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Abstract

Los Alamos’s development of the polyphase resonant
converter-modulator is the critical high-voltage klystron
power conditioning system for the Oak Ridge National
Laboratory’s  Spallation Neutron Source Linear
Accelerator. Sixteen systems each operate at 11 MW
peak, 1.1 MW average, with pulse voltages to 140 kV.
This converter-modulator system requires seven unique,
low inductance plastic case capacitors with applications
ranging from 2 to 120kV, with voltage and current
reversals up to 100%. The high-power switching
waveforms require capacitors capable of running at high
frequencies with high rms currents coupled with high
reliability.

Following a competitive technical performance and cost
evaluation of these critical components, Los Alamos
determined capacitors from General Atomics Energy
Products; Division of Sorrento Electronics met or
exceeded all design requirements. This paper will cover
the different applications, the resulting capacitor designs,
their characteristics, and operating history to date.

I. MULTIPLE APPLICATIONS

opportunities. See Table 1. The applications ranged from
critical low inductance high rms current designs for the
IGBT Switch Plate Assemblies to a mundane output filter
design. Capacitors for ten 140kV and seven 80kV
modulators were required.

II. PLASTIC CASE QUALITY

Nearly all oil filled capacitors share a common problem
and that is imp regnant leakage. This is a greater problem
for plastic case capacitors. Some of the polypropylene
case prototype capacitors experienced cracking along the
original case vendor weld. These cases were hand
fabricated out of sheet, hot wire folded then welded along
one seam. This established one the LANL-SNS team
design goals, which was to minimize seam welds by
going to injection molded or extruded plastic cases. Two,
Model No.'s 37692 and 35409, of the seven designs met
this requirement and the other five would require tooling.
Injection molded cases were produced for Model No.'s
37546/37547 and 37540.

This left the 4 x 8” and 6 x 8” cross-section cases, plans
to have these cases extruded slowly evaporated until
vendor failure could no longer be tolerated. Upon
examination of the failed welds it became clear that the

LANL’s polyphase resonant converter-modulator ~ field failure leaks were only at the original welds and not
created multiple plastic case capacitor design  in areas that had been re-welded as a repair. To minimize
Table 1. Required Capacitors
Capacitor Requirements Per Modulator
Application Quantity Model No. Capacitance & Case Size
Voltage inches
IGBT Switch Board Assembly
Bypass Capacitor 12 37546 & 37547 10 uF 4kVDC | 48x7.5x7.5
Energy Storage Cap. 24 37540 10 uF 2kVDC | 2.38 x4 x 6.25
Resonant Shunt Peaking Cap. 3 35407 .0031uF 85kVAC 6x8x16.8
Resonant Rectification Capacitor 72 37692 .003uF 50kVDC | 2.3x5.9x3.35
Input Filter Capacitor
140 kV System 2 35363 .03uF 120kVDC 4x8x25.8
80 kV System 2 35408 .06uF 80kVDC 4x8x22.5
Output Filter 1 35409 .0005uF 180kVDC 4x6x8.6




the possibility of side seam leaks on the production units
GAEP offered to add two additional welds one on each
side of the case vendors weld. To help insure this process,
the 100% leak testing was increased to two 12-hour
cycles one at 80°C before the high voltage test and after
cleaning.

ITI. IGBT BYPASS CAPACITOR

This 10uF 4kV rated capacitor was slated for a key role
as the ultra low inductance bypass capacitor in the multi-
megawatt IGBT switching assemblies (figure 1). The
application called for four parallel units in each switch
plate assembly. The capacitor design drivers were the
ability to handle high transient currents (4 kA), high
dI/dT, and high rms currents (100+ amps) at high
frequencies in an extremely low inductance injection
molded case.

Competitive evaluations of various vendors were made
to determination the best form, fit, and function. The
absolutely critical parameters were ultra low inductance,
ultra low ESR, and ultra low DF. The GAEP Capacitor
Model No. 37543 had almost a 4 times lower inductance
than the next qualifying vendor. Additionally, Model

No. 37543 was engineered with re-entrant guards on the
electrodes to help further minimize inductance and
increase the tracking length between electrodes, which
other vendors did not supply.

Figure 1. 37543’s in IGBT Switch Plate Assembly.

This GAEP prototype design, Model 37543, was in a
4.8 x 5.5 x 7.75” hand-fabricated case, one folded and
welded out of sheet acetyl copolymer. It had two .75 x
4.0” rails with three-%4 diameter feed through screws per
rail. The inductance was measured using the standing
wave method resulting in values between 8 and 9nH.
After the prototype switch plate assembly ran warm a
number of components were beefed up, including the
bypass capacitor.

This led to the first production design, Model No.
37546, 1in a 4.8 x 7.5 x 7.5” planned in an injection to 3/8”
diameter. To maintain the delivery schedule the first
several lots were built using hand-fabricated cases molded

Figure 2. Model No. 37546-Hand Fabricated Case.

case with the three feed through screws increased (figure
4). The inductance measured between 11 and 13nH in the
fabbed case and 10 to 11 nH in the injection-molded case.
The final design, Model No. 37547, featured
refinements made to reduce the inductance by changing
the feed through screw size, number and location to five
¥4” screws per rail. These units were built exclusively in
injection-molded cases, figure 3. The inductance
measured between 9 and 10nH. All three designs were
based on impregnated all film extended foil construction.
100% of the capacitors see two 80°C leak tests and a
minimum 7kV high voltage test for 60seconds.
Temperature sensitive tape applied to the prototype
capacitors showed that as the energy level was increased
the capacitors were not the source of the heat but it was
from the IGBT buss work, which is now water-cooled.
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Figure 3. Model No. 37547-Injection Molded Case.



IV.IGBT ENERGY STORAGE
CAPACITORS

Eight 10uF 2kV rated energy storage capacitors are
used in each switch plate assembly and are located on
either side of the bypass capacitors as seen in figure 1.
They provide on board energy storage and see high pulse
(~4kA) and rms (to ~100 amps each) currents at 20kHz
and require low inductance, loss and ESR.
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Figure 4. Model No. 37540, 10uF 2kV.

GAEP Model No. 37540 fulfilled LANL’s requirements
in a 2.38 x 4.0 x 6.25” plastic case with two parallel 1”
diameter terminals per opposite ends (Figure 4). This
capacitor utilized an impregnated all polypropylene film
dielectric system with extended foil construction. The

prototypes were built in hand-fabricated cases and the
production units in injection molded cases. After sealing,
100% of the capacitors received two 80°C high
temperature leak tests and a 60 second high voltage test at
a minimum of 4kV. The standing wave inductance
measurements were 5 to 10nH. Los Alamos selected
these capacitors following an evaluation of competing
designs based primarily on DF and ESR, although
inductance was also a concern. The double bushing
design is necessary to permit high surge and RMS
currents.

V. RESONANT RECTIFICATION
CAPACITORS

These low inductance capacitors, mounted in a series/
parallel arrangement, form the 11 Megawatt Pulse
Resonant Rectification Bank operating at 280kV &
20kHz. See figure 5. The capacitors are required to
withstand 100% current reversal at high frequency, high
voltage with low dissipation factor, tight manufacturing
tolerance and low ESR while being compatible with FR3
Dielectric Fluid. The GAEP Model No. 37692 met all the
specifications and was awarded the order based on a
competitive evaluation. These evaluations examined and

tested on the basis of capacitor size, dissipation factor,
and lifetime. The GAEP capacitor was competitively
chosen as being best in class.

GAEP’s Model No. 37692, is a Mini-Double Ended
plastic case unit, rated .003uF 50kV with a case size of
2.3 x 5.9 x 3.35” (figure 6). This capacitor utilizes an
impregnated paper/film dielectric system and extended
foil construction. Both the case and cover are injection

Figure 5. 37692 in Pulse Resonant Rectification Bank.

molded with 1”diameter tinned brass terminals on
opposite ends. After sealing the capacitors received two
high temperature leak tests at 80° C and a 60 second high
voltage test at a minimum of 70kV. The standing wave
inductance measurements were 16 to 18nH.

Figure 6. Model No. 37692, .003uF 50kV

VI. RESONANT SHUNT PEAKING
CAPACITORS

Three of these peaking capacitors are used in each
modulator, one per phase. This application requires a
capacitor capable of 100% current and voltage reversal
with ~4 MVAR circulating power up to 160 kV peak to
peak (~58 kV RMS) at 20kHz. The design needed to be
low loss with a low ESR, tight production tolerance (for



matched resonant circuits) and compatible with FR3
dielectric fluid. These capacitors resonate the transformer
leakage inductance and perform two important functions,
(1) the optimal value provides “zero-voltage-switching”
(which minimizes losses) for the modulator IGBT’s, and
(2), the polyphase resonant circuits create “polyphase
resonant voltage multiplication”. The boost transformers

are wound with a 1:19 ratio, yet the output is over 1:60.

Figure 7. Model No. 35399 Shunt Peaking Capacitors

The capacitors are a critical component in the
optimization of the overall system performance. There
were a few iterations for prototyping a 500pF, 900pF and
the three terminal Model No. 35399 with 2 x 1550pF in
one case (Figure 7) before the specification evolved into
the final rating of 3100pF 120kV.

The final GAEP production design was Model No.
35407 in a 6 x 8 x 16.8” double ended plastic case with an
impregnated paper/polypropylene extended foil dielectric
system. This capacitor is rated 3100pF, 120kVDC,
85kVAC. Out of necessity the plastic cases ended up hand
fabricated with a triple welded side seam. After sealing,
100% of the capacitors received two high temperature
leak tests and a 60 second High Voltage test at a
minimum of 130kVDC. The standing wave inductance
measurements were 40 to 60nH.

VIL. INPUT FILTER CAPACITORS

Two of these filter capacitors are used in each
modulator. This application requires a 70kVDC, 11MW
peak / 1.1IMW average power filter 120kHz high
frequency filter capacitor. Capacitor Fourier frequency
components are related to the 60 Hz pulse rate, 1.33 mS
pulse width, and the 120 kHz pseudo square-wave
switching waveforms. In addition, the capacitors also
absorb the commutation spikes from the diode resonant
rectification networks. Therefore, the capacitor sees a
very complex waveform with high ripple currents
requiring low ESR and losses.

The GAEP prototype and final production design,
Model No. 35363 is in a 4 x 8 x 25.8” double ended

plastic case with a .03uF, 120kVDC rating (Figure 8).
After sealing, 100% of the capacitors received two high
temperature 80°C leak tests and a 60 second high voltage
test at a minimum of 130kVDC. The standing wave
inductance measurements were 65 to 75nH.

Figure 8. 120kV Input Filter, Model No. 35363

The 80kV system Input filter capacitor is Model No.
35408 in a 4 x 8 x 22.5” plastic case similar to Model
35363 with a .06uF 80 kV rating. The capacitors received
two high temperature 80°C leak tests and a 60 second
high voltage test at a minimum of 120kVDC. The
standing wave inductance measurements were 50 to
60nH.

Both designs use the same type 1” diameter tinned
brass terminals and an impregnated paper/polypropylene
dielectric system with extended foil construction. The
extended foil allows the capacitors to operate cooler with
a higher peak current capability. The plastic cases were
hand fabricated with a triple welded side seam. In both
cases the voltages are mostly equally divided, accept at
the beginning of the pulse, when start-up voltage division
is asymmetric, therefore the higher voltage ratings. The
two capacitors see the same “ugly” waveforms. Because
the system power is the same for the 80 kV and 140 kV
modulators, the lower voltage capacitors see twice the
amperage.

VIII. OUTPUT FILTER CAPACITORS

The output filter is Model No. 35409, .0005uF, 180kV
ina4x 6 x 8.6” extruded double ended plastic case. It too
is an impregnated paper/polypropylene extended foil
design and under goes similar production testing.

IX. CONCULSION.

Los Alamos’s development of the polyphase resonant
converter-modulator is the critical high-voltage klystron
power conditioning system for the Oak Ridge National
Laboratory’s  Spallation Neutron Source Linear
Accelerator. General Atomics Energy Products supplied a
variety of specialized low inductance, low loss, low ESR
capacitors that allowed this development to proceed
without any capacitor failures.
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