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NOTICE

This report was prepared as on account of Government-sponsored
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and Space Administration (NASA), nor ony person acting on

behalf of NASA:

A.) Mokes ony warranty or representation, expressed or
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infringe privately-owned rights; or
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* or for dameges resulting from the use of eny infor
mation, opparatus, method or process disclosed in
this report,
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ABSTRACT

A 30 com diameter hollow cathode, mercury electron bom-
bardment ion thruster meeting the general specifications
required for prime solar electric propulsion has been de-
veloped and tested. The 2.5 kW module operates at an
electrical efficiency of 77%, with a mass utilization of
90% {including the plasma bridge neutralizer) at a specific
impulse of 2750 sec. The nominal thrust level is 27 mlb.

. Preceding page hiank i



SECTION T

SUMMARY

This summary is organized along the .-same format- as the
tasks of the contract so that the contract.goals and achieve--
ments may be directly related. The following sections of the
report treat individual technological areas- such as ion
optical - systems, discharge chamber, neutralizer development
etc.; effort was expended in-many-of- these areas-under sever-
al tasks.throughout the contract period.

Task I involved the design and test of a 30 cm hollow
cathode mercury thruster patterned generally after the 15 om
SERT-II design. Following demonstration of performance by a
100 hour test, two units identical to those tested were to be
delivered to NASA LeRC-for evaluation. The nominal char-
acteristics set forth under this task, compared with those
actually measured in the 100 hour test, are given in Table I.

The two thrusters built under this task were delivered
to NASA in August 1969, along with the necessary guality con-
trol history record.

Task II had as a goal the design, fabrication, and-test
of.at least two ion optical-systems which would permit the
scaled discharge chamber produced under Task I to be operated
at 2.5 kW input power at a specific impulse of 2750 sec.

This requires a beam current of-1.85 A at a set acceleration
voltage of 1000 V. After an-extensive analysis and design
program, which included testing- of. prototype hardware on a

15 e¢m thruster, both a conventional two-grid ion optlcal system
and an insulated electrode system were constructed in 30 cm
size. Following a comparison of discharge chamber performance
and perveance of each system, the insulated optic was selected
for Ffurther development. The. performance of the system during
the 78 hour design verification test is shown in.- Table I.

Task III required that the performance of the system
created by the coupling of the Task I 30 cm discharge chamber
and the Task II low specific-impulse ion optics be optimized
to the levels specified in Table I. This required parametric
studies of the discharge chamber  and plasma bridge néutralizer,
plus modification of the power coenditioning and control cir-
cuitry to stabilize -operation. The results-of this, optimiza-
tion are .presented in Table I. This ‘test point was main-
tained for 71 hours, at-which point the electrode. would no
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longer sustain the full acceleration voltage. This was -
attributed at least in part to a period of excessive arcing
in the neutralizer wiring external te the thruster, which
required that the test be stopped at the 57 hour point and
the thruster removed from the vacuum.

Task IV was a 500 hour design verification test of the
Task III thruster. As shown in Table I, minor discharge
chamber modifications’ resulted in. some. improvement over the
Task III thruster. This test, which was completed on-schedule,
verified the performance and. lifetime of the hollow cathode
and isolator. As a result of mechanical failure of the insu-
lated electrodes after approximately 200 hours of operation;
it was necessary to conduct the test in three segments. This
is discussed in detail -in the body of the report. As shown
in Table I, all-electrical-performance goals set by the con-
tract were exceeded during this test.

Task V was to fabricate and deliver two thrusters of the
design used foxr the 500 hour Task IV test. This was completed
by the end of the contract period. As specified in Task VI,
the necessary gquality control and reliability fuhctions were
performed and documents were prepared to assure that the de-
liverable hardware could be reproduced as réquired.
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SECTION II

INTRODUCTION

Several factors led to the work covered in this report.
The first was the developmént and impending flight of SERT-II,
a 15 cm hollow cathode mercury thruster.! This program,
which was carried out at the NASA Lewis Research Center, pro-
duced a highly efficient ion thruster whose performance was
thoroughly documented parametrically. This information was
supplemented by a study contract at HRL? under which the
discharge chamber was probed to determine the plasma char-
acteristics. A discharge chamber model and set of scaling
laws were then evolved. Finally, a number of mission analy-
ses and system design studies were conducted? which indicated
that the most desirable thruster module was a 2.5 kW unit
which would operate efficiently at approximately 2750 sec
specific impulse. These three factors led naturally to the
award of a contract to scale the SERT-IT thruster to 2.5 kW
at the desired specific impulse. A related effort at NASA
LeRC has permitted a most useful exchange of information be-
tween the two groups during this program.

The scope of the work reported here was summarized in
Section I. The effort has clearly demonstrated that the
electrical parameters upon which the mission analyses were
based can be achieved and in fact exceeded, and that the
erosion of the hollow cathode is negligible. The hollow
cathode plasma bridge neutralizer appears to introduce no
serious accelerator erosion in the final design tested. The
mercury vapor isolator performed without difficulty during
all tests in which it was used, including the.final 500 hour
Test. The one major design goal that was not met was the
demonstration of ion optical system lifetime compatible with
proposed missions. Further work in this area is required,
along with the development of a control system and verifica-
tion that the mechanical design is flightworthy.

Because the desired design parameters were well known
at the beginning of the current effort and this program was
carefully tailored to include them, the current results are
particularly relevant to the field of primary electric
propulsion.

T ———
—————
——

. Preceing page papy
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SECTION IIX

THRUSTER DEVELOPMENT

A. HIGH SPECIFIC IMPULSE 30 CM THRUSTER

As outlined above, the program to develop a 30 cm thruster
of nominal SERT-II design that will operate efficiently at a
lower (2750 sec) specific impulse was approached in two steps.
This section deals with scaling the 15 cm diameter SERT-II
thruster to 30 cm without attempting to change the ion optical
design from that used -for SERT-II.

screen Accel

Hole 0.40 cm (0.157 in.) 0.32 em (0.128 in.)

Centerfto—center 0,45 cm {(0.177 in.) 0.45 cm (0.117 in.)
spacing

Open area ) 72% 47%

Thickness 0.076 cm (0.030 in.) 0.25 cm (0.100 in.)

1. Discharge Chamber Scaling

a. Scaling Laws

A relatively comprehensive understanding of oxide
cathode thruster discharge chamber operation was developed
under a previocus NASA supported study.® The basic scaling
laws dexrived from the discharge model developed undexr the
above mentioned study have been applied to the design of a
larger thruster which will operate at high efficiency. 1In
order to preserve the performance characteristics of the 15 cm
unit which served as the basis for the scaling study, the
following criteria were applied:

1. The electron energy (discharge voltage) must not
increase with thruster size.

2. The extracted ion current density-(plasma density)
should remain constant to permit the use of exist-
ing ion optical designs.

—————
f ——
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The propellant utilization should be independent of
thruster size (therefore, the rate at which neutrals
are ionized as they traverse the discharge chamber
must be independent of thruster size}.

The energy losses in the discharge per extracted
ion (eV/ion) also should be independent of thruster
size. :

Because the extracted ion-current increases with the
sguare of the.thruster diameter, and the current density and
discharge voltage must both remain constant, the discharge
current must also vary as the square of the thruster diameter.
The resultant scaled thruster is predicted to have - these
properties if the discharge plasma length (discharge chamber
length) is kept constant and if the product of the magnetic
field strength and discharge chamber diameter is also held

constant.

In addition, the features of the SERT-II design

which are considered essential to good performance can be
summarized in the following design guidelines.

1.

The magnetic field must be so shaped that "critical
field lines" which originate closgse to the location
on the cathode housing-where electrons are injected
into the discharge must extend to near the outer
edge of the screen electrode.

The anode must be so located that it remains at a
distance of at least one electron cyclotron diam-
eter from the critical field lines.

The average plasma length, which is independent of
thruster diameter, should be about 7 to 10 cm.
Therefore the thruster length need not be increased
over the 15 cm value.

The opening between the hollow cathode housing and
the baffle must be so restrictive that discharge
potentials on the ordexr of 35 to 40 V are required
to draw the reguired electron currents from the
hollow cathode.

The ion optical system must possess a high trans-
mission (on the order of 70%).



i

The coupling between the hollow cathode and the discharge
plasma is known to depend critically on the cathode magnetic
pole piece and baffle configuration. Unfortunately, the de-
tails of this coupling and its consequent effect on discharge
performance were not understood sufficiently to permit a
guideline for scaling the cathode pole-baffle structure;
therefore, they had to be determined empirically, as de-
scribed below.

The thruster designed in accordance with the above cri-
teria is shown in Fig. 1. The construction techniques were
intended to provide maximum flexibility for interchanging
component parts to facilitate optimization. The thruster,
which weighs 10 1lb, is formed primarily from 0.02 cm stain-
less steel with 0.1 cm soft iron magnetic poles.

b, Magnetic Field

The shape and intensity of the magnetic field in the
discharge chamber control the efficiency and stability of the
thruster, as well as the radial plasma density and hence the
ion beam profile. Figure 2 shows the intensity of the axial
magnetic field at various locations in the discharge chamber
of the SERT-II thruster, as well as the shape of the magnetic
field lines determined by an iron filing magnetic field map.
Note in particular the "critical field line" which leaves the
tip of the anode near the screen electrode and crosses the
discharge chamber to the cathode pole tip at a point very near
the point where the electrons emerge between the pole tip and
the baffle. Once electrons reach this critical field line,
they are collected by the anode on their next traversal of
the discharge chamber. As the distance between the point at
which the electrons enter the discharge chamber and the criti-
cal field line and the strength of the magnetic field in this
region increase, the discharge chamber impedance increases.
Excessively high impedance forces the discharge voltage above
the desired value or causes unstable discharge chamber
performance.

Field line A of Fig. 3 shows the critical field line ob-
tained by simply increasing the radius of a SERT-I1I thruster
as suggested by the scaling relationships. Note that it does
not follow the desired path between screen and cathode pole
pieces. Thus the scaling requirements of a fixed discharge
voltage, a magnetic field strength which varies inversely as
the radius, and a discharge current which increases as the
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Pig, 1. 2-1/2 kW low-Isp ion thruster.
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square of the radius cannot be achieved simultaneousgly with
this configuration. The screen pole piece and collar, the
cathode pole piece, and the baffle were all modified in both
size and shape in order to improve the performance. After
this series of experiments, typical -performance was mass
utilization of 75 to 80% at-350 eV/ion. Stable operation
ceuld not be maintained at magnetic fields greater than-one
quarter the scaled SERT-II.value.

At this point it was decided that a basic change in the
magnetic circuit was required, and a soélenoid was wrapped
around the cathode pole piece. Proper choice of the polarity
of this solenoid with respect to the main- discharge chamber
field makes it possible to adjust the dlvergence of the. mag-
netic field lines over a wide range, This is best shown in
Fig. 3, where .the shape.of the critical field line is shown
for several different current ratiocs in the main and sole-
noidal fields. ©Note in particular that the position of- the
critical field .line may be moved from a position 5 cm outside
the cathode pole piece-to a point inside the pole, and that
it may be pulled away from the screen electrode. The .shape
of the field lines does-not change as the field 1ntenSlty is
varied, prov1ded the ratio of the solenoid to main.magnet
currents is unchanged (because all parts of the magnetic cir-
cuit are designed not to saturate). With this additional
variable it is now possible to optimize the thruster per-
formance during operation by choosing the magnetic field
shape. as well as the 1nten51ty which gives the best perform-
ance.* One such set of data is presented in Fig. 3, which
shows the thruster performance for different magnetic field
shapes,

Because the final dé31gn was to be implemented with
permanent magnets, -a series of tests were.conducted to estab-
lish the shape of the critical field line with various com-
binations of radial and axial bar magnets, as shown in Fig. 4.
The. radial magnets had .a cross sectlon of 0.35 cm by 0.%24 c¢m,-
while the axial magnets were 0.70 ¢&m square. As seen in
Fig. 4, the combination of 8 axial and 12 radial magnets gives
a critical field line very close to the optimum value shown
in Fig. 3. While the above provided the proper field shape, .
the field strength was greater than desired for the best dis-
charge chamber perfeormance. The final -design shown in Fig.
2(a) employs. 8 radial magnets of the size listed above, plus
12 axial magnets of 0.35 cm diameter.

Thls technlque for thruster optimization was developed under
Contract NAS 3-11523, NASA-Lewis Research Center.


http:shape.of

S

- —— — ——_

HRL 179-26
R RADIAL MAGNETS

LA AXIAL MAGNETS

|
|
i
|
|
SCREEN |

POLE
8A/I0R (MAGNETKl?
8A/8R c/
7"~ 8a/i6R
///‘\ 8A/14R
T~ B8A/I2R

CATHODE
POLE

(MAGNETIC)

Field shapes with varying ratios
of axia® to radial nagnets.



16

c. Discharge Chamber Length-to-Diameter Ratio

The scaling laws indicate that the actual length of
the discharge chamber, rather than the ratio of length to
diameter, is the important parameter. As a result, the 30 cm
diameter chamber was constructed with the same nominal length
as the 15 cm SERT-II discharge chamber. Because the desired
performance was achieved with this configuration, the chamber’
length was not varied. It is possible that scaling to diam-
eters greater than 30 cm might. require some increase in length
to achieve the desired magnetic field shape.

d. Discharge Voltage

For an acceptable thruster design the discharge
voltage must lie within a relatively narrow range. If it is
too low the ionization efficiency suffers; if it is too high
the cathode lifetime may be too short, Figure 5 is a con-
ceptual thruster model which illustrates where .voltage drops
occur in the discharge chamber. There is a cathode sheath
of approximately 10 V between the plasma immediately in front
of the cathode and the cathode itself. Next there is a laxge
voltage drop between the cathode plasma and the main discharge
plasma which floats a few volts above anode potential. It is
apparent that in order to design for a particuldr discharge
voltage, it is necessary to control the voltage drop across
the plasma sheath which separates the cathode and main dis-
charge plasmas (i. e., the sheath in the baffle region). This
voltage drop, which is nomlnally 25 vV, is primarily a function
of three variables.

The first is the neutral density. A relatively high
neutral pressure in the baffle region lowers the discharge
voltage (for a given discharge current) because the baffle
is not as effective in restricting the flow of electrons from
the hollow cathode plasma to the main discharge plasma when
the neutral or plasma density is- increased within the.baffle-
pole piece enclosure. Hence, more electrons can be drawn
through the open area around the baffle for a given voltage.
Furthermore, more ionization occurs directly downstream from
the baffle, and the resultant low energy electrons diffuse
more readily across field lines than do- the primaries {which
are accelerated through the baffle-pole gap). This neutral
density is controlled primarily by the flow through the
hollow cathode, and may. thus be-adjusted only over a range
determined by. the limits of the cathode operation.
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The second variable is the strength and shape of the
magnetic field in the aperture bétween the baffle and.the pole
piece. A strong field transverse to the direction inh which
the electrons must- diffuse prov1des a ‘high impedance, thus in-
creasing the voltage drep for a given- discharge current. Some
adjustment is pogsible, but it must be consistent with the-
general shape of the magnetic field within-the main discharge
chamber required for good thruster performance.

The third variable is the physical size and shape of the
aperture between the baffle and the pole tip. This gap may
be used to adjust thé rate at which both electrons and neu-
trals pass from inside the pole piece to the -main dlscharge
chamber.

In order to examine the effect of the gap width, a coni-
cal baffle was fabricated and installed -in the discharge -
chamber (Fig. 3) in such a manner that it could be moved
axially back and forth while the thruster was operating. Beé-
cause of the angle of the coné, this motion opened or closed
the gap. .

The data shown in Fig. 6 were taken with this arrangement.
The 30 cm thruster was operated at a beam current of-1 A;
which is four times SERT-II beam.current. The propellant ef-
ficiency during the run was 83.5%. The-data demonstrate how
the critical variables behave .as the baffle is repositioned
to modify the discharge conditions. At a baffle position of
2.2 cm all the variables are in. the range of the SERT-II
values,* indicating the valldlty of the scaling relationships
and the design procedures,

2. Discharge Chamber Performance

3
1ar

a. PerformancéWMappiné

Az discugssed gbove, the discharge parameters were
first adjusted with the movable conical baffle shown in Fig,
7(a). Dual feed systems and vaporizérs were used for
supplying prapellant separately to the hollow cathode and to
the discharxge chamber, to provide separate flow control. It
was. found, however, ‘that although the performance was satis-
factory, . the discharge could. not be ignited while this baffle

*
As reported in Ref:. 5, for-an .early SERT-II configuration.
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was in its optimum location because of the complete electro-
static siielding of the cathode from “he anode veltage. Mov-
able disc 5.4 and 4.5 om baffles werc substituted for the
conical baffle. The ignition problem was eliminated, but thke
performance was not as good as with the conical baffie, as
ghown in Fig. 8. Finally the thinner conical baffle shown

in Flg. 7(b) was substituted as a compromise. 7The perfornance
with this #¢inal configuration, which was used in the 160 hour
System test, is also shown in Fig. 8. Permanent magnets were
then substituted for ¢he axial soleroids with littie, 1f any,
change in perfcrmance.
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Typical beam profiles taken at two points downstream from
the thruster are shown in Fig., 9. The one closest td the
thruster shows a central dip due to the opague center elec-
trode support. !

b. 100 Hour Test

An abbreviated version of the test report submitted
at the conclusion of the 100 hour test is presented below:

TEST REPORT
100 Hour Test.of 30 cm Thruster

May 21 to May 26, 1969
A, Thruster

A schematic of the 30 cm TASK-I thruster used
for the 100 hour test is shown in Fig. 10. This
permanent magnet thruster configuration is identical
to that previously submitted to LeRC for design ap-
proval, except for the eight 0.35 cm by 0.66 cm bar
magnets mounted radially in the rear of the dis-
charge chamber. The magnetic field shape and strength
is shown in Fig. 2(b}. The fixed conical baffle
(shown in Fig. 7(b)) was mounted-2.54 cm downstream
from the cathode pole piece on three SERT-II type
supports. The ion extraction system is a conven-—
tional grid system having a center support with a
nominal gap spacing of 0.254 cm. The hole geometry
is shown below:

Screen Accel
Hole diameter 0.38 cm 0.32 cm
Center—to-center 0.44 cm 0.44 cm
spacing
Open area 72% 47%
Thickness 0.07é cm 0.254 cm
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Separate vaporizers for the 0.63 cm diameter hollow
cathode and the rmain discharge feed syster were used,
with each having a precision bore glass capillary
tube serving as reservoir.

3. Neutralizer

The neutralizer was a 0.32 cm diameter SERT-I1
type hollow cathode rcunted slightly differentily
from the design drawing, with its orifice 2.54 cn
downstream frorm the accel eclectrode and with the
orifice at the arode radius. The neutralizer axis
made a 30° angle with respect to the accel plane
ané was pointed toward the center of the 1lon beam.
The neutralizer assembly was mounted on insulators

off the thruster, and its feed system was heat shielded

approximately 15.24 cm back from the cathode tip.
“he neutralizer hacd a vaporizer and capillary feed
syster similar to that used for the discharge hoilow
cathode.

C. Vacuum Yacility

The test was conducted using the 3 m dianeter
Ly 6 m long vacuum facility with a typical background
pressure of 3 x 166 Torr. This facility has a LN
cooled cryowall and a 2.4 m diameter water cooled
collector mounted approximately 4.2 m fron the
thruster.

C. Instrumentation and Procedure

The circuit diagram used for this test is
shown in Fig. 1l. With this arrangerent, the
grournds for the main beam and accel high voltage
supplies were rade through a bank of gas filled
voltage regulator tubes, limiting the thruster
floating potential to -100 V if the neutralizer
should fail. All the power supplies except the
rain beam and accel were unrequlated variac type
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supplies:* - The discharge voltage and current
and beam and accel voltages and currents were
read on 1% precisien-calibrated meters. All the
heater and keeper-voltages .and currents were
monitored on-standard 3% panel meters.

Every half hour throughout the-test the
electrical parameters and- the mercury levels in
the three capillary reservoirs were.recorded.
At the end of the test the ameunt of mercury by
welght necessary- to refill the feed systems to
their original levels agreed to within ~.1.5%
with that computed by-totaling- the incremental
volume amounts measured during the test:

A temperature controller, -running at positive
high voltage; was ‘used-to maintain-a constant main
vaporizer temperature during the first few hours
of the test: However, it was -found that this con-
trol circuit was sensitive te high voltage arcing
and that the vaperizer temperature would- change a
few degrees after a2 high voltage arc, resulting in
unacceptable excursions in beam current. As a re-
sult, nearly all the test was run with manual adjust-
ment of the vaporizer powers. Typically adjustments
of < 5% were made t6 maintain the.nominal 1A beam
current with a discharge-voltage of v 39 to 42 V.

After some experimentation prier te the test;
it was found the neutralizer would-automatically
couple to the ion beam if the.switch across the gas.
diedes was left open after a high veltage trip. Re-
application of the high voltage would automatically
strike the plasma bridge- to the ion-beam.

E. Results

The test was continuous except for-a 3 hour
period which occurred just after the ninth hour-of
the test.: During this peried the accel supply was
repaired after a blower failure in-this supply
destroyed the high voltage output tube. After the
repalr the thruster ran.continueusly for the -next
97 hours. The test was- then terminated after a
total run. time of ~ 106 hours,

w * .
These supplies were built recently, and replace the SCR: type-

supplies used-for all previous tests. 27
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Variations in performance occurred as a result
of the manual adjustment of vaporizer powers re-
quired because of line voltage variations. However,
even averaging these less than optimum points, the
over—all 106 hour average produced a total thruster
efficiency of-72.5% and an-electrical efficiency
of 88.1%. A performance summary and breakdown of
the various losses for the 105 hour average and
a nine hour average is-shown in Table II ‘below.

Following the test the accelerator and the two
cathodes were measured to determine the extent of
erosion occurring during the test. Most of the
erosion of the accel electrode was in two different
regions adjacent to the neutralizer. The most
severe erosion manifested itself as a saw-type cut
which sliced through a.0.063 cm thick stainless
annular ring mounted on the perimeter of the accel
used to shield the downstream plasma from the posi-
tive potential of the screen electrode. This
erosion also penetrated an additional 0.02 cm into
the accel electrode. The: cut was v 0.066 cm wide
x 1.86 cm long, and appeared to have resulted from
ions coming from the dense plasma between the
neutralizer keeper and orifice. A second crescent
shaped groove about 5 cm long-and 0.025 cm deep
appeared in back of the saw type cut. This could
have resulted from ions originating from the plasma
downstream from the keeper electrode. The crescent
shape might have resulted from shadowing by the
2.54 cm diameter x 0.725 cm thick boron nitride
cylinder from which the keeper electrode is mounted.
An attempt will be made to control this type of
erosion with a grounded shield placed so that the
region adjacent to the neutralizer keeper-will not
see the negative high voltage.

The second type of accel erosion appeared to
result from charge exchange ions coming from the
plasma plume of the neutralizer, This resulted
in groove type erosion pits connected to form
closed hexagons around holes adjacent to the
neutralizers. The deepest grooves were about
0.01 cm deep,and occurred about 5 cm from the neu-
tralizer. ¥Figure 12 shows the measured depth of
these grooves as a function of distance from the
neutralizer measured along a line with the neutral-
izer axis.



9 hour Average
024 W 3015 %
295 316
T 12
12.2 12.2
7.6 7.6
2.8 2.8
4.5 4.5
7.2 7.2
3.8 1.8
3.6 1.6
27° 27°
429 344i
405 426
ss.1¢ 87.41
82.2v - 864
72.5% 73.5%
25.2 =1lb 25.1 =lb
500 zec 4700 nac

136 wW/mlb . 237 W/xlL

3 ah whan the neutral-

TABLE II
Performance Sumnary
I 105 hour Averago

Boam Power , 3RV 1.C08 A 3

Discharge : 4l1.2 v 7.2 A

Accal |

H.C. Heater ; 6.1 Vv 2 A

Keutralizeyr Heater ; .8 Vv 2 A

H.C. Koeper v 0.28 A

Neutralizer Xeapur 18 v 0.§S A

Hain Vaporizer v 2.4 A

H.C., Vaporizear 2 v 1.9 A

Neutralizer Vapori:dr l.8 v 2.C A

Neutralizer Coupling 27 v 1l A

Total Power ; k]

Total Lossen

Flectrical Efticiency

Mase Hfficicnc§

Total Efficaiency

Thruat E

H ' 4
BD

Power/Thrust

%Bocaune the accel current went fror % 5 FA Lo A )
izer wos turned on, wWe are ejzilirating the accel power loss as {3 &V +
2 kV) S5 EA ¢ (2 kV] 8 mA = 2% + 16 = §1 W, lNote

IpVy * Pacce) Where Ig = 1. - dircct interception
in S wA. This i3 a conservative sstimate because
the 5 *A it a.80 charga exchange current.

b"cru we added an estirated bear potential of 12 W
to the -15 ¥V thruster floating g£o%ential acasured
to arrive at a total coupling woltage = 12 ¢+ 15

that IV, + I_V_
. which in “his casc
a large Ifraction of

(taken from Ref. 6)
threughout *hix tent,
27 V.
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It may be possible to -reduce this type of
erosion by either pointing and/er moving the neu-
tralizer farther downstream. The effect of these
changes on the neutralizer ccupling voltage was
investigated in Tasks II and IITI.

In contrast to the cathode that had been used
for several hundred hours in the experimental
thruster during the configuration tests, the life
test cathode in the main-discharge chamber showed
a sharply defined erosion pattern. The original
0.025 cm aperture was increased to 0.060 inch at
the cathode face. The conical pit reached almost
through the 0.15 cm cathode face. This anomalous
result has not been explained.* A possible cause
may be the large open area between.the baffle and
the cathode pole piece with the baffle in its opti-
mum position. This permits more of the discharge
plasma to "see" the cathode, and hence may permit
more- high velocity ions to strike the cathode sur-
face. However, the sharply defined -erosion pattern
is difficult to reconcile with this model. Further
tests are reqguired to confirm and define this
erosion pattern.

‘The neutralizer cathode showed no measurable
erosion during the test.

3. Conclusions from Scaling Study

At the completion of this scaling study (the Task I con-
tractual effort) the following conclusions could be drawn:

a. The SERT-II hollow cathode thruster had been scaled to
double its diameter without sSacrificing efficiency or
stability. This was most readily accomplished here by
the addition of radial permanent magnets at the rear
of the discharge chamber. This method of shaping the
field of course is not unigque and may be accomplished
equally well by other choices of magnet location and
pole piece shape.

b. Significant cathode erosion was observed during the
100 hour test. As is shown later, this may be cor-
rected by properly shaping the cathode aperture.

*®
See Section'I11-B-3-a for the improved cathode design which
shows no erosion after testing.
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c. Accelerator erosion of two distinet -types was observed.
during the 100 hour-test. The- first apparently origi-
nated from mercury iéns génerated in. the plasma plume
at.the neutralizer cathode orifice. These are attracted
to thé negative accelerator electredée and erode narrow.
areas of-this structure. It appears that some ngUST
ing actien from the neutralizer keepei.may affect the-
erosion patterns as well., The second type was an
enhanced charge -exchange erosion pattern on the down-
stream face of-the accelerator. The -observed pattern
was consistent with that-expected-from a conical-beam
of néutral particles emanating from the -hellow cathode
neutralizer with a half angle.of 45°. TIf-this model
is correct, pointing the neutralizer downstream at an
angle greater than 45° should 51gn1f1cantly reduce
this erosion. Because all later tests were run. at a
much lowerx accelerator voltage (v.500 V) where the
sputtering ceefficient is much lower, it .was not possi-
ble to confirm this medel in later tests.

B. LOW -SPECIFIC IMPULSE OPTIMIZATION AND TEST-

The purpose of Task.II was to investigate methods of
operating the 30 cm high specific impulse- thruster described
above at a power level of 2.5 kW.and a specific impulse of
2750 sec (i.ei, Vpeam = 1000 V at np = 87%). Using-nominal
values for the power- losses; this means.that the beam cur-
rent must be 1.85 A.

Task III prov1ded‘an,opportunity to improve discharge
chamber and neutralizer. K performance using the low specific
impulse optic design as-the test vehicle. Improvement was
necessary to-achieve the contractually specified performance,
which required gains in both mass-and power- utilization over
the Task I high specific impulse design.- Fortunately, the
insulated optics themselves: helped to achieve.this goal,

A series of design.verification tests were scheduled -
100 hours at the end of each of Tasks II-and III, and 500
hours at the conclusion of the program (Task IV)-. Because
essentially- the same facilities and procedures were used:for
each task, these tests are all.reported in this section.
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1. Ton Optical Design and Test

The reduction ih beam voltage, coupled with the increase
in beam current for low specific impulse operation, requires
that the perveance of the ion extraction system be signifi-~
cantly increased. The various implications of this required
increase in perveance are discussed in. this section.

Two designs are presented: (1) a conventional design,
and (2) a single grid system, insulated on the discharge
chamber side with a composite high temperature glass and re-.
fractoxy. coating.

During the study various structural elements and geom-
etries were considered for each system. These included
straight metal or ceramic- bars, honeycomb, woven- screen, and
perforated ceramic plates. For various reasons, none of
these were judged superior to the perforated molybdenum
plates proposed for the designs.

The method of perforating the plates was. considered
carefully. For the reasons discussed-below, the electrodes
for the close-spaced optics were drilled and those for the
insulated optics were chemically milled.

As a result of a combined experimental and analytical
thermomechanical -analysis, ‘the electrodes were mounted under
radial tension, This mounting technique provides some sta-
bility against thermal warping, but is used primarily to as-
sure that no radial clamping will occur that would buckle the
electrodes.

Calculations indicate that the lifetime of the electrode
system (as limited by erosion by charge exchange ions) should
not represent a limitation on the design. A principal factor
in this estimate is that the charge exchange ions which come
from the downstream beam plasma have only a few hundred volts
of energy because of the low decelerating voltage used
(v 500 V). Because of the low ion energy, the sputtering
coefficient is reduced to the point where erosion is relative-
ly small.

In order to implement the insulated optics design, an
extensive program was required-to devise a technique to apply
the insulating coating. A unigue two-~component coating sys-
tem has resulted which has proved both versatile and effective.
This process is discussed in detail elsewhere in this report.
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a. General Design Criteria

1. Design Trade-Offs — In the design of an ioen opti
cal system a number of electrical and. mechanical parameters mus
be specified to assure that the system will function properly
within the desired specifications. A number of these param-
eters were specified directly by the conttract; others were
at the discretion of the designer to fulfill the entire set
of contractual obligations. The first category included

specific impulse ISP = 2750 sec
beam voltage VB = 1000 Vv
beam current IB = 1.85 A
electrode lifetime = 104 hours
thruster size = 30 cm
thruster efficiency = 64%

Among the parameters)to be choesen by the designer were
size, shape, and number of apertures

accel-decel ratio which defines the total available
extraction voltage

electrode thickness
electrode spacing
method of mounting the electrodes to the thruster

methods of manufacturing (including the technigues
used to fabricate the electrodes themselves and
the tolerances requlred to assure proper
performance)-.

These latter trade-offs are discussed in general in the
following sections, and are then applied specifically to the
design of conventional and insulated ion eptical systems to
fulfill the above goals.



2. Aperture Dimensions — The beam current and ex-
traction voltage are related by

= wp, v3/2

Ibeam h T (1)

where

Ib = Ibeam' amperes

N = number of apertures

p = average perveance/hole

VT = total extraction voltage, volts.

If the beam current and total voltage are specified, an ex-
pression is obtained which relates the total number of holes
to the average perveance -assoclated with each hole. As shown
in Fig. 13, the average perveance per hole may be determined
using a number of techniques; the most common methods are
calculation on a digital or analog computer, -oxr analysis of
experimental data from operating thrusters. Figure 13 shows
limits to the calculated values which may be derived dlrectly
from Child's law or from an equation derived by Kramer’ which

makes allowance for the potential depression caused by the
aperture in the accelerator. Note that the calculated perve-
ance for at least three particular cases lies fairly close to
this latter line;

The experimental data cover a broad range in the region
from 25 to 50% of the maximum value, as shown in Fig. 13.
This reduction in performance results because- the calculated
values represent maximum perveance per hole, while the ex-
perimental values represent average perveance per hole and
make allowance foxr the fact that the plasma density varies
across the thruster diameter and is a maximum only in the
center. The experimentally-calculated values could be ex-
pected to coincide more exactly only if the plasma density
were perfectly uniform. In two cases_data are available for
more than one spacing for a given electrode set. These data
points are connected by dotted-lines in Fig. 13 and show ap-
proximately the variation with d/w predicted by the analytical
expressions. The basic coenclusion is that it is very diffi-
cult to.achlgve average values of perveance per hole greater
than 4 x 10 a/v3/2, even by extrapolation of the best ex-
perimental data taken to date.
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Equation (1) mas be combined with the gereral expres-
sion for the number of holes per unit area in a hexagonal
c.ose-packed array as a funciion o0f the center-to-center
spacing between the holes, to give the foliowlng expression

1/2

P. A
o= 1.07/"1 y374, (2)
I,

1.85 and area = 660 cm?. Wher the experimental values nfa-
sured for both insulated and ccnventiornal ion optical systers
are compared with Fig. 14, they define the maximum center-
to-center spacing for thu apertures in the electrode systen
for any given beam current. For optimum structurc and life-
time, the center-to-center spacing and hence the electrode
thickness should be as large as is possible. The electrode
édimensions are thus defined to within reiatively narrow limits
by this technique. 1If the screcen open arca is chosen to be
as large as practical (60 to 70%), the aperture diameter of
the screer may ke defined directly., LDCepending on the exact
clectrode design chosen, the accel aperture diameter will
normaily be 2/3 to 3/4 that of the screen. Thereforc, all
dimensions cxcept the intere.ectrode spacing are nonminally
defined. From Fig. 13 it is clear that it is desirable to
minimize this spacing in systems requiring maximum pcrveance.
Depending on the exact design, scveral factors may limit the
breakdown limit. At the relatively low total voltages cm-
plo¥cd here (< 2 xV), very small spacings of the order of
167¢ cm could be accommodated. Thus, this does not place a
i1imit or the design. A thiré consideration in reducing the
interelectrode spacing is the quality of the gun design.
Small values of ¢/w gencrally will produce a less colilimated
beam, and thus a relatively higher accel-decel ratio Is nec-
cssary to assurc that the negative voltage is adeguate to
prevent backstreaming.

This eguation 1s shown in function form in Fig. 14 for I =

3. Thermomeckanical Design Analysis — All proposqd
electrode systemns consist of one or possib.y two close spaced
thin perforated plates. The exact vosition of these plates
undcr.operating conditions and their stability as a function
of varying thermal and mechanical loadings is V}tally_lm-
portant to the performance of the thruster. This problem was
investigated both aralytically and cxperirentally. .Thc model-
ing technique used general but versatile computer simulation
programs from the HAC library cf computer prcgrams. Bgth
werc completely developed, well documented progrars which have
small execution times for our applications.
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The first is a heat transfer analysis program called TAS-1B
which is used to solve for the temperature distributions and
heat flows in the electrode system. This digital computer pro-
gram solves for the steady-state temperature distribution in a
lumped parameter network of temperature points (nodes) and heat
flow paths (resistors). A node is provided for each constant
temperature portion of the device being modeled. The network
may contain up to 80 nodes and each node may be connected to
any or all.cf the others. Any two nodes may be connected by two
resistors. One represents conduction and/or convection; the
other represents infrared radiation. TAS-1B does not account
for the temperature dependence of thermal properties, and so
heat flows due to conduction and convection are lihear with re-
spect to node temperatures. Infrared radiation is not linear
because it depends on the fourth powers of .the absolute temper-
ature. Any two nodes, then, may be connected by a linear re-
sistor, a radiation resistor, or both. In addition to intexr-
changing heat with other nodes, each node may receive radiation
and/or a direct heat input (such as from internal dissipation
of electrical energy); TAS-1B does not permit a node to produce
a direct heat output.

The second computer program chosen performs structure
analysis of shells by a finite element method. Shells of revo-
lution subject to axisymmetric or asymmetric mechanical and
thermal loads can be handled. &An electrode is divided into
washer shaped regions which form the elements of the model.
Thermal and mechanicadl loads are prescribed on each element
and the computer program solves the equations of motions for
the deformations. Since the dimensions of each element can
be specified independently, initially dished and tapered
electrodes can be considered, Since the stress analysis pro-
gram considers solid plates, and the electrodes are perforated,
an sgquivalent set of thermal and elastic parameters are used
in the solid plate analysis in order to simulate the actual
punched plate electrode. Justification for this substitution
has been found in the literature.’

The major effort that has been required to use these
computer programs is to prepare their inputs. For the thermal
analysis program the view factors for the radiative heat
transfer were the most difficult inputs to find. Fortunately,
the view factor formulas recently derived! 'were forra range of
electrode geometries which includes the low specific impulse
case. The other inputs to the thermal analysis are the thermal
conductance between nodes and the heat input from the discharge
chamber.
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The final electrode shape i1s calculated by an iterative
procedure. The temperature profiles, support placement, ini-
tial shape of the electrode, thickness, and effects of any
radial clamping on the electrode mounts may be readily invest-
igated using this analytical technique. The objective of this
study is, of course, to find an electrode system that will re-
main sufficiently stable under typical operating conditions to
properly extract and focus the ion beam without interelectrode
shorting. The effects of the different variables are summarized
as.follows:

(a) Temperature profiles. The thermal model of
the electrode system has the form of a network of nodes, each of
which corresponds to a constant temperature region on an elec-
trode. For axisymmetric heating, the nodes are washer shaped
(annuli) regions on the electrodes. Heat is transferred between
adjacent washers of each electrode by conduction and between
opposite washers of the two electrodes by radiation. An addi-
tional constant temperature node Np, which represents the back-
ground, absorbs heat radiated directly from the accelerator
electrode and from the screen electrode by way of the holes in
the accelerator electrode. The heat input to the grid system
from the discharge chamber is presented by a distribution of
black body radiation which is incident on screen electrode and
varies radially in intensity. The two temperature grofiles used
in this study are shown in Fig. 15. These profiles® were cal-
culated for an incident power of 250 W and a peak to average
heat intensity of 1.5:1 across the screen electrode and an accel
interception power of 20 W. The resulting profiles, called "A"
for the screen electrode case (Taepnter = 442°C AT = 35°C) and
"B" for the accel electrode case (Toenter = 293°C AT = 30°C),
were used throughout this study. These standard temperature
profiles were used to assure that the results calculated would
be consistent among themselves because it was desirable to com-
pare the effects for different loading conditions. The actual
magnitude of the buckling deformation is much more sensitive
to the temperature gradient than the absolute temperature level,
while the amount of radial displacement depends on the average
temperature.

(b} Support placement. Table III summarizes
the different support arrangements which were investigated.
All cases were for an electrode thickness of 0.05 cm and an
initial dish of 0.10 cm. Temperature profile."A" was used,
and no radial constraint was imposed. The resulting axial
displacements measured from the initial shape (parabola with
0.10 cm dish) are plotted in Fig. 16.

The optimum configuration studied has both a center and
edge support. Comparing only those cases which have a center
support, there is a progressive decrease in axial displacement
as the edge support is moved away from the center. The 0.250 cm
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thick electrode has more than an order of magnitude less dis-

placement for identical electrode support configuration, ini-

tial dish, and temperature loading than the otherwise identica
0.05 cm thick case (Cases No. 3 and 6). The effect of moving

the center support outward can be seen in Cases No. 1 and 4.

TABLE IIT

Summary of Support Configurations

0.05 cem thick, 0.10 c¢m dish, temperature profi;e pn
Case Center Edge Support, Change in
Number Support cm Shell Depth,

cm
1 No 30 0.103
2 Yes 15 © 0.063
3 .Yes 22.5 0.036
4 No 4.4 & 15 0.027
5 Yes 30 0.013
0.25 cem thick, 0.10 cm dish, profile "A"
6 Yes 22,5 0.002'

(c) Initial .dish. The effect of the initial
depth on the axial displacement was investigated for depths
ranging from 0.01 to 0.042 cm. This was done using the same
thermal loading as above, with no radial constraint, and for
electrode thicknesses which ranged from 0.05 to 0.25 em. Two
different configurations were considered, both with center
supports. The first had an edge support at 22.5 ctm and the
second at 30 cm. The cases are. summarized in Table IV. Note
that it is generally desirable to minimize the initial dish
to keep the axial displacement at the lowest possible value.*®
For the 0.05 cm thick case it is seen an initial dish of
nv 0.20 cm results in a maximum axial displacement; for larger
initial dish values, the axial displacement decreases slowly.
For the range of initial depths considered, this decrease is
not observed for the 0.127 cm case.

* LY
Some dish is needed to insure that the resulting bowing will
be in the right direction.



TABLE IV

Change in Shell Depth for Different Initial Depths

Center Support and Edge Support at 22.5 cm

Thickness, cm

Initial

Dish, cm 0.05 0.09 0.127 0.250
0.01 0.008
0.05 0.023 0.004
0.10 0.036 0.015 0.008 0.002
0.21 0.040 0.013
0.42 0.029 | o0.017

Center Support and Edge Support at 30 cm

0.01 0.0002
0.05 0.013

0.10 - 0.002
0.21 ° 0.005
0.42 0.007

(d) Thickness. Reading across Table IV, the
effect of thickness can be seen for an initial dish of 0.1 cm
with a center support and edge support at 22.5 cm diameter.
These data, which are plotted in Fig. 17, illustrate the
rapid increase in axial displacements for electrode thick-
nesses less than ~ 0.1 cm. Thus thermomechanical considera-
tions dictate the use of the maximum permissible electrode
thickness, consistent with the constraints imposed by dis-
charge efficiency and ion-optical characteristics.

(e} Radial clamping. For a realistic esti-
mate of the amount of thermal buckling it is necessary to in-
clude the effects of the radial constraint imposed by the
electrode supports. In this analysis we consider the zeroth

43



14

HRLITS

-4

0.040 +—

0.030 —

T,+T, ,em

0.020 |—

0010

] | | |

EFFECT OF ELECTRODE THICKNESS
CENTER SUPPORT AND AT (icm DISH)

22.5¢cm _L

INITIAL SHAPE

l I | I

0.2%

Fig. 17,

0.08 0.10 0.8 .20
ELECTRODE THICKNESS,cm

Effect of clectrode thickness;
center support and at (0.1 cm

dish} 22.5 cm.



order approximation in which the electrode supports are re-
placed by a constraint which fixes the radial boundary at a
given radius. The case of interest is first run with no
radial constraint, which permits the outer edge- to expand to
a certain value. The case is then re-run with this value
minus a AR constraint which we have chosen to be 0.001, 0.0025,
and 0.005 cm. Table V shows the sensitivity of the axial
deformation to this type of constraint for a variety of cases.
For example, a radial constraint of 0.001 cm increases by
more than an order of magnitude. the axial displacement com-
pared with the no constraiht (AR = 0) case. The above data
are plotted in Fig. 18. While a much more complete analysis
is necessary to predict the actual equivalent radial con-
straint imposed by a given discrete support, it is apparent
that the optimum electrode support will have the highest
possible compliance in the radial direction.

(f) Temperature distribution. The effect of
temperature distribution is shown below for a 0.050 in. thick
electrode with an initial dish of 0.10 cm, and a center and
edge suppoxrt.

o o Change in
Teenter’ © AT, °C Shell Depth,
) cm
Temperature Profile "aA" 442 35 0.013
Temperature Profile "B" 293 30 0.0108

In this case, which has no radial constraint, the deflection
is relatively insensitive to the absolute temperature level.
On the other hand, the magnitude of radial displacement is
nearly directly proportional to the temperature .gradient.
With a radial constraint of a given AR, the absoclute tempera-
ture level would be expected to have a strong effect.

TABLE V

Change in Shell Depth for Different Radial Constraints
(0.125 cm thick; Center and Edge Support
Temperature Profile "A")

Initial Dish, cm
Radial - :
Constraint, 0.01 0.10 0.20 0.41
cm
AR = 0 0.000235 0.00230 0.0045 0.007
AR =_0u00125 0.0053 0.040 (0.110)a 0.045 0.035
AR = 0.0025 0.011 0.077 (0.20) 0.085 0.063
AR = 0.0050 0.021 0.150 (0.40) 0.166 0.120
dvValues in parentheées are for 0.05 cm thick electrode.
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(g) Summary. The following general conclu-
sions can be made:

1. when supported only at two radii, center and
edge supports are superior to supports located
at other radii.

2. thicker electrodes are more resistant to
thermal warping

3. initial shape should be either flat or greater
than 0.5 cm dish

4. radial clamping should be minimized (radial
tension desirable).

4, Thermal Simulation Experiments — Bench tests
were set up to check the validity of the calculations. Molyb-
denum plates 0.051 cm and 0.127 cm thHick were annealed at
1050°C for 1 hour between heavy iron plates.which had been
surface ground to assure flatness. After annealing, the
plates were inspected and found flat to * 0.0127 cm., These
plates were placed in a thermal test setup which consisted
of a stainless steel.ring to support the plates at their
perimeter plus provision for a central load to simulate the
center support, which is attached to the other electrode.

The support ring and the plate itself could be heated to pro-
duce any desired temperature and-temperature gradient. The
temperatures were measured with thermocouples attached to the
electrodes at ten locations across a diameter. The electrode
shape was measured with an alignment telescope which could be
focused on markers fixed to the electrode along two mutually
perpendicular diameters — one with and one across the "grain®
produced by rolling the sheet (Fig. 19).

In general the deformation of the test piece was in-
creased simply by the handling necessary to put it in the
fixture, and by the method of support. In contrast to the
calculated shapes which are always regular and symmetrical,
the measured values were irregular and often not reproducible.
The average deformations were on the order of three times
those calculated. This result is not unexpected, of course,
because the test pieces contain residual stresses from the
rolling and working process that were not totally-annealed
out. The experiment alsoc differs from the calculation be-
cause the periphery of the plate was free to lift off the
support ring in the test, but was confined to a plane in the
calculations. The support structures used to mount the



HRLI179-%

0.025 | CoLD
/'— -ﬁ“___‘/
cm 0 T =
-0.025 - WITH GRAIN G 3.64kg CENTRAL LOAD |
|
[ ————— 00 T~o
cm 0 e ——
RQSS Al RA
-0025 b CROSS GRAIN | DIUS _
THERMAL DEFQRMATION OF
QQ0I127Tcm MOLY PLATE
PLATE ANNEALED AT 1050°C - Ihr
FREELY SUPPORTED AT EDGE
= b = o
TQ_ 200°C TEDGE 80°C
0025 —
WITH GRAIN
I I ) —==
. -
NO CENTRAL LOAD
I
0025 {— ¢ —
CROSS GRAIN e
cm [9) -—--\@T -.-_-_—‘-’r
-0.02% — coLD —
Fig., 19. Fxperimentally measured thermal distor-

tion of thin plate.



electrodes on the thruster are designed 'to provide radial
tension while confining the electrode .periphery to a fixed
plane. This technique improves the stability of the elec-
trodes over that observed in the above tests.

The general conclusions to be drawn from the above cal-
culations and tests are that thermal deformation of the oxder
of # 0.025 to * 0.038 cm may be expected in a 30 cm diameter
electrode. This amount is tolerable, but it may be necessary
to increase the interelectrode spacing in-the conventional
optics above its optimim value to assure stable performance.
This increase in spacing reduces the perveance below its max-
imum value, but still permits the design goals to be achieved.
The above results also emphasize the need for a carefully
controlled annealing preocedure and an electrode support struc-

ture which minimizes thermal distortion.
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5. Electrode Lifetime — The electrode lifetime
estimated here assumes that the structure is adequate electro-
mechanically, so that wear-out failure will occur only due to
sputtering erosion. In the analysis only the effect of
charge exchange ions from the downstream plasma is considered.
Thus, erosioh which may result from ions in the plasma adja-
cent to the hollow cathode neutralizer is excluded in this
study. A number of factors make it difficult to accurately
predict mean time to failure. THe principal difficulty is
that the exact energy and angle of the impinging charge ex-
change ions are not accurately known. It is assumed here that
the charge exchange ions which -reach the accel have energy
equal to the decel voltage, and not total voltage, as is usu-
ally assumed. This assumption is considered reasonable be-
cause the charge exchange ions originate in the- downstream
plasma and fall through to the décel voltage of the-acceler-
ator electrode. It is also in agreement with estimates of
the sputtering coefficient made from erosion measurements on
accelerator electrodes.® These are consistent with ion energy
of approximately one-~half the decel voltage rathexr than the
total voltage, as has often been used previously. The uncer-
tainty in sputtering coefficient of-the impinging ions is
compounded by the uncertainty in the radial distribution of
both the ions and the neutrals which emanate from the thruster.
It is also .difficult to predict the extent to which an acceler-
ator electrode may be ercded before it ceases to function
properly. 1In the following calculatiens it is assumed that
failure occurs when 50% of the accelerator mass has been re-
moved. When the above assumptions are applied to accelerator
electrodes with 50% open area, the following eguation may be
derived to represent the relationship between the four
variables.




T = = (3)
where
T = electron lifetime in hours
t £ accelerator thickness in-centimeters
o = sputtering coefficient
J £ charge current density impinging on,accelerator.

The nomograph in Fig. 20 permits a better visualization of

the relationship between these variables. As illustrated in
Fig. 21, it may be estimated that with the above assump-

tions, a 0.05 cm thick accelerator electrode would last
10,000 hours with a 1% drain current impinging at 500 V

energy. The above values-are consistent with the designs
presented below, Perhaps the most important conclusion is
that for a conventional ion optical system it nay be easier

to satisfy lifetime requirements than the structural require-
ments imposed by the thermomechanical analysis presented above.

b. Conventional Optics

1. Introduction — For the purpese of this report
a conventional ilon optical system is defined as one consisting
of two metallic plates with matching apertures. The basic
advantage of this type of system is that their performance is
well understood because they have been used for a number of
years. Conventional systems have demonstrated stable oper-
ation at relatively low drain currents and have extrapolated
lifetimes of 10,000 hours or mere. The disadvantage is pri-
marily structural, particularly in- low specific impulse de-
signs of the type of interest here. Problems arise in devising
methods of support tc minimize the thermal warping which may
occur during operation. There are also difficulties involved
in manufacturing the electrodes themselves, which require as
many as 15,000 matching apertures in each plate.

2. Survey of Existing Hardware Performance -—
Because this type of system has been used for a number of
yvears, it is possible to compare the performance from a num-
ber of different sources for -thrusters of different diameters.
The average perveance per hole calculated from published data
taken at the Hughes Aircraft Company, NASA Lewis Research -9
Center, and Jet Propulsion Laboratory ranges from 1l to 3 x 10
A/v3/2 per hole for the aperture sizes generally employed (i.e.,
0.32 to 0.475 cm diameter). Experiments with close spaced
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electrodes with smaller holes- (0.12 cm spacing; 0.213 cm aper-
tures), made on a 15 cm thruster as part of this program, in-
dicate that an average perveance of 4.1 x 10°° can be achieve(
in the voltage range of interest here (see Fig. 21). Refer—
ence to Fig. 14 illustrates that a value of 3 x 10~°

greater will be-satisfactory for the design at hand.

3. Methods of Manufacture — Molybdenum is gener-
ally chosen as the electrode material because of its high tem
perature strength, high conductivity, low sputtering coeffi-
cient, and reasonably good workability. Several possible
techniques have been considered for perforating the electrode
which will require more than 104 apertures in a 30 cm
diameter circle. The simplest, and first attempted, tech-
nigue was to punch the material. This technique proved un-
satisfactory because. the hole spacing was irregular and de-
lamination of the electrode material resulted. The internal
stresses set up by punching and the upper limit on material
thickness were also undesirable. BAn alternative method was
to drill the holes with a numerically controlled drill. This
technique is more costly and does not completely solve the
problem of internal stresses created as the material is
worked. It was also found that it was difficult if not impos-
sible to hold the necessary tolerances on hole diameter and he
spacing, even with a numerically controlled drill. The only
Satlsfactory technique was to drill the plates as a matched
pair so that they would be allgned -for at least one orienta-
tion. Perhaps the most promising technigue established to
date is chemical milling. This technique.has not introduced
additional stresses; it is relatively economic¢al after a
master has been made, and is accurately reproducible. Its
principal difficulties are (1) it can be used- effectlvely
only on relatively thin material, which means that u51ng it
in the fabrication of a 30 cm accelerator would require a
difficult laminar assembly of two or more layers, and (2)
the apertures produced are countersunk from- each side due to
the etching process.

4, Conventional Optics De51gn — The 30 c¢m conven-
tional ion optical system design shown in Fig. 22 uses the
various measured and calculated- parameters discussed above.
The screen and accelerator - were . matched drilled from 0.075
and 0.125 cm a¥c cast molybdenum plates, respectively. The
electrodes were drilled rather than chemically milled to as-
sure that the cross section of the apertures was accurately
defined. The screen was electropolished after drilling, to
increase the screen open area and to radius the sharp corners
produced by drilling. The final hole dimensions were 0.19 cm




Fig. 22. 30 cm high perveance conventional ion
optics system.
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in the accelerator and 0.20 + 0.0l cm in the screen, thus
providing a screen open area of v 62%. Center-to-center
spacing is 0.25 cm. The interelectrode spacing was adjust-
able by shimming the mounting supports.

The screen electrode was  supported on the thruster
under radial tension. The accelerator is mounted to provide
some radial compliance to minimize mechanical loading if the
electrodes are at different temperatures. A single, centrally
located, interelectrode support was used to define the inter-
electrode spacing on the center line. It is desirable to
minimize such supports both to reduce the opaque area of the
screen and to place the minimum radial constraint on the
electrodes.

o Insulated Optics

i Introduction — Insulated optics are defined as
those consisting of a single metal accelerator electrode which
is coated on the plasma side with a layer of insulating mate-
rial. The surface charge buildup on this insulator by the
plasma acts as a virtual screen electrode to provide the nec-
essary conditions for extracting and focusing the ion beam.

A primary advantage of such a system is that the alignment

and spacing between the virtual screen and the accelerator

are fixed and are independent of any thermomechanical stresses
induced in the electrode. The disadvantage of the system is
that fabrication involves a new technology that is not well
developed. The procedure for applying this insulating coating
is discussed elsewhere in this report.

2 Design Criteria — In contrast to the conven-
tional ion optical systems that had been used for many years,
reliable test data for insulated optics were virtually un-
available at the start of the contract period. 1In order to
meet the contract schedule, it was necessary to carry out a
simultaneous design, fabrication, and test program to deter-
mine a functional 30 cm design. As soon as the fabrication
procedures were adequate to produce functional hardware, sev-
eral 15 cm electrodes were fabricated and tested to measure
the perveance. The original data are shown in Fig. 23. Data
also were taken with a larger aperture electrode (0.27 cm
diameter on 0.32 cm spacing). Operation was erratic near the
perveance line because of electron backstreaming from the
neutralizer. While it was speculated that a thicker insulating
coating would permit stable operation, it was concluded that a
design of the type shown in Fig. 23 would provide a more reli-
able starting point for the 30 cm design.
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It is also necessary that the chosen design operate in
the voltage range regquired to produce- the desired -specific
impulse. This constraint means that the. insulating coating
must sustain the total extraction voltage without. appreciable
current leakage or breakdown; thig requires a dielectric
strength of the order of 40,000 to 60,000 V/cm.

It is important that both the surface and volume resis-
tivity be high because of the geometry. For a 30 cm electrod:s
with 70% open area (i. e., 212 cm? opague area) with 14,000
apertures of 0.190 cm in diameter, these quantltles may be
estimated as follows:

Volume resistivity = Rv = pvt/A
t = thickness- = 0.05 om
A = area = 212 ém?
Py = volume resistivity
\ 106 Q-cm at 20°C
~ 108 0-em at 300°C;
therefore,
R, = 2.4 x 107% 2 at 20°C
= 2.4 x 10 o at 300°C.
s . t Pg
Surface registance = R = =
s c N
= thickness of ceoating
£+ circumference of single hole = =nd
N = number of holes = 14,000
-pg = surface resistivity
~ 10%° g/0) at 20°c.

The surface resistivity is strongly dependent on the surface
conditions and historxy. Presumably it will always be less
than the above value, quoted in the Corning Glass Handbook
No. B-83 for clean dry borosilicate glass at room temperature;
therefore,



Several conclusions may be drawn from these calculations:

1.

Surface leakage probably will be larger than
volume leakage by .several orders of magnitude.
This result is consistent with voltage break-
down tests on the material sample, where it
has been observed that the breakdown-path is
invariably over the surface of the coating to
the metal rather than through the-.insulating
layer.

Using the higher (but more accurately known)
volume resistivity at an operating temperature
of 300°C, the leakage current for the 30 cm
thruster is

—-1—5-.99—‘7—4 = 6.25 X 1072 a.
2,4 x°10

Thruster tests made later ih the program
typically showed accelerator currents of
10-2 A for a clean new electrode, ultimately
rising to approximately 7 x 102 A in a few
hours. A possible interpretation of this is
a combined surface plus volume resistivity
of 1.5 x 105 @, which gradually decreases as
the surface is contaminated by sputtered or
condensed material (this-1is always observed
on the insulating surface after a few hours
of operation}.

The above mechanism- can account for a large
fraction of the observed leakage currents in
this type of system. Although they are un-
desirable from' the standpoint of-electrical
efficiency, such currents are not déstructive
(as they would be if they arose from charge
exchange or direct interception). Kerslake,’
however, has postulated an upper limit to such
permissible currents; he has shown that a
runaway condition can arise as a-result of -the
drop in volume resistivity associated with the
temperature rise at locations where resistance
heating of the insulating layer-is excessive.
This failure mode has not been observed in tests
at-HRL, probably as a result of the limited
capacity of the accelerator supply used.
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4. An additional experimental observation is .that
the drain currents to the accelerator are a
function more of the beam current than of the
beam voltage. This result is consistent with
the fact-that the plasma sheath moves forward
at the higher plasma density and shortens the
surface conduction path, and also with the fact
that the number of ions extracted from the
plasma which are not- focused through the aper-
ture (i.e., those which impinge on the insulat-
ing surface) may be increased.

3. Methods of Fabrication

(a) Accelerator electrode. The accelerator
electrode is perforated by chemically milling the apertures
in a molybdenum sheet. This technique accurately reproduces
the pattern of the original master, maintaining uniform spac-
ing between the apertures. This is .essential to the appli-
cation of a uniform coating. Visual  inspection of the flat-
ness of the finished piece and photomicrographs of a section
of an electrode after milling indicate that no appreciable
stresses are introduced by- this machining process.

Following perforation, the electrode is "dished" to im-
prove stability. Using a technique originated at LeRC, it ha
been demonstrated that these.electrodes can be readily formed
by cold forging. Following forging the part will be stress
relieved at a temperagture 50°C higher than that which will be
encountered in firing the refractory. coating (1100 to 1150°C)

The piece is then electropolished to remove the sharp
corners over which the insulating layer must be applied.
Typically an electrode which was originally 0.050 cm thick
perforated with 0.188 cm diameter apertures-is reduced in
thickness to 0.045 cm and the apertures will be enlarged to
0.208 to 0.213 cm. Following a light sandblast to remove the
sheen. left by the electroPOllshlng, the electrode is ‘washed
with detergent, rinsed, air dried, and is then ready for
ceating.

(b) Appllcatlon of insulating coating.* A sul
strate slurry (MCR-1K) is prepared from fused mullite, Ferro
Corporation No. 3249 frit and enamel clay in the proportions
19.5:4:1. This is-mixed with a. small quantity (v 0.1% by

®
See Appendix I for more detail.



welght) of sodium nitrate and distilled water, and ball milled
to mix and grind the material. The- viscosity and specific
gravity are‘adjusted to achieve the correct spraying and ad-
hesion propertles by the-addition of distilled water. The’
material is sprayed onto the electrode with a nitrogen driven.
spray gun, air-dried, -and visually inspected -with low power

microscope to assure a smooth, even-coat. If the coating-is
not satisfactory, it may be washed off and reapplied.

The electrode is fired at 1100°C for 30 min in an argon.
atmosphere (1 psig) in an rf furnace. Proper coupling is
achieved by placing a 1.25 cm thick graphite susceptor between.
the electrode and the «rf. coil, The cooling period after
firing is approximately 1 hour. The refractory subcoat may
be built up to the thickness desired by applying more 0.0125
to 0.025 cm-thick layers in the above manner.

The filler coating (MF=-4A) is applled in the following
manner. Silica, boric acid, alumina, magnesium oxide, and
caleium carbonate in the ratios-of 100:268:69:63:33 are dry
mixed and fired at 1450°C.. The mixture is quenched in water
and dried. It is next.crushed and combined with enamel clay
(9%) , sodium nitrite, and water and ground for 6 hours. The
mixture is then- sprayed over the subcoat and fired- in the,
same atmosphere as above at 1025°C for 30 min.

The final- surface coat (MC-~1l) is principally Ferro No.
3249 frit with 4% enamel clay added. This coating is ground
for 4 hours, applied in the same manner as the filler glass,
and fired at 950 to 1000°C for 30 min.

It is generally necessary to remove small quantities of
glass from the downstream face of the electrode with fine
emery cloth.

The following parameters were.measured for a sample pre-
pared in the above manner:

Accumulated Voltage Breakdown

§§£§Zr Coating Thickness, cm in Air, kv
1 MCR-1K 0.0125 0.8
2 MCR-1K 0.0460 1.2
3 MEF -S4 0.0460 1.5
4 MC~1 0.0530 1.9
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4. Insulated Optics Design — The insulated optics
design detail is shown in Fig. 24: The base material is
0.051 com thick arc cast molybdenum perforated by chemical.
milling with 0.190 - cm diameter holes on 0.254 cm centers. -The
current handling capabilities of the type of structure were
illustrated in Fig. 23 for a 15 cm diameter thruster. Novel
features of this design are that the electrode is dished prior
to coating and the structures '‘which support the electrode keep
it under radial tension to minimize thermal distortion.

A photograph of the finished grid is shown in Fig. 25,
along with a cross section of the electrode and glass laminate.
A section of the electrode after operation {(shown in Fig. 26)
illustrates the effective open area of the structure.

The data and calculations presented above indicated that
this electrode system would fully meet the design goals of
the contract. Experiments with the 15 cm diameter thruster
indicate that a minimum negative accelerator voltage of 250 V
is required to prevent electron backstreaming and that a max-
imum total voltage of 1500 to 2000 V should be achievable.
These values include the désign values of + 1000 V, -500-V
used in all the above calculations. The minimum accelerator
voltage (v 250 V) may be used to reduce the energy of charge
exchange ilons and to decrease the beam spread if desired.

d. Ion Optics Evaluation with 30 c¢m Thruster

The studies described in the previous sections in-
dicate that ion optical systems of both conventional and in-
sulated designs can be designed and fabricated to fulfill the
contractual goals of 1.85 A of ion beam at a net voltage of
1.0 kv. Therefore, it was valuable to compare the two sys-—
tems experimentally on the same 30 cm thruster to establish
the relative merits of each. Because of the financial limi-
tations of the program and the long lead time to procure the
perforated molybdenum sheet and fabricate the electrodes, it
was possible to test only one of each type of optical system.
The designs were thus somewhat conservative to assure that
performance data for each system would be collected. The
specifications for the final hardware are given below.
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Fig. 25. Photographs of finished insulated
ion optical system.
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REGION OF PLASMA AT TACHMENT

VIEW A-A

Fig. 26. Photograph of insulated ion optics after
operation, showing plasma attachment.
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1. Conventional Optics

Test 1
Screen
thickness 0.075 cm
apértures 0.20 om
open area 62%
Accelerator
thickness 0.125 cm
apertures. .19 cm
Center-to-center 0.250 cm

aperture spacing

Electrode spacing
test 1A 0.165 cm
test 1B - 0.115 cm

Test 2

Same as Test 1, with screen electrode thickness
reduced to 0.045 cm.

Test 3

Task 1 high specific impulse optics with inter-
electrode spacing reduced to 0.100 cm.

Screen
thickness 0.075 cm
apertures 0.400 cm
open area 72% -
Accelerator
thickness 0.250 cm
apertures 0.320 cm
Center—to-center 0.450 cm

aperture spacing
Electrode spacing 0.100 cm

Note: All systems had a single, central, interelectrode support.
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Test 1 with conventional optics and the test.of the insu-
lated optics were conducted with the discharge chamber used tc
run the Task II design verification test.
conventional optics (tests 2 and 3) were run with the slightly

2. Insulated Optics

Accelerator
thickness 0.05 cm
apertures 0.20 cm

Center—to—-center 0.25 cm
aperture spacing

Insulating coating 0.04 to 0.05 cm

Aperture diameter 0.10 to 0,15 cm
after coating

Electrode shape flat

Further tests with

modified chamber used to run the 500 hour. endurance test,
which used insulated optics. Direct comparison between the

performance of the conventional and insulated optics is there-

fore available in each case.

The test results are summarized in Table VI and in Figs.

27 and 28.

While these data are virtually self-explanatory,

several conclusions may be emphasized here.

1.

The perveance of the insulated optics is much
higher than that of any conventional system
tested. With the insulated optics the desired
1.85 A beam current is achievable with a total
extraction voltage of 1500 V, while the conven-
tional optics require ~ 3500 V.

The discharge chamber performance is considerably
better with the insulated optics than with con-
ventional optics. Two effects-are responsible
for this difference. By their very nature the
insulated optics have a high percentage open area
and a thin effective screen electrode. As a re-
sult of structural limitations, neither of .-these
desirable features was achieved in the Test 1
conventional design. After the structural in-
tegrity of the design was demonstrated in Tests
1A and 1B, the screen thickness was reduced by
almost a factor of two. - Although:.part of the



TABLE VI

Summary of Ion Optical System Performance
a .
V+; I+1 V_.r I_ ’ VD ’ ID ' ugo;iiw nm] eV/Icmld h
kv A kv mA v | a Equiv. A dischg, % 15ehg
Conventional test 1A (0.20 cm aperture, 0.075 cm thick screen, 0.165 cm
spacing)
1.6 2.00 - 12,00 | 14 44 21.0 2.16 80.3 485
1.0 1.50 1.95 12 43 17.0 2.18 76.0 432,
1.0 1.42 1,95 [ 12 42 {14.6 2.16 70.6 374
1.0 1.32 {1,985 | 12 41 J12.0 2.16 68.5 342
Conventional test 1B (same as 1A, with spacing reduced to 0.115 cm)
1.0 1.60 1.98 20 36 [19.0 2.20 73 430
1.0 1.56 1.90 20 35 18.2 2.20 71 415
1.0 | 1.45 1.90 19 34 |17.0 2.20 66 405
1.0 1.34 1.90 | 18 33 J1s.6 2.20 61 385
-Conventional test 2 (same as 18, with screen thickness reduced to 0.045 cm)
1.34) 1.8 2.0 i3 40,2§15.6 —_ —_ —
1.0 1.50 2.0 1s 41.3]115.0 1.615 95.3 417
1.0 l.440 12.0 14 39.0|12.7 1.615 91.5 347
1.0 1.340 | 2.0 14 37.00110.0 1.615 85.1 279
Conventional test 3 (0.40 cm apertures, 0.075 cm thick screen, 0.100 cm
spacing} .
1.0 0.95 1.00 77 38.2] 8.6 — —_ 346
2.7 1.70 1,00} 17 35.0012.7 1.880 94.3 264
2.7 1.60 |1.00]| 1% 33.0(10.2 1.880 .88.5 212
2.7 1.41 |1.00 17 31.0} 8.5 1.880 . 78.0 189

Insulated optics (0.05 cm
apertures)

thick screen,

0.05 cm thick coating, 0.20 em

Task II Preliminary Test

1.0 1.89 0.85 30 50 11.0 2.14 90.5 295
1.0 1.79 0.77 30 47 9.8 2,14 85.5 257
1.0 1.74 0.80 30 46 9.0 2.14 83.0 242
1.0 ).63 0.80 30 44 8.0 2.14 79.0 220
Task IY Design Verification Test

1.0 1.59 ’ 0.64 40 35.41 9.8 2.01 86.5 218
Task IY¥I Desagn Verification Test

1.0 { 1.87 |0.50| 83 37.2(12.5 2,15 " 88.2 249
Task IV Endurance Test

1.0 1.904 ] 0.4 50 40.91 8.6 2.06 93.4 190

8tnclndes mercury flow through main vaporizer, hollew cathode, and plasma .
bridge neutralizer.
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resuitant perforrance improvement must be attri-
buted to an improved discharge chamber design,
for the sccond test 1t may be clearly seen that
the thinner screen improves the discharge chamber
perfornance. wWith the center-to-center aperture
spacing usced here (3.250 em), 1% 1s not possibie
to exceed 62% cpen area without lcsing structural
integrity because the thickness of the web be-
tween apertures 1s reduced to less than 0.C5 cm.
The effect of open area may be scen by con-
paring-Tests I and 2 with Test 3. In the

last the open area was 72%, comparcd with 62%

in Tests 1 and 2. The perveance was not improved,
but the rather meagery data for Test 3 indicate
that the discharge chamber losses were signifi-
cantly reduced.

3. wWhile nct shown by the data, the coaventional
ion optical systems operated more stably, par-
ticuiarly in conituncticn with the plasma bridge
neutralizer., With the insulated optic it was
often very difficult to recover from an arc
hecause a discharge woulé strike between the
neutralizer arnd the anode. This digcharge
could not be extinguished by appiying greater
negative acceleratcr voltage becausce the large
currents which would then flow could damage the
grid. This probler was finally alleviated, as
discussed in Section 1-1-3-5, by adding mcre
energy storage to the accelerator circuit.

4. The accelerator drain currents were typi

cwer with the conventional system. T

beccause the drain currents here result

from charge exchange only, while lecakag
predorirnate in the insulated systenr.

The f1nal choice of ion extracticn syster was based on
the data shown in Figs. 27 and 28, The insulated lon optics
met botih the efficiency and perveance requirements set by th
contract goals, while the conventional system fulfilled
neither (except at a high accel-decel ratio).



2. Discharge Chamber veveloprent

This section deals with the discharge chamber modifica-
tiors which were necesgsary to permit the scaled 30 cm diam-
cter thruster, developed in the early part of the vrogram, Lo
reet the performance goals for low svecific impulse operation
using the insulated, single grid ion ecxtraction system de-
scribed in Section III-B-1. The following goals were set Dby
the contract:

i. Input power 2.5 kW

Z. EZlectrical efficiency 74%

3. Propellant utilization 87¢

efficiency

4. Over-all efficiency 6413

5. Specific impulse 2,750 sec
6. Net acceleration voltage 1,000 v
7. Thrust 0.026 1b.

Using the results obtained in the development of the high
specific impulse thruster discharge chamber, and information
supplicd by members of the NASA LeRC gtaff, modifications of
the following parameters were ccnsidered, evaluated, and
tested:

Cathcde geometry and location

Magnetic field confiquration and intensity
Mercury propellant introduction rode

Ion chamber length-to-diameter ratio

Arode geometry and location

Neutralizer perfcrmance.

. . .« »

Lo a0 B B S PV B0 B o

Before discussing individualiy the approach applied to each
paramctric wvariation, It should be noted that these varameters
are not completely incdependent, ané chanrging one raraneter

may affect the optimization of several others. Consequently,
empiiasis was piaced on achieving the reqguired performance
levels with a minimum of thruster modification, since opera-
tion of the thruster discharge chamber develioped for high
specific impulse operation was alrcady near the required per-
formance levels when the thruster was opcrated with the single
grid accelerator systenm (scc Table II). The parametric vari-
ations poertaining to discharge chamber performance are dis-
cussed in detail below, while the cathode ané neutralizer
performance are discussed in later sccuions,
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a. Cathode Location and Geometry

Development of the thruster hollow cathode geometry
is described in a later section; however, the cathode location
and baffle-pole piece configuration will be considered here.
The cathode location was not varied from the conventional
SERT-II configuration shown in Fig. 5. As described in the
discussion of the high specific 1mpulse thruster, the three
factors which influence the emission capability of the hollow
cathode for a fixed discharge voltage are

1. baffle to pole tip open area
2. magnetic field strength in the open area
3. neutral or ion dénsity:in the open area.

Two approaches were used to obtain faveorable discharge voltage-
current characteristics:

1. baffle diameter was varied
2. a- variable magnetic field was applied across
the baffle open area.

The latter approach is an application of a concept formulated
under a previous contract (NAS 3-9703), and later successfully
developed under a Hughes IR&D program, using a 15 om diameter
thruster, Because variation of the.magnetic field in the
baffle-pole piece open- area has an effect on the electrons
analogous to changing the baffle diameter, the implementation
has been termed a variable magnetic baffle. Experiments with
variations in baffle dimensions were carried out during tests
of the ion extraction system to permit evaluation of the ion
extraction system with the discharge chamber operated in a
near-optimum voltage-current regime. Because the variable
magnetic baffle concept required a significant variation in
thruster geometry (see Fig. 29), a second discharge chamber
was modified to perform these experiments in parallel with the
optimization of the conventional design. The objective of
baffle diameter modification wag to achieve a ratio of dis-
charge current to beam current on the order of 5, with cathode
propellant flow on the order of 5 to 10% of the discharge cham-
ber propellant flow, and with discharge voltage between 35

and 40 V. Figure 30 shows the baffile changes required to pro-
duce the desired discharge léss and voltage-current character-
istics {(thruster parameters ‘are given in Table VII). While
some of the change in performance observed in this figure can-
be attributed to the characteristics of the insulated grlds
used in the tests, the final choice of-5.7 cm diameter is
consistent with Bechtel's!! results. For 1.5 A beam current,
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Becktel found that a 5.1 cm baffle is optimum. His resultant-
baffle-to-pole diameter was 0:7, compared with 0.75 in our
program, where the requlred beam-current was 1.85 A. The
increased-current meant that either thé baffle diameter must
increase or the cathode propellant flow rate must decrease to
mdintain the discharge voltage -in the desired range (in ac-
cord with Becktel-Fig. 12). Decreasing-the cathode propellant-
flow to less ‘than 5% of the discharge chamber propellant flow
is undesirable because the-discharge becomes unstable and
difficult-to ignite. (It 'should be noted here that cathode
propellant flow was manually adjusted te obtain the desired
discharge voltage, and controlled at a constant value in pro-
portion to temperature. Hence no provision-was available to-
momentarlly increase cathode propellant-flow to facllitate-
discharge ignition of damp instability.) . The data shown in
Fig. 30 for the 5.7 cm diameter baffle were‘obtained with
several noteworthy refinements in baffle support structure
and. cathede pole piece geomettry. It was noted that the cath-
ode pole plece wag slightly out of round. (2 mm difference in.
maximum and minimum diameter) and that it was difficult to
repeat thruster performance characteristics after the baffle
had been removed and. replaced» It has been pointed out -by
both LeRC!?s!'® and HRL'* investigators that the effect of the
baffle is "electrical"-in nature and is therefore critically
related to the baffle and pole piece.orientation and spacing.
This means that the baffle controls- -the flow of electrons
from the hollow cathode to the discharge chamber by means of -
the electric and  magnetic fields established by the pole piece
and baffle-as electrodes-rather than mechanical obstacles for
deflecting propellant- flow or- simple aperture limitation of
electron flow. To position the baffle more precisely with
respect to the pole piece, a mechined suppert ring (aluminum)
was forced-over the pole piece to make it.circular in cross
section, and a baffle support .structure was fabricated as
shown ih Fig. 31, using a fixture to insure the-shape and
facilitate dupllcatlon. This modification resulted in-the
improvement shown in Fig. 32 and enhanced the repeatability
of experiments.

The variable magnetlc baffle was found to be a valuable
optimization tool in previous 15 om diameter thruster experi-
ments. The magnetic baffle was capable-of -controlling dis-
charge voltage-~current -characteristics over a-relatively -large
range of propellant- flow ratios (between hollow cathode and
discharge chamber). A direct scaling-of the baffle dimensions
to the 30 c¢m diameter thruster was not nearly as successful ‘in
producing the desired magnetic control -capability. Performance
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characteristics for the thruster shown in Fig. 29 are given

in ¥iq. 33 for several levels of beam power [(thruster param-
cters are showrn in Takle VIII). Wwikile these performance
characteristics compare ‘avorao1y with the fixed baffle
thruster, they were obtained by varying the cathode propellant
flow in addition to the baffle magnet current., Becausec it

was recessary to adjust both cathode flow and baffle magnet,
the variable magnetic baffle was of little wvalue as an optim:i-
zatlon tool in the configuration tested. It 1s belicved that
the dimensions ¢f the magnetic baffle and pole plece must be
nearcr those of the conventional baffle and pole piece to
obtain the desired control characteristics. Time was not
available ¢c explore this possibility. '

b. Macnetic Field Configuration

Cor.siderable care was taken in the development of
the scaied high specific impulse thruster discharge chambc
to generaie a magnetic field gecmetry with sul tab;y ;vergcn
field lines and the scaled field s.rength. The procedure
used %o develor the desired configuration was described in
Section Iii-A-1. This magnetic configuration is generated
asing both radial and axial permancent magnets. TFor some of
the Ilon optical systen tests, the axial permanent magnets
were replaced by bar electromagnets, The optimum axial rmag-
ret current was found to be very ncarly the same as for the
Figh specific impulse thruster. Lischarge lesses were found
t0 be a rather sensitive funciion of axial magnet current
rear the optimuam. Conscguently, conversion to permanent nmay-
nets had to he done at lcast in part experirmentally because
the fFleld maps (values) can never be exactly duplicated by
repiracing the bar electromagnetls by perrancnt Lagnets.,
Figure 34 ceompares sthruster performance “or several combina-
tions of axial and .auldl perranent magnets. Ho other vari-
ations in ragnetic field strength or configuration were
made in the lew hP&lelC impuise optimization program. A
napping of the axial magnetic field wvalues for this magnetic
configuararion is shown in ¥ig., 35, Although the 30 com
thruster developed by LeRC uses only axial magnets for genera-
“ion of the magnetic field, it is probable that the field
stape and strength are nearly the same,

C. Hercury Propellant Introduction lode

AS 1n the high spcczflc impulse thruster discharge
chambey, the propellant is injecteé into the discharge chamber
directly and tihrough the hollow cathode by means of two vapor-
izers %¢ assure independent control of these two flow rates.
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TABLE VIIZ

Data for Figurce 33

Syrmbol B

Main Flow - 1.82 A (equiv.)

Cathode Flow - 0.159 A (eguiv.)

Magnet Currents - Side, 0.6 A; Back, 0.
Baffie, 0.35 A

V.o - 1.0 kV

+
v = 0.66 kv
Cathode Heater Power 27 W; Xeceper 2.653

9 A;

W

Neutralizer Heater Power 17 W; Xecper 2.3 W
Vaporizer Power 19 W Total
Lo e | Ve "D’ m o In/1
mh mA Vv A % cV/Ion;
2000 ; 33 . 41.1 13.9 99 290 7.
1950 | 32 39.6 | 12.7 ° 96.6 262 1 6.6
. 192¢ 32 38.9 11.9 94.2 248 6.3
b 1850 33 37.7 11.0 91.5% 228 6
| 1800 35 37.9 10.3 B9 216 5.8
{1750 | 36 36.3 9.7 | 86.5 @ 205
L_17oo 37 {1 36.0 | 9.0 | 84 195 !
1650 1-36 35.6 8.2 8l.5 182 i
— — - e e SR - a — —— '
! symbol ¥
' Main Flow - 1,38 A
| Cathode Flow - 0.137 A
| Magnet Currents - Side, 0.5 A; Back, 0.9 A;
Baffle, C.5 A
| v, = 1.0 kv
t V. = 0.46 kv ]
- Cathode and Neutralizer Powers Same as Above '
Vaporizer Powers 17.8 W
! [ | ! !
145G 25 ¢« 37.9 | 10.0 [ 93.8 . 266 7
1490 26 36.9 3.0 90.5 241 6.6 )
1350 26 36.2 8.0 87.2 218 6 :
130C | 26 | 36 6.8 | 84 192
1250 27 36 5.5 1 80.5! 162
1200 30 | 36 | 4.9 l 77.7 | 150
: |




TABLE VIII (Cont'd)

Symbol @
Main Flow - 1.69 A
Cathode Flow - 0.170 A
Magnet Currents - Side, 0.5 A; Back, 0.9A;
Baffle, 0.56 A
V.._ =1.,0 kV-
’ V. = 0.65 kv
i
1 .
L I+ | Vpr Ipe "m’ Ey 1,/1,
mA A \ A ) cvV/Ion
1850 le.5 | 46.0 | 10.0 98.5 251
1800 | 18 45.0 | 9.8 ! g6 248
1750 17.5 | 43.0 9.3 93 231
' 1700 19 41.5 8.8 90.5 211 5.3
i 1650 | 19 40.0 8.4 | 87.5 206
¢ 1600 | 18 39.0 7.95]| 85 196
1550 Ig 37.8 7.6 82.5 188
1500 18 37.0 7.4 79.5 185
1450 18 36.0 7.2 77 181
Symbol A
Maln Flow - 0.98 A
Cathode Flow - 0.145 A
t Hagnet Currents - Side, 0.5 A; Back, 0.9A;
| Baffle, 0.08 A
v, - 1.0
vV =0.65
[
1i00 13.5 | 42 i 6.2 96 240
1050 12 40.8 : 5.1 92 200 4.9
1000 15 39.2 4.6 87 183 4.7
9590 16 38 4.1 83 167
990 18 37 3.6 .| 78 150
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During this portion of the program the discharge chamber pro-
pellant plenum was modified as shown in Fig. 36, principally
to facilitate radial magnet mounting and propellant electrical
isolator mounting. Consequéntly the schematic thruster shown
in Fig. 36 represents the optimirzed thruster discharcae
chamber.

d. Ion Chamber Length

In scaling from 15 cm diameter to 30 cm diameter it
was shown that discharge chamber length should remain invari-
ant. No variation of ion chamber was attempted after the
scaling of the high specific impulse chamber proved success-
ful. As stated above, radial magnets were installed to gen-
erate a sufficiently divergent magnetic field with this rela-
tively small length-to-diameter ratio.

e. Anode Geometry and Location

The only modification in anode geometry attempted
was the installation of an isolated electrode at the upstream
boundary of the discharge chamber (i.e., approximately in the
same plane as the cathode tip). This electrode could be
alternately switched from anode to cathode potential during
operation. The objective of this experiment was to determine
whether ion loss could be diminished by operating moxe of the
digcharge chamber boundary at anode potential. The result
was a nearly imperceptible increase in discharge current
(about 1%) when the electrode was operated at anode potential.
It is therefore concluded that most ion loss to the discharge
chamber walls occurs at the cathode pole piece and baffle,
the screen electrode and pole piece, or the anode.

£. Neutralizer Performahnce

- Discussion of neutralizer optimization is deferred
to a separate section which follows cathode development. The
optimum neutralizer location and angle is shown in Fig. 36.
In this position, the neutralizer propellant flow can be re-
duced to about 3 to 5% of the beam current value without loss
of stability. At this propellant flow rate, there is no ex-
cessive gsputtering erosion on the accelerator grid in the
vicinity of the neutralizer.
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3. Hollow Cathode Design

The goal of this task was to improve upon existing hollow
cathode technology which was developed primarily for 15 cm
size thrusters. The low requirement was for an efficient
hollow cathode for use in 30 cm thrusters which could be eas-
ily restarted and have a projected lifetime of 10,000 hours.
The cathode requirements of a 30 cm thruster are nominally
10 A of emission with an eguivalent neutral atom current of
0.1 to 0.2 A. The study was conducted by operating the cath-
odes at these nominal neutral and emission currents in the
diode configuration shown schematically in Fig. 37. The guan-
tities monitored were discharge voltage, discharge current,
neutral current, cathode-tip temperature (self-heated), and
orifice erosion. Initially, a program plan was organized
to investigate separately the effects of

1, Cathode temperature
2. Insert material

3. Orifice diameter

4. Starting mechanisms.

This program was subsequently modified because it was soon
evident that the initial cathode design would self-heat at the
rated emission current and that the self-heating was propor-
tional to the length of the orifice and inversely proportional
to the orifice diameter. 1In the first cathodes tested, cath-
ode tip temperatures typically self-heated to 1600 to 1700°C
(measured with an optical pyrometer) at the 10 A emission
level, and severe erosion of the orifice was observed after
only a few hours of operation. Thus, all effort was guided
toward the reduction of operating temperature and orifice
erosion. A number of modifications were made; their sequence
was determined to some extent by the data reported by Kerslake
and Rawlin.'® Their data indicate that self~heating of the
cathode is reduced if the cathode tip is made thinner (orifice
length reduced) or if the diameter of the cathode orifice is
made larger. Figure 38 shows the cathode configurations, and
Table IX gives the experimental results. The first modifica-
tion reduced the cathode tip thickness, but maintained the
same orifice diameter. Because the operating temperature and
orifice erosion were not significantly reduced by this modi-
fication, the next modification increased orifice size. The
Type II cathode tip was adopted at this point because it was
thought that reducing the entire tip thickness to 0.051 cm
would limit thermal conduction of heat away from the orifice.
In addition, the Type II cathode tip was considered somewhat
easier to construct. Because cathode No. 106 showed promise
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in initial tests, it was decided to extend the test period.
The test time totaled 46 hours, with the test being inter-
rupted after 22 hours to take a mold profile of 'the orifice.
A thermal settlng plastic material used by dentists in making
oral impressions was used for this profile., By photographing
these molds, it is possible to synthe51ze a cathode tip cross
section as shown in Fig. 39. It is interesting to note that
during the first 22 hours of testing, rather severe erosion
took place, enlarging the orifice. and depositing the.material
removed in the beveled region (Fig. 3%9(b)). -During the next
24 hours of test little additional erosion can be seen; how-
ever, there appears to be some re-orientation of the deposite
material. Testing was discontinued at this point, -and the .
cathode was cross-sectioned and photographed. The photomicro
graphs of the cross-sectioned cathode revealed that the cryst
structure of the deposited material which fills the 45° bevel

‘portion of the orifice was quite- different from that of-the
_undamaged.portion of the cathode tip. Thus it appears that

erosion of hollow cathode orifices arises from a yet undetexr-
mined phenomenon which is a function of both the current
denSLty and the contact area of the orifice with the current
carrying plasma. Further investigation of this- phenomenon
probably tould lead to a better understanding of the cathode
em1531on mechanism.

) The results of this study may be summarized in terms of
the originally proposed program, as follows:

1. Cathode temperature — The original. 0.63 cm diameter
hollow cathode self-heated when operated at rated
current, and the cathode temperature was not an
1ndependent variable. The final cathode design
with a modified orifice geometry has alleviated
this difficulty and permits controlled operation
at up to 20 A.

2. Insert material — Several types of -insert material,
coating, and substrate were tried durlné tests of
cathode 102, but no difference in operaﬁ&on ox re-
startlng could be detected

3. Orlflce dlameter — Orifice diameter and orifice
length are critical dimensions to both operating
temperature and cathode erosion..

4. Starting mechanisms — Only one attempt was made to
incorporate an internal cathode stakrter. While a
discharge could easily be initiated, it was interna
and could not be'made to penetrate the orifice.



TABLE IX

Cathode Tests with Variations on Cathode Configuration
(All data are for bell jar testing with 10 A emission current)

Serial Hours Tip
Number sype Tested e S d, cm Temperature,a °c

102 X 20 0.152 0.025 1640
103 I 8 0.051 0.025 1430
106 II 46 0.051 0.038 1250
107 11 16 0.051 0.076 1020

8Measured with an optical pyrometer.

Discussions were held with R.T. Bechtel and W. Kerslake
of NASA LeRC, and it was determined that cathode orifice diam-
eters of 0.076 cm were currently being operated at LeRC with
negligible erosion observed. The final cathode design was
therefore fixed with a cathode tip of type II shown in Fig. 38;
the orifice diameter was set at 0.076 cm, and orifice length
at 0.051 cm. The insert was constructed of tantalum foil and
coated with triple carbonate emissive mixture as described
in Ref. 15. A single cathode was installed and operated
throughout the low specific impulse optimization and test
program with no perceptible erosion after an estimated running
time of 300 hours at currents ranging up to 20 A. A second
cathode of this design was used for the 500 hour design veri-
fication test. Figure 40 shows photomicrographs of plastic
moldings of the cathode orifice made before and after the
500 hour test. The erosion is again imperceptible. While
this is indeed desirable, it reduces to conjecture the ex-
trapolation of cathode lifetime. In this vein, the following
reasoning might be applied to,determine a projected lifetime.

Because cathode erosion is usually first observed as a
chamfering of the'downstream edge' of the orifice, it is
plausible that material removal of about 0.002 cm dimension
would be perceptible on the corner of the orifice in the
photomicrograph of the plastic mold. Because this cannot be
seen in Fig. 38, it might be concluded that the erosion rate
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is on the order of 0.002.cm/500 hours or less. Following
this line of reasonihg, it would take 10,000 hours or more
for this corner to reach the upstream boundary of the orifice
and start to increase-the orifice size (which is the lifetime
limitation). Hence, it can be conjectured that the cathode
has a minimum lifetime of 10,000 hours.

In addition to having a long projected lifetime, the
type II cathode design is observed to restart more reliably
than the type I -cathode. One explanation for this observation
is that the lower self-heated operating temperature is less
damaging to the emissive coating on the insert. In cathode-
103, for example, the insert-was removed after only 8 hours
of operztion and the emissive coating was almost entirely de-
pleted. 1In cathode 107, on the other hand, after 75 hours of-
the Task II 100 hour test, the.insert appeared little differ- -~
ent from when it was installed.

4. Neutralizexr Development

As thrusters are operated at lower specific impulses, the
importance of the neutralizer increases because space charge
density increases even-though beam current density remains
constant. To obtain neutralization without unduly penalizing
either electrical or propellant utilization efficiencies, a
plasma bridge neutralizer must

1. operate with a minimum coupling voltage

2. require a minimum propellant f£low through the
hollow cathode

3. not cause excessive charge exchange erosion to
the accelerator grid electrode-

4. have a lifetime comparable to other thruster
components (10,000 hours or more).

’
y

For a 30 cm thruster operating at a specific impulse of 2750
sec, the hollow cathode neutralizer must operate with less
than 100 mA {(edquivalent)} neutral flow rate and must couple

to the beam with a maximum of 20 V potential difference be-
tween beam and neutralizer cathode. The-neutralizer locations
and angles tested during the .program are summarized in Table X.
Variation No. 1 represents the configuration used on the high
specific impulse thruster tests. While the electrical per-
formance of this neutralizer location and.angle was satisfac-—
tory, an unacceptable pattern of charge exchange erosion was
observed on the accelerator grid electrode after the 100 hour
test of the high specific impulse thruster. Careful examina-
tion of .the erosion pattern indicated that the neutral atom
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TABLE X

Neutralilzer Variations and Results

HRLIT9-30
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efflux from the neutralizer forms a conical plume with half-
angle of the order of 45°. It was therefore concluded that.
the neutralizer cathode angle (shown in Table X as ¢) sheuld
be 45° or more. The rather excessive (for 100 hour operation)
erosion was discusSed with the NASA contract manager and other
members of-LeRC, and it was recommended that the length of the
£ and s dimensions be increased. This was done in varia-
tion No. 2, with good results. The charge exchange erosion
was monitored by spot.welding a 0.001 cm thick sheet .of tanta-
lum on the downstream surface of the acecelerator grid near

the neutralkizer. Ng-eresion could be detected. It was
thought that the increase.in & and s perhaps would be suf-
ficient to account for the improvement in erosion, and that .
the neutral propellant flow required to obtain the acceptable
coupling voltage could-be decreased by decreasing the neu-
tralizer cathode angle, Variation No. 3 was an attempt to
achieve this; however, although the propellant flow reéuire—
ment decreased; the erosion rate incr¥eased. The- remaining
variations represent attempts- to lmprove the neutralizer
characteristics through slight changes in angle and. keeper
electrode. The final configuration, Ne. 6, has a partially
enclosed keeper.electrxode which forces neutral atoms, ions,
and electrons to pass through the keeper electrede aperture
The keeper electrode aperture in all cases was 0.48 cm in
diameter and was spaced 0.152 cm from the neutralizer-cathode
tip.

The neutralizer cathode was constructed in the same way
as- the SERT-IT hollow cathode throughout the majority of this
program. That is, the cathode tip geometry was like that of
type I shown in Fig. 38 with the tube o.d. set at 0.318 cm
and the cathode orifice 0.020 cm in diameter and 0.102 cm
long, The final design was modified to resemble the thruster
cathode, the geometry shown in Fig. 38 as type II. This de-
cision was prec1p1tated when a .drill rod was accidentally
lodged and broken off in the cathode orifice.while attempting
to measure® the orifice diameter after .100 hours of the 500
hour verification test had been logged. Rather than replace
the cathode, it was decided to remove the cathode- obstruction
by chamfering the orifice. Throughout the remaining 400 hours
of the test, the neutralizer orifice showed no tendency to
close (as had been observed during some previous tests) and
the usual chamfering erosion was absent, as with the thruster
cathodes. The final neutralizer cathode geometry, therefore,
makes use of the 45° half angle chamfer and thus provides a
neutralizer orifice 0.025 cm in diameter and 0.025 cm long.
Because both NASA LeRC tests and those performed at HRL indi-
cate that neutralizer failure occurs somewhat anomalously as
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a result of cathode orifice closure, it is difficult to pro-
ject a neutralizer lifetime. On the basis of the thruster
cathode development, it is believed that the material which
closes the neutralizer cathode orxriginates from the typical
chamfering erosion observed on the downstream edge of the
cathode orifice of type I -cathode tips. If this is the case,
there is good reason to believe that the type II cathode tip
will eliminate this erosion ahd orifice closure will not
occur. Based on this supposition, neutralizer lifetime can
be extrapolated beyond 10,000 hours.

5. Control and Restart Systems

Thruster operation at high specific impulse can be per-
formed quite satisfactorily for short duration testing with
open- loop control systems (manual control). Conseguently,
at the beginning of the low specific impulse thruster develop
ment program the thruster power conditioning was completely
manually controlled. A schematic diagram of the power con-
ditioning used for ion optical system evaluation tests is
shown in Fig. 41. Using this system, the establishment and
maintenance of the boundary between the discharge chamber
plasma and the accelerator system could be performed adegquate
for short duration tests, but the system required constant
attention from and adjustment by the operator because the
power supplies used were unable to maintain a constant volt-
age under instantaneous arcing. In high perveance, low spe-
cific impulse ion optical systems, the plasma boundary and
the accelerator electrode are in close proximity. If, in the
event of an arc across the acceleration region, the power
supply voltages drop, the plasma can advance downstream and
penetrate into the aceeleration region. If the accel elec-
trode power supply can recover before the plasma boundary
reaches the accel electrode, the potential distribution will
focus the ion current so that it does not intercept the elec~
trode. If the accel power supply does not recover before the
plasma engulfs the accel electrode, the power supply must
then be capable of delivering sufficient current to sweep .out
and collect all the iens in the acceleration region, thus
forcing the space charge to re-—establish the potential distri
bution which focuses the ion beam. The last statement implie:
that the accel power supply, which normally supplies current
which is only a few .percent of the beam current, must be
capable of supplying currents of the order of the beam: cur-
rent for short periods of time. The-largest available power
supply with negative output was installed, and the system was
tolerably stable. During the Task II 100 hour test it became
evident that more stability was required, and several modifi-
cations were made.
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First, to supply the current necessary to satisfy arc
recovery conditions, a resistance capacitance network was
added in the output of the accel power supply. The logic of
this circuit is as follows. The  capacitor nearest the load
(accel) discharges to satisfy the arc requirements. This
drops the output voltage instantaneously; however, the energy
stored in the remaining. capacitors rapidly recharges the dis-
charged capacitor and the effective voltage recovery time is
significantly shortened. In this way, the current surge re-
quired from the accel power supply is reduced in magnitude
and stretched out in time. While this circuit improved
operational stability, occasional penetration of the acceler-
ation system by the discharge plasma was still observed. .
Part of this instability was attributed to activation- of the
neutralizer bias bypass circuit by the transients from the
capacitive discharge. A capacitor was installed to bypass
transients and increase the response time of the bypass cir-
cuit. This further improved stability. These modifications
are shown in Fig. 42. )

At the outset of the Task III optimization program, a
set of electrical isolators were installed in the thruster
chamber and thrustexr cathode mercury vapor feed lines. This
permitted operation of the vaporizer-power supply at ground
potential and allowed installation of-a control loop for con-
trolling thruster chamber vaporizer power (main propellant
flow) in proportion to beam current.- In addition, it was
discovered that the ion beam could be restored after a plasmsz
penetration of the grid by simply switching the ac power
input to the discharge power supply off and on. The time
constant with which the discharge voltage decayed was rela-
tively long due to the large filter capacitors in the output
of this supply. This modification was incorporated into the
power conditioning as a control loop which switched off the
discharge supply input power whenever the accel current ex-
ceeded a preset value. These modifications are shown in Fig.
43. With this system, the thruster could be operated with
little or no adjustment by the operator after initial warm-
up and adjustment.

Although the system shown in Fié. 43 provides satisfac-
tory control for stable operation, the following shortcomings

wexre noted:



~wl /4T -SSR 3

~ ——— —
-

MELSORLI PP - — —_ JE— —_— —_— - —
L X oy
- 5 - —

ATITOR 1 ER —_—t = = — -
Lt AvEp _I
L8 - .

b — e s —

Y e T s i
NS K LA - . - _]
AT Vf)ﬂo“’f“ff
E; . . :

[—

- OV TOLL &y

| LW!PORIZ{" ~2S.

var |
var

| aAt e 211

i |L+

- _ o

| (dfﬂap;_:un-— [N — 1_+ —_—
B AV | >

) P 4.0 : - —_— — _L..' |

.

#hp —oz‘::,"..*x:"—'

' I-:'X/frno(at/p(( _—— . — I ; | |
CONTEOI: 1 O ] d
L VREOM ISR 28 [~ — —

CRTHOIOE r — N — _J. !
LEPASL 1 '

o 8 —_— —_— -

— — — 1

'_./'?/.'.‘('u-.'(’o( = — AANM~ — - .
P - ™
l_ - = . . ~-—(fe} —

car

r : '
| : a—
Q.7 £ Py ‘ﬁ —
. ICC K E .
T [ocrase semsime; . . Lo 'L\/\I\/\/I\/\N— ._/Jr\_-l
‘ DO SwolTaiind - T 4

Fig, 42. Elcctrical test system schematic showing modifi-
cation required for stabilization during Task II
100 hour test,

1
a_,"'_ _ . ! ﬁv-of‘:%:_"%
=

101



e Iz o0

VELTRAL (7ER ) e ———
EELEL
2.5

NESTRAL [ 2E8
HEATEL
L8, - : -

THELCA O OLUPLE
CONTROL £ EL
NECT V;r;%oe/zae

KAPOR/IZER
POWER
SUPFLY 1 |z

Ly
Ty CONTEOLLEYL .
UAPORI2EL CONTROLLED Ao~ LTI
25, . vap % A
g —» i 1 ! 1 : !
vas X
vae Af‘d[.d)'oﬁs‘ f :
A’f T o= in =1 I} = i | 9 H
— n
.n
4 »
CATHOLE dNEL |
IEOLATOLS
o5
TEHERNTOLOCAL &
CONZROLLED

VArPoereee £.85

CATHOOE
RELEPER _ -
o |
- »
+ /2
OIS CHALEE A
- @
) f)
& 200 52 )
BEAM AN @_
o5, -
) } Y I
o.r F , e . . ,
HACCEL. o .
VL 7TASE SENSING it = ff\
AND SUITCHNG WM ()
CRT , )
i | D/5cH4REE RS, . @
i ' LA :
PO _l L

Fig. 43. Electrical test system schematic showing modifica-
tions used for Task III and IV testing.

102



Control of the hoilow cathode vaporizer based on
vapurizer temperature does not insure that the
cathode fliow rate remalns constant, ané conse-
guently the discharge voltage ternds to vary.
Control of the Lollow cathcde vaporizer in pro-
porticn to discharge voltage would be vreferabie,

A thruster-cecnirol lcop instability exists in

the beam current-vaporizer contro. lecp. This
instability does not appear while the controa
leop is maintaining a stable opperating point,

Lut only when the beam set controi is adiusted

to obtain higher beam currents. The instability
is manifested as a change in discharge mode such
that increcasing propellant flow causes a decrease
in exiracted lon bean. '

Juring this program this prodiem was circumvented
by instailing a ranually contrplled vaporiucr
power supwly for increasing propeliant flow to
increase bearm current. This power supply was
also ased to hold propelliant flow constant over
short periods for thruster performance mapping.
For avtormatic power level control, a new solution
must be found.

Re-establishment of the ion beam by switching
the discharge power supply lnpat places undue
strain on power supply cormponents. A method
which would contrcl the disgcharge, beam, and
accel power supply outputs Iin a predetermined
sequence,would be preferable. C

5. Thruster '1‘_€'SL!—~_

This section briefly discusses t
wsed Lhroughout the program and prese

est procedures and methods
nls representative data

indicative of the thruster performance and component Jifetime
at the compiction of each tLask,

a.

Thruster Performance

ALL tosts were performed In the HRL 9 ft diameter

vacuar facilizy in which ambient pressure is typically 107°
Torr during testing. The thrusters were operated for sulfai-
client time {1 or 2 hours) to come to eqguilibrium befcore elec-
trical and nmercury flow data are recorded. Flow data are ob-
tained by recording the mercury ievel in cach reservolir as a
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function of time and fitting these data with a straight line.
For short duration tests, electrical parameters are read for
each performance mapping. For the longer design verification
tests, both electrical and flow data were taken at 30 min
intervals throughout the test. Variable power operation
{throttling) was performed by stabilizing propellant flow at
each power level and performance mapping (discharge losses
versus propellant utilization). The variable power operation
characteristic of the thruster was then obtained by cross
plotting points taken from these performance mapping curves.

Representative thruster parameters from Tasks II, III,
and IV are presented in-Table XI. A comparison of representa
tive performance mappings for each stage of development is
given in Fig. 44. At least part of the improvement seen in
the performance mappings for.Tasks III and IV can be attri-
buted to improvement in the fabrication of the insulated grid
Both the quality and uniformity of the -coating improved with
each grid, and better performance was observed. Throttling
characteristics of the thruster chamber developed under this
program are shown in Fig. 45. These data points were obtaine
as described above, without a control system. Many beam pro-
files were obtained during both the short term and the longer
design verification tests, using the probe configuration show
in Fig. 46. Beam profiles were measured at two locations,
2.5 cm and 1.5 m downstream of the accel electrode. Repre-
sentative -beam profiles for these locations are shown in Figs
47 and 48. 1In addition to the performance data presented in
this report, extensive documentation has been submitted in-
the form of special reports covering the longer design veri- -
fication tests. In the Task II 100 hour test, most of the
difficulties which were experienced during the test were re-
lated to the power conditioning and thruster wiring. In the
Task III 100 hour test, the insulated grid failed after 76
hours of operation and a second grid was required to complete
the 100 hour test. For the Task IV 500 hour test, power con-
ditioning and contrgl’systems operated without difficulty
throughout the test period. The only disappointing aspect of
the test was the short lifetime of the insulated single grid
ion optical system. Three grids were required to complete
the test. Table XII summarizes the performance during the
three test periods and the average results for the total test

b. Component Lifetime

As discussed in Section III-B-3, useful lifetimes
of greater than 104 hours may be anticipated for the hollow
cathode and neutralizer cathode as a result of the 500 hour
test conducted in Task IV. The insulated electrodes, on the
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TABLE XI

Comparison of Representative Thruster Parameters for Tasks II, IITI, and IV
Task IX Task III Task IV
v A P v A P v A P
Beam 1000 1.59 1590 1000 1l.86 1860 1000 1.854 1854
Discharge 35.4 9.8 347 36.5 10.3 376 40.9 { 8.6 353
Accel . 640 0.040 65.6% 580 0.053 | 842 405 | 0.050 70.2%
H.C. Heater 7.8 | 3.0 23.4 7.3 2,8 20.4 18,1 | 2.8 50.6°
Neut. Heater 4.9 3.1 15,2 6.4 . 3.1 19.8 5.012.9 14.5
H.C. Keeper 8.1 0.29 2.4 9,0 0.25 2.2 8 0.28 2.2
Neut. Keeper 10.2 0.27 2.8 11 0.2 2.3 9.7 10.22 2.1
Main Vaporizer 2.9 2.1 6.1 3.8 2.55 9.7 3.6 | 2.4 8.6
H.C. Vaporizer 1.9 1.6 3.0 2,5 2.08 5.2 2.3]12.0 T 4.6
Neut. Vaporizer 2.3 2,2 5.1 i.9 1.6 3.0 1.5]1.1 1.6
Neut. Coupling 22b 1.59 3540 22b 1.86 41 21.913 1.185 40.6
Cathode Isolator 6.5, 3.0 18.5
. sea C
Main Isolator _ 6.4 , 3.0 15.0
Potal Pover A 2095.6 2458.1 2402.0
a . .
Accel power is computed as I....q X Viotal®
bNeutralizer coupling power is computed as Ibeam x (Vneut + 12).
Coathode heater and isolator heaters were operated in series.
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TABLE XII

Task IV 500 Hour Test Performance Summary

Hours 0 + 200 Hours 200 + 400 Hours 425 -+ 500 Total Test? ’
Parameter < -
v I P v I P v I P v I P

Beam 1000 1.849 1849.0 1000 1.856 1856.0 1000 1.863 1863.0 1000 1.854 1854.0
Discharge 41.0 8.9 363.0 41.1 8.2 339.0 40.1 9.0 361.0 40.9 8.6 353.0
Accelb 480 0.055 8l.4 350 0.049 66.2 352 0.038 51.4 405 0.050 70.2
Cathode and 18.4 2.9 53.4 17.9 2.7 48.3 18.0 2.8 50.4 18.1 2.8 50.6
Isolators Heater '
Neut. Htxr. 5.0 2.8 14.0 5.0 2.9 14.5 5.0 2.9 14.5 5.0 2.9 14.5
Cath. Keeper 8.2 0.31 2.5 8.0 0.25 2.0 7.7 0.25 1.9 8.0 .28 2.2
Neut. Keeper 11.9 0.25 3.0 8.4 0.20 1.7 7.2 0.20 1.4 9.7 0.22 2.1
Main Vap. 3.6 2.3 8.3 3.5 2.4 8.4 3.6 2.4 8.6 3.6 2.4 8.6
Cath. Vap. 2.4 | 2.1 5.0 |7 2.3 | 2.0 4.6 2.3 | 2.0 4.6 2.3 | 2.0 4.6
Neut, Vap. 1.6 1.2 1.9 1.4 1.0 1.4 1.5 1.1 1.6 1.5 1.1 1.6
Neut. CouplingC 24.2 L1.849 44.7 20.2 1,856 37.5 20.0 1.863 37.3 21.9 1.854 40.6
Total Power 2,426.2 W 2,379.6 W 2,395.7 W *2,402,0 W
Total Losses 577.2 W 523.6 W 532.7 W 548.0 W
Electrical Efficiency 76.6% 78.0% 77.9% 77.1%
Mass Efficiency 87.0% 92.2% 92.0% 90.0%
Total Efficiency 66.6% 71.9% 71.7% 69.4%
Thrust 26.9 mlb 27.0 mlb 27.1 mlb 27.0 mlb
I 2,751 sec 2,915 sec 2,909 sec 2,846 sec
p8REr /Thrust, 90.3 W/mlb 87.1 W/mlb 88.4 W/mlb 89 W/mlb
eV/Ion 196 183 194 190
Main Flow Rate 1.04 cm3/hr 1.00 em3/hx 1.02 cm3/hr 1.02 cm3/hr
Cathode Flow Rate 0.095 cm?/hxr 0.065 cm®/hr 0.061 cm3/hr 0.077 em3/hr
Neut. Flow Rate 0.041 cm3/hr 0.044 cm3/hx 0.040 cmd/hr 0.042 em3/hx

4pata from hours 400 + 425 excluded because of electron backstreaming through the grid.

b

Accel Power i1s computed as I

accel ¥ Veotal:
SNeut. Coupling Volt = Thruster floating potential plus estimated beam potential of 12 V.




other hand, failed after approximately 200 hours of operation.
The failure process was one of erosion of the insulating
coating in a localized area, so that the negative electrode
was exposed to direct ion bombardment at the full extraction
voltage. The exposed electrode area soon sputtered away and
the failure progressed to the point where either backstreaming
of electrons or loss of ion focusing ability occurred in that
local area. The fact that the failed area was destroyved, plus
the different environmental conditions between an operating
thruster and bench test of the electrode before and after
operation, make guantitative analysis difficult.

We first list a number of empirical observations made
about the electrode system during and after failure, followed
by a discussion of mechanisms which may be responsible for
the degradation. - _ ‘ ’

(1) Observations

a. After operation for 200 hours, three radial
zones usually may be identified on the elec-
trode. The central zone (v 5 c¢m diameter)
appears to be eroded by direct ion impinge-
ment. Sections cut from this area generally
show a degradation in the structural proper-
ties of the glass. The next area (to a diam- -
eter of v 20 e¢m) is generally in good condi-
tion and shows little evidence of sputtering
or other damage. The outer zone shows some
general erosion intermediate between the
.first two. The apertures in this zone are
often irregular in shape.

b. Failure may occur in any of the three zones
defined above and at any azimuth. The fail-
ure point does not appear to be connected
in any way with the location of the neutralizer
or any other thruster component.

c.  Backsputtered material from the collector
is deposited on the downstream face of the
electrode and in the electrode apertures on
the ceramic coating. The deposits are heavier

- in zone III near the thruster periphery. -

d.. Electrode No. 35, which was used to start the
500 hour life test, was removed from test after
10 hours of test and after 100 hours of test
for inspection. It was then cbsexrved through a
high power telescope during the remainder of
its test until failure at 200 hours. No visual
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erosion was observable at 10 hours. A few aper-
tures showed slight erosion at 100 hours. Gross
changes in aperture shape began to appear ap-
p;oximately 24 hours before the test was ter-
minated.

It has not been possible to correlate the
fajilure location with any anomalous physical
characteristic of the grids (i.e., thickness,
minor flaws, discoloration, aperture size,
etc.) using high resolution pictures taken
prior to the test.

An insulating coating (presumably from the
electrode) builds up on the anode during
the test. : )

No incandescence or other indication of tem-
peratures high enough to melt the insulating
coating has been obsexved during the test.

Neither the arcing rate nor the accelerator
current increases dramatically as erosion
becomes visible. -

Probable Failure Mechanisms

Sputtering - Cross sections of the electrodes
taken from zones I, II, and III are shown in
Fig. 49. The electrode shapes are consistent
with the model illustrated in which direct
sputtering occurs in the central region be-
cause of the high current density there. Simi-
larly, ions which cross over due to the lack
of space charge in zone III will sputter this
region in a less localized way. This general
picture is consistent with computer studies

of ion extraction systems with varying ion
arrival rate. The actual rate at which mate-
rial is removed cannot be predicted because

of the unknown sputtering coefficients of the
insulator and the poorly defined current
density and energy of the arriving ions. Modi-
fying the shape of the insulating material may
have several effects on the performance — change
in the shape of the equipotential lines, ex-—
posure of the softer filler glass material,

and reduction in the insulation strength due to
reduced thickness of the insulator. The im-
pacting ions may also modify the substrate
material; however, this is speculative at best.
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Buildup of surface charge — A buildup of sur-
face charge due to impacting ions would modify
the equipotentials and hence the performance
of the ion optical system. This depends criti-
cally on the ion arrival rate and leakage re-
sistance of the insulating material. Poor
performance of a pure alumina insulator during
a brief test of that material prior to this
program is taken as an indication that the high
surface and volume resistance of this material
may prevent the surface charge from leaking
away, thus preventing the plasma sheath from
stabilizing at the desired location.

Deposition of sputtered material — It is visu-
ally observed that a metallic- sputtered deposit
builds up on the exposed downstream surfaces of
the electrode, even though the beam path is 5 m
long: This deposition is greatest near the
periphery, where its removal by charge exchange
erosion is a minimum. This sputtered film
modifies both the equipetentials and the sur- -
face leakage and is a source of numerous small
arcs which are visible during the test. A
change ih operating current or voltage is gen-
erally accompanied by a period of intensive
arcing which appears to remove some of this
sputtered material. Obviously, testing in a
large facility where the removal rate by charge
exchange ion sputtering exceeds the deposition
rate would be desirable.

Ion migrat:i.onls — It has been observed that when
a voltage is impressed across a glass sheet,
the ionic constituents in the glass (particu-
larly the positive ions) tend to migrate.

After long exposure to electric fields the
mechanical properties of the glass have been
observed to degrade. This may be’ the cause of
the poor structural properties of the glass in
zone I. A possibly related observation is

that of a region of failure adjacent to the
metal electrode in otherwise structurally inte-
gral coatings near the edge of zone I. While

a number of totally unrelated explanations for
these observations may be possible {i.e., gas
evolving from the metal, voids created during
manufacture, etec.), these regions may represent
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areas of high voltage gradient at the boundary
of a depleted region. This depletion may be
enhanced by removal of material by sputtering
and the continuous impingement of positive
charge on the surface.

e. Thermal runaway.- — The resistivity of all ionic
glasses falls rapidly by several orders of mag-
nitude as the glasses are-heated a few hundred
degrees. If a voltage is impressed across’ the
glass at the time of heating, the leakage cur-
rents will increase to the point where I2R losses
will ultimately continue to heat the glass, until
a thermal runaway condition exists. This phenome-
non itself may destroy the glass or it may: mod-
ify the equipotential shapes sufficiently that.
the conditions necessary for stable ion beam
extractién are no longer fulfilled. This phe-
nomenon also will be enhanced by sputter erosion,
particularly if the coating thickness is mar-
ginal to begin with.

£. Aperture shape — The procedure used to perforate
the molybdenum electrodes (i.e., chemical milling,
produces an aperture with a "waist" as seen in
the photographs in Fig. 49. The thinner insulat-
ing coating in this area may be subject to higher
electrical and mechanical stress and as a result
may deteriorate more rapidly than other regions,
thus creating a local area from which the erosion
can spread.

Presumably all of the above phenomena are present to some
degree. Further analyses and tests are required to determine
guantitatively the extent to which each contributes to the
electrode failure. )

C. DELIVERABLE HARDWARE

Thrusters identical to those used in the Task I design
verification tests and the Task IV endurance test were fabri-
cated and delivered to LeRC as part of the contracted effort.
The design layouts and photographs shown in Figs. 50 through
55 illustrate the deliverable hardware. All parts were fabri-
cated to mil spec-drawings (MIL-D-1000 category E - Form 3) and
were delivered complete with the gquality control and drawing
package specified in the contract. Table XIII summarizes the
mechanical and performance characteristics of each thruster.
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Fig. 51. Task I 30 cm thruster delivered under
contract.
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Fig. 54. Task V 30 cm thruster delivered under
contract.
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Fig. 55. Task V 30 cm thruster delivered under
contract.
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LTABLE XLLL

Specifications for Deliverable Hardware

Over-all diameter, om

Over-all length, cm

Weight .
Digcharge chamber, kg

Ion optics, kg

Ground screen, kg

Total, kg
Beam diameter, cm
Beam current, A.
Beam yoltagé, 13
Accelerator véltage, kv
Bfféctive specific impulse, sec
Total input powexr, kW

Power efficiency, %

[+]

Mass utilization, .%
bischarge chamber, %

Total, %

High Ig, Thruster Low Igp Thruster
Contract Delivered | Contract |Delivered
Goals Hardware ,| Goals Hardware
40 40 40 490
— 37.5 —_ 37
— — — 3.40
— — — 0.50
— — — 1.60
9.07 6.3 < 9.07 5.50

— 29 — 29
1.0 1.0 1;85 1.85
.3.0 3.0 1.0 1.0
2.0 2.0 — 0.4

4650 4500 2750 2847
3.5 3.43 2.5 é.4
85 88.1 74 77.1
e —_ -— 93.4
85 88.2 87 90.0
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SECTION IV

SUMMARY OFE. RESULTS AND CONCLUSIONS

This program set-out to produce a 2.5 kW mercury ion-
thruster that would operate efficiently at an effective speci-
fic impulse of 2750 sec. These specifications were derived
from current mission and system analyses that demonstrate
that such .a thruster module would be the most useful for a
variety of-deep space missions of current interest. As a
result of these studies the following conclusions may be
drawn: .

1. The highly efficient discharge chamber design of
the SERT-II thruster may be scaled to twice its
diameter without loss of efficiency or stability.
The addition of an insulated electrode system to
such a discharge chamber actually produces a
more efficient discharge chamber than the SERT-
IT unit.

2. It is possible to désign both conventional and
insulated electrode systems with sufficiently
high perveance to extract and focus a 1.85 A ion
beam from the above 30 cm discharge chamber at a
net accelerating voltage of 1000 V. From the
measurements made in this contract it has been
demonstrated that the insulated optic has higher
perveance and provides more improvement in dis-
charge chamber efficiency than the conventional
system.

3. Tt was believed initially that the primary failure
mode of the ion optical system would be due to
sputtering damage to the downstream surface by
charge exchange ions. Life tests have sub-stanti-
ated the analytical predictions that this type
of exosion has been reduced to a value compatible
with proposed mission durations. Life tests indi-
cate that the primary failure of the insulated
electrode is by local failure of the insulating
coating after a few hundred hours of operation.
While several mechanisms for this failure may
be postulated, none has yet been fully verified. .
This is an important area for further study.
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The - rapid eresion-of early hollow cathodes has been
eliminated-by a médification of the-cathode orifice,
geometry. Opening the erifice and improving thermal
conductivity in this region has .permitted the cath-
ode tip to run-cocler. No cathode erosion was de-
tectable after 500 hours of operatien in the dis-
charge: chamber,

An electrical -isolator has been developed and

tested which permits the prepellant.storage system
to be operated at ground potential while the.thruster
is in operation. The 500 hour life.test was con-
ducted in this manner with isolators in beth the
cathode- and main propellant lines. Leakage currents
were undetectable on a 10 mA meter - throughout the tes
No electrical breakdowns in-the iselator were ob-
served during any thruster testss

Limited throttling studies were performed to estab-
lish the thruster efficiency over a -2:1 power range,
These were very encouraging and indicate that more '
work in this area should produce  a thruster with
considerable versatility.,

The thruster performance was sensitive to a number
of parameters. A fruitful area for future research
is the investigation of the thruster transfer func-
tions and development -of a control -system to provide
for stable operation with the minimum manual
adjustment,

The final hardware delivered under this contract had
the following specifications

Input- power 2.4 kw
Electrical -efficiency 77.1%
Propellant efficiency 90.0%.
Over-all efficiency 69.4%
Effective specific impulse 2846 sec
Net acceleration voltage 1.0 kv
Thrust- 0.027 1b.
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APPENDIX

DEVELOPMENT OF ELECTRICALLY INSULATiNG COATING
FOR ION ACCELERATOR GRID

by W.E. Lent

In erder to improve the operation of the Xaufman thruster,
a high temperature dielectric coating is required on the ion
accelerator grid. This coating is required to furnish 2 to
3 kV protection at a maximum operating temperature of 600°C
in certain areas. The coating must be strongly bonded to the
surface of the perforated-molybdenum grid. In addition, the
coating should be impervious to mercury plasma and have a
smooth surface to minimize coroha.

A. DEVELOPMENT OF' A GLASS COATING FOR MOLYBDENUM

Initial work on the coating involved development.cf a
glass that would be fused onto molybdenum at a temperature
greater than 800°C. It was necessary that this glass have a
thermal expansion match close to molybdenum, that it be
bubble free, and that it have a high electrical resistivity
at the operating temperature. If-a voltage breakdown value,
of 250 V/mil were assumed, the glass coating should give ade-
quate protection at 8 mil.' thickness. Extensive work was con-
ducted along these guidelines which resulted in basic data
for the successful dielectric system. -

In the performance of these studies, 54 samples of com-
mercial glasses from Ferro Corporation, Glostex Chemical, and
Corning and of HAC's own manufacture were formulated and
fired under varying-conditions. They matured over a range
of temperatures from 1025° to 1775°C. Firing atmospheres
were nitrogen, argon, and vacuum in four separate fusion
methods.

1. Fusion Methods

a. Strip heating

Strips of molybdenum 1 x 0.0l x 10 cm were coated
on one side with each of the candidate glasses.
Both ends of each strip were fastened to electrodes
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in a bell jar. Firing trials were conducted at
temperatures from 800 to 1750°C by passing an
electric current through the strips. The effects
of nitrogen and vacuum were compared during the
tests.

b. Preheated electric furnace

Molybdenum plates 2.5 x 5 x 0.025 cm were-coated
with the candidate glasses and placed in. a guartz
tube filled with flowing nitrogen. The-coatings
were fused by inserting the tube into a preheated
globar furnacde at 1200 to 1400°C for a short
fusion ¢ycle.

c. Electric furnacé-fusion — long cycle

Molybdenum plates 2,5 x5 x 0.025 cm were coated
with candidate glass on one side and fired from
room temperature to 1200 te 1300°C inside an
impervious, closed end mullite tube- with contin-
uous argon. flow. " The other end of the tube was
sealed to atmeosphere remotely from the heating
zone and the argon passed in and out of the tube
through this seal. Globars around the-exterior
of the middle of the tube provided the heat
source. The argon.was allowed to flow during
subsequent cooling.

d. Fusion of coatings on molybdenum grlds in a gas
fired furnace ’

Both 15 and 30 cm grids were coated on one side
with candidate glasses. The grids were placed in
sealed cordierite saggers employing alumina powder
seals where the saggers joined. An entire sagger
assembly was- fused from room temperature teo 1150
to 1200°C in a gas fired kiln. Argon under pres-
sure was forced into the saggers through mullite
tubing which passed through-the kiln wall. Argon
pressure wasg measured at the sagger outlet tube to
assure positive pressure at all times diuring firinc
and cooling.
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The first three of these firing methods made it possible
to select the best -glasses and associlated firing technique to
coat molybdenum. Unfortunately, neither the 15 nor 30 cm
diameter grids could be fired by these methods because of
inherent equipment limitations, The fourth method accommodated
the large grids but was unsuccessful due to excessive molybde-
num oxidation caused primarily by the.porosity of the saggers
and seals. Consideration of thege factors resulted -in the
observation that firing samples in a sealed sagger to 1200 to-
1300°C in a gas kiln is not practical. It was then concluded
that a better way would be to put the heater inside a special
atmosphere chamber and keep seals as near as possible to room
temperature. In order to fire grids up to 30 cm diameter,
an induction furnace was designed and constructed with the
heating susceptor and samplé well insulated -and located in
the center of a large bell jar. All atmosphere.seals on the-
furnace were maintained close to room temperature. The in--
duction heated susceptor was. capable of producing temperatures
up to 1700°C. The sequence of furnace operation was as
follows: :

1. Place the coated cathode on the susceptor and
cover with refractory lid.

2. Place the glass dome on its glass.base with the
joining surfaces vacuum grease coated.

3. ‘ Strap down the glass dome with spring leaded
nylon web straps.

4. Evacuate the dome with a vacuum roughing pump
to » 26 in. Hg, -

5. Seal off the pump and bleed in 1.5 in. positive
water head.

6. Raise rf ﬁower-in-induction coil until desired
fusion temperature is reached. Hold temperature,
if required, by regulating rf power.

7. Turn off power and continue to allow argon to
flow until dome is cool enough to remove.

8. Turn off argon and remove dome.
This- process was ultimately refined to the point that this

apparatus could perform a fusion operation on a 15 cm diameter
grid at 1100°C and cool to a safe removal temperature in a 2
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hour complete cycle. A larger: apparatus powered by a 20 kW
induction generator was then built for firing 30 cm diameter
grids by essentlally the Same process.

2. Development w1th‘Induct10n Furnace.

The new.furnace operated extremely well, providing in-
creased firing-speed and decreased oxidation. This necessi-
tated re-evaluation of previously selected glasses and pro-
cesses under the new conditions. Three parallel studies were
made, as described below:

a. Preparation of Molybdenum for Glass Coating

Eight methods forx perforated molybdenum surface -
treatment were investigated using MC-l-glass at 1200°C, for
comparison with coatings applied on untreated metal. These
methods are described and the results- are outlined in Table
A-1. The selected method consisted -of electropolishing the
grid until the corners of the perforations were rounded.
The resulting surface to be coated was then lightly sand-
blasted-to dull the polish.

b. Evaluation of Commercial Glasses

Calculations were made to obtain the expansion coef:
ficients of selected glasses from previous work and of some -
new commercial glasses, Those considered acceptable had
thermal expansion values of 6 x 107°/in. /1n /°C, or less, to
approach the value of molybdenum (4 x 10-6/in./in./°C). Com~
mercial glasses selected were Corning 7052, 7055, 0. Hummel
698, Perro 3249, 3185, 3224, 3225, 3251, 3291, and 3241. All
glass coatings were applied with a spray gun to produce dried
coatings of two thickness ranges — 3 to 5 mils and 5 to 7
mils., Samples of each were fired to temperatures of 900,
1000, 1200, and 1400°C for corresponding times at each of
these temperatures of 90, 60, 30, and 0 min.- Argon. at 1.75
in. of water pressure was used for fusion in the induction
furnace.

The basic formula used in preparing the coatings was:

Parts by Weight

Glass Frit (5 200 mesh) 70
Enamel Clay 3
Sodium nitrite 0.05
Water to produce a sprayable

suspension.


http:Argon.at

el

TABLE A-1

Results of Metal Preparation Studies with MC-1 Glass

Metal Single Thickness, Two Thackness, Three Thickness,
Surface Treatment Fired Coat Mils Fired Coats Mils Fired Coats Mils
Untreated Dark Gray 3 Med. Gray 5.5 Light Gray 9

Clear Clear Slightly Opaque

No Bubbles Few Bubbles Bubbles

Edge Crawling Badly Crawled No Crawling
Dry Bead Blasting park Gray 2.5 Med. Gray 5 Light Gray 11.5

Clear Clear Slight Opaque

No Bubbles Few Bubbles Many Bubble

' . Clusters

Badly Crawled Badly Crawled Slight Crawling

Wet Bead Blasting Dark Gray 5 Med. Gray 5.5 Light Gray 13
. Clear Clear Slightly Opaque

Ho Bubbles Few Bubbles Bubble Clusters

Badly Crawled Badly Crawling Slight Crawling
Laiguad Honing Dark Gray 3 Med. Gray 4 Light Gray 18

Clear Clear Slightly Opaque

No Bubbles Few Bubbles Many Bubbles

Badly Crawled Slight Crawl Slight Crawling
Machined Counter- bDark Gray 2.5 Med. Gray 5 Light Gray 20
sinking of Clear Cleax Slightly Opagque
perforations No Bubbles Ko Bubbles Many Bubbles

Metallic Areas Badly Crawled Slight Crawling
Electropolishang Dark Gray 4 Med. Gray 9 Light Gray ——

Clear Cleax S5laghtly Opague

No Bubbles Few Bubbleg Many Bubbles

Extreme Crawling Extreme Crawling Extremely Crawling
Electropolishang bark Gray 2.5 Med, Gray 6 Light Gray 10
followed by Clear Clear Slightly Opague
Sand Blasting No Bubbles Few Bubbles Some Bubbles

No Crawling No Crawling Very Slight

Crawling

Electropelashing bark Gray 3 Med. Gray 4 Light Gray 19
followed by Clear Cleaxr Slightly Opague
Oxadation No Bubbles Few Bubbles Isolated Bubbles

Slight Cxawl Slight Crawl No Crawling
Electropolashing bark Gray 4 Med. Gray 7 Light Gray —_
followed by Clear Clear Slightly Cpaque
Etehang No Bubkbles Few Bubbles Many Bubbles

Extreme Crawling

Extreme Crawling

Extreme Crawling




The results of firing at 900; 1000, and 1200°C are given in
Table A-2. Firing at 1400°C resulted generally in over-fired
coatings which, although essentially bubble free, were too
thin for grid protection. Coatings MC-4 and 5 (Corning No.
1720 and 7070) did not arrive in time for testing and coating
MC-10 burned up at 9200°C, eliminating further testing. There-
fore, results of -these glasses were not reported. It is seen
that- all of the ten glass coatings were capable of giving
good glassy coverage with no apparent thermal mismatch. Each
glass gave best results at certain temperatures reported in
Table A-3. The best.glass frit was Ferro No. 3249 (coating
MC-1) fired to 900°C for 30 to 90 min, depending on the mass
of- the molybdenum. None of the glasses was entirely bubble
free. Those that were clearest were also too thin to give
adequate protection at 2 kV,.

c. Development of Lower Temperature, Low V150051ty
Glasses for Molybdenum

It was reasoned that a lower fusion- temperature
would cause less gas evolution from the molybdenum grid and
that a lower melted viscosity would permit bubbles to escape
more readily. A glass known to be very wviscous, Ferro No.
3249, was selected as the starting formula. This glass con-
tains MgO, CaO, Alj3O3, Bp03, and SiOy. Systematic studies
of variations in the oxide percentages in this system re-
vealed that reducing the 5i0; content was the.-most effective
means of lowering the viscosity. Continued experiments re-
sulted in the formulation of a new glass with lower viscosity
and melting point and a close thermal match to molybdenum.
The formula and method of preparation and application of the
- new glass are discussed at the ‘end of this section.

3. Electrical Tests of Two Selected Glasses

Both MC-1 coating and the coating based on MF-4 glass
were applied to 5 cm? perforated molybdenum test samples at
various thicknesses, and fired at several temperatures.
These were tested electrlcally for voltage breakdown with
the apparatus shown in Fig. A-1.
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Results of Commercial Glass Evaluation Using the Induction Furnace

TABLE A-2

Results®
Peak Time at
gg;;;ﬁg Tempefature, Temperature, Nugger Type Fired Thermal
¢ Min Coats Glass Thickness, Crawling | Bubbles Fit to Texture
Mils Molybdenum
900 90 2 Fexro 5 N N E Slightly
3249 Underxfired
900 90 3 5 N G
MC=1 1000 60 2 4 r P
1000 60 3 7 N G
1200 30 2 3 iG G
1200 30 3 7 IG P
200 20 2 Coxrnang 6 N Pits B Fa
900 90 3 7052 20 4] Ext G
MC~2 1000 | 60 2, 11 s N’ G’
1000 60 3 s 19 N N G
1200 - 30 2 * 7 s M R Fa
1200 30 3 16 N M Fa
200 90 2 Corning 7 N N B G
900 g0 3 7055 12 s F Fa
MC-3 1000 60 2 5 N N G
1000 60 3 17 N ML P
1200 30 2 9 N M G
1200 30 3 13 N M G
9900 90 2 ¢ 'Hommel 7 N F G G
300 90 3 . 698 11 N Fa
HO-6 1000 60 2 3 N P
1000 60 3 9 N Fa
1200 30 2 3 N vG
1200 30 3 11 IG ra
300 90 2 Ferxzo 4 N M G Fa
300 20 3 3185 12 F G
1000 60 2 3 F G
HC-7 1000 60 3 9 16 G
1200 30 2 5 Y iG G
1200 30 3 11 F Fa
1000 60 2 Ferro 4 Cc F G VP
M-8 1000 60 3 3224 17 c N + G
1200 30 2 8 s M Fa
1200 30 3 11 s F Fa
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TABLE A-2 (Cont'd)

a
s Results
Coating Tem zi:ture Teﬁ;ggazﬁre Nugger Type :
Humber P g ! Min N Coat Glass Fired Thermal
oats Thickness, Crawling | Bubbles Pit to Texture
Mils Molybdenum
S00 90 2 Ferro 3 S F G G
a00 90 3 3225 11 s N VG
1000 60 2 8 N N G-
HE—9 1000 60 3 16 c u VG
1200 30 2 ’ 12 s ¥ ‘ Fa
1200 30 3 16 s M G
900 o0 2 Ferro 3 N M E P
900 90 3 3291 4 N M P
1000 60 2 3 c F Fa
_ 1000 60 3 8 ] N G
Mc-il 1200 30 2 3 N M Y Fa
1200 30 3 ' 8 N M G
900 30 2 Ferro 14 c M G - G
300 50 3 3241 18 5 F G
load 60 2 10 N N Fa
He-12 1000 60 3 20 c u . Fa
1200 30 2 9 [ M P
1200 30 3 18 c M P
aKez
N = None E = Excellent
§ = Blight VG = Very good
o] = Crawling G = Good
F = Few Fa = Pair
M = dany P = pgor
L = Large VP = Yery poor
ML = Many large
Ext = Extreme
IG = Isolated groups




TABLE A-3

Optimum Firing Schedules for Selected
Commercial Glasses on Molybdenum

Coating Commercial Glass TemEZizture PeakTézgpzzature
Number Used - e ! Min d
MC-1 Ferro 3249 900 90-

MC-2 Corning 7052

MC-3 Corning- 7055

MC-6 O'Hommel 698

MC-7 Ferro 3185 1200- 30

MC-8 Ferro 3224 1000 60

MC-9 Ferro 3225 io00 60

MC-12 Ferro 3241 900 20
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Fig. A-1l. Schenmatic of voltage
breakdown test.

It was found that thicker coatings gave the greatest
electrical insulation, even though they contained many more
bubbles. The most viscous glass, 'C-1, at the dgreatest
thickness gave the highest breakdown valuce of 1.2 kY at
10 mils, or 120 V/mil. It was apparent that at least 18 mil
thickness would be necessary for adeguate clectrical protec-
tion. Even the most viscous glasses could not be applied
this thick orn the 0.63 cmi wide webs hetween the 0.2 cm diam-
eter perforation on 0.288 cr centers. In order to increase the
coating thickness, a refractory subcoat was reguired Lo act
as a supporting, nonflowing frameworx £for subsequent layers
of glass. If at least 100 V/mil could be realized with this
system, then 20 mils total subcoat and glass thickness would
provide the necessary protection. A nonflowing coating sys-
tem of this type appearcd to be a feasible way to attain
sufficient thicxness o0n narrow webs between grid perforations.

B, STUDIES OF REFRACTORY COATINGS ¥CKR MOLYRBIENUN

Initial trials consisted of 20% ¢f variocus refractory
fillers with 890% of Ferro No. 3249 glass. !ullite, cordicerite,
calcite, magnorite, alumina, zinc oxide, titania, ‘chrome oxide,
barium carbonate, tin oxide, zirconia, and ciria were studied
as refractory fillers. These rmaterials were £ired to 900°C |
and resulted in gereral failure as a result of extreme fusion
shrinkage cracking. To correct this problem, mullite, as the
most promising filler, was again blended with Ferro No. 3249
frit at higher percentages of 50 to 70%. An excellent coating
with no fusion cracking and good adherence to molybdenum was.
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obtained with 70% mullite. Based on these results; the mul-
lite percentage was further increased to allow fusion onto -
the molybdenum at 1100°C. This higher firing. temperature
was desirable to assire adherence during-subsequent firings
of addltlonal glass flller—seallng layers ‘at lower tempera-
tures. In later studles, six other mullites and kyanites
were substituted in. the formula. These -coatings were applied
to 1.25 % 2.5 % 0.125 cm solid molybdenum strips. The. tests
gave higher or perhaps -more accurate voltage breakdown values
than those on perforated metal. Results are. shown in Table
A-4. The best refractory.coating is MCR-1Kl, whose formula
is given at the end of this- appendix.

C. COATING -SYSTEM DEVELOPMENT

i. Study of Coating System Components and Appllcatlon
SeqUence

This investigation was concerned with determining the
optimum number of coating layers to assure required reliabil-
ity. The MF-4A coating was selected to melt and fill any re-
maining pores in the prefired refractory subcoat. MC-1,’
using Ferro No. 3249 first, was selected as the surface
sealant glass. No attempt was made teo measure thickness dur~-
ing coating application of any sprayed layer. Each layer
consisted of an aqueous slurry sprayed onto the surface until
a continuous wet coat was. achieved without running. The
thickness of each layer was measured after firing. These
tests were made on 5 x 5 % 0.63 cm thick perforated molybdenum
squares. Voltage breakdown  tests were performed using the
ball electrode method previously described., Results of these
tests -are shown in Table A-5.

2. Results and Discussion

The coating system that was developed exceeded the re-
quirements for 2 kV electrical protection. The system is
versatile, requiring- fewer layers if less protection is needed.
Both filler and surface glasses should always be used to pre-
vent mercury plasma_ diffusion and to minimize surface leakage
and corona. It was also found that if-an arc-through occurred
through an unglazed refractory subcoat, the arcing persisted
and the grid was permanently.damaged, preventing further use.
Arcing through-a glazed electrode reduces efficiency, but
allows continued operation for. a somewhat reduced time. A.
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TABLE A-4

Effect of Mullite Substitutions in Refractory Subcoating
Average Total
Type of Subcoat Num?er Bzgiiggsn Voltage Dielectric V/Mil Average,
Material Number °© * | Breakdown, {Thickness, v/Mil
Coats kv .
kv . Mils
Carborundun MCR-1E L 0.7 3 230
Gray Mullite 2 1.3 1.43 5 260 214
3 2.3 15 153 .
Pryor-Giggey MCR-1F 1 0.6 2 300 .
Kyanite 2 1.5 1.63 7 214 233
3 2.8 15 186
Norton MCR-1G 1 0.8 4 200
Fused Mullite 2 2.1 2.06 9.5 220 209
. ’ 3 3.3 16 207
Commercial Ores| MCR-1H 1 0.9 2.5 3R0 229
Mullite 2 1.4 1.67 7 . 200
3 2.7 15 179
Metco MCR-1T 1 0.6 2 300
Mullite Powder 2 1.9 1.53 5 340 253
' 3_ 2.3 19 120 .
Virginia_ MCR-1J 1 0.8 3.5 228
Kyanite 2 1.5 1.63 7 214 190
3 2.5 19 130
Carborundum MCR-1K 1 0.9 3 300
Fused White 2 2.2 1.96. 7 312 297
Mullite 3 2.8 10 280
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TABLE A-5

Results of Coating System Study

Accumitlated

Voltage

Coating Coating- Number of Fused - Dielectric
System Layer Accumulated Thickness Breakdown, Strength,.
Type Numbex Layers Mils ' kv V/Mil

Single MCR-1K1 1 5 0.8 160
Refractory MEF-42 2 5 0.9 180

Subceat (Filler Glass) ,
MC~1 3 8 1.2 150
Two MCR-1K1 1 5 0.8 160
Refractory | MCR-1K1l 2 ‘18 1.2 66
Subcoats MF-4A 3 18 1.5 84
MC-1 4 21 1.9 90
Three MCR-1K1l 1 5 0.8 160
Refractory MCR-1K1 2 16 1.0 63
Subcoats . MCR-1K1 3 24 2.0 .84
MF-4A 4 24 2.2 92
MC-1 5 26 2.7 104




30 ¢m diameter grid using the three subceoat layers and glass
sealing system was operated for 50 hours at 1750 W of power
with no visible effect on the coating.

The spray application method for refractory’subcoats
also resulted in producing a désirable -contour in and around
the perforations. The contour is such that the glassed-sur-
face extends to the bottom of the perforatlon from one side,
prov1d1ng protection to the back.of the grid. Figure A-2 is
a view from the rear of the grid after appllcatlon and firing
of one layer of MCR-1Kl. The .single.layer is starting to coat
the inside of the perforation. Three -fired layers about 24
mils {at the .center of the web) of MCR-1Kl1 are shown.in Fig. -
A-3. After melting in the flller ‘glass (Fig. A-4) no changé
in contour or thickness occurs, but porosity is nearly elimi-
nated. Fusion of -the surface glass .coat produces a glossy
hlgh resistivity surface (Fig. A-5). This glass joins with
the filler glass to produce:-an integral continuous glass to
the. surface of the molybdenum. A cross section of a web pro-
tected -with two subcoats, -filler glass and surface glass, is
shown-in Fig. A~6. The magnificatien is 75x, using trans-
mitted light. Note that the.coating is smeothly rounded at.
sharp corners of the web and that there is some glass penetra-
tion into a flaw in the metal. Best results-are obtained
when the top surface of the final -subcoat layer is smooth .and
continuous. Because no movement of a subceat layer occurs
during firing, the freshly spraved, dried subcoat surface of
a grid can be inspected carefully for reughness.and continu-
ity. If the sprayed layer on a grid is unacceptable, it may
be easily washed off-with water, dried, .and resprayed. The.
material is relatively inexpensive, allowing any necessary-
application adjustments to produce a layer which assures a”
smooth. continuous coat for subseguent hardening. Ih.a sepa-
rate experiment, coatings .of -MCR-1Kl were built up on a solid
molybdenum surface to 75 mils ‘using-10 .individually fired re-
fractory layers and no glass. The- top coat was relatively -
smooth, and the total system showed excellent adherence and
no flaking off. Voltage breakdown. tests gave a value of
5.6 kV 'for the total system, Glass fillers and surface glass
would. have improved this wvalue considerably. This is a signi-
ficant advantage for future, higher power thruster systems
which might require protection up to 10 kV.
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Fig. A-2. One layer of refractory sub-
coat viewed from back of
grid.

M_7050

Fig. A-3. Grid coated with three lay-
ers of fused refractory
subcoat.
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ME7051

Fig. A-4. Three fired refractory sub-
coats after filler glass
fusion.

M 7052

Fig. A-5. Surface of complete coating
system after firing of MC-1
surface glass coating.




M7067

Fig. A-6. Cross section of grid web
showing coating system
contour.
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PROCESS FOR ELECTRICAL INSULATING COATING ON MOLYBDENUM

lMetal Preparation

15

10.

Chemically mill the perforations into the moly-
metal disc

Power hammer to the desired dished shape
Electropolish the surface to be coated
Lightly sandblast to dull surface shine

Blow surface with high pressure air blast to
remove grit

Wash disc in Acetone Reagent grade solution
Thoroughly rinse with distilled water
Dry immediately in drying oven

Avoid touching surface of prepared metal until
first coat is applied

Heat treat at 1150°C for 60 min (repeat 4 through 8).

Subcoat Preparation

3

Batch the following formula into a 1 guart porcelain
mill containing 2200 g of 1.86 cm diameter alumina
stones:

Grams

Carborundum Co. - 38 F White Fused 232
Mullite

Ferro Corporation No. 3249 Frit (200M) 44

Ferro Corporation Green Label Enamel 12
Clay

Sodium Nitrite 0.2

Distilled Water 260




3.

4.

Grind 8 hours at 20 to 100 rpm

Screen slip through 200 mesh screen

Store in a glass container with 1id

Measure specific gravity and viscosity. This
should be 1.60 to 1.62 at Zahn No. 2 cap viscosity

of 16 to 20 sec. Adjust specific gravity by waterx
content.

Application of First Subcoat

1.

The MCR-1X1 material is sprayed on the prepared
metal surface with a DeVilbiss Model No. D-TGA-
501-944F spray gun with a 402F needle and a CU-38%-
90 air cap. The gun is adjusted and held at a
distance from the disc to produce a solid, evenly
applied wet coat as the spray traverses the surface
in a systematic pattern to produce even coverage.
If viscosity of slip is within specified limits,
surface tension will prevent closing of the pex-
forations with ligquid subcoat.

Sprayed disc is air dried in a clean air convec-
tion oven at 150°C for 150 min.

Careful inspection of dried surface with a low
power binocular microscope is performed to evalu-
ate application. Coating must be relatively smooth
and free from rough texture because fusion will

not change the surface or cause flow. Rough tex-
ture is generally caused by too dry spray, dirty
spray gun, holding the gun too far from the disc,
or by traversing the surface too fast.

A sprayed disc with rough areas should be washed
with distilled water to remove the coating, dried,
and resprayed until an acceptable coating is
achieved. Proper thickness of the dried coating
should be from 8 to 10 mils, depending on the width
of the webs between the holes.
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4. Firing of the First Subcoat

1.

The acceptable .dry.coated disc is-placed -coated-sic
down on-a disc of 0.125 x 35 cm diameter molybdenun
This disc has been precoatéd on both sides with an
aluminha wash and dried. This coated moly setting
plate is placed directly on the 35 cm diameter x
1.86 cm thick graphite susceptor.. :

An . 1nsulat1ng brick cover is supported by the re-
fractory sides-of the furnace:so as -te be about
6.3 cm higher than the coated disc.

The stainless steel bell jar is placed over the
furnace -and. strapped down with turn buckles:

GN, is-injected-into the kiln until-1-1/2 in. watez
column pressure is obtained.on the manometer.

Power is applied to the Lepel generator flat coppez
water cooled coil under the graphite susceptor. -
Temperature is allowed to rise until 1100°C can.be
observed on. the PT./PT. + 13% RH thermocouple pyron
eter placed on the edge of the electrode. This
temperature’ is maintained for 30 min by adjustment
of the Lepel output.

Power is shut off-and the GNj; is allowed to remain
flowing until the temperature reaches a minimum of
200°C. The cover is removed, GN2 is shut-off, and
the refractory-1lid is removed to expose the fused

coated:  specimen.

5. Application and Firing of Second and. Third Subcoats

Application of subsequent subcoats is exactly 1like that
of the first coat. Due to the porosity of the first coat,
following coats may be thicker (from 8 to 10 mils/layer).
This is very desirable as long as surface texture remains
relatively smooth. It is desirable to dampen the surface.
before spraying second or third coats.
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After- the final coat of mullite is fired, the resultant
coating is integral but reélatively soft — about the consistency
of blackboard chalk. It is possible at this time to ream each
aperture with a notched alumina rod held in a hand grinder.
This was found to be necessary for coatings more than 0.06 cm
thick in order to maintain an acceptable aperture dimension
(~* 0.1 cm diameter). When this operation was performed care-
fully, no damage resulted to the remaining coating.

6. Preparation of Filler Glass

1.  Frit (MF-4) - (HAC)

"a. Dry blend the following by tumbling in a glass
jar for 4 hours on a roller mill. .

- Grams
200 mesh silica 100
(~-80M) anhydrous Boric Acid 268.8
Norton No. RA-38-900 alumina 69.2
(-100M MgO (Mollenckredt) dense 63.2
Calcium Carbonate 33.2
b. Melt the frit in a Denver Fire Clay crucible

at 1450°cC

c. Pour molten glass into water to guench
d. Drain off water and dry frit
e. Crush to pass 16 mesh screen dry.

2. Filler Glass - MF-4A

a. Batch the following in a 1 guart porcelain
ball mill.
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MF-4 Frit'(—lG mesh) 210 -
Green %abel-énamgl clay 18
Sodium Nitrite 0.3
Distilled Water -50 cc

b. Grind 6 hours-at 90 to 100 rpm

c. Screen 200 mesh,

7. Application'of Filler Glass-

After two (er three) coats of refractory subcoat have
been fused onto the disc, spray on-a wet -coat.of MF-4A, Thic
coating may be- rough when dried, but will melt durlng fusion
and soak into the subcoat after‘drylng, the glass is brushed
off around the edges to expose the disc¢ mounting holes.

8. Firing of Filler Glass

The firing procedure is identical with -that for firing ¢
subcoat when sprayed over three layers of subcoat. For a
two—-layer- subcoat system, the temperature -should+-be lowered
to 1025°C for 60 min.

9. Preparatlon of Surface Glass (MC-1}

1. Batch the follow1ng in a 1 gquart porcelaln ball mil

Grams'
Ferro No. 3249 Frit 210
Green label enamel clay 9
Sodium Nitrite 0.15,
Distilled Water 135

2. Grind 4 hours-at 90 to 100 rpm

3. Screen 200 mesh
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10. Application of Surface Glass

Identical to application of filler glass.

1l1. Firing of Surface Glass

i. The sprayed disc is suspended coated side dewn,
by setting on moly.ribbon which contacts the
edge only.

2. Firing precedure is identical to the subcoat fir—
ings except -for the temperature.

a. Two subcoat layer systems require 1100°C
for- 60 min.

b. Three subcoat’ layer systems require 1000°C
for 60 min.

12. Removal of Glass from Disc Back

This procedure is performed prior to coating with MC-1 to
permit any minor irregularities.in the glass "to fuse during
the final firings. It is repeated if necessary at the con-
clusion of the coating process.

1. Place -the completed disc glass side down on a
suitable padded surface, Remove-glass on the
back by hand {(or power) scouring with 100 to
150 grit silicon carbide paper. The- contacting
paper and backing should be flexible to prevent
stress in the disc glass. Light pressure is
advisable

2. Blow away excess grit with high pressure air
3. Wash in distilled water and dry.

13. Resultant Coating

The coating which results from this method of application
appears nearly white, dense and hard. The surface is highly
glazed and free from irregularities or imperfections. While
small samples have been coated to a thickness of 0.15 cm, a
practical maximum thickness for a 30 cm electrode-at this time
appears to be 0.08 cm. )
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