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rocket charging experiment. This report provides a description of all
phases of the SPIBS instrument development process and the key technical
difficulties and successes. Corroborative results obtained by AFGL per-
sonnel using the delivered instruments are referred to as appropriate to
support the most significant conclusions.

The flexibility of the SPIBS instrument s ould make it a ~~~~~~~~~~~~~~~ 
en..

the study of satellite charging on SCATHA and on other space vehicles.
The SPIBS design provides a life of more than 300 hr and satisfies the
SCATHA satellite instrument requirements on mass, power , EMI, and quality
assurance. The instrument has been designed and built to have the
following features:

• Ability to eject an unneutralized ion beam having a current
range of 0.3 mA to 2.0 mA at beam energies of 1 keV and
2 keV.

• Ability to eject a partially or fully neutralized ion beam
having the above current and voltage ranges.

• Ability during beam operation to use a neutralizer that can
be biased from —l kV to +1 kV relative to spacecraft ground .

• Ability to emit electrons , without an ion beam , from the
neutralizer filament (which can be biased from —1 kV to +1 kV
relative to satellite ground).

• Ability to detect neutralizer emission and net currents
(ions or electrons) between the SPIBS instrument and
satellite ground down to a level of 2 uA .

• Operation with xenon to avoid possible expellant interactions
with  the sa te l l i t e .

• Provisions for ground operation of the ion source and system
during the satellite integration phase.
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SECTION 1

INTRODUCTION AND SUMMARY

The Satellite Positive Ion Beam System (SPIBS) program was initiated
by the Air Force Geophysics Laboratory (AFGL) Aeronomy Division with the

long—range objective of operating an ion—ejection instrument on the Air
Force SCATHA (Spacecraft Charging at High Altitude) satellite. Within

the overall AFGL program , the task of developing the SPIBS instrument -

was awarded to Hughes Research Laboratories (HRL) . The responsibility
for other tasks (such as requirements definition , qualification testing,

integration with the satellite, flight operations, and data reduction

was retained by AFGL. This report, covering slightly more than two

years, describes the development details for breadboard , engineering,

and flight models of the SPIBS instrument. A fourth model, a rocket

model SPIBS, was built under contract Fl9628—C—76—0272 for use in a

rocket charging experiment .

This report is intended to provide a straightforward description of

all phases of the SPIBS instrument development process. Since problems

encountered are often vital In gaining a complete understanding of the

development process, the key technical difficulties and successes are

incorporated in the main text . However , the run—b y— run accoun t of the
development process Is presented as an appendix to avoid confusing the
general program flow with many details. In addition , corroborative

results obtained by AFGL personnel using the delivered instruments are

referred to as appropriate to support the most significant conclusions .

A. BACKGRO UN D

The motivation for the SCATHA program and for SPIBS is the general

interest in developing a better understanding of spacecraft charging

processes. Several papers related to this subject are available in the

literature .16 The SPIBS requirements were derived by AFGL from con—

sideratlon of spacecraft charging in general and the objectives of

SCAT}IA in particular . The requirements defined for SPIBS are presented

in Table 1 and are discussed in some length in Ref . 7.

— 
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Tab le 1. SPIBS Requirements and Characteristics

Parameter Requirement Characteristic

Ion beam

Current, mA 0.3 to 2.0 0.3 to 2.0
Energy , keV 1 to 2 1 and 2

Input power, W

Maximum startup 60 55
1 mA beam, 1 keV 25 30
2 m A beam, 2 keV —— 45
Full beam and biased —— 55
neutralizer

Expellant Noble gas Xenon

Weight 7.8 maximum 7.4

Operating life , hr 300 minimum >300

On/Off cycles 200 mInimum >200

Neutralizer

Control Ion beam on or of f On/off control
Emission range 2 pA to 2 mA 2.5 pA to 2.5 mA
Biasing —l kV to +1 kV —1 kV to +1 kV in

10 steps

Ion source enclosure Preflight test Blowoff cover
and cover capability

External magnetic <1 C at 10 cm 1 G at 12 cm
f ield

EMI MIL STD 461 A AFGL to test l
_ 

-

Vibra tIon 20 g rms random AFGL to test

Dcccl grid Shielding from space Dcccl grid operated at
plasma PPA ground potential

6327
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The ion beam curr en t levels , chosen to be greater than the maximum
photoel ectron emission expected from the SCATHA spacecraft  ground , wer e

set at 0. 3 mA , 1 mA , and > 2 mA. The upper value was chosen to provide
a dynamic range for possible ion—beam currents  consistent with power

and weight limitations. To minimize interference with other SCATHA
exper imen ts , the SPIBS st ructu re exposed to the ambient plasma must be

kept close to spacecraft ground potent ia l .  This t ranslates into the
r equir ement for a grounded—surface (decel grid) following the ion

accelerator grid .

• The SPIBS instrument design evolved through several cycles, pri-

marily as a result o Ion source design evolution. Initially, the system

input power goal was about 25 W with a lifetime requirement of 100 hr.

Ion sources then available in the 1 to 2 mA beam current range used fila-

ment ca thodes and met neither of the basic requirements. The key factor

in meeting the power and life requirements was a lower cathode; lower

temperatures are available onl y by usin g “oxide—coated” emitters. In

addition , the initially available ion sources were operated on argon

simply as a carryover from previous work and as a matter of convenience.

Several cathode designs were investigated in prototype argon ion
sources including coated filaments , and various miniature “flower”

cathodes using wire mesh to store the oxide mixture. Lifetimes were

generally less than 50 hr and it was no t obvious how any significant

improvements could be achieved . Generally,  the power required to main—

tam a given discharge current increased with time. This trend

probabl y indicated that the work function was increasing as the result
of several mechanisms. The free surface elements (e.g., barium or
strontium) are maintained in equilibrium by the transport of new atoms

from the oxide storage site to replace the atoms lost by ion bombardment

and evaporation. Both the transport process and evaporation are tempera—

tu re dependent.
Apparently, when Ion bombardment losses are not dominant , a stable

equilibrium temperature is achieved and reasonably long cathode lives can

be obtained . For Instance, flower cathode lifetimes of several thousand

hours have beem demonstrated with mercury ion thrusters.8 However , when

4 15
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ion sputtering of the free elements becomes significant, the process

becomes unstable. The temperature must be increased to supply the

active oxide elements being lost by sputtering; the evporation rate

then increases. Eventually , the cathode heater fails from hot spots

or from weakness at high temperature.

To avoid cathode sputtering, the Ion energy must be relatively low

(probably less than 30 V). Unfortunately , the argon discharge tends to

operate in the 40 to 50 V region with the plasma conditions needed to

obtain reasonable beam currents. The discharge voltage can be driven

down with increased discharge neutral atom density, but this results

in unacceptable gas flowrates. The combination of argon with an oxide

cathode was subsequently rejected as a SPIBS option.

With the recognition that bot~’ the gas and the cathode design were

significant, a limited number of tests of oxide cathodes were performed

with xenon. Although long duration tests were not conducted , operation

on xenon with discharge voltages around 30 V appeared to have more

promise. However , when it became clear that ion sputtering energy

was the dominant factor , interest was focused on the hollow cathode.

Hollow cathodes were rejected initially because of the anticipated
• high power required for starting . For instance, the 8—cm ion thruster

cathode required about 30 to 35 W for starting . However, the typical

hollow cathode has the advantage that the emitting surface is exposed

to relatively low energy ions. This probably results from the high—

• density, low—resistance plasma in and near the cathode. In most

configurations, a “keeper” electrode near the cathode is used for

start ing.  Generally ,  the cathode—to—keepe r voltage is 10 to 20 V less

than the main discharge voltage. Thus, the emitting surface experiences

bombardment by lower energy ions.

Since the p.~obabIlity was high that a hollow cathode would provide

the needed life, the primary concern was power. By isolating the cathode

thermally and using a re—entrant  th in  wall tube design, conduction losses
were minimized . With this approach , starting power (into the ca th ode

heater) was reduced to about 20 to 25 W. Xenon was retained as the
-

• 
- f irs t choice expell ant because of its more desirable plasma properties .
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The hollow cathode design selected was eventually found to have a l i fe

of more than 1,000 hr operating at acceptable gas f lowrates with  a

keeper voltage of 20 to 25 V. Because time was of the essence, only

minor variations in the original cathode design were investigated . In

J - addition , argon or other gases were not tested wi th  the hollow cathode

because the primary program objective was to develop a satisfactory

system design within  the available resources and t ime .

A significant benefit of the hollow cathode , one that probably
would not have been available from a conventional oxide cathode , was

a low s teady—state  operating power. Af t e r  keeper and main discharge

ignition, the cathode heater is turned off. The keeper discharge

requires about S W , but this power also contributes to ion production

and is not total ly parasitic . The oxide cathodes originally tested
undoubtedly would have required substantial power continuously.

As noted in Table 1, the system maximum input power was Increased

from the initial optimistic 25 W level. The 60 W peak level was found

to be conservative for both startup and for full—power operation (2 mA

beam with biased filament). Although the cathode heater draws less

than 25 W during startup , power processing efficiency and housekeeping

power contribute significantly to the power demand . Under normal

conditions, an Input power of about 55 W was found to be adequate.

This rather general explanation of the cathode approach selection

process was in tended to show the fundamental dependence of the system

design on the cathode. Although the contract technical work took two

years , the schedule dictated by the delivery of the flight instrument

to the satellite allowed for no significant design iterations after

go—ahead. Therefore , t he ion source design approach had to be selected

essen tiall y at the ou tse t .  With only minor var ia t ions ,  the system
• design approach proposed at the start of the contract was followed

throughout the program.

B. SYSTEM CONCEPT

The requirements and goals outl ined in the previous section led to

the system shown schematically in Figure 1. The basic system consists

17
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of an ion source assembly (ISA) , an expellant assembly (EA) , and a power
processor. Xenon gas is delivered to the porous plug in the source at

7 psia through a pressure regulator and latching valve from a reservoir

initially charged to about 800 psig. Power for the ion source valve,

analog telemetry, and command functions are provided by the power

processor assembly (PPA). The PPA circuitry is packaged on conventional

• . circuit cards within a structural enclosure. An ion source vacuum

enclosure, with a cover that is opened by electroexplosive devices , pro-

vides protection for the ion source prior to operation in space. This

blowoff cover is designed to allow for complete ground checkout of ion

source and system before launch.

Ion thruster technology was used to develop the ion source in the

areas of ion optics , cathode, discharge chamber , and expellant line high

voltage isolation. Positive xenon ions extracted from a Penning—type

discharge plasma are accelerated electrostatically to high velocity.

The discharge is operated at the beam potential to allow the ions to

exit at near the ground potential. In the discharge plasma, ions are

formed by collisions bctween atoms and electrons. A conventional

hollow cathode is used to generate the electrons , which are then

accelerated into the plasma by the discharge voltage . An axial magnetic

field is used to restrict electron flow radially and increase electron—

atom collisions. Downstream from the ion accelerating grids is a

neutralizer in the form of redundant thermionicall y emitting filaments.

Depending on the satellite experiment requirements , the neutr..lizer

could be used to neutralize all or a fraction (including zero) of the

ion beam. The neutralizer can be biased to ±1000 V to control satellite

potential relative to the space plasma. 
-

A schematic of SPIBS is shown in Figure 2 to indicate the general

electrical interconnections between the ion source and the PPA. Addi-

tional system functions and interfaces are illustrated in Figure 3.

These figures show the locations of key measurements and the current

paths and show the grounding approach . Layout and isometric drawings

are presented in Figures 4 and 5 to illustrate the SPIBS instrument

configuration ; a photograph of the flight instrument is shown In

19
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Figure 6. Overall dimensions of the package are 49 x 23 x 13 cm; the
flight model weight is 7.4 kg. Several features of the blowoff cover

can be noted , including the open and closed positions and the ion beam

collector to be used during ground checkout .

Major characteristics of the SPIBS instrument are listed in Table 1

along with the requirements. The ion source can be operated with or

without the neutralizer , and the neutralizer can be operated without

the ion beam. Five neutralizer electron emission levels from 2 pA to

2.2 mA can be obtained . For additional flexibility in studying satellite

potential control, the neutralizer can be biased at 10 levels from

—1000 to +1000 V with respect to satellite ground (telemetry return).

The minimum operating life and on/off cycle requirements have been

demonstrated with the breadboard system. The expellant reservoir is

sized for about 2000 hr of operation.

Command capability includes 29 ground commands for relatively

great flexibility in SPIBS flight operation and convenient ground

testing. The cathode can be heated at either of two levels, corres-

ponding to initial conditioning of a new cathode or to lower—power normal

startup. Commands are provided to turn on or off the cathode keeper

supply and the beam/accel power supply. For evaluation testing, these

supplies can be turned off separately. The neutralizer heater supply

• can be connected to either of the redundant filaments.

Performance and operation are monitored by 18 analog telemetry

outputs. Two extremely important currents , the neutralizer emission

and the SPIBS net current are measured by bipolar electrometers. The

electrometers are designed to operate between —2.5 mA and +2.5 mA

(positive corresponds to a net electron flow off the filament). The

bipolar feature is required only f or detecting the net current to

ground , but the two electrometers are identical to simplify design and

fabrication. For currents (positive or negative) greater than 2 pA ,

the electrometer outputs are accurate to ±10% of the true current. In

addition to the primary outputs defining source operation, telemetry

Is also provided for expellant reservoir pressure and PPA housekeeping.

In addition , two flags are provided for defining bias voltage polarity

and blowoff cover position (open or closed).

- - 24
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Figure 6. SPIBS flight instrument.
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A good indication of system performance is shown in Figure 7, in

which input power is presented as a function of operating mode. The

first command, instrument on, activates the line regulator and ac dis—
tribution inverter to allow housekeeping functions to be monitored .

The cathode preheat command turns on the cathode heater and discharge

supply. After a few minutes (typically, 1 to 5 mm ), keeper voltage is

applied and the discharge ignites. When the discharge voltage falls

below 40 V, the cathode heater is automatically turned off. From this

point on, a wide range of options are available for beam current, beam

voltage, neutralization, and biasing. A few of the typical modes are

illustrated in Figure 7. Although biasing is illustrated only f or f ull

beam power , the complete bias range of +1 kV can be used with any beam

current or voltage setting. Since the system can be operated as an ion

source alone, as a neutralized ion source, or as an electron source

alone, each with or without biasing, 290 operating modes are available

with SPIBS.

C. PROGRAM SUMMARY AND CONCLUSIONS

The SPIBS instrument development program phasing is illustrated in

Figure 8. Three phases, with formal design reviews as dividing points ,

were used. During the breadboard phase, efforts were focussed on prov-

ing ion source feasibility. In addition , a breadboard system was

assembled and tested for periods up to 600 hr. Approval to proceed

with the xenon hollow—cathode—type ion source was given on 14 Nay 1976

during the first design review.

The first and second phases were used to prove system feasibility,

including overall packaging, flight—type circuitry fabrication, expellant

assembly testing, and system operation in vacuum . Successful demonstra-

tion of mass, input power , and functional capabilities was a major

milestone highlighted at the second design review on 25 March 1977.

Based on the design review results, approval was given to proceed with

the flight instrument.

-I-
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Figure 7. SPIBS typical input power as a
function of operating mode.
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The flight model phase was primarily devoted to building the

flight instrument using a relatively detailed quality assurance plan.

A review of the flight model phase results and instrument characteristics

was conducted before the instrument was delivered to AFGL on 15 October

1977.

The flexibility of the SPIBS instrument should make it a valuable

tool in the study of satellite charging on SCATIIA and on other space

vehicles. The SPIES design provides a life of more than 300 hr and

satisfies the SCATHA satellite instrument requirements on mass, power ,

ENI , and qual i ty  assurance. The instrument has been designed and

built to have th e following feat ur es:

• Ability to eject an unneutralized ion beam having a current
• range of 0.3 mA to 2 .0  mA at beam energies of 1 keV and

2 keV.

• Ability to eject a partially or fully neutralized ion beam
having the above current and voltage ranges.

• Abi l i ty  du r ing beam operation to use a neut ralizer tha t  can
be biased f rom — l kV to +1 kV relative to spacecraft
ground .

• Ability to emit electrons, without an ion beam , from the
neutralizer filament (which can be biased from —l kV to +1 kV
relative to satellite ground).

• Abil i ty  to detect neutral izer  emission and net currents
(ions or electrons) between the SPIBS instrument and
satellite ground down to a level of 2 pA.

• Operation wi th  xenon to avoid possible expennant in te rac t ions
• with the satellite.

• Provisions for ground operc~tion of the ion source and system
during the satellite integration phase.

With the basic characteristics of the SPIBS instrument having been

demonstrated , additional experimental and analytical investigations are
now needed to assess the interaction of SPIES with the satellite.
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It is anticipated that charge exchange between the ionized and

neutral xenon leaving SPIBS will partially reduce the f lux of energetic
ions emitted from the satellite. Ag a result of the charge exchange ions,

a subsequent flux of SPIBS component surface mater ial can also be
expected. Tests to determine the composition, f lux, energy distribution,
and beam properties of charged and uncharged particles are currently

underway at AFGL. However, Faraday probe measurements made by Hughes and

AFGL indicate that a major portion of the ion beam is emitted as energetic

ions.

- A
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SECTION 2

ION SOURCE ASSEMBLY

The key element of the SPIES instrument is the ion source assembly

(ISA) shown in Figure 9. The ISA produces the ion beam, provides a mount

for the neutralizer filaments, and incorporates a vacuum enclosure flange

• for interfacing with the vacuum—tight cover . ISA characteristics are

presented in Table 2. This section discusses the design , fabrication ,

and performance of the ISA. Additional information regarding design

evolution, various test results, and specific problems is presented in

-• later sections. Specifically, Sections 5, 6, and 7 provide a relatively

complete chronological record of the ion source development from a sys—

tern point of view. Since most ion source efforts were constrained by

system requirements, most detailed results must be interpreted in terms

of overall system implications.

A. ION SOURCE DESIGN

A photograph of the ion source is presented in Figure 10 to aid in

visualizing some of the design details shown in Figure 9. The major

elements of the source are the ion optics (including neutralizer fila—

inents), source body (which supports the magnets and anode) and cathode —

isolator — porous—plug (CIP). The CIP subassembly supports the keeper

and connects to the expellant assembly.

The ion source consists of a 2.4—cm—diameter cylindrical discharge

chamber with a concentric cylindrical anode. A hollow cathode—keeper

assembly is located at the end of the discharge-chamber cylinder; the
ion optics assembly is attached to the exit end of this cylinder. The

ion source is cantilevered from three insulated and shielded feedthroughs

(cable end terminals) attached to the vacuum enclosure enpiate. The

feedthroughs are tilted toward the center line of the source at a 10°

angle to form a rigid conical support base. This configuration allows

the use of a small vacuum enclosure endplate while maintaining sufficient

clearance for the isolator assembly, which lies within the conical space
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Table 2. Ion Source Characteristics

Parameter Value

Beam current range 0.3 to 2.5 mA

Beam voltage range 0.5 to 2.5 kV

• Grid apertures

a. Screen grid (graphite) 7 — 0.15 cm diameter

b. Accel grid (graphite) 7 — 0.12 cm diameter

c. Decel grid (steel) 1 — 1.27 cm diameter

Grid—to—grid spacing 0.04 to 0.05 cm

Perveance (Xe ions) 4 x lO~~ A/V3”2

Cathode

a. Type Hollow

b. Insert Tungsten impregnated
with oxide

f Expellant Xenon

Flowrate (equivalent ion current) 30 mA

• Ion chamber diameter 2 cm

Neutralizer

a. Type Filament

b. Shape Semicircular

c. Material Ta doped with Yt

d. Number 2

Ion source assembly mass 490 g

Internal magnetic field ~‘2OO gauss

Estimated life  2000 hours
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formed by the three insulators. Nine wiring insulator feedthroughs are

arranged in a circular pattern around the enclosure endplate. These

are also tilted toward the axis to allow sputter shields to be placed on

the source end of the electrical feedthroughs.

The ISA can be evacuated by using the pumpout port. The open end

of the feedthroughs outside the vacuum enclosure were potted with

Uralane polyurathane to prevent high—voltage breakdown. This was found

to be necessary for operation in air.

1. Ion Optics (Electrode Assembly)

The ion optics design is shown in Figures 11 and 12. It consists

of three electrodes, two filament—type neutralizers, and shielded

insulators. The decel electrode is used as the main support of the

electrode assembly from the source body. Both the screen and the accel

electrodes are supported from the decel through individual sets of three

insulators. This mounting approach was selected for three major

reasons:

• The decel could be centrally dished , allowing use of longer
insulators and of sputter shields over the insulators.

• The decel electrode will operate at nominally spacecraft
ground potential (between the negative accel and the positive
screen potential and places a lower voltage stress on the
insulators.

• With one electrode acting as the support for the other two
electrodes, critical aperture alignment is simplified.

The ion optics design incorporates several novel features, includ—

ing a single—aperture steel decel grid and graphite screen and accel

grids. Steel was selected for the decel to reduce the external magnetic

field created by the ion source magnets. Graphite was selected for the

seven—aperture screen and accel grids to minimize charge—exchange

sputtering. A single—aperture decel grid was selected to minimize the —

trapping of sputtered accel material, which in early tests was found to
cause a significant buildup on the decel and subsequent shorting (see

Section 5). The decel, accel, and screen grid aperture diameters are
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1.27 cm, 0.12 cm, and 0.15 cm, respectively. Grid—to—grid spacings of

0.04 to 0.05 cm are used.

Selection of aperture number, aperture diameter, and grid spacing

was based on empirical relations developed for ion thrusters.9 Beam
current ‘b 

and beam voltage V~ are related by

= Pv
t , A , (2—1)

where

3/2P — perveance, A/V

V - v  + v  , vt b a
V = negative accelerator voltage, V

V
b 

— beam voltage, V.

Perveance for a single aperture and xenon ions can be expressed in the

form

= 
6.8 x l0~~ A/V 3/2 

, (2-2)
d (0.336 ÷

where

~~~~~~ + dg S

= screen grid to accelerator grid spacing

d = screen grid aperture diameter.

Using 2. 0.05 cm and d 0.15 cm, the Xe ion perveance is approximately
~~9 3/24.1 x 10 A/V .

Empirically it has also been established that a minimum accelerator

voltage is required to avoid “electron backstreaming” from the neutralizer

or downstream plasma through the optics. The ratio of beam voltage to
• total voltage V

t 
is used to characterize the backstreaming limit:

_ _ _ _ _ _ _ _ _ _ _  
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- < 0.8. (2—3)
b a t

Thus, for beam voltages of 1000 V and 2000 V , accelerator voltages of

300 V and 600 V. respectively ,  were selected.

Total voltages of 1300 V and 2600 V result in beam currents (per

aperture) of 0.19 mA and 5.4 mA. Since the ion chamber plasma density

is nonuniform radially, these values must he reduced somewhat (about

25%) to obtain an average current capabilit y for a given optics design.

With an average beam current capabilit y of about 0.14 A/aperture at

1300 V , seven apertures are needed to oNtzi in a total beam current of

1 mA. At 2600 V , the optics design would support substantially more

current than the  required 2 mA. Experimenta l results presented in

Section 5 show that these calcul ati on s, used in selecting an optics

desi gn , were slightly conservative (i.e., the measured perve ance was
—9 3/2

found to be about 4.3 x 10 A/V

The neutralizer filaments art- mounted from the decel grid using

shielded insulators as shown in Figure ii. The f i l a m e n t  ma te r i a l  is

tantalum with yttrium added to reduce brittleness .
10 A f ilamen t leng th

of 1.27 cm and a diameter of 0.18 mm was found to combine low heater

power , adequa te emiss ion , and reasonable operating temperature. Filament

location was determined experimentall y th roug h coupling tests (i.e.,

beam neutralization versus filament—to—beam voltage) and through life

tests. A downstream position of 0.44 cm from the face of the decel

grid and a radial position of 0.64 cm were selected. Details of the

expe riments related to f i l amen t  positioning are presented in Section 5.

2. Ion Source Body (Ion Chamber )

A drawing of the ion source body is shown in Fi gure 13; exterior

features are shown in Fi gure 12. The ion chamber shell has a diameter

of 2.4 cm and a length of 3.6 cm. The anode , moun ted from the shell

with three insulator assemblies , has a diame~er of 1.9 cm and a length

of 1.8 cm. Both the shell and anode are stainless steel. A ferro—

magnetic (1018 steel) pole is attached to the optical end of the shell

_ _ _ _  
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to provide internal magnetic field shaping and a mounting point for the

electrode assembly. A flange is also attached to the cathode end of the

shell to provide a mounting point for the CIP assembly.

3. Cathode—Isolator—Porous Plug (ctP)

The CIP includes several key parts of the SPIBS ion source, includ-

ing the hollow cathode, keeper electrode, high—voltage isolator, and

porous plug, as shown in Figure 14. A photograph of the CIP with the

keeper removed is shown in Figure 15.

The CIP plug subassembly uses the technology developed for the 8—cm

mercury thruster.11’12 Xenon gas flowrate to the source is determined

mainly by the porous plug, which reduces the pressure from the regulated

7 psia to a few Torr. The porous plug, fabricated from tungsten with a

density of 80%, is 0.32 cm in diameter and about 0.14 cm thick. The plug

is E—beam welded into a tantalum housing, with the sides E—beam sealed

so that the gas flows through the full plug thickness.

To operate the source body at beam potential and the gas system

at ground potential, an electrical isolator is required . The high—

voltage isolator consists of an alumina (Al203
) outer shell flanged

on both ends, with alternating ceramic rings and stainless—steel mesh
11,12disks within the inner passage. The disks function as barriers

to electrons accelerated by the electric field . Within each gap, the

applied field is below the minimum required for Paschen breakdown.

The flanges provide a means for attaching the isolator to the porous

plug (upstream) and the cathode (downstream). An exploded view of the

isolator, source flange, and feedline is shown in Figure 16.

The structural part of the isolator subassembly is the alumina

outer housing. Since alumina can withstand only limited bend ing or

tension loads , the isolator housing is provided by the belleville washer
between the upstream flange of the isolator and the enclosure endplate.

— 

The hollow cathode assembly design is illustrated in Figure 17.

This cathode is similar to the 5—cm and 8—cm ion—thruster cathodes with

a modif ied mount,11’12 The cathode assembly includes a reentrant—type

mount, which has the effec t of increasing the thermal conduction path

41 
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Figure 14. Cathode—isolator—porous plug (CI?) assembly.
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• Figure 15. CIP photograph, with keeper removed .
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Figure 16. Isolator photograph , exploded view.
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length and decreasing the thermal loss. As shown in Figure 14, the

cathode is mounted to one end of a central passage through the endplate

of the source body. The other end of the central passage is attached

to the isolator. Photographs of the cathode are shown in Figures 18

and 19. In Figure 18, the keeper and its insulator rings are shown

with the cathode. Details of the cathode construction are shown in

Figure 19, including the heater, tantalum heat shielding, and the cathode

insert.

The cathode tip is fabricated from thoriated tungsten. The orifice

throat and chamber are EDM machined . The tip is E-beam welded to a

tantalum tube having a 3.18 mm diameter, 2.79 cm length, and an 0.25

mm wall thickness. The tantalum mounting tube has a 4.00 mm diameter,

0.13 nun wall thickness, and about 1.0 cm length. Spacer rings are used

between the feed tube and mounting tube and between the mounting tube

and the endplate. The parts must be carefully positioned during assembly

to provide accurate cath de tip alignment.

To achieve stable and repeatable low—power operation with hollow

cathodes, a low—work—function insert is usually placed inside the cathode

tube. The SPIES cathode insert is made of oxide—impregnated porous

tungsten and is shown in Figures 20 and 21. It is attached to the

cathode tube by four rhenium wires that are brazed to the insert and

spot welded to the tube. The wires are attached to the insert before

the oxide mixture is put into the tungsten. This approach was selected

after an evaluation of rolled tantalum foil inserts and other impreg-

nated configurations.

B. ION SOURCE FABRICATION

To ensure reliable and repeatable ion source performance, an

assembly procedure was developed. This procedure identifies all process

steps required to fabricate parts for and assemble the source. In

conjunction with the detailed drawings, the assembly procedure provides
a written record for each source. However, a signed—off record was

maintained only for the flight source since the procedure was evolved

-
• 

during the assembly of earlier sources. A copy of the flight model
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Figure 18. Cathode photograph, with keeper and
insulator rings. 
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Figure 19. Cathode photograph during assembly .
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Figure 20. Cathode insert design.
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assembly record was supplied to AFGL. Quality assurance procedures

for each source are discussed in later sections.

During the program, four sources (including the rocket model) were

fabricated. Except for design deficiencies identified and corrected

in the breadboard and engineering models, no source failures were

experienced due to workmanship. Minor problems resulting from handling

or testing are discussed in later sections.

C. ION SOURCE PERFORMANCE

The data presented in this section are representative of the per-

formance obtained with four similar sources (breadboard, engineering

model, flight model, and rocket model). More specific information on

each source is presented in later sections. (The rocket model is dis-

cussed in the final report on Contract AF19628—C—76—0272.)

For several reasons, interpreting and comparing the test results

were a significant problem. First, source operation, including start—up,

discharge stability and beam current/discharge current relationships,

was found to depend on “gas system purity.” It was generally easy to

identify the “high purity” condition by the desirable source charac-

teristics: (1) discharge ignition without keeper high voltage , (2)
stable discharge at currents down to 10 to 20 mA , (3) stable operation

without the keeper, and (4) relatively low discharge and keeper voltages.

Poor, or bad , operation was also easily identified by the opposite of

these characteristics. Unfortunately, when the source operated only

moderately poorly, the reason was not always obvious, particularly at
the beginning of the program. Several testing procedures were eventually

established to allow the gas purity factor tc be separated from other

performance characteristics. Once the “purity problem” was identified ,

many anomolous results were explained.

The second problem in data interpretation was gas flowrate uncer—

tainty. Initially, a blowdown type gas system was used for supplying

xenon. The breadboard source porous plug required a pressure of 18 to

22 psia to achieve a suitable flowrate. The engineering model, flight

model, and rocket model sources were designed for about 7 to 8 psia to

49
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simplify fabrication. With the blowdown system, flow-rates could be

estimated after a few hours of testings. Once regulators (for 7 psia)

were obtained , flowrates were not measured , and the pressure was set to

produce the desired discharge voltage and beam current.

A third factor in data comparison is source—to—source fabrication

differences. Such differences might include screen grid aperture diame-

ter or magnetic field strength. Although care was taken to make each

source identical, fabrication tolerances, material variations , and

magnet handling introduce some variations.

The fourth factor in data interpretation and comparison was

instrumentation. With the current levels involved, voltmeter location

in the circuits becomes critical since voltmeters draw current. In

addition, tests were performed with both laboratory—type power supplies

and metering as well as SPIBS power processing. Assuring that the hook-

ups were correct was a constant concern. In addition , power supply wave

forms (60—Hz sinesoidal or 20—kHz square wave) affect meter response

and reading accuracy.

A fifth factor affecting data comparison is the ion source stabili-

zation time. With the relatively low discharge and keeper current levels,

cathode activation and ion source thermal time constants are apparently

on the order of tens of minutes . Thus, run—to—run comparisons are

somewhat dependent on the procedure used to obtain the data.

With these factors in mind , data scatter observed throughout the

test program is not surprising. However, even with these uncertainties,

all four sources performed quite similarly. With the technique of

adjusting flowrate (i.e., pressure) to obtain the desired discharge

voltage, variations due to fabricating tolerances tend to be reduced.

Since only a small fraction of the gas is converted to ions (1 to 6%),

minor flowrate variations between sources are not too significant.

1. Ion Optics Performance

Ion optics performance can be characterized by considering per—
• - veance and backstreaming. Typical results showing beam current and

accelerator current as a function of total extraction voltage are shown

- 

• 

-
- 
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in Figures 22 and 23, respectively. The “perveance limit” line,

determined from Figure 23, was taken to be the point at which accelerator
current begins to increase as total voltage is decreased . This repre-

sents the point at which the beam starts to defocus. The measured

perveance was about 4.3 x lO~~ A/V 3”2, in good agreement with the

design value.

The curves in Figure 22 are typical of plasma ion sources. As total

extraction voltage increases, the electric field at the screen grid

penetrates further into the aperture. This penetration increases the

area of the plasma sheath at the aperture and provides a larger source

of ions for each beamlet. Beam currents below the perveance line are

possible but at the sacrifice of higher accelerator current.
Backstreaming results are shown in Figure 24 for two sets of

accelerator diameters. The format of beam current versus accelerator

voltage is used because backstreaming is indicated by a rise in beam

current. For the small aperture diameter (1.02 mm), accelerator voltages

from 125 V (1 mA at 1 kV) to 185 V (2 mA at 2 kV) were needed to prevent

backstreaming. With the larger aperture (1.52 mm), the minimum voltages

increased to about 300 V and 400 V, respectively.

The SPIBS final accelerator aperture diameter was chosen based on

tests discussed in Section 5. This diameter was determined by grid

sputtering considerations. Lifetests demonstrated that smaller apertures

were ion machined to about 1.2 mm . Thus, to avoid depositing the sput—
• tered grid material on the optics, the initial diameter was made to be

1.2 mm.

Accelerator voltage was specified for the power processor design

on the basis of Figure 24. To provide for accelerator aperture diameters

up to 1.5 ma, the minimum voltage was set at 300 V for a beam voltage

of 1 kV. Since the PPA was designed to provide an accelerator voltage

direc tly propor tional to beam vol tage, an accelera tor vol tage of about
600 V is obtained with a beam voltage of 2 kV.

_ _ _ _  _ _ _  

.



7U35.4
4.0

TEST CONDITIONS

XENON PRESSURE —20 ± 0.2 psia

3.0 — KPR CURR ENT — 150 mA
RUN A—2 1

DISCHARGE2.5 — PERVEANCE / CURRENT
LIMIT

2.0 P 4.3x io~XC 200mAw
0 0 0

E ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
0•

~~i~~ A

0.10 —

0 I I I
0.4 0.8 1.2 1.6 2.0 2.4 2.8

TOTAL EXTRACTION VOLTAGE . kV

Figure 22. Beam current versus total extraction
voltage.
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Figure 23. Accelerator current versus total extraction voltage.
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Figure 24. Electron backstreaming characteris t ics .
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2. Ion Chamber Performance

The primary information needed to characterize ion chamber perfor-

mance is beam current versus discharge current , as presented in Figure 25.

These data are representative of the four sources tested . Typically, a

beam current of 2.0 ± 0.2 mA is obtained with a discharge current of
200 mA and a beam voltage of 2 kV. The 0.3—mA variation is due to the

factors discussed above. Although keeper current is important for

start—up and to source stability at low discharge currents, keeper

current has only a minor direct influence on geam current.

For SPIES, beam current levels are set indirectly by setting dis-

charge current levels. Each PPA was tested with its associated source

to adjust the discharge current levels to the desired values. Typically,

discharge currents of about 35 to 40 mA , 120 to 130 mA , and 190 to 200

mA were set.

As noted on Figure 25, the “beam current” shown is actually the

current passing through the beam power supply. The beam supply current

includes accelerator and decelerator currents as well as beam current

(see Figure 10). To obtain the true beam current , the measured beam

supply current would be reduced by the sum of accel and decel currents.

Representative values of accel and decel current are shown in Figure 26.

For SPIES purposes , this fact is important for understanding system

operation and correlating satellite results. However, the “net current”

measurement will more accurately define the current leaving SPIBS (ions

• or electrons from the filament). Since neutralizer emission is also

measured, net ion current emitted can be accurately obtained even with

the neutralizer operating .

3. Neutralizer Performance

Neutralizer characteristicè can be considered from several view-

points. On the satellite, the primary goal is to provide the ability to

eject a positive or neutral (in terms of space charge) beam . Since the

beam is coupled to the neutralizer filament when it emits electrons, an

additional objective is to bias the satellite relative to space plasma

potential by biasing the filament . Without the ion beam, it may be

possible to eject electrons using the bias supply alone.
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Figure 25. Beam current versus discharge current.
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Figure 26. Accelerator current and decelerator current versu0
beam current for beam voltages of 1 kV and
2 kV.
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Without relatively elaborate vacuum facilities, ground tests are

limited in the extent to which these various objectives can be tested .

The main neutralizer—related goal during the SPIES development was to

set current levels to assure full neutralization when desired (i.e.,

more electrons available from the filament than required for one—to—one

neutralization). Electrons not demanded by the ion beam would either

not leave the filament or would go to the decel or other local surfaces.

Neutralizer emission was not controlled to equal beam current because,

in the “neutralizer only” mode , a different control scheme would be

needed . In most ground tests , neutralizer emission levels greater than

the beam current were commonly obtained with filament to beam potential

differences of 10 to 20 V. With the net current electrometer connected

(see Figure 10), the filament and the ion beam are tied to ground . In

this case, the filament biasing was provided by the bias supply.

The neutralizer heater and emission control loop characteristic is

shown in Figure 27. The heater power supply is current limited at a

safe level (filaments will operate for short periods at 3 A) that pro-

vides adequate emission. Without emission (e.g., if the beam if off),

the heater goes to full current . Three emission current set points are

set by command along with discharge current levels; two lower neutralizer

emissions levels are set separately. When emission reaches the set

value, the heater current feedback loop controls to maintain the set

emission. For the example shown in Figure 27, the filament provided

adequate emission I or the four lowest current levels without biasing.

However, emission above 1.5 mA was not possible without a few volts of

negative bias.

Once the filament was coupled (i.e., with the heater controlling

emission), biasing had a range of effects . For the three highest

current levels, biasing caused only small reductions in heater power.

However , at the low emission levels, negative biasing was apparently
effective in attracting sufficient current to satisfy the emission loop,

and the heater turned off. The ion current may have originated in the

beam or in the vacutnn chamber plasma near the source.
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Figure 27. Neutralizer control loop characteristic.
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Other examples of neutralizer operation are discussed in

Section 5. Tests to establish filament position, neutralization

capability, and biasing characteristics were performed with a floating

• power supply arrangement that provided self—biasing . Through manual

control of the neutralizer heater, characteristics of the form shown

in Figure 28 were generated . A movable collector was placed in front

of the source to provide a relative measure of beam potential. When

sufficient electron emission is provided , both the power supply floating

potential and the collector potential are reduced to near zero. Tests

of this type were helpful in optimizing filament position. (Endurance

tests were later used for position verification.)

- 1
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Figure 28. Example of neutralizer coupling using
self biasing.
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SECTION 3

EXPELLANT ASSEMBLY

• The expellant assembly (EA) provides xenon storage , pressure
regulation, and pressure monitoring. The characteristics of the EA

are summarized in Table 3 and an assembly drawing is shown in Figure 29.

The components in this assembly were selected on the basis of availa-

bility , flight qualifiability , and cost. Several options were con-

sidered but were generally more expensive and/or required development.

A photograph of a typical EA is presented In Figure 30; another

view was shown in Figure 6. Mounting the EA to the system structure

is accomplished with clamps around the reservoir and over the regulator.

The regulator outlet is connected to the source with 1.5—mm—diameter

stainless—steel tubing and Swagelock fittings.

A. RESERVOIR SUBASSEMBLY

The reservoir is a Department of Transportation (DOT) rated com-

mercial aircraft part. When filled to 800 psi, this reservoir contains

about 50 standard liters of xenon. At the design flowrate , this will

provide about 1500 hr of source operation. As seen in Figures 29 and

30, a fitting is attached to the reservoir. This fitting contains a

fill valve (Schrader type) and a pressure transducer. For xenon
• 

- filling, the reservoir, fill fitting, and latching valve are shipped

as a unit to the gas supplier.

B. RESERVOIR

The reservoir is manufactured using AISL 4130 steel and a

spinning process. Although a significant fraction of the SPIES mass

is associated with the reservoir (about 9% empty, 12% filled), the
availability of a rated pressure vessel was the main factor in its

selection. Other vessels or a lightened version of the existing part

could have been obtained but only at a significant cost for DOD rating.
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Table 3. Expellant Assembly Characteristics

Parameter Value

System type Regulated, high pressure

Reservoir

a. Maximum operating pressure 1000 psi

b. Volume 0.5 liter

c. Typical capacity (Xe) 50 standard liters

d. Mass (filled) 920 g

e. Material Steel

Latching valve

a. Type Solenoid—latching

b. Operating current (l00 - ns) LA—open ; 0.1 A—close

c. Mass 180 g

Pressure regulator

a. Type Aneroid

b. Outlet pressure 7 ± 0.3 psia
c. Outlet pressure adjustable 5—10 psia

range

d. Minimum inlet pressure 20 psia 
- 

-

e. Mass 460 g

Pressure transducer

a. Type Semiconductor

b. Mounting Built into a screw and attached
to filI. fitt ing
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Xenon compressibility characteristics do not obey the ideal gas
law. At the design pressure of 800 psi, a fraction of the xenon will be

a liquid at temperatures below about 17°C. The implications of this

possibility are being evaluated by AFGL personnel. However , if a liquid

phase would cause a problem, a reservoir heater could be added for
temperature control or the initial pressure could be reduced . Since the

SPIBS expected operating time on SCATHA is only a few hundred hours,

starting with less gas should not jeopardize the experiment.

C. LATCHING VALVE

A solenoid—operated latching valve is used between the reservoir

and the regulator. This valve, shown in Figure 31, is manufactured by

Carleton Controls Corp. Although the valve design was based on similar

products developed by Carleton, this particular part was designed sped —

fically for the SPIES applications.

In tests with the first valves received, several leaks through the

valve occurred. It was determined that ferromagnetic parts were rusting I —

and producing small particles that fouled the valve seat. Nickel plating

was used to protect these internal parts on later units and the initial

valves were subsequently reworked.

Valve operation requires a lOO—msec current pulse of about 1 A at

28 V to open and about 0.1 A to close. The higher opening power is

required to overcome launch load restraints on the pintle. A single

solenoid winding is used and the current directions are simply reversed
between opening and closing.

D. PRESSURE REGULATOR

A photograph of the Carleton Controls regulator is shown in
Figure 32. This is an aneroid—type regulator using a sealed bellows

movement. Outlet pressure can be adjusted simply over a range of about
5 to 10 psia to match the flow impedance characteristics of the ion

source porous plug. Accurate regulation is obtained over an inlet

pressure range from 1000 psig to about 20 psia. This wide inlet

pressure range allows essentially all the xenon to be used.
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Figure 32. Pressure regulator photograph.
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E. PRESSURE TRANSDUCER

A pressure transducer is used to monitor reservoir pressure. Since

this measurement is mainly to provide status information, high accuracy

is not required. The transducer selected, Entran Devices, Inc., P/N
EPS—l032—lSOO, has the advantages of small size, low cost, and reasonably

low sensitivity to temperature. Over a temperature range of —40 to

+80°C, the output is within ±10% of the correct value. A calibration

curve is present along with telemetry calibration data in Section 7.

Dif f iculty was experienced with this transducer after all the

SPIES instruments had been delivered to AFGL. The particular transducer

ordered referenced the semiconductor element to vacuum. Apparently, in
vacuum the semiconductor degraded causing the transducers to fail. The

same transducer is available in a hermetically sealed configuration and

can be substituted for the original part. This problem was not encoun-

tered during tests at Hughes for which system operation in vacuum was

limited to about a week per instrument.
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SECTION 4

POWER PROCESSOR ASSEMBLY

The function of the power processor assembly (PPA) is to supply

power to and control the ion source, operate the expellant valve, pro-

vide telemetry da ta , and accept commands from the satellite. This see—

tion describes the design implemented to meet the requirements discussed

in previous sections. Simplicity , low cost, and minimum development risk

were guiding factors in the PPA design effort.

A. ELECTRICAL DESIGN —

A functional block diagram of the PPA, shown in Figure 33, indicates

the general power—processing technique . Input power is first regulated

at 21 Vdc . A 20 to 25 kHz square—wave free—running inverter then pro-

duces 42 Vac rms for each power supply. Saturable reactor type power

supplies are generally used .

A major feature of this design is the achievement of electrical

Isolation between the input power lines, the command lines, telemetry,

and the outputs of the various supplies. The isolation of the command

lines is obtained by using relays. The relay coils provide electrical

isolation, and magnetic latching prov~.des nonvolatile storage of the

received commands. The isolation between input, output , and the telem-

etry lines is achieved by using transformer isolation. Each individual

supply has an output transformer and , where required , includes isolated

voltage sense windings and a current transformer on the primary for

voltage and current telemetry , respectively.

The discharge, neutralizer heater, cathode keeper , and accelerator

supplies are fixed setpoint supplies and are saturable reactor current
• 

- 

limited for short—circuit protection. The beam and cathode heater sup-

plies use saturable reactors for both controllability and current limiting.

The neutralizer bias supply is transistor regulated . The line regulator

is a “buck” switching regulator which converts the unregulated 24 to 32 V

input to a regulated 21 Vdc. An input filter is required to prevent the
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ripple current generated by the line regulator from appearing on the

input power bus lines.

1. Line Regulator and AC Inverter

A block diagram of the line regulator is shown in Figure 34. A

• switching regulator was chosen for this application to achieve the

desired regulation with maximum efficiency. This regulator operates

over an input range of 24 to 32 Vdc and provides a source of regulated

21—Vdc power for the ac distribution inverter. Preregulation of the bus

power assures that the ac inverter output will be a constant amplitude

square wave as required by the power supply saturable reactors.

The line filter will filter the ripple current produced by the

switching regulator . The main requirements for the input filter are to

be stable when a negative resistance device is connected to its output

and to adequately reduce the ripple current returning to the power source.

An error amplifier compares the 21—V output with a refe rence and

furnishes an error signal to the comparator. The comparator compares the

output of the error amplifier with a ramp voltage supplied by the ramp

generator . The comparator output is a pulsewidth—modulated wave that

turns on and off the drive to the NPN power transistor switch. The input

of the ramp generator is fed back from the output of the ac distribution

inverter. Hence, the switching regulator and ac distribution inverter

operate at the same frequency.

The ac distribution inverter receives regulated 21 Vdc from the line

regulator and converts it to a square wave, 42 Vac rms for use by the

power supplies. The block diagram for the ac distribution inverter is

shown in Figure 35. The 21 Vdc is sent to the primary center tap of the

output power auto t ransformer.  A pair of push—pull power transistors

are connected to the two legs of the primary of the output power trans—

former and are driven by a square—wave oscillator .

The schematic of the line regulator and ac inverter is shown in

Figure 36 (drawing 1028500). The error amplifier AR2 compares the refer—

ence voltage created by zener diode VR1 to a voltage on a resistor R40,

which is a function of the output voltage. The ramp generator is
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2B±4V._4 FILTER

FILTER ~~2IV±1%
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_ _  _ _  I
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GENERATOR ~‘I~~ AC DISTRIBUTION

j  INVERTER

Figure 34. Line regulator block diagram.
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RECTIFIER
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DRIVE
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VOLTAGE 
______ ___________________ 
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1~~~~~ IE~~1
FOR LINE 4—( AND
REGULATOR ~ FILTER

CLOCK REFERENCE _______________

FOR LINE REGULATOR

Figure 35. AC distribution inverter block diagram.
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comprised of resistor R4l and capacitor Cl6. This network produces a 
-

ramp voltage by integrating the clock reference square wave supplied - - -

from the ac distribution inverter.  The comparator AR1 compares the out—
put of the error amplifier AR2 to the voltage ramp on capacitor C16. The

comparator turns transistor Q2 on and off , which , in turn , turns trans-

istors Q9 and Ql on and off in a pulsewidth—controlled fashion.

The connections of Q9 and Ql shown in Figure 36 allow Ql to

saturate. Inductor L2 and capacitors C6 and Cl9 comprise the f i l t e r

which averages the pulsewidth—controlled output of Qi to obtain 21 Vdc .

Diode CR10 is a commutating diode which furnishes a path for the current

in inductor L2 when transistor Qi turns off.

Resistor R5 is the oscillator starting resistor. It causes current

to flow into the base of transistor Q5 or Q6. For example , the resistor

could cause current to flow into the base of transistor Q5 causing it to

turn on. Transistor Q5 will remain on because transformer T2 is phased

so that positive feedback will occur . After several volt—seconds , as

determined by the windings on T2, T2 will saturate , Q5 will turn off ,

and Q6 will turn on. This type of oscillator is basically a Royer

circuit.

2. Screen/Accel Supply

The block diagram for the combined screen and accel supplies is

shown in Figure 37. Since the output windings of screen and accel sup-

plies are common to one output transformer, the output of T/M winding

(also on the same transformer) is representative of either the screen or

accel output voltages. Output current T/M for both supplies is isolated

by individual output transformers.

The block labeled “control electronics” accepts level I or level II

command pulses, which set the screen and accel output levels at +1000 or
+2000 Vdc, and —300 or —600 Vdc , respectively . The relay shown in the

primary winding of the output transformer turns both supplies of f  when

receiving the “screen/accel off command .”
A schematic of the combined screen and accel supplies is shown in

Figure 38 (Drawing 1028190). The output voltages of the screen and
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Figure 37. Screen/accel supply block diagram.
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accel supply are derived from two isolated windings of output transformer

T1. In this configuration, the screen and accel output voltages both
vary as the primary input voltage of T

1 is varied.

A full wave voltage doubler consisting of CR3, CR6, CR , and C4
constitutes the output circuit of the screen supply. An identical volt-

age doubler circuit, consisting of CR8, CR10, C5 , and Cl , is employed in
the accel supply. The output voltage of the screen supply is sensed

through a voltage divider (R13 through R33) and compared with a reference

voltage established by zener diode VR2 at the inputs of error amplifier

AR1. The output of AR1 provides base drive for transistor Q1, which sets
the control current level of MA1 (saturable reactor 1). MAI provides

series current regulation to the primary winding of Tl. The amount of

primary current flowing in each half cycle of the input wave is limited

by the conduction level of Ql and the turns ratio between the gate and

control windings of MA1. This type of control regulation has the

advantage of current limiting during short—circuit conditions.

The two output levels of screen and accel supplies are controlled

by relay Kl (magnetic latching). Level I command (screen: 1000 Vdc ,

accel: —300 Vdc) initiates contact closure of K1, which completes the

circuit of the reference voltage divider R7 and R53 and reduces the ref-

erence voltage of AR1. Level II command (screen: 200 Vdc , accel:

• —600 Vdc) restores the reference to the zener voltage level.

Voltage telemetry is provided by an auxiliary winding on transformer

T1. The output is full wave rectified by CR12, CR13, filtered by C20
and C6, and scaled with voltage divider R9 and Rh to provide 0 to 5 Vdc.

Zener diode VR5 is used to limit the T/M output to 6.2 Vdc.

Current telemetry for the screen and accel supplies is implemented

with identical circuits, each of which provides a 0 to 5 Vdc floating

output. Because the circuits are identical, only the screen current T/M

will be discussed. The gain of amplifier AR2 is adjusted to provide a

j 0 to 5 Vdc output from an input voltage signal developed across current

t 

sensing resistor, RiO. The output of AR2 provides a current sink to the

output winding and rectifiers CR22, CR23 of transformer T3. Any voltage

level generated at the output of CR22, 23 is duplicated at the output of
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rectif iers CR16, CR17. R40 in the primary winding of T3, determines the

curr ent sink requirements of AR2 and establishes the available output

power to the T/M output circuit. R41 provides a forward bias current

f or CR16, CR17 at low level T/M outputs.

3. Cathode Heater and Dischar~ge Supplies

The block diagram for the cathode heater and discharge supplies is

shown in Figure 39. A control loop is used between the “voltage sensing”

block of the discharge supply and the “saturable reactor and control

electrons” block of the cathode heater supply. Before discharge ignition

takes place, the maximum cathode heater output current is established by

current limiting resistors in the saturable reactor control winding .

After discharge ignition , the feedback voltage from the discharge supply

will suddenly decrease to a value less than the reference voltage in the

heater control electronics. At this time, the cathode heater supply will

be cutback to virtually zero output.

The output current levels of the discharge supply are 35, 125, and

250 mA and are set by level I, II , and III command signals to latching

relays in the “discharge output current” block. Voltage and current T/M

signals for both supplies are transformer isolated .

The cathode heater and discharge supplies circuit schematics are

presented in Figure 40 (drawing 1028191). The discharge supply is a

constant current supply in which output voltage is sensed to control the

cathode heater current. As in the screen supply, a current limiting

feature is designed into both output transformer control magnetics.

The output current level is selected by latching relays K1 and K2,

which are operated by the discharge le’rel commands. A voltage sense

wind ing on the discharge supply output transformer , T3, furnishes a

voltage proportional to the output voltage and is used to control the

electronics in the heater supply. Operational amplifier AR1 compares

this voltage with a reference voltage and varies the base drive to

transistor Ql, which controls the cathode heater output current. Two

levels of heater current can be selected by latching relays 1(3 and 1(4,

which are operated by the input heater level commands.
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Figure 39. Cathode heater ~nd discharge supplies block diagram.
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Current telemetry for both discharge and heater supplies is provided

by current transformers Ti and T2. The output windings of Ti and T2 are

bridge rectified and filtered to provide a 0 to 5 Vdc analog voltage

over the entire operating range of each supply. Voltage telemetry is

derived from an auxiliary winding on T3. The output voltage is rectified

and filtered and is proportional to the discharge output voltage over the

operating range of the supply.

4. Cathode Keeper and Neutralizer Heater Supplies

The cathode keeper block diagram is shown in Figure 41. It consists

of a high—voltage supply that initiates keeper ignition and a low—

voltage supply that sustains the keeper discharge . Each supply can be

turned on or off by commands to latching relays , which interrupt input

power to the selected output transformer . The primary winding of the

high—voltage keeper supply is connected in parallel to that of the

cathode heater supply. In this circuit configuration , very fas t ca thode

heater cutback power is initiated when the keeper ignites because of the

low reflected primary impedance of the keeper supply. The low—voltage

keeper output current is fixed at 235 mA. Current and voltage T/M for

this supply is transformer isolated .

The neutralizer heater supply block diagram is shown in Figure 42.

Its output is relay switched to provide power to either of the two

• neutralizer heaters. It is turned off by the neutraliaer heater off

command . The output power of this supply is controlled by the error

signal difference between the neutralizer emission current and a refer-

ence signal in the control electronics block. Neutralizer heater level

commands establish five commandable reference levels of neutralizer

emission current. Once 100% neutralization takes place at a given

reference setting , neutralizer heater power is controlled to maintain

this emission by the control loop.
Current T/M for the neutralizer heater supply is transformer isolated .

Neutralizer emission current T/M is furnished by the electrometer .
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Tigure 41. Cathode keeper supp ly block diagram .
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A schematic of the cathode keeper supply Is shown in Figure 43

(drawing 1028192). The supply includes a high—voltage module for keeper

ignition and a low—voltage module to sustain the keeper discharge in

normal operation. The high—voltage winding on T2 provides 1000 Vdc after

being rectified by CR12 through CR15. The output current is limited to

20 mA because T2 derives its power from the magnetic amplifier in the

cathode heater supply. At the 1000—Vdc output level, a telemetry volt-

age winding on T2 provides a 5 Vdc signal at the output of CR10, CR11,

and R—C filter circuit.

The low—voltage output is derived from T3 with its output full wave

rectified by CR16 and CR17. CR18 is a high—voltage diode which protects

the output circuit of T3 from high voltage stresses before ignition takes

place. Current limiting is accomp lished by the action of saturable

reactor MA1. The output of the keeper supply is turned on and off by

latching relay K7.

Current telemetry is implemented with transformer Tl and its

associated rectifier—filter output circuit. This provides a 0 to 5 Vdc

analog signal proportional to the keeper load current.

The circuit of the neutralizer heater supply is identical to that of

the cathode heater supply with the exception that the neutralizer heater

current is controlled by the neutralizer emission current. Five level

conunands, which operate latching relays K3 , K4, KS, and K6, change the

reference signal on amp lifier AR1. An increase in the reference level

at the input of AR1 corresponds to an increase in heater current , which

results in an increase in neutralizer emission current. The current

supp lied to the heater becomes stabilized when the emission current

signal reaches the level of the reference voltage at the inputs of AR1.

The option of selecting either one of two neutralizer heaters is imple—

mented by latching relay K2. Neutralizer heater current telemetry is

derived from transformer T4. The output , which is rectified and filtered ,

provides a 0 to 5 Vdc signal , which corresponds to the applied heater

current.
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~~~~~5. Neutralizer Bias Supply

A block diagram of the neutralizer bias supply is shown in
Figure 44. The 42 Vac input passes through an isolation transformer

and goes to two similar series regulated supplies. Each supply (one

for positive bias and one for negative) consists of a series pass

transistor that has current limiting, a step up transformer, a voltage

doubler, and an error amplifier. The zener reference is common to both

supplies. On receiving a polarity command , a relay selects the desired

supply .

The neutralizer bias supply design is shown schematically in

Figure 45 (Drawing 1028406). The basic design consists of positive and

negative voltage—regulated supplies and a commendable relay (K6) that

selects the desired supply. The negative supply consists of an output

transformer T3 and a full—wave voltage doubler CR17, CR18, C19, and C20.

The output voltage is sensed by operational amplifier AR1 through

resistors R27 through R3l and compares this voltage to the reference

provided by zener diode VR2. The operational amplifier linearly drives

Q4 , which varies the voltage on the primary of transformer T3 to close

the regulation 1oop. Transistor Q3 and resistor R5 are included to

provide current limiting. The positive supply is similar in design to

the negative supply but has a series string of 3 mA constant current

diodes CR21 through CR32 across the output. These diodes provide a path

for the current that the supply must sink. The different output levels

are obtained by commands which activate relays K2, K3, K4, and KS.

Amplifier AR3 and a magnetic telemetry isolator will generate a telem—

etry signal that corresponds to the absolute output voltage. A polarity

flag is used to indicate the polarity of the output.

6. Electrometers

The SPIES system requires accurate telemetry measurements for the

neutralizer emission current 
~
‘NE~ 

and SPIBS net current 
~
‘NET~ ~~~

e ,

current in the ground line) over a 3 decade range from 2 pA to mA with

±5 percent accuracy. Furthermore, measurement of the SPIES net current

is required to be bi—directional since the spacecraft net current may be
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positive or negative. Finally, the unit is required to have a low
source impedance such that the voltage across the input terminals does

not exceed ±2 V at the highest input current (2 mA). A single design is

used to meet both the emission and net current requirements.

A block diagram of the SPIBS electrometer configuration is shown in

Figure 46. 1NET can be conveniently measured at S/C common and be sup-

plied directly to the telemetry acquisition system without isolation.

The T
NET electrometer requires a small isolated supply at S/C common

potential. The electrometer requires isolation from S/C potential

and operates from housekeeping supplies at PPA common potential.

Since the electrometer circuit is required to maintain accuracy

over a 60—dB amplitude range, some form of amplitude compression or

range switching is required to accommodate the limited capability of

the telemetry isolation amplifiers and telemetry acquisition systems.

Amplitude compression was selected because it eliminates the need for

relays or switches for range switching and the need for extra bits to

define the measurement range.

The diag rams of the electrometers for 1NE and TNET are presen ted

in Figures 47 and 48 (Drawings 1028602 and 1028706) respectIvely. The

electrometers are similar except that the 1NE electrometer has addi-

tional telemetry magnetic isolation. The circuits are basically com-

prised of the following:

• A voltage regulator, comprised of MU and AR2, provides a
precisely regulated 10—V bipolar supply for AR3, AR4 , and
ARS and provides off—setting for AR6.

• An input circuit which provides for source impedance compres—
sion at the higher input current levels.

• Three amplifiers for linear decade ranges 0 ± 20 pA ,
0 to ± 200 pA and 0 to ± 2 mA.* (2.5 mA full scale).

• • An output summing amplifier for the 3 decades, with of f—
setting, to provide a 0— to +5—output for —2.5 mA to +2.5 mA
input.

*The three amplifiers each operate over a ± 10—V output range and are
designed to provide a precise supply rail and a 0 to ± 100—MV input
range clamp when the input range for that amplifier is exceeded.
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a. Voltage Regulator

VR3 provides a very stable, temperature—compensated 6.4—V -
n

reference voltage to amplifiers AR1 and AR2. These, in turn, provide

±10-V voltages to AR3, AR4 , and AR5 and off—setting input to AR6. The

supply voltage rejection of the circuit is on the order of 2 mV/V or

less, considering the zener impedances.

b. Input Circuit

The input circuit uses three precision resistors to provide

0 to 100—mV full scale value for each linear decade range. The circuit

contains a bypass capacitor with zener clamps for over—voltage protec-

tion, and low—voltage diodes CR1 to CR4 provide source impedance

compression at higher values of input current. When input voltage

V~~ ~ 100 mV (first full scale decade range), CR1, CR2 , CR3, and CR4

are conducting a negligible fraction of the input current. When VR2

~1OO mV , CR3 and CR4 are conducting a negligible fraction of the input

current (in this case CR1 or CR2 may or may not be in conduction , which

does not matter because AR1 has already reached the precision supply rail

clamp). Finally, when VR3 ~ 100 mV , CR1 , CR2, CR3 or CR4 may be conduc-

ting , but both AR! and AR2 have reached the supply rail clamp and all

input current still flows through the bottom resistor leg.

• 7. Telemetry Transducers

A schematic of a typical voltage telemetry transducer to be used

in this design is shown in Figure 49. The voltage that appears across

the telemetry windings (1—2 and 2—3) in directly proportional to the

voltage that appears across the output winding (4—5). The telemetry

voltage is rectified and filtered by diodes CR1 and CR2 and capaci-

tor Cl. The voltage on Cl is divided by the R1—R2 resistor divider

network to provide source impedance for telemetry short—circuit pro-

tection. Capacitor C2 supplies additional noise filtering of the

• telemetry output from rising too high in voltage and possibly causing

damage to the telemetry multiplexer. The analog telemetry voltage can

be adjusted to the various full scale values by proper selection of the

turns rat io of the output transformer between the output windings and

the adjustment of the R1—R2 resistor divider network. The main source

96 
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of error of this type of voltage transducer is the variation of the

supply output voltage with varying load current due to the output

impedance of the supply itself. This can be kept to an acceptable value

by taking it into consideration during the design phase.

A current transducer typical of the design to be used is shown

schematically in Figure 50. Transformer Ti is in series with the supply

output transformer. This means that the current that flows through the

primary of the supply output transformer will also flow through wind—

ings 1—2 of the current transformer Ti. The turns ratio of transformer

Ti is selected so that 5 isA will flow in winding 3—4 when the supply

output current corresponds to the full scale value shown in the table

of analog outputs (Table 4). The diode bridge , CR1—CR4 , rectifies the

winding 3—4 current which will flow through resistor Ri. Capacitor Cl

is included to filter the telemetry output voltage. Zener diode VR1

will prevent the telemetry voltage from rising too high and damaging

the telemetry multiplexer.

The transducer output can be scaled by adjusting the turns ratio

of the current transformer Tl and selecting the value of resistor Rl.

The main source of error encountered with this type of transducer arises

from the fact that, in this design, it is placed in series with the

primary of the output transformer. This is done so that the current

transformer will not require high voltage insulation. Therefore, any

additional loading on the secondary side of the output transformer, such

as voltage telemetry, will be reflected on the current telemetry output.

In most cases, this will appear as a “zero” offset and can be taken into

consideration when the current telemetry channels are calibrated. One

feature coimnon to both the voltage and current transducers proposed is

that the telemetry output is isolated electrically from the rest of the

power processor electronics by utilizing the inherent isolation of

magnetic devices.

Eighteen channels of telemetry are provided f or monitoring the per—

formance of the SPIES system as shown in Table 4. The sensing locations

for 14 of these quantities are shown in Figure 51. The other four telem—

etry channels are tank pressure (obtained from a transducer in the
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Table 4. Analog Outputs

Channel Actual Value f or 5 V
No. Description Output, ±5%

1 Beam current 2.5 mA (±2%)

2 Beam vol tage 2500 V

3 Dischar ge curren t 250 mA

4 Discharge voltage 50 V

5 Keeper curren t 250 mA

6 Keeper high vol tage 1000 V

7 Keeper low vol tage 50 V

8 Cathode heater current 5 A

9 Acce l curren t
a 2.5 mA

10 Decel current
a 2.5 mA

11 Neutralizer heater current 5 A

12 Neutralizer bias voltage 1000 V

13 Neutralizer emiss ionb 2.5 mA (±10%)

14 SPIBS net currentb 2.5 mA (±10%)

15 Tank pressure 1500 psia

16 Power processor temperature See calibration curve

17 PPA ac inverter current 1.5 A

18 PPA ac inver ter vol tage 50 V

aT indicate anomolous condition.

b1~ three ranges: 2.5 to 25 i~A; 25 ~iA to 250 UA to 2.5 mA.
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expellant assembly), power processor temperature (obtained from a

thermistor attached to a component mounting panel in the power

processor) , PPA ac inverter current. (sensed with a current transformer
in series with the output of the ac distribution Inverter), and PPA ac
inverter voltage (sensed across a telemetry winding in the secondary of

the ac distribution inverter output transformer).

Beam voltage is measured slightly differently in the PPA than in

test rack meter. The telemetry channel is a measure of the output

voltage of the screen supply rather than a measure of the screen

voltage with respect to ground or spacecraft cot~~on.

8. Temperature, Pressure, and Decel Current Telemetry

The temperature, pressure, and decel current TIM block diagrams

are shown in Figure 52. The power processor temperature transducer

provides an analog output from 0 to 5 Vdc, which represents a tempera-

ture range of +60°C (1.25V) to —20°C (4.4V). The temperature measuring

device is a conventional type thermistor operated from a constant

current source. The output is amplified and buffered to provide the

T/M output.

The Entran semiconductor type pressure transducer is operated from

regulated 4 Vdc and provides an analog signal from about 0 to 120 mV

for a reservoir pressure from 0 to 1500 psi. This signal is amplified

to provide a 0 to 5 Vdc T/M signal.

The decel current amplifier provides a T/M signal of 0 to 5 Vdc

over a range of —2.5 mA to + 2.5 mA of decel current. All of these

circuits are operated from an isolated ±15 Vdc supply and are

referenced to satellite telemetry ground .

Schematics of these telemetry circuits are shown in Figure 53

(Drawing 1028636). The pressure transducer, descr ibed prev iously,
provides a low level pressure analog voltage to buffer amplifier AR3.

The output of the buffer amplifier is combined with a de offset by

amplifier AR4 to provide a 0 to 5 Vdc output, which correspo nds to a
reservoir pressure of 0 to 1500 psi.
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For the temperature measurement, a constant current is supplied to

the thermistor by the Qi—AR1 circuitry . The voltage that appears across

the thermistor will be representative of the temperature of the surface

to which the termistor is mounted (in this case, the baseplate of the

power processor). Amplifier AR2 amplifies and buffers the thermistor

voltage to obtain the required telemetry voltage. A calibration curve

of telemetry voltage versus power processor temperature is used since

the thermistor resistance versus temperature is characteristically a

nonlinear function .

As shown in Figure 53, the pressure, temperature, and decel

telemetry circuitry derives power from the output of transformer TI.

This allows the pressure, temperature , and decel telemetry to be

isolated from the power processing circuitry . The accuracy of pressure

and temperature measurements will primarily be determined by the

accuracy with which the initial calibration curves are generated. The

decel current which flows through R53 (decel current sense resistor) is

detected by amplifier AR5. When properly scaled, the output of AR5 will

produce a 0 to 5 Vdc T/M signal.

9. Commands

Twenty—nine ground commanc~s are available in SPIBS, as indicated

in Table 5. The command function schematic presented in Figure 54 shows

how the commands to the SPIES accomplish their intended functions. All

commands , except the expellant valve open and close commands, control
the operation of one or more of the power processor supplies. The

commands to the power processor with one exception can be grouped into

two types, those that apply or remove AC input power to supplies and

those that adjust the level o~ i~.i~ntro1 signals. Examples of the former

are ion gun power on and high—voltage off; examples of the latter are

neutralizer bias levels 1 through 5 and beam voltage levels 1 and 2.

The one exception to the functions described above is the reversing of

the polarity of the bias supply output voltage.
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Table 5. Command Capability

Conm~and Function

1. In8 trwnent 0~a Turns on instrument power

2. Ine trunient 0ffX Turns off all instrumen t power

3. Expella nt valve open Opens solenoid valve

4. Expellant valve oloaed Closes solenoid valve

5. Cathode heater preheat Turns on the cathode heater to
Level 1 and turns on discharge
supply

6. Ion gun power on Turns on the ion gun power

7. Ion gun power off Turns off the ion gun power

8. Becvn voltage Level 1 Sets the beam power supply to
1000 V

9. Becon voltage Level 2 Sets the beam power supp ly to
2000 V

10. Keeper off Turns the keeper supply off

ll Discharge current and neu— Sets the discharge current refer—
tralizer emission Level I ence to achieve 20 mA current;

sets neutralizer emission level
to 0.4 mA

12. Discharge current and neu— Sets the discharge current refer—
tralizer emieBion Level 2 ence to achieve 125 mA current;

sets neutralizer emission level
to 1.2 mA

13. Diachar g~ ~‘urrent and neu— Sets the discharge current refer—
tr alizer 5277i88i0fl Level 3 ence to ach ieve 200 mA curren t ;

se~s neutralizer emission level
to 2.2 mA

14. Neutralizer eIflieBiOn Sets neutralizer emission level
Level 4 to2~ iA

15. Neutralizer amieeion Sets neutralizer emission level
Level S - 

to 2O iA
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Table 5. Command Capability (cont)

Command Fun ction

16. Neutralizer No. 1 Selects neutralizer filament No. 1

17. Neutralizer No. 2 Selects neutralizer filament No. 2

18. Neutralizer heater on Turns on the neutralizer cathode
heater on

19. Neutralizer heater off Turns of f the neutralizer heater

20. Neutralizer bias off Turns off the neutralizer bias
power supply

21. Neutralizer bias positive Sets the neutralizer bias for
positive polarity

22. Neutralizer bias negative Sets the neutralizer bias for
negative polarity

23. Neutralizer bias Level 1 Turns on the neutralizer bias to
1 OV

24. Neutralizer bias Level 2 Turns on the neutralizer bias to
2 5 V

25. Neutralizer bias Level 3 Turns on the neutralizer bias to
b o y

26. Neutralizer bia8 Level 4 Turns on the neutralizer bias to
500 V

27. Neutralizer bias Level 5 Turns on the neutralizer bias to
1000 V

28. High voltage off Turns off the beam and accel
power supplies

29. Cathode conditioning Turns on the cathode heater to
Level 2

am the SPIBS instrument, instrument on/off is implemented by connec-
ting or disconnecting 28 V input power.
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All commands received by the SPIBS, except the instrument on/off

command , are momentary pulse commands. Therefore, SPIBS must possess

the necessary “memory” to maintain a commanded mode of operation until

commanded to change. Memory is provided by magnetic latching relays

which remain in the set (5) or reset (R) condition until the opposite

command is received. All command functions except instrument on/off

are achieved with latching relays.

As shown in Figure 54, most level setting commands adjust the

current through the control winding of a saturable reactor. The one

exception is the bias supply where two series regulators are used , one

In the positive supply and one in the negative supply Also shown are

the internal control functions that (1) turn off the cathode heater

when the discharge voltage drops below a selected level and (2) turn

off the keeper high voltage output when the cathode heater is turned

off.

10. SPIBS Command Unit

Ground tests require a method for issuing commands to SPIBS and

monitoring telemetry . The SPIES command unit shown in Figure 55

contains the necessary circuitry to provide the following functions:

(1) supply +28 V bus power to the power processor; (2) supply a

continuous +28 V instrument on command ; (3) generate any of the

additional 26 commands described in the command list presented above;

and (4) provide a front panel read out of the bus voltage , bus current ,

and the 18 telemetry inputs listed above. Figure 56 is a schematic of

the command unit.

The power processor bus voltage is regulated by sensing the bus

• voltage at the input to the power processor to compensate for the line
• 

- drop in the cable between the command unit and the power processor .

The sensed bus voltage is used as the feedback signal in the voltage

control loop of a commercial power supply capable of 0.05 percent

regulation. The same sensed bus voltage is read when the VOLTS position

is selected on the DVM input selector switch. When the AMPS position

is selected, the output current of the bus supply is read.
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The output of the command pulse generator is one +28 V, 100 msec

pulse for each depression of the front panel COMMAND button. The

command pulse is routed to the proper output lead by setting the two

COMMAND SELECT rotary switches to the desired command number.

B. PPA FABRICATION

The PPA fabrication process was tailored to the quality require—

ments of each SPIBS instrument model. The breadboard model PPA was

assembled at HRL without detailed specifications. Various design

difficulties and design adjustments needed to match ion source charac-

teristics were worked out with the breadboard . The breadboard PPA did

not include full command capability and provided only limited telemetry

data.

The EM PPA fabrication process provided the first opportunity to

evaluate the electronic packaging design. Several problems were

encountered in fitting the parts and circuits onto three circuit cards

and in fitting the harnessed cards into the structural enclosure. To

fit the circuitry into the structural package defined for SCATHA, most

magnetic components were bonded to the circuit cards rather than using

a stud attachment. During the EM phase, shake tests were performed by

AFGL on simulated PPA cards to prove that the bonding technique was

acceptable.

EM PPU circuit cards were assembled at the Hughes Culver City plant

by personnel familiar with flight electronics assembly in a clean room

environment. Harness design and pin—to—p in wiring lists were prepared

at Culver City from HRL schematics and parts layouts. Magnetics were

fabricated by the Hughes Culver City Components and Materials Labora-

tory ; other EM PPA parts were purchased or fabricated by HRL. The
- 

quality assurance level applied to the EM was primarily in terms of

craftsmanship; complete inspection was not applied.

The flight model PPA fabrication process involved significantly

more documentation and increased quality assurance. Drawings were

released and controlled; complete wiring costs were developed and
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checked; all electronics parts were screened and placed in a bonded

store; magnetics were tested more rigorously; full inspection was given

to the assembled circuit cards before and after harnessing.

The flight model circuit card designs and assembly process notes

are shown in Figures 57, 58, and 59 (Drawings 1095560, 1095561, and
1095562). The structure of the circuit is machined out of magnesium

stock for light weight. The terminal strips and magnetic components

are bonded to the cards using Hughes process specification HP 16—103,

Type 6. The electrical components are mounted between the terminal

strips and hard—wired together. After initial electrical testing of the

circuit cards is completed , the high—voltage areas are potted with

uralane per HP 16—8 using aluminum oxide filler. The cards are then

conformally coated with HP— 16—66, type I, class I. A photograph of the

flight PPA before potting and conformal coating is shown in Figure 60.

The wire bundle in the foreground is eventually attached to the ion

source terminals. When installed in the structural enclosure, the cards

are secured on top and bottom with screws into nut plates mounted on

the cards.

C. PERFORMANCE

The performance characteristics of the PPA can be described in

terms of efficiency , regulation, and output characteristics. A block

diagram showing efficiencies of the supplies is given in Figure 61.

The quantities shown in Figure 61 are typical values; more specific

details for each of the individual supplies is discussed in the

following sections. Thus, for the conditions illustrated , the PPA

overall efficiency is about 36 percent (15 W output with 41.9 W input).

Without the neutralizer bias supply, the efficiency is about 48 percent

(13 W out for 27 W input).

1. Line Regulator on AC Distribution Inverter

The efficiency and regulation of the combined line regulator and

ac distribution inverter (including the line filter) is given in

Table 6. These data were taken with the breadboard unit to show the
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Figure 59. Circuit card part layout drawing.

119
N— -. 

- 
— 

-~~~~~



-- -~~~~ - - - - -55

U Q N. •~0~ OC
T55” ‘~O •~O— 

~~~~~ • *  4P UJI .• .

~~ 

“ - ‘  

~~~~~~~

fl~[T~
i £ 

~~ 

~~~~~~~~~~~ ~LJ • ~~~•.  ~~~~~

— •/ 
— I

A3A -. - ‘.‘~ -
~~~ A SS

1~ iU

Figure 59. Continued .

L 120 

.5 --
- - - - . - - - —  —.—-— —~~~~ .----- - —.— — -



~ - - 5 -  --- —-~~~ - -- - . - ~~~~~rr -• ‘-5—— - - ~~~~~~~~~~~~~~ —-5— -

-
- ‘4..

.55.. •

‘.5

~~~ F , 
~~~~~~~~~~ .i~L ~~~~~~~~~~ ~

‘5
~~~’.I 4 

-• 

-

yr

~ 
-—I.~~~~~ ~~ • •‘. ,.+.. + —~~~~~~~ •• ‘ ~~~~~~~~ ~~

F 
___  _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _ _- -.

______- .i: i~~—fl—-fl~ ~‘i:~ 
—

• U L I I

4 V  ~~~~~~~~~ 
•~• ‘4c_ •

H 
_ _ _ _ _ _  

—•‘..-.5~c~J_ _ _ _ _ _LL ~~~~~~~~~~~~~~~ ~1 ~A’. ~~~~~~~~ ‘• F..I I 

.0

5- 0

_ _ _  —I 

•

4~ ~~~~~~~~~~~~ 
- . .  

-

!~ 
1~~~~~~~~~~; •1 - r —c~~~

--

~
- 

~
lIt • - - - - — - -- - IF .‘:u

r t •~ r”~ • 
!—- - ~~~~~~

~~ — 

___________________  !~ 
--I--~

__

-5- -.. 121

- —  
- 

~~~~~~~~~~~~~ Z~~~~~~~~~ -~~ •~~ ~~~~~•



___  

~~~~~~~~~~~~ 
~~~ •‘.••-5~~~~~~~~~~~~~~~~~~~~~~ ’~- 5 - F’  •-F~~~ - -5 ’ -5~55~~~~~ -5~~ 

~~1

77—60700

~~~ 

:
.

.~~~~~~~

T/ ~~~~~~~~~~~~~ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~

C 
. -

c.

‘I

9. .. 

.- 

I

I” .
- ..

__________________ 
•
1)

- — 
-5

- - 
- 

- ______

Figure 60. Photograph of flight PPA before potting and
conformal coating.

122

44 - /&.440-/ - - - 
-- _________

: : t~~ - _______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-_



Table 6. Line Regulator and AC Inverter Efficiency

Input Input Input Output Output Output

• Voltage, Current, Power , Voltage, Current, Power , Eff iciency,
Vdc A W Vrms A V 2

21 1.3 27.3 41.5 0.5 20.75 76.01

2 .39 50.19 39.9 1.0 39.9 79.50

3.15 66.15 37.0 1.5 55.5 83.90

25 1.28 32.0 42.3 0.5 21.5 66 . 09

2.2  55,0 41.8 1.0 41.8 76.00

3.25 81.25 40.5 1.6 64.8 79 .75

30 1.0 30.0 42.3  0.5 21.15 70.5

1.86 55.8 42.0 1.0 42.0 75.27

2.76 82.8 40.5 1.6 64.8 78.26

35 0.87 30.45 42.3 0.5 21 . 15 6~~.46

1.64 57.4 42.0 1.0 42.0 73.17

2.3  80.5 40.5 1.3 60.75 75.46

T6327
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Figure 61. Power processor efficiency block diagram.
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characteristics of the basic design. A resistive dummy load was used.

Although slight differences exist between the breadboard and flight

models (e.g., magnetics fabrication procedures), the characteristics

shown in Table 6 should be representative of the final design. The

inverter response to step changes in load current is shown in Figure 62.

7844~ 1

OUTPUT
VOLTAGE

— OUTPU T
VOLTAGE

t~I ITOUT
CU R R E NT

b y  k-I I

I STEPPED FROM 0.5 A TO 1.5 A
LOAD

OUTPUT
VOLTAGE

OUTPUT
VOLTAGE

OUTPUT
CURRENT

1~
. I STEPPED FROM 1.5 A TO 0.5 A

LOAD

Figure 62. AC distribution inverter transient response to a step load change.

125

_~~~~~~~~ 
1 ~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~i:iiT I ~~~ ~::~~~ - 

~~~555555.i



.5 _ _ _ _

2.
N Cathode Heater/Discharge Supply

The output current regulation of the cathode heater supply is shown

in Figure 63. This figure shows the typical regulation characteristic

of the supply and is not intended to represent the final setpoint values.

A current limiting characteristic is needed to prevent excessive cur-

rent at turn—on when heater resistance is low (i.e., about 0.U7 compared

with 1.2~~when heater is hot).

The efficiency of the cathode heater supply as a function of

output power is presented in Figure 64. This typical curve demonstrates

the effect of load resistance on the efficiency of the supply. Since

the output power is 15 to 20 W, efficiencies of 85 to 90 percent are

achieved with this supply.

The discharge supply characteristics for several current setpoints

are shown in Figure 65. Discharge voltage is determined by plasma

characteristics, which in turn depend on zenon flowrate. Discharge

current levels are adjusted to produce the desired beam current. The

efficiency of the supply when operating into a fixed load impedance

with a fixed output voltage is shown in Figure 66. Thus, for most

operating conditions, the discharge supply efficiency is in the 70 to

80 percent range.

3. Cathode/Keeper/Neutralizer Heater St~pplies

The cathode keeper supply output current regulation characteristics

are presented in Figure 67. The lower curve shows the characteristic

of the low—voltage section of the supply alone. The upper curve shows

the normal output with the low—voltage and high—voltage sections

operating in parallel. Once the discharge is ignited , the high—voltage

section is automatically turned off, and the supply output would be

defined by the lower curve.

The keeper supply efficiency for a range of output power is shown

in Figure 68. For a typical output of 6 W, the efficiency is about

80 percent.

Neutralizer heater supply output current regulation is shown in

Figure 69. As with the cathode heater, the f ilament resistance
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Figure.66. Discharge supply efficiency versus
power output.
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Figure 68. Cathode keeper—power output versus
efficiency.
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increases significantly when hot. The current limiting feature

prevents overheating at turn—on. The efficiency of this supply is shown

in Figure 70. For typical operation at outputs of 2 to 6 W, the neutral—

izer heater supply efficiency is in the range of 75 to 85 percent.

4. Screen/Accel Supplies

The screen supply output voltage regulation at the 1000 V and 2000 V

levels is shown in Figure 71. These data show that currents up to 3 mA

can be obtained at full voltage. The combined efficiency of the screen/

accel supplies is presented in Figure 72. The efficiency curve is

plotted against combined output power, with the two major operating

levels noted. Since accel power represents less than 5 percent of the

total power, the power scale is essentially beam power.

5. Neutralizer Bias Supply

Output voltage regulation curves for the neutralizer bias supply,

with negative and positive bias, are shown in Figures 73 and 74,

respectively. The curves in each figure represent the five setpoint

levels. The lowest setpoint is 25 V for positive bias.

6. Electrometers and Transducers

Performance of the electrometers and transducers (temperature,

pressure, and decel) is best described through the calibration curves

presented in Sections 6 and 7. Although these elements require power ,

the combined demand is less than 1 W.

D. EMI

The line regulator breadboard was checked for conducted emissions

(CEO1 and CEO3) and conducted susceptibility (CSOI) in the environ—

mental testing area of the Culver City plant. These tests were

conducted using the setup for this type of equipment described in

MIL—STD—462, and the results were compared to the levels specified in

MIL—STD—461A. Table 7 is a summary of the test data obtained during
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Figure 70. Neutralizer heater output power versus
efficiency.

135

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~ — - -~~ 



.,, -. -.-~~--..--~~~~
----— 

~~~~~~~

—

~~

-------- ------ ‘

~~~~~~~~~~~~~~~~~~ 

.5 ~~~~~~~~~~ 

7844—20

LEVEL 2

1500 — —

UI

I-~

1000 -
LEVEL 1

500 — —

I I I I
0 2 4 6 8 10

BEAM VOLTAGE REGULA TION , mA

Figiire 71. Beam supply output.

136

--. ~----~--—



‘~~~~~ — —--- - - - —  —- -----‘.—--~~~- 
- ------ — - .

~~~~~~~~~~~~~~~~~~

-- - -- -

7844—21

80 I I I I I I I

: g
~~~~~~~~~~~~~~~~~~~~~~~~~

0
~~~~~~~~~~~~~~~~ A~~~ 375 V

../~ 
Es = 1.5 kV

/ EA = -225 V

5 0-  -

— 
A E5 = 1 kV 

AOPERAT ING LEVELS —
EA =~~l50 V

~~~~~~~~~~~

OUTPUT POWER , W

Figure 72. Screen/accel output power versus
e f f i c i ency.

I .

137

r - ;~;__ ~_ - ~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ — -.-
~~-
I
~~
.- -



_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
55---

7844—22

I
-550

> +— .
uj

I- -
~1 -110

NEGATIVE BIAS SUPPLY CHARACTE R ISTIC S, mA

Figu re 73. Negat ive bias supp ly o u t p u t .

ii

-
- 

- ~~~~~~~~~

-- 
-

- - 
~~~

- - 
~~~~~~~~~~~~~~~~ 

-
~~: :~~~

----
~~~~:~~~~ - -~~~-_-— ~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~
—-  

--- 
-

~~ 

-- -

.5 ——-_~~~~~~~~~ - ~~~~~ .5- -

7844—23

1050 
I I

950 — —

850 - -

550

I S
450 -

~~~~~90- 
-

0
3 0-  -

20 — —

10 — —

0 1 2 3

POSITIVE BIAS SUPPLY CHARACTERISTICS , mA

Figu re 74. Positive bias suppl y ou tpu t .

139

~

—- -
— 

-
.~~

- 
=~~~~~~~

- 

~~~~~~~~~~~ 
- - 

-~~~~~~~~~~~~~ — - -~~~~~~ ~~~~~~~~~



- ‘- I
‘— 55- - - —--55-—

-.5---

Table 7. Sununary of EMI Test Data: SPIBS Line Regulator

(10 March 1976)

Operating Test
Mode Method Test Point Type of m t .  Max Over Spec.

32 V CEO1 +28 Vdc Broadband Within specified limits

CEO1 +28 Vdc Narrowband Within specified limits

CEO1 DC Return Broadband Within specified limits

CEO1 DC Return Narrowband Within specified limits

CEO3 +28 Vdc Broadband +11 dB at 3.1 MHz

CEO3 +28 Vdc Narrowband +41 dB at 990 kflz

CEO3 DC Return Broadband +10 dB at 15 MHz

CEO3 DC Return Narrowband +39 dE at 990 kHz

24 V CEO1 +28 Vdc Broadband Within specified limits

CEO1 +28 Vdc Narrowband Within specified limits

CEO1 DC Return Broadband Within specified limits

CE O1 DC Return Narrowband Within specified limits

CE03 +28 Vdc Broadband +11 dB at 3.2 MHz

CEO3 +28 Vdc Narrowband +43 dB at 990 kllz

CEO3 DC Return Broadband +8 dB at 3.2 MHz

CEO3 DC Return Narrowband +35 dB at 950 kHz

Conducted Susceptibility Test:

Worst Case Data Points (Lowest
Test Method and Test Point Threshold)

CSO1, +28 Vdc 0.11 V rms at 1000 Hz (—28 dB
threshold)

CSO1, DC return 0.14 V rms at 1000 Hz (—26 dB
threshold)

4
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the first test. As noted in Table 7, the unit did not meet the

specification for test method CEO3 and did not pass the conducted

susceptibility test.

The input filter to the line regulator was redesigned to reduce

the amount of conducted emissions. The line regulator control ioop was

modified to reduce its susceptibility. The unit was then returned to

the Culver City plant for retesting . The results of this test are sum-

marized in Table 8. Improvements beyond these levels would require

significant filter weight increases, and further changes were not

introduced .

E. INPUT LINE TRANSIENTS

The major transient on the power bus occurs when power is applied

to the PPA (Instrument On command). The current surge observed is the

result of charging the line regulator input filter capacitor. Tests

were performed on the breadboard system to determine the peak value of

the turn on current surge. The first test performed used the input

filter configuration present during the 10 March 1976 EMI test. A

photograph of the surge current is shown in Figure 75. The peak cur-

rent observed in this figure is 30 A. The line regulator was retested

using the EMI filter additions before the 9 July 1976 EMI test. The

results of the second transient test are shown in Figure 76. The

initial 43 A peak observed in this figure , and not observed the previous

test , is due to the addition of capacitance between the input filter

choke and the input power bus. Since the additional current peak is of

short duration and would not adversely affect the spacecraft fusing

requirements , it was decided to finalize the filter design in the con-

figuration used in the 9 July EMI test.
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Table 8. Summary of EMI Test Data: SPIBS Line Regulator

(9 July 1976)

Operating Test
Mode Method Test Point Type of m t .  Max Over Spec.

32 V CEO1 +28 Vdc Broadband Within specified limits

CEO1 +28 Vdc Narrowband Within specified limits
CEO1 DC return Broadband Within specified limits
CEO1 DC return Narrowband Within specified limits

CEO3 +28 Vdc Broadband +2 dB at 2.29 MHz

CEO3 +28 Vdc Narrowband +11 dB at 1.85 MHz

CEO3 DC return Broadband +10 dB at 2.27 MHz

CEO3 DC return Narrowband +9 dB at 1.7 MHz

24 V CEO1 +28 Vdc Broadband Within specified limits

CEO1 +28 Vdc Narrowband Within specified limits

CEO1 DC return Broadband Within specified limits

CEO1 DC return Narrowband Within specified limits

CEO3 +28 Vdc Broadband Within specified limits

CEO3 +28 Vdc Narrowband +8 dB at 1.66 MHz

CEO3 DC return Broadband +2 dB at 2.28 MHz

CEO3 DC return Narrowband +10 dB at 1.73 MHz

I
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SECTION 5

BREADBOARD MODEL SYSTEM

The purpose of the breadboard model system was to prove the feasi-

bility of the SPIBS concept. At the beginning of the program, several

technical questions had been raised regarding ion source operation on

xenon, use of a hollow cathode , ion—beam extraction without a neutrali-

zer , and system power requirements. In addition , cost and schedule

were major concerns. To answer these and many other questions , a

breadboard ion source and a breadboard power processor assembly were

developed. A great deal of the ion source testing was performed with

the breadboard PPA. The breadboard EA consisted simply of a lecture

bottle for xenon supply and a series of valves. Essentially, all basic

feasibility questions were answered with this breadboard system.

Demonstration of packaging and weight were the main characteristics not

addressed in the breadboard phase.

A. BREADBOARD SYSTEM DESIGN

The detailed design of the breadboard system elements evolved as

a result of a wide range of tests. Initial efforts focused on defining

and refining the ion source electrical characteristics to the degree

needed for PPA design. Subsequently , several minor design iterations

occurred as the ion source was modified to meet performance and life

requirements. Although the breadboard system was not constructed as a

compact unit , the guiding objective in all tests was to develop func-

tionally and electrically compatible elements that met the system

requirements.

1. Breadboard Ion Source

The initial version of the breadboard source introduced several

important features, including: (1) a compact low—power hollow cathode ,

(2) a three—electrode ion—optics design , (3) a porous plug for flow—

rate control, and (4) a high—voltage isolator for the expellant line.

Although the basic principals for these features were developed for
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mercury ion thrusters, their application to a small, inert gas ion

source was new.

The original source assembly design is shown in Figure 77. Hollow

cathode and ion optics assemblies are shown in Figures 78 and 79,

respectively. Photographs of the breadboard assembly and the CIP are

presented in Figures 80 and 81, respectively. During the breadboard

phase, the following areas were investigated :

• Ion optics

• Cathode insert

• Neutralizer filament configuration

• Keeper orifice

• Cathode heater tie—down

• Number of magnets

• Source—body to CIP mounting

2. Expellant Assembly

The gas system used throughout most of the breadboard phase (until

a SPIBS pressure regulator was installed) is shown in Figure 82. This

photograph shows the xenon lecture bottle , manual regulator , 1—liter

reservoir, Heise pressure gauge, Granville—Philips controlled leak —

valve, and miscellaneous shutoff valves. The two valves mounted on

the vacuum flange allowed the gas lines and the ion source feedline to

be evaculated directly into the vacuum chamber. Maintaining a clean

gas system was found to be necessary for successful source operation.

With the lecture bottle valve closed , the reservoir and gas lines

back to this valve were evaculated. With proper valving , the reservoir

was then filled to an appropriate pressure (5 to 10 psig) and sealed—

off from the lecture bottle . During source testing, the decrease in

reservoir pressure was used to measure flowrate.

3. Power Processor Assembly

In the breadboard phase, two types of power supplies were used:

~. laboratory and SPIBS breadboard circuit. The laboratory supplies and

metering can be seen in Figure 82. The basic circuit diagram and

meter locations are shown in Figure 83. In the laboratory supply

— 
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Figure 77. Breadboard ion source assembly layout.
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set up , a neutralizer bias supply was not used and self—biasing was

achieved by allowing the power processor “common” to float negative

relative to ground . This floating potential was limited by zener diodes

to about 65 V. Circuits for ion—beam collectors used for diagnostics

are also shown in Figure 83.

The SPIBS PPA breadboard circuitry was mounted on four chassis

as shown in Figures 84 through 87.- The circuits designed and imple-

mented during the breadboard phase remained largely unchanged during

the program. Although improvements and component changes were made ,

few major design changes were required. (The PPA circuit design func-

tional block diagram is shown in Figure 61).

The PPA input filter , line regulator , and ac distribution inverter

cards were mounted on the first chassis (Figure 84). The cathode

heater, discharge, and screen/accel supplies were mounted to the second

chassis (Figure 85). Cathode keeper , neutralizer heater , and electro-

meter circuits were assembled on the third chassis (Figure 86). The

fourth chassis was devoted to the neutralizer bias supp ly (Figure 87).

These four chassis were gradually built—up during the breadboard phase

and were periodically integrated with the ion source. Source tests

were conducted with various combinations of laboratory and PPA supplies.

B. BREADBOARD SYSTEM TESTING

This section summarizes the testing performed during the bread-

board phase. Results are presented by subject , rather than chronologi-

cally to highlight important decisions and conclusions . Most of the

component development was completed in the breadboard phase.

The various breadboard system tests by run are summarized in Table 9.

Test runs A—34 through A—38 were actually conducted in the EM phase using

the breadboard system . Since tests often involved more than one objective,

several runs are referenced in more than one discussion. The initial

breadboard ion source test configuration is shown in Figure 88. The

ion source is shown in Figure 89. The ground screen and probes used

for beam diagnostics can be seen in Figure 89.
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Figure 87. Breadboard PPA Chassis No. 4.
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Table 9. Summary of Third Quarter Ion Source Testing

Tent Purpose ket.arkn 1.- ut Setup Changes Pri ,,r to Run

A—I A first checkou t 511 breadboard Saa . a , - u s I o l  run : ace.! to deep! short rl rui toot
Source 1-a reel .

A—l B Opsrantlo, w i th  PPA; keeper Sscoeuufs l  ..pCratlo, w i t h  PPA ; Added I’PA to te s t  setup
requirements ten t s  k supp ly requiremen~ s t - lar I fied .

A l , - noted muit imodo source
operation.

A— A EVals atn operat Ion w i t h  SuIt m ode ha raa 1 ,- ra n t  l au ,-o r rec te d .  Changed keep ~er in u re; moved
smaller keeper o r i f i c e  Cont Inued keeper supp ly evaluatio n , f i l amen t .
(0.03$ In. dia mete r) ;  Seutta l  illottents badly sputtered.
evalu ate neutral fila m ent
posit ion

A—S Ev aluate nest ral Cl lament .1 I -.1 I , l i - rt  ( f l a k , - - Obtained Moved filament; added beat. probe.
po.ltlon; take beam pr -b e p r c lln laaa rv probe data. Poor neutra l
measurements coup lI ng a . - beam.

hod Evaluate neutral filament Coup li ng sa I a u t a . a o r a  at both pa l n i — Cle aned . .pt l-u; t.u,rked o, probe.
position; beam t a - o s  t eut u’d; no .pi- . I u.- a r .
measuremento. Ac- a- ,- I—dee, - ) shoe I P I v g  v i s i b le ) .

A —S gee heck a c e e l — d e c o i  vh,.rt - Sh,,rt re— o, - c a a r r e d  f e et i s  had not Checked aa pt ict
henv c l e a n s -A l

A — b necheok op t i cs  a f t e r  Keeper to - U lc-da  I ,eaaer  .Ia,r1. Enspace d vpn 1 - s.
renpaclng; ov t ) nu e
neutral evaluation.

5—7 Performanc, evaluation; lteca,n.vt-nd lndu,t lv .- . a a t p a a l  on keeper kep t ) r cathode—keeper nlaurt at
evaluate PPI keeper supply supp ly .  O b t a i n e d  proSe .l.iI a . A c e r ) —  la ca le r .
beam probe dota. d e a r )  u l v r a  l l l a k e ).

A— kS Evaluate la rger ia a - I  holes; t a .  - I  - a rre st s css, -n t  a l l  a ,r,c la.aoge d. In,- reased a c,- I hole d iameters
evslsutn 0.0)0 knepon cttv .vs04 ,-I.- c t n . .n “ a .ks t  teaming ’ ; and reduced keepee velu re
v n l t l ce ;  probe data.  t i c h ,- r dl,. har c, volt .aga - . A a a e  I— dlct a~eter . 
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Table 9. Summary of Third Quarter Ion Source Testing
(Continued)
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Table 9. Summary of Third Quarter Ion Source Testing
(Continued)
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a Figure 88. Breadboard ion source test configuration .
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1. Ion Optics

The most troublesome area in the ion source development process

was the ion optics. As indicated in Table 9, much of the breadboard
ion source effort was expended in finding a satisfactory design.

Indirectly, the cause of the ion optics difficulties was the low

expellant utilization efficiency (i.er, the low fraction of the

expellant exhausted as ions). The low utilization and associated high

fraction of neutral atoms passing through the apertures leads to a

relatively high production of charge exchange ions near the grids.

Charge exchange ions formed near the grids sputter material from the

accel grid. This sputtered material can deposit between the grids and

build up to a significant thickness. Layers of deposited material

eventually flake off and bridge the gaps between grids, as shown in

Figure 90. Shorts between the accel and the decel were most frequent ,

although screen—to—accel shorts also occurred. Typically, the original

breadboard optics configuration would operate for about 10 hr before

shorting occurred.

Many tests were conducted in trying to eliminate the grid shorting

problem. Two general approaches were considered : (1) reducing the

charge exchange ion production and sputtering rates and (2) avoiding

collecting the sputtered material. A combination of these approaches

produced an acceptable design. Reducing the large neutral flux by

source modification did not seem to be a simple matter within the

time, cost, and weight constraints. Thus, the only logical alternative

was to reduce the severity of the material buildup.

Two factors affecting the buildup of sputtered material were

identif led: sputtering rate and deposition site availability. The

sputtering rate was reduced by a factor of from 5 to 10 by changing the

screen and accel grid material from molybdenum to graphite. An alternate

approach coating the molybdenum grids with Aquadag did not prove suc—

cessful. Sputtered material was further reduced by increasing the

accel aperture diameter from 1.0 nun to 1.2 mm . During long tests,

the apertures are enlarged by ion machining ; starting with a larger

diameter simply removed this portion of the deposition material from

the outset.
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Figure 90. Accel to decel flakes.
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These reductions in sputtered material were significant but did not

completely eliminate the flaking/shorting problem for runs of 40 to 50

hr. The next major improvement was obtained by replacing the seven

decel apertures with a single large aperture. As noted in Table 9,

runs up to about 200 hr were obtained with a 0.7—cm—diameter decel

aperture. Late in the breadboard phase, the decel aperture was

increased to .27 cm (see run A—36), and a test of 615 hr was performed

without shorting. The larger decel apertures probably had two effects :

(1) to reduce the neutral density in the accel region, resulting in

less charge exchange, and (2) to increase the escape path for sputtered

material. Since the source lifetime requirement was 300 hr , the ion

optics design used in run A—36 was established as the baseline for

SPIBS.

2. Cathode

The same basic cathode configuration was used throughout the SPIBS

program. However, several small variations were made to improve

reliability and resistance to air exposure. Virtually , all the

modifications were associated with the cathode insert (see Figure 78)n

All forms of foil inserts have similar problems : (1) the oxide

coating is difficult to apply in a repeatable manner, (2) the coating

is brittle and tends to flake off the metal foil, and (3) the large areas

of the coating are exposed each time the cathode is exposed to air.

Tests with the prototype and with the breadboard source showed

that the tantalum foil type insert deteriorated after a few hundred

hours. Generally, these tests included periodic exposure to air ,

which allowed the active surface elements (barium and stontium) to be

destroyed. However, run A— 11 was a continuous test of a new insert that

had not been exposed to air. After 220 hours of continuous test it had

deteriorated significantly . This test provided positive proof that an

insert improvement was required. For this reason, a porous insert was

investigated and subsequently included in the final design.

The porous tungsten insert configuration used is shown in

Figures 20 and 21. Before using the brazing method for attaching the

support wires, several other welded designs were attempted . The welded
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configurations used the same porous tungsten cylinder ‘and performed

well. However, the tantalum-to—tungsten E—beam weld was brittle and

usually failed after a few test cycles.

The brazed configuration has two advantages: (1) the rhenium

wires can be inserted into the tungsten and brazed to produce a flexible

joint, and (2) the oxide mixture can be placed in the tungsten after

brazing, assuring minimum contamination. With the oxide stored in

the tungsten matrix, degradation from air exposure is probably limited

to a few monolayers at each opening in the matrix. Thus, even repeated

exposures should not significantly reduce the available active elements.

3. Keeper

The keeper electrode (see Figure 18) provides a means for starting

and maintaining the discharge. In the SPIBS design all the xenon

flows through the cathode and keeper. Although the keeper mounting

insulators do not provide a gas—tight seal, the keeper orifice is a

major gas flow path and is the principal charged particle path.

Results of tests to determine the effect of keeper orifice diam—

eter on discharge voltage are shown in Figure 91. Data were con—

veniently obtained as a function of volume flowrate (psi/hr) using

the blowdown expellant system. Based on these results, an orifice

diameter of about 1.0 nun was selected . Significantly smaller diameters

produced voltages that would tend to cause discharge chamber sputtering.

Larger diameters results in low discharge voltages and low ionization

efficiency. The 1.0 mm diameter produced a reasonable voltage for 
a

ionization over a broad range of flowrates and yet avoided possible

sputtering problems.

4. Neutralizer Filaments

Neutralizer tests were performed (1) to prove functional capabil—

ity, (2) to determine filament location (3) to establish power require—

ments, and (4) to establish filament life. Early in the program, basic

neutralizer feasibility was demonstrated using a large beam probe to
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Figure 91. Effect of keeper orifice diameter on
discharge voltage.
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collect the total ion beam . The probe would attain a positive potential

when allowed to float electrically with the neutralizer off. With the

filament on, the probe collector potential would return to near ground

potential. In these tests , the PPA common was allowed to float to a

negative potential with the neutralizer off. Adequate neutralization

also returned the PPA common potential to near zero.

Since neutralizer feasibility was proven as early as run A—4 , tests

of other more critical components took precedence over detailed neutral-

izer tests until runs A—36 through A—38 . These last runs of the bread-

board phase were used to select final filament locations . In all tests ,

the axial distance from the flat face of the decel grid was 0.44 cm.

The radial position was established through the life tests in runs

A—36 and A—38.

For run A—3 6 , the decel aperture diameter was increased from 0.76

cm to 1.27 cm and the filaments were located radially at a radius of

0.50 cm. As indicated in Table 9, the filaments were damaged after

about 100 hr of operation with a beam. Prior to run A—38 , the new

filaments were respaced to a radius of 0.53 cm. This location increased

filament life to about 500 hr (estimated). To provide a filament life-

time margin , a final radial location of 0.56 cm was selected .

5. Ion Beam Profile

Another general concern in using SPIBS on the SCATHA satellite was

the ion beam profile or divergence enveloped . Although good collima-

tion was predicted analytically, experimental evidence was desired . A

series of beam probe tests was conducted to measure the approximate

divergence angle under a number of operating conditions . The basic

test setup for these tests was shown in Figure 89.

Representative results of beam profile measurements are shown in

Figures 92 through 94. Since the primary purpose of these profiles

was to establish the ion beam envelope , a relatively simple probe was

~~~~ used. Unfortunatel y, with such a simple probe , the integrated total

current was not equa l to the metered beam current . Several factors

could explain this difficulty , including secondary emission from the

- 
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Figure 92. Ion beam profiles; beam voltage = 2 kV;
variable beam current.
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Figure 93. Ion beam profiles; beam voltage variable;
beam current = 2 mA.
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Figure 94. Ion beam profiles; beam voltage variable;
beam current variable.
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probe , surface charging on the dielectric around the probe wire, and

EMI. Even with these uncertainties , all the profiles show a relatively

diSatiflCt beam edge at a radius of less than 5 cm, at an axial position

of about 7.5 cm from the decel grid. (For these tests a multi—aperture

decel grid was being used). Thus, it was concluded that the bulk of

the ion beam (more than 95%) was contained within a half angle of 30°.

A similar conclusion was reached at AFGL based on independent measure-

ments made with a SPIBS ion source.

6. Endurance and Restart Tests

To evaluate various ion source components , long term continuous

tests were performed. Generally, the system was allowed to operate

unattended , with only periodic checks. Table 10 summarizes the

test durations by run number. To evaluate restart capability after

long— term operation , the source was periodically shut off and restarted

as a part of these tests.

Table 10. Summary of Endurance and Restart Tests

Acc umulated Number of
Run Number Operating Time, hr Res tar ts

A— 9 37 N/N*

A— il 220 40

A—l2 160 25

A— l5 371 25

A—16 N/N 20

A—lB 16 N/N

A—2l 75 750

A—3l 100 N/N

A—35 210 N/N

A—36 615 375

A—38 330 N/N

*Nof noted , but usually more than 5 in
typical test sequences.
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As part of the reliability evaluation of the porous tungsten insert,

cyclic ignition tests were performed on the breadboard ion source. An

automatic cyclic controller was integrated into the SPIBS test rack to

provide the sequence described below:

t = 0 Cathode heater and discharge voltage on

t = 2 mm Keeper voltage on — ignition. (If ignition does
not occur within 10 sec, turn off keeper volt-
age and reapply 50 sec later.

t = 6 mm All power off

t = 10 mm Reset timer to zero and start next cycle.

More than 750 ignitions were accumulated during 7 days. The cyclic tests

were run with a porous tungsten insert that had been operated approxi-

mately 120 hr before the start of the cyclic tests and had several expos-

ures to air. There was no detectable different in its operating charac-

teristics between the start and end of the cyclic tests. As a result of

the endurance and restart tests, a high level of confidence was estab-

lished in the ion source and system designs.

7. External Magnetic Field

One of the SPIBS program technical goals was to achieve a low

external magnetic field. Quantitatively, the goal was to produce a dc

field of less than 1 C at a distance of 10 cm from the system. The

origin of the dc magnetic field is the ion source which uses permanent

magnets.

Data taken with the ion source mounted in the EN configuration (i.e.,

on the vacuum enclosure baseplate and inside the vacuum enclosure) are

presented in Figures 95 and 96. Data points were taken along the source

centerline and along an axial line located 10 cm radially from the
centerline. A correction of about 0.4 C was made for the ambient field

in the measuring area. Data were taken with an “axial”—type probe.
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Figure 95. Magnetic field strength as a function of
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On axis, the field decreases continuously away from the source.

At the 10 cm radial location, the expected field reversal occurs slightly

ahead of the plane of the decel grid. Although further measurements in

a “screened room” would improve the accuracy of these data, the external

magnetic field appears to meet the 1 C level at 12 to 13 cm. As indicated

in Figure 96, the field approximates that of a dipole having a strength

of 1.1 A—M
2
.

8. Source Operation in Vacuum Enclosure

In the final stages of the breadboard phase, tests were performed to

assure ion source compatibility with the vacuum enclosure. Photographs

of this test setup using the EM ion source are shown in Figures 97 and

98. Successful tests were conducted with the enclosure cover open and

with it closed. In the closed position, beam currents of up to 0.5 mA

were obtained and measured at the graphite collector mounted in the cover.

The expellant system used during these late breadboard phase tests is

shown in Figure 99. A latching valve and a regulator were used in con-

junction with a lecture bottle reservoir.

9. Pressure Transducer

Two semiconductor type pressure transducers were evaluated for use
on SPIBS. The first unit, manufactur~d by Sevso—metrics, is designed

to be bonded to the outside surface of the reservoir. The Senso—Metrics

pressure transducer’s behavior as a function of temperature and pressure

is shown in Figure 100. A more satisfactory behavior might have been

obtained by masking a “flat” into the tank. However, such a change to

the task would have jeopardized the tank’s DOT rating. The Entran unit

is mounted in a 10—32 screw and can be sealced into the pessure vessel

with an 0—ring as shown in Figure 29. Calibration data for the Entran

unit is shown In Figure 101. The Entran unit was chosen for SPIBS.
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Figure 100. Calibration data for sensometrics pressure
transducer.
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Figure 101. CalIbration data for Entran pressure transducer .
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SECTION 6

ENGINEERING MODEL SYSTEM

Near the end of the breadboard phase , a design review was held to
present results of breadboard testing and to obtain approval for con-

struction of the EM system. At that time (25 May 1976), the major open

issues included: (1) ion source life and the continuing grid shorting

problem , (2) system packaging, and (3) system mass. Although these

Items and several additional questions were of concern, it was agreed

that fabrication of EM hardware should proceed.

Following the design review, ion source modifica tions were made and
the shorting problems were eliminated for operating times of up to at

least 600 hr. These tests were performed on the breadboard ion s6urce

and specific results were described in Section 5. These breadboard ion

source modifications were incorporated into the final EM and flight

source design, and no further significant source changes were made dur-

ing the program. However , as discussed below, the EM and flight source

porous plugs used for xenon flow control had less impedance than expected ,

and a minor modification of thepressure regulator was required. Except

for this recalibration , most E~1 tests were associated with system inte-

gration and power processor set—point adjustment.

A. SYSTEM DESIGN AND ASSEMBLY

The initial system design concept is shown in Figure 102 (as pres-

ented in the first quarterly report). During the second quarter , PPA

circuit card layouts were started and the need for more volume was iden-

tified. The width and height of the PPA enclosure were increased by

about 2.5 cm , and the length of the cards was increased as shown in

Figurc- 103. By the end of the third quarter , the PPA circuit card lay-

outs were nearly complete after several iterations. To remain within the

PPA volume constraint (agreed on after the previous volume increase), it
a was necessary to interdigitate portions of the three cards as indicated
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by the dashed lines in Figure 104. Thus, “tall” components (e.g.,

tuagnetics) on one care were located next to “short” components (e.g.,

resistors mounted flat) on an adjacent card. The cards were extended

to ~he maximum length and a “dog leg” was added to the middle card. 
Com-

ponents were located on both sides of each magnesium channel section

card at this point in the design evolution.

During the second quarter additional information on the pressure

regulator had been obtained , and the regulator mount was updated. New

details of the ion beam collector and blow—off cover were also incorpor-

ated. By the end of the third quarter the pressure transducer had been

moved from the surface of the reservoir to the fill fitting, as shown in

Figure 104.

The final SPIBS design is shown in Figures 105 through 107. Details

to be noted in the layout drawing, Figure 105, include: (1) pressure

regulator mounting ; (2) the addition of connectors for the transducer ,

value, and cover; (3) right—ang le not plates f or sec uring the enclosure
cover , and (4) the protrusion of the reservoir clamp beyond the edge of

the base. The clamp was subsequently modified to move the clamp “loop”

out of the way to minimize the width to about 23 cm. The pho tos in

Figures 106 and 107 show many of the details of the EM system during and

af ter final assembly. The wires protruding from the PPA enclosure in

Figure 106 attach to terminals on the source.
Fabrication and assembly procedures for the EN system were somewhat

differen t from those for the breadboard system , and documentation was

increased. All mechan ical or machined parts were trated as “controlled

hardware.” This process does not involve inspection of vendor facili—

ties , but does provide 100% inspection of all fabricated parts. Elec-

tronics parts , except for magnetics , were purchased and controlled by

HRL personnel. Magnetics parts were designed electrically at HRL and

were built by the Hughes Components and Material Laboratory in Culver

City.

~~~ During the fabrication of the EM ( and rocket model) ion source, a

written assembly procedure was developed. All process steps were clari-

fied and documented for use on the flight source. The assembled ion

184

__a - - 

~~~~~~~~~~~~~ -— n -  -- a- n-_~~~~~~~~~
_
~~~~~~~~~~~~~~~~~~~~~~~~~~~~ j ~~~~~~~~~~~~~~



-a- . -~~~~~~~~ -
.
~~~~~~~~~~~

— . - -

Figure 104. Unavailable.
(Figure 2 of Quarterly 3)

185

--a__________________________

~ 

:~~~ z-.± -
~~

-- :- 
~~~~~~~~~~~~~~ 

-
~~~~

-: - —‘- ---

~ 

—_ .  -a .— ,

~~

- _. . a .’ _-~~ . .~~~~



z
4 z2

/ 8 Z
_ _ _ _ _ _ _ _ _ _  j I

7 I~ E~i /~( ‘~2~,). 
_ _ _ _ _ _

~-4:~4~~~;~~/ ‘~c~
-

“ f - N  1~

1~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~~~~~~~ 

- - n o
I ~~ ~~~~~~~~~~ 

/

ci i~~~-~ 
(°,‘-t--

~~ 
4’—4_------

~

~-f~
- 

~~

I _

~~~~~
-1-

~

_

~~~

_

f 

~~~~~-~~ ) 
~~~~

.~~~~~~~ HH _ / ~~~~
I - 

- 

~~~~ + ~ L ~~~~~~~~ Lt

_ _ _ _

186



-~~ - - ~~~~ .a --  -
_~~~~ - -w-rfl~~~ -.

* — I

Ml 2247

p

-~~3...’.

~~~~~~~~~~~~~~~~~~~ 

a~ 

a

~ 

-~~~~
-

-

_

~

Figure 106. Exploded view of EM system during assembly .
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source was inspected by the assembly supervisor. Although the quality

assurance program for the ion source was simple, few errors resulted.

All sources operated properly from the first startup and had remarkably

similar characteristics.

Assembly of the EM PPA was performed at the Hughes Culver City site.

Harness design, point—to—point wiring lists, assembly, and inspection
were handled at this facility. Parts kits were supplied by HRL. After

the three circuit cards were assembled, electrical tests were made to

verify proper assembly. The intra—card harness was then installed , and

tests were performed on dummy loads and with an ion source. Select—by—

test components were installed; all corrections were finalized; add a

pre—conformal—coat test was made with the system. After system perform—

ance verification, the PPA was plotted (all high voltage areas) and

confornially coated for enviroLMnental protection.

The ion source, PPA, and expellant assembly were then integrated.
The various tests performed during the assembly phase are discussed in

the following section.

In addition to meeting size and performance requirements, system

weight was a major concern. The initial weight goal of 6.3 kg (14 lb)

was based on estimates made during the proposal phase. However, after

assessing the PPA design and packaging complexity, the estimate was

raised to 7.36 kg (16.2 lb). This increase was mainly associated with

PPA components; improved estimates of harness, potting , and conformal

weights; and the larger enclosure. At the second design review, the

weight estimate was increased to 7.5 kg based on the measured weight

of portions of the EM system; fortunately, the actual final weight was

less than 7.4 kg, as shown in Table 11.
To minimize SPIBS weight, magnesium was used extensively. Except

for minor parts of the ion source vacuum enclosure, all machined parts

were magnesium, including the PPA circuit card structure. The PPA

enclosure and SPIBS structure were machined extensively to remove all

excess material, as shown in Figure 108.
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Table 11. Engineering Model Weight Breakdown

Weight, g
Element

Revised Estimate

Ion Source Assembly (ISA)

Ion Source
Enclosure endplate 490a

Insulators, wiring, and fasteners

Expellant Assembly (EA )

Tank (empty)
Valve, fill fitting, and transducer 1253a

Regulator

Xenon 270

Lines and fittings 20

Connectors and Miscellaneous 50

Power Processor Assembly (PPA)

Circuit card 1 961
a

Circuit card 2 1026
a

Circuit card 3 810
a

Conformal coating and potting 300

Connectors and wiring 550a

Structure and Mechanisms

Blowoff cover assembly 540

PPA enclosure 850a

Clamps and fas teners 230

Contingency l~O

TOTAL 7,500 g

aMeasured engineering model weights.

~~ 6326
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Figure 108. EM system setup for thermal testing.
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B. SYSTEM TESTING

A broad range of tests with the EM system verified proper operation

and satisfactory performance. The 22 test runs made are summarized in

Table 12. The majority of these tests fall into a “verification” category.

A few tests were of a development nature and resulted in modifications or

system changes. Although several difficulties were encountered during

this period , no significant redesign or rework was required.

Initially, the EM phase tests centered on the EM ion source, oper—

ated from the breadboard PPA. Due to differences in the ion source

fabrication process, Introduced to assure reproducibility for the flight

source, the EM source porous plug had lower flow impedance than antici—

pated. (Less of the plug was sealed by E—beam “washing” in the bread—

board in the engineering than in the breadboard model.) As a result,

several tests were required to seek a method for reducing the gas flow

to the source. As indicated in Table 12, tests runs B—2 through B—7

used additional plugs in the gas line between the regulator and the

source. An equivalent impedance of about two normal plugs in series

with the original plug was required to obtain the desired flowrate. In

runs B—S through B—13, the regulated pressure was reduced from 20 psia

to about 7 to 8 psia (the lower limit of the original regulator), using

the EM source with only the built—in porous plug. These successful

tests provided the impetus for having the pressure regulators reset by

the manufacturer to a lower pressure range (4 to 10 psia). Tests with

the modified regulator started with run B—l4.

In parallel with the porous plus impedance investigation, other

system tests were continued. Starting with run B—9, the EM PPA was

integrated into the system. A series of tests were then conducted to

select various resistors for set—point adjustments. Demonstrations were

conducted for AFGL personnel during runs B—b and B—li.

During the installation of the PPA into the enclosure prior to

run B—lO , a cracked weld was found on card A—2 (at “dog leg”). It was

mutually agreed that the A—2 card would be repaired, but that it would
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be switched with the same card in the rocket model system. This card

substitution was made and the EM system was subsequently potted and

conformally coated. Figure 109 shows the PPA and harness before potting.

Checkout tests with the fully system in air were conducted in runs B—l2

through B—l4.

The EM PPA and system were instrumented with thermocouples for

thermal vacuum testing as shown in Figure 110. These temperature mea—

surements were designed to be used in conjunction with analytical thermal

model results. Run B—is was the first full system test in vacuum, and
the only test run with thermocouples. The thermal model, presented in

Appendix A , provides a reasonable representation of the hardware

except on the bbowoff cover and decel grid. For these areas, the model

predicts much higher temperatures than those experienced. However, for

the more critical areas, such as the PPA cards, the measured tempera-

tures are close to those predicted . In specific terms, the temperature

drop across the card (from center to base) was predicted to be about

9°C; measurements indicated a drop of about 6°C. Thus, if the SPIBS

environment on the satellite is maintained within reasonable bounds, the

electronics will remain within acceptable temperature limits. Other
SPIBS components are expected to tolerate broader temperature ranges than

the electronics.

During run B—iS, the keeper power supp ly high voltage transformer
failed. The cause was believed to be a marginal design and the use of

relatively rigid potting material. This material apparently causes

the ferrite cores to crack, resulting in low inductance. This is din—

cussed in more detail in Appendix B.

The testing pause resulting from the transformer replacement allowed

time to refill the xenon reservoir. Runs B—16 and B—il were subsequently

used to checkout the electronics and the system on a known gas sys tem
(lecture bottle). In run B—l8, a resistor failed in the decel circuitry ;

a carbon composition type resistor was substituted for the original

metal film type. Run B—19 was devoted to system checkout following the

repiar of the decel circuit. At this point , a beak in one of the latch-

ing valves (rocket model) occurred. To deliver the rocket model, the
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Figure 109. Photograph of PPA circuit cards harnessed , potted ,
and conformally coateu .
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I
EM expellant assembly was used on the rocket. Subsequently, another

expellant assembly was prepared and f illed (all latching valves were

eventually returned to Carlton Controls for nickel plating of internal

components to prevent rust.) The system was then integrated with a full

xenon reservoir and given a final checkout in vacuum during run B—20.
A ground—test simulation test was conducted In Run B—21 with the

system in air and evacuated through the pump—out port In the blowoff

cover. No difficulties were encountered at the 1 mA and 1 kV beam con-

ditions, Since the primary objective of the ground checkout is to

assure that the system is functional before launch, a check of other

levels Is not appropriate. Long term source operation with the cover

close& risks sputter coating various surfaces.

Toward the end of the EM phase, a change in exterior surface finish

on the SPIBS was directed by AFGL. The original finish was a clear,

electrically conductive oxide obtained through a dipping process. For

thermal control reasons, a black conductive paint was desired. Thus,

following run 8—21, the system was disassembled and all magnesium parts

were sent to APGL for painting. After reassembly, the full system was

tested in vacuum to verify correct operation and performance.

In comparison with results of the breadboard phase, tests of the

EM system showed a significant improvement in ion source startup. The

source discharge would consistently ignite in 2 m m .  After initial

activation, the discharge would frequently Ignite without the use of

keeper high voltage. This excellent performance can probably be

attributed to the compact and clean gas system and the short cathode

heater wires (which allow relatively more heater power for the same

power supply output).

An operating mode not originally anticipated was experienced during

the EM testing. This mode is one in which the keeper is ignited at a

low value (less than 30 mA), the discharge current is essentially zero,
and the cathode heater is limited to about 1 A. Such a condition arises

if the discharge goes out but the keeper remains at a level sufficient
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to sustain the plasma. The cathode heater supply and the keeper supply

share a hIgh—voltage transformer to minimize parasitic power during

normal operation. However, when the keeper drains even small currents,

the cathode heater current is limited to about 1 A. Since it was expected

that the keeper and cathode heater would never be on together, this mode

was not planned.

However, as a result of the rocket test of the RN—SPIBS, it was

determined that beam current levels below 0.3 mA might be desirable and

necessary for full evaluation of SPIBS on SCATHA. The “low keeper cur-

rent only” mode can probably be achieved repeatedly by turning the SPIBS

on in the low discharge current mode (25 mA) without initially starting

at higher discharge current . Such a startup process probably does not

allow the cathode emission process to stabilize sufficiently to operate

as an “auto cathode.” The beam current obtained In this low keeper cur-

rent mode is about 0.1 mA , giving SPIBS a beam current dynamic range of

about 20 to 1.

The EM system was delivered to AFGL in mid—September , 1977. Sub-

sequent tests performed at AFGL confirmed the results reported here. In

addition, successful vibration and thermal—vacuum tests were performed

to satisfy satellite qualification requirements.

C. ANALOG OUTPUTS (TELEMETRY)

Operation of the SPIBS Instruments is monitored by means of the 18

analog outputs listed in Table 4. Calibrations for these channels

are presented in Figures ill through 128. These data were obtained

using resisting loads on the supplies individually. However, during

system integration, the PPA was connected through a meter panel

(Figure 88) to verify calibrations and to set select—by—test components.

Most of the calibration curves are believed to be accurate to within

±5% of the true value; the electrometers are believed to be accurate to

about ±10%.
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Figure 111. EM beam current telemetry calibration (Channel 1).
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Figure 112. EM beam voltage telemetry calibration (Channel 2).
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Figure 115. EM keeper current telemetry calibration (Channel 5).
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Figure 117. EM keeper low voltage telemetry calibration (Channel 7).
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Figure 119. EM accel current telemetry calibration (Channel 9).
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Figure 120. EM decel current telemetry calibration (Channel 10).
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igure 121. EM neutralizer heater current telemetry calibration (Channel 11).
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Figure 122. EM neutralizer bias voltage telemetry cali—
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Figure 124. EM SPIBS net current telemetry calibration (Channel 14).
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Figure 125. EM reservoir pressure telemetry calibration
(Channel 15).
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Figure 126. EM PPA temperature telemetry calibration (Channel 16).
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Figure 127. EM PPA inverter current telemetry calibration
(Channel 17).
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Figure 128. EM PPA inverter voltage telemetry calibration
(Channel 18).
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SECTION 7

FLIGHT MODEL SYSTEM

The flight system benefited significantly from our experiences and

difficulties with the breadboard and EM phases. However, since a few

new factors were added in the flight phase In terms of quality control

and documentation, more emphasis was placed on the fabrication and

assembly processes than for previous units. The flight hardware assembly

records and various procedures were supplied to AFGL during fabrication

or on hardware delivery and are not discussed in detail here. Very few

serious problems were encountered during the flight model phase, although

several untimely minor failures resulted in overall delays. A photo-

graph of the completed flight system is shown in Figure 129.

A. SYSTEM DESIGN AND FABRICATION

Except for very minor differences in assembly (e.g., wire size and

routing) the flight model system design is identical with~the EM system.

All changes introduced into the EM, such as exterior paint, were auto-
matically incorporated into the flight model.

L 

Fabrication and assembly of the ion source followed the written

procedure developed earlier. At critical points in the assembly process,

the completion of that portion was verified and signed off. A copy of

this assembly log, including inspection tags was delivered with the

flight system.

PPA assembly was documented and controlled significantly more than

for previous models. A complete new point—to—point wire lIst was pre—

pared and checked. A quality plan defining insepction levels and

requirements was prepared and implemented. All electronics parts were

ordered to Hughes “908” specif ications, batch inspected in receiving,
and locked in a controlled store. Complete inspection of all solder
Joints was provided at various points in the assembly process. As with

the EM, individual cards were checked electrically at HRL prior to hat—

ness installation. Except for coordination, the PPA was built at the

217 4
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Figure 129. Photograph of f l ight  model system .
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Culver City site. A photograph of the harnessed PPA setup for checkout

is shown in Figure 130. A small gauge wire was used for intra—card

wiring in the flight model than in the EM. This resulted in a more com-

pact package and eased wire bundling. The weight of the flight system

was about 7.35 kg.

Flight system integration basically followed the process outlined

in Section 6. However, the length of time needed for integration and

final checkout was significantly reduced over the EM system. As dis-

cussed in the following section, testing was completed with only a few

delays.

B. SYSTEM TESTING

In the flight model phase, six test runs were conducted, as m di— _ 
-

cated in Table 13. The first flight phase test, run C—l, was conducted

to check out the flight ion source. This was accomplished using the EM

PPA (between EM phase runs B—20 and B—2l). The ion source operated

properly and was checked over the full operating range. A problem

encountered with the net current electrometer was diagnosed as a cold

solder Joint and was repaired. The neutralizer bias supply was also

found to be missing a select—by—test capacitor. This additional test

of the EM PPA proved to be valuable In debugging the EM system.

Having verified that the flight ion source was operational, run C—2

was used to integrate the source with the flight PPA. Select—by—test

resistors in the neutralizer heater circuitry were set and minor prob—

lems with the bias supply telemtry and net current electrometer were

identified and corrected.

The first test of the full system using the flight gas system was

performed during run C—3. For this test, the PPA was in air. After

correcting another cold solder joint in the accel telemetry, a f ull
range of tests was conducted. All aspects of the system’s perf ormance
were considered to be acceptable. Thus, the PPA was ready for potting
and conformal coating.

_________ - - - ________ ________ _____ - _ —_ -
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Figure 130. Photograph of flight PPA before conformal coating
and potting.
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Table 13. Summary of Flight Model Test Runs

Test Setup Change Pr iorTest Purpose Remarksto Test

C—l Checkout of f l ight  ion First test. Successful test .
source on EM PPA.

• C—2 Checkout of f l ight PPA. First PPA/sou rce test Successful test .

C— 3 Full system test with System assembly. Successful test .
reservoir.

C— 4 PPA evaluation a f te r  Potting and conformal Successful test.
confo rmal coating

C— 5 Full f l ight  system test Completed system Successful test .
in vacuum, assemb ly.

C— 6 Ground test simulation. Installed system at pump Successful test;
out port  system prepared

fo r shipp ing.

6326

After potting and coating , the system was retested in run C—4 with
the PPA an d expellan t assembly in air. Neutra l izer  emission levels
required additional adjustment , and a cold solder join t  in the decel cir-

cuit ry was corrected . With these corrections , the PPA was pr epa r ed fo r
installation into the enclosure.

During run C—5, with the full flight system in vacuum, essentially

all operations were normal. At the time, this problem was believed to

be due to a loose connection in the external harness. Subsequently, a

failed component In the keeper supply was Identif led. After a full

performance map was taken, the flight system vacuum checkout tests were

concluded.

The final test of the flight system at HRL, run C—6, was a

ground checkout simulation run. As betore, the system was evacuated

through the pumpout port and operated into the cover collector. Beam

currents of about 0.2 and 0.9 mA were obtained at a beam voltage of

1 kV.
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C. ANALOG OUTPUTS (TELEMETRY)

Analog outputs are listed in Table 4, and data for the flight

model are presented in Figures 131 through 148. Calibration results

are quite similar to those for - engineering and rocket models . Data were -

obtained with the individual circuit cards operating on resistive loads.

Additional data points were obtained through the meter panel during

system integration.
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Figure 131. Flight model beam current telemetry calibration
(Channel 1).
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Figure 132. Flight model beam voltage telemetry calibration
(Channel 2).
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Figure 133. Flight model discharge current telemetry calibration
(Channel 3).
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Figure 134. Flight model discharge voltage telemetry cal1br~tion
(Channel 4).
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Figure 135. Flight model keeper current telemetry calibration
(Channel 5).
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Figure 136. Flight model keeper high voltage telemetry calibration
(C hanne l 6) .
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Figure 137. Flight model keeper low voltage telemetry calibration
(Channel 7).
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Figure 138. Flight model cathode h~ater current telemetry calibra—tion (Channel 8).
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Figure 139. Flight model accel current telemetry calibration
(Channel 9) .
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Figure 140. Flight model decel current telemetry calibration
(Channel 10).
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- Figure 141. Flight model neutralizer heater current telemetry calibra—

tion (Channel 11).
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Figu re 142. Flight model neutral izer  bias voltage telemetry cal i—
brat lon (Channel 12).

234

_ _ _  _ _  _ _  

-- --- -—•-• — - —  - - -
,- — -— — - - - 

~
- --- — - - - — - - — — -

~ 
—



~~- -~~~~
-

~~
- - - ---,-

- ~~-~~~~--~~~- — -  
—

- - —-_ ----- -—— __s.%_,_ - -

784464

NEUTRALIZER EMISSION CURRENT
ELECTROMETER NO. 2

5 —

> 4-
U

I-.
-J
0
> 3 _

I-
LU

U

I.- 
~~~~~~~~~

—

0 1 2 5 10 20 50 100 200 400 1000 2000
CU R R E N T ,~LA

Figure 143. Flight model neutralizer emission telemetry calibration
(Channel 13).
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Figure 144. Flight model SPIBS net current telemetry calibration
(Channel 14) .
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Figure 145. Flight model reservoir pressure telemetry calibration
(Channel 15).
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Figure 146. Flight model PPA temperature telemetry calibration
(Channel 16).
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Figure 147. Flight model PPA AC inverter current
telemetry calibration (Channel 17).

239 

~~~~~~~~~~~~~~~~ 
r- --~~~~- -~~~=-- 

_ r ~~~~~ — —~~~~~~
--—



,-~ -—~ -•-—~ —=.,—— ,‘,--— - -- ---—-—-

~~

—------ - -_-- -—rn -----—
-

7844—69

I . 1

4 —  —

3 —  —

2 —  —

1 —  —

I I I I
0 10 20 30 40 50

AC INVERTER VOLTAGE TELEMETRY , V

Figure 148. Flight model PPA AC inverter voltage telemetry calibra-
tion (Channel 18). 

. 
-

240

~~~~~~
-,•——-- 

~~~~

_——-- - - - ------ --—-- 
-- 

— - • - —* - -  
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_ _ _ _ _ _ _  
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

~~~

— ---- --— -- ----—.-•--.••--- - -- -

~~~~ 
—,—--- - -—--- ,-- --—--

SECTION 8

CONCLUSIONS

The SPIBS program was successfully carried out with a minimum of

serious setbacks. Essentially all objectives were met and three opera-

tional systems were delivered to AFGL. Although the SPIBS hardware as

delivered had a yew shortcomings that were discovered late in the pro-

gram, corrections were made relatively easily by AFGL personnel. These

corrections included : (1) modification of the regulator to include a

pressure transducer, (2) addition of a noise filter on the analog out-

puts, and (3) addition of permanent magnets to buck—out the ion source

external magnetic field.

Significant points to be noted regarding the final hardware include:

• All units perform similarly ; have reproducible charac—
teristics; and satisfy requirements on input power,
envelope dimensions, and weight.

• Qualification tests were completed by AFGL personnel
and demonstrated that SPIBS meets rigid require-
ments on vibration , the rmal—vacuum , and EMI . A
t ransformer f a i lu re  in the discharge supply of the
flight model and transducer failures were the only
problems encountered in AFGL qual i f ica t ion and accept—
ance level testing. The flight instrument has been
c~-alivered to Martin Co., the SCATHA satellite
integrator.

• The flexibility of the SPIBS design was demonstrated
during the flight test of the rocket model. As a
result of this flight , an additional operating mode
will be included on SCATHA to obtain beam currents
as low as 0.1 mA. With this “keeper only” mode , the
beam current dynamic range is about 20 to 1.

• • Over 300 operating modes are available, including
operation with an un—neutralized ion beam , par tial
neutralization, full neutralization, or neutralizer
only. Neutralizer biasing of ±1000 V is possible in
all modes.
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• The SPIBS ion source has many novel features and
characteristics, including: (1) xenon expellant,
(2) decel grid, (3) graphite screen and accel grids,
(4) compact and rugged hollow cathode using a porous
tungsten oxide Impregnated insert, (5) startup in
less than 3 mm , (6) stable operation over a wide
beam current range, (7) operating 1 if e in excess of
1000 hr , and (8) low input power considering overall
capabilities.

Several important related subjects were not addressed as part of

this program. Neutral efflux, ion beam divergence, and charge exchange

are of concern to other experimenters on SCATHA. AFGL personnel are

conducting experiments and analyses to accurately define and assess

these areas. Not withstanding these questions, SPIBS should prove to

be a valuable tool in the study of spacecraft charging.
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APPENDIX A

THERMAL MODEL RESULT S AND ME~ASUREMENTS

To evaluate the thermal characteristics of the SPIBS packaging design

prior to fabrication, an analytical model was prepared. Since all the

SCATHA spacecraft boundary conditions were not defined at the time this

work was performed , the modeling was not intended to simulate flight

conditions. However, given reasonable boundary conditions, the model

provided confidence that electronics components would operate below

critical temperature levels.

A. THERMAL MODEL

The temperature distribution of SPIBS is expected to vary as a

consequence of variations in operating conditions. These variations

result from the different power levels applied during startup and dur-

ing operation at different beam currents and voltages. To evaluate the

design, a thermal analysis was made to ensure that the temperatures of

the three circuit cards did not vary beyond allowable limits for any of

the various operating conditions. This steady—state thermal analysis

was accomplished with the aid of a Hughes Aircraft Company digital com-

puter program TAP—3. This thermal analyzer computes heat transfer in

physical systems using lumped parameter networks. Any two nodes may

be connected by two resistors, one representing conduction and the

other representing radiation. In addition to exchanging heat with

other nodes, each node may receive radiation and/or a direct heat input.

The thermal analysis was carried out by representing the SPIBS

system as a lumped parameter network of 15 nodes and 36 radiation and

conductor resistances. A schematic showing the thermal model and modal

numbering used is shown in Figure A—i. Each of the three circuit cards

was represented by three constant temperature nodes, each of which is

connected to adjacent nodes, to the satellite interface, and to the

PPA case by conductances. The three circuit card nodes adjacent to the
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ion source are also connected to the source backplate node via radiation

resistors. The backplate is connected to the ion source by both radia-

tion and conduction paths. A schematic showing the conductances and radi—

ation resistors used in this model is shown in Figure A—2. (For clarity,

only one typical circuit card network is shown in the figure.)

In preparing the SPIBS model, the following assumptions were made:

• The thermal properties were calculated using the hand-
book valu~s for magnesium with a thermal conductance of
1.57 W/cm 1°C and an emissivity of 0.13.

• The thermal conductance between the circuit cards and
PPA case was calculated assuming a 20 psi clamping
force to produce a surface conductance of k = 0.05 W/
cm2/°C.

• Only the ion source body (nodes 13, 14, and 15) view
deep space. All other nodes view the satellite, and
radiation was neglected between the PPA nodes and
the satellite.

B. POWER INPUTS

SPIBS system heat loads for the following five d i f fe ren t  operating

modes are shown below

Table A—i. Thermal Operating Modes

(1) Startup

(2) Beam of 1 mA at 1 kV; no neutralizer; no bias

(3) Beam of 2 mA at 2 kV; no neutralizer; no bias

(4) Beam of 2 mA at 2 kV with neutralizer; no bias

(5) Beam of 2 mA at 2 kV with neutralizer; 1000 V bias

6326
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Using the total powers shown above, the nodal power inputs to the circuit

cards were distributed according to the power dissipated in the area

assigned to each node. The ion source assembly power was distributed

equally to the side nodes (13 and 14) and to the front node(l5). It

was further assumed that 25% of the transverse power goes into node 13

and that 75% goes into node 14. For the neutralizer filament power, it

was assumed that 50% goes to node 15 and that 50% is radiated to space.

A summary of the nodal power inputs for the five different operating

modes is shown in Table iI_l.

C. CALCULATED TEMPERATURES

Table A—2 summarizes the calculated temperatures for the five oper-

ating modes for a satellite interface temperature of 25°C. As might be

expected, operating condition 5, which has the highest input power,

results in the highest circuit card temperatures. Of the three circuit

cards, the line regulator card has the highest temperature (“'54°C),

while the screen/accel card has the lowest (“.41°C).

To investigate the effect of circuit card thickness on temperature,

the circuit card conductances were adjusted to correspond to a 0.063 cm

thickness rather than the baseline thickness 0.089 cm. The results of

the reduced thickness calculations, presented in Table A—3, indicate

that the circuit card temperatures are increased by 40 to 8°C.

A third run was made to determine the sensitivity of the circuit

card temperature to satellite interface temperature. The results, shown
in Table A—4, indicate a nearly linear relationship between the PPA

and satellite interface temperature.

D. EXPERIMENTAL RESULTS

The thermal vacuum test setup for the EM system is described in

Section 6 (see Figure 108). Thermocouples were installed at node

locations used in the analytical model. All steady state data were taken

in the “mode 2” condition.
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Experimental results are presented in Table A—5 for three different

baseplate temperatures. The information in Table A—S includes a key for

thermocouple designation number and the experimental temperature of

node 1 (satellite interface). Comparing the experimental and analytical

results indicates that the measured temperatures and gradients are less

than predicted for the electronics. For the ion source, which should not

be critical thermally, the model is also conservative but is less accur-

ate. This is not surprising considering the uncertainties in modeling

the source and cover.

E. CONCLUSIONS

These experimental and analytical results indicate that the SPIBS

design should satisfy expected thermal requiremenqs. In terms of cir— - -

cult card structure thickness, 0.089 cm is a good choice. A thinner web

would result in unacceptable temperatures.
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APPENDIX B

MACNETICS

H The magnetics used on this program were the following types :

• Inductors — cut “C” co res

• Transductors — tape wound toroids

• Cu rrent transformers — f e r r i t e  pot cores.

Of pa rt icular interest are the transformers , speci f ically the hig h—

voltage t ransformers. The power processor operating frequency (20 to
25 kHz) and the program weight and volume goals indicated that ferrite

pot cores would be well suited for use as the transformer cores. Fabri-

cation of the transformers proceeded smoothly except for certain high

voltage part numbers. For these parts, the problem was manifested as

excessively hi gh magnetizing current , or low inductance , a f t e r pott ing .

Failure analysis of these parts showed that the cores had cracked dur-

ing potting. There were two contributors to this problem. First, the

pot cores that are used in hi gh vo ltage app l ica t ions are modified a f te r

being received from the vendor. The slot in the standard core is not

large enough for the required high voltage wire. The slot is enlarged by

grinding it open as shown In Fi gure B—i. This gr inding,  natu ral ly,

removes material from the core and thereby, weakens it.

Second, the potting material that was used was a hard epoxy that

required elevated temperature curing. The combination of these two

things is what caused the cores to crack. It was then decided , after

evaluating test samples, to use a softer potting material. The mater—

lal that was selected was HP 16—92, Type II, Class 1, which is a poiy—

• etylene wax. Since switching to this potting material, there have been

no transformer failures due to cracked cores.

However, a transformer in the flight unit did fail during thermal—

vacuum testing at AFGL. The transformer that failed was the discharge

supply output transformer, which floats on top of the screen supply.

The failure was not of the type mentioned above, but was a sort that
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developed between the primary and secondary windings. The flight unit

was returned to HAC for rework. The transformer was replaced, and the

unit was electrically tested prior to its return to AFGL. The unit -

was again tested at AFGL and delivered to the spacecraft contractor.

7844—72

a. BEFORE GRINDING b. AFTER GRINDING

Figure B— i. Pot core modif icat ion .

4.
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