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Abstract

The design, fabrication, end testing of two sizes
of paver crowbar transformers f~ the ZT-40 Toroldal
Z-Pinch experiment at the Los Alamos Scientific Labo-
ratory are described. Lcw-leakage transformers in
series with the poloidel end the toroldal field COIIS
are used to sustain magnetic field currents Initially
produced by 50-kV capacitor banks. The transformer
primaries are driven by cost-effective, ignltron-
switched, 10-kV high-density capacitor banks. The
transformer secondaries, in series with the field
coils, provide from 1,000 to 1,500 V to cancel the
resistive voltage drop in the coil circuits.

Prototype transformers, with a total leakage in-
ductance measured in the secondary of 5 nH, have been
tested with peak secondary currents in excess of 600
kA resulting from a 10-kV primary charge voltage. The
test procedures and results and the mechanical con-
struction details are presented.

Introduction

The LASL ZT-40 Reverse Field Pinch (RFP) experi-
ment is designed to provide large, time-varying pol-
aidal and toroidll magnetic fields for formation,
maintenance, and confinement of the reverse field
plasma ‘configuration.The experiment is designed to
permit varying the time in which the reversed field
configuration is formed from 2.5 Us to 800 PS by
changing the number of poloidal field transformer

nn

feeds, the nutie- of tor~idal field windings, and by
changing capacitor banks (50 kV to 10 kV). The ini
tial peak magnetic fields are initially established
by capacitor banks. Then the crowbarred currents pro-
ducing the poloidal and the toroidal fields are sus-
tained by a voltage source in series wih the circulat-
ing currents provided by the low-leakage, step-down
transfornws described in this paper.

Electrical Design

The basic circuit diagram for the ZT-40 experi-
nmt, shmn in Fig. 1, illustrates the l?cation of the
power crowbar transformers in the overalm,system. The
requirements of the transformers vary with the desired
time in which the currents producing the fields rise
to peak value. The worst case is the 2.5 1.6field
risetime mode, in which the total current passing
th ough the transformer secondaries is approximately510 A, and the load inductance for both the toroidal
and the poloidal field windings is on the order of 10
nH. The total transformer leakage inductance (or in-
sertion impedance)must be small compared to the field
windings to insure good energy transfer efficiency.
The ZT-40 experiment was thus designed to have 12 par-
allel transformers in both the poloida! and the tor-
oidal field systems. The required series voltage pro-
vided by the transfornw secondary is on the order of
1000v.

The low-leakage tr nsformer design is based or
!earlier work by Hlrhano in Japan. The LASL design

permits easy assembly and disassembly for
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FIG. 1: ZT-40 circuit.



modification of the turns ratio and maintenance
without changing Darts and coaxial cable header in~iit
and OUtDUt.

The 1~-leakage inductance is obtained BY close-
ly coupllng tne primary and secondary windings and
designing a low-leakage flux path. Tne nunhrs of
~rimary and secondary windings [fabricated from flat
plates) are identical. The ivinaingsare stacked on
tn? core so that @riinary and secondary windings alter-
nate as shown in Fig. 2. The windings are then inter-
~onnecte~ ~0 DrOkI@ Ehe ~~sired turns ratio (i.e.,

one JO-turn ~rim~ry ~iriiling and s secondary windings
of 2 turns each in parallel gives a 10:2 turn: ratio
as in Fig. 31. Several of tnese modules are then

P:lcea in tJarallelon the same core to woduce one of
~ne twelve transformers req.ired for each circuit.
Tnp leakage inductance associated with each turn, LIT
consists of two major portions, tee turn leakage in:”
ductance ana the interconnectionleakaigeinductance,
betn of which can be aDgroximated by a strio line in-
~uctance. The associated turr leakqqe indu~~an~e is
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FIG. z: ExDlodM winding mOdule.

TO minimize current path len~th and to ~ermi~

the winding turns ratio to be changea, a comDrEssi5fi

joint, as shown lfi Fig. 4. was selected as the metnc,q
for effecting the current c~nnection~. A ta~ WaS

brazed to the end of ea~n wlnalng ~finne~t’~fi IC in-

crease the ~Qnta~t area and to minimize cJnract burn-

ing Drob;em:. This ~Onfiquraticn Cjermi*s tne wifirJifiq

modules to be disass.2mbleij and then reassemDlecl With
a different turns ratio, becarse the connection tabs
can W clamp@j to Iny Dalnt along the lenqtn Of the

Cabie nearlerof Fig. 2.

current is conducted to and from the transformer
by RG 1?-14 coaxial cable. The caljl~s are termlnat~ci
in parallel Dlate Cable headers [Fig. 5). Tne headers

are insblated from each other using ~.g-nzn-thl~k

sheets Of low-density polyethylene (FIcI. 2), which

also insulate between the winding end ijf the header
and the windlno ends that are not COnneCte@ tc the

‘eader. POIYe~nylene hats are used to extend tW
creeD distances at the cable outer t2rminjtiGn. Tne

inner conductor ,f the cable t$ terminated with a

CrimDed.Qn, stud-type connector. The outer conducrcr



FIG. 4: Winding/header cross section

is terminated by clamping it to a wrougb’i copper

coupling, which is shrunk fit into t!%z aluminum

header. The header plates are held together and
repulsive forces resisted using Grade 8 thrcugh bolts
with phenolic standoffs. The primary and secondary
headers are stmilar.

The means of connecting between adja:ent windings
is a simple compression joint (Fig. 6). The windings
are aluminum, as are the buss strips and small strips
of 1.57-nsn-thickpolyethylene that are used between
windings and buss strips as required. A G-10 fiber-
glass-reinforcedthreaded rod through the buss connec-
tion area provides the needed compres~ive force.

To minimize inductance, clearances between sec-
ondary and primary, conductors were reduced as much
as possible without resorting to oil, potting com-
pounds, or SF6. This was effected by using several
layers of polyethylene,with a total thickness of 7.6
m, interleaved in a serpentine fashion (Fig, 2) be-
tween the primary windings (for example, to closely
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BUSS
STRIP

T “’’’”’””~>
W+N$i$G :,:.?:.,

COMPRESSION

FIG. 6: Winding interconnect.

approach the bussing area of the secondary windings).
The use of multiple layers of insulation overcomes
pinhole problems associated with individual layers of
polyethylene. The polyethylene was replaced by h’ylar
in the production units because the vendor found it
was easier to assemble the winding modules.

The polyethylene interleaving between the prima-
ry and secondary windings does not insulate the wind-
ings f~om the transformer core. Consequently, an air
gap of 12.7 nsnis used in conjunction with Mylar tape
to provide voltage holdoff. A window-frame-shaped
piece of 1.57-mn-thick polyethylene (Fi~, 7) is used
in this gap to f~rce winding alignment relative to the
transformer core. This piece of polyethylene also
helps to prevent ar~ing as a result of corona in this
area, as well as exc’ludezcontamination.
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FIG. 7: Core crms section,

The original transformer \lesgn permits turns ra-
tio chanqes without the fabrication of new oarts.
However,-the change is a time-consuming process when
all 24 power crowbar transformers must be changed. A



design mudlflcation is now being
permit changes between ratios of
60:1 with a time investment of 1

Testing

Experimental Transformer

instituted that will
10:1, 20:1, 30:1, or
hour per transformer.

The experimental transformer consisted of two
transformer modules with 20:2 turns ratios on the same
core. This arrangement was to be one-third the number
of windings of the final transformer.

The capacitance measurement for the experimental
transformer was 0.22 microfarads, which meant that a
full-size transformer would have a capacitance S; 0.66
microfarads. The leakage inductance was 10.oZ nH,
which translates to 10.92 + 3, or 3.64 nH ior a full-
sized transformer.

This transformer was hi-potted co 17.5 kVdc from
primary to secondary and pulse ht-potted to 10 I(V
across the primaries. A 10-kV, high-density capacitor
bank was discharged through tne transformer into a
dunmy load, with a resultan’.peak secondary current of
27? kA.

A saturated core test was periormed by removing
the dumny load and pulsing the transformer with the
secondary open. Monitoring the primary current indi-
cated that the transformer core was saturating late in
the pulse, but without excessive primary currents.
The duntnyload was reconnected and observations of the
load current verified no damage had occurred as a re-
sult of the saturated core test.

Wpe Transformer

The prototype transformer consisted of six trans-
former modules, each module having 20:2 turns ratios.

A leakage inductancemeasurement of 4.35 nH was
obtained for this transformer. (At a later date a
better coupling between turns was accomplished and,
although a new leakage inductance measurement was
not made, it is expected that a lower value was
obtained.

Again a 10-kV capacitor bank was discharged
through the transformer into a dunrnyload, producing a
peak seccndary current of 660 kA. A similar saturated
core test was performed as with the experimental
transformer,without negative effects.

A 1,000-shot life test at full voltage (10 kV)
and full current (660 kA into a dunrnyload) has been
performed with no indication of difficulty. The pri-
mary and secondary currents are the same shape and
amplitude for shot #1,000 as for shot #1. (Further
testing is planned.)

Production Transformer

Both the theta and zeta production transformers
are being fabricated by Stangenes Industries of Moun-
tain View, CA. Each (- these transformers con:tsts

of four transformer modules, each having a 30:3 turns
ratio.

Factory testing is performed in the following
areas:

Leakage Inductance - S9 nH
Hi-potting - 21 kVdc primary to secondary

15 kV pulse across the
primaries.

LASL is testing these transformers at full volt-
age (10 kV) and full current (350 kA for the Theta
transformer arj 500 kA for the Zeta transformer) into
a dunsnyload. The first p~oductton Theta transformer
was life tested for 1,000 shots at full voltage and
full current into a dunsnyload with no problems.

-

Two sizes of low-leakage, high-current
transformers hate been designed and tested f?r the
ZT-40 RFP experiment. The total leakage inductance
in the secondary has been measured for the two-turn
secondary transformer as less than 4 nH and less than
9 nH for the three-turn secondary transformer. These
transformers operate with a primary voltage of 10 kV
and secondary voltages from 1000-1500 V with peak
secondary cur~nts of 660 kA.

“itlistype of low-leakage transformer is ideal
for in~erting a current-sustaining voltage in series
with the magnetic field wicdings of the ZT-40 and
other similar experiments. A typical transformer is
illustrated in Fig. 8.
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FIG. 8: ZT-40 power crowbar transformer.
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