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A CESIUM MAGNETOHYDRODYNAMIC COQAXIAL ARC JET
by
A. W. Blackstock, D. B. Fradkin, D, J. Roehling, and T. F. Stratton

ABSTRACT

A cesium-fueled magnetohydrodynemic arc jet was operated between 4
and 12 kW at megnetic field strengths up to 1000 G. Electrostatic probe,
spectroscopic, and microwave measurements were made on the exhaust beam.
Beam momentum was determined from the deflection of a downstream sieve.
The magnitude and position of Hall currents was determined using megnetic
loop pickup coils. The overell arc voltage is & linear function of applied
axial magnetic field strength, The thrust is a linear function of the
product of the arc current end applied axiel megnetic field strength, and
is of a magnitude too great to be produced by the measured Hall currents.
A partial theory is developed that describes the functional dependence of
the arc voltage and thrust. Data are presented that show mass entrainment
wes present end that when the arc is operated with mass entrainment the
exhaust velocity is predicted by the Alfvén "criticel velocity."

LIST OF SYMBOLS
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m

=
2

X mean free path
area A length
magnetic field strength $ ionization potential
diffusion coefficient p mass density
electric field strength T collision time
electron charge: - 1.6 x 10% ¢ ) angular frequency
current Subscripts
current to probe calor calorimetric
current density to probe D directed
Boltzmann constant e electrons
energy of condensation, torque i ions
mess nom nominal
nass flow rate P probe
number density r redial
power, angular momentum at the sheath edge
ion charge: + 1.6 x 10739 ¢ sat saturated
radius th thermal

temperature, thrust

eritical velocity (see Discussion)

voltage
velocity
directed energy

radius ratio

free stream condition



INTRODUCTION

Arcs that generate a plasma by the discharge
of electrical current between short coaxial elec-
trodes in the presence of an applied, axially sym-
metric megnetic field are called either magneto-
hydrodynamic (MHD) or megnetoplesmadynemic (MFD)
arcs. These plasma sources have been studied in
meny leboratories for space propulsion epplica-
tion. 7 he experiments described in this report
are concerned with a cesium plesma generated by
such a device, Macroscopic properties of the arc
and the emergent beam were investigated, including
the dependence of the arc current and voltage on
the magnetic field, the momentum and energy flow in
the beam, and the location of certain circulating
currents in the arc region., The electron density
and temperature and the ion streaming veloclty and
temperature were established from an analysis of the
currents to single and double electrostatic probes.

Cesium is an unusual discharge material because
its ions are unusually massive compared to the more
standard propellents such as hydrogen, nitrogen, and

argon, However, it offered several advantages for
our studies. The low first ionization potentiel
permitted ready attainment of a fully ionized
plasma, The low melting point allowed use of a
relatively simple feed system. Because of the dif-
ferent ratlo of the gyro frequency to the collision
frequency for ions and electrons, the development
of Hall currents was favored by the heavy gas
plasme., Lastly, we wanted to determine if exhaust
velocities corresponding to directed particle
energies considerably in excess of the applied
voltege could be reached with cesium, as had been
reported for many lighter propellants,
APPARATUS

The arc structure was mounted vertically, as
shown schematically in Fig. 1. The outer electrode
was made of tantalum, 3.75-cm i.d., and was brazed
into & water-cooled, copper mounting plate. The
central electrode, made of tungsten, was 2.5-cm
o.d, Ceslum was fed to the interior of the center
electrode, and the cesium emerged through 12 holes
(0.12~cm diam) along 45° radii of the spherical
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Fig. 1. Schematic of cesium arc jet showing center-line magnetic field strength.



' electrode tip. The total area of the holes was
0.1k cma. The insulator was mechined from cormer-
clal grade boron nitride. During many months of

operation, the electrodes never required replace-

The insulator was sometimes damaged by the

development of radial cracks after prolonged opera-

tion at arc powers in excess of 10 kW.

ment.

The low melting temperature of cesium (30°C)
allowed all parts of the arc structure and vacuum
enclosure to be raised above the melting point by
introducing hot water into the coolant passages.
Arc startup was accomplished in vacuum by introduc-~
ing cesium liquid into the center electrode chamber
with voltage on the arc electrodes. Arc initiation
was immediate as soon as a liquid film flowed over
the exposed insulator face. If, after arc operation
and shutdown, the electrodes were shorted by a re-
sidual liquid layer, arc initiation was always
achieved at a short-circuit current less than 1000
amp.

Cesium was expelled from & positive-displace-
ment bellows and piston assembly and was delivered
through a heated line into the center electrode.

A verieble-speed dc motor drove the bellows and pis-
ton through gear reduction boxes and & screw on the
bellows shaft. No difficulty was encountered with
any aspect of the positive-displacement cesium feed.
Calibrations of the rate of delivery of cesium as a
function of motor armature voltage and gear ratio
were obtained with water and a graduated pipette;
the calibrations were reproducible and independent
of the bellows position. Cesium that collected on
the bottom plate of the experimental enclosure was
returned to & reservoir after dropping through an
insulating section.

The arc exhausted into a vacuum enclosure con-
sisting of a column of water-cooled brass tubes with
Teflon insulators between sections. To protect
these insulators from short circuits and radiation
from the arc, they were covered by protective skirts.
The vacuum enclosure wes 25 cm in diameter and 90 cm
long. An oil diffusion pump evacuated the system
through a 10-cm-diam pipe at the top of the enclo-
sure. Base vacuums of 5 x 10™! torr were obtained,
and usual pressures of noncondensable gases during
arc operation were 2 x 10-5 torr. Viewing ports
were kept clear of condensing cesium by heating the
windows to 90°C.

A set of coils applied an axial magnetic field
The coils were ili turns, had
& 32-cm i.d., a 64-cm 0.d., and were 5 cm thick.

The relatively large size of the coils generated a
slowly diverging field. The plane of the coil was
adjustable with respect to the arc electrodes, but
was generally 10 cm below the cathode tip. Currents
up to 2000 A could be run through the megnet. The
magnetic field strength along the centerline is
shown in Fig. 1.

The arc was powered from either a motor-gener-

to the arc geometry.

In either case an
adjustable rheostat (0.0l- to 0.05-ohm impedance) in
series with the arc caused the arc current and
voltage to comply with the source load line. The
arc current, voltage, and parameters pertaining to

ator set or a rectifier unit.

electrode and beam calorimetry were recorded on
synchronized strip-chart recorders.
DIAGNOSTICS

Studies of the operating characteristics of
the arc were divided into methods pertaining to
either the gross properties of the system or local
Included in the first
category were arc voltage; power in the beam and
electrodes; beam momentum flow, as a function of
arc current; applied magnetic field strength; and

measurements in the beam.

cesium mass flow. The second category included
studies of the optical spectrum of the beam, micro-
wave and electrostatic probe results for the plasma
density and temperatures, and determinations of the
location and magnitude of circulating plasmsa cur-
rents.
Arc Voltage

The arc impedance was smeller with larger cur-
rent, smaller with lerger mass flow rate, and lerg-
er with larger axisl magnetic field strength. Arc
voltage as a function of current in the axial mag-
netic field coils is plotted in Fig. 2 for arc
currents of 40O to 900 A. Patrick and Schneii.derma.n8
reported a linear variation of arc voltage with the
strength of the applied magnetic field for severel
other working fluids, and they tabulated the re-
sults according to certain characteristic veloci-
ties related to the ionization potential of the
fluids. A further discussion of the linear vari-
ation of voltage in terms of plasma rotation is
given in the Discussion.
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Fig. 2. Arc voltage versus magnetic field strength.

Beam Momentum Flow

There was no provision for measuring the re-
action of the plasma stream on the arc and megnet
structures, and the momentum flow in the beam was
inferred from force measurements on plates and
screens located downstream of the arc electrodes.
The measurements reported here were obtained with a
tungsten screen, febricated from 0.0125-cm-diam
wire, with wire spacings of 0.25 cm. The screen was
large enough to intercept the entire beam and the
wires ren in two directions; therefore, the gecmet-
rical fraction intercepted was 0.1. The wire size
was &8 small ag was consistent with reliable signals
at the force balance. The screen could be consid-
ered in the regime of free molecular flow since the
wire diemeter was less than the mean free path, and
the wire spacing was greater than the mean free path
of the ions,

The possibility of circulating currents in the
force screen was considered ag & reason for the de-
flection of the screen. Circulating currents in the

6

0 direction, interacting with the radial component
of the applied solenoidel field, would give rise to
forces in the eaxial direction. The direction of the
circulating currents and the direction of the
radial component of the magnetic field would deter-
mine the sign of the force. A numerical estimate
of the current density in the wires of the screen
that would lead to the observed forces showed thet
the necessery current could not be supported with-
out melting the screen; therefore, circulation of
the current in the wires of the screen could not
give rise to the forces observed on the screen, To
prevent the circulation of part or all of the arc
current directly through the screen and the sup-
porting members the screen was electrically isola-
ted from the arc electrodes and the vacuum enclo-
sure., Under conditions in which the end of the
vacuum enclosure was electrically connected to the
anode, an arc could be established between the cath-
ode and the end of the tank, With the screen elec-
trically insulated from the electrodes, no force
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was registered from an arc operating in this con-
dition,

A summary of force meagsurements is given in
Fig. 3.
multiplied by ten; this multiplication assumed that
the screen intercepted the beam in a geometric
fashion and that ions were deflected or reflected
from the wires with energies that were small com-
pared to their initial energies. Qualitatively,
the force increased with both arc current and the
strength of the applied axiel magnetic field, and
the force depended linearly on the product Iarc

The observed forces on the screen were

IB-coils' A similer linear dependence of thrust on

the product Ia.r IB-coils

working fluids.

was reported for other
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Fig. 4a. Beam power versus magnetic field strength.
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Beam Power
The power in the beam was determined from the

flow rate and temperature rise of the water cooling
the walls of the vacuum enclosure.
calorimetric determinations of beam power as a

function of the megnitude of the current in the

field coils are shown in Fig. 4a for two conditions
of arc power.

Summeries of

Force measurements for the same runs
are plotted as the ratio of the power to the force
in Fig. 4b, The fraction of the input electrical
power appearing in the beam was no greater than
0.4, and this fraction of the power was nearly
independent of the atrength of the applied megnetic
field. Inasmuch as the thrust increased with the
strength of the applied magnetic field, the fraction
of the power in directed kinetic energy must have
increased with B. However, the largest velue reach-
ed by the quantity Fo/(2h VI) wes 0.2.

Part of the energy carried to the beem calori-
nmeter by ions was due to the space charge sheath
between the metal of the celorimeter and the plasme

of the beam. This effect has been discussed pre-
vious]ylo’u‘ with regard to electrode losses in arcs

and for electrostatic probes. The effect was simi-
ler for our electrically insulated calorimeter,

A plasma sheath affected the flux of ions and
electrons to the walls. The negative sheath inhib-
ited the flux of electrons, and hence accelerated

the ions., Those electrons arriving at the wall to
10 T
?
°
g OO
3 5 - 04 o} .
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Fig. 4b. Power to thrust ratio versus magnetic
field strength.
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Fig. 5. Spectroscopic line strength as a

function of radiel position,
neutralize the ions represented the high-energy
component of the electron energy distribution, and
hence contributed en excess of energy to the walls.
In summary, for a beam of singly charged ions, the
celorimeter recorded a power

KT KT
-’he<3 S —;5+v8+§+w..+L),(1)

where m is the rate of mess flow in the beam; m,
the mass of the heavy particles; ls:'].'i and kTe the
thermal energies of the ions and the electronms,
respectively; W, the directed energy of the ions;
v, and $ the eppropriate sheath potential and ion-
ization potentiel; and L the energy of condensation,
The order of megnitude of the excess energy, (1/2
kTe/e +V.), was 2 to 5 V in our work, and repre-
sented about 0.1 to 0.25 of the total power to the
calorimeter. The excess energy was supplied by
thermal conduction in the electron gas between the
arc and the beam stop, and hence caused a steeper
gradient in the electron temperature distribution
than would otherwise have occurred.

Spectra
Spectre of the plasme emerging from the arc

were obtained at a point 18 cm downstream fram the

8

cathode tip. In addition, spatiel scans of the in-
tensity of an ion and a neutral emission line were
obtained by sweeping the focused image of the en-
trance slit of a photoelectric recording monochrome~-
tor across the discharge with an oscillating mirror.
The results of the scans (teken under arc conditions
given in Table I) are shown in Fig. 5, where the
bounderies of the anode, the cathode, and the anode
projected along & magnetic field surface are indi-
cated. The annulus of neutral emission appeared to
correspond to the radius at which the electron tem-
perature had dropped to about 0.35 eV, as determined
by the relative intensity of lines in the principal
series of Cs I. The absence of emission from Cs III
(doubly ionized cesium) placed the electron tempera~
ture below 3 eV.
qualitatively unchanged for 50 cm downstream (the
limit of observation). Visuel observations end
spectral scans showed that the beam diameter was
independent of the magnetic field strength,

The spectrum of the plume remained

Electrostatic Probe Measurements

Electrostatic probes were constructed from
0.3-cm diem, sheathed Chromel-Alumel thermocouples,
with 0,05-cm diam wires. The thermocouple tip was
cut off, and approximately O.l cm of the original
magnesium oxide insulation was removed. The insula-
tion was repleced with arc-sprayed high-density
alumine, The tip was then ground to provide a uni-
formly smooth, plane surface. For all reported date,
the probes were located near the jet axis, 61 cm
above the anode. The head-on probe (see Fig. 1)

TABLE I

Summary of Arc Parsmeters and Results Obtained for
Plaesma Parameters from Electrostatic Probe
Measurements

Arc Parameters Plesme. Parameters

Vore = 13.h v T, = 1.05 eV
Tope ™ 690 A T, = 0.51 eV
I, = 900 A Jegqy = 100 mA
Thrust = 60 g Iy (head on) = 1,14 mA
sat
Peom = 2.7 kw Iy (side on) = 0.36 mA
sat
b = 0.1 &/sec v, = 2.hx 10”cm/sec
n_ = 1.6 x 1003 en™3




Fig. 6a. Floating symmetric double-probe trace.
Probe characteristic, 1 mA/division

Bottom Trace:

Top Trace:

Voltage versus voltage
reference, 5 V/division

was supported from a port at the top of the vacuum
vessel, The side-on probe was inserted through a
gland in the side of the vacuum chamber.

Readout of the probe current and voltage wes
obtained on & dual-beam oscilloscope, with the probe
current appearing as the voltage across fixed re-
sistors.
12 v,

floating double-probe to grounded single-probe

The probe voltage sweep was approximately
The probe circuit allowed shifting from
traces for either of the two probes. Complete sin-
gle-probe traces were obtained by reading the volt-
age across a l-ohm resistor, and the saturated ion
portion of the trace was obtained by reading the
voltage across an ll-ohm resistor. No change in
amplifier gain was necessary, and the possibility
of dc shifts in the amplifiers was eliminated.

After a steady arc was established, three
traces were teken with each probe at each arc oper-

Fig. 6b.

Top Trace:

Complete single-probe trace,
Probe characteristic, 50 mA/division

Bottom Trace: Voltage versus voltage

reference, 5 V/division

Fig. 6c. Saturated ion current portion of single-
probe trace.
Top Trace: Probe cheracteristic, 1 mA/division

Bottom Trace: Voltage versus voltage

reference, 5 V/division

ating condition, These traces were a floating
double-probe characteristic, a complete single-probe
characteristic, and a single-probe characteristic of
the saturated ion current region. Samples of these
traces are reproduced in Figs. 6a, 6b, and 6¢c, res-
Fig. 7 is & semilogarithmic plot of

The results for the plasma parameters,

pectively.
Fig. 6b.

obtained in accordance with the theory developed in
the Appendix, are summarized for a typical operating
condition in Table I.
& check on the single-probe results when enalyzed
with the theory of the double electrostatic probe
given by Chen.12

Double-probe traces provided

From the head~on double probe,
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w
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PROBE POTENTIAL (VOLTS)
Fig. 7. Semilogerithmic plot of electrostatic

probe trace.




Te = 1,] eV and Ji = 1,3 mA: in good agreement

sat
with the single-probe results.

Defining the plasme potential as the voltage at
the intersection of the two straight-line portions
of the semilogerithmic plot of probe electron cur-
rent versus Vs ,13 the plasma potentiel was -3.7 V
relative to the anode potential.

Probe results obteined over a range of arc pa-
rameters (arc currents from 500 to 800 A, magnet
currents from 870 to 1500 A, and mass flows of 0.1
and 0.2 g/sec) indicated little change in the values
of Te, Ti’ and vp given in Table I. The change of
density with operating parameters is discussed leter
in this section.

The validity of the probe resulis wes consider-
ed. The current densities to & probe in a quiescent

cesium plasme, with Ti << T , are:
° 1/2

auf® e
J = 0.6l ng|— 2a
isat S

1/2

n_e <8k'1'e )
= . 2b
! ®sat —E- me) (

At an electron temperature of 1.1l eV, in cesium, the

ratio of the saturated electron current to the sat-
urated ion current is given by Eq. (2) as 320. The-
ory showed that the ratio decreased with increasing
ion temperature., The quiescent plesme condition was
most nearly duplicated by teking the ratio of the
saturated electron current from the head-on probe to
the saturated ion current from the side-on probe.
The resulting experimental ratio was 280.

The discussion in the Appendix assumes that the
electron current to the head-on probe was unaffected
by the magnetic field, and the directed velocity was
computed from Eqs. (Al8) and (A20). The velocity
could also be inferred from the ion currents to the
head~on and the side-on probes, which were unaffected
by the presence of a magnetic field. The saturated
ion current density to the head-on probe was nqvy;
Eq. (2a) gives the saturated ion current density to
S8olving for the directed velo-
city, v = 2.2 x 10° cm/sec, showing that the probe
results were self-consistent for the flow velocity
of the ions.

Equation (1) describes the power deposited by a

streaming plasma in an electrically insulated beam

the side-~on probe,

10

stop. A totel energy per particle (miPc alo r/ﬂle) of
15.5 eV was obtained upon substitution of the ap-
propriate plasma parameters from Table I and the
excitation and sheath voltage appropriate to a
singly ionized cesiun gas, at an electron tempera-
ture of 1.0 eV (vS = 4 V). If the total energy on
the axis were representative of the entire beam,
and the beam power to the calorimeter was 2.7 kW,
the quantity e.th/m:L was 174 A. The corresponding
mass flux of 0,24 g/sec of singly charged ions was
in poor sgreement with the nominal mass flow of
0.1 g/sec introduced from the piston, but this mass
flow was in good agreement with the flow of 0.25
g/sec derived from F/VD.

Other indications were observed of inconsist-
encies between the rate of mass flow introduced in-
to the arc from the positive displecement piston
and the mass flow carried by the beam., One example
is illustrated in Fig. 8, where the saturated elec-
tron current to the side-on electrostatic probe is
plotted egainst current in the applied megnetic
field coils, with the mass flow rate from the pis-
ton as a parameter. There was & pronounced varia-
tion of the saturated electron current (closely
related to the plasma density) as a function of
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Fig. 8. Saturated probe current versus megnetic
field strength as a function of mass flow.



the applied magnetic field, but there was no dis-
cernible dependence on . The possible influence of
the magnetic field on electron current collection
to electrostatic probes is discussed in the Appen-
dix, where it is shown that the correction to the
saturated electron current due to magnetic field
effects was less then 12% for our experimentel con-
ditions,

In the face of these uncertainties with regard
to the mass flow in the beam, the streaming velo-
city of the plasma could not be inferred with any
reliability from the ratio of the beam momentum
flow to the rate of mass introduction from the pis-
ton, The reason for the discrepancy was not under-
stood, but it was believed that the arc was sble to
attach to the outside of the anode cylinder, and
onto the flat surface of the anode mounting plate,
vhere liquid cesium was available for entrairment
into the discharge.

Microwave Measurements

The plasma electron density determinations
from the electrostatic probes were supported by
measurements of the transmission of 35-GHz micro-
waves through the arc plasma, The transmission

measurements indiceted whether the plasma density
was greater than or less than the cutoff, or criti-
cael, plesme electron density. For a test frequency
of 35-GHz, the cutoff electron density was 1.52 x
1013 en3. The dominent TE,, mode wes propegated
in the rectangular wave guide, with the electric
field parallel to the short side of the wave

guide. The magnetic field had a longitudinal
component and a component parallel to the long

side of the wave guide., The microweve horns were
oriented so thet the electric field of the incident
wave was parallel to the applied magnetic field of
the plasma jet.

No increase in the reflected signal due to the
Plesma was observed in any of the microwave measure-
nents. The microwave beam was introduced into the
vacuum enclosure through Pyrex windows. The mini-
mum reflected signel with no arc was about 0.1 of
the transmitted signal, even though the thickness
of the glass was very close to en odd multiple of
32 (Ref. 14), and the reflected signel was mini-
mized with an impedance matching trensformer. An
experiment in which the plasme was simulated by a

copper cylinder substantieted the supposition that
the signal reflected from the plasma was small
compered to the fixed reflections.

A comparison of electrostatic probe and micro-
wave density measurements is given in Table II.

Table II
1 Electrostatic Probe and Microwave Density
Measurements

Electrostatic Probe
Density (cm~3)

4,3 x 1083

Microwave Transmission

Cutoff
2.2 x 1013 Cutoft
1.6 x 1013 Transmission

The smellest electron density from electro-
static-probe measurements for which microwave cut-
off was obtained was 2.2 x 10%3 em™3, or 1.5 times
the cutoff density, of plasma
electron density measurements by electrostatic

A recent compa.r:!.:«;on]‘5

probes and microwaves gave agreement within a factor
of 2 to 10, at distances from the source which were
camparable to the measurements reported here.

Plasma Current Distribution

Experimental measurements of the momentum flow
carried by the emergent plasma showed good correla-
tion between momentum flow and the product Ia.rc
I5_coi1s (See Fig. 3), where I,pc 18 the arc current
and IB—coils is the current carried by the coils
producing the axial magnetic field. A dependence of
this sort suggested that a portion of the momentum
transferred to the plasma arose through the inter-
action of a ring of current in the plasma (Ie) with
the current in the axial field coils,
of such a plasma current could be verified by prob-
ing the steady-state magnetic fileld distributions
internal and adjacent to the plasme column, or, more
simply, by detecting the change in magnetic flux
through a magnetic loop around the plasma column
when the arc was extinguished., The second procedure
could not yleld detailed information about the dis-
tribution of current and current density, but it
would allow the measurements to be made outside the
region of high arc power density without disturbing
the plasme. The qualitative features of a ring cur-
rent, such 8s mean radial and axiel position, and
magnitude of circulating current, could be

The existence



esteblished by determining the flux linkage at
severel axiel and radial locations.

Coils consisting of 200 turns of 0.02-cm diam
insulated wire were positioned at the radial and
axial locations shown in Fig. 1. Signals induced
in these coils upon arc extinction were integrated
by passive RC integrator networks of 0.,25-sec time
constent and were displayed on oscilloscopes. The
integrated signel level varied between a fraction
of a millivolt and 2 mV. The long RC integration
time was necessary because of the slow rate of fall
of the arc current (approximately 10 msec) and the
long times required for penetration of the axial
megnetic fields through the heavy walls and flanges
of the vacwum enclosure (measured to be 30 msec).
The coils adjacent to the beam were encased in a
stainless steel shell and were cooled with Dow
Corning Corp. 200 fluid at 200 psi. The time con-
stant of the shell was 0.3 msec; this constent was
small compared to the other relevant time constants,.
The possibility of a discrepancy between the ac and
de coupling coefficients was tested by comparing
the loop signals generated by & single-turn coil,
powered and switched by the arc power supply, with
the signals calculated under dc coupling conditions,
as a function of the axial location of the single-
turn loop. There were appreciable discrepancies
between the measured and calculated coupling coeffi-
cients for all four pickup loops, and it was there-
fore neceassary to use the experimentally determined
coefficients to obtain the positions and magnitudes
of the circulating currents.

Qualitative features derived from the sign end
relative magnitudes of the signals induced in the
loops are:

1) The slgn of the signal induced in the B,
coils corresponded to an electron drift in the di-
rection E x B, (current in the direction - E_ x B,)

2) Reversing the sign of B reversed the sig-
nal, but had no other effect.

3) Reversing the sign of E reversed the sig-
nal and had the following auxiliary effects. When
the electric fleld was radially inward (center elec-
trode negative), the circulating current was located
exterior to the arc electrode region, the magnitude
of the current was the order of, or scmewhat smaller
than, the arc current, and an emergent, fully ion-
ized stream of plasme was obtained, which carried
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approximately one-third of the input electrical
power to the arc, When the electric fleld was radi-
ally outward (center electrode positive), the sign
of the loop signal was reversed and reduced in ampli-
tude by approximately an order of magnitude. 1In
addition, there was no visible emergent plasma
stream, and the input electrical power was almost
completely recovered in the arc electrodes.

If these qualitative features were assoclated
with a Hall current, some insight into the mecha-
nisms at work may be obtained by referring to Fig. 9.
The sense of the drift giving rise to the Hell cur-
rent is indicated in the direction E x B (specifi-
cally the § component ErBz)' The interaction of
the Hall current asgsociated with a& differential
drift between electrons and ions and the applied
magnetic field produced a body force J g * B, which
had components both radially and axislly. Rever-
sing the direction of the applied magnetic field
reversed both Je and B; it did not reverse the di-
rection of the cross product. Reversing the elec-
tric field, however, reversed the direction of ,je
without affecting B, so that the body force due to
36 x B reversed sign. It should be noted, again
referring to Fig. 9, that with the polarity of the
applied voltage such as to establish an electric
field inwards, the 36 x B forces were directed in-
wards and away from the plane of the coil producing
the applied magnetic field. Reversal of the elec-
tric field (center electrode positive) caused the
forces to be outweard and toward the plane of the
magnet coil, Hence, there was an explanation for
both the qualitative difference in arc behavior with
reversal of the electric field and for the simple

—— ——
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Fig. 9. Effect of arc polarity reversal.



change in the sign of Je with reversal of the direce
tion of the applied magnetic field.

Quelitative features of the relative ampli-
tudes of the signals in the three downstream loops
allowed general statements to be made about the mag-
nitude and location of the circulating plasme cur-
rents, First, at currents through the magnet coils
ebove 500 A, the relative amplitudes of the signals
in the downstream coils were equal, within 204, and
were about 3,0 % 0.3 times greater than the signal
in the coil in the insulator. This means that the
circulating current was distributed in a reasonably
uniform fashion over a length at least 12 cm down-
stream of the cathode tip. With smaller currents
in the B, coil (less than 150 A), the coils closer
in received the greater signals, until, at 100 A in
the B, coil, the ratio of the signals in the closest
to the farthest coil was about 1.5. This would oc-
cur if the current were located no farther than 7 cm
downstream of the cathode tip.

A qualitative examination of the probe signals
corresponding to an arc current of 620 A and 660 A
in the }3z colls showed that the circulating currents
were located downstream of the arc electrodes and
that a reasonable fit of the relative amplitudes of
the downstream loop signals and the insulator coil
signal was obtained if the 8 currents were distri-
buted uniformly between 5.5 and 9.5 cm downstream of
the cathode, at a mean radius of 1.7 cm., and having
e magnitude of 37.5 A per centimeter of length for a
totel Hall current of 150 A. The relative magni-
tudes of jr and J g were estimated by essuming that
the regioﬁ of radial current density corresponded to
the region of ring currents and the radial extent of
the ring currents was approximetely 1 cm. For the
case studied, at the mean Hall current radius of
1.7 cm, Je/,jr w5 2.5.

The measured dependence of the magnitude of the
signals induced in the insulator megnetic pickup
colls, as a function of the strength of the applied
axial magnetic field, with arc current es parameter,
is shown in Fig. 10. We were not eble to develop a
model that would produce the qualitative behavior
shown by the data. The dependence of Hall currents
on the strength of the applied magnetic field, as
discussed by Brockman et 2.16 and Henryl7 did not
agree with the shape of the experimental curves for

large Bz , and it was necessary to consider effects
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Fig. 10. Hall probe signel strength versus
magnetic field strength.

other than the cancellation of the electron Hall
current with an ion current that increased with the
ion Hall parameter wT,.
DISCUSSION

The experiments reported here do not unambig-
uously identify the properties of the cesium coaxial
arc that produced the emergent beam. They do
point to the existence of some physical processes
that have been suspected but have not been specifi-
cally identified with arc operation. Some of these
processes are:

1) The arc tends to be particular about the
mess flow through it. The design of the arc struc-
ture allowed material to be entrained into the arc
region; evidence for this is the small dependence
of thrust and arc impedance characteristics on the
rate of mass introduction into the arc and the inde-
pendence of the plesma density inferred from elec-
trostatic probes on mass flow.

2) For arcs operating with mass entrainment,
the plasma streaming seems to be limited to the
critical velocity of Alf\/én,l8 glven by v _, =
(2ed i/mi)l/ 2, where $, is the fonization potential
of the propellant., Heavy particle velocities much
in excess of the criticel velocity corresponding to
the Pirst ionization potential of cesium (2.35 x
10° cm/sec) were not observed. The linear depend-
ence of arc voltage on Bz’ characteristic of this
type of arc, ls interpreted as also supporting the
velocity limiting effect. Recent experiments using
lithium indicate that the critical velocity can be
exceeded only if mass entreinment is limited.l9

3) The cesium arc experiments show & linear
dependence of thrust with the product Iarclﬁz' The
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linear dependence on arc current has been reported?’em

4) fThe existence of circulating currents in a
direction normal to both the applied electric and
magnetic fields is established for the cesium exper-
iments. The sense of the applied electric field
influences the properties of the arc and the emer-
gent beam, presumsbly because of the interaction of
the circulating currents with the applied magnetic
field,

direction as to experience a repulsive force from

When the circulating currents are in such a

the magnet coils, & beam is produced, and the loca~
tion of the circulating currents is downstream of
the arc electrodes.

Several mechanisms are available for the gener-
ation of circulating currents in the 6 direction.
Two mechanismg are by nature Hell currents that
circulate in the direction of -E x B. Two others
are associated with the confinement of the plasma
stream by the applied magnetic field. These cur-
rents are identified as follows:

1) 1Ions and electrons show different ratios
of the gyro frequency to an averaged momentum trans-
fer collision frequency with stationary neutrals,
and as a result the electrons approach the drift
velocity associated with the crossed electric and
magnetic fields more nearly than do the ions,

2) Regilons in which ionization occurs, either
because of a transient discharge or & steady stream-
ing of neutral gas into the discharge, support cir-
culating currents because the inertia of the ions
prevents them from accelerating to the drift velo~
city as quickly as the electrons.

3) Ordinary diamagnetic currents are present,
reducing the magnetic field intensity interior to
the plasma and allowing the epplied meagnetic field
to support the plasms pressure.

4) Currents are present that balance the
centrifugal forces in e rotating plasma confined by
e magnetic f:i.eld.a:L

Although the diamagnetic and centrifugal cur-
rents would exist for eny heated, rotating, plasma
confined to a magnetic flux tube, the Hall currents
require an applied electric field in order to per-
gist. However, the effects associated with the
creation of the heated and rotating plasma, through
the application of an electric field, are inti-~
mately connected to the sign of the applied voltege,

1

and we are not able to resolve the observed circu-
lating current into its various components.

The pronounced dependence of the beam on the
existence of the circulating currents (henceforth
termed Hall currents) and the straightforward manner
in which such a current interacting with the radial
component of the applied magnetic field produces a
force in the axial direction suggest that the linear
dependence of the thrust on the applied magnetic
field is due to the Je Br force integrated over the
plesme volume, Quantitatively, it appears that this
is not the case,

Consider the conditions described in the sec-
tion entitled Plasma Current Distribution.
net current was 660 A, and the Hall current was
150 A, A calculation of the reaction between the
Hell currents and the magnet coils shows that the
force due to the interaction Je Br is 3.3 g. The
total thrust produced at these operating conditions
is 5k + 5 g, of which 24 g is the contribution due
to the magnetic interactions. Hence, the force due
to Je Br is only 15% of the magnetic force. In fact,
3.3 g 18 somewhat leas than the magnetic force due

The mag-

to the interaction of the arc current and the self-
field (,jr Be).

If the Hall-current terms and the self-field
forces are not adequate to explain the thrust pro-
duced by the external field arc, what are the alter-
natives? Thrust is produced by the expansion of =
heated gas through & nozzle formed by the diverging
An approximation to the
thrust produced by expansion is obtained by con-

magnetic field lines.22

sidering the ions decoupled from the electrons, and
inquiring as to the requisite ion temperature to
give the measured thrust, assuming an ideal infi-
nite expension, Hence, 5/2 i kT, = 1/2 # miva, and,
with & v = F (the thrust), the ion temperature at
the source becomes k‘l‘1 = my F2/5 1!12. (Alternatively
kT, = 2/5 (1/2 mivz); i.e., the ion temperature at
the source is equivalent to 0.4 of the directed
energy in the beam.) It is not possible to dismiss
the possibility of thrust production through ther-
mal expansion, because, for our conditions of oper-
ation, at a thrust of 54 g and hh = 0.2 g/sec, the
requisite ion temperature is about 23,000°K, in
close agreement with the observed electron tempera-
ture, The principel objection to a thermal-expan-
sion hypothesis is contained in the dependence of




thrust on the strength of the megnetic field. One
would expect a saturation of thrust with increasing
megnetic field, as the expansion becomes ideal.
These experiments show a linear dependence of thrust
with applied magnetic field strength and no apparent
change in beam diameter with field strength.

Another possibility for the production of
thrust is through the conversion of rotational
energy produced by Jr Bz and Jz Br interactions in-
to beam kinetic energy. Such mechanisms have been
mentioned by E11is23 and Hess,2” but they didn't
discuss in deteil the consequences of a model based
on rotational energy.

Consider a rotating plasma which expands
through a magnetic nozzle. Two regions ere defined.
In the interaction region both radiel and circula-~
ting currents exist and the plasma 1s accelerated
through j x B interactions.

no radial currents exist.

In the nozzle region
The fluid angular momen-
tum at the beginning of the nozzle region is

R
P, = ,erv(r) onr dr , (3)

vhere, for simplicity, the plasma is assumed to
have uniform density and the integral is from the
axis to some radius R. Assume next that v(r) = Vo
i.e., there exists a uniform rotational velocity;
then the angular momentum becomes 2/3 milp g R3.
The corresponding rotationel energy is

Ri1 2
=t [ 3P0 e, )
and for the same assumptions as before, the energy
isn/2 Lo vg R°. The total mass in rotation is MR
pl. Substituting in Eqs. (3) and (4), the angular
momentum becomes 2/3 M ve R, and the energy in rota-
tion becomes 1/2 M vg. As this rotating mass ex-
pands, the angular momentum is conserved, end the
rotational velocity at a new expanded radius is

vea = vel (Rl/Rz) = vy /a. The energy converted to
* 2 2

- 8, ) = M/2 vel

(1 - lﬁya). The axial velocity from expansion is
then v = vel (x - lﬁ22)1/2.

translation is W = M/2 (ve 2
1

In the interaction region the torque exerted
by the Jr Bz force is

L=erBzrdV. (5)

By letting the magnetic field be constant over the

volume of integration and putting the redial current
density equal to I/2wr &, Eq. (5) becomes L = 1/2 B
I R2. Now, the torque is equal to the time rate of
change of angular momentum, so that L = d/dt (2/3 M
vgR) = 2/3R M Vg in steady state. Hence, we
have that . 3 1 1/2
F=Mv=HBIR(1-°-{—2-) s (6)

where B 18 the magnetic field strength in the inter-
The constant coefficient multiplying
the factor BIR is not very sensitive to the radial

dependence of v(r).

action region.

For example, if the rotation
is assumed to occur as & solid object, i.e. v(r) =
wr, the constant becomes‘VEyz instead of 3/k,

Equation (6) represents the thrust due to
electromagnetic interactions. The total thrust is
given by the expression

F= Faero * Fself * FHall

self is the thrust due to self-field inter-
actions, Fﬂall is the thrust due to the Hall-current
megnet interaction, and Faero is the aerodynamic
thrust, which may be a function of the propellant
chosen and the input mass flow.

+3BIR,

where F

It was shown pre-
viously that for the present operating conditions

Fself and FHall will be quite small. Therefore,

FaF,  +2BIR. (7)

aero
Equation (6), with (1 - 1ﬁ12)1/2 = 0.8, which

corresponds to the appropriate area ratio between
the anode and the thrust screen for the magnetic-
flux tube filled by the plasma beam, is plotted in

Fig. 11. The data in this figure were obtained
|25 I ~T
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from Fig. 3 by independently fitting Eq. (7) through
the data points for each of the three flow rates.

Thus, Faero The

points on Fig. 11 are thus the total measured
thrust less the appropriate Faero' Similer quanti-
tative agreement is found when Eq. (6) is compared
with results of Bemnett et al.’
A rotation of the plasme introduces a contri-

bution to the arc voltage through the back emf,

= f E dr. Assuming that the rotational velo-
city ia converted to the exhaust velocity, so that

for each flow rate was determined.

Vo © Vexhaust’ and taking an additive constant for
the sheath and ohmic voltages,
V= Vo * Vexhaust Bz B ¢ ®

Patrick and Schneiderma.n8 have proposed such a

dependence of arc voltege on B - and have further
agsumed that the exhaust velocity is related to
the limiting critical velocity of Alfvén,®
put mass flows greater then F/Vcritic als Eaua-
tion (8), with Voritical Substituted for the

is compared to the experimental data in

for in-

Vexhaust’
rig, 2.

Both mechanisms thet we have discussed as
possible mechanismas for the production of axial
momentum flow in external field coaxial arcs appear
to have been discounted by other authors in favor
of thrust production through the interaction of the
Hall currents with the radial component of the
applied magnetic field. For our geometry and con-
ditions, we heve shown that the Hell-current inter-
action is nearly an order of magnitude too small to
account for the thrust, We feel that these measure-
ments support & rotational mechanism, although there
is still room for & more definitive experiment, for
example, a simultaneous measurement of the axial
momentum flow and the angular momentum in the beam.
A rotationel acceleration process should give the
result that the ratio of the derivatives of the
torque and the thrust teken with respect to the
strength of the epplied field, should be 2R/3
- aa)l/a.
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APPENDIX
Probe Operation in a Streaming Plasma

Consider & plene probe directed head-on into &
flowing plasma. A negatively biased probe creates
the potential distribution shown in Fig. A-la, where
the plasme potential is taken equal to zero, It is
assumed that the flow is collisionless, and that
quasineutrality holds throughout the transition
region,

92V = ke (ni - ne) = -ln'r(qn:L + ene) .

Poisson's equation gives
(A1)

The Boltzmann relation is assumed to be valid for
the electrons:

-e(v-v,)/kT, (A2)

n, =n_e
The energy of singly-charged ions at the
sheath consists of the thermel energy, the beam
kinetic energy, and the energy acquired in falling
through the negative potential Vs.

city at the sheath edge is then

1/2
Y . \_rz ) 2q V8
is ?

oy
where Vv is the ion velocity directed along the nor-
mal to the probe due to the thermal and streaming

The ion velo-

(a3)

motion.

2
When the probe is a perfect sink for ions 2

the sheath is so thin that the area of the sheath

and

[o) 1 |
L TRANSITION | PLASMA
REGION
Nes N
Vi
Fig. A-la. Normal probe potential distribution.

ey
TRANSITION REGION lPLASMA

SHEATH
Nes Nes
V.
Fig. A-lb. Probe potential distribution for ion

energy greater than half the electron temperature.




is approximately equal to the area of the probe, the
ion current density through the sheath is a con-
stant. Then, in the sheath region

g = amy (‘72 - %) (ak)

or

/2

2qV

N (P V)
1

Substituting Eqs. (A2) end (AS) into (Al) and inte-
grating:
1/2

2 2qV
BE) e -6 -] w

-e (v-\.rs)/k're s

+ neskTe e
The potential changes slowly through the transition
region. At the transition region, sheath region
boundary the potential begins to change repidly.
An approximate boundary condition is that (av/ax)2
>0 and V = A at X = s. The arbitrary constant of
integration is determined with this boundery condi-
tion, and Eq. (A6) becomes

1/2
2 2qV
%F (%(Y) = Dis™ {(‘-'2 - mis) (A7)

)" -]
1 oy

-e(V-v,)/kT

+ o KT, (e e -1)p .

Since we are interested in the solution near v = Vs,

we expand in AV = V-vs, and we further assume that
all ions are singly charged, setting n, = nes
and e = -q. Then,

2
1 Vv 1 L 2
3 (ax) w7 - Zevy[AV)" - (a8)
Yn e e -2 s
e m v 4 ——
i m,

Again, at the sheath boundary, (av/aX)2 >~ 0, Hence
1 1

—— - ~0
KT 2eV
e =2
mi A o
i
and
- L -2
VS E; (kTe - mi v ) . (A9)

Defining the nondimensional quantities Xg ® eVs/kTe
and 8 = miGa/kTe, the nondimensional sheath poten-
tial becomes

xg = (1-8)/2 . (A10)

The ion current density at the sheath boundary
is given by Eq. (A4). Throughout the transition
region the ion and electron densities are approxi-
mately equal, so that upon substitution of Eqs. (A9)
and (A2), the ion current density becomes

p \1/2 .
3y =n, q(——mf) e ® . (a11)

The cese of zero ion thermal and streaming velocity
gives V_ = kTe/2e, which is the Bohm sheath crite-
rion.?? Also Xg = 1/2, s0 that

kT, 1/2
I = 0.61 n_ q(T s (a12)
1

the result obtained by Allen et al.
In the present formalism v becomes positive

26

when the thermal and streaming energy of the ions
exceeds kTe/a. Equation (A6) is still valid, since
electrons are repelled throughout the sheath region,
and the boundary condition (3v/3X)2 = 0 becomes
exact. The corresponding potential distribution is
shown in Fig. A-1b. It is physically unnecessary
for the transition region first to decelerate and
then accelerate ions, since current continuity may
be maintained without & transition region and the
sheath solution exactly matches the plasma volume,
We conclude, therefore, that Vs and Xg 8re zero
when the thermel, or streaming energy of ions is
greater than kTe/2. In this case the ion current
density is given by
3y = nav . (a13)
Summarizing the results for ion collection:

1/2
(1-8) kTe) e-xs ;

> and Ji=nsq(Ti

and J, = naqv .

IrB <1, %, =

irg 21, Xg = 0

8 behaves like the Mach number, For "subsonic"
flow (B < 1), a disturbance, the transition region,
extends upstream from the probe. For "supersonic"
flow (B = 1), no transition region exists, there is
no upstream disturbence, and the probe simply col-
lects the flux of ions crossing the sheath surface.
Consider now a positively biased probe. Under
arc jet conditions it is reasonable to suppose that
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the thermal velocity of the electrons is much
greater than their directed velocity. The electron
current is then due to the thermal drift.

1/2

kT

- (Emne) /e (a)
e

Differentiation of Eq. (Alk) gives the usuel expres-
gsion for electron temperature, viz.:

kT

Ze _av
e d(InJeS
or T, = 11,600 ) .
€
in|-— (a15)
de
1

A probe at the plasma potential collects a current

kT 1/2
elveo E n_e (8 ) (A16)
so that the plasma density is given as
4 o \M2
n, = _?‘L—‘_Q (me—e) . (AL7)

An are jet exhaust will almost elweys be "super-
sonic" (B 2 1). The effective velocity is found by
taking the ratio of Egs. (Al3) and (Al6):

I T 1/2
IR (T) '
V=0
Consider a probe placed et right angles to the flow.
The ion collection is due only to the thermal drift,
so that Eq. (All) is the appropriaste expression for

(A18)

the ion current.

an(kj (m,v/2kT -1/2)

=2 2
For this probe, v- = vth Solving for Vin?

1/2
2kT J m
vih‘_—f{%+{'n [“;(T‘_T—i) ]} (420)

The directed velocity is determined, since vy =
\72 - vﬁh)l/ 2. In most cases for the head-on probe
=2

v > vth’ so that a good approximation to the
drift velocity is

3 BkTe 1/2
V., = .
D :je ( ﬂme)
V=0

The ion temperature may be derived from Eq. (A20)
by setting kT

(a19)

(a21)

2
1= ®Vne
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The velocity of subsonic (B < 1) flows is
found from Eqs. (All) and (Alk).

)

With v th aga.in determined from a side probe,
(V2 _ V )1/2.

(A22)

Discussion of Assumptions

Several assumptions inherent in the preceding
enalysis are:

1) The presence of the probe does not dis~
turb the measured density.

The self-collision time for two like particles
under Coulomb encounters is given by Sp:l.t'.zer27 as
11,4 M2 £3/2

in A ’

T =

vhere A = 1.9 x 10 13/2/nY2 (2 in kev). The
mean ﬁ'ee/pa.th is then A = vth T, where Vth =
(8k'l‘/ﬂm) . Typical values for the cesium arc
are given in Table A-I:

TABLE A-I

Summary of Mean Free Path and Momentum Exchange
Collision Times for the Plane of the Probe

Electrons Ions
T, =0.5 eV Ty, @/sec 6.8 x 107 9.7 x 10"
T, =1.0 eV T sec 2.7 x 1079 5.6 x 1077
n=1.5x103 cm™> A cm 0.18 0.055

Consider a probe in a quiescent plasma. Chen12
has shown that the collection for a finite-size
probe with no applied electric field (probe at
plasma potential) is

where C is the capecitance of the probe, K is a

geometric factor, and D = )\17/3. Therefore, with

2
Apnﬂrp s
Junvap 1 .
L 3a
K+_ﬁ%l
28

Bohm, Burhop, and Massey“ glve a similar expres-
sion, with C ~ 2 (rp + \)/m, so that




J

. n, v Ap 1
L nr 2
K+ SN

2A(r + A

3 p
When A\ >> ;p’ the collection is unaffected by the
presence of the probe, and j = n! v Ap/h, where n!
is the true plasma density. Hence
1
o’

Kﬁ-—T—LT)-
22 +
3 rp

This term represents blockage by the probe body,
and rp is the radius of the entire probe body, not

&1 o

just the collection area.

K varies from 1.0 to 0.5, depending on the
relative magnitude of r_ and . As )\/rp o, K~ 13
as A~ 0, K~ 1/2, Thus, K is related to the solid
angle subtended by the probe., Thus,

A
seguent
K=1- /2=,
sphere
where Asphere is the total solid angle of radius A
and Asegment is that portion of the total solid

angle that is blocked by the probe. Referring to

Fig. A-2, Aseg = 2r\h, where h = A(1 - cos @), or

h = )\[1 - cos (tan'lrp/x)]. Then K = 1 - 1/2 {1 -
cos (tan'lrp/x)]. When ™ >> A, tan™t rp/k - /2,

cos (tan'lrp/x) ~ 0, and K = 1/2. When r, << A,

tan™t r /A = 0, cos (ten”t r/A) =1 end K = 1.

—

I\

-

Fig. A-2. Solid angle subtended by probe.

The total diesmeter of the probe used in the
cesium arc is 0.31 cm. For ions, Xi = 0.055 cm,

K = 0.663, and n'/n_ = 0.78. For electrons, A, =

0.18 cm, K = 0.875, end n'/n > 1. The actual den-
sity lies between the value derived from electrons
and ions, so thet the error due to the presence of
the probe is probably less than 10%.

Consider now a supersonic plasma stresm. The
ion current cannot be altered by the presence of
the probe; the electron curreant is undisturbed, as
Therefore the
density measured by a head-on probe in a supersonic

shown in the previous paragreph.

plasma stream is the correct density.

2) The magnetic field does not alter the
electron current, Sugawara,e9 has shown that with
Ti/Te << 1,

-1
J

en | 32)\e) 1/2] 3en, 1/2
—_ = {1+ o L+ o N
Je [ 3rvrp 3rrrp
2 -1
vhere o = [1 + OneTe) ], Je" is the electron cur-
rent density to the probe in the magnetic field,

and je is the electron current density in the
ebsence of the megnetic field.

mean free path 1s nearly the same as the electron-

The electron-ion

electron mean free path, so that WeTe = 4.8, for
100 G and the electron values of Table A-I. The
radius of the collection area of the probe is now
r, (0.025 ecm). These values give je"/je = 0.88.
Sugawera's theory neglects ambipolar and anomalous
diffusion and the effect of finite ion temperature,
and therefore overestimates the effect of the mag-
netic field. All probe measurements were taken at
places where the strength of the megnetic field was
less than 100 G, so that the effect of the field
may be ignored.

3) The plasma is collisionless.

Laframboise3o congiders a plasma collisionless

r
_% g I __ s
gm(?)
vhere g = l/nND3. A, is the Debye length and X\ is
Numerical values for the ce-

for probes if

the mean free path.
sium arc give r, < 0,067 cm for & collisionless
regime, This is to be compared with rp = 0,025 cm

for the probe used.
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Alternatively, the electron mean free path,
from Table A-I, is 0.18 cm. The directed velocity
of the ions, 2.5 x 10° cm/sec, causes them to
travel 0.1% cm between collisions when the mean
collision time is 5.6 x 1077 sec. Both classes
of particles travel distances between collisions
that are larger than the diameter of the probe

collection area.
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