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THE HIGA-VOLTAZE TEST STAND AT LIVERMORE*

M. E. 9mth

lawrence Livermore Laboratory, University of California
Lavermore, California 943550

Sermary

This goper describes the oresent deswm and
future capability of the hign-voltage test stard for
neutral-bean sowmces at lawrence Liverrare Laboiatory.
The stand's imediate use will be for testing the
full-scale somces {120 kv, 65 A} for the Tokamak
Fusjon Test Reactor. It will then be used to test
farts of the sustainim source system (30 kV, 85 A)
be1nq designed for the Magnetic Fusion Test Facility.
Following that will be an 1ntensive effort to develon
Deans of up to 200 kV at 20 A by accelerating neqa-
tive 1ons. ‘The design of the test stand [eatures 3
3-MVA oower supoly feeding 3 vacuum tetrode that is
used as 1 switch and requlator. The S00-kW arc suo-
oly and the 100-«kw filavent supply for the neutral-
bean sowce are battery powered, thus elimnating one
or two costly 1solation tiansformers.
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Systen Design
Positive-Ton Mode

19, 1 shows the present systenm Jesign of the
high-voltage test stand (HVTS). Thus configuation
1s called the posative—ion made and 1t 15 for test~
1ng neutyal-bean sowrces that oderate bv accelerating
mosative ions. It was desianed to test neurral-bean
soutces for the Tokarak Fusion Test Reactor (TFTR)
and the Mynetic Fusion Test Facility (MTF). whle
no actual operation of a source has yet taken clace,
the equioment mesently anstalled xovides the follow—
1ng maximyn powes for the souice:
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HVTS system design, positive-ion mode.

*Work performed under the auspices of the U. S. Department of Energy under contract No. W-7405-Eng-48.
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The equisoent presently installed foc the sowrce's
gradient grid is a resistive voltage divider designed
specifically for the TPTR sowce.

The main acceleration power sumly has a contin-—
uous input rating of 5 MVA. However, it will be adle
Lo sumnly up to 12 MW {required for TFTR) in pulses
several ainutes long at a duty cycle of about 603.
Tne filavent, arc, and gradient—grid supplles ae in
. a petal-shjelded box about 19 by 22 by 7 Ft high.
Tus oux s callad the Righ-vsltase =cdule and ac
mounted on Insulators tall enough for 200-kV opera-
tion, The filament ant aic supplies are presently
. limited to pulse lengths of ahout 30 sec at full
mowel because they use storage batteries for primary
power . Their allowoble duty cycle, at the TFTR level,
15 presently abogt 2%, limited by the rating of the
stall 1solation transfoimer used to charge the batter-
1es.

Negative-Ton Mode

One of the 1easons for bulding the HVTS was to
use 1t in developing a neutval-bean sousce capahle of
continwusly suwolying 20 A at 200 xV. Theosetically,
the conversion of negative ions to neut:al atots is
mote efficient than the corversion of positive ions
to neutral atams. Consequently, high energy somces
are expected to operate by acceleratm; negative
ions. No modification of the main acceleration
sumoly will be required to accelerate negative ions.
Pepending on the success of new high-voltage vacum
tudes currently beina develoged, the system may need
an ignition ot SCR Switch to movide long-term hold-
off of the 250-kV dc output of the main acreleration
power supoly. The duty cycle of the arc and filament
sunplles can be increased to about 10%, at very iow
cost, by the adlition of a ocechanically operated dis—
connect switch for the battery charging power . Con-
tinuwous duty for these suoolies will requue the ad-
drtion of one or two large 1solation transfoimers
{ahout 700-kVA) .

Research on negative—ion generation and accel~
Three phase ac [~ A Grit Variahlevoluage

138 kV breaker transformer

input
Z2=23%
Vac. contactor
mof
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eration is continuing at LIL. Cuestions still exist
concerning appeope iate voltage and current levels

for various gradient grids. As thesz levels are set,
equipment wiil be designed to swoply thew. Hopefully,
moSt can be surolied by resistive dividers operating
off the main acceleration power swoly. If separate
oxiulators are required, they will be built with exist—
ing vacuum tetrodes.

Main Acceleration Power Sudply

Fi1g. 2 shows 3 one—line diajrasn ¢f tUs main ac—
celeration power swoly and a listing of 1ts capabili-
ties. Fig. 3 1s a photograph of the swwly. The
majo: components of the suoply are desciibed 1a the
following paragraphs.

Circust Breakers

Two circuit breakers are included in the system:
a vacuge contactor and an anr cucuit breaker. The
vacuen contactor 15 considered the orimary motection
for noimal load faults. It can be triooed by its
built-in cutent relavs and by a trigger amolied
o an SCR that dimps a capacitor bank into the ti1o
coil. ‘The vacuun contactor is expected to omen
in thiee cycles, or less. The aur cncuit dreaker 1S
tripped only by i1ts own cuxient relays. These relays
are set to trip the breaker for all faults other than
a nornal load fault. However, long-tern load faults
will trip the air breaker 1f the vacinsm contacto:
does not operate. Thus the DriTary protection 1s
oxovided by the eas;ly maintainad vacwm contactor.
The mote tugged arr breaker 15 operated onlv infre—
quently, SO W= avoid the expensive and tite CoNSUBING
overhaul these mnits require oeriodically.

Var1able-Voltage Tiansforner

This S5-MVA umit controls the outout voltage of
the power supply. In all overation to date, we have
biought the power supply oa at zero outout. With
some minor changes in relay lojic, we ¢ould cose on at
almost any preset voltage. The transformer 15 bualt
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Fig. 2.

Main acceleretion power supply. one-line diagram.
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Fig. 3. HVTS msin acceleration power supply.

samewhat like a load-tap changer, with voltage varia-
tion between taps provided by small variadble trans—
formers built on linear cores. Cost and delivery
time for this unit were much better than for the
more traditional 1induction voltage requlator.

Line Reactors

Line reacto:s were mncluded in the systen to keep
the reactance as high as possible. A private communi-
cation!indicates that transformer life varies inverse-
1y as the fifth power of the ratio of fault current
to tated current. This data showed that for a life
of 100,000 faults, the overcurrent ratio must not
exceed 6.1. Tils corresponds to a minimun systexm
reactance of 16.4%, The line reactors were specified
accordingly.

Rectifier Transformet

he rectifier transforrer is a 5-MVA unit with
taps on the secondary to provide the required volt—
ages. The secondary 1S alwavs operated in wye and
the primary in delta. The basic impulse level is
650 kv for the secondary and 110 kV for the primary.
In addition to impulse testing, the manufacturer
was required w do an induced-voltage test at twice
rated voltage, The transfoiner was also tested
with a low-power rectifier at 350 kV dc with one side
of the rectifier grounded.

During the design of the transformer, the manufactur—
er was having difficulty predicting the reactance
of the unit. He was swre of meeting owr specification

for the maximm allowable reactance bat was not 2dle
to give nutbers he censidered accurats onough for us
to specify our line reactors. Because line reactors
must be ordered well bhefore they’ie needed, we could
not wait for construction of the transformer to spe—
cify the reactors. A conmputer projrar’was written
at LLL to calculate leakage reactance in 2 transform-
er with cylindrical core and ccils. From the results,
we were able to get our line reactors del:vered
almost the same day the transformer care. On the
basis of the plammed transformer geametry, the carpu-
ter orogran predicted a reactance of 11.13; the mea-
sured reactance wag 11.5%. The nuthers ajree to
within the accuracy of te instruments used.

Rectifaer

The rectifier 1is a standard three-phase bridge.
Each of the six legs of the bridge is made of 768
diodes each rated at 800 V and 125 A. Each diode is
shunted by a 25-K: resistor and a 0.22-.f capacitor.
The original intent was to build the rectifier in
three separate insulating tanks with suitable corona
rings. ‘The ac current would have been fed intc the
middle of the vertical tank sides, and the dc connex-
tions would have been at the top ami bottam. The in-
sulating 011 would have been punped thiough a heat
exchanger for cooling. This plan was ahandoned when
three large steel tanks becase availahle at no cost.
Each of the three ghases of the bridge 1s housed in a
separate tank with conventional bushings.




Crowbar

Load protection is provided by two identical crow-
bars, connected in parallel, close to the modulator.
Each cyowbar consists of seven 37248 ignitrons connected
in series. Each unit is housed in a 16-in. PVC pipe
with aluminum corona rings at the top and bottom.
Each ignitron has a separate firing circuit that oo-
erates from a 12-V storage battery. A dc=dc converter
movides 3-kV to charge the trigger capacitor. The
voltage across the trigger capacitor is monitored,
and if it falls below a preset value a light signal
is nterrupted, breaking the interlock chain for the
main acceleration power supply. Triggers for the ig-
nitrons are also coupled by light signals: the absence
of light causes the crowbar to fire. To minimize the
number of Sspurious ignitron firings, the anodes are
heated to a temperatwe about 30°C above the cath-
odes. Thus, there are two sater colums in each crow-
bar. The resistance of these water colums provides
voltage division between the seven series ignitrons.
Fig. 4 is a photograph of the crosbars, one with the
side cover removed.

AC Surge Networks

Several resistor-capacitor surge networ ks are
included in the ac system. Except for the network on
the secondary of the rectifier transformer, the ori-
mary furction of the networks is to reduce voltage
transients that are caused by circuit-breaker opera-
tions. Vacuum breakers are particularly notorious for
producing large voltage transients and many large
t.rmsfomer; have been damaged or destroyed by these
transients.” In the past, the standard surge network
has consisted of three 0.25-uF capacitors comected
directly across the putput terminals of the breaker.

The two 250-kV crowbars; each is composed of

Fig. 4.
seven ignitrons in series.

These were not effective, and actually agyravated the
situation in many cases. * The problem arises from the
vacuum breaker's ability to chop a small current
abriptly to zero. The energy stored in the inductance
of the systes. causes a system avervaltage at a level
determined by the amount of stray capacitance. Oscil-
latory transients often develop that cause the vacuunm
breaker to restrike many times. Because the breaker
contacts are moving apart, the restrikes ocrur at ever
higher and higher voltages. Inclusion of the resistor
to damp the inductance/capacitance circuit Lrevents
the restrike problem. Because these resistance/capaci-
tance networks are relatively inexoensive, we made no
great effort to optimize Uem. Droble=s in cbtainimg
power resistors indicated that we should treat each
netwark almost as if it stood alone and order th» com—
ponents quickly. later, analysis by digital computer’
showed the netwoiks were alequate to oyotect the sys—
tew.

The resistance/capacitance surge netwoik on tte
secondary of the rectifier transformer is owovided pri-
marily to remove the transients caused by camutation
of the rectifiers. An optimum design requires infor--
mation that can usually be had only after the trans-
former is built. A conservative netwock was designed
and built prior to delivery of the tramsformer and
this network serves its purpose. It is important,
of course, to use noninductive resistors for all these
netwoz ks.

Surge (lightning) arrestors are included on the
rectifier-transforwer primary. Three 12-kV arrestors
are cannected line-to-ground. Three 15-kV arrestors
are connected line-to-line. No lightning arrestors
are included on the high valtage side of the rectifier
transformer. Lightning is a rare occurence at Liver—
more. Furthermore, our power suooly is located be-
tween two metal roofed buildings much taller than the
suply itself. If one assumes that switching amd
lightning surges are passed thromh a transformer at
2 level determined directly by the tuwrns ratio, the
arrestars on the primary adequately motect our trans—
former. In addition, standard surge arrestors are not
designed for the dc offset irwolved in vectifier opei—
ation, so an adequate set of arrestors for the second-
ary would have co.l more than half as much as the
transformer.

OC Surge Networks

The main surge network on the dc side of the
power supply is something of a caepranise. 4 laige
nutber of 1500-LF, 450-V electrolytic capacitors were
available to be used in this network, but they could
not quite provide che desired camacitance. However,
a small analog model of the supply verified that this
capacitance would provide adecuate verformance. The
difficulty only exists on the lowest voltage tao,
so a slight valtage overshoot is not terribly impor-
tant. The housed surge netwock is shown in Pig. S.
The neninductive resistors are mounted between the too
and middle corona rings. The capacitors are mowted
between the middle and lower corona rings. Zener di-
odes and resistors are connected in parallel with each
capacitor. When the transformer is coerated frca the
highest-voltage tap, all the surge cipzcitsis are
connected in series. uWhen operation s from the
middle transformer top, the capacitor bank is tapped.
when operation is from the low voltags t:ansformer
tan, the capacitor bank is split in half and the two
halves paralleled.

Two smaller surge networks are used, one at each
end of the coaxial cable that comnects the modulator
to the oower supply. These networks consist of 40~
resistors and 0.027-uF capacitors and provide an ap-



proxiTate impedance match for the coaxial cable.

Other Systex Camoonents

High-Voltage Modulator

The wodulator for the main acceleration supply
is described in another paper accepted for publication
in these proceedings.® The wnit is designed to use
either of the new high voltage tubes being developed
for ERDA by RCA and EIMAC*. The RCA tube {A3012) is
piesently beiny installed in the modulator. The modu—
lator both regulates and switches the voltage applied
to te neutral bean source., We anticipate no great
difficulty in voltage holding with this modulator
when the power supply is operated on the two lower
taps. On the highest tap, the open-circuit voltage
1s over 250-kV. If we have trouwble at that level,
we plan to add either an SCR or ignition Switch., The
modulator tube will then have to hold the full volt-
age fot only a very short time on each 1oad pulse.

The modulator's major functions will remain the same—
voltage regulation and current interruption.

Arc and Filazent Supolies

These two supplies are both powered by baxks of
6-V, 244-A~h golf-cart batteries. The filazent supply
is desciribed in a paver accepted for publication in
these moceedimgs. ~ It is a voltage-regmlated supply
rated at 15 V and 750G A. Control of the filavent
voltage 1s provided by switching stainless steel
res15tors in or out of the circuit with snall contac-
tors.

The arc suply is a current-requlated suoly
rated at 7500 A and 75 V. It is similar to the fila-
Dent Supply except. SCR's are used to dn the switching.
An LSI-11 microcanputer is used to centiol the SCR's.

We expect the batterv banks to be useful for both
the mc and filavent supplies for sove tie. ¥When
the tequired pulse length for sources goes beyond
about 30 sec, we will have to add more batteries or
install a large isolation transformer to mrovide
the required power.

Suppressotr Gtid System

DC Supply. The dc pover suoply for the suporessor
grid 1s a three-phase supply using a bridge rectifier.
It is rated for 90 kVA continuwous duty at either 8.5
ot 14.7 kV de.  The supply operates fraom 480 V ac
nout and has vacuum contactors for fast overload
protection, Z resistive step-start systen is included

on the dc side of the rectifiers, The supoly is instal=-

led outdoors on the same pad as the main acceleration
power Supply.

Supoiesso:_Grid Modulato:r. This unit uses an
EIMAC 3Cwl00000E tetiode to regyulate and switch the
source-suppressor grid. The coatrol and diive cir-
cuitry are very similar to that used for the high-
voltage modulator. The modulato; is in the same
roon as the neutral-bean sowce, An ignition crowbar
for the dc power supply is included in the modmlator
enclosure,

*Reference to a comnany or praduct name does not imply
approval or recommendation of the oroduct bv the thi-
versity of California or the U.S. Energv Reseaich and
Development Adninistration to the exclusion of cthers
that may be suitable.

Gradient—Gr 1d Systex

1t was originally thought that the gradient grid
of the neutral-beaw source woild also recuire same
kind of vacuux-tube mogulator. Recent results at
lawtence Berkeley Lahoratory :ndicate that a resis-—
tive valtage divider can meet the quadient qrid
oower tequirerents for the TFTR source. Conse-
guently, we have built a potentiameter using copper—
sulfate solution as the iesistive element. The wmit
is built in 2 12 1n. PVC tube about 40 in. lomy., The
upper electrode 1S connected to the sowce filament,
the middle electiode 1s connected to the gradient
grid, and the bottom electrade is giounded. All elec-
trodes are copper, and the middle one can be driven wp
or down by a remotely controlled Totor. A small
multiturn potentiometer 1s ceared to the mutor shaft
to give a remote readout of shaft gosits ..
copoer-sul fate solution iS punped “huouzh a heat
exchanger to dissipate excess enetqy.

The Telemet:y System

The telexetry systen desigred and built for HVTS i1s
described in a paper acceoted for publication in these
moceedings.® The system is used for control signals
as well as for diagnostics. All signals are trans-
mitted by jight pipes installed between the control.
roaz axd the roon housing the neut:al-beat soutce.

The light pipes are about 100 ft. long &nd the data
is handled at a rate of 2 X 10° bits-second. Both
analog and digital data are handled.

Arc_Snubber
A set of nagnetic cores is installed between the high—

voltage module and the neutral-beas sowce. All power
fo1 the source passes through these cotes, when the

Fig. 5. DC surge network in housing.
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soutce spa ks, the cores mesent an effective tes:s—

tance of a few hundred ohms between the soxrce and
energy stored in the stray capacitance of all the
vover suplies.
1n more detail and Jives design information.
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