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Abstract

Quasisteady PF-series MPD arcjets were developed
to understand near-cathode phenomena, i.e., to mainly
understand pumping acceleration processes. The
PF-III arcjet had a cylindrical anode twice of the PF-
I anode diameter. Current fractions on the cathode
cone, electron temperatures and electron number
densities were measured in order to examine the
plasma features in MPD chambers. As a result, a
high-energy region was formed along the center axis
of the PF- I arcjet with H,, although plasma
parameters for Ar were not dependent on the radial
positions in the MPD chambers. The contribution of
the pumping force to the overall thrust were estimated
from the thrust and the pressure at the cathode tip.
Those increased with the discharge current and was
about 25 % at the discharge current of 6 kA with the
PF- I arcjet.  Furthermore, Ar ion velocities
measured at the exit of the PF arcjet chambers were
measured with a Fabry-Perot interferometer. They
were slightly larger than the velocity evaluated from
the theoretical thrust. In addition, the exhausted
velocities hardly depended on the radial positions.

1. Introduction

The magnetoplasmadynamic (MPD) arcjet is a
promising thruster, which is developed for exploration
missions to the moon and Mars, and for raising orbits
of large space structures. The MPD arcjet utilizes
principally electromagnetic force, i.e., Lorentz force j
X B, which is generated by interaction between
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discharge current and magnetic field azimuthally
induced by the discharge current. Various
propellants, such as light gases of H, and Li, heavy
gases of Ar and Xe, and waste ones in space stations
etc., can be used, because the thrust depends only on
the discharge current and does not basically on
propellant species for electromagnetic acceleration.
However, in an MPD chamber, complicated chemical
reactions involving dissociation and ionization are
expected to occur together with the acceleration
processes. Furthermore, for acceleration theory of
MPD arcjets, there exist two components of
electromagnetic force, i.e., the blowing and pumping
forces. These forces generate a complicated
flowfield in a discharge chamber. Consequently, it has
been recognized that the performance characteristics
on the discharge voltage, thrust efficiency and
electrode erosion depend on propellant species and
electrode geometry.

Many researchers have investigated the flowfield
in MPD discharge chambers[1]-[S]. However, the
plasma acceleration processes are not clarified in
detail.  To understand the plasma acceleration
processes, it is necessary to gather more information
of the flowfield in MPD chambers.

In Osaka University, a new research program for
understanding of an MPD arcjet acceleration
mechanism was started in 1991. It was based on a
unique concept that two electromagnetic forces, i.e.,
the blowing and pumping forces should be
independently examined with two different simple
discharge chambers[6]. By using simple chamber
configurations, plasma diagnostic measurements of
MPD chambers can be easily conducted.

In the present study, MPD arcjets for observing
near-cathode region were developed, and plasma
features near the cathode and in the cathode jet, that is,
in the electromagnetically pinched high energy region,
were examined in order to understand near-cathode
phenomena. For understanding the plasma features
in MPD chambers, current distributions on the
cathode cone, electron temperatures and electron
number densities in the discharge chambers were
measured. Furthermore, the overall thrust and the
pressure at the cathode tip were also examined to

992



evaluate the rate of pumping force to the overall thrust.

The exhaust velocities were also obtained from
Doppler-shift with a Fabry-Perot interferometer, and
were compared with the theoretical velocity.

2. Experimental Apparatus
2.1 MPD PF Arcjets

Figure 1 shows the cross section of the coaxial
MPD arcjet developed for cathode-jet diagnostic
measurement. The MPD arcjet, which is called the
PF-1I arcjet, is provided with a cylindrical anode 25
mm in inner diameter and 20 mm long.  An another
arcjet, which is called the PF-III, is also used for this
study. The anode diameter is 50 mm twice of the
PF-II anode diameter. For each arcjet, a rod
cathode 10-mm in diameter and 10 mm long with a
conical tip 90 deg angle is made of thoriated tungsten.
The side surface of the cathode is covered with a
ceramic material. Thus, the discharge current
enters only the cathode tip, because it is electrically
insulated. The axial distance between the cathode
tip and the anode upstream end is set to 30 mm. As
a result, the ring anode is located downstream from
the cathode enough to generate a high axial current.
The discharge chamber wall between the electrodes is
made of quartz glass. Therefore, we can observe
arcs in front of the cathode and conduct plasma
diagnostic measurement through the quartz glass tube.

Propellants are injected with a cathode-
base/quartz-wall slit ratio of 50/50 into the discharge
chamber through a fast acting valve (FAV) fed from a
high pressure reservoir. The rise time and width of
the gas pulse, measured with a fast ionization gauge,
are 0.5-1.0 and 6 msec, respectively. Adjustment of
the reservoir pressure and the orifice diameter of the
FAV control the mass flow rates. Argon, hydrogen
and nitrogen are used as propellants.

The main power-supplying pulse forming network,
which is capable of storing 62 kJ at 8 kV, delivers a
single non-reversing quasi-steady current of
maximum 27 kA with a pulse width of 0.6 msec. A
vacuum tank 0.6 m in diameter X 5.75 m in length,
where the MPD arcjet is fired, is evacuated to some
10" Pa prior to each discharge. Discharge current is
measured with a Rogowski coil calibrated with a
known shunt resistance. Voltage measurement is
performed with a current probe (Iwatsu CP-502),
which detects the small current bled through a known
resistor (10k Q) between the electrodes.

2.2 Divided Cathode

In order to infer the current distributions on the
cathode cone, the cathode is separated into an inner
rod 4 mm in diameter, and a cylindrical part outside it,
as shown in Fig.2, and they are electrically insulated
to each other. We can measure a current fraction
entering each cathode part.

IEPC-99-173

Gas Ports

Cathode

Quartz Glass
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50mm

Figl. Cross section of the PF-II arcjet for the
observing near-cathode region.

Insulator

Fig.2 Divided cathode for measuring the current
distributions on the cathode cone.

2.3 Pressure Measurement

In order to measure the pressure at the cathode tip, a
pressure tap is drilled at the cathode tip, as shown in
Fig.3(a) A pressure probe, as shown in Fig.3(b),
consists of a piezoelectric pressure transducer
and(TOYODA PMS-5H), which has both the
sensitivity and the rise time required, was selected to
capture the rapid transient pressure. Its frequency
response is more than 40 kHz. Furthermore, the
pressure transducer is electrically insulated from
plasma by using silicon oil with high viscosity and

low compressibility.

, Pressure Tap

50mm

Pressure Sensor

(a)PF-1I arcjet for pressure measurement.
Lead Wire

Glass Tube

20mm
(b)Pressure probe.
Fig.3 Cross sections of the PF-II MPD arcjet for
measurement of pressures at the cathode tip and
the pressure probe.
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2.4 Spectroscopic Measurement

Emission spectroscopic measurement is conducted
as reliable plasma diagnostic in MPD discharge
chambers. The emission is collected by a lens and
introduced into a 0.5-m monochrometer through an
optical fiber. The monochrometer of diffraction-
grating-type HAMAMATSU C5095 is provided with
150- and 2,400-grooves/mm grating plates, an image
intensifier and a 1024-channel diode array detector,
achieving spectral resolutions of 0.8 and 0.05 nm,
respectively, per detector channel. The electron
temperature is determined using a relative intensity
method of spectral lines, i.e., by means of Boltzmann
plotting with Ar Il or N I spectral lines. The electron
density is estimated from the stark width of hydrogen
H B line (486.13 nm), in which a mixture of argon or
nitrogen and a few percent seed hydrogen is used.
Light-of-sight measurement is conducted, and
horizontally average physical properties are calculated
directly from the measured horizontally integrated
spectral intensities; i.e., Abel transformations are not
carried out.

In the present optical measurement, the MPD
plasma was examined in a steady-state condition by
avoiding transitional phenomena near the start and
end of the discharge. The discharge duration time is
0.6 msec, and the emission from plasma is measured
for a period of 0.1 msec after 0.5 msec from the
discharge ignition. The timing is controlled with a
gate of the image intensifier, which can open or close
the entrance to the array detector.

2.5 Thrust Measurement

Thrust measurements are made by a pendulum
method. The MPD PF- I arcjet and FAV are
mounted on the thrust stand suspended with the rod.
The accurate position of the thrust stand is set by a
linear-differential-transformer. The thrust is calibrated
by applying an impulse of known magnitude using a
small steel ball in an atmospheric pressure
environment. The measured thrust contains the
impulse due to the cold gas flow, therefore, the thrust
is evaluated by removing the cold gas effect in order
to obtain the thrust in the arc operation.

2.6 Plasma Velocity Measurement

In general, plasma velocity in MPD chambers is
predicted to be 2000-50000 m/sec from the thrust
measurement. The Doppler shift (10°-107 nm) is
too small to measure that with a conventional
spectroscope. Therefore, in order to measure plasma
velocity, a Fabry-Perot interferometer, which has high
spectral resolution performance, was used[7]. Its
specification is mentioned in table 1.

The spectral line of Arll (480.6nm) was resolved
by the optical system and Fabry-Perot interferometer
as shown in Fig4. The observed spectral line
emitted from a particle moving at the speed of u, is
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shifted by the Doppler-effect presented in Fig.5. The
frequency difference ( AV ) of these lines is

Av =22ging €))
Ay
where A is the wavelength of spectral lines and u,,
is the observed plasma velocity. The measured
plasma velocity is only streamwise component of the
flow velocity.

After the emission light passing through the
Fabry-Perot, concentric circle fringes are projected on
the front face of the detector by the collimating lens.
The diameters of the fringes depend on the shifted
wavelength. Those fringes are detected by a Multi-
channel-analyzer. In the present study, after
observing the emission from 30 degree to the
steamwise, the emission form perpendicular to the
center axis is detected; that is, the measurement was
not conducted at the same time. Therefore, the
minimum resolvable bandwidth of the Fabry-Perot
owing to piling the fringes is not existed, but the
resolution limit is influenced by the width between
photo diodes of the MOS liner sensor. Observed
fringe patterns are illustrated in Fig.5. The plasma
velocity is evaluated from the difference between the
radius of the shifted fringe and unshifted one shown
in Fig.6.

The exhaust plasma velocity was examined in a
steady-state condition by avoiding transitional
phenomena near the start of the discharge. The
emission from plasma is measured for a period of 0.4
msec after 0.2 msec from the discharge ignition.
The timing is controlled with a gate of the image
intensifier, which can open or close the entrance to the
array detector.

Tablel. Specification of Fabry-Perot etalon.

Free Spectral Range 7.7% 10 nm
Precision on Etalon A /380
Reflection 95+ 1.5%

( A =460-530nm)
Theoretical-Finess 58.3

—Chamber

Personal Computer

[Controller

£.300mm

Multi Channel Analyzer

with Image Intensifier Fabry—Perot

Fig.4 Plasma velocity measurement system.
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Fig.5 Fringe pattern described by a Fabry-Perot
interferometer.
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Fig.6 A Doppler shift profile.

3. Experimental Results and Discussion

3.1 Plasma Features in MPD Chambers

The electron temperatures and the electron
number densities for Ar and H, are shown in Figs.7
and 8, respectively. The axial position of 0 mm is
corresponded to the tip of the cathode cone. The
electron temperatures for Ar are about 1.7 eV and
hardly dependent on radial positions. The electron
number densities also are almost the same in the
discharge chamber and 6-8 X 10*m™. In addition,
the electron temperatures for PF-III arcjet are almost
the same as those for the PF-1I arcjet, although the
electron number densities are smaller than those for
the PF-1I arcjet.

On the other hand, the electron temperatures for
H, are dependent on radial positions and increase
from the upstream region to the chamber exit. The
electron number densities increase downstream to the
chamber exit along the center axis. Accordingly, it is
expected that a high-energy region is formed in the
cathode-jet region for PF-1I. However, for PF-II
arcjet, the electron temperatures are about 0.7¢V and
hardly depend on the radial positions. As a result, it
was found that plasma features in the cathode jet of
MPD chambers depend on the anode radius,
especially for H,.

3.2 Current Fractions on Cathode Cone

The current distributions on the cathode cones of
MPD PF arcjets are shown in Figs.9 and 10. Current
concentration rates of the inner cathode-part for H,
are higher than those for other gases at low discharge
currents. However, the current concentration rates
for every gas at the large discharge current were
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almost the same and about 50% over 7 kA. Thisis
because heat conduction of H, is larger than those of
other gases. Therefore, the thermal pinch effect is
expected to be important at the low discharge currents.
On the other hand, at large discharge currents, plasma
is electromagnetically pinched, and the current
concentration rates are hardly different in gas species.

In addition, the current concentration rates for the
PF-II were lower than those for the PF-II.  This is
because the large axial current is not expected due to
twice of the anode radius of the PF-1I .

3.3 Pressures at Cathode Tip
Figure 11 shows the pressures at the cathode tip
for the PF-II. The theoretical gasdynamic pressure

is balanced in equilibrium by the radial
electromagnetic body force as follows:
JZ
P, = &2—2 @)
dr’r,

where f4,is the permeability in vacuum, J the
discharge current and 7, the cathode radius. The
theoretical gasdynamic pressure is proportional to the
square of the discharge current. The pressures at the
cathode tip for the PF-II and PF-IIl arcjets increase
with the discharge current. Particularly, in the PF-II
arcjets, the pressures for all gases have J*>-dependence.
The pressures for H, are highest of all gases at a
constant discharge current because of an intensive
thermal pinching,

In addition, the pressures for the PF-1I arcjet are
higher than that for the PF-II arcjet at every
discharge current. It is inferred for PF-IIl arcjet that
the gasdynamic pressure is not balanced by the radical
electromagnetic body force near the cathode tip.
According to the current distribution on the cathode
cone, a significant Joule heating is not expected near
the cathode tip for the PF-1II arcjet.

3.4 Contribution of Pumping Force to Overall
Thrust

Figure12 shows the thrust measured with the PF-
I and PF-III, respectively. The solid line described
in the figure shows the theoretical electromagnetic
thrust as follows:

o=t (mr—wij 3)

At low discharge currents, the thrusts for PF-1II arcjet
are larger than the theoretical thrust, especially for H,,
since the thrust includes aerodynamic acceleration.
On the other hand, the measured thrusts approach the
theoretical thrust at large discharge currents.
From the pressure at the cathode tip, the pumping
force for the PF-II with H, is expected to efficiently
contribute to the thrust.
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In order to design MPD thrusters, it is important to
evaluate the contribution of pumping force to the
thrust. The rate of pumping force to the overall
thrust was evaluated from the measured thrust and the
pressures at the cathode tip. In calculating the
pumping force on the cathode cone, it is assumed that
the theoretical gasdynamic pressure is balanced in
equilibrium by the radial electromagnetic body force.
The solid line indicates the ratio of the pumping force
to the theoretical overall thrust. That is as follows:

Pumpi )
umping force NP 3 @
Thrust r 4

<

The rate of the pumping force to the overall thrust
in Fig.13 increases with the discharge currents and
about 25% at 6kA. The rates for the PF-1I arcjet at
low discharge currents are lower than the theoretical
rates, since the overall thrusts are larger than values of
Fy. If the pressures can be measured at the large
discharge currents, contribution of pumping force to
overall thrust is expected to reach 30%, as predicted
from the electromagnetic acceleration theory, since
the thrust are close to F,, at large discharge currents.
On the other hand, the rates for the PF-1II arcjet are
smaller than those for the PF-1I.  This is because the
pressures at the cathode tip are smaller than the
theoretical J*-curve.

3.5 Ion Velocity Exhausted from MPD PF Arcjets

The exhaust plasma velocities for the PF-1I and
PF- Il were measured at 10mm and 20mm
downstream from the exit of arcjets, respectively.
The exhaust velocities at the center of arcjets are
shown in Fig.14. The solid and dotted lines
illustrated in the figure shows the average velocity
evaluated from theoretical thrust. The velocities
increase with the discharge current, and they agree
with theoretical velocity for the most part. The
exhaust velocities for the PF-II reach 12000 m/s at
8kA, and they are larger than the theoretical ones at
the large discharge currents.

Fig.15 shows the exhausted velocity at the mass
flow rate of 1.37 g/s and 2.74 g/s. The difference
between the measured velocity and the theoretical one
at mass flow rate of 2.74 g/s is lager than that at the
mass flow rate of 1.37 g/s, as predicted from the
theoretical average velocity.

The fringe pattern at the discharge current of 9 kA
was not fine as shown in Fig.16. At the discharge
current of 10 kA, Ar ion velocities were not able to
obtained, since the peak disappeared. This phenomena
could be related to the magnetoplasmadynamic
instabilities[8], [9]. The critical discharge currents
derived from Alfven’s theory are set to 7.1 kKA at 1.37
g/s with the PF-TI arcjet[10].

As the radial variation of the exhausted velocities
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for PF-II arcjet in Fig.17 shows, the velocities
were not dependent on the radial positions. From
the previous study, the electron number densities on
the exit plane are also expected to be almost constant.
Accordingly, the mean velocity estimated from the
thrust and the pumping force could be compared with
the exhausted velocity measured with the Fabry-Perot
interferometer. The evaluated velocities are roughly
agreement with the measured ones, as shown in
Fig.18.

18 . : : . ,
16+ Ar, PF-II

—  1.37g/s
141 ---- 0 2.74g/s

Plasma Velocity, km/sec

It

1 1 1
5 6 7 8 9 10 11 12
Discharge Current, kA

Fig.15 Exhausted velocity at the mass flow rate of
1.37 g/s and 2.74 g/s for the PF-II arcjet.
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Fig.16 Fringe pattern described by a Fabry-Perot

interferometer (PF- 1I arcjet, J=9kA,
m =1.37g/s).
16 ; ; : :
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Fig.17 Radial variations of exhausted velocities for
the PF-TI arcjet.
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Fig.18 Evaluated velocity vs measured one with
the PF-II arcjet.

4, Conclusions

(1) From spectroscopic measurement, a high-energy
region was formed along the center axis of the
MPD arcjet PF-1I, although the electron number
densities and the electron temperatures for Ar were
hardly dependent on the radial positions. With
the divided cathode, current concentration rates to
the inner cathode part were measured. At the low
discharge currents, the rate for H, was higher than
those for other gases. On the other hand, at large
discharge currents, the rate was hardly dependent
on gas species and about 50 %.

(2) The pressures at the cathode tip were measured
with a pressure probe. Those for the PF-1I
arcjet agreed with the J* dependence-curve derived
from the electromagnetic theory. The thrusts for
PF arcjets were also measured and were close to
the theoretical thrust at the large discharge current.

(3) From the thrust and the pressure at the cathode tip,
the contributions of the pumping force to the
overall thrust were estimated. Those for the PF-1I
arcjet was about 25 % at 6 kA.

(4) The exhaust plasma velocities were measured with
the PF- Il and PF-II arcjets and the exhaust
velocities for the PF-TI reach 12000 m/s at 8 kA.
They were slightly larger than the velocity
evaluated from the theoretical thrust, and not
dependent on the radial positions.
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