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(57) ABSTRACT 

A pmcess for testing an impregnated insert of a Hollow 
Cathode Assembly (HCA) subsequent to every exposure of 
the HCA to air, and prior to ignition, using a heater and an 
oil-free assembly having a base pressure of less than 5.W 
lod torr. The process comprises the steps of: installing the 
HCA in a vacuum; energizing the heater to a particular 
current level; &-energizing the heater after one-half hour; 
again energizing the heater to a particular current level; and 
&-energizing the beater for at least one-half hour. 

1 Claim, 9 Drawing Sheets 
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DESIGN AND MANUFACTURING 
PROCESSES OF LONGLIFE HOLLOW 

shuttle. Environments include those of low-earth orbits, 
sun-synchronous high inclination orbits, and geosyncho- 

All of the above hollow cathode development was accom- 
This is a divisional of application Ser. No. 10/081,0()1, 5 plished with mercury as the hollow cathode expellant, or 

now U.S. pat. No. 6,539,818, filed Feb. 19,2002, which is “Working fluid.” For a variety of reasons, which i n h d e s  
a divisional application of Ser. No. 09/754,388, now U.S. SPaCecraff c0n-W the Present h o h w  cathodes Pf- 
Pat. No. 6,380,685, 6led on Dec. 28, 2000, which is a emtially use an inert gas* such as xenon, as the expellant. 
divisionalofapplicationSer.No. 09/503,658,now U.S.Pat. to the transition from the use Of to 

be, failures of hollow cathodes in the United States, in 
Europe, and in Japan. These have impacted both research qpiicarion of k. NO. 09/152,407 filed on Sep. 14, 1998, 

and development activities and flight progfams. The failures now U.S. pat No. 6,064,156. 
have apparently been primarily due to inadequate proce- 
I~mes m2 p i ~ m : s  w mmi mtamimion during the 

ihe  m v d o n  described herein was made by an ~ P ~ O Y ~  l5 fabrication, assembly, testing, storage, handling, and o p -  
tion of the as well as, inadequate design and 
F S S  feahrres. To date, the only successful extended 
duration tests, that have been reported of using inert-gas 
hollow cathodes at high emission currents of greater than 1 

20 ampere, have been conducted, by the NASALewis Research 
Center. These successful extended duration tests were 
implemented by the use of the design features and processes 

FIELD OF THE INVENTION 

The present invention relares to a hollow cathode electron that are further described b i n .  
source, which finds application in plasma generation, and U.S. Pat. No. 3,944,873, granted Mar. 16, 1976, to J. 
more particularly to a long-life hollow cathode plasm 25 Franks, et al., discloses a hollow cathode of q l h d r k d  
generator and its design, manufacturing process a d  shape. A cathode encloses an anode having a pair Of sCreen 
assembly. These manufaduring processes include amtau,.i- electrodes, S m ~ d l Y  disposed about and parallel to the 
nation cmml procedures which cover hollow cathie corn- Plane of the anode. The anode has a central aperture and 
ponent cleaning  procedure^, gas feed system designs and another apenUre m y  be made in the cathode. w h c a l l ~  
specifications, and hollow cathode activation and operating 30 opposite the first m- 
prOcedUES. U.S. Pat. No. 4,049,989, granted Sep. 20, 1977, to R. H. 

Bullis, et al., discloses ion production using a permeable 
electrode having apertures and a central electrode. A wire 
mesh grid is placed symmetrically about the permeable 

BACKGROUND OF THE -ON 

a process known as thermionic emission. Thermionic emit- U.S. Pat. No. 4,087,721, granted May 2, 1978, to G. 
ters generally consist of a wire that is made of some Mourier, discloses an ion source that is compxised of a 
refractory metal, which may be typically made of tungsten hollow cathode discharge arrangement having an anode 
or molybdenum. The wire is &en coated, or impregnated placed between two cathodes. The cathode has holes through 
with some low work function material, such as barium 4o which some of the ions of the plasma escape. 
carbonate, and subsequently ohmically heated. U S .  Pat. No. 4,377,773, granted Mar. 22, 1983. to A. 

Hollow cathodes have been in existence for over ten Hershcovitch. et al., discloses an ion sou~ce that is com- 
years. Hollow cathodes have been developed to an advanced prised of a hollow catbode and an anode base having 
state of technology re;adiness for ion propulsion. ~onic elmmcall~ connected anode covers. 
propulsion may be defined as propulsion by the reactive 45 U.S. Pat. No. 4,428,901, granted Jan. 31, 1984, to W. H. 
thrust of a high-speed beam of similarly chiaged ions ej-  Bennett discloses a hollow cathode, that is held inside of a 
by an ion engine. In ground tests they have demonstraml cathode holder, as well as, a hollow anode that is supported 
high emission currents of greater than 30 amperes, and long by a umducting support. A diode envelope surrounds the 
lifetimes, with modest power requirements of less than 100 hollow cathode. 
watts. Hollow cathode plasma swrces have demonstrated U.S. Pat. No. 4,894546, granted Jan. 16, 1990, to R 
v m t i l e  and effective o m o n  as plasma contadors in Fukui et at., discloses a cylindrical hollow cathode having 
ground testing of various devices. This testing includes upper and lower circular anodes that are placed at the two 
plasma bridge neutralizers for ion thrusters, plasma contac- ends of the cylindrical cathode, where each of the anodes 
tor demonstration experiments for the electrodynamic tether, have circular openings. 
and S P e  US. Pat. No. 5,075,594, granted Dec. 24,1991, to R. W. 

Hollow cathodes have also been flown in space as com- Schumachex, et al., discloses a hollow cathode used for 
ponents of ion propulsion systems and spacecraft charging/ discharging ionized plasma of an ambient gas, such as 
charge-control systems, including ATS-6, SERT-11, xenon. A flat anode extends perpendicular to, and is inter- 
SCATHA, and SCSR-1 flight experiments. Demonstrated sected by, the axis of the cathode. A keeperlbatne electrode, 
capabilities in space tests include lifetimes of 10,OOO hours 60 which may also be a plate, is disposed between the cathode 
and more than 300 restarts. NASA flight experiments have and anode. Even though this device is a low impedance 
demonstrated hollow cathode plasma consactors to be effec- device, it will not yield electron emission currents to an 
tive in controlling both the negative charging and differential external electrode in the multi-ampere range, within a volt- 
charging of the spacecml frame. Hollow cathodes have age range of 20 volts. 
been operated in space under a variety of orbital and 65 U.S. Pat. No. 5,241,243, granted Aug. 31, 1993, to G. 
environmental conditions; on spacecraft, including an Agena Cirri, discloses a plasma generator that is comprised of a 
vehicle, on commumcation satellites, and on the space hollow cylindrical cathode and one or more anodes. 

CATHODE ASSEMBLIJB nous orbits. 

+h- L--- -- ’ 
No. 6,210,932, filed on Feb. 14, m, which is a cfivirizd in in the earl!’ 19Rn’-7 ----- -u, PLIU WULUlLE KO 

ORIGIN OF THE INVENTION 

of the United States government, and contractom of the 
United States government, m y  be m u f d  and 
used by or for the government for government purposes 
without payment of any royalties thereon or therefore. 

Cathodes emit electrons when elevated in tempemure. by 35 electrode. 

structure potenw c o n t d  experiments. 55 
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U.S. Pat. No. 5,352,954, granted Oct. 4, 1994, to G. Cim, 
discloses a plasma generator that is comprised of a hollow 

ently preferred embodiment taking in conjunction with the 
accompanying drawings. 

SUMMARY OF THE INVENTION 
cylindrical cathode -and one or more anodes having holes. 

U S .  Pat. No. 5,569,976, granted Oct. 29, 1996, to N. V. 
Gavrilov, et al., discloses of an ion emitter that is comprised 5 The present invention relates to the design and processes 
of a hollow cathode at one end and a coaxial rod-shaped that are required to fabricate long lived hollow cathode 
anode at the other end. The hollow cathode encloses the rod assemblies, which will exhibit stable and repeatable oper- 

ating parameters. shaped anode. 
U.S. Pat. NO. 5,581,155, granted Dec. 3, 1996, to A. I. These Processes have been demonstrated for emission 

Morozov, et al., discloses a plasma accelerator that is lo  currents Up to 24 amperes and lifetimes greater than 10,ooO 
comprised of a hollow cathode and an annular anode. hours, and they have been incorporated in a cathode design 

,411 of the above referenced prior art relate to high voltage 
acceleration systems. Further, they do not teach of a self- 
regulating emission control system. None of the prior art 

capability, with the exception of U.S. pat. Nos. 5,075,594 
and 4,428,901, which disclose the use of electron emission 

which is proposed for controlling the floating potential of 
International Space Station (ISSA). These design and 
Processes Pe-1 stable and repeatable operation Over a 

tain Current demand, at electron emission currents UP to 30 
amperes at potentials of less than or equal to 20 volts, and 

relates to an ionic emission apparatus, having low current l5 broad range of emission currents under variable and uncer- 

apparatus. Only U.S. Pat. No. 5,075,594, teaches of a low 
output impedance, whereas all of the others have an unde- The htemational Space Station Alpha (ISSA) power 
sirable high output impedance, that is not suitable for use in 2o system is designed with high voltage solar arrays which 
space station applications. operate at output voltages of typically 140-160 volts, and is 

configured with a "negative ground" that electrically ties the 
an attained habitat modules, structure, and radiators to the negative tap 

of the solar arrays. This electrical configuration and the lifetime in excess of the present state-of-the-art 500 hours, 25 
when operated at plasma current balance that results will cause the habitat 

modules, structure, and radiators to float to voltages as large ampere. 
as 120 volts with respect to the ambient space plasma. As a 
result of these large negative floating potentials, there exists 

ating characteristics and shortened lifetimes as a result of the for deleterious interactions of ISSA with the 
design and processing problems. Until the initiation of the 30 space plasma. These interactions may include arcing 

cathodes that had demonstrated lifetimes greater than 500 surfaces due to the acceleration of ions by the spacecraft 

with a life Of at least I73O0 hours. 

In of the above referenced prior art provide 
reliability having a demonstrated 

currents of approximate~y 1 

These devices in the past have exhibited unstable 

present program, there have been no inert gas through insulating surfaces and sputtering of conductive 

hours, when Operated at emission greater than ~ l a s m a  sheath. Both of these D ~ O ~ ~ S S ~ S  may result in ampere. 

prior art inasmuch that the approach is not limited solely by 
the design of the apparatus but also includes the method of 

highly reliable and repeatable design commensurate with a 

manufacturing processing 
procedures which cover hollow cathode component cleaning 

hollow cathode activation and operating procedures. 
Accordingly, it is therefore an object of the present 

invention to provide an electron emissive hollow cathode 
apparatus that provide and repeatab1e effectiveness, to baseline a plasma contactor system on ISSA 
operation over a lifetime that is in excess of 17,500 hours. as the solution to alleviate plasma interactions. 

It is an object of the present invention to provide an 5o Consequently, NASA initiated a plasma contactor develop- 
electron emissive hollow cathode apparatus that will provide ment program as a portion of the ISSA electrical power 
reliable, stable and repeatable operation over a broad range system. 
of operating emission currents of at least a 6:l ratio. There are several major derived operational requirements 

It is Still another object of the present invention to provide for the station plasma contactor system which include: (a) 
an electron emissive hollow cathode apparatus that Will 55 the capability to control station potential to within 20 volts 
provide reliable, stable and repeatable operation, while of space plasma potential; (b) emit electron currents up to 30 
permitting electron emission currents of Up to 30 amperes amperes under dynamic and variable conditions; (c) operate 
emission to an external anode, at voltages of less than 20 for to 17,500 hours without degradation; (d) minimize 
volts DC. consumables; (e) be single-fault tolerant in design; (0 be 

It is a final object of the present invention to provide a 60 compatible with all space station utilities; (g) be robotically 
method of manufacturing an electron emissive hollow cath- serviceable; and (h) incorporate health monitoring 
ode apparatus that when adhered to, will provide reliable, instrumentation, including instrumentation to measure the 
stable and repeatable operation over an expected lifetime p h m a  return current. 
that is in excess of 17,500 hours. For the ISSA application, efficient and rapid emission of 

These as well as other objects and advantages of the 65 high electron currents is required by the plasma contactor 
present invention will be better appreciated and understood system under conditions of variable and uncertain current 
upon reading the following detailed description of the pres- demand. A hollow cathode assembly is well suited for this 

Lhanges in the surface material prLperties, in dekruction of 
The present invention differs from the aforementioned 35 coatings and in contamination of the surfaces due to re&- 

position. 
The space experiment SAMPIE (for solar hay Module 

Space System STS-62 and provided valuable 

that were used to predict the station floating potentials. The 
flight data that was acquired from this experiment, which 

45 elements, confirmed the need for a plasma contactor to 

manufacturing processes and procedure in Order to Obtain a 

high life 

Plasma Interactions Experiment) was recently flown on the 

The advancements demonstrated in the 40 validation of the theoretical models of spacecraft charging 

procedure% gas feed system designs and s~cifications~ and quantified the current collection to station solar array 

control the potential of the space station. 
A decision was made, that was based on its 

f 

f 
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applicarjon and was therefore selected as the criteria for the 
design of the slation plasma contactor system 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a perspective cutaway view of the piasma 
Conwtor System (PCS), which incorporates the use of the 
Hollow Cathode Assembly. 

FIG. 2 is a perspective cutaway view of the space station 
Hollow cathode A s d l y  (HCA). 
-YC. 3 i; z -%“LA vicw of rhe space station Hollow 

Cathode Assembly giving the functional attribute.s. 
FIG. 4 is a sectional view detailing the components of the 

space station Hollow Cathode Assembly. 
EG. 4A is zii r k g d  sectiondl mew showing the cath- 

ode tube, posts, seal fitling as taken through section 4 A 4 A  
of FIG. 4. 
FIG. 4B is an enlarged cross section view showing the 

cathode tube, posts and mounting adapter taken through 
section 4-B of FIG. 4A. 

FIG. 5 is a sectional view of the cathode tube and swaged 
heater sub-assembly. 

FIG. 6 is an enlarged sectional view of the seal fitting, 
isolator tube, screen, and xenon feed line. 

FIG. 7 is a schematic view of the “idle” mode of 
operation, where the solar panel arrays are eclipsed. 

FIG. 7A is a schematic view that 
trates the “idle” mode of operation. 

FIG. 8 is a schematic view that illustrates the “clamping” 
mode of operation, whae the solar panel m y 8  are fully 
illuminated. 

FIG. 8A is a schematic view diagrammatically illustrates 
the “clamping” mode of operation. 

FIG. 9 is a sectional view of the keeper sub-assembly with 

FIG. 10 is an enlarged view of the disk orifice plate. 
FIG. 11 is a sectional view of the disk orifice plate taken 

FIG. 12 is an enlarged sectional view of the cathode tube. 
FIG. U is an end view of the cathode tuk, and, FIG. 14 

‘Cally illus- 

~PercaPandkeepertube-  

through 11-ll of FIG. 10. 

is an end view of FIG. 9, the keeper sub-assembly. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The design and manufacturing process of the present 
invention was developed to produce Hollow Cathode 
Assemblies that could operate over a broad m g e  of emis- 
sion currents up to 30 amperes, at low potentials, with 
lifetimes of at least 17,500 hours. 

Hollow cathode assemblies can vary in overall size, 
cathode heating method and operation depending on their 
operating quirements, feed gas and intended application. 
These devices have been implemented as components of ion 
thrusters, as well plasma contactom for spacecraft charge 
control. These assemblies are also used for material pre 
cesses such as thin film deposition and ion beam milling. 

The present invention, by using the design and associated 
processes as described herein, produces cathode assemblies 
that have stable and repeatable operating conditions of both 
discharge current and voltage. A lifetime of greater than 
10,OOO hours, and having an expected or projected lifetime 
of greater than 17,500 hours was demonstrated, where the 
present state-of-the-art is less than 500 hours at emission 
currents in excess of 1 ampere. Stable operation cau be 

6 
provided over a large range of operating emission currents, 
up to a 6: 1 ratio, and can emit electron currents of up to 30 
amperes in magnitude to an external anode (simulating the 
current drawn to a space plasma) at voltages of less tban 20 

FIG. 1 is the preferred embodiment of the ISSA Plasma 
Contactor System 10. The Plasma Contactor System W S )  
10 is comprised of four subsystems: they are, a Hollow 
Cathode Assembly (HCA) 20, a Power ElectrOnics Unit 

Orbit Replaceable Unit (ORU) 58. 
FIG. 2 is a perspective view of the completed Hollow 

Cathode Assembly (HCA) 20, one of the subsystem of the 
ISSA P!sm+ Cm+&m Sjstem {XSj,  shown wth the 

l5 cathode tube WO, xenon feed line l37, swaged heater WS, 
and connective wires 142 stabilized in wire clamp 142a of 
the HCA, that mounts to the PCS by mounting flange 158. 
The Hollow Cathode Assembly 20 (HCA), as shown in 

the sectional view of FIG. 3, is the active electron emitter 
2o source. A cover sheath 129 stabilizes a hollow cathode tube 
130 in fixed position within the sheath. The HCA is further 
comprised of a hollow cathode UO, a low-work fundion 
insert 123 for electron emission, an anode 100, a heater 138, 
and an electrical isohor  128. The present invention is of an 

25 enclosed-keeper geometry. that operates using xenon gas. 
The over-riding criteria used in the design of an HCA is one 
that satisfies the potential control requirement of less than a 
20 volt clamping voltage and one that maximizes the expec- 
tatim for long life. Based on these requirements, an 
enclosed-keeper hollow cathode geometry was used. 

Xenon gas is introduced into the Hollow Cathode Assem- 
bly 20 via the xenon feed line U7. The flow of the 
pressurized xenon gas passes through the expellant i s o h r  

35 tube l36 and subsequently through screen l35. The expel- 
lant isolator tube 136 provides the electrical isolation of the 
cathode common from the spacecraft ground to permit the 
direct measurement of the emission current. 

The xenon gas then flows into the hollow cathode 130, 
where the cathode is electrically isolated from the anode by 
electrical isolator 128. The cathode insert 123 is the active 
electron emissive source. The anode assembly 100 sustains 
the operation of the hollow cathode 130. The sheathed heater 
138 raises the cathode temperature for activation and igni- 

45 tion of the Hollow Cathode Assembly 20. The entire HCA 
assembly mounts to the side wall of the Plasma Contactor 
System (PCS) 10, via the cath& assembly mounting b g e  
158. Keeper cap 147, keeper tube 148 and keeper collar 149, 
are also disclosed in FIG. 3. 

Turning now to FIG. 4, the HCA design of the present 
invention is comprised of a hollow cathode UO, an anode 
100, a heater 138, an expellant isolator tube l36, and an 
electrical isolator 128. The cathode assembly mounting 
flange 158 secures the HCA assembly to the side wall of the 

The hollow cathode itself is comprised of a r e w t q  
alloy tube WO with an orifice plate 127 welded on one end. 
The tube is several millimeters in diameter, while the orifice 
m a ,  (shown in FIG. lo), in the plate 127 is a fraction of a 

M) millimeter in diameter. An insert l23, which is located 
within the hollow cathode, serves as a low-work function 
electron source, and is electrically C O M ~  to the tube l30. 
A heater 138, used to raise the temperature of the cathode 
during activation and to facilitate ignition, surrounds the 

The HCA incorpOrates a cylindrical anode 100 that sur- 
rounds the hollow cathode UOthat is in close proximity. The 

5 volts. 

in ,- mcrn JV, I n  PLI Expeiiam Management Unit (EMU) 40, and an 

55 Plasma Contactor System (PCS) 10. 

65 downstream end of the hollow cathode tube W. 
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anode 100 is also referred to as the keeper as it maintains, 
or keeps the cathode emitting during conditions when there 
is no external emission current demanded. The anode 100 is 
described as being enclosed because it completely encapsu- 
lates the hollow cathode except for a single aperture 180, 
found directly downstream of the hollow cathode orifice 
127a found in orifice plate 127. This design is more efficient 
than an open-keeper geometry because of the higher internal 
pressures in the cathode-keeper region. 

Upstream from the hollow cathode tube 130 is an expel- 
lant isolator tube 136 that isolates the HCA from the ISSA 
structure. This allows the connection from the HCA cathode 
to the station single point ground to be made via cable, and 
this current can then be monitored by instrumentation within 
the power electronics unit. 

An engineering model design of the HCA has been 
completed and several units have been fabricated and are 
under test. The mass of the HCA, less the power cable and 
connector, is approximately 125 grams (4.4 oz.). It is cylin- 
drical in shape, and has a length of approximately 1.5 cm. 2o 
and maximum diameter of approximately 2.8 cm. The HCA 
has three interfaces to the Plasma Contactor System (PCS) 
10 of FIG. 1, including a mechanical attachment point to the 
Orbital Replaceable Unit (ORU) 50, a single xenon gas line 
137 to the Expellant Management Unit (EMU) 40, and a 25 
3-conductor electrical cable to the Power Electronics Unit 
(PEU) and Controller 30. 

In reference to FIG. 4A, an enlarged sectional view taken 
through 4 A 4 A  of FIG. 4, there is further disclosed an 
active electron emitter insert 123, the cathode tube 130, leg 30 
projections 131, seal fitting 132, seal fitting nut 132a, 
mounting adapter 133, leg holder 134, screen 135, and 
compression fitting adapter 157. 

Referring to FIG. 4B, an enlarged cross section view of 
the cathode tube taken through section 4 B 4 B  of FIG. 4A, 35 
there is shown cathode tube 130, leg projections 131, and 

15 

8 
ing are further described in the following paragraphs. Failure 
to follow these steps may result in a cathode assembly that 
has unsteady voltage-current characteristics and has a rela- 
tively short life expectancy. 

s Preliminary Cleaning Procedure: 
The Hollow Cathode Assembly (HCA) cleaning proce- 

dure of metal parts after component fabrication and prior to 
assembly is as follows:. 

1. Hand contact will be only with use of hand-coverings, 
such as unpowdered latex or nitrile gloves. 

2. Clean any residual dirt or grease from the part first by 
wiping it with a clean, lint-free cloth or tissue and 
reagent grade acetone, then 95% ethyl alcohol. 

3. Completely immerse the part to be cleaned in a beaker, 
that is impervious to alcohol and to acetone and place 
the beaker in an ultrasonic cleaner, having a heater. 

4. Place the part in an ultrasonic cleaner that is under a 
fume hood. Start agitation and heater of the ultrasonic 
cleaner. Agitate and heat for thirty minutes; starting 
from when the solution reaches a high temperature of 
either 56 degrees C. when using acetone or 60 degrees 
C. when using ethyl alcohol. Re-position the part as 
necessary using clean tweezers to ensure that the part is 
completely immersed. 

5. Remove the part from the beaker or container and drain. 
The part should be handled only with tweezers. 

6. Then, place the part in a clean beaker and fill with clean 
95% ethyl alcohol. 

Completely immerse the part. 
7. Repeat steps 3 through 5 using 95% ethyl alcohol. 
8. Blow dry with clean, oil-free nitrogen. 
9. Store the cleaned part in a nitrogen-purged, marked 

hermetically sealed plastic bag, using a hermetic bag 
sealer or eauivalent. 

~~ ~ 

mounting adapter 133. 
FIG. 5, a sectional view of the cathode tube and swaged 

heater sub-assembly, better discloses disc orifice plate 127, 
swaged heater 138, radiation shield 139, and connective 40 
cable 142. NOTE: 

FIG. 6 is an enlarged sectional view of the expellant 
isolator sub-assembly 125 showing seal fitting 132, screen 
135, expellant isolator tube 136, and the xenon feed line 137. 

1.0 Cleaning Piocedures for the Cathode Tube and Disc 
Orifice Sub-assembly 

The cathode tube is shown in FIGS. 12 and 13; and the 
disk orifice plate in FIGS. 10 and 11. 

Use clean powder-free latex examination gloves when 
handling all HCA parts. Steps 3.6-3.8 in this procedure 
requires that the cathode tube sub-assembly(ies) be submit- 

Referring to FIGS. 7,7A, 8 and 8A, the active emission 45 ted for Vi~uum firing. - 
to the space plasma of electron current at least matching the 
net electron current collected on the station solar arrays, 
more commonly referred to as the “clamping” mode, is 
required for only a small portion of the station orbital period. 
This period occurs during approximately one-third of the 50 
orbit, from dawn through noon when the solar arrays are 
illuminated, generate power, and face in the ram direction. 
During the remainder of the orbital period the hollow 
cathode plasma source may be either operated in an “idle” 
mode or turned off. Both the idle-mode and clamping-mode 55 
of operation are illustrated in FIGS. 7 and 7A, and 8 and 8A, 
respectively. 

The critical and distinctive features of the fabrication and 
assembly processes of the cathode assembly include (1) the 
cathode tube cleaning process, (2) the assembly of the 6o 
cathode and (3 )  the heater fabrication, assembly, test and 
inspection processes. 

Hollow Cathode Assembly Fabrication and 
Assembly 65 

The cathode assembly design details, manufacturing 
processes, material handling, and rigorous acceptance test- 

1.1 Clean any residual dirt or grease from the interior of 
the cathode tube sub-assembly. Run a clean, lint-free 
cloth strip dampened with reagent grade acetone in and 
out of the cathode tube sub-assembly until no dirt or 
grease appears on the cloth. Inspect the inner cathode 
tube using a Mini-Mag Lite to confirm that there is no 
visible dirt or particulate contamination. Then blow the 
sub-assembly dry with ultra-high purity nitrogen. 

1.2 Repeat 1.1 using clean 95% ethyl alcohol. 
1.3 Clean cathode tube sub-assembly following the Pre- 

liminary Cleaning Procedure. 
1.4 Store the cathode tube sub-assembly(ies) in a properly 

labeled, nitrogen-purged hermetically sealed bag(s) 
until the vacuum firing procedure is conducted. 

1.5 Using a vacuum furnace, vacuum fire each sub- 
assembly. Pump down the furnace to a vacuum level of 
less than l ~ l O - ~  torr. Pre-heat the furnace. Ramp at 10 
degrees F./minute to 2000 degrees F.; hold for thirty 
minutes, then ramp to 2200 degrees F. at 10 degrees 
F./minute; hold for an additional 30 minutes. Turn off 
heat and cool to room temperature before venting. 
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2.0 Hollow Cathode Assembly (HCA) Assembly Procedures 
NOTE: 
All assembly procedures must be conducted in a Class 

1 OOO clean room on a cleaned stainless steel or formica 
clean mm-d table 

2.1 Cathode Tube Sub-Assembly 
FIGS. 12 and 13 best illustrate the cathode tube sub- 

assembly. The insut cathode sub-assembly 123 is procured 
as a completed subassembly. The cathode tube 130 is 
welded to the disc orifice plate l27 and vacuum fired 
2 2 Twagcxd u z y  >Jt-/.;sc&,y F&i&on ana mala- 
tion 

With reference to FIG. 5, install the swaged heater WS 
onto the cathode tube no wing salll-eisen Electrotemp, 
cement $8. 
2.3 T&per SubAssembly Fabrication and Assembly 

n e  keeper sub-assembly is comprised of keeper cap 147 
having aperture 180, and keeper tube 148, which are shown 
in, FIGS. 9 and 14, and the keeper collar 149, which is 
shown in FIG. 3. 
2.4 Expellant Isolator Sub-Assembly Reparation 

Referring to FIG. 6, the expellant isolator is shown in 
section. The expellant isolator sub-assembly 125 is procllred 
as a brazed subassembly. It is comprised of xenon feed line 
l37, nut 154 (shown in FIG. 4), expellant isolator tube 136, 

2.5 Keeper Brazing Sub-Assembly Brazing Procedures 
Braze the sleeve 141 to the swaged heater sheath Us, the 

swaged heater sheath l38, the catbode tube UO, andthe 
keeper collar 149, to the electrical isolator 128; and the 
keeper tube 148 to the keeper collar 149, shown in FIG. 3. 
2.6 Anode Cormectar Assembly 

The e-beam weld technician shall insert the anode con- 
nector 150 (shown in FIG. 4), into the keeper collar 149. 
2.7 Insert Cathode Sub-Assembly Installation PlDCemae 

Install insert catbode sub-assembly 123 into cathode tube 
UO, butting the insert cylinder securely against the back of 
the disc orifice plate 127 (shown in FIG. 4), while main- 
taining the position of the insert legs at 120 degree intervals, 
with no cross-over. Install leg holder 19, so that the insert 
legs slide into the slots in the leg holder and that the 
upstream plane of the leg holder is flush with the upstream 
end of the cathode tube UO. 
2.8 Expellant Isolator Sub-Assembly Installation Rocedure 

Install expellant isolator sub assembly 125 onto cathode 
tube UO while being sure that the cathode tube is fully 
butted against the expellaut isolator sub-assembly. 
3.0 Swaged Heater Compaction Test Procahm 

Remove all burrs from the edges from the swaged heater 
samples using a fine-tooth file. Wipe the skz&s clean with 
lint-free tissue. Measure the mass of the test samples with 
the analytical balance to within 1 x 1 r 3  grams. Place test 
samples in a clean beaker and completely immerse the 
samples in kerosene for a minimum of twenty-four hours. 

Remove the test samples from the beaker using clean 
tweezers. Carefully wipe off any residual kerosene from the 
sheath surface using a lint-& tissue only. Remove residual 
kerosene from the magnesium oxide by placing the cloth 
onto the kerosene and allowing it to absorb the liquid, while 
not making contact with the magnesium oxide. Measure the 
mass of the test samples with the analytical balance to within 
lxlO-’ grams. Remove the magnesium oxide from each 
sample by placing the sample in a vice with cleaned flat, 
smooth surfaces and partially flattening the outer sheath. 
Loosen the vice, rotate the sample ninety degrees and 
deform the sheath again. 

Remove the sample and dislodge the loose magnesium 
oxide with a 0.020 inch diameter drill bit (avoid removing 

seal fining 132 and screen 135. 
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10 
tantalum material). Repeat this process until the center 
conductor can be pulled out and all the magnesium oxide can 
be remove h m  the sheath. Remove residual magnesium 
oxide by rinsing the sheath and center conductor in clean 
ethyl alcohol, blowing compressed gas through the sheath 
interior, and by wiping the sheath and center conductor. 
Measure the mass of the sheath and center conductor with 
the analytical balance to within 1 x 1 r 3  grams. 
Calculate the compaction percentage of each sample using 
the following eauation: 

where D,,=0.820 gramslcm. and DM ~ 3 . 5 8  g r a m s l ~ ~ ~ ~ .  

heater if it fails to meet this compaction range. 
3.1 Swaged Heater Thermal Imaging Scan procedure 

Suspend the swaged heater using the alligator clips 
attached to the center conductor at either end to support the 
heater. Be sure that the swaged heater does not make contact 
with any object. Contact with anything will create a heat 
conduction path that will invalidate temperahm distribution 
results. 

Using a Kikusui Power Supply Model PAD55-6L or 
equivalent, connect the positive terminal to one end of the 
swaged heaim center conductor and connect the opposi~ 
end of the swaged heater to a Fluke Model 77 Series II 
Mdti~ueter, or equivalent, and to the negative terminal of the 
power supply to measure the heater current. 

Orient the Inframetrics Model 600 Thermal Imaging 
Radiometer, or equivalent so that the temperature distribu- 
tion through out the entire length of the swaged heater can 
be scanned. Set the emissivity to 1.0. Use a black cloth as a 
black background to reduce background emissions. 

With the power supply in current control mode, raise the 
current to 2.40 ampats. Wait for approximately ten minutes 
for the swaged heater temperature to rise to approximately 
17-23 degrees C. Using the thennal imaging radiometer, 
measure the swaged heater temperature and temperature 
along the length of the swaged heater sheath. 

The temperatltre distribution along the length of the 
swaged heater shall be less than 35 degrees C. 
The critical and distinctive test processes which insure 

cathode assembly longevity include contamination control 
procedures that are implemented for: (1) the expellant feed 
system, (2) the cathode insert activation sequence, as well as 
(3) the cafhode ignition. 
4.0 Xenon Gas Feed Systems Test procedures 

This procedure is for the design and implementation of a 
Hollow Cathode Assembly (HCA) xenon gas feed system to 
satisfy the specified contamination levels and calibration 
procedure requirements, to maintain compatibility with 
long-life HCA operation. 

Secure all components, including the xenon gas bottle and 
any extended lengths of gas tubing, to a gas panel to 
preclude relative motion and mitigate loosening of fittings 
due to vibration or bending moments. 

Conduct an xenon gas feed system bake-out, as described 
in 4.2. 

Conduct a leak rate determination, as described in 4.3. 
After the xenon gas feed system has been exposed to the 

vacuum facility which is at <1.3x1pPa (<l .OXlp torr) 
for a minimum of twelve hours, close the pressure regulator, 
the capacitance manometer shut-off valve, the purge line 
shut-off valve, and all metering valves. Open the xenon 

Swaged heater compaction shall be k%*4%. Reject the 
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bottle valve fully. Pressurize the xenon gas feed system to feed system assembly, a xenon bottle replacement, feed 
20-30 psig by adjusting the second stage pressure of the system component replacement, etc.). 
pressure regulator. The following procedure describes a rate-of-rise test 
4.1 Hollow Cathode Assemblies Laboratory Xenon Gas which is used to define both the out-gassing rate of adsorbed 
Feed System Calibration 5 constituents from feed system interior surfaces and the 

The following procedures provide accurate calibrations of leak-integrity of the xenon gas feed system to cross- 
heat transfer type flow transducers for determination of true diffusion of atmospheric gases. 
xenon volumetric flow rates at standard temperature and Close only the valves that expose the xenon gas feed 
pressure (i.e. 0 degrees C. and 101325 N/m2, respectively), system to the vacuum facility and ensure that all other assuming the use of a simple ‘bubble-calibration’ technique. 10 valves, including the pressure regulator, are open: then start 
This technique provides repeatable and accurate calibration data acquisition. Conduct this for a minimum of twenty- 
data when four hours. At the completion of the test, stop data acquisi- 

tion and expose the xenon gas feed system to the vacuum dards which implement more sophisticated measurement 

facility which is at <1.3x104 Pa (<l.OxlO“ torr) by open- techniques. These procedures are anticipated to be trans- 
portable to calibration of the xenon volumetric flow rates of 15 ing all closed valves, The leak rate is determined using the 

following equation: the flight xenon gas feed system. 

to data Obtained using primary 

Conduct the following calibration: 
Calibrate the flow meter/controller over a range of flow 

rates of 4.0 to 8.0 sccm, in increments of 0.5 sccm using the 
following equation: 

V d p  Leak Rate [sccm] = - x - x FcOnven 
RT dt 

20 

v P- P, Tnd where: V=volume of feed system exposed to capacitance 
1 Pd XT manometer True Flow [sccm] = - x - 

- 

R=Specific Gas Constant of air [287 Jkg-K] 
T=average ambient temperature throughout test [K 

F,,,,,rI=Conversion Factor=4.98xlO [sccm-sedkg] 
The leak rate shall be less than 1 . 5 ~ 1 0 - ~  sccm. 
Continue to evacuate the feed system for a minimum of 

dp/dt slope [Palsec j] where: V =glass tube volume, -10 cc 25 

t=t time to fill volume, minutes 
P=barometric pressure, in. of Hg 
P,=vapor pressure of water at the ambient temperature 

and barometric pressure, in. of Hg 
P,,,standard pressure, 29.92 in. of Hg 
T,,standard temperature, K=273.14 K 
T=xenon temperature [assumed to be equal to the 

twelve hours. 
30 4.4 Determination of Xenon Gas Purity 

The following is a listing of elements known to be 
detrimental to HCA lifetime and performance, ambient temperature], K 

plot the true flow rate as a function of the indicated flow Non-Metals: Carbon, Oxygen, Chlorine, Fluorine, Phos- 
phorous and Sulfur rate and use linear regression to obtain a calibration equation 35 

for the flow meter. 
4.2 Hollow Cathode Assembly (HCA) Laboratory Xenon 
Gas Feed System High Temperature Bake-Out. 

The following procedure should be conducted whenever 
a pressurized portion of the xenon gas feed system has been 40 
exposed to air (e.g. after assembly, a xenon bottle 
replacement, feed system component replacement, etc.). 

Expose the xenon gas feed system to a vacuum facility 
held at a pressure of less than 1 . 3 ~ 1 0 ~  Pa (1.0~10” torr). 

These procedures are implemented to remove adsorbed 45 
oxygen and oxide-bearing compounds (moisture, etc.) from 
the internal surfaces of the feed system lines and compo- 
nents. Adsorption of these constituents occurs when the 
interior of the system is exposed to atmosphere (such as 
during modifications to the feed system including xenon 50 
bottle and feed system component replacements). Out- 
gassing of these adsorbed constituents into the xenon gas 
stream during operation of the hollow cathode assembly 
may result in contamination of the cathode insert and rapid 
failure of the hollow cathode assembly. These procedures, 55 
when implemented, have demonstrated more than 18,000 
hours of xenon hollow cathode operation. 

Monitor the feed system temperature with a Type K 
thermocouple at various locations. Gradually increase the 
heater tape input power until a temperature range between 60 Cathode Assembly. 
50 and 120 degrees C .  is reached at various locations on the 
feed system. Maintain these temperatures for twenty-four 
hours. Upon completion, allow the xenon gas feed system to 
cool to room temperature while under pressure. 
4.3 Leak Rate Determination of Xenon Gas Feed Systems. 65 

Conduct this procedure whenever a pressurized portion of 
the xenon gas feed system has been exposed to air (e.g. after 

Alkali Metals: Sodium and Potassium 
Transition Metals: Titanium, ZirCOniUm, Hafnium, 

Chromium, Manganese, Iron, Cobalt, Gold, Silver, 
Platinum and Zinc 

Other Metals: Silicon, Tin, Antimony, Lead, and Bismuth 
The measured xenon punty shall be greater than 99.999%. 
The xenon shall have the following measured impurity 

Less than 0.1 ppm Oxygen (0,) 
Less than 0.1 pprn Water (H,O) 
Less than 0.5 ppm Carbon Monoxide ( c o )  
L~~~ than 0.5 ppm carbon Dioxide ( ~ 0 , )  
Less than o.l ppm Carbon Tetrafluoride (CF,) 
Less than o.l ppm Total Hydrocarbons 
Less than ppm Nitrogen (N2) 
Less than ppm Hydrogen (H,) 
Less than 5 PPm Krypton (Kr) 
Less than 1 ppm k g o n  (k) 
Balance Xenon 
Flow xenon from the xenon gas feed system into the 

sample bottle at 6 sccm. When the fill is complete, ship the 
sample bottles to the vendor for analysis. 
4.5 Conditioning the Impregnated Insert of the Hollow 

These procedures are to be conducted subsequent to every 
exposure of the HCA to air, at pressures above 1.3~10-’ Pa 
( 1 . 0 ~ 1 0 ~  torr) and prior to ignition. An oil-free facility with 
a base pressure of ~ 6 . 7 ~ 1 0 ~  Pa (<5.0~10” torr) is required. 

4.5.1 Procedure 
All procedures are to be conducted while maintaining a 

levels: 

facility pressure of <6.7x104 Pa (<5.0x1O6 torr). 
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~nstall the HCA in a vacuum o f d . o x 1 V  torr for at least 
twelve hours (to allow for outgassing of the HCA and its 
insert) prior to initiation of the conditioning sequence. 

Energize the heater to 3.85 amperes having a correspond- 
ing critical temperature of 550" C. for a minimum of three 5 
hours. 

&-energize the heater for one-half hour. 
Energize the heater to 7.2 amperes having a correspond- 

ing critical tern- of 550" C. for one hour. 

nour. 
4.6 procedure Necessary for Ignition of the Gaseous Elec- 
trical Discharge Between Cathode and Anode Electrodes of 
the Hollow Cathode Assembly. 

preceding section 4.5 prior to ignition. If the HCA has been 
exposed >1.3~10-' Pa (1x104 torr) at any time subsequent 
to conditioning, the conditioning procedure must be 
repeated before an ignition may be attempted. 

These procem~es are to be initiated at a pressure 4 . 7 ~  2o 
io4 Pa (Sxlod torr). 

4.6.1 Requirements: 
The requirements for the Ignition Pulse Genezitor Circuit, 

Annode Power Supply, and Heater Power Supply are set 
forth below. 
4.6.1.1 Ignition Pulse Generator Circuit Requirements: 

The ignition pulse generator output shall have a magni- 
tude. of 7W100 volts with a leading-edge rate-of-rise of 
> 150 Vfmicrosecond. 

The ignition pulse duration shall be less than twenty 
microseconds. 

The ignition pulse generator circuit output shall have a 

The pulse ignitor shall be active on power up of the anode 35 

De-energh the heater for a m u m  of at h c t  CEC-!~?!~ In 

TIX XCA iiiusi *oe comiitiontx~ per the pmuxime in the l5 

25 

30 

frequency of 10 Hz. 

power supply. When the anode. current of 0.5 amperes is 
established, the charging stage of the ignition pulse genera- 
tor shall be disabled until the circuit current is extinguished. 
The ignitor shall automatically engage upon involuntary 

4.6.1.2 Anode Power Supply Stage Requirements: 

nominal characteristics of i40 VDC at 3.0 ADC current. 
4.6.1.3 Heater Power Supply Requirements: 

anode current exceeds 2.5 ADC. 

discharge extinction. 40 

The anode power supply stage shall be provided, having 

The heater power supply shall be energized until the 45 

14 
4.6.2 P r d u r e  
Confirm that the HCA has not been exposed to air at 

pressures >1.3x10-2 Pa (lx104 torr) at any time subse- 
quent to the most recent conditioning sequence. If this 
cannot be confumed, a conditioning must be performed per 
the preceding section 4.5, before an ignition may be 
attempted. 

These procedures are to be conducted at pressures ~ 6 . 7 ~  
lo" Pa (5xlOd torr) prior to gas flow, and at pressures of 
M.?V!T' P-, {%fl iw j &ring gas now, as long as this 
pressure rise is entirely a result of the gas flow. 
4.6.2.1 HCA Ignition !Sequence: 

At t=O seconds: Apply 8.5 DC amperes, limited to 74.5 W, 
to the HCA heater. 

At t=206 seconds: Open gas control valve to allow xenon 
00w. 

At t=210 seconds: Energize the anode power supply to 
apply open circuit voltage and engage the ignition pulse 
generator. 
Maintain the heater current until an anode current of 2 5  

amperes is detected. Ignition should occur prior to t=1800 
seconds. 

After 2.5 amperes of anode current is detected, 
de-energize the heater power supply. 

What is claimed is: 
1. A process for conditioning an impregnated inseat of a 

Hollow cathode Assembly (HCA), that is c o n d u d  sub- 
sequent to every exposure of the HCA to air, at pressures 
above 1.3x1r2 Pa (1.Oxlw torr) and prim to ignition, 
using a heater and an oil-free facility with a base pressure of 
~ 6 . 7 ~ 1 0 ' 4  Pa (d.Oxlad torr), Comprising the steps of: 

a) installing the HCA in a vacuum of d.Oxlod torr for 
at least 12 hours prior to initiation of the conditicming 
sequence to allow for outgassing of the HCA and its 
insert; 

b) energizing the beater to 3.85 Amperes having a corre- 
sponding critical temperatlne of 550" C. for a minimum 
of 3 hours; 

c) de-energizing the heater for one-half hour; 
d) energizing the heater to 7.2 Amperes having a corre- 

sponding critical temperature of 550" C. for 1 hour, and 
e) de-energiZing the heater for a minimum of at least 

one-half hour. 

* * * * *  


