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Abstract

The paper describes the most recent results obtained
in an experimental activity carried out at
Centrospazio, aimed at investigating the combined
effects of temperature and material on the
performance of cathodes of a gas-fed, multi-MW
MPD thruster. Work function measurements on a pure
tungsten cathode and on the same cathode coated with
a low work function oxide compound are shown.
Performance in terms of electrical characteristics and
cathode erosion has been compared between a cold
and a hot operation of the two cathode configurations
(hot tests at 2200 K for the cathode uncoated and
1200 K for the cathode coated). An erosion increase
with temperature has been observed, in accordance
with a cathode spot model developed at Centrospazio
and data from literature. Similar tests on a thoriated
and a bariated cathodes are foreseen by the following
months.

Introduction

Heating effects on the operation of MPD cathodes
have been experimentally and theoretically
investigated at Centrospazio since 1992. The results
presented so far deal with the operation of thoriated
tungsten cathodes of different length, using argon,
helium and nitrogen” 2, hydrogen and simulated
hydrazine and ammonia’ as propellants. Tests carried
out range from measurements of electric
characteristic” > °, thrust', cathode voltage fall and
plasma parameters®, current distribution along the
cathodes* and cathode surface observations™

Although thruster performance seems to not always
improve with cathode heating™ °, hot operation have
shown a substantially different distribution of the
current along the cathode® and a reduced erosion rate
with respect to a cold operation for all the conditions
investigated, also in regions where the temperature
was not high enough to allow a diffuse thermionic

emission of the current. Nevertheless, an investigation
on both cathode material and temperature effects had
to be carried out, before to draw definitive
conclusions on this activity. To this purpose, a new
experimental campaign has been conceived °, with the
development of three new cathodes, geometrically
identical, made of three different materials: pure
tungsten, 2% thoriated tungsten and porous tungsten
(porosity of 20%) impregnated with a 5:3:2 BaO-
Ca0-Al,0; compound. As described in Ref. 5, the
cathode shape adopted allows a uniform (within 3%)
temperature to be obtained over the emitting surface,
so that the current emission condition should be the
same all over the electrode.

Unfortunately, both the thoriated and the bariated
cathodes experienced a failure during their
manufacturing, and thus we are not able to show the
relevant results in this paper, as foreseen. In the
following, only the results gathered on the pure
tungsten cathode are thus shown and discussed.
Eventually, the same cathode was coated with an
oxide compound that lows the work function, as
shown below. Tests performed with the cathode so
treated are described as well.

Experimental Apparatus and Test Equipment
The experimental apparatus (Fig. 1) is a gas-fed,
multi-MW, self-field MPD thruster, operating in a
pulsed, quasi-steady mode. The anode (made of
deoxidized copper) comes from a NASA Lewis
thruster, used in a previous activity™ . The backplate
is made of boron nitride and hosts two series of gas
injectors: one at the cathode root and one at the
middle radius between the electrodes. The cathode,
shown in Fig. 2, was designed to have the same
temperature on the entire emitting surface at the end
of the heating process (within 3% from calculation).
The cathode is equipped with the arc heating system,
as described in Ref. 5. Gas injection is provided by a
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solenoid valve, capable of producing quasi-steady gas
pulses about 50 ms long. The valve is backed by a
reservoir, about 1000 cc in volume to keep the back
pressure fairly constant during the pulse. This allows
a long plateau with a constant mass flow rate to be
obtained during each pulse.

The test equipment is based on a fibre-glass vacuum
chamber 0.5 m® in volume, equipped with a diffusion

pump capable of an ultimate pressure of 4x1 O-Smbar.
Electric energy for the MPD discharge is supplied by
a Pulsed Forming Network (PFN), capable of
producing quasi-steady current pulses 1 ms long and
up to 30 kA in amplitude. To perform the discharge at
steady mass flow conditions, the arc is activated by an
ignitron, delayed of few milliseconds with respect to
the valve opening. The delay duration was determined
during a previous gas feeding system calibration.

As shown in Ref. 5, to get an accurate work function
measurement (better than 4%), temperature on the
cathode tip must be measured with a maximum
uncertainty of 1%. To this purpose, a tungsten-
rhenium thermocouple has been adopted for
temperature  measurements. The thermocouple
consists of two wires 0.254 mm in dia (0.01"), one
made of W - 5% Re and the other of W - 26% Re
alloy. The wires are inserted in a two-bores alumina
stick 180 mm long, that keeps the wires spaced at 2
mm from each other and interfaces the thermocouple
with a moving device. On one side, the wire edges are
not welded and are exposed about 5 mm out of the
stick. On the other side, the wires are connected to a
compensation cable, extending outside the vacuum
chamber. Here the compensation cable is joined to a
copper cable and hence to an AT-MIO-16E-2 board
for data acquisition.

The thermocouple moving device (Fig. 3) consists of
a four bar linkage, moved by a synchronous motor,
that allows the thermocouple to be moved from the
measuring position to a safe position, when the
cathode has reached the operation temperature, just
before a firing. In measuring position, the two wires
of the thermocouple must be both in contact with the
cathode tip surface. To this purpose, the alumina
stick, free of moving axially, is backed by a spring.
When the thermocouple is moved to its measuring
position, the spring provides to eliminate any
clearance, by gently maintaining the thermocouple in
contact with the cathode tip.

During work function measurements described in this
paper, the thermocouple was placed in its measuring
position during the entire test and was moved back
only for check and wire substitutions.

For the coated cathode, temperature could not be
measured by the W-Rh thermocouple with disjoined
end-wires since the coating deposited onto the surface
is non conducting. A standard type K thermocouple
has been used. The measurement error due to the
calibration uncertainty (0.75%) and the non proper
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use (the thermocouple joining touched the cathode
surface virtually in a point) has been estimated within
1%.

Preparation of the Oxide-Coated Cathode

The procedure to prepare the oxide-coated cathode is
accurately described in Ref. 6. It consists of the
following main tasks:

1. coating preparation;

2. cathode surface cleaning;

3. coating deposition;

4. activation.

The coating is formed by a binder made of
nitrocellulose dissolved in equal parts of butyl alcohol
and butyl acetate and by a mixture of three
carbonates: BaCOs, SrCO;, CaCO; in the percentage
0f 57.3%, 42.2% and 0.5% respectively.

The solution is then ball-milled in order to obtain a
grain (texture) size of 5- 9 micron, and finally is
diluted again with the binder.

Before depositing the coating, the cathode surface
undertakes a well-defined cleaning process. It is
washed with a boiling solution of sodium
hypochlorite and water, then it is raised with
deionized water and methanol.

In our experiment, after this cleaning procedure, the
cathode has been fired in order to remove some
remaining impurities and to improve the coating
adherence.

The deposition can be made by means of a spray or a
brush. The first method guarantees a longer
permanence of the coating on the cathode surface
during operation.

This type of coated cathode needs an activation
procedure in order to emit thermionically. The
cathode is heated to a temperature of 450-500°C for
half an hour at least to remove the binder by
evaporation; then it is flashed to a temperature of
1100 °C for about 30 seconds. The flashing is
repeated at intervals of some minutes to assure a
complete conversion of the carbonates in their oxides.
The cathode is then activated; its typical operating
temperature is about 1200 K and the effective work
function value has the following expression’:

©=38x10"*T+1.6

Supposing that an electric field of 5x10” V/m occurs
at the cathode surface during thruster operation®,
Schottky effect decreases the work function of 0.27
eVv.

Then at 1300 K, the cathode is able to emit
thermionically up to 20 A/cm’, that is a total current
of 700 A, considering the emitting surface as twice as
the nominal one. Being this current level comparable
with typical current values in MPD thrusters, some
benefits should be observed using this type of
cathode.
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Test Results

Work Function Measurements
Tungsten Cathode. First of all the cathode has been
submitted to a series of heating cycles at a maximum
temperature of 2200 K in order to remove impurities
and oxides from its surface. Afterwards the
experiment for work function measurement has been
carried out. Fig. 4 shows typical signals for cathode
temperature and anode-cathode current during an
heating cycle. The current increases abruptly at a
temperature of about 1900 K. The signal is polluted
by a disturb of electromagnetic nature, probably due
to the manner the circuit has been made; any way the
noise represents a little percentage (4.5 % in this case)
of the current signal in the range of interest. Also
temperature data are affected by a noise whose nature
is unknown. It yields a signal fluctuation of 2.2 % in
the final part of the heating,
The current emitted turned out much smaller than
expected, considering a work function of 4.55 eV. In
fact from the experimental data a work function value
of 5.8 eV at 2100 K has been calculated. This high
value could be caused by the presence of oxides on
the surface, which had not been removed by the
preliminary treatment. Then the cathode has been
submitted to a 25-minute-long glow discharge, whose
parameters are reported in Tab. 1. Successively the
work function has been measured again and the
results are shown in Fig. 5; a slight improvement can
be observed, but the work function is still higher than
the theoretical value.
Oxide-Coated  Cathode. The experiment for
determining the work function has been performed
three times; every time the coating has been deposited
on the cathode surface in a different way: by the use
of a brush, of a spray and making a double deposition,
with the spray first and then with the brush. No
difference in the results has been observed.
The cathode after coating deposition is shown in Fig.
6. Fig. 7 reports temperature data during the first 13
minutes of the activation process: cathode
temperature is maintained in a narrow band around
700 K for half an hour by controlling the current in
the heater circuit. During this process the pressure in
the tank was 10 mbar Fig. 8 shows cathode
temperature as a function of time during a typical
operation of flashing,
After activation, the cathode was submitted to work
function measurements. Fig. 9 shows both cathode
temperature and anode-cathode current during a
typical heating cycle. At the beginning, no current
signal can be distinguished from the environmental
noise; when cathode temperature reached 900 K, the
current steeply raises up as expected for the
thermionic regime. After having reached an
asymptotic value, cathode temperature begins to raise
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again when more power is supplied to the heater and
consequently current starts to increase again. In
general, the cathode has emitted less than expected.
This has been confirmed by work function
calculation. Fig. 10 reports work function data versus
cathode temperature: they refer to the heating cycle
reported in the previous figure, but they have been
reproduced every time in the limit of the measurement
error. Data points lie almost perfectly on a straight
line, indicating that the cathode is really emitting in a
thermionic regime and that the surface has been
homogeneously activated. Anyway theoretical values
represented by the line reported in the same figure are
lower than the experimental data. This is probably due
to an imperfect coating deposition or to an incomplete
activation, likely due to the tank pressure higher than
the advised value® (107 mbar).

Cathode Operation and Surface Observation
Tungsten Cathode. A series of ten shots has been
performed using a virgin tungsten cathode, without
heating and at the same conditions in terms of argon
mass rate (1 g/s) and PFN charge. The anode-cathode
current signal has a quite high reproducibility and a
value of about 4120 A has been recorded in the
middle of the stationary pulse. In correspondence of
the same point, the voltage drop is (63 + [)V. The
voltage signal also has a good repeatability as shown
in Fig. 11.

After this test, the cathode surface has been polished
to the original state and a series of ten shots with
cathode heating has been carried out. Cathode
temperature was raised up to 2200 K before each shot.
Thermionic emission is negligible at this temperature
and a spotty cathode operation was expected. Some
technical problems have made the mass rate to be
varied to 0.6 g/s, while the current level has been
maintained.

The measured voltage drop is (55 = 2)V and the
typical signal is shown in Fig. 12. Aside from the
difference in the value, the signal appears less
disturbed than the relevant signal for a cold shot, as
shown in the same figure.

From these results, cathode heating seems to improve
thruster operation as observed in the past for thoriated
tungsten cathodes, at least for the current level
investigated.

After each series of shots, cathode surface has been
observed through a JVC TK-S350 video camera. The
images have been digitized by means of a PCI-
ARWIN board (1250x1024 pixel maximum
resolution). Two different axial positions along the
cathode have been chosen: one in correspondence of
the hemispherical part and the other downward on the
cylindrical surface; for each position 18 images have
been taken equally spaced along the circumference.
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For both cathodes, the cylindrical part resulted much
more damaged than the hemispherical part, where
isolated traces of arc attachment were visible along
circumferences of maximum diameters.

The hot cathode surface appeared much more
damaged than the surface of the cold electrode. Fig.
13 shows the typical surface structure for the two
cathodes: on the hot cathode, craters are larger (up to
250 pm in diameter) and result from splashing of a
great deal of melting material.

The slight improvement in thruster operation with
cathode heating seems not to be associated to a
decrease of cathode damage as observed in the past
for thoriated tungsten cathodes.

An explanation of this fact can be derived from the
results of a theoretical study on cathode spot ignition,
carried out at Centrospazio®. According to the
numerical model developed, more spot are ignited on
a surface covered by a low work function material,
than on a clean surface. This could be the case of the
thoriated tungsten cathode operating at temperature of
the order of 2000 K: Th atoms recover the surface,
lowering its work function’. If more spot are activated
during hot cathode operation, the total arc current is
more uniformly distributed than during thruster
operation with cold electrode. Consequently surface
damage is reduced. The model also predicts that the
temperature has some effect in increasing the number
of activated spots on a cathode, although Iless
important than the work function effect. Anyway, as
various spot models show '*'% at a fixed current, a
spot operating on a hot surface causes an
intensification of erosion phenomena (melting,
evaporation, drop ejection) respect to a spot operating
on a cold surface.

For the pure tungsten cathode, it could be thus
hypothesised than during hot operation less spots have
been activated and thus the single spot had to sustain
the same amount of current than a spot on the cold
cathode; in these conditions, temperature has played a
negative role, increasing surface damage.

Oxide-Coated Cathode. Being the measured work
function quite higher than the theoretical value (2.7
against 2.06 at T=1200 K), the amount of current that
can be emitted by thermionic effect is negligible; any
beneficial effect on cathode operation from oxide
coating is thus precluded.

Anyway a series of shots with the oxide-coated
cathode operating at a temperature of 1200 K have
been performed and an electrical characteristics has
been traced, as shown in Fig. 14, where is compared
with the electrical characteristics measured during
thruster firings with the cold tungsten cathode,
previously performed to prepare the cathode itself for
coating deposition. The characteristics referring to the
oxide-coated cathode is slightly higher than the other.
This could be explained considering that:
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— the voltage measurement comprises the resistive
drop in the cathode body that is higher at high
temperature,

— the evaporated binder has probably deposited onto
the anode surface, producing a further voltage
drop term; this occurrence has been observed also
by others".

Cathode surface observations after the shots confirm
that the cathode has operated substantially in a spotty
mode. Fig. 15 reports the image of a region on the
cylindrical surface. It is visible a region where the
coating is still present: this zone has not been
interested by the arc current. In the adjacent zone, the
arc attachment has completely removed the coating
and the surface presents a damage similar to that
observed on the tungsten cathode operating in hot
conditions.

Conclusions

Tests carried out so far indicate the good reliability of
the work function measurement technique developed,
that was successfully used with a pure tungsten
cathode with and without a low work function
coating. The increase of erosion with cathode heating
(at a temperature with a negligible thermionic
emission) observed on the pure tungsten cathode is in
agreement with results obtained from a spot model
developed at Centrospazio and from data found in
literature. Nevertheless a more comprehensive picture
of the combined effects of temperature and material
on MPD cathode operation will be obtained when
tests on the thoriated and bariated tungsten cathodes
will be performed by the following months.
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Fig.12 Voltage drop between anode and cold or
hot cathode.

Fig. 13 Cathode surface damage after cold (up) and hot (down) shots.

Longer side corresponds to 1.3 mm.

1008



IEPC-99-174 1009

100
o
80 - o X
0 a
o ]
260
~ =\
g g
540 4
> O coated cathode
(T=1200 K)
20 - A cold W cathode
0 T T T
0 2000 4000 6000 8000
Current (A)

Fig. 14 Electrical characteristics for the oxide-coated cathode
and the cold tungsten cathode.

Fig.15 Surface damage on the oxide-coated cathode.



	Volume2

