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Abstract 
 

To meet or exceed the 26-MA goal for ZR, the 
refurbished upgrade to the Z machine at Sandia National 
Labs, the existing Marx generator capacitors must be 
replaced with identical size units but with twice the 
capacitance. Before the six-month shut down and 
transition from Z to ZR occurs in late 2005, most of the 
2500 capacitors must be delivered for acceptance testing 
and installation. We chose to undertake an ambitious 
vendor qualification program to reduce the risk of not 
meeting ZR performance goals, to encourage the pulsed-
power industry to revisit the design and development of 
high energy discharge capacitors, and to meet the cost and 
delivery schedule within the ZR project plans. 
 Five manufacturers were willing to fabricate and sell 
Sandia samples of six capacitors each to be evaluated. In 
addition, four more samples of modified or alternate 
designs were submitted for testing at the vendors’ 
expense, giving us a total of 45 capacitors to test. The 
8,000-shot qualification test phase of the effort is now 
complete. This paper summarizes how the 
0.279x0.356x0.635-m Scyllac-style 2.6-µF, <30-nH, 100-
kV, 35%-reversal capacitor lifetime specifications were 
determined, briefly describes the nominal 260-kJ test 
facility configuration, presents the test results of the most 
successful candidates, and provides procurement strategy 
and acceptance testing protocols that balance available 
resources against performance, cost, and schedule risk. 
 

I.  INTRODUCTION 
 
 One of our primary goals was to qualify one or more 
vendors as capable of providing in a timely manner the 
new ZR Marx capacitors that satisfy our performance, 
lifetime, and application requirements. The other was to 
initiate the procurement strategy to obtain full delivery 
prior to the Z facility six-month refurbishment shutdown. 
Our evaluation performance target of 50% of the 

capacitor test samples surviving 8,000 shots was 
considered a good compromise between satisfying ZR’s 
reliability requirements and investing in no more robust a 
design than we felt necessary. With that in mind, we 
ordered six capacitors from each of five vendors of their 
baseline design and invited them to provide alternate 
designs that might push the cost/risk envelope. Of the 
nine samples we evaluated, four designs demonstrated the 
best performance, which this paper summarizes. 
 
II.  CAPACITOR LIFE SPECIFICATIONS 

 
A.  Primary Requirements 

The requirement to achieve 26 MA or higher in about 
100 ns at a standard Z-pinch target led us to the need for 
doubling the capacitance and reducing the inductance of 
our present Marx generator capacitors. Another major 
goal for the ZR Project is to allow for only one shot out of 
fifty attributable to pulsed-power components that either 
adversely impacts the shot schedule or results in total data 
loss due to insufficient drive current. Alternatively, the 
total reliability budget goal is equal to a 2% failure rate 
per shot. The ATLAS Program at Los Alamos designed 
for a 5% failure rate per shot with less than one-third of 
that allowed for capacitors. [1] Our minimum acceptance 
criteria suggest that about 1% of the ZR capacitors (about 
22 or 23) could fail by 4,000 shots, the ten-year lifetime 
expectancy. This corresponds to about 0.6% of the shots 
that could potentially be impacted by capacitor failures, 
which coincidentally represents a little less than one-third 
of our 2% budget. About 1.4% is left for the remaining 
pulsed-power components. 
 
B.  Assumptions and Criteria Justification 

We have used Weibull failure statistics and assumed a 
capacitor lifetime dependence on charge voltage (~V-7.5) 
to help determine acceptable performance for the ZR 
facility. The Weibull distribution function is frequently 
used for electronic components having a probability of 



failure that increases with shot count including high-
energy discharge capacitors. We wanted to establish as 
high a confidence as possible with these small sample 
sizes to predict the reliability of a full ZR population. 
Choosing to test at 100 kV for a targeted 50% survival 
lifetime of 8,000 shots (twice the machine life) seemed 
comfortably conservative.  Since the present ZR concepts 
typically assume operation at about 85% of the rated 
voltage, then the lifetime voltage scaling suggests an 
effective increase in lifetime from 8,000 at 100 kV to 
about 27,070 shots at 85 kV.  This more than triples the 
predicted actual life and reduces early failure rates.   

The plot of Fig. 1 is based on a sample size of six 
capacitors for our qualifying tests and a Weibull slope 
parameter of β = 4.  It assumes a lifetime parameter of 
8,000 shots, since we would be testing at the full rated 
voltage to accelerate the schedule.  To qualify a vendor 
for future procurement consideration, their sample must 
have a minimum performance of falling on or to the right 
of the Mathcad generated curve in Fig. 1.  The first failure 
should occur no earlier than about 5,600 shots with no 
more than 50% of the sample (3) failing by the time they 
reach 8,000 shots as indicated by Table 1.  
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Figure 1. Cumulative failures for a 6-capacitor test plan. 
 

Table 1. Minimum Capacitor Performance Criteria. 
Order of Failure Final Shot Number 

N1 5685 
N2 6950 
N3 7950 
N4 8900 
N5 10,100 
N6 13,700 

 
Figure 2 represents an alternative approach using the 

MINITAB statistical software as a predictive tool. A 
Weibull distribution fit including 95% confidence 
intervals is matched to the small sample acceptance 
criteria failure data on a Weibull graph plotting percent 
failures versus number of shots. By extending the left 
confidence interval to 0.01% we can estimate when the 
earliest failures may occur. Since one capacitor failing out 
of 36 Marx generators corresponds to about 0.046% of the 

total, the first failure may occur at about 900 shots, the 
second near 1100 shots, etc. Still assuming 400 shots per 
year, that means no more than two failures during the 
third year, increasing thereafter, with 95% confidence. 
Even this worst case is acceptable. If the actual capacitors 
perform better than these minimum requirements, then 
our confidence and the impact on ZR performance 
improves accordingly. 
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Figure 2. Weibull plot with extended 95% confidence. 
 

III. THE CAPACITOR TEST FACILITY 
 

A computer controlled fully automated test stand has 
been developed, and up to 20 capacitors can be tested 
simultaneously in our primary facility and four more in 
another. Considerable construction and preliminary 
testing was necessary to complete a total of five quad-
capacitor test stands that are charged by a common power 
supply and fed by a common switch gas system. A full 
view and a close-up of one stand are shown in Fig.3.  

 
Figure 3. Capacitors, switch, and load in test stand. 

 
Each pair of bipolar charged capacitors shares a 

common switch and resistive load and is essentially 
independent of every other pair. Recirculating liquid soap 
load resistors and the SF6 switch gas reclaimer support 10 
to 20 shots per hour. Each modular test stand may be 
removed for component replacement or switch 
refurbishment without significantly interrupting the 
operation of the remaining units. The test circuit 
inductance and resistance are chosen to produce discharge 
currents (~160 kA), frequencies (~125 kHz), and reversals 
(~35%) similar to the expected Marx operating 
parameters for ZR. For a complete description of the 
automated capacitor test facility see the paper by Mark 
Savage [2]. 



 
IV. TESTING RESULTS 

 
Trench Limited of Scarborough, Ontario sent six 

capacitors (from their factory in France) of their Part No. 
CRS 5-460-100H. They were the only vendor that 
submitted units with aluminum housings. The first failure 
of this test sample occurred at 201 shots due to an external 
arc of unclear origin that shattered the insulator bushing. 
The second loss occurred at about 211 shots from an 
internal arc resulting in a “bullet hole” puncture roughly 
in the bottom center of the 
horizontally mounted 
aluminum can. Two more 
failures at about 3121 and 
3398 total shots were due to 
internal arcs leaving the first 
with another puncture closer 
to the bushing and the 
second with noticeable 
bulging. With four out of 
seven having failed, this 
testing was completed. Their 
design was considered 
marginal, but promising, 
since the manufacturer feels 
some further development 
could possibly extend the 
shot-life by a significant 
amount.                                Figure 4.  Trench failure. 

 
TPC of AVX in St-Apollinaire, France provided six of 

their Part No. TFL196A capacitors. The first failure at 
shot 3,533 was unusual and not completely understood. 
An explosion led to the decision to drain the oil out of the 
test tank, but when the oil level dropped low enough for 
the capacitor to be exposed to air, an even louder 
explosion occurred resulting in a shattered bushing and 
difficulty in unfolding the sequence of events. Apparently 

it failed initially with a 
significant residual charge 
still in the capacitor. 
Something going on 
external to that capacitor 
likely caused the initial 
breakdown; this may not 
be representative of real 
dielectric package failure. 

Figure 5. Broken TPC bushing. 
 

Three more failures happened at much higher shot 
counts of 4,776, 6,505, and 7,416 with the latter being less 
than 600 shots from our desired goal. The failure mode 
for all three cases seemed to be an accumulating gas 
bubble over time that was identifiable by a hollow sound 
when tapping that local part of the can. Edge arcing or 
partial discharge could be responsible for this gas 
generation, which could not be completely reabsorbed by 
the dielectric. By the time these units were removed from 

service, the capacitance had increased to 3.0 and 3.3 µF 
for the final two indicating some pad shorting. This 
design was considered technically acceptable for our ZR 
application and produced the only data thus far that we 
could plot in terms of Weibull analysis and failure 
predictions for the large Z population. Evaluation of this 
sample was considered complete with the fourth failure.   

Sorrento Electronics, Inc. of General Atomics Energy 
Products (GAEP) in San Diego, CA provided samples of 
three different designs, two at their own expense. Their 
baseline design was seven each of Part No. 32897 with 
the standard aluminum foil and castor oil dielectric fluid, 
but with the highest density 1.3-g/cc Kraft paper. Two 
failures occurred at shot counts of about 4,328 and 4,329 
due to a broken mechanical seal between the HV 
electrode and the bushing insulator. The seal lost integrity 
during the initial handling when the circuit hardware was 
attached to the electrode. This was later determined to be 
because of a recent insulator material change, which could 
not support the required assembly torque of 120 ft-lbs that 
is applied to the electrode. Rotation of that electrode 
caused damage to the internal “butterfly” output straps, 

which eventually led 
to the burning, tearing 
and open circuit 
failure of those 
capacitors. A third unit 
with a similar seal 
problem was removed 
from testing after 
4,363 shots before it 
could fail. Further 
testing of the 
remaining capacitors 
took three of the four 
beyond 15,000 shots. 

Figure 6. Result of seal failure. 
 
To offer a higher-risk, lower-cost option, Sorrento sent 

another sample of their alternative design, Part No. 32896, 
that also uses a high quality, but lower density 1.2-g/cc 
paper. Since these insulator bushings were mechanically 
the same as the baseline sample, we minimized their 
handling and movement to reduce the likelihood of 
another seal failure.  One of these six developed a seal 
leak at about 10,039 shots, but the remaining five went 
well beyond 13,000 shots. We documented two failures at 
13,482 and 14,124 shots. The first was an internal short 
resulting in a uniformly swollen can. The second was 
actually removed from testing when a gas pocket was 
discovered, indicating its failure was eminent. 

Two other unsuccessful suppliers were ICAR Spa of 
Monza, Milano, Italy and CSI Technologies, Inc. of San 
Marcos, CA. They both had innovative designs but 
insufficient time to develop and prove them within our 
program schedule. Figure 7 provides a compact 
comparison of the designs just described. Note the 
logarithmic scale for the Shots to Failure axis and that 



both GAEP designs do not include failures as they 
continue off scale. 
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Figure 7. Graphical summary of four best designs. 
 
V. SANDIA PROCUREMENT APPROACH 
 
A.  Acquisition Strategy 

The GAEP/Sorrento P/N 32896 had not demonstrated 
any dielectric package failures until well beyond our 
vendor qualification goals. It was about 5% lower in price 
than the GAEP/Sorrento P/N 32897-baseline design. To 
mitigate the electrode/insulator mechanical problems we 
worked closely with Sorrento personnel to find suitable 
solutions and identify the preferred fix. Twelve more of 
the same electrical design, but with significantly more 
robust headers, were ordered for continued testing at both 
100 kV and 110 kV to confirm lifetime scaling as a 
function of voltage. One of our major concerns was that 
no single manufacturer could supply the full ZR 
production quantity on the time scale required by our 
program plan. We expected to order from multiple 
qualified sources in order to meet our schedule. However, 
Sorrento has demonstrated a believable capability to 
economically supply all of our capacitors before the six-
month refurbishment shutdown. Because of all the 
preceding facts, the decision was made with some 
confidence to procure the entire quantity of 2500 Marx 
generator capacitors from GAEP/Sorrento.  
 
B.  Acceptance Testing Protocols 

After reviewing our testing capabilities and the 
recommendations by our reliability team [3], we have 
identified a few options for monitoring the new Marx 
generator capacitors, which vary mainly according to risk-
resource trade-offs. The highest confidence, highest cost 
option would be to select a sample of at least eight 
random capacitors per month from the 128 units delivered 
that month and test them continuously at 100 kV charge 
(or higher) to as many shots as we can achieve. Testing 
eight capacitors per month to only 1,000 shots would 
provide a moderate confidence, moderate cost option. 
Drawing a small sample of four per month for five 
months before testing the full set of 20 offers a moderate 
confidence, low cost approach. The option of testing only 

the first month sample and the tenth month sample 
(middle of delivery process) would provide us with some 
confidence at minimal cost to the ZR program. Whatever 
option we choose is still in addition to required vendor 
testing of each unit with a 110-kV “hi-pot” before and 
after ten discharges at 100 kV into a similar load, plus the 
confidence we gained from the vendor evaluation phase. 
 

 VI. SUMMARY 
 

This effort resulted in a number of major 
accomplishments. We developed a very reliable automatic 
capacitor test facility capable of ~2,000 shots/month. It is 
able to test 20 units at 100 kV with recycled SF6 and a 
recirculating load resistor soap solution. We purchased a 
total of 30 evaluation capacitors and tested 45 units 
ultimately, completing the Marx capacitor vendor 
qualification testing of nine designs from five suppliers. 
Three technically qualified designs and one marginal 
design were identified. We selected a single supplier and 
initiated our procurement strategy. We established a good 
rapport with alternative suppliers as possible backup 
sources. Our Sandia reliability team helped us to identify 
realistic quality assurance approaches. Based on our 
experience and recent discussions with the capacitor 
vendors, customers in the near future should expect to pay 
at least 25¢/J for similar designs and in large quantities. 
An important lesson we learned is to allow a one-year 
development time for custom capacitor designs, including 
at least one design iteration based on initial testing. As 
deliveries from the production order are starting to arrive, 
we continue to test the mechanically improved bushing 
samples from Sorrento. One of our goals is to verify the 
voltage scaling effect on capacitor lifetime. 
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