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The problem of the flow of a supersonic stream of plasma around a plate is reduced to the problem 
of the expansion of a plasma in a vacuum, and is solved numerically in a one-dimensional formula
tion with allowance for the Poisson equation. The problem of expansion of a non-isothermal colli
sionless plasma in vacuum is compared with the self-similar solution[ll. An experimental investi
gation is made of the structure of the perturbed zone in the wake of a plate moving through a 
stream of a non-isothermal plasma with a velocity M = 2 in the absence of a magnetic field. The 
density and potential distributions behind the plate are obtained. The results of the experiments 
and of the calculations are in good agreement. 

THE escape of a plasma into a vacuum, and also the 
associated process of flow of plasma around bodies, 
are undoubtedly of practical interest and have been 
recently under intense study. This question was con
sidered in sufficient detail theoretically in [ 1• 21. In the 
present paper we report numerical calculations and 
experiments on the flow of a supersonic collisionless 
plasma ( Te » Ti) around a plate. The results of the 
experiments are compared with numerical calculations, 
in which, unlike[ 1 • 2 l, the equations of motion of the ions 
and the Poisson equation are numerically integrated. 
As follows from the present results, allowance for the 
Poisson equation gives a picture of escape and flow 
that is different from the results of[ll, where the 
escape time is short. 

In the general case, the solution of our problem is 
quite complicated, and therefore certain simplifica
tions which follow from physical considerations were 
made. A Boltzmann distribution was assumed for the 
electrons, ne = n0 exp(ecp/Te). The ion density was 
determined as usual, n1 = Jf(r, v, t)dv, where f is the 
ion distribution function determined from the kinetic 
equation 

(1) 

The two-dimensional stationary problem of flow 
around a plate that is infinite in the y direction can 
be reduced to a one-dimensional nonstationary prob
lem of the expansion of plasma in vacuum[ 1l. This 
assumption is valid if d2 l/J/dz 2 « d2 l/J/dx2 (the z co
ordinate is directed along the flux and l/J is the dimen
sionless potential). This condition is expressed for 
our case by the relation M2 >> l/J. Here M is the 
plasma stream velocity in Mach numbers M = Vz/vs, 
Vs = v'Te/Mi. The problem reduces to simultaneous 
solution of Equation (1) and of the Poisson equation: 

(2) 

We used for the solution a method analogous to that 
described in [31. In this method, the ions are represented 
in the form of quasiparticles. The potential was deter
mined not by a continuous function, but by a grid-like 

function that assumes discrete values at the nodes of 
the grid. Equation (2) is replaced by a difference equa
tion and the ion density at the node j is determined by 

n; = E [H(.x,- 2:;)- H(x,- ZJ+1) ]no, 

• 
where H(x) is the Heaviside function, n0 is the con
centration of the particles in the layer, and Xk is the 
coordinate of the center of the particle. 

Using the results of[4 l, we introduced in place of 
Eq. (2) a second equation, the solution of which as 
t - oo is the solution of (2). We used 1872 particles in 
the calculation. In the cold plasma, the velocities were 
assumed to be equal to zero, and for a hot plasma 
(Ti"' 0) a random-number generator produced thermal 
noise corresponding to the required ion temperature. 
All the quantities were reduced to dimensionless form: 

,;=oo,,t, 1jl=eq>/T., w=vfv,. 

The described method was used to solve the problem 
of flow of a plasma stream around a plate under con
ditions that were as close as possible to the experi
ment described below. The initial distribution of the 
density is shown in Fig. 5a, z = 0 (see below). The 
symmetry condition for flow around a plate was satis
fied by specifying dcp/dx equal to zero on the right
hand boundary (x = 0 in Fig. 5a; see below), and by 
taking into account the ions reflected from the bound
ary. The coordinate z for the points in the wake of the 
body was determined from the formula z = MT, where 
T is the dimensionless time. In the calculation model, 
at the initial instant of time, the ions were uniformly 
distributed in an interval of length equal to 13 Debye 
lengths. The dimension of the initial distribution of 
the ions was chosen to be sufficiently large so as to 
exclude the influence of the left-hand boundary on the 
results of counting, and the ion density near the point 
x = 20 differed little from the initial value at all in
stants of time. The width of the region free of ions 
was chosen from the concrete experimental conditions 
and equalled 7D in this case ( D = [Te / ( 41Tn0e 2 )]1/2 ). 

The results of the calculation for Te/Ti = oo and 
Te/Ti = 20 are given in Fig. 1 (equal-concentration 
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FIG. I. Surfaces of constant concentration (numbers on the curves) 
of ions in the case of flow around a plate: dashed curves-Te/Ti = oo; 
solid curves-Te/Ti = 20. 

lines). The scales of the axes were chosen to be in 
units of Oebye lengths. The plot was constructed for 
the case M = 2. We see that the distribution of the 
density in the wake of the body, for a non-isothermal 
plasma, has a steep leading front, and the presence of 
thermal scatter of the ions leads to a smearing of the 
front. The front velocity increases on approaching the 
axis of the plate, and the amplitude decreases. Start
ing with a certain distance z, the motion acquires a 
two-velocity character, corresponding in the calcula
tion model to a reflection of the particles from the 
right-hand boundary, and under real conditions to the 
appearance of particles that travel from the opposite 
edge of the plate. 

It is of interest to compare the results of a machine 
experiment with the self-similar solution obtained for 
the spreading of a half-space of a plasma into a 
vacuum or, what is the same (in a certain approxima
tion), for the flow of plasma around a half-planePl. 
Owing to limitations on the capabilities of the electronic 
computer, we chose the plasma dimensions to be 200 
and those of the free space to be 200. This has made it 
possible to carry out comparisons down to a concentra
tion level ~ 0.1. The calculation was carried out, just 
as in the preceding case, for a symmetrical geometry. 
As can be seen from Fig. 2, the main deviation from 
the self-similar solution lies in the fact that the motion 
occurs with a steep leading front. Behind the front, at 
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FIG. 2. Surfaces of constant concentration (numbers in the figures) 
of ions in the case of escape into a vacuum: Te/Ti = oo; Dashed curves
self-similar solution. 

a distance on the order of 2-3D, the solution approaches 
asymptotically the solution obtained in[11• The calcula
tion was carried out for the case Te/Ti = 00 • 

The experiments were performed with the "Volna" 
apparatus, a diagram of which is shown in Fig. 3. Gas 
was injected from the end of a vacuum volume of 
80 em diameter and 150 em length with the aid of a 
pulsed injector 1. An incandescent cathode 2 sur
rounded by a metallic grid was placed in the immedi
ate vicinity of the entry of the gas. The grid was at a 
positive potential relative to the cathode. The escaping 
gas (xenon was used in the experiments) was ionized by 
a stream of accelerated electrons from the cathode. 
The profile of the escaping gas had a front ~ 10 em and 
a velocity ~ 4 x 104 em/sec. Owing to the large pres
sure drop of the gas along the axis of the volume (the 
residual pressure in the volume was 10-6 Torr, the 
pressure in the injection region was ~104 Torr), ioni
zation takes place in the region occupied by the gas. 
The plasma produced in this manner flows into a 
region of the volume where there is no gas. The 
parameters of the plasma, measured in the region 
where the experiments were performed, were ne 
~ (1-3) x 107 cm-3 and Te R> 5-8 eV. Within a time 
of 1 msec from the instant of gas injection, the plasma 
flow assumes a quasistationary character, and for 
100-150 microseconds the potential and the velocity 
of the plasma remained constant. 

In the experiments, we investigated flow around a 
metallic plate 4, of width 2R = 5.4 em (14 Debye radii) 
and length l = 40 em, placed at a distance ~120 em 
from the cathode, in a place where the plasma stream 
velocity changed little with distance. The large ratio 
1/R has made it possible to exclude the influence of 
the ends. In all the experiments, the plate had a float
ing potential. The measurement of the plasma density 
distribution in the wake of the plate was carried out 
with the aid of a flat probe 5 of 5 mm diameter, working 
in the saturation ion-current regime. The plasma 
potential was measured by the incandescent-probe 
method. Owing to the relatively small resistance of 
the plasma-probe junction and owing to the large re
sistance of the output divider, the probe potential was 
close to the plasma potential. To ensure the necessary 
time resolution, the filament supply circuit of the probe 
6 was disconnected during the measurement time. The 
method of securing the plate and of the probes has 
made it possible to move the plate in the direction 
perpendicular to the plasma stream, and the probes in 
a direction along the stream, by the same token ensur
ing the possibility of measuring the profile of the 
density behind the plate in the xz plane. The electron 
temperature and density were measured with a Lang-
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FIG. 3. Diagram of experimental setup. 
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muir probe with a logarithm-determining element. 
The transverse temperature of the ions (along the x 
axis) was determined with a grid energy analyzer and 
amounted to 0.3-0,5 eV. The probe was mounted in 
such a way that the grid and the analyzing collector 
were parallel to the plasma stream. 

Figure 4 shows the experimental dependence of the 
plasma velocity in Mach numbers on the coordinate z. 
The M(z) dependence was obtained by measuring the 
total energy of the plasma ions with the energy analyzer 
and measuring the plasma potential at the same point 
with the incandescent probe. In addition, the velocity 
of the plasma stream at several points was measured 
by determining the velocity of the ion-acoustic wave of 
small amplitude. As seen from Fig. 4, in that region 
of the volume where the experiments were performed 
the plasma flow velocity changed little and reached 
~2M. 

Figure 5 shows successive profiles of the ion 
density behind the plate (in steps of ~z = 4 D), 
normalized to the unperturbed plasma density, for dif
ferent distances from the plate. The x axis shows the 
distances in units of Debye lengths. The dashed and 
the solid lines represent here the calculated curves 
obtained by numerical methods for the cases Te/Ti 
= ao and Te/Ti = 20, respectively. The points denote 
the experimental data. It is seen from Fig. 5a that at 
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FIG. 5. Concentration of ions behind a plate with R = 7D as a 
function of x for different z. Points-experiment; dashed lines (Te/Ti 
= 00) and solid lines (T e/Ti = 20)-calculation. 
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FIG. 6. Potential of plasma 
behind a plate with R = 20D as a 
function of x for different z. 
Points-experiment; solid curve
calculation (Te/Ti = oo). 

small values of z ( z < 8 ), the plasma moves, just as 
in the calculation, with a rather steep front, slightly 
smeared out as a result of thermal motion of the ions. 
On the boundary between the two streams traveling 
from different edges of the plates, an ion-density jump 
is produced (Fig. 5c). At large values of z, the jump 
spreads out gradually and the density distribution as
sumes a smooth character (Fig. 5d). 

An experiment was performed on flow around a 
plate with dimension 2R =40D. The profiles of the 
potentials at distances z = 4 and z = 14 in the wake 
of the body are shown in Fig. 6. The figure also shows 
for comparison the calculated curves obtained for the 
case Te/Ti = ao, The essential difference between the 
calculation and the experiment can be attributed to 
violation of the condition M2 » 1/J, that is, to the fact 
that the one-dimensional solution is not involved in 
this case. 

In conclusion, the authors are deeply grateful to 
R. Z. Sagdeev for constant interest in the work and 
for valuable advice. 
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