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FOREWORD
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ABSTRACT

The objective of this program is to develop the technology of
efficient electric arc jet thrustors for high specific impulse and
long life. It i{s aimed particularly at power levels between 10 and
50 kW, specific impulse between 1500 and 6500 seconds, and power
input-to-thrust ratios less than 190 kW/lb for durations up to 100
hours. The approach combines analytical and experimental research to
investigate and develop thrustors using lithium and other alkali
metals as propellants. Alkali metals have the advantage of high
frozen-flow efficiency compared with gaseous propellants used in pre-
vious arc jet work. The use of lithium in this I,  range requires
energies per particle which are not achievable by ghe electrothermal
arc-heating process, Thus, it 1is necessary to employ, in addition,
electromagnetic acceleration processes., The present approach has
relied predominantly on Hall current interactions with an applied mag-
netic field. Thrustors of t! ‘s type have been designated ALPHA
(ALkali Plasma Hall Accelerator). During the second phase of the pro-
gram the following advances have been made. The effects of the test-
ing environment upon the measured performance have been intensively
investigated and criteria developed for determining when the measure-
ments can be relied upon. The performance of potassium propellant
has been in estigated and found to be comparable with that of lithium
at low specific impulse and worse at higher specific impulses. This
is tentatively explained by multiple ionization of the potassium.

Two major modifications to the design of the engine have been made:
(a) the cylindrical cathode has been replaced by a buffered cathode
with separate propellant injection, thereby increasing the thrust per
unit current, decreasing the cathode power loss per unit current,
increasing the insulator lifetime and helping to separate the i{uniza-
tion and acceleration processes; and (b) the region of strong magnetic
field has been extended downstream by placing a second coil on the
engine, thereby reducing the magnet power requirement by a factor of
almost five. The vacuum tank has been doubled in length and the back-
ground pressure during a typical run has beaen reduced by almost an
order of magnitude. The thrust balance has been improved, permitting
mcasurements with ar accurdcy of about *2 percent. A new high
capacity feed system has been designed to provide continuous reliable
operation for periods of over 100 hours at levels around 10 mg/sec.

A theory has been developed for the operation of ALPHA. Calculations
based on this theory indicate that significant improvements can be
made over present performance. Equally important, the theory gives
design parameters that can be tested and then used in the development
of optimum thrustors,
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A Vector potential
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E Electric field intensity
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ng Magnet power
Pr Power radiated and conducted
Pe Pressure in vacuum chamber (torr)
Pe Canonical angular momentum
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SECTION I

INTRODUCTION

This report summarizes the results obtained during the second
year of a 3-year program aimed at developing the technology of steady-
state arc devices to the point where it will be possible to build
plasma thrustors capable of the following performance:

Up to 300 kW
1500-4000 sec

Greater than 60 percent

Power Input
Specific Impulse
Overall Efficiency
Lifetime Over 500 hours

The technology of the alkali metal plasma thrustor was developed
during the first phase of this program. However, a number of out-
standing problems still existed at the end of the first phase which
were cf a rather fundamental nature. The most important are listed
below.

1. Possible effects of the test environment upon the measured
engine performance cast some doubt upon the data obtained
from thrust and mass flow rate measurements.

2. Of the alkali metals, only lithium had been investigated.
Its performance at low specific impulse appeared rather
poor and calculations indicated that sodium or potassium
might perform better.

3. The engine mechanisms were not well enough understood to be
useful in developing optimum engine designs. One result cf
this was that the magnet power was twice as high as the arc
power, making the overall efficiency quite low.

One of the most difficult questions that confronts the experi-
mentalist who is attempting to evaluate the performance capability of
an alkali metal accelerator is to define the conditions which will
constitute a valid test. The problem arises because the discharge
extends an indeterminate distance into the wake. The specific

questicns are these:
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1. How large must the vacuum tank be to insure that the tank
walls do not affect engine performance?

2. What precautions must be taken to insure that the mass flow
rate in the exhaust beam is equal to or lower than the
propellant injection rate into the accelerator?

Preliminary tests indicated that the size of the tank is not

critical. However, the possibility still exists that in some cases

the tank may limit the size of the discharge, or may actually carry
some of the discharge current over a part of its path. Tests in
tanks of various diameters and lengths have been conducted at EOS and
elsewhere but the results are still not conclusive because other
variables occurred simultaneously in the tests.

The problem of determining the ratio of beam particle flux rate
to propellant injection rate is formidable. When tests are being con-
ducted with an alkali metal propellant any one of the following sburces
of extra material for the beam exists:

1. Propellant can condense on any cool engine component. When
conditions are altered so that the engine heats up, this
propellant can vaporize and enter the exhaust beam.

2. 1f all of the beam particles do not adhere to the target or
tank walls once they have struck it, then this "backstream-
ing'" propellant can be ionized and accelerated in the dis-
charge, resulting in a recirculation of the propellant.

3. 1f any background gaseous material is present in the vacuum
tank (e.g., air leakage), then this substance can be ionized
and accelerated by the discharge.

4., The heat flux to one or both electrodes can become high
enough to vaporize electrode or insulator material. The dis-
charge may then ionize and accelerate this material.

Items 1 and 4 can be controlled by proper design and by exercising care
while testing. By using adequate pumping capacity and careful sealing

of the vacuum tank, the impurity level of ambient gas can be maintained

5090-Phase 1I Final




3 ﬁ". e~ fg} A W o e ¥ e s
- LLE b o W Lt ) ;

&

adequately low. If necessary, liquid nitrogen liners can be used.
There is real difficulty, however, in determining 1f the recirculation
of propellant can ever be completely eliminated. The beam itself is
likely to dislodge particles that have condensed in the target area
and these could backstream into the volume of the discharge.

The extent to which any one or several of the above-mentioned
four processes may have had some influence upon performance data that
have been reported elsewhere and in this report are difficult to
assess, Efforts have been made at EOS to control all four of the
above-mentioned items. These are reported here and in Refs. 1 and 2.

A few very general statements concerning these mechanisms which
govern the behavior of magnetic annular accelerators can be made:

1. Thrust is produced by the expulsion of high-velocity ions
from the engine.

2. The ions are produced by collisions Letween atcms and
energetic electrons throughout the volume of the discharge.

3. The electrical discharge extends a considerable distance
downstream of the electrodes and, hence, transfers most of
the energy and momentum to the gas far from the engine.
Viscous interaction with engine components can hence be
neglected. Thermal conduction effects to all engine com-
ponents other than the cathode can also be neglected.

4. Since the discharge occurs in a low density environment,
most of the internal energy of the gas can be assoclated
with the electrons. As the arc current becomes large, e.g.,
> 1000 amps, then this may not remain valid, since the high
pressures in the cathode jet could lead to considerable i{on
heating due to electron-ion collisions. Similarly, the
en= gy associated with the body forces exerted on the gas
can be associated with the ions.

5. The power transferred to the anode can be attributed almost

entirely to the energy convected by the electrons as they

5090-Phase 11 Final 3




carry the current into the anode. This is especially true
when the cathode tip is flush with the anode face. As the
cathode tip is recessed further and furiher back in the
anode cavi:y, more and more of the anode heating will be
due to conduction from the hot gas.

6. The solenoidal magnetic field that is applied acts as a
magnetic nozzle for any plasma that is produced by the dis-
charge. That is, all forms of electron and ion energy
(exclusive of ionization and radiation) are converted into
axial and radial ion velocities by expansion out of the
magnetic field. This indicates that all the electrical
power of the discharge can be converted into beam power
except for: (a) the anode and cathode power loss, (b) the
power used in ionizing the propellant.

7. All of the beam power cannot be converted into axial kinetic
energy. The ions will have some tangential velocity to
balance the torque produced on the accelerator by the dis-
charge current crossing the applied magnetic field. There
will also be some radial velocity of the ions due to the
shape of the magnetic nozzle.

8. A large fraction of the thrust reaction occurs on the megnet.
This indicates that azimuthal currents must be flowing in
the plasma tube.

The above considerations lead to some well-defined design criteria:

1. Raise the arc voltage to as high a value as possible while
maintaining the electron temperature at modestly low values.
This will transfer a large amount of kinetic energy directly
to the ions with good thermal efficiency.

2. Inject the propellant so that it will be ionized i{n a region
of high potential, i.e., near anode potential., This will
allow the ions to carry some of the current and thus acquire

energy directly from the electric field.

5090-Phase 11 Final 4




3. Use a propellant of low molecular weight to obtain the best
possible energy transfer characteristics between ions and
electrons. Also pick a propellant with a low first ioniza-
tion potential so the gas can be easily singly ionized with a
minimum power loss. The second ionization potential should
be as high as possible to prevent energy losses in excita-
tion or ionization of the second electron.

The development of a comprehensive theory describing the mecha-
nisms and performance capability of the accelerator has also proven
to be a very difficult task. A phenomenological theory was developed
ac EOS during the first phase of this program which used measured
dependencies of thrust and anode power loss upon the controllable
variables to develop relations among the voltage, specific impulse,

and thrust efficiency. Naturally, this approach did not identify any

mechanisms for thrust production or power losses. A more fundamental
approach to the problem is presented in Appendi. I1of this report and
a complete analysis 18 carried out for a simplified model of the
accelerator. The significance of some overall conservation principles
is also discussed.

The underlying principle of the analytic approach developed at
EOS is that the discharge will operate in a minimum potential mode.
This follows the accepted approach to studying arc discharge phenomena,
which is assumed to remain valid even when a significant fraction of
the discharge power is transferred directly into kinetic energy of
the ions, This leads to the concept of a critical mass flow defined
as the effective mass flow rate. The ides behind this concept are
simple. Assume that a discharge is occurring in a vacuum environment
across an electrode configuration where the arc current and applied
magnetic field strength are held constant while the propellant flow
rate through the engine is varied. If the thrust is electromagnetic
in origin, it will not increase appreciably as the flow rate increases.

1f the propellant is fully ionized in the discharge, then as the flow

5090-Phase II Final 5
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rate is increased the beam power decreases and the power used to
ionize the propellant increases. These two competing processes indi-
cate that there will probably be some mass flow rate at which the
power input, or voltage drop will be a minimum. It is then assumed
that the discharge will encompass enough volume to ionize propellant
at just this critical rate, provided enough is available. If more
than the "effective' mass flow rate is injected through the engine,
it is assumed that the excess is not ionized and, hence, diffuses out
of the accelerator unused. If less than the "effective' mass flow
rate is injected through the electrodes, the discharge will attempt
to entrain ambient material to make up the deficit.

Using the above concepts, calculations of engine performance when
the thrust depends linearily upon the magnetic field strength have
been made by Bennett and John at AVCO-RAD (Ref. 3).

Early in the development of the present Hall current accelerator,
it was realized that the device magnetically confined the plasma flow
in the radial direction. 1t also appeared that energies in the order
of 100 electron volts were transferred to the heavy particles from the
electromagnetic field. These properties of the device appeared inter-
esting enough to initiate a program at EOS to investigate the potential
of using the processes occurring in it to heat and confine a plasma to
temperatures and pressures where it could be of value to thermonuclear
research. This program was funded by EOS and Xerox. One aspect of
the investigations conducted appeared very relevant to the accelerator
operation and the results are reported here in Appendix 1I.

As mentioned earlier, one of the main criteria for design improve-
ment is to increase the potential drop of the discharge while keeping
the energy of the electrons entering the anode low. The results of
Appendix II indicate scaling laws for accomplishing this which involve
ma jor changes in the configuration. The ideal accelerator would appear
to be something very close to a space charge-neutralized ion engine and

propulsion devices designed to work on this principle have been called
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ALPHA (ALkali Plasma Hall Accelerator) at EOS. First, it is necessary
to separate the ionizaticn process from the acceleration process so

that the ion spin can be increased to a value higher than

2]e|V
v -/-————1
cr m
a
This is accomplished by:

1. Introducing a new ionizer electrode downstream of the anode.
2. Shaping the magnetic field so that the electron current
between the cathode and anode is reduced to &2 minimunm.
Second, two separate flows are set up, a cathode jet and an anode
sheath. The former comprises high density plasma formed by injecting
gas over the buffered cathode. The total arc current is carried by
electrons in the cathode jet. This plasma slowly expands across the
magnetic field lines and as it does so, the f~llowing things happen:
1. The plasma spins up.
2, The arc current forms into an annulus surrounding the plasma
column.
3. The plasma heats up.
4, As the diameter of the column increases, the potential drop
along the column increases.
The anode sheath is composed of ions formed by electron collisions
with the gas injected through the anode. These ions, together with
the electrons which space charge neutralize them form a collisionless
plasma which drifts downstream and spins. The ions have a radius of
closest approach to the axis which depends upon the potential drop
between the anode and the magnetic field line at that radius. Third,
it is postulated that, if a long enough region of uniform magnetic
field is supplied, the cathode jet and anode sheath will meet to com-
plete the current path in such a manner that the total potential drop
is a minimum. This postulate defines an interaction length for the

device which then becomes one of the basic design variables. The
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above approach represents a very definite break with conventional MPD
arc technology. In particular, the approach of AVCO-Everett and
AVCO-RAD appears to be that of promoting electron conduction only and
thus having almost all of the discharge current cross between anode
and cathode very close to the electrodes (Refs. 4 and 5), thus justi-
fying the name MPD arc. The evolution of the ALPHA concept from
earlier work at EOS on MPD arc technology now raises the possibility
of a dual approach to the design of steady-state plasma thrustors,
reminding one of the state of affairs in ion engine development, where

contact ion engines compete with bombardment ion engines.

5090-Phase 11 Final 8




SECTION II1

SUMMARY

During this phase of the prugram a number of significant advances

have been made in the technology of steady-state plasma thrustors. The
effects of the testing environment upon the measured performance have
been intensively investigated and criteria developed for determining
when the measurements can be relied upon. The performance of potassium
propellant has been investigated and found to be comparable to that of
lithium at low specific impulse and worse at higher specific impulses.
This is tentatively explained by multiple ionization of the potassium.
Two major modifications to the design of the engine have been

made. First, the cylindrical cathode has been replaced by a buffered
cathode with separate propellant injection. A fairly extensive experi-

mental program was required to effect this change. The advantages

gained are as follows:

1. A small cross-section for cathode attachment is maintained,
thus producing more thrust per unit current, and also less
power loss per unit current to the cathode.

2. The discharge is moved away from the insulator between the
cathode and anode, thus greatly increasing the 'ifetime of
the insulator.

3. The cathode jet is made an independent entity, thus helping

to separate the ionization and acceleration processes.

Second, the region of strong magnetic field has been extended

downstream by placing a second coil on the engine. This has accomp-

[

lished the following results:
1. The magnet power required to obtain good engine performance

has been reduced by a factor of almost five. It is now

possible to operate a 20 kW arc with under 5 kW in the magnet.

OO =9 e
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2. The resuits of adding the magret indicate that the concept
of separating the acceleration and ionization processes by
increaeing the interaction distance may be valid and that
significant advances can be made by pursuing this approach.
With the present configuration, it has been possible to ob-
tain an overall efficiency (including magnet pouser) of about

45 percent at an Ilp of 6000 sec.

The lithium test facility has undergone major changes during this
phase. The vacuum tank has been increased in length by a factor of two.
Simultaneously, more diffusion pumps have been added to the tanks so
that the background pressure has been reduced by almost an order of
magnitude during a typical test. The thrust baliance has been modified
to reduce tare and interaction forces. This a)lows us to measure the
thrust with an accuracy of about +2 percent.

A design for a new high capacity feed system has been developed.
Preliminary tests indicate that this feed system will wvork reliably for
periods of over 100 hours and give accurate, continuous, flow rate
measurements, at .evels around 10 mg/sec.

A theory has been developed for one specific mode of operation of
the accelerator, characterized by the use of an alkali metal as pro-

pellant, by energy transfer mechanisms involving Hall current inter-

actions, and by ion conduction rather than electrorn conduction acros
magnetic field lines. In order to differentiate a thrustor operating
in this mode from other types of MPD arc jets and to underscore the
evolutionary advances which it embodies, this thrustor has been termed
ALPHA (ALkali Plasma Hall Accelerator). Calculations, based upon the
theory, indicate that significant improvements can be made over present
engine performance. Equally important, the theory gives design param-
eters that can be tested and then used in the development of optimum

thrustors.
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SECTION III

THEORY AND MECHANISMS

1. INTRODUCTION

Analysis has been completed for several isolated features of the

Hall current .iccelerator. The Hall current accelerator, or MPD arc,

has two concentric electrodes in a magnetic field coil, a propellant |

feed, and sometimes a nozzle. In spite of this simple construction, i
the physical processes which occur are very complex. So far no com- !?
plete analysis of all mechanisms exists. |
Thrust comes from at least three mechanisms which can be identi- !
fied. The proportion of thrust of the several types will vary with |
the experimental conditions. Thrust can arise due to:
1. Heating and expansion through a nozzle.

2. Interaction of the currents with the applied magnetic field.

3. Interaction of the currents with the induced magretic field.

In addition to the real complexity due to the distinct processes caus-

= O CC O &S = |

ing thrust, there can be more than one way to descrite the same thrust. g

As an example, electrostatic acceleration of ions through trapped elec-

trons can be the same as interaction of induced azimuthal currents with

—
{ ¥}
i

tire applied magnetic field. In this report, attention has been focused

upon a mode of operation in which most of the thrust is due to an inter- i

S,

action of induced azimuthal currents with the applied magnetic field. 1

The electrodes are impcrtant since they are a major area of power

loss, the primary factor for determining lifetime, and a factor in the

5 ionization efficiency. Electrode behavior is complicated by the fact
l] that attachment may be nearly a point or diffuse. The complete solu-
tion for electrodes is not available, but results show that point

[] attachment to the cathode will result in less power loss. 1
|4

7

1
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2.  ACCELERATION MECHANISMS
The ability of axisymmetric Hall current plasma accelerators to

produce significant amounts of thrust has definitely besen estaulished.
However, the mechanisms by which the propellant {s accelerated are
still not completely understood, making it difficult to design optimum
engines. Some general considerations cf this problem are discussed
belw and one mechanism is identified as that most likely responsible
for the axial acceleration of the pas, which results in the production
of thrust.

A few zeneral rules that are of value in guiding the discussion
are listed below:

1. Thru . is produced only by the expulsion of high-velocity
part {cles from the thrustor. In electromagnetic devices
these particles must be predominantly ions. These ions will
be accompanied by an equal number of electrons moving at the
ssme exhaust velocity. Because of their low mass, the elec-
trons do not make any significant contribution to the momen-
tum of the exhaust beam.

2. The ions can attain high axial velocities through the fol-
lowing mechanisms:

a. Conversion of ion enthalpy into kinetic energy by
expansion through a mechanical or a magnetic nozzle.

b. The conversion of ion azimuthal energy into axial
kinetic energy by expanding the rotating plasma
through a magnetic nozzle.

¢. Acceleration of the ions through an applied axial
potential when either radial or azimuthal magnetic
fields are present.

d. Acceleration of the ions through an axial potential
drop which is supported by an electron pressure gra-
dient. Except for elastic collisions, this is the
only mechanism through which electron energy can be
transferred to the ions and .s, by far, the most

e.fective at low number densities.

5090-Phase 1I Final 12
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3. When an electric discharge occurs such that the current
flows along axial magnetic field lines, no momentum in the
axial direction is transferred Letween the plasma and the
electromagnetic field. The energy dissipated in such a
discharge is all transferred originally into the internal
energy of the electrons.

4. In the discharge region ions are produced by inelastic col-
lisions of atoms and electrons. The electrons gain the
energy necessary to ionize the gas by carrying some fraction

of the discharge current.

In discussing the thrust-producing mechanisms, it is convenient
to divide the discharge into two regions, the cathode jet and the anode
sheath. The cathode jet and anode sheath are those regions of the
discharge emanating from the electrodes and following the direction of
the magnetic field. These distinct current-carrying regions are visi-
ble and their existence has been verified by measurement of the axial

current distribution across and along the discharge.

a. The Anode Sheath

The acceleration mechanisms in the anode jet can most con-
veniently be investigated by assuming that all of the mass in the anode
jet leaves the anode through a thin annulus in the anode front face at
a radius of Rﬁo' We shall also acsume that the gas is fully ionized
as it leaves the anode. The analysis of the anode sheath indicates
that it cannot grow faster than the magnetic field. Since the mag-
netic field diverges slowly near the anode, little loss of accuracy
occurs if we assume the discharge occurs in a uniform magnetic
field followed by a diverging field or 'magnetic nozzle'.

Because of the low density of the gas in the anode sheath a
«wegligible amount of the energy transferred out of the electric dis-
charge is in the internal energy of the ions as they enter the cathode

jet. This, then, indicates that for the gas in the anode sheath, the
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energy is originally almost all transferred into the rotational energy
of the gas in the discharge region. As the gas then expands through
the magnetic nozzle and conserves angular momentum, a large fraction
of this energy can be converted into axial kinetic energy. If this

is indeed the mechanism by which most of the thrust is produced by the
engine, then some of the consequences would be:

1. When some of the current in the anode sheath is carried by

electrons the ions will be spun up to velocities such that

% m v >|e | v,
where VA is the potential drop which occurs along the anode
sheath. This gives » logical and believable mechanism by
which the gas exhaust energy per particle can be greater
than would be obtained by falling through the arc poteatial
drop.

2. The propellant should be injected through the ancude.

3. The propellant should be ionized as near the anode as is

possible, preferably inside of the anode.

At this point in the discussion it is of value to ask what
role the Hall currents play in the acceleration mechanism postulated
above. First, the azimuthal electron drift which comprises the Hall
currents occurs because of the poor mobility of the electrons across
the axial magnetic field. In order to draw a radial current the radial
electric field is thus strengthened to the point where any ions that
are produced in the anode sheath are accelerated through the radial
potential drop and thus can conduct an apprecieble fraction of the
current. This ion energy, which is gained directly from the radial
electric field, appears as rotational energy of the ions due to the
turning effect of the axial magnetic field. The first effect of the

Hall currents is thus to produce & radial electric field and to make
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possible ion conduction so that momentum and energy can be transferred
directly from the electromagnetic field into the aziwuthal motion of
the ions. Because of the centrifugal force on the ions they will never
spin up to an azimuthal velocity as high as that of the electrons,
which is probably quite close to the local value of ‘Er/Bz L This
insures that Hall currents will always flow, even when particle mean
free paths are very large compared to the diameter of the jet. A
second effect of the Hall currents upon the acceleration mechanisnis
occurs precisely because the electrons are spiuning faster than the

ions, i.e., azimuthal momentum is transferred from the electrons to

the ions through collisons. This insures that the ion energy is greater

than what it gains by dropping through the radial potential drop.

The fact that the Hall currents are responsible for putting
the energy and momentum initially into ion rotation rather than into
axial velocity should not deter us from considering the device as pri-
marily a Hall current accelerator. Also, most of the observations and
measurements made so far upon MPD arc devices can be explained through
Hall currents producing the accelerations discussed above. For this
reason, it is believed that an analytic investigation based upon the
action of the Hall currents is likely to be much more useful than
attempts to develop other explanaticns for the performance capabilities
of MPD arc devices.

An analysis of the anode sheath of sufficient density for
many collisions to occur has been completed and reported in Ref. 6.

A mode of operation with no collisions (other than for ionization) is
theoretically possible. Ions formed near the anode are electrostati-
cally accelerated through the magnetic field to the exit region. Elec-
trons are emjtted at the cathode and can leave with the ions without
crossing the magnetic field. Sufficient electrons are present thrdugh-
out the volume to keep the plasma neutral.

For the collisionless case the equations of motions for
individual perticles can be written, and (except for algebraic diffi-

culties) integrated. This requires knowledge of the magnetic and
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electric fields. For low density operation it is valid to assume

that the magnetic fields are unperturbed from those supplied by ex-

ternasl magnets. The same is not true for electric fields which can be

greatly affected by space charges even at low density. Hence the ap-

proach is to model the electric fields such that the electric potential
matches the applied potential at the electrodes.

If the applied potential is great enough, it is possible for
an ion to escape the field without any collisions. It is possible to
mathematically eliminate the azimuthal motion from the equations, and
to introduce a pseudo-porential for the r-z motion that involves the
centrifugal and magnetic effects. For the r-z motion the ion acts as
if it were under the influence of the applied potential plus the pseudo-
potential. The pseudo-potential is a barrier which must be crossed for
the particle to escape. A necessary condition for an ion to escape is
that the applied potential drop is greater then the pseudo-potential
rise for all points along the trajectory. This can always be done by
making the applied potential sufficiently large.

When the particle density is sufficiently low that short

range encounters may be neglected, charged particlez interact only

through the average induced fields, and the motion of each particle

can be found from Newton's law. When there is axial symmetry, the

szimuthal equation of motion can be integrated, and the radial and

axisl equations simplified. This is useful either as an aid for find-

ing the exact solution or for increasing our understanding or intuition.
The derivation is not original (see, for example, Ref. 7).

A brief ocutline follows. For the motion of a charged particle in

steady axisymmetric field the equations of motion are:

m(E - 9%) = e (E_+ 0B - iR) (1)
w(rd +2r8) = ¢ (2B_ - B ) (2)
-:'z'-e(x-:z+ine-rénr) (3)
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The equations have been written in cylindrical coordinates. Because
of the assumption for the fields of axial symmetry (3/36 = 0) and
steady (3/3t = 0), it follows that E_ = -3/ 3r, Eg = 0, E = -3/3z,

B_ = -aAe/az and B = a(rAe)/r 3r). The scalar potential &(r, z) and
the azimuthal component of the vector potential Ae(r, z) give all
radial and axial electromagnetic fields. Equation 2 can be integrated

to give the angular momentum integral

2
mr 6 + erAe Pe (%)

where the canonical angular momentum Pe is a constant along any tra-
jectory., Equation 4 can be solved for é, and O can be eliminated from

Eqs. 1 and 3 to give (after some calculus)

. . _. 9% - o C a3
mr €3¢ " 3r ez B9 (5)
and
-1 S - :
mz e 2 3z + er Be (6)
where
2 2 s 2
H = (Po - etAe) /2mxr” = '§ (ro) ¢))

In Eqs. 5 and 6, H(r, z) plays the role of a potential), and hence will
be called a pseudo-potential (or effective potentiasl). Equations 5
and 6 allow solution for the r and z motion without specifically con-

sidering 0 motion.

The azimuthal motion effects upon the r-z motion are pro-

L

vided by the pseudo-potential H. These include the centrifugal and
the Lorentz forces due to azimuthal velocity. The Lorentz forces

iBe and tB_, in Eqs. 5 and 6 do not come as gradients of the pseudo-

)
potential. One other feature of H is that it depends not only upon
the spatial location, but also upon the initial condition for the

particle. Thus two particles which pass through the same point may
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not have the same pseudo-potential. The advantage of introducing the
pseudo-potential is that it allows solution of a 3 dimensional motion
(Eqs. 1 to 3) as a two dimensional problem (Eqs. 5 to 6).

The energy integral of Eqs. 5 and 6 is

2

m ,, .2
2(: +2°) + ed+H E s (8)

where Eo is a constant. Further integrals require knowledge of the
detailed form for ¢, H and Be.

The analogy of a ball rolling on a hilly surface in a
gravity field is helpful for visualjzing the motion. Since the pic-

ture is a bit more difficult when the B, term i{s included, we shall

)

neglect B, in what follows. (It could have been included by having a

)
charged ball roll on a surface which has a vertical magnetic field.)

Equations 5 and 6 are analogous to the equations

aF = -og & 9)
i = -mg D (10)

for a rolling ball, where h is the altitude and 3h/3r and 3h/3z should
be small compared to one. In the analogy we should not consider the
effects of angular inertia of the ball, increased path length due to
slope, etc. The vertical velocity of the rolling ball has no relation-
ship to the azimuthal velocity of the charged particle. Finally since
the shape of the hill depends upon the initial position, two particles
moving through the same volume may see quite different hills in the
analogy.

To understand the acceleration in an accelerator, we must
examine the pseudo-potential of a charged particle moving in the mag-
netic field of a magnetic coil. The pseudo-potential depends upon

magnetic field, initial angular momentum, charge and mass of a particle
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(Eq. 7). A visualization of this potential is helpful to understand
the motion of charged particles. 1In this section the topology will
be discussed. A typical example is shown in Figure 1. The first
feature, which would occur without any magnetic field or charge, is

a zone of potential which approaches infinity as l/r2 as r tends to
zero. A second feature is that it is always positive or zero. Since
the quantity Pe = erA9 will be positive in some areas and negative in
other areas, a line where H equals zero exists. Thus ''the valley
floors are flat'. These lines of zero pseudo-potential follow mag-
netic field lines since they occur where erAe is constant (-pe) and
rAe
do not follow the field lines. The altitudes involved are irversely

proportional to the mass of the particle. There is a ridge .ine of

is constant along a magnetic field line. The other contour lines

high potential surrounding the coil which serves as a barrier to stop
particles from escaping.

An ion can escape from a magnetic field either with suffi-~
cient velocity, or with sufficient potential change. This follows
from the fact that, except for a singularity along the axis. the pseudo-
potential goes to zero at large distances. The solenoidal magnetic
field due to coils of finite size has an asymptotic form of a dipole,
for which the vector potential rAe goes to zero in all directions at
great distance from the coil. Thus at large distance, the only part
of the pseudo-potential which remains is the part which produces
centrifugal forces. Thus the Lorentz forces (gradients of the pseudo-
potential) die off sufficiently rapidly that only a finite amount of
energy is necessary to inifinity. The barriers in the close field are
all of finite height.

The primary difference between electrons and ions for escape
is the large mass difference. For equal field strengths and initial
locations and velocities, the pseudo-potential gradients for electrons

are larger than those for the ions, by the inverse of the mass ratio.
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Thus the "hills" which trap the electrons are much "higher". It

would take several thousand times as much electrical potential drop

to make an election escape as an ion, except for electrons introduced

along the axis which do need to cross fields to get to large distances.
The effect of an occasional collision can be explained by

the change the collision produces in the pseudo-potential. The canon-

ical angular momentum P_ which is constant between collisions may be

changed by a collision.e Thus after any collision the location of the
valley will change. This explains how electrons can cross the field,
since even though they are trapped in very deep valleys, the valleys
are swept across the field as a result of collisions.

This explanation of a collisfonless mechanism describes a
timiting case of operation which is probably not typical of the actual

operiation of Hall accelerators.

b. The Cathode Jet
Recent investigations indicate that the cathode jet is an

important zone where much of the energy additior occurs. Early state-
ments made during the evolution of the theory were to the effect that
the cathode jet was primarily a virtual electrode, and the only thrust
preduced in the cathode jet is that due to the confining force of the
self-magnetic field creating a pressure which reacts on the cathode to
produce thrust. It is now felt that much energy is added in the form
of rotation and internal energy (which will become thrust in the mag-
netic nozzle) and that pressure is supported by a radial diffusion
across the applied magnetic field. A discussion of the mechanisms 1is

given in Appendix 1I for the case of a high density cathode jet.

3. ELECTRODE MECHANISMS
a. Cathode Mechanisms
The current can be carried into the cathode by either ion
bombardment or electron emission. For the latter process to occur

the cathode requires a heat source to "boil off" the electrons. In
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practical accelerators both processes are occurring simultaneously.
However, in most cathode¢ configurations it is likely that one prociss
will be dominant and hence control the nature of the cathcde attach-
ment region. Care ehould be exercised in cathode design to insure
that both mechanisms are not equally likely to occur, since unstable
or Jscillatory cathode attachment might result.

Although criteria that can be used to identify the cathode
mechanism are not well defined, the following shall be used.

1. If the attachment is diffuse, the process is dominated by
ion bombardment.

2. 1f a point attachment occurs, the process is dominated by
electron emission.

In our accelerators, which have extended cylindrical cathodes,
it is observed that the cathode attachment occurs on the outer cylindri-
cal surface; hence it is dominated by ion bombardment. This ion bom-
bardment energy is partly conducted away and partly used up on electron
thermionic emission. Because of the geometry, most of the ion energy
is conducted awvay and a large fraction of the current must be carried
by the ions. Calculations indicate that the cathode power louss for
this case is many times larger than fur a point attachment cathode
carrying the same current. Also, the fon current used to heat the
cathode does not produce any thrust, hence the thrust per unit current
for an ion bombardment cathode will be considerably lower than for a
point attachment cathode used in & similar engine configuration. These
considerations indicate that considerable effort should be made to
develop a reliable point attachment cathode.

Considerable analysis has been made of some idealized models
of accelerator cathodes. The important phenomena of electron emission,
cathode heating, and cathode heat loss have all been incorporated Into
the analysis, It was concluded that one of the most important aspects
of the "stability" of the attachment is the radial equilibrium of the

fons. In a point attachment, the sclf-magnetic forces can be large

22
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enough to accelerate the ions away from the cathoae tip as the cathnde
jet expands. The ions then move against the electric field and have
an outward force exerted on them even though the net radial body force

or pinch is radially inward.

b. Cathode Heat Transfer Calculations
To improve the efficiency and lifetime of arc je: cathodes
it is iaportant to determine the mode of cathode arc attachment which
results in the smallest power lossces. Basically the problem may be
divided into two categories: geoumetry of attachment, and form of
the energy distribution over the surface of the attachment region.

A comparison was made between a cylindrical "ring'" attach-

ment and a "conical tip' attachment. It was assumed that both regions

pass the same total current and operate at the same surface tempera-
ture (e.g., the melting point of tungsten). The results (derived in
Appendix III) indicated that the loss of power to the cathode cooling
wvater {s smaller for conical tip attachment than for ring attachment.

The numerical value of the power ratio, ptip/p depends upon the

’
half-angle of the cone and the radius of the c:t:gde. The results
(see Figure 2) show that for 0 = a0° (1.e., flat-ended cylinder), this
ratio is less than 1/2 and for 0 = 65°, it is less than 1/4. The
analysis predicts a ratio of zero in the limit 6 — 0, but it is
expected that this heat-conduction model is not valid in this limit
since convective effects a-e certainly important for the case of a
long, slender cone.

A comparison was also made between the two limiting cases of
energy distribution over a cylindrical attachment region; a delta
function energy input (i.e., a '"ring' attachment of i{nfinitesimal
thickness), and a uniform energy input over the entire rurface. These
were chosen because the equations could be readily solved and the
actual physical situation was felt to be somewhere between these

limits.
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The power loss for the delte function distribution is less
than that for the uniform distribution (see Appendix III). The exact
vower ratio, P /P

delta’ "uniform’
the surface work function and a complicated integral involving the

depends upon the applied arc potential,

uniform energy-distribution. A rough approximation of this integral
indicates that the power loss for the delta function case can be con-
siderably smaller than that for the uniform case under typical arc
jet conditions.

These results therefore indicate that the best possible
cathode attachment mode is a point attachment on a conical cathode.

Previous experimental results appear to confirm these conclusions.

c. Anode Attachment
Investigations are being made to determine the relation
between the anode attachment and the ionization phenomena. The possi-

bility of producing a significant percentage of the ions inside of the
anode is being studied. If the anode is run hot, e.g., about 3000°K
near the attachment region, Lt is possible to create a reasonable
equilibrium ionization level in the propellant vapor as it passes
through the anode. 1If the passage is placed parallel to the magnetic
field, then the ions can be exhausted from the anode with the
propellant.

An expression for the anode heat loss has been derived which
depends upon the gas properties and the specific impulse at which the
engine is being operated.

Using a simple model of the anode sheath it is possible to

derive the following expression for the power loss to the anode

10 T —-
Py ™ =W
where A 3 ¥
T = thrust
'-j—elﬂ
m, I

a
w = average axial velocity of the gas near the anode.

This expression exhibits most of the characteristics observed for the

anode power loss, provided that y is interpreted as the "effective"

] value of y.

~—
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SECTION IV

FACILITY MODIFICATIONS

1. IMPROVEMENTS OF MEASUREMENT TECHNIQUES

During this second phase of the contract improvements have been
made in the accuracy, reliability and ease of operation of the propel-
lant feed system that thrust measurement system (thrust balance). The
objective has been to achieve 2 percent or less probable error in the
measurements of thrust and propellant mass-flow-rate. These effcrts
and the results obtained to date are presented below. Additionally,
the status of development of a feed system with much larger capacity,

needed for future endurance tests is presented. The bellows design is

not adequate for the high-capacity system and a modified concept dis-

cussed below is under development.

a, Bellows Feed System Calibration

‘ The bellows feed system calibration included a measurement of
the effective displacement area of the bellows as a function of its
length, determination of the rate of change of th: bellows volume with
respect to pressure differential (i.e., actuator force), and a measure-
ment of the bellows spring force as a function of its length. These
calibrations used the apparatus described in Ref. 1. The necessity of
these measurements is evident from the following equation which

expresses the mass-flow-rate of propellant leaving the bellows:
- da o ()ex, (Y4 ()
R T: °<ax ac TP pw/ac tV a1/ @ a1

where
m = mass in bellows
x = (L - L) = displacement of bellows

max
V = V(x, F*) = volume of bellows
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= density of liquid in bellows
= temperature of liquid in bellows
= time

- F. - P' = (bellows actuator force) - (bellows spring force)

Tewno

The first tewm is the principal one and the coefficient (g%)
is the effective piston area of the bellows. The second term is due to
the deflection of the convolutions of the bellows under the pressure
force. The third term represents the effect of thermal expansion (pri-
marily of the propellant).

The second term expands to:

VRN e Wl R
oF* dx dt

The factors determined by calibration were:

g¥ = gffective piston area

%;; = volume displacement due to pressure differential

daF
~3

e = bellows spring constant

The flow rate is obtained by measuring the ezctuation rate, dx/dt, and
the actuator force rate dr./dt. The force rate is measured from a
strip chart recording of the output of the actuator force transducer.
It should be noted that the force rate term is a "correction' term -
usually small compared to the first term. The therma' expansion term
1s kept small by precise control of the temperature - accomplished
with the aid of a two-phase tln constant-temperature bath surrounding
the feed system.

Figures 3, 4, and 5 show the calibration results in terms of
volume as a function of displacement, volume change as a function of

actuator force, and spring force as a function of displacement.
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versus Linear Displacement
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Figure 4 Feed System Bellows — Volume Change Due to Pressure
Difference
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Figure 5 Feed System Bellows Spring Force Calibration
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Note that near the fully-compressed position 11l of these become non-

linear. PFor best accuracy this nonlinear region should not be used
in testing. The calibration factors have been determined to an

accuracy of 2 percent or better,

b. Vaporizer for Bellows Feed System

The function of the vaporizer is to localize and stabilize

the process of evaporation which must occur as the liquid flows from
the feed system into the arc. Previous work made no special provi-
sions to control the location of vaporization but depended upon the
liquid vaporizing as it {lowed into the hot anode. This had the
advantage of simplicity and more effective regenerative cooling. How-
ever, the vaporization was frequently unstable and the flow into the
arc would pulsace. An additional bad feature of vaporization in the
anode wvas the frequent occurrence of "flooding'" at the beginning of
runs vhen an excessive amount of liquid would flow into the space
between cathode and anode.

These difficulties have been relieved, at least with potas-
sium propellant, by the vaporizer shown in Figure 6. The essential
feature of this vaporizer is a steep temperature gradient which local-
izes and stabilizes the vapor front in the porous plug. The temperature
gradient results from the heating coils located on the upper end, the
low heat conductance of the tube-porous-plug assembly, and the radia-
tion from the exposed, unheated section of the vaporizer.

Another feature of this system is that it operates at low
pressures (a few psi). Thus, changes and rates of change of pressure
with respect tc time are low, and the force-rate correction term
(second term in Eq. 11) is small. This enhances the accuracy of mass-

flow-rate measurements.

Though this vaporizer in combination with the bellows feed
system operated satisfactorily with potassium, difficulties were
encountered with lithium due to its higher vaporization temperature.

Neither the tantalum heater coils nor the seal between the vaporizer
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and engine were reliable at the temperature (~—1500°K) required fecr
lithium vaporization especially at the higher pressures (> 0.5 atm)
necessary for the buffer-fed engine described in Section VII. For
lithium the vaporizer was brazed directly to the anode so that heat
traneferred from the erc discharge to the anode could be used for
vaporizing. This arrangement is shown in Figur>» 7, with the CG engine

configuration.

c. High-Capacity Feed System
A concept for a high-capacity feed system as shwn schemati-

cally in Figure 8 i{s currently under development. This approach is
based on equilibrating the vapor pressure above the lithium in the
vaporizer to the pressure of argon gas above the liquid reservoir.
Under this condition the sonic vapor flow-rate through the exit ori-
fice is proportional to the applied gas pressure which can be easily
measured with a pressure gauge. To meet this condition the system
must have the following characteristics:

1. The liquid surface temperature (and hence vapor temperature)
must increase as the gas pressure is increased and as the
level of the lijuid in the vaporizer moves up.

2. Tte hydrostatic pressure of the liquid column and the pres-
sure drop due to the steady-flow should be low (less than
1 percent) compared with the vapor pressure.

3. The amplitude of pressure fluctuations must be small compared
with the vapor prvessure, or the system should be linear or
symnetrical so that the average of the unsteady pressure
~omponer.t is negligible.

Compared to alternate techniques, this design eliminates the
requirements of measuring pressure at high-temperature, deducing pres-
sure from temperature, or measuring and controlling the liquid level.
An additional benefit is the location of the heaters in the argon
environment which minimizes cxidation and embrittlement of the heater

materials.
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One possible disadvantage is that the process tends to be
unstable and some means for damping oscillations ‘i necessary.

Because of the stability problems a simple Pyrex model cf the system

| s [ oo B — Y

was built and tested. The tests showed that stability could be

achieved by providing viscous damping in the tube below the vaporizer
and by providing a steep temperature gradient in thz vaporizer region.
Figure 9 {llustrates major parts of the final design. fpera-
tion of the system is initiated by the argon gas pressure in the
reservoir which forces liquid lithium through the porous piug and up
the liquid feed tube into the vapor zer section. The liquid fiow 1is
here divided inco [our 0.060 diametzr passages in ‘'ie molybdenum body
which is enclosed in concentrated tantalum-sheathed heaters. The high
lithium surface area-to-rolume ratio and relatively large heat storage
capacity of the body force vaporization to occur in this region. The

vapor is superheated by heaters attached to the vapor reservoir to

prevent condensation in the sonic orifice. )

An important consideration in the design of the lithium
feeder was elimination of the instability observed in the Pyrex water-
models. This instability, in the form of large liquid oscillutions in
the feed tube, was promoted by an unrestricted liquid column driven at
each end by compressible gas, steam on the top ~nd argon on the bottom.
Also, lack of a sharp temperature gradient in the region of vaporiza-
tion allowed boiling below the liquid surface.

Three components have been specifically designed to minimize
this form of instability in the lithium system. A porous nickel plug,
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