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STRUCTURE AND DYNAMICS OF A PLASMA PISTON IN RAIL-GUN ACCELERATORS 

FOR SOLID OBJECTS 

A. G. Anisimov, Yu. L. Bashkatov, and G. A. Shvetsov UDC 538.4+533.95 

In recent years, beginning with [i], investigators have paid considerable attention 
to the study of possible acceleration of dielectric solids by a plasma piston in rail-gun 
accelerators. One expects that this development process will remove the thermal limits on 
the speed of metal particles and obtain speeds considerably exceeding the experimental level 
achieved [2]. Papers have appeared whose authors have considered the possibility of, and 
discussed plans for equipment to accelerate particles of mass on the order of a gram to speeds 
of 12 [3], 15 [4, 5], 20 [6, 7], 25[4, 6, 8], 50 km/sec [9], etc. However, it should be noted 
that, in spite of almost a decade since the publication of [i] and considerable efforts, 
there has been no substantial progress in the technology of obtaining high speeds. The ex- 
perimental results are very modest and are at the level of those of [i]. 

At present it is generally accepted that the main causes limiting the attainment of 
high speed of macroparticles in rail-gun accelerators with a plasma piston are associated 
with erosion of the channel walls under the action of the high-power heat flux from the mov- 
ing plasma piston and the current flowing in the circuit. Analysis of the critical gas den- 
sity for which the surface temperature of the electrodes reaches the melt temperature shows 
[i0] that one cannot achieve efficient acceleration of the body and avoid erosion of the 
electrodes. The effect of erosion of the electrodes is different. The presence of added 
mass leads to the appearance of "limiting" values of the speed of the accelerated particle 
independently of the mechanism of erosion [i0], to redistribution of current in the plasma 
piston, and to separation of the latter from the accelerated body [Ii]. Among the causes 
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leading to the plasma piston being separated from the accelerated body, [ii] lists shunting 
of the current flowing directly through the accelerated body by metal evaporated from the 
electrodes (secondary discharges). 

The full connection between erosion of the electrodes and the secondary discharges is 
not clear, but we think that from direct experiments one can conclude that there is a con- 
nection, especially if one postulates that in rail-gun accelerators of macroparticles with 
a plasma piston one meets conditions leading to the formation of high-speed, high-temperature 
jets of vapor from the material of the electrodes [12]. If this occurs in such a way that 
the generation and disappearance of the jets insert their special features into the structure 
of the plasma piston, in particular, this calls into question the possibility of accomplish- 
ing a magnetocompressive discharge in the accelerator, and this in turn leads to decrease 
of the force accelerating the body. 

The aim of this work is to study the structure of the plasma piston. The experiments 
were conducted under conditions as close as possible to those in the experiments on accelera- 
tion of macroparticles [Ii, 13]. 

i. The scheme of the experiments is shown in Fig. i, where C is a capacitor bank; 
L(t) and R(t) are the inductance and resistance of the circuit; i, electrodes; 2, acceler- 
ated body; 3, a metal foil, 4, glass windows, and 5, a discharge switch. When the switch 
is operated the capacitor bank discharges in the rail-gun, the foil explodes, and a plasma 
piston is formed which moves under the action of the Lorentz force and accelerates the body. 

In the experiments we used a capacitor bank of capacitance from 10.2 to 20.4 mF at a 
voltage of 5 kV. The amplitude and shape of the current pulse was assigned by choosing the 
initial voltage, the bank capacitance, and the initial circuit inductance. The amplitude 
of the currents was varied from 300 to 500 kA. To Create the plasma we used a copper foil 
of thickness 30 vm. The length of the rail-gun was 250-400 nnn, the electrode section was 
19 • i0 mm, the height of the glass insulators was i0 mm, and the channel section was i0 x 9 
mm. The accelerated body was made of Kapron. The size of the body was I0 x i0 • 9 n~n, and 
its mass was -i g. 

304 



In the experiments we recorded the current at the input to the rail-gun, and the vol- 
tage at its input and output. With the aid of inductance sensors we determined the current 
distribution in the plasma crosspiece. The main attention was paid to optical recording 
of the plasma piston. In a number of experiments we replaced the accelerated body with a 
dielectric suppressor. This allowed us to photograph the plasma piston under steady condi- 
tions. 

2. The optical scheme shows that in the initial stage of a high-power discharge (rough- 
ly for 25-30 Dsec) there were insignificant differences in the behavior of the plasma in 
the tests with the dielectric suppressor and the accelerated body. The plasma formed when 
the foil is exploded electrically undergoes complex changes under the action of the electro- 
magnetic and gasdynamic forces. In both cases the length of the plasma plug increases im- 
mediately after the foil explodes. After a time of ~i0 Dsec the plasma occupies a space 
of length ~40 mm. Then the colder part is adjacent to the suppressor (or the body). The 
high-temperature part of the plasma stands off from the suppressor at a distance of 2-4 cm 
and for a time of 25-30 Dsec remains roughly in one place, increasing only slightly in size, 
and executing a small number of spatial oscillations to and from the suppressor. Then the 
length of the plasma increases up to 5-7 cm, and in it appear individual hot sections (arcs 
and strata), whose lifetime varies in the range I-i0 ~sec. Their number in the present ex- 
periments could not be counted and varies with time. Throughout the entire time of the opti- 
cal record the magnetocompressive localized discharge regime is not achieved. In some ex- 
periments with the suppressor there is no erosion of the electrodes in the section 10-20 
mm adjacent to the suppressor, but strong erosion is observed in a more distant section of 
the length up to 30 mm. 

Figures 2-5 show photographs illustrating the development of the process with time in 
the experiments with an accelerated body, where 0 is the location of the foil and the accel- 
erated body, and 1-5 are the inductance sensors. In the experiment (Fig. 2, time between 
frames 3.3 psec) the channel is closed by a suppressor behind the body at a distance of 35 
mm. From the photographs it can be seen that the plasma piston formed from the foil explo- 

Fig. 4 Fig.~ 5 
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sion incre~ses~ ~n length rapidly in~ the direction opposite to the magnetic pressure forces. 
For the first 20-30 psec the accelerated body practically does not change position. 

In another experiment (Fig. 3, time between frames 8 psec)the channel behind the body 
was open. In the photographs one can see a re~ion of bright luminosity, of which the trail- 
ing boundary first propagates in the direction opposing the body motion, then stops, and 
later moves behind the accelerated body, continuously changing its form and internal picture 
of luminosity. The less-bright part of the plasma continues to expand in the direction op- 
posite to the body motion, then breaks up into separate sections and stops glowing. 

In the experiments conducted with a channel of square section with glass insulators 
we observed a breakthrough of the plasma ahead of the body roughly 30 psec after explosion 
of the foil. The inductance sensors recorded current flow along the outburst of plasma. 

The broken line in Fig. 4 (time between frames is 3.3.7 Dsec)shows the trajectory of 
motion of the accelerated body. The speed of the forward boundary of the plasma as it exits 
from the rail-gun is-2.2 km/sec, and the speed of the body is =1.5 km/sec. 

The broken line in Fig. 5 (time between frames is 4.5 psec) shows the body trajectory, 
which intersects the zone where no luminosity is observed, but the inductance sensors show 
that the plasma piston is in this zone and that a large current is flowing along it. Evi- 
dently, in the region where there is no luminosity from the piston in the photographs the 
glass walls have lost their transparency. The dark bands are generated at the iccation of 
the foil and propagate to the adjacent sections. After a certain time (after breakdown of 
the glass walls) one sees the luminosity of the plasma that has been drawn out of the chan- 
nel. 

It can be seen from Fig. 3 that the part of the piston adjacent to the body gradually 
loses its luminosity, and from the initial location of the foil a new plasma plug is gener- 
ated which accelerates the body even after it exits from the barrel of the rail-gun. It 
can be seen from the photographs that there is a reflected shock wave following the shock 
at the body from this plug. 

In addition to the optical record of the plasma piston in the experiments we measured 
the current distribution in the piston. Magnetic probes were located near the rail-gun 
channel (Fig. i; 6 is the magnetic probe), The direction of the sensor axis is shown by 
the arrow. Figure 6 shows oscillograms from the inductance sensors 1-5 in the experiment 
(see Fig. 5). The origin of the signals in all the oscillograms coincides with the arrival 
of the luminous plasma front which has trickled through ahead of the body. The arrows de- 
note times of passage of the body past the sensors, It can be seen from the data presented 
that an estimate of the body speed from the readings of the inductance sensors and the lu- 
minosity of the plasma piston front may be incorrect. 

Figure 7 shows the dependences of current vs. time at the rail-gun input (upper curve) 
and the integrated signals from the inductance sensors 1-5 in the experiment (see Fig. 5). 
From the graph one can estimate the current flowing at different times in the plasma that 
has broken through ahead of the body, that is coming behind the body, and passing in the 
arc at the foil location, 
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In all the experiments (see Figs. 2'5) at the foil location the arc burns throughout 
the entire time of the optical record (=200 psec); in this location, and also at a distance 
of 30-35 mm upstream, we observe strong erosion of the electrodes. Later (upstream) the 
erosion is insignificant, but traces of strong thermal action on the electrodes are notice- 
able at distances up to 150 nun. In the direction of motion of the body on the electrodes 
one can see traces of the material of the electrodes. 

Although the results presented in this study do not fully uncover the internal struc- 
ture of the plasma piston, and are conditioned in the main by the specific conduct of the 
experiments, associated with the presence of glass insulators, they are general in nature, 
as shown by natural experiments on acceleration of macroparticles. Of course, in this case, 
with careful fabrication of the channel, and precision adjustment of the dimensions of the 
accelerated body to the dimensions of the channel one could avoid breakthrough of the plasma 
ahead of the body, but we were unable to accomplish a magnetocompressive discharge. The 
sensors show that as the body moves in the channel the length of the plasma plug continuous- 
ly increases, there is a redistribution of the current along the plasma from the front to 
the rear, leading as an end result to separation (lagging) of the plasma from the acceler- 
ated body [Ii]. The plasma lag in the experiments with a circular rail-gun with a channel 
diameter of 5.7 mm in accelerating a body of mass 0.2 g is illustrated in Fig. 8 (1-4 are 
the speed of the plasma piston, determined from the signals of the inductance sensors, 5 
is the optical record of the body speed, and 6 is the computed body speed from the current 
graph). An analogous picture occurs in accelerating macroparticles in a rail-gun of circu- 
lar section of diameter 11.7 mm [ii]. From the data obtained in this study one can con- 
clude that one must be extremely cautious in estimating the kinematic characteristics of 
rail-gun accelerators of solid bodies with a plasma piston in the motion of the mass center 
approximation (as is now widely done in the literature). 
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PENETRATION OF A STRONG BARRIER BY A SHAPED CHARGE JET 

S. A. Kinelovskii and K. K. Maevskii UDC 539.374 

The hydrodynamic theory of detonation quite reliably describes the penetration of a 
shaped charge jet (SCJ) at sufficiently high penetration velocities. However, a marked dif- 
ference between the theory and experiment [1-5] is seen with a reduction in velocity. This 
can be attributed to the actual effect of cohesive forces. An accurate empirical check of 
the hydrodynamic theory of penetration was made in [3] and a modification of this theory 
was proposed to consider the effect of the strength of the materials of the jet and the bar- 
rier (similar results were obtained independently by N, A. Zlatin). This modification con- 
sists of introducing "resistance" into the equation describing flow - the Bernoulli equation. 
It was noted in [4] that in the penetration Of an object by an SCJ, the strength of the jet 
material need not be considered (a similar proposition was used in [5]). As a result, a 
formula is obtained which expresses the connection between the velocity V.j of the jet, the 
penetration velocity Vb, and the strength characteristic of the barrier material: 

"J vb=v 'j (1) 

H e r e ,  H D i s  t h e  e f f e c t i v e  v a l u e  o f  t h e  dynamic  h a r d n e s s  o f  t h e  b a r r i e r  m a t e r i a l ;  k = C p j - ~ b ;  
pj and Pb a r e  t h e  d e n s i t i e s  o f  t h e  j e t  and t h e  b a r r i e r .  The s e c o n d  e x p r e s s i o n  in  (1 )  p e r -  
t a i n s  t o  t h e  c a s e  ~ = 1. E q u a t i o n  (1 )  ( be low  - model  1) r e p r e s e n t s  one o f  t h e  mos t  w i d e l y  
u sed  a p p r o a c h e s  t o  a l l o w i n g  f o r  c o h e s i v e  f o r c e s  on t h e  p r o c e s s  o f  SCJ p e n e t r a t i o n .  

In  [ 4 ] ,  y e t  a n o t h e r  m o d i f i c a t i o n  o f  t h e  h y d r o d y n a m i c  t h e o r y  was p r o p o s e d .  T h i s  modi -  
f i c a t i o n  l e a d s  t o  t h e  f o r m u l a  (mode l  2) 

+ 5 V 1 - (2) 

Comparison of (i) and (2) shows that the SCJ ceases to penetrate the barrier at the same 
critical jet velocity (Vj* = ~ )  in both models, although the character of the effect 
of strength on the penetration process is described differently by each model. Penetration 
velocity begins to decrease at markedly lower jet velocities in model 1 than in model 2, 
i.e., the latter is characterized by a stronger "strength-engaging mechanism." 
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