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ABSTRACT 

Two d@erent vpes of selflfield magnetopl~madynamic (MPD) thrusters in the high power range of 100 kW up to I Mw, one 
with a nozzle qpe geometry (DT-series) and one with a cylindrical shape (ZT-series) have been investigated with argon as 
propellant. The experimental work was accompanied by the development of numerical codes allowing a theoretical calculation 
of the MPD thrusters and a comparison with experimental data. Investigations of the plasma state inside the nozzle type thruster 
and in the free jlow regime of both thrusters have been per$ormed using emission spectroscopic measurements in the ultraviolet 
as well as in the visible wavelength region as non-intrusive diagnostic method. Excitation temperatures for dyerent ionization 
stages have been calculated from the emission spectroscopic data. The main characteristics of the two thruster types are 
presented: the experimental results are compared with the numerical simulation. 

1. INTRODUCTION 

For several years extensive investigations have been carried 
out at the Institut ALr Raumftiysteme (IRS) of the 
University of Stuttgart on self-field magnetoplasmadynamic 
(MPD) thrusters in the high power range of 100 kW up to 1 
MW. A broad spectrum of plasma accelerators have been 
examined, all operated in steady state mode with different 
propellants. Two basic types of MPD thrusters have been 
investigated mainly differing in the nozzle geometry tid the 
cathode shape. 

Figure 1: ZT3 thruster geometry 
The ZT-series has a cylindrical geometry for an investigation 
of the magnetic thrust forces, while the DT-thrusters are 
hybrids between thermal thrusters and pure MPDs. 

Copyright Q 1997 by the Electric Rocket Propulsion Society. 
All rights reserved. 

Inside the DT-series the thrusters differ mainly in the nozzle 
throat diameter. The DT7 thruster was specially designed to 
allow optical diagnostics inside the thruster between cathode 
and anode as well as in the free flow regime. Its geometry is 
similar to that of the DT2 thruster with a nozzle throat 
diameter of 24 mm except that two windows on each side 
allow optical access to the interior of the thruster. The two 
window slits are placed inside the nozzle throat and between 
the frst neutral segment and the anode. The emission 
spectroscopic measurements have been done at a mass flow 
rate of 0.8 g/s argon and a current level of 4 kA with the DT7 
thruster and at a mass flow rate of 2 g/s argon at current levels 
of 4, 6, 8 and 10 kA with the ZT3 thruster. The different 
thruster geometries are shown in figures 1 and 2. 

Figure 2: 
i”s”lati0” 

DT2 thruster geometry 
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2. PEWORMANCE DATA OF THE THRUSTERS oscillations nor anode arc spots could be detected at the ZT3 
thruster. 

The performance data of the different thrusters have 
already been presented in previous publications such as [ 1) 21. 
Therefore, only the main characteristics such as voltage 
current and thrust current characteristic will be presented here. 
Figure 3 shows the voltage-current characteristics of the DT2 
and the DT7 thrusters and the thrust-current characteristic of 
the DT2 for a mass flow rate of 0.8 g/s. The onset of high 
frequency oscillations, one sign for the occurrence of 
instabilities limiting the exhaust velocity of these devices, 
begins at the current value where the graph shows a 
remarkable increase. The increase in voltage can be seen at 
the current I,, the beginning of the oscillations is marked by 
an arrow at the current I,. This phenomenon is described in 
detail in [3]. The optical measurements were carried out at 
operation conditions of 4000 A and a mass flow rate of 0.8 g/s 
argon which is below the unstable mode to avoid possible 
damages to the optically accessible thruster. 
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Figure 3: Voltage and thrust versus current for a 
mass low rate of 0.8 g/s of argon for the DT2 and the DT7 
thruster 

The cylindrical ZT-thrusters are MPD devices with a 
mainly radial current distribution and a low discharge voltage 
to achieve a maximum of magnetoplasmadynamic thrust in 
combination with a low pinch effect at a certain power level. 

Compared to the nozzle type thrusters, the discharge 
voltage is rather low even at high current levels and remains 
nearly constant over a wide current range. With 2 g/s argon 
only a slow increase and with 3 g/s a decrease can be 
observed, but then a strong rise of the voltage occurs. The 
nearly constant voltage at lower current levels can indicate a 
plasma state where energy is needed for ionization of the 
plasma. The increase in voltage indicates that energy is used 
for thermal heating of the plasma. This conclusion is 
supported by the fact that at the same current levels where an 
increase in voltage can be seen the thrust also shows a 
remarkable increase. At the DT-thrusters this mode with 
strongly rising voltage is accompanied by instabilities, as 
described above, but unlike at the nozzle type thrusters no 
sign of plasma instabilities could be observed, and neither 
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Figure 4: Voltage and thrust versus current for the 
cylindrical tlwwter ZT3 at different mass flow rates of 
argon 

4. EMISSION SPECTROSCOPIC MEASUREMENTS 

EXPERIMENTAL SETUP 

For a comparison of the experimental data with numerical 
results, a profound knowledge of the plasma behavior 
especially inside the thruster is necessary. Emission 
spectroscopic measurements proved the occurrence of second 
ionized argon in the nozzle throat [4]. Figure 5 shows the 
experimental setup for the optical measurements. 

Compared to previous measurements [4], the optical setup 
has been changed &om fiber optics to mirrors to enable 
spectroscopic m easurements of higher ionization levels in the 
UV-region, as predicted by the numerical simulation. 
Extended measurements in a wavelength region from 300 nm 
up to 800 nm were carried out to determine excitation 
temperatures of the different ionization levels. 

An image of the observed region is produced on the 
entrance slit of a 320 mm spectrometer by a spherical mirror 
with a focal length of 500 mm. The first planar mirror can be 
rotated to enable measurements at different radial positions of 
the plasma jet. A 1024 pixel diode array was used as detector, 
covering a wavelength region tirn 200 nm up to 950 nm. The 
measurements in the UV-region required a high resolution, so 
a UV-blazed gmting with 2400 grids/mm was installed 
yielding a resolution between 0.025 and 0.027 mn. Therefore, 
a wavelength region of about 26 nm could be detected without 
moving the mirror of the spectrometer. 

For the tests with the ZT3 thruster, tbe coating of the 
spherical mirror was renewed and the optical setup was 
slightly changed by using only the first planar mirror. In this 
way, the effectiveness in the W-region could be improved 
drastically. The scanning procedure was changed yielding a 
faster data acquisition by a factor of four. This meant that 
more data could be collected in a shorter time enabling an 
additional variation of the current level. 
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Two wavelength regions with center wavelengths of 
3 12 nm (Wl) and 334 nm (UV2) have been investigated at 
the DT7 thruster showing the emission of first and second 
ionized argon. In the experiments with the ZT3 thruster only 
the W2 region was measured because the additional Ar* 
lines at shorter wavelengths did not deliver additional 
information as demonstrated in the experiments with the DT7 
thruster. A broader wavelength region was needed for the 
detection of neutral argon, so a grating with 150 grids/mm and 
a blaze wavelength of 500 nm was used. To assure a sufficient 
resolution to resolve single emission lines, second order 
radiation was measured yielding a wavelength region of about 
500 nm with a center wavelength of 761 nm. 

All measurements have been wavelength calibrated with a 
mercury lamp. The intensity calibration was done using a 
tungsten band lamp for both visible and ultra-violet regions 
and was controlled by the measumment of a deuterium lamp 
in the W-region. The c&ration lamps were placed at the 
center axis of the vacuum tank so tbat all spectral influences 
of windows, mirrors, gratings and the detector were covered 
by the intensity calibration. 

The measurements took place at different cross sections at 
the end of the anode and at distances of JO mm and 100 mm 
to the thuster, both for the D’I’7 and the ZT3 thruster. For the 
DT7 thruster additional measuremet& inside the thruster in 
the nozzle throat region as well as between the anode and the 
first neutral segment have been performed. 

Figure 5: Optical setup for the emission spectroscopic measurements at DT7 and ZT3 

DETERMINATION OF EXCITATION TEMPERATURES 

The total line emission coefficient & is a function of the 
density nk in the excited state k: 

hv 
EL =x Akink (10) 
Integrating the total emission coefficient along the line of 

sight, the intensity of a homogeneous plasma is given by 

(11) 
where 1 is the thickness of the emitting region. Under 

thermal equilibrium conditions, the density nk is described by 
the Boltzmann equation: 

with the statistical weight gk and the partition fimction 
U(T,). Substituting nk in equation ( 10 ), the logarithmic 
equation can be obtained: 

In (13) 

The excitation temperature Tcx can now be determined by 
the relative line intensity method fi-om the Boltzmarm plots 
where In(Iki/vA,igk) is plotted versus Ek for several emission 
lines belonging to the same species. The slope of the resulting 
straight line will be -l/kT,. The spectral line data as energy 
of upper quantum level E, statistical weight gk and transition 
probabilities A,i are taken from literature [5]. 
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To control the resemblance of the fitted data, a correlation 
factor r can be defmed as 

r = I i=’ (14) 

with p=iT, and 
n i=, 

(15) 

The probability that a linear relation is given by the measured 
data is high for 0.8 I r 5 1 and low for 0 5 r 5 0.5. Applied to 
the Boltzmann plots, r gives the validity of the Boltzmann 
distribution. 

3. SPECTROSCOPIC DATA 

In each radial scan, emission lines of various ionization 
stages were obtained. The dominating species was single 
ionized argon Ar+ in the ultraviolet as well as in the visible 
wavelength region. The emission of second ionized argon 
Ar* could be noticed at all axial measurement positions and 
was strongest in the nozzle throat region of the DT7 thruster. 
The emission of neutral argon was very weak inside the DT7 
thruster, but it increased at measurement positions away from 
the anode in the free flow of both thrusters. Because of 
uncertainties concerning the influence of unknown 
transmissions of the slits inside the DT7 thruster and of the 
measured surface area of the tungsten band lamp due to the 
not definitively known slit size, a calibration to absolute 
intensities was not possible. Nevertheless, the measured 
intensities in the free flow regime have all been corrected to a 
common intensity and are comparable one to another. In any 
case, the temperatures can be determined using relative 
intensities, only requiring a common calibration inside each 
single spectrum. 

Due to the large amount of data it is not useful to present 
all obtained data. Therefore all data, presented .below, belong 
to measurements in the DT7 anode exit plane at the thruster 
axis if not presented as radial profile. Nevertheless, all data is 
representatively selected and the qualitative statements are 
also valid for other measurement positions. 

Due to the line of sight character of emission 
spectroscopic measurements and the optically thin plasma, the 
measured intensities are integrated values. To obtain local 
intensities an Abel inversion has to be done. A geometrical 
Abel inversion was developed for this purpose as described in 
detail in [6]. 
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Figure 6: Typical intensity corrected emission 

spectrum in the visible wavelength region 
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Figure 7: Typical intensity corrected emission 
spectrum in the UVl wavelength region 

800 - .ICU ..” 

322 326 330 334 338 342 346 

wavelength [nm] 

Figure 8: Typical intensity corrected emission 
spectrum in the UV2 wavelength region 

The intensity corrected emission in the different 
wavelength regions obtained at the anode exit plane of the 
DT7 thruster at 4000 A and 0.8 g/s argon is given in figures 6 
to 8. Several lines of each ionization stage have been chosen 
for the temperature determination, according to their intensity, 
which had to be suffkient to assure an adequate signal to 
noise ratio and to the absence of overlauuing lines refe+no to __ _ ----m -- 
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other excitation stages. These emission lines are marked by 
arrows in the presented spectra. 

In the visible region the spectrmn is dominated by the 
emission of neutral, and single ionized argon. Since the 
emission lines of neutral argon are too close together in their 
energy of the excited state, no valid data could be found for 
the Boltzmann plots. Therefore all chosen lines belong to Ar+. 
In the higher ultraviolet wavelength region UV2 the emission 
‘of transitions of double ionized argon * Ar is very strong but 
many Ar+ lines can also be found. The 324.75 mn line refer to 
copper due to thruster erosion. 

which means that the Boltzmann plot is very accurate. At this 
position, the radial profile of the numerically simulated 
electron temperature changes its value from 28000 K at the 
wall to 35000 K at the thruster axis. 

For further interpretation, the single emission lines had to 
be integrated over the line width to obtain the integrated line 
intensities. These line intensities had to be Abel inverted to 
obtain local intensities. As shown, the excitation temperature 
can be calculated Tom the slope of the resulting straight line 
when the logarithmic term of equation ( 13 ) is plotted versus 
the excitation energy of the upper level of the present 
transition. Some characteristic Boltzman plots based on Abel 
inverted line intensities at the center line of the thruster are 
presented in figure 9. Although the radial profiles of different 
line intensities show an unsymmetrical course, the resulting 
straight line of the Boltzmann plots at one radial position 
shows a good correlation if the difference in exitation energy 
is not too small. 

rdo* ,nm, 

Figure 10: T, , T, and correlation factor 
in the nozzle throat region 
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energy of excited state 

Figure 9: Boltzmann plots for the different 
ionization stages 

6. COMPARISON WITH NUMERICAL RESULTS 

Temperatures at the DT7 thruster 

In figures 10 to 14, the radial excitation temperature 
profiles of Ar+ and Ar* at different axial positions of the 
DT7 thruster calculated from measurements and the electron 
temperature obtained by the numerical simulation as dscribed 
in detail in [7] are plotted. The thin lines with the white 
symbols give the correlation factor for each corresponding 
Boltzmann plot. 

In the nozzle throat, different excitation temperatures of 
28000 K and 16000 K have been obtained for A? and Ar+, 
respectively. Nevertheless, the correlation factor is close to 1 

Figure 11: T,, , T, and correlation factor 
between anode and segment 1 

Figure 12: T,, , T, and correlation factor 
in the anode exit plane 

Downstream Corn the nozzle throat the course of the 
numerically calculated temperatures becomes flatter and the 
temperature decreases to values between 20000 K and 
22000 K at a distance of 100 mm to the anode. 
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In the area between anode and first neutral segment the 
excitation temperatures are closer together for the different 
species, although there is still a difference of about 4000 K 
between Ar+ and Ar*. Again, the correlation factor remains 
higher than 0.9. There is, however, still a disagreement 
between Tc and T, but the radial course is qualitatively 
comparable. At the exit plane of the anode, all excitation 
temperatures show a common radial profile and almost the 
same temperature values of about 22000 K. The numerically 
calculated electron temperature decreased but it is still 
remarkably higher than the measured temperatures. In the 
center region, the correlation factors are still above 0.9. 

1 

0.1 

0 

to the anode 

one can see that inside the thruster up to the anode exit plane, 
where energy is added to the plasma by the arc, the excitation 
temperatures for the different species differ remarkably. This 
means that there is no thermal equilibrium and the calculated 
excitation temperatures can not be coupled to the electron 
temperature. The temperature differences are an indicator for 
the degree of non-equilibrium. Nevertheless, the assumption 
of a Boltzm~ distribution of the particle densities of the 
excited states seems to be valid although there is no common 
temperature for the different ionization stages. 

Outside the arc heated region, the excitation temperatures 
for different species have values close together and agree 
comparatively well with the electron temperature. 
Unfortunately, downstream from the anode the Boltzmann 
distribution seems to fail for the ultraviolet Ar+ emission, as 
indicated by correlation factors below 0.7. 

Figure 15 shows the different excitation temperatures and 
numerically calculated electron and heavy particle 
temperatures at the center line of the thruster at different axial 
positions. The Ar+ excitation temperatures based on the 
ultraviolet emission are no longer figured for higher distances 
to the anode. 
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Figure 13: T,, , T, and correlation factor at 50 mm distance 
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Figure 14: Tex, e T and correlation factor at 100 mm 
distance to the anode 

At distances of 50 mm to ,the anode, the temperatures 
calculated from Ar* and Ar + vis show comparable values one 
to another and are in comparatively good agreement with the 
numerically calculated electron temperature. The Ar+ 
emission in the W region delivers temperature values which 
are too high. At this plasma state the Boltzmann assumption 
seems to fail for Ar+ in the W region. 

Initially, the agreement of the calculated excitation 
temperatures for Ar+ with those for Ar++ as well as the 
comparison to the numerically calculated electron 
temperatures seems to be very inconsistent at different axial 
measurement positions. Regarding the energetic processes, 

Figure 15: Measured excitation temperatures and 
numerically calculated electron and heavy particle 
temperatures T, and Th at the center axis of the thruster 

Temperatures at the ZT3 thruster 

Emission spectroscopic measurements with various 
current levels of 4 kA, 6 kA, 8 kA and 10 kA have been 
performed at a mass flow rate of 2 g/s argon. Two wavelength 
regions (UVl and visible) containing the emission of Ar, AI+ 
and Ar++ have been measured at the anode exit plane and at 
distances of 50 mm and 100 mm to the anode. Unfortunately, 
the amount of data is too extensive to be presented completely 
in this report, so only the spectroscopic results at a current 
level of 10 kA are presented here. Figures 16 to 18 show the 
excitation temperature distributions of the different ionization 
stages, the correlation factors for the Boltzmamt plots and 
numerically simulated electron temperatures at the three 
measurement positions. 

Again, the excitation temperatures determined from Ar+* 
and Ar* agree qualitatively as well as quantitatively at the 
anode exit plane. The Ar+m~ temperature shows differences 
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from 5000 K as well as a different shape of the graph although 
all correlation factors are above 0.8 and suggest a good 
quality of the Boltrmann plots. 

40 -30 -20 40 0 10 zo M 40 
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Figure 16: Tex , Te and correlation factor at the anode exit 
plane 

Figure 17: Tex , Te and correlation factor at 50 mm distance I II 
to the anode 
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Figure 18: T,, , T, and correlation factor at 100 mm 
distance to the anode 

At 50 mm distance to the anode surface, the difference 
between the temperatures decreases to about 2000 K at the 
center, line. The qualitative agreement of the temperature 
distributions is good between neutral argon and Ar+ti, but bad . . 

valid Boltzman plots. At 100 mm distance to the anode, the 
temperatures for the different Ar+ measurements deliver 
almost the same values. Here, the excitation temperature of 
neutral argon is about 5000 K lower. Still, the qualitative 
agreement between Ar+* and Ar+uv at higher radius values is 
not convincing. 

At all measurement positions, the Ar’.4, excitation 
temperature shows a comparatively good qualitative 
agreement with the numerically calculated electron 
temperature, although the simulated electron temperature is 
constantly higher than the experimentally determined 
excitation temperature. 

Integrated quantities 

Due to long computation times of the simulation program, 
numerical data are only available for currents of 2000 A, 
3000 A and 4000 A and a mass flow rate of 0.8 g/s argon at 
the DT7 thruster and 10000 A at 2 g/s at the ZT thruster as of 
yet. The main characteristics are compared to numerical 
simulations at these points. 

Table 1 presents measured and calculated thrust and 
voltage for different current levels of the nozzle type thruster 
at a mass flow of 0.8 g/s argon and of the cylindical thruster at 
10000 A at a mass flow rate of 2 p/s argon. Results of a 
computation with the newly implemented electrode model 
(EM) [7] are added for a current level of 4000 A. Without the 
electrode model, both simulated values for voltage and thrust 
are higher than the measured data. With the electrode model, 
the agreement between measurement and simulation is very 
good. Simulated and measured voltage for the cylindrical 
thruster agree very well but the thrust values show remarkable 
differences of almost 30% of the computed value. 

Table 1: Measured and calculated voltage and thrust 
for the DT2 and the ZT34hruster with and without 

electrode model (EM) 

with ArTuv. The intensities of Ar’ were too weak to obtam 

To demonstrate the effect of the neutral segments, the 
potential differencees between the single segments and the 
cathode hve been measured. Figure 19 compares the measured 
data to the numerical simulation of the plasma potential. 
Again, the simulated data are higher than the measured 
voltages. Due to boundray layer effects the calculated plasma 
potential has to be reduced by values between 5 and 10 V [7]. 
Up to now, these reductions can only roughly be estimated. 
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Concerning the measured voltages, the potential difference is 
surprisingly high behveen segment 2 and the cathode. 
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Figure 19: Measured potential differences to the 
cathode and computated plasma potential 

7. SUMMARY AND FUTURE PLANS 

With the newly implemented electrode model the 
comparison of measured and numerically simulated thrust and 
voltage values showed a good agreement between 
measurement and simulation at both investigated thrusters. 

Emission spectroscopic measurements at different cross 
sections have been performed and excitation temperatures for 
neutral argon, Ar+ and Ar++ could be gamed under the 
assumption of a Boltzmann distribution for the particle 
densities of the excited states. Due to heating effects by the 
arc inside the DT7 thruster, the calculated temperatures seem 
not to be coupled to the electron temperature. Nevertheless, 
the Bohzmann assumption seems to be valid. Downstream 
from the anode exit plane in the tiee flow regime a 
comparatively good agreement with the numerically 
calculated electron temperature can be seen. Here, the the 
Boltzmann distribution seems to fail for the ultraviolet Ar+ 
emission. 

At measurement positions downstream from the anode of 
the ZT3 thruster, second ionized argon could not be found in 
quantities that would have enabled a valid Bohzmamt plot. In 
spite of that, excitation temperature distributions for neutral 
argon could be determined. A qualitative agreement of the 
numerically simulated electron temperature with teh Ar+vis 
excitation temperature can be found although diferences thorn 
2000 K up to 7000 K have been obtained. In any case, the 
interpretation of the obtained data is not as conclusive as at 
the DT7 thruster. 

Further computations with the newly inplemented 
electrode model will be performed and compared to the 
already available experimental data at different current levels 
at the ZT3 thruster. A similar investigation will be performed 
with a nozzle type MPD thruster with rediation cooled anode 

In the near future, a calculation method for non- 
equilibrium excitation based on QSS (quasi steady 
simulation) as described in [S] will be developed. Intensive 
investigation of transport coefficients such as viscosity, 
thermal and electrical conductivity and diffusion coefficients 
are considered to be very important. 
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