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A BS TRA C T 

A 20-cm electron-bombardment thrus te r  with a high-temperature 
LM cathode was operated with a beam cur ren t  I B w  600 m.A a t  a specific 
impulse Isp = 6,200 sec. 
was  measu red  a t  a mass utilization efficiency ?lm = 80%. 
all power to f o r m  the ions, because no vaporizer ,  cathode hea ter ,  o r  
keeper power is required with the LM cathode.)  
resul ted in 50 eV/ion increase  in discharge-chamber losses .  
of a thermally integrated 30-cm thrus te r  is essent ia l ly  complete and  
assembly  has  begun. 
both annular and l inear -s l i t  cathodes which utilize a 2.  5 prn tantalum sh im 
to establish the narrow feed channel. The annular cathode oper3ted sa t i s -  
factorily in the 20-crn thrus te r  a t  a t ra ture  sufficiently high (200°Cf 
to permi t  radiant cathode cooling. 
the a rc - spo t  pat tern is always located on non-permanently-wettable 
mater ia l  performed satisfactorily.  Measurements  of Poiseuille flow 
through a single-capillary flow impedance were l inear  and repeatable 
(t 5%) over  the range 1 A Tes t s  in the fractional a m p e r e  
range a re  underway. 
under conditions of high-voltage isolation. 

Total source  energy pe r  ion Vs  = 260 eV/ion 
( V s  includes 

Operation a t  Isp = 4,400 sec 
Fabricat ion 

Satisfactory operation has  been demonstrated with 

An LM cathode neutral izer  in which 

Ia < 5  A .  
LM cathode operation has  been demonstrated 
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I. INTRODUCTION AND SUMMi%RY 

A program of r e s e a r c h  and  development is cur ren t ly  under 
way a t  the Hughes Resea rch  Labora tor ies  to optimize LM cathode electron-  
bombardment thrus te rs .  
experimental  advances in th rus t e r  operation a t  HRL, JPL, and  LeRC. 

This  p rogram benefits extensively f r o m  recent  

The design h a s  been completed of a 30-cm electron-bombard- 
men t  t h rus t e r  i n  which the LM cathode is thermal18 integrated to the 
thrus te r .  
cathode can re jec t  i t s  own thermal  lQad along a tapered aluminum back- 
plate to  the outer  t h rus t e r  shel l  where i t  is radiated to space  a t  a shel l  
t empera ture  of 15OoC. Since the design of the 30-cm th rus t e r  is based 
on the use  of aluminum as  a m a j o r  s t ruc tura l  ma te r i a l ,  the compatibility 
of aluminum with m e r c u r y  in  the th rus t e r  environment undergoes a con- 
tinuing examination. 
with this environment. 

While operating a t  a tempera ture  of 200 C-300°C the LM 

We believe 606 1 aluminum alloy to  be compatible 

The ion-extraction sys t em assoc ia ted  with the 30-cm thrus te r  
uti l izes conventional s ta te -of - the-ar t  techniques fo r  the design of high- 
pe rvea nce > dril led-pla te e lec t rodes  a 

Fabricat ion of both the ion-extraction electrodes and m o s t  of 
the component 
ha s be gun. 

pa r t s  of the 30-cm th rus t e r  i s  complete,  and  a s sembly  

A simple and workable technique has  been establ ished to 
a s semble  annular and l inear -s l i t  cathodes with a uniformly narrow feed-  
channel gap. 
opposing walls of the feed channel, they a r e  mated  together with only a 
narrow 2 . 5  pm tantalum sh im separat ing them - no sh im stock being placed 
in the gap which s e r v e s  as the feed channel. An annular  cathode fabricated 
with this technique has  been operated i n %  diode discharge a t  both low 
tempera ture  (2OoC) and  a t  high t empera tu res  (2000 e.3OO0C). 
of heat  del ivered by the discharge to  the cathode under  any of the conditions 
of high-temperature  operation was sufficiently small to permi t  its radiant 
dissipation from the 30-cm th rus t e r .  The variation of the specific thermal  
load VK, th with cathode tempera ture  and  with neutral  m e r c u r y  flow ra te  is 
consistent with our analytical  model of LM cathode operation. 

Af te r  careful  machining of the su r faces  which f o r m  the 

The quantity 

The experimental  l inear -s l i t  cathode fabricated with the tanta- 
l um sh im technique and the experimental  c i r cu la r  cathode fed by a single- 
capillary impedance have both been tes ted successfully a t  relatively low 
tempera tures  (up to P2OoC). The c i r cu la r  cathode is not intended for  high- 
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temperature ,  high-current use,  and the l inear -s l i t  cathode will next be 
modified to permi t  high-temperature operation. 

A new LM cathode neutral izer  design has  been conceived, 
implemented, and tested. It was a imed a t  combining the advantages of the 
bi-metal neutralizer s t ruc ture  (minimum variation of the a rc - spo t  pat tern 
diameter  fo r  a given feed-rate  fluctuation) with those of the main thrus te r  
cathode (arc-spot  pat tern always located on Don-permanently-wettable 
mater ia l ,  hence no consumption of s t ruc tura l  material). 
has  been achieved a t  the small cos t  of a 2  5-V increase in diode discharge 
voltage, compared with the previous neutral izer  design, 

This  objective 

Efficient dis cha rg e - chambe r perf orma nce has  been demonstrated 
by the 20-cm thrus te r  when modified to accept  a high-temperature LM 
cathode, and a l s o  when operated with a high-perveance ion extraction 
sys tem a t  low specific impulse. Some increase in discharge chamber  
lo s ses  was  encountered in both of these modifications. I t  is believed that 
a pa r t  of these increased lo s ses  is associated with a shift of the discharge 
pa rame te r s  f rom a point of optimum operation, and that reoptimization 
under the new conditions will eliminate this par t  of the discharge chamber 
losses .  

Single-capillary flow impedances continue to show promise 
fo r  the measurement  and c o n t r d  of m e r c u r y  flowrate in the range f rom 1-5 
Aequiv, Mercury  was driven through a single-capillary flow impedance, 
joined to a c i rcu lar  LM cathode, a t  p r e s s u r e s  f r o m  z e r o  to 50 psig over 
a period of one week, The ra te  of flow of mercu ry  through the capillary 
was  a l inear  function of the applied p res su re  and was repeatable to within 
a n  experimental accuracy  of t 570 of the full scale  reading for  all p r e s s -  
u re s  in excess  of z e r o  psig (=-14.7 psia) ,  
assembled  which will permi t  better controlled testing of single-capillary 
flow impedances a t  low p r e s s u r e s ,  and i s  expected to pe rmi t  the measu re -  
ment  and control of mercu ry  flow rates in  the fractional ampere  range. 

A new flow sys tem has been 

A l iquid-mercury high-voltage isolator was developed under 
NASA contract  NAS 7-100  (Task  Order  #RD-Z6), 
compatibility with LM cathode operation, the isolator was joined. to the 
c i rcu lar  LM cathode with a single-capillary flow impedance. 
operation under conditions of high-voltage isolation was  demonstrated for  
periods of severa l  hours of uninterrupted autom8tic operation a t  voltages 
up to 4.5 kV. The LM cathode functioned normally when operated in this 
manner .  

To  demonstrate i t s  

Discharge 
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11. 30-cm THRUSTER 

A .  I n  t r oduc t ion 

A t  the end of the previous qua r t e r  of the cu r ren t  effort, a 
30-cm thrus te r  had been designed to se rve  a s  a tes t  vehicle for  LM 
cathodes and related sys tems being developed under this contract .  
thruster  design borrows heavily f rom geometrical  c r i te r ia  evolved i n  
the recent th rus te r  optimization of the NASA 15-cm SERT I1 thrus te r  
a t  L ~ R C , ’ ~ ’ P ~  and at tempts  to exploit the experience gained through the 
recent development of th rus te rs  a t  HRL, JPL, and LeRC. 6 

This 

Subsequent to  close scrut iny of the existing design, a partial  
redesign was initiated which affected severa l  of the component par t s ,  
though the overall  th rus te r  is changed only slightly. 
ences occur in the accel-electrode mounting tabs which were redesigned 
to be shor te r  and wider for  added strength and stability. Also  a t  this 
time, the cross-sect ion of the s c r e e n  and magnetic-collar pole pieces 
were  scaled down f rom the previously chosen value of twice the SERT 11 
cross-sect ional  dimensions to the same  cross-sect ional  dimensions as 
used i n  SERT 11. 

The ma jo r  differ-  

The decision to re turn  to the SERT 11 dimension w a s  based on 
the belief that whatever is the effect of the shape of these pole pieces i t  
is only significant in their  close proximity. Close to these pole pieces 
the curvature  of the magnetic field is  not significantly effected by the 
thrus te r  diameter ,  and s o  the cross-sect ional  dimensions of the pole 
pieces should not be a function of the thrus te r  diameter  s o  long as  the 
thrus te r  diameter  is much l a r g e r  than these dimensions, 

The design described in the following pages is our f i r s t  approxi- 
Experimental  testing wi l l  be required to dictate the next s teps  mation. 

necessary  for  optimization of this design. 

B. Discharge -Chamber Design 

Fabricat ion of the component par t s  for the 30-cm thrus te r  i s  
essentially complete, and assembly  has begun, 
drawing of this thruster .  
used for  the SERT I1 thruster .  
pieces a r e  scaled up by the same  factor ,  however the sc reen  and magnetic- 
col lar  pole pieces have retained the SERT I1 cross-sect ional  dimensions. 
The separat ion between the anode and  the thrus te r  shell  has been decreased 
f rom the SERT I1 dimension to permit  a m o r e  compact overall design. The 
magnetic field can be provided ei ther  by 112 permanent bar magnets o r  by 
12 bar electromagnets;  the la t te r  will be used to find the optimum magnetic 
field strength. The length of the thrus te r  is 20 cm and the total weight was 
estimated to be approximately 6 . 2  kg. 
ponent weights (both est imated and actual,  where available) i s  given in 
TABLE 1. 

Figure  1 is  a n  assembly 
The anode diameter  of 30 c m  i s  twice the value 

The magnetic distributor and cathode pole 

An itemization of each of the com- 
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Fig. 1. Design of the 30-cm LM cathode thrus te r .  
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PART NO. 

B-8379 77 

B-837982 

D-8393 11 

D-839312 

D-839313 

D-839314 

D-839315 

C-839316 

C-839319 

C -839320 

B-839321 

B-839322 

D- 839 3 56 

C-839357 

C-839358-9' 

C -839358 - 
98-1 

C-839358- 
98-3 

C -839359 

C-839366-1 

C -839366 -3 

C-839367 

C-839368-92 
-9: 

TOTAL 

TABLE I: 

TITLE 

Stud 

Spacer  

Sc reen  elec.  

Accel  e lec ,  

Pole  piece 

Back plate 

A node 

R e a r  anode 

Lower housing 

Upper housing 

Bus hi ng 

Insula tor  

Anode connector 

Splice 

Outer shield 

Inner shield 

Inner shield 

Insul. support  

Aft pole piece 

Aft  pole piece 

Pole  piece back 
plate 

p e r  set Mtg. s c rew 
Mtg. nut 1 
Magnet 

Hardware ,  s c rews  
etc .  

Cathode plate 

LM cathode 

30-cm THRUSTER 

No 
Req a 

6 
12 

1 

1 

P 
P 
1 

1 

1 

1 

r2 
12 

1 

B 
12 

6 

6 

6 
1 

1 

1 

12 

12 
- -  

1 

1 

1 

CALCULATED 
TNIT TOTAL 
VEIGHT 

kg 
e 004 

003 

134 

,407  

e 340 

660 

* 145 

.220 

0 710 

. 130 

.005 

.014  

. 160 

D 007 

.020 

0 017 

I) 017 

D 010 

e 2-70 

e 285 

.090 

.006 

090 
- - - -  

* 134 

. 136 
- - - -  

WEIGHT 
kg 
024 

a 036 

314 

1.380 

340 

e 660 

* 145 

D 220 

0 a10 

m 130 

. 060 

* 168 

. 160 

. 007  

e 240 

0 102 

,102  

,060  

270 

,285  

. 0 9 0  

0 072 

1.080 

.074  

.134 

. 136 

6.999 

ACTUAL 
TOTAL 

WEIGHT 
kg 

a 020 

021 

( #  314 est. ) 

1.362 

299 
650 

D 149 
.257 

532 

0 133 

.092 

a 158 

. 166 

(, 007 est ,  ) 

078 

0 037 

0 037 

(. 060 est .)  

. 181 

e 183 

.048 

(. 072 est . )  

1.022 

. ,574 

(. 134 es t .  1 
(. 136 es t .  1 

( 6 ,  222 est. ,) 

Component weights fo r  the 30-cm thruster .  5 



The anode is attached to a n  external connector by a s e r i e s  of lead-  
throughs consisting of shor t  aluminum rods which pass  through insulating 
ce ramic  sleeves.  
to the external e lectr ical  c i rcui ts ,  but a l s o  pass  the discharge heat delivered 
to the anode on to the external connector. 
Vs  = 2 0 0  eV/ion, the anode is expected to operate a t  a n  equilibrium tempera-  
ture  of 3OO0C fo r  th rus te rs  c lustered in a peripheral  a r r a y .  
conditions, the cathode can operate a l s o  a t  a temperature  of 3OO0C while 
rejecting its own thermal  load along a tapered aluminum backplate to the 
outer th rus te r  shell  where it is radiated away at a temperature  of 15OOC. 
This calculation is based on demonstrated values of cathode performance 
given in Ref. 7, typically exhibiting a specific thermal  load Qf VK th = 
7 ,5  W / A  for  a n  LM cathode operating temperature  of 30OoC. In these 
calculations it was a s sumed  that radiation is permitted only f rom the one 
exposed s ide wall of the thruster ,  and that there  is no beat shielding 
between anode and cathode surfaces .  

These lead-throughs s e r v e  not only to connect the anode 

F o r  a source  energy pe r  ion 

Under these 

7 

The design of the 30-cm thrus te r  is based on the use of aluminum 
as  the ma jo r  s t ruc tura l  mater ia l .  
cation because of its combination of light weight and high thermal  conduc- 
tivity, which together have resulted in the design of a light-weight thermally 
integrated thrus te r  . 

This meta l  was chosen for  the appli- 

C. High-Perveance Ion-Extraction Sys tem 

The design of the 30-em ion-extraction sys tem is  based on infor- 
mation derived f rom various sources .  In Ref. 8, Kramer  and King repor t  
on a n  ion optical sys tem suitable for  extracting dense ion beams f r o m  gas 
discharges.  Using the technique descr ibed by Hyman e t  al, 9 they studied 
the beam forming charac te r i s t ics  of their  chosen geometr ies  by using a n  
automatic charged-particle t ra jectory t r a c e r  with space-charge simulation. 
These studies were  confirmed by experimental  measurements  which showed 
that severa l  of the ion extraction sys tems being studied operated satisfactorily 
over a wide range of mercury- ion  beam cur ren t  densities with accelerat ing 
voltages ranging f rom 3 to 7 kV. 
electrode hole diameter  was 0,460 cm. 
sc reen  holes were  tested. 
of e lectrodes,  separated by 0.250 cm,  employing a countersunk sc reen  
electrode and a n  acce l  electrode having cylindrical holes of the same 
d ia m e  te r . 

In the experimental  studies the sc reen  
Both cylindrical  and countersunk 

The highest perveance was achieved with a pair  

More  recently, Masek, Pawlik 5 have operated a n  ion-extraction 
system of similar hole s ize  with a total accelerat ing voltage ranging f rom 
3-2 to 4.6 kV. 
data a r e  reported for  spacings as  small as  0. 102 cm. Initially, a sc reen  
electrode thickness of 0.254 c m  was 
discharge chamber  l o s s e s  w e r e  realized by reducing the thickness to 
0.076 cm. 
synk. Accel  e lectrodes were  tested with hole d iameters  of 0.462 cm,  
0,374 cm,  and 0.318 cm, with a thickness of 0.254 cm. 

The nominal s c reen  to acce l  spacing was 0.178 cm,  though 

used, but significant decreases  in 

The 0.462 cm diameter  holes in the sc reen  were  not counter- 

It was found that 
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acce l  impingement cu r ren t  increased only slightly in changing f rom a n  
a c c e l  hole d iameter  of 0.462 c m  to a n  acce l  hole diameter  of 0.374 cm 
whereas  discharge chamber  efficiency improved by 20 eV/ion. More-  
over, this slight increase  in impingement cur ren t  was more  than offset 
by the increase in acce l  electrode mass, s o  that the overall  electrode life- 
time was expected to be a maximum a t  the 0.374 c m  diameter .  

In a related effort  current ly  underway a t  HRLPo,  variations of 
this same basic geometry a r e  being analyzed in a detailed computer study. 
A screen  electrode with countersunk holes of 0.475 cm diameter  is paired 
with a n  acce l  e lectrode with a hole diameter  of 0.360 cm. 
value of the interelectrode spacing, which is 0.228 cm,  has been varied 
in o rde r  to analyze the effect of s t ress- induced perturbation of this spacing 
f rom the design value, as i t  m a y  occur during thrus te r  operation. 
variation the electrodes a re  separated by a distance of 0. 178 c m S  the 
nominal separation used in the JPL studies. 
particle flow remains essentially laminar (very l i t t le c rossover )  and all 
t ra jector ies  c l ea r  the acce l  e lectrode by a considerable margin.  F r o m  
this observation, i t  m a y  be concluded that considerable leeway exis ts  for  
the reduction of the interelectrode spacing before d i rec t  acce l  inter-  
ception becomes a problem, a fact a l ready  demonstrated by the studies at  
JPL, 

The design 

In one 

A t  this separation, the 

On the basis of all of the evidence givenabove, a basic design 
was chosen which is expected to yield high perveance (permitting maxi-  
mum beam curren ts  to  be drawn a t  minimum accelerat ing potentials and 
therefore low specific impulsejas well as  low interception (with the 
resultant long life expectancy). The basic design se t  is described by the 
following specifications: 

To insure continuity of experiments  with the 30-cm thrus te r ,  two 
complete se t s  of ion extraction electrodes a r e  being fabricated a t  this time. 
Rather  than making exact  duplicates, opportunity w a s  taken to tes t  the effect 
on thrus te r  performance of variations in bole s ize  and shape. 
additional electrodes ordered  at this time a r e  descr ibed below: 

The 
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Aluminum 0.254 c m  0.475 c m  0,535 c m  Cylindrical 
Molybdenum 0.254 c m  T o  be 0.535 c m  T o  be speci .  

specified fied l a t e r  
I l a t e r  1 

The choice of aluminurn for one of the acce l  e lectrodes was made to obtain 
a n  additional variation of ion-optics geometry a t  minimum cost,  and is not 
meant  to endorse aluminum as  a suitable mater ia l  for  extraction electrodes 
i n  prolonged thrus te r  operation. 

The electrodes specified above can  be operated in six possible 
combinations of hole s ize  and shape: 

1. 0.475-cm dia. acce l  with 0.475-cm dia. (cylindrical)  s c r e e n  
2. 0 ,475-cm dia. acce l  with 0.475-cm dia. (countersunk) sc reen  
3 .  0. 365-cm dia. acce l  with 0.475-cm dia. (cylindrical) s c reen  
4. 0,365-cm dia. acce l  with 0.475-cm dia. (countersunk) screen  
5. Accel  (to be specified) with 0.475-cm dia. (cylindrical)  s c reen  
6. Accel  ( to  be specified) with 0.475-crn dia. (countersunk) screen.  

D. A 1 um inum -Me r c u r y C om pa t ib il i t  y 

F r o m  a survey of the available l i t e ra ture ,  it  was previously 
concluded4 that it appears  reasonable to expect that a low-silicone alloy 
such as 6061 aluminum alloy can se rve  successfully as  the ma jo r  s t ruc tura l  
mater ia l  in the fabrication of the 30-cm thrus te r .  We have definite know- 
ledge that this alloy has  res is ted at tack by mercu ry  droplets lying on the 
surface when the metal  is exposed to normal a tmospheric  conditions, apd 
there  i s  reason to believe that it can a l so  r e s i s t  a t tack under the thruster  
operating environment of 475-675 K a t  a mercu ry  vapor p re s su re  of 

be considered as  a n  experiment,which will be of significant value in itself 
since i t  will answer  a question of general  importance f o r  the development 
of electron-bombardment th rus t e r s .  While this choice has  been made, 
r e sea rch  on the cornpati bility of aluminum alloys with the thrus te r  envir-  
onment continues. 

T w r .  The decision to fabr icate  the thrus te r  f rom this alloy m u s t  

T o  collect  information relating to the compatibility of aluminum 

F o r  purposes of com- 
with w e r c u r y  in the thrus te r  environment, we have attached seven meta l -  
lurgical  samples  to the +node of the 20-cm PMT. 
parison, both aluminum and non-aluminum samples  a r e  included in the 
following l i s t  of specimens: 
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1. Titanium 
2.  Nickel 
3. 606 1 aluminum alloy 
4. P u r e  aluminum 

6. Molybdenum 
7. Type 304 s ta inless  s tee l  

8 5. Pure  aluminum (sandblasted) 

These samples  a re  being left in place on the anode while the 
thrus te r  is operating during the normal  course  of the thrus te r  optimization 
program,  and will be inspected f rom time to t ime for  signs of deterioration. 
The f i r s t  inspection, a f t e r  85 hours of th rus te r  operation, showed no evi-  
dence of deterioration. 

A recent  experience a t  HRL has strengthened the conviction that 
alloys of aluminum are  compatible with a. m e r c u r y  environment both a t  
high and  low tempera tures .  
was  recently disassembled fo r  conversion f rom a n  oil to a m e r c u r y  diffusion 
pump, 
per iments  involving m e r c u r y ,  condensation of m e r c u r y  had occured on many 
components of the station. 

A 10-inch diameter  high-vacuum pump station 

Since this station had been operated for  a number of yea r s  with ex- 

A considerable quantity of m e r c u r y  lay in the aluminum housing of 
the high-vacuum gate valve. This housing was c a s t  f rom A-356 aluminum 
alloy, which is relatively high in silicon: A-356 contains 770 sil icon as  
opposed to 6061 with 0.6%. A t  f i r s t  inspection there  was  no sign of 
cor ros ion  even though the m e r c u r y  had undoubtedly been in contact with 
the aluminum fo r  many years .  Within a few minutes,  however, a white 
substance began to grow and protrude in bunches of paral le l  f ibers  perpen- 
dicular  to the aluminum surface.  
appeared to have stopped, however the growth of new bunches could be 
st imulated by scraping the mercury-covered  aluminum surface.  F r o m  this 
experience we again concluded that cold aluminum even of high sil icon con- 
tent is  compatible with liquid m e r c u r y  in the thrus te r  vacuum.*,environment, 
and that i t  suffers  only tolerable a t tack  when exposed to air..'. 

Within a n  hour, growth of these f ibers  

The oil diffusian pump also contained a considerable quantity of 
mercu ry .  
pump oil at the operating tempera ture  of 23OoC, i t  i s  expected that during 
operation the liquid m e r c u r y  is quickly vaporized and recondenses on 
colder  sur faces  of the vacuum system. 

Since m e r c u r y  has  a much higher vapor p re s su re  than diffusion 

Still, during the warm-up time 

J. *r 
Simi lar  deposits have been observed previozsly a t  LeRC a f t e r  

Analysis a t  that 
extensive duration testing in which alurninum foils were  used for  erosion 
protection of flexible l ines  filled with liquid nitrogen. 
time indicated that the white substance was a hydrated alqminum amalgam. 11 
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and whenever drops of m e r c u r y  fall into the pump oil, the surfaces  of 
the diffusion pump a r e  subjected to the presence of mercu ry  vapor, 
Though the vapor deflection vanes of the diffusion pump (which operate 
a t  the oil t empera ture  of 23OoC) were  constructed entirely of aluminum, 
no at tack of their  surface was evident e i ther  a t  f i r s t  inspection o r  there-  
a f te r .  
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I11 LM CATHODE RESEARCH AND DEVELOPMENT 

A .  In t r odu c t i o n 

In the First Quarter ly  Report4 under the cu r ren t  effort  i t  was 
stated that all previous annular cathodes had been fabricated with feed- 
channel gaps which were  no sma l l e r  than 5 pm, and in many c a s e s  were  
l a rge r .  A s  a consequence, the required electron-to-atom rat ios  could 
only be obtained a t  high temperature  by operating these cathodes in a 
mode which differs f rom that employed a t  low tempera tures ,  
change is indicated by the observation that the specific thermal  loading 
of the cathode, VK, th = PK, th/IKg is not constant as  the cathode tempera-  
ture  TK is increased. have been measured  a t  2 , 5  WA-1 
for  TK = 13OoC, and up to 12 WA-1 rdrt%K = 30OoC. This change is due 
to the withdrawal of the exposed m e r c u r y  surface (and hence the a r c  spots) 
into the annular channel a t  higher temperatures .  
is r e fe r r ed  to below as the retracted-spot  mode. 

The mode 

Values fo r  V 

This mode of operation 

T o  avoid the necessity of operating in the retracted-spot  
mode, two new cathodes were construct6d during the first quar te r  of the 
cu r ren t  effort; a n  annular cathode designated K-25-V, and a l inear -s l i t  
cathode designated K-45. 
ployed to establish a uniformly narrow feed channel. In both cases ,  the 
two surfaces  which form the opposing walls of the feed channel a r e  f i r s t  
machined separately to very close tolerances.  The two surfaces  can then 
be lapped together (for the l inear -s l i t  cathode, the surfaces  a r e  flat  and 
can  be finished separately) to a perfect match,  Then, the required 
annular feed channel separat ion is established by mating the two opposing 
surfaces  together with a 2.5 pm thick tantalum sh im separating them, no 
shim stock being placed in the gap which se rves  as the feed channel. 

During the present  qua r t e r  the l inear -s l i t  cathode K-45, the 

With both cathodes a common technique is e m -  

c i rcu lar  cathode K-41 (fed by a single-capillary impedance), and a new 
neutral izer  cathode K-48 were  operated in diode discharges,  while the 
annular cathode K-25-V has been tes ted a t  high temperature  both in a 
diode discharge and in actual th rus te r  operation. 
the high-temperature tes t s  substantiate the explanation given above f o r  
the dependence of V ~ ( , t h  on TK. 

The data obtained f rom 

€3. Annular Cathode Operation 

The annular  cathode K-25-V was operated in  a diode discharge 
at high temperature .  The specific thermal  load VK th was measured  a t  
cathode body tempera tures  TK = 2OO0C, 25OoC, a n d  3OO0C as a function 
of the electron-to-atom rat io  Ke/Ka. 
The cathode r an  stably a t  all tempera tures ,  operating all day without 
spontaneous extinctions. The variations of VK, th were  in accord  with ex- 
pectations based on our analytical model of the behavior of the a r c  spots.7 

The data a r e  plotted in F igure  2. 

11 



€1003 -2 IO 

DISCHARGE CURRENT 

8 

6 

4 

e 

0 
0 2 4 6 8 10 12 

ELECTRON-TO- ATOM RATIO, Ke / K O  

Fig. 2. Dependence of the specific thermal  load (VK th) on cathode 
tempera ture  (TK) for LM cathode K-25-V. ’ 
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A t  constant discharge cur ren t ,  e i ther  a n  increase  in cathode 
temperature  o r  a decrease  in the m e r c u r y  feed r a t e  resulted in a shr ink-  
ing of the exposed annular  m e r c u r y  surface.  
pat tern was observed to decrease  with the m e r c u r y  surface;  and in the 
extreme limit ,  both the liquid surface and the a r c  spots receded into the.  
2.5 pm thick feed channel as  the discharge shifted to the retracted-spot 
mode. This mode is character ized by a n  increase in VK th, the thermal  
power delivered to the cathode p e r  unit discharge current .  

The width of the a rc - spo t  

The cathode was operated a t  high temperature  over  a period 
of severa l  days in the range of interest  for  the 30-cm thrus te r  which is 
current ly  being assembled.  
IB = lA, mass utilization efficiency qm = 9070, discharge voltage VD = 35V, 
and a, source  energy per  ion of V s  = 250 eV/ion, the cathode was  operated 
with a discharge cur ren t  IK = 7A and a neutral  mercu ry  flow ra te  
la = 1 , l l A .  A t  a cathode body tempera ture  TK = 2OO0C a specific thermal  
load VK th = 3 .8  W/A was measured .  
required to dr ive the heat f rom the mercu ry  surface to the thermocouple 
location at  a radius of 0.44 c m g  we es t imate  that under the above con- 
ditions the m e r c u r y  surface temperature  was TH -233OC. 
la ted m e r c p r y  surface temperature  T H ~  M 302OC 7 corresponding to a 
measured  TK = 25OoC) the specific thermal  load was VK, th = 6 W/A, 
and a t  a surface temperature  T w412OC (TK 7 30OoC) the specific 
thermal  load was VKh, th = 8 W/!@ The heat delivered to the cathode 
under any of these t r e e  operating conditions can be accommodated by 
the thermal  design of the 30-cm thrus te r .  

Anticipating operation at a beam cur ren t  

By calculating the tempera ture  drop 

A t  a calcu- 

The same annular  cathode was a l so  evaluated a t  high tempera-  
ture in a diode discharge over a range of cur ren t  suitable for  operation in 
a 20-cm electron-bombardment thruster .  
IB = 600 4, mass utilization efficiency q m  = 9070, discharge voltage 
VD = 35 V ,  and a source  energy pe r  ion V s  = 280 eV/ion, we m u s t  operate 
a t  a discharge cu r ren t  IK = 5 A and a neutral  mercu ry  flowrate 
Ia = 666 mA. 
30-cm thrus te r ,  a t  a cathode body temperature  TK = 2OO0C (corresponding 
to T H ~  w224OC for  IK = 5A), a specific thermal  load VK, th = 3 , 8  W/A was 
measured.  
specific thermal  load was VK, th = 7 W/A. 
to the cathode under e i ther  of these conditions is sufficiently small to 
permit  radiant dissipation f rom e i ther  the 30-cm thrus te r  o r  f r o m  a simi- 
l a r ly  designed thruster  of 20-cm diameter .  

Anticipating a beam cur ren t  

A s  in  the measurements  in the range of interest  for the 

Similar ly ,  a t  TK = 25OoC (corresponding to T H ~  w326OC) the 
The quantity of heat delivered 

The fact  that the two lower- temperature  curves  in Fig. 2 show 
a maximum of VK, * a t  K,/Ka -4. 6 is caused by operation with a r c -  
spot pat terns  covering only part of the circumference of the cathode 
annulus. 
4. 6 (a t  the par t icular  cu r ren t  of 7 A) a l a r g e r  f ract ion of the c i rcum-  
ference becomes utilized and VK, th decreases .  P a s t  experiments have 
shown that when a ful l -c i rc le  spot pattern is established, a minimum is 
reached beyond which VK,  th rises monotonically. The Ke/Ka-range of 
F igure  2 is l imited to the present  range of interest  for  bombardment 
thrus te r  cathodes. The TK = 3OO0C curve does not show a maximum be- 
cause at  this temperature  the spot pat tern was always a full c i rc le  within 
this range. 

When the cathode is operated a t  electron-to-atom rat ios  above 
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6 .  Linear-Slit  Cathode Operation 

The l inear -s l i t  cathode shown schematically in Fig.  3 was 
assembled  with a uniformly narrow feed channel separation established 
by inserting a 2.5 pm thick tantalum shim between the walls on e i ther  
s ide of the pool-keeping s t ruc ture  which i s  formed by pressing together 
the two cathode halves. 
perimental  mounting clamp which a l s o  contains a porous tungsten flow 
impedance, flow chanpels, sea ls  etc.  The cathode assembly was oper-  
a ted  in a diode discharge,  and the formation of the expected l inear  a r c -  
spot pattern was observed. 
of the spot pat tern to attach itself preferentially to the narrow side s u r -  
f aces  of the tantalum sh ims  which form pa r t  of the surface of the pool- 
keeping s t ruc ture ,  Nevertheless,  encouraging performance was obtained 
a t  temperatures  TK = 8OoC (20 electrons per  a tom at  IK = 10 A )  and 
TK = 12OoC (12 electrons pe r  a tom a t  IK = 6A). 
pssembly will now be changed to permit  operation at  higher temperatures .  

The cathode halves were  held together i n  a n  ex-  

There  was,  however, a pronounced tendency 

The sea l s  used in the 

In view of the present  encouraging performance of the annular 
design, the need for  development of the l inear -s l i t  cathode is  considerably 
diminished. One of the benefits initially conceived to be applicable only 
with the l inear -s l i t  design (the use of the tantalum shim to establish a 
uniformly narrow feed gap) has  a l s o  been reaped by i ts  adoption into the 
design of a n  annular cathode. 
tolerances in the l inear -s l i t  configuration cannot be matched by any other 
geometry which is suitable for  high-current,  high-temperature designs, 
Therefore ,  the l inear -s l i t  cathode remains a candidate for  future investi- 
gation under the present  contract .  

Still, the simplicity of maintaining close 

D. Circular  Cathode with Single-Capillary Impedance 

The experimental  LM cathode with i ts  associated single- 
capillary flow impedance (as described in the F i r s t  Quar te r ly  R e p ~ r t ) ~  
was operated in  a diode discharge.  
manner  a t  cu r ren t s  up to 25 A .  
water  cooled to 2OoC. 
exchanger which will permi t  high-temperature operation. Under this con- 
dition, the expqsed m e r c u r y  surface of the pool-keeping s t ruc ture  will 
become sufficiently small to  permi t  visual observation of the magnitude of 
m e r c u r y  flow fluctuations. 
and $low impedance is expected to offer a decrease  in the amplitude of such 
fluc tuationq . 

The cathode operated in a sat isfactory 
In this initial diode test ,  the cathode was 

The cathode has since been equipped with a heat 

The geometry of this combination of cathode 

A s  was explained in the F i r s t  Quarter ly  Report4, the design of 
this cathode -impedance combination should lead to a n  increased measu re  of 
stabil i ty of the mercu ry  surface position which had previously been achieved 
only by the use of a permanently wettable metal  to stabilize the position of 
the liquid meta l  surface.  
single-capillary impedance is f r ee  of gas  o r  vapor bubbles and has a n  
absence of obstructions o r  constrictions.  
portion of their  usable range, cer ta in  ambiguities exis t  s o  far in the per -  

This stability can  be expected to occur only if  the 

Par t icu lar ly  in the low-flow 
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forlnance of single -capillary impedances; this m a y  indicate that the 
stated requirements are  not being met .  

Experiments which a r e  described in Section V-A a re  cur ren t -  
ly  underway to resolve the ambiguity before this cathode-impedance com- 
bination i s  subjected to fur ther  diode testing. 

E, LM Cathode Neutralizer 

During this reporting period a new LM cathode neutral izer  
It was a imed a t  design has  been conceived, implemented, and tested. 

combining the advantages of fhe bi-metal neutralizer s t ruc ture  (minimum 
variation of the a rc - spo t  pat tern diameter  fo r  a given feed-rate  fluctuation) 
with those of the main thrus te r  cathode (a rc-spot  pattern always located 
on non-permanently-wettable material, hence no consumption of s t ruc tura l  
mater ia l ) .  
increase in diode discharge voltage, compared with the previous neutral-  
i ze r  design. 

This objective has  been achieved a t  the small cost  of a: 5 -V 

The new neutral izer  has  been operated for periods of severa l  
hours  a t  cur ren ts  within the beam cur ren t  range of a 30-cm thrus te r ,  and 
good stabil i ty (e. g . ,  a n  average of 1.5 spontaneous extinctions pe r  hour,  
automatically reignited by a stationary pulse igniter) has been demonstrated.  
Typical data points which were  obtained without trying to maximize the 
electron-to-atom rat io  (Ke/Ka) a r e  as follows: 

Neutralizer 
Current ,  A 

1.05 
0.78 

The experimental  a r rangement  has since been modified to 
permit  the use of the igniter electrode as a probe for measuring the 
floating potential in the vapor je t  of the neutral izer  cathode, and an  
attempt has  been s ta r ted  to cor re la te  this potential with the electron-to- 
a tom ratio,  in o rde r  to be able to control the neutralizer feed r a t e  on the 
basis of a continuous monitoring of this potential. 
taken at  a substantially constant flow ra te  and variable cur ren t ,  show that 
such a correlat ion m a y  indeed exist. 
flaw rate and constant cur ren t ,  a r e  required however before a conclusion 
on the suitability of this method can  be drawn. 

Pre l iminary  data, 

More data, especially a t  variable 
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IV. LM CATHODE THRUSTER OPERATION 

A .  Introduction 

Thrus te r  operation dyring the f i r s t  qua r t e r  of the cu r ren t  
effort  was directed a t  improving the discharge chamber  performance of 
a 20-em bar-electromagnet th rus te r .  An existing thruster  was modified 
to conform (in f i r s t  approximation) to the magnetic field geometry of the 
LeRC 15-cm SERT I1 thruster .  
and with both sc reen  and cathode pole pieces to reproduce the des i red  
magnetic field profile. A baffle was placed downstream of the cathode pole 
piece. The exact configuration was modified in a s e r i e s  of separa te  ex- 
per iments .  By the end of the f i r s t  qua r t e r ,  discharge chamber losses  had 
been reduced to a total V s  = 235 eV/ion" a t  a mass utilization efficiency 

It was equipped with a magnetic col lar  

q m  = 8070, 

During the cu r ren t  qua r t e r  no effor t  has  been expended to 
fur ther  optimize the thrus te r .  Rather ,  the emphasis has  been concen- 
t ra ted on demonstrating siwilar discharge chamber  performance when the 
thrus te r  was modified to accept  a high-temperature LM cathode, and a l s o  
when i t  was operated with a high-perveance ion-extraction system. 

I n  essence  both goals have been accomplished, though some 
increases  in discharge chamber  lo s ses  have been encountered with both 
of these modifications. I t  is believed that mos t  of the increases  are  
associated with a shift of the discharge pa rame te r s  f rom the point of 
optimum operation, ra ther  than any inherent effects associated with 
ei ther  modification p e r  s e p  

B. Operation with a High-Temperature LM Cathode 

A s  a first s tep in the thermal  integration of an  LM cathode 
with a n  electron-bombardment thrus te r ,  LM cathode K-25-V was operated 
in the 20-cm thrus te r  at a cathQde body temperature  TK =200°C (depending 
on the discharge cur ren t  IK, the m e r c u r y  surface temperature  T H ~  is 
somewhat higher. ) This temperature  is sufficiently high to permi t  radiant 
dissipation of discharge heat f rom a thermally integrated electron-  
bombardment thrus te r  whether i t  be the 30-cm thrus te r  presently being 
fabricated o r  f r o m  a s imi la r ly  designed 20-cm thruster .  
integration will be demonstrated with the 30-cm thrus te r ;  with the existing 
20-cm thruster  this cannot be done conveniently, because the LM cathode 
assembly  is not thermally coupled to the outer sur faces  of the thruster  
f r o m  which the heat would be radiated. 

Complete thermal  

* ' ' '  

energy per  ion, because no heater ,  vaporizer ,  o r  keeper power is  required 
with the LM cathode, 

V s ,  the total source  energy p e r  ion, is equal to the discharge 
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At TK 7 20OoC the inherent LM cathode lo s ses  V th a r e  
nearly the same as  a r e  encountered a t  lower temperatures ,  %ccordingly, 
there  is no reason a p r io r i  to expect the discharge-chamber performance 
to v a r y  significantly depending on whether the electrons a r e  generated by 
a low-temperature o r  by a high-temperature LM cathode. Because of the 
physical s ize  of the existing heat sink attached to the high-temperature 
cathode, i t  was not convenient to mount the cathode a t  the same  position 
a s  had been employed 
(shown i n  Fig. 11 of R 
wgs found to resul t  in minimum discharge chamber losses .  A s  shown in 
Fig.  4, cathode K-25-V was mounted a t  4 = 5 cm,  a full 2 crn upstream of 
the optimum region. Nevertheless,  discharge-chamber lo s ses  remained 
relatively low, 

the movable low - tempe ra ture  LM cathode 
). At that time a cathode r eces s  1 c m  cCd<3 c m  

The discharge-chamber performance of this configuration is 
shown in Fig.  5. 
compared with the performance curve  representing the optimum configur- 
ation tested with the movable low-temperature  cathode (Fig. 13 of Red. 4). 
In general  a, penalty of 20-40 eV/ion has  been paid for  the convenience of 
placing the LM cathode totally outside of the cathode pole piece,  F r o m  
this comparison it i s  concluded that no significant degradation occurs  in  
discharge chamber  performance in response to the transit ion f rom a low- 
temperature  to a high-temperature LM cathode. 
construction, such as the 30-cm thruster ,  the high-temperature LM 
cathode would of course  be placed a t  whatever position resul ts  in optimum 
pe rf orma nc e. 

C. 

The lower performance curve (marked 6 kV) can be 

In any  more  permanent 

Operation a t  Low Specific Impulse 

A n  interaction exis ts  between discharge-chamber performance 
Langmuir probe measurements  of the and the conditions of ion extraction. 

plasma near  the axis of the 20-cm s,olenoid-magnet LM cathode thrus te r  
have shoyvn that the plasma electron temperature  shifts f rom Te  = 6 . 2  eV 
when the discharge-chamber is operating without beam extraction to a value 
of T e  = 11.3 e V  when a beam is being extracted.  
d i s c b r g e - c h a m b e r  efficiency in a n  LM cathode thrus te r  is known to respond 
to variations in the conditions of extraet ionl2.  
chamber losses  were  reported to increase by 20  eV/ion a t  qm -8570 when 
the beam was extracted a t  a specific impulse I sp  = 3,360 sec ,  ra ther  than 
a t  Is = 6,709 sec.  

Fu r the rmore ,  the 

In Ref, 12 discharge 

One mechanism by which the charac te r i s t ics  of the discharge 
are known to be coupled tochqnges in the accelerat ing voltage of the ionc 
extraction sys tem is through a shifting in the equilibrium position of the 
beam-plasma interface. A t  constant beam current ,  this interface shifts 
in response to changes in the total accelerat ing voltage. This interaction 
was  elaborated on in some detail by Hyman et  al, 9 who demonstrated that 
the interface between the iQn beam and the plasma recedes upstream into 
the discharge chamber  as the ion-extraction perveance is decreased.  
a given ion-extraction sys tem at fixed beam current ,  the perveance de- 
c r e a s e s  as  the total accelerat ing potential is increased and increases  as 

F o r  
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the total accelerating potential i s  decreased;  s o  that a fixed ion-extraction 
system can operate a t  any of various values of operating perveance. 
long as  the acce l  interception cu r ren t  remains sufficiently low there  is no 
inherent advantage, insofar as  the dynamics of ion extraction are con- 
cerned, to operating a t  one perveance o r  another. A discharge chamber  
which has been se t  up to operate a t  maximum efficiency with a given total 
accelerat ing voltage may,  however, shift f rom this optimum condition in 
reaction to shifts in the position of the plasma interface which occur when 
the total accelerat ing potential is varied. 

S o  

The 20-cm thrus te r  with high-temperature LM cathode K-25-V 
was operated a t  beam voltages of 6 kV and 3 kV. 
electrode was biased a t  1.5 kV and the acce l  interception cur ren t  was 
typically 1/270 of the beam current .  
total accelerating potential had a pronounced effect on discharge-chamber 
perf orma nce. 

I n  e i ther  case  the acce l  

With this th rus te r ,  variations in the 

In  Fig.  5 the upper and lower performance curves were  ob- 
tained with a n  HRL ion-extraction system" s imi la r  to the one used for  the 
4,000-hr  life tes t  of a n  LM cathode electron-bombardment ion thrus te r  
which w a s  completed in 1966. The lower curve w a s  obtained a t  a beam 
voltage of 6 kV (which was used throughout the recent  discharge-chamber 
optimization progTam) and the upper curve was obtained with the s a m e  
ion-extraction sys tem operated with a beam voltage of 3 kV. At  a mass 
utilization efficiency qm = 80% the required source energy p e r  ion i s  in-  
c reased  by 100 eV/ion by operating a t  the lower beam voltage (the total 
accelerating voltage being lowered accordingly f rom 7.5 kV to 4 - 5  kV). 

A second se t  of 20-cm diameter  electrodes of a n  entirely 
different design"" are  presently on loan to HRL f rom JPL, U s  ing the 
JPL ion-extraction sys tem with the 20-cm HRL thrus te r ,  a n  ion-beam 
was extracted a t  a beam voltage of 3 kV as  had previously been done with 
the HRL system. 
chamber lo s ses  were  reduced by 30 eV/ion from the value observed a t  
the same voltage with the HRL system. 

At  a mass utilization efficiency of 80% the discharge-  

In this system the ape r tu re s  i n  the sc reen  electrode a r e  counter- 
sunk on the plasma side.  
accel  electrode is 0. 150 cm, and the electrode spacing a t  the anode radius is 
0.235 cm. 
perveance density and cu r ren t  density. The hole pat tern has  a hexagonal 
close-packed a r r a y  of 1027 holes with a nominal diameter  of 0.476 c m  and 
a hole center spacing of 0.635 cm,  dr i l led in 0. 158 c m  thick molybdenum 
plates. The o p e n a r e a  is 5170. 

JI 1% 

The center  spacing between sc reen  electrode and 

The c lose r  spacing in the center  provides a quasi-matching of 

This  ion extraction sys tem is similar to one used in recent  
studies conducted a t  JPL related to thrust  system technology for  so l a r -  
e lec t r ic  propulsion. 
a r e  not countersunk and the hole diameter  in both the sc reen  and accel  is 
0 . 4 6 r c m .  The sc reen  thickness is 0.076 cm, and the acce l  electrode is 
0.254 c m  thick. F o r  the data shown in Fig.  5 
the interelectrode spacing was s e t  a t  0.076 cm. 

J. 4. 
1. -r 

The ape r tu re s  of the sc reen  electrode of this system 

The open area is  about 7570. 
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Neither the degraded performance obtained a t  3 kV with the 
HRL sys tem,  nor the extent to which performance was regained by using 
the JPL sys t em,  are meant  to  demonstrate  any ult imate l imitation a s soc i -  
a t e d  with e i ther  sys t em o r  in fact  with the HRL 20-cm thrus te r .  All  that 
has  been demonstrated is that variations in conditions of ion-beam extract ion 
- do resul t  in variations in  d ischarge-chamber  performance,  and  that to  the 
extent that these variations shif t  the discharge p a r a m e t e r s  away f r o m  a n  
optimum condition these variations can  resu l t  in significant i nc reases  in  
discharge lo s ses .  
re-optimization of the discharge chamber  a t  any  chosen beam-extraction 
voltage, The 20-cm th rus t e r  was originally optimized f o r  a specific 
impulse Is ~ 6 0 0 0  s e c  to  pe rmi t  comparison of t h rus t e r  performance 
with that ogtained ea r l i e r .  7312 C u r r e n t  mi s s ion  ana lyses  d i rec ted  a t  
so l a r - e l ec t r i c  mis s ions  indicate that  lower  values of specific impulse a r e  
desirable  fo r  these miss ions .  l 3  Accordingly, fur ther  optimization of the 
20-cm th rus t e r  and  the forthcoming optimization of the 30-cm th rus t e r  
will be at tempted a t  lower  values of beam voltage. 

I t  is believed that these l o s s e s  can  again be reduced by 
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V, 

A. 

FLOW SYSTEMS 

Single -Capi l lary Flow Measurements  

1. -Cathode feed sys t em --- - - -  - - -  - 
During this quarter the s ingle-capi l lary flow impedance SC-2 

assoc ia ted  with cathode K-41 was  evaluated both with and  without the 
cathode attached. This device,  shown schematical ly  in Fig.  6 ,  consis ts  
of 150 c m  of 0.0112 c m  i. d. tubing wound about a spool and  then totally 
enclosed by a s tandard 3 / 8  in. d i ame te r  m e r c u r y  feed and vacuum lead- 
through tube. Both the ups t ream and  downstream ends of the capi l lary 
are attached to the feed tube with a nickel-titanium eutectic braze.  
lar to the r e su l t s  previously repor ted  with capi l lary SC-1, the r a t e  of 
flow through this impedance was l inear  and  repeatable over  a period of 
one week to within the experimental  accu racy  of + 5% of the ful l -scale  
reading f o r  all p r e s s u r e s  in excess  of z e r o  psig 
previous single-capillary t e s t s ,  g r e a t e r  s ca t t e r  of the data points was 
apparent  a t  14.7 psia. 

Simi- 

14.7 psia).  A s  in 

Data plotted in Fig.  7 re la te  the m e r c u r y  flowrate (expressed  
in  equivalent a m p e r e s )  to the driving p r e s s u r e  a c r o s s  the impedance alone 
in one case ,  and  a c r o s s  the impedance with the cathode at tached in the 
other. 
in e i ther  case:  I a / p  = 0.08  A / p s  i. 

The incremental  increase  in flow with driving p r e s s u r e  is the s a m e  

Within experimental  e r r o r ,  the measu red  flow impedance is 

Though the original design cal led fo r  a 
identical to  the predicted value based on the best  known dimensions of the 
s ta in less -s tee l  capi l lary tubing. 
single-capillary tube of 250 c m  length, the final a s sembly  was  completed 
with a 150 c m  capi l lary;  the capi l la ry  as  received f r o m  the manufacturer  
was s h o r t e r  than had been requested,  and fur ther  shortening occurred  
during fabrication. 
the end of the capi l lary,  the inner  d iameter  of the capi l lary was  found to  
be 0.0112 cm. 

By examining seve ra l  tube c ross -sec t ions  taken f r o m  

Though the flowrate a t  a given p r e s s u r e  changes when the cathode 
is attached to the capi l lary,  the incremental  ra te  of r i s e  does not change. 
The at tachment  of the cathode does not significantly inc rease  the impedance, 
but r a the r  introduces a constant p r e s s u r e  increment.  The source  of this 
p r e s s u r e  increment  is re la ted to the minute flow fluctuations which were  
predicted e a r l i e r  to occur  in the region of minimum constr ic t ion of the 
cathode feed channel. 

The r easons  f o r  the fluctuations in the feed channel have p r e -  
viously been descr ibed  as follows: 

Le t  us a s s u m e  that a s teady m e r c u r y  flow is provided a t  the 
entrance of the minimum-diameter  sect ion of the feed channel 
shown in Fig.  8. The m e r c u r y  passes  through the feed 
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E 965-2R1 
MERCURY FLOW 

FROM 
3/8 In.FEED TUBE 

FEED SVSTEY A a / 

MOLYBDENUM CATHODE BODY / I 

CAPILLARY TUBING 
1.5 M E  ~ - _. - 

0.011cm 1.D. 
rERS LONG 

TI TANIUM -NICKEL BRAZE 

MINIMUM- DIAMETER FEED CHANNEL' POOL-KEEPING STRUCTURE 

Fig. 6. Ci rcu lar  cathode K-41 with s ingle-capi l lary flow impedance S C - 2 .  
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Fig. 7. Impedance charac te r i s t ics  of single-capillary impedance 
SC-2, showing the effect of attaching LM cathode K-41. 
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Fig. 8. Pressure increment p due to surface-tension forces. F C  
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channel and into the pool-keeping s t ructure .  The liquid in the 
pool-keeping s t ruc ture  is a t  a very low p res su re  determined 
by surface-tension forces ,  by the momentum change imparted 
by surface evaporation of m e r c u r y  a toms,  and by a r c  pressure .  
Since t h e p r e s s u r e  exerted by surface tension is inverselx pro-  
portional to the radius of curvature  of the liquid surface,  the 
magnitude of the p r e s s u r e  due to surface tension rises greatly 
to a value PFC within the feed c k n n e l  where the radius  of 
curvature  is a minimum (the radius of curvature  being equal 
to that of the feed channel). 
p re s su re  pF is balanced by the driving p r e s s u r e  of the flow 

be balanced and thus the downstream segment of the minimum- 
diameter  m e r c u r y  column is unstable and tends to be expelled 
into the pool-keeping s t ructure .  Such expulsion leaves a void, 
and no fur ther  m e r c u r y  flow enters  the pool-keeping s t ruc ture  
until the void is filled by flow f rom the source,  a t  which 
moment  the sys tem is again unstable and the m e r c u r y  contained 
in the feed channel m a y  again be expelled into the pool-keeping 
s t ructure .  

In the upstream direction, the 

system. In % t e downstream direction, howevero pFc m a y  not 

Since such a void exists in general  within the feed channel (which, is pa r t  
of the cathode), a p res su re  pFc is generated opposing the driving p r e s s -  
ure ,  when the cathode i s  attached to the single-capillary flow impedance. 
This back p res su re  m u s t  be canceled by a n  equal driving p res su re  in- 
c rement  to  maintain a given flow ra te  through the single-capillary flow . 
impedance when the cathode is attached. 
p re s su re  increment of 5 ps i  is consistent with the value calculated in 
accordance with this model. 

The experimentally measured  

2 .  Research  on single-capillary flow 

The cause of increased sca t te r  of the data points in the vicinity 
of 14. 7 psia in recent single-capillary flow measurements  is not presently 
understood. Such sca t t e r  has  been reported previously4 i n  the testing of 
capillary SC-1 where this and other unexplained phenomena were  observed. 
In these experiments,  excursions beyond the normal operating range 
(20-75 psia) resulted in cer ta in  systematic  variations in the flow rate .  
flow was observed fo r  driving p r e s s u r e s  of l e s s  than 10 psia,  and the flow 
was substantially reduced for a period of about 30 minutes when the driving 
p res su re  was subsequently ra ised to the region of 15-25 psia following such 
a zero-flow condition. 
the operating range a f te r  having been s e t  a t  150 psia,  substantially higher 

----I-- I---s--- 

Z e r o  

Similarly,  when the driving p res su re  was returned to 

*< 

action occurs  (i.e. 
molybdenum surface e 

This simple relationship i s  co r rec t  where no liquid-wall inter-  
no wetting) as is near ly  the case  with mercu ry  on a 
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Fig. 9. Single-capillary-flow r e s e a r c h  apparatus  (T/C = thermocouple).  



('t 20%) flow ra t e s  were  recorded  f o r  as long as 30 minutes thereaf ter .  

T o  gain bet ter  insight into the mechanisms involved in this  
anomalous behavior, a new flow sys t em h a s  been a s sembled  which will 
p e r m i t  testing of single-capillary m e r c u r y  flow impedances under wel l -  
controlled vacuum and  t empera tu re  conditions. In this setup ( see  Fig. 9) 
m e r c u r y  is held in a piston-driven posit ive-displacement feed sys t em f r o m  
which it can e i ther  be dr iven d i rec t ly  through the flow impedance a t  p r e s s -  
u r e s  f r o m  14.7 to 300 psia,  o r  this sys t em can be used  only as a r e s e r v o i r  
t o  del iver  m e r c u r y  to a precis ion-bore g lass  capi l lary serving as a 
manometer .  Mercu ry  f r o m  the manometer  can then be used under the 
p r e s s u r e  of the m e r c u r y  head alone for  measu remen t s  in  the range of 
0 - 15.5 psia.  A t  the higher  driving p r e s s u r e s o  the r a t e  of displacement  
of the piston pe rmi t s  the measu remen t  of the m e r c u r y  flowrate,  while the 
ra te  of displacement  of the m e r c u r y  meniscus  in the g lass  capi l lary in- 
dicates  the m e r c u r y  flowrate a t  the lower p re s su res .  The O-ring seals 
of the piston-driven feed sys t em w e r e  lubricated with Apiezon-H vacuum 
g r e a s e  which permi ts  the m e r c u r y  contained in the piston-driven feed 
sys t em to be outgassed - under vacuum - a t  tempera tures  up to 15OoC. 
F o r  the measu remen t s  a t  lower  driving p r e s s u r e s  (where outgassing may 
be m o r e  c r i t i ca l )  the m e r c u r y  contained in the manometer  can  be out- 
gas sed  - under vacuum - a t  even higher tempera tures .  

F o r  the f i r s t  t e s t s  with this se tup  a new single-capi l lary flow 
impedance has  been p repa red  (denoted as SC-3) which consis ts  of a 1,060-cm 
length Qf 0.014-cm i.d. type 304 s ta in less  s teel  tubing. 
this capi l lary was  chemically cleaned in the sequence of operations 
des  c r i be d below : 

The in te r ior  of 

1. Washed in acetone 
2. Washed in  detergent  and  water  . 
3.  
4. Washed in deionized water  
5. Washed in  acetone.  

Etched in a mix tu re  of equal pa r t s  HF,  HN03 ,  and  H20 

For some t ime the a c i d  solution of s t ep  No,  3 discharged f rom the capi l lary 
ca r ry ing  a black suspension of contaminants which were  apparent ly  lodged 
within the tube. Af te r  about 1 hour the discharge was  clear. The chemical  
e tch  was continued f o r  another  1 / 2  hour a f t e r  that. 

This  capi l lary tube was next wound about a 10-cm diameter  
mandrel .  On this mandre l ,  the capi l la ry  can be placed in vacuum (as 
shown in Fig.  9 )  where  i t  can be heated to  250°C i n  o r d e r  to  dr ive  out 
t rapped g a s s e s  o r  vapors  p r i o r  to operat ion with m e r c u r y ,  

A t  the writ ing of this repor t ,  the flow sys t em and  impedance 

Both, the s ta in less  s teel  single capi l lary and  the hi h -p res su re  
hitve been a s sembled  and  the h igh-pressure  feed sys t em is filled with 
mercu ry .  
feed sys t em are present ly  being baked in a vacuum of 2 x 10- % T o r r .  
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B. High -V ol tag e Hydrogen - Bubble Is d a  to r 

A l iquid-mercury high-voltage isolator  was  developed recently14 
at HRL under  NASA Contract  NAS 7-100 (Task  Orde r  #RD-26). 
device, shown in Fig.  10, a hydrogen bubble is injected into a n  e lec t r ica l ly  
insulating teflon tube through which m e r c u r y  flows. 
t ravel led a p resc r ibed  distance down the teflon tube, a n  e lec t r ica l  signal is 
generated by a n  electronic  c i rcui t  connected with a bubble-sensing coil ,  
and  a new bubble is injected. The first bubble then proceeds to  a porous-  
tungsten hydrogen vent, where  i t  diffuses out of the feed  l ine into the 
surrounding vacuum. Since at l e a s t  one hydrogen bubble i s  p resent  in  the 
teflon tube a t  all times, this device s e r v e s  to in te r rupt  the e l ec t r i ca l  con- 
tinuity through the m e r c u r y  s t r e a m  f r o m  one end of the insulating tube to 
the other. 

In this 

Af te r  the bubble h a s  

T o  demonstrate  the i r  mutual  compatibility, the hydrogen-bubble 
high-voltage isolator was  operated in conjunction with a n  LM cathode. 
hydrogen-bubble,high-voltage isolator  was joined to the c i r cu la r  LM cathode 
with a s ingle-capi l lary flow impedance. 
under the condition of high-voltage isolation was demonstrated fo r  per iods 
of s eve ra l  hours  of uninterrupted automatic  operation a t  voltages up to 
4.5 kV, which was  the maximum output voltage of the power supply avai l -  
ab l e  to this experiment.  The maximum design voltage of the isolator  is 
5 kV. 

The 

LM cathode discharge operation 

The LM cathode functioned normally when operated in con- 
junction with the hydrogen-bubble isolator .  Since the m e r c u r y  flow im- 
pedance is located downstream of the isolator ,  the m e r c u r y  driving 
p r e s s u r e  a t  the cathode remains  substa,ntially constant in spite of the al-  
te rna te  injection and evacuation of hydrogen bubbles f r o m  the flow line. 
No fluctuations were  observed i n  the flow of m e r c u r y  to the cathode in 
response to hydrogen bubble formation o r  evacuation a t  the isolator.  The 
s ingle-capi l lary flow impedance is sufficiently conductive to pas s  adequate 
m e r c u r y  flow ra t e s  without imposing excessive p r e s s u r e s  on the isolator.  
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Fig. 10. High-voltage hydrogen-bubble isolator  system. 
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VI. CONCLUSIONS 

A program is under way to optimize the electron-bombardment 
thruster  f o r  operation with a n  LM cathode. 
a n  existing 20-cm thrus te r  have been reduced significantly by modifications 
of the baffle configuration and of the magnetic field geometry.  
bility of efficient th rus te r  operation both with a high-temperature LM 
cathode and with a high-perveance ion-extraction sys tem a t  low specific 
impulse have been demonstrated with this thruster .  The final s tages  of 
optimization and a demonstration of LM cathode thermal  integration a r e  
to be real ized with a 30-cm thrus te r  which is now being assembled. 

Discharge chamber  lo s ses  in 

The feasi-  

Accomplishments to date include: 

1. 

2. 

3 .  

4. 

5. 

A 30-cm bar-electromagnet th rus te r  has  been fabricated 
which at tempts  to exploit the experience gained through 
recent development of optimized thrus te rs  at  HRL, JPL, 
and  LeRC. 
for  thermal  integration of the cathode within the overall  
th rus te r  sys tem and is estimated to weigh approximately 
6 . 2  kg. 

This th rus te r  incorporates features  necessary  

The thruster  i s  presently being assembled. 

A modified 20-cm bar-electromagnet th rus te r  has  been 
operated with the following performance: 

Beam Current  I g  = 550 mA 
Source Energy pe r  Ion" 
Mass  Utilization qm = 85% 
Spec if  ic Impulse 

V s  = 250 eV/ion 

ISpseff = 6,600 sec .  

A new technique has  been introduced for  the assembly  of 
LM cathodes which employs the use  of sh ims  to establish 
the uniformly small feed channels des i red  for high- 
temperature  operation. 
to the fabrication of a n  annular LM cathode and to a 
1 inea r - s l i t  LM cathode . 

This technique has  been applied 

A c i rcu lar  LM cathode which is fed by a single-capillary 
flow impedance and the l inear -s l i t  cathode have both been 
operated satisfactorily in  a diode discharge.  

Annular cathode K-25-V has been operated a t  high temp- 
e ra tu re  both in a diode discharge and in a 20-cm diameter  
e le c t r o n - bom ba r dme n t thr  us te r . T h ru  s te  r pe r f o rma nc e 
was close to the best  previously obtained and the quantity 

V s  is the total energy required to f o r m  a n  ion, since no heater ,  
vaporizer,  o r  keeper power is required with the LM cathode. 
.I. ' .,- 
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of hea t  del ivered by the discharge to the th rus t e r  was 
sufficiently small to  pe rmi t  i ts  radiant dissipation f r o m  
the th rus t e r  shell. 

Discharge -chamber performance of the 20-cm thrus te r  
at  qm =~O’?’O was  found to  deter iorate  by as much as  
100 eV/ion a t  a beam voltage of 3 kV when compared 
with the performance observed a t  6 kV. 
a t  3 kV or  a t  lower voltages appea r s  feasible.  

6. 

Reoptimization 

7. An LM cathode neutral izer  has  been operated (under 
laboratory cwdi t ions)  a t  Ke/Ka ~ 2 0 0  with a cu r ren t  of 
1.9 A and a diode discharge voltage of S= 30 V .  
a t  KJKa = 50 appea r s  attainable fo r  operation in con- 
junction with a thruster .  

Operation 

8. Using a l iquid-mercery high-voltage isolator ,  s a t i s -  
factory LM cathode discharge operation was  demonstrated 
under conditions of high-voltage isolation fo r  periods of 
severa l  hours  of uninterrupted automa tic operation a t  
voltages up to  4.5 kV. 

34 

9. Measurements  of Poiseuille flow of m e r c u r y  through a 
single-capillary flow impedance w e r e  l inear  and repeat-  
ab le  to within the experimental  e r r o r  of t 570 over the 
range f r o m  1 to 5 Aequiv. 
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VII. RECO IENDATIONS A JD FUTURE P A NS 

Continuation of the p rogram during the next qua r t e r  is planned 
along the following l ines:  

0 Initial testing of the 30-cm thrus te r .  
supported,  where  applicable, by continuing optimization of 
the 20-crn th rus t e r .  

This  effor t  will be 

0 

0 

0 

0 

0 

P e r f o r m a n c e  mapping of the 20-cm thrus te r .  

Continuation of measu remen t s  re la ted to Poiseui l le  flow 
through single capi l lary tubes with the aim of developing 
techniques fo r  accura te ,  instantaneous flow measuremen t  
and  control in the range of in te res t  fo r  e lec t r ica l  propulsion. 

Pe r fo rmance  mapping of annular  cathode K-25-V; measu remen t  
of variations in the specific thermal  loading VK, th as  a 
function of cathode body tempera ture  TK and  the electron-to-  
a t o m  ra t io  Ke/Ka.  

Design of a new high-temperature  cathode - e i ther  annular  
o r  l inear -s l i t  - for  ult imate use with the 30-crn thrus te r .  

LM cathode neut ra l izer  r e s e a r c h  and development. 
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VIII. NEW TECHNOLOGY 

During this reporting period, two i tems  of new technology 
have been developed. 

1. Linear-Sl i t  LM Cathode 
Innovator: W .  0. Eckhardt  
P r o g r e s s  Reports :  F i r s t  Quar t e r ly  Report  of this Contract ,  

15 May 1968, pp. 18 & 19, and  this report .  

2. 3 0 - c m  The rmal ly  -Jntegra te d Elec t ron-  Bomba rdme nt 
Thrus t e r  Using a n  LM Cathode. 
Innovator: J. Hyman, J r .  
P r o g r e s s  Reports :  F i r s t  Quar te r ly  Report  of this Contract ,  

15 May 1968, pp, 3 5 - 3 7 ,  and  this report .  
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