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DEVELOPMENT OF A 3 MV PULSE TRANSFORMER* 

by 

G. J. Rohwein 

Abstract 

This report describes a 3 MV transformer designed for charging high voltage 

pulse forming transmission lines. The transformer ts an air core spiral strip 

design which incorporates ring cage shielding to control edge breakdown in the 

secondary winding. The physical features of the transformer are described along 

with its electrical characteristics and the operational results. 

Introduction 

Air core transformers are an attractive alternative to Marx generators for 

charging high voltage pulse forming transmission lines (PFL) such as those used 

with high power electron or ion beam accelerators. ' ' Some of the advantages 

of transformer Bysterns include simplicity, compactness, h. <?h reliability, reason­

able cost and high energy transfer efficiency. The transformer described in this 

report was designed to demonstrate these features. The primary objective, however, 

was to establish the feasibility of multimegavoit operation. It uss successfully 

tested to 2.2 MV in an off-resonance, single swing charging mode and to J. MV in a 

dual-resonance charging mode. The energy transfer efficiencies for the two modes 

of operation were 58 and 91 percent, respectively, A 100 kV, 5 kJ capacitor bank 

was used to power the transformer for all experiments. 

Spiral strip transformers are particularly well suited to PFL charging service 

because they inherently have a high interturn capacitance with a low total 
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capacitance to ground. This characteristic makes them much less vulnerable to 

dielectric breakdown between the final turnB of the secondary winding from nano­

second voltage transients generated by discharges of the PFL than their helical 

wire wound counterparts. However, spiral strip windings are very susceptable to 

breakdown from the edges of winding strip unless special precautions are taken to 

prevent highly enhanced electric fields from occurring along these edges. This 

problem was avoided in the present transformer by placing concentric ring cages 

across the margins of the transformer which maintain a coaxial electric field 

distribution in these regions. The coaxial field across the margins is nearly 

parallel to the uniform field through the thickness of the winding and, as a result, 

the field enhancement along the edges is minimized. The ring cage, more fully 

described in the transformer section, does not have a measurable effect on the 

magnetic coupling of the transformer or contribute to eddy current losses. This 

type of ring cage shielding was used successfully on a number of earlier spiral 

strip transformers * * operated up to the 1 MV range and has proven to be 

effective on the present 3 MV model as well. 

System Description 

To test the transformer it was necessary to build a capacitor bank to provide 

primary pulsed power for the system. A load section was also required which included 

a capacitor, switch and load resistor. Two photographs of the system are shown in 

Fig. la and lb. A cross sectional diagram is shown in Fig. 2. 

The capacitor bank consisted of two 1,85 fi? capacitors arranged in an over-

under configuration for charging to plus-minus 50 kV, The hank was electrically 

connected to the transformer primary through a parallel plate transmission line to 

minimize hookup inductance. A maximum output voltage of 100 kV was obtained by 

switching the capacitors in series with a spark gap placed between the high voltage 
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(a) 

Pig. 1. a. 3 MV transformer test system. 
Transformer and capacitor bank. 
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Fig. 2. Cross section of test assembly. 

terminals of the capacitors. This switch was a commercially available rail gap 

and was triggered with a pulse generated by a a 50 ft coaxial cable typically 

charged to 70 kV. Triggered in this manner, and with an insulating gas mixture of 

14.5 percent SF, and 85.5 percent Argon, the rail gap operated repeatably in a 

multi-channel mode. Figure 3 is an electrical schematic of the system. 

The load section, consisting of a coaxial water capacitor, a switch tank and 

a water load resistor, was connected in-line with the axis of the transformer. 

For the dual resonance tests an oil-immersed tuning inductor section was added 

between the transformer output and the water capacitor. The housings for both the 

capacitor and inductor were 60 cm diameter tube sections with acrylic interface 

plates between the oil and water sections. The switch and load resistor housings 

were open top box sections which permitted access to the interiors without 
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Fig. 3. Electrical schematic of transformer test system. 

uncoupling the exterior assenhly. The high voltage switch was a two-electrode, 

self-breaking gas-dielectric spark gap with disk grading rings in the housing (see 

Fig. 4). The self-break level could be varied over a range of 1 to 3 MV by 

controlling the SFg pressure in the swttch. 

Fig. &. Photo of P.V. spark gap. 
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Transformer Description 

The transformer, shown in cross section in Fig. 5, has a single turn 

primary surrounding a 42-turn copper strip secondary winding. The active 

widv.h of both windings is 30 cm. Eight layers of 0.019 era thick polyester fiJm 

provide the tufn to turn insulation in the secondary which, with the .025 cm 

thick copper strip, make the finished winding thickness 7.6 cm. At 3 MV the 

mean winding stress is approximately 450 kV/cm. The width of the polyester 

insulation is 60 cm which leaves a 15 era margin on both sides of the copper 

winding. The series of split concentric rings (Fig. 6) extending across both 

margins of the transformer are located on the core and case ti provide electric 

field shaping outside the active winding area. The rings are spaced apart 

0.32 cm to allow free passage of the magnetic field through the cage. Inside the 

case, the rings are potted in place with epoxy resin. Along the core, the rings 

are divided i;»to four 90° arc segments and held in place by longtudinal bars 

attached to the core cylinder In the center of the winding and to a segmented 

torus at the outer e<ids of the core. The segmented torus is supported by 3n 

acrylic plate attached to the inside of the torus and by the 5 cm diameter copper 

output tube which extends through the assembly. 

The field shaping provided by the ring cage is essential to prevent dielectric 

breakdown from the adges of the spiral winding. The concentric rings maintain a 

coaxial electric field distribution across the margins of the transformer which is 

nearly parallel to the uniform field through the thickness of the winding. The 

equipotential lines are thereby prevented from bending sharply around the edges of 

the thin winding conductor and creating highly enhanced electric fields. Figure 7 

is a plot of the equipotential lines across one transformer margin, through an 

interface and into the water capacitor section. 
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Fig. 7. Equlpotential plot across one margin and the oil-water interface. 

The rings on the core are divided into four symmetrical sections (Fig. 8) to 

prevent nanosecond voltage transients generated by the PFN discharge from breaking 

down the slots in the rings and core cylinder. This problem arises when the core 

diameter is large enough that the wave transit time around the circumference is a 

large fraction of or exceeds the shortest rise or fall time of the PFN voltage 

pulse (typically under 10 ns). Under these circumstances if the output of the 

secondary winding were connected along a line on one side of a single slot, a 

voltage equal to the full amplitude of the pulse could momentarily appear across 

the slot ana cause a breakdown. This problem was studied in separate experiments 

where a fast rising voltage pulse (4 ns) was delivered to the ends of an array of 

full turn rings Inside a simulated case. The rings consistently broke down across 

their gaps. The voltage pulse measured across the gap was equal to the full 

amplitude of the applied pulse for the duration of the ring transit time. 
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Fig. 8. One quadrant of core ring cage. 

From these experiments it was found that gap breakdown could be eliminated by 

connecting the rings along a line opposite (180 degrees) the slot so that the 

voltage pulse swept symmetrically around the rlngp In opposlte directions fron the 

connection point. When the two fronts met at the gap, the voltage difference 

a-ross it was essentially zero. The response time of the core ring cage was further 

shortened by dividing the rings into segments and separately connecting each set 

of segments to the center core cylinder along a longitudinal line through their 

raid sections. The output connection to the center cylinder, which is also the 

final turn of the secondary winding, was made opposite its slot to avoid similar 

transient voltage breakdown problems. 
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For structural reasons, the transformer case was made of two 60 cm diameter 

filament wound fiberglass reinforced polyester tube sections with integral flanges. 

The acrylic end plates .-in* attached to these flanges which also provide a rigid 

connection to the external load Bystem. The primary turn, located between the 

fiberglass case sections, is also part of the structural assembly. It is attached 

to the fiberglass sections with shallow flanges around each edge cf the turn. 

This arrangement facilitates assembly of th? transformer and, when used in repeti­

tive pulse service, eases the problem of heat removal from the primary turn. The 

fiberglass case sections are longitudinally slotted and aligned with the slot in 

the primary turn to provide space for feeding the insulation sheets through the 

side of the assembly. The slot and sheets are sealed with silicone rubber adhesive 

to prevent oil leakage from the interior of the transformer. 

When the physical assembly was complete the transformer was placed in n vacuum 

chamber for oil impregnation. The oil used was an oxidation inhibited water white 

mineral oil. It was held under vacuum continuously for three weeks to assure full 

oil penetration through the secondary winding and removal of all absorbed gasses 

and moisture. After completing the impregnation cycle the transformer was ready 

for testing. 

The measured and calculated electrical parameters of the transformer are 

as follows: 

Primary inductance, L - .590 fjH 
Secondary inductance, L n 488 /lH 
Mutual inductance, M = 14 jfH 
Coupling coefficient, K = .83 

These values were calculated using Nagaoka's inductances formulas and 
later verified by measurements. 

L p = .D047T a [£n jp- - \\ U\\ 
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where 

a and b are the mean radius and axial length of the coll, respectively. 

N ts the total number of turns. 
n, and n^ are the turn densities per centimeter length for thfc primary and 
secondary windings. 
k and k* are functions of b/2a taken from tables. 

r. 1B the diagonal distance from the inside radius of one edge of the primary 
turn to the smallest inside radius of the secondary winding at the opposite 
edge. 

B, and B 2 ara functions of the ratio of the mean coil radii and are taken 
from tables. 

Operational Results 

Initially the transformer was operated in an off-resonance single swing 

charging mode. For these tests the capacitor bank was coupled directly to the 

transformer primary turn and the transformer output fed directly to the 1.1 nF 

load capacitor. Under these conditions the charge time on the load capacitor was 

1 /JS. A typical waveform for the single swing charging tests is shown in Fig. 9. 

The system was tested at successively higher voltages until at 1.8 MV a breakdown 

occurred between one core torus and the outer ring cage. The breakdown flashed 

across one of three acrylic spacer blocks which had been placed between the acrylic 

end pj.ate and the winding insulation to prevent lateral displacement of the winding. 

Only the acrylic block was damaged. The transformer was drained and all three 

blocks on that side were removed. After refilling the transformer with oil, 

testing was resumed and the system was taken to a maximum of 2.2 MV without further 



t *«Li f *3SE3 

& 

12 



1 



Fig. K ) . Dual rf.'son,inn.' charge cycle voltage. 
S U C C P = I ps/dlv. Voltage *= I,I *fV/di\ 

time 'in (ho side opposit" the 

had n,)i hoc?, removed, TIM- .irr 

in a manner s|m) lar to the fir 

drained, opened and the r r m i r 

The- arc had tracked radically 

n-y'iiiis ** r".̂ k<!n'~';i whe re t lie acrylic spacer hlnr 

H a s h e d .KT'". • -vif. t>f the ren.iininp ;nryl:'{ sp.i 

: hn-akdejwn- TJ.» repair the transformer it was 

i)' r I orV - r>"i*'('.'*! d . The (innate was a}* a ( n r ; .t,' " i 

•r'«ss the ("•:! n-n.- edj'es of the polyester insula 

between the sheet s ;ind t In- h I m k . 'I |,(. wf nd i ng w.is tvpai red bv t r immlng hack the 

insulation to just below the depi }• >>'. the .ir j'.u'i, a;.p rox i ma 1e 1 y 1 mm. 

Si nee the sparer b locks had or I gl na I 1 v bee:, i ns -a 1 I ed tn prevent the r.-nt ra ! 

layers of the winding from shifting when tin- transfo -it'r was handled with its axis 

in a vertical position, it W A S necessary to devise some other method to hold the 

wind i ng in place . Th i s was ncronp M shed hv f us I ng t he <>dges of the i nsu 1 a 11 on 

sheets together along a number of radlni lines around the edge of the winding. A 

heated soldering Iron was used for this operation. The flat tip was drawn across 

the edge of winding whirl, melted the polyester film locally and fused the adjacent 

sheets together. The depth of the fused lines was approximately 3 mm. With eight 

such lines the winding was held securely from slipping and yet the oil could flow 

freely into the winding when the unit was impregnated, 

When the transformer was repaired and reinpregnated, testing we.s resumed. N> 

further transformer breakdowns were experienced up ro and including the 3 MV level. 

14 



T M s r n r r o ^ p o n d f c i L.I ;i + '+"> kV c h n ;p <">n t h e p r i m a r y c . ip r . r i t r r m i d .1:1 I - H I M , " . 

f e r c 1 ' f ! L- 11' i i rv or* 91 p e r r i ' n t . A number D I i r e n k i l u w n s d i il ; n - < i ; r , I ' o - . v v r , •• 

war. I T t a p . i r i t i r .inr! h i t h e sw1 ifV Lank be t-'•.'<• n ? . 1 . i ! ' : J . 1 '!V wli i r h t. r .•; 1 <.'!. • • ! 

p o s r . i M I I t v o f t a k i n ; ; t h e <;vsti»n ; i l>uvc 1 MV. 

T Tn pri '-sc-nf r ' x p r r i n r - n t •• *• I : r t hn "i K 'V [ r . i us f -J r r •• r - f . ' . i r i v ::<•;•.o--s: i i t . 1 

r e a M ' h i ! i t v n f n i l T t f — : c i ! . r ; < i l ! [ M n s f i i r n i - r o 1.. r; 1 f : -»r 1 * • r j . t : I -,c cPa r:>: : i ; ; 

- i ; - ; : M -;\: i - H I S . Tho ki>\ <. •> o b t a i 1 i m' r c l i . i M - - ;.. • T' r ' - r-1.'! -i r, • w i t h sp i r.i I <•' 1- i :• 

t - . i r .s f • . r n e r s l i e s i ; i r i j - i T r i i T t r k f i e i d s ! v i p : r , , : i r. * I..- : - , i r , : i - i ' : ••!" r'•• 

t r . ' ins f o r r n r . T h i s r a n h r a r h j P vprf hv p l a r i n / c i n c - ' i u r i c s p l i t r i ;\y r,;y- • 

. U T " * - ^ r he rut r r . i n s --his-1 c o n f i r w t h e f l p c i r i c f i»• : <: * . .; ; . . . r - : i . i l -i i •-! r • • . : ) ! . 

H111 .•••)* s f i l l d i s r - a p ' t h e - i . U ' - i i - l i r <--M:p'.{ :.!•.. "• ! i •" *•••- !"- . :• •••• '••: : n - : = ! *.: i ; - : - , -

tt<»rd s ^ r n - s s f u U v nn c - i r i j i - r I r , i : i ' , ! n r r . « - r ' . c p s ! >?«•<; i r. « h,- . ••*.• r.f •-•.>•/•.: • r..".--

h a s p r o v e n t o hp an c l l i T l i i v mi 'M iud l o r nn ! t i -*:.•,-a v ] • n;>.-ra I i m i i ! - , . . 

H a v i n p : ! f -Ti . ; isr r ; i i *'<i t i ' - t r v i i n ! s t r i p 1 vp . ". • n ^ : . * : — . r s - i r .•..••-•.!-• ••• i 

np t i i a t I I M : ; I 1 " V , FU'.O! '••••r - i p t i - H i i s , i v ; i ; ! ; i H r : r. .-!••••. > ;•••• i - r :>u!-..- . ' • • . ! - • : • ; .• 

s y s t e m s ( o r : : : i " ! i v o l t a g e . ' • c f c i f r . i i . d r s and -if h.-r '!<•.( p u i s * - J i <-. '?• • r ,*.> .'<-•.-: >-•, 

T r - i n s f o r n r r p o w e r e d s y s t e m s ha'-*'* t h e i ^ n r r . i ! i n p f - a ! it' h i rP i-* ' ; . : . . • , * . • , • . ;••• 

n n p a r t n e s s a n d c o n r M r a t i *,*•.•! y I ; J V <.'<!•.!. ;n . . i s . •-. - : -r.- : ' , . •<, , ; . - . * : : r • .-.•:< 

i r m o r I a n t , r h r r n f o r e , t r ^ n i f u n r r s v s t i - n s .-.in hp «•«;>! .v.-.-'if . i d v i m i f f - r . . ! - . ! .•. 

Ack r . f iw l oric.' nc n tR 

Th*- . m r h o i w i s h e s t o t h n n k V. H. ' ; r p ^ t ~ii~ I; t -r ': ;«- i - n r M ^ r i . ' i 1 

v.i ] u . ! h ] p s u K ^ p ^ t 1 o*T4 -md K. ! . , Si-nn :".»r '. \ •• : 1 •* '.*i • -* ]<• •! J -it i ,-r.s . 

fyf J. P. C o r l f v , *•'. W. O ' M . - I I I C V a n d R. U*. i ; i w s . n : . t ! i , - • - s ^ i - n b i v , 

t p r t i r i K o f t h e r r a n s f u r r c - r i s . i l s n j ; r . ' U p f * i l ' . v . i rk i : ->- - : p r i c e d , 

is 



References 

1. G. J. Rohwein, TRACK I, A Transformer Charged Electron Beam Generator, IEEE 
Transaction; on Nucl. Rci,, Vol. NS-22, No. 3, June 1975. 

2. A. P. Avrorov, V. T, Astrelin, E, L. Bogartntsev, V. A. Kapltonov and 
V. M. T.agunav, A Pulsed Electron Beam Accelerator, AQUACEN, Proc. of the 
lnt'1. Pulsed Power Conf., Lubbock, TX, TIIEU, 1976. 

3. G. J. Rohwetn, M. T, Buttram and K. R. Prestwich, Design and Development of 
a 350 kV, 100 pps Electron Beam Accelerator, 2nd lnt'1. Topical Conf. on 
High Power Electron and Ton Beam Res. and Tech., Vol- II, October 1977. 

A, High Voltage Transformer Development, Electron Ream Fusion Progress Report, 
April 1977 through Sept. 1977, SAND78-0080. 

5. J. J. Ramirez, Private Communication, High Voltage Switch Designed by 
Ramirez for two to three megavolt operation. 

6. F. W. Grover, Inductance Calculations, Dover Publications, Inc., 1946. 

7. D. Finkelstein, P. Goldberg and J. Shuchatvwitz, High Voltage Impulse 
System, Review of Sci. Instr., Vol. 37, No. 2, Feb. 1966, 

8. E, A, Abramyan, Transformer Type Accelerators for Intense Electron Beams, 
IEEE Trans, on Nuclear Science, Vol. NS-18, No. 3, June 1971. 

16 



DISTRIBUTION 

Los Alamos Scientific Laboratory 
P. 0. Box 1663 
Los Alamos, NM WS44 
Attn: J. Sargent 

P. Mace, AP-2 
G. Erlckson, AP-1 
Y. Janscn, L-7 
K. Rtepe, L-7 
T. Stratton, L-7 
C. Fowler, M-6 
G. Frank, L-5 

Laurence Livermore Laboratory 
P. 0. Box 808 
Uvermore, CA 94550 

Attn: E. Cook (I) 
L. Reglnado 

Physics International Co. 
2700 Merced St. 
San Leandro, CA 94577 
Attn: B. Bernstein 

T. Naff 
P. Champney 
A. Tospfer 

Ion Physics Corp. 
P. 0. Box 416 
Burlington, MA 01803 
Attn: H. Mllde 

Dept. of Energy 
Office of Inertlal Fusion 
Washington, DC 20545 

Attn: P. Hoff 
T. Godlove 
E . Braunswe ig 
G. Canavaa 

Atomic Weapons R e s e a r c h E s t a b l l s h m e 
A l d e r m a s t o n , B e r k . , England 

A t t n : J . C. M a r t i n , SSWA-H26 

Maxwell L a b o r a t o r i e s 
9244 Ba lboa Ave. 
San Diego , CA 92123 

A t t n : A. C . Kolb 

Defense N u c l e a r Agency 
W a s h i n g t o n , DC 20305 

A t t n : C. Soper 

Sys t em, S c i e n c e and S o f t w a r e 
P. 0 . Box 4803 
H a y u a r d , CA 94540 

A t t n : A. K l i e n 
0 . Loda 
H. As I In 

A i r Force Weapons I.ab 
K l r t l a n d AFB 
A l b u q u e r q u e , NM 87117 

A t t n : D. S t r aw 
C. C l a r k 
A. Guen thor 
P . O r t w e r t h 
W. Baker 

Nava l R e s e a r c h L a b o r a t o r y 
Code 7720 
W a s h i n g t o n , DC 20375 

A t t n : .1 . Shlpraan 
T . V i t k o v i s k y 

Ian S m i t h , I n c . 
3115 Gibbons Dr . 
Alameda, CA 94501 

A t t n : I . Smith 

Energy S c i e n c e s I n c . 
1 1 ! T e r r a c e H a l l Ave . 
B u r l i n g t o n , MA 01803 

A t t n : S . Nablo 
S . DenholT-, 

Naval S u r f a c e Weapons C e n t e r 
Whi te Oak L a b o r a t o r y 
S i l v e r S p r i n g , MD 20910 

A t t n : F . Rose 

Aerospace Corp . 
t 2350 E a s t El Segundo B l v d . 

El Se gundo , CA 
A t t n : R. Hof land 

P u l s a r A s s o c i a t e s , I n c . 
11491 S o r r e n t o V a l l e y Rd. 
San D i e g o , CA 92121 

A t t n : W. Crewson 

U . S . Army B a l l i s t i c R e s e a r c h Lab 
Aberdeen P r o v i n g Ground, M0 21005 

A t t n : D. E c c l e s h a l l 

17 



West lnghouso E l e c t r i c C o r p . 
Resea rch & Development 
P . 0 . Box 10864 
P i t t s b u r g , PA 15236 

A t t n : W. ftrnr.kr.wslil I 

S i m u l a t i o n P h y s i c s 
41 " B " S t r e e t 
B u r l i n g t o n , HA 01RD3 

A t t n : R. L i t t l e 

Harry Diamond L a b o r a t o r y 
Branch 230 
2800 Powder Mi 11 Rd. 
D e l p h i , MD 20783 

A t t n : A. Kehs 

400 J . A. Mogiord 
4000 A. Na r a t h 
4200 G. Yonas 
4210 J . B. Gerado 
4216 R. A. Be rbe r 
4230 w. Co wan 
4232 w. Beezhold 
4232 c. MacCaU urn 
4232 P . E. Bolduc 
4240 c. W. Kuswa 
424 4 p . A. M i l l e r 
4244 D. J . Johnson 
4244 S . Humphries 
4244 0 . W. Mende1 
4250 T . H. M a r t i n 
4251 G. W. Barr 
4251 R. A. White 
4251 T . F r a n k l i n 
4251 I . D. ilimi 1 ton 
4252 J . P . VanDe vender 
4252 D. L. J o h n s o n 
4252 D. H. McDaniel 
4252 E. L. Ne au 
4252 R. S . C l a r k 
4253 K. R. P r e s t w i c h (10 ) 
4253 D. L. Cook 
4253 M. T . But t ram 
4253 J . P. Cor l ey 
4253 M. W. O 'Ma l l ey 
4253 A. W. Sharpe 
4253 R. B. M i l l e r 
4253 J . J . Ramirez 
4253 W. K. Tucker 
4253 C. J . Rohweln ( 1 0 ) 
4253 J . H. S n e t h e n 
4253 L. E . S t t v e n s o n 

4254 S. A. G o l d s t e i n 
B266 E. A. Aas ( 1 ) 
3141 T . L. Werner ( 5 ) 
3151 W. L. Garner ( 3 ) 
D0E/T1C ( 2 5 ) 

(R . P . C a m p h e l l , 3172 -3 ) 

18 


