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ABSTRACT

The results of experimental studies of energy fluxes released during the diode
target blow-up initiated by a high-current relativistic electron beam are
presented in the paper. The energy of target explosion products required for
realization of the observed diode structural elements deformation is being
estimated. Measurements of the target explosion products parameters and
finite-element modeling of the mechanical deformation of the cathode system
elements show an energy release during the target explosion that far exceeds
the energy input.

1. Introduction

Nuclear fusion reactions are the most abundant source of
energy in the universe, fueling stars and galaxies, and
generating all elements heavier than hydrogen and helium.

However, recreating this process on Earth is currently a
resource-intensive endeavor and remains primarily a scientific
pursuit rather than an industrial technology. The most
successful methods to date involve thermonuclear projects
using tokamaks and superpower lasers ([1]-[2]), as well as
inertial confinement using pulsed beams, such as the Sandia
Z-pinch [3]. Another approach, inertial electrostatic
confinement [4] with virtual electrodes (see, [5-6]), is capable
of producing fusion reactions but is less energy-efficient than
laser fusion.

In the Proton-21 laboratory, progress in solving the
problem of inertial nuclear fusion has been made by applying
the principles of self-organization and control of complex
systems using high-current relativistic diodes. The latest
Proton-21 facilities use a driver structure similar to the Sandia
Z-pinch, but with a significantly lower initial energy (of the
order of 30 kJ) and a special design of the target and reactor
[7,8] design to simulate fusion reactions that occur in

collapsing stars and supernova explosions [9,10].

The basic elements of the concept of controlled self-

organizing fusion were published in a book edited by S.
Adamenko et al [7 as well as in papers [11]-[19].
To date, since 1999, Proton-21 has accumulated a powerful
database of experimental results, some are described in [7] and
[22]-[25], and the facilities themselves were protected by an
international patent by S. Adamenko [8].

The first units developed in the laboratory (units of RVD
type) were created on the basis of plasma opening switch.
They were able to produce electron beam pulses with
durations of up to 40 nanoseconds, with the electron energy
reaching up to 500 keV, and with the energy of electron beam
during the pulse as high as hundreds of joules with the energy
in primary capacitive storage up to 5 kJ.

When the electron beam impacted the target anode, it
initiated a nonlinear density wave that moved from the surface
to the optical center of the target with hyperbolic growth blow-
up mode. This caused the explosion of the target in the central
region, with the products scattered in all directions at high
velocities of about 10° cm/s or more.

Experiments in the Proton-21 laboratory were always
accompanied by online and offline measurements, including
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voltage and current pulses in the diode, radiation in the optical
range, as well as X-ray and gamma-ray radiation.

In the offline mode, for example, track [7,22-23] and mass
spectroscopic measurements were conducted [16].

During the experiments at these units, the first results on
self-organizing nuclear fusion in targets (anodes) made of
various materials were obtained, and fusion products of both
light and heavy elements were studied experimentally
[7,20,25]. The mass of the target involved in the fusion
processes in these experiments did not exceed a few
milligrams.

The next two units of Proton-21 laboratory, SING and ShAD
with 30 kJ up to 55 kJ in primary energy storage, were
designed to sequentially increase target mass and energy
release in fusion reactions initiated by the impact of a high
current pulsed electron beam on the target surface.

An increase in the mass of the target involved in the
synthesis was possible to achieve both by increasing the power
of the units, and accordingly, the energy of the pulsed electron
beam from values of about kJ in SING to values of about 10
kJ in ShAD, as well as by increasing the radius of the target
while maintaining the critical current density on the target. At
the same time, in ShAD, the mass of the part of the target
involved in the synthesis approached values of the order of a
gram.

In each experiment using the last generation units in the
result of the impact of an electron beam with energies up to
10 kJ towards the surface of a target with a radius of
millimeters, the energy release processes were initiated in
blow-up mode (on blow-up mode, see, for example, [7,16,21])
and an explosion occurred in the central region of the target.

The anode-target explosion products and energy fluxes were
dispersed from the central region and were observed by optical
methods including: Doppler’s spectral line broadening, time-
of-flight method and high shutter speed recording of the
explosion process and product dispersal.

The measurements trace the velocities of the product
dispersal speed with values of the order of 107 cm/s. The
products of target explosion deformed the cathode system.
This mechanical work of deformation was estimated as a result
of mathematical modeling of the explosion products’ pressure
pulses impact on the cathode system.

Both simulation results and optical measurements lead to
explosion product flux energy estimations in values of the
order of hundreds of kJ.

The paper presents the results of these studies showing high
energy efficiency of Proton-21’s Q units (ratio of energy
released in the process of target detonation to the primary
storage energy), which is higher than 10.

2.0n the general concept of nuclear fusion
control in the anode of a high-current diode

In the first Proton-21 installations, a controlled collective
synthesis was achieved in a target made of various materials
and register the transmutation of target nuclei into a wide
range of newly formed elements in macro quantities (about a

milligram of elements resulting from transmutation at the first
installations). The block diagram of the latest modifications of
the installations (ShAD type installations) is shown in Fig. 1.
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Fig. 1. Block diagram of the ShAD installation. Areas for
measuring currents and voltages in the installation are marked.
The energy of the Marx generator capacitive storage (about 30 kJ,
the potential difference across the capacitors Uy is less than 100
kV (usually about 65 kV).

(1) The voltage at the output of the pulse storage Us is about 950
kV.

(2) The beam current in the diode for different experiments was on
average from 250 kA to 400 kA (beam energy is about 12 kJ).

(3) The current at the diode output after the target explosion was
about MA and higher (current energy is about 100 kJ).

(4) The energy flux of particles and radiation from the explosion
region is about several hundred kJ.

As shown in the block diagram, a high voltage pulse is applied
to the vacuum gap of the diode's plasma cathode-anode system.
The distance between the cathode itself and the anode consists
of the region occupied by the plasma moving in the gap and
the contracting vacuum region.

The active resistance of the vacuum gap of the diode at
the beginning of the process is large (a value of the order of a
thousand ohms and eventually drops to zero when the gap
disappears), and the resistance of the plasma conductor grows
from zero to a maximum value, which is equal to the resistance
of this plasma conductor with a length equal to the initial gap
between the cathode and an anode.

The current pulse is determined by the high voltage pulse
across the diode and the diode impedance as a function of time.
Obviously, the diode impedance is controlled by the
temperatures of the background and discharge plasma and the
time of their appearance in the cathode—anode gap. The
imaginary part of the impedance depends nonlinearly on the
characteristic times of the process and is controlled by the
shape of the voltage and current pulses. The current in a diode
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is determined by the modulus of its impedance.
A typical diode impedance versus time is shown in FIG.
2, while the corresponding voltage and current pulses in FIG.
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Fig. 2. Typical diode impedance versus time. The active
resistance of the diode is equal to the sum of the vacuum gap
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Fig.3. Characteristic view of the current pulse in the diode,
shown together with the high voltage pulse. The characteristic
shape of the current pulse is determined by: the time shift of the
current pulse maximum from the voltage maximum, the duration
of the current pulse, the duration of the leading edge of the current
pulse, the amplitude of the current pulse. The maximum value of
the electron beam power is about 10"’ Watts
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Fig.4. Characteristic view of the current after leaving the region
of the exploding anode (in the region of the return conductor).
The effect of charge reset effect in a diode with a virtual cathode
is observed [5]. The current amplitude is several times greater
than the current amplitude in the diode and in some experiments
exceeded 2.5 MA. The current energy for the entire time after the
explosion reached 100 kJ, which exceeded the energy (about 30
kJ) contained in the primary storage

The necessary conditions for synthesis in the target are
achieved under the impact of an electron beam on the surface
of the target anode. When a pulsed electron beam is focused
on the anode-target surface, the beam electrons penetrate into
the material to a certain depth in  mkm
ls(UkV,p)zkw,,( j)0.6 U p", which depends on the density
p of the anode substance in grams per cubic centimeter, the
electron energy corresponding to the potential U,, in
kilovolts and depending on the current density
03<k,,(j)<1 (k,(j)= 1 at low current densities and
k., (j)= 0.3 at high current densities).

Thus, it can be assumed that a drift space is realized
between the anode surface and the surface near which the
electrons stop inside the target. Electrons flying into this layer
form a potential distribution with a minimum in a certain
region (virtual electrode region) and beam electrons appear,
reflected from this region.

The dynamics of the energy flow of the electron beam and
the potential distribution in the anode under the action of a
high voltage pulse is determined by the parameter
q, (UkVajMAap) ~ 177.9K: 1 v (Z)U/:://ﬁ (t)p_z .

If the current density j,,, (t) in mega Amperes per square
centimeter on the target and the electron energy at time t;
satisfy the condition g>q1, then a system of virtual electrodes
appears near the anode surface, in which the driver energy
accumulates up to a certain time t; in the voltage drop interval
external impulse. This moment of time is determined by the
condition q<qeo [5].

The critical values q¢r1 and qer2 decrease with an increase
in the resistivity p, of the target anode material
approximately by the relations ¢, =k,16/9, q.,,=k,8/9,
ko ~exp(-ap,) [6].

Thus, after the accumulation of energy of the pulse action
in the target body, a nonlinear density wave is initiated and
evolves, moving from the surface to the optical center of the
target ([7]) in the implosion mode with sharpening (see Fig. 4).

There are some qualitative differences between a nonlinear
wave in the concept of self-organizing fusion and in the
scheme of inertial synthesis.

In the concept of coherent inertial fusion, the wave front is
in a coherently correlated state and naturally separates the
regions of the “fuel” entering the wave and the combustion
products remaining behind the trailing wave front.

With a sufficiently rapid increase in the power of the driver
action on the target surface, the dynamics of plasma-field
structures occurs in the blow-up mode [21,16], in which the
density of the structure grows in a self-consistent explosive
manner under the conditions of electron collapse [28] and in a
coherently correlated state [14].

This quasi-potential structure resembles the Bussard-
Farnsworth reactor of inertial electrostatic confinement [4],
transferred to a highly non-stationary regime of a plasma-field
structure moving with self-increasing energy towards the
center of the target [7,13].
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Fig. 5. Nonlinear wave propagating from the surface to the
optical center of the target in the implosion blow-up mode. The
wave front has a fractal structure [7,13] in a coherently correlated
state, through which the substance of the medium is filtered and
new nuclei are formed at the trailing wave front. The estimates for
density of nonlinear wave were performed in the hydrodynamic
approximation using the Lagrangian particle method.

High accelerations at the wave front in the blow-up mode
implosion lead to the fact that the interacting particles in the
region of the wave front end up in a coherently correlated state
(CCN). In a coherently correlated state ([14],[27]), at the wave
front, already on the way from the surface to the center of the
target, conditions are created for suppressing the Coulomb
barrier and for fusion to occur during the dynamic interaction
of all particles with each other at extreme electron densities
and accelerations in large volumes of the wave front in a solid
target, similar to fusion reactions in collapsing stars [9,10].

The complexity of nuclear fusion technology is due to the
fact that at relatively low energies of interacting particles, the
probabilities of fusion processes and the transparency of the
Coulomb barriers ~ exp(—ZSL,ﬁ» / h) turn out to be negligible
values due to smallness of Planck's constant 7 .

In non-inertial systems with an explosive growth of
accelerations, an explosive growth coefficient of coherence
and correlations «,, at the phase space takes place, such
systems become coherently correlated, and rapidly growing
accelerations are accompanied by the appearance of an
explosively growing factor multiply with Planck's constant.

For estimates, we can accept the fact that the properties of the

CCS can be understood by introducing the effective Planck

=h; [14] in accordance with the

1-x

constant heff

Schrédinger—Robertson relations.

Considering that in estimates of the probability of processes
involving the Coulomb barrier, the constant appears in the
exponential, it becomes clear that the probability of synthesis
in the CCS can be increased by tens of orders of magnitude. It
was shown in [7,18, 19] that the analysis of a dynamic system
formed by particles of a substance involved in a nonlinear
wave leads to a general conclusion about the existence of the
possibility of initiating self-organization processes in this
system, which results in the synthesis of a spectrum of
elements as a result of the “life activity” of the evolving
system on the way from its inception to its collapse.

The abundance of elements in the synthesis products
depends on the degree of nonequilibrium and correlations in
the synthesis process. The features of the spectrum of
synthesis products are clearly manifested if the elements of
synthesis are arranged in descending order of their prevalence.
The resulting distribution has a degree-like form of the Zipf-
Mandelbrot law with the spectrum index s, similar to the
spectrum abundance of elements under collisions of heavy
ions [29]. Distributions of this type in multifragmentation can
follow from the non-extensive Tsallis statistics [28].

After averaging the binding energy of the fusion products
over the distribution function, the dependence of the average
binding energy per nucleon on the index of the product
spectrum (see Fig. 6.)

sB,MeV/nuc

N W A W N N

Fig. 6. The dependence of the average binding energy per
nucleon on the index of the product spectrum s (top). Typical
Zipf-Mandelbrot distribution for the abundance of synthesis
products from the experimental results of optical measurements
(bottom)
On the Fig. 6 also shows (bottom) the Zipf-Mandelbrot
distribution of the abundance for the products of the synthesis,
obtained from experimental data (the data corresponds to the
index s =1.22). For most experiments, the value of the index
lies in the interval 1.2<s<1.5
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The number of nucleons involved in the fusion process is
determined by the target mass and driver parameters, and their
typical number in experiments at our facilities lies in a wide
range from 10'° to 102!, For typical targets made of boron,
titanium, and lead, the average energy yield of reactions is
hundreds of KeV per nucleon, so the total energy yield in our
experiments lies in the range of megajoules. The results of
studies on the shell structure of nuclei [30] and the fractal
structure of nuclear matter [31] at densities lower than the
density of nuclei under normal conditions can be used to
explain the existence of superheavy stable elements in theory
and experiments [7,32].

In such a case, in order to produce sufficient power output, the
fusion fuel elements do not have to be the lightest elements.
Fuel can be almost any material.

One of the accompanying phenomena of coherent
synthesis is a significant decrease in the radioactivity of the
reaction products with initially radioactive targets. This can
provide a means to decontaminate radioactive waste and, more
generally, to convert virtually any toxic or unusable material
into sustainable and safe items.

3. The SING unit and mathematical modeling of
deformation of its cathode system

The SING unit has become the result of the development of
RVD type units, shown in Fig.7

Fig.7. Sketch of SING unit with plasma disconnectors and diode

A cathode system (electron beam source) and a target anode
are located in the vacuum chamber (see Fig. 8). The cathode
system consists of a copper rod on which a piece of plastic
tube (PT) is put. The anode is made as a metal cylinder. 3 mm
in diameter with a rounded end.

Karon
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Fig. 8. Diagram of PT arrangement in diode and a picture of
initial PT

The SING unit’s capacitive storage has a capacity of 1.875
WF and is usually charged to a potential difference of no more
than 70 kV, i.e., the initial stored energy is about 50 kJ. The
energy of explosion products, flying out from the center of the
target is clearly manifested by mechanical effect produced by
their short impact on the structural elements and, in particular,
on PT, which is being turned inside out on the cathode rod by
this impact. The energy required for this is evaluated in the
result of mathematical modeling of these processes by the
finite element method [26].

The main evaluations were obtained for the PT model in the
elasticity approximation of its shape change processes within
the framework of mechanics of a deformable solid body.

For polymers at high loading rates and at amplitudes of
force impact that do not let to viscous or brittle destruction
elastic types of deformations are typical [33]. The plasticity
mechanisms of polymers develop at sufficiently long exposure
times (of the order of seconds and longer), and at force loading
during the time of the order of microseconds and sufficiently
large amplitudes, the stiffness of the material increases and,
consequently, the energy required for deformation increases as
well. It is claimed [34-35] that a polymer even in in liquid state
can exhibit elastic solid body properties with high strength
when is subjected to a short-term load.

From the duration of electromagnetic processes in the
diode and the determination of the time of the substance flows
impact on the PT, it follows that the duration of the force
impact on the tube is not more than 2 microseconds, i.e. the
load is short-term. This testifies in favor of elasticity of the
model, in which elastic processes would not have time to be
realized, and consideration of elastic processes would lead to
the need for even higher values of energy impacting on the PT
within its same final states.

The flows of the substance acting on the tube were
simulated by applying unsteady pressures to the finite element
tube model surfaces, which were subjected to such influences
according to the location of the PT in the diode (Fig. 8).

In the calculations we used data on composition and
velocities of particle flows obtained from optical spectra.

The front of pressure pulse on PT is formed by a flux of
light elements and elements with middle atomic masses.
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Fig. 9. Typical shape of pressure impulse on PT

Following these elements, next to approach the surface of
a tube are heavy elements which then form the maximum
pressure.

The flows of heavy elements are propagating near the PT
surface in the medium formed from earlier approached flows,
wherein the pressure is damped and the curve of the pressure
on the tube surface drops at the final stage. The duration of this
process is less than 2 microseconds and front about 100 ns.

In conditions of diode chamber and electromagnetic fields
formed in it the fluxes of particles with different masses form
two impacts - to the end face of the tube and to the inner
surface of the tube.

The lighter elements reach the surface of the tube along
curved trajectories, while the heavy ones along almost
rectilinear paths. During the time of about 1.5 microseconds
the hydrodynamic pressure pulse of 9 GPa consisting from
components of heavy elements is formed at the end of the tube.
At the same time, depending on the experimental conditions,
almost all studied components find themselves in the region of
the tube's cavity.

Upon reaching the change of PT shape in the model
which is well consistent with the deformations observed
during the experiments, the process of minimizing the
received PT energy took place. For this purpose, the initial
configuration of the loads was subjected to variations in which
a decrease in the acquired PT energy preserved the type of
deformation under consideration.

In the elastic approximation, there is no energy
dissipation and during the exposure the energy of the tube
consists of two components - deformation and kinetic. The
kinetic energy of the tube is the energy of motion of its
constituent parts irrespective of whether the center of mass
moves or rests.

Comparison of PT shapes after exposure in the
experiment and results obtained in the simulation are shown in
Table 1.

The right column shows the minimum flow energy values
required to achieve the appropriate PT shape.
In the course of dispersal, the fluxes of heavy elements

have almost isotropic nature of dispersal and, consequently, a
fraction of this flux corresponding to solid angle of the tube
from the initial product dispersal sphere enters the tube cavity.

Table.1. Comparison of experimental and simulational final
states of PT

PT states in the

experiment

-

PT states by simulation kJ

10.7

16.4

18

32

54

According to the measurement data, heavy elements
account for ~2/3 of the optically measured fraction of the
energy of the explosion products flux, so we can simply
estimate that the energy delivered to the tube, taking into
account the solid angle of the tube end, is 2.4 times less than
the flux energy. Thus, in order for 40-50 kJ to be delivered to
the tube region, as previously estimated, it is necessary for
about 90-120 kJ to be released in the explosion region.

The use of plasma opening switch in the SING unit
allowed to obtain the conversion of only a few percents of the
energy of the capacitive storage into the energy of the electron
beam, and the energy efficiency according to the evaluation of
the cathode system deformation results in values in the range
from 2 to 3, at the same time the released energy in relation to
the driver (electron beam) energy turns out to be quite high
and can reach values of the order of 10?



The issue name 2023; X(X): XX-XX 7

4. ShAD unit and target explosion energy

In order to increase unit’s and explosion energy’s stability, the
ShAD unit was designed with high voltage pulse amplitude
greater than MV and currents of the order of 200 to 300 kA
based on a DFL. A sketch of the ShAD unit is shown in Fig.
10.

High currents in the unit allow to obtain critical values of
current [36] on the surface of the target with radius in a few
millimeters and, therefore, capture a sufficiently large mass of
matter in a non-linear wave to the center [7]. The explosion is
initiated in the central region of the target, and products of its
explosion are flown in all directions with velocities of about
107 cro/s.

Un kV.Ip. kA
1000F

800}
600
400}
200}

t. ns

0 20 40 60 80
Fig.10. Sketch of the DFL and diode of the ShAD unit. Typical
oscillograms of current (lower curve) in the electron beam and

voltage (upper curve) on the diode (experiment number 41317) on the
bottom.

The velocities of explosion products were measured using

optical methods:
e Using Doppler’s spectral line broadening

e By recording the time of reaching the optical
radiation of three points located at different

distances from the explosion center

In addition, optical imaging of the explosion process was
carried out.

In processing the measured optical spectra standard spectral
line contours were used [37,7]. An example of the optical
spectrum from the explosion region is shown in the figure in
Table 2.

Table 2. Composition of dispersed flows from the center of
the plumbum target and the optical spectrum used to
reconstruct ion numbers and their velocities for experiment
41250

Element | 107cm/s %

H 2.15

C 0.263 1.48

B 0.742 0.72

Na 0.524 1.38

Al 0.222 2.03

Ca 0.540 1.84

Ti 0.442 1.56

Cr 0.251 0.56

Mn 0.321 2.26

Fe 0.501 5.74

Cu 1.040 10.39

Zn 0.525 8.67

Hf 0.402 0.89

Pb 0.914 60.34
I
0.8
0.6
0.4

i | N%MJ%

A.nm
300 400 500 600 700

At first, an operation to exclude the contributions made
by instrumentation function of the device was performed, the
data on which were obtained in the result of the mercury lamp
spectrum measurements. Then the measured spectrum was
decomposed into its components, i.e. into separate spectral
lines. During the processing, the width and shape of the line
were varied until an optimal concurrence between the total
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contour of spectral lines and experimental points was reached.
The results of measurements of the composition of the
dispersed fluxes in the experiment with a hafnium target are
presented in Table 2.

The average particle velocity of this flux during this
experiment obtained using the Doppler’s line broadening of
the optical spectrum was about 6. 10° cm/s. In the experiments,
the flux velocities vary, but mainly lie in the range from 2.0
10° cm/s to 1.9 107 cm/s.

The velocities of the dispersed flows were also estimated using
the time-of-flight method, which showed values close to those
obtained by Doppler’s broadening.

The radiation from the given points was recorded using a
monochromator (see Fig. 11) and knowing the distance
between the measuring points and obtained time intervals of
the optical signal appearance we get the velocities of the target
explosion products flux propagation.

0.5 "

Intensity (Arbitrary Units)

00 T T T T
0.5 Lo L5 20 2.5 30

Time (ps)

Fig. 11. Intensity of the light registered using a monochromator
(NP250-2M) at different points and calculation of the target
explosion products velocities.

u1-2=0,9cm/0,379us=2,38*10°cm/s;
u13=1,8cm/0,750us=2,40*10°cm/s;

u2-3=0,9cm/0,37 Lus=2,42*10%cm/s.

A small part of the explosion product fluxes at the flyout
from the target center (proportional to the cathode element
solid angle) interacted with the cathode elements and
performed mechanical work to deform it.

Figure 12. shows typical states of the cathode - anode
system before and after the explosion in the area of the target
center.

Fig. 12. Sketches of cathode - anode system before explosion (left)
and after explosion (right). The cathode-anode system as
part of the unit is shown in the sketch, see Figure 4.

The key role in the transparency of the medium for optical
observations is played by Rosseland free path for the light

quantum in the medium [38]:

480272
10227772 1
lp 27 1.3(22 + Z)
4.4(1+2)"

where 7 is for plasma temperature in degrees, z is for degree
of ionization of atom emitting a quantum of light, » is for
density of ions in the medium of quantum propagation, one of
three possibilities after the curly bracket represents features of
realizations of light absorption in the medium (free-free
transition of photons, single ionized, multiply ionized atoms).
If the medium's size exceeds the value of the Rosseland free
path for the light quantum emitted by the atom, the quantum
is absorbed by the medium and an optical device, of course,
does not register it.

The ion density for the spherical expansion approximately
decreases quadratically with the radius. Optical measurements
in our experiment integrate the whole process from the
beginning of the explosion to the moment of contact of the
expansion sphere with the walls of the diode chamber. In the
course of this process the ion density decreases to the limits
determined by the maximum possible radius of the expansion
sphere. For the initial moment of the dispersal we obtain
Rosseland free path, which is negligibly small in comparison
with the radius at which the process is observed — such
radiation cannot be recorded.

The ratio of the energy Eo, contained in the transparent layer
to the energy E, of the exploded layer with energy
approximately uniformly distributed on it will be equal to the
ratio of the volumes of these layers. In the present case the
energy of the explosion is greater than the one observed
optically and E/ E is in the range from 300 to 3000

| cts Cursor: -0.119 (@ cts) ke'

o 2 6 8 10 12 14 16
Full Scale 15252 cts Cursor -0.190 (0 cts) ke

Fig. 13. Macroscopic accumulations of Au (top) and Yb and Y
(bottom elements on the target’s remnants after the explosion of a
hafnium target. A picture taken from the electron microscope on the
left, the corresponding sections of the X-ray spectrum on the right.
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The explosion processes in the diode were also recorded
using high-speed CCD-cameras. From the obtained images it
was possible to estimate some representative times of the
processes: it took about 50 nanoseconds for expanding cloud
which was formed from the explosion of the target to pass
through the gap of 1 cm, and the copper cathode elements
bending took less than 500 nanoseconds.

Although the main efforts in the facilities have been made
to recording the explosion energy and thorough analysis of
fusion products (as in the case of low-power RVD-type
facilities), fusion products in the form of rare elements had
also being registered (see Fig. 13), which indicates the
processes in the target at the nuclear level.

Taking into account that the mass loss during explosion
from different experiments ranges from 0.1 g to 0.9 g, and the
velocity of this mass is in the range (0.5-1.9) 107 cm/s, the
target explosion products energy can be estimated in the
average value from 300 kJ to 1 MJ

5. Conclusion

Experiments on nuclear fusion in high-current diode
targets in Proton-21, which were started at small units with
electron beam energy about 0.1 kJ and with target masses
about 10 milligrams [25] were continued at units with beam
energy about 10 kJ and with target masses about grams.

In experiments at such low-power units, fusion products
in a wide range of nuclear masses were recorded [7,25].

At the high-power SING and ShAD units, it was possible
to reach the release of energy during an explosion, that
occurred in the center of the target after the processes initiated
using electron beam on its surface.

The primary storage energy at the input of the SING and
ShAD units ranged in 30 kJ-55 kJ, and the explosion energy
released in the target center, estimated using optical
measurements presented in this paper, ranged from 300 kJ to
1 MJ. Thus, the energy efficiency Q of the Proton-21’s units
was brought to an average values in the range of 10 to 30.
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