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Ray Larsen

Four Klystron Operation

In January we reported the recent installation
of a second pair of XL4 klystrons on the 8-
Pack modulator, and preparations to drive all
four tubes. This past month the modulator
met two major milestones: Achieved a full
width flat pulse of 1.6 [Sec at a pulse
repetition rate of 30 Hz running all four
tubes, and demonstrated a flat RF waveform
at full klystron peak power. When the four-
tube load was first tested the IGBT
protection circuits would not allow full pulse
width operation, turning of the pulse
prematurely because the protection circuit
detected excessive dl/dt. The circuit had to
be modified to allow the full pulse width but
also to restrain the maximum saturation
current that could destroy the device. After
this was achieved, a second problem
showed up in the energy recovery diode
when some of the drivers were delayed in
time to flatten the output voltage pulse.
Without delays, the entire stack ran the four
tubes at 60 Hz, but the voltage pulse had
about 20% overshoot. With delays, the
delayed boards were found to overheat and
the energy recovery diodes failed.

Overheating was due to the delayed IGBTs
dissipating more power because they saw
capacitive current for a longer time while
their voltage remained high, resulting in
higher temperatures. The diodes failed on
snap-off at the end of the pulse due to a
turn-off voltage spike that exceeded their
rated breakdown. The solution was to add a
second diode in parallel with snubbers
placed across each diode to limit the
transients. In addition a separate solution of
adding an MOV (Metal Oxide Varistor)
across the diodes was also tried.

Subsequently the stack was run to full peak
current and voltage for the four XL4 klystrons
of 400 kV and 300A per tube, and the pulse
was shaped to the near-ideal flat top
required to assure constant RF power
delivery for SLED operation. Fig.1 below
shows the unshaped pulse with overshoot
peaking to 400 kV.
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Fig. 1 Waveform w/ No Delayed IGBTs
Fig.2 shows the waveform with 10 IGBTs

delayed by 400 nsec. The large overshoot is
controlled ‘and the pulse droop due to

storage capacitor discharge is now evident.
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Fig. 2 Peak Compensation w/ 10 IGBTs
Delayed

Fig.ure 3 below shows the results of a total
of 19 boards delayed: 12 @ 400 ns, 5 @500
ns, 2 @1200 ns. The flat top detail is shown
in Fig. 4.
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Fig. 3 Full Voltage w/19 IGBTs Delayed to
Flatten Top
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Fig. 4 Flat Top Detail +/-0.75% P-P

The flat top is well within the specification for
voltage pulse flatness. Since the klystron RF
power varies as V°2, the RF power will have
roughly double the amplitude excursions
seen here.

Klystron Arc Events Observed

Finally, Fig. 5 shows the waveforms seen
when one of the klystrons develops an
internal arc. One worry with the 8-Pack is
that with multiple loads and the large amount
of stored charge in a partial discharge
system, there may be enough stored charge

to destroy the tube. Arcs are not well
understood and are difficult to interpret in
terms of what is happening inside the tube.
Arcs occur only occasionally, so
instrumentation must be present to capture
the arc waveforms.
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Fig. 5 Klystron # 5 Arc Event Near Pulse
Start

Fig. 5 shows the current waveforms of three
of the four tubes following the voltage
waveform, which quickly goes to zero as all
IGBTs are turned off. The important
question is how many joules are dumped in
the arc, which in the picture is the time
integral of current times voltage after the arc
begins. Since voltage drops very quickly, the
main part of the current pulse carries very
little energy and can be ignored. In this
particular event a rough estimate is about
130 J. This is about 3 times larger than
events seen in NLCTA. Several arc events
have been experienced during early testing
with no discernible effects so far on the
klystrons, which typically can resume
operation to full voltage immediately.

Fig. 5a Jeff DeLamare lectures Doug
McCormick, NLCTA physicist and Bobby
McKee, 8-Pack mechanical engineer while
Minh Nguyen (rear) studies Modulator power
waveforms.

RF Power Test Waveforms

Following the achievement of a flat full-width
waveform, RF drive was applied to a klystron
pair to verify that the pulse looked
reasonably close to the voltage waveform.
Fig. 6 shows the full pulse width at a reduced
drive level to give 30 MW peak output. As
near as discernible the flatness






