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Energy Deposition in Low-Power Coaxial Plasma Thrusters

R. M. Myers,* A. J. Kelly, and R. G. Jahnz
Princeton University, Princeton, New Jersey 08544

An experimental examination of energy deposition in self-field, coaxial plasma thrusters revealed that the
thrust efficiency ranged from 2-9% and that the dominant losses resulted from electrode heating and propellant
ionization. Sensible enthalpy and radiative losses were negligible. Thruster specific impulse increased with
current, ranging from 550-1750 seconds. Spectroscopic studies of the plume plasma showed that the electron
temperature ranged from 0.5-2.5 eV and that the dominant species were singly and doubly ionized argon.
Attempts to raise thruster efficiency by increasing the chamber pressure resulted in reduced electrode losses

and lowered 1/
beyond expectations.

Nomenclature

A = surface area

Ay = spontaneous emission coefficient from
level i to k

Arl, Arll, Arlll = neutral, singly and doubly ionized ar-
gon

B = magnetic field strength

E(p) = energy of pth level with respect to
ground state

E(p), E.(p) = first and second ionization energies for
pth level

e = electron charge

gli, p) = degeneracy of pth level for species i

h = Planck’s constant

I, = specific impulse

= Intensity

J = total current

Jes J = random thermal electron current and
total current densities

K(T,) = equilibrium constant

k = Boltzmann constant, thermal conduc-

tivity [Eq. (14)] -

atomic mass

= mass flow rate

electron mass

number density of the pth level of

species i

anode and cathode radii

thrust

electron temperature

velocity

= anode fall voltage

= ionization fraction [Eq. (9)], fraction

thermionic current [Eq. (14)]

= wavelength

= frequency

emissivity

= mass density

= Stefan-Boltzmann constant [Eq. (14)],

conductivity [Eq. (15)]
o, O, = anode and cathode work functions
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s»» but the thrust efficiency decreased because of a current redistribution that lowered the thrust

I. Introduction

A N understanding of energy deposition processes in coax-
ial plasma thrusters is critical if they are ever to be used
for spacecraft propulsion. Although many studies have shown
the potential for high specific impulse,'? all thrusters tested
to date have suffered from low efficiency. This paper presents
the results of a study directed at improving our understanding
of the energy-loss mechanisms and their coupling to thruster
geometry and operating conditions.

Coaxial plasma thrusters produce a high-velocity exhaust
via electrothermal and/or electromagnetic processes. Loss
mechanisms include resistive dissipation within the electrodes
and plasma-electrode interactions; plasma losses due to un-
recovered dissociation, ionization, internal modes (vibration,
rotation), and random thermal energy; and divergence losses
and radiation. Previous experimental studies have covered
the gamut of power levels (up to 600 kW steady state,* up to
10 MW for 2 ms pulses') but these are riddled with ambiguities
introduced by unacceptably high tank pressures (=10-! Pa),
electrode and chamber surface temperature variations, or the
presence of an applied magnetic field.5 In addition, the lack
of adequate diagnostics has precluded a comprehensive ex-
amination of energy deposition in these devices.

Following a description of the experimental facilities in Sec.
I1, results of performance measurements, plasma character-
ization, and electrode studies are presented in Secs. III, IV,
and V, respectively. Throughout, an attempt is made to in-
trepret and correlate the measurements using currently ac-
cepted models. Finally, a summary of the major conclusions
is given in Sec. VI. Details of the spectroscopic analysis are
presented in the Appendix.

II. Experimental Facility and Thruster Design

The thrusters were mounted at the end of a 0.7-m copper
pendulum in a 1.5-m-diam, 6-m-long, steel vacuum tank, the
pressure of which was maintained below 0.07 Pa during test-
ing. Current and propellant were passed to the pendulum
through mercury pots and a flexible hose near the pendulum
pivots. The thruster was powered by a customized 50-kW
Miller welding supply (80 V open circuit) with a maximum
current ripple of 0.5%. This supply permitted operation at
currents up to 1250 A at 40 V. The arc was started by inserting
a tungsten wire probe into the interelectrode region and dis-
charging a 416 uF capacitor bank charged to approximately
3000 V between the probe and the anode.

Thruster performance measurements (thrust and efficiency)
were obtained from the propellant mass flow rate, voltage,
and thrust. Measurements of floating potential, cathode sur-
face temperatures, and thruster body temperatures were used
to estimate electrode losses. Plasma characteristics were ob-
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Fig. 1 Benchmark thruster configuration.

tained from spectroscopic measurements at the exhaust plane
and filter photography of the thruster chamber and plume.

The benchmark thruster, shown schematically in Fig. 1,
consisted of a 0.48-cm-diam, 2.8-cm-long, 2% thoriated tung-
sten cathode extending from a boron nitride chamber and
mass injection system. This was enclosed in a 10-cm-diam
graphite cylinder that served as the main structural compo-
nent, the anode conductor, and as a thermal radiator. Pro-
pellant was injected into the chamber from two independent
plenna via annulli at the cathode base and at the midradius
between the cathode and the chamber wall. Graphoil gaskets
were used to prevent leakage between thruster components.
The second geometry tested, the reduced chamber radius
thruster, was identical in every respect to the benchmark ge-
ometry except for the chamber area, which was reduced by
a factor of two by inserting a boron nitride cylinder into the
bench mark chamber. This cylinder, which extended the length
of the chamber, ended with 45-deg half-angle flare that merged
with the upstream anode edge.

III. Performance Measurements
A. Voltage-Current Characteristics

Benchmark Geometry

Voltage and current were measured to =0.25 V and =5
A, respectively. Errors in these measurements result primarily
from data scatter; experiments were performed several times
to verify repeatability. It was shown previously’ that the in-
fluence of propellant injection scheme on the voltage mag-
nitudes was negligible. The voltage-current (V-J) character-
istics and associated linear least-squares fits for argon at three
mass flow rates with a 50:50 propellant split between the inner
and midradius injection annuli are shown in Fig. 2. It is ev-
ident that decreasing the propellant flow rate increased the
terminal voltage but did not change the slope of the V-J curve.
For all conditions, the voltage increased approximately lin-
early with current level. Similar results were obtained for
nitrogen propellant, although the voltage was slightly higher
for nitrogen than for argon at the same mass flow rate.

Reduced Chamber Radius

Figure 3 shows that reducing the chamber radius (halving
the chamber area) increased both the magnitude and the slope
of the voltage for argon. The voltage increased by up to 5 V
at high currents. The same effect, although less dramatic, was
observed for nitrogen. Decreasing the chamber radius also
appeared to influence the sensitivity to mass flow rate: re-
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Fig. 2 Benchmark V-J characterisic for argon at three mass flow
rates.
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Fig. 3 V-J characteristic for two geometries at 13.4 mg/s argon.

ducing the flow rate from 13.4 mg/s to 11.5 mg/s in the reduced
area thruster had a significantly more pronounced effect on
the V-J characteristic than a similar change in the benchmark
geometry. )

B. Thrust, Specific Impulse, and Efficiency

Thrust was measured by monitoring the deflection of the
pendulum arm. In-situ calibrations were obtained using a mo-
tor drive to suspend weights from a lever attached to the
pendulum. Electromagnetic noise problems resulted in mea-
surement errors of =<5 mN for the benchmark geometry and
=20 mN for the reduced chamber radius thruster.

Thrust measurements for the two thruster geometries are
shown in Fig. 4. These data include two argon flow rates for
both the benchmark and reduced chamber radius geometries.
Thrust appeared to be independent of mass flow rate, ranging
from 0.05-0.2 N for the benchmark geometry and from 0.05-
0.12 N for the reduced chamber radius thruster. Superim-
posed on the thrust data are theoretical estimates of the self-
field electromagnetic thrust, calculated from®

- (’-) = bJ? (1)

4 T,

¢

where r, was taken as either the average and maximum anode
radii. Previous work?# has indicated this relation is valid for
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Fig. 4 Thrust-current characteristics for two geometries with argon
propellant.
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Fig. 5 Specific impulse vs current for two geometries with argon
propellant.

the operating conditions covered in this study. The magni-
tudes and trends for both geometries generally follow the
theoretical curves, but the geometric constant b that best fits
the data is lower for the reduced chamber radius thruster.

This observed decrease in thrust level for the reduced cham-
ber radius thruster was most likely due to a redistribution of
the current on the anode surface. Visual observation of the
anode surface temperature distribution during testing indi-
cated a current concentration at the anode lip with the bench-
mark geometry and at the anode base with the reduced cham-
ber radius. These observations were substantiated by anode
discoloration in these locations for the two geometries.

The highest resulting specific impulses for the two ge-
ometries are shown in Fig. 5. These correspond to mass flow
rates of 11.6 and 13.4 mg/s for the benchmark and reduced
radius thruster, respectively. The error bars include a 5%
uncertainty in the mass flow rate; cathode erosion contributes
less than 1% of the steady-state mass flow.® The highest I,
1750 s, was obtained for the benchmark thruster at the lowest
flow rate, 11.6 mg/s. Arc instabilities prevented operation of
the reduced chamber radius thruster at flow rates lower than
13.4 mg/s or at currents above 850 A, so the maximum I,
Wwas correspondingly lower. It is important to note that, for
argon propellant, the higher values of specific impulse cannot

Current (A)

Fig. 6 Efficiency vs current for two geometries with argon propellant.

be explained by thermal acceleration, lending further support
to the correlation with a self-field electromagnetic accelera-
tion model. Estimates of the sensible enthalpy [Eq. (9)], which
is the only thermal energy recovered at the low pressures in
these devices, indicate that thermal acceleration can only play
a significant role for specific impulses below ~500 s with
argon.

The resulting thruster efficiencies, plotted as a function of
current, are shown in Fig. 6. The efficiency increased sharply
with current level for the benchmark thruster while remaining
approximately constant for the reduced radius geometry. A
peak efficiency of about 9% was reached with a mass flow of
11.6 mg/s. The peak efficiency with the reduced chamber
radius thruster was about 2.5%. The primary effect of de-
creasing the chamber radius was to worsen thruster perform-
ance via an increased terminal voltage and a decreased thrust
level.

IV. Plasma Characteristics
A. Plasma Species

Argon Propellant

A Spex 0.75-m spectrometer was used to photograph the
plasma emission spectrum 3 mm in front of the anode exit
plane. These photographs were centered at wavelengths of
340 nm, 430 nm, and 465 nm with a bandwidth of approxi-
mately 40 nm. Prominent lines between 328.5 nm and 366 nm
were from singly and doubly ionized argon (ArlI and ATllIl),
although a few faint neutral argon lines were identified. Dou.
bly ionized argon was confined to the central regions of the
discharge. Faint spectral lines from nitrogen and tungsten
were identified, probably originating from the boron-nitride
insulator and the cathode, respectively.

Nitrogen Propellant

The spectral ranges photographed were between wave-
lengths of 442.0 and 487.0 nm and 549.5 and 574.7 nm. Vi-
brational bands indicative of molecular nitrogen were pre-
dominant in the lower wavelength region for tests conducted
at lower currents and higher mass flows (660 A and 13.6 mg/
s, respectively). Singly ionized nitrogen lines were clearly vis-
ible, and no evidence of either doubly ionized nitrogen or
molecular ions was found.

B. Electron Temperatures and Species Densities

Exhaust plane plasma characteristics were quantified using
an Ikegami ITC-400 vidicon camera detector at the spectrom-
eter photoplane. This system acquired 30 complete profiles
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Table 1 Spectral lines and associated data for
spectral measurements

A, nm E(p). eV g(p) Agos!

486.59 22.5 6 1.5 x 107
487.98 19.67 6 7.8 x 107
488.91 19.79 2 1.59 x 107
490.47 21.13 8 4.5 x 100
493.32 19.25 4 1.43 x 107
496.51 19.76 4 347 x 17
497.22 19.3 2 9.6 x 10°

of all spectral lines used in the analysis every second. Spectra
were monitored and stored continuously throughout the tests,
including startup, steady-state, and shut-down phases of op-
eration. Intensity calibrations were performed using a tung-
sten ribbon lamp precalibrated with a Leeds and Northrup
optical pyrometer. Spectra were analyzed to obtain intensity
profiles (using 80 radial points) using an AT&T Targa M8
frame grabber and Media Cybernetics Image-Pro software.
Only results for argon are presented; the complexity of the
nitrogen spectrum precluded detailed analysis of the line in-
tensity measurements.

Seven singly ionized argon lines, listed along with the rel-
evant atomic data'” in Table 1, were used for these measure-
ments. The intensity profiles were Abel-inverted using the
algorithm proposed by Nestor and Olsen'' to obtain the radial
emission coefficient for each line. This technique was verified
using various test functions, and yields reasonable values of
the emission coefficient at intermediate radii; values at the
plume axis and edge are suspect.

Electron Temperature

The electron temperature was calculated from a linear least-
squares fit of a plot of

LigwiA
” (ﬁg%) vs.  AE, @)

)

where T, is the inverse of the line slope. Error estimates were
obtained by combining the error in the measured intensities
and the transition probabilities using a standard algorithm.!=

Figure 7 shows the calculated radial variation of the electron
temperature for the reduced chamber radius thruster with
argon flow rates of 12 and 15 mg/s at a current level of 815
A. The effect of increasing the mass flow was similar to de-
creasing the current: at the higher flow rate (15 mg/s) the
temperature profile had much stronger radial gradients and

Electron Temperature (eV)

Radius (cm)

Fig. 7 Electron temperature vs radius for two argon flow rates.
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the magnitude was significantly lower (by ~1 eV at the higher
radii) than for the lower mass flow. The temperature distri-
bution was relatively flat for all conditions, and the influence
of thruster geometry on the electron temperature was small.

Species Densities

A Saha-type ionization balance was used to estimate the
electron density from the above data. The upper excited-state
populations of singly ionized argon are related to the ground-
state population of doubly ionized argon by'?

NanuNe _ 2g(ArIIL 1) <27Tm(,kT(,)ls o (—E,(,;))
Nan(p) ~ g(AfLp) \" &2 AT,

= K(T)) 3)

¢

where N,,(p) is the measured population of the pth level.
The absence of data for neutral argon precluded the use of a
similar Saha equation relating Arl to Arll, which restricted
these calculations to regions where the dominant ionization
balance is between ArlIl and Arlll. This point will be further
discussed below.

To complete the formulation, we use charge conservation

N, = Nyu + 2N sy 4

and relate the measured Arll excited-state density to the
ground-state density of Arll by

Naulp)
Nami(1)

where f(T,, N,) depends on the state of the plasma. This
equation was used to calculate the total population of argon
in Eq. (4), since for these plasma conditions the excited-state
population is less than 5% of the total argon population. Thus,
combining Egs. (3-5), we obtain

= f(T., N.) )

1 _ Naml(p) _
: (Ne Roalbd)  — Nou(pKT) (O

which is the equation to be satisfied for the measured N, (p)
and T,.

Two cases were considered: the first assumed that the ex-
cited-state populations were in thermal equilibrium (TE) and
governed by the Boltzmann distribution:

g(Arll. p) » (—E(p)) o
kT,

g(Arll. 1)

The second used a nonthermal equilibrium model (NTE),
where f(T,, N,) was evaluated using a 12-level Arll atomic
model with approximate rate equations (see Appendix). The
calculations were performed independently for each of the
seven measured excited-state populations and the results av-
eraged.

Typical results for both methods, along with the calculated
N./N A1, are shown in Table 2 for the reduced chamber radius
thruster. For all ionization levels up to 100% N,/N 4.; should

f(T..N,) =

Table 2 Calculated electron densities for benchmark thruster with
14.9 mg/s argon at 860 A (Densities in cm~?)

Radius. N, N, NJNami NJNam
cm T,.eV (TE) (NTE) (NTE) (TE)
2 1.3 4 x 10" 3 x 10" 1.7 2.5
4 1.4 4 x 10% 2.7 x 10 3 13
.6 1.35 3 x 10" 2.5 x 10% 1.5 8
.8 1.23 3 x 100 2 x 10 1.1 1.1
1.0 1.15 5 x 10" 5 x 107 1.0 1.0
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Table 3 Power lost to ionization and unrecovered sensible enthalpy

m, mg/s J, A P, kW P/P, P, kW P, P,

10 700 0.38 0.03 0.12 0.008
800 0.55 0.03 0.15 0.0083
900 0.71 0.033 0.2 0.0095

15 700 0.35 0.024 0.18 0.012
800 0.57 0.03 0.23 0.013
900 0.7 0.03 0.30 0.013

equal one. if it is greater than one the plasma is partially
doubly ionized. The electron densities predicted by the NTE
and TE methods were very close, ranging from 2-4 x [0O"
cm Y (=1 x 10% cm 3 depending on the radius. The ratio
of the electron density to the singly ionized argon density was
considerably greater at low radii for the TE case due to the
underprediction of the ground-state density when a Boltz-
mann distribution was assumed. Results for a test at a lower
mass flow rate (12.3 mg/s) showed that while the electron
density was insensitive to flow rate, the ratio NN .. in-
creased dramatically (by a factor of five). These results show
that the plasma was partially double ionized in the central
region of the plume, in agreement with the photographic spec-
tral studies described earlier.

At radii larger than | cm, the calculated electron density
began to increase. This was due to a combination of a sharp
decrease in excited-state population and the forced balance
(in the analysis) between singly and doubly ionized argon: for
the given equations, the decreased density of singly ionized
argon could only be accounted for via the formation of ArlII.
with an associated increase in electron density. These results
show that this balance was not the dominant cause of the
observed Arll depletion at large radii; a more likely cause
for the observed decrease in intensity is plume expansion.
Recombination of Arll to Arl is not significant at the low
plume densities.

The power associated with lonizing the argon propellant
can be written

P, = Enmy + (£, + E ) au (8)

where E, and E, are 15.8 and 27.6 eV, respectively. The
sensible enthalpy of the plasma is

_SKT

/13—2—/\4’

(1+ a )

where the electron and ion temperatures were assumed equal
and the ionization fraction varies between 0 and 2 to account
for the presence of ArIII. The order of this term was estimated
using the maximum electron temperature measured for the
given current. The power tied up in sensible enthalpy P, was
obtained by multiplying 4, by the mass flow. Results of these
power calculations for two mass flow rates and the associated
fractions of the total thruster power are given in Table 3,
which shows the combined ionization and sensible enthalpy
powers are less than 4% of the input power. It is clear that
the power required to create and maintain the fully ionized
argon plasma at the flow rates considered was a small fraction
of the total thruster power for these geometries and operating
conditions.

V. Electrode Processes

A. Anode Processes
The net power lost to the anode can be written as

SkT,
2e

P, =1, (cba + V, + (10)

where convection and internal ohmic heating were ne-
glected.” The anode power P, was evaluated using electron
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temperatures from the previous section, the work function of
2% thoriated tungsten (approximately 3.3 eV'), and mea-
surements of the anode fall voltage. The latter were made
using a floating probe, referenced to the anode, which was
rapidly rotated to a position 3 mm above the anode surface.
Probe rotation was accomplished using a Ledex rotary sole-
noid; the probe was removed undamaged after less than 0.1
s within the thruster. No significant differences were noted
between measurement points along the anode, and testing
showed that the anode temperature did not influence the fall
voltage. The latter was shown using measurements taken im-
mediately after startup (with a cold anode) and after the anode
had reached ~2000 °C.

Measured floating potentials were converted to plasma po-
tentials using'®

kT, (mm.
AV = 5 /,,<2M> (1)

which, while relatively crude given the flow complexity, was
adequate for the purposes of this study. The electron tem-
perature was ~0.8 eV near the anode surface (Sec. IV). yield-
ing a correction of 4.3 V for argon. This correction was used
for all measurements, although no 7, measurements were
avdilable for nitrogen.

Typical results for argon and nitrogen propellants at the
same flow rate (13.4 mg/s) are compared in Fig. 8. For all
tests, the fall voltage increased with current level and de-
creased slightly with increasing mass flow rate. The anode fall
was significantly smaller with nitrogen at the lower currents
(as low as 9 V), but the difference decreased above 750 A.
Reducing the thruster chamber radius decreased the fall volt-
age by approximately 3 V. This geometric effect is most pro-
nounced when comparing the ratios of the fall-to-total thruster
voltages as is done in Fig. 9. The voltage fraction associated
with the anode fall was about 20% higher with the benchmark
thruster. These results indicate that the dominant source of
the terminal voltage rise observed when the current is in-
creased (Figs. 2 and 3) is the anode fall, not the plasma drop.

These measurements show that for all operating conditions
the anode was by far the largest energy sink in these thrusters,
The power fraction invested in the anode is plotted vs thruster
power in Fig. 10. where the electron current was assumed
equal to the thruster current. Between 80 and 90% of the
total power was deposited into the anode with the benchmark
geometry, and between 65 and 80% with the reduced chamber
radius thruster. Independent confirmation of this conclusion
was provided by temperature measurements of the graphite

SIRY
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Fig. 8 Anode fall voltage vs current for benchmark thruster with
argon and nitrogen propellants at 13.4 mg/s.
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Fig. 9 Anode fall fraction vs current for two geometries with 15
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Fig. 10 Anode power fraction vs total thruster power for two ge-
ometries with 15 mg/s argon.

block surrounding the anode. Results of a thermal analysis'’
showed that the measured temperatures can only be explained
if over 80% of the thruster power is deposited into the anode.

The fall-voltage measurements represent the integral of the
potential distribution between the anode surface and the probe.
This distribution includes the sheath region (on the order of
a few Debye lengths thick) and any other near-wall processes
that influence the potential. The latter include conductivity
gradients due to temperature and density gradients resulting
from wall cooling and recombination. The sheath contribution
can be estimated from

kT, (i,
—V, =, |k
T e (1) (12

This relation has been used by Hugel'® to explain anode power
deposition in MPD thrusters. The thermal electron current is

given by the product of the thermal electron flux and the
electron charge

_ N, BT,
Je 4 m™m,

(13)

Using electron densities and temperatures from Sec. IV, the
thermal electron current density at the anode is estimated to
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be 70 A/cm’. Assuming a uniform current distribution over
the anode, the total current density ranges from 10-38
A/cm? over the stable current range (500-1000 A). Under
these conditions the sheath voltage is negative, ranging from
~1Vat500 A to —0.5V at 1000 A. However, as discussed
in Sec. III, there was evidence of nonuniform anode current
attachment with both geometries studied. In addition, the
radial pumping force caused by axial current conduction may
have reduced the electron density in the anode region. It thus
seems possible that the sheath voltage was actually positive,
since only a factor of two difference in the current density
ratios was required to cause this change. At this point, how-
ever, there is insufficient data to establish the dominant source
of the 10-20 V anode fall voltages measured in the experi-
ments.

B. Cathode Processes

The net power lost to a cathode with a steady temperature
distribution can be estimated from the net outflow of energy
from the cathode’

P, = L (j ., + eoT* — kVT,) dA (14)

where convection and evaporation were neglected. The latter
was justified on the basis of erosion measurements for these
thrusters.” The surface temperature distribution was mea-
sured using filtered video photography calibrated using a tung-
sten ribbon lamp to =50 °C. Details of the measurement
techniques and results have been presented elsewhere.®
Typical results for the temperature measurements are shown
in Fig. 11. A comparison of the thermionic current, calculated
from Richardson’s equation, and the measured current levels,
showed that thermionic emission adequately explained the
cathode current conduction for a cathode work function of
4.5 eV (pure tungsten). This is not surprising since at the
measured temperatures thorium will be rapidly depleted from

3600
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¥ 3200 1
[
t =
12 3000 4 . -
— ) 1
2 ] ,/ 800 Amps I\ i
E 28004 [ e 700 Amps k
2 i - 650 Amps N
2600 A / | Tip
] ‘ Backplate
2400 : - T T
0 1 2 3

Position along Cathode (cm)

Fig. 11 Cathode temperature distribution for three current levels
and 12 mg/s nitrogen flow rate.

Table 4 Cathode power loss calculated from temperature
measurements and calculated thermionic currents
(®, = 4.5 eV); 11.5 mg/s argon

Electron
J, A Cooling, kW  Radiation, kW  Conduction, kW  P_/P,
800 2.1 1.03 0.12 0.15
700 1.3 0.88 0.15 0.09
650 0.66 0.78 0.16 0.11
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Table 5 Magnetic Reynolds number R, and magnetic force
number S for kilowatt- and megawatt-power level thrusters

Power level J2m, kA?-s/g R M
20 kW 10-90 0.05-1 0.004-0.1
1 MW 10-90 0.05-0.7 0.06-0.1

the surface. Equation (14) was evaluated by assuming the
current to be fully thermionic, and calculating heat-conduc-
tion and radiation terms (the emissivity was measured to be
0.4°) using the temperature data. As shown in Table 4, the
cathode power loss is between 10 and 15% of the total thruster
power.

VI. Summary and Implications

Experimental measurements of performance, plasma char-
acteristics, floating potentials, and thruster surface and body
temperatures in two low-pressure geometries confirmed that
the plasma energy balance was dominated by kinetic energy,
ionization, and sensible enthalpy, but clearly showed that the
anode was the largest thruster energy sink. Thrust increased
with current level, and the specific impulse ranged from 550—
1750 s. The magnitude and behavior of thruster-performance
parameters indicate that the dominant plasma acceleration
mechanism was electromagnetic. Floating potential and
thruster temperature measurements showed that between 65
and 80% of the thruster power was deposited into the anode.
In decreasing order, the remaining sinks were the cathode
(10-15%), thrust (2—-10%), ionization (2-3%), and sensible
enthalpy (~1%). Although the plasma was optically thin,
radiation losses did not contribute significantly due to the low
plasma density and temperature. Decreasing the chamber ra-
dius did result in reduced electrode losses, but the total ef-
ficiency decreased due to a redistribution in thruster current.

These results also bear on the scaling characteristics of coax-
ial plasma thrusters. Comparing these data with those ob-
tained for thrusters of similar geometry operated at megawatt-
power levels!->!* over the same range of the ratio J%/m (which
is proportional to specific impulse), we find that for both cases
plasma acceleration is electromagnetic, the gas is highly ion-
ized, the electron temperature is between 0.5 and 2.5 eV, and
the electron densities are between 10'* and 10" c¢cm 3. In
addition, the anode fall voltages are similar (10-30 V). These
data show that certain aspects of thruster behavior can be
scaled to radically different power levels, a conclusion with
important implications for the development of high-power,
steady-state plasma thrusters because of the high cost of de-
veloping test facilities for these devices. Specifically, estimates
of the magnetic Reynolds number R, and the magnetic force
number §, defined by"

mpu’

R, = poul, S (15)

and shown in Table 5, indicate that the dynamics of plasma
acceleration may be similar in the quasisteady megawatt-class
thrusters and the kilowatt-class devices studied here. In ad-
dition, the magnitudes of the anode fall voltages are com-
parable in both low- and high-power devices. However, anode
losses do not play a dominant role in megawatt-class thrusters
due to the very large voltage drops across the plasma, which
shows that the thrust efficiencies are quite different for the
two power ranges.

Appendix

A. Simplification of the Rate Equation

The steady-state equations for the bound electronic states
were simplified using the method proposed by Suckewer.2-2!
The time scales for ionization and recombination are long
compared to bound-state interactions so they need not be
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included. Neglecting heavy-particle inelastic collisions and
stimulated emission (both good assumptions for these plas-
mas) and solving for the density of level i, we obtain®

N = e NN
2 Au + NS
+ chk ANSE — NSL) + Zk~>1N/<Ak:
A + NS

(16)

where S/ and S!I are the electronic collision excitation and
deexcitation rates, respectively. The first term in this equation
includes transitions to and from levels below i, and the second
involves interactions with levels above level i. For most cases
of interest, the first of these terms is much larger than the
second and can be neglected. This condition was checked a
posteriori. Introducing

NSY
Mk = 3 17)
ZkazAik
the Holstein radiative escape factor'? level i, 7;, and using the
Klein-Rosseland relation?* to relate the collisional reaction
rates, the equations reduce to

. 8 —AE,
2ieiNemu P exXp ( kT, )

N =
' T+ T Ma (18)

The equations are solved sequentially, starting from the ground
level, with N, = 1. The radiative escape factor was iteratively
calculated for resonance radiation and set to unity for all other
transitions. The influence of convective effects was checked
at the same time as the second term in Eq. (16) and they were
found to be negligible.*

B. Atomic Model and Collision Cross Sections

The ionized argon atom was approximated by a 12-level
model. The properties of each level were calculated using

_ . P 3 B8 i A8,
= 2.8, E, = ===, A, = ==L (19
g/ Ag: i zkgk ik Eg ( )
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with data from Wiese et al.'” Collision cross sections for ex-
citation were taken from Drawin.” Comparisons of the cal-
culated cross sections with available data showed good agree-
ment,” and a sensitivity analysis showed the influence of
forbidden transitions to be negligible. The rate coefficients
are calculated by numerically integrating over a Maxwellian
distribution function at the measured electron temperatures
and used to evaluate Eq. (17) for all transitions. An iterative
procedure was used to determine the electron density from
Eqgs. (18) and (8) in the text.
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