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Abstract

A triple-reaonance airoult ha3 been gevisad for Lm-
proving the efficlency of produclng high yoltage pulses
by the MEDEA II accelerator. This elrcult modifies the
well-igiown dual-rescnance ¢lreult by L(atroducing an 1o~
termediate capacltor between the pulse tranaformar and
the load capacitor. Complete transfer of anergy (ex-
cept for diassipation) is achieved when the normal mode -
frequencies of the coupled clrcuit ara in the ratios of
gertaln whole nuwbera. In the simpleatl caae, the
norpal-mode frequancies are Ln the ratios 112:3. In
this case, the ratio of the peak transformer valtage to
the peak output voltaga 1 reduced to 0.348.

Introduct {on

Transformer—drivan high voltage generatora based on
the principle of dual resonance of the charging circuit
are a sleple, compact alternative to'the Marx generator
for oharging high voltage pulse forming lines (pfl)
(Aefs. 1-4]. Tha dual-resanance e¢irouit for charging
pfle 4 a spacial case of the circult ahown in Fig., 1.
Here c, ia the enargy storage capaclior, ':2 is the In-
ternal capacitance of the transformer, c:3 13 the prl
capacitance, and Ll' l‘?.' and LS ars tha Inductancea al
the transformer primary, transformer seqondary, and an
external tuning/lsolation inductor, respectively. The
dual-regsonance transformer 1s dasigned (assuming Cz of

Fig. | 13 zern) to meat the conditions L.C, = {1.2‘1.3)(:3

and k= WL (L 4L, = 0.6. A complete aoupling of
the enargy. neglecting damping, takes place [rom c1 ta
Cy- Howaver, for electrically short pfls in which

tha capacitance of the pfl is comparable to the inter-
nal capacltance of the transformer, the dual-rescgnance
design becomes inefficient. A large fraction of the

avallable anergy remains stored in the Internal capaci- )

tanca of the transformer., and must ba dissipated in the
charging clreutt, as on MEDEAR II [Ref.. k], Thia paper
describas a design that allouws camplete coupling of the
available ensrgy in all such cases. The design also
aubatantially reduces voltage stress on the
transformer.
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Fig. 1 Equivalent circeit of pulse-line charging
circuit of MEDEA I, peglecting resistive elements.

I. Tripie Resonance Principls

The vircult depicted In Fig., 1 has a purely oscil-
latory transient response with thras natural radian

freguencies 05 Wse and 0y If the capacitor CI 15
tpitially charged to woltaga v the wolLage acroasa

the three capacitors of Fig. 1 may be desoribed a2

v, a‘ h‘ g cI coa m‘f-
v, - a, b, ©, €o8 w,t ‘ 1)
?3 I3 D3 ‘.‘.3 COS Nat

where t=0 correaponds to the time at which the primary
awliteh closes, The circuit ia reaonant L1 the energy
stored Ln the inductance and capacivance of the trans-
former primary and sscondary circults is 2erc when the
pfl voltage reaches Lts peak. This can only occour whan
the three normal mode radian Ifrequencles ®y = knn. ®a

= 1"‘0’ and g = mg, are in the ratio of whole numbers

X, 1, and m where lsk+1, k+3, k5, ... and m=1#1, 1+3,
145, ... . The almplest reaonant mode, whioh is also
the mode of greateal practical interest, ia that 1n
which the three normal mode frequenciea of the couplad
eiroult are in the ratios 1:2:3. Requirlng 100% energy
transfer, .e., ¥ =v =¥, +V,ef,« U at the time oorre-

sponding to -r3 - vhaz s determinea savaral of the co=

efficlents ip Eq. 1. Sealing to v, (t=0) =1, Eq. 1
oo omas '
\rl a1 1/2 l.f2~a.l coe kuut
v - 2, 0 -a, cos Lunt {2)
\ra a.3 I:»3 -a3-b3 cos ‘%t
where w, correaponds to tha lowast order resonant radl-
an frequarcy. A solutlon for the remaining undeter-

minad paremeters may be found by considering tha
coupled circult mquations, which may be writien aa

i LG, M, M |
VE - - m1 chz L2C3 v, (1}
\fa HC1 LZCZ (LZ*'LE)CS v
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A serles of nine simultanecus equations was derived by
s of Egs. 2 and 3 and equating like frequency cospo
neats. Soluvion of these simultanecus eguations, under
tha conatraint of 100% snergy tranafer, yields the con-
ditions on ¢lrcuit camponents listed {n Tahlae 1.

Figure 2 shows the voltage waveforms for a sample
sase of (00Y energy transfer, calculated for an ovarall

700



Table 1 Triple resonance circuit parameters
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Fig. 2 Typical waveforms for triple-resonance
operations.

* The inductor L

voltage step-up of 40 and a fundamental resonant fre-

quency of 250 kHz. A parameter of particular interest
is the ratio of peak transformer voltage to peak pfl
voltage. For the case of 1:2:3 resonance, this ratio
is 0.36. The output voltage enhancement is obtained by
transferring peak voltage stress from the transformer
to the external inductor. This transfer of peak volt-
age stress is significant because the external inductor
does not suffer fram the conflicting requirements on
the transformer to maintain close magnetic coupling and
good electrical insulation. As the parameter m becomes
2!
the circuit parameter values and output voltage charac-
teristics approach those of the dual-resonance design.
However the transformer secondary voltage tends to ex-
hibit rapid large amplitude osciilations as it rings
with its internal capacitance.

I1. Application to MEDEA II

MEDEA II has the capability to produce two in-
dependent electron beam pulses up to 1.5 MeV energy
[Ref. 4]. The pulse transformers are based on a
spiral-strip air-core design by ‘Rohwein [Ref. 3]. The
charging circuit was designed on the basis of the dual-
resonance principle, but was generally operated with an

external inductor L3 to provide isolation between the

* transformer and pfl, and to yield a modest increase in

pfl voltage over the peak transformer voltage. Trans-
former internal capacitance and pfl capacitance were
comparable, and a large fraction of the energy remained
in the transformer after output switch closure. This
energy was dumped by a safety switch in parallel with
the external inductor.

Because of the broad maximum in the response of the
triple resonance circuit around the resonance peak, it
was possible to modify the existing MEDEA 1I second-
stage circuit hardware to increase the theoretical en-
ergy transfer efficiency to 87%, neglecting losses.

3 was changed to 1050 yH and modifica-

tions were made to improve i{ts voltage holdoff capabil-
1ty; an external capacitor was added to increase the
effective transformer internal capacitance by 40 pF;
and the primary circuit conductors were re-routed to
reduce stray inductance. The safety switch was re-
moved. Fig. 3 compares the measured pfl and trans-
former voltages with the calculated values. The cir-
cuit component values used are listed in Table 2. The
differences between the waveforms are due to additional
losses, inaccuracy in modeling circuit components, and
stray coupling between components not included in the
model. Fig. Y4 shows the measured and calculated wave-
forms for a case in which the output switch breaks near
the peak of the pfl voltage waveform. This shows the
residual voltage ripple in the transformer after the
pfl fires, which is due to lack of perfect energy
coupling.

Conclusion

The circuit described here improves energy transfer
and eliminates the need {or a safety switch on MEDEA
II. Because of the reduction in peak transformer volt-
age, it may have general application in miniaturizing
the pulse transformer in resonant pulse-line charging
circuits.



