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Abstract performance results which were obtained
with cylindrical thrusters in a pulsed

Cylindrical MPD thrusters with elongated operation mode in Princeton [3]. To prove

electrodes are hoped to reduce the pinch these assumptions, a first laboratory

effect found to be an essential factor cylindrical MPO accelerator for high power

affecting the anode mass starvation. In and steady state operation was designed

order to investigate these assumptions, a [4], built and tested [5]. Since in

water-cooled, continuously running continuous operation the heat loads on a

cylindrical MPD accelerator, the ZT1, was magnetic probe are too high, a second, non-

built. The cathode is displaceable, hence cooled version of the same size and

the discharge can be ignited in a retracted electrode materials was built and tested in

position. When the cathode tip begins to the quasi-steady operation mode to

glow, the cathode is protruded to the determine the current contour lines. These

foreseen position. The anode is devided results are compared with theoretical

into three parts to give some insight into results which were obtained with a

the current density and heat load numerical code, to be described in another

distribution, which are compared with the paper during this conference [6].

theoretically calculated values. Since the
anode rings can be connected separately,
this thruster, with displaceable cathode 2. Facilities
can test a wide range of geometric varia-
tions. Two propellant ports are present at 2.1 Thruster

the back plate, one in a slit around the

cathode, and the other in a slit at the The ZT1 thruster, shown in fig.1, is a pure

anode radius. The influence of the laboratory model which is built in a

variation of the propellant fractions at modular way to allow as much geometrical

the inlet ports and of the geometry on the variations as possible.

voltage/current characteristics and the

onset point were evaluated. The temperature i50. 1o 0.-

on the cathode tip was measured to get some
knowledge about the cathode operation. In
order to investigate the influence of the - -- -- --

operation mode and especially the influence

of a cold cathode on these characteristics,
a non-cooled thruster, similar in geometry
and electrode material, the ZP1, was built
and tested in a quasi-steady discharge
mode. The magnetic field distribution was _- ..-. M---
measured to derive the current contour
lines.

1. Introduction C C

In contrast to the nozzle-type MPO
thrusters, which are in effect hybrids of

pure MPO- and thermal arcjets, cylindrical
thrusters are predominantly MPO devices. Fig.l: Cylindrical MPD thruster ZT!

Therefore, they should give better insight The thruster consists of a plenum chamber

into the mechanisms of MPD gas acceleration of 70 mm in diameter, which is divided into

than the complex MPD arcjets. Further, the five copper rings of similar size and a

elongated electrodes should yield a backplate. The last three downstream rings

relatively radial current distribution and can be connected as anode; the current

therefore they are hoped to reduce the through each anode ring is measured sepera-

pinch effect found to be an essential tely. The reason for this partition is to

factor affecting the anode mass starvation, give some insight into the anode current

according to the calculations of H(gel[1] distribution. The cathode is a 220 mm long,

and Princeton experiments [2]. This may 18 mm in diameter, 2% thoriated tungsten

also be an explanation for the good rod which has a casted czpper base.
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The cathode is built as a displaceable one, this was almost avoided. The first results
and can be positioned during the experiment showed two important items: Firstly that
with a remotely controlled electromotor. the voltage-current characteristics were
The cathode is guided in boron nitride only poorly reproducible, (which will be
pivot upstream by the water-cooled discussed later), and secondly that the
backplate. All parts but this ceramic pivot discharge was very sensitive to the concen-
are individually watercooled. Experiments tricity of the cathode position. With the
at Princeton [7] showed strong dependences cathode only two to three millimeters out
of the onset 12 /m values from the place of the axis, anode spots occured at forward
where the propellant was fed. Therefore, cathode positions so that great efforts
with this thruster design, two propellant were made to keep the cathode concentric
ports are anticipated in a slit around the during the shifting period.
cathode and in a slit at the anode radius,
both at the backplate. A variation of the
propellant fractions at these ports should 3.1 Voltage-Current Characteristics
show whether the observed onset variations
with quasi-steady pulsed configurations can The figures 2 to 5 show examples of the an-
be reproduced with a steady-state device, ode current distribution and discharge vol-

tage as function of the cathode position,
displayed for several total currents. z=0

2.2 Vacuum Tank indicates the exit plane and z=150 mm indi-
cates the backplate of the plenum. The cur-

The thruster is mounted in a partially wa- ves show similar behavior: with the cathode
tercooled steel tank with 2 m diameter and upstream of the anode, almost all of the
3 m length, which is connected to a 200,000 current is taken by the rearmost anode ring
ms/h plus vacuum pumping system. The tank (A 3), while the middle (A 2) and front an-
is supplied with 9 windows, including one ode ring (A 3) take only small fractions.
with optical glass for pyrometer measure- When the cathode tip reaches the region of
ments and one for end-on sight. Among the the anode, (V 90 mm), the anode current
different feed-throughs are four for high distribution changes significantly. The
current up to 10 kA. The power supply is a main current fraction switches from the
current regulated rectifier with a maximum back anode ring to both the middle and the
current of 48 kA and a maximal power output
of 6 MW which allows a potential free use.
Since the first tests served only to verify
the concept of a steady-state cylindrical
thruster with an elongated cathode, no 2.00 .......................
thrust measurement was foreseen.

S1.50- ..
2.3 Measurement System " *

C xToto Current
The measured data were: The discharge vol- . * Currwnt Anode 3
tage and the currents through the three an- Cuwgnt Ade2 ***
ode segments. To avoid grounding the power o currnt Anode '
supply, isolation amplifiers have to be- ' *
used. The two propellant flows were deter- '.*
mined by Tylan mass flow controllers. The • ***
cooling water flows and their temperature ____
rises were measured to calculate the losses 0.00 *
in the different neutral and anode segments
and hence the anode fall voltage. The z [mm]
cathode position was measured by a po- Cathode Position
tentiometer and the temperature of the
cathode tip with a spectral pyrometer. The
tank pressure was monitored by a Granville
Phillips Convectron gauge. All data were
registered by an Intercole multi-channel
data acquisition system which is controlled 30
by a DEC PDP 11/73, where the data were re-
duced and stored. .

S20 ***........ *
3 Experimental Results

"he normal procedure of the test was as >
follows: The cathode was positioned with 10
the cathode tip protruding about 10 mm from
tne backplate. The gas flow was set and the
discharge was ignited with a Paschen break-
down at a set current of about 2000 A. The 01 -0
discharge needed about 1/2 to 1 second to
stabilize; that means that the tip became z [mm]
glowing. Then the cathode was shifted totod Position
the foreseen position by a motor with a ve- Cao oon

locity of about 1 mm/s. In the first expe- Fig.2: a) anode current fractions and
riments, the arc was ignited with the b) voltage vs. cathode tip
cathode t-p 5 mm inside the backplate seg- position.
ment, which caused severe damage to the in- 2 g/s Ar, anode:cathode gas :1:3.
ner edge of it. Using the later procedure, Discharge current 2 kA.
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Fig.7: a) anode current fractions and Fig.8: a) anode current fractions and
b) voltage vs. discharge current. b) voltage vs. discharge current.

Cathode tip position z=30 mm. Cathode tip position z=30 mm.

2g/s Ar anode:cathode gas : 1:1 2g/s Ar anode:cathode gas : 1:1

front ring. First the middle anode ring ob- but in the first, fig.6, it is divided 1:3
tains the greater part with maximum when anode/cathode and in the second and third,
the cathode tip is within it. When the fig. 7 and 8, 1:1. The discharge was igni-
cathode moves further downstream, almost ted in a backward cathode position and the
all of the current now loads into the first current increased to 4 kA and then the
anode ring. The voltage of the discharge is cathode moved to the z=30 position, where
highest with the cathode at the most back- the current was further raised. With the
ward position. It decreases slightly with high cathode gas flow, fig.6, the anode
the protruding cathode and remains then current fraction is high from the begin-
practically constant. This could be explai- ning, ca. 70% and rises to almost 90% at 7
ned by the shortening of the current path kA. The voltage, plotted double logarithmi-
with the protruding cathode and indicates cally as a function of the current, is re-
that most of the current attaches at the latively high, (20 V at 4 kA), and rises
cathode tip. linearly up to a current of 6.2 kA, where
Figures 2 to 4 show the graphs for 2 g/s the slope changes abruptly to a steeper,
argon, divided 1:3 between outer ("anode") also constant slope.
and inner ("cathode") propellant port for The next two plots,(fig. 7 and 8), are
different total currents. In fig. 5 the cases with an equal propellant distribution
case 4 kA and 0.8 g/s Ar is displayed. 0.8 of 1:1 g/s Ar; both of them show in the
g/s is for the IRS nozzle type MPD thruster beginning a parallel rate of rise for the
a reference massflow [8], so the two thru- anode currents. At about 5.6 kA in one
ster types could be compared. The most case, fig.7, the current begins to load
striking difference is the discharge vol- preferably into the front ring, while the
tage level. With 0.8 g/s Ar and 4 kA the currents into anode ring 2 and 3 stay al-
discharge voltage is roughly 60 V with the most constant or decrease slightly. The
nozzle type device. With the cylindrical voltage trace is comparable to that of
accelerator and retracted cathode, the fig.6, only the voltage level is about 3 V
discharge voltage is 31 V and only half of lower. In the second case, fig.8, the anode
it. It decreases to less than a third with current fractions remain parallel all over
the protruded cathode. the investigated range. The voltage is
In the figures 6 to 8, the current distri- slightly higher than that in fig.7, and the
bution and discharge voltage are displayed "knee" in the characteristic already occurs
as a function of the total current for a at about 5 kA. The slope in the second part
fixed cathode position, z=3Cmm, where the of this curve is flatter than in the two
cathode tip is at the beginning of the other experiments. The reasons for these
downstream anode ring. In all three cases phenomena are as yet not understood.
the total propellant flow is 2.0 g/s argon,
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3.2 Influence of the Propellant Distribu- The experiment shown in fig.9 was started
tion on the Anode Current Distribution with 2 g/s anode and 0.25 g/s cathode gas.

After positioning the cathode, about 90% of
The experiments described above indicate an the current is loaded into the anode ring
influence of the propellant distribution on 1. The anode gas flow was then raised by
the arc anode attachment. This was inves- steps of 0.25 g/s up to 2 g/s while the an-
tigated systematicall but unfortunately, ode gas was decreased proportionally, see
the results were only poorly reproducible fig. 9b. When the cathode gas was raised to
and in some cases contradictory; the re- 0.75 g/s, the anode currents rearranged.
sults are shown in the next diagrams, The anode ring 1 lost about 20%, which was
(figs.9 to 12). These diagrams show the taken over by ring one and two, which first
time dependence of current distribution and carried only about 8% and 1%, respectively.
massflow fractions. It is also concluded This rearrangement corresponds to a small
from the diagrams that the ignition proce- decrease of the voltage. The current dis-
dure, the raising phase of tne current and tribution varied only slightly with the
the positioning of the cathode seems to in- further change of the propellant flows. In
fluence the results. The total current is fig.10, the current distribution after the
4.2 kA and the cathode tip position is 10 cathode positioning was totally different
mm behind the exit plane. The end of the to that of the other experiment; it was al-
positioning phase is indicated in the figu- most even and remained constant during al-
res.
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most all mass flow variations. This homoge- very long time constants, the experiment
nous current distribution corresponds to a lasted almost half an hour, cannot be ex-
very low voltage of 15 V. Thus, this plained.
discharge mode can be described as a "low The last experiment presented of this se-
voltage mode". The current distribution ries is shown in fig.12. It began with 2
changed radically with 1.5 g/s cathode and g/s cathode and 0.25 g/s anode gas. The gas

0.5 g/s anode gas. The anode ring 1 took fractions again were varied in steps. The
most of the current while rings 2 and 3 cathode positioning turned up the current
lost most of theirs; the discharge voltage distribution, which is similar to those of

increased about 7 V. fig.10 but then the anode currents behaved

The experiment shown in fig.11 started si- as in the experiment of fig.11: The current

milarly to that of fig.9, with almost all load into the ring 1 rises with the time,
of the current concentrated in ring 1. When almost independently from the propellant
0.75 g/s cathode gas was reached, again the distribution.

current distribution rearranged, but stron- In order to check this time dependent beha-

ger than in the previous experiment. From vior, several experiments were made with
that point on, the current distribution 1:1 g/s mass flow distribution, 4.1 kA
gradually approaches the old one, almost discharge current and a forward cathode po-

independently from the propellant distribu- sition of z=10 mm. These experiments were
tion but only as a function of time. The however performed with different "histo-
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ries", i.e. the current was raised to the 3.3 Cathode Tip Temperature

desired level either before or after posi-
tioning. Figs. 13-15 show some typical re- * Since the behavior of the cathode is rela-

sults: the current distribution shifts, but ted to its temperature, it is very essen-
only slightly. These inconsistent findings tial to measure it. Due to constructural
may be interpreted in a preliminary way: 1) and local constraints, it is only possible
The mass flow distribution is inducing a to measure the temperature of the cathode
rearrangement of the current, but does not tip and at a position between z=0 and 30

determine it. 2) The current prefers with a mm. The temperature was measured through a
protruded cathode a downstream attachment. quartz window with a spectral pyrometer.
All of the described phenomena seem to be Since the emissivity coefficient of the
caused by the cathode, namely due to the cathode is unknown, it was taken as 1.0,
surface temperature and the electron emis- i.e. the cathode was taken as black body.
sion mode. This could partly explain the The real cathode temperatures are therefore

long time constants, some hundred degrees K higher. The tempera-

ture of the cathode tip proved to be a

morf ciiiiamaN function of the current load into the front
. __ anode ring (Al), and not of the total cur-

rent. Some examples are shown in figs. 16
Tam nWOit to 18. The temperature curve of fig.16 cor-

4o- responds to the current rearrangement shown

S- am*m in fig.10 at 1000 seconds; that of fig. 17
S3000 to the current Al decay at 500 seconds in

fig.11. The figure 18 displays the tempera-

ture for another anode ring I current in-
2m- crease at higher massflows (2:2.5 g/s

o cathode:anode gas).
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The strong dependencies of the temperature 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

on the current concentration into the anode Time [ms]
ring 1 implies that the current con-
centrates also on the cathode tip. The tip 60-
must get hotter in order to allow enough
electrons to emit according to Richardson's 50-
Law. If the current is shifted to a more
even distribution, this enlarges the emit-
ting area of the cathode and increases its 40-
temperature upstream.The tip therefore can
get cooler. 30

0
4. Quasi-Steady Cylindrical MPD Thruster | 20-

It is very difficult to measure the current 10-
contour lines in continuously running MPD
devices because of the very high heat loads
on the magnetic field probes. To overcome 0
these constraints, a second thruster for
pulsed operation mode was built, the ZP1, -_
fig. 19. It is similar to the ZT1 in geome- 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
try and electrode materials. The neutral
copper segments have been replaced by cera- Time [ms]

mic (Stenan) inserts. Adjacent to the anode Fig 20: a) current and
ring 3, a trigger electrode in the shape of b) voltage trace for
a copper ring is placed. 1 g/s : 1 g/s anode:cathode gas.

Discharge current 4kA

! ! i =  =  - ' '

Fig. 19:Quasi-steady thruster ZP1. * best fit

32-
0

The power source is a 6 kJ capacitor bank =
with electrolytic capacitors, and with a >
discharge time of ca. 2 ms. A typical cur- 2-

rent and voltage trace for 1.0:1.0 g/s Ar
and 4 kA discharge current are plotted in 24
fig. 20.
Fig. 21 shows the current-voltage characte-
ristic for 1:1 g/s for the anode:cathode 20

-

gas. The voltage is higher and the slope of 0 1000 2000 3000 4000 5000

the trace is steeper than in the continuous Current [A]
mode. The higher voltage level can be ex-
plained by the greater cathode fall of a Fig 21:Voltage vs. current for 1 g/s:1 g/s

cold tungsten cathode, compared to a hot, anode:cathode gas and quasi-steady

glowing one. operation
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First current contour lines were mapped, Time t [s]
fig. 22, with a discharge current of 4 kA
and a mass distribution of 1:1 g/s argon 19.75
cathode to anode gas. The current distribu-
tion at the anode resembles that of the
continuous mode with retracted cathode.
The current contour lines indicate, that 19.50-
with the cold cathode and in pulsed opera-
tion mode, the main arc attachment takes 2. ... ..
place at the upstream part of the cathode. D .. . .
This coincides with measurements in Prince- e 19.25- '
ton [2,3]. Since with the continuous thru- "
ster the voltage with the retracted cathode 0
is higher than with a protruded one, fig. >
2-5, a part of the higher voltage level in 19.00-
the quasi-steady mode could be attributed
to the also longer current paths.

18.75 -
0 2 50 75 100

5. Comparison with Theoretical Results
Time t [s]

For the description of the electromagnetic
and flow properties of cylindrical thru- Fig. 23: a) Anode current distribution and

sters, a numerical code was developed which b) voltage vs. time for 2:4 g/s

is presented in another paper at this con- anode:cathode gas and a discharge

ference [6]. A special case, 6 kA current current of kA

and 6 g/s argon mass flow, was used for a
comparison between the computed values and 120
the experimental data concerning the anode
current distribution and discharge voltage.
During the experiment, the 6 g/s total mass Insulator
flow was divided 2:4 9/s anode: cathode 90
gas. The values of discharge voltage and
anode currents of this experiment as func- Anode
tion of time are shown in fig. 23. The time U 60
is counted after reaching a stable
discharge level of 6 kA. As described Insulator 

2

above, the current distribution shows a 30
time dependence assumed to be a function of
the cathode electron emission behavior. 0.9 0.1

The computed current contour lines for the Cathode
steady-state condition are shown in fig. 0
24. 0 60 120 180
In table 1 the numerical data are compared z Cmm]
with two experimental data sets. The first
set, taken from the transitional part of Fig 24:Calculated current distribution for

the current distribution (10 s), shows a 6 g/s Ar and 6 kA
very good agreement with only about 1% de-
viation. The second data set was taken af-
ter the discharge conditions had reached
constant values (100 s). Here the agreement Table 1
is slightly worse, but still within a limit
of 2 %. This difference can probably be ex- ime CarrIntFation Dischare
plained in that the calculation of thet Frct D

cathode was taken as homogenous, whereas in [s] ito Anode Segmenta [] Voltage [V]
the experiment the electron emission was Anode 1 Anode2 Anode 3
influenced by the surface temperature. The Thy. 44.4 27.0 28.6 14.0
discharge voltages agree quite well, taking Exp. 10 43.3 27.3 29.4 19.0
into account that the numerical model does
not include the electrode falls. Exp. 100 45.9 27.3 26.8 19.25
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The differences in the current contour li- [6] Sleziona, P.C., Auweter-Kurtz,
nes are more striking. As mentioned above, M., Schrade, H.O., "Numerical Codes
this may be explained by the fact that the for Cylindrical MPD Thrusters," Pa-

current contour lines were measured in the per 88-038, 20th JEPC, Garmisch,

pulsed operation mode, where the cathode FRG, 1988.
arc attachment concentrates at the cathode

"root". [7] Merfeld, D.J., Kelly, A.J., Jahn,

R.G. "MPD Thruster Performance:

Propellant Distribution and Species

5. Concluding Remarks Effect," Paper AIAA 85-7022, 18th

IEPC, Alexandria, VA, 1985.
It could be demonstrated that a cylindrical

MPO thruster with elongated electrodes can [8] Merke, W.D. , Auweter-Kurtz, M.,

be operated at high current levels in a Habiger,H., Kurtz, H.L., Schrade,

continuous mode. The so far obtained re- H.O., "Nozzle Type MPD Thruster Ex-

sults were only poorly reproducible and perimental Investigations, Paper

this indicates that the whole discharge me- 88-028, 20th JEPC, Garmisch, FRG,

chanism is dominated by the cathode. Some 1988.
of the encountered problems were:

- The cathode status is partly determined

by the way it was attained and by the

mass flow distribution.
- urrent redistributions occur on the

cathode with very long time constants of
over 10 minutes.

- These redistributions are connected with

current rearrangements on the anode and

with changes in the cathode temperature.

- The geometric position of the cathode de-

termines to a great extent the current

distribution on the anode.
- Quasi-steady cylindrical MPD thrusters

with cold cathodes cannot be compared to

the steady state ones.
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