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Abstract

A quasi-steady MPD accelerator has been operated
with four different hollow cathodes over a power range from
5 kilowatts to 5 megawatts. The absolute level of the argon
mass flow, as well as the fractional division of the flow
between the cathode and the six standard chamber injectors,
is varied over a range of 1 to 12 grams per second. For a
fixed total current, it is observed that the voltage in-
creases monotonically with mass flow rate, compared to the
usual experience with so0lid cathodes where the voltage de-
creases with mass flow rate. For a fixed percentage of flow
throﬁgh the cathode, each hollow cathode configuration dis-
plays a minimum impedance at a particular value of the total
mass flow; It is asserted that in order to keep the dis-
charge inside the hollow cathode the magnetic pressure and

gasdynamic pressure have to match inside the cavity.
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rate at the cathode surface and therefore the erosion will
be lower for a hollow cathode at comparable other operating
conditions. Thus the magnitude and the location of the

cathode fall wield a major influence on cathode lifetime.

The ultimate goal of this work was a further under-
standing of the proper working mechanism and scaling para-
meters correlating the total current and mass flow with the

dimensions for the hollow cathode.

In an exploratory series of experiments, the standard
solid conical cathode was replaced by 6ne of four different
hollow cathodes of different dimensions and materials over
a power range from 5 kW to 5 MW. The absolute level of the
mass flow, as well as the fractional divisioh of the flow
through the cathode and the six standard chamber injectors,
was varied. Determination of cathode operating‘characteris—
tics of terminal arc Voltage as a function of arc current
and mass flow were thought to be important for two reasons.
First, the characteristics would bring into evidenée any major
differences between the discharge mechanism of conventional
and hollow cathode MPD arcs. Second, they would indicate
whether the efficient hollow cathode mechanism could be used

advantageously in high power MPD arcs.

In an investigation of the current attachment at the
cathode, Kerr-cell photographs of the discharge were taken

both during the starting transient and'steady fegions.

)



CHAPTER 11

BACKGROUND AND LITERATURE SURVEY OF PREVIOUS WORK

A. Physical Processes in Hollow Cathodes and
Design Criteria

For a low current discharge the plasma inside a

- hollow cathode represents a positive column modified by

injection of electrons from the cathode fall region. The
Faraday dark space may be absent, and in this case the dis-
charge in the cathode consists of two regions only; a dark
cathode space and a luminous positive column. This column
méy be either uniform or striated. It has been shownll'12
that in a hollow cathode discharge most of the excitation
and the ionization processes occur in the negative glow.
This region is charactefized by an equipotential plasma
through which travel the relatively few, but energetic,
electrons originating in cathodic processes. Randomly
moving secondafy electrons generated in the plasma are re-
sponsible  for most of the excitation processes in the glow.
The dark space plays only the role of a primary electron
gun conferring to the electrons the energy required for

maintaining the discharge.?™1

The discharge of a hollow cathode of the type used in
ion thrusters can be distinguished by two different modes of
operation, the plume mode and the spot mode.l8'19'23'24'27
The plume mode has a low electron number density and a high
discharge resistance. 1In this mode a sheath is formed in
front of the hollow cathode, and only a few of the electrons
are accelerated through it to collide with neutrals and ion-
ize them near the cathode. Fast electrons may then leave
the neighborhood of the cathode and cause some ionization
and excitation in the region between cathode and anode. This

mechanism is thought to be the cause of the luminous plume in



the discharge. The spot mode, however, has a lower dis-
charge resistance, and it is necessary to assume that the
sheath edge forms deep enough in the cathode to trap most
electrons leavihg the sheath in the cavity. .This allows
electrons accelerated through the sheath to ionize before
they leave the high neutral density region. This region
of potential gradient, or "sheath" has a thickness approxi-

mately equal to the Debye length,

| - 7z ; :
L = 69 /'77;3) - [més] (11-1)

where T, is the electron temperature, and n, is the

’

electron number density. Because of the low electron
temperéture and high'electron number density, this thick-

ness is small compared to cathode dimensions.

In outline, the mechanism .is the following: gas fed
through the cathode towards the vacuum region has a product
pd (p =pressure, d=interior diameter) which decreases to-
wards the orifice and is essentially negligible at the end.
Over a wide range of gas flow rates, the product pd some
distance back ‘in the cathode tube is suitable for operation
of a high current-density discharge with ionization free-
path comparable to the tube size. Also, the fast electrons
are trapped in the cavity lonqnenough to produce ionization
there. This explains the higher electron density observed
in this mode. With this kind of theory Lidsky’ concluded
that the ratio £:d of the length of the cavity to . the dia-
meter is important and must be at least 6:1 to permit the
electrons which were emittéd from the cathode and accelefated
through the high electric field of:the adjacent sheath to ion-
ize neutral atoms inside the cavity. ‘These ions in turn must
collide with the ~avity wall With sufficient energy to enhance
electron emission. The longer,the\cavity, and the smallef
its diameter, the higher is the probability for ions to col-

lide with the yall‘before leaving through the orifice.
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B. Hollow Cathqde Performance Parameters

Although holléw cathodes of various geometries have
been opérated over a wide range of experimental conditions,
it is possible that certain performance parameters remain
approximately the same for these conditions. Some para-
meters which have been evaluated for comparison purposes

follow.

1. The current density, j, can be measured at the

cathode orifice as
fc = Jt/lc (11-2)

or on the inside surface as

]'s = J As | (T1-3)

where Ji is the total current from the hollow cathode,

Ac is the area of cathode orifice, and As is the area of
the hollow cathode inside surface. There appears to be a
relation between current density and electron emission

. 4
mechanism.

2. The mean free-path for ionization of the incoming

neutrals, A° , ish?
)\‘""__"'__' Ua ~ atom velocity (1I-4)
z)é collision frequency for
ae ionization by electrons
W A

: (II-5)
(%) QL (%) U,

where v, is the electron velocity and Qée is the ioniza-
tion cross section. When the denominator is evaluated as-
suming ‘@ linear dependence of the cross section Q

on the
energy & (or vé), we get
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where N = total electron number density
U% = velocity where electron energy is at

threshold for ionization
oL = initial slope of the Q versus vg curve
As has been mentioned, this mean—freé—path must be compared

to a characteristic length of the cathode cav1ty, either

the length or the dlameter, as a ratio Ks:

‘
Ky . = 2 (I11-7)
) [: length of the cavity
K = 2D . (II-8)
2 .
de

a.: diameter of cavity orifice
An example of a detailed calculation of these different

parameters is given in Appendix I.

These parameters have been cbmputed for several hollow
cathodes whose operation has been described in refefences
8,9,17,18,22,23 and 24,'-The results are summarized in
Table I. From thé K factors, it is seen that the mean-
free- path for ionization is always substantlally less than
the cavity length, and is usually less than even the cathode

orifice diameter.
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C. Criteria for Hollow Cathode Operation

Three criteria must be satisfied to guarantee
proper hollow cathode operation. The first requirement in
a low current cathode is sufficient thermionic emission..
This emission is produced by heating the cathode to approxi-
mately 1500 °K (for a tungsten cathode). In the hollow
catﬁodes of ion thrusters, electron emission is enhanced
at this low temperature by the presence of BaO on the in-
sert, due to the resulting low work functions. 1In the case
of quasi-steady MPD arcs, the heating of the cathode sur-
face has to be due to the deposition of energy by the
discharge itself, enhancing the electron emission by a
cumulative effect. This process may be ekplained as follows:
during the breakdown phase the initial positive ions acquire
enough energy in the electric field to cause emission of
some electrons when they collide with the inside cathode
wall. Now a potential sheath will form on the cathode,

with two main consequences.

l., Electrons can be extracted from the cathode

by field emission.

2. Ion bombardment energies now increase enough'to
heat the cathode sufficiently to emit electrons
thermionically. Once this regime is reached,
one can say that the discharge is in a quasi-

steady mode.

The second requirement is an accelerating field
for the electrons, provided by a large enough potentiél
difference. To start a discharge, one has to extract elec-
trons from the cathode. An accelerating field is ﬁecessary
to give the electrons high enough energy, so that when they
collide with neutrals they ionize them.



The third requirement is a sufficiently high neutral
gas density to supply the necessary current carriers. It
can already be pointed out that because of this require-

ment the mass flow is going to play a very important
18,27
role. '’
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CHAPTER III. STUDY OF HOLLOW CATHODE MPD DISCHARGE

A, Apparatus and Hollow Cathode Design

Apparatus

Argon propellant is injected into the discharge cham-
ber through a solenoid valve and multi-tube manifold to
six 0.48-cm injectors, and also through the hollow cath-
ode orifice, in the configuration shown in Fig. 1. The
mass flow rate is controlled by the argon reservoir pres-
sure, aﬁd the tube length to the gas-triggered switch is
so chosen that the discharge in the main chamber takes
place dﬁring the period of constant mass flow. Power is
supplied as an essentially rectangular currént pulse from
a 3000-upfd, high-voltage capacitor line or, alternatively
by a 96}000—pfd electrolytic capacitor bank. The current
is monitored by a Rogowski loop around the cathode lead
and the terminal voltage is measured with a Tektronix
P-6013A probe. All data are reéorded on a Tektronix dual

beam oscilloscope.

In addition to these parameters normally used to de-
scribe arc operation, namely discharge voltage, discharge
current and total mass flow, an important new parameter
has been added for the hollow cathode - the fraction of the
total mass flow that goes through the cathode cavity. It
has already been found in previous work done on the MPD de-
Vice,A_3 that for proper operation at any given current,
the discharge needs a certain mass flow. If this mass flow
is not provided, the so-called starved condition prevails
and the discharge will feed itself by taking mass from some-
where else, such as ablation éf insulators and even the

electrodes.
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For the current attachment to be distributed over the
entire surface of the hollow cathode, a particular mass
flow may be required both inside the cavity and outside
it in the chamber. For this reason, the mass injection
system was constructed to allow variation of the fraction
of the total mass flow which is admitted through the cath-
ode "inside". Practically this was done by putting plugs
with different orifices into the injection tubes. Cold flow.
tests revealed that the inlet flow was choked at the sole-
noid valve and not at these restrictions in the injection
tubes. This allowed convenient setting of the total mass flow
by the reservoir pressure, but prohibited scaling the frac-
tional flow division with the ratio of inside to outside in-~-
jection areas. Therefore, an experimental calibration was
necessary. This was done by opening the solenoid valve for
a certain time, and trapping the gas that fiowed outside and
inside the cavity of the cathode in two different vacuum ves-
sels. By measuring the pressure rise in these vessels, an

exact measurement of the flow division could be made.

Steady mass flow was indicated when the output of a fast
ionization gauge put in front of the injectors was constant.
This probe essentially measures particle density, but one can
assume that the mass flow is steady when the number density |
as a function of time attains a plateau. This point is nor-

mally reached 3 msec after opening the valve.

Pictures of the discharge were also taken through a 5 upsec

Kerr-cell shutter. The experimental set-up for this is shown
in Fig. 2. By delaying the trigger signal for various incre-
ments, photographs of the discharge could be taken during the
initial transient or at any time during the steady phase. A
typical record of current and voltage for the electrolytic

capacitor bank is shown in Fig. 3.
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All tests were performed with the arc chamber attached
to a 22.8-cm-diam by 45.7-cm-long Pyrex bell jar evacuated
by a 7.1 - @/sec vacuum pump. The average pressure reached

in the bell jar before each shot was approximately 5p.

Design

To change the original configuration as little as
possible, the first hollow cathode geometry was made cylin-
drical, of diameter equal to the maximum diameter of the
standard solid conical cathode, and also the same length,
Figs. 4a and b. (For simplification throughout the text,
the hollow cathodes will be given an abbreviated designation.
The stainless steel c¢ylindrical hollow cathode discussed
here bears the notation HC-SS.) The inside diameter was
chosen as a compromise so that the,z/d ratio, already men-~
tioned before,2 is as close as possible to 6. For the first
measurements stainless steel, instead of tungsten was used

for convenience.

Next we tried to find a possible mechanism to force
the discharge inside the hollow cathode. Previous measure-
ments with the conical cathode showed that the current dens-
ity is approximately uniform over the cathode surface. As-
suming a similar uniform distribution exists for the hollow
cathode, the current lines can be estimated for this case
(Fig. 5). This figure shows that the current lines have the
opposite radial direction inside and outside. Since the
magnetic field has the same azimuthal direction inside and
outside, the cross-product 3){5 of current density and mag-
netic field yields an upstream force in the cavity, compared
with the normal accelerating downstream force outside. The

force per unit area, or magnetic pressure is equal to
EBZ
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where B is the magnetic field and M, the permeability
of free space. To get a large magnetic pressure, a high
current density is required at the cathode tip. This was
obtained by boring a 0.48-cm~diam hole in a solid conical
cathode, as shown in Fig. 4c. This cathode (HC~CON) thus
has a sharp corner, where the current prefers to attach.
Once the discharge is started, the magnetic pressure should

tend to push it inside.

A concentrated study of the literature on hollow cath-
odes was made in order to have a theoretical basis for fur-
ther design changes. The basic information for the design
of later hollow cathodes was found in NASA report CR-72891
"Cathode Studies of a Radiation Cooled MPD Arc Thruster,"
done by McDonnell-~Douglas from which the main points are

summarized here.

- Arc voltage increased, and consequently higher input

power could be achieved, with smaller electrode gaps.

- Stable operation was achieved after some initial in-
stability by lowering thé propeliant flow rate. The
arc attachment was observed to move from the outside
diameter into the hollow section of the cathode. When
this arc movement occurred, the exhaust narrowed into

a tight beam.

- A decrease in voltage was observed with increasing
hollow cathode cavity diameter, for the same current,

or for the same voltage a higher current.

- Efforts to increase arc voltage by changing the methods

of gas injection proved to be unsuccessful.

- An alternative means of increasing the voltage was to

increase the anode throat. diameter.
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For a cathode with a flat front face (the previous ones
were conical), the arc-attachment tended to shift to the
outside diameter of the caﬁhode as the current was in-
creased. A reduction of the current usually allowed re-

attachment of the discharge in the cathode cavity.

A 10° inverted conical face rather than the flat one
of the previous cathode improved the cathode attachment
stability significantly and resulted in operation over

a wider range of mass flow rates than earlier ones.

Addition of propellant flow around the hollow cathode
usually caused the arc attachment to move from the

cavity to the outside diameter of the cathode.

Argon is an acceptable propellant for cathode attach-
ment stability.

It became apparent that improveménts in performance and
reliability were closely related to the location of arc
attachment.

For a current range of 150 to 700 A and an external mag-
netic field of 0.15 Tesla, the plume mode, or high vol-

tége mode, is characterized by current attachment on the
tip, whereas the low voltage mode or spot mode is charac-

terized by current attachment near the inner base.

If the mass flow was increased, the external magnetic
field had to be decreased in order to keep a stable
discharge inside.

The ratio of the inside diameter over the connection

d, t
ow _J_/ )

—

has to exceed a certain minimum of approximately 2 for

diameter dl/d2

. a stable discharge.
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In the facilities which we are using in Princeton, there
is no external heat addition to the hollow cathode. So, if
we are in a regime where thermionic emission is possible,
the only way to get the necessary temperature is by self-
heating. The location of the maximum self-heating is de-
duced to be the region of the cathode tip, from visual in-
spection of used cathodes. To avoid the temperature gradi-
ents produced by self-heating, the walls have to be made
thicker.4 This same reference also notes for j,—::lO3 A/cm?2
> A/cm

both field and thermionic electron emission are important.

thermionic emission is important, whereas for j=:104—10 2

Having.field emission too, there must be a rather large vol-
tage drop-to extract these electrons. Ions are coming into
this voltage fall, with the result that they get enough
energy to bombard the cathode causing erosion. There are
indications that the wear is less when the orifice diameter

is decreased and tip thickness is increased.27

"Concerning the cavity length, reference 4 shows that
the tip temperature decreases with the length of the cathode
for the same current, and also the longer, the more . uniform
the cufrent will be distributed over the inside surface.
Also for the same current, as the length is decreased, it is
observed that the inside surface electric field increases.

A higher field inside may encourage the more productive

emission mechanisms.

With this information and other practical considera-
tions in mind, the following two cathode geometries were
tried. The first is the insulated cylindrical hollow cath-
ode (HC-INS) shown in Fig. 4d. Because the total diséharge
current of some tens of kA must pass through the cathode
orifice, this diameter was increased from 0.48 cm to 1.27 cm.
This large diameter might also encourage deeper penetration
of equipotentials, thus creating a higher surface electric
_field. In an attempt to force the current to attach on the
inside of the cavity, the outside surface was covered with

nylon, but this proved unacceptable because of severe erosion
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of the nylon; after about 50 shots of 1 msec duration, the
front insulation had completely disappeared. It is possible
that this ablation influences the data for this cathode,

especially in the region where the dischargé is starved.

Previous hollow cathodes were made out of stainless
steel. In our pulsed MPD accelerator,'the current density
is sufficiently high that field emission must supplement
the thermionic emission. The rate of this electron field
emission is primarily related to the work function of the
material. Thus the work function could be as important a
factor as the geometry. Therefore the final hollow cathode
was made of tungsten. The dimensions and shape are based on
all the information given before. The back piece of this
hollow cathode was made out of molybdenum, due to brittle-
ness and manufacturing problems of tungsten, and also be-
cause of costs. The tungsten cylindrical hollow cathode
(HC-W) is shown in Fig. 6, together with the exact geometry

of the discharge chamber.
B. Discharge Characteristics

Before operating with the hollow cathode, voltage-
current discharge characteristics were taken with the solid
conical tungsten cathode for comparison, at several differ-
ent mass flow rates. Cylindrical hollow cathode experi-
ments (HC-SS) were then conducted for various total mass
flows, and differing ratios of mass flows through the outer
injectors and cathode éavity.~ Figure 7 displays the charac-
teristics for 6 g/sec total mass flow, in comparison to
solid cathode operation in the same regime. The main points
to be noted are that for one mass flow combination e.g., 14%
of the total flow passing through the cathode, the hollow
cathode displays a substantially lower impedance than the
solid cathode version. For other ratios, however, this com-
parison 1is reversed, thus indicating both a potential re-
duction of cathode losses by hollow cathode techniques, and

a sensitivity of this benefit to mass flow distribution.
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To pursue this point further, Fig. 8 shows a comparison
of characteristics for total mass flows of 3, 6 and 10.5 g/sec,
all with 14% of the total flow through the cathode. Clearly
indicated is a sensitivity to the' absolute value of the flow
through the cathode, as well as the ratio, suggesting that a
full survey of all reasonable permutations is necessary tb

identify the optimum operating conditions.

Even more distinct differences were obtained with the
tungsten cylindrical hollow cathode (HC-W). Typical HC-W
discharge characteristics for different total mass flows and
combinations of mass flow through the outer injectors and
cathodé cavity are shown in Fig. 9. On the vertical axis we
have the discharge voltage and on the horizontal axis the dis-
charge current. Lines of constant mass flow have been drawn
for mass flows of 3, 5.4, 7.9 and 10.5 g/sec for both 20% and
100% of the mass flow inside. It is remarkable that for 20%
inside, the discharge characteristics are quite spread out,
whereas for 100% there is almost no mass flow influence at

all.

;t is of interest to compare the HC-W with the solid coni-
cal céthode in the same regime of operation. Note that for the
HC-W the voltage increases with increasing mass flow, where-
as for the tungsten solid conical cathode, Figure 10, the
voltage decreaées‘for increasing total mass flow. This dif-
ferehée was alSo found for zero mass flow through the hollow
cathode. This means that the very existence 6f a cavity in
the cathode ééuses a drastic change in operation. In other
words, the geometry of the cathode is a very important para-

meter.

Since’we have a combination of mass flow outside and
inside, thére are the possibilities that only the gas flow
~outside, ér‘inside, or both together determine the discharge
phenomena. Figure 11 shows the results of tests to determine
whether just the inside or just the outside flow dominates the
discharge impedance characteristics; Here we have the charac-

teristic for a total mass flow of 5.4 g/sec of which 45% is
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inside, i.e., 2.45 g/sec inside, and 2.95 g/sec outside. If
the mass flow inside does not participate at all in the dis-
charge, the characteristic of 5.4 g/sec total (2.95 g/sec out- -
side) should agree with the 3 g/sec outside, zero flow inside.
.case. That it does not implies that the hollow cathode mass
flow has an effect on the discharge. A similar comparison
between the 5.4 g/sec characteristic and the 3 g/sec inside,
zero flow outside case reveals that the hollow cathode does
not completely dominate the characteristic. Thus, we can con-
clude that both mass flows outside and inside determine the
specific operation of the hollow cathode discharge.

18,23,24 that propér opera-—

It is stated in the literature
" tion of a hollow cathode in low power regimes (5 kW) is ac-
companied by a low discharge voltage and higher.current com-
pared to the standard solid cathode. To check this with the HC-SS
in a power region of 0.5 to 2.5 MW, the voltage was monitored
for a fixed current and mass flow as the flow percentage in-
side was increased. Results of this are shown in Fig. 12.
Here we have the discharge voltage on the ordinate and the
fraction of the flow inside on the abscissa, with current as

a parameter. This graph tells us that the voltage increases
with increasing inside flow. If low voltage alone were the
indication of proper operation of a hollow cathode, this
figure would indicate a preference for zero percent of the
mass flow inside, but this conclusion is bothersome for two
reasons. First, in the lower power case, proper hollow cath-
cde operation was only observed when non-zero mass flow was
passed through the cathode. Second, photographs of the dis-
charge, taken during the steady phase, Figure 13, indicate
that for no cathode flow the discharge lumiﬁosity consists of
an overall shroud over most of the exterior surface, sugges-
ting that hollow cathode function had not been achieved. For
20% of the mass flow inside, there is a jet of plasma coming
from the tip and center of the hollow cathode. These observa-
tions place in considerable doubt the contention that the low-
est voltage in Fig. 12 is an indication of proper hollow cath-

ode operation.
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Data in Fig. 12 may instead be dominated by an additional
effect. Earlier experiments with floating potential probes
have shown both an increase in the anode voltage drop and its
extension toward the discharge centerline as the mass flow
is decréased at a given current level.A_3 It is reasonable
to interpret this growth toward the region of greater electron
number density as the mechanism for providing the additional
current carriers necessary to conduct the total current to the
anode. This "anode effect", which ménifests itself as an in-
crease in total discharge voltage, may prevail for the data
in Fig. 12 since, as the fractional mass flow through the
cathode is increased, thereby decreasing the chamber mass
flow, fewer charge carriers are available near the anode.
Evidence that this effect may become dominant for the hollow
cathode is found for the extreme case of 100% 6f the mass flow

inside; for that condition, no discharge occurs.

There are several ways to improve this situation and thus
prevent the anode effect from dominating the characteristics
of the hollow cathode. One way is to put the anode farther
downstreaﬁ, as suggested by the experiments of reference 38
that the farther downstream the anode, the lower the discharge
voltage, and further indicated by the spectroscopic observa-
tion that the region of highest electron density in front of
the solid conical cathode MPD arc expands radially in the
downstream direction.A_4 Another improvement that could be
made is to increase the cavity orifice diameter as mentioned
previously and as reinforced in reference 38, even though

this may reduce the net thrust somewhat.A_l

Since we chose to retain the overall chamber dimensions,
the latter course was taken. The success of this increase in
diameter is proved by the discharge characteristics of the
HC-INS, which has an inside diameter increased from 0.48 cm
to 1.27 cm. These characteristics are taken for different
"percent mass flow inside, but all for the same total mass
flow of 2.1 g/sec. The results are summarized in a graph with

voltage on the vertical axis, fraction of the flow inside on
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the horizontal axis, and current as a parameter (Fig. 14).
There seems to be a general tendency for increasing voltage
with increasing fraction of the flow inside for the high cur-
rent case because of the "anode effect" described previous-
ly,.but above 50% of the mass flow through the cathode, the
voltage decreases with increasing flow fraction inside for
the low current regimes, indicating the hollow cathode ef-

fect, as is the case for low power hollow cathodes.

Changing the total mass flow but‘keeping a fixed terminal
dischafge voltage gives us more information on the influence
of the two main parameters - mass flow and fraction of mass
flow inside. Several tests Were conducted for constant per-
cent inside while changing the total mass flow. A typical
result is shown in Fig. 15. Note the appearance of a maximum
current for a particular mass flow. As this optimum is not
distinct, a more sensitive Rogowski coil was*installed, bﬁt
with the same reproducible results. Similar graphs for dif-
ferent fractional flows inside were made, and they all show

a similar optimum.

These trends are summarized in Fig. 16, where the mass
flow is plotted against the fractional division of the flow
'for several values of current and a fixed terminal voltage
of 220 volts. For a fixed percentage fiow inside, the data
indicate that there are two different injected flow rates
where the power input into the dlscharge is the same. Stated
another way, there is an optimum mass flow rate (deflned as
the maximum current for a fixed voltage)_for any given dis-
tribufion of the. flow between outer injectors and the cathode.
The locus of these optimuﬁ mass flows coincides with a line
of constant ratio J /m, the constant equal to 75 kAZ2-sec—g-l
for these particular data.

The significance of this parameter Jz/ﬁ is presented
by MalliarisA"5 and is briefly summarized here.

- Neither of the 2 variables J or m is individually
limited in any detectable,sénse° However, experimental

evidence indicates that the ratiO‘Jz/ﬁ appears to have
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a characteristic value. Above this characteristic value,
the magnetoplasmadynamic operation becomes increasingly’
unstable and erratic, and the credibility of the corres-
ponding MPD performance declines to the point of absurd-
ity. This effect has been ascribed to the ingestion of
spurious mass from either the electrodes, insulators,

or previously exhausted propellant.

- The characteristic value of Jz/ﬁ, where m is the in-

jected propellant only, is fairly well represented by

2 7 ( Yo
2 [eguh] ()
m ‘ .
ch S
where g = charge on an electron, C
NO = Avogadro's number
5i,= ionization energy
M = molecular weight
Mo A |
A = - [/Zn- (?‘ -+ consl’ant (I1I-2)
re

from F o= bJ (111-3)

The parameter Jz/ﬁ thus has a particular value for a
given propellant and configuration. In our particular case,
~ where argon is used as propellant, this formula can be

written in a more practical form as follows:

-/ N .
2 t \2
L = /38 Zn{_':_} + L /é_) (I1I-4)
» rc\ Z M

M /e

where Jz/ﬁ is obtained in kA2—sec-g—1. These are the reasons

that the lines of Jz/ﬁ were also drawn on the graph. For com-
parison, é line of J2/ﬁ=;52 has also been drawn, which is the

characteristic value calculated for this geometry from the

simple argument based on an equipartition of energy between
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kinetic and ionization modes (which is essentially the same as
Malliaris).~ A similar line drawn for JZ/ﬁi==52 where m, is
only that mass passing through the cathode, seems to bear
little relation to any of the key features of the figure em-
phasizing that the total mass flow is a better scaling para-
meter for these terminal data.

A similar graph has been prepared for the tungsten
hollow cathode and is shown in Fig. 17. A line of constant
J2/ﬁ==56, the calculated characteristic value for this con-
figuration, coincides reasonably well with the locus of the
optimum mass flows. For completeness, the results found for
the conical hollow cathode are presented in Fig. 18. Here
the calculated Jz/ﬁ of 40 is compared to the locus of the op-
timum mass flows, which can be reasonably approximated by a
line of J2/m= 28.

A first important observation from Fig. 16 is that this
optimum mass flow decreases with higher flow fraction inside.
The highest current of 12.5 kA was obtained for m=2.1 g/sec
and 0% inside. However, for 100% inside the optimum occurs
for a current of 11 kA, and only 1.2 g/sec. So for a re-
duction of current of about 15%, one has a reduction of mass
flow of about 50%. Probably due -to the earlier mentioned
"anode effect" is the fact that the highest current point
still occurs for 0% inside. Jz/ﬁ for this point is 75, which
doesn't quite correspond with the calculated characteristic
value for argon of 52 for this configuration. This may be
understood as if the discharge is not running on argon alone,
but on a mixture of argon, carbon, hydrogen, and other ablated
impurities. Jz/ﬁkkas a function of molecular weight is higher
for the species with a lower atomic mass. Since carbon and
hydrogen have a lower atomic mass, the higher value of J2/ﬁ==75
could thus be explained. The hydrogen ahd carbon comes from
ablation, especially from the nylon that was used as insulation
of this particular cathode (HC-INS). The bell jar turned very
black and also all the nylon insulation on the front of the
cathode was ablated.
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In Fig. 16, data points which lie above the J2/ﬁ==75
line, i.e., mass flows greater than the optimum value, may
indicate an overfed region, whereas those below the line
may represent a region of starvation and subsequent mass
ingestion. Thus the apparent insensitivity of the data to
the initial flow distribution at low mass flows may be a
manifestation of electrode or insulator erosion at these

conditions.

It is of interest to know how this optimum (maximum
current) that occurs for 0% inside varies as a function of
voltage, since the previous graphs were made for a fixed
voltage. Figure 19 exhibits this dependence as well as.that
for HC-SS, HC-CON, and HC-W. Noteworthy first is the rather
large difference in’current, of these optimum mass flows for
the same voltage. Perhaps much more important is the fact
that the slope for all of these cathodes is the same. This/
indicates that the discharge tends to run at a partlcular
impedance, AV/AJ , equal to 12.9 mQ.

C. Dynamic Behavior of Discharge Voltage and Current

This is a study of the shape of the current and voie'
tage traces as a function of time. It will be shown that
certain features of these traces can be related to the para-
meter Jz/ﬁ while others can be associated with hollow cathode

operation.

For the electrolytic line, there is a distinct difference
between the shape of the current traces for high current or
low mass flow, i.e., high J /m and those for low J /m. Figures
20a, and 20b show that low J /m tends to correspond to a cur-
rent pulse shape resembling an exponential decay, while hlgh
J /m agrees more with an initially flatter and rather smooth
pulse shape. Even more important is the fact that there is
little change in shape when the percent flow division 1s
changed, as shown in Fig. 20c. This would imply that J /m

. . TOT
is a characteristic parameter for hollow cathode MPD discharges,
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That is, the total mass flow determines the characteristics of
the discharge, rather than the mass flow outside or inside
separately.

For the HC~SS, HC-CON and HC-INS, the electrolytic’
capacitor bank was used as the power supply. Then we switched
to the high voltage capacitor line, where the current is fixed,
to observe any change in the voltage shape when the HC-W was
used. Figure 21 shows some typical data, on the left a total
mass flow of 3.0 g/sec and 0% inside for a low current of
7.5 kA and high current 15.0 kA. To the right a total mass
flow of 10.5 g/sec but 82%Ainside, again for a low 7.9 kA and
high 15 kA current. For 0% inside we see that the discharge
starts with a high voltage and drops to a lower, but steady
voltage for both current levels. 1In the case of 82% inside,
~ on the other hand, there is a drastic change. For the low
" current case, we have a voltage drop, during the start-up,
whereas in the high current case, there is a rather sharp
voltage rise. This change is not due to the current magni-
tude proved by the two pictures for a mass flow of 3.0 g/sec,
neither to the mass flow outside, because otherwise Fig. 21c
(3.0 g/sec) and Fig. 214 (10.5 g/sec total, 82% inside or
2.45 g/sec outside) would show the same trend, but mainly due
to the mass flow inside the hollow cathode.
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CHAPTER IV

DISCUSSION

This chapter is concentrated on the physics of proper
hollow cathode operation. Photographic observation showed
that in some cases the most luminous part of the discharge
was emerging from the cathode cavity, whereas for other con-
ditions of current or mass flow the most luminous part was
completely outside the orifice of the cathode. Two important
parameters which influence the location of the discharge are

the magnetic pressure and the gasdynamic pressure.
A. Magnetic Pressure

The significance of the magnetic pressure on the flow
has been observed experimentally in the Kerr-cell photographs
shown in Fig. 22. This illustration gives photographs of the
quasi~-steady discharge appearance with the HC-CON for three
different currents, and a total mass flow of 6 g/sec of which
20% flows through the cathode. The HC~CON was selected, as
mentioned before, for its large current densities and cor-
responding high magnetic pressures. As the current is in-
creased from 9.2 kA in Fig. 22a to 13.2 kA in Fig. 22b, and
to 14.1 kA in Fig. 22¢, the originally expanding intensely
radiating plasma flow in front of the cathode is seen to con-
tract to a constricted cylindrical jet, under the influence
of the higher magnetic pressure. This latter jet structure
of the plasma is generally associated with proper hollow cath-

ode operation.

For an evaluation of the magnetic pressure, attention
is drawn to the approximate current distribution and conse-
guent direction of the Lorentz force, as shown earlier in
Fig. 5. On the outside of the hollow cathode, the body force,
=3 xB, "blows" the fluid downstream and "pinches" the fluid

radially inward. However, on the inside of the cavity, the
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j x B force acts in the upstream direction.

On the inside,

the effect of this body force and of the

gasdynamical pressure is accounted for by the momentum equa-

tion which for the streaming direction, z, has the following

dp _ -B d8

- form:
u du
f dz
where P
u
P

= —_— (Iv-1)
dz Po dE

density

velocity

pressuré

An immediate first integral of Egn. (IV-1l) is

(P)u + p + _g_; — (P, +p, + gﬁ (1v-2)

-]

z .
where 5,/@gu,is called the magnetic pressure. Thus, Eqn.

(IV?2) expresses the conservation of the sum of total pres-—

sure plus momentum flux.

In order to make the problem one-dimensional, an aver—

age magnetic pressure over the area must be calculated. For

a current density assumed uniform over the cross section of

the cathode cavity, the magnetic field is axisymmetric and

given by

B a2mrr = /uo;:ﬂbr‘z (IV-3)
so that 'F

8 () = ,u___,z/ (1V-4)

With this expression, the average magnetic pressure over the

cross section can be calculated from

ZHo/ ger 16

(IV-5)

r
/ f Br)® 2rrdr
mr 2 Mo

-2
pot i°

(Iv-6)
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'where r, is the radius of the hollow cathode cavity. This
average magnetic pressure may now be compared to the gasdy-
namic pressure in the;cavity as will be demonstrated in the

‘next section.
B. Gasdynamic Pressure

The gasdynamic pressure term in the momentum equation

_é_z + P + fuz = conslant (IV-2)

2 M,
is of equal importance for the plasma flow through the hollow
cathode. Its influence is most evident in the case of the
HC-INS, where the current is forced to attach on the inside.
Figure 23 shows a series of 5 usec exposure Kerr-cell photo-
graphs taken during the quasi-steady operation of the dis-
charge with the HC-INS. Since the current is hearly constant
in these photographs, the variation of the B2/2|.1o term will
be small and thus the effect of the gasdynamic pressure can
be observed. Observation of either pictures 23a and 23b, or
pictures 23c and 23d, shows that for a fixed fraction'of_the
flow inside, the exhaust pattérn expands into a more "bell-
shaped" radiant flow pattern as the mass flow is increased.
In both cases the current and terminal voltages remain approxi-

mately the same.

One possible explanation for these expanding flow patterns
as the mass flow is increased or the fractional flow through
the cathode is increased, is the ratio of the cavity pressure
to the backpressure in the arc chamber. Since the reservoir
pressure is of the order of atmospheres and the backpressure
of the order of a few Torr for guasi-steady operation, it is
obvious that the flow will choke at the minimum area through
which the flow passes. For the present injection system, this
minimum area occurs in the solenoid valve, of O.4—cm—diémeter.
The flow will thus be supersonic through the 1l.3-cm-diam cath-
ode cavity, and the ratio of the cavity pressure to the reser-
voir pressure will be a constant determined by the ratio of

the mentioned areas. When the reservoir pressure is increased
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to augment the mass flow, the cavity pressure linearly follows.
this rise. Since it has been shown that the arc chamber pres-
sure is only very weakly dependent on the total mass flow for
this operating regime, the ratio of cathode cavity pressure

to chamber backpressure also rises supporting the observed -

flow expansion at higher mass flows.

The greater expansion observed for the same current and
total mass flow, but with all the flow passihg through the
cathode cavity in Fig. 23b as compared to Fig. 23d with only
20% of the flow through the cavity, may be explained again by
an increased cavity pressure. In this case, however, the pres-
sure increase is due to the smaller effective expansion area

ratio to permit the increased flow through the cavity.

The ohmic energy deposition within the cavity deserves
consideration because it also will increase the pressure.
Ohmic power input will depend strongly on the details of the
cathode emission mechanisms since these mechanisms dictate the
potential profiles and current distribution within the cavity.
Only when the potential and current distributions are determined
experimentally over the entire cathode surface will the magni-
tude of the power deposition be realized, and thus the latter's

contribution to the photographs in Fig. 23 is presently unknown.

Gasdynamic pressure has another important role in the be-
havior of a hollow cathode. We have discussed the magnetic
force acting in the upstream direction, inside the hollow cath-
ode. If gasdynamic pressure is higher than the magnetic pres-
sure, it is possible that the unbalanced forces will drive the
current attachment downstream and eventually outside of the hol-
low cathode. Thus, to first order, to keep the discharge in-
side the hollow cathode, the magnetic pressure averaged over the
front surface has to be equal to the gasdynamic pressure, taking
into account also the pressure increase due to ohmic energy
deposition.

This is verified in a series of 5 psec Kerr-cell photo-
graphs taken at different times during the initiation of the
pulse. Figure 24 shows a sequence of typical pictures of the

start of the discharge with the tungsten hollow cathode for

-
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a total mass flow of 7.9 g/sec of which 82% is inside. The
discharge starts on the inside, whére a luminous plasma is
observed in Fig. 24a. It is important to mention that this
observation is not a special case, but is recorded for a
large range of current levels and mass flow rates. This
initiation of the discharge may be related to a higher neu-
tral density inside the cavity providing the required product
of pressure and gap spacing for breakdown. After several
microseconds, a luminous plasma is seento be expelled from
the hollow cathode, Fig. 24b and 24c. This may be because
the gasdynamic pressure is increased inside the hollow cath-
ode by the heating, and so overwhelms the rather small mag-
netic pressure. Afterwards this plasma expandé and is ac-

" celerated downstream. At later times, Fig. 24d, it is ob-
served that the current attachment moves from the inside to
the front surface, where it stays during the quasi-steady
part of the discharge.
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CHAPTER V

SUMMARY

In this study four different types of hollow cathode
have been tested. The terminal voltage and total current
were monitored with regard to their behavior as a function
of other arc parameters, such as total mass flow and frac-
tion of the mass flow through the cathode. For a fixed volt-
age and fixed fraction of the mass flow inside, the current
increases with total mass flow rate up to a certain point,
and then drops. For higher mass flows the current seems
independent of mass flow. This optimum may distinguish
"overfed" and "underfed" MPD operating conditions. The dis-
charge characteristics also provide evidence that both in-
side and outside gas flows contribute to the discharge
phenomena. In comparison to the conventional conical cath-
6dé where the terminal voltage decreases with increasing
mass flow rate for a fixed current, the hollow cathode volt-
age increases with mass flow rate. Two controlling para-
meters of a hollow cathode are the magnetic pressure and gas-
dynamic pressure inside the cavity. It is asserted that in
order to keep the discharge inside the hollow cathode these
two have to balance. This was also shown by interpretation
of photographs of the discharge taken during the starting
transient and steady regions. Finally, it was verified that
the parameter Jz/ﬁ is significant for scaling arc operation,
but may not be the only parameter of significance for the
hollow cathode discharge.
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APPENDIX

CALCULATION OF THE MEAN FREE-PATH

For calculating the parameters Kl and K2' which are
the ratios of the mean-free-path for ionization of in-
coming propellant atoms by electrons to the length and
diameter of the cathode cavity respectively, the mean-
free-path is calculated from

) Y- Va _ atom velocity (I1I-4)
¢ I)L collision frequency for ion-
ization by an electron

in which the collision frequency 14; is expressed as the
. A-2
following:

y oy -
¢ _ % 2 2kT,
7)ae X Meo -é)z(me} € ‘ X
£Te

(I1-6)

(e ¥l

The number density of argon is estimated by considering an
efflux of neutral gas from a cylindrical orifice. Also the
external pressure in the vacﬁum—vessell {about 10_6 torr) is
considered negligible, with respect to the pressure at the
tip of the cavity. Therefore a strong pressure gradient

exists in front of the orifice. The arrival rate of atoms

N_ is
a

/ — .
N = _Z nd Yfa. Ac (a-1)

a
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< —/-)7 BT ,/z
Nd- - 4 a ﬁ.ma c

in which T 1is the absolute'temperature (OK) and ﬂi is

the average thermal velocity.

For the case of argon with the assumption of a

temperature of approximately 10 eV, the average thermal

velocity--ii . becomes

Y2
Tf; = Bkr) = 7076x104 cm/sec

. m mA
The number density Ny is
’_~ ”A —— :4.%;—
' Zg‘4cn14

This number density will vary over a wide range due to
variation in m and A. Consider an orifice of 0.64-cm-
diam which gives us an area of Ac==0.3l6 cmz. Assuming

that the mass flow through the hollow cathode corresponds

(A-2)

(A-3)

(A-4)

to an equivalent current of 20% of the total current, then

for a total current J=10,000 A, the equivalent current is

2000 A. The mass flow m is then

[7:14 = (0..2} J Ma

f

where g 1is the electron charge. This gives us:

mA = 0.82 g/sec

and so the number density is

n, = 1.72 xlO22 particles/m3

(A-5)

(A-6)
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For Argon

Zt = 15.7 eV
Enmx = 50 eV
= 3.21%x10 20 2
max
o< = 0.266x10" 32 sec?

U% was the velocity where electrons energy (as kinetic

energy) is at threshold for ionization of argon.

2
Me Vs
> = 15.7 eV = Et
m, = 9.11x1073! kg
and ' 1@ = 2.3){106 m/sec

With these numbers subspituted in the formula for the
collision frequency L&: :

1)A: = 6.4x10 sec !

The mean-free-path for ionization

SERALN

7.76 x 10% cm/sec

6.4}{107 sec_l .

Va
1
e

1.22x 1073 em

/\[

is indeed seen to be small with respect to the cathode

dimensions.
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