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PERFORMANCE TESTS AND LIFE DATA OF  THE 36-MEGAWATT \ 

MODULATORS DEVELOPED FOR THE ASTRON 1000-MEGAWATT. 
1 
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Vernon L. Smith 
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Livermore,  California 

Summary 
. . 

A 36-megawatt modulator, utilizing a Type 5949A hydrogen thyratron 
has been developed to pulse magnecic cores  used in the 1000-megawatt peak- . 
power Astron linear electron accelerator .  The accelerator will be used for 
the injection of electrons into a thermonuclear fusion experimental device, 
called the Astron, which i s  now under construction at the Lawrence Radiation 
Laboratory in Livermor e,  California. , 

The type, 5949A hydrogen thyratron i s  run at 32 kV, 2500 amperes  peak 
current  (5X 'rating), 0.4-psec pulse length, and at 60 pps. The system re\- 
quires 500 thyratrons operated, in parallel which r e s u 1 t s . b  a peak-powe'r 
output of over 15, 000 megawatts. 

Data will be presented on the following subjects: 
A. General description of the accelerator and modulator. 
B. Performance tes ts  of the 36-MW modulator. 

1. Peak current  , 
2. Hold-off voltage and tube aging procedure. 
3. Peak power . 
4. Average power. 
5. Trigger characteris t ics .  
6.' P re f i re  characteris t ics .  
7. Output pulse shape. 

C. Life data of the 36-MW modulator operated at 28 to 32 kV, 60 pps. 
1. Switch tube, Type 5949A, used a t  2500 amperes  peak. 
2.  Pulse-forming network (RG-218/u a t  32 kV). 
3. Load cables,  ~ ~ - 2 1 3 / ~ .  
4. Connectors. 

A possible method to attain the long- sought goal of a con t ro l l ed ' the rmo~ . 
nuclear reaction i s  to  utilize 'high-energy electrons to produce magnetic 
confinement and, .  simultaneously,, heat the plasma by transfer  of some of the 
electron energy 'to the plasma' particles.  

The ~ s t r o n l  thermonuclear fusion experimental device, (see Fig~++l .'. & . ..; . .., .. . , . 
2 )  which i s  now under construction a t  the Lawrence Radiation Laboratory' In . : 
Livermore,  California, will be used to determine if these principles can be . a  

.. - . utilized to make a power-producing fusion reactor.  A 1000-megawatt, linear 
.. . 
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-. . . . 
e lec t r  Gn. acc e lera tor2  y4 capable of prod,ucing a r elativiit ic ,beam of el&ctrons 

' 

of high: intensify and quality i s  r equ i red to  the&,=:; . . . .  &cpetixiients~ ' 
I, . .  . . . . .  , . Table I' l ists.  the specifications for  the .a,cceSerator. :. . ' " 

, , . . i: . . t . ,  ', 4 ' .  , . . . . ;: ,.;::j;i! .' . . . . . .  , 
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. I  . 3 .  . ,  . . .,.:.._ TABLE 'I . . . $ ::,. ... . , .  ' .  
. : '  ,:,::,;;.* . . .* .... . . ~ c c e l k r i t o r  ~ ~ e c i f i c a t i o i s  : .:, . . . _ ( . ,  :) . . . 

. . . . . .  ' . . *  .- . . . : h  . . .  . . . . 
? 
. , ... 

. 5 MeV , .  . ~ l e c t r b n  energy . .-. , ' ! :. 

, 200 amperes. '  ' ... Peak beam current  , , .  . . ...... 
.... Peak beam power ; 1000 megawatts;. ,..;:.- . :-, . , . 

. . :i: 

' . Pulse length of ~ 0 . 5 %  flat portion ' ' . '0.25 psec .': 
.;,: . ';2; 
. . .  
,.., '> : . . , . . . . . . , O to 60 pps. :."*, : . ' . Repetition ra te ,  variable I . .. , .  . ,Energy spread (during the pulse and/or '  , . . , .  

. . .  . - .  , . I  . . . . .  , , f rom pulse to pulse, and a t  a , :  , .: - .... 
, .) . , . . variable repetition ra te )  *0.570 . . , . .  .. a. . . I . . ~ e a m  diameter  -1 ,cm . . , . , ,  ,- . : , .  *.;:;.. i; . . .  .. . ' ....... , . 

,>;. . 
. . .  Beam quality < 10'-2 radiag:."'.;,,'cm~ ' .  , . 

Developmcnt of Core Pulsing ~ e ~ u i r ' e m e n t s  . . 
. . 

1 . .'. . . r .,,I. 

After considerable study by the Physics Staff of the Lawrence Radiation . ., 
; ;$$: 

Laborator , it was decided to build an accelerator .utilizing a basic induction <::z: ;:., .,, 'C ,. . , .:$.;j ........ principle,  3-7 known for many yea r s ,  but never before employed in  a practi-  ...... :: . .;,.,:.: .... .>,.:;. ..: . . . . . . . .  cal  l inear  accelerator .  This basic principle is  to use an accelerating , 
,-,>; ..... . . . . .  +: i 

induction electric field generated by changing the magnetic flux in a fer ro-  
% ,.-. ... .......... ..+ A:... 

magnetic material .  This method i s  inefficient with low beam currents  b'ecause . 
' . .ul . . 2.: 

. . 
of the extremely high exciting currents  of known rnagnetic ma t e r i a l s , :  A n  
efficiency approaching 1070 may be realized in the Astron accelerator  whe1-i.. . .  : . . L operating at beam currents  of 200 amperes .  An increase  in  the r iqber .of , , : ; : . .  .: . 
pr imary  turns affects the input impedance, a s  in a' pulse transfoi-mer, ' ~ u t ? :  a';. ..< ..'...:.?$;.. ..:. .; . 
resul ts  in  a correspond'ng stepdown of accelerating po t e~ t i a l .  The Astr3@.",.: . ,..r:.s.~...,..5:-; ...:G-C .:: 
act elerator  i s  designedB to utilize tdpe-wound, toroidal, doughnut-shaped ;'i;"-..::ii-i:,i':i' . s ,:= . 

-5 magnet& cores  with the electrons accelerated through the center of the core.:'. ...?:~C;L;,,. c:; :. <;.:-! Figur,e 3 i s  a diagram of the principle using axial symmetry in the c'ore .: . : . ': .. . . ,..,.: ;.;:' 
mater ia l .  A one- tu rn  pr imary i s  used in order  to keep the system' voltage  as‘.:-:-^^^:^:',^.^:::.^;.' ,., .'.. ..:: ...... 

?: low a s  possible. This resul ts  in a one-to-one pulse t ransformer  and a large:, ...!$>.$'?,.. . . .  .... . . . . . . . . . . . . . .  J.. 

number of co r e s  (429) a r e  needed in s e r i e s  to obtain the required output , . - - ' .  :. :'-. . . . .  :::: ....,, #..(.'.:-.: . . . .  .:. ..: . ... . '. . .'...'..<.. ........ energy. . > .  . . . _ . . . .  .._. . "...: . . . .  < ... :::. .:,:. 
, - ";'.. The choice of magnetic mater ia l  vastly affects t h e  core  modulator r : ? ~  . . . . . . .  ..:: 1::. .:.:. :.:,,;,: . 

. . . . quirements because the pulse permeability9 (at 0.4 p e c )  can easily vary ':.:..-.. ';;::-I: . ::. . . . . . .  "-: .::.-. .' 
....... o rde r s  of magnitude depending on mater ia l  composition, . . thickness of lamiza-:'.:;::,:; .......... :... . 

. . . . . . .  tion, and annealing methods. . .. 10 , l l  > ;," . '. .- .- Many different mater ia ls  were  tested and 'optimization studies * ' -  . . . -  . .- - 
. . .  were  made comparing the combined costs of magnetic mater ia ls  and pulse 

. ., . -. .,. ':-. 

modulator systems.  One-mil, 5070 nickel,-ir.on, tape-wound cores  were  found ,.,t:;' 

to  represent  a reasonable compromise. The final design uses  'two s izes  of . . ; . . . . .  ... : 

. . . .  ' co re s :  The electron gun sectirja uses  forty-five 18-inkh,i.d. X 33-inch ..., ' .. . ,:$"., Y;! .-,!;.; o. d .  X lh - inch- th ick  core's; the eight accelerator  sections (4.8 cores  ,each) ' ;..-~..!+i+y;.; .. . . , .. .; .. .:-. use  384 eight-inch i. d .  X 24-inch o. d. X 1 /2-inch-thick cores .  See Fig. 4 ....... .-::. \.*..,: ,;:7 
for a side view of the complete accelerator .  :. :: .. ::, ..+&:;; .a,.<: 

Thc large  cores  will be pulsed. to  16,000 volts and the' small  ones  to ' 

12, 000 volts. Under optimum conditions this woqld yield.an qutput of 5.32 
MeV, however, beam loading effects and variations ofthemagnetic  propert ies .  , ',<:; . . . 

,':.iti. between cores  . (as  much a s  *30%) will reduce'the outpi~t. 



The electron injection requirements of the ~ s t r b n  dictate that a square- 
wave pulse voltage be developed ac ross  the secondary plates12 of the 
accelerator .  The waveforms of Fig. 5 show tes t  resul ts  for gun and accel- 
erator  cores .  The apparent core  input impedance (primary voltage/inp,ut 
current)  i s  shown in Fig. 6 .  These data reveal the need for a modulator that : 
can deliver a constant voltage ac ross  a load impedance that varies  approxi- 
m a t e : ~  4 to 1 during a 0.4-psec pulse. 

The core  pulsing requirements for each type of core  a r e  summarizedin  , 

Table 11. 

TABLE I1 
Typical Core  Pulsing Requirements For  a Single Core  I 

Accelerator 
It em Gun Core  Core 

1. Peak pr imary voltage xC  16,000 volts 12,000 volts 
2. Peak input current  4,500 amp .1,800 am2 
3. Peak power input ':< 72 MW 21.6 M W  
4. Maximum input impedance 12.5 ohm ' 17.5 ohm , I  

6.0 ohm 5. Minimum input impedance 2.9 ohm 
' 6. P r imary  voltage r i s e  t ime 40 nsec 4 0 n s . e ~  ,.' ' 

1 

40 nsec 1 . 7 .  Secondary voltage r i s e  t ime 40 nsec 
8. P r imary  voltage fall t ime 60 nsec 60 nsec I 

60 nsec 60 nsec I 9. Secondary voltage fall t ime 
10. Pulse duration over *0.50% portion 0.25 psec ' 0.25 psec 

:% Measured at the end of the 0.25-psec flat region of pulse 

Description of Overall System 

Discussion of System Requirements 

A detailed review of core  pulsing requirements reveals the need for a 
pulsing system capable of a peak power input of approximately 13,530 mega- 
watts to the cores .  The system chosen employs 5 19 line-type thyratron 
circui ts ,  each one capable of 36 megawatts peak power with a combined peak 
power output of about 18,600 megawatts. There a r e  unavoidable mismatches 
that resul t  in losses  which account for a peak power capability in excess of 
the core  requirements.  The system cu ixe l~ t  rate uf r i s e  is approximately 
1,000,000 amperes  in 40 nsec or  25 X 10 amp/psec a t  a maxim- repetition 
ra te  of 60 pps. 

The timing of the 519 thyratrons has to be held very precise because 
variations of anode delay will reduce available pulse width. 

The Project  schedule and budgetary considerations did not allow an  I 

extended research and development invesf igation. Therefore, the system was 
designed with existing corilr~larcial products. 

A basic modulator channel, utilizing a Type 5949A hydro'gen thyratron a t  
five t imes  rated peak current ,  was developed. The major  problem has 
centered around the construction and operation of a system of over 500 
thyratrons in  parallel with stringent reliability and timing considerations. 

A summary of tes t  resul ts  and comments about various thyratron tubes 
i s  given i n  Table 111. This work concluded with the choice of the Type 5949A 
tube. 



TABLE 111 - 
Test. Results of Thyratron Tube Testing (0.4-psec Pulse)  

Circuit  
Rating Tested At: Irnped - Rise Approx. 

anc e Time Cost in  
Peak Peak P~ Peak Peak P~ Load + 10 - ' Large 

Type Volts Current  Power Factor  Volts Current  Power Factor Source 90% Quantity 

- - MFG. No. kV a m p  MW ~ 1 0 - 9  k~ a m p  M W  Y 10-9 ohms nsec $ Comments 

16 10 60 Kuthe 5C22 16 ,325 2.6 3.2 1600 12.8 1.5 21 Did not 
attempt 

< .  higher 
voltage 

Kuthe 6587 16 ' 325 2.6 3.1 32 2240 36 4.3 14.3 40 - 40 Used a low 
inductance 

I . .  
version & 

e preaged a t  
D 3 5kV 

Kuthe 1257 33 2000 3 3  20 32 3850 61 ? .4 8.3 1.00 600 Rise t ime 
long 

G E  GL7390 33 2000 33 30 32 3850 61 7.4 8.3 25 1200 High cos t /  
a m p  

Kuthe KU-74 33 2000 33 40 32 3850 61 7.4 8.3 . 25 1200 High cos t /  
amp 

Kuthe 5949A -25 500 6.25 6.25 32 2240 36 1.3 14.3 45 60 Pre f i r e  
& Tung- good, Low 
sot  cost/amp 

C 



The voltage droop at the core (load impedance) due to the mismatch 
between the coaxial t ransmission line characteris t ic  impedance and the core  
i s  eliminated by a pulse shaper located in the output circuit  of the modulator. 
However, the flatness was obtained with a sacrifice in  efficiency. The 
pulse shaper can be adjusted to produce an.approximate r amp  voltage to be 
transmitted to the core  (see block diagram, Fig. 7). Secondary voltages 
from the cores  have been observed with a ripple l e s s  than *1/47o when the 
pulse shaper i s  properly adjusted. 

, The output pulse i s  positive and i s  taken from the cathode of the 
thyratron. A positive pulse improves the life of the ~ ~ - 2 1 3 / ~  transmission 
l ines to the cores  by at least  an  order  of magnitude greater  than when a 
negative pulse i s  used. The peak pulse voltage on the output cables can be 
18 kV under maximum output conditions and pulse shaper adjustment. The 
cable can withstand many t imes  (100 kV or  more )  this voltage under dc o r  

I 

long r i s e  t ime pulse conditions. However, under fast pulse conditions, I 

corona burs t s  occur during the r i s e  and fall oryoltage and holes a r e  bored 
through from the braid to the inner conductor. 

The n~inirnum electr ical  length of the t ransmission lines to the cores  
i s  set  at one-half the pulse width (130 feet) in o rder  to  prevent reflections 
from arr iving back during the pulse. The maximum 'length i s  limited by 
cable attenuation and will not exceed 200 feet. The final design utilizes 170- 
ft lengths. The pulse-forming network consists of three 260-ft r ee l s  of 
R G - 2 1 8 / ~  and one 130-ft length of R G - 2 1 8 / ~  to an isolating res i s to r  which 
i s  connected to the high-voltage charging power supply. 

The gun core ,  a t  an output of 16 kV, requires th ree  t imes  the peak, 
power of the accelerator core.  Three modulators in paral lel  will be used to 
power the gun core  instead of using a different design modulator. 

Detailed Description of System Under Construction 

A simplified block diagram of the modulator system i s  shown in Fig. 7. 
The PFN's  consist  of three 260-foot and one 130-foot ree ls  of RG- 

2 1 8 / ~  (see Figs.  8 and 9 )  per modulator channel. There will be over 2000 
ree l s  in  the final system and Fig. 10 shows nearly half of the final installa- 
tion. 

The PFN's  a r e  charged by a pulse charging system of four 125-kW 
power supplies. They a r e  charged up in approximately 2 milliseconds and 
discharged about 1 millisecond la ter  (see  Fig. 11). A de-Q'ing circui t ,  14 . 

plus hard-tube regulation, i s  used to obtain the *1/470 regulation needed. 
The power supplies a r e  s t i l l  under construction, and, therefore, a r e  not 
reported on in detail. 

Each switch, the Type 5949A thyratron, i s  mounted in a low-induct- 
ance cast  aluminum housing (see  Fig. 12). The housing i s  incorporated in  
a chass is  (see Fig. 13) which includes an adjustable t r igger  delay (short 
sections of R G - 5 8 ~ / ~  switched in o r  out), grid and cathode isolation, and a 
cathode monitor.  A complete schematic of the switch chassis  i s  shown in 
Fig. 14. The switch chass is  i s  plugged in o r  out of a back pan'el (see Figs. 
15 and 16).  

The switch chass is  i s  mounted on s l iders  in  racks and plugs into a 
back. panel (see  Fig. 17). The PFN cables (RG-2 1 8 / ~ )  and load cables 
( R G - 2 1 3 / ~ )  a r e  permanently mounted in the connectors on the back panel. 
The switch chass is  and pulse shapers a r e  mounted in racks.  Figures 18 and 
19 show 4070 completion of this layout. 

Several variet ies  of co-axial connectors ?'$re designed to  use  with 
RG - 2 1 3 / ~  a t  high pulse voltages. The a l l o w a ~ ~ ~ ? ' s p a c i n g s  created a corona 
problem which was solved by using cord&-resistant i somica  (silicone 



bonded mica )  shields. RG-21 3 / ~  cable fails very rapidly when subjected t 6  
corona bombardment. This technique eliminates the use of oil and allowed 
use  of a small ,  inexpensive connector (see Figs. 20, 21, 22, and 23). 

Performance Tes ts  of The 36-MW Modulator 
I 

. . The modulator specifications operating into a matched load a r e  shown 
. . ' .  in  Table IV. Waveforms under these conditions a r e  shown in Fig. 24. 

. . 

Peak  Cur rent  

The peak current  under matched conditions (ZL = 50/7 ohm) i s  2,240 
a m  e r e s .  In the system the pulse shaper is  added in parallel with a ZL of 
50& ohm. The current  waveform: with the pulse shaper adjusted f o r  a 
typical co r e ,  i s  shown in Fig. 25. The peak current  through the thyratron 
i s  approximately 2830 amperes .  This maximum i s  reached after 0.1 psec 
and decreases  to about 2200 amperes  a t  the end of the pulse. The modulator 
pe r fo rms  satisfactorily in either case. No attempt was made to determine 
the maximum possible current  pulse, however, it i s  possible to  affect the 
current  r a te  of r i s e  by setting the reservoir ,  too low. Waveforms of such 
conditions a r e  shown in Fig. 26. 

TABLE IV 

36 M W  Peak power 
Output voltage 8 to 16 kV 
Output current  1 120 to 2240 amp . 

680 watts Average power 
Load impedance 50/7 ohms *2% 

0.054 amp Average anode current  
RMS anode current  11 amp 
Pulse length (flat region) 0.3 psec 
Rise t ime ( 10 - 9070) 50 nsec . 
Fal l  t ime (10 - 90%) 50 nsec 
Pulse repetition ra te  0 - 60 pps 

*5nsec  . '  Time jitter 
Pulse-to-pulse amplitude jitter *0.25% 

*O .25% Pulse ripple 
.. . w . .  . 

Hold-Off Voltage and Tube Aging Procedure 

The anode voltage r i s e s  in about 2 msec  and the thyratrons a r e  fired 
about 1 m s e c  after the peak voltage i s  ~ e a c h e d .  The modulator has worked 
well up to 32 kV under such conditions. Tn order  to  obtain such perforrxiance 
on 25-kV rated tubes, we have preaged the tubes. The agillg process is a 
run-in t ime of 12 hours at 32 kV in a circuit  with matehed load,conditions 
and at 60 pps. The anode voltage r i s e s  in 2 msec ,  however, it stays up 
about 10 msec  before the tube is  fired. 

The optimum reservoir  seltiag i s  determined during this aging proc- 
e s s .  In addition, cathode a r c s  to  ground and prefires  a r e  monitored during 
the run. The pref i res  a r e  of most concern in  this system, because no 
attempt has been made to isolate PFN1s other than by a 750-ohm res is tor  a t  
the power supply to each PFN. &his means about 125 PFNts  a r e  tied to- 
gether and one early prefire  could reduce the voltage on all  the others.  - 
Ultimately it may be necessary td, isolate each PFN, however, this will be 

' 

- . -  costly. 



Peak Power ! 

The maximum peak power i s  approximately 36 MW and operation at 
60 pps under such conditions was satisfactory. We have not attempted to 
make higher peak-power runs. 

t 
Average Power I I 

Twelve test  modulators have been run a t  an  average power of 680 watts ' 

each, with a combined running t ime of over 20,000 unit hours. 
I 
I Trigger Charact'eristics 

We have experienced low jit ter of the order  of *2 nsec when using a 
sufficiently high voltage trigger.  However, the tube shows variations of 
anode delay of up to *50 nsec over an operating t ime of 700 hours at 60 pps 
(see Fig. 27) and about *20 nsec over short  runs of 2 to 5 hours when anode 
voltage and repetition ra te  a r e  varied. The anode delay drift  has been negli- 
gible (*5 nsec)  on short runs (2 to  5 hours)  when anode voltage and repetition 
ra te  were  constant. Variations occur slowly and can be taken ca r e  of 
manually by adjusting the delay in each switch chassis .  The causes of these . 
changes have not been determined. 

The variation of anode delay vs trigger voltage of four tubes i s  shown . 

in Fig. 28. A 50-ohm source tr igger  i s  used. It should be noted that the 
differential in delay i s  nearly a constant above 500 volts, the spread in anode 
delay i s  about *70 nsec, and the variation in delay above 1500 volts i s  l e s s  
than 3 ns ec per 100 volts. A t r igger  voltage of 1500 to 1700 volts is used to 
minimize any effects from changes in trigger voltage. 

Variations in anode delay a r e  compensated by changes in t r igger  delay 
within each switch chassis .  This method eliminates costly electronic delays 
and each chass is  can be monitored and adjusted properly. However, the . 
greater  the variation of anode delay, the more  delay required inside each 
switch chassis .  Therefore, the anode delay (after the aging cycle of each 
tube) was measured in order  to select tubes. The resul ts  of 222 tubes a r e  
shown in Fig. 29. All the tubes ,are  from the same production run of one 
manufacturer.  An initial variation of *30 nsec can be achieved by using 2/3 
of the run. 

P re f i re  Characteris t ics  

The anode voltage operation allows approximately 2 msec  for  a prefire  
to occur. A prefire  i s  defined a s  a premature firing of a tube prior to the 
a r i i va l  of the t r igger  pulse. This phenomenon i s  not important in many 
applications because the ra te  i s  so  low. However, in a system with many 
thyratrons in parallel and not completely isolated, a high prefire  ra te  would 
make the system inoperable. In this system, because of protection devices, 
a single prefire  will reduce the beam* output considerably and require 
readjustment. Under such conditions a reasonable pr ef ire  rater  should be 
under five pe r  hour. Tes ts  have been made that show an average prefire  
ra te  of about one per 2 hours a t  the end of a 12-hour period ( see  Fig. 30). 
Subsequent testing shows a further reduction of the prefire  ra te  until .the tube 
nears  the end of life. We attempted to corre la te  these data wi'th reservoir  
range (see  Fig. 31), however, no direct  conclusions were  made. 

Therefore', the system prefire  ra te  could run a s  high a s  250/hour, 
which is intolerable. This problem i s  obviously being given considerable 
study. It may be  necessary to isolate each PFN and thyratron f ro-p  . . .., the high- 

. :;; :.< . ." 



. . . . . . .  . 
I . ' . . : : '  . .. . . voltage pdGe,r supply charging system and also isolate t r igger  inputs sg  that , . . . ,. ., 

. random' pref i res  can be tolerated. Under conditions of proper isolation, a . . . . . .  . . . .  . .'.. . . 
random pre{ire would reduce the beam output by only 0.270 and only occur . .( 
about once .per 1,000 pulses a t  60 pps. . . .  , , - 

! '  . '  

1 .  Outpti ' t . .~ulse Characteris t ics  . . 
. , ~:i$$?times of 50 nsec (1 0 to 90%) have been realized into a load imped- 

.. . 
' C  .' ance cdn,k.iq,ting of seven RG-2 1 3 / ~  cables (7.14 ohms). The waveforms . ~. . . 

( see  Fig. .24) of pr imary voltage and current  into the cores  show the low " '  , 

.,. .... ripple attainable with the system when the pulse shapers a r e  properly 
adjusted. The secondary core  voltages a r e  almost identical because of the 
exc ellent coupling. 

Life Data of the 36-MW Modulator Operated at 28 to 32 kV, 60. pps -- - 
Switch ,Tub'e, Type 5949A, Used a t  2500-Ampere Peak 

A single tube was run constantly at 28 kV for over 6000 hours. The 
t ~ ~ h e  apparently failed to hold voltage and was removed froin the test  setup. 
It was later  retested and seemed satisfactory. This tube llas becn returned 
to the manufacturer for examination. These data seemed quite encouraging 
and the design continued around the Type 5949A. 

The following tes t  data a r e  not quite a s  encouraging, but sti l l  show 
reasonable life considering the low cost of the tube. It i s  anticipated that 
a special  tube may be designed specifically for this application. 

No. Tubes Hours of Life Total Tube Hours 

2 1180 2360 
3 810 243 0 
2 710 1420 
1 570 570 
1 370 - 37 0 

9 7 150 

The average life i s  about 800 hours.  It i s  obvious from the above that 
it will be necessary to replace tubes on a maintenance schedule of 600 ,hours 
in o rder  to obtain reasonable reliability for the operating system. 

Pulse Forming Network (RG-2 1 8 / ~  at 32 kV) 

Twelve pieces of R ~ - 2 1 8 / ~  (nine 260 feet long and three 130 feet long) 
'were  run a total. of 3200 hours at 32 kV, 60 pps. Three  of the surviving . :  . 

pier.e.s r an  an  additional 3300 hours before a l l  had failed. This added to a . . 

total of 34,070 unit operating h o ~ r s  w i l h  tlllbte failurca, or a MTDF of 
11,290 hours. The wearout appears  to be about 6500 hours. This {ife seems .. 

reasonable for an experimental system of this nature. 

Load Cables,  ~ ~ - 2 1 3 / ~  

Thirteen 2-foot sections of 2 1 3 / ~  were  tested a t  30-kV pulses (two 
t imes  actual expected voltage in service)  and nine failures were  experiencedl 
in  32,000 unit operating hours for an  average MTBF of about 3600 hours. 
Individual 170-foot-long sections have been tested to 5650 hours a t  16 kV, 
60 pps. . . 



Connectors 
! 

Nine se ts  of RG-2 1 3 / ~  load cable connectors (Figs.  2l 'and 23) have 
.I . 

beenyfun a total of 20,800 unit operating hours with six fai lures,  giving an 
MTBF,.in 'excess of 3400 hours. Measures were  taken to  eliminate early 
conriector failures caused by: 

('=). Poor connections of inner conductor pins. 
(b) Nicking of polyethylene. 
( c )  Poor mica  sleeves. 

Conclusions 
2. ' 

A compact, low cost ,  36-megawatt modulator can  be built utilizing a 
Type 5949A hydrogen thyratron for short  pulses at  five t imes  rat,ed peak 
current  and attain the following: 

(a)  800-hour tube life. 
(b) Low anode delay drif t  of *5 nsec at  constant operating parameters .  . 
(c)  Low anode delay drif t  of *20 nsec over a wide range of anode 

voltage and repetition ra tes .  
(d) Long t e r m  (up to 800 hours)  anode delay drif t  of *50 nsec. -. 

(e)  Rise t ime of 50 nsec with low ripple in a 7-ohm circui t  giving a 
current  r a t e  of r i s e  of 50,000 amp/p.sec. 

( f )  Positive output pulse without signilicant deterioration of the r i s e  
t ime. 

(g) P re f i r e  r a t e s  a s  low a s  one per  400,000 pulses. , ". 
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Fig. 2.  As tron experimsntral fac tl$ty. 
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Fig. 3.  Induction accelerator principle. 
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( a )  ACCELERATOR CORE 

( b )  GUN CORE 
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Fig. 5. Compensated waveforms; sweep speed 100 nsec/crn. 



Fig. 6 .  Input core impedance (primary v ~ l t a ~ e / ~ r i m a r ~  current) vs time during voltage pulse. 
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Fig. 7 .  Block diagram of modulator system. 





Fig. 9. Inside of P F N  reel. 



Fig. 10. Top view of 50% PFN installation. 



Fig. 1 1 .  Waveform of pulse charging of PFN of modulator. Sweep 
speed 500 psec/cm, vertical sensitivity 10,000 volts /cm. 





Fig. 13. Switch chaseis, fxant view. 
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Fig. 14. Schema-ic of switch chassis. 



15. Back panel plu in connectors. 
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Fig. 16. Back panel, cable end. 



Fig. 17 .  Back view of eight pulsers showing cable connections to back 
panels and pulse shapers. 



Fig. 18. Installation of PFN reels and r 
final system:. 

acks for switch chzssis ishwing about 4070 of the 



Fig. 19. Rack installatian, 40% complete. 



P Fig. 20. Six-cab1 rnecto 



Fig. 21. Six-cawe connector, assembled. 
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Fig. 22. Two-cable c;omnector, ,pa*-s. 
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SWEEP SPEED: 5OnsIcm 
TIMING FREQ: 1OOmc 
appl ied t o  Hori zontal 
Dsf l ac t ion  Platas 

I 
~ O T  ROSS I* Technique 

SWEEP S PEED:100ns/cm 

Fig .  24. Waveforms of output of switch chassis  terminated in 
a 7.14-olm load. 



Fig. 25. Waveforrrl uf cathode monitor output of switch chass i s  with 
pulse shaper adjusted for flat output at  core.  Sweep speed 100 nsec/cm. 
Vertical sensitivity of 4920 volts /cm. 



TOP T R A C E :  NORMAL RESERVOIR SETTING 5.1V 
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. 26. Waveforms of core output showing effects of low reservoir 
settings. Sweep speed 100 nsec /cm, vertical sensitivity 7,000 volts/crn. 
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Fig. 27. Anode delay vs life. 





m-1-6563 
Fig. 29. Number of tubes vs anode delay. 



Fig. 30. Average prefire rate/tube/hour vs aging time. MUL-18865 
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Fig. 31. Top: Number of tubes vs reservoir voltage range. MUG-16864 
B~ttom: Average prefire/tube during 12-hour aging cycle 

v s  reservoir voltage range. 
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Neither the United S ta tes ,  nor the  Commission, nor , any  person ac t ing  on 
behalf of the  Commission: . 

A. Makes any  warranty or representat ion,  expressed  or implied,  with 
respec t  t o  the accuracy,  comple teness ,  or use fu lness .o f  the information con- 
tained in th is  repor t ,  or that  the u s e  of any information, appara tus ,  method, 
or p rocess  d i sc losed  in t h i s  report may not infringe privately owned rights;  or 

B. As:sumes any  l i ab i l i t i e s  with respec t  t o  the u s e  of,  or for damages  
resul t ing from the  u s e  of any  information, appara tus ,  method or p rocess  dis-  
c losed  in th i s  report. 

A s  used  in  the  above ,  "pe rson  ac t ing  on behalf of the  Commission " 
includes  any  employee or contractor of the  commission, or employee of s u c h  
contracto-r, t o  the  extent  that  s u c h  employee or contractor of the Commission, 
or employee of s u c h  contractor  prepares ,  d i s semina tes ,  or provides a c c e s s  
to,  any  information pursuant t o  h i s  employment or contract  with the  Commis- 
s ion ,  or h i s  employment with s u c h  contractor.  . .  




