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In this paper, we present the results of further PiC simulations in the full
electromagnetic code of the processes leading to the proton-boron reactions
in a single device for plasma confinement, based on miniature nanosecond
vacuum discharge (NVD) in a cylindrical geometry. In particular, we present
and discuss in more detail the α particle output for the real electrodes geometry
used in the first aneutronic proton–boron fusion experiments withNVD. It follows
from them that the total yield of α particles was accumulated in the initial
experiments due to only single head-on converging of protons and boron
ions accelerated in a very narrow potential well to the discharge axis. Further,
in search of the ways for optimizing of proton–boron fusion in NVD, we study the
scaling of fusion power depending on the size of the virtual cathode (or the inner
radius of the anode space). The results of the PiC simulations by KARAT code
show that the number of the proton-boron reactions at anode space of NVD
increases with the anode volume grow, and the α particles output turns out to be
proportional to the value of anode radius in the range RA ≈ 0.1–0.5 cm. However,
the number of proton-boron reactions reaches some saturation under RA

growing at the fixed time of high voltage applied and value of the energy
input. In general, the formation of a more voluminous potential well (wider in
radius and extended along the discharge axis), with well–defined oscillations of
protons and boron ions in it, provides a noticeable increase in the output of α
particles.
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1 Introduction

Discovered back in the 30s of the last century [1, 2], the aneutronic proton–boron (pB)
nuclear reaction p + 11B→ α + 8Be*→ 3α + 8.7MeV with the yield of almost only α particles
attracts increasing both fundamental and applied interest in our time. The reason for this is
not only the very exorbitant options for producing “clean” energy based on it, which could
really be facilitated by the almost absence of neutrons, the possibility of direct conversion of
the energy of α particles into electricity (bypassing the thermal cycle), the technological
simplicity of a possible pB fusion reactor [3]. There is also a growing modern practical need
for simple and reliable sources of α particles for nuclear medicine, materials science and
electronics: the development of rare isotopes and medically important radionuclides, the
development of alpha-voltaic converters, the study of radiation resistance of nanoscale
semiconductor devices of a new generation, and other interdisciplinary applications,
including aerospace [4–8]. However, the yield of the pB reaction can become noticeable
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only at significantly higher particle energies than is necessary for
known DT or DD synthesis reactions [9]. Starting with the
pioneering work of V. S. Belyaev and his colleagues in 2005 [10],
the pB reaction was observed further only in experiments where
laser action on boron-containing targets was somehow presented. It
should be noted that great progress has been made in recent years in
the study of laser–driven aneutronic pB fusion, and in increasing the
yield of α particles was registered in experiments (see [11–17] and
references herein).

In addition to the existing and actively developing various laser
schemes, the implementation of the pB reaction in a single plasma
confinement device, without external action of laser or proton
beams on a boron target, is also of undoubted interest. In
particular, after many years of work, pB fusion under magnetic
plasma confinement, including injection of boron powder and high-
energy hydrogen beams, was only recently obtained for the first time
[18]. Somewhat earlier, we demonstrated pB fusion with
electrodynamic plasma confinement by the field of a virtual
cathode in a nanosecond vacuum discharge (NVD) [19]. In a
miniature NVD of cylindrical geometry with a hollow cathode, a
well-known inertial electrostatic confinement (IEC) scheme was
implemented [20, 21], but with reverse polarity [22]. In this scheme,
PiC modeling in the KARAT electromagnetic code [23] revealed the
formation of a virtual cathode (VC) and a corresponding potential
well (PW) with a depth of about 100 kV in the anode space of the
NVD. It is formed when a high voltage pulse is applied to the
discharge and an automatic radial injection of electrons into the
anode space takes place. As a result, a quasi-stationary potential well
with a size of several millimeters arising there plays the role of a
micro-accelerator of protons and boron ions to energies of hundreds
of keV, when the output of the pB reaction in the range of particle
energies near the secondary resonance (≈150 keV) becomes already
noticeable [9]. In the process of ion oscillations in potential well,
head-on collisions of a part of protons and boron ions with energies
of ~100–500 keV lead to the proton–boron reactions and the
appearance of α particles [19].

Previously, for a similar confinement scheme, nuclear DD
synthesis with a yield of 2.45 MeV neutrons as a result of head-
on collisions of deuterons with energies of 50–100 keV at the
“bottom” of the PW near the discharge axis was studied
numerically and experimentally in detail [24–27]. Periodic
oscillations of deuterons in a potential well were accompanied in
the experiment by a pulsating output of DD neutrons [27]. A
favorable scaling of the DD fusion power was also confirmed
[28], which increased with a decrease in the size of the VC,
similar to predicted earlier for fusion scaling in the scheme of
periodically oscillating plasma spheres [29, 30]. In the paper [19],
the results of the first experiments on registering the output of α
particles from the proton–boron reaction in the NVD plasma were
presented. The experiments were preceded by detailed PiCmodeling
in the electromagnetic code [23] of all the processes accompanying
the pB reactions, which, in particular, revealed the oscillatory nature
of ions confinement in the potential well of the NVD.

In the present work, we would like to detail the previous results
of PiC simulations of the pB fusion, and pay attention to specifics of
the generation of α particles in demonstration experiments on
aneutronic proton-boron fusion in one miniature device [19]
without any external influence from a laser or a proton beam.

Further, in search of an algorithm for optimizing of pB fusion in
NVD, we considering a more general problem. In particular, by
analogy with DD fusion in oscillating plasmas, we turn to the study
of the scaling for pB fusion power by the size of the virtual cathode.
Based on simulation data for the numbers of pB reactions under
different values of the anode radius and other discharge parameters
in a cylindrical NVD, we are coming to certain conclusions on the
scaling of the pB fusion power. The results obtained are discussed in
detail and compared with the scaling of DD fusion in
oscillating plasmas.

2 PiC simulation of proton–boron
fusion for anode-cathode geometry in
a real experiment

Earlier, PiC modeling revealed the optimal geometry of the
electrodes for the maximum yield of α particles from the proton-
boron reaction during oscillatory plasma confinement in the NVD
[19]. The corresponding PiC simulation results for the energy of
oscillating ions, the emerging potential well and the yield of α
particles (in arbitrary units,a.u.) are shown in Figure 1 in [19]. It
was also specifically noted there that the first experiment on pB
fusion at low energy vacuum discharge was conducted far from
optimal calculated anode–cathode (A–C) geometries. Below at this
Section, we present and discuss the results of PiC simulations in the
KARAT code of the main electrodynamic processes leading to pB
synthesis for the real A–C geometry used in the experiment [19].
Looking forward, this geometry was far from optimal for the good
output of α particles in NVD, but it turned out to be convenient for
filling with boron at that stage of the experiment development.

Indeed, during the transition from the study of DD synthesis
[24–27] to the first experiments on aneutronic pB fusion in NVD,
the task of delivering protons and boron ions into the anode space
arose. Protons (hydrogen) could enter the anode Pd tubes, as
previously deuterium [24, 25], during electrolysis in ordinary
water. A new task was the delivery of boron ions into the anode
space. In this regard, we used in the work [19] an old anode
consisting of three short Pd tubes attached to the end of the
copper base (Figure 2A in [19]). Due to the repeated use of this
anode earlier in the study of DD synthesis [26], its surface contained
a huge number of microcraters and a very developed microrelief as a
whole [19]. This turned out to be extremely convenient for filling the
surface of the old Pd anode with boron nanoparticles (~20 nm)
during cataphoresis. When irradiating such an anode with energetic
autoelectrons, both protons and boron ions could appear in the
erosive plasma near its surface, coinciding with the upper edge of the
PW (Figure 1C in [19]). However, the anode–cathode (A–C)
geometry with the old anode used in experiment differs from the
PiC modeling for the optimal geometry found earlier [19], in which
the oscillations of protons and boron ions in the field of the virtual
cathode are well expressed.

The actual A–C geometry used in the first experiments on the
aneutronic pB fusion in NVD [19] is shown in Figure 1A. When
modeling in the KARAT code, a TEM wave from a high-voltage
generator is fed into the coaxial along the z axis on the left side,
which forms an electric field between the electrodes, causing
electron emission from the cathode [23, 28]. In this section,
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under 2D PiC simulations the experimental VA characteristics
(see Figure 2B in [19]) of the voltage pulse-periodical
generator were used.

In comparison with the optimal A–C geometry for ion
oscillations at potential well [19], in the first experiment we had
a very short anode “tube” (Figure 1A). The length of the potential
well in the NVD turns out to be approximately proportional to the
length of the anode tube, and for a real anode Pd tube, as we see
(Figure 2A), the PW turns out to be quite small in length by z. As will
be shown below (Section 3), the yield of α particles from the pB
reaction have to be proportional approximately to the volume in
which the synthesis takes place, i.e., the length and width of the
potential well. Therefore, the shorter the anode tube in the NVD, the
lower the expected reaction yield will be. In addition, the real
anode Pd tubes (Figure 1A) are shifted to the discharge axis
compared to their position in Figure 1A in [19]. As a result, in the
experiment [19], the potential well (Figure 2) turns out to be not
only narrow by z, but also small in radius r. This is also why PiC
modeling of the positions of selected groups of protons and boron

ions along the radius in time, as we see in Figure 1B, does not
detect any oscillations of protons and boron ions at PW for a real
anode. The time dependence of the energies of various groups of
protons and boron ions for the experimental anode also does not
contain strong periodic fluctuations in time, unlike the case of
well-defined ion oscillations in a potential well [33].

Thus, it seems that in the experiment [19] we had a small and
rather narrow potential wells (Figure 2) and, apart from the primary
convergence of ions to the discharge axis and subsequent
expansion in the time interval t ≈ 0–10 ns (Figure 1B), in fact,
the absence of any oscillations of protons and boron ions (in
contrast to the more optimal A - C geometry, Figure 1A in [19]).
Thus, as present PiC simulation shows, the total yield of α
particles accumulated from shot to shot in the experiment
[19] apparently took place mainly due to a single convergence
of protons and boron ions to the discharge axis (Figure 1B), and is
observed only in the first 10 ns [19]. The number of pB reactions
obtained from PiC simulations for experimental geometry A–C
presented in Figure 1A is Nr

pB = 1.07 × 109 (a.u.). The calculated

FIGURE 1
(A) Real geometry of the anode (red)– cathode (blue) used in the experiment on pB fusion at nanosecond vacuum discharge (NVD) [19]. The anode
Pd “tube,” perpendicular to the base of the anode, is “filled” with hydrogen and boron under 2D PiC simulations [23, 28]. The trajectories of the selected
groups of protons (index r) and boron ions (y) in the interelectrode space are shown; (B) The dynamics of the selected groups of protons and boron ions
(with charge ZB = +3) along the radius in the anode space in time is shown.

FIGURE 2
A potential well formed under PiC simulation by a virtual cathode in the anode space of a nanosecond vacuum discharge in experiment [19] for two
moments of time: (A) t = 5 ns, The depth of PW is up to 80 kV, and (B) t = 10 ns, PW is up to 100 kV deep, approximately.
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values of Nr
pB in arbitrary units (a.u.) in the code KARAT [23]

allow comparisons between calculations with different initial
parameters of the PiC modeling, and to trace trends when
they vary. Below, the results of PiC simulations of the values
of Nr

pB for different volumes of NVD anode space in planned
experiments are presented and discussed.

3 The proton–boron fusion power for
various volumes of potential wells in
the NVD anode space

Earlier, an oscillating plasma was proposed as a possible
thermonuclear fusion scheme on the basis of IEC [29, 30]. The
confinement and acceleration of ions in the IEC scheme takes place
in the field of virtual cathode, i.e., in a deep electrostatic potential well
[21]. In this scheme, the head-on ion collisions in a usual IEC device are
replaced by the periodically oscillating plasma spheres (POPS) in the
harmonic oscillator potential arranged due to a homogeneous electronic
background. At the moment of compression, the high plasma densities
and temperatures necessary for nuclear fusion could be achieved [29,
30]. An advantage of the POPS-based device is the favorable scaling
obtained for the fusion power, which increases with the inverse of VC

radius [30]. This feature could reduce in size and cost of each
subsequent device of this type [29]. Unfortunately, in further work it
was not possible to implement the original POPS ideas under nuclear
fusion experiments [31]. In particular, it was shown that high
compressions needed for fusion are not realizing for POPS [31].

Indeed, if the previously obtained for POPS fusion power of DD
in spherical geometry P ~ φ2

PW/rVC [29, 30], then for the NVD of
cylindrical geometry we can get by similar manner P ~ φ2

PW L/r2VC
(φPW is the depth of PW, rVC is the radius of VC, L is the length of
the fusion area on the discharge axis) [28]. Scaling of DD fusion
power in NVD by VC size was studied in detail in [32], where the
measured values of neutron yield at the initial and subsequent stages
of discharge were compared. It has been shown experimentally that
when the NVD interior anode space (limited by Pd tubes) with DD
fusion is reducing to the internal volume just of the single anode Pd
tube with diameter ØA = 2 RA = 0.08 cm ≥ 2 rVC at the very initial
stage of discharge, we are registering almost the similar values of the
DD neutron output (RA is the radius of NVD anode space, but in this
case it is the internal radius of the anode Pd tube). Apparently, it is
going due to reduction approximately by five times for both φPW and
rVC values under DD fusion at the single Pd tube interior volume in
comparison with the same values in the case of DD fusion in the total
anode interior restricted by the set of Pd tubes in NVD. In fact, for

FIGURE 3
Modewith anode radius of RA = 0.1 cm: (A)Geometry A–C and oscillating trajectories of selected groups of protons (index r) and boron ions (index y)
in the anode space along the radius during the time t = 20 ns; (B) Energy change of selected groups of protons and boron ions over time during
oscillations; (C) Narrow in radius, but long potential well with a depth of up to 100 kV; (D) The number of pB reactions from PiC simulations over time in
arbitrary units (a.u.).
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PW depth φPW ≈ 10 kV inside Pd tube the head-on collisions of
deuterons with energies ≈10 keV may accompanied by DD
reactions. Note, the type of similar scaling for pB fusion is not
quite obvious. Remind that for noticeable proton - boron fusion the
values of the threshold energies of colliding particles should be at
least ten times higher [9].

Meanwhile, the question of the scaling for the release of the
aneutronic pB reaction with a decrease or any changing in the virtual
cathode size at NVD is of great interest. The picture here may be
more complicated than for DD synthesis. In particular, for example,
the protons and boron ions differ in mass and charge, and their
oscillation frequencies in the anode space will be different. Note, the
frequency of ions oscillations fOSC ≈ (Ze φPW/2mi)

1/2//rVC at
potential well can be estimated from the inverse time of the ion
flight along the radius of the anode space to the discharge axis
(Figure 1A; fOSC ~ ui/rVC, where ui ≈ (Ze φPW/2mi)

1/2 is the average
velocity of an ion with a charge Z and mass mi). This means that the
maximum energies for protons and boron ions accelerating by the
field of the virtual cathode will be reached the discharge axis z (the
“bottom” of PW) under the different moments of time, and,
obviously, that cannot be favorable for the efficiency of pB
fusion in NVD.

The number of pB reactions Nr
pB = 1.07 × 109 (a.u.), presented in

Section 1, can be considered as a starting point for analyzing the scaling
of pB fusion power in NVD. In contrast to DD synthesis in NVD, when
head-on collisions of deuterons of the same mass and charge take place
near the z axis of discharge, the difference in the oscillation frequencies
of colliding protons and boron ionsmakes the processes of pB synthesis
essential not only near the discharge axis, but also throughout the entire
volume with a certain probability. The volume occupied by the virtual
cathode, i.e., the potential well, is determined by the radius of the VC
and its extent (length) along z axis in the cylindrical geometry of the
NVD. To determine how the yield of α particles changes with a change
in the size of the virtual cathode rVC < RA, we performed 2D PiC
modeling in the KARAT code [23] for different volumes of NVD anode
space. The results on the number of pB reactions for three values of
anode radius RA = 0.1, 0.3, and 0.5 cm are presented and discussed
below. Discharge modes are selected to show here, where current I =
3 kA and voltage U = 100 kV, at which, as a rule, rather well-defined
oscillations of protons and boron ions take place in the anode space (see
also [23, 28] for some details of simulations for proton–boron
fusion in NVD).

Figure 3 shows the geometry A–C for the single anode tube
with a radius of RA = 0.1 cm, the energies of the selected
oscillating groups of protons and boron ions in time, the
potential well created by the virtual cathode and the number
of pB reactions depending on time. (In a real experiment, the
anode in this case may be as “translucent” single hollow Pd tube
filled with hydrogen and boron). The data in Figures 3A, B
actually reflect the oscillatory nature of ion confinement in the
potential well [19]. The PW well is narrower than in Figure 2, but
significantly longer at the present mode. It can be seen from
Figures 3A, C that the main pB fusion takes place in the range z =
0.5–1 cm of axis. Figure 3B shows the energies of the chosen
isolated groups of protons and boron ions over time. The number
of pB reactions in time is given in Figure 3D. Note that the
maximum values of Nr

pB in time correlate with the moments,
when the energies of boron ions are maximal. The total number

of pB reactions is Nr
pB = 1.9 × 1010 in arbitrary units (Here and

below the simulations were going for I = 3 kA, U = 100 kV, (with a
front of voltage δt = 2 ns and δt = 5 ns for current, under duration
of high voltage applied tinput ≈ 20 ns). This value Nr

pB turns out to
be the maximum for various current values in the range I =
1–5 kA at a fixed value U = 100 kV, and also the maximum at a
fixed value I = 3 kA for voltages in the range 60–150 kV [23]. Only
for I = 4–5 kA and U = 120–150 kV, the yield of α particles will be
slightly higher, but not more than twice. The complete set of pB
reaction numbers for the intervals I = 1–5 kA and U = 60–150 kV
for a given RA = 0.1 cm is given in Table 1 in [23].

Next, Figure 4A shows the following geometry A–C for the
anode space with well-defined oscillating ions, where the anode
radius RA = 0.3 cm is three times larger, compared with the first
mode (Figure 3). The distance between A–C is δA-C = 0.2 cm here
(Figure 4A). As in the previous case, well-pronounced oscillations of
protons and boron ions can be noted. Figure 4B shows the energies
of the isolated groups of protons and boron ions over time. The
number of pB reactions in time is given in Figure 4D. Again, as for
RA = 0.1 cm (Figure 3), the maximum values of Nr

pB in time
correspond to the moments, when the energies of boron ions are
maximal. The corresponding potential well of the virtual cathode is
presented in Figure 4C. The PW is wider than in Figure 3 for RA =
0.1 cm, and essentially longer than for the first experiments on pB
fusion in vacuum discharge [19] (Figure 2 above). We see from
Figures 4A, C that the main pB fusion takes place in the range z ≈
2–3 cm of axis. For this mode, where PW is significantly wider than
in the first case, the total number of pB reactions is Nr

pB = 5,8 × 1010

(a.u.). When the current decreases to I = 2 kA, the output of α
particles decreases in this case to 3.6 × 1010 (a.u.).

Further, in more detail we present the PiC simulation results
for the following NVD mode with the anode radius RA = 0.5 cm
(Figure 5). As earlier, Figures 5A, B show A–C geometry for the
anode space of the NVD with oscillating ions, and the potential
well, correspondingly. Energy changeing of selected groups of
ions over time during their oscillations in PW is shown in
Figure 5C.

The velocities of all particles, including some products of the
pB reaction, depending on their position along the radius are
shown in Figure 5D (“phase portrait”). Here the dynamics of
electrons along the radius and the formation of a virtual cathode
are clearly presented. The emission of electrons from the inner
surface of the cathode (at r = 0.65 cm) under the action of an
applied field is accompanied by their acceleration into the A-C
spaces, where their energy reaches ~100 keV when approaching
the anode. Flying through a “translucent” anode (or a “grid” of
thin Pd tubes attached perpendicular to the end of the anode
around its circumference in a real experiment) at r = 0.5 cm, the
electrons are inhibited during further movement along the radius
to the z axis of discharge up to a complete stop at r ≈ 0.2 cm and
further reversal in the opposite direction, Vr/c > 0. Note, the
phase portrait presented in Figure 5D is the typical one for the
regimes of well-defined oscillations of proton and boron ions at
PW [28]. Comparing the size of the region of almost complete
electron deceleration (Figure 5D), and the region of potential
equalization to values where the electric field accelerating ions
becomes close to zero (at the “bottom” of the potential well,
Figure 5F), it can be concluded that the value rVC ≈ RA/2.
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Well-defined radial ion oscillations (Figure 5A) in a deep and
rather wide potential well (Figure 5B) of VC, during which the
energy of protons and boron ions changes significantly (Figure 5C),
are accompanied by a periodic proton - boron reactions (Figure 5E)
under head-on collisions of ions and the appearance of α particles.
Comparing Figures 5C, E, we see that the maximum number of pB
reactions in time correlate with the moments of maximum energies
of boron ions. The same is observed for the mode with RA = 0.1 cm
and RA = 0.3 cm (Figures 3, 4). Recall that the frequency of ion
oscillations in the potential well is fOSC ~ 1/rVC. Then, since the
dimensions of the virtual cathode differ about five times in the first
and third modes, we see significantly different values of ion
oscillation frequencies there (compare Figures 3B, 5C), and,
correspondingly, a more frequent output of α particles for the
case of RA = 0.1 cm (compare Figures 3D, 5E also).

The number of pB reactions for the mode with RA = 0.5 cm is Nr
pB

≈ 1.05 × 1011. A further increase in the size of the anode to RA = 0.7 cm
at the same current and voltage is accompanied by a deterioration in
oscillations, and the saturation value of Nr

pB will be ≈1.15 × 1011. In
general, it should be noted also that the presence of well-defined ion
oscillations gives the same yield of α particles for noticeably smaller
volumes of the anode space. So, for example, for themode with I = 2 kA
and U = 150 kV, where there are practically no oscillations, we have in
the range RA = 0.1–0.7 cm the number of pB reactions Nr

pB ≈
2.1× 109–3.2 ×1010.

Thus, the difference in the oscillation frequencies of protons and
boron ions makes an important contribution from reactions not only on
the discharge axis, but also in the entire volume of theNVD anode space.
With an increase in the radius of the anode, the number of pB reactions
for a fixed time tinput ≈ 20 ns of the energy input increases. But with a
further increase in the RA (and VC radius also, Figure 5F), the frequency
of ion oscillations will further decrease also, and the number of
oscillations during the time of voltage applied tinput will be less and
less. That is, in general, protons and boron ionswill collide less often even
in the entire anode volume, especially at the periphery, and as a result, the
total number of reactions reaches some saturation at RA ≥ 0.7 cm. The
number of pB reactions for the selected values of RA is shown in Table 1,
where the saturation trend noted above for Nr

pB is traced.

FIGURE 4
Mode with anode radius RA = 0.3 cm: (A) Geometry A–C and oscillating trajectories of selected groups of protons (index r) and boron ions (y) in the
anode space during t = 30 ns; (B) Energy change of selected groups of protons and boron ions over time during ions oscillations (C) Potential well of the
virtual cathode at themoment of time t = 10 ns; (D) The number of pB reactions from PiC simulations over time (a.u.). The icon insert shows the change in
the total number of pB reactions over time.

TABLE 1 The number of pB reactions (a.u.) obtained by PiC simulations for
different radii of the anodes during 20 ns under the length L ≈ 1–1.5 cm of
potential well with fusing ions.

RA, cm 0, 1 0, 3 0, 5 0, 7

Nr
pB 1, 9 × 1010 5, 8 × 1010 1, 05 × 1011 1, 15 × 1011

Frontiers in Physics frontiersin.org06

Kurilenkov and Andreev 10.3389/fphy.2024.1440040

https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1440040


4 Concluding remarks

Thus, even in an extremely suboptimal anode configuration, in the
first experiments on the aneutronic pB fusion in one miniature device it
was still possible to register a certain yield of α particles [19]. PiC
simulations for the real A–C geometry showed that the total observed
yield of α particles was accumulated, apparently, due to single
convergence of protons and boron ions to the discharge axis with

each shot, and their oscillations for the anode-cathode geometry used in
the experiment [19] are practically absent (see also [33] for some details).

Qualitatively, PiC simulations show that the number of the pB
reactions at anode space of nanosecond vacuum discharge increases
with the anode volume grow, and in the range RA ≈ 0.1–0.5 cm the α
particles output is proportional to VC radius or the value of anode
radius (Table 1). However, with a fixed time of high voltage applied
and magnitude of the energy input, the number of pB reactions can

FIGURE 5
Modewith anode radius RA = 0.5 cm: (A)Geometry A–C and trajectories of selected groups of protons (index r) and boron ions (y) in the anode space
during t = 30 ns; (B) Potential well of the virtual cathode at t = 10 ns; (C) Energy change of selected groups of protons and boron ions over time during their
oscillations; (D) Velocity all particles, including pB reaction producs [19], depending on their position along the radius. The virtual cathode is forming in the
region r ≤0.25 cm as a result of the deceleration and acceleration of electrons in the anode space; (E) The number of pB reactions over time fromPiC
simulations (a.u.); (F) The potential change along the radius for three fixed values z = 2.0, 2.5, and 3.0 cm on the discharge axis at t = 10 ns. The insert
shows the change in the total number of pB reactions over time.
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start to reach some saturation due to increasingly rare collisions with
an increase in the anode volume along the radius. However, in this
case a further definite increase in Nr

pB may be due to an increase in
the length L of the potential well with pB fusion along the
discharge axis.

Thus, we may conclude that scaling of pB synthesis when
changing the size of the virtual cathode differs significantly from
the same scaling of DD synthesis in NVD. Nevertheless, in the
planned continuation of experiments on pB fusion in NVD, it is
possible to hope to obtain two to three orders of magnitude higher
yield of α particles than in the first experiments [19] for the
discharge regimes like presented in Figure 5. Also, if the high
voltage applied in the NVD is increasing, for example, to U ≈
150 kV, we can somewhat approach the energies of proton and
boron ions to the first resonant peak of pB reaction as well as to the
main resonant peak of the pB reaction at 675 keV also, that will
increase slightly the output of α particles.

We emphasize that for each selected diameter of the anode in the
NVD, the maximum values of α particle output, when well-defined
ion oscillations in the PW are realized, can be obtained for specific
and different values of current and voltage, which means that the
discharge energy will change. Therefore, comparing the values of
Nr

pB for different NVD modes and electrode geometries, it is
necessary remember that the “price” of the resulting α particles
in Joules may be different.

We add that a further increase in RA may lead to a weakening of
the role of VC, a decrease in the depth of the potential well and an
increasing influence of the real cathode (more precisely, an increase
in the role of vertical cathode wall, at z ≈ 3.9 cm, with an increase in
RA, Figure 5A). Nevertheless, in such a hybrid mode, as shown by
the preliminary simulation for anode radius RA = 1.5 cm, a fairly
noticeable number of pB reactions will also take place, but the
features of ion acceleration and ion dynamics will generally change
greatly. The surprising specifics of the hybrid mode will require a
separate study and discussion.
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