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Electromechanical and thermophysical processes in the pulse induction accelerator of plasma 
formation 
 
Introduction. Work on the creation and throwing of plasma formations is carried out in the world's leading scientific centers in 
various ways. The creation of a plasma formation with duration of several milliseconds and its acceleration in an open atmospheric 
environment to a distance of 0.5-0.6 m was achieved. To create plasma, the energy of the primary discharge circuit is used, followed 
by the acceleration of the gas-plasma formation with the help of the energy of the secondary circuit. Plasma formation is also 
obtained due to the electric explosion of a conductor in a rapidly decreasing strong magnetic field, etc. The purpose of the article is 
a theoretical and experimental study of electromechanical and thermophysical processes in a pulse induction accelerator, which 
ensures the creation of plasma formation due to thermal ionization as a result of the electric explosion of the conductor and its 
throwing in the atmospheric environment relative to the inductor. Method. For the analysis of electromechanical and thermophysical 
processes in the pulse induction accelerator of plasma formation (PIAPF), a mathematical model of the accelerator was developed 
and implemented in the Сomsol Multiphysics software package, in which the armature does not change its shape and aggregate state 
during operation and takes into account the parameters of the accelerator distributed in space. Results. Calculated 
electromechanical and thermal characteristics of the accelerator. It is shown that the temperature rise in the aluminum foil armature 
is significantly nonuniform. The maximum temperature value occurs in the middle part of the foil closer to the outer edge, and this 
temperature is significantly higher than the boiling point of aluminum. Scientific novelty. Experimental studies of the PIAPF were 
carried out, in which the armature is made of aluminum and copper foil, and the inductor connected to the high-voltage capacitive 
energy storage device is made in the form of a flat disk spiral. It was established that during the operation of the PIAPF, the 
armature goes into a plasma state and moves vertically upwards, turning into a volumetric wad or a pile of small particles that rose 
to a considerable height relative to the inductor. Experimentally, the characteristic circular circuit of thermal heating of the copper 
foil of the armature, which is fixed on a glass-textolite sheet, is shown, which indicates a similar nature of plasma formation. 
Practical value. The results of experimental studies with an accuracy of up to 15 % coincide with the calculated ones and show the 
validity of the PIAPF concept, in which, due to the high density of the induced current in the armature, thermal ionization occurs as 
a result of an electric explosion of the conductor with its transition to the plasma state. And the interaction of the plasma formation 
with the magnetic field of the inductor leads to the appearance of an electrodynamic force that ensures its movement in the open 
atmospheric environment. References 17, figures 9. 
Key words: pulse induction accelerator of plasma formation, mathematical model, electromechanical and thermal processes, 
experimental studies. 
 
Вступ. Роботи по створенню та метанню плазмових утворень різними способами ведуться в провідних наукових центрах 
світу. Досягнуто формування плазмового утворення тривалістю декілька мілісекунд та його метання у відкритому 
атмосферному середовищі на відстань 0,5-0,6 м. Для створення плазми використовують енергію первинного розрядного 
кола з подальшим прискоренням газоплазмового утворення за допомогою енергії вторинного кола. Плазмове утворення 
отримують і за рахунок електричного вибуху провідника. Метою статті є теоретичне та експериментальне 
дослідження електромеханічних та теплофізичних процесів в імпульсному індукційному прискорювачі, який забезпечує 
формування плазмового утворення за рахунок термічної іонізації в результаті електричного вибуху провідника та метання 
його у атмосферному середовищі відносно індуктора. Методика. Для аналізу електромеханічних та теплофізичних 
процесів в імпульсному індукційному прискорювачі плазмового утворення (ІІПП) розроблена і реалізована в програмному 
пакеті Сomsol Multiphysics математична модель прискорювача, в якій якір не змінює своєї форми і агрегатного стану в 
процесі роботи та враховує розподілені у просторі параметри. Результати. Розраховані електромеханічні і теплові 
характеристики прискорювача. Показано, що перевищення температури в якорі, що виконаний у вигляді алюмінієвої 
фольги, суттєво нерівномірно. Максимальне значення температури має місце в середній частині фольги ближче до 
зовнішнього краю, причому ця температура значно перевищує температуру кипіння алюмінію. Наукова новизна. Проведені 
експериментальні дослідження ІІПП, у якого якір виконаний з алюмінієвої та мідної фольги, а індуктор, що підключається 
до високовольтного ємнісного накопичувача енергії, виконаний у вигляді плоскої дискової спіралі. В процесі роботи ІІПП 
якір переходить в плазмовий стан і переміщується вертикально вверх, перетворюючись в об’ємний комок, або на скупчення 
маленьких частинок, які здіймались на декілька метрів відносно індуктора. Експериментально показано характерний 
круговий контур термічного нагрівання мідної фольги якоря, яка закріплена на листі склотекстоліту. Практична 
цінність. Результати експериментальних досліджень з точністю до 15 % співпадають з розрахунковими і показують 
справедливість концепції ІІПП, в якому за рахунок високої густини індукованого струму в якорі відбувається термічна 
іонізація в результаті електричного вибуху провідника з переходом його в плазмовий стан. Взаємодія плазмового утворення 
з магнітним полем індуктора призводить до появи електродинамічної сили, яка забезпечує його переміщення у відкритому 
атмосферному середовищі на декілька метрів. Бібл. 17, рис. 9. 
Ключові слова: імпульсний індукційний прискорювач плазмового утворення, математична модель, електромеханічні 
та теплові процеси, експериментальні дослідження. 
 

Introduction. Plasma technologies are used in 
various structural and technological systems and devices, 
in scientific research, etc. One of the directions of such 

research is the formation of plasma formations and 
throwing them at a certain distance from the source of 
formation. Such work is carried out in the leading 
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scientific centers of the world, primarily in the USA: 
Princeton Laboratory of Plasma Physics, Los Alamos 
National Laboratory, University of New Hampshire, 
Swarthmore Laboratory of Magnetodynamics, etc. [1-4]. 
The University of Missouri, USA is investigating the 
acceleration of plasma formation in an open atmospheric 
environment [5]. The duration of existence of a plasma 
formation is a few milliseconds, and it moves in the air 
for a small distance of 0.5-0.6 m. 

For the formation of plasma, the energy of the 
primary discharge circuit is used [6]. The formation of 
plasma in the form of a ring occurs due to the gas-
dynamic process of turbulation of the gas-plasma jet. 
Acceleration of gas-plasma formation is carried out using 
the energy of the secondary circuit. The output of thermal 
plasma from the forechamber is provided by gas-dynamic, 
not electrodynamic forces. 

Plasma formation is also formed due to the electrical 
explosion of a conductor in a rapidly decreasing magnetic 
field [7]. The magnetic field is formed due to the current 
flowing through the plasma, which is formed in the form 
of a spiral in the wake of the explosion of the conductor. 
To create conditions for the stability of the ring due to the 
energy of the magnetic field, it is assumed that the 
process of returning the energy of the magnetic field to 
the electric energy of the capacitor charge is interrupted. 

In induction plasmatrons, for the formation of a 
plasma ring, the method of inducing a discharge in a low-
pressure gas environment with subsequent increase to 
atmospheric pressure, or plasma formation in the area 
near the inductor due to an arc discharge is used [8-10]. 
Plasmatrons provide induction of eddy current in the 
plasma formation in atmospheric conditions, but do not 
solve the problem of magnetic field energy accumulation 
in the plasma formation. 

Analysis of accelerators of plasma formations. A 
known pulse plasma accelerator is containing electrodes, 
one of which is made in the form of a copper rod, and the 
other in the form of a plate. Ablation occurs under the 
action of an electric discharge between the electrodes in a 
solid dielectric substance [11]. The accelerator operates 
under low gas pressure in the accelerator channel. A pulse 
plasma accelerator is also known, which contains an 
accelerating channel formed by two electrodes with a 
Teflon insulator located between them, which is the 
working substance [12]. 

These accelerators have low efficiency and specific 
power, due to the use of only the energy stored by the 
electric field for acceleration. The effectiveness of these 
accelerators is limited by the long process of creating the 
working substance due to the limited speed and 
nonuniformity of its evaporation. 

There is a well-known plasma accelerator, which 
contains electrodes connected through an ohmic and 
inductive load to a capacitive energy storage (CES), an 
end ceramic insulator that separates the electrodes and 
dielectric checkers installed between the electrodes, made 
of the material in which the ablation takes place [13]. 
When a high-voltage pulse is applied to the electrodes, as 
a result of a surface breakdown, a plasma formation is 

formed, which short-circuits the electrodes of the 
accelerator. The working substance that evaporates from 
the surface of the dielectric checkers is ionized and 
accelerated under the influence of electromagnetic forces 
and gas-dynamic pressure. In this accelerator, the 
efficiency of acceleration is increased due to the use of 
both electromagnetic forces and gas-dynamic pressure. 
However, it has a low specific power due to the use of 
only electrical energy to create electromagnetic and gas-
dynamic forces. 

There is a known plasma accelerator consists of a 
cylindrical guide tube, an external hollow cylindrical 
magnet and a system of thermal ionization of matter to the 
plasma state [14]. One end of the pipe is in the air 
environment, and on the other end there is a gas flow 
formation system using a gas turbine engine. The system 
of thermal ionization of matter consists of discharge 
electrodes located inside the guide tube and an induction 
plasma heater. The electromagnetic coil of the heater, 
which covers the guide tube, ensures the formation of 
plasma inside the guide tube. Due to the gas turbine 
engine, a heated gas flow is formed, which is directed into 
the cylindrical pipe. Gas heated above 1000 °С is sent to 
the thermal ionization system, where it is heated by arc 
discharges to a high temperature (5000-10000 °С). The 
gas enters the region of the induction heater, where a ring-
shaped plasma is formed. Under the action of pulse 
magnetic fields alternately created by magnets located 
along the cylindrical guide tube, plasma formation is 
accelerated. 

This device achieves a high specific power due to 
the combined use of the chemical energy of fuel 
combustion and the energy of the electromagnetic field. 
But the well-known accelerator has a too complicated 
design. 

An inductive accelerator is known, which ensures 
the creation and acceleration of plasma in an air 
environment [15]. The accelerator consists of a coaxially 
installed fixed disk inductor excited by CES, and a 
working substance located opposite the inductor, which 
during thermal ionization due to the induced current 
passes into a plasma state with further acceleration along 
the coaxial axis under the action of electrodynamic forces. 
This accelerator has a simple design, but the plasma in the 
form of a ring cannot move a long distance relative to the 
inductor. Radially directed electrodynamic forces arise in 
the plasma ring, which «tear» the ring, and thus interrupt 
the flow path of the induced current. 

Thus, the task of creating an accelerator of plasma 
formation, which ensures its movement in the air medium 
for a considerable distance, is urgent. 

The goal of the article is a theoretical and 
experimental study of electromechanical and 
thermophysical processes in a pulse induction accelerator, 
which ensures the formation of a plasma formation due to 
thermal ionization as a result of an electric explosion of a 
conductor and throwing it in the atmospheric environment 
relative to the inductor. 

Mathematical model of the accelerator. The 
difficulties of calculating the pulse inductive accelerator 
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of plasma formation (PIAPF) are primarily caused by the 
uncertainty of the plasma formation parameters, which 
change dynamically. To determine the general 
characteristics of electromechanical and thermal 
processes, we will assume that the armature is made solid 
and does not change its shape and aggregate state during 
the operation of the accelerator. To implement a 
mathematical model with spatially distributed parameters, 
we will use a system of partial differential equations with 
respect to spatial and temporal variables [16]. 

The mathematical model of electromagnetic 
processes in PIAPF, which includes a fixed inductor and a 
moving conductive armature, is presented in a cylindrical 
coordinate system in terms of a magnetic vector potential 

iA


, which has a φ component. 

The differential equations with respect to the φ 
component of the magnetic vector potential in the region 
of the inductor Ω1 give the form: 
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in the region of solid conductive armature Ω2: 
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in the region of air environment Ω0: 
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where j1(t) is the tangential component of the current 
density in the inductor; i1(t) is the instantaneous value of 
the current in the inductor; γ1, γ2 is the specific 
conductivity of the inductor and armature, respectively; 
μ0 is the magnetic constant; vz2(t) is the speed of the 
armature; N1 is the number of turns of the inductor; S1 is 
the cross-sectional area of the inductor; k1s is the inductor 
filling factor. 

Differential equations (1) – (3) are supplemented by 
the corresponding boundary and initial conditions: 
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where Ai is the magnetic vector potential of the magnetic 
field of the i-th region; n is the unit normal vector. 

The axial component of the force acting on the 
accelerator armature is determined using the corresponding 
component of the Maxwell tension tensor T: 
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where Br, Bz are the radial and axial component of the 
magnetic flux density. 

The electrical state of the accelerator can be 
described by equations: 
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where L0, R0 are the inductance and active resistance of 
the excitation circuit, respectively; R1, R2 are the active 
resistances of the inductor and armature, respectively; 
L1, L2 are the inductances of the inductor and the 
armature, respectively; i2 is the instantaneous value of the 
current in the armature; S2 is the cross-sectional area of 
the armature; uC is the CES voltage, which is 
supplemented by the appropriate initial conditions. 

Thermal processes in the PIAPF are described using 
the equation: 

),()(

))(()(
1

))((

)(

2 Ttj

z

T
T

zr

T
T

rr

T
T

r

t

T
Tc

kk

k
k

k
k

k
k

k
kk



































  (8) 

where ck(T) is the average specific heat capacity of the 
k-th active element (inductor and armature); γk is the 
average material density of the k-th active element; jk(t) is 
the current density of the k-th active element; λk(T) is the 
thermal conductivity of the k-th active element; ρk(T) is 
the resistivity of the k-th active element; Tk is the 
temperature distribution in space and time of the k-th 
active element. 

On the cooled surfaces of the active elements, the 
system of equations (8) is supplemented by boundary 
conditions of the third kind, which takes into account 
convective and radiative heat exchange, and on the axis of 
symmetry by boundary conditions of the second kind. 

The mathematical model of the PIAPF with 
nonuniform distribution of currents in the inductor and 
armature is implemented in the Сomsol Multiphysics 
software package using the Finite Element Method when 
taking into account all relationships between physical 
processes [17]. Here, data is exchanged between 
processes, calculation regions are allocated for each 
physical problem, provided that the mesh division is 
consistent for all problems. Modeling is performed in the 
following sequence: 

 physics modules («Magnetic fields», «Electrical 
circuit», «Heat transfer in solid», «Fluid structure 
interaction») are selected, which implement the 
corresponding tasks, dimensions (2D), model type (time-
dependent) and calculation methods; 

 the geometry of the accelerator is formed and the 
calculation regions for the selected physical problems are 
determined; 

 output data are set in the form of constant values and 
functions that describe the relationship between 
parameters, for example, the dependence of specific 
resistance on temperature; 

 initial and boundary conditions of the considered 
physical problems are set; 
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 discretization of calculation reguions is carried out 
taking into account the geometric model of the 
electrodynamic accelerator; 

 methods of solving the considered problems 
MUMPS, PARDISO are chosen and numerical 
calculations are carried out. 

The calculation area of the model was a cylinder 
with radius whose value was more than 5 times greater 
than the radius of the farthest element of the accelerator in 
the radial direction from the z axis. The height of the 
calculated cylinder was more than 10 times higher than 
the largest height of the accelerator elements. This made it 
possible to achieve the required accuracy with acceptable 
calculation time, considering the calculation boundary to 
be conditionally infinite. 

The model used the «Free triangular» mesh with 
«Extra fine» element sizes (the maximum meshelement 
size for remote areas of the environment was 5 mm, and 
for the accelerator, the mesh element size was chosen in 
the interval from (0.001 to 1 mm)). Relative displacement 
of elements of the accelerator was determined by the use 
of Automatic remeshing (criterion 
mod1.fsi.minqual>0.2). Spatial discretization consists in 
dividing a limited area into separate piecewise continuous 
subareas. The set of such elements is defined as a mesh or 
triangulation, which is a model of the calculation area. 
Moreover, for each of the physical modules («Magnetic 
fields», «Electrical circuit», «Heat transfer in solid»), the 
interpolation of the solution for individual finite elements, 
determined by quadratic or cubic discretization, was used. 
The main variables are approximated by nodal values 
multiplied by base vector that is required for interpolation 
within the element. An implicit finite-difference scheme 
of the fifth order is used for time approximation. 

Electromechanical and thermal processes of the 
accelerator. Consider the PIAPF, in which the fixed 
inductor is made in the form of a flat spiral made of steel, 
and the armature is made in the form of a disk-shaped 
aluminum foil, located coaxially with respect to the 
inductor. PIAPF parameters are as follows: CES: voltage 
U0 = 25 kV, capacity C0 = 360 μF; inductor: number of 
turns N1 = 7, inner diameter Din = 10 mm, outer diameter 
Dex = 600 mm, cross-sectional area of the turn S1 = 5×25 = 
= 125 mm2; armature: thickness h2 = 8 μm; outer 
diameter Dex = 600 mm, distance from the inductor 
z0 = 0.5 mm; excitation circuit: L0 = 1.5 μH, R0 = 50 mΩ.  

Figure 1 presents the calculated characteristics of the 
PIAPF, namely, the change in the CES voltage uC, the 
current density in the inductor j1 and in the armature 
j2 (a), the current density in the armature distributed along 
its radius at the moment of maximum current (b). 

There is a non-simultaneous increase in the 
maximum values of the currents in the inductor and the 
armature. The armature current reaches its maximum 
value after about 0.15 ms, while the inductor current 
reaches its maximum value after about 0.75 ms. 
Moreover, the density of the induced current in the 
armature is nonuniform across the cross-section in the 
radial direction: in the middle part, closer to the outer 
edge, it reaches a maximum value of j2 = 118 kA/mm2, 
and on the outer edge it decreases to j2 = 76 kA/mm2. 

 

 
a 

 
b 

Fig. 1. Calculated characteristics of the PIAPF: a – change in the 
CES voltage and current density in the inductor and armature; 

b – current density distribution in the armature at the moment of 
maximum induced current 

 
Figure 2 shows the electrodynamic force fz2, the 

speed vz and the displacement hz of the armature. The 
maximum value of the electrodynamic force of repulsion 
reaches about fz2 = 185 kN. But due to the phase shift 
between the currents in the inductor and the armature in 
the interval of 0.9 – 2.1 ms, the electrodynamic force of 
attraction acts on the armature, which is much smaller 
than the force of repulsion. As a result of this nature of 
the force, the speed of the armature reaches a maximum 
value of approx. vz = 113 m/s at 0.08 ms, after which the 
speed decreases to 66 m/s at 0.2 ms after the start of the 
work process with a slight increase later.  

Figure 3 shows the change and radial distribution at 
the moment of the maximum current of exceeding the 
temperature of the armature θ2. The change in θ2 over 
time is determined by the nature of the change in the 
current density in the armature j2. The temperature rise 
increases to a value of about θ2 = 4200 С at the moment 
of 0.6 ms from the start of the work process. After that, 
there is a slight decrease to θ2 = 4000 С with a gradual 
increase to θ2 = 6300 С and higher after 0.25 ms.  

But the temperature excess is distributed over the 
cross-section of the armature (aluminum foil) in the radial 
direction significantly nonuniformly. In the center of the 
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foil θ2 = 0. The maximum value of θ2 = 7900 С occurs in 
the middle part of the armature closer to the outer edge. 
Note that the boiling point of aluminum is 2519 С, and 
that of copper is 2580 С.  

 

 
Fig. 2. Electrodynamic force fz2, speed vz and displacement hz  

of the armature in PIAPF 
 

 
a 

 
b 

Fig. 3. Armature temperature rise: change in temperature rise 
over time (a), radial distribution of temperature rise at the 

moment of maximum current (b) 
 

In order to validate the mathematical and computer 
models, the energy balance of the PIAPF was checked. 
Figure 4 presents: WC – CES energy; Wfloss – heat losses in 
the armature; Wi – heat losses in the inductor; Wmag – 
magnetic field energy; WSr – heat losses on the limiting 

resistor and lead wires; WSind – magnetic energy on 
underwater wires; Wkin – kinetic energy. Since the energy 
balance is fulfilled, this indicates the reliability of the 
obtained results.  

 
Fig. 4. Distribution of energy in the PIAPF 

 

During the work process, the magnetic energy Wmag 
and the CES energy WC have an oscillatory-damping 
character, and they change almost in antiphase. All other 
energy components in the accelerator grow to different 
levels, going to a certain constant value. As follows from 
the results of the calculation, the main part of the CES 
energy is transformed into thermal energy in the active 
elements and elements of the PIAPF excitation circuit. 

Experimental studies of PIAPF. Experimental 
studies of the PIAPF of plasma formation were conducted 
on the basis of the Research and Design Institute 
«Molniya» using the methodology presented in [16]. The 
experimental setup includes the CES of the GITM-10/350 
current generator, which consists of 120 parallel-connected 
IK503Y4 type capacitors, each of which has capacity of 
3 μF. The middle output of each capacitor is connected to 
the common bus through 4 TVO-60 resistors connected in 
parallel with resistance of 24 Ohms. Switching of CES is 
carried out through a high-voltage arrester. 

Parameters of the experimental setup: the total 
capacity of the CES –360 μF, the maximum voltage of the 
CES – 50 kV, the measured active resistance of the 
inductor – 9 mΩ, the total resistance of the excitation 
circuit – 50 mΩ, the inductance of the inductor – 15 mH. 

Experimental studies of the PIAPF with armature of 
various shapes and materials, made of conductive foil, 
were carried out. During the research, the inductor was 
horizontally attached to the insulating base, and an 
armature was installed on top of it through the insulating 
plate. This design of the accelerator ensured vertical 
movement of the armature under the action of 
electrodynamic forces. 

The inductor was made in the form of a flat disc 
spiral made of steel with outer diameter of 600 mm. A 
gap is made between turns of the spiral, which ensures the 
impossibility of inter-turn electrical breakdown. The turns 
of the spiral are attached to the insulating plate with the 
help of steel screws (Fig. 5). The cross-section of the 
spiral turn was 5×25= 125 mm2. Two variants of the 
inductor were used in the experiments. In the first version 
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(7 turns), the inner turn of the inductor was placed in the 
center and the inductance of the inductor L1 = 12 µH. In the 
second version, the two inner turns of the inductor were 
removed and the diameter of the inner hole was 230 mm.  

 

   
                        а                                                  b 

Fig. 5. External view of the PIAPF inductor: 
the first version (a), the second version (b) 

 

Figure 6 shows the results of the operation of the 
PIAPF, in which the armature is made as an aluminum 
foil with thickness of 18 μm in the form of a disc with 
outer diameter Dex = 600 mm (Fig. 6,a), and the inductor 
of the first variant is connected to the CES with voltage 
U0 = 20 kV. After the tests, the disk armature is aluminum 
foil compressed into a volumetric wad (Fig. 6,b). During 
the operation of the accelerator, the armature enters the 
plasma state and moves vertically upwards for several meters 
(in Fig. 6,c,d, the armature is shown by a straight line). 

 

  
                        a                                                  b 

  
                         c                                                  d 

 
e 

Fig. 6. Disk armature before (a) and after (b) tests, the position 
of the armature at the initial (c) and next (d) moments of 

operation and the oscillogram of the CES voltage (e)  
of the PIAPF 

Figure 7 shows the results of the PIAPF operation, 
in which the armature is made in the form of a torus of 
aluminum foil with thickness of 10 μm, and the inductor 
of the second variant is connected to the CES with voltage 
U0 = 23 kV. The average diameter of the torus is 300 mm 
(Fig. 7,a). When the accelerator was working, the toroidal 
armature, after transitioning into the plasma state, turned 
into a cluster of small particles that rose to a considerable 
height relative to the inductor (Fig. 7,b). The 
transformation of the armature, made of thinner foil than 
in the previous experiment, into a cluster of small 
particles can be explained both by the action of 
electrodynamic forces in the armature and by nonuniform 
thermal damage to its individual sections. 

 

  
                          a                                                b 

 
                         c                                                   d 

Fig. 7. Toroidal armature before (a) and after (b) tests; 
position of the armature at the initial (c) and next (d) moments 

of the PIAPF operation 
 

Figure 8 shows the results of the PIAPF operation, 
in which the inductor of the second variant is excited at 
voltage U0 = 20 kV, and the armature is made of copper 
foil, 9 mm thick, which is fixed on a sheet of fiberglass 
with dimensions of 900×900×1 mm. Since the fiberglass 
sheet was curved, an insulating support with a load was 
used to press it evenly to the inductor (Fig. 8,a).  

 

  
                        a                                                  b 
Fig. 8. Armature made of copper foil, which is fixed on a sheet 

from fiberglass, after PIAPF tests 
 

After the operation of the accelerator, an area of 
thermal combustion (Fig. 8,b) appeared in the place where 
the glass-textolite sheet was pressed against the copper 
foil, the particles of which flew up. Here, the 
characteristic circular contour of the heating of the copper 
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foil is clearly visible, which indicates the similar nature of 
the induced current in the armature. Since the melting 
temperature of copper is higher than that of aluminum, 
thermal ionization of the copper foil did not occur even in 
the zone of induced current flow. In other areas, thermal 
heating of the foil is practically absent. 

When using a more compact inductor (outer 
diameter 280 mm, coil width 9.4 mm, distance between 
coils 5 mm) on CES with higher voltage U0 = 35 kV and 
with smaller capacity C0 = 18.5 μF (total resistance of the 
excitation circuit R0 = 0.1 , total inductance of the 
excitation circuit L0 = 1.5 μH) a plasma formation is 
formed, which moves relative to the inductor. Figure 9 
shows an oscillogram of the current in the inductor, the 
external view of the inductor and the plasma formation 
that has moved away from the inductor. The armature is 
made of copper foil, 9 mm thick, which is fixed on a 
fiberglass sheet with dimensions of 900×900×1 mm. 

 

  
             a                                                  b 
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Fig. 9. External view of the inductor (a), the plasma formation (b) 
of the accelerator, and the oscillogram of the inductor current (c) 

 

The oscillogram of the inductor current has an 
oscillatory-damping character with amplitude of the first 
half-wave of 51.6 kA. In Fig. 9,b, it can be seen that the 
plasma formation under the action of electrodynamic 
forces detaches from the sheet of copper foil and moves 
several meters vertically upwards. 

Thus, if the CES voltage does not exceed certain 
values, then the induced current in the armature is 
relatively small and during the heating process does not 
form a thermally ionized plasma formation of a certain 
part of the copper foil. And with an increase in the CES 
voltage, there is an increase in the induced current in the 
armature, which carries out thermal ionization of the 
corresponding part of the armature with the transition into 
a plasma formation, which, under the action of 
electrodynamic forces, moves vertically upwards for 
several meters. 

The results of experimental studies, namely, the 
shape, voltage and current in the inductor coincide with 
the calculated ones with accuracy of up to 15 %, which 
indicates the reliability of the mathematical model of the 
accelerator. 

Thus, experimental and theoretical studies show the 
validity of the concept of a pulse induction accelerator, in 
which, due to the high density of the induced current in 
the armature made of electrically conductive foil, thermal 
ionization occurs as a result of an electric explosion of the 
conductor with its transition into a plasma state. The 
interaction of this plasma formation with the magnetic 
field of the inductor leads to the appearance of the 
electrodynamic force, which ensures its movement in the 
open atmospheric environment by several meters relative 
to the stationary inductor. 

Conclusions. 
1. Work on the creation and throwing of plasma 

formations is relevant and is carried out in leading 
scientific centers of the world using gas-dynamic and 
electromagnetic forces. 

2. A mathematical model of a pulse induction 
accelerator was developed and implemented in the 
Сomsol Multiphysics software package, in which the 
armature does not change its shape and aggregate state 
during operation. The mathematical model, which takes 
into account the parameters of the accelerator distributed 
in space, uses a system of partial differential equations 
with respect to spatial and temporal variables. 

3. Electromechanical and thermal characteristics of the 
accelerator have been calculated. It is shown that the 
temperature rise in the aluminum foil armature is 
significantly nonuniform. The maximum temperature 
value occurs in the middle part of the foil closer to the 
outer edge, and this temperature significantly exceeds the 
boiling point of aluminum. 

4. Experimental research was carried out on an 
accelerator in which the armature is made of aluminum 
and copper foil, and the inductor connected to the high-
voltage CES is made of steel in the form of a flat disk 
spiral. It was established that during the operation of the 
accelerator, the armature enters a plasma state and moves 
vertically upwards for several meters, turning into a 
volumetric wad or a cluster of small particles that rose to 
a considerable height relative to the inductor. 

5. The characteristic circular contour of the thermal 
heating of the copper foil of the armature, which is fixed 
on a glass-textolite sheet, is experimentally shown, which 
indicates a similar nature of plasma formation. 
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