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Abstract

The ferrite bias equipment for the RF resonators of high-repetition- ’

rate synchrotrons is expensive. This is a result of the high voltage necessary

to overcome the back EMF of the unsaturated ferrite at the beginning of the
sweep, and the high current necessary to saturate the ferrite at the end of
the sweep. The high frequency resonators of the Omnitron, which sweep in
8 ms, require 70V initially, but only 20V after the first 2 ms, when the cur-
rent reaches 5 kA. The voltage remains low for the remainder of the sweep,
while the current increases to 20 kA. To meet these requirements as inex-
pensively as possible, a pulse-type power supply is used during the first 2
ms, and a high-current power supply through the remainder of the sweenp.
Smooth current transfer is an inherent property of the circuit. Inductance,
which is surprisingly costly, is kept to a minimum by a " sandwich' bus bar
technique. A silicon-controlled-rectifier (SCR) switch reverses the current
every other sweep so that the full hystereses loop of the ferrite is used. A
regulator circuit forces the bias current to follow a reference pulse. ‘
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‘Introduction

When both the particle energy gain and the repetition rate are high in
a synchrotron, the problem of tuning the RF resonators becomes costly. The

- high energy gain implies a wide tuning range of the RF resonators, and this

involves a wide range of permeability of the ferrite. The high repetition rate
infers a high time rate of change of ferrite-bias current and a large amount of
ferrite. The combination requires a high initial voltage and a high final cur=
rent in the ferrite bias winding of the RF resonator. If a single power supply
is used, such as those on the low rep-rate synchrotrons, the volteampere
product becomes very high. For the Omnitron it would be 2 MVA per resona-

tor.

By using a two-power-supply method, the size of this equipment can
be reduced by more than a factor of 5. A high voltage low-current power sup-
ply is used during the ''turn-on'' period of the ferrite-bias current to efficiently
match the initial high-voltage requirement, and then the resonator .is trans-
ferred to a low-voltage, high current power supply to follow through the re-
mainder of the sweep. The voltage and current requirements for the high-fre-
quency resonator of the Omnitron are shown in Fig. 1, and the basic circuit is
shown in Fig. 2. F1gure 3 shows the physical arrangement of the equipment.
This ferrite-bias system draws ;715 kW of power at a power factor of 50% from
the power line. ‘

Power Supplies

The '"turn-on'" power supply is designed to provide 120 V at an average
current of 400 A. It charges a 60000-pF energy storage capacitor bank so that
the load can draw a 2 000 A, 2-ms pulse of current, The '"follow-through'
power supply provides 30 V at 20 kA. The effective duty factor in normal
synchrotron operation is about 20% , but the equipment was designed to operate
CW for the RF test program so that studies could be made under static condi-
tions. Final design would be restricted to pulsed conditions only, in order to
reduce the size and cost of the equipment.

Initially, the Omnitron was designed to operate at a repetition rate of
60 pulses per second (pps). Because so many of the large loads. of a sVnchro—
tron are inherently single phase, this choice of repetition-rate resulted in
very poor utilization of the three-phase power equipment. Either a very large

amount of energy storage must be provided or the three-phase line currents

will be very poorly balanced. Our studies indicated that the unbalance would
be about 50% . This can be avoided by reducing the repetition rate to 45 pps;

at 60 pps the peak current loads the same phase of the three-phase power line

for each pulse, whereas at 45 pps it'drops back one phase for each pulse, so
that it distributes the heating uniformly over all three phases. From a cost

point of view, the unbalanced lines are not a trivial matter--the difference in
equipment costs amounts to more than a half million dollars when all single-
phase loads are considered.

All components in the power supplies are water-cooled in order to re-
duce their physical size. ’ '
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XBB 692-1253

Fig. 1. Voltage and current requirements of the ferrite-
bias winding of a high-frequency resonator of the
Omnitron. The scales are 20V and 5 kA per di-
vision and 2 ms per division. At the beginning
of the sweep, when the ferrite is unsaturated, the
voltage is 75 V. This requirement is met by a
pulse-type power supply. The remainder of the
sweep is supplied by a low-voltage, high-current
power supply. The transition occurs at about 2 ms.
The final current is 20 kA.
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Fig. 2. Basic circuit of the ferrite-bias system. This
circuit provided a smooth transition from the
turn-on power supply to the high-current, follow-
through power supply. The SCR switch reverses
the direction of current flow through the ferrite
bias winding each pulse, providing a complete
transversal of the hysteresis loop of the ferrite
and eliminating the need to reset the cores be-
fore each sweep. ' '

UCRL.-18489
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Physical arrangement of the test RF station.
The final amplifier uses an RCA type-6448 and
is capable of delivering a peak power of 300 kW.
The RF resonator contains forty-four 30-in. -
diam ferrite disks and provides a peak RF gap
voltage of 60 kV. It tunes from 7.3 to 34 MHz.
The ferrite-bias supply provides up to 100 V
and 20 kA of bias excitation. Both the final
amplifier and the ferrite-bias supply require
an average input power of 75 kW.
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Transistor Banks

In order to provide the required tuning accuracy of the resonator, the
bias current must be regulated to within a few tenths of a percent of a prescribed
function. The required ferrite-bias winding voltage and current are shown in ’
Fig. 1. The current from the two power supplies is controlled by two transis-
tor -bank modulators as shown in Fig. 2. ‘The transition between the two power
supplies occurs at about 2 kA. ' : : :

The transistor-bank modulators are the most costly component of the
ferrite-bias system. A study of the available high-power transistors indicated
that the Westinghouse 163-04 and 164-14 silicon transistors were the most eco-
nomical units for this application. Mountéd on a water-cooled heat sink, the
transistors can d1551pate more than 500 W at 20 A. One thousand 40-V
(W163-04) transistors are used as the high-current modulators. The high-volt-
age, low-current modulator consists of 150 Westinghouse 164-14, which is a
140-V, high-gain version of the previous unit. The high-current bank is driven
by a series of four emitter followers, which bring the drive requirement to
1.0 A . The low-voltage, high-current modulator is protected from overvoltage
surges by a Zener clamp connected in the second emitter-follower stage. Base
and emitter fuses are included with each transistor, so that a failing transistor
automatically removes itself from the circuit. An emitter resistor ensures
sharing of current between transistors. The major problem in a transistor
regulator for 20 kA is the physical arrangement of the very large number of
transistors so that stray inductance can be kept to a minimum.

With a maximum current changlng rate of 3 A/us, there is a loss of
power supply voltage of 3 V. per microhenry of inductance. Fortunately the high .
rate of change of current occurs at the beginning of the sweep, when the hlgh-
voltage power supply is operating, so that the loss of voltage is not as serious
as it would be if it had occurred during the operation of the low -voltage power

supply.

By using a sandwich construction in both. the bus bars and the transistor
heat sinks, the system leakage inductance was held to only 6.6 pH. Parasitic
oscillations of the transistor banks were suppressed by means of capacitors
connected between the base and collector busses.

The SCR Switch

In order to reverse the current through the resonator so that the full
ferrite hysteresis loop would be traversed, silicon-controlled rectifier (SCRY)
switch was used. The current is reversed by firing alternate legs of the bridge
every other cycle. Each leg of the bridge consists of 20 Westinghouse 229D
SCR's., Our tests showed that these units can carry over 3 kA of peak current
at 60 Hz. However, we use 1000 A as the design value. The SCR's were
matched to be within 50 mV voltage drop at rated current. . Unfortunately, how-
ever, even though they were matched, current sharing was not achieved. A
thermal runaway condition occurs .in which the SCR with the lowest voltage
drop captures more of the current and increases in temperature. This re-
duces its voltage drop further, and increases its share of the current, and
failure soon occurs. Series water-cooled manganin 1/4 mf? resistors were
installed to improve current sharing between the SCR's

, | .
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Unfortunately, by itself this did not cure the problem. The SCR gating »
pulse length was 1.5 ms. By the end of this pulse, the current through the v
switch was still quite low so that the voltage drop across the SCR's was not = '
sufficient to permit all of them to conduct. With only a fraction of the SCR's v
conducting the current per unit was excessive and failure occurred. We de- R
cided that a firing pulse for the duration of the cycle is necessary. An RF
firing system operating at 25-kHz was installed. This solved the problem and
we have had no more SCR fa1lures , - S '

Transducf:or

"In order to obtain a reliable readlng of output current, we de31gned a
20-kA, 4-core, transductor which gives a signal of 1V/kA. Since the current
through the transductor must always flow in the same direction, it was lo-
cated ahead of the SCR switch. The transductor response is uniform from dec
to over greater than 100 kHz, which makes it ideal as a 81gna1 source for the
regulator.

- Regulator Amplifier

» . The resonator current must follow closely a reference voltage which

‘keeps the resonator tuned to the RF. The ferrite~bias system is connected

in a feedback regulator circuit.. The regulator amplifier provides drive to the -
" output transistor banks and also the frequency compe‘nsation for the feedback
system. There are two time constants inherent in the equipment. One is
associated with the transistor bank, and the other with the inductive load. It
' proved convenient to make the latter the dominant time constantof the system, .
while the former is compensated by providing a zero in the regulator amplifier.
The loop gain is about 1 000 with the 0pen loop pole at 25 Hz and unity gain at
25 kHz

Conclusion

The two-power-supply method is an economical solution to the ferrite-
bias problem of the large RF resonators used in rapid-cycling synchrotrons.
The resonator which was used in this study was designed for the high-fre-
quency RF system of the Omnitron. Ituses forty -four 30-in. -diam by
1/2-in. -thick ferrite disks and is capable of providing an RF gap voltage of
60 kV. It tunes from 7.3 to 34 MHz. The cubicle style of construction which
was used is convenient for the RF test station, but for the final design we
would recommend matching the style of construction to the space available :
within the synchrotron tunnel. ' ‘ °

For thls study, four transformers and rectifiers were used. They _
were connected in a series-parallel arrangement for pulsed operation,* and . ’ &
in parallel for dc operation. We do not feel that the dc capability is necessary
in an operating machine, and it does increase the cost of the ferrite-bias
system. A single transformer and rectifier would be satisfactory.
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