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The influence of diode plasma on the formation and propagation of compression and 
shock waves inside targets is considered as part of studying the impact of high-current 
electron beams on solid targets. Experimental studies were carried out on the Kalmar 
installation generating a high-current electron beam. For the purpose of evaluation, 
numerical modeling of processes occurring in the plasma-filled diode in terms of one-
dimensional magnetohydrodynamics (MHD) was carried out. The modeling results 
confirm that plasma can provide the pressure sufficient to create the secondary 
compression waves observed during the experiment. 
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Introduction 
 
Studying the formation and propagation 

of shock waves inside various materials under 
powerful pulse impacts is of relevance, since 
the growing number of new composite and 
polymeric materials are finding use in 

aviation, rocket and space technology, 
shipbuilding and special applications [1]. 
Experimental research in this area has been 
conducted for over fifty years using various 
types of impact on samples [2–6]. The main 
instruments initiating the mechanical shock 
wave impact are ballistic and explosive 
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generators [7] and electroexplosive devices 
[8]. Along with them, high-power pulsed 
lasers, magnetic-pulse generators [9], as well 
as high-current electron and ion accelerators 
are actively used. This paper describes the 
features of shock-wave processes occurring in 
transparent materials impacted by a high-
current electron beam generated by Kalmar 
installation (current up to 35 kA, diode 
voltage up to 350 kV, electron beam duration 
 100 ns). 

Relatively high penetration power is 
among the specific features of such electron 
beams as a source of shock waves. Since the 
duration of beam action is about one hundred 
nanoseconds, the energy is released in the 
surface layer of not more than several 
hundred micrometers in thickness (up to 80 % 
of electrons are absorbed in the layer less than 
100 microns thick), and the release time of 
such region is at least 500 ns, so the process 
of beam energy absorption can be considered 
isochoric. In most studies, various parameters 
on the target surface are evaluated 
considering only the interaction of the 
electron beam with the target surface and 
release of the energy absorption region. 
However, after the electron beam has passed, 
plasma is formed in the diode gap [10], the 
influence of which is usually neglected. Some 
experimental results demonstrating the 
dynamics of shock wave passing through the 
target [10, 11] give reason for considering the 
influence of diode plasma on the formation 
and propagation of shock waves inside the 
target in more details.  

The issue of influence of diode plasma 
on the formation and propagation of 
compression and shock waves inside targets 
was brought up earlier during study of the 
impact of high-current electron beams on 
condensed targets. However, so far there are 
no findings that confirm or refute this. As a 
result of modeling the anode flame [12], quite 
extreme plasma parameters were obtained 

(average electron temperature Te  10 eV, 
average concentration ne > 51017 cm-3).  
One-dimensional MHD modeling of the 
plasma column parameters that we undertook 
confirms the assumption that the plasma 
pressure can reach values sufficient to give 
rise to compression waves, which can be 
observed during experiments. 

 
 

Experimental research 
 
Experiments to study the influence of 

diode plasma on the formation and movement 
of shock and compression waves in 
transparent targets were carried out using 
Kalmar high-current accelerator [13]. Target 
samples made of various transparent materials 
were attached to the anode assembly plate. 
The residual pressure in the vacuum chamber 
was not more than 10-2 Pa. 

The optical diagnostic system is based 
on probing the diode gap and/or target with 
laser radiation perpendicularly to the diode 
axis. Laser radiation passes via the diagnostic 
windows through the area under study. The 
image is transferred to the photocathode of 
SFER-6 electron-optical camera operating in 
streak image mode by means of the system of 
lenses and mirrors [9]. Since the typical 
durations of plasma and shock-wave 
processes differ by approximately an order of 
magnitude, plasma processes can be 
identified quantitatively only on streak image 
with. It should be noted that plasma 
parameters in the anode region can take on 
values at which plasma cannot be identified 
with existing diagnostics.  

Figure 1 shows the combined streak 
image recorded by the shadow photography 
method while simultaneously recording the 
plasma's own glow. One can see the shadow 
appearing against the background of the 
probing radiation in the upper part of the 
image. This shadow appears when the 
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refractive index changes as the compression 
or shock wave passes in a target attached to 
the rear surface of the anode plate. In the 
lower part of the image (below the time axis), 
the plasma's own glow in the accelerator 
diode can be observed. The probing radiation 
did not pass through the diode gap since it 
was blocked by the screen. 

 

 
 

Fig. 1. The combined streak image recorded by the 
shadow photography method while simultaneously 

recording the plasma's own glow. The time-
analyzing slit is oriented along the beam axis.  

The energy of the electron beam in the shot was 
450 J; the target was made of glass (LK-5) 
 
As can be seen from streak image, 

during the first 300–400 ns a shock wave is 
formed, the propagation speed of which is 
5.4 km/s. One can see in the lower part of 
the streak image that, by the end of this time 
interval, the bright own glow spreading from 
the electrodes to the center covers the diode 
gap. It can be concluded that the radiating 
plasma fills up the diode gap. By the time 
equaling to 1.5–2 μs the plasma's own glow 
becomes less intense. After 2 μs, multiple 
darkenings appear within the target volume, 
each may correspond to the propagation of 
compression waves in the material. 
Occurrence of these waves at the late stages 
of anode plasma expansion may be caused by 
the excessive pressure in the anode region 
arising in the plasma channel. 
         The current and voltage in the diode gap 
were measured using a shunt and a capacitive 
divider, respectively [14]. With the current 
and voltage known, one can determine the 
power and integral energy input by the beam 

to the sample.  
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Fig. 2. The time dependences of the current (1)  
and voltage (2) measured at the diode gap 

 
Figure 2 shows the characteristic time 

dependence of the electron beam current and 
conduction current through the diode.  
The electron beam can be seen to be formed 
in the diode in the time interval from 150 ns 
to 350 ns; after which the diode gap is filled 
with plasma, which initiates the current 
reversal at 400 ns. After the diode is closed 
by plasma, the alternating current can be 
observed, with its amplitude decreasing.  
The diode is closed due to its filling with 
plasma flows from the cathode and anode. 
Plasma appearing at the cathode is caused by 
the surface explosion (explosive emission), 
and the one appearing at the anode is caused  
by the interaction of a beam of high-energy 
electrons with the target surface. The 
presence of current in the diode gap means 
that the plasma closing the diode has high 
conductivity.  

 
 

Mathematical modeling 
 
To determine the range of parameters at 

which diode plasma influences the generation 
of shock waves inside the target, a problem to 
model the processes occurring in the 
cylindrical plasma channel with current was 
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formulated. The plasma channel formation 
stage was not considered. This problem was 
solved in terms of one-dimensional 
(coordinate r is directed parallel to the target 
surface; the origin of coordinates is located  
at the point corresponding to the electron 
beam axis) single-temperature 
magnetohydrodynamics (MHD) in the 
cylindrical coordinate system. The system of 
MHD equations using Lanrange variables is 
written below:  
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where m is the mass;  = mcn is the density; 
mc is the carbon atom mass; v is the velocity; 
P is the flow pressure;  is the permeability; 
B is the magnetic field induction; 
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 is the current density;  is the 

conductivity; T is the temperature; n is the 
concentration. To describe the 
thermodynamic properties of the medium, the 
ideal plasma model and the Spitzer 
conductivity model were used. Initial and 
boundary conditions for the described 
problem were written using the results 
obtained from processing the experimental 
data: maximum plasma concentration at the 
initial moment was equal to n0 = 1017 cm-3, 
initial radius of the cylindrical plasma column 
was equal to r0 = 1 cm, initial plasma 
temperature was equal to T0 = 10 eV, 
magnetic field induction at the outer 

boundary (rout) of plasma channel 
B(rout,t) = 0I(t)/{2π rout(t)}; the magnetic 
field and velocity field at the initial moment  
were set to zero. The model considered the 
singly-ionized plasma; the initial distribution 
of plasma concentration depending on the 
radius is cosine. The total current value was 
determined by sinusoidal dependence 
I(t) = Imax sin(t),  = (2/400) ns-1. 

Figure 3 shows the radial dependence of 
the pressure in the plasma column obtained 
by the numerical simulation with Imax = 
100 kA.  
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Fig. 3. The radial dependence of the pressure in the 
plasma column. The numbers indicate the time 

counted from the start of the conduction current 
(equal to 400 ns in Fig. 2): 1 – 0 ns, 2 – 100 ns,  

3 – 200 ns, 4 – 300 ns, 5 – 400 ns 
 

As Figure 3 shows, the pressure 
increases near the outer surface of the plasma 
cylindrical sheath, and the region of the 
increased pressure shifts toward the axis of 
symmetry over time. This is due to the 
magnetic pressure pressing the low-density 
peripheral plasma toward the axis while the 
gas-dynamic pressure is simultaneously 
pushing the high-density substance away 
from the axis, thus forming a region with the 
increased density and consequently, with the 
increased pressure at the plasma region 
periphery. 
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Discussion of the results 
 
When the electron beam interacts with 

the target surface, the torch of anode plasma 
is formed, and when high-power currents pass 
through the electrodes, plasma flow formed 
by explosive electron emission is separated 
from the cathode. At a certain moment, these 
two flows overlap the diode (see the lower 
part of the streak image in Fig. 1, which 
shows the plasma’s own glow in the 
accelerator diode), thus forming the 
conductance channel in the diode for the 
current passing after the pulse of the 
subrelativistic electron beam, i.e. after 400 ns 
as shown in Fig. 2. 

Figure 4 shows a transverse streak 
image: a image of the central part of the diode 
gap perpendicular to the diode axis is 
sweeped in time. As can be seen in Figure 4, 
the anode plasma reaches the recording 
region by the 300th nanosecond; then, 
within 100 ns, the diode gap is filled with 
almost uniform plasma, the transverse 
dimension of which increases from 0.5 cm 
to 1 cm by 400 ns, i.e., the radial velocity at 
the outer boundary being observed is equal to 
 3104 m/s. After the time moment 
corresponding to 440 ns, the radiating plasma 
can be observed to be pressed along its outer 
visible boundary; in the same region (its 
thickness being 1 mm), the plasma’s own 
glow is more intense. According to the 
modeling results (Fig. 3), at the time 
corresponding to 200–300 ns from the 
conduction current start in the plasma channel 
a pressing region of the same size and with 
the same pressing rate of  104 m/s is formed; 
the pressure in this region is higher than in 
other parts of the plasma. Increase of the 
plasma pressure will lead to the increased 
pressure at the plasma column ends, which 
can give rise to another compression or shock 

waves that are not directly related to the 
impact of the electron beam on the target 
surface. Thus, considering the processes 
occurring in the diode plasma can have a 
significant impact on the study of the 
dynamics of the formation and passage of 
compression and shock waves in solid targets. 
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Fig. 4. The streak image recorded by the shadow 
photography method while simultaneously recording 

the plasma's own glow. The time-analyzing slit is 
oriented across the beam axis. The electron beam 

energy in the shot was 460 J 
 
 
It is also worth noting that, as is shown 

in Fig. 1, some of these waves seem to change 
their propagation speed – they correspond to 
darkenings, the slope of which changes over 
time. The reason for the slope to change could 
be the process of wave formation not in the 
target surface region that corresponds to the 
beam axis, but, for example, near the outer 
boundary of the region where the beam and 
target interact. In this case compression 
waves will arrive at the region lying on the 
beam axis extension with different time 
delays, depending on the coordinate along the 
thickness of the target, which will cause the 
shadow with a slope changing along the target 
thickness.  
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Conclusion 
 
Thus, both the experimental data and 

modeling results obtained in terms of one-
dimensional magnetohydrodynamics confirm 
that the processes occurring in the diode 
plasma should be taken into account when 
studying the dynamics of formation and 
propagation of compression and shock waves 
in targets. Moreover, considering that plasma 
parameters in the diode gap are quite extreme, 
the plasma can also significantly impact the 
degree of surface destruction of the materials 
being tested. To advance the research 
described herein, the more detailed analysis 
of the experimental data is suggested, 
including using the modeling results that we 
plan to obtain from the improved model.  

 
_____________________ 
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