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Purpose. To study changes in the microstructure of metals after exposure to high-energy plasma jets formed by the cumulation
of gas-dynamic flows in a conical target. To estimate the expected state of matter in a strong shock wave compression, taking into
account the change in volumetric energy density at the moment of transformation of a solid body plasma into nuclear matter.

Methodology. The technique of laser initiation of a profiled front of detonation waves in explosive charges and the correspond-
ing profile of shock waves in materials, methods and techniques for measuring the dynamic parameters of shock-compressed
substances are used.

Findings. An experimental study on the physicochemical state of a substance that has been processed with extremely high pres-
sures and temperatures during compression by converging shock waves in conical targets has been carried out. Scientific results of
physical and mathematical modelling of converging shock waves are analysed.

Originality. For the first time, the formation of symmetric plasma jets during gas compression in conical targets has been ex-
perimentally observed. For the first time, metallo-physical studies on the microstructure of cast iron and steel have been carried
out. These studies were made after the action of high-energy dense plasma jets with a temperature of (2.5—2.8) - 10° K and a pres-
sure 1.12 - 10" arising from the collision of the jet with a barrier. Iron-55 and copper-64 isotopes were found in the cast iron mi-
crostructure near the surface formed by the action of the plasma jet. The main components of the plasma jet were gaseous oxygen,
nitrogen, argon, and atomic iron, copper and gold. The fact of formation of isotopes is the result of nuclear reactions. One of the
main conditions for the implementation of such reactions is a dense high-temperature plasma. It is assumed that under the action
of a strong shock wave in a conical target, in addition to the synthesis reaction, other nuclear reactions with heavy elements can be
realized. The ideas about the expected state of matter in a compression shock wave are presented, taking into account the change
in the volumetric energy density at the moment of transformation of a solid body plasma into nuclear matter.

Practical value. The proposed technique for conducting experimental studies on a shock-compressed substance under the ac-
tion of extreme temperatures and pressures in conical targets using laser initiation of chemical explosives is of practical importance.

The idea of the expected state of matter in the shock wave is also important.
Keywords: explosion, shock wave, conical target, thermonuclear temperature, plasma, isotopes, nuclear reactions

Introduction. The propagation of shock waves in a solid
body is accompanied by physical and chemical changes in the
substance at the microstructural, atomic and electronic levels.
The electrical, magnetic and optical properties of solids
change, phase and polymorphic transitions, the polymeriza-
tion of matter occur. Depending on the intensity of shock
waves and the properties of the initial substance, the structure
and properties of the internal interfaces change, the crystal
grains are fragmented, the valence changes, new phases are
formed, and the density of defects in the crystal structure in-
creases, the internal energy of the crystal and other physico-
chemical properties is growing. One of the main reasons caus-
ing various physicochemical transformations in condensed
media is, in particular, the peculiarity of shock-wave process-
es, which consists in an abrupt increase in pressure in the
shock wave front over times of 10-'—10"'2 s. The physical and
chemical features of the transformations in each of the sub-
stances manifest themselves depending on the magnitude of
the acting shock pressure, which, according to the type of
transformations and the final state of the substance, can be
classified as low, medium, high, and ultrahigh.

Literature review and unsolved aspects of the problem. Of
the greatest scientific interest is the action of ultrahigh concen-
trations of energy (thermal, mechanical, electromagnetic,
etc.) on matter as a factor capable of initiating the complete
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destruction of electron shells [1], the decay of properties of the
substance [2], the formation of dense plasma [3, 4], isotopes
and new chemical elements [5—7] that are absent in the origi-
nal substance.

From the point of view of practical use associated with the
search for new sources of energy, the greatest attention is paid
to the physical processes of the formation of new chemical ele-
ments. For the first time, these effects manifested themselves
in metals as a result of the penetration of microparticles to
great depths [8, 9], superstrong compression of matter by con-
verging cylindrical [10] or spherical shock waves [11, 12], in
studies on the shock-wave initiation of the D-D reaction and
the yield of neutrons in conical targets [4, 13], in experiments
on gas compression in conical cavities [14], and study on the
effect of plasma jets on the metal structure [15].

Achieving high and extreme values of various physical pa-
rameters, obtaining them by simpler methods, in various com-
binations, largely determines the development of many impor-
tant areas of science and technology, especially in the field of
energy and materials science.

At the beginning of this century, articles about the results
of research by the “Proton-21” laboratory of the Institute for
Nuclear Research of the National Academy of Sciences of
Ukraine periodically appeared in the media. Converging
shock waves were obtained in metals when studying an electric
vacuum discharge in a pulsed mode with a duration of the or-
der of several nanoseconds in an anode in the form of a ball or
a cylindrical shape [10—12]. Near the centre or axis, a plasma
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was obtained with a concentration of atomic nuclei exceeding
n> 103 m™. At the same time, the upper estimates of the con-
centrations of nuclei reached values # ~ 10°—10% m3, which
are relatively close to the density of nuclear matter, n, ~
~ 10 m3. Electron bombardment of a copper anode near the
centre of a converging shock wave results in the synthesis of
nuclei of many isotopes of known chemical elements, includ-
ing unknown superheavy elements. The ratio of the energies
released to and put in the pulse reaches 5—7 orders of magni-
tude, which coincides with similar estimates given in [5, 7]. It
is likely that a medium consisting of a dense plasma is neces-
sary for the implementation of such reactions. Despite the
long-term efforts of experimental studies using particle accel-
erators (without the participation of electrons in reactions),
such processes have not been implemented yet.

The fundamental possibility of nuclear transformations at
the point of converging high-energy flows of multiply charged
ions (at the plasma focus) was also pointed out earlier [4, 16,
17]. The short-term and extremely powerful X-ray, light and
gamma radiation observed in [18, 19] were also recorded in
studies on the stability of the microstructure of metal barriers
under the impact of a high-speed flow of microparticles [20].
In [21], the authors found the formation of chemical elements
in the microstructure of a massive iron barrier as a result of the
penetration of metal microparticles into it to depths from sev-
eral tens to two hundred millimetres.

The analysis of research results of the mechanism of ultra-
deep penetration of microparticles into metals and electromag-
netic effects accompanying microparticles penetrating into
metal targets to ultra-great depths [8, 21], the parameters of
plasma jets in closed conical cavities [4, 13], the fundamental
possibility of recycling radioactive materials [22] and low-ener-
gy nuclear transformations [23] makes it necessary to resolve a
physical contradiction. The main contradiction is that the en-
ergy expended is 10°—107 times less than that required for the
formation of new isotopes. Various scenarios of supposed low-
energy nuclear transformations are characterized by such phys-
ical conditions and factors as electron in initiation of nuclear
reactions [24, 25], nuclear fusion [26, 27], electron catalysis (in
chemical reactions) [28], and others discussed in [27, 29].

The effect of gas-plasma jets formed in closed conical cav-
ities on the microstructure of metals was reported in [30], but
the information was inadequate from the point of modern
ideas about nuclear, physical and chemical processes. Accord-
ing to estimates [26], the temperature of the plasma jet is in the
range from 3.4 - 10° [15] to 1.7 - 10° K [31]. In conical cavities
(conical targets), the authors of [4, 12, 13] report a neutron
yield at a level of 10*~10° pulse™'. The formation of isotopes in
the microstructure of metal elements of conical plasma gen-
erators and the possible mechanism of isotope formation have
not been studied.

Thus, the purpose is to study the change in the microstruc-
ture of metals after exposure to high-energy plasma jets formed
by the cumulation of gas-dynamic flows in a conical target and
to estimate the expected state of matter in a strong compres-
sion shock wave, taking into account the change in volumetric
energy density at the moment of transformation of solid-state
plasma into nuclear matter.

Materials and methods. Experimental studies were carried
out at the test site of the State Enterprise Research-Industrial
Complex “Pavlohrad Chemical Plant”. In the experiments,
we use a device that creates high pressure in the material under
study by hitting a metal plate accelerated by the detonation
products of an explosive. In the device, Fig. 1, an HMX charge
with a detonation velocity of 8,590 m/s was used. Adjacent to
the open base of the explosive charge is an initiating layer
made of a photosensitive explosive composite (PEC), the
characteristics of which are studied in [32], as well as experi-
mental PEC samples synthesized on the basis of lead azide.
PECs were used to form a flat profile of the detonation wave in
the explosive charge.

14

Fig. 1. Diagram of an explosive generator that forms a flat front
of a detonation wave in an explosive charge:
1 — steel matrix; 2 — conical target; 3 — cast iron plug; 4 — lead
matrix; 5 — steel plate-striker; 6 — ring; 7 — explosive charge; 8§ —
photosensitive explosive composite; 9 — extended laser beam; 10—
divergent lens; 11 — prism; 12 — mirror; 13 — optical quantum
generator; 14 — laser diode for laser beam alignment

The detonation of the initiating layer of the PEC was carried
out by the action of pulsed radiation from a neodymium glass
laser (laser energy 0.17 J, radiation time 11 - 10~ s at half-height
of the laser pulse maximum; wavelength 1.06 - 10 m). To initi-
ate simultaneously the entire surface of the open base of the
PEC, the laser beam was expanded using a lens [33] to the layer
diameter. The method for forming a plane detonation wave is
reliable. Evidence is a number of positive experimental results
obtained during the formation of plane shock waves in the ma-
terial under study directly by a plane detonation wave front at an
angle of 0° relative to the surface of the material facing the strik-
er [33, 34], or by a detonation wave front sliding at an angle of
90° to the generatrix of the cylinder surface [35], or by the im-
pact of a flat plate accelerated by the products of the PEC explo-
sion [36], including in problems of studying the nature of the
flow of matter behind the front of the bow shock [37].

Devices and methods for accelerating flat strikers by explo-
sion products, methods for measuring the dynamic compress-
ibility of materials [13] were used in the work. Methods are
based on determining the velocity of propagation of shock
waves (D) and the mass velocity of particles behind the wave
front (u) [38]. Methods for increasing the acceleration rate and
registration of flat metal striker plates [39], which create pres-
sures of the order of 1011—1013 Pa and higher during compres-
sion of the substance under study were used as well [40, 41].

The steel matrix with a conical target (as well as the striker
plate) is made of low-carbon steel in the form of a disc 40 mm
thick, 80 mm in diameter. In the disk, on the side of the base
facing the striker plate, a cylindrical cavern is made (15 mm
deep, 30 mm in diameter), having a conical depression at the
base (cone height 3.0 mm, diameter 6 mm, cone opening angle
~90°; apex cone coincides with the axis of the steel sample); the
volume of the cone is 42 - 10 m>. The angle between the plane
shock wave front entering the cone and the generatrix of the
cone, 45°, was within the range of angles 39—55°, correspond-
ing to the angles of irregular reflection of shock waves in air [42].
The physical features of shock wave flows in a cone illustrate
convincingly the results of physical and mathematical model-
ling [43], from which one can see the scenario of the formation
of primary and secondary Mach waves as one of the most sig-
nificant parameters of increasing pressure on substances [44].
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To quantify the metal mass in the resulting plasma jet and
estimate the jet density, gold and copper coatings were depos-
ited consecutively on the inner surface of the conical target,
each layer up to 3 um thick. For this purpose, a WUP-4 vacu-
um post was used. The cylindrical cavern in the sample was
closed with a stopper (thickness 15 mm, diameter 30 mm)
made of ferritic cast iron (iron — 92.261, carbon — 3.06, ni-
ckel — 4.32, sulphur, manganese, silicon and other elements —
0.359 %) with plate-like graphite inclusions. The isotopic and
chemical composition of the elements was determined using a
MI-1201AT-01 mass spectrometer.

One way to increase the gas temperature behind the shock
wave front is to add argon to the gas filling the conical target
(the process was modelled by K. Yakh, 1977). This work uses
not only the idea, but also the methodology for conducting ex-
periments (Gao K., Jach K. & Kaliski S., 1978). The addition
of argon increases the temperature of the deuterium plasma
and the neutron yield by more than 30 times. From the depen-
dences “gas temperature — shock wave velocity” given in [45],
it follows that with a decrease in the energy of the first ioniza-
tion of atoms of inert gases, their temperature increases during
shock compression, Fig. 2. The equations of state for argon and
air are taken from [46, 47]. Data for argon given by V. E. Fortov,
A.A.Leontiev, A.N. Dryomin, V.K.Gryaznov (1976) and in
[48—50] are valid in the pressure range from 1.0 to 4 - 10'° Pa,
temperatures up to 10° K, and n, ~ 10'-3 - 10%' cm™. With
these parameters, developed ionization (a ~ 3) and strong
Coulomb interaction (I' ~ 1072—5.2) are realized. For argon
gas, the speed of sound is ¢, = 308 m/s, the initial density is p, =
= 1.78 kg/m>. The numerical values of the coefficients of the
shock adiabat written in the form D = A + Bu for air (speed of
sound ¢, = 308 m/s, initial density p, = 1.29 kg/m?) are as fol-
lows: A=269 m/s, B=1.046 [13].

When creating the dynamic compressibility and equations
of state of substances, well-known methods are used, given in
the first publications of V.G.Walsh (1955), D.Bankroft
(1955), W.Goranson (1955), L.Altshuler (1958—1962). For
the experimental determination of the dynamic parameters,
the “braking” method described in [51] was used.

An increase in the temperature of the gas filling the cavity
increases the probability of metal ablation from the surface of
the conical target, increasing the density of the jet (A. Ye. Voy-
tenko, 1964, 1966). In addition, when a shock wave reaches
the free surface of a cast-iron plug adjacent to the base of the
conical cavern, a finely dispersed fraction of particles is ejected
from the surface of the plug into the conical cavern [52]. Al-
though this effect (except for the studied particles with a size of
1 um or more) does not yet have data on the magnitude of the
flow mass as a whole, the contribution to the increase in the jet
density can be noticeable.
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Fig. 2. Dependence of gas temperature change on the velocity of
the shock wave front

Research results. The change in the state of matter after
shock compression is described using the laws of conservation
of mass, momentum, and energy [51]. Applying these laws, the
thermodynamic properties of a substance are expressed, in
particular, in the form of a one-parameter kinematic depen-
dence D, =f(u), where Dy, is the shock wave front velocity, u
is the mass velocity of matter particles behind the shock wave
front. The values of the coefficients 4 and B are found in the
equation D, = A + Bu, which relates the velocity of propaga-
tion of the shock wave and the mass velocity of particles be-
hind the wave front. For cast iron, having a density
po = 7,683 kg/m*, A = 3,859; B = 1.566; for steel (density
Po = 7,850 kg/m?) A =3,816; B=1.578.

The speed of the steel plate at the moment of impact on
the cast-iron plug was 10,450 m/s. Insignificant differences
between the coefficients A, B for cast iron and steel can be ne-
glected when estimating the pressure at the collision boundary
(plate — plug) and the mass velocity of particles behind the
shock wave front. In this case, when an incoming steel plate
strikes cast iron, the mass velocity of particles behind the
shock wave front will be equal to half the velocity of the plate,
i.e., 5,225 m/s. The speed of the shock wave front in a cast-
iron plug is D, = 3,859 + 1.566 - 5,225 = 12,041 m/s. The cal-
culated pressure in the plate will be 4.94 - 10" Pa, in the plug —
4.83- 10" Pa, i.e. the indicated values differ by 2.3 %.

Estimation of the temperature during gas compression by a
metal piston entering a conical cavity was carried out using the
methods proposed in [6, 26, 31]. The estimates of the tem-
perature of the compressed gas, the plasma jet, and the pres-
sure of the jet on a metal barrier did not take into account a
number of effects, such as the contribution of equilibrium ra-
diation to the total thermodynamics of matter at the tempera-
ture 7= 107 K, relativistic effects, which become important at
a temperature of the order of 100 keV. When a flat front of an
incoming shock wave propagates with a velocity of
Dy, ~ 13 km/s, the temperature of argon behind the front in-
creases to 3,700 K, and of air, to 16,000 K, Fig. 2. We will call
such a rise in temperature the first shock wave and an increase
in the temperature of the medium.

The second temperature jump behind the front of the pri-
mary Mach wave, the formation of which is typical for devices
with cylindrical symmetry [53], has physical features. In de-
vices that are conical targets [13, 14], wedge-shaped cavities
|4, 54], or known designs of Voytenko generators [15, 45], ir-
regular reflections of shock waves occur with the formation of
a three-wave shock configuration in devices with cylindrical
symmetry of elements (G.A.Adadurov, S.S.Batsanov,
O.N.Breusov, A.A.Deribas, A.N.Dryomin, S.V.Pershin,
A. M. Staver (1965—1979).

A rough estimate of the pressure of the plasma jet on the
steel barrier will be obtained using the expression given in [42]

P=4/3(pv?),

where p = 15,300 kg/m? is plasma jet density; u = 23,400 m/s is
jet speed.

The jet pressure on the barrier is P = 1.12 - 10" Pa. The
order of magnitude of the pressure that occurs when the jet
hits the barrier gives reason to assume that the media in the
impact zone were in the state of a degenerate gas [42]. The
well-known heat capacity formula for a degenerate electron
gas is used to estimate the temperature. Due to the fact that the
density and atomic weight of the jet had estimated values,
then, accordingly, the temperature values will be in a certain
range of values (2.5—2.8) - 10° K.

Studies on shock-compressed metals were carried out two
hours after the explosive impact. A steel target with a cast-iron
plug was cut along the axis. Cavities formed in the plug and
target, which, relative to the top of the conical depression, co-
incided with the axis of the depression, but were oppositely
directed, Fig. 3, a. The only reason for the formation of sym-
metrical cavities is the action of high-temperature plasma jets.
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Fig. 3. Diagram of the proposed shock-wave flow in a conical target:
1 — steel sample with a conical target (2); 3 — cast iron plug; 3a — direction of motion of the plug surface; 4 — cavity (crater) in a steel sample;
5 — cavity (crater) in a cast-iron plug; 6 — incoming wave front (1S); 7 — primary Mach wave (MS1); 8 — reflected wave (RS); 9 — secondary
Mach wave (NS2); 10 — plasma focus (PF); 11, 12 — symmetrical plasma jets

The diameter of the cavity formed by the action of the jet in the
cast-iron plug noticeably decreases towards the lower base.
This is owing to the fact that after the completion of the jet ac-
tion, the filling of the conical target with the plug material
continued for some more time.

Taking into account the results of similar studies and nu-
merical modelling of converging shock waves presented in the
works by A. Voytenko, V. Belokon, S. Anisimov, G. Romanov,
E. Popov, 1. Lomonosov, 1. Sokolov, V. Fortov, A. Charakh-
chyan, S. Kaliski, K. Yakh, H. Derentovich and many other
specialists, a simplified diagram of the expected way of the in-
teraction of shock waves in a conical target is shown in Figs. 3,
b, c d,e.

Fig. 3, b shows the start of shock wave propagation from
the iron-gas interface and the direction of movement of its
front in the gas. Behind the wave front, the density, pressure,
and temperature of the gas increase abruptly. The conical tar-
get in this case can be represented as a part of the ball bounded
by the surface of the cone. The base is the base of the segment,
and the top is the centre of the ball. After the wave front is re-
flected from the iron-gas interface, a dilution wave propagates
in the plug, and at this moment the plug material begins to
move, flowing into the conical cavity.

Configuration as a result of irregular reflection of the front
of the incoming shock wave from the side surface of the coni-
cal target. As a result of this interaction, a configuration is
formed consisting of an incoming wave (IS), a reflected wave
(RS), and a primary Mach wave (MS1). The pressure in the
Mach wave front is several times higher than the pressure in
the wave front entering the cone cavity (Glass 1., 1974) [55].
The problem of cumulation of shock-wave flows during com-
pression of a spherical (or conical as a special case) front of a
detonation wave was first considered by Ya.B. Zeldovich
(1959), who showed the effect of cumulation of converging
waves, resulting in an increase in the mass velocity of particles
behind the wave front, the density and temperature of the sub-
stance.

Fig. 3, ¢ shows the formation of a three-wave shock Fig. 3,
d shows the moment of disappearance of the plane front of the
incoming wave and the reflection of the primary Mach wave
from the axis of symmetry. Reflection gives rise to a secondary
Mach shock wave. Thus, the movement of the primary and
secondary Mach waves is directed towards the top of the cone.
A metal piston, flowing into the cone of the cork material, car-

ries out additional compression of the substance filling the tar-
get. As plasma flows approach the top of the cone, the degree
of amplification of the shock-wave parameters of the medium
increases.

A feature of the final stage of the process of compression of
matter at the top of the cone, Fig. 3, e, is the collision of plas-
ma flows converging to the top of the cone, formed behind the
Mach waves. In the plane, the shock-wave flow is two plasma
flows colliding at an angle, as a result of which two symmetri-
cal plasma jets are formed, oppositely directed and coinciding
with the axis of symmetry. According to A. Voytenko, the plas-
ma density is 15,300 kg/m?. The velocity of the jet exceeds the
collision speed of the Mach waves and the plasma flows fol-
lowing them. In this case, the increase in the energy density of
plasma jets is due to the redistribution of the energy of the me-
dium during its motion [4]. In the collision area of plasma
flows, a so-called plasma focus is formed, in which the maxi-
mum degree of cumulation of the energy of the medium is re-
alized and there is a jump increase in temperature and ion
concentration.

The study on structural transformations was carried out in
the microstructure of a cast-iron plug and a metal target adja-
cent to the corresponding cavities. A cavity formed on the side
of the lower base of the plug, Fig. 4, a. As a result of the action
of high temperatures and pressures, an area of structural
changes is located around the surface of the cavity, which dif-
fers from the initial microstructure of grey ferritic cast iron,
Fig. 4, b, and consists of two zones. The first zone is adjacent
directly to the cavity and consists of melted material. There
was a crushing of coarse graphite inclusions to fine particles
less than 2 um in size and their redistribution in the molten
layer in its microstructure. Development of vortex flows is ob-
served, Figs. 4, b, c. Numerous disturbances of the continuous
micron-scale structure are observed, which indicates a high
cooling rate (of the order of 108 K/s). In general, the maxi-
mum width of this zone is in the range of 300—420 um, Fig. 4,
d, and decreases to a minimum of 50 um, Fig. 4, e. Mass spec-
troscopic analysis revealed iron-55 and copper-64 isotopes in
this zone.

The original structure was preserved in the second zone of
structural changes in cast iron, but plastic flow of the metal
occurred. Slide lines are visible in the cast iron matrix, espe-
cially strongly developed at the base of the cavity, Fig. 4, d.
The slide lines are strongly curved due to turbulent flows in the
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Fig. 4. Cast iron microstructure near a cavity formed by high-energy gas-plasma jets:

b, d, e — x50; ¢ —x100

cast iron matrix, which led to the development of rotational
deformation. It is associated with a change in the spatial orien-
tation of local regions of crystals because of the movement of
dislocations. Thus, the strain-hardening zone is characterized
by the development of shear and rotational deformation com-
ponents. Vortex flows in the cast iron matrix structure led to
distortion and redistribution of graphite inclusions. Near the
upper edge of the cavity, the graphite inclusions reoriented al-
most in the horizontal direction (Fig. 4, e¢), which, in our
opinion, is associated with a decrease in the kinetic energy of
the jet, which, spreading to the sides, washed out the metal in

the cast iron matrix. Isotopes of iron-55 and copper-64 were
found in the zone shown in Figs. 4, d, e.

In the first zone (melting zone), the microhardness of the
metal exceeds the microhardness of the original cast iron by
2.53 times. In the zone of strain hardening, the microhardness
of cast iron after explosive action increased by 1.4 times.

The collision of plasma flows in the region of the top of the
conical target resulted in the formation of a dense plasma. The jet
penetrated to a depth of 9 mm, resulting in a cavity close to the
shape of a cylinder. In the steel sample, a white layer 10 to 110 um
thick adjoins the base of the cylindrical cavity (Figs. 5, ¢, ¢). The

Fig. 5. The microstructure of steel in the zone of interaction with the plasma jet:

b, ¢ — x500; d — x400; e — x100
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microstructure of the white layer is gardenite, which is character-
ized by ultrafine granularity and significant distortions of the crys-
tal lattice. The appearance of the white layer is associated with the
release of significant energy during the transition of the shock wave
at the boundary between the iron plug and the steel sample, which
caused the melting of the steel sample layer. The many gas bubbles
in the layer, in particular, evidence this. Microcracks of thermal
origin appeared near non-metallic inclusions in the microstruc-
ture, Fig. 5, d. The isotopes ¥ Fe and **Cu were found in the zone,
the possible mechanism of their formation will be discussed below.

A heat-affected zone was revealed in the steel microstruc-
ture. As a result of heating to the temperature of austenite for-
mation and subsequent cooling in this region adjacent to the
white layer, the streaky nature of the structure disappeared,
and the steel became decarburized, Fig. 5, e. The width of the
decarburization zone ranges from 50—60 wm. During the im-
pact, the carbon content decreased from 0.4 % to a value that
ensured the formation of a purely ferritic structure. The white
layer prevents the removal of carbon from the steel — a thin rim
with a pearlite structure has formed at the border of the decar-
burized and white layers, Fig. 5, e. The decarburization zone is
characterized by the development of recrystallization with the
formation of columnar crystals. The microhardness of the
white layer is 1.5 times higher than the microhardness of the
main microstructure of the steel.

Electron probe microanalysis (Camebax Micro) revealed
elements of copper and gold near the boundary with the cavity
in the structures of cast iron and steel subjected to the action of
plasma jets. These elements were not included in the initial
composition of iron and steel. It is obvious that they were
components of plasma jets.

Next mass spectroscopic analysis of the cast iron plug and
steel target was carried out four years later. The appearance of
a high concentration of the >*Mn isotope was unexpected,
since it was not detected during the first analysis either in the
original metals or after the shock wave action. At the same
time, the >*Fe and %*Cu isotopes were detected only in the first
analysis near the boundary with the cavity formed by the ac-
tion of the plasma jet.

Using the idea of our colleagues A. 1. Lyuty & L. N. Glush-
ko, let us explore one of the possible scenarios for the forma-
tion of multiply charged ions and estimate the change in the
ionic composition of the substance as the converging shock
wave moves depending on the charge number of atoms of the
anode material. The formation of dissociated atoms is charac-
terized by high mobility, which largely ensures high rates of
physicochemical transformations and phase transitions [56].

For a fixed moment of time, the volumetric energy density
in the front of a converging spherical shock wave w(r) will be
equal to

w(r) = w(ro/r)%, o

where r, is the radius of a spherical target that takes on the
impact of a powerful pulse of an electron beam accelerated in
an electric field with an electric potential difference of several
tens of kilovolts. The volumetric energy density at the moment
of wave initiation in the metal w(r,) can be determined from
the expression

w(ry) = poc’/2 = E/2, 2

where p, is anode material density; ¢ = [E/p,]"/? is speed of
sound in metal; F'is Young’s modulus.

The energy /, required for i-fold ionization of an atom with
charge number Z, as well as the average radii of the corre-
sponding ions in the ground electronic state, are calculated
using approximate methods of quantum mechanics [57]. For a
one-electron ion, the exact values of the ionization potential
can be obtained using the Bohr theory for the isoelectronic
series of hydrogen

1i:z:114Z25 (3)

where I; = 13.54 €V is ionization potential of the hydrogen
atom. In this case, the average distance of a single electron
from the nucleus for an i = (Z - 1)-fold ion is equal to

(rz_n=ay/Z, 4)

where a, is Bohr radius, ay=5.29 - 107" m.

It should be noted that the one-electron ion of an atom is
of particular interest, since the separation of the last electron
from the nucleus transforms the “nucleus-electron” system
into the state of nuclear plasma, whose particle radii are
4—5 orders of magnitude smaller than the dimensions of the
initial neutral atom. The number of one-electron ions per unit
volume of a substance can be estimated from the ratio

o S]]

The volumetric energy density at a distance r from the cen-
tre of convergence of the shock wave, which is included in (1),
will be equal to

Z-1
W(r):nZ—lz[i' (6)
i=1

Z-1
Here Z 1, is the sum of electron detachment energies
i=1
from a neutral atom and a sequence of ions up to the multiplic-
ityi=Z-1.

Z-1
When calculating Z[ ; for the first twenty chemical ele-
i=1
ments of the periodic system from hydrogen to calcium, the
values of the ionization potentials of atoms and ions were used
[58]. For more estimates than the specified amount within the
periodic system, we can recommend the function

Z-1
> 1,=3.715-Z*7, )
i=1

obtained from the slope of the line and the length of the seg-

ment cut off by it on the y-axis.

Given calculations make it possible to estimate the dis-
tance  from the “focus” of the converging front of a spherical
shock wave to the place where a single electron remains in the
electron shell of the original atom. After the detachment of this
electron, the system begins to shrink to the density of nuclear
matter. From relations (1—7) one can obtain

1/2
_ -16 €oPo
r=4.088-10"! 286 ®)

Figs. 6 and 7 show the plots of the dependence of the vol-

ume energy density w,, lgw on the neutral atom. The values of
Z-1

the sum of electron detachment energies Ig Zl ; from the
i=1
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Fig. 6. Dependence of the volumetric energy density w, on the
charge number of the atom
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Fig. 7. Dependence of the volumetric energy density Ig w on the
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charge number Z are shown in Fig. 8, where the indicated de-
pendence is presented for chemical elements with the number
Z =1 - 20 and does not noticeably deviate from the linear
character.

Fig. 9 for a number of metals shows the dependence of the
distance r on Z calculated using expression (8). The calcula-
tion was carried out without taking into account the instability
of the converging shock wave front, which arises when the
wave front approaches the centre, which was observed in [59].

The nuclear radii rn were calculated using the well-known
formula

ry=13-10"15. 413, 9)

where A is a mass number of the nucleus (sum of protons and
neutrons). The calculation was made for r, = 108 m [60].
Comparison of the values of r and r, calculated from (8)
and (9) shows that for heavy nuclei these values become close.
The volumetric energy density required to form a one-
electron ion, increases monotonically as the charge number
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Fig. 8. Dependence of the sum of electron detachment energies
from a neutral atom on the charge number
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Fig. 9. The distance of an atom to the focus of a converging
shock front as a function of the atomic charge

increases. Consequently, the smaller the charge number of a
metal atom is, the sooner the “stripping” of electrons and the
transformation of the plasma of a solid body into nuclear mat-
ter is completed. The last one is a mixture of positively charged
metal nuclei and free electrons formed during the ionization of
atoms or singly charged ions, initially located at the nodes of
the crystal lattice.

The initial element of the plasma structure is a massive
positive ion. Since it is surrounded by a dense cloud of free
electrons, the high charge number of the nucleus is not an ob-
stacle to the approach of the nuclei to a distance sufficient to
enable nuclear forces. Here, both the decay reactions of heavy
nuclei and the synthesis of superheavy components in the re-
sulting plasma become possible.

Comparative analysis of calculating temperatures in [4,
14], the value of the temperature in this work and in a number
of other similar experiments [ 13, 26, 31, 45] in order of magni-
tude (1 - 10°—3 - 10° K) do not fundamentally differ. Studying
the shock-wave parameters of substance in conical targets, the
authors of [4, 14, 15, 45] note that, at close shock-wave pa-
rameters, but different geometries of conical targets and chem-
ical composition of the substance, in particular, upon initia-
tion of the D—D reaction, the generation of the neutron yield
reaches 106 and even 1011 pulse-1. In explosive plasma gen-
erators with a conical target, compression and heating of the
substance in the target are carried out using a charge of a
chemical explosive, while each of the values of the number of
generated neutrons corresponds to a quite specific temperature
range [4, 45]. In our experiments, neutron generation was not
studied.

The temperature and density of the gaseous medium reach
the highest values around the top of the cone during the colli-
sion of plasma flows behind the primary and secondary shock
fronts of the Mach wave at the ultimate compression of sub-
stance under these conditions. The temperature of the plasma
jet is ~2.8 - 10° K, the calculated pressure upon impact of the
jet on a metal sample reached 1120 GPa.

The spectra of **Fe, **Mn, %“Cu isotopes were recorded in
shock-compressed metals (cast iron, steel), Figs. 4 and 5.
Pressing a metal plug into a conical cavity (according to [13,
14]) causes additional compression of the mixture of hydrogen
isotopes and the yield of thermonuclear neutrons ~10%—
1073 pulse™!, which indicates a plasma temperature equal to
3 . 10°~107 K. In this case, the features of the experimental
scheme, hydrodynamic flows are the same as in [10, 15], i.e.
using a metal striker sped up by the explosion products. In
acute-angled geometry, (the angle at the top of the cone is
30—60°), the probability of occurrence of an irregular reflec-
tion of the shock wave in the air from the walls of the cone is
insignificant. The angles of reflection of the shock wave front
from the wall of the cone will be equal to 75—60°, while the
irregular reflection of shock waves in air occurs at angles of
39—55° [42]. The reasons for the formation of experimentally
detected isotopes can be as follows.

With a compressible spherical shock wave front in the ma-
terial, the volumetric energy density increases rapidly [25].
This leads to the detachment of electrons from deeper atomic
shells, which is accompanied by a sharp decrease in the vol-
ume of positive ions of increasing ionization multiplicity and a
corresponding increase in temperature, pressure, and density
of substance behind the shock wave.

With superstrong compression, an internal pressure about
of several hundred megabars develops in the condensed sub-
stance, even in the absence of heating — only due to external
influence and mutual repulsion of atomic nuclei. The exis-
tence of this pressure of non-thermal origin, which is com-
pletely uncharacteristic of gases, determines the main features
of solids and liquid substances when they are compressed by
shock waves [14].

As the shock compression pressure increases, the atomic
repulsion energy increases and can reach the value of the dis-
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sociation energy. From a physical point of view, this means
that there is no minimum of the chemical bond energy on the
potential curve [28]. Especially obvious is the dissociation of
molecules with an increase in temperature due to distance in-
creasing between atoms, but the opposite picture occurs dur-
ing compression — the atoms approach each other. This con-
tradiction is imaginary and can be explained easily. When the
nuclei of atoms approach each other, deformation of the elec-
tron shells occurs, as a result of which valence electrons are
displaced from the interatomic region — there is a transition of
electrons from bound orbitals to loosening orbitals. Pash-
kov P.O. & Polyakova I.1. (1971) from the Volgograd Poly-
technic Institute revealed that loosening orbits correspond to
conduction bands in crystals. This state can correspond on the
graphs to the point of intersection of the potential curve E =
=f(R) with the axis R and which means the transition of a sol-
id dielectric to a metallic state, in which there are no localized
chemical bonds (Batsanov S.S., 1974) [56]. In this case, the
atoms are dissociated formations immersed in an electron gas.

Descriptions of physical effects [19], which manifest
themselves in a nanosecond pulsed discharge, have arguments
to confirm both the first and second versions. The first of them
is evidenced by the full spectrum of the elements of the peri-
odic system, which arises when an anode of the selected metal
is bombarded with high-energy electrons. The second version
is confirmed by the nuclei of transuranium elements registered
in the experiment. According to [11, 12, 19, 60], particles with
mass numbers reaching A ~ 4000 were observed. The authors
of these papers suggest that nuclei with mass numbers up to
10,000 were also produced. Theorists [61] also predicted the
possibility of the existence of superdense nuclei. The synthesis
of nuclei of transuranium elements correlates with an anoma-
lously high concentration of protons, which, after relaxation of
the nuclear plasma, become nuclei of the hydrogen atom.
Neutrons predominate in the composition of the atomic nu-
cleus in heavy elements. In the synthesis reaction of nuclei
with a number of neutrons equal to the sum of these particles
in the nuclei of positive ions that arise during the ionization of
the initial atoms, a known excess of positive charges is ob-
tained, which was observed in the form of the proton compo-
nent of the resulting plasma.

In experiments [5, 11, 12, 20], the absence of radioactivity
in the resulting material was noted after the collapse of the
compression shock wave in the centre or near the axis [62],
indicating that the described effect on matter brings it to the
equilibrium state. We use the above assumptions about the
causes and mechanisms of the formation of isotopes and
chemical elements under the condition of a converging spheri-
cal or cylindrical front of a strong shock wave. One of the
known methods for producing the iron-55 isotope is to irradi-
ate the *°Fe and **Fe isotopes with neutrons (Dwight D.J.,
Lorch E.A., LovelockJ. E. (1976). The >°Fe isotope has a half-
life of 2.737 years. The decay of this isotope occurs by captur-
ing one orbital electron by a proton nucleus (one of the types
of B-decay of atomic nuclei [17, 63]) and transformation into a
stable isotope 3Mn. As a result of e-capture, a pair of proton +
electron turns into a neutron, emitting an electron neutrino,
while the protons of the nuclei of multielectron elements can
capture two orbital electrons.

Copper that arose on the surface of a conical depression
corresponds to natural copper, consisting of two stable iso-
topes copper-63 and copper-65 [64]. It is interesting to con-
sider the copper-64 isotope in an amount of about 1.5 %,
found in the narrow zone of the cast iron microstructure adja-
cent to the surface of the crater formed by the impact of the
plasma jet. Using the experience of mass spectroscopic studies
on the radon content in iron target samples after explosive al-
loying [5], the studies on iron and copper isotopes were carried
out 6 hours after explosive treatment. The chemical composi-
tion of the original cast iron does not contain copper. Possible
sources of the copper-64 isotope could be a plasma jet con-

taining natural copper isotopes, a nickel-64 isotope, or both
sources simultaneously. According to estimates, the mass of
nickel, which can be involved in a plasma jet of significant
penetration into cast iron, is about 0.0015 g, the mass of cop-
per in the process of jet formation is 0.0011 g, i.e. similar val-
ues. The highest probability of the formation of the copper-64
isotope could occur at the moment of collision of dense plas-
ma flows in the so-called plasma focus, in which there is an
abrupt increase in temperature, concentration of ions and
neutrons  (D.P.Petrov, N.V.Filippov, T.I.Filippova,
V. A. Khrabrov, 1958).

Conclusion. For the first time, the formation of oppositely
directed symmetrical plasma jets during gas compression in
conical targets has been experimentally observed. It is the first
time that metal-physical studies of the microstructure of cast
iron and steel have been carried out after the action of high-
energy jets of dense high-temperature plasma 7'= (2.5—2.8) x
x 10° K, and the pressure P = 1.12 - 10'? Pa arising from the
collision of the jet with a barrier.

Iron-55 and copper-64 isotopes were found in the cast
iron microstructure near the surface formed by the action of
the plasma jet. The main components of the plasma jet were
gaseous oxygen, nitrogen, argon, atomic iron, copper and
gold. The fact of the formation of isotopes is the result of nu-
clear reactions. One of the main conditions for the implemen-
tation of such reactions is a dense high-temperature plasma. It
is assumed that under the action of a strong shock wave in a
conical target, in addition to the synthesis reaction, other nu-
clear reactions with heavy elements can be realized.

The physical concepts of the expected state of matter in a
compression shock wave are presented, taking into account
the change in the volumetric energy density at the moment of
transformation of a solid body plasma into nuclear matter.
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Merta. BctaHOBUTH 3MiHM B MiKpPOCTPYKTYPi METaJIiB Mic-
JIsl BIUIMBY BUCOKOEHEPTEeTUYHUX CTPYMEHIB Tu1a3mu, cop-
MOBaHUX KYMYJISILIEIO ra30AMHAMIYHUX TeUil y KOHIYHii
MiteHi. [1poBecTu ouLiHKY NependayyBaHOIO CTaHy peuoBU-
HM B CWJIbHIl yIapHiii XBUJIi CTUCHEHHS 3 YpaxyBaHHSIM 3Mi-
HM O0’€MHOI IIIBHOCTI €Heprii B MOMEHT MepeTBOPEHHS
IJIa3MU TBEPJOTO Tijia B SIAEPHY MaTepilo.

Metoauka. BukopucrtaHi MeToaMKa Ja3epHOro iHillito-
BaHHS NpodiboBaHOTO (POHTY NETOHAILIMHUX XBUJIb Y 3a-
psinax BUOYXOBUX PEUOBMH i BiIITOBIZTHOTO MPOMIII0 yIapHUX
XBWJIb Y MaTepianax, METOIU i TexHiKa BUMipIOBaHHS TMHA-
MiYHUX IMTapaMeTpiB yIapHO-CTUCINX PEYOBUH.

PesyabraTu. [IpoBeneHe ekcriepMeHTaIbHE TOCTiIKEH-
H$ Di3UKO-XiMiYHOTO CTaHy peYOBUHM, 0OPOOJIEHOI eKCTpe-
MaJlbHO BUCOKHMMM THCKaMHU i TemIiepaTypamu MpU CTHUC-
KaHHi yIapHUMU XBWISIMU, 110 CXOIATHCS B KOHIYHUX Millle-
Hsax. [IpoaHasizoBaHi HayKoBi pe3ysbTaTu (izuko-maTema-
TUYHOTO MOJEJIIOBAHHS YIAPHUX XBUJIb, 11O CXOISTHCS.

HaykoBa HOBU3HA. YTiepiile eKCIIEPUMEHTAIbHO BUSIBIIE-
HO YTBOPEHHSI CUMETPUYHMX IUIa3MOBHUX CTPYMEHIB IIpU
CTHMCKaHHi Tra3dy B KOHIYHMX MilleHsX. Yreplile MpoBeaeHi
MeTano(i3uIHi TOCHTIMKEHHS MiKPOCTPYKTYPH YaByHY Ta
cTali micas il BUCOKOEHEPreTUUHUX CTPYMEHIB IIUIbHOL
IIa3Mu, 10 Ma€ Temmepatypy (2,5—2,8) - 10° K, Ta Tucky,
KU BUHUKAE T/l Yyac 3iTKHEHHS CTPYMEHS 3 MePEeIKOI0I0
1,12 - 102 Ia. Y MiKpOCTpYKTypi YaByHy 10GJIM3Y TOBEPXHi,
YTBOPEHOI Ji€I0 CTpyMeHS TIJIa3MU, BUSIBJICHI i30TOMNU 3ali-
3a-55 i mini-64. OCHOBHMMHU KOMITOHEHTaMH TLIa3MOBOTO
CTpyMeHsI OyJu ra3ononiOHUil KUCeHb, a30T, aproH, B aTo-
MapHOMY CTaHi 3aJ1i30, Mifib i 30J10T0. DaKT yTBOPEHHS i30-
TOIIB — pe3yJbTaT siAepHUX peakiiii. OIHiel0 3 TOJOBHUX
YMOB pealizallil TaKuX peakliiil € 1IijbHa BUCOKOTEMIIepa-
TypHa 1a3ma. IlepenbavyaeTbcs, 110 IMif 4yac Ail CUJIbHOL
yIapHOI XBWJIi B KOHIUHi/ MillleHi MOXYTb OyTU peaizoBaHi
KpiM peakilii CUHTe3y 1e i iHUIi SaepHi peakilii 3 BaXKUMU
eJeMeHTaMUu. BuKiageHo ysBJIEHHS Mpo MependayyBaHUMN
CTaH PEYOBMHM B YIapHiil XBWJIi CTUCHEHHS 3 ypaxyBaHHIM
3MiHM 00’€MHOI IIJIBHOCTI €Heprii B MOMEHT IePeTBOPEHHS
IJIJa3MU TBEPJOTO Tijia B SIAEPHY MaTepilo.

IIpakTyna 3HaumMicTh. [IpakTMuHe 3HAUYEHHSI Ma€ 3a-
MPOITOHOBaHA METOAMKA MPOBEACHHS €KCIePUMEHTAIbHUX
NOCTiIXEeHb YIapHO-CTUCHEHOI PEUOBMHU Tif Ai€I0 €KCTpe-
MaJIbHUX 3HAYE€Hb TEMIIepaTypU i TUCKY B MillleHi KOHiYHO1
¢opmu i3 3acTOCyBaHHSIM 3acO0iB J1a3ePHOTO iHilliFOBaHHS
XiMiYHMX BUOYXOBUX PEUYOBUH. TaKOX BaXXJIMBUM € ySIBJICH-
HS1 TIpo nepeadavyyBaHUiA CTaH pEYOBUHU B yIAPHil XBUIII.

KinrouoBi cioBa: gubyx, ydapra xeuns, KoHiuHa MiuieHb,
mepmosiOepHa memnepamypa, naasma, i30monu, 0epHi peaxkuyii
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