed in the region away from the boron solid, whereas on the surface of the
boron solid, there is actually a high-density boron plasma, which, to the best of our knowledge, was not considered
seriously. We note that the surface boron plasma is about 5 times denser than the boron solid and its range is about
tens of microns. Meanwhile, its temperature is about 10 eV. It is worth mentioning that after the laser ablated the

boron solid, degeneracy effects indeed should be taken into account with such parameters.
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Fig. 1: Evolution of the mass density distribution in (a) and the temperature distribution in (c) of boron ions
with time. (b) and (d) correspond to the mass density distribution and the temperature distribution at t=1.2 ns,
respectively

1.2 The interaction between an intense proton beam and boron targets with different

states

With the calculated target conditions, we have further performed another set of two-dimensional simulations with
the LAPINS code [12, 13, 14, 15, 16] on the p'!B fusion by injecting an intense proton beam into a boron target. In
the LAPINS model, plasma ions and the injected beam particles are treated by the traditional PIC method, while

plasma electrons are treated as a fluid, of which the current density is solved by the Ampere’s law, J. = (1/27)V x
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B —(1/27)(0E/0t) — J, — J;, where B is the magnetic field, E is the electric field, Jp is the beam current density and
J; is the plasma ion current density. The electric field is obtained by the Ohm’s law, E =nJ. — v, x B — Vp,/en.,
where 7 is the resistivity, v is the flow velocity of plasma electrons, p. is the plasma electron thermal pressure, n. is
the plasma electron density and e is the elementary charge. Finally, the magnetic field is derived from the Faraday’s
law, 0B/0t = —V x E. As only a part of Maxwell’s equations needs to be solved, this method is of high speed, which
is useful for large scale simulations.

The simulations are based on a ZY Cartesian geometry with the beam propagating along the Z direction. The
grid size is 0.1 ym X 0.2 pm, and the time step is 1.6 fs. To make the proton beam possess a wide energy spectrum
similar to the results obtained by the experiments, we set both the kinetic energy and the temperature of the proton
beam to 1 MeV. The proton mass density distributions and the electric field distributions are displayed in Fig. 2. By
comparing Fig. 2 (a) and (b), we can see that for the boron solid, the proton beam can only penetrate to the surface,
whereas for the boron plasma, it can penetrate to a longer distance. Fig. 2 (c) and (d) show that the maximum value
of the electric field in the boron solid can reach about 800 GV /m, which is nearly 100 times stronger than in the
boron plasma. This is revealed by the fact that the boron solid has a large resistivity, while the boron plasma, with
abundant ionized electrons, has a much lower resistivity. Therefore, according to the Ohm’s law, the electric field in
the boron solid should be much larger.

The energy spectra of a particles escaping from the left simulation boundary in the range of 0 MeV to 6.5 MeV
are plotted in Fig. 3. By comparing the blue solid line (N-noEB) and the red solid line (5N-noEB), we find that
there are about 40% more « particles produced by the p'!'B fusion reactions in the laser-ablated boron solid (boron
plasma). This can be explained by degeneracy effects, since collisions are suppressed due to the Pauli exclusion
principle. Consequantly, the energy loss of the proton beam caused by collisions will be reduced and meanwhile the
number of fusion reactions will be enhanced. Nonetheless, degeneracy effects on the yield of a particles can only
bring about a 40% gap between the boron solid and the boron plasma. This means they are not the primary factor
that causes the large difference found in the experiment.

By comparing the blue solid line (N-noEB) and the blue triangle solid line (N-EB), we can see that there is a large
gap in the spectra of a particles, which indicates in terms of the boron solid, the electromagnetic fields have a huge
influence on the number of fusion reactions and the yield of « particles. This is because if the electromagnetic fields
are not considered, the energy loss of the proton beam is only caused by collisions, whereas if the electromagnetic
fields are considered, the energy loss of the proton beam includes both collisions and collective electromagnetic effects.
As analyzed above and shown in Fig. 2 (c¢), when the proton beam is injected into the boron solid, a strong stopping
electric field will be generated. It can greatly increase the energy loss of the proton beam and prevent the beam from
penetrating. In this way, the number of fusion reactions and the yield of « particles will be decreased. As for the
boron plasma, the gap between the red solid line (5N-noEB) and the red square solid line (5N-EB) is not that large
because compared with the boron solid, the boron plasma has a lower resistivity and the generated electric field will
also be smaller. Therefore, the collectic electromagnetic effects in the boron plasma are not as significant as in the
boron solid.

By comparing the blue triangle solid line (N-EB) and the red square solid line (5N-EB), we can see in these two
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Fig. 2: Mass density distributions of the proton beam and the electric field distributions for the normal boron solid
in (a) and (c), and for the laser-ablated boron solid (boron plasma) in (b) and (d), respectively. The boron targets
are located on the right side of the white dashed lines in (a) and (b). The black arrows in (a) and (b) indicate the
incident direction of the proton beams, of which the angle is 45 degrees to the z axis. The white arrows in (c) and
(d) indicate the directions of the electric fields. In (d), the white ‘x100’ means the electric field is magnified by a
factor of 100.
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Fig. 3: The energy spectra of a particles escaping from the left simulation boundary in the range of 0 MeV to 6.5
MeV: (1) the blue solid line, boron solid without electromagnetic fields; (2) the red solid line, boron plasma without
electromagnetic fields; (3) the blue triangle solid line, boron solid with electromagnetic fields; (4) the red square solid
line, boron plasma with electromagnetic fields. The yellow patch corresponds to where cannot be measured in the
experiment,

cases, the difference in the yields of a particles is close to two orders of magnitude, which is in good agreement with
the results at dt= 1.2 ns in the experiments. As we have discussed above, the difference in the yields of a particles
actually originates from two aspects: degeneracy effects and collective electromagnetic effects. They exert influences
on the number of fusion reactions through changing the energy loss of the proton beam. To be specific, the more
energy the proton beam loses during its transport in the boron target, the smaller the number of fusion reactions
between protons and boron atomic nuclei and a particles will be.

In conclusion, we have performed a set of simulations on the laser-boron interaction and the p!'!B fusion reaction
by using an intense proton beam to impact boron targets. It is found that after ablation of an intense nanosecond
laser, the boron solid turns into a degenerate state at the surface, and quantum degeneracy effects need to be
considered. What’s more, while a proton beam is propagating in a boron solid, a strong stopping electric field will
be generated due to the high resistivity of the boron solid. Degeneracy effects and collective electromagnetic effects
will exert influences on the number of fusion reactions through changing the energy loss of the proton beam. By
comparing these two effects, we find that collective electromagnetic effects play the dominant role in the p''B fusion
reaction and the yields of a particles, and degeneracy effects play a secondary role. Our results may be able to
serve as a reference for not only analyzing or improving further experiments of the p!'B fusion reaction, but also

investigating other beam-plasma systems such as ion-driven inertial confinement fusion and fast ignition.
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2 Methods

To make the simulations more credible and closer to the real experimental situation, modules of collisional effects
[13], quantum degeneracy effects [14] and nuclear reactions [15] are contained in the LAPINS code. Here, we will

briefly describe the physical models used for these modules.

2.1 Collisional effects

The model used in the LAPINS code to deal with collisional effects is based on Monte Carlo binary collisions, which
includes binary collisions among electron-electron, electron-ion, and ion-ion and considers contributions from both
free and bound electrons. Physical quantities, such as angular scattering, momentum transferring and temperature
variation, can be taken into account quite readily in the approach.

In the calculations, three steps are made iteratively: (i) pair of particles are selected randomly in the cell, i.e.,
either electronelectron, electronion, or ionion pairs; (ii) for these pair of particles, the binary collisions are associated
with changes in the velocity of the particles within the time interval §¢, which are calculated; (iii) and then the
velocity of each particle is replaced by the newly calculated one.

In order to contain both bound and free electrons contribution into the binary collision model, we here take the

collision frequency between ions and electrons, in the above (ii) step, as,

Ve = Wun(m) 4 A - Zin(Ay)], (1)
where
In(Ay) = ln[%] B GjA -6/, )
and
In(As) = In(Ap /b). 3)

A is the atomic number of stopping medium, Z is the ionization degree of background plasmas, n; is the nucleus
density of stopping medium, m, is the electron mass, v is the relativistic factor of the projected ions, § is the
velocity of projected ions, I4 is the average ionization potential, and Z, is the effective charge state of injected ion
beams, which equals to ’1’ for the case of protons in our present studies. In Eq. (1), the latter two terms are the shell
correction term and the density effect correction term, respectively. These two terms are based on Fano’s original work

[17], to which the definitions of Ck /A and §/2 can be referred. The Debye length, Ap, is a dynamic value changing as

Ao = /(T./4mn.) (1 + B2/vZ,), where T, and vy, are the temperature and thermal velocity of background electrons.
Parameter b is the distance of closest approach between the two charges. Especially, (A — Z)/Z defines the ratio of

bound electrons’ contributions. For fully ionized plasmas, Z — A, the collision frequency between ions and electrons
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converges to

82w Z2et Zn,;
Vi_e ~ Wln(le). (4)

For neutral atoms, Z — 0, in contrast, the collision frequency is

8\/27rZ 4Anl
Vi—e 3m2,83 (Ab) ‘ (5)

At the low-temperature limit, when all electrons are bound at the nucleus, the calculated stopping powers converge
to the National Institute of Standard and Technology (NIST) ones with the average ionization degree approaching
zero as the stopping powers of cold materials can be well calculated by BetheBloch formula. Then, taking advantage
of this Monte Carlo binary collision model, we can obtain resistivity 1 by averaging over all binary collisions at each

time step for each simulation cell in a natural manner.

2.2 Degeneracy effects

The model used in the LAPINS code to deal with degeneracy effects is based on the first principle Boltzmann-Uhling-
Uhlenbeck (BUU) equation,
Ofk Ofr

—_ —_ E B
5 T ) +qr(E+u; x B) -

6fk _ 8fk BUU

3pk - E coll » (6)

where the subscript & indicates the species of particles, f; = fi(r,p,t) is the distribution function, r is the position,
p is the momentum, ¢ is the time, u is the velocity, E is the electric field, B is the magnetic field and 8fk CBOIIJIU is the

BUU collision term which can be written as

0
T = [ [ o [ @i orpaipapo) x (5 £ - AL, 7

where ;;1 = fifj, o9 = (1= fu)(X = fi), and W(p1,Pp2;Ps, P4) is the collision rate. BUU collisions can ensure
that evolution of degererate particles is enforced by the Pauli exclusion principle. This principle prevents degenerate
particles being scattering into an energy state if that state is already occupied. For degenerate electrons, under

thermal equilibruim, the solution of the BUU equation is a Fermi-Dirac (FD) function,

(2m,)3/? VE
2neh3nw? exp(E[/T, —m) +1°

fe(E) = (8)

where 7) is the degeneracy parameter and f.(E)dE is the probability for finding electrons with energy between E and

E + dE. Degeneracy parameter 1) can be obtained by equation normalization,

/ (2m, )%/ VEdE L ©)

2nh3n? exp(E/T, —n) +1
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Here, Eq. (9) defines 7 as a function of n, and T,. When increasing temperature and decreasing density, we have
1 = —oo. This is the classical limit in which the distribution functions become Maxwell-Boltzmann distributions. In
the low temperature and high density limit, we have = Er /T, and n = oo, with Ex = (372n.)*/3h?/2m, of the
Fermi energy. This is the fully degenerate limit, in which all particles are at energies below or equal to the Fermi

energy.

2.3 Nuclear reactions

The model used to deal with nuclear reactions is based on a pairwise nuclear fusion algorithm for weighted particles
at relativistic energies. To simplify algebraic expressions, we might as well set the light speed ¢ = 1. For relativistic
energies, we treat the kinematics of a relativistic nuclear fusion between two particles with rest masses m, and my,
and reduced momenta u, = 7,v, and u, = Y,V in the center-of-momentum frame of reference (CM). The velocity

and relativistic factor of CM are

voy = Tt T (10)
MgYe + MpYs

and

1
YcM = W (11)

The reduced momenta u,; in the laboratory frame of reference (LAB) are then transformed into the CM frame

through a Lorentz transformation

Ya,oM = YoM (Ve — VoM - Ug) (12)
and
Yom — 1
U,,cM = Uy + T(VCM “Ug)VOM — YCMYa VM- (13)
oM

The velocities in the CM frame are v, cm = ug,cm/Ve,cm and v om = s onm/7s,0m. For the calculation convenience
of fusion productions, the coordinate system of momentum space is rotated, in which the u,_ . cu is the aligned with

u,,cym and the transformation matrix can be represented by

cos(©)cos(®) cos(O)sin(P) —sin(P)
R= —sin(®) cos(®) 0 (14)
sin(@)cos(®) sin(O)cos(P) cos(O)

and [0,0,uq - cm]T = R [Ua,z.0M, Ua,y.cM; Ua,z,cm] T - Here, © is the polar angle between u, . cm and u, cwv, and @
is the azimuthal angle between u, , cv and ug 4 cum-

The two fusion reactant macro-particles, a and b, have the potential to undergo fusion and create two products,
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¢ and d, with an energy gain, Q. The fusion probability for this interaction, Py, in the CM frame, is given by

Pop = Nmin0ab Vrel,oMYeM AL, (15)

where Ny, is the minimum density between particles species a and b, o4 is the cross section of nuclear fusion, and
At is the time step of simulation, which is increased by a factor of yoy when considered in the CM frame. The
relative velocity between the two particles in the CM frame, required for the calculation of the cross section of nuclear

fusion, is given by

Vo.M — Vb,CM
1—va oM VoM

Vrel,CM = | (16)

In general, theoretical and fitted values of the cross sections usually present data using the kinetic energy in the CM
frame, E, = m,(y, — 1), where m, = m,my/(m, + mp), and 7, = 1/(1 — v2;)'/2. While experimentally, the cross
section is usually tabulated as a function of the kinetic energy of the projectile, E, jap, With E, 1ap = (me+myp) E,/my,.

The nuclear fusion yield for each pair of macro-particles is
Yup = WminPas, (17)

where wpiy is the minimum weight of macro-particles a and b. To increase the number of macro-products generated,
Higginson et al [18] introduced the ”fusion production multiplier” Fy,i. This factor increases the probability of
fusion events but decreases the weight of the products. In actual simulations, F,,; is a varying parameter, which
depends on how many fusion produced macro-particles are required for data analysis.

The number density of each species within a computational cell can be given with

N, N,
Ng = E Wi, Ny = E W4, (18)
2 J

where w, ; is the weight of the 7th particle for species of a, and wy ; is the weight of the jth particle for species of b.
When the number of macro-particles for species of a is larger than that of b, N, > N;, the number of binary pairs

equals to N,, and the number of binary pairs for real particles equals to

Na

ny = §° —Laii (19)
- max(We,;We,;)

In order to make the total number of binary pairs of real particles equal to the pairs when the particles are uniformly
weighted, the time step in Eq. 15 should be corrected with a factor n,/n.,. Fusion products are produced in the
CM frame, with the conservation of total energy and momenta. Since all of the products have the same weight, i.e.,

Wrmin/Fmulti, the fusion process will conserve total energy and momenta perfectly. Here, as the total energy includes

the rest mass energy of particles, the kinetic energy, Ej ¢, is not conserved, when the rest mass energy is converted

10
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into kinetic energy, Ey o.M + Expom + Q@ = Egzom + By gom- For non-relativistic energies, we have

2 (1 (e = 1) + Q) (20)

¢,CM ¢ “%e,CM mg+m(;

where m,.(y, — 1) is the total kinetic energy of a and b in the CM frame, and for relativistic energies, as we have

PEQ,CM = (Epzom +mz)? —m?2 and PEQ’CM = PC%CM, the kinetic energy of fusion production ¢ is
Byoon = 1 (Epacm+ Egpom +Q +my)° (21)
e OM g (Bra,cM + Egpom + Q +mez +mg)

Besides, we treat the emission of particles as isotropic with respect to the polar angle, 6, in the CM frame. Either
way, the azimuthal angle ¢ is calculated as ¢ = 2wu, with w uniformly distributed number between 0 and 1. These

angles are applied to the first product, ¢, to get its velocity in the CM frame,

m = [sin(#)cos(¢), sin(#)sin(¢), cos(6)] L. (22)
Ug,CM

From momenta conservation, the velocity of the second product, d, in the CM frame is

mgz
uj = ——UzCM- 23
qoM =~ -UeCM (23)
Then, we invert the matrix, R™!, which is the transpose of matrix Eq. 14, to obtain the un-rorated momenta in the
CM frame, u; cm = R7'uz om and Ujom = R’lud-’CM. Finally, the particle momenta u; and ug in the laboratory
frame are therefore obtained by another Lorentz transformation. Such calculations will be performed for each binary

pair in each computation cell.
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