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Abstract
—_—

Alr core pulse transformers powered by low voltage
capacitor banks can be simple efficlent systema for
charging high-valtage (0.5 ta 3 HV), pulse forming
transeission lines (PFL) such &s those used in
electron and ion beaw accelerators. In these
applications pulse transformers sust have the
combined capability of high voltage endurance snd
high energy transfer efficlency, particularly io
repetitive pulee eystens where thes. features are
of primary importance. The design o1 shielded,
high-voltage, #piral, strip cransformers which
fulfill these requirements is described in thie
paper. Transformers of this type bave been tested
{n three systess which operate with greater than
90 percent, transfer efficiency and have not failed
in over 107 shota. .

Introduction

High voltage pulse transformer charging systems
typically consist of & low voltage capacitor bank
coupled to & high voltage PFL through a voltage
step up trausforser as illustrated in Fig. 1.

. These systems have the advantage of not requiring
an o1l tank to insulate the primary storage capaci-
tors and are generally more campact than Marx
generators, With transformer gystems, howvever, it
can be difffcult to achieve both high voltage
endutance and high energy transfer efficlency.

The teason for this {s that operation at high volt-
ages (> SO0 kV) necessarily requirea thst voltage
grading devicec be placed in high electric field
regions where the magnetic fielde are also high.
Consequently, the magnetic fields link the voltage
gradiog structures and often induce eddy current
loops with opposing magnetic fields which partially
cancel thea ffelds in the main windings. This
actlon produces a parcial internal shorting of the
transformer and algnificantly reduces the energy
transfer efficiency of the system.

To avoid chie shorting effect it {s necessary to
design voltage grading devices such that the
mognetic field can diffuse through the assembly
without inducing eddy currente. A grading struc~
ture that satisfies these requiresents has been
developed for apiral strip transforaers which
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Schematlc of typical transformer charging

Fig, 1.
: eircuit.

require electric field shaping across the margins
of the secondary winding, Tt wes found that a
:onczngrlc ring cage, when properly assembled, was
transparent to the’magnetic field but maintained the
proper electric field diatribution in the margins,
Figure 2 Lllustrates a typical ring cege assembly.

Fig. 2.

Concentric Ting cege assembly.

Discussion

Sprial atrip traneformers are in general better
syited to PFL charging applications than their
helical wound counterparta because they have a
higher power handling capacity and because they
s.¢ leas vulnerable to intertutn breskdewm fron
aanosecond transients fed back irto the transformer
aecondary by the PFL discharges. The higher
endurance of sprial strip windings to transient
voltage breakdown {# due 10 @ wore optimum capari-
tance discribution chrough the hiuh_:;
winding. €
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However, a simple sprfal strip tranaformer, illus-
trated in Fig, 3, has .he inherent veskness of
arcing from the edges of the recondary winding
strip from highly enhanced eleccric fielda along
the edges. Such breakdowns usually originate at
the edge of one of the final secondary turms,

flash across the margin and close the arc path to
the primary or one of the lower voltsge turng.

The ensuing discharge typically ruptures the
insulatfon sheets and leaves a heavy carbon depos(t
aleng the path of the arc.
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Fig. 3. Simple spiral strip transformer.

The high field enhancement along the edges of the
winding is associated with the equipotential linea

which emerge from between the turns and bend sharply

around the edges toward the lower potential prisary
turn. The field enchancement in the edge reglons
limits the operation of & barc spiral strip to 300
to 400 kV even with the hest insulating films and
oils.

The edge hreakdown problem can be eliminated by
adding a ceaxial shield scross the margins of the
secondary winding. The concentric shield con-
strains the electrfc field to a coaxial distribu-
tion scross the margins which is nearly parallel
to the uniform distribution through the thickness
of the winding. Consequently, the field enhance-
ment 15 greatly reduced and there L{s virtually no
lnteral field component to drive an arc across the
rargin.

The effectiveness of this shielding technLqTe wasg
demonstrated {n an early tronsformer design

shown In Fig, 4 which was tested to 1.25 MV without
failure. The transformer had a single turn primary
and a 1 inch thick, 30-turn, secondary winding.

The shields were longitudinally slotted cylinders
placed over the low voltage exterior and along the
core. ¥hile this experiment clearly demonstrated
that concentric shielding prevented edge breakdown,
it was found that induced eddy currents fn the
shields as illustrated in Fig. S had a detrimental
effect on the magnetic coupling. The open circuft
gain which should have been near 30 was actually

12 and the energy transfer efficlency with a resis-
tive load was approximately 25 percent.

Internal Shorting Experiments

The problem of internal transformer shorting vase
itudied in two types of tests, Inductance bridge
measurements of a sinulated primary turn with an
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Transformer with continuous concentric
shields.

Fig. 4.
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Eddy currenis in continuous cylindrical
shields.

Fig. 5.

adjacent ehleld mection and pulse discharge tests
on a primary turn with varfous core configuratinas
in the center., ln both cases, shorting cffecls
were observed as a decrease in circuit inductance
froo the unloaded primery turn lnductance.

Figure 6 ia a plot of inductance measurements on a
10 inch diameter, & Inch wide primary turn with a
6 inch wide sleeve placed at different axlal
distances from one edge of the ptimary. The sireve
was intended to simulate a shield or structural
component placed in some proximity to the magnetic
field of the primary. In one case the sleeve was
longitudinally slotted and in the other case it was
continuous and acted as a ahorted turn. The eddy
current shorting cffect for the slotted and shorted
sleeve measurements was small but veasurable as far
as 4 Inches away from the primary turn. With the
axial spacing leds chan one inch, the effect was
quite pronounced in both cases. With a one-half
inch specing, for exsmple, the shorted sleeve
produced a 13 percent change in the primary
i{nductance and the open turn produced a 7,3

percent change.
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M ad jacent shorted and open turn.

In the pulse discharge tests & 14.5 pyF capacitor
was switched through a 4 inch disweter by 4 inch
wide single turn primsry coil., Circuit inductance
was determined from the ringing frequency of the
discharge. The unlosded inductance of the circuit
{no core in the primary coll) was 98 ud. A slotted
core tube of the same axial length as the primary
produced no change in inductance but as the length
of the slotted tube was incressed to 8 inch, 12
inch snd 14 inch the circuft inductance fell to

76 oH, 65 nH and 53 al, respectively. This resulc
indicated a shorting effect strongly dependent on
shield length. Other shield configurations
including ecreens, foils, longitudinal rods, etc.
produced similar ehoreing effects. Ounly two types
of shields showed virtually no shorting, One wi
a slotted cylinder of resistive film with & surface
Tesistence of approximately 1000 ohas per squsre.
The other wec an array of rings interspaced
spproximately one eighth inch and longitudinally
aligned vith the axis of the primary turn. The
rings were made with a gap in the hoop direction
to prevent circumierential current flow and were
connected together electrically along a single
line opposite the line of gaps such that there
were no closed loops that could conduct current {n
cthe assembly which linked the usgnetic fleld.
Pulse discharge tests op the resistive filw and
ring shield models shoved & maxisus of 3 percent
inductance change with snd without the shield
wblias in place.

Following these teets tuo prototype transformera
were constructed, one «ith resistive film shields

and one with a ring type core shield in cosbinstion

vith a continuous externsl shield which also served

-

Fig. 0.

as the primary turn. In testing the resistive
film shielded transformer there were no measureable
effects of internal eharting but the resfative filw
consistently broke down along the surface at volt-
ages over 500 kV. Efforts to improve the film
quality were unsuccessful. The ring core model
with the continuous case was incorporated into an
elec:rog beam generator (Fig. 7) and tested to

600 kV.“ In this applicetion the transformer
proved to have good high voitsge endurance but with
en eaergy transfer efficiency of 52 percent, it was
still sffected by eddy currents in the external
shield, A third transformer (Ffg. 8) was,
therefore, :onltrusted with ring shields on btoth
the core and case.” Thie transformer showed no
wmeasurable effects of fnternal shorting and was
equal to the earlier wodel in high voltage
endurance,
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Concenttic ring shielded cransformer.



t:!n:ui!-6 With the eircuit properly tuned, cnerygy

Operational Resulce

transfer efficiencies are typically greater than
After faftial testing, the concentric ring 90 percent. It should be noted that the effeits
shielded transforver vas incorporated into a of eddy current shorting can not be ceepensazuvd
repet{tive lopulse test facility and used for for by any means of external circult cuntag. The
testing dielectric solids, 1iquids and coor ring shielded transformers produced transfer
posites.” In this application the trapsformer efficiencies ranging froz 91 perceat for the 3 MWW
has been operated for greater than 10° shots in a model to 9% percent for the 700 kV repetitive
voltage range betwean 500 kV and 1.5 MV at pulse pulse model. These losses were dfvided fn the
rates fron 1 to 200 pps. No winding failures or approximate proportion of ode percent in the trans-
insulatlon flashovers have occurred throughout former and five to eight percent in the sparh vup
this service. - switches and capacitors.
Two other ring shielded tranaformers have been Conclusions
built and operated in high voltage PFL charging
systems. The essntlal features of both trans- Achieving high encrgy transfer efficiency in com=
forcers are ilivstrated in Fig. 9. Onc {6 ueed in bination with high voltage endurance In an alr o re
a 160 pps, 30C J clectron beam generator” for pulse transformers {nvelves carcful atteatics tu the
charging & 1.2 nF PF& to 700 kV. It has operated design of voltage grading devices and structuril
for more than 2 x 10’ shots without fallure. elements.to avoid internal shorting. Concentric
The second is incorporated in a 10 pps, 5 kJ high ring shielding of spiral strip type transfusmers
voltage pulser and charges a 4 nF vaver capacitor * has praven to br an cffective technique for
to 1.5 MV (Fig. 9). Prior to the repetitive pulse satisfying both requirements simultancously. T-is
appifeaclion, the transforaer was Eu::gssfully design method has been scaled successfully trom o
tested in a single shot mode to 3 MV,® Since the fev hundred kilovelts to 3 MV. There arc nu
second reperitive pulse sysitem has only recently apparcnt reaspns why cven higher voltage tronse-
becn placed in service lang term cndurance data formers utilizing this techniqe could not be beiir,
sre not yet available for this transformer. For the present, however, transferoers opera g

up to a few megavolts have many uscful applications
in repetitive pulse acceleratar systems whure lnng
shot life and high cnergy transfer efficlency are

essencial.
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fron 0.83 to 0.8%, the enevgy transfer efficiency
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charge mode. In most case<, however, the trans~

formere are operated in a dusl resonance charging

code which requires matching the frequencles of

the primary and gecondary sections of the rircult

and reducing the effective ¢oupling coefficient to

0.6, 7This 18 accomplished with a transformer

having a2 coupling coefficient greater than 0.5 by

adding er. appropriate amount of external inductance

to the primary and secondery sections of the



