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I INTRODUCTION

The research described in this report is centered around the evolution

of a 15 cm thruster which can be operated at a beam current through the

range 375 ma to 75 ma with an ion beam profile that is as flat as possible

and reasonable propellent utilization and power efficiencies. Emphasis

has also been placed on understanding thruster phenomena observed as mod-

ifications are made to the thruster, and this has necessitated extensive

Langmuir probing of the main and cathode discharge regions of the thruster

to determine plasma property contours. Because of the large amount of data

involved only a fraction of these contours are included in the report.

The complete set is available from the author upon request.

Research into the effects of the hollow cathode discharge on throttled

performance of a 20 cm thruster was completed during the period covered by

this report. This work was reported in reference 1 and is not reproduced

here.
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APPARATUS AND PROCEDURE

The bulk of the mercury electron bombardment ion thruster research
2 3described herein was conducted on a 15 cm dia SERT II thruster ' which

had been modified to permit: (1) independent control and measurement of

mercury flow rates to the neutralizer, hollow cathode and main propel 1 ant

flow distributor and (2) variation of magnetic field intensity. Mercury

flow rates were determined by timing the fall of a column of mercury in

0.9 mm bore glass tubes in accordance with the procedures discussed in

reference (4). Cathode and main propellant flows were separated by

plugging the SERT II flow dividing orifice located downstream of the mock

isolator and installing a second vaporizer which supplied flow directly

into the main flow distribution chamber which had been fed by this orifice.

Magnetic field intensity control was achieved by removing the eight SERT II

permanent magnets and installing electromagnets in their place. Gaussmeter

measurements were used to determine that an electromagnet current of 7.0a

produced about the same magnetic field intensities as the permanent magnets

in the standard thruster configuration.

Electrical power was supplied to the thruster by a series of power

supplies arranged in the manner shown in Figure 1. Arc voltage, arc cur-

rent, keeper voltage and ion beam current were displayed on digital volt-

meters as suggested by this schematic.

Langmuir probes which could be swept through a semicircular arc and

moved axially during thruster operation were installed in both the main

and cathode discharge regions in the manner suggested by Figure 2. The

Langmuir probe output recording system and the Faraday probe system used

to determine ion beam current density profiles are described in reference (4)
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FIGURE 1 . POWER SYSTEM SCHEMATIC
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FIGURE 2. LANGMUIR PROBES
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In order to verify the standard 100% thrust level operating con-

ditions, the modified thruster was operated at the currents and voltage

levels reported in reference (5). A comparison between previously re-

ported data and those obtained in this test is presented as Table I.

With the exception of the beam current which was 18 ma low in the C.S.U.

test, the correspondence was very close. This discrepancy was considered

to be due to a slightly different flow distribution between the main and

cathode flow sources.

After the performance verification described above, the six holes

in the SERT II baffle were closed off and the grid potentials were changed

from + 3 kv and - 1.5 kv to ± 1.6 kv. The lower screen grid potential

(+ 1.6 kv) was selected to give a lower specific impulse (3400 sec @ 85%

utilization) than that of SERT II. The accelerator grid potential

(- 1.6 kv) was used in spite of an expected defocussing of the ion beam

in an effort to achieve a high beam current (at least 375 ma). Subsequent

tests showed a 375 ma beam could be achieved with these potentials only

under penalty of excessive discharge losses. As a result the grid poten-

tials were changed to + 3.4 kv, - 1.7 kv where the 375 ma beam could be

drawn at a reasonable discharge loss level. It was argued that substi-

tution of higher perveance grids at some later time would permit operation

at the same beam current/discharge loss condition at lower grid potentials.

15 cm thruster data presented in this report were obtained at + 3.4 kv,

- 1.7 kv grid potentials unless otherwise identified. Tests reported here-

in were performed with a 0.3a keeper current and with a hollow cathode

having a 0.05 cm dia orifice. This orifice which is larger than that

used on SERT II was used because future operations at high beam and hence
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Table I
SERT II Performance Comparison

at 100% Thrust Level

Cathode Vaporizer heater current
Main Vaporizer heater current

Thruster Cathode heater current
Discharge voltage

Discharge current
Positive high voltage
Screen current
Negative high voltage
Accelerator current
Neut. vaporizer and cathode heater current
Neut. keeper voltage
Neut. keeper current
Neut. cathode to tank wall voltage
Neut. emission current
Thruster cathode keeper voltage
Thruster cathode keeper current
Pressure of thruster environment

Main flow rate
Cathode flow rate
Neut. flow rate

Maqnet current

NASA Lewis

Tests5

1.7 to 1.9a
1.7 to 1.9a
1.5a**
36.9 to 37.3v

1.8a to 1.57a

3 kv
253 ma

- 1.5 kv

1.6 to 1 .3 ma
1.8 to 2. la
23 v
0.182a to 0.2a

-14v to -17.5v

-250 ma

12.3v to 10.7v

0.3a

4 to 5x10-6
torr
*
*

17 ma eq
***

CSU Test

1 .8a (a.c.)

1.7a (a.c.)
7. la (a.c.)
37v

1.7a
3 kv
235 ma
- 1.5 kv
1.4 ma
2. la (a.c.)
27 v
0.2a
-14.5v

235 ma

10.7v

0.3a

3x10-6
torr

206 ma eq
107 ma eq
18 ma eq

7a

* SERT II contained a single vaporizer and an orifice which split the
flow, so flows were not measured (total flow ~ 313 ma)

** The SERT II flame sprayed cathode heater was replaced by a metal
encapsulated heater wound around the cathode tip. The power output
of this heater at 7.la current is about twice that of the SERT II
heater at its nominal operating current (1.5a).

*** SERT II had permanent magnets.
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arc current conditions were anticipated. The larger orifice did not.

affect plasma conditions in the cathode discharge region noticeably.

Because the thruster was to be throttled to low beam current con-

ditions where keeper power consumption could be significant beam ion

costs (ev/ion) include keeper power throughout the report.
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15 CM THRUSTER PERFORMANCE STUDIES

The objective of this work was the evolution of a 15 cm thruster that

could be throttled over a five-to-one range while holding discharge losses

near 200 ev/ion and operating at a specific impulse below that of SERT II

(~Vnet = 3 kv). An additional objective was the flattening of the ion beam

current density profile.

Moveable Cathode Pole Piece

In view of the success achieved by Knauer et. al. in flattening

the ion beam profile and reducing arc discharge losses in the radial field

thruster, the initial attempt at improving the thruster centered on in-

creasing the radial component of the magnetic field in the main discharge

chamber. In order to vary this component, the cathode pole piece was

modified so its length could be adjusted during thruster operation. This

was accomplished by installing a moveable iron sleeve within the SERT II

cathode pole piece. When the sleeve was moved, the cathode and baffle

moved with it so the cathode discharge region configuration was unaltered.

Magnetic field maps obtained with the sleeve flush with the pole piece,

extended 3 cm and extended 5.5 cm are presented as Figures 3,4, and 5

respectively. The increase in the radial component of the magnetic field

which can be achieved is particularly apparent when Figures 3 and 5 are

compared.

The effect of extending the cathode pole piece on thruster performance

is shown in Figure 6 for a total flow (m,.) of 440 ma eq. The solid symbols

indicate the 37 v arc voltage condition.
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m indicates the flow rate through the hollow cathode. These data

indicate thruster performance is degraded by operation with the cathode pole

piece extended. Figure 7 presents similar data obtained at a 220 ma total

flow rate. These data again indicate performance is degraded by an extension

of the cathode pole piece. The arc voltage range over which the 220 ma

flow rate data were gathered with the sleeve extended was centered around

29 v as indicated on Figure 7 rather than the more typical 37 v. The higher

base line discharge losses observed with the extended pole piece in Figure

7 are attributed to this lower arc voltage operation.

The low arc voltage conditions shown on Figure 7 were caused by high

cathode flow rates which were employed when the cathode pole piece was ex-

tended because they tended to give the best performance. This effect is

shown in Figure 8. At a given flow performance was also optimum at specific

keeper and magnet currents; these optimum values for the flows of Figure 8

are indicated. Although arc voltage could be increased by reducing the cath-

ode flow rate, this increase in arc voltage was not accompanied by improved

performance. The reason for this can be understood if one considers the

primary electron density plots of Figure 9. Figure 9a corresponds to the case

where the cathode pole piece length is the standard SERT II length and Figure

9b to the case where it has been extended 3 cm. A comparison shows the

primary electrons are concentrated near the thruster axis and toward the

screen grid when the pole piece is extended. Since neutral atoms are most

likely to be ionized if they are introduced into a high primary electron dens-

ity region, lower discharge loss operation is congruent with neutral atom

introduction through the hollow cathode. In retrospect this could have

been predicted by consideration of the magnetic field maps (Figures 3 to 5)

which indicate the region of primary electron containment within critical
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7
field lines' These lines are seen to confine the primary electrons near

the centerline of the discharge chamber as the pole piece is extended.

Figure 10 shows the primary electron density contours at a 440 ma

total flow rate for the cases of pole piece sleeve flush and extended.

The effect of extending the sleeve is the same as it was at the low flow

rate.

Results of this study showed a universal degradation in performance

accompanied any extension of the cathode pole piece beyond the SERT II

design and therefore this method of improving thruster performance was

abandoned. Again in retrospect this conclusion was predictable based

on 1) the magnetic field maps (Figures 3 to 5) which indicate the region

of primary electron density and 2) the Kaufman model for maximum propel 1 ant
o

utilization which shows highest propellent utilization is achieved when

the volume to surface area ratio of the primary electron region is a max-

imum (larger primary electron regions).

Decreased Cathode Discharge Region Dimensions

Because some success had been achieved in improving the throttled

performance of a 20 cm thruster through reductions in the cathode dis-
4

charge region dimensions , this was attempted next on the 15 cm thruster.

The effect of reducing the standard SERT II cathode pole piece diameter

and length to obtain a 2 cm dia by 1.7 cm long cathode discharge region

are indicated in Figures 11, 12, and 13 for 440 ma, 220 ma and lesser

total flows respectively. The baffle diameter was 2.34 cm which was the

same as the outside diameter of the end of the pole piece. Figure 11

indicates the smaller pole piece causes a reduction in the maximum
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utilization and no change in the base line discharge losses. Figure 12

for a 220 ma total flow also shows the 2 cm dia pole piece reduces the

maximum utilization efficiency, but it suggests lower base line dis-

charge losses are obtained. Figure 13 suggests lower base line dis-

charge losses will be obtained and that operation can be sustained readily

at voltages below 40 v when the 2 cm dia pole piece is substituted and

total flow is below 220 ma. Figures 11 and 12 also indicate lower cathode

flow rates are required when the 2 cm dia cathode pole piece is substi-

tuted for the standard SERT II unit. Figure 13 indicates the cathode flow

requirement is not changed significantly at very low total flows with sub-

stitution of the smaller pole piece. In general stable thruster operation

was found over greater arc voltage and flow ranges when the small cathode

discharge region was employed.

The reason for the reduction in maximum utilization observed for

total flows of 440 ma and 220 ma with the 2 cm dia pole piece can be seen

in Figure 14, the magnetic field map for the 2 cm dia pole piece. The

critical field line determined from this map is shown as a solid line, and

the one obtained from the field map for a standard pole piece is shown

dotted. Comparison of these lines shows the standard pole piece would

result in an improved primary electron distribution because it would give

greater primary electron densities and hence increased ionization prob-

abilities near the outer radii of the thruster. The 2 cm diameter pole

piece, producing the indicated critical field line, would therefore be

expected to yield a lesser maximum utilization. Figure 15 shows the

primary electron distribution in a main discharge chamber with a 2 cm

diameter pole piece. This figure confirms the above theory in that primary

electron density drops off substantially in the radial direction. In



-23-

•I

s.*/&••'• -yj)>•"'(,< !» <t-,rr-JrtJL'vfc,'

2cm

-STANDARD
CRITICAL FIELD LINES

POLE PIECE

FIGURE 14. MAGNETIC FIELD MAP
(2 CM DIA. POLE PIECE)



-24-

o
e
CD m

E E

FIGURE 15. PRIMARY ELECTRON DENSITY CONTOUR
(2CM DIA. POLE PIECE)



-25-

contrast figures 9a and lOa show the contour observed with the standard

pole piece, and it is seen to be quite flat in the region near the screen

grid. It is concluded that retention of the small cathode discharge region

is desirable to effect stable thruster operation over a wider range of arc

voltage conditions and at lower cathode flows so long as it does not

necessitate any undesirable variation in the shape of the magnetic field

in the main discharge region.

High Perveance Grid Studies

Initial tests conducted on the 15 cm thruster employed flat accel

and screen grids maintained at -1.6 kv and +1.6 kv respectively. These

values were used in an effort to reduce specific impulses below the

SERT II value and at the same time operate at a beam current level near

375 ma. Initial tests showed poor performance at flow rates near 440 ma

total. This poor performance was found to be due to excessive ion and

electron densities which were due in turn to an insufficient beam current.

It was decided at this point to increase the high voltages to +3.4 kv on

the screen and -1.7 kv on the accel grid with the idea that the grid

perveance could eventually be increased so the same beam current could be

drawn at lower grid voltages.

The final effort to achieve a 375 ma beam current at a low specific

impulse involved the installation of high perveance, dished grids pro-

vided by NASA Lewis. With the dished grids the grid spacing could be

reduced from 0.254 cm used on SERT II to 0.079 cm. The accelerator and

screen grid potentials were then reduced to -0.5 kv and +1.0 kv respectively.

With the close grid spacing the thruster could be operated at considerably
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higher total flows than had been possible previously and throttling over

a wide flow range was therefore possible. Figure 16 presents perform-

ance curves obtained with the dished grids at a high and a low total

flow rate. These curves contain data which includes a beam current

variation from 60 ma to 600 ma. Again, the maximum utilization indicated

by these curves is lower than it should be. This is due to the 2 cm dia

pole piece used in the tests which was discussed in the preceeding.

section.

Based on this work it has been concluded:

1) Extension of the cathode pole piece to increase the radial

component of the magnetic field does not improve thruster

performance.

2) Reducing the dimensions of the cathode pole piece facilitates

stable operation of the 15 cm thruster over wider ranges of

arc voltage and propel 1 ant flow rate. Such changes must be

made with careful attention to their effect on the critical

field line in the main discharge chamber. This field line

should be positioned such that primary electrons are not

confined near the thruster centerline.

3) The use of high perveance dished grids facilitates 15 cm thruster

operation over a beam current range of at least 60 ma to 600 ma.

Testing at higher beam currents is presently limited only by the

obtainable flow rate through the main vaporizer.
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STUDIES OF THE BAFFLE APERTURE REGION

Typical cathode discharge region plasma property contours measured

in the 15 cm thruster with standard SERT II cathode discharge region are

presented in Figure 17. The plots show electron density (n ), electron

temperature (T ) and plasma potential (41 ) on a plane passing through half

of the discharge region and the thruster centerline. Axial position on

these figures is measured from the tip of the cathode pole piece. The

upper plot shows the electron density drops from about 4 x 1011 cm~3 in

the vicinity of the cathode-keeper to about 5 x 1010 cm"3 near the baffle

aperture, while the lowest plot shows plasma potential rises from 13 v in

the vicinity of the cathode-keeper to near 25 v at the baffle aperture.

The potential gradient vector, which proceeds in the direction of maximum

slope, can be seen to lie in the general direction of a line joining the

cathode and baffle aperture. The iron filing map of Figure 18a shows the

magnetic field lines in the cathode regions corresponding to Figure 17.

In the baffle aperture region these field lines are seen to be approxi-

mately perpendicular to the potential gradient vector mentioned above.
g

This observation agrees with the more detailed study of Wells who also

notes the Hall parameter near the baffle aperture is considerably greater

than unity. This means the baffle aperture is a region of large azimuthal

ejectron drift, and this in turn provides an explanation for the abrupt

increase in electron temperature at the baffle aperture which can be seen

in the middle sketch of Figure 17. The Langmuir probe trace at the baffle

aperture actually shows the plasma becomes non-maxwellian at this location,

but with probe trace analysis assuming a maxwellian distribution, the

energy input associated with this drift velocity manifests itself as an
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increase in electron temperature. Cathode discharge region properties

were observed to be similar over a range of operating conditions (cathode

and main flow rates, arc voltages, keeper currents and cathode heater

powers).

The condition mentioned above wherein the potential gradient vector

is perpendicular to the magnetic field lines were found to be a require-

ment for proper thruster operation in general. Figure 18b shows the 2 cm

dia pole piece and baffle on the 15 cm thruster where it can be seen

electron flow across magnetic field lines is required. Figure 19 dis-

plays magnetic field maps obtained on the 20 cm thruster in the tests

conducted during the previous report period where sleeves were inserted
4

within the cathode pole piece to confine the cathode discharge dimensions .

The field line map of Figure 20a shows the baffle aperture magnetic field

lines when a 3.5 cm dia cathode pole piece confined the cathode region

plasma. In all of these 20 cm configurations too, the magnetic field lines

are essentially perpendicular to the electric field vector and they there-

fore obstruct electron flow through the baffle aperture. This condition

would also appear to exist in magnetic baffle thrusters

The bottom and middle portions of Figure 20 show the configuration

of the 2 cm dia cathode discharge region tested on the 20 cm thruster

along with the associated magnetic field map. Two baffle configurations

are also indicated. Electrons must migrate across the field lines in the

baffle region with either configuration. Thruster operation with axial

injection at a total flow of 465 ma was characterized by high cathode flow

rates (m -100 ma) and a peaked ion beam current density profile (beam
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flatness parameters' ~ 0.21). Largely because of the peaked ion beam

profile, the larger baffle was installed, and the resulting radial in-

jection configuration effected a reduction in cathode flow rate

(m -35 ma) and a flattening of the ion beam profile (e ~ 0.38). Perform-

ance obtained with the small discharge region (2 cm dia) and radial

electron injection is compared with that obtained with the 3.5 cm dia
A

cathode region in Figure 21 for a total flow of 465 ma. Performance is

seen to be comparable with these two cathode region configurations.

At higher total flows in the 20 cm thruster the 2 cm dia cathode pole

piece results in a performance degradation which is a result of a reduc-

tion in the maximum obtainable propellent utilization efficiency. This

same behavior was observed with a 2 cm dia pole piece in the 15 cm thruster.

In both cases this reduction in maximum propellant utilization was accom-

panied by a more peaked ion beam profile than the one observed with larger

diameter pole pieces. These observations suggest primary electrons are

not reaching the outer radii of the thruster and that neutrals are escaping

these regions without being ionized. As pointed out in the previous

section (Figure 14) this is probably due to improperly oriented critical

magnetic field lines in the 2 cm cathode pole piece configuration. One

might consider it possible to improve this condition somewhat by pulling

the baffle back closer to the cathode pole piece thereby forcing electrons

out further onto field lines which pass through the outer radii in the

thruster. The effect of moving the baffle axially in order to accomplish

this on the 15 cm thruster is examined in Figure 22. With the thruster

* This parameter was proposed by Knauer . It is defined as the ratio of
average to maximum beam current density for a given profile, and it was
referred to as perveance utilization. It is referred to as the beam
flatness parameter here because the term is considered more descriptive.
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operating at a fixed arc voltage and flow rate conditions the baffle

aperture was reduced by moving the baffle toward the pole piece. Ini-

tially this caused an increase in arc current and beam current followed

by a decrease in arc current and a further increase in beam current.

One would ordinarily expect arc current to decrease as aperture area

was decreased, and one would certainly not expect beam current to in-

crease when arc current was decreasing unless primary electrons were

being distributed more effectively in the discharge chamber as suggested

above. The plots on the lower half of Figure 22 show how the variations

in arc and beam current affect discharge losses and utilization efficiency.

The following conclusions suggest themselves:

1) Electron flow across magnetic field lines of force is essential

to cathode discharge operation in the arc voltage range of

interest (>35 v).

2) The baffle aperture must be located in such a way that it

introduces primary electrons onto magnetic field lines which

reach the outer regions of the discharge chamber over a

significant fraction of its length without allowing electron

flow directly to the anode.
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ION DENSITY PROFILE - BEAM CURRENT DENSITY PROFILE CORRELATION.STUDY

In order to maximize the thrust from an electrostatic thruster

operating at an ion beam current density set by the desired grid lifetime,

the beam current density profile should be made as flat as possible (i.e.

the beam flatness parameter --the ratio of average ion current density to

maximum ion current density—should be as near unity as possible). The

following study shows there is a high correlation between the beam current

density profile at the accelerator grid, and the ion density profile at

the screen grid. This implies the ion beam current profile can be flattened

by flattening the ion density profile within the thruster.

The study was conducted using the 15 cm thruster operating over the

range of beam current and high voltage conditions and with flat and dished

grids as indicated in Table II. The mean ion beam current density profile

at the accelerator grid was determined by sweeping a Faraday probe des-

cribed in reference (4) through the beam at four axial locations (1.27 cm,

2.54 cm, 3.81 cm, 5.04 cm aft of the plane tangent to the center of the

accel grid) and extrapolating the resulting data at several radial positions

back to the plane tanget to the center of the grid. Similarly, Langmuir

probe data were obtained at nine radial locations on at least two axial

locations in the discharge chamber (11 mm and 23 mm from the plane of con-

tact of the screen grid and anode pole piece), to permit determination of

the ion density profiles and then extrapolation of these profiles to the

plane of contact mentioned above. In tests 6 through 9 of Table II sweeps

were made at 3 axial locations (11 mm, 17 mm and 23 mm from the plane of

contact). The current and ion density profiles at the screen grid were

normalized using, respectively, the maximum current and ion densities
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corresponding to the profile in question.

Tests 2 and 5 which were conducted at essentially the same conditions

provide an indication of the variation in correlation coefficient which

might be expected in the study. The variation is considered to be due

primarily to errors in Langmuir probe data evaluation.

Table II

15 cm Thruster Operation Conditions for
Beam Current - Density Correlation Study

Test
No.

Beam
Current

High Voltage
Pos. Neg.

Thruster Correlation
Configuration Coefficient

1
2
3
4
5
6

7

8

9

0
0
0
0
0
0

0

0

0

.354a

.171 a

.148a

.235a

.178a

.149a

.356a

.071a

.128a

3
3
1

3
3

3

.4

.4

.5

3

.4

.4

.4

1

1

kv
kv
kv
kv
kv
kv

kv

kv

kv

-1.
-1.
-0.
-1.
-1.
-1.

-1.

-0.

-0.

7
7
5
5

7

7

7

5

5

kv

kv
kv
kv :
kv
kv

kv

kv

kv

SERT II

SERT II
SERT II

SERT II

SERT II

2 cm dia. Cathode
Pole Piece
2 cm dia. Cathode
Pole Piece
2 cm dia. Pole Piece
Dished Grids
2 cm dia. Pole Piece
Dished Grids

.971

.904

.911

.983

.971

.970

.988

.963

.964

Correlation Coefficient for all data = 0.945

.A typical comparison between the resulting profiles is presented as

Figure 23 (Test 3 of Table II). A linear regression analysis was con-

ducted using the ion density data points shown as solid symbols on the typical

plot (Figure 23) and the values of beam current density at the same radial
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FIGURE 23. BEAM CURRENT - ION DENSITY TYPICAL
SHAPE CORRELATION
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location (dotted line). The resulting correlation coefficients for each

set of data, as well as the correlation coefficient for the pooled data

(0.945) are given in Table II. Since the data were collected over a

range of flow distribution, beam current and high voltage conditions and

the correlation remained high, there is a high probability that beam cur-

rent profile is determined by the ion number density profile and is de-

pendent on other thruster parameters only insofar as they affect this

profile.
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MAXIMUM PROPELLANT UTILIZATION IN HOLLOW CATHODE THRUSTERS

o
In a recent study Kaufman showed the neutral loss rate from a 10 cm

thruster which employed a refractory metal cathode was independent of

total flow through the thruster. The refractory metal cathode was used in

this study to avoid "the uncertainty in propellant utilization that can

occur when an oxide cathode is inadvertantly overheated, and the effect
o

of localized propellant concentration associated with a hollow cathode".

In order to determine if the fixed neutral loss rate conclusion

could be applied to hollow cathode thrusters on the average, the neutral

loss rates were calculated for all data obtained to date with the 15 cm

thruster and the 20 cm thruster. Data were obtained for both thrusters

at 37 v arc voltage and a fixed surface area to volume ratio for the

primary electron region. These data are presented in Figure 24 for the

two thrusters. The data show considerable scatter as Kaufman predicted,

but the mean data points suggest a nearly constant neutral loss rate in

the 15 cm thruster. The 20 cm thruster data show a decrease in neutral

loss rate as total flow is increased. The reason for this is not known,

but it may be due to changing primary electron region surface area to

volume or primary to secondary electron density ratios.
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BASE LINE BEAM ION PRODUCTION COST

If one assumes all of the energy deposited in the main discharge

chamber is deposited in the plasma ions; that the average production cost

of a plasma ion is Cy (ev/ion) and that these ions, generated within a
2

primary electron region of surface area A. . , (m ), are lost across
2

this surface at a uniform current density j (ion/sec m ); the total power

supplied to the main discharge is:

PT = j CTA. . , (ev/sec) (1)
I 1 tOtaI

2
The ion beam current then through a grid system of open area A (m )

would be given by

IB = j AQ (ion/sec). (2)

Combining these two equations the base line beam ion cost PB is given

by
P = !i CIAtotal (ev/ion). (3>
B if, A

Experiments conducted with a moveable cathode pole piece sleeve made

it possible to vary the total area (Atota]) by varying the area of the

surface of revolution of the critical field line. The extent of this

variation can be seen in Figures 3, 4 and 5 which are magnetic field maps

obtained with the pole piece sleeve extended various amounts. Discharge

power supplied to the main discharge was evaluated at the knee of the

performance curves obtained at each sleeve position by using:

p - arc " keeper' arc
B " rbeam
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The difference between arc and keeper voltage was used as a means of

subtracting off the beam ion cost associated with the cathode discharge

operation which was not a part of this simple analysis. The correlation

between beam ion cost and area ratio A. . ,/A is shown in Figure 25.
tOtclI 0

The data show considerable scatter because of the range of cathode and

main flow rates considered, but the distribution of the beam ion cost

data around the mean point shown was symmetric and the results are con-

sidered statistically significant. The slope of the line through the

data (38 ev/ion) corresponds to the plasma ion production cost Cj of

equation (3). This value compares favorably with the range 20 - 40
I O

ev/plasma ion predicted by Masek . The PB intercept (40 ev/ion) is also

seen to be quite small, and it therefore provides additional confirmation

of this simple model.
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NEUTRAL BALANCE MODEL FOR THE CATHODE DISCHARGE REGION

The neutral atom density in the cathode discharge region of the

thruster (which affects electrical conductivity there) is generally con-

trolled by adjustments in the propel 1 ant flow rate through the hollow

cathode. A reduction in cathode flow rate at a fixed arc voltage generally

results in an increase in arc current. In recent tests however a re-

duction in cathode flow rate and a concomitant increase in main flow rate

to hold a fixed total flow rate resulted in an increase in arc current.

This suggested that conditions in the main discharge might also affect

atomic density in this region. The following analysis provides an ex-

pression for the atomic density in the cathode discharge region and in-

dicates cathode flow rate has the dominant effect on this density.

The cathode and main discharge regions of the thruster are shown

schematically in Figure 26 where the symbols to be used in this analysis

are also defined. It is assumed that:

1) Neutral atom temperature is equal to the thruster wall temperature

and is uniform throughout the thruster.

2) The Bohm criterion based on main discharge plasma properties in

the baffle vicinity can be applied to determine the ion current

through the baffle aperture.

3) Free molecular flow theory can be used to describe neutral flow

through baffle aperture and grid areas.

4) Neutral back flow from the test chamber into the thruster is

negligible.
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In the steady state, the net rate of outflow of neutrals from the

cathode discharge region into the main discharge region (n ) is equal to

the sum of the inflow rate of ions from the main discharge (l./e) and

the inflow rate of neutrals through the hollow cathode (n_). "e" is

the electron charge.

"n - i1 * "c <4>

The net neutral outflow rate is determined from free molecular flow

considerations by the difference between neutral outflow rate and the

inflow rate from the main discharge.

- _ ncABVn Wn Vn , n , ,,,
nn - -4 4 4— (nc - nj (5)

AR is the baffle aperture area and V , the neutral velocity, is de-

termined from kinetic theory by the wall temperature and is assumed to be

the same in both regions.

"k" in this expression is the Boltzmann constant and "m " is the ion or

neutral atom mass. The ion velocity determined by the Bohm criterion as
1 3modified by Masek to account for primary electrons is given by:

V k Te(n + n
npmnv. =v—VE— {7)
G O

Assuming charge neutrality and a uniform ion current density through the

baffle aperture and employing the definition of ion current one obtains

from (7):

i « / , \ ̂ / e p e /Qs
o ~~ "R»"n Q' W n m \° I
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It should be noted that the ion current from the cathode region to the

main region is neglected here on the basis of the adverse potential

gradient in the baffle aperture area. All of the quantities in equations

4 through 8 can be measured readily in an operating thruster exc;?ot n .

This quantity, the main region neutral density, is determined by an ion-

neutral balance in the main chamber. That is

• • B •nc + n = — + n

where the neutral loss rate is given by

n
0
 = m4° n = 4 °\̂ —jjr̂  HO)

A is the grid system open area, and a uniform neutral density in the

main discharge region has been assumed in obtaining this equation.

Combining equations (4), (5), (6), (8), (9) and (10) one obtains:

nc = 4
f W U D f W ' fW\

(ID

The first term of this equation represents the contribution to the

cathode region neutral density due to neutral back flow from the main

discharge region, the second is the contribution due to the cathode flow

rate, and the third is the contribution due to ion current flow from the

main discharge.

The following values of the parameters in equation (11) were obtained

in a 20 cm thrus.ter and are considered somewhat typical.

nm = 0.395 a eq = 2.47 x 1018 sec'1

nc = 0.070 a eq = 4.37 x 1017 sec'1

ID = 0.370 amp
D

TT m

8kTw

"c + "m - Ve"

V
, 4 " c

AB
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AD = 9.5 x 10"5 m2
D

AQ = 2.2 x 10'2 m2

ne = 1.7 x 1017 m"3

n = 1.7 x 1016 m"3

Te * 3 ev = 34,800°K

Tw ~ 500°K

mQ = 3.3 x 10'25 kg

Substitution into equation (11) yields

nc = 0.47 x 10
18 + 80 x 1018 + 4 x 1018 = 84.5 x 1018 m"3

From this result one can see for this typical case 94.7% of the neutrals

in the cathode discharge region come from the hollow cathode, 4.7% are

due to ion backflow from the main discharge and 0.6% are due to neutral

backflow from the main discharge.
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DOUBLE ION PRODUCTION

Double ion number densities in mercury electron bombardment ion

thrusters have been assumed negligible at electron energies below about

35 ev because of the relatively low cross sections for double ioni.ration

of neutral mercury at these energies . Recent thruster plasma studies

present spectroscopic and mass spectrometer measurements which suggest

the double ion densities are considerably higher at these low energies
12 15than anlysis based on this reaction would suggest ' . An alternative

reaction which might account for the higher than anticipated double ion

densities is:

Hg+ + e" -»• Hg++ + 2e~ (12)

Although the cross sections for this reaction have not been measured, they

can be estimated using the Gryzinski expression .

0(E).

(13)

where a(E) is the cross section in cm2 for ionization by an electron of

energy E in units of electron volts, U. is the ionization potential in

ev for the i bound electron of the target atom or ion, and x. = E/U. .

The generation rate for double ions in a volume V of uniform ioniz-

ing electron density n , electron velocity v and single ion density

n+ is given by

-l-U.

where a+ is the cross section for the reaction (12). The double ion

loss rate is controlled by recombination presumed to occur after ions have
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crossed primary electron region boundaries and is given by:

where n++ is the double ion density, v++ is the double ion velocity and

A is the surface area bounding the region. Equating these on 'K^ basis

that the thruster is operating in the steady state, one obtains:

++ ..
n. n v a, V

If one assumes the predominant single ion loss rate is also recombination

at boundaries then for the production of single ions from neutrals one has

the following similar expression:

n n v a V

Taking the ratio of equations (16) and (17), multiplying by (n+/n ), and

recognizing the single and double ion temperatures are about equal

(v+ ~ v++) one obtains:

1l8)

The cross sections required in this equation can be obtained from

the Gryzinski expression (13). For neutral mercury the outer electrons

which must be considered in the summation of this equation are the two

6s electrons (U = 10.43 ev) and the ten 5d electrons (U = 16.7 ev) .

For singly ionized mercury the remaining 6s electron has an ionization

potential of 18.75 ev , but the ionization potential for the 5d electrons

in this configuration is not known. It has been estimated for this analy-

sis to be 24 ev which is the sum of the ionization potential of Hg
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(18.75) and the energy required to remove a 5d electron of Hg into

the 6s configuration (5.3 ev) . The cross sections obtained using these

values are given in Figure 27 for the single and double ionization re-

actions of neutral and singly ionized mercury respectively. Experimental

values for the single ionization cross section (a ) could have been used

in equation (18), but the theoretical value was used to insure consistency

with the double ion cross section.
1 p

Milder and Sovey obtained their double ion fractions (n++/n ) from

spectroscopic data on a thruster operating at a fixed ion beam current.

Their data show the single ion fraction (n+/n ) remained constant as

arc voltage (and hence primary electron energy) was varied under this

condition. If one assigns a single ion fraction of 0.1 as typical of an

operating thruster, the double ion fraction calculated from equation (18)

and the Milder-Sovey double ion data lend themselves to direct comparison.

Figure 28 presents this comparison as a function of ionizing electron

energy, with the thruster centerline double ion fractions superimposed as

triangles on the theoretical curve. The thruster centerline double ion
12data were selected from the experimental data on the basis that density

gradients are minimal there and hence these results are most compatible

with the assumptions of the mathematical model.

The data of Figure 28 show electrons can be supplied by this ioniza-

tion mechanism at energies below 35 volts, but the observed double ion

fraction is considerably higher than the theoretically predicted values.

This discrepancy is probably due to one or more of the following:

1) The assumed single ion fraction (n /n0) is too low.

2) Production of double ions from atoms and/or single ions in

excited states is significant.
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3) Production of double ions by electrons in the maxwellian

energy tail is significant.

4) The ionization potential assumed for the ten d electrons of

the single ionic state is too high.
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THERMAL FLOW METER

In the course of conducting experimental studies of mercury bombard-

ment thrusters, considerable time is consumed in waiting to obtain accu-

rate mercury flow rate information. This problem could be alleviated if

a continuously indicating, accurate flow meter were available. The thermal

flow meter measuring liquid flow rate has been proposed as a possible
4solution , and a small effort has been expended on the idea during the

report period. The basic concept of this device is illustrated in

Figure 29a. The reference thermistor and output thermistor are connected
4

into a bridge circuit so the bridge output is proportional to the tem-

perature difference sensed by the two thermistors. This temperature

difference is related to the flow rate since the rate of heat input is

fixed. In order to analyze the flow meter the model of Figure 29b is

considered. The flow is from left to right at velocity u. The heat is

assumed to be supplied at a rate q (q2 to the upstream tube section and

qx to the downstream tube section) by a heater which has zero length and

is located at position x = 0. The ends of the tube, located at £ and

-I , are held at an ambient temperature T .2 a
The conduction equation which describes the temperature distribution

in either section of the tube is:

u dT _ d2T , .
adx-'^T 09)

where a is the thermal diffusivity of the fluid flowing in the tube. The

solution to this equation is:

T = Beux/a + C (20)
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The boundary conditions for the two sections are:

upstream section downstream section

T = T fl x = -£, T = Ta@ x = £,a 2 a *

T = TO @ x = o T = TO @ x = o

where T is the temperature at the heater. This temperature will be

determined by the heat input rate q through a global energy balance on

the tube.

Application of the boundary conditions to equation (20) yields the

following solution:

T -Ta _ eux/a- 1 £x > x > 0
T - T, rtu£,/a , 'o a e l' -1

T - T , ux/a
" -

o a 1 - e 2

Considering the sketch once again one sees:

q = q\ + q2 (23)

The heat supplied to the upstream section must either be convected out of

the tube at x = 0 or conducted out at x = -£2^ $enc,e one has:

fl
 + PAuC (T0 - V ^4)

'2

where A is the cross sectional area of the tube, k, p, and C are respec-

tively the conductivity, density and specific heat of the working fluid.

Similarly for the downstream section of the tube one has

(T- <25>
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Solving for the temperature gradients at £: and -12 from equations (21)

and (22), substituting these into equations (24) and (25) and combining with

equation (23) one can determine the temperature at the heater T .

T - T + J __ ] _ (26)

o a pAuC r-uWa eu£i/a -j

[] _ e-u£2/a
+
 eu«,j/a_ J

Substituting equation (26) into equations (21) and (22) the following tem-

perature profile expressions are obtained:

r ux/a - 1 i-^° (27)
L1_e-

u£2/a

where u' is the design flow velocity, i.e. one intermediate to the velocity

range of interest.

r , ux/a -i

_

These equations are shown plotted in Figure 30a for a properly designed
(T-T JpAu'C

flow meter. The vertical axis is nondimensional temperature - =-; -
q

and the horizontal axis is nondimensional axial position ̂ -̂ - . The

parameter is nondimensional flow velocity which is examined here over the

range 1/5 of design flow to 4 times design flow.
u% u%

If the flow tube nondimensional lengths, - and - are insufficient

the device will exhibit excessive conduction losses and the temperature

difference will not be a strong function of flow rate, as illustrated in

Figure 30b.
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A flow meter has been built, using 0.30 mm inside diameter teflon

tubing for the tube and a 26 milliwatt heater. The entire flow tube is

enclosed in a vacuum chamber so spurious convective heat transfer from

the system is minimized. The system was designed for a 100 ma eq midrange

flow rate. It is designed to produce the temperature profiles of

Figure 30a, having tubes lengths, £j = 4.2 cm and £2 = 8.4 cm. Thermistors

are located at ̂ -' = - 0.2 and ̂ -' ~ - 3.8 (Figure 30a).

The flow meter has been tested using a small variable speed, positive

displacement pump to produce the desired flow rates. Typical flow rate

input and flow meter bridge output obtained with this system are shown in

Figure 31. The flow rate input shown in the upper portion of the figure

is not exactly correct as the pump plunger tends to stick and then jump,

producing a jagged flow pattern which is evident in the bridge output data.

The flow meter is seen to have a time constant of the order of 6 minutes

and a sensitivity of about 0.03 mv/ma eq.

Although this vacuum isolation of the flow tube has eliminated most

of the noise associated with the flow meter, Figure 31a shows a 2% drift

in the zero over the duration of the test shown. This drift has been

observed on a number of tests, and it appears to be due to changes in

ambient temperature of the incoming mercury (thermistor resistance is not

a linear function of temperature in this temperature range).
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