
NASA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATechnical Memorandum 100123 
AIAA-87-1951 

Low Power Arcjet Thruster 
Pulse Ignition zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

H87-23691 (NASA-TI!- 100 123) LOU ECWEB d l r C J i T  THRUS!€EB 
€ U S E  XICNITICY 45ASA) 2 9  F A v a i l :  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlIIS 
EC AC3/) IE A C l  CSCL 21c 

Unclas 
63/20 0077458 

Charles J. Sarmiento and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBARobert P. Gruber 
Lewis zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAResearch Center 
Cleveland, Ohio 

Prepared for the 
23rd Joint Propulsion Conference 
cosponsored by the AIAA, SAE, ASME, and ASEE 
San Diego, California, June 29-July 2, 1987 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 



ERRATA 

NASA Techn ica l  Memorandum 100123 
(AIAA-87-1951) 

LOW POWER ARCJET THRUSTER PULSE I G N I T I O N  

Char les 3. Sarmiento and Rober t  P. Gruber 
September 1987 

Page 6, paragraph 2: The sentence should read, The c u r r e n t  t r a n s f o r m e r s  used 
t o  measure s h o r t  d u r a t i o n  c u r r e n t  t r a n s i e n t s  had s c a l e  f a c t o r s  o f  0.1 V/A 
and 1.0 V/A  and bandwidths o f  120 Hz t o  20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAMHz and 140 Hz t o  35 MHz, 
r e s p e c t i v e l y .  

Page 14: Date f o r  re fe rence  9 should be June 1986. References 13 and 1 4  
should be in te rchanged.  

Page 21: Cur ren t  s c a l e  f a c t o r  should be 2 A / D I V .  



LOW POWER ARCJEl THRUSTER PULSE IGNIl lON 

Charles J .  Sarmiento and Robert  P. Gruber 

National Aeronaut ics and Space  Admin is t ra t ion  
Lewis Research Center 
Cleveland, Oh io  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA44135 

SUMMARY 

An invest igat ion of  t h e  pulse ignition charac ter is t i cs  of  a 1 kW c lass  
arc je t  using an  induc t ive  energy storage pu lse  genera tor  integral  w i th  a pu lse  
w id th  modulated power converter identl f ied several  th rus ter  and pu lse  genera tor  
parameters  tha t  in f luence breakdown voltage including pu lse  genera tor  ra te  of  
vo l tage rise. 
n i t rogen gas mix tu res  t o  s imu la te  fully decomposed hydrazine. Over all ranges  
of th rus ter  and pulser parameters invest igated, t h e  mean breakdown vol tages 
varied f rom 1.4 t o  2.7 kV. Igni t ion tests a t  e levated th rus ter  tempera tures  
under cer ta in  cond i t ions  revealed occasional breakdowns t o  th rus ter  vol tages 
higher than  t h e  power converter output voltage. 
somet imes fai led t o  t rans i t ion  t o  the  lower vo l tage arc d i scha rge  mode  and t h e  
th rus ter  would not ignite. Under the  same cond i t ions ,  a t rans i t ion  t o  t h e  arc 
mode  would occur fo r  a subsequent pulse and t h e  th rus ter  would igni te.  A n  
au tomated 1 1  600 cyc le  start ing and transit ion t o  steady s ta te  tes t  demon-  
strated igni t ion on the  f i rst  pu lse  and required app l ica t ion  o f  a second pu lse  
only t w o  t imes t o  in i t ia te  breakdown. Furthermore, no  th rus ter  damage  or ero- 
s ion was  observed fol lowing t h e  1 1  600 s tar ts  and t rans i t ions  t o  steady s ta te  
operat ion.  

Th is  work  was conducted w i th  an  arc je t  tested on hydrogen- 

These  pos tbreakdown d ischarges  

INlRODUCI ION 

Demands for increased speci f ic  impulse propu ls ion  on  modern  communica t ions  
sa te l l i tes  have led t o  reevaluat ion of t he  ro le  of a rc je ts .  The  da ta  base 
accumula ted  at  t h e  1 and 2 kW power levels th rough government -sponsored pro- 
grams in t h e  late 1950 's  and early 1960 's  centered mainly on opera t ion  w i th  
hydrogen (ref. 1). Efforts t o  operate a f i rst-generat ion 1 kW arc je t  on  pro- 
pe l lan ts  other than hydrogen met w i th  l i t t le  success  (ref .  1). Current 
research  indicates tha t  speci f ic  impulse levels well  above  400 sec a r e  a t ta in -  
a b l e  w i th  hydraz ine  (ref. 2). This  makes t h e  arc je t  a very a t t rac t i ve  cand i -  
da te  t o  succeed resistojet  and low-thrust chemical  propuls ion, cur ren t ly  in  use  
fo r  geosynchronous stat ionkeeping of communicat ions satel l i tes.  Th is  succes-  
sion, however,  is dependent on t h e  resolut ion of  i ssues  concern ing  t h e  pract i -  
cal app l i ca t ion  of t h e  arcjet .  A typical s ta t ion  keeping miss ion  will i nvo lve  
hundreds  of  start ing cycles. Development of  a re l iab le  s ta r t ing  procedure  is, 
there fore ,  cr i t ical  t o  t h e  appl icat ion of  th is  thruster.  

Many procedures have been used to ign i te  a rc je t  thrusters.  In one  common 
techn ique  (ref .  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 ) .  t h e  d ischarge was in i t iated w i th  a modera te  open c i rcu i t  
vo l tage in a n  easi ly ionized gas such as  argon o r  neon. T h e  prope l lan t  of  
cho ice  w a s  then blended in and the  starting gas  f l o w  reduced, unti l  fu l l  t ran-  
s i t ion  t o  steady s ta te  opera t ion  wlth t h e  desired prope l lan t  was  ach ieved.  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Thls pnpcr Is declared a work o f  thc U.S. Government and Is 
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This approach decreases t h e  high vo l tage required for breakdown and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi s  a con -  
venient laboratory technique. T h e  compl ica t ion  o f  managing an  addi t ional  pro- 
pel lant f o r  arc ignit ion, however,  p resents  obvious problems for sa te l l i te  
app l i ca t ion .  

A drawn arc concept was used in t h e  1 kW arc je t  designed by t h e  P lasmadyne 
Corp  (ref.  4). In th is  techn ique  t h e  cur ren t  is in i t iated w i th  t h e  e lec t rodes  
in contact ,  and then t h e  e lec t rodes  a r e  mechan ica l l y  separated as  prope l lan t  
f l o w  is establ ished (ref.  4). Th is  method simpl i f ies electr ical  requ i rements  
but compl ica tes  the mechanical  des ign  of t h e  arcjet .  In add i t ion ,  a s  ca thode 
and anode erosion wil l  cer ta in ly  a f fec t  e lec t rode contact ,  t h e  re l iab i l i t y  o f  
th is  method cannot be guaranteed. 

In a th i rd ,  of ten used, method t h e  open circui t  vo l tage was simply se t  at  
a high enough level t o  cause  Paschen breakdown of  t h e  propel lant .  Th is  tech -  
n ique was  used to start a 2 kW Plasmadyne th rus ter  wh ich  was  l i fe  tes ted  using 
hydrogen for 150 hr in 1 9 6 3  (ref .  5). At ful l  propel lant  f l o w  th is  method 
requires a power supply capab le  of  thousands of volts and increases  t h e  we igh t  
and complexi ty zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof t he  system. 

In a more  recent tes t  (ref.  6) of a modif ied version of t h e  1 kW Plasma-  
dyne th rus ter  the high vo l tage requ i rement  was reduced by lowering t h e  prope l -  
lant f l ow  rate,  and consequent ly  t h e  in te re lec t rode pressure.  In tha t  t es t ,  
large current and vol tage t rans ien ts  accompanied startup, and t rans i t ion  t o  a 
steady s ta te  occurred slowly,  caus ing  signi f icant damage t o  t h e  anode. 

S ince  tha t  test, t h e  1 k W  c lass  arc je t  and its associated power supply 
have undergone slgnif icant deve lopment  (refs.  7 and 8). l h e  power supply 
des ign  includes both a s ta r t ing  c i rcu i t  tha t  provides brief h igh vo l tage pulses 
t o  in i t ia te  t h e  discharge and a ma in  ou tpu t  c i rcui t  for  rapid cur ren t  regu la -  
t ion  dur ing  steady s ta te  opera t ion  (ref.  9). The  th rus ter  incorpora tes  s t rong 
vortex f l ow  stabi l izat ion t o  fo rce  t h e  arc quickly into a steady s ta te  cond i -  
t ion. Arcjet  starting charac ter is t i cs  have been studied in detai l  ( refs.  10 
and 1 1 ) .  Efforts in  Japan have resul ted in a two-pu lse  s ta r t ing  techn ique  t o  
ach ieve  a smooth t rans i t ion  t o  s teady  s ta te  opera t ion  (ref .  12). Thrus ter  
breakdown voltages versus p lenum pressure  for  var ious gases w e r e  reported. 
Furthermore, a two dimensional  a rc je t  incorporat ing a qua r t z  w i n d o w  was used 
t o  visual ly investigate t h e  t rans i t i on  f rom init ial  b reakdown t o  s teady  s ta te  
opera t ion  as  well a s  opera t ion  in  t h e  high and low vol tage modes. 

T o  date,  there has been l imi ted invest igat ion of t he  use  of impu lse  break-  
down fo r  a rc je t  ignition. Impu lse  breakdown i tsel f  is a complex  and not wel l  
understood process. In add i t ion ,  actual  a rc je t  th rus ter  b reakdown charac ter is -  
t i cs  a r e  complicated by vor tex  f l o w  gas dynamics ,  complex  e lec t rode geomet r ies ,  
sur face  condit ion and tempera ture ,  and strong gas  pressure  grad ien ts .  However ,  
impu lse  breakdown arc je t  ign i t ion  has proven t o  be  a pract ical  s ta r t ing  tech-  
nique. T h e  major ob jec t ive  o f  t h i s  exper imental  work  was t h e  ign i t ion  charac-  
te r iza t ion  of a 1 kW c lass  a rc je t  using a laboratory pu lser  integral  w i th  a 
pu lse  w id th  modulated power supply.  

T h e  impulse breakdown charac ter is t i cs  of  a rc je ts  were  invest igated. 
Breakdown voltages as func t ions  of  p rope l lan t  f l o w  rate,  e lec t rode  spac ing ,  and 
pulse vo l tage rate of r i se  w e r e  exper imenta l l y  de termined fo r  h y d r o g e n h i t r o g e n  
mixtures.  Stat ist ical var ia t ions  w e r e  found t o  occur in b reakdown vol tages. 
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Furthermore, occasional postbreakdown phenomena such as  g low  d ischarge occur-. 
red. l h e  impact of these phenomena i s  assessed. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

NOMEN C L ATUR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE 

9 e lec t rode gap, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmm 

ia arc current,  A 

i p  

m mass f low, mg/sec 

cur ren t  in pulser winding, A 

n inductor/ t ransformer main  winding t o  pulser w ind ing  tu rns  ra t io  

ton  t ime at  wh ich  the  pulser winding is switched across  V p ,  sec 

teff t ime  at  wh ich  the  pulser winding switched across  V p  is opened,  sec 

V average vol tage del lvered by the pu lse  w id th  modulated conver te r  ( P W M ) ,  V 

V, arc je t  vol tage, V 

V a  vo l tage across  main  w ind ing ,  V 

V p  l ow  vol tage pulser supply voltage, V 

U standard deviat ion in breakdown vol tage, kV 

APPAHAT US 

Thruster 

T h e  arc je t  thruster used in these tes ts  was a convent ional  cons t r i c ted , .  
vortex-stabi l ized design ( f ig.  1). A thor iated tungs ten  insert  w i th  a con-  
s t r i c to r  0.64 mm in diameter and 0.25 m m  in length served a dual  purpose as  
both anode  and expansion nozzle.  Its converging half ang le  (chamber )  was  30°, 
and i ts diverging half ang le  (nozz le )  was  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20". wi th  a n  area  rat io of  -150. T h e  
ca thode consisted of a 3.2-mm diameter thor iated tungs ten  rod tapered t o  a 26' 
half a n g l e  a t  t he  tip. It was  anchored in posi t ion by a modif ied Swage lok  f i t -  
t ing  held into the  rear insulator. Vortex s tab i l i za t ion  was accompl ished by 
t w o  0.25-mm diameter holes separated b y  180' in ject ing gas  tangent ia l l y  in to  a 
6.4-mm d iameter  arc chamber. Wi th  this design, al l  propel lant  was  directed 
th rough these  tangent ia l  holes in order t o  max imize  vortex intensi ty.  

T h e  anode, cathode, and inject ion d i sk  were  contained Ins ide  a s ta in less  

A rear insu la to r  
steel  anode  housing. T h e  wa l ls  of the housing served a s  a radiant heat s ink  
th rough wh ich  the  propel lant  and anode cur ren t  were  passed. 
w a s  bol ted t o  the  anode housing t o  compress the  internal  a r rangement  in to  a gas  
t igh t  assembly .  

E lec t rode gaps were  se t  wi thout disassembl ing t h e  thruster.  T h e  Swage lok  
f i t t ing  at  t h e  rear o f  t he  th rus ter  was loosened such tha t  t he  ca thode could 
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be pushed t o  con tac t  t h e  anode. The cathode was then  wi thdrawn t h e  d e s i r e d  gap 
d i s t a n c e  and t h e  Swagelok f i t t i n g  t i g h t e n e d ,  secu r ing  t h e  cathode i n  p o s i t i o n .  
Th is  procedure ensured t h a t  cathode t i p  c e n t e r i n g  was ma in ta ined  w i t h i n  an 
es t ima ted  0.05 mm o f  t h e  c o n s t r i c t o r  c e n t e r l i n e .  

Power Processor and Pulse I g n i t o r  

The a r c j e t  power e l e c t r o n i c s  system used f o r  t h i s  i n v e s t i g a t i o n  was s i m i -  
l a r  t o  t h e  power c o n d i t i o n e r  d e s c r i b e d  i n  e a r l i e r  work ( r e f .  9 ) .  The p u l s e  
i g n i t i o n  c i r c u i t r y  was m o d i f i e d  t o  p r o v i d e  a more f l e x i b l e  l a b o r a t o r y  t o o l  
i n s t e a d  of be ing  r e p r e s e n t a t i v e  o f  f l i g h t  t y p e  c i r c u i t r y .  
o f  t h e  l a b o r a t o r y  p u l s e r  i s  shown i n  f i g u r e  2. T y p i c a l  s i m p l i f i e d  waveforms 
d e t a i l i n g  p u l s e r  o p e r a t i o n  a r e  g i v e n  i n  f i g u r e  3. F u r t h e r  p u l s e r  d e t a i l s  can 
be found i n  appendix A. 

A s i m p l i f i e d  diagram 

The l a b o r a t o r y  p u l s e r  uses a separate v o l t a g e  source f o r  p u l s e  power. 
Th is  p r o v i s i o n  a l lows o p e r a t i o n  o f  t h e  p u l s e r  w i t h  t h e  p u l s e  w i d t h  modulated 
(PWM) conver te r  turned on o r  o f f .  Bas ic  p u l s e r  o p e r a t i o n  i s  s i m i l a r  t o  t h a t  
used p r e v i o u s l y  ( r e f .  9 ) .  R e f e r r i n g  t o  f i g u r e s  2 and 3 ( a ) ,  t h e  p u l s e r  w i n d i n g  
o f  t h e  p u l s e  t rans fo rmer /ave rag ing  i n d u c t o r  i s  swi tched across a low v o l t a g e  
source a t  t i m e  ton. The p u l s e r  w i n d i n g  c u r r e n t ,  ip i nc reases  a lmost  l i n -  
e a r l y  w i t h  t i m e  u n t i l  teff i s  reached, then  t h e  s w i t c h  i s  opened. A t  t h a t  
i n s t a n t ,  t h e  c u r r e n t  i n  t h e  p u l s e r  w i n d i n g  s t a r t s  f l o w i n g  th rough  t h e  d i o d e  and 
i n t o  t h e  c a p a c i t o r .  The c a p a c j t o r  c u r r e n t  can be considered a dec reas ing  
cos inuso id  w i t h  a maximum v a l u e  o c c u r r i n g  a t  The corresponding capa- 
c i t o r  v o l t a g e  then inc reases  s i n u s o i d a l l y  u n t i l  t h e  c u r r e n t  i n  t h e  p u l s e r  wind- 
i n g  reaches zero. The d i o d e  p r e v e n t s  t h e  charged c a p a c i t o r  f rom r e v e r s i n g  t h e  
c u r r e n t  i n  t h e  pu lse r  w ind ing .  The v o l t a g e  across t h e  p u l s e r  w ind ing  d u r i n g  
t h e  t i m e  t h a t  the c a p a c i t o r  i s  b e i n g  charged i s  t h e  sum o f  t h e  low v o l t a g e  
source p l u s  t h e  c a p a c i t o r  v o l t a g e .  The v o l t a g e  across t h e  p u l s e r  w ind ing  
m u l t i p l i e d  by the i n d u c t o r / p u l s e  t r a n s f o r m e r  t u r n s  r a t i o ,  n appears as V e  
across t h e  main winding. A f t e r  t h e  c a p a c i t o r  i s  charged th rough  t h e  d iode,  t h e  
p u l s e r  w ind ing  sees an open c i r c u i t  and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV Q  drops t o  zero.  A h i g h  va lue  
shunt r e s i s t o r  ( n o t  shown i n  f i g .  2 )  was used t o  d i scha rge  t h e  c a p a c i t o r  i n  
p r e p a r a t i o n  f o r  the n e x t  p u l s e .  The f a m i l y  o f  open c i r c u i t  pu l ses  used f o r  
t h i s  i n v e s t i g a t i o n  i s  shown i n  f i g u r e  4. The peak c u r r e n t  i n  t h e  p u l s e r  wind-  
i n g  was s e t  a t  about 85 A f o r  a l l  t h e  work desc r ibed  i n  t h i s  paper.  

teff. 

F i g u r e  3 ( b )  shows p u l s e r  o p e r a t i o n  f o r  a t y p i c a l  breakdown w i t h  t h e  PWM 
t u r n e d  o f f .  V Q  drops t o  a v a l u e  determined by t h e  t h r u s t e r  and i t s  p r o p e l l a n t  
as w e l l  as t h e  i n i t i a l  c u r r e n t ,  i a .  f o r  some types o f  postbreakdown d i scha rge ,  
such as glow discharge, t h e  v o l t a g e  s tays  a lmost  c o n s t a n t  w i t h  v a r y i n g  c u r r e n t .  
A t  i n i t i a l  breakdown, t h e  d r o p  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin t h r u s t e r  v o l t a g e  appears across t h e  main 
i n d u c t o r  winding.  Th is  v o l t a g e  d r o p  i s  r e f l e c t e d  t o  t h e  p u l s e r  w ind ing .  The 
reduced v o l t a g e  a t  t h e  p u l s e r  w i n d i n g  causes c u r r e n t  t o  s t o p  f l o w i n g  th rough  
t h e  d iode  and i n t o  t h e  c a p a c i t o r  s i n c e  t h e  c a p a c i t o r  v o l t a g e  i s  suddenly h i g h e r  
than  t h e  sum of the low v o l t a g e  source, Vp 
VQ/n. Reverse c u r r e n t  i s  b locked  by t h e  d iode .  

and t h e  p u l s e r  w ind ing  v o l t a g e ,  

For t h e  case where t h e  PWM i s  t u r n e d  on and breakdown occurs t o  a t h r u s t e r  
d i scha rge  vo l tage  g r e a t e r  t h a n  t h e  PWM v o l t a g e ,  t h e  main w i n d i n g  c u r r e n t  w i l l  
decay t o  zero and i g n i t i o n  w i l l  n o t  t a k e  p l a c e .  A s  e v i d e n t  f r o m  f i g u r e  3 ( c )  
i g n i t i o n  can occur o n l y  when t h e  a r c j e t  d i scha rge  v o l t a g e ,  Va, i s  l e s s  than  
t h e  PWM o u t p u t  vo l tage,  V .  
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€ l e c t r o n i c  T i m e r  

An e l e c t r o n i c  t i m e r  was developed f o r  use w i t h  t h e  power processor  and 
p u l s e  i g n i t o r .  
O F F  t imes .  The power processor  and pulse i g n i t o r  t 1 5  V c o n t r o l  c i r c u i t  power 
was r o u t e d  th rough  an e x t e r n a l  connector.  F o r  normal o p e r a t i o n ,  t h e  connector  
was s h o r t  c i r c u i t e d .  Where t h e  t i m i n g  f u n c t i o n  was needed, a t r a n s i s t o r  s w i t c h  
c o n t r o l l e d  by t h e  t i m e r  was p laced i n  s e r i e s  w i t h  t h e  t 1 5  V c o n t r o l  c i r c u i t  
power u s i n g  t h e  connector.  

The t i m e r  enabled c y c l i c  o p e r a t i o n  w i t h  predetermined ON and 

The t i m e r  i n c o r p o r a t e d  a c u r r e n t  t rans fo rmer  t o  sense t h r u s t e r  i g n i t i o n  
and a l l owed  t h e  t h r u s t e r  t o  ope ra te  for a p r e s e t  t ime.  A t  t h e  end o f  t h a t  
t ime,  ano the r  p r e s e t  t i m e r  determined t h e  de lay  u n t i l  t h e  power processor  and 
p u l s e  i g n i t o r  were aga in  t u r n e d  on. Both t i m e r s  were a d j u s t a b l e  f rom 0.1 sec 
t o  999.9 sec i n  0.1 sec s teps.  I n  a d d i t l o n ,  a manual mode was a v a i l a b l e  f o r  
t e s t s  where o n l y  t h e  ON t i m e  adjustment must be made and r e c y c l e  must be oper-  
a t o r  i n i t i a t e d .  

Vacuum F a c i l i t y  
~ 

A l l  t e s t s  were performed i n  t h e  tank zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 vacuum f a c i l i t y  a t  NASA Lewis 
Research Center ( r e f .  3 ) .  Th is  tank  i s  1.5 m i n  d iameter ,  5 m long,  and se rv -  
i c e d  by f o u r  30 000 l i t e r / m i n  o i l  d l f f u s l o n  pumps. Pumplng speeds were such 
t h a t  d u r i n g  maximum p r o p e l l a n t  f l o w  ( t y p i c a l l y  50 mg/sec), t h e  ambient vacuum 
c o n d i t i o n s  never exceeded 5x10-4 t o r r .  
w i t h i n  a 0.9-m d iameter  by 0.9 m l ong  p o r t  ex tens ion  a t  one end o f  t h e  tank .  
T h i s  gave t h e  t h r u s t e r  unobs t ruc ted  access t o  t h e  main tank  d u r i n g  o p e r a t i o n  
b u t  a l s o  a l l owed  f o r  p o r t  i s o l a t i o n  w i t h  a 0.9 m ga te  va l ve .  

The a r c j e t  t o  be t e s t e d  was l o c a t e d  

P r o p e l l a n t  Feed System 

P r o p e l l a n t  s u p p l i e d  t o  t h e  a r c j e t  t h r u s t e r  c o n s i s t e d  o f  hydrogen and 
n i t r o g e n  gas m i x t u r e s  a t  a r a t i o  equal t o  t h a t  o f  f u l l y  decomposed hyd raz ine .  
The hydrogen had a p u r i t y  >99.9995 percent,  c o n t a i n i n g  <1 ppm oxygen and <1 ppm 
water ,  w h i l e  t h e  n i t r o g e n  was o f  a p u r i t y  >99.999 pe rcen t ,  c o n t a i n i n g  <1 ppm 
oxygen and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA<3 ppm water .  The two gases were s t o r e d  s e p a r a t e l y  and each regu- 
l a t e d  down t o  1.0 MPa f o r  f i n a l  meter ing and m i x i n g  i n  a p r o p e l l a n t  f l o w  pane l .  

A t  t h e  tank  8 f a c i l i t y ,  p r o p e l l a n t  f l o w  measurements were made u s i n g  t h e r -  
mal l a m i n a r  f l o w  t y p e  t ransducers and were d i s p l a y e d  on t h e  f l o w  panel  w i t h  
d i g i t a l  readouts.  Each t ransducer  had a f u l l  s c a l e  f l o w  o u t p u t  o f  5.00 stand-  
a r d  l i t e r s / m i n  (SLPM). 
an au tomat i c  mass f l o w  c o n t r o l l e r .  Simulated decomposed hyd raz ine  r e q u i r e d  a 
2 : l  s tandard  volume r a t i o  o f  hydrogen t o  n i t r o g e n .  

F i n a l  gas f l o w  r a t e s  were s e t  w i t h  and ma in ta ined  by 

An i m p o r t a n t  p a r t  of t h e  p r o p e l l a n t  f l o w  system was a son ic  o r i f i c e  i n  t h e  
gas l i n e  immediate ly  upstream o f  t h e  a r c j e t  ( f i g .  1 ) .  T h i s  o r i f i c e  p reven ted  
f l o w  r a t e  t r a n s i e n t s  due t o  a r c  i g n i t i o n  f rom p ropaga t ing  upstream th rough  t h e  
f l o w  system. Wi thou t  t h i s  t y p e  o f  I s o l a t i o n ,  mass f l o w  th rough  t h e  a r c  would 
be t e m p o r a r i l y  reduced w h i l e  t h e  e n t i r e  f l o w  system b u i l t  up p ressu re .  
son ic  o r i f i c e  a l l owed  f o r  a f a s t  pressure response d u r i n g  s t a r t i n g  and p e r m i t -  
t e d  r a p i d  t r a n s i t i o n  t o  steady s t a t e  t h r u s t e r  ope ra t i on ,  u s u a l l y  w i t h i n  a f r a c -  
t i o n  o f  a second. 

The 
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Data Recording 

Exper imental  da ta  obtained inc lude  arc vol tage, cur ren t ,  p rope l lan t  f l ow  
rates, and inlet pressure. These  signals were  recorded on an  eight channel  
chart  recorder with a bandwidth of about  150 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAH z .  A 100 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV Zener d iode  was used 
in con junc t ion  with a res is t i ve  vo l tage d iv ider  t o  block h igh -vo l tage  pulses 
f rom t h e  char t  recorder input. Cross-channel  no ise  problems were  prevented 
th rough t h e  use  of isolat ion ampl i f ie rs  and shielded cable.  

A n  ana log  storage osc i l loscope w i th  di f ferent ia l  vo l tage inputs and a 
s ing le  ended input fed f rom a cur ren t  t rans former  were  used t o  observe  high 
speed vo l tage and current t ransients.  
t ical  d i f ferent ia l  vo l tage probes having bandwidths of dc t o  25 MHz. T h e  vol t -  
a g e  probes were  adjusted t o  p rov ide  t h e  same hlgh speed response. T h e  degree  
of accuracy  a t  h i g h  f requencies depended upon prec ise  manual adjustment.  
f requency common mode error was  es t imated  by connect ing  both probes t o  t h e  high 
vo l tage open circuit  pos i t i ve  pu lse  output and found t o  be negl ig ib le.  The  
current transformer used t o  measure  short  dura t ion  current t rans ien ts  had a 
sca le  fac to r  o f  0.1 V / A  and bandwid th  o f  120 H z  t o  20 MHz. 

Arcjet  vo l tage was  measured u s i n g  iden- 

High 

EXPERIMLNIAL PROCLDURL 

l h e  high voltage pu lse  ign i t ion  o f  an  arc je t  th rus ter  depends on ( 1 )  suc-  
cessful  predischarge igni t ion (b reakdown of t h e  e lec t rode gap) and (2 )  success-  
ful t rans i t ion  to a sustained d ischarge fo l low ing  breakdown. Both aspec ts  o f  
t h e  ign i t ion  process were  examined in th is  invest igat ion.  T h e  dependence of  
breakdown vol tage ( B D V )  on e lec t rode gap, gas f lowra te ,  and vo l tage ra te  o f  
r ise was  studied by apply ing the  h igh-vo l tage pulses t o  the  arc je t  e lec t rodes  
w i th  t h e  PWM turned o f f .  This  w a s  done  t o  prevent a sustained d l scha rge  fo l -  
lowing breakdown and,  thereby, separa te  init ial  ign i t ion  charac ter is t i cs  f rom 
condi t ioning effects associated w i th  a rc je t  operat ion.  For t h e  purposes of  
th is  paper,  th ls will be referred t o  as  spark tes t ing  o r  spark ing  and t h e  
resul t ing transient electr ical  d ischarges  (f ig. 5) a s  sparks.  In another  part 
of t h e  tes t ,  referred t o  as  hot s ta r t  test ing,  t h e  PWM was turned on so t h e  
arc je t  could be  cycled on  (s ta r ted)  and off wh i l e  t h e  breakdowns were  mon i to red  
as  the  th rus ter  heated up. The  e f fo r t  here was  d i rec ted  toward isolat ing 
whether  reignit ion d i f f i cu l t ies  previously exper ienced w i th  hot th rus ters  
(ref .  13) ( immediately fo l low ing  extended opera t ion)  were  assoc ia ted  w i th  t h e  
breakdown or t ransi t ion phase of  Igni t ion.  

Fo l low ing  initial assembly,  t h e  arc je t  used fo r  th is  inves t iga t ion  w a s  not 
d isassembled  untll t h e  comple t ion  o f  al l  test ing.  Th is  helped avo id  any  
changes in electrode conf igura t ion  or gas seal integr i ty.  As ment ioned previ-  
ously, gap  adjustments were  made w h i l e  t h e  th rus ter  remained fu l l y  assembled .  
When arc je t  ignit ion tes t ing  was f in ished, t h e  th rus ter  was  taken  apar t  and  t h e  
internal  e lements care fu l l y  examined. Scann ing  e lec t ron  mic roscope (SEM) 
photographs  were  then taken of t h e  ca thode and anode  t o  reveal sur face  tex tu res  
and fea tures  which mlgh t  a f fec t  BDV levels. 

BDVs w e r e  measured by captur ing  t h e  high-vol tage pulses w i th  an  ana log  
s to rage osci l loscope. Th is  techn ique  was used fo r  impu lse  breakdowns in lower 
p ressure  sys tems ( re f .  14). T h e  d i f fe ren t ia l  p robes  used fo r  t hese  measure-  
ments were  checked fo r  proper compensat ion  pr ior  t o  each tes t  t o  ensure  accur - -  
a t e  a t tenuat ion  of t h e  t ransient vol tages measured w i th  the  osc i l loscope.  
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Breakdown vo l tages  determined f rom each o s c i l l o s c o p e  t r a c e  w e r e  grouped t o  t h e  
neares t  0.05 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAkV ( h a l f  a smal l  d i v i s i o n )  and subsequent ly averaged. Consecut ive 
pulses were t imed t o  a v o i d  er roneously  low breakdown vo l tages  r e s u l t i n g  f rom 
l o c a l i z e d  h e a t i n g  e f f e c t s  o f  prev ious breakdowns. A t i m e  de lay  o f  a p p r o x i -  
mate ly  1 5  sec between pulses was used f o r  a l l  spark t e s t s ,  though exper ience 
i n d i c a t e d  a few seconds was s u f f i c i e n t .  

F o l l o w i n g  some p r e l i m i n a r y  spark t e s t i n g ,  t h e  a r c j e t  was operated f o r  1 h r  
a t  a mass f l o w  o f  45.2 mg/sec and a c u r r e n t  o f  10 A t o  b u r n - i n  t h e  newly 
machined cathode. Dur ing t h i s  bu rn - in  p e r i o d ,  t h e  cathode t i p  i s  known t o  
undergo change as i t  m e l t s  and assumes a new shape which soon s t a b i l i z e s .  Once 
coo l ,  t h e  a r c j e t  e l e c t r o d e s  were then p recond i t i oned  by s p a r k i n g  b e f o r e  BDV 
t e s t i n g  was begun. 

To determine how BDV v a r i e d  w i t h  e l e c t r o d e  gap, p u l s e  P1 ( f i g .  4 )  was 
used a t  a mass f l o w  o f  45.2 mg/sec f o r  v a r i o u s  gaps f rom 0.36 t o  0.93 mm. T h i s  
range corresponds approx imate ly  t o  t h a t  over  which s t a b l e  n o n d e s t r u c t i v e  opera- 
t i o n  has thus  f a r  been obta ined w i t h  t h i s  t h r u s t e r  f o r  t h e  e l e c t r o d e  dimensions 
and mass f l o w s  used here.  However, gap s e t t i n g s  f r o m  0.51 t o  0.64  mm have been 
t h e  most o f t e n  used. 

The BDV versus gap da ta  were acqui red immediate ly  f o l l o w i n g  each gap 
adjustment  w i t h  t h e  excep t ion  o f  t h e  g = 0.57 mm case. Th is  was t h e  o r i g i n a l  
cjap a t  which i n l t l a l  b u r n - I n  and s~!hseq~ent  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs p r k  test !ng and h o t  s t a r t  t e s t i n g  
was conducted. I n  t h i s  p a r t i c u l a r  case, t h e  BDV versus gap t e s t  was t h e  l a s t  
a t  t h i s  gap. However, i n  a l l  cases, t h e  a r c j e t  had been exposed t o  a i r  j u s t  
p r i o r  t o  BDV vs. gap t e s t i n g .  For each gap, t h e  f i r s t  100 spark BDVs were 
recorded. Then, about 370 more sparks a t  t h e  r a t e  o f  74/min were a p p l i e d  i n  
o rde r  t o  f u r t h e r  c l e a n / c o n d i t i o n  t h e  e l e c t r o d e  su r faces .  A f t e r  an a d d i t i o n a l  
4 min w a i t ,  d u r i n g  which no sparks w e r e  passed, another  100 BDVs (470 t o  570th) 
were recorded.  

The i n f l u e n c e  o f  v o l t a g e  r a t e  o f  r i s e  on BDV was examined u s i n g  va r ious  
pulses ( P l  t o  P6 i n  f i g .  4 ) ,  each w i t h  a d i f f e r e n t  v o l t a g e  r i s e  t i m e  and peak 
v o l t a g e ,  a t  a mass f l o w  o f  45.2 mg/sec and gaps o f  0.57 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0 .59  mm. The da ta  
corresponding t o  t h e  0.57 mm gap w e r e  taken p r i o r  t o  t h e  h o t  s t a r t  t e s t i n g  
p e r i o d ,  w h i l e  t h a t  corresponding t o  the 0.59 mm gap were taken subsequent t o  
t h i s  p e r i o d .  

BDV versus mass f l o w  da ta  were taken a t  t h r e e  gaps, 0.45, 0.57, and 
0.93 mm u s i n g  p u l s e  P1. 
v a r i e d  f r o m  5.6 t o  50.4 mg/sec. This  f l o w  range extends w e l l  below t h a t  a t  
which t h e  t h r u s t e r  has been s t a r t e d  o r  operated i n  a s t a b l e ,  nondamaging 
manner. Spark t e s t i n g  was extended t o  t hese  low  mass f l o w s  i n  o r d e r  t o  f u r t h e r  
i n v e s t i g a t e  t h e  apparent and unexpected t r e n d  o f  i n c r e a s i n g  BDV w i t h  dec reas ing  
mass f l o w .  

A t  each gap, t h e  N2:2H2 m i x t u r e  mass f l o w  was 

Throughout a l l  t e s t i n g ,  c a r e f u l  a t t e n t i o n  was p a i d  t o  d e t e c t i n g  changes 
i n  BDV l e v e l s  r e s u l t i n g  f rom exposure t o  a i r ,  spark c o n d i t i o n i n g ,  o r  powered 
o p e r a t i o n .  
f a c t o r s  on BDV d a t a  i n v o l v i n g  gap, mass f l o w ,  and h i g h - v o l t a g e  p u l s e  v a r i a t i o n .  
P a r t  o f  t h i s  e f f o r t  c o n s i s t e d  of  keeping a d e t a i l e d  chronology o f  t h e  mean BDV 
l e v e l s .  A lso,  when t h e  e lec t rodes  were exposed t o  a i r ,  a spark c o n d i t i o n i n g  
phase was conducted p r i o r  t o  f u r t h e r  t e s t i n g .  BDVs f r om such a c o n d i t i o n i n g  
phase a r e  presented w i t h  t h e  BDV versus gap da ta .  

An e f f o r t  was made t o  separate and m in im ize  t h e  e f f e c t  o f  t hese  

7 



RESULTS AND DISCUSSION 

Cold Thrus ter  Breakdown Tests 

T h e  stat ist ical na ture  of impu lse  breakdowns observed dur ing th is  inves t i -  
gat ion required that a number  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABDVs be recorded for each set of parameters  
(i.e., gap, mass f low, and pu lse  vo l tage ra te  of rise). Measures  (e.g., mean)  
of t he  resul t ing BDV d is t r ibu t ions  could then  be calculated and compared for 
various parameter var iat ions.  Only then was it poss ib le  t o  c lear ly  de f i ne  
t rends in BDV with a g iven parameter.  F igure  6 shows a representa t ive  BDV dis- 
t r ibut ion.  T h e  BDV d is t r ibu t ion  means,  standard deviat ions,  and ranges in gen -  
eral depended zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOR the  set o f  parameters  far which  they were  ob ta ined.  However,  
their  f o rm usually resembled tha t  of f i gu re  6, being sl ight ly skewed toward  
higher vol tages. Typical ly,  t h e  re la t i ve  d ispers ion  as  measured by t h e  coef f i -  
c ient  var iat ion (standard dev ia t ion  div ided by mean) was  be tween 2 and 
6 percent.  

F igure  7 demonstrates the  dependence of BDV on e lec t rode gap  fo r  t h e  
appl icat ion of pulse P1 a t  a mass  f l ow  o f  45.2 mg/sec. A s  f i gu re  7 shows, 
the  mean BDV increased near ly l inear ly w i th  gap over most of t h e  range inves t i -  
gated. At t h e  largest gap tested, however,  t he re  appeared t o  be a s l igh t  
depar tu re  f rom this trend toward  a s lower inc rease in BDV wi th  gap. I t  is a l so  
noteworthy tha t  the largest sca t te r  a s  measured by the  standard dev ia t ion  o r  
range in BDVs occurred for t h e  largest and smal lest  gaps. 

Mean BDVs from the  spark cond i t ion ing  phase conducted a f te r  each exposure  
t o  air  dur ing gap ad jus tment  w e r e  a l so  mon i to red .  These  a r e  included in 
f igure  7. Comparison of t h e  open and closed symbols shows tha t  mean  BDVs were  
sl ight ly higher during init ial  sparking than  af ter  a period of spark  cond i t ion-  
ing. This was  found t o  be a common exper ience fo l low ing  exposure  t o  air .  A 
f e w  hundred sparks were  usual ly found t o  be suff ic ient  t o  s tab i l i ze  t h e  mean 
BDV. 

Figure  8 displays the  dependence of mean BDV on pulses of var ious rates 
of vol tage r i se  for a mass f l o w  of 45.2 mg/sec a t  gaps  of 0.57 mm (.open c i r -  
c les) and 0.59 mm (c losed circles). S ince  t h e  pulses used in th is  inves t iga-  
t ion  have somewhat nonl inear rates of r ise,  some quest ion a rose  as  t o  h o w  t o  
de f ine  t h e  average rate of vo l tage r ise fo r  each pulse. It was  j udged  that the  
most meaningful  average ra te  of r i se  would be  tha t  between the  s ta t i c  BDV level 
for  these condi t ions and t h e  mean BDV cor respond ing  t o  a g iven pulse. However ,  
t he  stat ic BDV was not known. There fore ,  t h e  lowest BDV, 1.0 kV,  observed w i th  
any of t h e  pulses, P1 t o  P6, w a s  used instead of t h e  stat ic BDV. For t h e  tes t  
at  each gap, t he  mean BDV c lear ly  increased w i th  increasing ra te  of  vo l tage 
rise. The  di f ference in BDV levels between t h e  test  a t  each g a p  is no t  
accounted fo r  by t h e  g a p  d i f fe rence,  a s  re fe rence t o  f i gu re  7 indicates.  A s  
mentioned in the  procedure sec t ion ,  t h e  tes t  a t  g = 0.57 m was  conducted  prior 
t o  t h e  hot start  tes t ing  per iod wh i l e  t h e  tes t  a t  g = 0.59 mm was  conducted  
af ter  th is  period. Mean BDV levels a f te r  t h e  hot s ta r t  tes t ing  per iod compared 
t o  before appear t o  have shi f ted upward a s ign i f i can t  amount  when  compared to 
t h e  var iat ions with vol tage ra te  of r ise, gap, and mass  f l o w  seen du r ing  t h e  
spark tests.  Since it i s  not  fe l t  tha t  t h i s  sh i f t  can  be exp la ined by changes 
in instrument cal ibrat ion o r  exper imental  cond i t ions ,  it is poss ib le  tha t  t h e  
shi f t  may be a result of  t h e  hot s ta r t  tes t ing  wh ich  involved hundreds  of  
cycles. However,  be fo re  such a conc lus ion  could be drawn, fu r ther  inves t iga-  
t ion  is required. 
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Figure  9 shows how the  mean zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABDV was found t o  vary w i th  mass  f l o w  fo r  pu lse  
P1 appl ied at  th ree  gap sett ings.  Essential ly s imi lar  behavior was  observed 
at  all t h ree  gaps, w i th  t h e  mean BDV increasing, then decreasing, and aga in  
increasing w i th  mass  f low. T h e  f l ow  range f rom 30 t o  54  mg/sec cor responds t o  
that  over wh ich  the  thruster is usually started and operated. Over th is range 
the  mean BDVs varied less than 250 V at each gap. One may no te  tha t  f o r  a 
g iven mass f l o w  the  mean BDV for g = 0.45 mm in f igure  9(a) may exceed t h e  mean  
BDV fo r  g = 0.57 mm in f igure  9(b), in apparent  con t rad ic t ion  t o  t h e  BDV vs gap  
da ta  d iscussed earl ier. However, t h e  data in f i gu re  9(b) w e r e  taken at  t h e  
or ig inal  g a p  prior t o  t h e  hot start  test ing period, wh i l e  tha t  in f igures  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9 ( a )  
and (c )  was  taken af ter  th is period. As noted before, a shi f t  upward in  BDVs 
appeared t o  have occurred dur ing th is  t ime. Th is  shi f t  accounts  fo r  t h e  appar -  
ent discrepancy. 

Hot Thruster S tar t ing  Tests 

For these tests, t he  thruster temperature was increased by opera t ing  t h e  
power processor and pulse igni tor  wi th t h e  PWM converter turned on and se t  t o  
supply 10 A steady s ta te  current to the th rus ter .  Thrus ter  tempera ture ,  meas -  
ured on  the  ou ts ide  o f  t h e  anode housing near  t h e  nozzle,  w a s  kept in t h e  
3 0 0  t o  500 O C  range by cycl ing the  thruster. T h e  max imum cont inuous  opera t ing  
steady s ta te  tempera ture  fo r  t he  same cond i t ions  was found f rom prev ious  exper -  
iments t o  be about  9 3 0  "C f o r  t h e  33.6 t o  45 .2  mg/sec mass  f l ow  range and 10 A 
cur ren t  used here. For cold starts,  the th rus ter  a lways  started on  t h e  very 
f i rs t  pu lse  fo r  all pulses P1 through P6. Hot starts occasional ly required 
t w o  or more  pulses t o  ach ieve  successful igni t ion.  Further inves t iga t ion  of 
th is  phenomenon revealed tha t  a breakdown a lways  occurred but was  not a lways  
sustained. This tendency was more  pronounced w i th  the  lowest vol tage pu lse ,  
P6. F igure  10 shows t w o  typical  breakdowns. In one  (f ig. lO(a)), t h e  pos t -  
b reakdown d ischarge vol tage remained below the  180 V PWM output vo l tage and the  
d ischarge was  sustained. In t h e  other ( f ig.  10(b)), t h e  postbreakdown dis-  
charge vo l tage rose above  t h e  PWM output vo l tage and t h e  d ischarge was ext in--  
guished. F igure  1 1  a lso  shows, using a fac to r  of 10 shorter t ime scale,  t w o  
other breakdowns wh ich  occurred w i th  a s l ight ly lower mass  f low. One  o f  t h e  
breakdowns (f ig. ll(a)) was  a typical successful  breakdown t o  a sustained low  
vol tage d ischarge simi lar  t o  tha t  in f igure lO(a). 
( f ig.  ll(b)) shows a breakdown t o  a 500 V d ischarge,  wh ich  did not t rans i t ion  
t o  a sus ta inab le  lower vol tage discharge and,  thus,  was  ext inguished. S u c h  
pos tbreakdown high-vol tage discharges wh ich  did not quickly t rans i t ion  t o  a 
lower vo l tage mode  were  not sustained. T h e  reason for th is  i s  d iscussed in t h e  
power p rocessor  and pulse igni tor  descr ipt ion and can be inferred f r o m  
f igures  2 and 3. T h e  d ischarge cannot be sustained when t h e  arc d i scha rge  
vol tage, Va, is  less than the  PWM output vol tage, V. 
d ischarges  did not a lways  resul t  i n  ignit ion misf i res.  A s  shown in f i gu re  12, 
t h e  500 V d ischarges  sometimes exhibited a d is t inc t  s tep  t rans i t ion  t o  a l ower  
vo l tage d ischarge i n  t ime  fo r  t h e  discharge t o  maintained. 
500 V d ischarges  have character ist ics resembl ing high pressure  g low  d ischarges .  
T h e  presence o f  occasional  d ischarges tha t  d o  not t rans i t ion  t o  a sus ta ined 
d i scha rge  a re  not expected t o  cause severe d i f f i cu l t ies  s ince  t h e  pu lser  c a n  
be  des igned t o  de l i ver  several pulses per second until d ischarge is sus ta ined.  
High vo l tage d ischarges  were  not observed dur ing  t h e  cold th rus ter  b reakdown 
tests. 
damaging  g low  discharge. 

However,  t he  other 

Breakdowns t o  5 0 0  V 

The  pos tbreakdown 

For t h e  t ype  pulser used, little energy is del ivered t o  t h e  po ten t ia l l y  
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E l e c t r o d e  Al ignment  and Sur face C o n d i t i o n  

F i g u r e  l ( b )  d e p i c t s  app rox ima te l y  t o  s c a l e  t h e  c o n f i g u r a t i o n  o f  t h e  
b u r n e d - i n  cathode w i t h  respec t  t o  t h e  chamber w a l l  and c o n s t r i c t o r  a t  a gap, g 
o f  0.59 mm. R e c a l l  t h a t  t h e  d e f i n i t i o n  o f  e l e c t r o d e  gap used he re  r e f e r s  t o  
t h e  a x i a l  d i s t a n c e  t h e  cathode has been wi thdrawn from c o n t a c t  w i t h  t h e  anode. 
The minimurn e l e c t r o d e  s e p a r a t i o n  ( f i g .  l ( b ) ) ,  corresponding t o  a g i v e n  gap s e t -  
t i n g  w i l l  be approx imate ly  h a l f  t h e  gap d i s t a n c e  ( f o r  t h e  30" h a l f  ang le  cham- 
ber used h e r e ) .  Th is  minimum s e p a r a t i o n  w i l l  be reduced by whatever d i s t a n c e  
t h e  cathode t i p  i s  o f f  cen te r .  Based on cathode t i p  c e n t e r i n g  es t ima tes  men- 
t i o n e d  e a r l i e r ,  i t  i s  b e l i e v e d  t h a t  t h e  r e d u c t i o n  i n  minimum s e p a r a t i o n  f r o m  
h a l f  t h e  gap s e t t i n g  WJS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl e s s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthar! 20 percen t  f o r  t h e  ma!!est  gap t e s t e d  t o  
l e s s  than  8 percent  f o r  t h e  l a r g e s t  gap t e s t e d .  I n  genera l ,  cathode t i p  m i s -  
al ignment  w i l l  m o s t  l i k e l y  lower  t h e  s m a l l e s t  BDV observed f o r  g i v e n  cond i -  
t i o n s .  However, what e f f e c t  i t  has on t h e  mean BDV i s  n o t  c l e a r  and may depend 
on t h e  importance o f  spa t io tempora l  f l u c t u a t i o n s  i n  t h e  breakdown i n i t i a t i o n  
and development processes. How s e n s i t i v e  t h e  BDV d i s t r i b u t i o n s  measured he re  
were t o  e l e c t r o d e  a l ignment  was n o t  a s u b j e c t  o f  t h i s  i n v e s t i g a t i o n ,  b u t  i s  
deserv ing  o f  f u r t h e r  s tudy .  

Because i t  i s  known t h a t  changes i n  e l e c t r o d e  s u r f a c e  c o n d i t i o n  can l e a d  
t o  a p p r e c i a b l e  d i f f e r e n c e s  i n  t h e  observed breakdown c h a r a c t e r i s t i c s  o f  an 
e l e c t r o d e  gap ( r e f .  15 ) ,  i t  was considered i m p o r t a n t  t o  document t h e  e l e c t r o d e  
su r face  c o n d i t i o n s  a t  t h e  c o n c l u s i o n  o f  t h e  t e s t .  

The shaded end o f  t h e  tape red  cathode cone i n  f i g u r e  l ( b )  rep resen ts  where 
t h e  cathode sur face was roughened as a r e s u l t  o f  t e s t i n g  as shown by SEM i n  
f i g u r e  1 3 ( a ) .  The symmetry o f  t h i s  rough r e g i o n  i n d i c a t e s  t h e  cathode was w e l l  
a l i g n e d  w i t h  t h e  a x i s .  Comparison o f  f i g u r e  1 3 ( d ) ,  which shows a p o r t i o n  o f  
u n a f f e c t e d  cathode sur face,  w i t h  f i g u r e  1 3 ( c ) ,  which shows a p o r t i o n  o f  t h e  
roughened sur face,  r e v e a l s  t h e  roughness t o  be a consequence o f  s u r f a c e  m e l t -  
i n g .  From examinat ion o f  f i g u r e  1 3 ( c ) ,  one can see t h a t  t h e  rough r e g i o n  con- 
s i s t s  o f  many ove r lapp ing  c r a t e r s .  Prev ious research  i n v o l v i n g  spark t e s t s  
w i t h  t h e  h i g h - v o l t a g e  pulses used he re  has shown t h a t  w h i l e  a s i n g l e  spark has 
a smal l  e f f e c t  on a p o l i s h e d  cathode su r face ,  t h e  cumu la t i ve  e f f e c t  o f  seve ra l  
hundred sparks i s  s u f f i c i e n t  t o  produce a s u r f a c e  morphology s i m i l a r  t o  t h a t  
i n  f i g u r e  1 3 ( c )  over an area o f  t h e  cathode t i p  o f  t h e  same e x t e n t  as i n  
f i g u r e  1 3 ( a ) .  Numerous s t a r t s  have a ve ry  s i m i l a r  e f f e c t  ( r e f .  1 0 ) .  The p r im-  
a r y  d i f f e r e n c e  i n  s u r f a c e  c o n d i t i o n  between a cathode t h a t  has been s t a r t e d  and 
one t h a t  has been sparked s e v e r a l  hundred t i m e s  i s  t h e  s u r f a c e  t e x t u r e  o f  t h e  
extreme t i p .  As  shown i n  f i g u r e  13 (b ) ,  a cathode f o l l o w i n g  o p e r a t i o n  has a 
smooth bead a t  i t s  extreme t i p ,  w h i l e  one t h a t  has been sparked numerous t imes  
w i l l  have t h e  bead roughened t o  resemble t h e  r e s t  o f  t h e  cathode t i p  r e g i o n .  

The anode chamber w a l l  s u r f a c e  c o n d i t i o n  as revea led  by SEM i s  shown i n  
f i g u r e  1 4 .  T h i s  s u r f a c e  a l s o  appeared roughened. However, as can be seen f r o m  
comparison of f i g u r e s  14 (b )  and 1 3 ( c )  t h i s  roughness has a d i f f e r e n t  form t h a n  
t h a t  o f  t h e  cathode. The anode s u r f a c e  roughness appears t o  be a t h i n  r a i s e d  
l a y e r  o f  rounded pm s i z e d  c r y s t a l l i n e - l i k e  g lobes.  T h i s  t y p e  o f  roughness 
would tend  n o t  t o  c o n c e n t r a t e  t h e  s u r f a c e  e l e c t r i c  f i e l d  as much as t h a t  o f  t h e  
cathode would. 
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Cycl ic start ing tests 

Prior t o  the  init ial  thruster assembly and breakdown tes ts  descr ibed in 
the  body of th is report ,  a cycl ic start ing tes t  was  performed. T h e  pr imary 
purpose of th is tes t  was  t o  help investigate whether  any undes i rab le  charac ter -  
is t ics in the  process of  th rus ter  ignit ion and t rans fer  t o  steady s ta te  would 
cause l i fe l imit ing eros ion  or damage. T h e  th rus ter  was  turned on  fo r  3 sec 
and off for  3 sec 1 1  600 t imes. The  test is descr ibed and resul ts a r e  pre- 
sented in append ix  8. Breakdown was initiated o n  t h e  f i rs t  pu lse  fo r  all but 
t w o  starts,  where  a second pulse was necessary fo r  igni t ion.  

CONCLUSIONS 

An invest igat ion of  t he  pulse Ignit ion charac ter is t i cs  o f  a 1 kW class 
arc je t  using an  induc t ive  energy storage pu lse  genera tor  integral  w i th  a pu lse  
w id th  modulated power conver te r  identi f ied several th rus ter  and pu lse  genera tor  
parameters af fect ing breakdown voltages and igni t ion.  Over al l  ranges of 
thruster and pulser parameters investigated, the mean breakdown vo l tage varied 
f rom 1.4 t o  2.7 kV. There  were  substantial d i f fe rences  in standard dev ia t ions ,  
but breakdown always occurred at  voltages less than 3.5 kV. Mean breakdown 
vo l tage versus e lec t rode gap exhibited a l inear inc rease w i th  gap. Mean break- 
down vo l tage increased 300 V for  average rates of  vo l tage r ise f rom about 
0.1 t o  0.8 kV/vsec, at  a nominal propellant f l ow  ra te  of 45 mg/sec. Mean 
breakdown versus f l o w  varied substantial ly for  propel lant  f l o w  rates ranging 
f rom about  6 t o  50 mg/sec. 

Igni t ion tes ts  at  e levated thruster temperatures using low rate of vo l tage 

lhese  breakdowns would 
r ise pulses revealed occasional  breakdowns w i th  th rus ter  d i scha rge  vol tages 
higher than  the  average power converter output voltage. 
not t rans i t ion  t o  t h e  lower d ischarge vol tage arc mode  and t h e  th rus ter  would 
not igni te.  
occur for  a subsequent pu lse  and the  thruster would igni te.  

Under the  same condi t ions,  a t rans i t ion  t o  the  arc  mode  would 

An automated 1 1  600 cycl ic start ing and t rans i t ion  t o  steady s ta te  tes t  
required app l ica t ion  of a second pulse t o  in i t iate ign i t ion  only two  t imes. 
Furthermore, no  th rus ter  damage or erosion was observed fo l low ing  the  1 1  600 
starts and transi t ions t o  steady state operat ion.  

AC KNOW L zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAE DGME N1 
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APPENDIX zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- LABORATORY PULSER 

The purpose of this appendix is to provide more detailed information to 
supplement the pulser discussion in the text. A schematic diagram of the 
pulser used for this work is shown in figure Al. Basic operation is described 
in the text. Two parallel power transistors comprise the switch used to con- 
nect the pulser to the 24 V, low voltage source, Vp. 
using one-half of a CD4098B dual one-shot multivibrator with an adjustable 
pulse width having a range of about 20 to 120 psec. This technique adjusts the 
peak current in the pulser winding over a range of about 20 to 100 A. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAS o ,  at 
the instant of breakdown, the maximum posslble initial arc current in the main 
winding correspending t o  the max!murr! current in the pulser wjnding is adjust- 
able from about 2 to 11 A. 

The switch is actuated 

The size of the capacitor that the pulser winding current flows into 
determines the maximum pulse voltage for a given peak current as well as pulse 
rate of voltage rise. Capacitance was variable from 0 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 . 6  pF using switched 
capacitors. The capacitors had a negligible effect on steady state and tran- 
sient PWM operation. The maximum pulse voltage capability was about 5 kv and 
is limited by the power transistors maximum drain t o  source voltage of 400 V .  

The pulse repetition rate is determined by adjusting the timing resistor 
for the other one shot multivibrator in the CD4098B. As described in earlier 
work (ref. 9), the circuit also turns off the pulser when sufficient arc cur- 
rent, ia is detected. A transformer coupled synchronization pulse is pro- 
vided for oscilloscope timing at the transistor on and off times. 

Component layout and inductor design were not optimized for the rapidly 
changing currents and voltages in this laboratory pulser. Instead, a smoothly 
varying pulse and protection for the power transistors was accomplished using 
two resistor capacitor networks as shown in figure Al. In addition to pulse 
smoothing, the resistor capacitor network connected directly across the arcjet 
has two effects on pulser operation: 

(1) The open circuit pulse voltage decreases less abruptly after maximum 
voltage is reached. 

( 2 )  The capacitor resistor network increases the available current at 
breakdown for about 0.5 psec. 

The pulser is a laboratory tool that allows both the maximum open circuit 
voltage and the current available at the instant of breakdown as well as pulse 
voltage rate of rise to be adjusted for the purposes of investigating impulse 
breakdown in arcjets. 
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A P P E N D I X  B - C Y C L I C  S T A R T I N G  TEST 

An automated c y c l i c  s t a r t i n g  t e s t  was implemented t o  h e l p  determine 
whether t h e  process o f  h o t  t h r u s t e r  i g n i t i o n  and t r a n s f e r  t o  steady s t a t e  would 
cause l i f e  l i m i t i n g  e r o s i o n  o r  damage and t o  demonstrate t h e  f e a s i b i l i t y  o f  
o f f - p u l s i n g  o p e r a t i o n  f o r  s p a c e c r a f t  a t t i t u d e  c o n t r o l .  

The t h r u s t e r  was mounted i n  a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.46 m v e r t i c a l  b e l l  j a r  f a c i l i t y  desc r ibed  
elsewhere ( r e f .  1 1 ) .  E lec t rodes  o f  the same dimensions as those used elsewhere 
i n  t h i s  r e p o r t ,  and which had p r e v i o u s l y  accumulated 260 s t a r t s ,  were employed. 
A thermocouple was a t tached  t o  t h e  t h r u s t e r  body near t h e  n o z z l e  end u s i n g  
s t a i n l e s s  s t e e l  w i r e .  The o t h e r  apparatus used were desc r ibed  p r e v i o u s l y  i n  
t h i s  r e p o r t .  For t h i s  t e s t ,  t h e  e l e c t r o n i c  t i m e r  was used w i t h  t h e  power p r o -  
cessor and p u l s e  i g n i t o r .  The p r o p e l l a n t  was a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 : l  r a t i o  o f  hydr0gen :n i t rogen  
a t  a f l o w  r a t e  o f  about 4 5  mg/sec. F l o w  r a t e  was ma in ta ined  u s i n g  c l o s e d - l o o p  
f l o w  c o n t r o l l e r s .  P r o p e l l a n t  f l o w  was l e f t  on c o n t i n u o u s l y  and c u r r e n t  was s e t  
a t  10 A. 

Pulse P1 was used throughout  the t e s t  and t h e  t h r u s t e r  s t a r t e d  on t h e  
f i r s t  p u l s e  except f o r  t w o  occasions where a second p u l s e  was needed f o r  i g n i -  
t i o n .  Th rus te r  body temperature averaged 430 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"C and v a r i e d  between 410 and 
450 "C a f t e r  about 1.5 h r  o f  c y c l l n g .  From p rev ious  exper ience,  maximum t e m -  
p e r a t u r e  f o r  cont inuous o p e r a t i o n  a t  10 A would have been 930 "C. 

The t h r u s t e r  was disassembled and inspec ted  b e f o r e  and a f t e r  t h e  11 600 
c y c l e  t e s t .  The cathode and t h e  anode i n s e r t  were examined w i t h  an SEM. SEM 
photographs ( f i g s .  61 and 82)  showed no v i s i b l e  damage o r  e r o s i o n  f rom the  
11 600 i g n i t i o n s  and t r a n s f e r s  t o  steady s t a t e  power l e v e l s .  
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SMOOTH CATHODE SURFACE - 
1 MM 

(B) ENLARGED CROSS SECTIONAL VIEW OF CATHODE TIP-CONSTRICTOR REGION. 

FIGURE 1 .  - CUTAWAY VIEWS OF ARCJET. 
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t t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
vp 4 4 L  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

n i p  
CURRENT 

AVAILABLE AT 

INSTANT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF 
BREAKDOWN 

4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t ON  OFF 

(A) NO BREAKDOWN, OPEN 
CIRCUIT. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

500 V/DIV 

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

r BREAKDOWN t r BREAKDOWN T 
"R vfn 

t T 
ial\ iaE 

t ON OFF t O N   OFF 
(B) TYPICAL BREAKDOWN, PWM OFF 

OR Va > V .  

FIGURE 3. - SIMPLIFIED PULSER WAVEFORMS. 

(C)  TYPICAL BREAKDOWN, PWM ON 
AND V > V,, 

- 2 ~sEc/I)IV 

FIGURE 4. - OSCILLOSCOPE TRACE OF THE OPEN CIRCUIT PULSES P1 
THROUGH P6. 
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0 

0-  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1.525 1.575 1.625 1.675 1.725 1.775 1.825 1.875 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 

- 
50 

W D I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
F 
V/D I V 

P1 (SPIKE)  

1 

I---, 50 ~ s E c / D I V  

FIGURE 5. - OSCILLOSCOPE TRACE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOF THE DISCHARGE VOLTAGE (LOWER TRACE) 

AND CURRENT (UPPER TRACE) FOR A TYPICAL BREAKDOWN WITH THE PWH OFF 

(SPARK). PULSE P I  WAS APPLIED AT G = 0.57 MM AND M = 45.2 MIGISEC. 

60 

50 

40 

Y 

z zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
25 

5 

z 
W ' 30 
P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
z 

20 

10 

MEAN BDV: 1.79 KV 

(I: 0.04 K V  

I 
,925 

_I 
1.975 

FIGURE 6. - REPRESENTATIVE BREAKDOWN VOLTAGE (BDV) DISTRI- 
BUTION FOR 100 BDVs FOR PULSE P1 APPLIED AT G = 0.57 MM 

AND M = 45.2 MG/SEC. 
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2 . 2  

2.1 

= 2.0 

!% 
;r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 1.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
B zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 1.8 

E% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
s 

> 
L 

1.7 

1.6 

1.5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 I N I T I A L  100 SPARKS (CONDITIONING PHASE) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 4 7 0 ~ ~  TO 5 7 0 ~ ~  SPARK 

BARS INDICATE 5 0  I N  BDV DISTRIBUTION 

1 . 4  
. 3  .4 . 5  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.6  . 7  .a . 9  1 .o 

ELECTRODE GAP, MM 

FIGURE 7 .  - MEAN BREAKDOWN.VOLTAGE (BDV) VERSUS ELECTRODE GAP 
FOR PULSE P 1  APPLIED AT M = 25.2 MG/SEC. 
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1 . e  
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Y 1 .7  
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P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1 . 4  

1 . 3  

T 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAit 
0 MEAN BDV BEFORE HOT START 

MEAN BDV AFTER HOT START 
TEST (G  = 0 .57  MM) 

TEST ( G  = 0.59 MM) 

P 
BARS INDICATE 510 I N  BDV DISTRIBU- 

TION FOR 100 SPARKS 
- Q  

.2 .4 .6 .8 1 .o 
AV/At, K V / ~ S E C  

FIGURE 8. - MEAN BREAKDOWN VOLTAGE (BDV) VERSUS AVERAGE 
RATE OF VOLTAGE RISE. A V / A t  FOR PULSE P l  APPLIED AT 
M = 4 5 . 2  MG/SEC. 
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2.4 

2.2 

2.c 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.# zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2 
ki 

1.t zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi 2.8 

I 

2.6 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 

2.4 

2.2 

2.0 

1.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- 1  T 

(B) G = 0.57 W. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

P 
Y 

I I I I I 
36 48 60 24 . 12 

n. HG/SEC 

(c )  G 0.93 W4. 

FIGURE 9. - CONCLUIKD. 
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1-P zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA20 MSEC/DIV 

(A) SUCCESSFUL IGNITION. 

1-b 20 ~ E C / D I V  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
( B )  UNSUCCESSFUL IGNITION. 

FIGURE 10. - OSCILLOSCOPE TRACES OF THE BREAKDOWN VOLTAGES (LOWER 
TRACES) AND CURRENTS (UPPER TRACES) FOR ATTEMPTED zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHOT STARTS 
WITH PULSE P6 APPLIED AT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAG = 0.59 MM AND M = 45.2 MG/SEC. 

21 



5 A/D zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

500 V I  

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
ORIGINAL PAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIS 
OF POOR QUALITY 

- 5 ~ s E c / D I V  

( A )  SUCCESSFUL I G N I T I O N .  

I V  

- 
'D IV 

w 5 ~ s E c / D I V  

(B)  UNSUCCESSFUL I G N I T I O N .  

FIGURE 11. - OSCILLOSCOPE TRACES OF BREAKDOWN VOLTAGES (LOWER 

TRACES) AND CURRENTS (UPPER TRACES) FOR ATTEMPTED HOT STARTS 

WITH PULSE P6 APPLIED AT G = 0.57 MM AND M = 45.2 MG/SEC. 
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ORlGkNAb PAGE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OF POOR Quamy zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

5 A / D I V  

0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAt 
500 V/DIV 

0 f zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
+ 2 ~ s E c / D I V  

FIGURE 12. - OSCILLOSCOPE TRACE OF BREAKDOWN VOLTAGE (LOWER 

TRACE) AND CURRENT (UPPER TRACE) FOR A HOT START SHOWING 

SUCCESSFUL "STEP" IGNITION. PULSE P I  WAS APPLIED AT 

G = 0.57 MM AND M = 33.6 MG/SEC. 
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(A) ANODE CHAMBER WALL AND CONSTRICTOR. (70x1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

( B )  SURFACE AT LOCATION SHOWN I N  (A) .  (800x1. 

FIGURE 14. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- SEM PHOTOGRAPHS OF CHAMBER S I D E  OF ANODE AT CONCLUSION 

OF TESTING. 
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AVERAGING INDUCTOR/PULSE TRANSFORMER 

PULSE 
W zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI DTH 
MODULATED 
CONVERTER 

- CORE: 4 STACKED 55109-A2 
6T  #14  AWG PULSER WINDING 

- 

FrFi 10 000 

0.1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApF 
SUPPLY 

- 

VARIABLE 
WIDTH PULSE 
20 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATO 120 VSEC 

PULSE 
CONTROLLER 

PULSES/SEC 
- 0.2 TO 1 

SYNC PULSE TO 
OSCILLOSCOPE 

+ PULSE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
I d -  

TRANSFORMER DECADE 113893 

CAPACITOR 
0 TO 1.1 pF 

27 K 1 p f $ + 2 . 5 p F  - 0.01 pF STEPS 

FIGURE A l .  - SCHEMATIC DIAGRAM OF LABORATORY PULSER. 

ARC 
CURRENT 

SIGNAL 
-TURN OFF 

FIGURE B1. - SEM PHOTOGRAPH OF CATHODE USED I N  11 600 CYCLE TEST AT 
CONCLUSION OF TEST ( 2 9 ~ ) .  
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(A )  CHAMBER BEFORE TEST ( 2 1 ~ )  (B)  ENTRANCE TO CONSTRICTOR BEFORE TEST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( 1 4 0 ~ ) .  

- 
L Irn 

(C)  CHAMBER AFTER TEST ( 2 1 ~ ) .  ( D )  ENTRANCE TO CONSTRICTOR AFTER TEST zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(130~). 

FIGURE B2 .  - SEM PHOTOGRAPHS OF CHANBER S I D E  OF ANODE USED I N  1 1  600 CYCLE TEST. 
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