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Summary 

A 1000-megawatt peak-power l inea r  e lec t ron acce le ra to r  i s  required  f o r  the  injection of elec- 
t rons  into a thermonuclear  fusion exper imenta l  device ,  called the Ast ron,  which i s  now under const ruc-  
tion at  the  Lawrence Radiation Laboratory  i n  L i v e r m o r e ,  California.  The Astron will de te rmine  the 
feasibil i ty of an actual  power-producing fusion r eac to r  utilizing the pr inciples  of confinement and heat -  
ing of a p l a sma  by establishing a long rotating l aye r  of relat ivist ic e lec t rons .  

The l inea r  e lec t ron acce le ra to r  under construction i s  designed to produce a pulsed e lec t ron 
beam with an  energy of 5 Mev i0 .570 ,  a pulse  cu r ren t  of 200 a m p e r e s ,  with a pulse duration of 0.25 
psec and at  60 pulses  p e r  second. The acce le ra to r  will be of the induction type utilizing l a r g e  mag-  
netic cores .  Approximately 400 c o r e s  will be used and each one will contribute a minimum acce le ra -  
tion of 12,000 volts. 

The deta i l s  of the des ign and development of a l ine-type modulator used f o r  pulsing c o r e s  and 
capable of an  output peak power of 36 megawatts  will  be d iscussed i n  detail. A type 6587 and type 
5949A thyra t ron  w e r e  l i fe- tes ted  a t  32 kv,  2000 a m p e r e s ,  and 60 pps. Useful l ife i n  excess  of 1000 
hours  was obtained. In addit ion,  i t  was necessa ry  to develop co rona- res i s t an t  connectors f o r  th is  ap- 
plication. Life data  and final  design f o r  a sma l l  connector suitable f o r  operation a t  16-kv,  0.4-psec 
(7070 amplitude points) pulses  with 60-nanosecond r i s e  t i m e ,  and at  60 pps a r e  presented.  

Introduction 

A poss ib le  method to at tain the  long-sought 
goal of a controlled thermonuclear  reaction i s  to 
uti l ize 'high-energy e lec t rons  to produce magnetic 
confinement and,  simultaneously,  heat  the p lasma 
by t r a n s f e r  of some  of the e lec t ron energy to the  
p la sma  par t ic les .  

The ~ s t r o n l  thermonuclear  fusion exper i -  
menta l  device ,  which i s  now under construction 
a t  the Lawrence Radiation Laboratory  in  L ive r -  
m o r e ,  California,  will be used to de te rmine  if 
t hese  pr inciples  can be  utilized to make a power-  
producing fusion reactor .  A 1000-megawatt ,  l in-  
e a r  e lec t ron a ~ c e l e r a t o r ~ - ~  capable of producing 
a re la t iv is t ic  beam of e lec t rons  of high intensity 
and quality i s  required  to p e r f o r m  these  exper i -  
ments .  Table I l i s t s  the  specifications f o r  the 
accelera tor .  

Development of Core  Pulsing Requirements  

After considerable  study by the Physics  
Staff of the Lawrence Radiation Laboratory ,  i t  
was decided to  build all acce le ra to r  utilizing a 
bas ic  induction pr inciple ,  5-7 known f o r  many 
y e a r s ,  but neve r  before employed in  a pract ica l  
l i nea r  acce le ra to r .  This  basic principle i s  to u s e  
an  accelera t ing induction e lec t r ic  field genera ted  
by changing the magnetic flux i n  a fer romagnet ic  
ma te r i a l .  , This method i s  inefficient with low 
beam cur ren t s  because  of the ext remely  high ex- 
citing cu r ren t s  of known magnetic ma te r i a l s .  An 
efficiency approaching 107'0 may be realized in  
the  Ast ron acce le ra to r  when operating a t  b e a m  
cur ren t s  of 200 a m p e r e s .  An i n c r e a s e  i n  the 
number  of p r i m a r y  tu rns  affects the  input imped- 
ance ,  a s  in a pu l se . t r ans fo rmer ,  but r e su l t s  in  a 
corresponding stepdown of accelera t ing potential. 

TABLE I 

Accelera tor  Specifications 

Elect ron energy 5 Mev 
P e a k  b e a m  cur ren t  200 a m p e r e s  
P e a k  beam power 1000 megawatts  
Pu l se  length of i0 .570 f la t  port ion 0.25 psec 
Repetition r a t e ,  var iable  0 to 60 pps  
Energy sp read  (during the  pulse and/or f r o m  

pulse to pu l se ,  and a t  a var iable  ' 
repeti t ion r a t e )  i 0.570 

Beam d iamete r  -1 c m  
Beam quality < radian  - c m  

The Astron acce le ra to r  i s  designed8 to uti l ize 
' Work pe r fo rmed  under the auspices  of the  U. tape-wound, toroidal ,  doughnut- shaped,  magnetic 

S. Atomic Energy Commission.  c o r e s  with the  e lec t rons  accelera ted  through the 
cen te r  of the co re .  A one- turn  p r i m a r y  i s  used 



i n  o r d e r  to  keep the  sys t em voltage a s  low a s  
possible.  

The choice of magnetic ma te r i a l  vastly af -  
f e c t s  the c o r e  modulator requirements  because  
the  pulse pe.rmeability9 (a t  0.4 psec) can eas i ly  
v a r y  o r d e r s  of magnitude depending on ma te r i a l  
composit ion,  thickness of lamination,  and anneal - .  
ing methods.  

Many different ma te r i a l s  w e r e  t e s t e d l 0  and 
optimization s tudies  w e r e  rriade compar ing the 
combined cos t s  of magnetic ma te r i a l s  and pulse  
modula tor  s y s t e m s .  One-mil ,  50% nickel - i ron,  
tape-wound c o r e s  were  found to r ep reszn t  a r e a -  
sonable compromise .  The final  des ign u s e s  two 
s i z e s  of c o r e s :  The e lec t ron gun sec t io r~  uses  
for ty-f ive  18-inch ID X 33-inch OD X 1/2-inch- 
thick c o r e s ;  the eight acce le ra to r  sec t ions  (forty- 
eight c o r e s  each) use  384 8-inch ID X 24-inch OD 
X 1/2-inch-thick cores .  

The l a r g e  c o r e s  will  be pulsed to  16,000 
volts  and the s m a l l  ones to  12,000 volts. Under 
eptirnl-lrn cnnditinns this would yield a n  output of 
5.32 Mev,  however ,  bean1 loading cffects and var- 
ia t ions  of the  m a  ne t i t  p rope r t i e s  Lrtween coroc  
( a s  much a s  *30$) will reduce  the  output. 

The e lec t ron injection requirements  of the 
Ast ron dic ta te  that  a square-wave pulse voltage 

' be  developed a c r o s s  the secondary plates8 of the  
acce le ra to r .  The waveforms of Fig .  1 show t e s t  
r e su l t s  f o r  gun and acce le ra to r  co res .  The ap- 
pa ren t  c o r e  input impedance,  (p r imary  voltage/ 
input cu r ren t ) ,  i s  shown in  F ig .  2. These  data  r e -  
veal  the  need f o r  a modulator that can del iver  a 
constant  voltage a c r o s s  a l o a d  impedance that  v a r -  
i e s  approximately 4 to 1 during a 0.4-psec pulse.  

The c o r e  pulsing requirements  f o r  each 
type of c o r e  a r e  summar ized  i n  Table 11. 

s y s t e m  (500 kw now) would be  excessive.  
( c )  The s i ze  and c lose  l inea r  stacking of the  

c o r e s  c rea te s  a density packaging prog-  
l e m  f o r  the high-power pulse equipment 
needed. 

(d) The requirements  of 50 nsec  r i s e  t ime  
and a low j i t te r  of*5 nsec  a r e  formid-  
able t a sks  f o r  a pulsing s y s t e m  of this 
peak power and impedance level .  

The init ial  development work centered 
around hard- tube  modulators developed f o r  p e r -  
forming acceptance t e s t s  on the l a r g e  co res .  This 
equipment l l  utilized a Westinghouse Type. WX- 
4366 in  the final fitage and was  capable of an  out- 
put of 64 kv,  600 a m p ,  f o r  0.3 psec. The r e -  
qui red  ampere - tu rns  excitation was  obtained by 
using a 4- turn  p r i m a r y  winding. F o r  deta i l s  r e -  
f e r  to the bas ic  schemat i c ,  F ig .  3 and f o r  the 
t c s t  se tup,  F ig .  4. 

This type of modulator pe r fo rmed  ve ry  suc -  
cessfully.  Consequently, considerable effort was  
expended 111 Ll~e l.hcspc that  a dosigq applicable to 
th4 acce1era.t.ar c ~ u l d  be  evolved. 'I'he pr incipal  
advantages of ha rd  ti.ihes a r e  low j i t t e r ,  pulse 
shape control ,  low source  impedance re la t ive  to 
the  load impedance,  and possibly high efficiency. 
The l a t t e r  two i t e m s  a r e  most  significant whenthe 
load v a r i e s  a s  i n  the  c a s e  of magnetic c o r e s .  Var -  
ious tubcs w e r e  tes ted  and seve ra l  hard- tube  
modulator designs accomplished.  l 2  However ,  i t  
was  apparent  that  available modulator tubes would 
not be sa t i s fac tory ,  p r imar i ly  because  of cos t  and 
s i z e  p e r  megawatt  of switch power. 

Therefore ,  i t  became necessa ry  to consider  
the  application of a l ine-type modulator.  This type 
of modulator can be used  to d r ive  a low impedance 

TABLE XI 

Typical C o r e  Pulsing Requireme'fi~s 

.Accelera tor  
I t em Gun Core  Core  ' 

1. Peak p r i m a r y  voltage:' 16,000 volts 12,000 volts  
2. Peak input current': 4,500 amp 1,800 amp 
3. Peak power input" 70 Mw 21.6 Mw 
4. Maximum input impedance 12.5 R 17.5 R 
5. Minimum input impedance 2.9 R 6.0 n 
6. P r i m a r y  voltage r i s e  t ime  40 nsec  40 nsec  
7. Secondary voltage r i s e  t ime 40 nsec  40 nsec  
8. P r i m a r y  voltage f a l l  t i m e  60 nsec  60 nsec  
9. Secondary voltage f a l l  t ime 60 nsec  60 nsec  

10. Pulse  dura t ion ove r  *0.500/0 portion . 0.25 psec 0.25 psec 
: 'Measured a t  the end of the  0.25-psec flat  region of pulse 

Modulator D e v e l o p m g  

The c o r e  pulsing requirements  and the r e -  
qui red  gradient  of 20 to  30 kv/inch i n  the mag-  
netic m a t e r i a l  c rea ted  severa!. c r i t i ca l  design d i l  
l r ~ i - l ~ l ~ a s .  These  were:  

( a )  To  be  able to switch very  high c u r r e n t s  
into a n  impedance which v a r i e s  during 
the  pulse by 4 to 1 and a t  the  s a m e  
t i m e  malntaln aL l e a s l  1 l1/27o vol tage  
regulation a c r o s s  this impedance.  

(b) A reasonable efficiency i s  required  o r  
the  power demands  f o r  the complete 

and by the use  of conventional coaxial  t r ansmiss ion  
l inc  (RG-2 13/7-~) i t  was possible to locate the  equip- 
ment  any des i r ab le  d is tance  f r o m  the  co res .  Thus, 
i t  was poss ib le  to evolve a s y s t e m  des ign which a l -  
lowed the  positioning of the pulse equipment outside 
the  shield walls f o r  the acce le ra to r .  This  i s  obvi- 
ously a s t rong maintenance and t rouble-shoul i l~g ad- 
vantage because  observations can be made  during 
the acce le ra to r  operation.  The use  u1 coaxial  t rans-  
mi$  n i w t l  l i r ~ e j  nllou~o tho design of law inductance 
and shielded connections to  each c o r e  s t r ap .  The 
main  disadvantages.of the l ine-type modulator f o r  
this  application a r e  a relat ively high fixed source  
impedance,  j i t t e r ,  and los s  of efficiency caused 



by mismatches .  The choice of a thyra t ron was 
made because:  

(a)  The ionization t ime  requirements  a r e  
s h o r t e r  than 0.03 sec .  Size A igni- r t rons  w e r e  tes ted  3 and the shor t e s t  
ionization t ime  recorded was 0.5 psec.  

(b) Spark  gaps w e r e  el iminated because  i t  
was  believed the f a i lu re  r a t e  of 500 i n  
se rv ice  would be excessive.  

(c)  Magnetic switches9 w e r e  considered,  
but due to insufficient design informa-  
tion i t  was fe l t  a long development p ro -  
g r a m  would ensue.  

(d) Hard tubes would be too costly and 
bulky. 

A summary  of t e s t  r e su l t s  and comments  
about var ious  thyra t ron tubes i s  given in  Table 
111. This work concluded with the  choice of the 
type 5949A tube. 

The voltage droop a t  the c o r e  (load imped-  
ance) due to  the mismatch  between the coaxial  
t r ansmiss ion  l ine cha rac te r i s t i c  impedance and 
the c o r e  i s  el iminated by a pulse  shape r  located 
in  the output c i rcui t  of the  modulator.  However,  
the  f la tness  i s  obtained with a sac r i f i ce  i n  effi- 
ciency. The pulse shape r  can be adjusted to p ro -  
duce an approximate r a m p  voltage to  be  t r a n s -  
mitted to  the c o r e  ( s e e  block d iag ram Fig.  5). 
Secondary voltages f r o m  the c o r e  have been ob- 
served with a r ipple l e s s  than i 1/4% when the 
pulse shape r  i s  proper ly  adjusted ( see  Fig.  5).  

The output pulse i s  positive and i s  taken 
from the cathodc of tlio Ll~yrdtron. This technique 
improves  the  l ife of the  R G - 2 1 3 / ~  t r ansmiss ion  
l ines to the c o r e s  by a t  l eas t  an  o r d e r  of magni-  
tude. The peak pulse voltage on the output cables 
can be 18 kv under max imum output conditions 
and pulse shape r  adjustment.  The cable can 
withstand many t imes  (100 kv o r  m o r e )  th is  volt- 
age unde.r dc  o r  long r i s e  t ime  pulse conditions. 
However., under f a s t  pulse conditions, corona 
b u r s t s  occur  during the r i s e  and fa l l  of voltage 

and holes a r e  bored through f r o m  the  bra id  to the  
inner  conductor. l 4  

The minimum elec t r ica l  length of the t r a n s -  
mis s ion  l ines  to the c o r e s  i s  s e t  at  one-half the 
pulse width (130 feet)  i n  o r d e r  to prevent  ref lec-  
tions f r o m  a r r iv ing  back during the pulse.  The 
maximum length i s  l imited by'cable attenuation 
and will not exceed 200 fee t .  The pulse-forming 
network consis ts  of t h r e e  260-foot r e e l s  of RG- 
2 1 8 / ~  and one 130-foot length of R G - 2 1 8 / ~  to an  
isolating r e s i s t o r  which i s  connected to  the high- 
voltage charging power supply. 

The gun c o r e ,  a t  an  output of 16 kv, r e -  
qu i re s  th ree  t i m e s  the  peak power of the a c c e l e r -  
a to r  co re .  Three  modulators i n  pa ra l l e l  wil l  be 
used to power the gun c o r e  ins tead of using a dif- 
f e ren t  design modulator.  Refe r  to F ig .  5 f o r  the 
block d iag ram of the modulator and a simplified 
equivalent c i rcui t .  . 

Design F e a t u r e s  of the Modulator 

The final  design of the modulator s y s t e m  
consis ts  of the  pulse-forming network (PFN) 
charging power suppl ies ,  P F N ' s  i n  the  f o r m  of 
r ee l s  of ~ G - 2 1 8 / ~ ,  a switch c h a s s i s ,  t r igge r  
s y s t e m ,  pulse  s h a p e r ,  load cab les ,  and connec- 
tions to the c o r e  s t r aps .  The switch c h a s s i s ,  
which houses the  type 5949A thyra t ron  i n  a low 
inductance enc losu re ,  ( s e e  Fig .  6) i s  designed to  t 

plug into the P F N  and load cables.  The P F N  
cables a r e  charged to 32 kv by external  power 
supplies.  External  units  supply t r igge r  and c o r e  
r e s e t  b ias  pulses  to the switch chass is .  The tr ig- ' 

g e r  pulse i s  fed  through an adjustable delay and 
suitable gr id  isolation.  The c o r e  r e s e t  b ias  pulse 
i s  used to  d r ive  the c o r e s  into r e v e r s e  sa tura t ion 
i n  o r d e r  to obtain the max imum poss ib le  flux 
change. This pulse i s  fed  to the output cables 
through suitable isolation and i s  t ransmit ted  to 
the c o r e s  by the  load cables.  The switch chass i s  
has  a high frequency response  r e s i s t ive  at tenua- 
t o r  which i s  used to monitor the  cathode. 

TABLE 111 

Rise  
Time 
10 - 
90% 

nsec  - 
60 

Tes t  Results  of Thyrat ron Tube Testing (0 .4-psec  I 

Approx. 
Cost  in  
L a r g e  

Quantity 
$ 

2 1 

Circui t  
Imped- 

anc e 
Load f 
Source  
ohms 

10 

14.3 

8.3 
8 .3  
8.3 

14.3 

I 1 

Comments 

Did not a t  - 
tempt  h igher  
voltage 
Used a low in- 
ductance v e r -  
sion & p r e -  
aged at  35 kv 
Rise  t ime  long 
High cost/amp 
High cost/amp 
P r e f i r e  good, 
Low cost/amp 
h' - Kuthe 

Rating Tested  At: 

:: A - Kuthe 5C22; B - Kuthe 6587; C - Kuthe 1257; D - G E  GL7390; E - Kutf 
and Tung-Sol 5949A 

I 

Volts 
kv 

16 

32 

32 
32 
32 
32 

'B 
F a c t o r  
X10-9 

3.2 

3.2 

20 
3 0 
40 

6.25 

Volts 
kv 

16 

16 

33 
33 
33 
25 

1 I I I 

Peak 
C u r -  
rent  
amp 

1600 

2240 

3850 
3850 
3850 
2240 

Peak  
Cur -  
rent  
amp 

325 

325 

2000 
2000 
2000 

500 

Peak  
P o w e r  

Mw 

2.6 

2.6 

33 
33 
33 

6.25 

P e a k  
Power  

Mw 

12.8 

36. 

61 
61 
61 
36 

'B 
F a c t o r  
x 10-9 

1.5 

4.3 

7.4 
7.4 
7.4 
4.3 



The c i rcui t  details  will be discussed below. 

Switch Chass i s  (Fig.  7) 

Switch and Housing. The 5949A i s  mounted 
i n  an  inexpensive cas t  aluminum housing with f ea -  
t u r e s  to minimize  the inser t ion inductance. The 
housing a1 s o  reduces  tkie x - r a y  radiation f rum the 
grid-to-anode region that occurs  p r imar i ly  during 
the P F N  charging cycle. l 5  The r i s e  t ime  of the 
switch chass i s  into a termination consist ing of 
E P V A ~  ~ ~ - i l 3 / u  cables i n  parallel. h a s  been meas- 
u red  a t  0.05 psec f r o m  the iO cu 90% aiiiglitude 
points,  s e e  F ig .  8. Neglecting the ioni,zation 
' t ime ,  the inser t ion inductance i s  0.325 ph calcu- 
la ted  a s  follows: 

where  
T = r i s e  t ime  in  seconds ,  10 to 90% 

of amplitude 
= 0.05 psec ,  

Z, = charac te r i s t i c  impedance of 
charge lifie 

50 = - o h m s ,  
7 

L = 0.05 X X 2 X 50 
2.2 x 7 

= 0.325 ph. 

Grid  and Cathode Isolation. An unusual iso- 
lation dcsign i s  necessa ry  i n  o r d e r  to accomplish 
the following: 

(1) Allow a low-frequency r e s e t  pulse (200 
.psec long) to p a s s  to  the cathode, but 

, keep the fa s t  cathode pulse f r o m  being 
deter iora ted by thc  r e s e t  circuit .  

(2)  Allow the fas t  t r igge r  (0.3-psec square  . 
pulse) to appear  f r o m  ehe g ~ i d  to  oath- 
ode,  but not affect the cathode pulse. 

(3) In addition, supply hea te r  and r e s e r -  
voir  cu r ren t  v ia  c i rcui ts  that a r e  i so -  
la ted  f r o m  the  cathode sufficiently so  
as not to cause  excess ive  ripple on the 
cathode pulse. 

The hea te r  and r e s e r v o i r  isolation were  
solved by the use  of a specia l  f i lament transformer 
(T-1)  designed f o r  low secondary- to-pr imary ca-  
pacitance (80 p@ maximum) and the ability to 
withstand the cathode high-voltage pulse f r o m  
secondary to  p r imary .  This combination of r e -  
quire~r lents  resul ts  in a somewhat bulky, ineffi- 
cient transf urrner  , however ,  this i s  of l i t t le i m -  
por tance to this application. The addition of i s o -  
lating inductors i n  s e r i e s  with each fi lament lead 
could be  used to improve the re sponse ,  if needed. 

The choke L-2  was made by winding approx- 
imate ly  100 turns  of R G - 5 8 / ~ ~  on a 1-inch X 3- 
inch mandrel .  The t r igger  pulse i s  applied be-  
tween the inner  conductor and the braid.  It i s  
coupled to  the bra id  with a smal l  0.1 -)lf capacitor,  
C-2. This capacitor i s  a high impedance to the 
r e se t  pulse ,  which i s  applied between the bra id  

and ground. The output of the choke L-2  i s  con- 
nected a s  follows: inner  conductor to  the g r id  
(via choke L -  1 ,  which isola tes  the input t r igger  
line f r o m  a 30-kv spike that occurs  a t  the gr id  
when the anode-to-grid region f i r e s ) ;  and the 
bra id  to the cathode. Thus ,  the t r igger  pulse ap- 
p e a r s  satisfactorily f r o m  gr id  to cathode and the 
r e s e t  bias pulse cu r ren t  p a s s e s  through the bra id  
to  the cathode. The inductance of the bra id  i s  
sufficient to i sola te  the cathode f r o m  ground f o r  a 
pulse width of 0.4 psec. The inductance of the 
bra id  i s  about 200 ph. The t ime  constant,  l l / R - 2 5  
w d s  a c l  at 60 X i n - 9  whish l imlted L A  to 3.3 ph. 

A voltage develops between the grid and the: 
cathode due to t r ans fo rmer  coupling through L-2  
f r o m  the r e s e t  bias. This causes  some  variations 
i n  anode f i r ing o r  intermittent f ir ing.  In the final 
s y s t e m ,  the P F N ' s  will be pulse charged in  1 
~ l ~ i l l i s e c o n d  and  held a t  high voltage f o r  2 mi l l i -  
seconds before f i r ing the  switch chass is .  The r a -  
se t  b ias  can be  applied during the anode off t ime ,  
which eliminates any difficulty f r o m  the r e s e t  b ias  
feed-through to  the t r igger  circuit .  

Adjustable 'l'rigger Delay. Thc specifica- 
tions f o r  a t r igger  delay a r e :  

Delay t ime  pulse voltage 
Peak  pulse voltage 
Pu l se  duration 
Response 
Repetition ra t e ,  maximum 
Input impedance 
Output impedance 
Resolution 

0 to  105 nsec  
2500 volts 
0.3 psec 
20 nsec  
60 PPS 
50 ohms 
50 ohms 
5 nsec  

We w e r e  unable to procure. a commerc ia l  unit to  
meet  our  specifications. We adopted a design 
usin toggle switches and shor t  sections of RG- 
58ArLJ cable f o r  delay. Standard toggle switches 
w e r e  life tes ted and operated satisfactorily at the 
high pulse voltages. 

Cathode Monilor. The cathode monitor i s  a 
s imple ,  high- res is t ive  network designed f o r  100- 
to-1 attenuation into 50 ohms. In o r d e r  to obtain 
The r rqu i i cd  rooponse with minimum ringing, i t  
was necessa ry  to put the divider s t r ing inside the 
thyrat ron housing. In the f inal  design the r e s i s -  
t o r s  were  molded into the cathode support  in  order 
to save space and minimize  possible breakdown 
to ground planes 

Pu l se -Forming  Network 

The network requirements  f o r  each switch 
chass i s  a r e :  

P e a k  voltage 
Pu l se  width, 7070 amplitude 
Rise  t ime ,  0 to 100qo 
F a l l  t i m e ,  0 to 100qo 
Impedance 
Repetition ra t e ,  maximum 
F l a t  portion,  constant amplitude 
F l a t  portion,  minimum length 
Life a t  32 kv, 60 pps ,  minimum 

32 kv 
0.330 psec 
0.050 psec 
0.050 psec 
7.14 ohms 

60 PPS 
to * 0.25% 
0.3 psec 
10,000 hours  

Various typcs of pulse-forming networks 
w e r e  considered and an ear ly  decision resul ted  
i n  the use  of R G - Z ~ ~ / U  t ransmiss ion l ines.  This 
decision was made because of the following: 



(a) No known lumped-constant P F N  would 
do the job and i t  would be tirne consum- 
ing to procure  and t e s t  a new design. 

(b) The pulse cha rac te r i s t i c s  of R C - 2 1 8 / ~  
a r e  very  sa t is factory  and resul t  i n  low 
ripple and f a s t  r i s e  t ime. 

(c) Limited life t e s t s  at 32 kv had been pe r -  
fo rmed  with no fa i lures .  

(d) Short delivery. 
(e)  Low Cost. 
An ea r ly  decision was required i n  o r d e r  to 

complete the basic modulator design. The draw- 
hacks to the use  uf 2 1 8 / ~  were  the unknown life 
a t  32 kv, 60 p p s ,  and the difficulty of handling the 
500,000 feet  needed. Subsequent life t e s t s  have 
shown reasonably long duration,  however,  i t  i s  
apparent that a life l e s s  than 7,000 hours  will be 
attained. This i s  l e s s  than expected and a new 
design will be needed fo r  reliable operation a t  a 
sustained repetition ra te  of 60 pps. 

The physical handling of the cable has  been 
solved by winding the cable on ree l s  and connect- 
ing the ends to fixed plugs which a r e  mounted i n  
racks.  The cable reels  a r e  mounted on two plat-  
f o r m s  a s  shown i n  Fig.  9. Ample room has  been 
allowed s o  that defective reels  can be replaced. 

Connector Design 

Several  var ie t ies  of coaxial connectors 
w e r e  designed fo r  use  with R C - 2 1 3 / ~  and RC- 
2 1 8 / ~  a t  high pulse voltages. We fe l t  i t  was ve ry  
des i rable  tn avoid the use u1 u i l ,  however,  the 
smal l  spacings allowable created a severe  corona 
problem. The corona eventually deter iora tes  the 
polyethylene by boring through i t  and causing cat -  
astrophic breakdown. In a l l  of the R C - 2 1 3 / ~  con- 
nectors  a cylindrical  sleeve of i somica (si l icone 
bonded mica)  insulation was used to protect  the 
cable d ie lect r ic  f r o m  corona bombardment. This 

deterioration of surrounding metal  surfaces  and 
ultimately the connector must  be serviced by 
cleaning. 

Pe r fo rmance  Character is t ics  of the Modulator 

The performance specifications required of 
each modulator channel incorporating one switch 
chass i s  and terminated in  a res is t ive  load of 7.14 
(50/7) ohms a r e  l i s ted  in  Table IV 

Peak  Current  - 
The maximum cur ren t  demanded by the c i r -  

cuit ( s e e  Fig.  5) i s  

= 2070 amp. 

The modulator pe r fo rms  satisfactorily and does 
not appear  to be  approaching a maximum pulse 
cu r ren t  limitation. 

Hold-Off Voltage 

The anode voltage r i s e s  in  about 2 m s e c  (see 
Fig.  10) and the switch chass i s  a r e  f i red  about 1 
m s e c  af ter  the peak voltage i s  reached. The mod- 
ulator has  worked well up to 32 kv under such con- 
ditions. In o r d e r  to obtain such  p e r f o r m o i ~ c t  u ~ i  
29-kv tubes we have pre-aged the tubes. The 
aging p rocess  i s  a run-in t ime of 12 hours  a t  33 
kv. The optimum r e s e r v o i r  setting i s  determined 
during the aging process .  A 5 t o  1070 reduction of 
the manufacturer ' s  recommended r e s e r v o i r  s e t -  
ting aids in  voltage holding. However,  too much 
reduction reduces  the maximum r a t e  of r i s e  of 
anode current '  ( s e e  Fig .  11). 

has  worked satisfactorily and the connectors have 
been life tes ted a t  32 kv (actual use  will be a t  Peak Power  

16 kv) f o r  over 1,000 hours a t  60 pps. This de -  , The output i s  approximately 36 Mw and the 
sign prot'ects the polyethylene f r o m  corona,  how- modulator operates  satisfactorily.  We have not 
eve r ,  a f t e r  long use  a t  60 pps the corona causes  attempted to  make higher peak power runs.  

TABLE IV 

Peak power 
Output voltage 
Output cu r ren t  
Avera.ge power 
Load impedance 
Anode cur ren t  (average) 
Anode cur ren t  ( r m s )  
Pu l se  length (flat region) 
Rise  t ime (10 to 90%) 
F a l l  t ime (10 to 9070) 
Pu l se  repetition ra t e  
T ime  j i t ter  
Pulse- to-pulse  amplitude j i t ter  
Pu l se  ripple 

36 Mw 
8 to 16 kv 
1120 to 2240 amp 
680 watts 
50/7 ohms * 270 
0.054 amp 
11 amp 
0.3 psec 
50 nsec  
50 nsec  
0 to 60 pps 
*5 nsec  
* 0.2570 
* 0.2570 



Average Power  

Twelve t e s t  modulators have been run a t  an  
average power of 680 watts each,with a combined 
running t i m e  of over  10,000 unit hours .  The high- 
e s t  component f a i lu re  r a t e  was  due to conneclors.  

Anode Delay 

The anode delay i s  a function oi reper i t iu l~  
r a t e ,  peak c u r r e n t ,  anode voltage, t r igge r  voll-  
age ,  and possibly other things such a s  the ambient 
t empera tu re .  We have experienced var ia t ions  up 
t o  a maximum u1 40 nscc  during a 15-minute pe -  
riod a f t e r  changing the r e p e t i ~ i u ~ l  ~ a l ~  f r o m  10pps 
to  60 pps. (See Fig .  12. ) Similar  variations oc- 
c u r  when the anode voltage i s  challged froli-I 20 kv 
to  30 kv. The exact cause  of this effect has  not 
been determined although i t  i s  felt  that i t  i s  r e -  
la ted  to  gas  press i i re . that  may be changing due to 
inc reased  tube dissipation (heating) a t  higher c u r  - 
rcnts  o r  repeti t ion ra tes .  The anode delay v s  
t r igger  voltage i s  shown i n  Fig .  .13 and c lea r ly  in- 
d icatcs  excellent performance above 1700 volts. 

J i t t e r  

The j i t ter  i s  l e s s  than *2 nsec  with the ex- 
ception of the long- term dr i f ts  d iscussed above. 

P r e f i r e  Charac te r i s t i c s  

The l ife t e s t s  on the 6587 tube revealed a 
p r e f i r e  r a t e  of up to two p e r  hour  a t  32 kv, 60 p p s  
This would mean  an average of near ly  th ree  p e r  
second i n  a sys tem involving 500 tubes. The 
l a r g e r  s i ze  thyrat ron (Type 5949A) was chosenin  
hopes of reducing the p r e f i r e  ra te .  Subsequent 
testing showed that the  type 5949A has  an ins ig-  
nificant p r e f i r e  r a t e  a1 32 kv ,  using pulse  charg-  
i11g uf thc PFN's  p e r  Fig. 10. 

Output Pu l se  Charac te r i s t i c s  

R i se  t imes  of 50 nsec  (10 to  90%) have been 
real ized into a load impedance consist ing of sever1 
RG-21 3 / ~  cables  (7.07 nhms). This r i s e  t i m e  
could be  improved slightly by a lower  inductance 
coaxial  s t r u c t u r e ,  howcvcr , the t ~ h e  inductance 
will  ult imately be the m a j o r  limitation. This 
r i s e  t i m e  was  adequate f o r  our  purposes.  

Effects of Luad Shorts 

Th-e peak cur ren t  r i s e s  to  near ly  5,000 a m -  
p e r e s  if a shor t  o r  an a r c  develops f r o m  cathode 
to  ground. The tubes will operate  under condi- 
tions of random faults  and do not appear  to b e  
damaged. Under conditions of a continuous faul t ,  
our  exper ience has  been that o ther  components 
fa i l  before the  tiibe ( insula tor ,  o r  cables burning). 
However,  i n  some c a s e s  the tubes have been 
damaged by runnir~g sevcra l  seconds a t  the in -  
c reased  cur ren t  conditions. 

Life T e s t s  a t  28 kv, 60 pps 

Switch Tube. One type 5949A thyra t ronhas  
been life tes ted continuously a t  28 kv, 0.4 psec ,  
60 p p s ,  f o r  over  5,000 hours .  This pa r t i cu la r  
tube has  outlasted severa l  designs of connectors 
and mounting hardware .  Several  other type 

5949Ats have been used i n  excess  of 1,000 hours  
without failure.  Numerous tubes have been aged 
sa t is factor i ly  up to 100 hours  of life. 

PFN. Tests  on the P F N  cable r ee l s  reveal  -- 
an approximate M'I'BF of 5,000 lo 10,000 hours.  
In a sys tem of about 2,000 cable r e e l s ,  the fa i lure  
r a t e  may be  excess ive  a t  both high repetitiurl r a t e  
~ I I C ~  11igh P F P I  - , r o l t a g ~  Fnrtunately , a number of 
experirncnts can be c a r r i e d  out a t  lower repetition 
ra t e s .  A p rogram has  been initiated to  design an 
improved PFN.  

Annrle and Cathode Connectors. Various 
connecturs have bccn tes ted at a. peak voleage of 
30 lcv, 0.4 IJ,ser., 60 pps ,  and sa t is factory  opera -  
tion has  been attained in  excess  of 2,000 hours .  
In actual  p rac t i ce ,  the maximum pulse will be 16 
kv,  therefore  i t  i s  hoped this design will be suf- 

' 

ficiently re l iable  to operate  near ly  3,000 connec- 
t o r s  i n  the sys tem.  It i s  expected that a preven-  
t ive maintenance p r o g r a m  may be  required to 
c lean p a r t s  corroded f r o m  ozone. 

Conclusions 

As a resul t  of extensive testing and develop- 
men t ,  we believe the type 5949A hydrogen thyra-  
t ron  can be successfully used a s  the switching 
component of a 36-Mw modulator and operate  a t  

(a) four  t imes  rated peak cur ren t  (2240 
amp) , 

(b) f ive t imes  rated peak power (36 Mw), 
(c) twenty t imes  ra ted maximum a m p / p e c  

(50,000 amp/psec) 

and yield reasonable life of th ree  to five thousand 
hours  a t  60 pps , 0.4 psec pulse  width. 

The f o l l o w i ~ ~ g  individuals contributed a s  fol-  
lows: 
Initial test ing of 6587' tubes: D. 0. Kippenhan 
Hard-tube modulators:  K. Aaland, G. A. Reeser ,  

and B. M. Loth 
Life testing: H. M. Grallam 
F i l ~ a l  dcsign of the  switch chass is :  C. D. Nail, 

K. A. Saunders ,  and L. L. Steinmetz. 
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FIGURE CAPTIONS 

Fig. 1. Compensated core waveforms. Sweep 
speed 100 nsec/cm. 

Fi . 2. Input core impedance (primary volt- 
anofprimary current) vs time during voltage 
pulse. 

Fig. 3. Simplified schematic of hard-tube 
modulator used for  core testing. 

Fig. 4. Core testing setup with hard-tube 
modulator. 

Fig. 5. Block diagram of modulator system. 

Fig. 6. Switch chassis. 

Fig. 7. Schematic of switch chassis. 

Fig. 8. Waveforms of output of switch chassis 
terminated in a 7 . 1 4 4  load. 

Fig. 9. Installation of PFN reels and racks 
for  switch chassis. (Showing about 40% of the final 
system. ) 

Fig. 10. Waveform of pulse charging of PFN of 
modulator. Sweep speed 500 psec/cm, vertical 
sensitivity 10,000 volts/cm. 

Fig. 1 1. Waveforms of core output showing ef - 
fects of low reservoir settings. Sweep s eed 100 
nsec/cm. vertical sensitivity 7000 volt s A m .  

Fig. 12. Waveforms f rom eight switch chassis 
fired simultaneously showing variations in  anode 
delay caused by increasing repetition rate from 10 
to 60 pps. Sweep speed 20 nsec/cm. 

Fig. 13. Anode delay vs trigger voltage< 
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Fig.  1. Compensated core waveforms. Sweep speed 100 nsec/cm. 



Fig. 2. Input core impedance (primary v ~ l t a ~ e / ~ z i r n a r ~  current) vs time during voltage pulse. 



Fig. 3. Simplified schematic of hard-tube modulator used for  core t e ~  ting. 



Fig. 4. Core testing setup mcn na rd - tu~e  modulator. 
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Fig. 6. Switch chassis. 
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Fig. 7. Schematic of switch chassis. 



SWEEP SPEED: 5Onslcm 
TIMING FREQ: 1 0 0 m c  
appl ied t o  Hor i zon ta l  
Dsf l sc t i on  Platss 
~ O T  ROSS I* Technique 

SWEEP S PEED:100ns/cm 

Fig. 8. Waveforms of output of switch chass is  terminated in  a 7.14-52 load. 





Fig. 10. Waveform of pulse charging of P F N  of modulator. Sweep speed 
500 p e c / c m ,  vertical sensitivity 10,000 volts/crn. 



TOP TRACE: NORMAL RESERVOIR SETTING 5.1 V 
CENTER TRACE: 30 sec. AFTER CHANGING RES.TO 4.4 V 
BOTTOM TRACE: 2 m i  n. AFTER CHANGING RES.TO 4.4 V 

Fig. 1 1 .  Waveforms of core output showing effects of low reservoir set- 
tings. Sweep speed 100 nsec/cm, vertical sensitivity 7000 volts/crn. 
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Fig. 12. Waveforms from eight switch chassis fired simultaneously show- 

@ 
ing variations in anode delay caused by increasing repetition rate f rom 10 to 
60 pps. Sweep speed 20 nsec/cm. 



Fig. Anode delay vs trigger voltage. 
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