
CHAMCTERIZATTQN OF ELECTRICAL DPSCHARGES 

ON TEFIAIN DZRI,FCTA'XCS USED A5 SPACECRAFT 

THERMAL CONTROL SCRFACGS* 

E .  J .  Ynd%swoky, 8. 6.  Hnzsltnn and 8. J ,  Church331 
Gobredo 21 tees blnivcrs 8ty-I' 

The dua l  e f f e c t s  of system degradat ion and reduced l i f e  oh synchronevs- 
o r b i t  s a t e l l i t e s  as a r e s u l t  of d i f f e r e n t i a l  spacec ra f t  charging underssore 
the need f o r  a c l e a r e r  understandin6 of t h e  p r e v a i l i n g  e l e c t r i c a l  d i scharge  
phenomena. 

I n  a l abo ra to ry  s imula t ion ,  measurements a r e  made of e l e c t r i - a 1  d i s -  
charge c u r r e n t ,  su r f ace  vo l t age ,  emit ted p a r t i c l e  f l u x e s ,  and photo-emission 
a s soc i a t ed  with d ischarge  even t s  on e l e c t r o n  beam i r r a d i a t e d  silver-backed 
Teflon samples. Sample su r f ace  damage has  been examined wi th  o p t i c a l  and 
e l e c t r o n  beam microscopes. The r e s u l t s  a r e  sugges t ive  of a e~ode l  i n  which 
t h e  e u t i r e  sample s u r f a c e  is  discharged by l a t e r a l  sub-surface c u r r e n t s  flow- 
ing  from a charge depos i t i on  l a y e r  through a l o c a l i z e d  d ischarge  channel t o  
the  back sur face  of t h e  sampie. The a s soc i a t ed  r e t u r n  cu r r en t  pu lse  appears  
t o  have a du ra t ion  which may be a s i g n a t u r e  by which d i f f e r e n t  d i scharge  
processes may be charac te r ized .  

INTRODUCTION 

i n  situ measurements on synchronous-orbit s a t e l l i t e s  dur ing  magnetic 
substorm a c t i v i t y  have inc i ca t ed  t h a t  t h e  a s soc i a t ed  e l e c t r i c a l  d i scharges  
r e s u l t  from d i f f e r e n t i a l  ch- rg ing  of s a t e l l i t e  s u r f a c e s  by f l u e s  of high 
energy e l e c t r o r ~ s  ( 2  20 KeV). The t a s k  of ameli twat ing t n e  e f fec t  of space- 
c r a f t  charging on s a t e l l i t e  performance require:$ a c l e a r  understanding of t he  
charging and d ischarg ing  phenomena. I n  p a r t i c u l a r ,  t h e  system parameters 
which &\:ermine t h e  e l e c t r i c a l  breakdown thres\.,old, t h e  p a r t i c l e s  emit ted 
and e l e c t r i c a l  c u r r e n t s  a s soc i a t ed  wi th  t h e  breakdown must be understood. 
This informatian would fac l l , , a te  t he  development of techniques t o  a l lev ic l tc  
electrical s t r e s s e s  on s a t e l l i t e  componeqts and of models t o  p r e d i c t  l o c a t i o n s  
on t h e  s a t e l l i t e  of  mi~ ixum e l x t r o m s g n e t i c  i n t e r f e r e n c e  where s c n s i t i v c  
insLrutn n t a t i o n  could be locanted. 
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The research ptogratn des t r ibed here  d e a l s  wi th  the  c h a t a c t e r i e t i c s  of 
breakdown event8 oh oilver-backed Teflon a m p l e s  i r r a d i a t e d  By a monoenergetic 
beam of e l ec t tods  under condit ions where t h e  sarhple edges have been shielded 
Sroa d i r e c t  i r r a d i a t i o n  by the  e l ec t ron  beam. The dependence of the  minimum 
breakdown voltage on sample thickness afid i r r a d i a t i o n  h i s t o r y  was dctertnibed . 
The add i t ioda l  evaluat ion included the  depeadence on sample a rea  and break- 
down voltage of the  t t a n s i e n t  Currents associa ted  with the  discharges,  the  
energy and angular d i s t t i b u t i o n  of t h e  p a r t i c l e s  emit ted,  and the  temporal 
c h a r a c t e r i s t i c s  of the  emitted l i g h t .  Surface damage r e s u l t i n g  from discharge 
events  was s tudied  using o p t i c a l  and scattning e l e c t t d n  beam microscopes. 

The r e s u l t s  ind ica te  t h a t  puncture breakdown6 through t h e  sample a r e  
prevalent,  t h a t  the  saniple is  discharged by l a t e r a l  su r face  cu r ren t s  which 
flow be .~ea th  the  sample.surface,  and t h a t  p l a s m  e f f e c t s  a r e  important i n  t h e  
dischar8e process. Further ,  t h e  discharges a r e  observed to  f i t  two d i s t i n c t  
groups wi th  t h e  t i m e  dura t ion  of t h e  r e tu rn  current  pulse being a convenient 
d is t inguishing c h a r a c t e r i s t i c .  

I n  the  remainder of the  paper, the  experimenta.1 system is discussed 
b r i e f l y .  This is  followed by a presenta t ion  af  t h e  experiniental t echn iqw 
and the  measurements obtained. L.discuesiou of r e s u l t s  and a conclusion 
sec t ion  complete the paper. 

EXPEZIMCNTAL SYSTEM 

The spacecraf t  charging phenomenod is simulated i n  a vacuum chamber by 
i r r a d i a t i n g  a d i e l e c t r i c  t a r g e t  with a high-energy e lec t ron  beam. It is 
convenient :o d i ~ c u s s  t h e  t o t a l  Bystem r e l a t i v e  t o  the  schematic diagram 
mown i n  f i g u r e  1. 

The simulat ion chamber c o n s i s t s  of a 30 cm diameter c y ~ i n d r i c a l .  g l a s s  
tube about 1 meter i n  length.  Four c y l i n d r i c a l  p o r t s  15  cm i n  diameter 
located  a t  t h e  c e n t r a l  sec t ion  of t h e  tube provide o u t l e t s  f o r  vacuum por t s ,  
in t roduct ion  of e l e c t r i c a l  and photographic mea8urement e y s t e l s  and the  in- 
s t a l l a t i o n  of t a r g e t  assemblies. The e lec t ron  beam gun is located at one end 
of the  30 cm diameter cyl inder  and generaces Bn a x i a l  e l ec t ron  beam t o  the  
c e n t r a l l y  located t a r g e t  area. Base pressures  of 10-7 Tort  a r e  poss ib le  using 
a 10  cm diameter o i l  d i f fus ion  purdp system. 

To simulate the  spacecraf t  charging, the  d i e l e c t r i c  t a r g e t s  are bom- 
b a r h d  with a mono-edergetic divergeat  e lec t rar i  beam havirig an acce le ra t ion  
po ten t i a l  f rom 0 to  34 kV and a beam current  dens i ty  a t  the t a r g e t  loca t ion  
of 0-5 n ~ / c m ~ .  Uniformity of the  e l ec t ron  beam over t h e  t a r g e t  a rea  is about 
25% f o r  a 10  cm diameter t a r g e t  located SO cm from the  e l ec t ron  beam gun. 

The silver-backed i i e l e c t r i c s  used i n  the  i r r a d i a t i o n  process a r e  
mounted on various t;rget assemblies a t  the  cen te r  of t h e  four-port region 
of the  simulat ir i i  chamber s o  a s  t o  have the  d i e l e c t r i c  f r o n t  surface  of the  
t a rge t  a t  an m g l e  t ~ f  50' t o  t h e  a x i s  of t h e  e l ec t ron  beam. The sample is 



supported by an annular a1utYOnum r i n g  providing e l e c t t i c a l  contact  t o  the 
si lvet-bac ked Teflon ~arnple  through cdnduct ing pa in t  . The enf ire sample 
holder is placed within,  but e l e c t r i c a l l y  i iwulated from, a graddded enc1oau:e 
containing an ape t tu re  through Which the sample i e  i r r ad ia ted .  By means of 
t h i s  arrangerneht, t h e  saUple edges are not i r r a d i a t e d  d i r e c t l y  by the  electron 
beam t h u s  f a c i l i t a t i n g  breakdowri s t u d i e s  dot  dominated by ed@e e f fec te .  The 
aper ture  opening can be varied from 2.5 cliD t o  8 crd dia.  by con t ro l l ing  the  
opening of an ad jus tab le  i r i e  mounted on the  sample enclosure. The con t ro l  
linkage is brought thi-all& the  vacuum wall  t o  f a c i l i t a t e  the  study of d i s -  
chatge p roper t i e s  which depend on t h e  su r face  a rea  i r r ad ia ted .  The f ron t  
surface  of the  s a m p 1 e . i ~  v l s i b l e  f o r  inspection and photographic measurements. 

The e lec- ran  beam voltage required t o  i n i t i a t e  a breakdown is determined 
by i r r a d i a t i a g  the  sample t o  dear ly  steady state condi t ions  with succesaivelp 
l a r g e r  acce le ra t ing  beam voltages u n t i L a  discharge occurs. 

The transieri t  current  t h a t  flows t o  the  s i l v e r  backing od t h e  sampie 
during a discharge event is measured by a Tektronix CT-1 cu r ren t  probe cl ipped 
on the  lead connecting the  s i l v e r  backing t o  ground po ten t i a l .  

A system of a i r r o r r  and viewin& p o t t s  permits time-icitegrated photo- 
gtaphs of the  self-luminous e l e c t r i c a l  discharges t o  be taken. The rebul tant  
photographs of the  discharge path along the  sample su r face  and the  c e n t r a l  
s i te  of the  discharge a r e  corre la ted  wi th  scanning e l e c t r o n  microscope s t u d i e s  
of ma te t i a l  damage. 

Charged p a r t i c l e  measurements are made usidg a biased Faraday cup and a 
re ta rd idg  p o t e n t i a l  analyzer  (RPA). both of which a r e  i l l u s t r a t e d  i n  f i g u r e  2. 
The Faraday cup c o n s i s t s  o f " a  shielded c o l l e c t o r  which can be biased t o  
c o l l e c t  e i t h e r  pos i t ive  o r  negative p a r t i c l e s  thraugh a g r i d  ape r tu te  of 
2.5 cm. The output current  of the c o l l e c t o r  is shunted t o  ground through a 
50 ohm load and the  r e s u l t i n g  voltage measured with a Tektronix 556 
osci l loscope.  

The re ta rd ing  p o t e n t i a l  adalyzer  used f o r  t h e  measurement of emit ted 
pak t i c l e s  c o n s i s t s  of a. p a r t i c l e  c o l l e c t o r  p l a t e  and two independently 
b iasable  g r i d s  enclosed i n  a grounded sh ie ld  having an input  aper ture  of 1.2 
cm. For the  measurement of p o s i t i v e  y a t t i c l e s  t h e  c o l l e c t o r  is biased a t  -9 V 
t o  capture the  p o s i t i v e  p a r t i c l e s  which pas8 thraugh t h e  gr ids .  Grid 62, the  
suppressor g r id ,  is biased a t  -800 ll t o  preveat secbndary e lec t rod  emission 
from t h e  c o l l e c t o r  su r face  which could be erronedusly in te rp re ted  a s  p o s i t i v e  
p a r t i c l e s .  The f i r s t  g r i d  is  then biased pos i t ive ly  t d  de f ine  a threshold 
energy f o r  the  incoding p a r t i c l e s .  By varying t h e  b i a s  o n - t h e  f i r s t  g r i d  the  
energy spectrum of the  incoming ions  can be measured. 

The output of the  c o l l e c t o r  i e  measured i n  a manner i d e n t i c a l  t o  t h a t  
used with t h e  Faraday cup. A temporally resolved p a r t i c l e  f l u x  i e  thereby 
derived and p a r t i c l e  t r a n s i t  times and t o t a l  p a t t i c l e  emissions a r e  determined. 
Similar  measurements a r e  made f o r  negative p a r t i c l e s  with the  c o l l e c t o r  
biased t o  + 9 V, the  second g r i d  grounded, and the  f i r s t  g r i d  biased negative- 
ly .  In a l l  cases  the  amplitudes of t h e  inc idedt  p a r t i c l e  f luxes  are derived 



bv mri t ip ly ing the  mcasurcd s ignal  by the  weighting fac to r  of 1 .8  t o  account 
f o r  g r i d  ot tenwit ion.  The d la t r ib t r t i en  of p a r t i c l e  ener~aios  1.3 oobtnincd f rum 
the  mcasured dependence of c a l l e r t a r  ru r t cn t  an re tard ing g r id  voltage by 
graphical  d i f f d t c n t l s t i o n .  

For the  angular measurements presented here in ,  the  probes were posi t ion- 
ed a$ shown i n  f igure  3. The sample is t i l t e d  % 40° t o  the  beam a x i s  t o  allow 
observation of  normally emitted p a r t i c l e s  f r e e  from de tec to r  in te r fe rence  
with the  beam. The Faraday cup is set a t  e f ixed angle of 40° below the  hor- 
i zon ta l  plane, 9.5 cm from t h e  sample surface .  The RPA i~ located about 
15  cm from the  sample cen te r  and is  f r e e  t o  pivot some 70' about the  saaple  
center  l i n e .  The entrance aper ture  of the  RPA subtends an angv 2 of 3' with 
respect  t o  a  point  on the  t a rge t  surface .  

A high energy re ta rd ing  po ten t i a l  analyzer  (1ERFA) was designed t o  pro- 
vide a ra t a rd ing  po ten t i a l  of up t o  1 1  kV. The HEWA 13 posit ioned 9.2 cm 
from the  @ample surface  and has an aper ture  of 5.6 cm. Measurements a r e  made 
i n  a fashion i d e n t i c a l  t o  those of the  RPA. 

The temporal c h a r a c t e r i s t i c s  of the  l i g h t  emitted during an e l e c t r i c a l  
breakdown were recorded using an o p t i c a l  system cons i s t ing  of an f / 2  l ens  
c o l l e c t i o n  system, f i b e r  o p t i c s  t o  t ransmjt  the  l i g h t  s igna l  through the  wall  
of the  vacuum chamber and a photomultip1,ier t o  detecr  the s igna l .  

EXPERIMENTAL RESULTS 

I n  order  t o  provide a coherent and consis tent  p i c t u r c  of the  e l e c t r i c a l  
discharge process on the  d i e l e c t r i c  samples, measurements have been made of 
minimum breakdown vol tage ,  mater ia l  damage, re turn  currents .  p a r t i c l e  emission 
and photo-emission from the sample surface.  

Breakdown Voltage 

The breakdown vol tage  was measured f u r  previously uni r radia ted  
samples of thickness 25, 50, 75 and 125 v (1.2.3 and 5 m i l )  silver-backed 
T e f l m .  Since a method of d i r e c t  measurement of surface  po ten t i a l  was un- 
ava i l ab le ,  the  surface  p o t e n t i a l s  a t  breakdown were in fe r red  from the measured 
e lec t ron  beam voltage. Work by Stevens (p r iva te  communication) ind ica tes  
t h a t  the  uieasured surface  p o t e n t i a l  is  1.8 kV l e s s  than the  beam voltage.  
The thresholds a r e  p lo t t ed  agains t  sample thickness i n  f igure  4 and demon- 
s t r a t e  a  reasonably l i n e a r  co r re la t ion  between thickness and breakdown 
voltage. The h i s t o r y  of the  breakdown occurring on a single 75 p sample 
( f i g .  5) demonstrates a wide v a r i a t i o n  i n  the  breakdown voltogo. For t-hc 
p a r t i c u l a r  example shown the  i n i t i a l  breakdown voltage is 26 kV decreasing t o  
14 kV a f t e r  20 breakdowns. It is noteworthy t h a t  the  brvakdowr volLagc docs 
not s t a b i l i z e  a t  m y  p a r t i c u l a r  value. 



Material Damage 

Material damage on the  i r r a d i a t e d  dielectric s w f o c e  fol lswiag an 
e l e c t r i c a l  discharge has been s tudied  using an o p t i c a l  ~nicrossopc and o 
scantiing e lec t ron  beam microscope (SEMI. The o p t i c a l  microscope reveal s in- 
formation about sub-surface damage a s  well a s  su r face  damage vhercas the  SEM 
is used f o r  high resolu t ion  su r face  s tud ies .  The photographs i n  f i gu tc  6 
reveal  a hole through t h e  U l e c t t i c  a t e r i a l  t o  the  grounded s i l v e r  hacking 
r e s u l t i n g  from the  discharge cur t en t  flow. In  addi t ion ,  t h i s  microscopic 
inves t iga t ion  reveals  the  exis tence  of f i lamentary su r face  t r acks  which 
terminate a t  the  holes a s  i n  f i g u r e s  6a and 6b. These mate r i a l  damage t r acks  
a r e  s i m i l a r  i n  form and a p p e a r a c e  to  luminous Lichtenberg streamers observed 
on the  surface  during the  discharge,  although no d i r e c t  conpatison hag been 
made. The t r acks  i n  the  ~ e f l o n  appear t o  be the  r e s u l t s  of dut rente  which 
flow through the  Teflon p a r a l l e l  ts  t he  su r face  dut ing  the  dischatge of the  
sample. Ioniza t ion  aad recombination i n  the  current  channels a r e  accompaaied 
by l i g h t  emission which g ives  rise t o  the  luminous Lichtenberg pa t t e rns .  The 
process of discharging the  sample by c u t r e n t s  flowing uaderneath the  sample 
surface  is cons i s t en t  with puncture s i t e s  t h e r e  f i lamentary laa ter ia l  damage 
has occurred ar  i n  f i g u r e s  6a and 6b. In  f i g u r e  6c, a current  f i lament is 
seen t o  surface  a number of times before reaching the  main discharge channel. 

The microphotographs of the  discharge sites dramatical ly deman- 
s t t a t e  the  mater ia l  damage r e s u l t i n g  from the  discharges on the  sample. It 
is evident  t h a t  the  energy i n  the current  channel is s u f f i c i e n t  t o  rupture 
the  channel a s  i n  f igure  6b and t o  e j e c t  molten Tefloh from the  puncture s i t e .  
In addi t ion ,  the re  is appreciable silwr l o s s  from the  grounded s i l v e r  backing 
as seen i n  f i g u r e  6d a s  w e l l  a s  extens ive  ahelting and e j e c t i o n  of niaterial  
from the  dischatge sites. 

Return Current 

Return cur ren t s  t o  t h e  sample were measured during a discharge with 
a Tektronix CT-1 cur ten t  probe and a Tektronix osci l loscope.  Since the  probe 
was i n s t a l l e d  outs ide  of the  vacuum Bystem, a th ie lded cable  leadiag  f r m  the  
sample t o  thr probe was t e m i n a t e d  i n  its c h a r a c t e r i s t i c  impedance (50 ohms) 
so a s  t o  minimize re f l ec t ions .  

From numerous o b s e r v a ~ i o a s  a£ the  r e t u r n  current  associated with 
o breakdown, two d i s t i n c t  ca tegor ies  of pulses  have been i d e n t i f i e d .  The 
f i r s t  is charac ter ized  by a long dufa t ion  pulse  of 200 t o  400 fie, while the  
second is represented by a shor t  pulse of. 20 ns  durat ion.  These two time 
scales appear t o  r e l a t e  to  d i f f e r e n t  discharge processes and a r e  discussed i n  
thc  next sect ion.  

I n  addi t ion ,  the  t o r a l  charge i n  the  r e t m n  current  pulees r a s  
dckrmined by in teg ra t ing  t h e  recorded current  t r aces .  Figure 7 i l l u s t r a t e s  
t h e  r e l a t ionsh ip  between t h i s  charge and the  i r r a d i a t e d  area of t h e  sample 



~ u r f w c .  Although thore  are l a rga  shot-to-shst varishiona i n  t o t a l  chorgc 
a getlotally l i n e a r  t e l ae idash ip  e x i s t s  implying t h a t  the  enc ire samp l aurfncc 
Le discharged during o givett evedt. 

P a r t i c l e  Eriiission 

Using the  p a r t i c l e  co l l ec t ing  probes (Feraday cup, RPA, NERPA), 
the  chdrgo, energy, acid angular  d i s t r i b u t i o n  of the  p a r t i c l e a  emit ted during 
a discharge were deterinined. Figure 8 &awe two t r a c e s  from the  Faraday cup 
with the  b i a s  f i r s t  set t o  c o l l e c t  negative p a r t i c l e s  (8a) acid then t o  col- 
leci: p o s i t i v e  p a r t i c l e s  (8b). The time tiist.ory of negative p a r t i c l e s  . includes 
aa e a r l y  e l e c t t o n  spike  followed by a Langer e l e c t r o b  puise. The e a ~ l y  pulse 
is present  i n  a l l  breakdowns u h i l e  t h e  later pulse is id te rmi t t en t .  

The maximum re ta rd ing  p o t e a t i a l  (3 W )  of t h e  WA was not suf- 
f i c i e n t  t o  reduce $ ign i f i can t ly  t h e  amplitude of the  e a r l y  spike. Therefore, 
3 high energy re ta rd ing  potexitial analyder (HERPA) was designed and t e s t ed  t o  
11 kV. Using t h i s  probe t h e  energy of the  e l ec t rons  i n  the  e a r l y s p i k e  was 
found t o  be  i n  the  range of 5-7 keV. 

The l a t e r  pulse of e l z c t t o n s  exhibi ted  energies  less than the  
threshold s e h s i t i v i t y  of the  RPA (=lev). Coincident fr i th t h e  late electrori  
pulse is a pulse of p o s i t i v e  p a r t i c l e s  as s h a m  i n  f i g u r e  8b. Using the  RPA, 
the  p a r t i c l e  f l u x  was measured a s  a function of the  se ta rd ing  p o t e n t i a l  a s  
showh i n  f i g u r e  9. From f i g u r e  9 the  edergy of the  pos i t ive  p a r t i c l e s  is 
estimated t o  be 70 eV. The t o t a l  number of e l e c t r o n s  aad p o s i t i v e  p a r t i c l e s  
is of the  same magnitude. The coincidence of a r r i v a l  times, t h e  equa l i ty  of 
p a r t i c l e  number and the  r e l a t i v e  energies  of the  pos i t ive  and negative 
p a r t i c l e s  a l l  iarply t h a t  the l a t e  pulse  leaving the  sardple c o n s t i t u t e s  a 
plasma. 

Figure 10 shows the  to ta l  nurdber of e a r l y  e l ec t rons  as a function 
of the  i r r a d i a t e d  a r e a  of the  sample. At4 with the  r e tu rn  current ,  t he  number 
of emitted p a r t i c l e s  is l i n e a r l y  t e l a t e d  t o  the  a r e a  of the  sample. 

Light h i s s i o n  

Light emissian during e l e c t r i c a l  discharge was measured i n  con- 
junction ~ i t h  the  r e t u r n  current  pulse. The experimental da ta  c l e a r l y  shows 
t h a t  the  emitted l i g h t  s i g n a l s  follow c lose ly  upon the  re tu rn  current .  It 
may a l s o  be observed t h a t  the emitted l i g h t  p e r s i s t s  f o r  100 ns  beyond the  
point  a t  uhich the  r e tu rn  current  pulse has decreased t o  zero. It should a l so  
be noted t h a t  the  amplitude of t h e  li-ght eniission during the shof t  r e tu rn  
current  pulse  is four tinies a s  l a rge  a s  that occurring during t h e  long 
dura t  iols ret urn current  ptrlse. 



DISCIISSTQN OF RESULTS 

A cons idcro t lon  of t hc  mensuremeats prescntcd providca a phys ica l  
p i c t u r e  of t hc  genera l  prdccse by which the  sample s u r f a c e  is discharged. 
The i n t c r r e l n t l o n s h i p  of t hese  mensuiements lending t o  o ca ta loging .of  
d i f f e r e n t  d i sehargc  processes  is presented i n  t h i s  s e c t i o n .  

Tllc dependence of t he  minimum breolcdown voltagc? on t h e  s h i e l d i n g  of t h e  
sample edges, on sample th ickness ,  and on t h e  previous h i s t o r y  of d i scharges  
on the  sample provides i n s i g h t  i n t o  t h e  ma te r i a l  c h a r a c t e r i s t i c s  which gaeern 
the  breakdown vol tage .  

The dramatic  i nc rease  i n  t h s  minimum breakdown v d t a g e  from 15  ktl t o  
32 kV f o r  a 125 p (5 m i l )  sample. when the  s n r h ~ l e  edges a r e  sh i e lded  from 
i r r a d i a t i o n  i n d i c a t e s  t h a t  bulk p r o p e r t i e s  of t he  sample c o n t r o l  t h e  break- 
down threshold  once s u r f a c e  e f f e c t s  a s soc i a t ed  with sample edges a r e  el imi-  
nated. The sl-pe of t h e  s t r a i g h t  l i n e  i n  f i g u r e  4 y i e l d s  a breakdown s t r e n g t h  
f o r  t h e  bulk macerial  of 2 . 6 ~ 1 0 6  V/cm (6.5 kV/milj which is i n  good agreement 
wi th  t h e  manufacturers '  va lue  of 1.8~10~ ~ / c m  ( r e f .  1) f o r  a 75 p sample. 
P reex i s t i ng  d e f e c t s  a r e  expected t o  depress  t h e  breakdown vo l t age  from t h e  
i d e a l  value. This  can be seen  i n  f f g u r e  5 where t h e  va lue  f o r  t h e  f i r s t  20 
d ischarges  is decreas ing  on t h e  average. The d ischarges  can a l s o  a l t e r  the  
ma te r i a l  p r o p e r t i e s  t o  i nc rease  t h e  breakdown vo l t age  a s  seen by t h e  non- 
monotonic v a r i a t i o n .  

The sub-surface c raz ing  toge the r  wi th  t h e  s u r f a c e  c racks  a r e  s i m i l a r  i n  
Eorm t o  t h e  luminous Lichtenberg p a t t e r n s  and a r e  i n  c l o s e  agreement wi th  t h e  
observa t ion  of o t h e r s  (Crutcher ,  p r i v a t e  communication). The f i s s u r e s  a r e  
evidence f o r  cu r r en t  channels formed by vapor iza t ion  and i o n i z a t i o n  of t h e  
d i e l e c t r i c  ma te r i a l .  They imply t h a t  t h e  su r f ace  is  discharged by lateral 
c u r r e n t s  flowing beneath the  su r f ace  and i n d i c a t e  t he  ex t en t  of t h e  reg ion  
discharged. 

A l l  of t h e  r e t u r n  cu r r en t  pu l se s  r ep re sen t  a uni.direcciona1 flow of 
e l e c t r o n s  from ground t o  t he  s i l v e r  backing on t h e  sample, i n  agreement wi th  
the  observa t ion  of Berkopec i.t ,7 / . ( ref .  2)  The major i ty  of t h e  r e t u r n  c u r r e n t  
pu l se s  could bc c l a s s i f i e d  a s  s h o r t  (- 20 ns half-width) or long (200-400 ns)  
with a few s c a t t e r e d  va lues  of 90-120 ns .  The t rend  i n  f i g u r e  5 Is f o r  t h e  
s h o r t  pu lses  t o  be assoc ia ted  wi th  peak va lues  i n  t h e  breakdown vo l t age  and 
long pu l se s  t o  be a s soc i a t ed  wi th  decreas ing  or minimum va lues  i n  threshold  
vol tage .  The t o t a l  charge i n  t h e  pu l se  appeare t o  depend on t h e  i r r a d i a t e d  
a r e a  f o r  t he  long pulse  but not  t he  sho r t  p u l s e .  Although t h e r e  is s c a t t e r  
i n  t h e  d a t a ,  the r e l a t i v e l y  s t r a i g h t  l i n e  through t h e  maximum values  of charge 
flow For long pu l sc s  i n  f i g u r e  7 i n d i c a t e s  t h a t  the e n t i r e  sample s u r f a c e  
i r r a d i a t e d  is being discharged under the  condi t ions  s tud ied .  Stevens ( p r i v a t e  
communication) him observcd both p a r t i a l  and t o t a l  d i scharges  of t he  sample 
whixh could account f o r  some of t h e  scatter i n  the  d a t e .  This  11assi . f icat ion 
of r e t u r n  cu r r en t  pu1st.s afi t o  s h o r t  or long pu l se s  p rov id t s  a rmvcnSent  
method f o r  d i s t i ngu i sh ing  between d i f  fcrctrt  d i scharge  plwnomena. 



The emission of pe r t i e l s e  fro@ the sutfaco wao otudied t o  daterains  the 
or igin  of the return cur tent  pulse. Thd irlfltial buret of hi& edcst&y electf.sns 
accounte f o t  the polar i ty  of the  f r t u m  cutrent pulse, fhe eniiirgy of the 
part?.cleu is i n  the  gangs af 5-7 YeV fo r  the duration d the guise. Since the 
time of f l i g h t  f6 r  theee elrtctrbne (20 ne) i a  much lees than the duratiod of 
eriliasion. the  pulse length of the high m w a y  electrdn emireion appeate t o  be 
r e p r e e c n t a t i ~ e  of the  earnpie d i e c h a r ~ e  time. 

86th the ehort end the 16tig duration e l i se ions  of high energy electrons  
occur @imultadeaueiy wi th  the  cwreepanditi reeurn current pulse. The two- 
fold difference i d  d w a t i s n  iot t he  $ a r t i c  ! e d e e i d n  i e  e factdt of 10 lesd 
than the differedce i n  the  re turn current cahe. The resuite tend t o  bupport 
the observations of hM!vdce and Adam (ref. 3) a d  Groes ef a t .  ( re f .  4) tha t  
e lect tbns  a r e  omitted during a diechetgd. 

The l a t e r  pulde coneieting df pdsi t ive  ibde end elactrams was observed 
only when the  return cur teat  pulec w&e short .  The msr@itud& and duration of 
the posi t ive  and negative pa r t i c l e  eignelo ind ise te  tha t  the  pa r t i c l e s  a r e  
emitted a s  a near deutra l  Q l ~ ~ ~ .  An ins ight  in to  thJ  nature of the pulse is  
obtained fro@ 1 coneideratidd of t k  # a r t i c l e  enetgiee. l'he r e su l t s  ~howcl i n  
f igure  9 indicate  tha t  the  idfie e r e  emitted e i t h  e midituUih energy of 30 eV. 
Another elrtimate of the pa r t i c l e  eaerqida can be obtained by determining the  
tide of a r r i va l  of the  pa r t i c l e s  a t  the ~ 0 l l e c t 8 ~  f r o a  the temporal evdlution 
of the  col lector  signel.  Prom the t r a n s i t  time and known sample-to-detector 
distance the velocity,  and henre, k ine t ic  dnergb can be determibed. The re- 
s u l t s  again show tha t  a l l  th0 plnrrticle enerbiea erceed a ainimum value. By 
equating the raininrum energlee, an e a t i m t e  of rhd posi t ive  Ian mils8 can be 
found i f  the isn i e  aaeumed t6 be singly ianised. The value of 13.3 aaw so 
obtaingd is suf f ic ien t iy  clam t6 the  atomic weight of caobod 12 t o  encourage 
a tet i tat ive ident idicet iad of the l a t e r  paei t ive  ion peaks a s  due t o  singly 
ionized carbon, although the data i e  not suf f ic ien t ly  de f in i t i ve  t o  rule  out 
f luorine.  

An estimate of the  currents fldwirrgi 6th the  sample surface can be obtain- 
ed by dividing the  t o t a l  charge af the  75 p th ick $ample chetged t o  26 kV by 
t h e  time given by the  duretiaa af the high energy electron heret. This value 
(300 A) can account for thm vap6rieattoxi and ion i ta t iod  required t o  produce a 
plagma. The presedce of tbs plea- pulee i n  turn acc@uate f o r  the l i gh t  
emissiod during the diech. . ae weli ea the eub-ourfece cracke and fieblures 
on the sample. 

CONCLUS ION 

Thc somewhat random ver ia t ion i n  the  meeeuied $ataWters  i n  t h i s  etudy 
iridicatee the coraplex add ckmging nature of the d e c t . * i c a l  discharges. There- 
fore ,  the deed t o  develop a r d a l i e t i c  addel becoales readily evident. 

The experim&ite indicate  t ha t  prlricture diechataed occur tJiren the  Teflon 
eample edges a re  shielded from d i r ec t  i r rad ia t ion  by the  electron beam. Under 



them conditions t h e  surface vo l t agc  of an i r rod iakod  anmplc i n c ~ a o s e e  until 
t he  e i e c t r l c  f i e l d  s t r en f i t h  w i th in  t h e  sample, p a s ~ i k l y  at a mate r i a l  d e f e c t ,  
exceeds t h e  d i e l e c t t i c  s t r e n g t h  of thc m a t e r i a l ,  thcreby i n i t i a t i n g  a break- 
down through t h e  sample w i th  t h e  grounded s i l v e r  hacking, s e rv ing  as  one 
e l ec t rode .  Apparently t h e  e n t i r e  eample s u r f a c e  can be dfsoherged by l a t e r a l  
c u r r e n t s  flowing beneath t h e  ewface. Mate r i a l  damage i n  t h e  form of f i s a u r e s  
and c r a ske  r e s u l t s  from t h e s e  curref i ts .  Cor re l a t i on  of  l i g h t  e m i s ~ l o n  and 
r e t u r n  currefit  medsurements i n d i c a t e s  pldsma formation t a k e s  p l ace  du r ing  t h e  
i n i t i a l  s t a g e s  of t h e  breakdotm process .  The plnsnta formed provides  t h e  
necessary  conducting pa ths  f o r  d i s cha rg ing  t h e  sample. The bu re t  of high 
energy e l e c t r o n s  accounts  f o r  t h e  p o l a r i t y  of t h e  r e t u r n  cu r r en t  and provides  
a measure of t h e  sample d i scharge  time. 

Another s i g n i f i c a n t  f e a t u r e  is t h e  du ra t i on  of t h e  r e t u r n  cu r r en t  p u l s e  
which is  an e a e f l y  measured paratneter t o  d i s t i n g u i s h  betwezn two d i f f e r e n t  
d i scharge  processes .  Whefi a long du ra t i on  r e t u r n  c u r r e n t  pu l se  is observed, 
t h e  fol lowing d ischarge  c h a r a c t e r i s t i c s  are a l s o  presen t :  a )  p a r t i c l e  c r m i s -  
s i o n  c o n s i s t s  of a relat ive1.y long b u r s t  of h igh  energy e l e c t r o n s ,  b) t h e  
t o t a l  charge i n  t h e  r e t u r n  cu r r en t  p u l s e  i s  p ropor t i aha l  t o  t h e  i r r a d i a t e d  
a r e a  of  t h e  sample, and c)  t h e  l i g h t  emission i n d i c a t e s  a low-amplitude, 
long-duration pulse.. For a s h o r t  du ra t i on  r e t u r n  c u r r e n t  pu l se  t h e  fol lowing 
d ischarge  c h a r a c t e r i s t i c s  a r e  observed: a) p a r t i c l e  emission c o n s i s t s  of a 
r e l a t i v e l y  s h o r t  b u r s t  of h igh  energy e l e c t r o n s  followed by a l a t e r  near- 
n e u t r a l  pu l se  c o n s i s t i n g  of p o s i t i v e  iofis and e l e c t r o n s ,  b) the t o t a l  charge 
i n  t h e  r e t u r n  c u r r e n t  pu l se  is independent of  i r r a d i a t e d  $ample a r e a ,  and 
c )  t h e  l i g h t  emission is a l a r g e  amplitude s h o r t  pulse .  

I f  t h e  experimental  r e s u l t s  a r e  s o r t e d  accord ing  t o  t h e  time durakion of 
t h e  r e t u r n  c u r r e n t  pu l se ,  a meaningful i d e n t i f i c a t i o n  of  t h e  d i scharge  
c h a r a c t e r i s t i c s  emerges. , Cor re l a t i on  of experimental  p a r a n e t e r s  thereby 
gene ra t e s  s i g n a t u r e s  u s e f u l  i n  t h e  d e l i n e a t i o n  of t h e  va r tous  d i s cha rge  
processes .  - .  
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FIGUSE 8. OSCILLOSCOPE TRACES OF WiRADkY CUll i lbT:  
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(b) FARADAY CUP BIASED TO COLLECT POSIBUVE 
PARTICLES. 
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FIGURE 9. ENERGY DISTRIBUTION OF POSITIVE IONS 
MEASURE0 WITH THE RETARDING POTENTIAL 
aNALYZER. 
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