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Langmuir probes were used to investigate in detail the structure of the perturbed zone in the vicinity 
of a disk placed in a stream of a rarefied plasma. The plasma stream was produced in a Q machine. 
The density, velocity, and temperature in the plasma stream as well as the surface potential and the 
position of the body in the stream were varied. The measurements and their comparison with theory 
have made it possible to establish the existence of ion acceleration in the self-consistent electric 
field produced in the plasma. At the same time, the longitudinal ion temperature is greatly decreased. 
The wake of the body has an oscillatory structure. An investigation of the damping of the oscillations 
has shown that collisions give rise to a gradual equalization of the longitudinal and transverse ion 
temperatures. It is shown that reversal of the sign of the potential of the body relative to the plasma 
has little effect on the structure of the perturbed zone behind the body. Reversal of the sign of the 
potential of another body situated in the perturbed zone of the first body greatly changes the structure 
of this zone in the region between the bodies. The measurement results agree with the theory. 

1. INTRODUCTION 

THE phenomena occurring when artificial satellites 
and rockets are placed in a stream of a rarefied 
plasma are of considerable interest[1,2J. Experimental 
measurements in the ionosphere, magnetosphere and 
in cosmic space in the vicinity of the earth are quite 
complicated. There is therefore natural interest in an 
investigation of flow around bodies in laboratory condi
tions simulating the true flight conditions. The corre
sponding measurements performed by a number of 
authors[ 3- 91 have shown that the zone perturbed by the 
body has a number of important singularities, namely 
the occurrence of regions of rarefaction and condensa
tion in the plasma( 3J (Hall, Kemp, Sellen), an oscilla
tory character of the perturbations at large distances 
behind the body[5J (Barret), etc. No attempts were 
made, however, in these investigations to make a de
tailed quantitative comparison of the experimental re
sults with theory. This is the purpose of the present 
investigation. 

The complexity of such a problem lies, first of all, 
in the fact that it is necessary to have a stable and 
stationary stream of rarefied plasma flowing around 
the body. It is necessary, in addition, to have a suffi
ciently accurate idea of the properties of the plasma 
stream before it is perturbed by the body, namely the 
plasma density, the electron and ion temperatures, 
their translational velocities, and the character of the 
distribution functions. From this point of view, it is 
most advantageous to use an installation of the Q
machine type for study of streaming effects. In the 
latter, the plasma is produced by thermal ionization of 
potassium on a tungsten ionizer heated to ~ 2000°K, 
The plasma is contained by a strong magnetic field and 
constitutes a cylindrical column bounded on one end by 
the ionizer and on the other by a cold electrode. In 
such a system, the plasma produced on the ionizer 
flows towards the cold electrode, on which it vanishes. 
The plasma parameters (its density, translational 
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FIG. I. Diagram of setup: !--ionizer, 
2-anode, 3-disk I, 4-disk 2, 5-probe. 
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velocities, and electron and ion tern peratures) vary 
significantly, depending on the potentials and the tern
perature of the anode, and the intensity of vaporization. 
Within a wide range of variation of the parameters, the 
plasma stream is stable. It is relatively easy to per
form various types of probe measurements in the in
stallation. All this makes it possible to employ the Q 
machine quite effectively for an investigation of flow 
of rarefied plasma around a body 1>. 

2. PROPERTIES OF PLASMA STREAM 

The experiments were performed with the experi
mental setup described in detail by Buchel'nikova(uJ. 
Its diagram is shown in Fig. 1. The measurements 
were made with cylindrical probes 2 mm long and 
0.25 mm in diameter. The probes could be moved along 
the axis of the installation and in a radial direction. 

The properties of the plasma produced in the Q 
machine are determined to a considerable degree by 
the ion and electron currents from the ionizer. In our 
case, the experiments were performed in the regime 
when an electron layer was present, and the electron 
current from the ionizer was much larger than the ion 
current. In this case a layer of negative electric 
charge-an electron layer-is produced near the ionizer 
and reflects some of the electrons back to the ionizer. 
The thickness of this layer is of the order of the Debye 
radius D, i.e., it is much smaller than the dimensions 

1lThe advantages ensuing from the use a Q machine for the investi
gation of flow of plasma around a body were recently pointed out in a 
paper by Korn et al. [ 10]. 
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Note: vr = y2TM"1 , <Po"= -eop0/T. 

FIG. 2. Distribution of plasma along the 
radius of the column. 

L of the setup (D = 0.01 em, L = 36 em). Behind the 
electron layer, the plasma is quasineutral, and the 
electron and ion densities ne and ni are close to each 
other, i.e., ne"" ni ~ n. A typical radial distribution of 
the quasineutral plasma is shown in Fig. 2. The plasma 
density is maximal on the system axis and falls off 
towards the edges. 

Under the influence of the electric field in the elec
tron layer, the ions are accelerated and acquire a 
directional velocity v0• The distribution function of the 
ions is Maxwellian, but the longitudinal and transverse 
ion temperatures are, generally speaking, not equal. 
The transverse temperature Til is close to the ionizer 
temperature T. The longitudinal ion temperature Till 
can be much smaller. The collisions between ions tend 
to equalize Till and Til, so that Till increases with 
increasing distance z from the ionizer: Till = Till ( z); 
at the same time, the temperature Til decreases 
slightly. A detailed analysis of the question of the form 
of the distribution function of the ions and its deforma
tion due to collisions is given in the Appendix. 

The electron distribution function depends on the 
potential of the anode. Our measurements were carried 
out at negative anode potentials cpa,:,; -7 V, so that 
-e(cpa- 'Po)/T » 1. In this case the electron distribu
tion function is Maxwellian with a temperature Te 
equal to the ionizer temperature T. This is well con
firmed by probe measurements[ 121, 

The magnetic field H, which is directed along the 
symmetry axis, was varied from 1,000 to 2,000 Oe, the 
plasma density was n ~ 7 x 10 8-8 x 109 cm-3 the 
ionizer temperature Twas varied from 1Boo'to 2200°K 
the ion stream velocity v0 ranged from 5 x 104 to ' 
3 x 105 em/ sec ( K+ ions), and the plasma potential 
relative to the ionizer was cp0 ~ 0-1.5 V. (These quan
tities are listed for the concrete experiments in Table 
I.) 

The plasma was made to flow around a disk of 
radius Ro = 0.25 em. placed on the axis of the installa
tion 10 em away from the ionizer. In a number of ex
periments a second disk of 0.35 em radius was placed 
21 em behind the first disk. The pressure of the neu-

TJ-/t1T I .,.,Toill•r emil em 
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Table II. 

Qmachine 

30-10'>1 
200-300>1 
-0.01~1 

:::::0.5-3 
:::::0.6-1,2 

::::: s.w-o-1o-a~1 

Ionosphere 

1000-50'> I 
100-200'>1 
-0.01~1 

:::::0.8-6 
:::::0.25~1-.0 

::::: s.w-• .... w-~1 

tral gas in the apparatus was p ~ 10-6 Torr. Therefore 
the mean free paths for the collisions with the neutrals 
were ln ~ 104 em; the neutrals could therefore be 
neglected. The mean free path for collision between 
charged particles was of the order of the setup dimen
sions, l ~ 10-200 em. Collisions between the elec
trons could be neglected, since they did not change the 
Maxwellian distribution function of the electrons. The 
electron-ion collisions were also insignificant. To the 
contrary, collisions between ions greatly deform the 
ion distribution function, as was already noted above. 
Their role is considered in detail in the Appendix. 

Let us now estimate the values of the parameters 
characterizing flow around the disk: the Debye radius 
is D ~ ( 1-2) x 10-2 em, the ion Larmor radius PHi 
= ,j 2T/M/ WHi ~ 0.4 em at H = 1000 0e and PHi 
~ 0.2 em at H = 2000 Oe, the electron Larmor radius 
is PHe ~ 10-3 em, the ion thermal velocity is VT 
= ,J2TM-' ~ 1 x 105 em/sec, and the electron thermal 
velocity iSVTe = .J2Tem-1 ~ 3 x 107 em/sec. 

Table II lists the values of the dimensionless 
parameters characterizing flow around a body in a 
Q machine and in the ionosphere at altitudes h ~ 200-
1000 km for bodies with dimensions R0 ~ 2 m. It is 
seen from the presented data that the conditions of our 
experiments in the Q machine closely simulate real 
conditions in the ionosphere. 

3. DISCUSSION OF RESULTS 

Near Zone 

The magnetic field greatly influences flow of plasma 
around a body at distances z larger than 7TPHiVo/VT 
i.e., in our case at distances larger than 1-2 em aw~y 
from the disk. We consider here first the near zone 
z :S 1 em, where the influence of the magnetic field is 
negligible. Typical results of the measurement of the 
ion current to the probe in the near zone are shown in 
Figs. 3 and 4. Here v0 = 2.0 X 105 em/sec, T = 2150°K, 
VT = 1.0 x 105 em/sec (vo/vT = 2.0), and H = 1100 Oe. 
The probe potential relative to the plasma is R> -2V. 
The experimental points in Fig. 3 give the ratio 
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FIG. 3. Distribution of the plasma on 
the axis in the near zone behind the body. 
Points-experiment (H = 1100 Oe, T = 
2150°K, J0i =50 SJ.A/cm2, v0/vT = 2.0). 
Theoretical curves of n(O, z)/n0 : 1-"neu
tral appproximation"; 2-with allowance 
for the influence of the electric field. 

FIG. 4. Radial distribution of 
plasma in the near zone behind the 
body. Points-experiment (H = 1100 
Oe, T = 2150°K, j 0 i =50 SJ.A/cm2 , 

v0 /vr = 2.0). Theoretical plots of n(p, 
z)/n0 : !-"neutral approximation"; 2-
with allowance for the influence of the 
electric field. 

j(O, z), j0(0), where j(O, z) is the current of ions to a 
probe located on the axis behind the body and j0(0) is 
the same ion current on the axis in front of the body. 
The abscissas represent the ratio z/R 0, where Ro is 
the radius of the disk. The points in Fig. 4 give the 
radial distribution j(p, z)/j 0(p) at the fixed values of 
z/Ro indicated on the figure. 

Let us compare the calculation results with experi
ment. An approximate expression for the plasma dis
tribution in the perturbed zone behind the disk was 
obtained in[ 13l and inPl, Sec. 5. In its derivation no 
account was taken of the influence exerted on the ion 
motion by the electric field produced in the perturbed 
plasma zone (the "neutral approximation"). Calcula
tions with allowance for the influence of the field were 
performed in[14 - 16l. It was shown that far from the 
body-at distances z Z R0v0 /vT, the influence of the 
field, while noticeable, is not decisive. To the con
trary, in the region close to the body, z « Rovo/VT, 
the influence of the electric field is very large; it leads 
to an appreciable increase of the plasma density. Ana
lytic expressions for the plasma distribution in the 
region close to the disk, with allowance for the influ
ence of the electric field on the motion of the ions, 
were obtained in[ 2l. 

The calculated ratio n(p, z)/n0 is represented by 
the solid curves in Figs. 3 and 4. Here n(p, z) is the 
ion concentration in the unperturbed zone, n0 is the 
concentration in the unperturbed plasma. Curves 1 of 
Figs. 3 and 4 are constructed in accordance with 
formulas (9) of[13l or (2.24) ofPl, Sec. 5 (the "neutral 

approximation"). Curves 2 were constructed in accord
ance with formulas (69) and (73) of[2J, which take into 
account the influence of the electric field. 

We see that theory and experiment are in suffi
ciently good agreement. Far from the body, at 
z Z R0v0 /vT, the "neutral approximation" is quite 
accurate. To the contrary, near the body, z < R0v0 /vT, 
the role of the electric field is significant. The con
siderable discrepancy between the calculation and the 
experimental results can be observed only when the 
probe is closest to the body-at a distance of 1 mm 
from the surface of the disk. Here the current j/j 0 

turns out to be larger by one order of magnitude than 
the calculated value n/n0 • This is to be expected. The 
point is that the Debye radius increases noticeably in 
the region of strong rarefaction behind the body. This 
increases the effective surface of the probe that 
gathers the ions, leading to an increase of the ion cur
rent to the probe. In addition, at such short distances 
from the disk, the finite dimensions of the probe itself 
undoubtedly come into play, since its length (2 mm) is 
larger than the distance from the probe to the disk 
(1 mm). Allowance for the finite dimensions of the 
probe also leads to an increase in the ion current. 

Let us note an important qualitative effect connected 
with the influence of the electric field on the ion mo
tion, namely the increase of the concentration (or 
current) of the ions near the axis p = 0; this increase 
is seen both on the theoretical curve and on the experi
mental points of the upper figure in 4. This increase 
is a consequence of the focusing of the ions near the 
axis under the influence of the axially-symmetrical 
electric field attracting the ions. 

Far Zone 

Results of measurements of the ion current to the 
probe at large distances behind the disk are shown in 
Figs. 5-7. The experimental points on the figures 
give, as before, the ratio j(p, z)/j 0(p), where j 0(p) is 
the current of the ions to the probe in the unperturbed 
plasma. Figures 5 and 6 show the distribution of the 
ion current on the axis p = 0 behind the body. We see 
that at relatively large values of the ionizer tempera
ture T and at small values of the current density hi 
from the ionizer, the plasma distribution has a clearly 
pronounced oscillatory character (Fig. 5). Such plasma 
oscillations in the perturbed zone behind the body were 
theoretically predicted in[13l and in[ll (Chap. III) and 
were observed experimentally by Barret[ 5l. Figure 7 
shows the distribution of the plasma along the radius 
p; it also pulsates as a function of z/Ro. Figures 5 and 
6 clearly show the damping of the oscillations. With 
decreasing ionizer temperature T and with increasing 
ion current j 0i, the damping increases, and at 
T :$ 1800°K the distribution of the plasma behind the 
body acquires an almost monotonic character (Fig. 6). 
At large distances z/R 0 Z 20-50, the perturbation of 
the plasma is almost homogeneous with respect to z, 
i.e., a cylindrical wake is established, as it were, with 
a definite radial distribution of the plasma-perturba
tion. 

These phenomena are physically quite understand
able. Indeed, some of the ions become absorbed by the 
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FIG. 5. Distribution of plasma along the axis in the far zone behind 
the body. Points-experiment; a-H = 1100 Oe, T = 2200°K, j0 ; = 30 
p.A/cm2 , v0 /vT = 1.95; b-H = !9000e, T = 2200°K,i0 ; = 30p.A/cm2 , 

v0 /vT = 2.6. Theoretical n(O, z)/n0 curves: !-"neutral approximation" 
(formula (3)); 2-without allowance for the change of Till due to the 
collisions. 
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FIG. 6. Plasma distribution along the axis in the far zone behind the 
body. Points-experiment. a) I-H = 1000 Oe, T = 2200°K,j 0 ; = 100 
p.A/cm2 , v0 /vT = 1.0; II-H = 1500 Oe, T = 2!55°K, i 0 ; = 185 p.A/cm2 , 

v0 /vT = 1.2; b) I-H = 1900 Oe, T = !970°K, i 0 ; = 30 p.A/cm2 , v0 /vT = 
1.9; II-H = 1900 Oe, T = 1880°K, j0 ; = 30 p.A/cm2 , v0 /vT = 0.8. The 
theoretical n(O, z)/n0 curves were constructed in the "neutral approxi
mation" (formula (3)). 

body so that in the immediate rear of the body the ion 
concentration is minimal. With increasing distance 
from the body, the perturbation becomes smoothed out 
as a result of the thermal motion of the ions, and the 
concentration in the wake increases. However, the ions 
are not free, and they execute in the magnetic field a 
periodic motion with cyclotron frequency VHi 
= wm/21T = eH/27TMC. Therefore after a time tHi 
= v~i or else at a distance T = v0tHi behind the body, 

where 
T = 2nv, / WH< = 2nMcvo / eH, (1) 

the picture should repeat, i.e., one should observe a 
decrease of the ion concentration. Here v0 is the 
average ion velocity along the magnetic field. If v0 

» vTII ( VTII = .J 2Ti 11 M-1 is the thermal velocity of the 

FIG. 7. Radial distribution of the plasma 
in the far zone behind the body. Points-ex
periment (H = II 00 Oe, T = 2200°K, io; = 30 
p.A/cm2 , v0 /vT = 1.95); the theoretical n(p, 
z)/n0 curves were constructed in the "neutral 
approximation" (formula (2)). 
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FIG. 8. Distribution of the maxima (I, 2, 
3, ... ) and of the minima (I, II, III, ... ) of the 
plasma density on the axis behind the body as a 
function of the magnetic field: 1-H = 1900 Oe, 
T = 2200°K, j 0 ; = 30 !lA/cm2 , v0 /vT = 2.6; 2-H 
= II 00 Oe, T = 2200°K, j 0 ; = 30 !lA/cm2 , v0 /vT 
= 1.95, Zm-distance from the ionizer. 
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ions along H), then practically all the ions move with 
velocities v0 and the wake should oscillate with a 
period (l)[ll. Such oscillations are seen in Fig. 5. 
Figure 8 shows the corresponding distribution of the 
maxima and minima of the current to the probe on the 
axis behind the disk. We see that the picture is indeed 
close to periodic. Measurement of the period of the 
oscillations (1) can serve as a good method of measur
ing the directional velocity of the ions r 12l. 

The thermal scatter with respect to the longitudinal 
velocities VTII leads to a damping of the oscillations. 
The damping increases with increasing longitudinal 
temperature Till• i.e., with decreasing ratio vo/VTII· 
When v0 /vTII ;$ 1, the oscillations actually vanish. 
Mter the damping of the oscillations, a cylindrical 
wake is formed and spreads out only as a result of 
diffusion processes. 

Let us now compare the results of a theoretical 
calculation with experiment. In the "neutral approxi
mation," i.e., neglecting the influence of the electric 
field on the ion motion, the concentration of the ions 
behind the disk is determined by the expression 

n ( p, z) 2 Ill'~ ~s d ' { ( ' ') 2 flp' } --= -- v exp -a v - Vo - --

no l'n 0 6' 

~s ' -u•' ( 2flpu' ) ' 1 -X ue ~I,-- du +-[1-<D(l'at>o')]; 
·~ 6 2 
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v' = Vill / VT, Vo 1 = Vo / VT, 

u' = Vu_ I Vr, PHi= Vr I ron,, Vr = 12TM-•, a= T f T,u, fl = T I Tu_; 
1 ft 2 t 

l 0 (t)=- Je-'•'"dx, <D(t)=---=J e-='dx, 
n o yn o 

s = 2rnd sin (z1~ I 2pH,v') I· (2) 

The derivation of formula (2) is perfectly analogous 
to the derivation given in[ll, Sec. 10. All that is taken 
into account additionally is that the ion distribution 
function is Maxwellian with different longitudinal and 
transverse ion temperatures Till and Til (see Sec. 2). 
On the axis behind the disk (p = 0) formula (2) be
comes much simpler and takes the form 

n(O,z) _ 1/ a J { (, ')' f\Ro' }a '+1-<D(yavo') (3) --- v- exp -a v -Vo --- v 
no n 0 !;' 2 

The results of a numerical calculation of n( 0, z)/N0 

by means of formula (3) are shown by the solid curves 
in Figs. 5 and 6. The longitudinal and transverse ion 
temperatures were determined here by the expressions 
given in the Appendix (see (A.9)). In particular, in the 
cases shown in Figs. 5 and 7, the longitudinal tempera
ture Till is always much smaller than the transverse 
one; therefore in these cases, according to (A.10), 

z+z, 
T, 11 = To ,11 + - 1-1 - T, Tu=T 1---( z+ z,) 

21, ' 
(4) 

where z1 is the distance from the ionizer to the disk. 
The temperature Toill and the length 11, determined by 
formulas (A.2) and (A.lO), are listed in Table I. In the 
cases represented in Fig. 6 (with the exception of 6b, I), 
the length 11 is smaller than z1 and therefore Till 
= Ti1 = %Toil! + :r3 T. In the case 6b, I we have l 1 
~ z + zh and the general formulas (A.9) were used to 
calculate Till and Til· It is seen from the figures that 
the results of the calculations and the experiments are 
in sufficiently good agreement. There is good agree
ment in the general character of the curves, in the 
period of the oscillations, and in the damping of the 
oscillations. Of importance for the damping of the 
oscillations is the deformation of the distribution func
tion and the change of the longitudinal temperature of 
the ions as a result of collisions, as indicated in the 
Appendix. For comparison, the dashed curve in Fig. 
5a shows the distribution of the ion concentration in 
the wake in the absence of collisions, when the distri
bution function is given by (A.1 ). We see that during 
the period of the oscillations, which is determined by 
the average directional velocity of the ions (1), the 
collisions have no effect; on the other hand, the damp
ing of the oscillations is determined by the longitudinal 
ion temperature Till, which depends appreciably on 
the collisions. 

Notice should be taken of a certain quantitative 
discrepancy between the here-considered "neutral 
approximation" of the theory and the experiment. On 
the axis behind the disk, the experimental values of 
j( 0, z )/j 0 ( 0) are higher than the calculated values of 
n(O, z)/n0 • The discrepancy increases with increasing 
magnetic field, or more accurately with increasing 
ratio of the body dimension R to the Larmor radius 
PHi of the ions. This is also seen in Fig. 9, which 
shows the dependence of the concentration perturba
tions on the axis p = 0 at large distances behind the 

FIG. 9. Distribution of plasma on 
the axis behind the body as a function 
of the magnetic field; points-experi
ment. The theoretical n(O, z)ln 0 curve 
was constructed in the "neutral approx
imation" (formula (5)). 
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FIG. 10. Current to the disk (Jd) and ion and electron currents (Ji 
and J e) to a probe located on the axis behind disk I : l-as a function of 
the potential of disk I, b-as a function of the potential of disk 2. 

body (where the oscillations have already been damped 
out) on the magnetic field, or more accurately on the 
ratio J (3R 0 /2PHi· The point is that it follows from (3) 
that at large distances z > J aTvb (at J av~ > 1) we 
have 

(5) 
This quantity is represented by the solid curve in Fig, 
9. The points stand for the experimentally measured 
ratio j(O, z)/j 0(0). We see that the discrepancy be
tween the experimental values and the theoretical 
curve (5) increases with increasing ratio -ft!R 0 /2PHi· 
It can be assumed that the noted discrepancy is a 
consequence of the increase of the ion concentration on 
the axis p = 0 under the influence of the electric field, 
which was not taken into account in the derivation of 
formulas (2)-(5). This influence of the electric field 
on the motion of the ions was taken into account in the 
perturbation-theory approximation by Pitaevski1 
(see[lsJ and [lJ Sec. 5). It was shown inf 17•18l that the 
field actually causes the concentration of the ions on 
the axis behind a body moving in a magnetic field to 
increase. With increasing ratio Ro/PHi, the plasma 
rarefaction in the wake of the body increases and the 
field assumes a larger role. 

Change of Disk Potential. Captured Electrons 

All the measurements described above were per
formed with the disk 1 at a sufficiently high negative 
potential relative to the plasma (see Fig. 1 ), usually 
with <fJ1 - <p 0 "" -2 V. As a result, the electrons had 
everywhere an equilibrium Maxwell-Boltzmann distri
bution. A change of the potential cp1 of the disk 1 in the 
plasma stream led only to insignificant changes in the 
structure of the perturbed zone, namely, a change of 
<fJ1 - <p o from -5 to -1 V changed the ion current to the 
probe in the perturbed zone by less than 10% (see Fig. 
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10). The reason for this was that the disk radius Ro 
was much smaller than the Debye radius D in the un
perturbed plasma. In this case the field of the disk is 
screened in the plasma and if the disk potential satis
fies the condition T « -e(rp1- Cf?o) « T(Ro/D)413 , 

then its changes should have only a slight effect on the 
plasma perturbationP' 21 . 

The picture changes radically if the disk potential 
relative to the plasma reverses sign. In this case the 
electrons are freely absorbed by the body and their 
distribution is essentially no longer in equilibrium. 
This becomes particularly strongly manifest in the 
region of capture in the shadow of the disk 1, into 
which the electrons cannot fall without collisions. 

The results of measurements of the ion and electron 
currents to a probe located on the axis in the shadow 
of the disk 1 (at a distance 1 em from the surface) as 
functions of the potentials of disks 1 and 2 are shown 
in Fig. 10. It is seen from the figures that reversal 
of the sign of the potential cp 1 - cp o of the body relative 
to the plasma strongly influences the plasma concen
tration in the perturbed zone. The electron concentra
tion is particularly strongly altered if disk 2 is at 
positive potential: the current to the probe then de
creases by two orders of magnitude, whereas in the 
case of positive potential on disk 1 it decreases only 
by a factor of 2. The reason lies in the following. 

A theoretical analysis shows that a negatively
charged region should be produced in the shadow zone 
of disk 1 and that the minimum of the potential is 

' . ( [ 13] reached near the rear surface of the d1sk see 
and(!J, Sec. 14). By virtue of this, reversal of the sign 
of the potential of disk 1 should not have a very strong 
effect on the concentration of the captured particles, 
since most of them cannot overcome the potential bar
rier and become absorbed on reaching the surface of 
the body. There is no negatively charged zone ahead 
of disk 2. Therefore, when the sign of the potential of 
disk 2 is reversed, the disk absorbs electrons freely, 
and the region between disks becomes almost com
pletely free of electrons. This is clearly seen in Fig. 
11. It follows also that reversal of the sign of the po
tential on the rear surface of a body moving in a mag
netic field has relatively little effect on the structure 
of the perturbed zone. On the other hand, reversal of 
the potential of a body situated in the wake of another 
body leads to a strong change of the structure of the 
perturbed zone resulting in a new perturbed region 
(with few elect;ons) stretched along the magnetic-field 
force lines that intersect both bodies. 

'"\ r ~ .~ X , 

\ ' 
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FIG. II. Radial distribution of the electron current to the probe in 
the region z = I em behind the disk I: a-at positive potential of disk I; 
b-at positive potential of disk 2. 

Change of Disk Position 

We have considered throughout the case in which the 
plane of the disk is perpendicular to the incoming 
plasma stream. Measurements were also performed 
with variation of the angle e between the normal to the 
surface of the disk and the direction of the incoming 
stream. Figure 12 shows the results of measurements 
of the ion current Ji to the disk as a function of the 
angle g (hi= 33 J.J-A/cm 2, T = 2150°K, H = 1100 Oe, 
v0 /vT = 1.9). The dashed curve represents the ratio 
Jn(e)/J 0 calculated for the experimental conditions in 
the "neutral approximation" (see[ 11 , formula (10.8)); 
solid curve 1 shows the same with allowance for the 
influence of the electric field on the motion of the ions 
in the quasineutral region of the plasma (Ji( e)/Jo, 
see[ 2 l, formula (47)); curve 2 takes into account the 
finite thickness of the double layer at the disk surface 
(J0(8)=Ji(8)+15J; the increment OJ isgivenby 
formula (97) of[2J, the potential of the disk relative to 
the plasma was cp = rp1 - rp0 = -2.6 V; plasma density 
n ~ 109 cm-2, i.e., -erp/T = 13, zo/D = .f1iRo/D = 40). 
We see that at e ~ 90° the electric field has a strong 
influence on the ion current. 

The current of electrons to the disk (at cp > 0) is 
proportional to cos e up to values of e close to 90°. 
This is perfectly understandable, for the Larmor 
radius of the electrons is very small (PHe ~ 2 x 10-3 

em), so that the current is determined only by the 
cross-sectional area of the body in the plane perpen
dicular to the magnetic field. 

INFLUENCE OF COLLISIONS ON THE ION 
DISTRIBUTION FUNCTION 

APPENDIX 

The distribution function of the ions in a quasi
neutral plasma of a Q machine in the absence of colli
sions is given by[ 121 

M { Mv-'-'} f=--exp --- F(v 11 ), 

2rrT 2T 

l j"M exp (- Mvll'- e<p,) vii~ l'- 2ecp,jM, (A. I) 
F(v 11 )= T 2T T ' 

0, v 11 < l'- 2ecp,j M. 

Here M is the mass of the ions, v 11 their velocity along 
the system axis, v 1 the velocity in a plane perpendicu
lar to the axis, rp0 the potential difference between the 
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FIG. 12. Ion current to the disk as a function of the angle e between 
the normal to the plane of the disk and the direction of the incoming 
stream. X, 0-streams on opposite sides of the disk- the disk was ro
tated through 360°. 
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FIG. 13. a-Ion distribution function with respect to the longitudinal 

velocities in a quasineutral plasma; b-dependence of the average trans
lational velocity v0 /vT and of the longitudinal temperature Toiii/T of 
the ions on the quasineutral-plasma potential. 

quasineutral plasma and the ionizer (in the here
considered case of an electron layer, cp0 < 0). The 
distribution functions F( v 11) are shown in Fig. 13a. 

The average translational velocity of the ions is 
-- 2 t 

Vo = '/2T/nMe-••' , <po' = _ e<po , <ll(t) = -=-J e-"'dx. 
1- <ll ()'<po') T in , 

At cpci » 1, the translational velocity of the ions v 0 

Ri..; -2ecp0 /M is much larger than their thermal velocity, 
The transverse ion temperature, as seen from (A.1 ), 
equals the ionizer temperature. The distribution func
tion (A.1) is not Maxwellian in the direction along the 
system axis. In this case one can speak only of the ef
fective longitudinal ion temperature To ill = M( vfi - v~ ), 
given by 

To <II = 1. + 2"f;p;*e-o,• 

T l'n[1- <ll(}'<po')] 

2 e-,.,· 
----=,....--. (A.2) 

n [1-<ll(l'<po')]' 

The temperature Toill is smaller than T. It decreases 
with increasing cpci, i.e., with increasing translational 
velocity Vo, with Toill "" T7'Mv~ when cp~ >> 1. The 
dependence of the translational velocity v0 and of the 
effective ion temperature Toi 11 on the potential cpci of 
the quasineutral plasma is shown in Fig. 13b 2>. The 
values of T 0i 11, v0 , and cp ci for the concrete conditions 
under which the experiments were performed are 
listed in Table I. 

The distortion of the ion distribution function as a 
result of the collisions is described by the kinetic 
equation 

v cos 8 .!.!.. = s (f) • 
i}z 

(A.3) 

Here S is the integral of ion-ion and ion-electron col
lisions, f = f(z, v, e), where z is the distance from 
the ionizer, vis the modulus of the velocity, and e is 
the angle to the instrument axis. 

Let us consider first a region of z sufficiently close 
to the ionizer, when the length l 0, which characterizes 
the influence of the collisions, is larger than z: lo > z. 
In this region of z, appreciable changes of the initial 
distribution function (A.1) can occur only at velocities 
VCOS f) ~ Vo, Where the gradient Of the initial distribu
tion function is very large: 8f/av 11 -oo (see Fig. 13a). 
Then the collisions with the electrons are immaterial, 
and in addition the principal role is assumed by the 
change of the angular part of the distribution function. 

2>The potential <Po* is determined by the temperature of the ionizer 
and by the electron and ion currents [ 12]. 

Therefore, in a coordinate system moving with velocity 
v0 ""..; -2ecp0 /M along the z axis, using the Landau 
collision integral for the ion-ion collisions, we can 
write S in the form 

(A.4a) 

At small values v < VT, which play the major role, we 
have 

a= V;(v) n(~) =8ne'jo;lnA =~ 
2 vT 3MTv' v' ' 

8ne'j,;]nA 
Uo = 3MT 

(A.4b) 

Here ln A is the Coulomb logarithm. We took into ac
count the fact that at small v the Landau collision inte
gral has a linear character and is determined by the 
expressions given, for example, in[l9' 20l. The ion con
centration in the plasma is expressed in this case with 
the aid of formula (A.1) in terms of the ion current j 0i 
and the ionizer temperature T. 

On the boundary z = 0, in the same coordinate sys
tem, the distribution function (A.1) is written in the 
form 

M'j" ( Mv' Mvv, ) 
f(O,v,8)= 2nT' <p(cos8,0)exp -2T--r-cos8 , 

{ 1, X> 0, 
qJ(x, O) = 0, x,; 0. (A.5) 

With allowance for the expressions (A.4), Eq. (A.3) 
takes the form 

iJf ao iJ [ 2 iJf l Vo-=-- (1-x)-1 , 
az v' ax ax 

x =cos e. 

This equation contains v only as a parameter. Its 
solution under the boundary conditions (A.5) is given 
by 

f(z, v, 8) = M'jo; exp{- _M_v_'} j exp{- ...o(_x_-_x,..:..)_' 
4n'1•T'}'t 2T 0 4t 

x =cos e. 

Mvv,} 
Xo-T- dx0, 

(A.6) 

We have taken into account here the fact that only 
small values of x are of practical interest ( x 2 << 1 ). 

The distribution function with respect to the velocity 
VII = V cos f) is determined by integrating f with re
spect to the transverse velocity 

F(z, vu) = 2n J f(z, v,. 8) I"' a~.11 ;,v dv. (A.7) 

Taking into account the concrete form (A.6) of the func
tion f, we can show that the distribution function (A.7) 
is sufficiently well approximated by the simple expres
sion 

Mjo; [ ( u ) ] { e-• F(z, vu) = 2T 1 + <ll T 1'' 
u;;;;.o 
u<O (A.8) 

vu 
u=---

T/Mv,' ' 
~ = 2Ml'~ 1/ !.._ 

T V l, '· 
l, = 3T, 

32ne'jo;Mv, InA 

By definition, z < l 0 , so that {3 < 1. As {3 - 0, the 
distribution function (A.8) coincides with (A.1) if v11 
< v0 (we recall that the function (A.8) is written in a 
coordinate system moving with velocity v 0 

"" ..; - 2ecp0 /M). However, the smearing of the distribu
tion function in the vicinity of its sharp initial boundary 
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FIG. 14. Distribution function 
of the ions with respect to the veloc
ity u = vii/(T/Mv~) for different z//0 : 

1-0, 2-0.0 I, 3-0.1, 4-0.35. 

a 

turns out to be appreciable even at small values 
{3 ~ 0.1. This is seen from Fig. 14, which shows the 
function F(u) for different values of the parameters 
{3 (A.8). At {3 ~ 0.5-1, the distribution function with 
respect to the velocity v 11 is already close to Maxwel
lian with a longitudinal temperature TiJI;;:; Toi 11 , 

where the temperature T0i 11 is determined by the 
formula (A.2). The values of the length lo for the 
characteristic conditions of our experiments are indi
cated in Table I. We see that l 0 is always smaller 
than the distance from the ionizer to the disk, so that 
by the time the flow around the body begins the distri
bution function (A.1) always has time to turn into a 
Maxwellian function with Till "' Til· 

The subsequent transformation of the ion distribu
tion function as a result of collisions reduces simply 
to a gradual equalization of the longitudinal and trans
verse ion t~mperatures Till and Til· Using the results 
of Kogan[ 21 J (transforming in them from the time t to 
z/vo), we find that the temperatures Till and Til at 
any point z are given by the equations 

dTill 4f~'jo;lnA yf;" [ ( 1/ Till 
-= -3+3v 

dz v,'"fM Tu.- Till Tu- T, 11 

+ v~~ )arctgv Tu.-T'!i], T· -T T,ii-T"il 
T,11 Till •.c- - 2 

(A.9) 

If Till < 0 (more accurately, Till < 0.5 T), then the 
change of the transverse temperature can be neglected 
in first approximation, and the formulas in (A.9) take 
the simple form 

T,ll = T,,ll +_..:_T, Tu = T (1-_:_) 
l, 2l, ' (A.10) 

l, = T'1•( ~) 'j n'1•l'Me'jo;lnA, Vr = V 2MT, 
Vr 

!:_.__ = 32l'~ ( ~)' 
l, 3)'n Vr 

l1 is much larger than lo. Its characteristic values 
are also listed in Table I3l. If z >> Zr, then, as is clear 
from (A.9), we have Till =Til= %T + }"3 Toill· 

3lin the numerical calculations we assumed In A= 7. 

The authors are indebted toN. S. Buchel'nikova and 
L. P. Pitaevski'i for a useful discussion, and L. v. 
Pari'iskaya for the numerical calculations. 
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