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ABSTRACT 

The performance of Spiral Generators operating at high out- 
put voltage is described. Generators employing castor oil impreg- 
nation are compared to those with air insulation. Tests on oil- 
insulated generators with output capacitance of about 1 nF indicate 

their high voltage capability is up to 1 MV. Generator failure at 
high output voltage appears to be caused, in part, by the initial 

dc charge voltage, thereby limiting the allowable stored energy. 

Recent preliminary data suggests this limiation may be overcome 
by including resistive paper in the generator winding. Also dis- 

cussed are switching techniques applicable to Spiral Generators or 
other sources requiring a low-inductance input switch. Solid- 
dielectric multich~,nel switches are found particularly suitable 

for Spiral Generators. 

* This work was supported by Naval Surface Weapons Center/ 
Dahlgren  L a b o r a t o r y ,  Dah lg ren ,  Vi rg in ia  22448. 

Introduction 

R e c e n t  d e v e l o p m e n t  w o r k  on s p i r a l - l i n e  g e n e r a t o r s  has  r e s u l t e d  in a c o m -  
pac t ,  h igh -vo l t age  capac i t i ve  s o u r c e  for  app l i ca t ions  whe re  low c o s t  and p o r t a -  
b i l i ty  a r e  p r i m e  f a c t o r s .  A s p i r a l - l i n e  g e n e r a t o r  I is  c o m p o s e d  of  a s t r i p  
t r a n s m i s s i o n - l i n e  wound into a s p i r a l  t h e r eby  f o r m i n g  a hol low cy l i nde r .  The 
two e l e c t r o d e s  a r e  i n su l a t ed  f r o m  one ano the r  with s o l i d - d i e l e c t r i c  f i lm;  an 
addi t iona l  f i lm  of d i e l e c t r i c  i s  inc luded  on the  ou t s ide  of the s t r i p - l i n e  to p rov ide  
t u r n - t o - t u r n  insu la t ion  as  shown in F i g u r e  1. The so l id  insu la t ion  is  w i d e r  than 
the c onduc to r  width to p rov ide  a r s a r g i n  which inh ib i t s  e d g e - t o - e d g e  b r e a k d o w n  
of the  conduc to r s .  In addi t ion  to th is  m a r g i n ,  the edges  m a y  be f u r t h e r  i n su l a t ed  
with l iquid o r  gas  of high d i e l e c t r i c  s t r e n g th .  

Dur ing  ope ra t i on ,  the s t r i p - l i n e  i s  dc c h a r g e d  be tween  10 kV and 50 kV. 
Then  the input  swi tch S 1 is  t r i g g e r e d  which i n v e r t s  the  e l e c t r i c  f ie ld  be tween  the 
s t r i p - l i n e  conduc to r s ;  the  e l e c t r i c  f ie ld  in  the  insu la t ion  be tween t u r n s  is  un -  
a f fec ted  by the swi tch  c l o s u r e .  The f ie ld  i n v e r s i o n  c a u s e s  the e l e c t r i c  f ie ld  
l i nes  to a l ign  rad ia l ly  t h e r e b y  crea t ing  h igh-vo l t age  be tween  the i nne r  and the  
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o u t e r  t u r n .  The  end of the  s t r i p - l i n e  oppos i te  the input  swi tch r i s e s  in vo l tage  

with a r a m p - l i k e  w a v e f o r m  unti l  peak  o c c u r s  a f t e r  two e l e c t r i c a l  t r a n s i t - t i m e  
along the  length  of the sp i r a l .  A s s u m i n g  no l o s s e s ,  th is  peak  is  2nV_., w h e r e  

1 
n is  the  n u m b e r  of t u r n s  and V. i s  the  in i t i a l  c h a r g e  vo l t age .  L o s s e s  r e d u c e  
th i s  vol tage  to a f r ac t ion  ~ of ~ e  idea l  ampl i tude .  In p r a c t i c e  ~ has  been  b e -  
tween  0.3  and 0 .5  for  g e n e r a t o r s  s tud ied  dur ing  th is  p r o g r a m .  

The output  capac i t ance  of the g e n e r a t o r  is  d e r i v e d  by se t t i ng  the  in i t i a l  
s t o r e d  e n e r g y  equal  to the output  e n e r g y ,  as  fo l lows.  

1 /2  C.V. 2 = 1 /2C V 2 . 
1 i 0 0 

r e s u l t s  in the fol lowing equat ion for  e f fec t ive  s o u r c e  Subs t i tu t ing  2 nV. for  V 
1 O 

capac i t ance :  
1 

C - C. 
o 2 I 

(2n) 

This report describes tests on two generator designs: a I nF source about 

i-1/2 ft. in diameter by 3 ft. in length and weighing about 150 ibs, and a 0. i 

nF  s o u r c e  about  10 in. in d i a m e t e r ,  1 ft .  long weighing  about  30 lbs .  

C o m p a r i s o n  of High Vol tage G e n e r a t o r s  

Sp i ra l  g e n e r a t o r s  can  be v iewed as  an a t t r a c t i v e  a l t e rna t i ve  to t r a n s -  
f o r m e r s  for  p rov id ing  vol tage  gain .  F o r  example ,  a Mar t i n  a u t o t r a n s f o r m e r  
i s  ba s i ca l l y  a sp i r a l  of c o p p e r  foil  with m y l a r  insu la t ion  be tween  the t u r n s ,  and 
aqueous  CuSO4~ i m p r e g n a t e d  into the windings  to g r ade  the foil  edges  • To a t -  
ta in  vol tage gain  f r o m  a t r a n s f o r m e r ,  e x t e r n a l  dc e n e r g y  s t o r a g e ,  as  in a 
c a p a c i t o r  o r  c apac i t o r  bank,  is  r e q u i r e d  to d i s c h a r g e  into the  p r i m a r y .  On the  
o the r  hand,  the s p i r a l  g e n e r a t o r  u t i l i zes  a p a i r  of c o n d u c t o r s  fo r  both  dc e n e r g y  
s t o r a g e  and fo r  c r e a t i n g  h igh -vo l t age .  T h a t  is  one of the m a i n  r e a s o n s  the 
sp i r a l  g e n e r a t o r  has  po ten t ia l  as  a h igh ene rgy  p e r - u n i t - v o l u m e  and p e r - u n i t -  
weight  s o u r c e .  However ,  use  of  the windings  fo r  in i t ia l  dc c h a r g e  p r e v e n t s  the 
u s e  of aqueous  CuSO 4 as  an edge g rad ing  m e d i u m ;  t h e r e f o r e ,  an a l t e rna t i ve  
such as  r e s i s t i v e  p a p e r  or  p l a s t i c  is  r e q u i r e d .  Aqueous  CuSO,  i s  an e x c e l -  
l en t  g rad ing  m a t e r i a l  b e c a u s e  of i t s  e a s i l y  c o n t r o l l e d  res i s t iv i ty=and  i ts  
ava i lab i l i ty ,  in c o n t r a s t  to p a p e r  o r  p l a s t i c  f i l m s .  

C o m p a r e d  to Marx  g e n e r a t o r s ,  s p i r a l  g e n e r a t o r s  sha r e  a c o m m o n  

advantage  with t r a n s f o r m e r s :  a s ing le  i npu t - swi t ch  is  r e q u i r e d  to in i t i a te  the 
h igh -vo l t age  output  wave fo rm.  In c o n t r a s t ,  M a r x e s  r e q u i r e  mu l t ip l e  swi t ches  
which tend to i n c r e a s e  r e l a t ive  s ize ,  weight  and complex i ty .  However ,  the 
edge - in su l a t i on  p r o b l e m  tends  to be m o r e  s e v e r e  when the full  g e n e r a t o r  vo l tage  
a ppea r s  a c r o s s  a s ing le  winding,  as  in s p i r a l  g e n e r a t o r s  and t r a n s f o r m e r s ,  
c o m p a r e d  to a f r ac t ion  of full vol tage  a c r o s s  each of a nurnber  of s m a l l e r  
windings  as  in Marx  g e n e r a t o r s .  T h e r e f o r e ,  for  sp i r a l  g e n e r a t o r s  to be u sed  
to full  advantage ,  ca re fu l  insu la t ion  of the foil edges  is  e s s e n t i a l .  
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Air-Insula ted Spiral Generators  

Ear ly  spiral  genera tor  tests at MLI util ized ambient a i r  as an edge g rad-  
ing medium.  These genera tors  had about i nF output capacitance and about 40 
turns.  Figure 2 shows a typical 1 nF generator  equipped with a multicb~nnel 
gas input-switch for operation between 15 kV and 30 kV dc charge.  Also shown 
is a 1 MV gas output-switch positioned along the genera tor  axis. The output 
switch insulates the load from the genera tor  during the slow r is ing erect ion 
waveform. When the des i red  voltage is reached the output switch se l f -c loses  
providing a fast r is ing waveform to the output load. The load impedance is 
connected between the spherical  corona shield and the outermost  turn of the 
generator .  When output voltage in the 600 kV range was a t~ ined ,  surface 
tracking occur red  which shor t -c i rcu i ted  the generator  output. In general ,  
these t racks  extended from the inner  to the outer foil edges but did only super -  
ficial damage to the my la r  insulation. The genera tor  was capable of repeated 
operation at or  near  the voltage at which tracking occur red .  

In these a i r - insula ted  genera tors  the initial dc charge voltage was also 
l imited by surface tracking. A margin  size of about 6 inches was required to 
hold ~ 25 kV dc, thereby l imiting the initial energy storage in a genera tor  with 
given marg in  size. In light of the experience in air ,  al ternative edge insula-  
tions were  sought to increase  both the initial charge energy density and to 
permi t  higher  output voltage without surface tracking problems.  

Foi l -Edge Breakdown 

Scaled breakdown experiments  were  per formed which simulated the edge 
field which occurs  in spiral  genera tors .  Disk samples,  as shown in Figure  3, 
were  tested in a i r ,  SF6, and cas tor  oil using rea l is t ic  waveshapes with peak 
voltage to about 250 kV. As shown in the data summary  of Figure 4, the cas tor  
oil i m m e r s e d  s~rnples had the highest  breakdown strength which motivated the 
use of cas tor  oil as a generator  impregnant.  

Oil-Insulated Spiral Generators  

Generators  were  tested with 1-1/2 ft. d iameter  and 3 ft. overal l  length 
(2 ft. foil width). They were  wound from two 10 mil  conductors,  insulated with 
10 rail mylar ,  and vacuum impregnated with cas tor  oil at a tempera ture  of about 
150°F. The test  setup is shown in Figure 5 and a typical output voltage in 
Figure 6. They were  capable of repeated operation at  about 700 kV. When they 
were charged to higher voltage, 1 MV peak voltage was attained. Due to the 
1 MV shot, however,  edge fialure occur red  preventing subsequent charge.  

Experiments were  also conducted with 1 f t . ,  30 lb. genera tors  to a s sess  
methods of reducing genera tor  weight. The main contributor to weight is the 
foil. Generators  with reduced foil thickness were tested for their  maximum dc 
charge and output voltages. For ty- turn  generators  were  wound which were  8 in. 
d iameter  and one foot long with output capacitance of about 100 pF. The tests 



IIIC9-4 

showed 5 m i l  foil t h i cknes s  r e d u c e d  the a l lowable  dc c h a r g e  vol tage  f r o m  about  
30 kV to 25 kV and c o r r e s p o n d i n g l y  r e d u c e d  peak  output  vo l tage ,  even  when spec i a l  
c a r e  was  taken  with the foil  edge .  If th is  m a x i m u m  w e r e  e x c e e d e d  the insu la t ion  a t  
the  foil  edge would fail  du r ing  the  t i m e  the  g e n e r a t o r  was  be ing  dc c h a r g e d .  

Convent iona l  edges  a r e  b u r r e d  du r ing  m a n u f a c t u r e .  On spec i a l  o r d e r ,  foi l  
with f u l l - r a d i u s  edge and with p r e c i s i o n  c u t  b u r r - f r e e  edge was  obta ined.  Exper i -  
m e n t s  showed the edge qua l i ty  had  no s ign i f i can t  e f f ec t  on peak  de c h a r g e  vo l tage  
o r  peak  output  vo l tage .  

DC Charg ing  Ef fec t s  

G e n e r a t o r s  with 2 ft.  foi l  width w e r e  c o m p a r e d  to those  with 6 in.  foil  width  
when foil  and f i lm t h i c k n e s s  (10 rail  each) w e r e  he ld  cons t an t .  In each  c a s e ,  a 
m a ~ m u m  dc c h a r g e  vol tage  of  about  30 kV was  obta inable .  Above tha t  va lue ,  i n -  
su la t ion  fa i lu re  at  the foil edge o c c u r r e d  p r i o r  to t r i g g e r i n g  the  i n p u t - s w i t c h .  
M a x i m u m  output  vo l tage  was d i f f e r en t  in two c a s e s ,  the g e n e r a t o r s  with foil width 
of 2 ft .  e r e c t e d  to 1 MV, those  with 6 in.  foil  width,  e r e c t e d  to N 600 kV, ye t  
both su f f e r ed  edge f a i lu re .  This  sugges t s  the  edge d e s t r u c t i o n  was  c a u s e d  by the  
dc cha rge  of the g e n e r a t o r  and tha t  r educ t ion  of the f ie ld  a t  the foil  edge can  in-  
c r e a s e  ope ra t i ng  vol tage .  Sea rch  fo r  an e d g e - g r a d i n g  m a t e r i a l  r e s u l t e d  in a 
r e s i s t i v e  pape r  of 10 ~ / s q u a r e  r e s i s t i v i t y .  The p a p e r  was  wound into the 
g e n e r a t o r  so  tha t  each foil  was  sandwiched  be tween  two s h e e t s  of  p a p e r .  

P r e l i m i n a r y  e x p e r i m e n t s  on t h r e e  g e n e r a t o r s  with 6 in. foil  width,  5 rai l  
t h i cknes s ,  and 10 m i l  m y l a r  t h i ck n e s s  ind ica te  they  now can a c c e p t  a 50 kV dc 
cha rge  ( compare  to 25 kV wi thout  r e s i s t i v e  paper )  and e r e c t  to 1 MV. The 5 k V /  
,n i l  dc s t r e s s  i s  p robab ly  app roach ing  the  m a x i m u m  m y l a r  can sus tk in  wi thout  
b reakdown.  The MV output  c a u s e d  t h e s e  g e n e r a t o r s  to unde rgo  edge f a i l u r e  
which ind ica te s  the  p a p e r  r e s i s t i v i t y  was  too high to g r ade  the foil  edge for  opera -  
t ion in the m e g a v o l t  r ange .  The cho ice  of 10 ~ / s q u a r e  r e s i s t i v i t y  was  m a d e  on 
the ba s i s  of ava i lab i l i ty  a l though ca lcu la t ions  ind ica t ed  l ower  va lues  would p r o -  
v ide  b e t t e r  f ie ld  r e l i e f  wi thout  in t roduc ing  no t i ceab le  r e s i s t i v e  loss ;  op t imiz ing  
this  r e s i s t i v i t y  can r e s u l t  in s ign i f i can t  i m p r o v e m e n t  in g e n e r a t o r  p e r f o r m a n c e .  

input -Swi tch  

To m a ~ r n i z e  output  vo l tage  f r o m  a given g e n e r a t o r ,  the input  swi tch  r i s e -  
t ime  L / Z  m u s t  be about  one - t en th  the double t r a n s i t - t i m e  of  the  sp i r a l .  F o r  
e~nrnple,  a typica l  s p i r a l  len~olh was 125 ft. (400 ns double t rans i t - t lvne)  and the 
input  i m p e d a n c e  of a 2 ft.  wide l ine in su la t ed  with 0 .010 in. m y l a r  i s  0 .1  ~ .  The 
swi tch induc tance  should  be l e s s  than 5 ni l .  To a t ta in  this  low induc tance ,  gas  o r  
s o l i d - d i e l e c t r i c  m u l t i c h a n n e l  swi tches  can  be used .  Much of the p r e s e n t  w o r k  
emp loyed  s o l i d - d i e l e c t r i c  swi t ches  b e c a u s e  they can  o p e r a t e  a t  any d e s i r e d  input  
vol tage  of i n t e r e s t  be tween  5 kV and 50 kV o r  h ighe r ,  s imp ly  by va ry ing  m y l a r  
t h i cknes s .  This  range  cannot  be ob ta ined  with a s ing le  ra i l  gap.  With sol id  
swi tches ,  se tup sho t s  w e r e  f i r ed  a t  low vol tage  wi thout  r i s k  of  g e n e r a t o r  d~rnage.  
Fi~o~re 7 shows a d i a g r a m  of the s o l i d - d i e l e c t r i c  swi tch .  
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Summary 

The high-voltage capability of spiral-Hne generators  has been increased to 
the point where generators  may be operated up to a megavolt with del ivered 
energy in the ldlojoule range. These high-voltage generators  require  castor  
oil impregnation and resis t ive paper to provide edge-grading. The develop- 
ment  work included sol id-dielectr ic  switching enabling the required pe r fo rm-  
ancc to be obtained in a compact and lightweight system. 
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Figure 1. State of Spiral Generator 
at t = 1 /2v .  

Figure 3. Photograph of Typical Foi l /  
Mylar Laminate with 
Surface Track. 

Figure 2. Photograph of Spiral Generator Pr io r  to 
Impregnation with Castor 0i l .  The Input 
Gas-Dielectric;  Rail Switch is 1 ft Long. 
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