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  d) 

  e) 

  f 
 
Fig.2. a) - f). Weak influence of dustiness on the form of the distribution of pressure behind the shock wave in the plasma of 
the glow discharge for the small concentration of dust (20mg in m3) for air (Air) and nitrogen (N2). 2- maximum dustiness 
(20mg in m3), 1- dustiness is two times lower, 0 - without the dust. 234 - point 20 mm prior to center, 254 - center of 
discharge, 274 -20 mm after center. The initial velocity of shock wave at the output from the electric discharge shock tube of 
1,6 km/s. 
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In the Center and at a distance of 20 mm 
behind the center impact of dust at large 
concentrations (200 mg/m3) in the form of signal is 
much smaller and is approximately 3%. Due to the 
symmetry of the discharge, the dustiness is also 
symmetrical and cause of separating, apparently, is 
the speed of shock wave. As experiments show, 
shock wave speed when passing discharge is 
reduced. At 20 mm from the Centre of speed is 
approximately 1.5 km/s, in the Center-1.3 km/s, and 
at a distance of 20 mm for Centre-1.1 km/s. Thus, 
when the speed is reduced of 30% dustiness 
influence decreases in 3 times (in the center of the 
discharge the dustiness can be significantly 
reduced). There is a strong dependence of dustiness 
effect on shock wave speed. 

 
2.3. High dustiness -  refined results 
 
The next step consisted in conducting experiments 
in the upgraded installation with increased 
measurement precision by increasing the 
registration point to order, and at the expense of 
averaging at each point registration number 
experiments. In this study there was an averaging of 
10 experiments. The measurement results are 
presented in Fig. 4-6. Experiments carried out 
under the same conditions. Dustiness was high (200 
mg/m3), because at such  mass concentration of 
dust effect of dust was observed in the pressure 
distribution behind shock wave in preliminary 
experiments. 

Experiments were also conducted in the 
upgraded installation and in dusty air, nitrogen and 
argon without the ignition of glow discharge. 
Influence of made virtually no. For example, 
distribution of pressure in the air in the middle of 
discharge is presented (Fig. 4). 

 Начальная скорость ударной волны на 
выходе из электромагнитной ударной трубы 
составляла 1,6 км/с . Мелкодисперсная 
углеродная пыль, которая использовалась для 
запыления плазмы,  обладает низкой энергией 
сродства с электроном. Возможно, это является 
причиной, по которой не наблюдается 
электризация пыли. Наблюдается равномерное 
распределение пыли по пространству в 
свободных конвекционных потоках.  

Initial shock wave speed on the output 
from electromagnetic shock tube was 1.6 km/s. The 
fine carbon dust which was used for dusty plasma 
has low energy electron affinity with electron. 
Perhaps this is the reason why there was no 
electrization of dust. There is a uniform distribution 
of dust for space in free convection flows. 

Main results in plasma in glow discharge 
are  two facts unexplained now. The first fact; the 
impact of dust on the pressure distribution behind 
shock wave in the air is minimal (Fig. 5) and is 
limited to only a small effect on the pressure 

distribution only at high speeds shock wave. 
Amplitude secondary wave in the air a bit increases  
(Fig. 5).   The upper part of the secondary waves in 
air also changes its form (Fig. 5). 

The second fact: under the same initial 
conditions in argon plasma influence is 
pronounced. Dustiness of argon plasma leads, 
unlike air plasma, to significantly increase of 
amplitudes of secondary wave (Fig. 6). 

 
2. Conclusion. 
 

The influence of carbon dust on the 
pressure distribution behind shock wave in 
atmosphere of air and argon in plasma of glow 
discharge and without plasma is investigated. 
Increasing the natural dustiness in 10 times, as in 
the air and argon, influence of dustiness on pressure 
distribution behind shock wave in the atmosphere 
without plasma practically is not observed. 
Influence of dustiness evident in argon plasma of 
glow discharge (in the case of  increasing of  
natural level of dust in 10 times). 

The influence of dustiness in plasma of 
glow discharge in air is not essential. The same 
behavior is observed in nitrogen. In argon plasma 
dustiness leads to a substantial increase of 
amplitude of secondary wave. Preliminary 
experiments have shown that the impact of 
dustiness strongly depends on the speed of shock 
wave. For stronger shocks influence of dustiness is 
greater. More precise studies have shown that such 
behavior is more common for plasma air than for 
argon plasma. The difference in  influence of dust 
in argon and in the air can be associated with that in 
plasma of molecular gases there is excitation of 
vibration levels of state,  which at collisions with 
fine carbon dust may be occurred in equilibrium 
with the kinetic energy of dust particle. 
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Introduction 
 

Physical processes related to the 
propagation of high-speed shock waves in a 
dispersive medium (gas-plasma mixture) need 
further investigation. Gas-dynamic processes in 
rarefied dispersive media are determined by their 
specific nonlinear properties [1]. Usually it is 
supposed, that the physical effects accompanying 
the propagation of a shock wave in a weakly ionized 
plasma are the same with effects in a heated gas. 
However, it is true only for range of small speeds of 
a shock wave. Many researchers observed 
significant differences in the propagation of shock 
waves in plasma and hot gas [1,2]. The nature of 
these anomalies has been unclear for a long time. It 
has appeared, the problem of unusual interaction of 
shock waves with plasma should be considered with 
laws of electrodynamics and nonlinear ionic 
acoustics. The new mechanism of interaction of 
plasma component has been found out at 
propagation of a shock wave in weakly ionized 
medium [3, 4]. It has allowed to develop a nonlinear 
ionic-sound model of interaction of shock waves 
with dense weakly ionized medium [5-7] which 
describes many observable abnormal resonant 
effects with high accuracy [8]. It is obvious, that 
similar electrodynamic nonlinear plasma effects can 
be observed at propagation of shock waves in 
plasmas of a various kind. From this point of view, 
shock waves in reacting gases are very interesting. 
In such gases, the gas-plasma medium with various 
ions and groups of nonequilibrium electrons is 
formed in the front of the shock wave. This 
situation arises for example at a detonation. Thus, in 
a nonlinear resonant plasma dynamics point of 
view, detonation waves can be considered as a 
special case of shock waves in a gas-plasma 
medium. In fact, there is a significant similarity of a 
gas detonation with ionizational instability of shock 
waves even in detailed attributes. Both ion-acoustic 
shock waves in plasma and detonation waves arise 
in the certain resonant ranges of speeds. In 
particular, the influence of plasma resonant ion-

acoustic effects on a gas detonation is presented in 
ref. [9,10]. It is shown, that the maximal speed of a 
detonation in a gas mixture coincides with the 
maximal phase speed of a soliton bunch in products 
of reaction.  

Up to this moment, the real physical 
mechanisms of detonation are poorly investigated 
and the detonation theory is far from being 
complete. Currently, the detonation is considered to 
be a thermal effect, where a shock wave and 
chemical reaction support intensity of shock 
interaction. Existing theory relates detonation limits 
with energy losses in the propagation of the shock 
wave [11] or with kinks at the front of the 
detonation wave which result in gas ignition [12]. 
Considering the chemical reaction as an energy 
source for detonation and using the thermodynamic 
approach we can investigate the basic laws of the 
detonation process. However, the more detailed 
understanding of physical mechanisms in detonation 
is important. In this paper we present the further 
investigation on nonlinear ion-acoustic interaction 
and its effect on propagation of a detonation wave. 
 
The nonlinear ion-acoustic mechanism of 
interaction of plasma components 

 
The important role of nonlinear ion-

acoustic interaction in plasma shock waves has been 
detected in ballistic experiments [4, 5]. Detailed 
experimental study of physical processes in dense 
plasma near the hypersonic body revealed the 
existence of ion-acoustic soliton bunch in the front 
of a shock wave, which is caused by non-linear 
interaction of plasma components. 

We can observe two additional peaks of 
radiation on the forward front of the shock wave, 
which are related with soliton bunch formed in 
photo-ionizational plasma in Fig.1. The analysis of 
ballistic experiments has shown, that there is a 
correlation between existence of an abnormal flow 
and soliton bunch. It was revealed, that the high-
speed border of existence of an abnormal flow of 
supersonic bodies in dense collisional plasma 
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coincides with the maximal phase speed of a soliton 
bunch formed in plasma [4, 5, 8]. There is an 
ionizational instability, which destroys a front of 
shock wave at the speed, related to the maximal 
phase speed of a soliton bunch. 

 

 
Fig.1. Ballistic apparatus; signal of radiation from 
multiplier, sphere, xenon, С = 2260 m/s, soliton package 
on a front of a bow shock (it is marked by an arrow), Mi= 
1,3. 
 
 
Theoretical model. The physical model of 
observable anomalies in dense collisional plasma is 
considered in ref. [5-7]. The solution of the dynamic 
equations of three-component plasma accounted for 
nonlinearity and dispersion has shown that, indeed, 
the soliton bunch is formed in the field of plasma 
shock wave and the “Houston’s horse” effect is 
realized. This model is in a good agreement with the 
results of high-speed ballistic experiments and other 
experiments on instability of plasma shock waves. 
According to our model, the equations of a shock 
wave in dense three-component plasma can be 
reduced to the nonlinear equation for potential. In 
the extreme case, if we neglect collisions between 
ions and neutral particles and utilize the nonlinearity 
of the equation for the electric field, it leads to the 
well-known Sagdeev equation: 

 
 (1) 

])21(1[exp1)( 2
122 ψψψφ −−−+−≡ ii MM , 

2
** 5,0; iM≡≤ ψψψ , 

 
where  is the Debye radius, Mi is the ionic Mach-
number. The Debye radius characterizes dispersive 
properties of plasma. This equation has the soliton 
solution in the range of ionic Mach-numbers 1 < Мi 
≤ 1,6, (Mi = V/Vi, where V is speed of a shock 
wave, Vis = ie mT  is speed of an ionic sound). 
Equation, which serves as a better approximation 
and includes an elastic ion-neutral collisions, 
electronic heat conductivity, ionic viscosity, 
nonlinearity and dispersion is derived and analyzed 
in [7]: 

-V´´´ 2  (1- V )+ V´´ηc  

+ V´[  - ] - V(c-
V)(V-  ) ≈ 0 

≡ (ζ) ] +  k      (2) 
 
In the given problem stationary perturbation in 
weakly ionized not isothermal plasma was 
investigated. The fields depend on ζ= x – ct, where 
x, t , coordinates and time, c is speed of moving of a 
shock wave, n is concentration, indexes i, e, n 
correspond to ions, electrons and to neutral 
particles, æ is a factor of electronic heat 
conductivity, η is factor of dynamic viscosity. In the 
equation (2) members nonlinear on Vc-1, an elastic 
ion-neutral impacts, electronic heat conductivity, 
ionic viscosity and a dispersion are considered. If 
we take into account the collisions, the equation has 
a solution similar to those of Sagdeev equation. In 
fact, even strong dissipation does not destroy sharp 
resonant effect. Analytical estimations and 
numerical analysis [7] have shown that specific ion-
acoustic shock wave is formed in a shock wave 
precursor. The analysis of the equation (2) has 
confirmed the existence of soliton bunch in dense 
collisional plasma in the field of a shock wave when 
shock wave speed is in resonant range 1< M i ≤ , 
which is similar to data of ballistic experiments. 
Ion- acoustic soliton bunch, arising at М i >1, leads 
to development of instability of a shock wave. With 
increase of ionic Mach number both the amplitude 
of a bunch grows and the factor of ionization in 
bunch increases. The analysis [7] has shown that at 
critical value of ionic Mach-number 
M i ≈ there is an explosive instability. The 
finite increment in speed of neutral component 
shock wave leads to infinite increase of soliton 
bunch amplitude of ionic component. When ionic 
Mach-number approaches its critical value, the 
ionization factor comes to 1≈α . The strongest 
interaction between charged and neutral components 
takes place in this area of highly-ionized bunch. It is 
the moment of the greatest instability, which is 
followed by the collapse of the soliton bunch and 
destruction of the shock wave (see Fig. 2, 3). 

 
Nonlinear interaction in the oxygen-hydrogen 
mixture 
 

Let us start with simple problem of 
propagation of shock waves in a combustible gas 
mixture with a minimum quantity of components. 
The solution of this task facilitates the 
understanding of the problem of propagation of 
shock waves in more complex gas-plasma systems. 
The most simple object is the mixture of hydrogen 
and oxygen. It is necessary to investigate the kinetic 
scheme of formation of ion-acoustic soliton bunch 

ψ
ψφψ

d
dD )(''2 −=
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in the oxygen-hydrogen plasma near the shock front 
by means of multifluid model. The solution of the 
whole problem appears at first sight rather 
complicated due to consideration of all the 
resonance and metastable levels, which can 
participate in the formation of the electron energy 
distribution due to collisions of the second kind. 
However, the task becomes much simpler if you 
consistently take into account only the most 
populated metastable energy terms of the molecules. 
Such terms are the lowest metastable terms of 
molecular oxygen. These terms give the largest 
contribution to the formation of the electron energy 
distribution in the wave front. In fact, the energy of 
chemical reactions at explosive decomposition is 
usually not sufficient for direct population of high 
energy levels of atoms. Metastable terms of atomic 

oxygen with higher energy have lower population 
and can be considered in the second turn. 

Also, the solution of problem is facilitated 
by the fact that due to the small atomic and 
molecular weight of hydrogen its ions can form only 
high speed plasma dynamical resonances, which in 
this case we do not consider. In addition, atoms of 
hydrogen has highly located and poorly populated 
levels of energy which cannot give the appreciable 
contribution to the energy distribution of electrons 
and cannot form a bunch. There is no low 
metastable term in molecular hydrogen, therefore it 
is possible neglect a role of atoms and molecules of 
hydrogen in formation of nonlinear plasma-
dynamical resonances in a hydrogen-oxygen 
mixture. Two main types of ions - O+ with the 
ionization potential I = 13,62 eV and O +

2  (I=12,08 
eV) are formed at propagation of a shock wave in 
oxygen. Thus molecular oxygen has a special role in 
an oxygen-hydrogen mixture. It has low located 
metastable power terms O2 (a1Δg) and O2 ( b1Σ +

g ) 
which have energy E = 0,98 eV and E = 1,64 eV. 
These terms are easily populated at collisions and 
take part in formation of electron energy distribution 
in the wave front. The molecule of oxygen 
possesses the lowest ionization potential. Energy of 
excitation is easily transferred from atoms to 
molecular terms, which leads to prevalence of 
oxygen molecular ions in oxygen-hydgrogen 
plasma, so the concentration of oxygen atomic ions 
can be neglected. Furthermore, the oxygen 
molecular ions are massive and can form lowest-
speed resonances in plasma of H2+O2 mixture. Two 
large groups of electrons with energy E=0.98eV and 
E=1.64eV are formed as a result of second kind 
collisions of excited molecules with slow electrons. 
The molecular oxygen ions are also produced as a 
result of step-wise excitation. Thus it appears that 
the ions of molecular oxygen and two groups of 
electrons form the lowest speed plasma dynamic 
resonances ie mT  < С ≤ 1,63 ie mT in a mixture 
of hydrogen and oxygen. The source of these 
electrons are the two lower metastable term of 
molecular oxygen (Table 1). 

 

 
 
Fig. 2. Interferogram of a shock wave in xenon [14];  M 
= 25, Mi = 1,5; 1 - front of a gas-dynamic shock wave, 2 
- front of an ion-acoustic shock wave in precursor. 
 

      
 
Fig. 3. Interferogram of a shock wave in xenon [14]; 
collapse of a shock: destruction of the wave front and  
transition to multyflow  movement at M=27,1; Mi= 1,6. 
 
 

 
                                 Table 1. Ranges instability of the shock waves in oxygen, associated to population of the terms 

                                                O2 ( a1Δg) and O2 ( b1Σ +
g ). 

Energy of electrons 
E (eV) 

 

 
ion 

range of instability of the shock wave 
(km / sec) 

∆С = Vis÷ 1,63 Vis 

collapse of the shock wave 
(km / sec) 

0,98 O +
2  1,72   ÷    2,8 2,8 

1,64 O +
2  2,2    ÷   3,58 3,58 
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O *

2 (0,98 eV) + e ( 0≈ )→  O 2 + e (≈0,98 eV) (1) 

O *
2 (1,64 eV) + e ( 0≈ )→O 2 + e (≈ 1,64 eV) (2) 

 
Depending on conditions different speed 

range ∆С = V is ÷ 1,63 V is , with soliton bunch can 
be realized. It depends on the population of the 
metastable terms, which is determined by the energy 
input, as well as the density of the medium, as the 
collisions devastate metastable terms. If the energy 
of shock waves and chemical reaction is enough to 
populate a term O 2 ( a 1Δ g ), but not enough to 

populate a term O 2 ( b 1 Σ +
g ) with energy E = 1.64 

eV, the soliton bunch is formed only in the 
range of ΔС = 1,70 ÷ 2,8 km / sec (Table 1). The 
second range of ΔС = 2,2 ÷  3,6 km / sec occurs 
with greater energy deposition at the expense of a 
term O 2 ( b 1 Σ +

g ) with energy E = 1.64 eV. In 
Table 2, these ranges are compared with the known 
speed ranges of detonation in an oxygen- hydrogen 
mixture. At increase in energy of a shock wave 
higher power levels of atoms and molecules can be 
populated. Metastable terms of atom of oxygen 

O( ) with energy Е =1,97 eV, O( ), Е =3,15 
eV, and also O(  ) with energy Е = 4,19 eV are 
located the following on energy behind metastable 
terms of a molecule of oxygen. At collisions of the 
second kind with participation of these terms groups 
of electrons with corresponding energy Е = 1,97 eV, 
Е = 3,15 eV, Е = 4,19 eV can be formed. As a result 
the ranges of instability ΔС = 2,4 ÷ 3,9 km/s ( ion 
O +

2 , electrons Е =1,97 eV), ΔС = 3,06÷ 5 km/s (ion 

O +
2 , electrons Е = 3,15 eV), ΔС = 3,46 ÷  5,6 km/s 

(ion O +
2 , electrons Е = 4,19 eV) will arise. Strong 

instability at speed of a shock wave of 3,9 km/s is 
really registered in experiments [16] on research of 
ionizational instability in oxygen. Ranges of 
instability can arise also at participation of resonant 
terms [9]. For example, due to two-step reaction 
with participation of resonant term  (9,52 eV) the 
group of electrons can be formed. 
 

(9,52 eV) +  (9,52 eV) → O +
2  + e (6,96 eV) 

 (3) 
 

(9,15 eV) + e (6,96 eV) → O
+

+ e (2,49 eV) +  

                                          Table 2.Speed limits of detonation and the corresponding nonlinear resonance ranges 
 

 

Mixture 

Limits of detonation 
experiment [15] 

(m / sec) 

The range of existence of a soliton bunch 
∆С = V is ÷ 1,63 V is  

calculation (m/sec) 

( 2H 2 + O 2 ) + kO 2  1707 ÷  2814 
 

1720 ÷ 2800 

kH 2 + O 2  1707 ÷  3532 
 

1720 ÷ 2800 (O +
2 , Е=0,98 eV); 

2200÷3580  (O +
2 , Е=1,64 eV); 

Total 1720 ÷3580 

 
Table 3. Comparison of the phase velocity of the soliton bunch with a maximum speed overcompressed detonation of     
                oxygen-hydrogen mixture 4H 2 + O 2  

Energy of 
electrons 
E (eV)  

ion 
The phase velocity of the 

bunch 
(km/s) 

Pressure of 
mixture 
(Torr) 

Speed limit of overcompressed 
detonation; 

experiment [17 ] 
(km/s) 

1,97 O +
2  2,42  ÷ 3,9 80 3,9 

2,49 O +
2  2,73   ÷    4,45 200 4,5 
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e (≈0 eV)    (4) 
 
As a result the range of instability of shock wave ΔС 
= 2,73 ÷  4,45 km/s (ion O +

2 , electrons Е = 2,49 эв), 
will be generated (Table 3). In oxygen there may be 
other more high-speed ranges of nonlinearity, which 
can occur at high velocities of the shock wave. Two-
step reaction similar to reaction (3) - (4) is realized 
for example in the ionization instability in xenon 
[9]. Thus, in a reacting oxygen-hydrogen gas 
mixture due to ions of oxygen the following ranges 
of instability of the shock wave, connected with 
nonlinear ion-acoustic interaction can consistently 
realize: ΔС = 1,70 ÷ 2,8 km/s; ΔС = 2,2 ÷  3,6 km/s; 
ΔС = 2,4 ÷ 3,9 km/s; ΔС = 2,73 ÷ 4,45 km/s; ΔС = 
3,06÷ 5 km/s; ΔС = 3,46 ÷  5,6 km/s. The speed 
limits of a detonation close to values of 2,8 km/s, 
3,6 km/s; 3,9 km/s; 4,45 km/s are registered in 
experiments (see tables 2,3). Experimental data at 
higher speeds are absent in the literature. Thus, 
experiments in the oxygen-hydrogen mixture show 
that the physical mechanism of detonation, which 
determines the nature and speed limits of 
detonation, is associated with non-linear processes 
in a dispersive gas - plasma medium that occurs 
during the explosion. All the registered speed limits 
of detonation D for the oxygen-hydrogen mixture at 
various pressure: D = 2,8 km/s, 3,6 km/s, 3,9 km/s, 
4,5 km/s [17] coincide with the maximal phase 
speeds of soliton bunches, realized in the field of a 
shock wave in plasma of oxygen D = 1,63 V is . 
Phase velocity of soliton bunches is determined by a 
consistent population of metastable terms of 
oxygen. In turn, the population of terms is 
associated with the frequency of collisions and, 
therefore, depends on the pressure of medium. 
Because of this, the detonation velocity depends on 
the pressure. 

Detonation of the condensed explosives at change 
of density 

 
Various explosives differ by energy of 

explosion. Detonation speed increases with increase 
in explosion energy. It is shown in [18] that the 
detonation velocity of condensed explosives 
corresponds to the speed of soliton bunches, which 
are formed in the reaction products of 
decomposition of explosives. The heat of explosion 
determines the population of the metastable low-
energy terms of atoms and molecules formed in the 
decomposition products of explosives. There are 
only eight such metastable terms in explosives, 
which have element structure C-O-N or C-O-N-H. 
These are terms with energy from Cmet* (1,26 eV) 
up to NOmet* (4,7 eV). Non-equilibrium electron 
groups are formed in the front of the shock wave as 
a result of second kind collisions of excited atoms 
with slow electrons. Ions are also formed. Owing to 
these eight groups of electrons and to ions of six 

kinds (C + - CH + - O +  - N +  - NH + - NO + ) the 
limited number of soliton bunches is formed. We 

consider the ions CH
+

 and NO
+

 as they have low 
potential of ionization and can prevail in plasma at 
explosive decomposition. The more heat of 
explosion is produced, the higher energy terms of 
atoms and molecules become populated. As a result, 
both the electron energy and phase speed of ion-
acoustic soliton increase. It is due to the described 
factors, that the detonation speed has a discrete set 
of values.  

The energy released during the explosion, 
also depends on the density of the explosive. 
Change of density of each explosive leads to change 
of population of metastable terms and subsequently 
to change of resonant ranges, which determines the 
detonation speed. Let us consider these factors now. 

                                                                                                                                                                Table 4. Trinitrophenol. 
 

Density, g / cm³ Velocity of detonation, 
m / sec Soliton bunch Phase velocity of 

soliton bunch, m/sec 

0,97 4965 C*(1,26 eV), N+ 3080 ÷ 5000 

1,32 6190 O* (1,97 eV), CH +  3800  ÷6200 

1,41 6510 С*(2,68 eV) , O+ 4000  ÷ 6500 

1,6 7350 O*(3,15 eV ), NH +  4450 ÷7300 

1,62 7200 С*(2,68 eV), CH +  4400 ÷7200 

1,70;  1,77 7480 С*(2,68 eV), C +  

O*(3,15 eV), N +  

N*(3,58 eV), O+ 

4600 ÷7500 

4600 ÷7500 

4600 ÷7500 
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2,4,6-trinitrophenol (TNP), (Picric acid, Melinit). 
C6H2(NO2)3OH. Yellow crystal substance under 
normal conditions. Brisant explosives. Density is 
1,8 g/сm³, heat of explosion - 4,02 МJ/Kg. Reaction 
of decomposition: 
 
2C6H2(NO2)3OH = CO2 + C + 10 CO +2 H2O + H2 
+ 3 N2 
 
Products of explosion in the closed bomb: 71,05 % 
CO, 3,42 % CO2, 0,34 % O2, 1,02 % CH4, 13,8 % 
H2, 21,1 % N2 . Picric acid was used in World War I 
for filling shells to three-inch guns. It was also used 
to equip anti-tank mines in wooden cases during the 
Second World War. Experiments show, that the 
detonation speed depends on explosive density. It is 
usually supposed, that detonation speed 
continuously follows after change of density wave 
velocity. However, we can show, that detonation 
speed changes discretely. Let us compare known 
detonation speeds with speeds of soliton bunches 
whose formation is possible for the given substance. 
We shall compare known speeds of a detonation 
with speeds of soliton bunches whose formation is 
possible for the given substance.  

Table 4 shows, that the maximum phase 
speeds of low-speed soliton bunches coincide with 
detonation speeds for various densities of TNP 
substance. 

If energy increases the higher metastable 
terms of atoms and molecules become populated 
and the phase speed of soliton bunch grows. 
Sequence of population of metastable terms in 
compound of type С-O - N - H is follows: 0.98 eV 
( ), 1.26 eV (C*), 1.64 eV ( ), 1.97 eV ( O*), 
2.38 eV (N*), 2,68 eV (C*), 3,15 eV (O*), 3,58 eV 
(N*), 4,19 eV (O*), 4,7 eV (NO*). Detonation 
comes to an end in some phase of decomposition 
before the stage of formation of end-products. At 

the maximal density of picric acid, 1.77 g/cm³ three 
soliton bunches correspond to detonation velocity D 
= 7480 m/sec. However most likely the detonation 
in this case is connected with a bunch [C* (2,68 
eV), C+], as the maximal speed of a detonation of 
the trotyl, having close heat of explosion of 4,23 
МJ/Kg is unequivocally connected with a term C* 
(2,68 eV) [18 ].   

 
Pentaerythrit (Pentaerithrityl Tetranitrate). 
(CH2ONO2)4C. It is a crystal powder of white 
color. Powerful and sensitive explosive. It detonates 
at impact. The burning of leaky charges is unstably 
and it can pass in a detonation. Heat of explosion is 
5.76 МJ/Kg. Density is 1.77 g/cm. It is applied for 
filling of the detonators, detonating cords, 
ammunition, in mixtures and alloys. Table 5 
presents the results of comparing the velocity of 
detonation of pentaerythrit of different densities 
with phase velocities of soliton bunches. All range 
of detonation velocities of 4400 ÷ 8350 m/sec is the 
imposition of ranges of existence of soliton bunches 
associated with the population of the six metastable 
terms of C* (1,26eV) to N* (3,58eV). Metastable 
term N* (3,58eV) is the highest term populated at a 
detonation of pentaerythrit. Comparison shows, that 
the maximal phase speeds of low-speed soliton 
bunches coincide with speeds of a detonation at 
various substance densities.  

There are general laws which describe the 
detonation physics of both density increase and 
explosive energy increase. When the heat energy 
increases due to higher density, the higher 
metastable terms of atoms and molecules get 
populated and the energy of electrons increases, 
which causes the increase of phase velocity of a 
soliton bunch. The same effect can be obtained with 
more powerful explosive. Higher metastable terms 
are populated and energy of the electronic groups 

                                                                                                                                        Table 5. Pentaerythrit 
 

Density, g / cm³ Velocity of detonation, m / 
sec 

Soliton bunch Phase velocity of soliton 
bunch, m/sec 

0,65 4400 C* (1,26 ),  O+ 2730÷ 4440 

0,8 4900 C* (1,26 ),  N+ 3000 ÷4900 

1,0 5500  (1,64), N+ 3340÷ 5450 

1,17 6110 O* (1,97),  CH+ 3780 ÷6150 

1,2 6300 O* (1,97), C+    3920 ÷6400 

1,4 7100 N* (2,38),  C+ 435 ÷7100 

1,5 7520 N* (3,58), O+   4600 ÷7500 

1,6 8300,  
7900 

   N* (3,58), CH+ , 
                  N+ 

5100  ÷8300, 
4900  ÷8000 

1,72 8350 N* (3,58),   CH+ 5100  ÷8300 
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forming a soliton bunch grows. Consequently, the 
collapse of the shock wave (Fig. 3) occurs at a higher 
speed corresponding to the detonation velocity D = 
1,63 Vis. 
Thus the velocities of detonation of explosives 

• have discrete values;  
• are the limiting propagation velocities of 

shock  
• waves in a multicomponent dispersion 

medium; 
• are the maximum phase velocities of 

soliton  
• bunches in multifluid system with different 

ion  
• sound velocities. 
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Abstract. The energetic ions and DD neutrons from microfusion at the interelectrode space of a low energy nanosecond 
vacuum discharge with deuterium-loaded Pd anode has been demonstrated recently. To understand better the physics of 
fusion processes the detailed PIC simulation of the discharge experimental conditions have been developed using a fully 
electrodynamic code KARAT. The dynamics of main charge particle species was reconstructed in time and interelectrode 
space. The principal role of a virtual cathode (VC) and the corresponding single and double potential well formed in the 
interelectrode space are recognised. The calculated depth ϕ of the quasistationary potential well (PW) of the VC is about 50-
60 kV, and the D+ ions being trapped by this well accelerate up to energy values needed to provide collisional DD nuclear 
synthesis. Both experiment and PIC simulations illustrate very favourable scaling of the fusion power density at decreasing of 
VC radius (~ ϕ2/r4

VC) for the chosen inertial electrostatic confinement fusion scheme based on nanosecond vacuum discharge. 
Meanwhile, the initial stage of discharge is understood still poorly. When voltage is applied, the electron beam extracted 
from cathode starts to interact with the surface of deuterium- loaded Pd anode. This early stage of discharge manifests 
sometime the peaks registered by photomultipliers which are similar to neutron ones from time-of-flight measure under the 
study of collisional DD synthesis at the further stages of discharge. The detailed study of Pd anode surface morphology have 
been performed and recognized, in particular, the number of various pores and craters of different sizes. We remark that 
besides of rather usual craters (due to electron beams – anode interaction) some of the craters on the Pd anode surface may 
correspond to anode ectons (explosive centres) and consider their possible nature. The data obtained are compared with 
recent results on initiation of DD reactions by electron beams at deuterium -loaded Pd foils and correspondent data on their 
surface morphology. 
 
1. Introduction. 
 

Being by definition on the boundary 
between condensed matter physics and plasma 
physics, warm dense matter (WDM) is expected in 
any systems with high local concentration of energy 
that start as solid and are heated to become plasmas. 
Laser-target interactions, particle beam-target 
interactions, shock waves, high pressure and other 
studies of WDM at large and medium scale 
facilities (see, for instance, [1,2]) are supplemented 
successfully by small-scale experiments. For 
example, table-top experiments using femtosecond 
laser irradiation of clouds of clusters [3] have 
demonstrated how x-rays, fast ions, and even DD 
synthesis neutrons can be generated. Also, different 
states of matter in unusual conditions have been 
realized and under the study at vacuum discharges, 
where an extensive experience has been 
accumulated [4,5]. In fact, solid density electrodes, 
vacuum environment, fast and local energy 
deposition provides the framework to create and 
study WDM also. For example, there are many 
ways to concentrate energy up to 104 J/g in 
microscopic volumes of a cathode. These 
concentrations of energy result in microscopic 
explosions accompanied by emission of electrons, 
creating a plasma, liquid droplets of metal, and 
metal vapor. This effect has been called “ecton” 
(explosive center) effect [6,7]. Ectons, thus, arise 
because of high power density concentrated at a 
metal surface, and one of the most common 

methods to create this specific state of WDM is 
Joule overheating of micro volumes of cathode. 
Related anode phenomena are still poorly 
investigated.  

The energetic ions and DD neutrons from 
microfusion at the interelectrode space of a low 
energy nanosecond vacuum discharge has been 
demonstrated recently [8,9]. The efficiency of hard 
X-rays and fast ions generation by nanosecond 
vacuum discharge, as well as the neutron 
generation, is at least two orders of magnitude 
higher than for experiments on DD fusion driven by 
Coulomb explosion of laser irradiated deuterium 
clusters [3]. To understand better the physics of 
fusion processes the detailed PIC simulation of the 
discharge experimental conditions have been 
developed using a fully electrodynamic code [10]. 
The dynamics of main charge particle species was 
reconstructed in time at anode - cathode (AC) 
space. The principal role of a virtual cathode (VC) 
and the corresponding single and double potential 
well formed in the interelectrode space were 
recognised. The calculated depth of the 
quasistationary potential well (PW) of the VC is 
about 50-60 kV, and the D+ ions being trapped by 
this well are accelerating there. Correspondingly, 
head-on collisions of D+ ions with energies of a few 
tens of keV is followed by DD nuclear fusion, 
transforming the interelectrode space into 
something like a reactor chamber. PIC modeling 
allows the identification of the small-scale 
experiment [8-10] with a rather old branch of 
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plasma physics, as inertial electrostatic confinement 
fusion (IECF) system (see [11-14] and refs therein). 
Pioneers of IECF were O. Lavrent’ev in the USSR 
and F. Farnsworth in the USA, but due to different 
reasons, including a rather low value for Q = Efusion/ 
E input ~ 10-6 or even less, this concept for fusion 
was almost forgotten. Just during last couple of 
decades interest in IECF was renewed at US and 
Japan mainly as a simple source of neutrons [12-
14]. Furthermore, some modern experimental set-
ups under study and construction at LANL provide 
new expectations to get efficiency Q > 1 [13c,14] 
(as a minimum in theory). 

Underline, that the source of D+ ions for 
DD synthesis at PW is the erosion anode plasma or, 
more accurately, WDM of deuterium-loaded Pd 
anode, created by electron beams in discharge at the 
anode within 10-20 nsec when the voltage applied. 
The physics of DD synthesis at this and further 
stages of discharge was clarified, in particular, due 
to PIC simulations. Very initial stage of discharge 
(1-3 nsec), when electron beam extracted from 
cathode just coming to anode and starts to interact 
with deuterium-loaded Pd is still not investigated 
properly.  

Meanwhile, palladium- hydrogen (deuterium) 
systems themselves are interesting both from 
fundamental and applied points of view, in 
particular, as systems which could be utilized for 
energy storage (surfaces, nanocrystals, vacancy- 
and dislocation-rich materials, thin films, 
multilayers, and clusters as systems of major 
interest are addressed in review [15]). Small angle 
neutron scattering measurements of deuterium 
dislocation trapping in Pd have recognized rod-like 

trapping geometry [16], as well as that dislocations 
in H(D)-cycled Pd can absorb large amount of 
hydrogen (deuterium) [17]. Anomalies in the 
electron transport and magnetic properties in a 
deformed loaded Pd foil were interpreted in terms 
of filamentary superconductivity attributed with the 
condensation of the trapped hydrogen (deuterium) 
into a metallic-like phase (~ 1024 cm-3) within the 
dislocation core [18]. (This metallic phase have 
been predicted theoretically also [19]). Spectra of 
collective excitations at deuterium – loaded Pd 
were considered in [20], and have been shown that 
excitation of the hydrogen subsystem as a result of 
the electron bombardment is specified by the 
generation of plasmons in the crystalline lattice, 
which are localized in the vicinity of hydrogen 
(deuterium) atoms. Further, very recent studies of 
dense hydrogen shown that even more dense phase 
may exist, called ultra-dense deuterium ( with the 
bound DD distance is 2.3 pm, corresponding to ~ 8 
× 10 28 cm-3, which was estimated directly from 
experiment [21]). The possibility of DD fusion 
under relatively weak laser beam irradiation of 
ultra-dense deuterium was investigated, and time-
of-flight (TOF) particles detection recognized all 
particles expected from DD synthesis [21]. Thus, 
we may assume that latter few examples imply that 
WDM physics are also might be relevant to 
possible nuclear microexplosions on deuterium-
loaded Pd surface at initial stage of vacuum 
discharge (under possible triggering of DD 
reactions by internal electron beams), and this stage 
also have to be the subject of experimental study 
and analysis. 

The paper is organized as follows. The 

 

 
 

Fig.1. Schematic of the experiment for generating interelectrode complex plasma ensembles with multiple DD fusion events 
: MG – Marx generator, R – Rogovskii coil, A and C – anode and cathode, PIN – instant PIN diodes, CCD – camera, PH – 
pinhole, PM2 and PM4 – photomultiplyers, OSC – oscilloscope, TOF- time of flight tube, V - vacuum pump 
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experiment on DD synthesis at nanosecond vacuum 
discharge of low energy is described briefly at 
Section 2. The main physical results of PIC 
modeling of experimental conditions are given at 
Section 3. The features of fusion events observed in 
experiment are discussed at Section 4. The specifics 
of neutron yield and DD fusion power density of 
IECF based on nanosecond discharge are 
considered at Section 5. Observations of DD 
synthesis at initial stage of discharge and surface 
morphology of Pd anode are presented and 
discussed at Section 6. Section 7 concerns 
discussion and some concluding remarks. 
 
2. Experimental set-up. DD microfusion and 
neutron yield. 
 

The source (Fig.1) is based on an electrical 

discharge having a rise time of about 10 nsec [8,9]. 
Set-up consists of a cylindrical vacuum chamber 
(diameter 50mm) having three windows closed by 
Mylar films 70 µm thick. This cylinder is connected 
to a vacuum pump able to reach 10-6 to 10-7 mbar 
and working in a continuous regime throughout the 
series of discharge shots. Two electrodes are 
included on the cylinder axis: a hollow anode can 
be displaced by means of a screw and a hollow 
cathode is fixed. The distance between the 
electrodes can vary by 0.1 mm steps up to 6-7 mm 
maximum. The source is included in a coaxial high 
voltage cable having 50Ω impedance, which is 
connected to a four-stage Marx generator (≈ 1 J) 
delivering a 50 ns pulse of maximum voltage 70 kV 
in a 50 Ω load. The value of the current is usually 1 
kA. Three Mylar windows allow the x-ray intensity 
measurement in three perpendicular directions 

 
a) 

 
b) 

Fig.2. X-ray dynamics in regime 1: (a) X-ray CCD 
image for a transparent low_density interelectrode 
ensemble with DD fusion accompanied by a 
moderate neutron yield, (b) extra X-ray spark in Ch. 
4—manifestation of the beginning of nuclear 
reactions (sensitivity of channel 2 is 250 mV; time 
scale is 40 ns/div). The delay of the neutron peak in 
channel 2 corresponds to ≈46.6 ns/m (or 2.45 MeV 
neutrons due to DD fusion). 

 
a 

 
b 

Fig.3. X-ray dynamics in regime 2: (a) X-ray CCD image 
for low_density interelectrode ensemble with DD fusion 
accompanied by neutron yield, (b) extra X- ray spark in 
Ch. 4—manifestation of the beginning of nuclear reaction 
(sensitivity of channel 2 is 250 mV; time scale is 40 
ns/div). The delay of the neutron peak in channel 2 
corresponds to ≈46.6 ns/m (or 2.45 MeV neutrons due to 
DD fusion). Dotted lines correspond to initial stage of 
discharge (see Section 6). 
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(side-on right, left and upper ones) in the plane 
corresponding to the anode edge. Another Mylar 
window and/or TOF tube allows the end-on 
measurement through the hollow cathode. 
Calibrated PIN diodes having a 1 to 2 ns rise-time 
are used to measure the x-ray output. The x - rays 
CCD image of sources is obtained by means of a 
pinhole with diameter 0.1 mm bored in a 1mm thick 
lead screen covered by 100 μm thick Al foil. 

Neutron generation in x-ray ensembles (like in 
Fig.2a and Fig.3a below) due to DD reactions of 
nuclear synthesis has been registered using a 
slightly modified experimental set-up in 
comparison with earlier x-ray and fast ions studies 
[8]. The new cylindrical Cu anodes (∅ = 0.6 см) 
have a set (3 or 12) of thin hollow Pd deuterated 
tubes (∅ =0.1 см) attached to anode end-on, and 
the hollow cathode was constructed from Al. The 
standard electrolysis in heavy water for about 6 
hours at a current of 100 mA has been used for 
regular partial saturation of Pd elements of the 
anode by deuterium. Note that channels 1 and 3 
(Fig.1) represent the x-ray intensity from instant 
PIN diodes which have a maximum sensitivity at ≈ 
10 keV. Harder x-rays (with energy > 60 keV) are 
registered by PM2 covered usually by 2 mm Cu 
absorber (the signal at ch.2 is delayed due to 
electronic scheme of PM2 for ≈ 35 nsec in 
comparison with the instant PIN diodes signals for 
all oscillograms presented below). TOF 
measurements have been performed with 
photomultipliers PM4 and PM2 (Fig.1), located 
along the electrode axes at the distances of L=40- 
50 cm and L=50-90 cm, correspondingly (channels 
4 and 2 on oscillograms like on Fig.2b; 
photomultipliers were screened and covered by 
scintillators). Beyond the usual hard x-rays (first 
strong peak at channel 2), PM2 may indicate the 
well reproducible signal (second small peak) with 
delay about 46.6 nsec/m, typical “signature” for 
2.45 MeV neutrons from DD synthesis reactions. 
Meanwhile, PM4 (L= 40 cm) is located usually 
between the source and PM2 (L=80 cm), and have 
to register especially the moment of time when 
fusion events may take place (if the main x-ray 
peak itself will not be too broad to avoid the 
screening of this natural “reference point” due to 
extra X-rays as illustrated by Fig.2b, Fig.3b). The 
second small peak from PM2 corresponds to the 
neutron yield due to D+D = n +He3 reaction (like 
on Figs 2b, 3b). The changing of the distances 
between dusty hard x-ray source and PM2 is 
followed by the corresponding displacement of the 
second (neutron) peak. The plates CR39 and PN3 
have been used simultaneously with the TOF 
scheme to detect neutrons. Their development 
shows the variable number of tracks which have to 
be attributed to neutrons also. The minimal energy 
of deuterons, ED, estimated from the spread of 
arrival times Δt ≈778 dSD (ED)1/2 of neutrons at a 

detector is about 20 keV (dSD is the distance from 
source to detector in meters, ED is ion energy in 
keV) [14]. 

In fact, a typical example from the x-rays data 
base of images of interelectrodes dusty matter with 
lower neutron yield ~105/4π (and low total x-ray 
ones) is shown in Fig.2a. Namely, rather low x-ray 
yield allows us to register more accurately the 
moment of microfusion events. The next example 
of interelectrode ensemble with slightly more dense 
x-ray images is shown on Fig.3 (specifics of initial 
stage of this regime is discussed at Section 6). The 
value of the neutron yield from random 
interelectrode media is variable, and turns out to be 
about 105 /4π per shot for “transparent” ensembles 
(like presented on Figs.2a,3a) and, looking forward, 
up to ~107 /4π for dense interelectrode ensembles 
(like on Fig. 11 below, Section 4) under ≈ 1 J of 
total energy deposited to create all the discharge 
processes at the single shot (assuming isotropic 
yield). 
 
3. PIC simulations. Virtual cathode and 
potential well formation. 
 

The complex physics of nanosecond discharge 
processes and the mechanisms of microfusion were 
poorly understood, and motivated the interest in 
complementary PIC (particle–in-cell) KARAT 
simulations [24]. In addition to representing the key 
points of general physical picture, computer 
modelling allows clarification of the details of the 
experimental data. To explain the nature of fusion 
at experiments with nanosecond vacuum discharge 
[8,9], just the limited number of PIC 2D 
calculations results are presented and discussed 
below. First, discharge geometry and particle 
dynamics is shown on Fig.4. Next, Fig.5 represents 
a phase diagram, and demonstrates the appearance 

 
 
Fig. 4. Virtual cathode formation and discharge geometry 
and particle dynamics at 25 ns of calculations (the “erosion 
anode plasma” (green line) is adjacent perpendicular to the 
anode (A-left) base near the semitransparent “foil,” which 
simulates thin hollow Pd tubes filled with deuterium in the 
actual experiment; the blue dots show quasirelativistic beam 
electrons pulled by the field from the cathode (C- right), and 
the red dots show fast ions filling the space inside the anode 
(r = 0–0.3 cm). 
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of the VC. Related with the VC, examples of PW is 
shown in Fig. 6. For the PIC calculations anode Pd 
tubes were modeled by a semitransparent “foil”. 
Some anode “erosion plasmas” were added also 
(the small green sphere at the centre of the “void” 
in Fig.5, where Vr /c ≈ 0 and r ≈ 0.3 см). When 
voltage is applied, electron beams are extracted 
from the internal surface of cathode (r ≈ 0.4-0.6 cм) 
and accelerated up to ve-max ≈ 0.3c -0.4c near Pd 
tubes (r = 0.3). Interaction of electron beams with 
tubes provides erosion of system (Pd+D2) and 
ejection (implosion) of deuterium and palladium 
vapors into the near anode axis area (accompanied 
by their partial nucleation at real experiment). 
Further, since the experimental current IA exceeds 
the limiting Langmuir value IA > IL [25], cumulative 
convergence of head-on e-beams at the axis (inside 
the space restricted by Pd tubes) provides total 
deceleration of electrons (as well as partial 
reflection of electrons outside, Vr/c >0), and VC 
appears (at r ≈0.1cм).  

Due to VC, a negative potential about a few 
tens of keV will appear at the axis (at Z ≈ 1.4-1.6 
cm), and the internal part of the near anode area 
will be filled by accelerated ions (Fig.5, red 

horizontal line Vr /c ≈ 0 at r = 0 - 0.3 сm interval; 
this line will be split, in the ion scale of velocities, 
at r = 0 (on the Z axis) into two head-on converged 
branches of ions with velocities Vi

r/c = ± 0.5×10-2). 
The well depth oscillates around of the applied 
voltage with amplitude up to 20%. Ions being 
accelerated from different edges of the PW to the Z 
axis, represent head-on fluxes at r → 0 with ion 
energies of 20-50 keV. Evidently, this explains the 
collisional DD fusion observed in the real 
experiments (in that case we also have to take into 
account collisions with neutrals, deuterium clusters 
and the deuterated anode itself) [10]. The area of Z 
and R at the half-width of the PW contains an 
almost isotropic distribution of fast ions (volume of 
the “reactor”, Fig7; picture for Vr/c has similar 
shape being 20% broader by velocity) with mean 
energy about 25 keV. System of Pd tubes is open 
and allows to run away from PW for some of ions 
along axis Z (Fig.7) . PIC simulations allow provide 
the optimization of the electrodes geometry, as well 
as the testing new geometries. Calculated energy of 
electrons and ions as function of their radii 
positions are shown at Fig.8. In whole, we may 
underline that A-C geometry chosen in experiment 
is efficient way to transform the energy of electron 
beams into energy of fast ions of the same value, 

 
 
Fig.5 Phase portrait of particles in the case of the 
formed virtual cathode for r ≈ 0.3–0.4 cm (the dots show 
electrons accelerated as approaching the Pd tubes to Vr

e 

max ≈ 0.3–0.4 c (r = 0.32 cm), and the horizontal line 
Vr/c ≈ 0 (in the interval r = 0–32 cm) shows accelerated 
ions (c- light velocity); the erosion “anode plasma” is 
the small spherical region at the center, where Vr/c = 0 
and r ≈ 0.32 cm); 
 

 
 
 
Fig. 6. Typical single (with respect to Z) potential well at 
30 ns of calculations (the minimum of the potential well 
is at Z ≈ 1.5). 
 

 

 
 
Fig.7. Axial velocities of ions at potential well on 30 ns of 
calculations. 
 
 

 
 
Fig.8. Energy of electrons ( blue dots) and ions (red dots) 
as function of their radial position. 
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but in another part of interelectrode space.  
PIC simulations have assisted in 

understanding some effects observed in the 
experiments earlier [9]. For example, the shapes of 
some PIC non-Maxwellian distribution functions 
are in correlation with a “plateau” in histograms for 
fast ions tracks observed in the experiments (see 
Fig.8 at [9]). Another example, well reproducing 
experiments by simulations, are the double 
potential wells in the first stage of discharge. It 
looks very probable that the appearance of double 
wells might explain the double neutron peak 
observed sometimes in experiment (as in Fig.5 
[10]). We can see that the PW lifetime in 
experiment is about ТPW ≈ 20-25 nsec, and after that 
the VC has to be neutralized (ТPW >> ω-1

pi) by the 
flux of ions. Since the total pulse Тpulse of voltage is 
about 50 nsec, there are sufficient conditions for the 
VC appearing in the experiments again (IA > IL), and 
a new double PW will appear. Ion collisions at this 
PW will be manifested by a second double neutron 
peak like have been registered earlier (see Fig. 5 in 
[10]). Note that the appearance of single-, double-, 
and multiple PWs and non-Maxwellian 
distributions of ions are typical features of systems 
with IECF. 

The model of collective ion acceleration [26] 
at a vacuum discharge, based on the concept of 
nonstationary potential wells (PW) before the front 
of the cathode flare in the regimes of non-stable 
current carrying, was developed earlier [27]. On the 
basis of this model the explanations were given for 
the early experimental data of A.A. Plutto [28] on 
occasional anomalous ions acceleration. Our results 
of PIC simulations for real electrodes geometry and 
vacuum discharge conditions of experiment [8,9] 
using electrodynamic code KARAT [10,29] have 
recognizing that the concept of PW is more 
universal and represents the basis for IEC fusion 
reactor: namely, a quasistationary PW at 
interelectrode space with depth up to ~ 80% of the 
applied voltage provides radial electrostatic 
acceleration of ions up to the same energies. 
Correspondingly, head-on collisions of ions at the 
axis with energies of a few tens of keV is followed 
by DD nuclear synthesis, transforming the 
interelectrode space into a reactor chamber. 
Specifics of IECF based on nanosecond vacuum 
discharge and comparison with available advanced 
IECF systems [13,14] is discussed at Sections 5 and 
7. 
 
4. Inerelectrode ensembles with multiple fusion 
events and trapped fast ions. 
 

Next possible feature of neutron yield is 
illustrated by the shot presented in Fig.9a,b. The 
CCD image in Fig.9a shows the ensemble of an 
intermediate density of clusters, but the 
oscillograms (channel 2, PM2, L= 50 cm, 

sensitivity of 100mV) manifest an essential 
pulsating neutron yield (Fig.9b). Correspondent 
extra x-rays due to each DD fusion event are 
registered as fractures both at the PIN diode 
(channel 3) and PM4 signals of hard x-rays 
intensity (the right parts of these x-ray intensity 
curves are modulated by the same moments of 
fusion with delay ≈ 35 nsec in comparision with 
instant diods signals, chs 1,3). The intensity of the 
neutron peaks registered is weakened partially due 
to a possible reflection from the 2 mm Pb absorber 
located in front of PM2. Remind, that typical 
hierarchy of related times at multiple fusion events 
(MFE) [9] for particular fusion moment contains 
usually the instant signal from ch.1 or ch.3 at the 
moment tf , next, electronically delayed signal at 
ch.4, tf + 35 nsec, and time of flight delayed neutron 
signal at ch.2, tf + 35 nsec + tTOF , correspondingly. 

Another effect may appear if the concentration 
of grains is increased essentially but their mean 

 

 
a 

 
b 

 
Fig. 9. X-rays dynamics in regime 3: (a) X-ray CCD 
image for a rarefied transparent ensemble with multiple 
DD fusion; (b) pulsating neutron yield, Ch 2, several X-
rays peaks in Ch 4 show the sequential instants of DD 
reactions.  
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sizes decreased (we have ~ 10-3 – 1μm). We may 
regulate partially the level of x-ray absorption and 
multiple scattering inside the ensemble of clusters 
by varying the interelectrode volume within an 
order of magnitude (by changing of A-C distance, 
0.5 - 0.1 cm) under approximately the same value 
of mass transfer from anode and under smooth 
variation of the pressure at the range 10-6 - 10 -2 

mbar (that influences the processes of nucleation 
also). In the diffuse regime, λ << lsc << R, light 
being trapped in a disordered system may make a 
long random walk before it leaves the medium from 
the nearby surface area [30-32] (lsc =1/N0QS - mean 
free path of photons due to scattering, R - ensemble 
dimension and λ - the wavelength; QS – scattering 
cross section, N0 – volume density of scattering 
particles, N0

–1/3 >> λ). Dense interelectrode 
ensemble seems manifest the ability to “trap” 
partially even x-rays. The dynamics of x-ray 
radiation at the regime close to x-ray diffusion is 
very differ from ordinary (transparent or 
disordered) x-ray ensembles (as in Figs. 2,3): the 
diffused lower energy x-ray photons (energy ~ 3-10 
keV) are delayed to appear from ensemble interior 
in comparison with very hard x-ray emission (ch.2, 
photon energy ≥ 60 keV) which is not trapped. 
Usually PIN diode signals are decreasing in 
intensity also in the diffuse regime if density of 
ensemble grows. For dense self-organised 
ensembles, if intensity on ch.1 turns out less than 
triggering value Utrig = 100mV, oscillograms are 
not registering and we may observe just CCD 
picture. Example CCD image of ensemble with 
“trapped” x-rays for this particular case is shown on 
Fig.10. Other “ball”-like ensembles with very low 
x-rays yield but bright images are shown elsewhere 
[9,33]. 

 

 
 

Fig.10. CCD image of dense self-organized 
interelectrode clusters ensemble with diffused X-rays 

photons (few keV) inside . 
 
 

It appears reasonable to try to combine the 
advantages of interelectrode cluster ensembles with 

multiple fusion events (Fig.9) and with diffused x-
rays under total trapping of fast ions (Fig.10) 
Namely, particular example of cluster ensemble 
with similar combined features is shown in Fig. 11 
as prototype of a table-top complex plasma 
microreactor ( see also Fig.6 in [10]). We observe a 
bright image of cluster ensemble, but with very low 
hard x-ray yield under their partial diffusion 
(channels 1,3). The growing (left) part of intensity 
curve from PM4 (channel 4) represents mainly the 
extra x-rays due to fusion events with few 
corresponding peaks. The main part of intensity 
registered by PM2 (channel 2) represents the strong 
pulsating neutron yield as a manifestation of 
“waves” of DD microfusion due to periodic 
deuterium ions collapse, but on the essential 
background of fast deuterium ion – deuterium 
clusters target DD synthesis (L= 90 cm, 0.5 mm 
thick Cu absorber, channel 2 sensitivity is 1V). The 

 
a 

 
b 

 
Fig.11. X-rays dynamics in regime 4 : (a) Oscillograms of 
x-rays yield (channels 1 and 3) and neutron yields (channel 

2) for specific interelectrode ensemble with trapped fast 
ions and x-rays (“triple” anode, see text for details of 

experiment). (b) CCD image of corresponding self-
organized cluster ensemble (complex plasma microreactor). 
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sensitivity of channel 4 (L= 45 cm) is higher than 
for channel 2. This means that mainly the process 
of neutrons coming were registered by PM2. Thus, 
the ensembles with more saturated x-ray images 
correspond to higher neutron yields due to essential 
stopping of deuterium ions on clusters (some 
neutron yield at very initial stage, Fig.11a, is 
discussed below, section 6).  

The efficiency of neutron production at our 
low-energy discharge (as well as hard x-rays) may 
be two orders of magnitude higher than for fusion 
events driven by laser irradiated clusters explosions 
(104 neutrons for 120 mJ of laser energy [3]), while 
the total estimated number of deuterons in the laser 
focal area and ejected from anode into 
interelectrode space at our single shot is of the same 
order( ~ 1013 -1014). This efficiency has been 
realised due to several reasons [8,9] and, in 
particular, due to the fact that for experiments [3] 
with fusion driven by Coulomb explosion of 
clusters the collisional free path lD for ions D+ is 
much longer than the plasma dimension (which is 
about laser focal diameter dfocal = 200μm), lD >> 
dfocal. In our vacuum discharge, the smooth 
variation of the relation between lD and cluster 
ensemble radius, Rball, is possible. As a result, it may 
include even the trapping of all the deuterium fast 
ions (see Fig.5 in [9]) generated inside the 
ensemble of cold grains, lD < Rball (“dusty” 
stopping). Thus, it looks rather naturally that the 
neutron yields, in fact, will be essentially higher for 
ensembles with brighter CCD images, which have a 
lower transparency for x-rays and fast ions, 
meanwhile, just neutrons are leaving it (like on 
Fig.11).  
 
5. Single and pulsating regimes of neutron yield. 
 

Earlier, the study of correlations between PW 
structures and neutron yields have recognized that 
not only well depth, but namely potential instability 
in time defines the neutron yield in ion beams 
interactions [34]. In our experiments also, not only 
the PW structure but also the dynamics of potential 
will define the character of the neutron yield. As a 
result, three types of observed neutron yield could 
be recognized in the experiments [10]:  

1) single peaks (as in Fig.2,3), 2) multiple 
intermittent neutron yield (two and more neutron 
peaks, Fig.5 in [10]), 3) oscillatory or pulsating 
neutron yield (as on Fig.9).  

Let us consider the first two types of neutron 
yields. As shown in [27], the time taken to form the 
VC (or the decay time of potential) is about Tv ≈ Cd 
U / IL , where Cd is the diode gap capacitance and U 
is the potential. Since IL ~ U3/2 /d2

eff , then variation 
of deff in our experiment [9] changes IL and, 
correspondingly, the value Tv (deff is the effective 
interelectrode distance for non-planar electrodes) 
[25]. Thus, at rather large deff we have Tv ≈ Тpulse, 

and just a single peak will be observed in 
experiments (first type). Decreasing deff increases IL 
and lowers Tv , and step by step at decreasing of Tv 
< Тpulse we get double, and multiple neutron yields 
(second type). At U = 50 кV, IА /IL ≈ 1.5, Cd ≈ 
300pF [9] giving Tv ≈ 28 nsec. This is not far from 
the time taken to form the VC for the experimental 
case were two double neutron peaks were registered 
(Fig.5 in [10]). 

The third type of neutron yield is of special 
interest. At IL  IА, if the electron distribution in the 
VC would be close to uniform and the well would 
still be present, then ion oscillations at the PW will 
be approximately harmonic. At the moments of 
maximum periodic compression of the ionic 
subsystem, the DD reaction will take place and the 
neutron yield will be a pulsating one (Fig.9). The 
period of oscillations of the neutron yield is about 
12-13 nsec in the experiments [9] (Tv << Тpulse), and 
it represents now mainly the frequency of harmonic 
oscillations D+ in the PW (Fig.9) instead of Tv (as 
for the first type of neutron yield). In fact, the 
pulsating neutron yield is appearing in experiment 
just as deff is decreasing. PIC modeling of this 
(Fig.9) particular experimental regime (Fig.12a, 
compare with geometry presented on Fig.4) gives 
ion trajectories (Fig.12b) and energies (not shown 
here) which are corresponding namely to their 
periodic oscillations (ions acceleration –
deceleration) at PW. In summary, neutron yield as a 
single peak is the result of a single collapse of ions 
at the well bottom at neutralization of VC in regime 

a) 

b) 
 

Fig.12 (a) Trajectories of the few chosen deuterons 
moving at R-Z plane  for particular A-C distance (b) 
The function of different ions position by radius of 

time. 
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Tv ≈ Тpulse, (Figs.2,3) and pulsating (oscillatory) 
yield corresponds to ions harmonic oscillations at 
PW (Tv << Тpulse) accompanied by periodic 
collapses at the axis (PW bottom). The second type 
of neutron yield is an intermediate between single 
and oscillatory ones. 

The pulsating neutron yield regime (Fig.9) is 
suggestive of the interesting and stimulating 
conception of periodically oscillating plasma 
spheres (POPS), developed during the last decade 
in theory and in experiment [13,14]. There it was 
suggested to abandon the standard scheme of IECF, 
where particular ion beams interact with each other, 
and use in addition the injection of electrons into 
grids (in order to get a uniform electron background 
inside the cathode grids). Ions then will undergo 
radial harmonic oscillations with any amplitude at 
the potential well formed, and at the moments of 
maximal compression high fusion power density 
will be provided P fusion ≈ 3ϕ2 θ2 f 2<συ> / 2π e2 rVC, 
where ϕ is the well depth, θ the radial ion plasma 
compression ratio rmax / rmin, f = ni /ne, r VC the radius 
VC, and <συ> the averaged cross-section (here P 
fusion is the total power integrated over a single 
period [13]). A typical POPS frequency is νPOPS ~ 
(2ϕ/mi)1/2 /rVC (mi –ion mass). Analysis of POPS 
physics has shown that a potential well depth of 
about 60% of the applied voltage is enough for 
realization of the concept of a reactor in oscillating 
systems. At the present moment in spite of POPS 
attractiveness and demonstration ones in principle, 
the PW depth reported is still ≤1 кeV, and POPS 
frequency νPOPS ≤1MHz (applications, economy, 
limitations are discussed in detail at [14]). 

 Generally speaking, POPS are particular and 
well-defined cases or analog of the multiple fusion 
events (MFI) [9] at vacuum discharge at regime Tv 
<< Тpulse discussed above. In fact, instead of special 
injections of electrons into a spherical device to 
produce a VC as in [14], nanosecond vacuum 
discharge with hollow cathode provides itself (after 
voltage is applied) automatic extraction of electron 
beams from the cathode and their further 
acceleration and converging injection into anode 
area on the axis to form a VC (Figs.4,5). By 
analogy with POPS expressions we may estimate 
the fusion power density Pfusion ~ ϕ2 θ2 f 2<συ> l / 
2π e2 r2

VC at the volume of nuclear burning for 
reactor with cylindrical geometry (l is the length of 
the cylinder) [9]. Assuming ϕ ≈ 60 кV and rVC ≈ 
0.1 см, as well as f 2 ~ 1, θ ≤ 103, l ≈ 0.5 cm, we get 
the yield ~ 105 neutrons for a single collapse of D+ 

ions at the discharge axis or for one period of ions 
oscillations. Thus, a specific advantage of IECF 
systems like POPS [14] or MFI [10] is the 
favorable scaling of fusion power density (with 
decreasing set-up size) which is increased with 
decreasing of rVC and increasing of PW depth. As 
discussed above, during the total time of the voltage 
pulse applied we may get from single to 4-5 

moments of deuterium ions collapses at the axis 
(depending of relation between Tv and Тpulse). It will 
be accompanied by the correspondent number of 
neutron peaks in real experiments (like on Figs.9,11 
above), but the total neutron yield will depend of 
role of channel D+ - cluster in reactions of DD 
synthesis (compare CCD and yields of shots 
presented on Fig.9 and Fig.11). 
 
6. On DD synthesis at very initial stage of 
discharge.  
  

PIC modeling of particle dynamics and 
processes in vacuum discharge shows qualitatively, 
in particular, what is going during first 1-2 nsec 
after voltage applied. During this time the electron 
beam extracted from cathode is reaching the 
deuterium- loaded anode and starting to interact 
with the Pd surface. This relatively fast initial stage 
of discharge in our experiment is understood still 
poorly, in comparison with more late processes of 
virtual cathode and potential well formation. At this 
section we would like at first to pay attention and to 
discuss some specifics of possible particle emission 
at initial stage of discharge, registered at 
experiment earlier [9], as well as to consider some 
features of Pd anode surface morphology. 
 

 
 
Fig.13. X-rays dynamics in regime 5, where the piece of 
paraffin have been located between plasma source and 
photomultipliers 4 and 2. 
 

At very initial stage of discharge the 
oscillograms sometime manifest the peaks which 
are reminding to observer the neutron peaks from 
collisional DD synthesis registered by TOF manner 
on the late stage of discharge [8-10]. Let us come 
back to shot presented above on Fig.3 and discuss 
in more detail the oscillograms, where the neutron 
peak (ch.2, to the right side from the main strong X-
rays maximum) as well as the moments of 
collisional DD fusion have been registered by 
different manner also (channels 1,3 and 4). In fact, 
on the left side from the strong X-rays maximum 
some peak on ch.2 have been registered also 
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(indicated by dotted line). Intensities registered on 
ch.4 contain some specifics also. Let us consider 
the first in time peak at ch.4 as possible extra X-
rays from the moment of electron beam coming on 
Pd anode surface. If to move further in time ( to the 
right on Fig.3) we see that some next peaks are 
appearing, at first on ch.4 and after that on ch.2 
also. Since PM4 located exactly between plasma 
source and PM2, we may conclude (from the 
relative positions of this peaks in time) that the 
delays of their consequent appearing in channals 
4,2 corresponds to TOF for DD neutrons (46,6 
nsec/m). In other words, neutrons are coming first 
on PM4 (and partially are registered there), and 
later on neutrons are registering by PM2 ( the 
possible synthesis moment and neutrons coming are 
shown on Fig.3b by dotted lines). 
 
 

 
 

Fig.14. X-rays dynamics in regime 6 for anode with 12 
Pd tubes (“coronal’ anode), 

 
The implicit assumption that this peaks belong 

namely to neutrons is supported partially by the 
next experimental shot (Fig. 13) where the massive 
piece of paraffin (material with light nucleus for 
strong neutron scattering) was located between 
plasma source and PM4, PM2. We observe that 
namely both peaks on ch.2, located almost 
symmetrically relative to the main X-rays peak, 
turn out to be suppressed as a possible result of 
neutron scattering (also, both main X-rays peaks on 
chs 4,2 became more narrow). Meanwhile, the 
neutrons on ch.4 (if to suppose that it is a neutrons) 
are registered almost by the same manner (as on the 
oscillogramms for previous shot, Fig.3) by PM4 
located very close to paraffin. Next number of shots 
when paraffin was put in between PM4 and PM2 
(and put out after) gave completely the same 
qualitative picture in the behavior of both 
maximums. Remark also, that if we have used Pb 
absorbers (thickness from 3 mm to 5 cm) before 
PM2, just initial neutron peaks and peaks of 
neutrons at the end of discharge have been 

registered by PM2, meanwhile hard x-rays were 
absorbed completely. 

In whole, the essential part of oscillogramms 
from the database accumulated contain the specific 
and correlated in time peaks yet before the strong 
X-rays burst. Thus, seems that the beginning of 
interaction of electron beams with Pd anode loaded 
by deuterium is possible to connect with appearing 
of some indicators of DD synthesis. As we can 
conclude from detail TOF analysis the most 
probably that these peaks are neutron ones, 
although there is still no obvious answer to the 
question about mechanism of DD synthesis. 

Remark, the neutron peaks of variable 
intensity due to collisional synthesis at potential 
well at the stationary stage of discharge are 
registering practically at each shot, meanwhile, the 
peaks at initial stage do appear rather often but in 
more chaotic manner and sometime are not 
recognizing definitely on the background of other 
processes. Relation of intensities of first and second 
peaks presented on Fig.3 above corresponds to the 
first week of experiments with new anode with 
three Pd tubes attached to Cu end-on (anode 
“triple”, this anode have been used in the shots 
presented on Figs.2,3,9,11 discussed above). 
Modified anode with twelve Pd tubes attached end-
on along perimeter of Cu cylindrical basis (anode 
“coronal”) have been used in experiment also ( see 
for example Figs.10,14,15). After some time of 
work ( about 300 shots) we may remark the 
tendency presented on the Fig.14 (this shot 
corresponds to the end of the total one year period 
of experiments, but this is the first shot after the 
next regular loading of Pd anode by deuterium). We 
can see that neutron signal from initial stage of 
discharge is essentially stronger than analogous 
signal at the end. One more example of the same 
tendency is given on the next shot with the same 
anode (Fig.15a). CCD image of correspondent 
interelectrode space is shown on Fig.15b, where the 
bright X-rays from Pd anode surface sites are 
represented also (note, that similar bright anode 
surface sites at CCD image do appear under 
transition from regime 1, Fig.2, to regime 2, Fig.3, 
and followed by appearing of neutron peak at very 
initial stage of discharge, Fig.3, ch.2). Remind that 
Pd surface will be four time larger for “coronal’ 
anode, and correspondingly, the transparency for e-
beams passage through Pd tubes will be essentially 
lower than for “triple” anode (Fig.4). Thus, there 
will be worse conditions for “coronal” anode to 
form VC and PW similar to ones presented on Figs. 
4-6.  

In the summing up, we may conclude from the 
analysis of available experimental data that initial 
stage of discharge may accompanied also by certain 
neutron yield which is changing by more random 
manner from shot to shot in comparison with the 
yield from synthesis at PW at the second stage of 
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discharge. The larger Pd surface of “coronal” anode 
have to provide more essential interaction with 
electron beam and higher neutron yield at initial 
stage, correspondently. The latter tendency have 
been observed at experiment (compare yields on 
Figs. 2,3 and on Figs.14,15). From the other side, 
when the “triple” anode interior (see Fig.4) will be 
fulfilled by deuterium clusters, the neutron yield on 
second stage will be enhanced in comparison with 
the yield at initial stage due to periodical collisions 
of fast ions with clusters inside of correspondent 
PW (Fig.11). 

 

 
a 

b 
 

Fig.15. X-rays dynamics in regime 7: (a) Oscillograms of 
x-rays yield (channels 1 and 3) and neutron yields 

(channel 2) for  next shot with anode with 12 Pd tubes (b) 
CCD image of corresponding cluster ensemble with 
random and overlapped “icelands” of  WDM at Pd 

anode surface. 
 
 

At present section we have emphasized 
namely the experimental TOF results for initial 
stage. The mechanism of possible DD synthesis 
under interactions in the system “electron beam – 
deuterated Pd” is not clear and represents the 
subject of separate work, nevertheless, we may just 
to discuss here some hypothetical assumptions. In 
particular, concerning the possible qualitative 

explanations, we may remark that both experiment 
and PIC simulations illustrate very favourable 
scaling of the fusion power density ~ ϕ2/r4

VC (at 
decreasing of radius rVC) for the chosen IECF 
scheme [9,10] based on nanosecond vacuum 
discharge (small plasma volume keeps the total 
fusion power for cylindrical geometry as ~1/r2, 
approximately). Extrapolation of fusion power 
density for very small rVC gives that under rVC  0 
the value of fusion efficiency formally becomes Q 
> 1 at rVC < 1 μm (if to include oscillations of ions 
also) [35]. Thus, the role of micropores or 
microcracks on loaded Pd anode surface as 
potential natural microchannels for number of 
microfusions near the surface at initial stage of 
discharge has to be the subject of special interest 
and further analysis. Deuterium loaded anodes 
surfaces after the big number of shorts at the end of 
experimental cycle becomeing more pertubed and 
developed, and this effect have to be more 
pronaunced for larger suface values. In a result, 
seems reasonable that oscillograms related and 
discussed above (Figs.14,15) are recognising the 
increased role of the first (in time) neutron peak for 
“coronal” anode.  

Let us discuss some changes in surface 
morphology of Pd anode tubes along the shots to 
supplement the information from oscillogramms of 
intensities. In fact, the more detailed study of our 
Pd anode surface under electronic microscope has 
recognized the number of various micropores and 
craters of different sizes as a result of periodic 
bombardment by electron beams. Energy deposition 
from e-beam is unevenly along particular Pd tube 
(see scheme on Fig.4 for illustration), and different 
parts of anode tubes will be perturbed by different 
manner. In whole, character of surface is changing 
essentially from strongly perturbed and melted 
zones (on the free end of tube which is close to 
cathode) up to weakly perturbed areas with some 
separate microcraters (on opposite end of Pd tube 
near the head-end of Cu part of anode). Even 
deeply melted and strongly perturbed end of Pd 
tubes contains a lot of pores of micron sizes (with 
densities ~ 106 - 107 cm-2). The middle part of tubes 
is melted more homogeneously, meanwhile, the 
weakly perturbed part close to Cu head-end is 
abounded by separate and overlapped craters, and 
even by well-defined linear chains of craters 
(general view of particular parts of weakly 
perturbed Pd surface presented on Figs.16 for 
different scales). This area contains also micro 
pores, micro cracks and Pd surface itself is covered 
by micro particles of different sizes and densities. 
The total volume of information from scanning 
electron microscope (SEM) study is rather large 
and will be discussed in more detail elsewhere. 
Nevertheless, as an additional illustration, SEM 
photos with better resolution for couple fragments 
of surface from the middle part of Pd tube and from 
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near Cu head-end area are given on Fig.17 and 
Fig.18, correspondingly (these are integral pictures 
over all shots also). At present, we would like to 
pay attention just on relatively large craters (with 
the sizes about ~10 µm) at the upper left parts of 
each last two Figures. The shape and character of 

both these craters are differ from other typical 
traces of interactions of e-beams with Pd anode 
surface (Fig.16) in vacuum discharge [4,7].  
 

 
 
Fig.18. Deuterium-loaded Pd anode surface morphology 
integrated over all experimental shots of vacuum 
discharge (fragment 3, “triple” anode; part of Pd tube, 
which is close to Cu head-end of anode, scale 30 μm). 
 

 
7. Discussion and concluding remarks.  
 

Generally speaking, DD synthesis discussed 
above have been realized on the framework of 
WDM created under interactions of electron beams 
coming from cathode with deuterium - loaded Pd 
anode. In one case (on the second stage of 
discharge), anode erosion and ionization of part of 
deuterium atoms provides appearing of D+ at the 
edge of deep potential well. Their further 
acceleration and head-on collisions at PW followed 
by DD synthesis and neutron yield related. 
Simultaneously, anode erosion partially provides 
the fulfillment of PW by deuterium clusters (dense 
interelectrode ensembles). Thus, in addition to 
particle–particle syntheses, the channel of DD 
synthesis like D+ - deuterium cluster have to be 
considered since VC is located sometimes inside of 
a “cloud” of burning “dust” nucleated (or ejected) 
from anode material (this effect still has not been 
included in PIC modeling). The total trapping of 
fast ions observed in experiment [9] would increase 
the neutron yield essentially. A related example of a 
self-organized cluster ensemble was shown in 
Fig.11. This shot and ensemble registered by CCD 
is similar to ensemble presented on Figure 6 in [9] 
and manifests a high level of pulsating neutron 
yield also (~ 107/4π). Fast ions and even few keV 
hard x-rays are trapped there, and just neutrons are 
leaving these sorts of interelectrode ensembles 
(prototype of complex plasma microreactor). Note, 
that appearing of collisions of fast ions with 
deuterium clusters target inside of PW will increase 

 
a 

 
b 

 
Fig.16. Surface morphology integrated over experimental 
activity with deuterium-loaded Pd anode   (fragment 1, 
“coronal” anode; particular part of Pd tube, which is 
close to Cu head-end of anode,  scale 60 μm). 
 
 

 
 
Fig.17. Deuterium-loaded Pd anode surface morphology 
at the end of vacuum discharge experiments (fragment 2, 
“coronal” anode, middle part of Pd tube, scale 15 μm). 
 
 



257 

efficiency at the beginning, but further growing of 
the role of this channel of DD reaction will restrict 
efficiency on the level of Q lim ~ 0.1 - 0.02. 

We remark that the frequency of neutron yield 
oscillations in vacuum discharge [9] is about ≈ 77-
83 МHz, and coincides with extrapolation of POPS 
expressions [14] to A-C geometry and PW depth. It 
seems that this agreement is not accidental and 
confirms the similarity to POPS physics during 
some MFI regimes of nanoseconds vacuum 
discharge. Last one might provide at the collapse 
moments the ion densities ni max ~ 1021 - 1023 cм-3 
and compression of ion sybsystem up to ~ 1-10 μm 
(for similar POPS conditions the calculated value is 
ni max ~ 1019 cм-3, аnd rmin at the compression 
moment is ~ 60 microns [13]). The miniature size 
(rVC ~ 0.1 см) as well as rather deep PW (like ϕ ≈ 
50 -55 кeV) correspond to the extremely high 
fusion power densities (~ ϕ2/r4

VC) demonstrated at 
the present moment by our system of table-top 
IECF [8-10]. On the other hand, rather small 
absolute “reactor” volume, nanosecond scale of 
Тpulse, and losses restrict the total neutron yield, but 
keep is acceptable for some modern applications. In 
whole, the trapping of fast ions by interelectrode 
ensembles of clusters, especially noticeable under 
effects of ensemble self-organizations represents 
additional opportunities as well as some complexity 
for “reactor” optimization. Since for IECF systems 
Pfusion ~ I2 and Qfusion ~ I, scaling by current and 
changing the values of Q for different regimes of 
discharge need additional analysis also. 

The physics of initial stage, when WDM 
created under beginning of e-beam interaction with 
Pd loaded anode, and mechanism of DD synthesis 
observed (Figs.3,14,15) are not so clear as for the 
stage of VC and PW formation, described in detail 
by PIC simulations. Meanwhile, namely during 
recent few years the special interest to the systems 
like “electron beam – deuterium loaded Pd” have 
increased and some experimental data and related 
models have appeared. In particular, the model of 
stimulation of DD reaction by electron beams at 
loaded Pd surface have been developed [20]. This is 
one of the number of models which are developing 
to explain the possible so-called low energy nuclear 
reactions (LENR) at deuterium- loaded Pd ( see 
review [36]). Recent theoretical study [37] and 
calculations [20] have shown that the excitation of 
the hydrogen subsystem (which leads to desorption 
of H,D) as a result of the electron bombardment is 
stipulated by the generation of plasma oscillations 
in the crystalline lattice, which are localized 
preferentially in the vicinity of hydrogen 
(deuterium) atoms. This process results in the 
electron-density oscillations and in the appearance 
of strong electric fields (~ 108 V/cm) in the volume 
and on the plane of the hydride. The oscillation 
scales are being commensurable with the lattice 
parameter (typically, ~ 0.3–0.4 nm). As a result, as 

authors supposed, the correspondent acceleration of 
D+ could lead to enhance of DD-reaction yield even 
for a low energy deuteride excitation.  

Any LENR models are still under the 
questions, but well-defined experiments related 
represent the great interest. In particular, 
statistically significant emissions of DD-reaction 
products (3 MeV protons and 1 MeV tritons), as 
well as high energy alpha particles have been 
registered under electron beam stimulation of the 
D-desorption from Pd/PdO:Dx targets [38]. 
Electron beam (energy 30 keV, current < 1 μA) 
bombardment is accompanied by formation of 
numerical pores (from Pd through the PdO) with 
diameters in the range of 100 –2000 nm while the 
surface which has not been subjected to the e-beam 
bombardment shows smooth PdO structure. 
Underline, the larger pores (> 350 nm) have not 
been found in the reference Pd/PdO:Hx samples 
after electron beam. Large craters (~ 10-12 μm) are 
also have appeared only at the Pd/PdO:Dx surface 
after electron beam treatment. Authors of [38] 
conclude, that formation of large craters at the 
deuterium loaded target indicates to high energy 
density (energy concentration) at some specific 
sites of the Pd/PdO surface through which the 
energy release is occurred, and these sites can show 
enhanced nuclear emission.  

Coming back to our surface morphology data 
obtained after discharge, underline, that craters 
presented on Fig. 17 are very similar to large craters 
(~ 10-12 μm) from recent experiments mentioned 
above [38]. We might assume that besides of rather 
usual craters (due to interaction of electron micro 
beams with anode under typical energy introduced 
~ 104 J/g, Fig.16) some of the craters on the Pd 
anode surface created at vacuum discharge 
(Figs.17,18) have to be interpreted as manifestation 
of specific anode ectons of nuclear origin (just 
cathode ectons [6,7] are especially well-known and 
studied at present time). It is not excluded, that not 
only the usual anode erosion, but mass ejection 
assisted by anode ectons which is originated from 
surface DD microsynthesis provides also the 
creation of namely dense interelectode ensembles. 
However, the available stage of study does not 
allow us to share properly the possible standard 
explosive evaporation of anode material by electron 
beam [7] (or any superheating effects under fast 
energy deposition [39]) from more exciting 
scenario of triggering any nuclear reactions on 
deuterium- loaded Pd anode surface by electron 
beams at the process of vacuum discharge. But if 
these kind of anode ectons do exist, in fact, their 
nature could be related with effects of electron 
beam – loaded Pd surface micro pores interactions 
at initial stage of discharge (“classical” physics like 
micro-scale system of IECF at rVC  0 [35]) or 
could be related with some LENR effects 
stimulated by electron beam like discussed at 
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[20,37,38]. The overlapping of both mechanisms is 
not excluded also, and have to be a subject of 
further study as well as analysis and verification of 
other mechanisms, like recognizing now the 
opportunity of laser-driven (or beam–driven) 
microfusion in ultra-dense deuterium clusters as 
dislocation cores at host lattice [21,22]. Interesting, 
that LENR effects were mentioned by Rick Nebel 
recently [40] as a part of spinoffs and applications 
of IECF also. 

Remark, that “rechargable” (periodically 
loaded by deuterium) Pd anode is specific and 
complex target for electron beams along discharge, 
so anode surface morphology, different features of 
micro sites and nature of craters have to be studied 
further in more detail. Note, that related craters 
(like on Fig.18) sometime can appear and 
spontaneously also (without any electron beam 
stimulation), for example, the microcraters which 
have been observed under Pd/D electrolysis co-
deposition process [41] or at ultrasonically-excited 
electrolysis experiments [42]. Meanwhile, the 
possible induced number of craters at the presence 
of electron beams might be essentially higher. From 
the other side, we have to keep in mind that the 
foreign inclusions (phase insertions) with the mass 
density different from the basic target material are 
able to initiate cratering as well as the geometrical 
perturbations of the irradiated surface relief [43]. 
The craters induced by foreign inclusions are 
almost indistinguishable in form and size from the 
induced by surface perturbations craters [43,44]. 
Thus, reliable analysis of crater formation 
mechanisms of deuterium-loaded Pd anode surface 
represents rather complex and non-trivial task. 

At the present moment, we may conclude that 
2,45 MeV neutrons have been observed at the time-
of-flight study from DD synthesis which is 
realizing probably by different manner at initial and 
stationary stages of vacuum discharge within just 
50 nsec [8-10]. The physics of collisional DD 
synthesis at small-scale low energy vacuum 
discharge with deuterium-loaded Pd anodes have 
been clarified definitely, but the number of 
questions which are answered do produce a new 
ones. Thus, further experimental study as well as 
theoretical analysis and computer modelling of new 
effects, especially provided by e-beam interaction 
with deuterium-loaded Pd anode at initial stage of 
discharge are reasonable.  
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Abstract. There is considerable interest to creation of new alternative power sources today [1]. The present work is devoted 
to consideration of design and operation of a high-effective hydrogen generator based on Al-H20 chemical reaction assisted 
by a non-equilibrium plasmoid. This work is the continuation of the previous one [2].  The rate of this reaction may be 
increased up to factor 103 by non-equilibrium plasma. Active excited particles, radicals and ions are created by a non-
equilibrium electrical discharge in swirl flow in the plasma-chemical reactor (PCR). It is well-known that these particles can 
accelerate a creation of the chains in a reaction zone. High gas temperature in a plasma zone accelerates this reaction rate 
also. The main goal of this work is a design, manufacture and testing of the demo- PCR with hydrogen mass flow about of 
0.1- 1G/s.  The following tasks are studied in these experiments:  

1. Study of the optimal parameters of a swirl flow in the PCR (component mass flow rates, flow velocity distribution, 
gas temperature distribution and so on).  

2. Study of a stable electric discharge regimes in swirl gas flow. Optimization of power supply electric parameters. 
3. Measurement of plasma parameters in the PCR.  
4. Chemical analysis of the final species in this PCR.  
The parameters and characteristics of electric discharge, plasma and swirl flow are measured in this work. Minimal 

energy balance of hydrogen molecule creation will be measured in this PCR namely. 
 
 
 
Nomenclature 
 
PCR = plasma-chemical reactor 
I = electric discharge current 
V = electric discharge voltage 
F = HF frequency 
Nd = power input in plasma 
Ne =electron concentration 
M = Mach number 
Vaf = airflow velocity 
Pst =static pressure 
Tg = gas temperature 
TR = rotation temperature 
TV =vibration temperature  
T* =electron excitation temperature 
Tb =black body temperature 
E/P =relative electric field 
j2/P2 =relative current density 
N/V =specific power input in plasma 
Q =mass flow rate 
 
Introduction 
 

Today there are many discussions about a 
low-coast aluminum fuel for electric power 
production [1-3]. This method is named aluminum- 

hydrogen power production and based on the 
following chemical reaction: 

 
2Al+ 3H2O = Al2O3 +3H2+ E,  (1). 
 
where E~15MJ/kG Al- energy release 

However the characteristic rate of this 
heterogeneous reaction (aluminum powder + water 
steam) is rather small. So, it is important to study a 
plasma-assisted oxidation of Al powder in water 
steam in detail to accelerate this reaction. This is a 
main task of this work. The rate of this reaction may 
be increased up to factor 103 by non-equilibrium 
plasma. Active excited particles, radicals and ions 
are created by a non-equilibrium electrical 
discharge in swirl flow inside plasma-chemical 
reactor (PCR). It is well-known that these particles 
can accelerate of additional chain creation in a 
reaction zone. High gas temperature in a plasma 
zone accelerates this reaction rate also. Note that 
there are active dusty (cluster) charged particles in a 
reaction zone of this PCR. Non- ideal plasma is 
created in this reactor (parameter  

γ=Ze2/(Nd
)-1/3kTg>1).  

High amplitude local electric field is 
created near a surface of this charged dusty (cluster) 
particle. So, traditional chemical kinetics may be 
wrong (uncorrected) near surfaces of these 
particles. So, measurement of a local electric 
potential in this heterogeneous plasma is very 
important task also. 

The second important task of this work is 
to study of the properties and parameters of a 
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heterogeneous plasma created by pulsed repetitive 
HF discharge (or DC discharge) in swirl flow. Hot 
ionized hydrogen flow (Tg~ 3000K, Ne/Na~10-2) 
obtained in this PCR will be used in MHD power 
generator in future. Design of this power generator 
and its operation are discussed in the work [9].  
 
I. Experimental Setup 

 
Scheme of the experimental setup is shown in 

the fig.1. The general view of this setup is shown in 
the fig.2.  The PCR is made of quartz tube diameter 

60-80 mm. Tube’s thickness is about 3-5 mm.  
Swirl gas flow (or non-swirl one) is created by 
tangential injector (4) and axial injector (3) in this 
reactor. Aluminum powder is injected through tube 
electrode (2). This powder is pushed by argon jet in 
a mixer-container. Swirl argon flow is created in 
this reactor by swirl generator (3). It is possible to 
control of a vortex parameter S= Qτ/Qz, (where Qτ – 
tangential flow mass rate, Qz- axial mass flow rate) 
in this experiment. Note, that this reactor design is 
optimal one for a separation of hydrogen and Al2O3 
by inertial body force. Hydrogen is evacuated from 

 

 
 

Figure 1. Scheme of the PCR. 1,2- tube electrodes - injectors for H2O+Al, 3,4- nozzles – injectors for argon flow,  5- 
tungsten electrode; 6- reactor chamber; 7- quartz tube; 8-oscilloscope;  9- H2O steam generator; 10- spectrometer 
AvaSpec 2048; 11-CCD camera Citius; 12- gas silence chamber; 13- gas filter; 14-chemical sensor; 15- water cooling 
tube; 16-pump; 17-electric heater 
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reactor by thin quartz tube (chemical probe) 
arranged near axis.  Both a vertical electric 
discharge and horizontal electric discharge are 
created in this set up. Hydrogen mass flow rate is 
measured by the gas analyzer AVP-01G. Water 
steam is generated by an electric heater (9, 17). 
Parameters of an electric discharge is measured by 
the voltage probe Tektronix P-6015, current probe 
Tektronix and oscilloscope. Optical spectra of a 
plasma formation are recorded by the spectrometer 
AvaSpec 2048(λ=200-800nm) 

A heterogeneous plasmoid in gas flow is 
recorded by the high- speed camera Citius. The 
following power supplies are used in this work: DC 
power supply (8kV, 2Amp) and Tesla’s coil HF 
generator (F= 450 kHz, NHF=1-10 kW, pulse 
duration-10 ÷10000μs, pulse repetitive frequency- 
10-104 Hz). Parameters of an electric discharge is 
measured by voltage probe Tektronix P-6082, 
current probe Tektronix and oscilloscope.  

 

II. Main Experimental Results 
 
The physical processes, plasma and discharge 

parameters in a heterogeneous plasma are studied in 
this work. The composition of output gas flow and 
the final species concentrations are measured in this 
PCR.  

The typical picture of a longitudinal plasmoid 
in swirl flow is shown in fig.3, 4. One can see the 
different locations of hydroxyl- hydrogen 
molecules (red-violet kernel near vortex axis) and 
AlO molecules (thin blue halo around this axis) in 
this plasmoid, fig.4.  

The typical optical spectrum of heterogeneous 
plasma is shown in the fig.5.  One can see that there 
are the atomic optical lines (Al, Н, Ar, electrode’s 
metal atoms), the molecular bands (ОН, AlO, O) 
and the continuous spectrum in this figure. Note 
that a continuous spectrum is connected with a hot 
dusty particle radiation. The obtained spectra are 
processed. The measured rotation temperature in 

 

 
 

Figure 2. General view of the experimental set up. 1,2- tube electrodes - injectors for H2O+Al, 3,4- nozzles – injectors for 
argon flow, 5-reactor chamber; 6- quartz tube;  7-water steam generator; 8- gas silence chamber; 9- water cooling tube; 
10- electric heater 
 



 263

plasma is about of TR~2000-3000К, atom excitation 
temperature T*~3000K, black body temperature 
Tb~3500K.  

The value Ne is estimated by a measured 
plasma conductivity σ in our experiment. The value 
σ is estimated by voltage Vd and current Id 
measured between the electrodes. The diameter D 
and the length L of plasma formation are measured 
from the obtained high-speed frames. The typical 
value σ is about 20 Ohm-1m-1. The typical electron 
concentration in plasma is about of Ne=1014 cm-3. 

The analysis of the final species of output 
gas flow in PCR is fulfilled. It is obtained that the 
main dusty particles are the fine-dispersed Al2O3 
particles and fine-dispersed Al particles (non-
reacted powder). The typical average diameter of 
this dusty particle is about 1 µ or less. Note that the 
typical average diameter of the initial aluminum 
particles is about of 100 µ.  

Hydrogen is evacuated from this reactor by 
tube chemical probe (15, fig.1). This gas sample is 
analyzed by a chromatograph. The maximal H2 
concentration measured in this experiment is about 

20-50%. The hydrogen mass flow rate measured by 
a gas analyzer in this demo- reactor is about of 
0,1G/sec.  Plasma parameters such as electron 
concentration, conductivity, power input are 
measured in this work.  

It is revealed that there are positive charged 
dusty ions AlO and Al2O3 in cylindrical plasma 
formation, fig.3. 

There is considerable sedimentation of these 
ions in the cathode electrode namely. So, one can 
conclude that there is localization of the negative 
charged ions OH- near vortex axis in the PCR. The 
positive ions Al2O3

+ (AlO+) are concentrated in 
plasma halo around plasma kernel. In a result it a 
double electric layer is created in this plasma 
formation. High positive potential about several kV 
is measured near external boundary of this 
plasmoid. This double electric layer stabilizes this 
plasmoid considerably. Note that this radial 
gradient electric field can change the plasma- 
chemical kinetics considerably also. This question 
will be studied in detail in future experiments.   
  

 
 
Figure 3. Plasma chemical reactor with pulsed repetitive 
HF discharge in H20-Al mixture 

 
 

 
Figure 4. The typical heterogeneous plasma formation 
created by vetical electric discharge in swirl flow. DC 
current-1Amp, DC voltage -200V, Vt~10m/s, Pst~1 Bar, 
QAL~0.05G/s, QH2O~0.3G/s 
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III. Complethess of plasma assisted aluminium 
oxidation 

 
It is revealed that completeness of a reaction in 

this PCR is very high about of 90-95%. Really the 
typical experimental conditions are the following: 

  
• Electrode arrangement vertical 
• Electrode material   Al 
• Water steam injection  through  

    electrode 
• Al powder injection through electrode 
• Testing gas for swirl flow  Ar  

• DC voltage   800 V 
• DC current   2 Amp 
• Gas temperature  Tg~3500К  
• Electron concentration Ne~ 1014 cm-3  
• Al mass flow rate  0.3 G/sec 
• H20 mass flow rate 0.3 G/sec 
 Hydrogen mass flow rate  ~0.04 G/sec  
 
The hydrogen mass flow rate may be estimated 

by the following relations: 
 

2Al+ 3H2O = Al2O3 +3H2+ Q,  Al: H2= 9:1 
 
So, theoretical value Al: H2= 0.3G/s: 0.033G/s 

is obtained from measured Al flow mass rate. 
Experimental value of hydrogen mass flow rate is 
about Al: H2= 0.3G/s: 0.04G/s. Note that measured 
hydrogen mass flow rate by water steam 
dissociation in plasma is about of ~0,01G/s. So, 

completes of the oxidation reaction is very high 
about 95% 

Some remarks about acceleration of this 
reaction by plasma. Note that the typical residence 
time of reagents in the PCR is about   

 
tr~ L/Vaf = 0.1m/ (30m/s)~300μs, 
 

where Vaf- typical velocity of gas mixture flow in 
PCR, L- reaction zone dimension. 

The typical chemical reaction time is about 
tch~10 ms at the experimental conditions closed to 
our ones [10]. So, there is considerable acceleration 
of this reaction by plasma tch/tr~30. 
 
IV. Conclusion  
 
1. Stable plasma-assisted reaction of Al-H2O 

mixture is obtained in our experiment. 
2. High completeness of Al oxidation in water 

steam at plasma assistance is realized in this 
experiment 

3. High electron concentration Ne~1014 cm-3 is 
obtained in Al plume in H2O-Ar flow at 
plasma assistance 

4. High temperature Tg~3000K is measured in Al-
H2O plume in the PCR  

5. Al-H2O chemical reaction assisted by HF 
plasma is studied in this work. Considerable 
acceleration of this chemical reaction is 
obtained in this experiment. 

6. Heterogeneous plasmoid with strong double 
electric layer in created in H2O-Armixture in 

 

 

 
Figure 5. The typical optical spectrum of a plasma formation created by HF discharge in the PCR
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swirl flow. The typical value of charged 
plasmoid’s electric potential is about several 
kV. 
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Abstract. Experimental results on initiation of MW discharge by means of laser spark in free space are presented. Ignition 
thresholds of laser initiated MW discharge under different air pressure and wide diapason of time delays of MW pulse 
relative laser one are measured. Peculiarities of MW discharge structure formation on laser spark itself and on gasdynamic 
disturbances created by laser spark at later stages are investigated. Under the reduced air pressure the possibility of MW 
discharge ignition by application of low-power laser beam is demonstrated. Also presented are some results of MW beam – 
laser spark interaction modeling.  
 
 
 

Microwave (MW) discharge in the free space is 
a phenomenon of considerable interest, which can be 
used in numerous practical applications [1, 2]. 
However, the MW discharge initiation in air at 
pressures close to atmospheric requires a rather high 
level of electric field strength, which is not provided 
by the existing devices. For this reason, experiments 
are usually carried out using various initiators in the 
pathway of MW propagation [3]. One possible means 
of initiating MW discharge employs laser radiation 
[4]. This is a promising method for the distant 
initiation of MW discharge, which allows the zone of 
energy deposition to be localized (under certain 
conditions), the discharge to be redirected, and the 
gas breakdown threshold to be significantly reduced. 

This work reports the results of an experimental 
investigation of the initial stage of formation and 
threshold characteristics of MW discharge initiated 
by laser spark in air at atmospheric pressure. We also 
present data on attempts at the MW discharge 
initiation at reduced pressures by laser radiation 
without spark generation. 

The experiments were performed using a linearly 
polarized MW in the centimeter wavelength range 
(λMW = 2.3 cm) with an electric field amplitude of E 
≥5 kV/cm, which was emitted via a horn into a 
vacuum chamber and focused by a metal mirror to a 
region with dimensions on the order of (λMW/2. The 
duration of MW pulses τMW did not exceed 4μs and 
their repetition rate was 1 Hz. The beam of second 
harmonic radiation of a Nd:YAG laser (λ = 532 nm) 
with a pulse duration of τlas = 10 ns was oriented 
along the electric field vector in the MW and 
introduced into the chamber with the aid of a mirror 
via a quartz window. The laser pulse energy could be 
varied from 50 to 320 mJ, which was sufficient to 
generate laser spark (LS) in air at atmospheric 

pressure. The laser beam was focused by a lens with 
a focal distance of f = 45 mm into a region of the 
main lobe of the MW directivity pattern. The axes 
and central zones of the focused laser and MW 
beams spatially coincided to within 2 mm. The time 
Tdel of the MW pulse delay with respect to the laser 
pulse could be varied within broad limits. 

The appearance of discharge was detected 
visually and with the aid of a photoelectron 
multiplier and a high speed camera (PCO.Sensicam) 
with exposure times within 0.5–1000 μs. The MW 
discharge in air at atmospheric pressure was stably 
initiated, being either directly induced by LS or 
formed in the excited gas medium (strongly 
perturbed by LS) for a rather long time after 
termination of the laser pulse. Figure 1 presents 
typical photographs of the LS initiated MW 
discharge, which were obtained at various delays of 
the MW pulse relative to the laser pulse. The bright 
vertical band on these images results from the action 
of LS flashing on the CCD matrix. 

The LS size was about 6 Ч 3 mm and the glow 
time (at a 0.5 maximum level) did not exceed 500 ns. 
At small times of the MW pulse delay relative to the 
laser pulse, the MW discharge channel developed 
directly from the LS region, predominantly from its 
top or bottom part. As the delay time increased, the 
MW discharge region exhibited considerable growth. 
For a delay time within several dozen microseconds, 
concentric discharge channels were frequently 
formed. With a further increase in the delay, the 
discharge region shifted toward the MW source, and 
sinusoidal channels were observed [5]. For the given 
level of field strength, the LS initiation of discharge 
took place for delays up to ~1 ms. The average 
velocity of discharge channels under these conditions 
was ~(1-5)×105cm/s.. 
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Variation of the MW pulse delay time relative to 
the laser pulse was accompanied by significant 
changes in the threshold for MW discharge 
formation. For this reason, a special series of 
measurements was devoted to determining the 
breakdown characteristics in air at atmospheric 
pressure. At every fixed delay of the MW pulse 
relative to the laser pulse, the level of incident MW 
power was increased until the onset of the MW 
discharge channel formation. The MW pulse duration 
was 4μs and the LS was generated at a laser intensity 
of 320 mJ. The results of these experiments are 
presented in Fig. 2. As can be seen from these data, 
there is a sharp drop in the breakdown field (Ebreak) at 

small delay times (Tdel < 15 μs), followed by a rather 
stable stage and a gradual increase in the Ebreak value 
up to maximum at Tdel ~ 500–1000 μs. 

Apparently, the LS at small delay times is 
surrounded by a photoionization generated plasma 
coat, in which the MW discharge channel is 
developed that starts directly from the LS. The 
presence of a seeding electron density and the field 
enhancement near the extended spark (the size of 
which is close to λMW) provide conditions for 
effective initiation of the MW discharge immediately 
outside the LS poles (inside LS, the electron density 
at this time is above the critical level that hinders 
penetration of the microwave field). These 

  
a     b 

  
c     d 

Fig.1. Photographs (obtained with a 2μs exposure) of LS initiated MW discharge for various delays between the MW and 
laser pulses (Tdel, μs): (a) 0; (b) 12; (c) 20; (d) 700. MW beam propagates left to right (E = 5 kV/cm, τMW = 4 μs). Laser 

beam propagates top to bottom  
(320 mJ, τlas = 10 ns). 
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experiments (like many other) show that the MW 
discharge is highly sensitive to the presence of 
gasdynamic fronts and readily develops along them. 
Indeed, a shock wave that runs away from the LS 
front is already well developed at 15 μs (with a 
spherical front clearly visualized by the MW 
discharge in Fig. 1b). Estimations of the shock wave 
velocity at this stage, based on the glow front 
monitoring at various moments of time, give 
~5×104cm/s.  

For a delay time in excess of 100 μs, plasma in 
the LS region becomes transparent for the microwave 
field [6], so that the measured values of breakdown 
fields most probably reflect a change in the gas 
density inside the LS. Then, the LS region exhibits 
cooling and the gas density in the region of energy 
deposition gradually increases (while the gas 
pressure in the breakdown region is already leveled), 
which leads to an increase in then breakdown field. 
Glumac et al. [7] experimentally measured temporal 
variation of the gas temperature during the LS 
evolution (decay) for about 1 ms upon generation in 
air at atmospheric pressure by the Nd:YAG laser 
second harmonic pulse (under the conditions close to 
those in our case). Using these results for estimating 
the temporal variation of the gas density, we have 
constructed a dashed line in Fig. 2 so as to provide 
the best fit to our experimental points for Tdel > 100 
μs. It was found that this line corresponds to a 
reduced electric field of E/p = 20 V/(cm Torr), which 
is much lower than the standard breakdown field in 
air. This result indicates that the breakdown threshold 
depends on additional factors rather than entirely on 
the gas density. Deeper insight into this issue requires 
additional thorough investigation. 

Investigation of gasdynamic processes influence 
at the discharge structure and the thresholds of its 
initiation under the various delay time was carried 
out. Figure 3 illustrates partially these results. 

Analysis of the results of Schlieren registration 
of the process of MW discharge initiation at different 
stages of its developments shows: 
 - under the short delays of MW pulse (up to 10-
20mcs) the discharge starts right from the domain of 
LS, developing along the laser beam and gasdynamic 
front of shock wave, arising as a result of laser 
breakdown; in a zone of MW discharge a break of 
shock wave and displacement of its front is observed, 
 - under defined conditions stimulated MW discharge 
is formed inside gasdynamic cavity around the LS 
core up to delays in tens of microseconds;  
 - at later stages of interaction (210mcs) the vortex 
zone is forming in the domain of LS, from which 
MW channels take start; 
 - analogues scenario is observed during rather long 
period of time while gasdynamic perturbation exists 
in the focal region of MW radiation, which definitely 
favours decreasing of breakdown thresholds and 
exactly here MW channels are forming and take start. 

Another important parameter influencing the 
MW discharge threshold for various delays of the 
MW pulse relative to the laser pulse is the laser pulse 
energy. For a given level of the MW field, the 
maximum delay time for which the LS is capable of 
initiating the MW discharge decreases with the laser 
pulse energy. For small delays, a change in the 
breakdown field is relatively small. At atmospheric 
pressure, even very weak LS readily initiated the 
MW discharge. However, we failed to initiate the 
MW discharge by laser pulses in a sparkles regime. 

 
 

Fig.2. Plot of the MW breakdown threshold field Ebreak versus MW pulse delay time Tdel relative to the initiating laser pulse 
in air at atmospheric pressure. 
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Unexpected results were obtained at a reduced 
pressure (p ≤ 130 Torr), where laser beam with an 
energy of ~50 mJ ensured the formation of an 
electrodeless MW discharge and provided a 
significant (20–30%) decrease in the breakdown 
threshold with respect to the MW field. 

Thus, the results of our investigations showed 
that the MW discharge in air at atmospheric pressure 
can be reliably initiated by LS both at the stage of its 
formation and in the late stages of decaying 
gasdynamic perturbations, up to a delay time of ~1 
ms. The experiments also demonstrate that the MW 
discharge in air at reduced pressures can be reliably 
initiated by light, at a significant decrease in the 
breakdown threshold. 

This study was supported in part by EOARD 
(ISTC grant no. 3058) and the Presidium of the 
Russian Academy of Sciences (Program no. 11). 
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Fig.3. Schlieren photo of MW discharge initiated by LS, exposure time 0.5mcs (а-с) and 3,5mcs (d-e). MW – 

laser delay (mcs): a) 5, b) 20, c) 210, d) 505, e) 964. MW beam propagates left to right (E = 5 kV/cm, τMW = 4 
μs). Laser beam propagates top to bottom  
(200mJ (а-с), 500mJ (d-e), τlas = 10ns). 
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Abstract. For studying influence of low temperature plasmas on kinetics of combustion of hydrocarbon fuel at atmospheric 
pressure of air it is necessary to know the basic characteristics of a stream, including its speed. In work three methods of 
definition of an air stream speed at atmospheric pressure of air in the discharge chamber are considered. In this case Laval 
nozzle works in not-designed mode. Speed of an air stream was defined experimentally by three ways: on drift of a flame 
ignited by a surface microwave discharge; on position of Mach’s jump in case of a supersonic stream; with the help of the 
thermocouple.  
 
 
I.   Introduction 

 
In the process of searching for optimal 

methods of generating non-equilibrium plasma in a 
supersonic flow, a microwave discharge of a new 
type was suggested in [1], namely, a microwave 
discharge developed by a surface wave on a 
dielectric body subjected to supersonic flow of air. 
The main properties of such discharge system is 
investigated in [1-11].  

For employing a surface microwave 
discharge in various fields of supersonic plasma 
aerodynamics, one must optimize the conditions of 
its generation. In particular, experiments at 
atmospheric air pressure must be performed for 
investigating the process of ignition and 
combustion of liquid hydrocarbons. This is due to 
the fact that volatile liquids with free surface, which 
are placed in a vacuum chamber, begin to rapidly 
evaporate with decreasing pressure in the chamber, 
and this prevents one from performing experiments 
with hydrocarbons in the liquid phase at an air 
pressure below one atmosphere.  

It was previously [3] experimentally 
demonstrated that a pulse power of 10-20 kW is 
required for generating a surface microwave 
discharge on a Teflon antenna in the air pressure 
range of 0.1-50 torr, while the power required for 
initiating a surface microwave discharge at 
atmospheric pressure is of the order of 250 kW. It 
was necessary to develop a new system for 
initiation of a surface microwave discharge for the 
purpose of reducing the level of pulse power. 

It is known [12, 13] that if a discharge is 
initiated by some method, it will exist for a long 
time at much lower values of power than those 
required for initial breakdown of gas. Numerous 
methods exist for initiating a microwave discharge, 
for example, by laser spark, by spark discharge, by 
vacuum ultraviolet irradiation of the region in 
which it is planned to initiate a discharge, by using 
various metal wires, dipoles, and so on. However, 
the metal-dielectric contact is most effective from 

the standpoint of initiating a microwave discharge 
[13]. 

In studies [1-4], a surface microwave 
discharge was generated on a Teflon antenna. In so 
doing, the metal-dielectric contact was structurally 
removed from the region of strong electric field, 
which required high values of power input for 
generating a surface microwave discharge at high 
pressures of air. Therefore, we changed the unit for 
delivery of microwave energy to the antenna and 
replaced the Teflon antenna by a quartz one [8-10]. 
This made technically possible the contact between 
the quartz antenna and the wider wall of metal 
waveguide, where the amplitude of electric field 
intensity is maximal for a wave of the H01 type. We 
selected the direction of propagation of microwave 
power as the positive direction of the 0X axis; in so 
doing, the origin of coordinates x = 0 is located in 
the cross section where the metal waveguide ends 
and the quartz antenna begins, i.e., at the metal-
dielectric interface in the zone of delivery of 
microwave energy to the antenna. The employed 
system of energy delivery (metal waveguide-quartz 
antenna) made possible an order of magnitude 
reduction of the power required for generating a 
surface microwave discharge at atmospheric 
pressure. Readily realized in the experiments is a 
microwave discharge on the surface of a quartz 
antenna of rectangular cross section 9.5 × 19 mm2 
and 115 mm long in air at atmospheric pressure p = 
760 torr. 
 
II.   Experimental Installation 
 

Experiments were carried out on the 
installation consisting of a vacuum chamber, a 
receiver of a high pressure of air, a receiver of a 
high pressure of propane, a system for producing a 
supersonic gas flow, magnetron generator, system 
for delivering microwave power to the chamber, 
cylindrical and rectangular aerodynamic channels, 
sources of high-voltage pulses, a synchronization 
unit, and a diagnostic system (Fig. 1).  
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Figure 1. Block diagram of the experimental setup: 1 – 
vacuum chamber; 2 – synchronization units; 3 – 
magnetron; 6 – directional coupler; 7 – crystal 
microwave detector; 8 – waveguide; 9 – antenna; 10 – 
cylindrical aerodynamic channel with Laval nozzles; 11 – 
electric hydraulic valve; 12 – air high pressure receiver; 
13 – propane high pressure receiver; 14 – high-pressure 
cylinder with propane; 15 – valves; 16 – block of probe; 
17 – power supply; 18 – computers; 19 – 
monochromator, CCD sensor or photomultiplier tube; 20 
– video and photo camera; 21 – pulsed power supply for 
shadow graphics installation; 22 – pulsed flash-lamp; 23, 
25, 26 – lenses; 24, 27 – diaphragms; 28 – photo 
camera; 29 – digital oscilloscope.  

 
The basic component of the experimental 

setup is an evacuated metal cylindrical chamber, 
which serves simultaneously for supersonic flow 
creation, and as a tank for the expiration of gases or 
combustion products. The inner diameter of the 
vacuum chamber is 1 m, and its length is 3 m.  

A high-speed flow was produced by filling 
the vacuum chamber with air through a specially 
profiled Laval nozzle mounted on the outlet tube of 
the electromechanical valve and designed for Mach 
number of M < 2.  

The microwave source is a pulsed 
magnetron generator operating in the centimeter 
wavelength range. The parameters of the magnetron 
generator are as follows: the wavelength is 
λ = 2.4 cm, the pulsed microwave power is 
Wp < 100 kW, the pulse duration is τ = 1–200 μs, 
and the period-to-pulse duration ratio is Q = 1000. 
The vacuum system of the chamber allows us to 
vary the pressure over a wide range from 10-3 to 
103 Torr. 

The diagnostic complex included optical 
refraction sensors, photoelectronic multipliers, 
pulse shadow installation, system for measurement 
of flame conductivity, electric probes, a two-wire 
line, spectroscopes, digital oscilloscopes, digital 
photos and movie cameras, thermocouples.  

III.   Experimental Results 
 

The used compressor enabled to pump air 
in a receiver up to pressure of 6 atm that allowed to 
create high-speed air streams with the desired 
values of velocity at atmospheric pressure in a 
chamber. At atmospheric pressure of air in the 
chamber Laval nozzle worked in not-designed 
mode. Speed of an air stream was defined 
experimentally by three ways:  
• on drift of a flame ignited by a surface 

microwave discharge;  
• on position of Mach’s jump in case of a 

supersonic stream; 
• with the help of the thermocouple.  

The first method is based that an oblique 
jump of density appears on the forward end of the 
thin pointed plate streamlined by a supersonic 
stream.  

Therefore, instead of the antenna in the 
chamber the thin pointed plate (chisel) was located 
so that its axis and an axis of air flow coincided. 
One of the sides of a chisel is oblique. An oblique 
jump of density arising on a forward edge of chisel 
was registered with the help of shadow installation. 
Value of flow Mach number was defined on the 
measured corner of an inclination between jump 
and not oblique surface of a chisel under the 
formula [14]:  

α sin
1=M , 

where α is a corner between jump and not oblique 
side of a chisel. The sample of a shadow picture in 
case of a supersonic stream with flow Mach number 
М=2 is submitted on Fig. 2. 
 

 
 
Figure 2. An instant shadow picture of a thin pointed 
plate streamlined by a supersonic stream. (Flow Mach 
number М = 2, initial air pressure in the chamber 
p0 = 40 torr). 

 
It is necessary to emphasize, that jump on a 

forward edge of the pointed plate did not arise, if it 
is streamlined by a subsonic air stream. Therefore 
in experiments the shadow picture was fixed only at 
such values of p/p0 at which of an oblique jump of 
density started to arise. The chisel was put for 
improvement of a shadow picture as she is much 
more thin than the antenna and has small thickness 
in comparison with the cross-section size of a 
stream. Therefore jump on the end of a chisel is 
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seen precisely as against the antenna. The distance 
from a chisel up to nozzle changed in limits of 
z = 0-10 cm. Difference of pressure changed in a 
range of 1-6 atmospheres. Experimentally received 
dependence of flow Mach number on the ratio of 
pressure in a receiver to pressure in the chamber is 
submitted on Fig. 3. 
 

 
 
Figure 3. Dependence of a stream Mach number on the 
ratio of pressure in a receiver to pressure in the chamber 
(the data received in the first way). Initial pressure in the 
chamber p = 760 torr, for an extreme right point 
p0 = 40 torr. 

 
Speed of a stream can be determined under 

the formula [14]: 

2Mk+

M+k

a=

2
11

2
1 2

cr −
υ , 

где cra  is critical speed. 
Speed of a stream grows at increase in the 

ratio of pressure in a receiver to pressure in the 
chamber and at value of p/p0 = 6-8 leaves on 
stationary size. Nozzle passes in a designed mode. 
In this case nozzle is designed for flow Mach 
number of M = 2.  
 

 
Figure 4. Dependence of a stream velocity on the ratio of 
pressure in a receiver to pressure in the chamber (the 
data received in the first way). Initial pressure in the 
chamber p = 760 torr, for an extreme right point 
p0 = 40 torr. 

In Fig. 4 curve of υ(р/р0), received at the 
big distances from nozzle, are below, i.e. speed of a 
stream decreases with increase in distance. It is 
obvious, that at atmospheric pressure because of 
braking speed of a stream on the big distances from 
a cut nozzle at the same pressure ratio should 
decrease, as it is observed in experiment. 

The second method of definition of speed 
of a stream is based on registration of time 
evolution of drift in an air stream of a flame of 
burning of a alcohol thin film which is ignited with 
the help of a surface microwave discharge. Photos 
of ignition of alcohol in high-speed air streams are 
submitted in Fig. 5. 

 

 
 

Figure 5. Alcohol ignition under condition of a 
surface microwave discharge at τ = 120 μs, 
р0 = 1 atm, W = 65 kW and different air flow 
velocity υ, m/s: 1 − 190, 2 − 260, 3 − 390; 4 − 440. 

 
 
Experiments have shown, that a surface 

microwave discharge results in ignition of a thin 
film of alcohol both in subsonic (look Fig. 5, the 
frames 1 and 2), and in supersonic (3 and 4) air 
streams. Thus in photos at a surface of the antenna 
it is distinctly seen thin (thickness about 1 mm), 
brightly luminous layer representing plasma of a 
surface microwave discharge. Ignition occurs in the 
field of existence of a surface microwave discharge 
in a zone of a supply of microwave energy. At a 
pulsed microwave power of 65 kW ignition is 
initiated already at microwave pulse duration of 
10 μs. The period of an induction decreases from 
100 up to 5 μs at increase in a microwave pulse 
power from 20 up to 75 kW. In a subsonic stream 
(see Fig. 5, a frame 1) ignition of a thin film of 
alcohol at pulsed power of 65 kW occurs already on 
distance of 0.5 cm from forward front of a surface 
microwave discharge. On an angle of an inclination 
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of combustion border to a direction of an air stream 
it is possible to determine transversal speed of 
ignition front propagation. With increase in speed 
of a stream (see Fig. 5) an angle of an inclination of 
combustion border decreases, however in 
experimental conditions of transversal speed of 
alcohol ignition front propagation does not depend 
on speed of a stream and at a microwave pulsed 
power of 65 kW is equal 80 m/s. 

Experimentally dependence of speed of a 
stream on a ratio of pressure in a receiver and in the 
chamber on different distances from nozzle along 
flow axis was determined. With help of a high-
speed video camera process of burning of a liquid 
film of kerosene in an air stream (look Fig. 6) was 
registered. The video camera frame frequency is 
known. On images we know displacement of area 
of combustion in pixels and in centimeters. 
 

 
 
Figure 6. Dynamics of the flame drift initiated by a 
surface microwave discharge under condition of 
subsonic air stream. Frequency of the frames 
f =  31250 Hz, z = 10 cm, р/р0 = 1.1. 
 

The received experimental dependence of 
speed of a stream on the ratio of pressure in a 
receiver to pressure in the chamber is submitted in 
Fig. 7. At increase in the ratio of pressure р/р0 
speed of a stream grows.  
 

 
Figure 7. Dependences of speed of a stream on the ratio 
of pressure in a receiver to pressure in the chamber (the 
data received in the second way). 

 
We compare the data resulted in Fig. 4 and 

Fig. 7. In Fig. 8 results of comparison are 
submitted.  
 

 
 
Figure 8. Dependences of speed of a stream on the ratio 
of pressure in a receiver to pressure in the chamber. The 
results received in the first and second ways. 
 

Points of dependence of υ(р/р0), 
determined with the help of the high-speed chamber 
have lain below curves υ(р/р0), obtained with the 
help of jumps in a shadow picture. It is connected 
with the fact that these points are received on 
distance from nozzle z = 10 cm. And the further 
from nozzle speed of a stream is measured, the 
lower its speed can be because of its braking in air 
of atmospheric pressure. Therefore the data 
received by these two ways, is well coordinated. 

The new method of measurement of 
transition of a subsonic stream in a supersonic 
condition with use of the standard free 
thermocouple has also been offered and approved. 
In the beginning graduation of the thermocouple 
was made. For this purpose the thermocouple was 
located in a free stream with flow Mach number 
M = 1. At this value of the flow Mach number 
temperature in a stream T = 250 K. Then the 
temperature in conditions of subsonic and 
supersonic flows created at the different ratio р/р0 
of pressure р in a receiver to pressure р0 in the 
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chamber can be defined on amplitude of the signal 
from the thermocouple registered by an 
oscilloscope.  

The time dependences of a signal from the 
thermocouple in subsonic and supersonic streams 
are submitted in Fig. 9. Experiments show, that at 
switching off of a subsonic stream the signal from 
the thermocouple does not undergo any sharp 
changes, and within several seconds in process of 
the thermocouple heating slowly relaxed to the 
value corresponding to room temperature. 

In conditions of a supersonic stream there 
is a jump in front of the free thermocouple. It 
results in change of a thermal stream on a surface of 
the free thermocouple. Thus the thermocouple 
temperature remains above, than temperature of air 
in a supersonic stream. When supersonic stream is 
switching off the temperature registered by the 
thermocouple, placed in a free stream, sharply falls 

within the limits of 5-50 K depending on speed of a 
stream up to the values corresponding to true 
temperature of gas in a supersonic stream. Besides, 
noise registered by the thermocouple sharply grow 
at transition from a subsonic stream through M = 1 
to a supersonic one, that also is the indicator 
showing, that the stream becomes supersonic. 

Results of the given experiment well 
correlate with the data of a shadow method which 
allows to define of a stream velocity on position of 
the jump, arising on the thin pointed plate, and also 
by definition of speed on drift of a flame ignited by 
a pulse surface microwave discharge.  
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Figure 9. Dependences of a stream temperature on time. (z = 1 cm). 
 



275 

V.   References 
 

1. Shibkov, V.M., Vinogradov, D.A., Voskanyan, 
A.V. et al., Vestn. Mosk. Univ. Ser. 3 Fiz. 
Astron., 2000, vol. 41, no. 6, p. 64. 

2. Shibkov, V.M., Aleksandrov, A.F., Ershov, 
A.P. et al., Vestn. Mosk. Univ., Ser. 3 Fiz. 
Astron., 2004, vol. 45, no 5, p. 67. 

3. Shibkov, V.M., Ershov, A.P., Chernikov, V.A., 
and Shibkova, L.V., Zh. Tekh. Fiz., 2005, 
vol. 75, no 4, p.67. 

4. Shibkov, V.M., Dvinin, S.A., Ershov, A.R, and 
Shibkova, L.V., Zh. Tekh. Fiz., 2005, vol. 75, 
no.4, p.74. 

5. Shibkov, V.M., Aleksandrov, A.F., Ershov, 
A.P. et al., Fiz. Plazmy, 2005, vol. 31, no. 9, p. 
857. 

6. Dvinin, S.A., Shibkov, V.M., and Mikheev, 
V.V., Fiz. Plazmy, 2006, vol. 32, no. 7, p. 654. 

7. Shibkov, V.M., Dvinin, S.A., Ershov, A.P. et 
al., Fiz. Plazmy, 2007, vol. 33, no. 1, p. 77. 

8. Shibkova, L.V., Vestn. Mosk. Univ., Ser. 3 Fiz. 
Astron., 2007, vol. 48, no. 5, p. 62. 

9. Shibkova, L.V., Ignition of Alcohol under 
Conditions of Surface Microwave Discharge in 
Air, Preprint of Dept. of Physics, Moscow 
State Univ., M.: 2007, no.4. 

10. Shibkova, L.V., Physical Processes in Moving 
Plasma of Multicomponent Inert and 
Chemically Active Mixtures, Extended 
Abstract of Doctoral (Phys.-Math.) 
Dissertation, Moscow: Joint Inst. for High 
Temperatures, Russ. Acad. Sci., 2007. 

11. Shibkov, V. M., Alexandrov, A. F., Chernikov, 
A.V. et al., Influence of Surface Microwave 
Discharge on the Characteristics of Supersonic 
Flow Near Streamlined Body, AIAA-2005-
0779. 

12. Zarin, A.S., Kuzovnikov, A.A., and Shibkov, 
V.M., Svobodno lokalizovannyi SVCh-razryad 
v vozdukhe (Free-Localized Microwave 
Discharge in Air), Moscow: Neft' i Gaz, 1996. 

13. Batanov, G.M., Gritsinin, S.I., Kossyi, I.A. et 
al., Tr. Fiz. Inst. Akad. Nauk SSSR, 1985, 
vol. 160, p. 174. 

14. Abramovich, G.N. Applied Gas Dynamics 
(Nauka, Moscow, 1991) [in Russian]. 

 



276 

EVALUATION OF RADIATION LOSSES IN AL-H2  
MHD GENERATOR PATH 

 
Bityurin V.A., Galaktionov A.V., Kolpakov A.V. 

Joint Institute for High Temperatures RAS, 125412, Moscow, Russia 
andrei.v.galaktionov@gmail.com 

 
 

 
1. Introduction 
 

Recent studies [1-3] have demonstrated 
that rapid development of Al-H2 technology creates 
very favorable conditions for developing innovative 
high-performance MHD generators. In such 
generators working fluid is hydrogen, which is 
heated to a temperature ~ 3000-3500K, and which 
is derived from the oxidation of aluminum with 
water.  

The oxidation of aluminum with water in 
the combustion chamber of reactor of such 
generator and the subsequent installation path 
contains water vapor, particles and drops of 
aluminum, alumina and intermediate reaction 
products, which are numerous combinations of 
aluminum, oxygen and hydrogen. All these 
components, when heated to ~3500K, are actively 
involved in the radiative heat transfer. Simple 
estimations show that radiative losses to reactor 
walls are of the same order as the generator power, 
so that the possibility of generator practical 
implementation is not evident. However, radiative 
heat transfer in a multicomponent chemically 
reacting mixture in reactor is an important 
mechanism of heat transfer. 

Unfortunately, optical properties of 
numerous compounds of aluminum, oxygen and 
hydrogen at high temperatures are often unknown. 
There exist data for the optical properties of water 
and steam, as well as for aluminum, alumina and 
their melts, but for even relatively well-studied 
alumina at high temperatures optical properties 
reported in papers by different investigators differ 
by several orders of magnitude [4,5]. In addition, 
the construction Al-H2 MHD generators are still 
under development and so that parameters of 
generator are not fixed. So to evaluate radiative 
losses from gas mixture to reactor walls we 
consider in our investigation only melt alumina 
drops. As an example we consider experimental 
setup with Al flow rate 100 grams per second.  

There are three known ways to reduce 
radiation losses from gas mixture to the walls in the 
reactor:  
− to use effectively reflecting high-temperature 

coating for reactor walls; 
− to achieve large optical thickness of the gas 

mixture to “trap” thermal radiation inside gas 
mixture, so that radiative losses will be small 

because they will be determined by a thin wall 
layer with temperatures close to the wall 
temperature; 

−  to achieve small absorption optical thickness 
of the mixture on the absorption, in this case 
radiative losses will be small due to 
"transparency" of gas mixture.  

 
The latter mode is interesting in any cases, 

since particles and drops of alumina should be 
removed from the hydrogen before it reaches MHD 
channel. 

Unfortunately, the three ways badly work 
together and generate many conditions of radiative 
heat transfer. Though we derive rigorous and 
adequate estimations of radiative loses which is 
useful for engineering approach. 
 
2. Flow optical properties evaluation 
 

It is known that for MHD generator 
conditions hydrogen is a transparent gas for 
radiative heat transfer waveband. At the same time 
steam and relatively cold unburned aluminum 
particles and drops intensively absorb thermal 
radiation emitted by hot alumina drops and screen 
reactor walls. Optical properties of other chemical 
compounds are unknown. Thus for upper 
estimation of radiative losses it is rationally to 
calculate radiation from alumina drops assuming 
local thermodynamic equilibrium for the gas 
particles mixture. 

Alumina has anomalous optical properties. 
Its absorption coefficient abruptly increases at 
melting point by several orders of magnitude [4,5] 
(Fig. 1). Characteristic size of alumina drops in gas 
mixture varies from several nanometers to tens of 
microns. Drops with nanometer radii are formed in 
the reaction of aluminum vapor with water vapor, 
and drops with microns radii are the result of 
aluminum particles burning.  

Using Mie theory [6] one can calculate 
absorption and scattering efficiencies for alumina 
drops of arbitrary sizes. We assumed characteristic 
temperature of the drops to be about 3000K. Thus 
wavelength for maximum of the Plank distribution 
for thermal radiation is about 1 micron. At the Fig. 
2 absorption absQ  and transport scattering trQ  
efficiencies are shown, and it can be seen that: 



277 

− the scattering is greater than absorption for 
drops with radii between 30 nanometers and 5 
microns, scattering can exceed the absorption 
by several orders of magnitude. 

− for drops smaller than 30 nanometers 
scattering is insignificant and Rayleigh 
approximation is applicable. 

In Rayleigh case we have following 
expressions for efficiencies: 
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where d  - is the drops diameter, 

( )22 iknN −==ε  - permittivity of melted 
alumina, λ  - thermal radiation wavelength. 

Using absorption and transport scattering 
efficiencies for the drops and calculating their 
concentration on the basis of alumina volumetric 
rate R  (m3/c), canal cross-section S  (m2) and 
flow velocity v  (m/c), one can calculate optical 
properties of the flow:  

 
absorption coefficient : 
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transport scattering coefficient 
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and radiation diffusion coefficient  
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It is important to point out that for small 

( nmd 60< ) drops and fixed alumina volumetric 
rate the absorption coefficient of the flow does not 
depend on the drops diameter  
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Of course real flows contain some 

mixtures of drops with different diameters. In this 
case one can simply average optical properties over 
known drops diameters distribution because 
absorption and scattering of different drops are 
independent and additive.  
 

0.00 0.01 0.10 1.00 10.00
R mkm

1.00E-9

1.00E-8

1.00E-7

1.00E-6

1.00E-5

1.00E-4

1.00E-3

1.00E-2

1.00E-1

1.00E+0

1.00E+1

Qtra

Qabs

 
 

Figure 2. Dimensionless absorption absQ  and transport 

scattering trQ  cross-section of alumina drops at 
wavelength 1 micron. 

 
 
3. Estimations of radiation losses 
 

We start from rigorous radiation transfer 
equation for selective absorbing, emitting and 
scattering media  
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where Ω  is the radiation propagation direction, 

),( ΩrνI  is the radiation intensity, να  and νβ  is 

 
 

Figure 1. Alumina absorption coefficient 
 



278 

the absorption and scattering coefficients, 
)( Ω′⋅ΩνS  is the scattering phase function, νn  is 

the effective refractive index of the flow (below 
1=νn ), νpI  is the equilibrium radiation intensity 

in vacuum, )(rT  is the flow temperature. In the 
above expressions index ν  denote spectral 
dependence of a quantity.  

Solving equation (5) with sufficient 
boundary conditions [7] and known from the 
hydrodynamics part of the problem temperature 
distribution )(rT , one can find divergence of 
radiant flux density for energy balance equation to 
close the problem: 
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Here H  is the enthalpy, ∫ ΩΩ=

π
νν

4
),()( dIU rr  

is the spectral energy density of thermal radiation, 

∫ Ω=
π

νν
4

dIU pp . Integration is fulfilled over 

waveband Σ  which is significant for thermal 
radiation transfer. 

For engineering analysis we shall consider 
MHD generator setup consisting of several parts 
with volumes iV  (combustion chamber, nozzle 
throat etc.). Integrating equation (5) over angle, 
spectrum and each volume iV  we obtain: 
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−=∇
ii V

p
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  (7) 
where νq  is the spectral radiant flux density. Using 
well-known mathematical analysis theorem one can 
replace in the left side of the equation (7) 
volumetric integral with the surface 
one: ∫ ∫∫ ∫

ΣΣ

=∇
ii SV

dddVd Sqq νν νν . It is obvious 

that the surface integral is approximately equal to 
the radiation losses. We neglect here radiant fluxes 
through imaginable boundaries between setup parts, 
which are mutually compensating. Therefore, we 
have derived useful and rigorous expression for 
radiant losses: 
 

( )∫ −≅
iV

i dVUTQ )()(4 4 rrσα , (8) 

 
where ∫= νν dUU , α  is the averaged over Plank 
distribution absorption coefficient. Thus, we have 
shown that directly from radiation transfer equation 
follows that radiation losses to the setup walls is 

equal to volumetric integrals from radiation 
sources/drains in the full energy balance equation.  

Expression (8) is useful for derivation of 
desired radiative losses estimations. Both quantities 
in the integral are positive and, it is obvious that 

max)( TT ≤r  and 44)( wTU σ≥r , where wT  is the 
walls temperature. Thus, we have  
 

( )44
max4 wTTVQ −≤ ασ .   (9) 

 
Here and below we omit MHD generator setup 
parts index i . The rigorous estimation (9) is always 
true. However, it is useful only for optically thin 
( 1<<lα ) setup sections, where characteristic 
dimension is l . The estimation (9) does not take 
into account wall reflection and optically thin 
section is sufficiently rare case. Nevertheless, it is 
very profitable. The fact of the matter is that it is 
necessary to remove alumina drops from the 
hydrogen flow to make efficient MHD generator. 
Therefore, the flow optical thickness somewhere is 
to be small. 

It can be easily seen from the estimation 
(9), that radiative losses are proportional to the 
average absorption coefficient and to the section 
volume. So, using expression (3) for given alumina 
volumetric rate R  (m3/c) we have: 

 
( ) dTTQRQ wabs

44
max6 −≤ στ ,  (10) 

 
where τ  is the drops in section residence time, d  
is the drop diameter and absQ  is the middle 
dimensionless absorption cross-section. As was 
mentioned above for small drops (in comparison 
with maximum of Plank distribution wavelength) 
the absorption coefficient of the flow and therefore 
radiative losses does not depend on the drops 
diameter. This means that radiative losses do not 
depend on setup geometry. The only way to reduce 
the losses is to increasing flow velocity to shrink 
the drops in section residence time τ .  

Unfortunately, the hydrogen flow with 
alumina drops is rarely optically thin. Moreover, as 
mentioned above (see Fig. 2) the scattering is 
greater than absorption for drops with radii between 
30 nanometers and 5 microns and can exceed 
absorption by several orders of magnitude. In this 
case radiative heat transfer is characterized by 
multiple scattering and the estimations (9, 10) over 
evaluate radiative losses. To find more realistic 
estimations we assume that the flow is isothermal 
( max)( TT ≡r ) in each section but we calculate 
energy density of thermal radiation in expression 
(8) by radiation diffusion approach. The approach 
assumes that radiant flux density is proportional to 
gradient of the radiation energy density. Radiation 
diffusion approach is equivalent to 1P  
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approximation [7] of the spherical harmonics 
method for solution of the radiation transfer 
equation (5). It is well known [9], that radiation 
diffusion approach is at least qualitatively correct in 
any case. Using operator technique [10] one can 
show that at least in unbounded media inaccuracy 
of diffusion approach is equivalent to optical 
properties imprecision with several tens percent 
magnitude. Absorption coefficient of melted 
alumina is known with much worse accuracy.  

Here we consider only cylindrical 
geometry and one-dimensional radiation diffusion 
along the radius of section: 
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where wε  is the boundary emissivity, 

max)( TrT ≡ , wT  is the wall temperature, 0r  is the 
setup section radius. 

Using equations (11-13) one can find 
effective emissivity of the flow  
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where wS  is the section wall area, Dαξ = , 

10 , II  is the modified Bessel functions. 
For optically thick flow boundary layer, 

the solution for isothermal flow gives overrated 
radiation flux. So we propose new approximative 
temperature distribution of the flow where δ is the 
thickness [7] of the boundary layer: 
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The expression (15) gives max)0( TT =  and 

wTrT =)( 0 . 
 
The temperature distribution allow us to 

find in close analytical form the energy density of 
thermal radiation and the radiation flux from the 
diffusion equation (11): 
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where )1)(()( 22 −= ξδξδb  and the constant C  
is to be found from the boundary condition (14)  
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. 
Unfortunately, the estimations above do not 

take into account influence of radiation on the 
temperature distribution in the flow. So, next step 
of improving the radiation losses estimation 
accuracy is a direct numerical simulation of the 
whole problem.  
 
4. Radiation losses in experimental setup 
 

As an example, we consider estimation of 
radiation losses in experimental setup with 
aluminum mass rate sgRAl /100=  (Fig. 3). The 
setup is under designing now.  

A mixture of steam and aluminum powder 
(with characteristic particle size 0.1-10 micron) is 
injected into combustor. Its reacts with hydrogen 
and alumina drops generation. The table below 
shows temperatures and flow velocities in several 
setup sections that are calculated by MHD 
generator mathematical model [8]. The table also 
shows effective emissivity of the flow for three 
alumina drops sizes calculated by expression (14) 
with the boundary emissivity 5.0=wε . 

It can be easily seen that the slow flow 
may emit 25-44% of black body radiation. But fast 
flow in the nozzle emits up to 3-6% of black body 
radiation due to optical thickness of the flow is low. 
Unfortunately, in the majority of cases the radiation 
losses are too high and we have to seek new ways 
to reduce their. 
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5. Conclusions 
 

We proposed a set of simple rigorous 
analytical estimations of radiation losses to walls in 
Al-H2 MHD generator path. We found that for 
small (d<60 mkm) alumina drops and optically thin 
flow radiation losses do not depend on drop size 
and on the geometry of the reactor parts. For 
arbitrary flow optical thickness the estimations are 
based on radiation diffusion approximation. We 
also take into account temperature distribution in 
the flow, which is important for optically thick flow 
boundary layer. 

Our calculations show that for alumina 
drops with diameter about one micron multiple 
scattering of thermal radiation plays important role; 
and the scattering helps to reduce radiation losses. 

We estimated that in designing 
experimental setup with aluminum flow rate 100 
gram per second radiation losses might be 
significantly (3-30 times) less than black body 
radiations. Nevertheless, in the majority of cases 
the radiation losses are too high and we have to 
seek new ways for their reducing. 
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Figure 3. Experimental setup 

 
Table. Effective emissivity of the flow 

 

Point end of Tmix  K Flow velocity (m/c) 
εeff 

d=0.1 mkm 
εeff 

d=1 mkm 
εeff 

d=10 mkm 

1 combustor 3026 36,4 0,2536 0,3699 0,3654 

2 nozzle throat 2888 861,4 0,0963 0,3445 0,1728 

3 nozzle 2440 1722,6 0,0343 0,2469 0,0676 

4 insert 2712 971,2 0,0584 0,3086 0,1110 

5 diffuser 2882 10 0,3591 0,3741 0,4473 
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Abstract. In the current work, airflow around a wing model controlled by pulse-periodic HF discharge with typical frequency 
350kHz at flow velocity up to 20m/s and Re < 2x104. Transversal HF discharge on a wing model surface near its leading 
edge is created. It is shown that HF discharge operation, starting from some power input, leads to the shift of the flow 
separation line on the wing surface at the large attack angles. Wing drag reduce is revealed at attack angles α>α*=110

 at 
plasma on. Pressure distribution in the wake of this model is obtained at the different Strouchal’s numbers. Shadow pictures 
of the airflow around the wing model are presented. Mean discharge power input doesn’t exceed 10W/cm at the peak HF 
power about of ~1 kW.  

 
 
Nomenclature 

HF = high frequency 
DBD = dielectric barrier discharge 
SHFD = surface HF discharge 
fHF = HF frequency 
FM = modulation frequency 
τi = pulse duration 
IHF = HF electric discharge current 
UHF = HF electric discharge voltage 
NHF = pulse power input in plasma 
M =Mach number 
Vaf = airflow velocity 
P0 = stagnation pressure 
Pst = static pressure 
Sh = Strouchal’s number 
α =attack angle 

 
 

I. Introduction 
 
Boundary layer control by means of 

different surface electric discharges is intensively 
studied today [1-3]. It is well known that efficiency 
of flow control near a body by a chord-wise 
dielectric barrier discharge (DBD) is decreased 
considerably at high airflow velocity (Vaf>10m/s). 
The reason is physical limitations on the DBD 
induced momentum, while pressure gradients in the 
external flow increases with velocity increase [4,5]. 

However, attempts are recently made to 
use the surface discharges for boundary layer 
control, referring to other mechanisms of discharge 
–flow interaction. 

Airflow separation control near the wing 
model by nanosecond electric discharge was 
studied at flow velocity up to 100m/s [2]. The 
reattachment of the boundary layer was obtained at 
pulse repetition frequencies Sh~1. 

The problem of a boundary layer flow 
turbulization and generation of a longitudinal 
vorticity by means of DBD was studied in [6]. 

Surface high frequency discharge was 
proposed in [7,8] for separation control on a flat 
plate and cone drag reduction. It was shown, that at 
definite angles of attack and discharge regimes, 
significant change in pressure distribution behind 
the plate can be achieved.  

Since the flow separation control around a 
wing is of significant practical importance, it was 
widely studied up to date. However, most authors, 
both working with conventional and with 
nanosecond DBD at velocities up to tens meters per 
second, report an effective stall control at large 
attack angles at discharge positioned near the 
leading edge of the model. Several studies, 
concerning flap aerodynamics improvement by 
conventional DBD can be found in [3,9,10]. It is 
also known, that at Re<105, leading-edge stall 
mainly takes place due to laminar boundary layer 
separation. Boundary layer turbulization leads to 
separation delay due to a higher stability of the 
turbulent boundary layer. It is shown, that 
nanosecond discharge operation near the leading 
edge leads to significant (up to 2-40) stall delay at 
high attack angles. 

Unsteady forcing seems to be an essential 
feature of any DBD, therefore several studies were 
focused on forcing frequency optimization. 
Starikovskii et. al. [2] reported a maximum 
efficiency of nanosecond discharge at Sh~1, 
Samimi et. al. [3] found frequency ranges for 
conventional discharge forcing. Furthermore, in 
vortex street formation along the shear layer behind 
the flap was obtained, synchronized to the actuator 
forcing. 

Main goal of our current work is a 
parametric study of the flow behind the wing with 
transversal surface high frequency discharge, at 
relatively low velocity Vaf~20m/s. SHFD was 
already shown to affect the separation process and 
drag of the round-edged flat plate [7,8]. 
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II. Experimental setup 
Low-velocity (<20m/s) experiments were 

cared in the aerodynamic channel with 
100x100x300 test section, operating in a continuous 
regime. Flow velocity can be changed by 
controlling the blower motor. Large-scale flow 
turbulence after the blower was quenched by 
honeycomb. However, turbulence level remained 
high enough (~several percents).  

NACA 23012 airfoil model 8cm x 10cm 
(chord x span) was manufactured from Nylon-6. 
Model was positioned in the test section at a 
desirable attack angle using rotating windows. The 
electrodes were arranged near the model’s leading 
edge (fig.1), with wiring connected to the mounting 
points of the model. 

Flow blockage was up to 30% at 200 attack 
angle and 10% at 00 attack angle. 

Discharge was created by “RF switch” 
generator, loaded with the model through the air-
core resonant transformer with resonance frequency 
~350 kHz. Output voltage measured was up to 
14 kV, the peak discharge power- 200 W. The 
generator was operating in the pulse-periodic 
regime, creating RF pulses with 30-100 us duration 
and repetition frequency up to 10 kHz. Typical RF 

pulse is shown on fig.2. Rise time was about 5 -
 10 us. Pulse shape changed with discharge power 
due to resonant frequency shift during the pulse. 
These changes weren’t controlled in the 
experiments. 

Discharge voltage was measured with 
Tektronix P6014A HV probe, discharge current 
was measured in the ground lead with Tektronix 
AC current shunt. Stray current was negligible due 
to significant discharge capacity. Electrical power 
input was calculated by digital multiplication of 
current and voltage signals via TDS 2014B 
oscilloscope with ~10% error. 

 

 
 
Fig.2. Typical voltage, current and power oscillograms 
during the pulse.  
 
 

Wake structure was studied by an array of 
14 0.7mm Pitot tubes, positioned 0.5-5 diameters 
downstream from the model, in the middle of its 
span. Alternatively, tube was transferred across the 
wake by a DC motor driver. Static pressure 
distribution along the model chord was measured 
at 5 positions, separated by 8 mm, with the first one 
at x/d~0.4. The pressure was measured by a 16-
channel pressure scanner Esterline 9116 with 
500 Hz time resolution. Pressure values were then 
averaged on the ~1-2s period.  

Shadow pictures of the flow were taken by 
excimer KrF laser (248nm) with 20ns pulse length. 
Direct shadow method with a divergent beam was 
used. Pictures were acquired by digital camera from 
the white-sheet paper used as wavelength convertor 
(UV to blue). The system was synchronized with 
the discharge pulses through the frequency divider 
and delay generator, allowing phase-locked 
acquisition of shadow images.  

 
III. Results and discussion 

 
A. Pressure measurements.  
Parametric study. 
It was revealed, that discharge SHFD 

ignition near the leading edge of the model can 
significantly reduce the model’s drag. 

Pressure distributions across the model 
wake at different attack angles are shown on fig.3. 
Drag reduction was obtained for attack angles 

 

 
 

Fig.1. Airfoil model. a) model scheme, b) model photograph. 
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200>α>110. At higher attack angles, experiments 
were not carried. One can see, that at discharge on, 
wake diameter and pressure losses are significantly 
reduced. At several experiments, drag decreases to 
the level of 60% of initial value. At attack angles 
<110, no effect was obtained at any discharge 
power. At attack angle of 110 a significant increase 
of the model drag is obtained, indicating the stall at 
the leading edge.  

Frequency dependency of the total 
pressure change at two different stations is shown 
on fig.4, total pressure distributions across the wake 
at different modulation frequency – on fig.5. Two 
frequency ranges where discharge affects the wake 

properties for V=20 m/s are obtained: Sh~1 and 
Sh>1. It was revealed, that wake changes 
differently at this two frequency ranges: for Sh~1, 
pressure is increased near the model surface, while 
at higher frequencies, separation bubble boundary 
is mainly disturbed. These differences can mean 
that different mechanisms are responsible for flow 
momentum transport in these two cases. Possibly, 
forcing at Sh~1 interacts with the vortex shedding 
frequency from the wing’s leading edge, while in 
the case of Sh>>1 turbulization of the shear layer 
takes place. 

Actuator position significantly influences 
it’s efficiency. It was revealed, that slight variations 

 
 

Fig.3. Total pressure distributions in the wake at different model’s attack angles. Open symbols’  –  discharge on, closed – 
discharge off. V=20m/s, P=1 atm, Np~200W, Sh~2. 

 

 

 
 

Fig.4. Total pressure at two positions vs excitation 
frequency. 

 
 

Fig.5. Total pressure distributions across the wake at 
different modulation frequency. α=150, Pi=120W 
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of the actuator position from model to model 
significantly influence the discharge effectiveness.  

Frequency dependencies were also studied 
at different attack angles of the model. Fig.6. 
represents total pressure distributions across the 
wake (a), static pressure distribution along the 
model’s chord (b) and pressure change vs frequency 
for two stations: one on the model surface and one 
in the wake behind the wing (c). It is clearly seen 
that at angles ~11-120 no peak for Sh~1 is obtained, 
while it is clearly seen for higher angles of attack. 

Static pressure distributions along the chord clearly 
shows pressure decrease on suction side right past 
the discharge, that means that flow velocity 
increases near the wall in this region. 
 

B. Flow visualization 
Phase-locked shadow images of the flow at 

the suction side of the wing is shown on fig. 7. 
Since flow gradients at 20 m/s are below the 
sensitivity limit of our system, 1 mm helium jet was 
injected 5mm before the model. Special precautions 

 
a 

 
b 

 
c 
 

Fig.6. Total pressure distributions across the wake (a), static pressure distribution along the model’s chord (b) and pressure 
change vs frequency for two stations: one on the model surface and one in the wake behind the wing (c). For a,b: open 
symbols-plasma on, closed ones – plasma off. Left column -- α=12.50

, right -- α=150. 
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were taken to check the influence of the He supply 
tube on the model’s drag. At zero delay, one can see 
an undisturbed flow, separating from the model 
surface. Ultrasonic waves, created by discharge can 
be seen at the electrodes region. Discharge 
initiation is followed by a vortex formation near the 
leading edge of the model. Vortex is typically 
formed 0.2 ms after the discharge pulse and appears 
as a jet deformation towards the model surface. One 
should note that 200 us is a typical time that 20m/s 
flow needs to pass a distance between leading edge 
and discharge position. During the further pulses, 
vortex is convected downstream along the model 
surface. The primary reason of vortex formation 
seems to be a temporal (pulse-correlated) 
reattachment of the flow at some region near the 
leading edge. 

 
IV. Conclusions 

 
• Flow control by SHFD around the wing model 

was studied at Vaf=20 m/s, Re=104 at different 
Strouchal numbers.  

• Discharge is revealed to decrease model’s drag 
at attack angles 200>α>110. 

• Two frequency ranges are found: Sh~1 and 
Sh>>1. Different changes in the wake are 
obtained at these two range: for Sh~1, pressure 
is increased near the model surface, while at 
higher frequencies, separation bubble boundary 
is mainly disturbed. 

• At just-after-stall attack angles, high frequency 
forcing appears to be most effective, while at 

higher attack angle, resonance at Sh~1 appears. 
• Separation bubble deformation appears as 

vortex formation due to temporally local shift 
of the separation point during discharge 
operation. 
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Fig.7. Shadow pictures of the flow at discharge on at different delays. Fm=200 Hz, Pi=120 W, Vaf=19 m/s. 
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Abstract. Control of airflow around a cylindrical model by pulse-repetitive HF discharge (FHF~ 350kHz) is studied at airflow 
velocity up to 120 m/s and Reynolds number Re = 2x104÷2x105. It is obtained that HF pumping higher that the critical one 
changes airflow around cylindrical model and decreases wake’s diameter. Pressure distribution in a model’s wake and on the 
model surface are obtained at different HF discharge power, different duty cycle and different pulse repetitive frequency. 
Shadow pictures of airflow around a cylinder are obtained. Creation of a secondary large-scaled vortex in the cylinder’s wake 
is recorded in these pictures. Mean discharge power input doesn’t exceed 10 W/cm, peak HF power doesn’t exceed 1 kW. 
Main parameters of a surface HF discharge are obtained measured. The possible physical mechanism of the surface discharge 
interaction with airflow in a separation region is discussed in this work 

 
 
Nomenclature 

HF = high frequency 
DBD = dielectric barrier discharge 
SHFD = surface HF discharge 
fHF = HF frequency 
FM = modulation frequency 
Ti = pulse duration 
IHF = HF electric discharge current 
UHF = HF electric discharge voltage 
NHF = pulse power input in plasma 
M =Mach number 
Vaf = airflow velocity 
P0 = stagnation pressure 
Pst = static pressure 
Tg = gas temperature 
TR =rotation temperature 
Sh = Strouchal’s number 
α =attack angle of actuator 

 
I. Introduction 

 
Boundary layer control by means of 

different surface electric discharges is intensively 
studied today [1-3]. It is well known that efficiency 
of flow control near a body by a chord-wise 
dielectric barrier discharge (DBD) is decreased 
considerably at high airflow velocity (Vaf>10m/s). 
The reason is physical limitations on the DBD 
induced momentum, while pressure gradients in the 
external flow increases with velocity increase [4,5]. 

However, attempts are recently made to 
use the surface discharges for boundary layer 
control, referring to other mechanisms of discharge 
–flow interaction. 

Airflow separation control near the wing 
model by nanosecond electric discharge was 
studied at flow velocity up to 100m/s [2,3]. The 
reattachment of the boundary layer was obtained at 
pulse repetition frequencies Sh~1. 

The problem of a boundary layer flow 
turbulization and generation of a longitudinal 
vorticity by means of DBD was studied in [6]. 

Surface high frequency discharge was 
proposed in [7,8] for separation control on a flat 
plate and cone drag reduction. It was shown, that at 
definite angles of attack and discharge regimes, 
significant change in pressure distribution behind 
the plate can be achieved.  

Main goal of our current work is to study 
the separation process and wake structure behind 
the circular cylinder with transversal SHFD, 
operating on it’s surface. 

Cylinder was chosen for this study as an 
aerodynamic body with well-known flow structure. 
Low-speed flow around the cylinder with the DBD 
discharge actuators was studied in [9-11]. Wake 
structure at pulse-periodic discharge operation was 
studied in [9], actuator orientation effects – in [10]. 
In [11], vortex shedding was synchronized along 
the length by means of co-flow DBD. However, all 
authors implies that it is ionic wind, induced by the 
discharge, that leads to effects obtained. 

 
II. Experimental setup 

 
Low-velocity (<20m/s) experiments were 

cared in the aerodynamic channel with 
100x100x300 test section, operating in a continuous 
regime. Flow velocity can be changed by 
controlling the blower motor. Large-scale flow 
turbulence after the blower was quenched by 
honeycomb. However, turbulence level remained 
high enough (~several percents).  

High-speed experiments (<300 m/s) were 
cared in the 50mm diameter open jet. Flow was 
organized at the exit of conical nozzle with a 
contraction ratio ~2. In this case, aerodynamic 
system was supplied from 0.8 m3 high pressure 
tanks. Experiment duration was about 0.5 - 1s, 
depending on the airflow velocity. 

Model (fig.1) was manufactured of a 
40mm diameter quartz tube. Dielectric thickness 
was ~2mm. Discharge was organized in a spanwise 
direction. Electrodes were manufactured of 
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aluminum foil 200 μm thickness, the inner one was 
covered by epoxy or silicon resin to avoid arcing in 
the discharge gap.  

Discharge was created by “RF switch” 
generator, loaded with the model through the air-
core resonant transformer with resonance frequency 
~350 kHz. Output voltage measured was up to 
20 kV, the peak discharge power- 1 kW. The 
generator was operating in the pulse-periodic 
regime, creating RF pulses with 30-100 us duration 
and repetition frequency up to 10 kHz. Typical RF 
pulse is shown on fig.2. Rise time was about 5 -
 10 us. Pulse shape changed with discharge power 
due to resonant frequency shift during the pulse. 
These changes weren’t controlled in the 
experiments. 

 

 

 
 

Fig.1. Model scheme and discharge photo. 1-ground 
lead, 2-exposed electrode, 3- quartz body, 4-discharge, 5- 

epoxy layer, 6-pressure tubes, 7- fastening bolt. 
 
 

Discharge voltage was measured with 
Tektronix P6014A HV probe, discharge current was 
measured in the ground lead with Tektronix AC 
current shunt. Stray current was negligible due to 
significant discharge capacity. Electrical power 
input was calculated by digital multiplication of 
current and voltage signals via TDS 2014B 
oscilloscope with ~10% error. 

Wake structure was studied by an array of 
14 0.7mm Pitot tubes, positioned 0.5-5 diameters 
downstream from the cylinder, in the middle of its 
span. Alternatively, tube was transferred across the 
wake by a DC motor driver. The pressure was 
measured by a 16-channel pressure scanner 
Esterline 9116 with 500 Hz time resolution. 

Shadow pictures of the flow were taken by 
excimer KrF laser (248nm) with 20ns pulse length. 
Direct shadow method with a divergent beam was 
used. Pictures were acquired by digital camera from 
the white-sheet paper used as wavelength convertor 
(UV to blue). The system was synchronized with 
the discharge pulses through the frequency divider 

and delay generator, allowing phase-locked 
acquisition of shadow images.  

 

 
 
Fig.2. Typical voltage, current and power oscillograms 
during the pulse.  
 
 

Flow smoke visualization was also 
performed. Ammoniac smoke was injected in the 
rear point of the cylinder, tangentially to model’s 
surface. 

 
III. Results and discussion 

 
A. Pressure measurements.  
Parametric study. 
It was revealed, that discharge SHFD 

ignition on the cylinder surface can impact the 
separation process on the cylinder surface, charge 
the properties of the flow in the wake and reduce 
aerodynamic drag. Typical signal for one of the 
dynamic pressure sensors in a wake is shown on 
fig.3. It is clearly seen, that at the discharge on, the 
wake diameter decreases. 

 

 
 

Fig 3. Rise of dynamic pressure when discharge is on. 
 
 
Frequency dependence of the total pressure 

losses decrease is shown on fig.4. Two frequency 
ranges where discharge affects the wake properties 
for V=20 m/s are obtained: Sh~0.25 and Sh>1. One 
should note that value Sh~0.3 corresponds to 
typical vortex shedding frequency for a circular 
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cylinder at Re numbers considered. 
Pulse energy effect on the wake was 

studied at oncoming flow velocity 20 m/s. To focus 
the study on the unsteady energy release effects, 
duty cycle (and pulse energy) was varied at 
constant mean discharge power. It is obtained 

(fig.5), that at Strouchal number Sh=2, wake 
collapse is not obtained up to the energy ~20 mJ. At 
Sh~0.3, this critical value is ~5mJ. Quasi-stationary 
energy release (at low pulse power) can even lead 
to the increase of the wake diameter. This means 

 

 
Fig.6. Dependence of stagnation pressure distribution and static pressure distribution across the wake on attack angle α of 

HF plasma actuator(black-with discharge, grey without discharge). 

 
 

Fig 5. Dynamic pressure in the airflow behind the 
cylinder at different pulse power. Fm=200 Hz, mean 
power is constant PHF= 20 W, x=1cm. 
 

 
 
Fig.4. Total pressure losses vs excitation frequency. 
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that steady heating of the boundary layer can not be 
the mechanism responsible for drag reduction 
effects effect described here. 
 
 

A. Higher velocities 
Discharge power should be obviously 

increased with oncoming velocity to obtain 
separation control.  

Total pressure distributions across the 
cylinder wake at oncoming velocity ~100 m/s and 
cylinder diameter ~20 mm is shown on fig.5. It is 
clearly seen, that at discharge on, the wake diameter 
decreases. At flow velocity >100 m/s discharge 
effectiveness decreases. This can happen due to 
change of separation regime to turbulent one. 
However, detailed study of Re influence on the 
effectiveness of the discharge can’t be made on this 
experimental setup due to a high turbulence level of 
the oncoming flow. 

 

 
 

Fig7. Total pressure distributions in the cylinder wake. 
V=100m/s, Pp=500W. 
 
 

B. Flow visualization 
It is also revealed (fig.6) that actuator 

position significantly influences it’s efficiency. The 
actuator, for this Reynolds number, is most efficient 
at angles ~80-90 deg (0 corresponds to forward 
stagnation point). It stays efficient up to the angles 
~40-60deg.  Actuator, placed in the separation 
region (120 deg) doesn’t significantly affect the 
wake properties. One should note, that laminar 
boundary layer separates from the cylinder surface 
at α~870 [12]. Hence, optimal actuator performance 
is achieved near the separation line.  

Flow visualization images are shown on 
fig.8. One can see large-scale vortices creation in 
the wake, phase-locked to the discharge pulse. 

Pressure distirbances, created by SHFD 
were visualized by shadow method. On fig.9. one 
can see compression or acoustic waves packages, 

propagating from the discharge channels. Distance 
between waves and number of oscillations in a 
package exatly corresponds to the frequency and 
form of HF pulse. 

 

 
 

Fig8. Flow patterns at different delays after the discharge 
pulse 1-300us, 2-600us. V=20м/c, Fm=1kHz (Sh~2). 
 
 

From fig.9, discharge propagation velocity 
can be determined to be 2x103 m/s. Wave structure 
is significantly nonhomogenious. Cylindrical 
waves, corresponding to the positions of discharge 
channels can be obtained. Further interference leads 
to plain wavefront formation 

 

 
 

Fig.9. Discharge propagation shadow picture. Delay 
from power pulse edge ~6us.,NHF ~1kW, UHFa~20kV, 
underlay- 4mm  PMA. 
 
 

C. Discussion 
Results obtained can’t be explained from 

the position of ionic wind generation in the 
discharge ([9-11]) or time-average heating of some 
regions in a boundary layer (e.g. [13,14]).  

Instead, we can assume the main 
mechanism of the discharge- boundary layer 
interaction to be the pressure disturbances by abrupt 
heat release in discharge channels [2]. Disturbances 
created can themselves induce normal momentum 
transfer or can lead to the boundary layer 
turbulization. Both effects lead to separation point 
movement towards the rear point of the body. 
Induced large-scale vortices shedding can lead to 
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the resonances with low Strouchal numbers and 
should be obtained for any impact mechanism. 

Typical energy input to the discharge 
during the pulse is about 2x10-4 J. specific energy 
input to the discharge channels is about 0.1-1 J/cm3. 
Peak temperature in the filaments measured from 
N22+ band emission appears to be ~1500 K. 

 
IV. Conclusions 

 
• Flow control by SHFD was studied at 

Vaf<120 m/s, Re=104-105 at different Strouchal 
numbers and actuator positions. Discharge 
appeared to be most effective for Sh~0.3 and 
α~900. 

• There is a threshold value of RF pulse energy 
required for flow separation control.  

• Large-scale vortex shedding, phase locked with 
discharge operation, was obtained at Re~104. 

• Mechanism of actuation by SHFD seems to be 
connected with compression waves, generated 
in a boundary layer in each half-period of RF 
pulse due to abrupt heat release. 
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Abstract. An idea is proposed to utilize the high-speed high-enthalpy flow in on-board magnetohydrodynamic generator 
while re-entry flight. Numerical estimations of MHD power extraction are presented for one of the trajectory point of the 
Stardust re-entry capsule flight path. It is shown that up to 5% of the total enthalpy flux could be converted to electrical 
power which constitutes about 3MWt. 
 
 
 

Idea to extract electric power from the 
high-speed flow during the vehicle re-entry fight 
has been first considered in early 1990th [1]. The 
idea was motivated by the interest in aerospace 
community to the methods for quick generation of 
electric power while aerospace vehicle flight. The 
first assessments of the extraction of power of order 
of 1MWt during re-entry flight path have shown the 
principal feasibility of the idea. Later, the 
experimental hypersonic surface MHD generator 
has been demonstrated in [2, 3], in which electric 
power 60W/cm2 has been achieved. In those studies 
a new potential for appropriate organization of 
MHD interaction in hypersonic flow was 
recognized. One could expect that rather low 
ionization degree is achieved over a lengthy surface 
under real flight conditions (see, for example, [4]). 
High ionization degree, and, as consequence, high 
electrical conductivity is expected to be realized 
only in the shock layer bulk near the critical point 
of the vehicle. At the same time, the flow over an 
extensive surface downstream the critical point is 
chemically frozen, in which the ionization may be 
not sufficient to maintain sufficient MHD 
interaction level. Therefore, in the current paper 
modification to surface MHD generator (like those 
proposed in [1 – 3]) is considered. The feature of 
the proposal is to organize re-entry flight MHD 
generation in the configuration similar to air-
breathing unit. 

Schematic of the re-entry flight MHD 
generator is presented in Fig.1. The flow between 
two thick plates is considered. The flow is assumed 
to be uniform in the direction perpendicular to the 
main flow plane, which, in turn, is the direction of 
the magnetic field. To avoid possible stagnation of 
the flow due to MHD interaction in the duct the 
bottom part of the duct is taken as diverging one. 
Thus, classic linear MHD generator is considered, 
in which electrical conductivity is provided by 
“natural” thermal ionization of air behind a shock. 

The power extraction is estimated under 
the following free-stream conditions corresponding 
to 60 km altitude trajectory point of the Stardust 
return capsule flight path. 

 

ρ = 2.34·10-4 kg/m3, p = 16.6 Pa, V = 11137 m/s, T 
= 238.5 K, M = 36, Twall = 2500K.  

 
Here ρ is density, p is pressure, V is velocity, T is 
temperature, M  is Mach number. 

At this stage we consider a flow in the 
duct to be in local thermodynamic equilibrium. The 
air LTE model is taken from paper [5]. Electrical 
commutation scheme is also shown in Fig.1. So 
called frame channel is analyzed. The electrodes of 
frames Fi (i=1,…,7) are assumed to hold at the 
same potential (different for every frame) and the 
same current passes through electrodes of the 
frame. The leftmost electrodes on the upper wall 
and the rightmost electrodes on the bottom one 
represent the load circuit, which also has a 
resistance to be found from the condition of 
maximum extracted power. It is assumed that 
magnetic field is created by two coils such that the 
coil plane is parallel to free-stream one. Thus, the 
direction of the magnetic field is perpendicular to 
the plane in which the MHD flow is considered. 
That is, B = B(x,y)ez, B is magnetic flux density and 
ez is unit vector in z-direction. Example of the 
distribution of magnetic induction Bz(x,y) is shown 
in Fig.1. 

Electric potential lines and electric current 
stream lines are shown in Fig.2. These distributions 
are obtained for the MHD generator operation 
mode corresponding to the maximal extracted 
electric power. At this operation mode, the load 
current is about 184 kAmps, and the load voltage is 
about 16 Volts. The total electric power is 
approximately 3MW, which is about 5% of the total 
enthalpy flux. 

The change in the flow structure due to 
MHD interaction in the duct can be seen in Fig.3. 
Here, the static pressure field is shown for two flow 
cases, without magnetic field (upper) and with 
magnetic field (bottom). It should be noticed that 
short-term MHD device is currently considered, 
which life-time is strongly restricted by the 
presence of high temperature plasma in the duct 
and, hence, by very high heat fluxes to the wall. 
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Fig.1. Schematic of the MHD flow in the duct, electric circuit configuration, and distribution of magnetic induction Bz. 

 

 
 
Fig.2. Electric potential (filled, colored) and electric current stream lines (black) for the 3MW operation mode. Load voltage 
is 16V, load current is 184kAmps, total power is 2.9 MW. 
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Fig.3. Pressure field for two flow cases: MHD off (upper) and MHD on (Bmax=0.1Tl, bottom). 
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PHYSICAL-CHEMICAL KINETICS  
OF ALUMINIUM OXIDATION BY STEAM. 

 
A.S. Dobrovol’skaya (MIPT) 

 
 

Motivation to this work was experimental 
research in plasma-assisted combustion of 
aluminum powder in a steam. Physical-chemical 
kinetics mechanism of aluminum oxidation by 
steam is analyzed in the paper with computer 
simulation. The products of these reactions are 
condensed corundum and gaseous hydrogen. Full 
simulation requires solving equations of 
hydrodynamic in combination with gas-phase 
chemical kinetics and heterogeneous processes. 
Therefore zero-dimensional chemical kinetics with 
simple corundum condensation is sufficient for 
qualitative understanding of processes in this 
system. 

Twenty eight chemical reactions occurring 
in gaseous phase were considered along with the 
condensation of corundum (Al2O3). The constants 
of rate for these reactions are  

 

exp( )n a
i i

EK k T
RT

= ⋅ ⋅ − , (1) 

 
where ki, Ea and n are shown in table 1. Reactions 
1-18 are from [1], 19-28 are from [2]. 

The condensation model is based on the 
simplified micro kinetic scheme of liquid-state 
growth from the supersaturated vapor phase [3]. In 
this model condensation takes into account when 
partial pressure of corundum exceeds its saturation 
pressure. In this simulation the dusty particles 
adding from outside were considered because the 
condensation on the macro-particles is faster than 
the formation of nucleation centers. So, mass flow 
of the condense corundum depends on average 
radius of particles, their number and difference 
between partial pressure of corundum and its 
saturated pressure. In the expressions below r is 
average radius of particles, T – gas temperature,  
 

2, 4πr
4 sat
u moleJ (n(t) n (r T)) [ ]

s particle
= −

⋅
  

 
is a flow of condensed corundum to particle, Vl – 
mole volume of liquid Al2O3, Nz – Al2O3-particle 
concentration, C – heat capacity of gaseous 
mixture, qvap – vaporization heat of corundum, n – 
concentration of gaseous Al2O3, nsat – saturation 
concentration of Al2O3, u – thermal velocity of  
Al2O3. Therefore one can add the equations 2-4 to 
equations of chemical kinetics with rate constants 
(1). 

 

2, 4πr
4chem sat z

dn u= W (n(t) n (r T)) N
dt

− − ⋅

,  (2) 
 

4l sat
dr u= V (n n (r,T))
dt

− , (3) 

 
21 4πr

4 sat vap z
chem v

dT dT u= (n n (r,T)) q N
dt dt C

⎛ ⎞ + − ⋅ ⋅⎜ ⎟
⎝ ⎠

 (4) 
 

It was found that condensation of 
corundum effects on chemical composition of 
mixture and energy balance. If we take into account 
condensation the temperature of the gaseous 
mixture increases slightly. Nevertheless the 
differences between simulation and experimental 
results were significant. In experimental there was a 
huge amount of hydrogen, the temperature was 
about 3000 K and there wasn’t a gaseous corundum 
at all. But simulation shows us temperature about 
2500 K (and it continue to decrease) and a lot of 
gaseous corundum after termination of 
condensation because of the saturation pressure of 
Al2O3 already became to exceed the partial one at 
2500. One can take into account that there is no 
mention of gaseous Al2O3 in numerous 
experimental papers about aluminum oxidation 
with water and there is lack of theoretical 
information about its thermo-dynamical properties. 
So it's naturally to suppose that such model is 
incorrect.  

In this work was shown that heat emission 
during pure chemical oxidation was insufficient for 
heating up to experimental temperatures, and one 
need to take into account the condensation process. 
But model where condensation results from 
supersaturation of gaseous Al2O3 is incorrect and 
we need to continue investigations. 
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Picture 1. Major species mole fraction. 

 

 
 

Picture 2. Temperature of gaseous mixture. 
 



297 

№ Reaction k, sm3s-1mole-1 k,s-1 n, (T)n
 Ea/R Ea, cal

1  Al + H2O = AlO + H2 9.60E+013 2868.6 5700.4819

2  AlO + H2 = Al + H2O 2.61E+013 2868.6 5700.4819

3  Al + H2O = AlOH + H 1.14E+012 442.8 879.93216

4  AlOH + H = Al + H2O 1.00E+011 442.8 879.93216

5 Al2O3(gas) = Al2O2 + O 3.00E+015 49144.4 97659.752

6  Al2O2 + O = Al2O3(gas) 5.68E+010 1 2944.5 5851.3104

7 Al2O3(gas) = AlO + AlO2 3.00E+015 63915.4 127012.68

8 AlO + AlO2 = Al2O3(gas) 2.10E+009 1 -3296 -6549.811

9 Al2O2 = 2AlO 1.00E+015 59335.7 117911.9

10 2 AlO = Al2O2 5.12E+009 1 -5062 -10059.21

11 Al2O2 =  Al2O + O 1.00E+015 52466 104260.44

12 Al2O + O = Al2O2 2.83E+010 1 -7288 -14482.71

13 AlO2 = AlO + O 1.00E+015 44564.6 88558.773

14  AlO + O = AlO2 1.40E+011 1 1230 2444.256

15 AlOH = AlO + H 1.00E+015 57725.2 114711.52

16  AlO + H = AlOH 2.65E+010 1 -1930 -3835.296

17 AlOH = Al + OH 1.00E+015 66431.8 132013.27

18 Al + OH = AlOH 2.65E+010 1 -580 -1152.576

19 H+H +M = H2+M 6.40E+017 -1 0 0

20  H2+M = H+H +M 5.88E+018 -1.1 52462.3 104253.08

21 OH+ OH = H2O + O 6.00E+018 1.3 0

22 H2O + O  =  OH+OH 6.30E+009 1.3 8542.7 16976.053

23 H + H2O = H2 + OH 1.00E+009 1.5 9346.7 18573.762

24  H2 + OH = H + H2O 2.20E+008 1.5 1758.8 3495.0874

25  O + OH = H + O2 2.80E+015 -0.8 -50.3 -99.95616

26  H + O2 = O + OH 1.90E+014 8241.2 16376.913

27  O + H2 = OH + H 1.50E+013 4472.4 8887.5533

28 OH + H = O + H2 6.90E+012 3517.6 6990.1747
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Abstract. Electrical discharge interaction with gas medium in external magnetic field, in task of investigation of MHD-
method of mixing and combustion intensification, is discussed in the paper. Phenomenological explanation of mechanisms of 
that interaction influence on flow structure and mixing is given. Earlier obtained numerical and experimental results that 
demonstrate features of the influence are summarized. Overall picture of flow field under investigation is discussed. Three 
types of flows comprising the complex observed flow field are described: vortical flow, coursed by non-potential 
electromotive body force, in cross section plane of discharge channel; swirling flow of medium near central electrode and gas 
movement in radial direction taking place in longitudinal section plane of the discharge channel. 

 
 

Introduction 
 

Investigation of electrical discharge 
interaction with gas medium in external magnetic 
field and investigation of that interaction influence 
on flow structure and mixing are connected with 
technical task of fuel and oxidizer mixing and 
combustion intensification in high-speed chambers 
of chemical reactors using MHD-method. Effective 
and stable mixing and combustion of non-premixed 
gas fuel and oxidizer is an essential issue at high-
speed combustion chambers designing. The 
problem is that speed of fuel and oxidizer streams is 
too high to allow them to create a combustible 
mixture during shot residence times. And it is 
actual to apply mechanisms for mixing and hence 
combustion intensification. A possible way to 
intensify mixing and combustion of non-premixed 
gas fuel and oxidizer is to use the MHD-method. 
The MHD-method is described in [1, 2], its point is 

to use electrical discharge current with magnetic 
field interaction for secondary vertical flows 
generation in gas medium. 

The MHD-method is based on a ‘reaction 
volume’ concept. Combustion as an elementary 
chemical reaction between fuel and oxidant 
molecules can occur only in the region where direct 
contact of these molecules takes place. That region 
is called the ‘reaction volume’ and it is formed due 
to diffusion across a contact surface of fuel and 
oxidizer streams, i.e.: 

 
V(t)=S(t)⋅δ(t), 
V(t) is the ‘reaction volume’, S(t) is a 

contact surface area of streams, Dtt ≈)(δ  is a 
diffusion layer thickness, D and t are diffusivity and 
time correspondingly. Molecular diffusion is a slow 
process on scales of available for mixing times that 
are limited by fuel and oxidizer residence in 
combustion chamber. 

 

 
 

Fig. 1. Circle contour deformation. Contour length increase. 
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But it is possible to enhance ‘reaction 
volume’ formation through contact surface increase 
that can be done by secondary vortex motion 
organization in flows (kinematical mixing), using 
MHD-method. 

It is shown in [3 – 5] that in disturbed 
turbulence flow material lines lengths and material 
surface areas (that is the contact surface area of two 
streams in task of mixing) grows exponentially 
versus time, i.e: 

S~S0exp }{Ωt , 
S0 is an initial contact surface area value, 

Ω is a typical scale of vortical flow non-uniformity. 
Exponential growth of contour length is 

also demonstrated in [6], where disturbed flow is 
defined by random velocity field that is direct 
solution of Euler equations for incompressible 
medium for 2D task setup. Being placed in medium 
with such velocity field initially circle contour 
starts to deform, while its length increases in time 
according to exponential low (Fig.1). 

Generated due to electrical discharge 
current with magnetic field interaction secondary 
vortical flows lead to ‘reaction volume’ increase 
through contact surface deformation of two streams 
and therefore intensify fuel and oxidizer mixing 
process. At the same time discharge localization on 
the contact surface of two reagents provides 
induction time reduction and mixing intensification 
due to diffusivity increase at high temperatures. 

MHD-method scheme, that is at the same 
time is a scheme of experimental and numerical 
investigations of electrical discharge with gas 
medium interaction in external magnetic field and 

of that interaction influence on flow structure and 
mixing, is depicted in Fig. 2. 

Representing oxidizer main stream 1 
comes into experimental section from left to right. 
Representing fuel gas can be injected co/counter to 
the main stream through located on aerodynemical 
duct axis injection system. Initiated between wire 3 
and annular 4 electrodes in magnetic field 2 the 
electrical discharge 5 under electromotive body 
force F action deforms, moves and represents a 
source of disturbances in flow, that are intensifying 
factor for mixing. 

Processes and phenomena caused by the 
MHD-method of mixing and combustion 
intensification are complex. To study them a set of 
physical and numerical models of different range of 
description were worked out and physical 
experiments were organized. 

 
Influence of electrical discharge interaction with 
gas medium in external magnetic field on flow 
structure 

Theoretical, numerical and experimental 
investigations allowed revealing mechanisms of the 
influence on flow structure and mixing. 

Flow structure in the configuration under 
consideration is complicated and it is possible to 
see three components in it: vortical flows generated 
in cross section plane of the discharge channel due 
to non-potentiality of the electromotive body force; 
swirling gas flow forced by discharge rotation near 
the central electrode; gas medium movement due to 
electrical discharge spiral evolution in radial 
direction towards the annular electrode in 
longitudinal section plane of the discharge. 

 
 

Fig. 2. Principle scheme of investigations. 1 – gas flow, 2 – magnetic field, 3 – central wire electrode, 4 – annular 
electrode, 5 – electrical discharge. 
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Fig. 3. is considering vortical flow that 
takes place in cross section plane of the discharge 
channel. Domain of interest in the case is a 
rectangular plane that is an unrolled cylindrical 
surface crossing a gap between the central wire and 
the annular electrodes. 

In external magnetic field in medium with 
non-uniform conductivity, that is the gas flow with 
the constricted electrical discharge, the non-
potential electromotive body force I×B cannot be 
stabilized by pressure gradient for two-dimensional 
case. 

pgrad
dt
d

−= Fv ρρ , 

dx
dj

Brot z
x=F , 

 
ρ is gas medium density, v is velocity, F is the 
electromagnetic body force, p is pressure, Bx is x 
component of magnetic induction vector, j is z 
component of current density vector. 

The force uncompensation leads to 
secondary flow generation that is revealed in 
electrical discharge movement and vortexes 
presence around it. Flow structure under 
consideration corresponds to pressure distribution, 
which is linear inside conducting zone and dipole-
like outside it. Pressure on border of the discharge 
channel with non-conducting gas is uninterrupted in 
continuum approach. That is why in cross section 

  
 

Fig. 3. Vortical flow generated in cross section plane of the discharge channel. 
 

 

   
a)                                                       b) 

Fig. 4. a) Shape of the discharge in cross section plane, vortical flow structure b) contact surface deformation at 
perpendicular and longitudinal discharge channel movement correspondingly. 
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plane discharge shape sets according to condition of 
pressure continuity and looks like in Fig. 4., where 
one can see results of numerical simulation 
described in [7]. 

Discharge region in Fig. 4. a) is a dark 
asymmetrical spot. Current quasi-lines reflect 
vortical structure of secondary flow generated 
around the discharge channel. Light region in front 
of the discharge is a thermal wake left during its 
previous passing. 

Contact surface deformation of two gases 
demonstrates influence of the described above 
vortical flow on mixing. Fig. 4. b) represents results 
for two cases of mutual position of the contact 
surface and discharge channel movement trajectory 
– perpendicular [8] and longitudinal [9] ones 
correspondingly. Here light zone is the ‘reaction 
volume’, formed on the contact surface of two 
media. 

If to consider whole volume of 
investigation now and summarize the vortical flows 
of cross section plane throughout the discharge 
channel, rate of medium disturbances in the system 
is an integral of micro disturbances (taking place in 
cross section plain of the discharge due to non-
potentiality of the electromotive force) over 
discharge channel length. 

Other flow structure is observed in 
longitudinal section plane of the discharge channel, 
where swirling flow of medium around the central 
electrode takes place (Fig. 5). 

For initial time moment in external 
magnetic field pressure difference sets inside the 
conducting discharge channel. Pressure difference 
magnitude is the same for each section of the 
discharge all along its length. Since pressure 
distribution is uninterrupted on borders of 

conducting area, pressure gradient is created in the 
medium around the discharge and gas starts to 
move. Pressure gradient value increases towards the 
central electrode and hence velocity of gas rotation 
increases towards center of considered area too: 

 

F Bp pp
r
−

∇ =
, 

v~∇ p, 
 
pF, pB are maximum and minimum 

pressure values on the border of discharge zone and 
cold gas, r is discharge gap radius, v is medium 
movement velocity. 

In longitudinal section plane flow structure 
through velocity field (marked with arrows) and 
current channel shape are demonstrated by results 
of numerical simulation (Fig. 6. a) [4, 5] and 
experiments (Fig. 6. b) [4 – 6]. It is seen that the 
discharge untwists around the central electrode; 
observed discharge channel shape is a result of gas 
medium movement caused by the pressure 
distribution in the gap that in its turn is determined 
by the electromotive body force acting transversally 
to the discharge current. In the considered 
configuration contact surface deformation of two 
media, represented as result of numerical 
simulation, approves existence of the swirling flow 
around in the central part of the system (Fig. 6. c). 

Speed of discharge channel elements 
sharply increases from the annular electrode 
towards the central one. With time the discharge 
under considered conditions takes a shape of spiral 
untwisting around the wire electrode. Outer part of 
the discharge spiral, where the electromotive body 
force acts in radial direction of the discharge gap, 

 

  
Fig. 5. Swirling flow of gas medium around the central electrode. 
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moves towards the annular electrode, forcing gas 
media to flow at the same direction. Near the 
central part of the discharge gap the electromotive 
body force acts on the discharge mainly in azimuth 
direction because current is normal to the wire 
electrode. Here swirling flow of gas takes place as 
usual. Fig. 7 depicts discharge spiral evolution 
scheme (Fig. 7. a), results of numerical simulation 
(Fig. 7. b) [2, 4] and experiments (Fig. 7. c) [2, 4, 5] 
that demonstrates flow structure and discharge 
shape for the case under consideration. 

 
Conclusions 
 

Flow structure under conditions of 
electrical discharge with magnetic field interaction 
in coaxial electrodes configuration is complex and 
it is defined by a number of factors. One can see at 
least three mechanisms that form the investigated 
flow and define mixing. Observed flow structure is 
a compound of vertical micro flows generated in 
cross section plane of the discharge due to non-
potentiality of the electromotive body force; gas 
medium swirling forced by discharge rotation 
around the central electrode; and gas movement in 
radial direction owing to discharge spiral evolution. 

In secondary vortical flows field, that is 
result of electrical discharge current with magnetic 
field interaction, contact surface area of two media 
increases. Contact surface area increase leads to 
‘reaction volume’ rise and hence provides fuel and 
oxidizer mixing process intensification. 
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The Inertial Confinement Fusion, 
applicable to the variety of the unique mobile 
systems rather then to the industrial energetics. 

The very important point here consists in 
the necessity to reach superhigh density of the 
fusion fuel (max ρ), as soon as the fusion energy Y 
(Joules) of the microexplosion is Y ≈ 10z/ρ2, i.e. Y = 
108-10Joules corresponds to ρmax=100 ÷ 1000g/cm3 
at Z ≈ 14 for DT fuel, and Z ≈ 16 for DD and D3He 
(both ≈ 1011 J/g) fuel [1, 2, 3]. 

Since the very first (1960-1974) papers by 
John Hopkins Nuckolls, and his colleagues [5], the 
perspectives of MFFM, and the variety of mobile 
systems based on the ICF Power are discussed 
hotly. 

As soon as the mass M of the system 
depends on the character dimension by M ~la, and 
the ICF reactor size 

r ~ l, 
 

then at the microexplosion energy (at proper 
repetition rate) Y ~ r1/b with Y ~ 1/ρc (where ρ = 
ρmax of the fusion fuel superdensity at the initial one 
≈ 0.2g/cc) → M~ρabc 

For the instance: 
 

a = 3, b = 2/5 and M ~ 1/ρ2.4 
 

The illustrations of [5, 7, 8] are important 
for the understanding the recent progress to MFFM 
first realization since 2017-2022 years. 
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