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Abstract: Up to now it is not know completely how electrons move from a cathode – 
compensator (CC) into the SPT channel. There is no single meaning about electron parameters 
in near cathode area of the discharge, its function of distribution over energy (EEDF). But it is 
clear that the processes taking place in the area between cathode and exit of the accelerating 
channel influence significantly onto SPT operation. The results of the previous experiments 
show that EEDF is closed to Druyvesteyn distribution with ill-defined additional group of 
electrons with mean energy ~ 4 eV, which is closed to a group of intermediate electrons in the 
SPT channel. But it is necessary to carry out an additional experimental investigation 
concerning electron dynamic in the area between cathode – compensator and SPT exit cross 
section in order to confirm a hypothesis about EEDF formation in the SPT channel. The 
experiments were done using SPT-70 prototype with a laboratory hollow diaphragm - type 
cathode. Special facility and processing procedure permitting to obtain proper performances 
were developed. The first experimental results are presented in the paper.      

 
 

Nomenclature 
A   = area of probe receiving surface (m2) 
C    = heat capacity coefficient (J/kg⋅K) 
D     = Debye screen radius  
Ee     = maximum energy of the electrons (V) 
ϕа     = electronic work function of probe material (V)  
I = probe current (A), 
x     = current length of the probe (m),  
λ    =  heat conductivity (W/m⋅K), ρ- probe material density (kg/m3), 
λm   = the smallest average length of particle free motion between collisions with other   
                                              charged or neutral particles 
ρ  =probe material density (kg/m3) 
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I. Introduction 

Theoretical analysis of SPT plasma parameters1,2,3 shows possible4 mechanism of electron energy 
distribution function (EEDF) formation in the SPT channel. Its view is determined by initial distribution of electrons 
coming to the channel from a cathode – compensator (CC). In this paper it is shown that distribution function form 
(Fig.1), which has three groups of electrons1 can be explained by the existence of only two groups of electrons. First 
group – are the electrons formed as a result of propellant ionization; their EEDF is Maxwellian.  Second – is 
magnetized beam of electrons coming to the channel from CC; their EEDF is also Maxwellian but displaced in such 
a way that mean energy corresponds to beam average energy and the temperature determines electron energy range 
in the beam (Fig.2). 

In Fig.3 it is shown how beam EEDF changes with variation of energy drift share. So, EEDF view in the 
SPT channel depends on the ratio between first group of electron and energy drift share in beam total energy. As a 
result, formally, distribution function can have up to four maximums while in reality there are only two groups of 
electrons (Fig.4).  

The results of the experiments6,7 in the near-cathode area show that EEDF in this area is closed to 
Druyvesteyn distribution with ill-defined additional group of electrons with mean energy ~ 4 eV, which is closed to 
a group of intermediate electrons in the SPT channel1. The same results were obtained by other researchers5. The 
existence of such group of electrons in the near-cathode area can confirm a hypothesis4 about EEDF formation in the 
SPT channel. But it is necessary to carry out an additional experimental investigation concerning electron dynamic 
in the area between cathode – compensator and SPT exit cross section. Such group of electrons can be formed near 
cathode – compensator after their coming through potential drop ~ 30 V between CC and SPT exit cross section. 
Just under this value of beam energy the view of theoretical EEDF and experimental one has good agreement 4. 

 
 

 
Figure 1. Maxwellian function (a) and EEDF in the SPT 

channel (b). 

 

 
 

Figure 2. Two groups of electrons 

 

 
Figure 3. EEDF of magnetized beam for different drift 

energy values  

 
Figure 4. EEDF versus different np/nb values 
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II. Experimental facility and test description 

The experiments were carried out at MAI test facility with vacuum chamber volume 3 m3 (0.9 m in 
diameter)8. Dynamic vacuum in the chamber (3÷7) 10-5 Torr was secured with the help of two oil diffusion pumps 
with capacity 20000 l/min. 

For the experiments it was chosen SPT-70 laboratory prototype (nominal power operating point - 700 W). 
The laboratory hollow diaphragm - type cathode was used. Its scheme with flat emitter made of lanthanum 
hexaboride with indirect heating is in Fig.5. The peculiarity of the heating scheme for this cathode is: it is necessary 
to heat the emitter permanently during thruster oration. For emission control (heater current is controlled) it is used 
the electrode-ignitor’s to ground potential.  The experiments were carried out at the following thruster operation 
points: mass flow 2.2 mg/s, voltage 200, 300, 400, 550 and 600 V. The cylindrical Langmuir probes were used for 
plasma parameters registration. Its position in the near cathode region is shown in Fig.6. 

 
 

 
 

 
 
` 

Figure 5.   Cathode structure scheme and position 1 - body; 2 – gas pipeline; 3 – emitter holder; 4 – emitter; 5 – 
heater; 6 – electric inputs; 7 – thermal screens; 8 – ignition electrode.  
 
 

                       
 
 
Figure 6.  Probe positioning 

 
Langmuir probe usage is justified most completely and correct (theoretically and experimentally) for rare 

isotropic plasma, which is in weak magnetic fields. In the case of magnetized plasma, typical for SPT, not only the 
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probe experiments become extremely complicated, but also the results of the experiments themselves cannot be 
applied directly to the performances determining experimentally. It is possible to estimate plasma parameters using 
probe performances with the help of Langmuir theory only in the case of Maxwell distribution of charged particle 
velocities.  Under conditions of SPT near-cathode plasma electron energetic distribution consists of so-called 
“electron groups”, i.e. of some amount of independent distributions caused by different plasma processes. If we 
know preliminary the form of these distributions approximately, it is possible to divide electron current to several 
parts corresponding to different groups with the help of graphical procedure 14, 16 – 19. In all other cases it is 
recommended to use Druyvesteyn M.J 9, 10 procedure, in which the second derivative of the electron current is 
measured.  
 For the typical parameters of near-cathode plasma20, Larmor radius is ~ 0,5…2 mm. So, probe diameter 
should be less than 2 mm. It is possible to say that probe diameter should be 0.1< dp <<2 mm.  
 For plasma parameters examination in the near-cathode area in SPT in the majority of cases the cylindrical 
Lengmuir probes5, 20, 21 were used. The ratio between probe operation part and its diameter is about 10, as far as in 
this case it is possible does not take into account its end plate area and to decrease isolator influence. In the majority 
of publications, an electronic part of CVC was processed. It is due to the following reasons: first – electron current 
to the probe is much higher than ion one; second – from the electronic branch of CVC one can obtain information 
about non-Maxwell group of electrons presenting in plasma.    
 The electron current value receiving by the probe should not influence on to examined plasma parameters 
and thus to the thruster parameters. Knowing the rang of possible probe sizes20 and using the number 10 as a ratio 
between the length of operating part of the probe and its diameter, one can determine possible electron currents onto 
assuming cylindrical Lengmuir probe. Current density on the probe is 3…5·105 А/m2. 
 If probe wire is made of tungsten and its diameter is, for example, 0.8 mm and the operating part of the 
probe is 3 mm we obtain the electron current limited value – about 180…500 мА. There is a danger that the probe 
can be heated that causes thermo-emission from its surface and probes operation part can be melted.   

As an example of thermo-emission influence, it is possible to estimate the time during which the 
operational part of the probe is heated up to the temperature under which the emission from the probe become 
noticeable.    
 For the estimations, it is possible to examine the classical task about thermo-conductivity of semi-limited 
body21 with temperature Т0. The limited surface is heated by constant heat flow qc=const. The temperature is 
changing in one direction. The solution of this task is:   
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 Here x – current length of the probe (m), Ee – maximum energy of the electrons (V),  ϕа – electronic work 
function of probe material (V), I- probe current (A), A – area of probe receiving surface (m2), λ - heat conductivity 
(W/m⋅K), ρ- probe material density (kg/m3), C – heat capacity coefficient (J/kg⋅K). 
 For the chosen probe material – tungsten – rhenium alloy we have the following reference parameters: 
λ=50...75 W/m⋅K, ρ~20000 kg/m3, С=132...158 J/kg⋅K, ϕа=4.54 eV. 
 Melting temperature of the tungsten – rhenium wire is Тm.W-Re~3500 K; recommending temperature of 
probe isolator operation is Тoperation =1623 K. The last temperature value can be assumed as a limitation of probe 
usage in plasma. Giving needed x and using tables for ierfc – functions, one can find τ. Thus, for х=10-5 m - τ=14.35 
s. This time value is oversized estimation, as far as the obtained value for electron current to the probe is realized 
only in the limited “saturation” area of CVC. But it is possible to use this value as a boundary one. 
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So, for plasma parameters measurements it is 

assumed to use the cylindrical Lengmuir probe made of 
tungsten wire 0.8 mm, probe length considering ceramic 
~100 mm (Fig. 7). It is possible to assume that this probe 
satisfies to the condition of semi-limited body and the task 
examined before is true for it.  

   
 
 
 

 
 
 

Figure 7  
 

Processing procedure in the case of non-Maxwell electrons presence 
Usually for CVC procession the well known graphical method is used14,18.  

 If this method is used for experimental CVC procession, it is assumed that electron distribution consists of 
two parts: 1) “initial” distribution of mono-energetic electrons with high energy and stochastically directed 
velocities; 2) Maxwellian distribution of the electrons with low average energy. 
 Lets examine a group of mono-energetic electrons np with energy Ep. Lets assume that their velocities are 
distributed stochastically. So, the probe current can be written as: 
 

ip=(Aenp/4)(2eUp/me)1/2[1-(U/Up)],                                                            (2) 
 

where Up- energy Ер represented in eV. In this case CVC has a linear form. Under plasma potential when U=0, 
 

 iнp=(Aenp/4)(2eUp/me)1/2     (3) 
 
 CVC built in linear scale are processed graphically. For this purpose in the linear part of the CVC a tangent 
to the curve is built (Fig.8). Using the point where the tangent intersects an abscissa axis (probe potential axis) one 
can determine the value of energy for mono-energetic group. Knowing Up it is possible to determine np with the help 
of Eq.(3).  
 Then subtracting the tangent function from the initial CVC, it is assumed to obtain a performance for 
Maxwell group of electrons, and from it – plasma potential. Then all other parameters are determined. Strickfaden 
W.B., Geiler K.L.14 give the following substantiation for the assumption. The initial electrons are those electrons, 
which coming out a cathode, accelerating in near-cathode drop and have no collisions. Thruster magnetic field 
creates stochastic distribution of velocity. Non-elastic collisions of the initial electrons with neutral atoms cause 
electrons with Maxwellian distribution over energies. On the other hand such approximation has a disadvantage: 
elastic collisions electron – electron and electron – atom should cause dispersion in initial electron energies. 
 It is also possible to determine plasma potential with the help of the first and the second current derivatives 
with respect to potential15, 19. The matter of fact is that often CVC are expressed not very clearly. The drawing of the 
first current derivative with respect to potential in the point of plasma potential has more sharp inclination than the 
current itself. In this case plasma potential point is a point in which the derivative has maximum value. If one uses 
the drawing of the second current derivative with respect to potential, the point of plasma potential is a point in 
which the derivative changes its sign.       
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Figure 8. Probe curve procession 
 

 
 

Figure 9. Typical probe CVC view (red color – 
real signal, blue – after preliminary procession)   
 

For probe measurements the special designed saw signal generator was used. The generator has the 
following parameters: 
- scanning potential – from –50 up to +50V;  
- scanning potential period - 200±20 ms; 
- probe current from –200 mA up to +100mA; 

 
 

III. Data processing 

Typical probe CVC view is represented in Fig. 9. From the figure one can see that the initial signal should 
be preliminary processed due to great noises. Sequence of operations is the following: 
Preliminary filtration of coming out points  

Preliminary filtration is needed in order to filtrate single coming out points and to reduce oscillations 
(peaks and splashes) with high amplitude (relatively ground noise). In order to show up the coming out points, it is 
used the smoothed values and the mean-square deviation values determined separately for every channel of the 
initial set with the help of filtration procedure.  

In 2D case it is possible to use two approaches permitting to show up the coming out points. In the first 
case the channels are processed separately and coming out points are determined separately for every channel. A 
criteria permitting to show up the coming out points is the following: 

 ,,ixxii Cxx σ>−       (4) 
where  – point coordinates of the initial set, ix ix  – smoothed (averaged) coordinate values, ix,σ  – corresponding 
mean-square deviation values,  – preliminary set coefficient, which is usually hits in the limits 0.5-1.0. Then if it 
is happened that any point is the coming out one, it is deleted from the set. I.e. the point (  of the initial set is 
declared as a coming out, if the following relationship 

xC
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 [ ] [ ]iyyiiixxiii CyyCxx ,, σσ >−∨>−=Ω   .   (5) 

In the second case the point  of the initial set is declared as a coming out, if it is out of the ellipse with the 
semi-axis 
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( )iyyixx CC ,, , σσ  and with center in the point ( )ii yx , , i.e. if the following relationship is true:  iΩ
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Filtration and smoothing  
 The main background noise is filtered. For this purpose the following procedures are applied step-by-step: 
filtration according to sliding mean method, set point selection procedure (in ascending order), additional filtration 
of coming out points (optionally), additional filtration according to sliding mean method. 
Filtration according to sliding (moving) mean method  

The idea of the procedure: to the initial set values { }ix  it is corresponded the values of the resulted set 
{ }ix equal to arithmetical mean value in point i and 2R values in the neighbor points, in R points at every side from 
the point i : 

 ∑
+

−=+
=

Ri

Rij
ji x

R
x

12
1   ,     (7) 

where i=0…n-1, n – set length, R – semi-width of window of averaging. When the value ix  is calculated at set 
edges, the semi-width of window of averaging is changing, i.e. R  value depends on point i number: 

   .     (8) 
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⎩
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⎧
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−<≤

<≤
=

nirnrin
rnirr

rii
R

,
,

0,

where r – nominal (maximum) semi-width of window of averaging . 
Error calculation  

If inaccuracy of measurements  of the initial set are known, the inaccuracy of the resulting set ix∆ ix∆  can 
be determined as an inaccuracy of indirect measurements:  

 ( )∑
+

−=

∆
+

=∆
Ri

Rij
ji x

R
x 2

12
1   .     (9) 

If inaccuracy of measurements for all points of the set is the same and equal to x∆ , the inaccuracy of the resulted set 
points can be determined simply: 

 12/ +∆=∆ Rxxi   .     (10) 
If we do not know the inaccuracy of measurements of the initial set, it can be determined as the inaccuracy of the 
direct measurements: 
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where  – Student's distribution quantile, corresponding to a number of degree of freedom 2R under confidence 
probability P. Besides, for inaccuracy estimation it is possible to use a mean square error value

RPt 2,

iσ and 

dispersion   2
iσ
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In practice in order to accelerate the calculation procedure, if a set value { }ix is calculated, it is possible to use the 
following relationship instead of (7): 
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where  is calculated recurrently: ∑
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By the same way, if one calculates inaccuracies, the following relationship can be used instead of (6):  
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where  is calculated recurrently: ( )∑
+

−=

∆=
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The values of the initial set Eqs.(15), (16) and Eq.(10) considering semi-width of window of averaging R as a 
dependence on point number  Eq.(8), relationships for mean values calculation Eqs.(13), (14) and inaccuracies 
under known errors of the initial set Eqs.(15), (16) and Eq.(10) are represented in table 1.  

i

The relationships for inaccuracies and dispersions Eqs.(17), (18) and Eq.(19) considering Eq.(8) are 
represented in table 2.  

 
Filtration according to sliding (moving) polynomial  

 The idea of the procedure: to the values of coordinate of the initial set iy ( ){ }ii yx , it is corresponded the 
values iy of the resulting set ({ ii yx , )}equal to polynomial  values under )(xpm ixx = .  

 ∑
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−=+
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R
x

12
1   ,     (20) 

where i=0…n-1, n – set length, R – semi-width of window of averaging. When the value ix  is calculated at set 
edges, the semi-width of window of averaging is changing, i.e. R  value depends on point i number: 

   .     (21) 
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rnirr

rii
R
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,

0,

where r – nominal (maximum) semi-width of window of averaging.  
If inaccuracy of measurements of the initial set are known, the inaccuracy of the resulting set ix∆ ix∆  can 

be determined as an inaccuracy of indirect measurements. 
 

IV. Results 

System finishing was done with the help of Lengmuir probe and an energy – analyzer placed at the distance 
500 mm from the thruster exit cross section. Typical curves and the results of their processing are represented in 
Fig.10.  From the given drawings one can see that the developed facilities and the software permit to obtain reliable 
information about plasma parameters and can be applied for the researches.  In the Fig. 11 …17 the results of the 
first experiments are presented. There one can see that it exists some correlation earlier published results5. Some 
existing artifacts can be explained by the inaccuracy of the processing procedure. The analysis shows that mainly it 
occur due to the chosen filtration method. In general the first experiments give as assurance that if one took in to 
account that obtained EEDF is the result of composition of two separate EEDF, belonging to different electron 
gropes, the artifacts will disappeared. In the nearest future the authors plan to continue the experiments with 
modified processing procedure. 
   

 
The 29

th 
International Electric Propulsion Conference, Princeton University,  

October 31 – November 4, 2005  
 

8



-1,0

0,0

1,0

2,0

3,0

4,0

5,0

6,0

-40,0 -20,0 0,0 20,0 40,0

Applied voltage, V

Pr
ob

e 
cu

rr
en

t, 
ar

b.
un

its

 

-2,0E+10

3,0E+10

8,0E+10

1,3E+11

1,8E+11

2,3E+11

0,0 10,0 20,0 30,0
Electron energy, eV

El
ec

tr
on

 d
en

si
ty

 p
er

 e
V,

 1
/(e

V 
cm

^3
)

Figure10 Probe measurements in the plume (500 mm) 
 
 

igure 11 Probe 1, pos. II 7 mm 
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Figure 12 Probe 1, pos. I 14 mm 
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Figure 13 Probe 1, pos. I 21 mm 
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Probe 1, pos. I 30 mm Figure 14 
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Figure 15 Probe 2, pos. I 14 mm 
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Figure 16 Probe 2, pos. I 21 mm 
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Figure 17 Probe 2, pos. I 30 mm 
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V. Conclusions 

In conclusions it is possible to summarize that first obtained results have good agreement with results of 
other researchers. But there are some artifacts which maybe be connected with signal processing. So, it is necessary 
to modify a processing procedure. 
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