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•HE Hia-VOLTSiiE TEST S7MD A? LIVSPMSRE* 

M. E. Sfflltil 

Lawrence Liveroore Laboratory, universi ty of California 
Liverraore, California 94550 

Suaaaiy 

This ?a?er desciibes the present design aM 
future capabi l i ty of the high-voltage tes t stand foe 
neutral-bean somces a t Lawrence Liverrore Labaiatoiy. 
The s tand ' s LTmediate use will be for test ing the 
fu l l -scale sources <120 kV, 65 A) for the Tbka.-nak 
Fusion Test iteactor. It will then be used to t es t 
pa r t s of the sustaining source system [30 W. 85 A) 
being designed for the Magnetic Fusion Tfcst Fac i l i t y . 
Following that will be an intensive effort to develoo 
beams of up to 200 kV at 20 A by accelerating nega
t ive ions, the design of the tes t stand features a 
5-MVA power supoly feeding a vacmra tetrode that i s 
used as 3 switch and regulator . The 500-kK arc suo-
ply and the 100-kK filament supply for the neu t i a l -
bean souice are bat tery poweied, thus eliminating one 
or two costJy isolat ion t iansforaers . 

Systen Design 

pos inve- ion Mode 

Fig. 1 shows the present system design of the 
high-voltage t e s t stand (HVTS). This configuration 
is cal led the posit ive-ion ;sade and i t i s for t e s t 
ing neuti al-beacn souices that onerate by acceleiatinq 
posi t ive ions. It was designed to tes t neutral-beam 
sources foi the Tokarr.ak Fusion Test ssactot (TFTft) 
and the Magnetic Fusion Test Faci l i ty {MFTFi. ' * i l e 
no actual operation of a souice has yet taken olace, 
the equionent presently installed atovides the follow
ing raaxieiaa power for the souice: 

Filanent — 1 v a t 7i00 A, 
Aic anode —~ 1 A at 75 V 
Suporessoi gi — 1 0 kV at 16 A, 
Acceleration g. : —120 W at 90 A 

Lig!" signals 

75-kVA 
120-W dc • w « w ^ 

isolation I ^ ^ = . 

•—Hill-
Fig. 1. HVTS s>stem design, posit ive-ion node-

*Work performed under the auspices of the U. S. Department of Energy under contract No. K-7405-tng-4g. 
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The equipoent presently instal led for the s t w c e ' s 
gradient grid i s a r e s i s t i v e voltage divider designed 
spec i f ica l ly for the TFTR source. 

The mam acceleration power supply has a cont in
uous input rat ing of 5 HVA. However, i t wil l be able 
to supply up t o 12 tti (required for TFTR} in pulses 
sevetal minutes long a t a duty cycle of about 60%. 
The filament, a i c , and gradient-^grid supplies are in 
a metal-shielded box about 10 by 22 by 7 ft high. 
This box *s cal led the high-vclt^gc sodule and ; s 
mounted on insulators t a l l enough for 200-kV opera
t ion . The filament and aic supplies are presently 
limited to pulse lengths of about 30 sec a t full 
powei because they use storage ba t t e r i e s for primary 
powei. Their allowable duty cycle , a t the TFTR leve l , 
i s presently about 2%, limited by the rat ing of the 
s ra l l isolat ion transformer used to charge the b a t t e r 
i e s . 

Negative-Ion Made 

One of the leasons foi building the HVT5 was to 
use i t in developing a neutral-beam souice capable of 
continuously supplying 20 A a t 200 kv. Theoretically, 
the conversion of negative ions to neutial atoms i s 
moie eff icient than the conversion of posi t ive ions 
to neutral atoms. Consequently, high energy souices 
a re expected to operate by accelerating negative 
ions. ?fo modification of the main acceleration 
susply will be required to accelerate negative ions . 
Depending on the success of new high-voltage vacuus 
tubes cur ient ly beina developed, the system say need 
an ignit ion at SCR switch to piovide long-term hold-
off of the 250-kV dc output of the main acceleration 
power supply. The duty cycle of the a ic and filament 
supplies can be incieased t o about 10%r a t very low 
cos t , by the addition of a mechanically operated d i s 
connect switch foi the bat tery charging power . Con
tinuous duty for these supplies will requite the ad
d i t ion of one or two large isolation t r a n s f e r e r s 
[about 700-kVA). 

Research on negative-ion generation and accel 

erat ion i s continuing a t U i . Q^st ions s t i l l ex is t 
concerning appropriate voltage and curient levels 
for various gradient g r i d s . As these levels are s e t , 
equipment will be designed to s-joply them. Hopefully, 
sos t can be supplied by res i s t ive dividers operating 
off the main acceleration power supply. If separate 
oxxlulators are required, they will be b u i l t with ex i s t 
ing vacuum te t rodes . 

Wain Acceleration Power Supply 

Fig. 2 shows a one-line diagram cf the -nain ac
celerat ion power suoply and a l i s t i ng of i t s capabi l i 
t i e s . Fig. 3 i s a photograph of the supply. Tne 
majoi components of the supply are desci ibed in the 
following paragraphs. 

Clicui t Breakers 

Two c i r c u i t breakers are included in the system: 
a vacuus contactor and an a n c i r cu i t breaker. The 
vacuus contactoi i s considered the primary oiotection 
for noi^aal load fau l t s . I t can be tripped by i t s 
b u i l t - i n current re lays and by a tr igger applied 
to an SCR that ducps a capacitoi bank into the tr i s 
c o i l . The vacuum contactor i s expected to open 
in three cycles , 01 l e s s . The a n c u c u i t breaker i s 
tripped only by i t s own curient r e lays . These relays 
are se t to t r i p the breaker for a l l fau l t s other than 
a normal load f au l t . However, long-tem load faul ts 
will t r i p the air bteakBt if the vacuus contactoi 
does not opera te . Thus the primary protection is 
provided by the eas i ly maintained vactrja contactor. 
The mote tugged a n breaker i s operated onlv infre
quently, so we avoid the expensive and time consunirw 
overhaul these uni ts require per iodical ly . 

Variable-Voltage Tiansfoioei 

This 5-MVA unit controls the output voltage of 
the power supply, in a l l operation to d a t e , we have 
biought the power supply on a t zero outout. With 
some minor changes m relay logic , we could cone on at 
almost any preset vol tage . The transfotTei i s bu i l t 

dc surge network 

(typical) Mode& output « t . kV ac E ^ k V d c E * . " v « 
E d c * 

rated load. kV dc 

Ncgttiueion 
200 kV 20 A o» 

1 7 / 2 2SC.6 2392 k V d c 217.7 

T f T R 
120 kV 65 A 2 sec 

1392 196.9 188.0 141.0 

MFTF 
80 kV 85 A 30 sec 88.6 125.3 119.6 9as 

Fig. 2. Nain acceleration power supply, one-line diagram. 
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Fig. 3. HVTS rain acceleration power supply. 

somewhat l ike a load-tap changer, with voltage va r i a 
t ion between taps provided by small variable t r ans -
fcnners bu i l t on l inear cores . Cost and del ivery 
time for t h i s unit were much better than for the 
more t rad i t ional induction voltage regula tor . 

Line Reactois 

Line reactois were included in the system to keep 
the reactance as high as possible . A pr ivate communi
ca t ion 1 indicates that transformer l i f e var ies inverse
ly as the f i f th power of the r a t i o of faul t current 
to rated cur ien t . This data showed that for a l i f e 
of 100,000 f a u l t s , the ovetcurrent r a t i o Tiust not 
exceed 6 . 1 . T.iis corresponds to a minimum system 
reactance of 16.4%. The l i n e reactors were specified 
accordingly. 

Rectifiei Tiansfotmei 

The r ec t i f i e r transformer i s a 5-XVA uni t with 
taps on the secondary to provide the required vo l t 
ages. The secondary i s always operated in wye and 
the primary in d e l t a . The basic impulse level i s 
650 kV for the secondary and 110 kV for the primary. 
In addition to impulse t e s t i ng , the manufacturer 
was required to do an induced-voltage t e s t a t twice 
rated vol tage. The transformer was also tested 
with a low-power rec t i f ie r a t 350 kV dc with one side 
of the l e c t i f i e r giounded. 

During the design of the transformer, the manufactur
er was having d i f f i cu l ty predicting the reactance 
of the un i t . Be was sure of meeting our specif icat ion 

for the oaximu allowable reactance b.it was not able 
to give numbers he considered accmate onough for us 
to specify our l ine reac tors . Because l ine reactors 
must be ordered well befoie they ' re needed, we could 
not wait for construction of the transformer to spe
c i fy the r eac to r s . A computer program'vas written 
a t LLL t o ca lcu la te leakage reactance in a transform
er with cyl indr ical core and c o i l s . From the r e s u l t s , 
we were able to get our l ine reactors delivered 
almost the same day the transformer cars. On the 
basis of the planned transformer geometry, the compu-
te r program predicted a reactance of 11.1*; the mea
sured reactance was 11.5*. The numbers agiee to 
within the accuracy of the instruments used. 

Etectifier 

The r ec t i f i e r i s a standard three-phase br idge. 
Each of the six legs of the bridge i s made of 766 
diodes each rated a t 800 V and 125 A. Each diode is 
shunted by a 25-Kl res is tor and a 0.22--f capaci tor . 
The or iginal intent was to build the rec t i f i e r in 
three separate insulating tanks with sui table corona 
r ings . The ac current would have been fed into the 
middle of the ve r t i ca l t^nk s ides , and the dc connec
tions would have been a t the top and bottom. The in 
sulat ing o i l would have been pumped through a heat 
exchanger for cooling. This plan was abandoned when 
three large s teel tanks became available a t no cos t . 
Each of the three phases of the bridge is housed in a 
separate tank with conventional bushings. 



Crowbar 

Load protect ion i s provided by two identical crow
b a r s , connected in p a r a l l e l , close t o the modulator. 
Each crowbar cons i s t s of seven 37248 ignitrons connected 
in s e r i e s . Each uni t i s housed in a l&-in. PVC pipe 
with alininum corona r ings a t the top and bottom. 
Each ignitron has a separate f i r ing c i r c u i t tha t op
e r a t e s from a 12-v storage ba t te ry . A dc-de converter 
provides 3-kv t o charge the t r igger capaci tor . The 
voltage across the trigger capacitor i s monitored, 
and i f i t f a l l s below a preset value a l i gh t signal 
i s interrupted, breaking the interlock chain for the 
main acceleration power supply. Triggers for the ig-
ni t rons are a lso coupled by l i gh t s igna l s : the absence 
of l igh t causes the crowbar to f i r e . To minimize the 
number of spurious ignitron f i r ings , the anodes a r e 
heated to a teaperature about 30°C above the ca th
odes, t hus , there are two water columns in each crow
bar . The res is tance of these water col urns provides 
voltage divis ion between the seven s e r i e s ign i t rons . 
Fig. 4 i s a photograph of the crowbars, one with the 
s ide cover removed. 

AC Surge Networks 

Several res is tor-capaci tor surge networks a r e 
included in the ac system. Except for the network on 
the secondary oE the r ec t i f i e r transformer, the p r i 
mary function of the networks i s t o reduce voltage 
t rans ien ts tha t a re caused by circuit-breaker opera
t i o n s . Vacuus breakers are par t i cu la r ly notorious for 
producing large voltage t rans ien ts and many la rge 
transformers have been damaged or destroyed by these 
t r ans i en t s . In the pas t , the standard surge network 
has consisted of three 0.25-tiP capacitors connected 
d i r ec t l y across the output terminals of the breaker. 

Fig. 4. The two 250-kV crowbars; each is composed of 
seven ignitrons in series. 
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These were not e f f e c t i r e , and actual ly aggravated the 
s i tua t ion in nany cases . * The problera a r i ses from the 
vacuus b reaker ' s a b i l i t y to chop a small current 
abruptly to zero. The energy stored in the inductance 
of the systeai causes a system overvoltage a t a level 
determined by the amount of s t ray capacitance. Osci l
l a to ry t r ans ien t s often develop that cause the vacuum 
breaker to r e s t r ike many t i n e s . Because the breaker 
contacts a re moving a p a r t , the r e s t r ikes occur a t ever 
higher and higher vol tages . Inclusion of the res i s tor 
t o damp the inductance/capacitance c i r c u i t -prevents 
the r e s t r ike problem. Because these res is tance/capaci
tance networks a re re la t ive ly inexpensive, we made no 
grea t e f for t to optimize thes . rrchlc=c ir. obtaining 
power r e s i s t o r s indicated that we should t r e a t each 
network almost a s if i t stood alone and order th> com
ponents quickly. Later , analysis by d ig i t a l cospoter 5 

showed the netwwks were adequate to orotect the sys
tem. 

the resistance/capacitance surge netwotk on tl-.e 
secondary of the r ec t i f i e r transformer i s piovided p r i 
marily to remove the t rans ien ts caused by confutation 
of the r e c t i f i e r s . An optimist design requires infor
mation tha t can usual ly be had only after the t r ans 
former i s b u i l t . A conservative network was designed 
and b u i l t pr ior to del ivery of the transformer and 
t h i s network serves i t s purpose. I t i s important, 
of course , to use noninductive r e s i s t o i s foi a l l these 
networks. 

Surge (l ightning) a r res to r s a re included on the 
rec t i f i e r - t rans foraer primary. Three 12-kV a r res to rs 
a re connected line-to-ground, Tnree 15-kV a r res to rs 
are connected l i n e - t o - l i n e . No lightning a r r e s to r s 
are included on the high voltage side of the r ec t i f i e r 
transformer. Lightning i s a ra re occurence a t Livei-
tnore. Furthermore, our power suoply i s located be
tween two metal roofed buildings ouch t a l l e r than the 
supply i t s e l f . If one assures that switching and 
l ightning surges a re passed through a transformer at 
a level determined d i r ec t l y by the turns r a t i o , the 
a r r e s to r s on the primary adequately piotect our t r ans 
former. In addi t ion, standard surge a r res tors a re not 
designed for the dc of fse t involved in r ec t i f i e i opei-
a t i on , so an adequate se t of a r res to r s fot the second
ary would have co-,t more than half a s xuch =»s the 
transformer. 

DC Surge Networks 

The main surge netwoik on the dc side of the 
power supply i s something of a caeptanise. \ la ige 
number of 1500-^F, 450-V e lec t ro ly t i c capacitors were 
avai lable to be used in t h i s network, but they could 
not quite provide cne desired capacitance. However, 
a small analog model of the supply verif ied that th i s 
capacitance would provide adequate performance. Tne 
d i f f i cu l ty only e x i s t s on the lowest voltage t ap , 
so a s l igh t voltage overshoot i s not t e r r i b l y impor
t an t . The housed surge network i s shown in Fig. 5. 
The noninductive r e s i s t o i s a re mounted between the top 
and middle corona r ings . The capaci tors are mounted 
between the middle and lower corona r i n g s . Zener d i 
odes and r e s i s t o r s a re connected in para l le l with each 
capaci tor , ttoen the transformer i s cnerated frcra the 
highest-voltage t ap , a l l the surge c tp sc i to i s are 
connected in s e r i e s . * e n operation i s front the 
middle transformer top, the capacitor bank i s tapped. 
Wien operation i s from the low voltag? transformer 
t ap , the capacitor bank i s s p l i t in half and the two 
halves para l le led . 

Two smaller surge networks are used, one a t each 
end of the coaxial cable that connects the modulator 
to the power supply. These netwoiks consis t of 40-
r e s i s t o r s and 0.027-yF capacitors and provide an ap-



proximate impedance natch for the coaxial cable . 

Other System Cosaonents 

High-Voltage Modulator 

The modulator for the main acceleration supply 
i s described in another paper accepted for publication 
in these proceedings. ' The unit i s designed to use 
ei ther of the new high voltage tubes being developed 
foi ERDA by ICA and EIMAC*. The HCA tube (A3012) i s 
piesently being ins ta l led in the modulator. The modu
la tor both regulates and switches the voltage applied 
to t i e neuttdl beam source. We ant icipate no great 
d i f f i cu l ty in voltage holding with t h i s modulator 
when the power supply i s operated on the two lower 
taps . Cn the highest tap , the open-circuit voltage 
i s over 250-kV. If we have trouble at that l e v e l , 
we plan to add e i ther an SCR or ignition switch. The 
modulator tube wil l then have to hold the full v o l t 
age for only a very short time on each load pulse. 
The modulator's major functions will remain the same— 
voltage regulation and current interruption. 

Arc and Filament Supplies 

These two supplies are both powered by banks of 
6-VF 244-A-h gol f -car t b a t t e r i e s . The filament supply 
is desci ibed in a paoer accepted for publication in 
these proceedings. 7 i t i s a voltage-regulated supply-
rated a t 15 V and 7500 A. Control of the filament 
voltage i s piovided by switching s t a in less s teel 
r e s i s to r s in or out of the c i r c u i t with small contac
t o r s . 

The arc supply i s a current-regulated supply 
rated at 7500 A and 75 V. I t i s similar to the f i l a 
ment supply except. SCR's are used to do the switching. 
An LSI-II microcomputer i s used to contiol the S G ' s . 

Vie expect the ba t tery banks to be useful for both 
the a ic and filament supplies for some t i ne , when 
the tequired pulse length for sources goes beyond 
about 30 sec . we will have to add more b a t t e r i e s or 
ins ta l l a large isolat ion transformer to provide 
the required power. 

Suppiessor Giid System 

DC Supply. The dc poier susply fot the suppressoi 
grid i s a three-phase supply using a bridge r e c t i f i e r . 
I t i s rated foi 90 kVA continuous duty a t e i ther 8.5 
or 14.7 kV dc . The supply operates from 490 V ac 
inout and has vacuum contacLots for fast overload 
protection. A r e s i s t i ve s t ep - s t a r t system i s included 
on the dc side of the r e c t i f i e r s . The supply i s i n s t a l 
led outdoors on the same pad as the main acceleration 
power supply. 

Suppressor Gi id Modulator. This unit uses an 
EIMAC 4CW1Q0000E tet iode to regulate and switch the 
source-suppiessoi g r id . The control and d i ive c i r 
cu i t ry are very similar t o tha t used for the high-
voltage modulator. The modulator i s in the same 
room as the neutral-beam souice. An ignition crowbar 
for the dc power supply i s included in the modulator 
enclosure. 

*Heference to a comoany or product na?ie does not imply 
approval or recommendation of the oroduct bv the uni
vers i ty of California or the U.S. Energy Etes?aich and 
Development Administration to the exclusion of e thers 
tha t may be su i t ab le . 

Giadient-Gi id System 

I t was o r ig ina l ly thought that the gradient grid 
of the neutral-beam source would also require some 
kind of vacuum-tube modulator. Itecent r e s u l t s a t 
Lawrence Berkeley Laboratory indicate that a r e s i s 
t i v e voltage divider can meet the giadient grid 
power requirements for the TFTR source. Conse
quently, we have bui l t a potentiometer using copper-
sul fa te solution as the i e s i s t i ve element. The unit 
i s b u i l t in a 12 in. PVC tube about 40 in. long. The 
upper electrode is connected to the souice filament, 
the middle electrode i s connected to th» qfsdieai 
gr id , and the bottom e iecuode is grounded. All e l ec -
t iodes are copper, and the middle one can be driven up 
or down by a remotely controlled irotoi. A small 
multiturn potentiometer i s geared to the f^tor shaft 
to give a remote readout of shaft positJ -n. The 
coppei-sulfate solution i s pumpprl •hiou':h a heat 
exchanger to d i ss ipa te excess enemy. 

The Telemetiy System 

The telemetry system designed and b j i l t for HVTS i s 
described in a paper accepted for publication in these 
proceedings." The system i s used for control s ignals 
as well as for diagnost ics . All signals are t rans
mitted by l igh t pipes instal led between the control. 
room and the room housing the neuti al-beam souice. 
The l ight pipes are about 100 f t . long and the data 
i s handled a t a r a t e of 2 X 10" b i t s , second. Both 
analog and d ig i t a l data are handled. 

Arc Snubber 

A se t of magnetic cores i s ins ta l led between the high-
voltage module and the neutral-beam souice. All power 
foi the source passes through these cores . When the 

F i g . 5. DC surge network, i n housing. 



souice spaiks , the cotes present an effective t e s ; s -
tancs of a few hundred o tas between the source and the 
eneigy stored in the s t ray capacitance of a l l the 
power suppl ies . A lecent papei ' describes sue*, devices 
in more de ta i l and qives design information. 
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