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Abstract—Studying the physical properties of long-lived plasma formations can help us understand the nature
of electrophysical phenomena in thunder clouds, the lower ionosphere, tornadoes, volcanic activity, and the
associated appearance of natural plasmoids (such as ball lightning, sprites, jets, etc.). The stimulated detona-
tion of long-lived energy-consuming plasmoids (LEPs) obtained in a laboratory using a combined type of
plasma generator consisting of an erosive plasma generator and a magnetoplasma compressor (MPC) is stud-
ied in this paper. It is found that a necessary condition for detonation is the excess of certain threshold values
of pressure and temperature. The existence of a directed explosion mode is established, which is realized only
at the optimal delay times (of the order of 7; ~ 2000 us) between the beginning of a pulsed erosion discharge
and the discharge of an MPC. The parameters of shock waves (SWs), as well as the optical and X-ray spectra
of LEPs in the stimulated detonation mode are measured.

Keywords: plasma, magnetoplasma compressor, erosive discharge, detonation, shock wave

DOI: 10.1134/S1990793124701136

1. INTRODUCTION

Magnetoplasma compressors (MPCs) are widely
used in research on plasma physics and plasma aero-
dynamics [1, 2]. In this device, the geometry of the
electrodes and the parameters of the electrical dis-
charge make it possible to obtain a local zone of
plasma energy cumulation, called the plasma focus [3],
with extremely high plasma parameters. Currently,
such devices are used to produce low-energy neutron
beams in research in plasma physics, flaw detection,
customs, and other areas [4—7].

In [2], it was reported that a new combined plasma
generator was first developed and tested, consisting of
an MPC [1-3] and an erosive plasmatron (EP) based
on a pulsed discharge in a capillary with an evaporat-
ing wall [8—11]. At the same time, instead of the tradi-
tional metal anode in the MPC, it was proposed to use
an erosive plasma jet created by an EP [2, 8]. This
combination (MPC-EP) made it possible to expand
the operating pressure range of stable operation of the
MPC up to atmospheric pressure and above it. At the
first stage, the EP creates a long-lived energy-con-
suming plasmoid (LEP), which includes a het-
erophase consisting of metal and carbon nanosized
clusters, as well as hydrogen atoms and ions. At the
second stage, the MPC discharge is ignited, providing

magnetic compression of the LEP and initiation of
detonation processes in it. In [2], it was discovered
that, under certain parameters of the plasma and elec-
tric discharge, stimulated detonation can occur inside
the LEP. Note that this work has been widely read by
physicists. According to the research portal Research
Gate, it was read by more than 200 scientists in the
past year alone.

This paper is a continuation of the research begun
earlier [2, 8—13] and further studies the process of
stimulated detonation of LEP depending on the time
delay 7, between the moments of turning on the EP
and MPC, as well as the search for the optimal mode
of such detonation.

2. EXPERIMENTAL SETUP

The electrical circuit and general view of the com-
bined MPC-EP discharger are shown in Fig. 1. In this
installation, at the first stage, using an EP (/—4) an
erosive plasma jet (&) is formed. At the same time, it
acts as a plasma anode of the MPC, which is triggered
at the second stage of the discharge with a certain
delay 7, relative to the moment of the EP is turned on.
The cathodes of the MPC are six copper rods (7),
located on a circle of radius 16 mm and mounted on a
cathode flange (6). The erosive plasma jet formed by
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Fig. 1. Electrical diagram and general view of the MPC-EP combined discharger: (/) internal electrode (anode) of the EP;
(2) capillary discharge channel of EP; (3) discharger housing; (4) EP cathode/MPC anode; (5) insulator; (6) cathode flange
MPC; (7) MPC cathode rods; (&) heterogeneous plasma jet (LEP).

an EP is essentially an LEP with the given chemical
composition. The typical values of the electron con-
centration and temperature in an LEP, respectively,
are n, 2 X 107 cm—3 and T, = 2—3 €V [8, 10]. The
plasma-chemical composition of the LEP depends on
the eroding working material used in the discharge gap
of the EP (2) and the material of eroding electrodes
(1, 4). Polymethyl methacrylate (PMMA), from
which the EP capillary was made, was used as the
tested working materials (2 in Fig. 1), as well as tita-
nium hydride (TiH,) and nickel hydride (NiH,),
which in the form of powder or prepressed washers
could be placed directly behind the outlet of the EP
capillary. Nickel was used as the material for the inter-
nal electrode of the EP (anode, /in Fig. 1). The exter-
nal electrode (cathode) of the EP (it is also the anode
of the MPC, 4 in Fig. 1) and the MPC cathodes (7)
were made of copper.

The second stage of the combined discharge
includes compression and heating of the LEP plasma
using the MPC discharge initiated with a certain time
delay (z,~ 0.1—3 ms) relative to the moment of ignition
of the EP discharge. In this experiment, directional
stimulated detonation of an LEP is implemented.
Note that the directed explosion of the LEP at the
optimal value 7; was implemented and studied in our
experiments for the first time. In this paper, we study
the parameters of the shock waves (SWs) created by
the directed explosion of an LEP.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

3. SW CREATED BY THE MPC-EP. OPTIMAL
DELAY TIME MODE ¢, ~ 2000 us

The general view of the laboratory setup is shown in
Fig. 2. To study the parameters of SWs, pressure trans-
ducers (2), placed at specified distances from the com-
bined MPC-EP discharger (/), were used. During the
experiments, the pressure distribution P,(X) behind the
front of the SW created by the MPC-EP and the average
speed of the SW Vg (X) were measured.

A high-speed Photron FASTCAM Nova S9 (Pho-
tron, United States) video camera was used to study
the structure, as well as the spatial and temporal evo-
lution of the combined MPC-EP discharger (Fig. 3).
During the experiments, it was discovered that in a
certain range of delay times for switching on the MPC,
the directed movement of the LEP occurs along the
axis of the discharger, which can be characterized as
the movement of a plasma piston, whose shape is close
to cylindrical (see Fig. 3). Measurements carried out
using pressure transducers revealed a strong anisot-
ropy of the pressure distribution at the shock front
near the boundary of the plasma piston, which is fun-
damentally different from the pressure distribution
pattern measured in [2] for the case of the spherical
stimulated detonation of an LEP. This result was also
confirmed using the optical shadow method. At the
optimal delay time for switching on the MPC of ¢, ~
2000 ps, the average velocity of the leading edge of the
plasma jet (plasma piston) reaches V,, ~ 1000—1200 m/s
(hereinafter, index p means that the variable refers to the
plasma piston). This value significantly exceeds the
Vol. 18
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Fig. 2. General view of the laboratory setup: (/) MPC-EP combined discharger; (2) pressure transducers; (3) high-voltage probe

P6015; (4) capacitive storage.

Fig. 3. High-speed video footage of the evolution of the plasma piston created by the MPC-EP: the delay time between turning
on the EP and the MPC is #; ~ 2000 us, frame rate is 125000 fps, frame exposure time is 0.2 us. Frame / corresponds to the state
of the EP plasma jet before the MPC is turned on; frames (2—4) correspond to evolution of the plasma jet after turning on the
MPC. Moments in time ¢ relative to the beginning of the EP discharge: (1) 1512, (2) 2024, (3) 2040, (4) 2056 us.

velocity of the leading edge of the plasma jet V), ~ 450—
600 m/s, recorded in [2] at small delay times of z; ~50 us.

It has been established that when the EP uses only
PMMA erosion products as a working fluid, the Mach
number determined at a distance of X; = 30 cm from
the output plane of the MPC-EP, where the ends of
the cathode rods are located (7 in Fig. 1), does not
exceed a value of Mgy, ~1.46. Thus, at distances of X >
30 cm, a rather weak SW is formed and propagated. This
result was obtained both by measuring the amplitude of

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B  Vol. 18

the SW using a calibrated piezo pressure transducer and
by measuring the velocity of its propagation (based on
the time of arrival of the SW at the measuring pressure
transducer). The difference in determining the Mach
numbers using the listed methods does not exceed 3%.

As mentioned above, the average speed of the
plasma piston reaches values of V,, ~ 1000—1200 m/s.
Its value was estimated as a result of processing indi-
vidual frames of high-speed video recording (Fig. 3).
From the analysis carried out, the value of the maximum

No.5 2024
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Fig. 4. Temporal evolution of pressure P,(#) behind the shock front, recorded by a pressure transducer: (/) working mixture of
PMMA + TiH,, (2) PMMA working mixture. Delay time between turning on the EP and the MPC is 7; ~ 2000 ps.

volume of the plasma piston, which was W, ~ 130 cm’,
was also obtained.

To estimate the pressure P, behind the shock front with
Mach number Mgy, ~ 1.46 at a distance of X; = 30 cm, we
use the known relation at the shock front:

PP (ﬂ M4 v_—lj
v+1 v+1

Here indices / and 2 correspond to the parameters in

front of and behind the SW. From expression (1), we

obtain that P, =2.5P, (aty = 1.4), and the pressure jump
atthe SWfrontisAP, = P, — B =1.5B =1.5bar.

In the weak SW approximation, it is possible to esti-

mate the pressure jump at the shock front near the

boundary of the plasma piston for X, ~ 10 cm (see Fig. 3):

(1

2
AP, = (f—g) x1.5=13.5 bar.

(2

Then the detonation energy stored in the plasma
piston can be defined as the product of the pressure
jump (2) in the SW and the volume of the plasma pis-
ton W, ~ 130 cm*:

E,=APW,=1751. A3)

Close values of the pressure jump AP;l< and detona-

tion energy £, : are obtained based on the measurement
data of the plasma piston’s velocity, V, ~ 1100 m/s, (see
above) using the well-known formula for SWs:

V, = MswC, (1-p1/p,), 4)
where C;isthe speed of sound, p, and p, are, respectively,
the gas density in front of and behind the shock front.

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B

From formula (4) we can obtain the desired Mach
number Mgy ~ 3.8, and the pressure ratio reaches
(P,/P))* ~ 17 at the shock front when it is close to the
boundary of the plasma piston. Then the pressure

jump AP; = Pz* —Pl* is of the order of magnitude

AP;k ~ 16 bar, which is quite close to the value AP, =
13.5 bar, obtained by formula (2).

It was also found that the intensity of the SW largely
depends on the composition of the working mixture.
In the case when the composition of the working mix-
ture is determined solely by the products of ablation of
the capillary wall (PMMA), the pressure jump at the
SW front is minimal. Adding TiH, impurities to this
mixture or NiH, leads to the pressure behind the shock

front increasing by approximately Pz** / Pz* ~ 1.3 times
(Fig. 4). We assume that the additional pressure is
related to the additional release of thermal energy 0E,,
(index ch means a chemical source of energy release),
initially stored in the internal degrees of freedom of the
molecules of the activated working chemicals, due to
the occurrence of specific plasma-chemical reactions
in them [9—13]. Then this value can be estimated using
the following relation:

8E,, =0.3E, ~0.3x175=52 J.

According to the measurement results, the mass of the
TiH, impurity supplied to the volume of the plasma jet
during the discharge pulse is M, = 1.2 mg/pulse.
Therefore, the value of the specific additional energy
can be estimated using the following formula:

Vol. 18
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Fig. 5. Optical emission spectra of LEP: (/) emission spectrum upon injection of NiH, impurity, (2) initial emission spectrum in
the absence of impurity injection.
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Fig. 6. Typical emission spectrum of an LEP in the X-ray range.

SE. 521 4. OPTICAL AND X-RAY SPECTRA OF LEPs
=2 = 7 _ 43K/

oM, o 1.2 mg The optical spectra of the LEP were recorded with
an AvaSpec-ULS 2048 fiberoptic spectrometer
(Avantes BV, Netherlands). In the emission spectra pre-
sented in Fig. 5, lines of excited atoms H, K, Ni, Na, Li,
as well as fairly intense continuous emission, are
q. 43 kJ/g observed. The presence of the latter is due to the for-
K = = 42 kl/g = mation of metal and carbon nanoclusters inside the
TNt ’ LEP [2, 14]. Estimating the temperature of metal nano-
Thus, the estimates show that the energy content of ~ clusters from continuous radiation in the Wien approxi-
the LEP can reach large values. mation leads to the following values: 7" ~3000—4000 K.

Note that the value g, exceeds the specific energy
intensity of the trinitrotoluene (TNT) equivalent by a
factor of 10:

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRYB Vol.18 No.5 2024
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It was found that the additional injection of TiH,
particles into the discharge region of the MPC-EP
leads to the appearance of intense Li I lines in the optical
spectra: 610.35 and 670.78 nm (curve 7 in Fig. 5). Note
the absence of these lines in the initial spectrum of the
LEP emission, recorded without the injection of such
an impurity (curve 2 in Fig. 5). This result is not
entirely clear and requires detailed study in future
experiments.

The X-123 spectrometer detected intense soft X-ray
radiation with a quantum energy of the order of £, ~ 1 keV
(Fig. 6). In the same experiment, using the MKS-A03-1
radiometer-spectrometer (NPC “ASPEKT”, Dubna),
signals were recorded that can be interpreted as a flux of
cold neutrons from the spatial region occupied by the
LEP (see also [2, 14]). This result also requires further
analysis and experimental verification.

5. CONCLUSIONS

1. For the first time, a combined discharger based
on an MPC and a pulsed EP, MPC-EP, was designed,
manufactured, and tested. This MPC-EP was used to
study the physical properties of a high-energy, long-
lived heterogeneous plasma formation over wide pres-
sure and temperature ranges.

2. The pressure P,(f) behind the front of the SW
created by the MPC-EP and the average velocity of
the SW Vgw(?) resulting from the stimulated detona-
tion of the LEP were determined. It was found that
with the optimal time delay of 7, ~ 2000—4000 s
between the moments of ignition of the EP and MPC
discharges, the directed explosion mode of the LEP
can be implemented. The measurements revealed a
strong anisotropy of the pressure distribution behind
the shock front. It was confirmed by the optical
shadow method that in this mode a curved SW front,
close to cylindrical, was formed.

3. It was found that in the range of the optimal
MPC response delay times, the average front velocity
of the plasma piston was V,, ~ 1000—1200 m/s, which
significantly exceeds the values of V,; ~ 450—500 m/s
recorded in the mode of small time delays (¢, ~ 50 us) [2].

4. The dependence of the pressure jump at the
shock front on the composition of the tested eroding
materials (such as CsHgO,, TiH,, and NiH,) filling the
discharge gap of the MPC-EP, with all the other
parameters of the electrical discharge being equal, was
identified. Assuming that the additional energy release
behind the SW front is related to the high-threshold
plasma-chemical reactions with the participation of
electrons of the inner electron shells occurring inside
the LEP, it is possible to determine the value of the
specific energy release of the reaction of ¢, ~ 43 kJ/g.
This assumption is confirmed by the LEP emission
spectra recorded in the optical and X-ray wavelength
ranges. Note that this specific additional energy

RUSSIAN JOURNAL OF PHYSICAL CHEMISTRY B
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released as a result of detonation g, exceeds the spe-
cific energy of TNT by more than 10 times: K =
q./qrnt = 10. In this case, the value of K significantly
exceeds the value measured in [2] at small delay times
(K*=2—4 at t,~ 50 ps).

5. The authors assume that the experimental results
obtained in this study will contribute to the develop-
ment of ideas about the nature of electrophysical phe-
nomena in a thunderstorm atmosphere, lower iono-
sphere, tornadoes, volcanic activity, and the appear-
ance of natural plasmoids associated with them (such
as ball lightning, sprites, jets, etc.) [15].
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