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I. INTRODUCTION AND SUMMARY 

This  r epor t  is concerned with the continued development of liquid 

m e r c u r y  cathodes f o r  use  in Kaufman-type t h r u s t e r s  which have high she l l  

t empera tu res ,  as  in a c lus te red  a r r a y .  

c r ibed  both the cathode.'. and  its sat isfactory operation under  a n  extended l i fe  

t e s t  in  a t h r u s t e r  . 

E a r l i e r  pape r s  and  r epor t s  have d e s -  .*, 
::::: 

Therma l  design ana lys i s  for  the high t empera tu re  liquid m e r c u r y  

cathode has  now been extended to include reject ion of heat  f r o m  the t h r u s t e r  

she l l ,  and is contained in  Section 11. Star t ing f r o m  f i r s t  pr inciples ,  the re-  

lationships between var ious cathode pa rame te r s  a re  der ived,  and the the rma l  

res i s tance  of the cathode between the pool and the thermocouple location is c a l -  

culated f o r  both c i r c u l a r  arid annular  pool geometr ies ,  The substantially lower  

the rma l  res i s tance  f o r  the l a t t e r  ca se  is c l e a r l y  shown. The variation of the 

cathode tempera ture  drop  with beam c u r r e n t  has  a l s o  been considered,  and  

even with a low beam c u r r e n t  the advantages of annular  over c i r c u l a r  geometry  

a r e  plainly demonstrated.  

Heat  re ject ion from-.the cathode to  the t h r u s t e r  she l l  by conduction 

through the t h r u s t e r  end plate has  been es t imated  f o r  a number of geometr ies ,  

s o  that a par t icu lar  configuration combining good heat  conduction with low 

weight can  be chosen. If th i s  is done for  a 20-cm d iame te r  t h r u s t e r ,  i t  is 

shown that fo r  a n  overal l  weight of about 8 lb.+, the shell  can operate  at 175OC 

:; W .  0. Eckhardt ,  J.  A .  Snyder, H. J. King, and R. C. Knechtli,  

"A New Cathode f o r  Mercury  Electron-bombardment  T h r u s t e r s ,  ' ' 

t 

ALAA P a p e r  No, 64-690 (August 1964). 

H. J .  King, W .  0 ,  Eckhardt ,  J .  W e  Ward ,  and  R. C ,  Knechtli,  

"Electron-Bombardment  Tt. r u s t e  rs using Liquid-Mercury Cathodes, " 

ALAA P a p e r  No. 66-232 (March  19661, 

W .  0. Eckhardt ,  H. J, King, J. A. Snyder,  3. W .  Ward,  W. D. 

M y e r s ,  and  R. C. Knechtl;., "4# 000-hr Life T e s t  of a Liquid-Mercury 

Cathode in a 20-cm LeRC Ion Thrus t e r ,  

t o r i e s  Special Repor t  f o r  Contract NAS 3-6262 (Nov. 1966). 

This  appl ies  to a t h r u s t e r  with 600 mA beam cur ren t  and  Ke/Ka = 12. 

At  a specific impulse of 4000 s e c ,  qm = 9070 and a t h r u s t e r  power 

efficiency of 8270 (450 eV/ion),  the corresponding weight to power 

r a t i o  would be 5.3 lb.  /kW. 

Hughes R e s e a r c h  Labora -  
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with the th rus t e r  in a per iphera l  a r r a y ,  and that the corresponding cathode 

tempera ture  is 300 C. 

higher  t empera tu res  has  a l r eady  been demonst ra ted  both in  diode and t h r u s t e r  

configuration. 

0 Satisfactory operation of LM cathodes a t  this and 

Section IIIA begins with the der ivat ion of a normal ized  per formance  

p a r a m e t e r ,  s o  that meaningful comparisons of cathode performance between 

different  cathodes or between modifications can  be made.  Following a d e s -  

cr ipt ion of the cathode modifications which w e r e  made ,  a n  account is given of 

a new operating mode f o r  LM cathodes, using m e r c u r y  vapor r a t h e r  than liquid 

m e r c u r y  feeding. 

is not the s a m e  a s  modes  descr ibed  in e a r l i e r  l i t e r a tu re ,  and i s  probably due 

to t rans ien t  condensation of vapor on the wal ls  of the pool keeping s t ruc tu re .  

This novel cathode mode p romises  severa l  advantages over  liquid-fed cathodes,  

including higher  t h rus t e r  efficiency, lower  thermal  loading of the cathode, the 

use  of the s a m e  feed s y s t e m  and  isolator  a s  other  t h r u s t e r s  present ly  use ,  and 

even the possibil i ty of only feeding a fract ion of the propellant through the cathode:. 

T e s t  r e su l t s  f o r  the vapor-fed cathode a re  included in  a table,  ana l -  

I t  is shown that the diffuse spot-pat tern mode which r e s u l t s  

yzing r e su l t s  f o r  all cathode modifications and including the normalized p a r -  

a m e t e r  descr ibed  above. The evolution of high-temperature  LM cathode de-  

s igns can  now be evaluated: fo r  example i t  i s  evident that Cathode No.  25-LI 

and Cathode No.  26-111 can m e e t  and exceed all requi rements  f o r  15 c m  and 

20  c m  t h r u s t e r  u se  respect ively.  

Section IIIB desc r ibes  work pe r fo rmed  this q u a r t e r  on a n  LM neu- 

t r a l i z e r  cathode. 

that  i n  e a r l i e r  experinients  the predominant m e r c u r y  loss was ,  as speculated,  

by ign i te r  splashing r a t h e r  than by evaporation. 

cathode operat ion in  the neut ra l izer  cu r ren t  range was  demonstrated a t  good 

e lec t ron- to-a tom emiss ion  ra t ios  (> 50) f o r  per iods up to seve ra l  hours ,  a t  

t e m p e r a t u r e s  c lose to the equilibrium value a t  which cooling occurs  by rad i -  

a t ion  f r o m  the neut ra l izer  face.  

Replacement  of a mechanical by a n  e l ec t r i ca l  igni ter  showed 

As  a consequence s tab le  LM 

Sections IVA & B relate  to exper iments  per formed with Cathode 

No.  25-11 in  the 15-cm, permanent  magnet  configuration th rus t e r ,  U s e  of a 

f o u r - a p e r t u r e ,  var iable  baffle showed that optimum th rus t e r  per formance  was  

given by the sma l l e s t  annular  ape r tu re  t r ied ,  having a n  open a r e a  of only 

0.28 c m  2 This configuration was subsequently tes ted  during a 4 hour run,  

2 



giving a beam cur ren t  of 440 mA a t  a sou rce  energy  per ion of 417 eV/ ion  

and 8.270 mass utilization. 

In a subsequent s e r i e s  of exper iments ,  a probing baffle ca r ry ing  

both a small pinhole and a nar row slot  was  used  to  investigate the contribution 

p e r  unit area of the cathode vapor cone region to the formation of ions in  the 

d ischarge  chamber .  

30° half angle vapor cone along i t s  boundary has  the g rea t e s t  effect on the 

beam cur ren t ,  and  that if the pinhole ( o r  other  a p e r t u r e )  is moved outside of 

the vapor  cone region a rap id  dec rease  in  beam c u r r e n t  occurs .  

su l t s  can be explained in t e r m s  of the escape  of e lec t rons  f rom the vapor 

r e g i w ,  ra ther  than the change in  efflux of any significant quantity of m e r -  

c u r y  vapor through the small ape r tu re s  used. 

Both probing geometr ies  showed that the segment  of the 

These re -  

The significance of these findings is that they point out the possibil i ty 

of affecting relat ively independently the admiss ion  of e lec t rons  and neutral  

a t o m s  into the d ischarge  chamber ,  using improved vers ions  of our  d ischarge  

chamber  baffles. This  should lead  to fur ther  substantial  i nc reases  in t h r u s t e r  

efficiency. 

3 



11. ANALYSIS O F  THERMAL DESIGN REQUIREMENTS 

A. -Introduction 

Operation of the LM cathode a t  high t e m p e r a k r e s  (250' to  30OoC) is 

achieved by shrinking the exposed m e r c u r y  sur face  to  a small s i z e  in o r d e r  

to reduce the evaporation of m e r c u r y  and to keep  the electron-to-atom ra t io  

a t  the cathode, K /Ka, a t  the des i r ed  level ( f rom 10 to 20), 

design requi rements  for the high-temperature  LM cathode w e r e  considered 

in  a n  e a r l i e r  r epor t  , where the advantages of annular  over  c i r c u l a r  cathode 

geomet ry  in  hea t  conduction fo r  the m e r c u r y  pool were  c lear ly  demonstrated.  

The ana lys i s  contained h e r e  is somewhat m o r e  comprehenslve,  and includes 

reject ion of heat  f r o m  the thrus te r  shell. 

The the rma l  e 

:k 

B. -Cathode P a r a m e t e r s  

This  ana lys i s  will consider  only c i r c u l a r  and annular LM cathode 

geomet r i e s ,  although i t  is expected that the the rma l  proper t ies  of a high 

t empera tu re  rectangular  s l i t  cathode would be similar to those of a n  annular  

cathode. The c i r cu la r  cathode is shown in F ig .  1, while F ig .  2 i s  a sca l e  

drawing (20: l )  of a n  annular  cathode, with m e a n  annular  rad ius  T= and width 

of exposed m e r c u r y  surface O r .  

IB; the mass uti l ization q 
evaporating m e r c u r y  a toms ;  the area of the exposed m e r c u r y  sur face  A 

the cathode; the tempera ture  of the m e r c u r y  T 

the cathode ma te r i a l ;  and the r a t io  V 

the cathode, PK, th, to the cathode cur ren t ,  PKo 

Other  p a r a m e t e r s  a r e  the beam c u r r e n t  

- the cathode c u r r e n t  I the flEx density L of the 

a t  K 
" the heat conductivity k Hg th 

m' K;  a 

of 

of the thermal  power del ivered to K ,  th 

Assuming that evaporation is the predoinfmnt  ! G S S  of xnercury f r n m  

the cathode, and that back sca t te r ing  can  be 

1 L = - n F ?  a 4  

where  n is the equi l ibr ium number density 

neglected,  then 

i n  sa tura ted  m e r c u r y  vapor equiva- 

l en t  to  t empera tu re  T and F is the mean  vapor velocity. As  a consequence, 
Hg 

.L .,* 
Quar t e r ly  P r o g r e s s  Report  #1, Cont rac t  #NASW-1404 (1 June 1966 

through 3 1 August 1966) e 
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E 6@9-1 

F i g .  1 .  Schematic  c r o s s  section of c i r cu la r  
LM cathode design (not to sca le ) .  



E765-1  

Fig.  2. Schematic  c r o s s  sect ion of annular  LM cathode design (not  to 
sca le ) .  

b 



we a l s o  have 

mHg is the 
where  p 

a tomic  mass of Hg, and k is Bol tzmannPs constant. 
(T  ) i s  the sa tura ted  vapor p r e s s u r e  of m e r c u r y ,  

Hg Hg 

The total number of a toms evaporated p e r  second i s  then 

K Ka = La A 

2 

, ,? f o r  the c i r c u l a r  cathode - - TT pHg 

and 

2 7 ~ F  A r pH 
K =  f o r  the annular  cathode, 

a (2rm Hg k T R  Hg ) 1 / 2  where  e i s  the e lec t ronic  

charge  

the l a t t e r  f o r  
HgS 

Fig .  3 shows p 

values  of q = 100, 90 and 80%. 

L and the r a t io  IB/AK as  functions of T Hg' a 

The range of T 
m 

between 200 and 35OoC (473O to  623OK) is par t icular ly  
Hg 

in te res t ing .  In F ig .  4 the relationship 

is plotted for  var ious t empera tu res  T,, and values of the electron-to-atom 

e m i s s i o n  r a t io  K /Kao F o r  example with I = 0.250A, q = 8570 and  T = 

300°C, AK = 7.5 x 10 

n g  

B m Hg -5  2 e 
cm and IK = 3.16A with Ke/Ka = 10. 

C. -Cathode Tempera tu re  Measurements  

Because  of the small area of the m e r c u r y  sur face  and the relat ively 

low t h e r m a l  conductivity of m e r c u r y  (about 10 t imes  less than molybdenum) i t  

is not poss ib le  to m e a s u r e  the m e r c u r y  t empera tu re  d i rec t ly  with a thermo-  

couple,  Instead the junction has  been placed a shor t  distance away f r o m  the 

pool and  the t empera tu re  difference T - T was est imated.  This  was  done 
Hg K 

in  the c a s e  of the c i r cu la r  cathode by assuming concentr ic  spher ica l  i so the rms  

( F i g .  1) between the m e r c u r y  pool and the thermocouple junction. 
of the m e r c u r y  pool is enlarged,  the effective the rma l  res i s tance  between the 

A s  the radius  

7 
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I '  

t -  
pool and a n  i so the rm through the thermocouple d e c r e a s e s  in the m a n n e r  shown 

in F ig .  5. 

In the annular  case concentric toroidal i so the rms  w e r e  a s s u m e d  (Fig.  2) 

Now the thermal  res i s tance  Rth between two toroidal i so the rms  of m a j o r  radius  

T and m i n o r  rad i i  p '  and p'' is 

where  b = 7 ( @ ' ' - @ I )  and c = cos  Q' - cos a''. In the f igure p' is a l s o  equal to  A r .  

Dividing the cathode environs into region I to  IV as shown on Fig .  2 ,  the 

ef fe c tive r e  si s tan ce be come s 

Rth.eff  
1 
1 

Because  ?>> A r ,  

p" b &en 1 r 

Rth 2 ~ r  kthb A r  (cP''+ b) 

F i g u r e s  6 through 10 show the relationship between AK and Rth f o r  n = I to  I V Y  
as  well  as the effective value f o r  R 

0.25 c m ,  while in zones I11 and I V  as 0.075 cm. 

0.15 cm the value of Rth fo r  a par t icu lar  AK inc reases .  

the t empera tu re  d rop  between the m e r c u r y  pool and the radiating su r face ,  a 

low value f o r  R is needed, leading to a l a r g e  value fo r  7. In prac t ice  r is 

l imi ted  by the dimension A r ,  which cannot conveniently be l e s s  than about 
- 4  5 x 

In zones I and II, p'lwas taken as 
th' 

A s  I is lowered  f r o m  0.21 to 

In o r d e r  to  minimize  

th  

cm.  

. 
In F ig .  2 ,  F = 0.19 c m ,  giving A r  = 5 x 10 c m  f o r  AK = 6 x 

2 

To compare  the two geometr ies ,  consider  a cathode operating a t  

T 

x 10 cm2, and with Ke/Ka = 12, IK = 6 .5A.  F r o m  Fig.  5 the effective the r -  

mal r e s i s t a n c e  f o r  the c i r c u l a r  cathode which cor responds  to  this  AK is 5.5OK 
1 W -  , while f r o m  Fig .  10 f o r  a representat ive annular  cathode (7 = 0.19 cm)  i t  

is 1.3'K W-' .  Assuming a value f o r  VK, th of 2.5 WA-' the t empera tu re  diff- 

e r e n c e  between the m e r c u r y  pool and the thermocouple,  0.44 c m  away f r o m  

the c e n t e r  l ine of the cathode, is 89OC f o r  the c i r cu la r  and 2 1  C f o r  the annu-  

lar  cathode. 

= 25OoC, with a n  IB = 500 mA a t  qm = 9070; then f r o m  Fig.  4, AK = 4.2 
Hg-4 

0 
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D. -Variation with Beam Current  

I t  i s  a l s o  pertinent to  consider  the var ia t ion of the tempera ture  diff- 

e r e n c e  T -T  with the m e r c u r y  pool t empera tu re  T fo r  different values 

of I 

cu la r  and  annular  cathode geometry  f o r  re la t ively small I 

Hg K Hg 
In par t icu lar  i t  is interest ing to compare  the relat ive merits of c i r -  B' 

B' 
F r o m  the relat ionship 

This  is independent of the geom-  

It can  also be s e e n  
Hg * 

AK can  be determined as  a function of T 

e t r y  of AK and is shown i n  F i g .  11 for  t h ree  values of I B' 
f r o m  the f igure that the function is relatively insensi t ive to  a change in q 
f r o m  100% to 8O0/0, so  that  fo r  c l a r i t y  the cu rves  for  I = 400 mA and 200 mA 

a r e  shown for  q = 90% only. Again choosing Cathode No.  26 (mean annular  

rad ius  0.19 cm) as representa t ive  of the annular  configuration, combination 

of Fig.  11 with F igu res  5 and  10 then gives the data f o r  F i g u r e s  12 and 13.  

m 

B 
m 

F ig .  12 shows the relationship between T and  the t empera tu re  diff- 
Hg 

e r e n c e  T 

and  13 i t  has  been a s s u m e d  that 

the cathode, K /Ka = 12. The I 
a r e  then 8.0, 5.33, and 2.66A respect ively.  F o r  a par t icu lar  value of I the 

c u r v e s  f o r  c i r cu la r  and annular  cathode geometry  m e r g e  a t  low values of T 

but f o r  prac t ica l  t empera tu res  (T  f rom 130° to  3OO0C),  annular  geometry  

produces  much s m a l l e r  values of (THg-TK)/VK, th than does a c i r cu la r  geom-  

e t r y .  

-T  fo r  unit cathode specific heat  loading VK, th: In F i g u r e s  12 

= 90% and the e lec t ron  to  a tom ra t io  at  

values equivalent to I 

Hg K 
m 

= 600, 400 and 200 mA e K B 

B 

Hg' 

Hg 

Th i s  is m o r e  c lear ly  shown in  F ig .  13, where  the t empera tu re  T a t  K 
the thermocouple  junction has  been drawn as a function of the pool t empera tu re  

of 5.0 WA-' through- T 

out, a n d  again K / K  = 12 with q = 90%.  The ideal  c a s e  - that  of z e r o  cathode 

t h e r m a l  res i s tance  - i s  given by the asymptote ,  and the relat ive m e r i t  of a 

cathode geometry  can  be judged by how cloBkly the cu rves  for  a given I 

approach  the asymptote .  

geomet ry  m r g e  at low T 

a n y  s imi l a r i t y  with the asymptote  for  T 

T 

K, th f o r  different IB, assuming a constant value f o r  V 
Hg 

e a  m 

B 
Again the curves  for  annular  and c i r cu la r  cathode 

but only those cu rves  f o r  annular  geometry  have 
Hg' 

> 15OoC, that is for  useful values of 
Hg . In fac t  for  this t empera tu re  reg ime the cu rves  fo r  the c i r cu la r  cathode 

Hg 

1 7  



I -  
I '  
I 
I 
I 

N 
E 
0 

100 

to" 

10-2 

10-3 

IO- 

10-5 
3-0 0 

T- 

I 1 I I I I 

'I = S O % - y  

100% 7; 
90 Olo 

~ E 8 2 0  

I I I 1 1 I 
400 500 

T",t O K  

6 0.0 

F i g .  1 1 .  M e r c u r y  su r face  a r e a  AK as a function of T 
f o r  different values of IB and T ~ .  Hg 



I .  

E 8 2 0  
I I I I I 

I, 5.600 mA 

400 mA 

200 mA 

C/RCUL AR 
GEOMETRY 

ANNULAR 
G€OUETRY 

I B  = 6 0 0 m A  

400 mA 

2 0 0 m A  

400 500 600 70 0 
THg * O K  

I I I I 1 1 I I 1 
I O 0  200 300 400 

THg s o C  

F i g .  1 2 .  T e m p e r a t u r e  difference T - T p e r  unit cathode 
Hgas  aYunction of T . 

K ,  th Hg, 
specific heat loading V 



600 

500  

400 
8 - 

Y c 

300 

200 

0 

E 020-12 
I I I I I I 

I, = 2 0 0 m A  

400 m A 

6 0 0 m A  

CIRCULAR 
GEOMETRY 

1~ 200 mA 

400 mA 

\ 6 0 0 m A  

~ 

400 5 00 600 700 
THg *OK 

I I 1 -  I I I I I I 
I O 0  200 300 4 00 

THg I O C  

F i g .  1 3 .  TK as a function of T . 
Hg 

20 



depar t  s t rongly from the asymptote .  

L a t e r  i t  will be shown that the main  thermal  res i s tance  opposing the flow 

occurs  between the pool and the thermocouple junction: this means  that 
Of PK,th 
T 

a i d  in  hea t  rejection. 

r a t h e r  than c i r c u l a r  cathode geometry even f o r  a th rus t e r  with a low I and  

c l ea r ly  demonst ra tes  that  heat  rejection is a lways accomplished with a lower  

t empera tu re  difference when annular  ra ther  than c i r c u l a r  geometry  is used.  

r e l a t e s  c losely to  the th rus t e r  shell  t empera tu re ,  which should be high to  K 
F ig .  13 then shows the relat ive advantages of using annular  

B’ 

E. -The Outer  Regions of the Cathode Matr ix  

The body of the cathode between the thermocouple junction and the r ad i -  

To  es t imate  the heat  flow at ing sur face  ( th rus t e r  shel l )  is sketched in F ig .  14. 

to  the radiating edge C,  i t  can  be a s s u m e d  that the i so thermal  sur face  through 

the thermocouple junction A i s  hemispherical ,  and  that all other  such su r faces  

a r e  hemispher ica l  as  the radius  y is inc reased  to  a distance equal to the 

thickness  z1 of the cathode ma t r ix  (point B). 

be thought of as  being concentr ic  cyl inders .  

F r o m  B to C the i so the rma l s  can  

Be tweenA and By the the rma l  res i s tance  is 

- 1 Y B  - Y A  - 
yA yB ’ Rth  IT kth 

which becomes  

z1  - 0.44 
- - 

Rth 0.88 IT kthZ1 

taking point A to be about 0.44 c m  f rom the center  line. 

AT between points A and B as  a function of the power input to the cathode fo r  

s o m e  p rac t i ca l  values of z 

Fig .  15 shows the 

assuming the m a t e r i a l  to  be molybdenum. 
1 9  

F r o m  B to the outer  edge the th rus t e r  end plate m a y  well  be aluminum, 
3 with k 

ode plate  (z ) r ema ins  constant (Fig.  14a) f r o m  B to C the thermal  r e s i s t ance  

is 

= 2.3 W/OKcm and a densi ty  of 2.7 g / c m  e I f  the thickness of the ca th-  th 

2 

1 1 

21T kth ‘2 
Y,/YB = - 

R t h -  2 IT kth ‘2 

F o r  ove ra l l  weight reduction, z2 < z1 s e e m s  likely. 
n e s s  z2 can  be made  a function of y (Fig.  14b), and i f  this is such that 

Alternatively,  the thick- 

21 



I 
t 

EB20- I3 

A B 

b 

Fig .  14. S k e t c h  of cathode outer  reg ions .  



16C 

14C 

I 20 

I O 0  
Y 

B 
H 
f 

s 80 

Y > 
II 

c 
L 

Y n 

60 

4 0  

20 

0 

€ 8 2 0 - 1 4  
I I I I I 

2.0 5 . 0  cm z ,  = 0.5 1.0 

0 I O  20 30 40 50 

(AT 1 BETWEEN THERMOCOUPLE A AND POINT B, O K  

F i g .  15. T e m p e r a t u r e  difference A T  between 
thermocouple  point A and point B on 
cathode as  a function of cathode heat flux 

vK, thlK’ 

2 3  



yz = constant, 

the the rma l  res i s tance  becomes mere ly  

- yc - z1  - 
Rth 2 v k  z L th 1 

F i g s .  16 and 17 show the tempera ture  difference between B and C as  a function 

of the power input, fo r  var ious geometr ies .  

The overal l  t empera ture  difference between the m e r c u r y  pool and the 

radiating sur face  can  a l s o  be plotted a s  a function of the weight of the cathode 

and end plate s t ruc tu re :  F i g .  18 shows this for  a number of geometr ies ,  and 

shows that a good compromise  between weight and heat conduction can  be 

effected when z = 1 e m  and z l i e s  between 0.2 and 0.5 cm. 1 2 

F. -The Overal l  T h r u s t e r  

In a 20  c m  d iame te r  t h r u s t e r  I 

mass uti l ization of 90% a t  450 eV/ion. 

IK = 8A, V D  = 33V, the total power input to  che th rus t e r  = 264W. 
- 4  2 cathode operating a t  T c m  

i s  typically 600  mA; l e t  u s  a s s u m e  a 

F o r  a n  electron-to-atom ra t io  of 12, 
B 

With a 

= 3OO0C, AK is equal to  1.6 x 10 

The t empera tu re  of the thrus te r  shel l  can be expressed  a s  a function 
Hg 

of the weight of the cathode plus the shell  assuming a value fo r  the cathode 

I and a fixed m e r c u r y  tempera ture  of T = 3OO0C. This  is heat  input VK, th 

shown in  Fig.  19 f o r  different values of VK, th, and shows that the shel l  temp- 

K, th e ra tGre  can  be as  high as  175OC f o r  c lose to  minimum weight even with V 

= 7.5 WA- l .  F o r  9 0 %  effective shielding between the anode and the aluminum 

she l l ,  the hea t  re jec ted  by the shel l  (including that f r o m  the anode) m u s t  be 

Hg 

about 60W when V K ,  th = 5 WA-' and 80W when VK, th = 7.5 WA-l:  this can  be 

achieved  eas i ly  fo r  a n  oxidized aluminum shel l  radiating over  2v s t e rad ians  

in to  f ree  space.  

F o r  inc reased  th rus t  the possibi l i t ies  e x i s t  of e i the r  increas ing  the 

engine d i ame te r  o r  of mounting engines of, fo r  example,  20 c m  diameter ,  in 

a n  a r r a y .  In the c a s e  of a pheripheral  a r r a y  of 20 c m  th rus t e r s  shown i n  

F ig .  20, l o s s  of hea t  f r o m  the thrus te r  shel l  i s  equivalent to radiation f r o m  

about  1 / 3  of the s u r f a c e  area into a 2 ~ r  sol id  angle.  

the she l l  can  r e j ec t  the s a m e  thermal  power as  above a t  t empera tu res  of 

S200°C if the emiss i t iv i ty  of the th rus t e r  shel l  is increased  to 0,9 by painting 

with one of s eve ra l  commerc ia l ly  available ma te r i a l s .  

Calculations show that 

A t  this shel l  t empera ture  

24 
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0 the additional r i s e  due to so l a r  exposure a t  1 a.  u. is 17 C, represent ing only 

a 370 perturbat ion of the absolute  cathode tempera ture  T 
Hg 

G. -Conclusions 

It  can  be seen  f r o m  this analysis  that  a n  annular  l iquid m e r c u r y  cathode 

operating a t  T 

overal l  weight. 

e r a t u r e  d rop  in the immediate  cathode m a t r i x  and m u s t  be opera ted  with a 

substant ia l ly  lower s ink tempera ture :  thus i t  would not be suitable fo r  incor -  

porat ion into a n  array,  where  the radiating portion of the shel l  area is effect-  

ively less than i n  the f r e e l y  radiating case .  

= 3OO0C can  r e j ec t  heat to a s ink a t  2OO0C a t  an  economical 

In cont ras t  the c i r cu la r  cathode exper iences  a seve re  temp- 
Hg 

the tempera ture  difference be tween the cathode and 
Hg ’ 

F o r  a given T 

s ink depends on the m e r c u r y  sur face  area A 

values a r e  determined by the th rus t e r  p a r a m e t e r s  I 

ing the weight optimization procedure outlined above to a 20 c m  LM th rus t e r  

l eads  to  a n  overal l  t h r u s t e r  weight of about 8 lb. 

per iphera l  a r r a y  would be capable of rejecting the e s t ima ted  cathode and anode 

hea t  flux, even under maximum so la r  exposure.  

and the annular  d iameter .  These K 
and Ke/Ka. Apply- B’ “‘m 

This  t h rus t e r  mounted in a 
* 

.I. -0. 

T h i s  appl ies  to a t h r u s t e r  with 600 mA beam c u r r e n t  and K / K  

A t  a specific impulse of 4000 s e c ,  q 
efficiency of 8270 (450 eV/ion) ,  the corresponding weight to power ra t io  

would be 5.3 lb. /kW. 

= 12. e a  
= 90% and a th rus t e r  power m 
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I .  111. HIGH-TEMPERATURE LM CATHODE RESEARCH AND 
DEVELOPMENT 

A. -Main Thrus t e r  Cathode 

1. -Derivation of a normalized p e r f o r m a n c e 2 a r a m e t e r  

In o r d e r  to make meaningful compar isons  of cathode per formance  
- - - - - - _ - - - - - - - _ - - _  - - - -  

between different cathodes o r  before and a f t e r  modifications of cathode geometry ,  

allowance m u s t  be made  f o r  different  operating conditions. 

specifying a fixed s e t  of normalized operating conditions, choosing one suitable 

pe r fo rmance  p a r a m e t e r ,  and t ransforming i t s  m e a s u r e d  value to a normalized 

value. W e  have selected the tempera ture  of the radiating th rus t e r  shel l ,  the 

the rma l  res i s tance  of the th rus t e r  end plate,  and the c u r r e n t  drawn f r o m  the 

cathode as the fixed conditions, because these p a r a m e t e r s  a r e  dictated by 

the rma l  and weight considerations regarding the spacecraf t  and by th rus t e r  

( r a t h e r  than cathode) design. 

r a t io  as  the per formance  factor  to be normalized (while retaining the m e a s u r e d  

value of the specif ic  t he rma l  loading of the cathode),  because on the one hand 

this  r a t io  is affected by changes in all other  p a r a m e t e r s ,  thus represent ing a 

compound m e a s u r e  of cathode per formance ,  and on the other  hand i t s  normal i -  

zat ion is  amenable  to analytical  formulation without undue approximations.  

This  can  be done by 

1 
I 
I 

W e  have chosen the electron-to-atom emiss ion  

- 

W e  use  the following notation: 

- - 
TT 

ATT - - 
AKT = 

- - 
- 

Rth,  K 

Rth, T 
e 

- 
- - 

electron-to-atom emiss ion  ra t io  

c u r r e n t  drawn from cathode 

the rma l  power del ivered to cathode 

PK,th K 

vapor p r e s s u r e  over  exposed Hg sur face  in  cathode 

tempera ture  of exposed Hg su r face  in cathode 

t empera tu re  of cathode a t  thermocouple location 

tempe ra ture  of radiating th rus t e r  shel l  

THg-TK 
TK -TT = t empera ture  difference within t h r u s t e r  

'KTiPK, th 

'T T/pK, th  
e lementary  charge 

/I = equivalent voltage, express ing  specific 

thermal  loading of cathode 

= t empera ture  difference within cathode 

end plate 

= t he rma l  res i s tance  of cathode 

= thermal  res i s tance  of t h rus t e r  end plate 
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I .  

I 

I -  
Subscr ip ts  : 

m = m e a s u r e d  

n = normal ized  

F i r s t ,  we note that 

K e K  = I  / e  and Ka a pHg (THg),  

where  the l a t t e r  is t rue  f o r  a fixed position of the exposed m e r c u r y  sur face  in  

the pool-keeping s t ruc tu re .  Next, we observe  that we  have the following func- 

t ional de pe ndenc e s : 

THg = THg (TK’ I V  K’ K,  th’ Rth,  K)’  

and 

THg = THg (TT’ ‘K’ ‘K, th’ Rth,  K’ Rth,  TI‘ 

T h e r e f o r e ,  w e  can wr i t e  f o r  the m e a s u r e d  and normalized e lec t ron- to-a tom 

e m i s s i o n  r a t io s ,  respect ively:  

I 
K, t 

T T 
pHg Hg ( K , m ’  ‘K, my ‘K, t h , m ’  Rth,  K)’ 

I 
K, n 

PHgL T Hg(TT,  n’ ‘K, n’ ‘K, th, m y  Rth,  K’ Rth,  T)’ 

In wr i t ing  these expres s ions ,  we make the assumpt ion  that a fixed posit ion of 

the exposed  m e r c u r y  s u r f a c e  r e s u l t s  in a fixed value of the specific t he rma l  

loading. 

will  be appl ied,  this a p p e a r s  to be a reasonable  approximation.  

have the following self -explanatory equations : 

At l e a s t  f o r  the c u r r e n t  range to which the normalizing procedure  

We then 

3 2  



K K I K, n pHg [THg'TK, m' I K, m' 'K, th, ms  Rth, K 13 1' a n  1 = (e) m Gm' PHgLTHg(TT,  n9 I K ,  n9 'K, t h , m '  Rth,  K' Rth,  T )I ' 

T = T  + A  T t A  T = T K t A K T ,  Hg T T K 

O T T = I  V R K K , t h  t h , T  ' 'KT = IK 'K,th R th ,K  

With these ,  plus a table o r  graph for the sa tura ted  vapor p r e s s u r e  of m e r c u r y  

as a function of t empera tu re ,  we can  now p r e s e n t  our  experimental  r e su l t s  in 

a normalized f o r m ,  and we have done this in  Section IIIA-5 below. 

F r o m  the standpoint of purely thermal  requi rements  in the t h r u s t e r  

applications,  a cathode p e r f o r m s  the bet ter  the higher  i ts  (Ke!KaIn; f r o m  the 

standpoint of both thermal  and efficiency requi rements ,  cathode per formance  

m u s t  be judged in  t e r m s  of both a high (Ke/Ka)n and a low VK,  th. 

2. -Modifications in  cathode g e o m e t r y  

During the reporting period, Annular Cathode No. 26 was  modified 
- - - - - - - - - - -  - - - -  

i n  two re spec t s .  

leading to the divergent nozzle section. This  resul ted,  as  expected, in  ope r -  

a t ion similar to that experienced with Cathode No. 25 a f t e r  the corresponding 

modification, i. e. , full c i r c l e  a rc  operation could instantly be attained. The 

second revis ion was  to  remove the surface compris ing the inner  wall of the 

annular  divergent  nozzle. 

modifications s o  far.  ) Both modifications have l e d  to a substantial  pe r fo rm-  

ance  improvement ,  as demonstrated by the measu remen t s  presented  in the t e s t  

r e s u l t s  sect ion f a r t h e r  on. It was noticed that Cathode No.  26 r a n  sat isfactor i ly  

a t  a somewhat  higher  c u r r e n t  a f t e r  modification than before,  which was  due to 

a s l ight  en largement  of the annular  gap during repolishing. 

One revis ion was  to shor ten  the narrow m e r c u r y  passage  

(This  second revis ion was a s t ep  beyond No.  25 

3 .  -Elec t r ica l  pulse igniter 

Contributing to the successful  evaluation of LM cathodes a t  high 
_ _ - _ - _ - -  - -  

t e m p e r a t u r e  was  the introduction of high voltage pulses  f o r  a r c  initiation. 

With the new ignition c i rcu i t ,  cessat ion of the a r c  c u r r e n t  ene rg izes  a re lay  

which i n  turn  completes  a c i rcu i t  furnishing rapid,  high voltage pulses  to a 

s t a t iona ry  igni ter  e lectrode placed in f ront  of the cathode. The a r c  usually 

needs only one pulse to r e s t a r t  under normal  operation, and placement  of the 
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igniter e lectrode relative to the cathode does not demand m o r e  than reasonable  

initial adjustment .  

The e lec t r ica l  pulse ignition s y s t e m  is fully applicable to th rus t e r  

A flight-type s y s t e m  will u s e  a vacuum potted pulse t r a n s f o r m e r  operation. 

(a1 s o demons t ra ted) and s i l ic on con t r  011 e d r e  c t if ie r s ins te a d  of ele c t r o -me c ha ni - 
ca l  re lays .  

4. - V a l o r  feedingof  high-tempera ture LM cathodes 

Exper iments  per formed some t ime ago under Company-sponsored 
- - - - -  - - - - - _ - - - - - - - - -  

p r o g r a m s  have shown that c i r cu la r  LM cathodes operating a t  high c u r r e n t s  

(B 150 A) and high degrees  of spot-pat tern contract ion (corresponding to c u r r e n t  

densi t ies  2 10 A c m  ave raged  over the exposed m e r c u r y  area; can  switch 

under ce r t a in  thermal  conditions spontaneously into a different mode,  which 

will be r e f e r r e d  to  he re  as  the "diffuse spot-pat tern" o r  "DSP" mode in  o r d e r  

to distinguish i t  f r o m  the no rma l  "l inear spot pat tern" o r  "LSP" mode. 

these exper iments  a high c u r r e n t  discharge was  s t a r t ed  with the m e r c u r y  s u r -  

f a c e  being l a r g e  compared  with the feed channel area. 

tained in  the pool-keeping s t ruc tu re  w a s  used  up, the cathode spot pa t te rn  

sh rank  to  the s ize  of the channel, and then the a r c  spot  pa t te rn  became diffused, 

i. e .  

than concentrated along a l ine.  

mouth of the channel, but copious evaporation keeps the d ischarge  supplied 

with vapor.  

4 -2  

In 

As the m e r c u r y  con- 

the cathode glow was distributed quite uniformly over  a n  area,  r a the r  

In this mode  the m e r c u r y  sur face  is below the 

W e  believe that in this mode the random motion of the individual a r c  

spots  is distributed over  the ent i re  luminous area,  r a t h e r  than r e s t r i c t ed  to a 

l ine,  s o  that the t ime-averaged cur ren t  detisity in  the diffuse spot pa t te rn  is  

reduced  by o r d e r s  of magnitude f rom the level  a s soc ia t ed  with the l i nea r  spot 

pa tte rn .  

The spots  a re  believed to  exis t  by vir tue of a t rans ien t  Condensation 

of m e r c u r y  vapor on the wal ls  of the pool-keeping s t ruc tu re .  

n e c e s s a r y  for  a heavy condensation of m e r c u r y  vapor to occur  because e lec t ron  

e m i s s i o n  ( i f  i t  is caused,  fo r  example,  by excited m e r c u r y  a toms  impinging on 

the cathode) could occur  without a complete,  macroscopic  covering of m e r c u r y  

ove r  molybdenum: the work  function of molybdenum (4.4 eV) is less than the 

me tas t ab le  potential of m e r c u r y  (4.67 e V )  s o  that e lectron emiss ion  i s  e n e r -  

It m a y  not be 

34 



.l. .P 

getically possible a t  a reasonable  yield. 

On the bas i s  of these considerat ions,  we concluded that i t  should be 

possible to sepa ra t e  spat ia l ly  the region where  vapor is evolved f r o m  a free 

m e r c u r y  sur face  and the region where t rans ien t  recondensation of this vapor 

p e r m i t s  e lectron emiss ion  in  the diffuse spot-pat tern mode - in o ther  words ,  

i t  should be possible to  vapor-feed ( r a t h e r  than liquid-feed) a n  L M  cathode op- 

erat ing in  the DSP mode. 

This possibli ty i s  of special  i n t e re s t  because i t  p romises  several  

advantages over  liquid-fed LSP-mode LM cathodes in  th rus t e r  operation: 

(a) Higher th rus t e r  efficiency and lower specif ic  thermal  loading 

should r e su l t  f r o m  thermally decoupling the pool-keeping s t ruc tu re  f r o m  the 

evapora tor ,  because the requi red  electron-to-atom emiss ion  ra t io  m a y  be ob- 

tained with less vapor flow constr ic t ion (and hence, l e s s  p lasma l o s s e s )  down- 

s t r e a m  f r o m  the electron-emitt ing zone. 

(b) A vapor-fed LM cathode could use  the s a m e  feed sys t em and 

i so la tor  as is used  for  e lectron-bombardment  t h r u s t e r s  with other  cathode 

types,  thus permit t ing m o r e  flexibility i n  cathode choice for  these th rus t e r s  
up to l a t e  s tages  of design freezing.  

( c )  It m a y  be possible to  achieve such high electron-to-atom e m i s s -  

ion r a t io s  that only a fract ion of the total expellant flow needs to be fed through 

'k Optically similar phenomena, observed on spot  anchor s  with conventional 

pool cathodes a t  much  lower c u r r e n t s  and in the presence  of s t rong axial 
magnet ic  fields,  w e r e  descr ibed  by C. G. Smith t and K. G. Hernqvis t  +. , 
the l a t t e r  author  t e rmed  this type of discharge the "dispersed" o r  I'D" 

mode  and establ ished a n  upper cu r ren t  density l imi t  of w 10 A c m  

this  mode. 

vations repor ted  below, lead  to  the conclusion that the d i spe r sed  mode 

and  the diffuse spot-pat tern mode a r e  not identical. 

i n  the D mode the spot  i tself  i s  d i spersed  over  a relat ively l a r g e  a r e a ,  

resul t ing in  a considerable  change in the emiss ion  mechanism,  while in 

the DSP mode only the pat tern of the random spot  motion is diffuse, leav-  

ing the conditions during the life of a n  individual spot  substantially unchanged. 

2 -2  f o r  

Our much  higher cu r ren t  densi t ies ,  as well  as  o ther  obse r -  

One might s a y  that 

+ Smith ,  C. G . ,  Bri t .  J .  Appl. Phys.  - 4, 252 (1953). * Hernqvis t ,  K.  G . ,  Phys .  Rev, - 109, 636 (1958). 
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. 
the cathode. 

ity i n  the DSP mode,  compared  with the LSP mode. )  The resul t ing design f r e e -  

dom f o r  the expellant injection pa t te rn  should r e su l t  in additional t h r u s t e r  effic- 

iency improvements ,  as  well  as in complete interchangeabili ty between LM and 

other  cathodes,  without any  th rus t e r  modifications. 

(This  i s  a consequence of the reduced the rma l  power input dens-  

The l i s t ed  advantages have prompted u s  to substi tute a vapor feed s y s t e m  

f o r  the liquid feed s y s t e m  used with Cathode No.  26 i n  o r d e r  to obtain some 

f i r s t - o r d e r  experimental  resu l t s .  

by omitting the flow impedance, e lectron-beam welding a s ta in less -s tee l  vapor-  

i z e r  m e s h  into the feed l ine,  and  wrapping a hea te r  around the feed l ine port ion 

between vapor izer  and cathode. The same  m e r c u r y  r e s e r v o i r  was  used  a s  

with the liquid feed sys t em,  thus permit t ing accu ra t e  flow ra te  m e a s u r e m e n t s  

within time in te rva ls  of a few minutes.  

s tan t  p r e s s u r e  (m 1 psig),  and the flow ra t e  was  adjusted by varying the vapor-  

i z e r  tempera ture .  

made, the r e su l t s  of our  experiments  a r e  ex t remely  encouraging; they a r e  

l i s t ed  i n  the following section. 

able also fo r  the vapor-fed LM cathode without modification. 

observat ion is that the d ischarge  s t a rved  out when the tempera ture  was  raised 

too high fo r  a given flow rate, indicating the importance of t rans ien t  conden- 

sat ion as  postulated above f o r  the DSP modep and in cont ras t  to the expectations 

f o r  Hernqvis t ' s  D mode. 

The feed s y s t e m  conversion was  accomplished 

The feed sys t em was kept under  a con- 

Even though no modifications on the cathode p r o p e r  w e r e  

The e lec t r ica l  pulse ignitor proved to be u s -  

One important  

5. - T e s t  r e su l t s  in  diode operation 

A comprehensive presentation is given in Table I of all those high- 
-------I------- 

t e m p e r a t u r e  LM cathode diode measu remen t s  which included determinat ions 

of the spec i f ic  thermal  loading. 

i n  diode geometry,  with the following meaning: I indicates the original shape 

as shown schematical ly  i n  Fig.  2. 11 desigr,ates the modification of the uni- 

f o r m l y  nar row m e r c u r y  flow passage shown in this Fig.  to  a narrow passage  

of min imum depth, fed by a wider passage.  

plus t runcat ion of the inner  cone of the pool-keeping s t ruc ture  a t  the downstream 

end of the nar row flow passage.  

Roman numera l s  a r e  used  to indicate changes 

III indicates stage-II  modification 
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The table l i s t s  the direct ly  measu red  p a r a m e t e r s  and the normal -  

ized electron-to-atom emiss ion  r a t io  a s  defined in Section IIIA-1. F o r  the 

s m a l l e r  one of the two cathodes the normalization has  been c a r r i e d  out f o r  

two cases :  (a) Operation in  a 15-cm diameter  t h rus t e r  a t  I 

T 

t h r u s t e r  at  I = 8A, with T = 250 C and Rth, = l.O°K W Both 

c a s e s  cor respond to t h r u s t e r s  operating in re la t ively dense c l u s t e r s ,  see  

Sec.  II, and case  (a) r ep resen t s  a relatively unfavorable discharge-to-beam 

c u r r e n t  requirement .  = 1.66OK W 
w a s  a s s u m e d  ( see  Sec.  II). 

= 6A, with 

(b) Operation in a 20-cm d iame te r  
K, n 0 = 225 C and Rth,  = 0.7OK W- ' .  

0 - 1  T,  n 

K, n T,  n 

-1 For both c a s e s  and both cathodes,  Rth, 

Inspection of Table  I leads  to the following conclusions: 

Cathode No.  25-11 can  m e e t  and exceed all tempera ture  and Ke/Ka re -  

qui rements  of 15-cm t h r u s t e r s ,  even under  unfavorable conditions. 

With this cathode, fu r the r  minimization of VK, th (and the assoc ia ted  

d ischarge  voltage differential)  c a n  be expected to  resu l t  in t h rus t e r  

efficiency improvements  on the o r d e r  of 100 eV/ion f o r  case (a).  

The same cathode cannot meet equally r igorous requi rements  f o r  

operat ion in a 20-cm thrus te r .  

Cathode No. 26 can  m e e t  and,  in  i ts  stage III, considerably exceed all 

the rma l  and emiss ion  r a t io  requirements  of 20-cm th rus t e r s ,  including 

the m o s t  unfavorable conditions. 

in  considerably l a r g e r  t h rus t e r s .  

In liquid-fed operation of this cathode, mir,imization of V 

expected to r e su l t  in  t h rus t e r  efficiency improvements  on the o r d e r  of 

50 eV/ ion  f o r  case  (b ) .  

the experimental  compar ison  of Cathode No. 26 with the water-cooled 

l i f e - t e s t  cathode (see Quar t e r ly  Report  No. 2).  

Approximately one -half of this  possible improvement  m a y  a l r eady  be 

rea l izable  by vapor-feeding of the s a m e  cathode, as  evidenced by t e s t s  

No.  13 & 15. (No  t h r u s t e r  t e s t s  have been per formed yet. ) .  A s imi l a r  

predict ion can a l s o  be m a d e  f o r  vapor-feeding of Cathode No. 25. 

The monotonic inc rease  of the normalized per formance  p a r a m e t e r  as a 

function of cathode geometry  evolution fully just i f ies  the s teps  taken 

dur ing  this evolution. 

I t  should pe r fo rm sat isfactor i ly  a l s o  

K, th can be 

This  csnclucion is in excellent ag reemen t  with 
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Ke 15cm Ke 20cm I T e s t  Cathode F e e d  T K , m  K , m  'K, t h , m  -- 
A W A - I  No. Type Method oc 

1 25-11 Liquid 250 5.0 4 . 7  0 11 4.7 

2 1 1  1 1  300 5.3 11 2 18 5.7 

3 8.6 12 0 25 6 1 1  1 1  1 1  

4 1 1  1 1  1 1  9.0 10 0 28 7.6 

5 26-1 12.8 7.6 13  17 

9.8 6.1 16 18 

1 1  1 1  

1 1  I t  1 1  6 
7 1 1  1 1  I t  9.2::; 10.6 l ?  12 

15.8 8.3 2 1  

10.5 7.1 41 

21 9.a 31 

23 9.7 28  

375 1 6 . 3  8.7 20 

1 1  ( 1  8 26-III 

9 
10 

11 

12 

I1 I I  I 1  

1 1  1 1  1 1  

I1 I 1  1 1  

1 1  1 1  

34 

45 

8 3  

91  

70 

t t Vapor 300 14.0 5.3 10 n.a .  n. a. 1 1  13 

1 4  I I  I !  11.3 4.6 10 1 1  1 1  I I  

:: 
Spot pa t t e rn  only half c i rc le .  

t 
The normalizat ion principle (Sec. HIA-1) is l imited to the l iquid-fed case .  

TABLE I: Diode t e s t  r e su l t s .  All  t e s t s  have l a s t ed  f o r  s eve ra l  

hour s  (typically 4 to 7 ) .  

(8) The table c l ea r ly  shows the t rade-offs  between the var ious p a r a m e t e r s .  

F o r  example,  t e s t  No. 7, compared  with No. 6 ,  shows the de t r imenta l  

effect  on (Ke/Ka)n and  V K ,  th, 
avai lable  spot -pa t te rn  length; and t e s t  No.  12 shows both the feasibi l i ty  

of operat ion a t  even-higher t empera tu res  and the a s soc ia t ed  penalty. 

caased  by p a r t i a l  uti l ization of the 
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B. -LM Cathode Neut ra l izer  

The operating tempera ture  of an LM cathode neut ra l izer  in space is 

expected to be in  the vicinity of 100°C, assuming that i t  can  radiate  waste  heat  

only f r o m  i t s  exposed face.  

that  LM cathode neu t r a l i ze r s  c a n  operate a t  such  t empera tu res  with high 

e lec t ron- to-a tom emiss ion  ra t ios .  

It is one objective of this effort  to  demonst ra te  

We have previously operated an LM cathode neu t r a l i ze r  a t  room temp-  
% 

e r a t u r e  for  over  500 hours  as p a r t  of a t h r u s t e r  life tes t .  

(shown in  par t ia l  c r o s s  sect ion in F i g .  21) was equipped with a mechanical  

automatic  igni ter ,  consisting of a solenoid-actuated tungsten t ip which dipped 

into the exposed liquid m e r c u r y  when the a r c  c u r r e n t  was  interrupted;  i t  was  

subsequently pulled out i n  o r d e r  to res t r ike  the discharge.  

This  neut ra l izer  

While this type of igni ter  performed to full satisfaction on the main  

t h r u s t e r  cathode during the life tes t ,  i t s  use  on the neut ra l izer  lef t  much to 

be des i red .  

neut ra l izer  pool -keeping s t ruc tu re  

of a considerable  f rac t ion  of the small amount of liquid m e r c u r y  contained in 

the pool-keeping s t ruc tu re  when operating a t  the high Ke/Ka and low c u r r e n t  

wanted f o r  neut ra l izer  se rv ice .  This ,  in  turn,  had two detr imental  effects:  

(a) It  permi t ted  the a r c  to  run on the splashed m e r c u r y  globules outside the 

pool-keeping s t ruc tu re ,  result ing in  frequent a r c  extinctions (followed by m o r e  

splashing by the igni ter  and thus perpetuating the si tuation).  (b) I t  l imi ted  the 

obtainable effective electron-to-atom emiss ion  ra t io  to  a leve l  far below the 

design value (even though the l a t t e r  had been confirmed in  experiments  using 

carefu i  manual  ignition. 

Because of the approximately equal d i ame te r s  of igniter and 

this mechanical act ion caused  splashing 

To confirm the contention that tl-e predominant m e r c u r y  loss mechan-  

ism w a s  igni ter  splashing r a t h e r  than evaporation, the neut ra l izer  cathode was  

ope ra t ed  with the mechanical  igni ter  a t  t empera tu res  ranging f r o m  20 C up to 

90 C. 

over  th i s  tempera ture  range,  the tempera ture  inc rease  to  90 C resu l ted  in a 

reduct ion of the obtainable effective electron-to-atom emiss ion  ra t io  by only a 

small f ac to r  ( S Z ) ,  as expected. 

to typical  20-cm diameter  t h r u s t e r  cur ren ts )  a K /Ka up to 16 was  maintained 

0 

0 While the vapor p r e s s u r e  of m e r c u r y  changes by two o r d e r s  of magnitude 
0 

A t  cu r ren t s  of 600 to  700 mA (corresponding 

e 

>: 
Under  Cont rac t  NAS 3-6262. 

39 



r 

F i g .  21.  Schemat ic  c ros s - sec t ion  of LM cathode 
neu t r a l i ze r ,  not to  s c a l e .  
metal, b = permanent ly  wettable m e t a l ,  
c = porous  tungsten,  d = sea led  s u r f a c e ,  
e = open su r face ) .  

(a = re f rac tory  



in  runs of s e v e r a l  hour s  d u r a t i o n a t  9OoC. 

proved the importance of the m e r c u r y  l o s s e s  by splashing. 

i t  indicated (by the m e a s u r e m e n t  of K /Ka up to 16 i n  the p re sence  of splashing)  

the feasibil i ty of efficient LM cathode neu t r a l i ze r  operat ion a t  the t e m p e r a t u r e s  

requi red  fo r  use in space ,  provided a non-mechanical igni ter  is used.  

This  exper iment ,  on the one hand, 

On the o ther  hand, 

e 

The e l ec t r i ca l  pulse igni ter  c i rcu i t  desc r ibed  in Sec. IIIA was  readi ly  

adapted to operat ion with a neut ra l izer  cathode,  the only m a j o r  difference being 

in  the sensi t ivi ty  and c u r r e n t  car ry ing  capabili ty of the d ischarge  c u r r e n t  s e n -  

s o r .  

operat ion without the frequent  a r c  extinctions experienced before - and a t  the 

s a m e  t ime ,  i t  t emporar i ly  c rea t ed  a new problem: 

The use  of a pulse igni ter  immediately resu l ted  in  s table  neu t r a l i ze r  

In all neu t r a l i ze r  runs  up  to this t ime ,  a constant m e r c u r y  flow was  

maintained by the s a m e  method a s  with the m a i n  t h r u s t e r  cathode, io  e. a a 

constant  p r e s s u r e  w a s  applied t o  the s torage  r e s e r v o i r ,  and  a porous- tungsten 

flow impedance u p s t r e a m  of the pool-keeping s t r u c t u r e  permi t ted  a m e r c u r y  

flow to p a s s  which w a s  (within the flow range  of i n t e re s t )  a smooth function of 

the appl ied p r e s s u r e .  

p r e s s u r e  dependence ex i s t s  to the level r equ i r ed  for  a neu t r a l i ze r  (one to two 

o r d e r s  of magnitude below that of the m a i n  th rus t e r  cathode),  i t  was  n e c e s s a r y  

to use  a flow impedance of w 40 t imes  higher  value than that  of the m a i n  

t h r u s t e r  cathode. 

s t en  of the s tandard  porosi ty  by increas ing  the thickness of the flow-impeding 

l a y e r  by a fac tor  of 20,  and  by reducing i t s  c ros s - sec t iona l  a r e a  by a fac tor  of 

4. 

of flow impedance was used  ~ f i  a nzi-itralizer with iiiechatiical au tomat ic  igni ter .  

When the e l ec t r i ca l  pulse  igni ter  was  used,  however,  i t  became impossible  t o  

obtain a s teady  flow ra t e  in  the p rope r  range  s imply  by adjusting the r e s e r v o i r  

p r e s s u r e  (the flow was  e i the r  z e r o  or  too high). 

the d i f fe ren t  behavior resu l ted  f r o m  elimination of the frequent  bu r s t s  of vi- 

brat ion which w e r e  caused  by the mechanical  igni ter  actuation. 

In o r d e r  to shift the flow range where  this  smooth flow- 

This  higher impedance leve l  was  achieved with porous tung- 

Continuous m e r c u r y  flow with good uniformity w a s  obtained when this type 

Subsequent t e s t s  showed that  

A very  appealing solution to this neu t r a l i ze r  feed  problem was found 

dhring the f low-adjustment  experiments .  

p r e s s u r e  was  first r a i s e d  above the flcw threshold  and  then lowered  below the 

flow threshold  of the porous -tungsten flow impedance (while monitor ing the 

p r e s e n c e  o r  absence  of flow into the impedance with the posit ion indicator  of 

It was  observed  that when the feed  
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the r e s e r v o i r  piston),  m e r c u r y  continued to be supplied to  the neut ra l izer  

cathode a t  a uniform r a t e  f o r  s e v e r a l  hours  a f t e r  the flow into the impedance 

had stopped. 

sys tem",  with the void volume of the porous -tungsten flow impedance serv ing  

as the m e r c u r y  r e s e r v o i r  ( s e e  F i g .  21) and the permanent ly-wet table  port ion 

of the bi-metal  pool-keeping s t ruc tu re  serv ing  as the wick. 

flow into the pool-keeping s t r u c t u r e  was found to be adjustable  by varying the 

t empera tu re  of the heat-exchanger  jacket  (which cont ro ls  the t empera tu re  of 

both the pool-keeping s t r u c t u r e  and  the porous tungsten rod).  

t empera tu res  were  between 65 and 8OoC. 

d i scha rge  c u r r e n t s  ranging f r o m  250 mA to s e v e r a l  a m p e r e s  have been p r o -  

duced, and  s table  operat ion without d i scharge  extinction h a s  been demonst ra ted  

f o r  many hours .  

This  was  explained as  the act ion of a small "capi l lary feed 

The r a t e  of m e r c u r y  

The requi red  

Thus,  feed  r a t e s  compatible with 

In o r d e r  to m e a s u r e  the approximate e lec t ron- to-a tom emiss ion  r a t i o  

f o r  neu t r a l i ze r  cathode operat ion in the capi l lary-feed mode,  we have opera ted  

the cathode continuously f r o m  the t ime when the capi l la ry  r e s e r v o i r  was  r e -  

f i l led until  the t ime when the cathode s t a rved  out. Assuming on the one hand 

that  s ta rva t ion  mean t  absolute  depletion of all voids in the porous  tunsten rod 

a n d  in  the pool-keeping s t r u c t u r e ,  and on the other  hand that the absence  of 

pis ton movement  m e a n t  that  no m e r c u r y  was  en ter ing  the porous tungsten rod,  

we have computed K /K 
t o  s ta rva t ion .  

f r o m  the known void volume and the operating time e a  
The following typical resu l t s  w e r e  obtained: 

N e u t r a l i z e r  cur ren t :  0.6A 0.6 & 1.5A 1.45A 1.5A 2.5A 
(0.9A a v e r . )  

Disc  ha r ge  voi tag e : 2 ov 20.51- 

Run duration: 4.0h 4.751.1 

2 1 v  2i.5V 18.5V 

1.85h 3.33h 1.58h 

59 110 87 

ext inct ions during run  0 0 0 0 

(au tomat ic  a l ly  re igni te  d) 

We have a l s o  a t tempted  t o  m e a s u r e  the m e r c u r y  volume requ i r ed  f o r  

re f i l l ing  the cap i l l a ry  r e s e r v o i r ,  but with the p re sen t  a r r a n g e m e n t  i t  was  found 

imposs ib l e  to refi l l  without overshooting by a relat ively ve ry  significant amoant .  

( T h e  total  cap i l la ry  r e s e r v o i r  volume is only- 0.025 cm3,  and  the overfed vol- 

ume m a y  eas i ly  be 3 to  4 t imes  l a r g e r . )  Without any co r rec t ion  fo r  this  ove r -  
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shooting, the absolute lower  l i m i t  f o r  K / K  e a  
column above is 24, and even this  f igure is quite competit ive.  

In conclusion i t  can be s ta ted  that s table  LM cathode operat ion in the 

during the run  l i s t ed  i n  the second 

neu t r a l i ze r  c u r r e n t  range has  been demonstrated,  with v e r y  a t t r ac t ive  e lec t ron-  

to-atom emiss ion  ra t ios  and power expenditures,  a t  t e m p e r a t u r e s  c lose  to the 

equi l ibr ium t empera tu re  of a neut ra l izer  which is cooled only by radiat ion 

f r o m  i t s  face.  

s y s t e m  f o r  this  neut ra l izer  a p p e a r s  to be warran ted .  

The re fo re ,  the development of a mis s ion - s i zed  capi l la ry  feed  
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I V .  THRUSTER TESTING O F  HIGH TEMPERATURE LM CATHODES 

A.  -15-cm Diameter  Thrus t e r  Exper iments  with Cathode No. 25 

1. -Effect  of var iable  a p e r t u r e  baffle 

Cathode No.  25 fi t ted with a var iable  a p e r t u r e  baffle was  instal led in  

- - - - - - - - - - - - - - -  

the  15-cm d iame te r  permanent  magnet  geomet ry  th rus t e r .  

the choice of 4 cen t r a l  a p e r t u r e s  of the following geometr ies :  

The baffle gave 

2 

2 

2 

2 

( i )  c i r c u l a r ,  1.9 c m  d iame te r ,  2.85 c m  open a r e a  

(ii) annular ,  1.9 c m  0. d. 1.32 c m  open a r e a  

(iii) annular ,  1.9 c m  0. d. , 0.61 c m  open a r e a  

(iv) annular ,  1.9 c m  0.d. , 0.28 c m  o p e n a r e a .  

and  was  s o  designed that both the dis tance of the baffle f r o m  the cathode and  

the cen t r a l  a p e r t u r e  could be var ied  during t h r u s t e r  operation. 

A s e r i e s  of exper iments  was then pe r fo rmed  on the 15-cm t h r u s t e r  to 

compare  the t h r u s t e r  per formance  for  the different  configurations allowed by 

the four  a p e r t u r e s  and the ma in  baffle position. 

baffle w a s  var ied  until the d ischarge  w a s  opt imized f o r  a pa r t i cu la r  cen t r a l  

a p e r t u r e .  Table II l i s t s  the experimental  r e s u l t s ,  which show that the bes t  

pe r fo rmance  in t e r m s  of both the eV/ ion  and  the mass uti l ization r a t e  came 

with the s m a l l e s t  anuular  a p e r t u r e ,  and with the ma in  baffle ve ry  c lose  to the 

t h r u s t e r  end plate .  

approximate ly  t o  the edge of the cone (half angle  about 30qof  m e r c u r y  vapor 

which emana te s  f r o m  the cathode. 

The posit ion of the ma in  

In this s i tuat ion the annular  a p e r t u r e  posit ion cor responds  

E a r l i e r  exper iments  in  the 20-cm t h r u s t e r  had indicated tha t  the small- 

e s t  a p e r t u r e  would give the bes t  per formance  a l s o  i n  the 15-cm t h r u s t e r ,  as 

w a s  the c a s e ,  even though the outer  d iameter  of the m a i n  baffle was  not opti-  

m i z e d  f o r  the 15-cm d iame te r  t h rus t e r .  P r i o r  exper iments  uti l izing a baffle 

without a n y  cen t r a l  a p e r t u r e  have shown that f o r  efficient t h r u s t e r  optimization, 

some small cen t r a l  a p e r t u r e  is necessary .  

a f f e c t  the e scape  of e l ec t rons  f r o m  the cathode environment  to the d ischarge  

c h a m b e r  p rope r ,  accounting in  t u rn  f o r  the change in the sou rce  energy  pe r  ion, 

Such a n  a p e r t u r e  m u s t  profoundly 
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Aper tu re  A r e a  Source  energy/  M a s s  Util i-  Distance of baffle 
c m  2 ion, eV/ ion  za t ion ,q  70 f r o m  cathode plate ,  m cm 

(i) 2.85 

(ii) 1.32 

(iii) 0.61 

(iv) 0.28 

45 0 

4 72 

450 

409 

77.5 

86.7 

78.3 

8 4  

-~ 

4.0 

1 . 3  

0.5 

0.2 

TABLE II: 15-cm th rus t e r  t e s t  r e su l t s .  

In a subsequent exper iment ,  the s a m e  cathode was  operated with the 

s m a l l e s t  annular  a p e r t u r e  (iv) f o r  a continuous per iod  of 4 hour s ,  while the 

cathode t empera tu re  a t  the thermocouple junction was  maintained a t  25OoC. 

The following a r e  the ave rage  r e su l t s  

Duration of t e s t  4 hours  

Cathode Tempera tu re  25OoC 

Beam Cur ren t  440 mA 

S our  c e E n e  r g y / ion 417 eV/ ion  

M a s s  Utilization, q 8270 m 
Elec t ron  to Atom Ratio,  Ke/K, 11 

which demon$ t r a t e  sa t i s fac tory  performance even though the ma in  baffle had 

not  been designed f o r  u se  with the 1 5 c m  th rus t e r .  

2.  -Variat ion of the d ischarge  voltaxe with magnet ic  field 

While the 15-cm t h r u s t e r  w a s  fitted with Cathode No.  25 and the v a r -  
_ - _ _ - _ c - _ - - - - -  - - - -  - _ - -  

i ab le ,  fou r  a p e r t u r e  baffle,  a plot was taken of the d ischarge  voltage as  a 

function of the m a g n e t i c  f ie ld  a t  the mid-point of the t h r u s t e r  ax i s ,  f o r  a con- 

s t an t  d i scha rge  c u r r e n t  of 7A. The data (F ig .  22) show that, fo r  a given 

magnet ic  field,  the a p e r t u r e  s i ze  does have a s t rong  effect  on the d ischarge  

voltage: however f o r  optimum th rus t e r  per formance  (B  -34G) the s m a l l e s t  

a p e r t u r e  used  r equ i r e s  j u s t  about the same d ischarge  voltage as the o ther  two 

annu la r  ape  r t u r e  s . 
3. -Variat ion of other  t h r u s t e r  p a r a m e t e r s  with d ischarge  c u r r e n t  

With the t h r u s t e r  magnet ic  field held at 34G, and with the s m a l l e s t  

a p e r t u r e  baffle in the optimum position, the d i scha rge  c u r r e n t  was  var ied  

while  o t h e r  t h r u s t e r  p a r a m e t e r s  w e r e  measu red .  Typically,  the r e s u l t s  fo r  

cons tan t  mass flow r a t e  w e r e  as  follows: 

- - - - - - - - _ - - - - _ - - - - - - - - - - - - - -  
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Discharge c u r r e n t  Discharge voltage Beam c u r r e n t  Source  ene rgy l ion  
IK, A VD, v IB, mA Vs9 eV/ ion  

22.0 

22.5 

23.0 

24.0 

24.5 

25.5 

190 
260 

310 

370 

405 

430 

231 

254 

310 

3 40 

380 

415 

with a mass uti l ization of about 80% a t  the max imum beam cur ren t .  

These  data show a n  approximately l i n e a r  dependence of the beam c u r -  

ren t  and the sou rce  ene rgy  p e r  ion on the d ischarge  c u r r e n t ,  but exhibit  no 

qualitatively different  f ea tu re s  when compared  with data taken with l e s s  effec- 

t ive baffle configurat’  ions.  

4. -Conclusions 

The cocclusions which can  be drawn f rom the exper iments  desc r ibed  
- - - - - -  

in  the prev ious  sub-sec t ions  a r e  the following: 

(i) The s m a l l e s t  annular  ape r tu re  used  gave the bes t  t h r u s t e r  p e r -  

fo rmance  data ,  even though the open a r e a  of this baffle was  only 

0.28 c m  . 2 

(ii) F r o m  e a r l i e r  expe r imen t s ,  completely closing this a p e r t u r e  would 

reduce  the per formance .  

(hi) A p e r t u r e  s i ze  had a n  effect  on the var ia t ion of d i scharge  voltage with 

t h r u s t e r  magnet ic  field; however fo r  optimum magnet ic  f ie ld  4346 in 

each  ease),  the supe r i c r  perform-ance nf the s m a l l e s t  a p e r t u r e  can-  

not be a t t r ibu ted  to a change in  the d ischarge  voltage, 

(iv) The axial baffle posit ion is a l s o  c r i t i c a l  to good t h r u s t e r  p e r f o r m -  

ance .  

(v) Even though the m a i n  baffle w a s  not designed for  the 15-cm t h r u s t e r ,  

when posit ioned in  a n  optimum way (c lose  to the cathode) the t h r u s t e r  

pe r fo rmance  w a s  ve ry  sat isfactory.  

A s  a r e s u l t  of these exper iments ,  i t  w a s  decided to examine m o r e  closely 

the contr ibut ion of the vapor cone at the cathode to the format ion  of the ion beam. 

Th i s  is desc r ibed  in the next section. 



B. -Discharge Probing Exper iments  

1. -Exper imenta l  

The emphas i s  during this  period has  been on a n  a t tempt  to evaluate  
- - - - - - -  

the contribution of the vapor cone emerging  f r o m  the cathode to the production 

of ions in  the discharge.  

sect ion was  rep laced  with a "probing" baffle, the l a t t e r  having a small (0.6mm 

d iame te r )  pinhole and  a na r row (0.25mm width) s lo t  which could be moved in 

tu rn  over  the cen t r a l ,  1.9 c m  diameter  c i r c u l a r  ape r tu re .  

The fou r -ape r tu re  baffle desc r ibed  in the previous 

P r e l i m i n a r y  exper iments  have given the data  of Table III. When the 

pinhole is displaced somewhat  f r o m  the cen te r  of the a p e r t u r e  a s l ight  peak 

is observed  in  the beam c u r r e n t  I 

the pinhole with the c e n t e r  of the cathode m a k e s  a n  angle  of 26O with the ca th-  

ode center l ine.  Since vapor is emit ted f r o m  the cathode in a cone with a half 

angle  of about 30°, this  peak is consis tent  with the exis tence of a segmen t  of 

the vapor cone,  c lose  to i t s  boundary, which contr ibutes  m o r e  than the ave rage  

p e r  unit a r e a  to the production of the beam i n  the d ischarge  chamber .  

this posit ion is such  tha t  a l ine joining B: 

When the probing hole is moved outside the region of the vapor cone, 

the beam c u r r e n t  falls rapidly to a "background" value which p e r s i s t s  even 

when the cen t r a l  hole in  the m a i n  baffle is completely covered.  This  back-  

ground I h a s  been m e a s u r e d  a t  l e s s  than 5070 of the peak value of IB, indi-  

eating that  g r e a t e r  than 5070 of the beam c u r r e n t  production is caused  by the 

f lux  of neu t r a l s  a n d / o r  e l ec t rons  through the pinhole. 

B 

B 
with s l o t  posit ion c a n  a l s o  be used to  check the r e s u l t  f o r  the pinhole. Taking 

in to  account  the geometr ica l  effect  as the s lo t  is moved over the cen t r a l  hole,  

the contr ibut ion to  I 

r e s u l t s  a r e  normal ized  to  the pinhole values f o r  comparison.  

tha t  t h e s e  no rma l i zed  values  peak towards the edge of the vapor cone, and  

a g a i n  a rapid decay in  I 

Assuming annular  s y m m e t r y  for  the vapor cone, the var ia t ion of I 

p e r  unit a r e a  of the vapor cone can  be found, and  the B 
Table  111 shows 

as the s lo t  is  moved outside of the vapor cone region. B 
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TABLE 111 

The probing baffle: variation with pinhole o r  s lot  position 

fo r  the 'B' mA for  pin- IB' mA Distance of pin- 
hole o r  s lo t  
f r o m  baf€le 
center ,  c m  hole "background" l e s s  "background" 

IB, mA m e a s -  

u r e d  for pin- hole,  l e s s  s lot ,  normalized,  

0 

0.24 

0.48 

0.72 

400 

42 0 

440 

3 50 

0.96 (edge of 200 
cen t r a l  hole 

200 

220 

240 

150 

0 

> 1.0 2 00 - -  
( "background") 

-~ 

200 

218 

3 0 0  

75 

50  

- -  

2. -Conclusions 

I t  was to be expected that, i n  the pinhole exper iments ,  confining the 

pinhole to  the vapor cone region would give the g r e a t e s t  I In this situation 

neut ra l s  and  e lec t rons  can penetrate  to the discharge chamber  and join in  the 

ionizing p rocesses  there .  

of such a small hole can influence the IB by such a l a r g e  amount .  

s e e m  that the hole is too small to great ly  influence the efflux of m e r c u r y  neu- 

t r a l s  from the cathode region, s o  that i t  principally provides a path fo r  e l ec -  

t rons  to move to the discharge chamber .  

- - - - - -  

B' 

What is surpr is ing a t  f i r s t  sight i s  that the presence  

I t  would 

The reason  f o r  this can  be seen m o r e  c lear ly  when i t  i s  r emembered  

that the optimum baffle position (for the smal l  ape r tu re ,  f o r  example,  s ee  

Section IV)  is close to the cathode. Now the ape r tu re  is inside o r  c lose to the 

vapor  cone and e lec t rons  can eas i ly  penetrate the sma l l  pinhole to escape into 

the d ischarge  chamber .  As  the aper ture  i s  withdrawn outside the vapor cone, 

this is a m o r e  diff icul t  p rocess  for  the e lec t rons  to accomplish,  result ing in a 

m a j o r  d e c r e a s e  in the beam curren t .  At  the s a m e  t ime,  a n  additional small 

d e c r e a s e  can  be expected because of reduction in  neutrals  reaching the discharge 

chamber f r o m  feed points c lose to the ax is .  

B The  reason  f o r  the sl ight peak in I a s  the pinhole is moved i s  not ye t  

uriderstood. 

the so l id  angle of the cone ( this  i s  being investigated under  a s epa ra t e ,  Company 
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I t  is probably connected with ei ther  a non-uniform vapor flux over  



I -  

1 -  
funded p rogram) ,  o r  with a non-uniform flux of e lec t rons  within the vapor 

cone, o r  both. 
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