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Abstract 
 
 Following an extensive vendor evaluation1 process, 
Sandia National Laboratories (SNL) chose General 
Atomics Electronic Systems to supply 2500 units of 2.6uF 
100kV Marx Generator capacitors necessary for the 
refurbishment of the “Z-machine”.  The new capacitors 
replace the 1.3uF 100 kV capacitors originally installed in 
this large pulse power machine, doubling the energy 
within the same volume, and permitting the use of 
existing Marx hardware.  Low inductance (< 30nH), high 
peak current (170 kA nominal rating), and reliable 
lifetimes were basic requirements that eliminated 
alternative technologies. 
 The selected production capacitor, GA-ESI Part 
Number 32896 and a similar GA-ESI design, P/N 32897, 
were both life tested at 100kV and the 32896 at 110kV 2.   
Manufacture of the production capacitor design began in 
the spring of 2003 and was completed in early 2005 with 
a yield greater than 98%. 
 This paper will review the life data and compare the 
Weibull distribution of P/N 32896 with one derived from 
combining the life data from the two similar designs.  The 
production acceptance test failure modes will be discussed 
and quantified. 
 
 

I. THE Z MACHINE & ZR UPGRADE 
 
 The Z-machine at Sandia National Laboratories is the 
world’s largest and most powerful laboratory x-ray 
source. The Z Refurbishment Project (ZR) is presently 
underway to provide improved precision, more shot 
capacity and higher current capability.  The ZR upgrade 
to the Z machine has a total output current requirement of 
at least 26 MA for a 100-ns standard Z-pinch load. To 
accomplish this with minimal impact on the surrounding 
hardware, the 100kV high-energy discharge capacitors in 
the 36 existing Marx generator will be replaced with 
identical size units with twice the capacitance, increasing 

the value from 1.3 to 2.6uF. All 2500 capacitors were 
delivered before the six-month shut down and transition 
from Z to ZR. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Part Number 32897 Qualification Capacitor   
 
 

II. SANDIA’S VENDOR EVALUATION 
 
 Sandia evaluated 11 x 14 x 25”(0.279x0.356x0.635) 
stainless steel can, Scyllac-style 2.6uF, <30 nH 100kV 
capacitors from five manufacturers, General Atomics 
Electronic Systems (originally Maxwell Laboratories) 
(San Diego CA.), TPC of AVX (France), Trench Limited 
(Haefely, Canada & France), ICAR Spa of Monza (Italy) 
and CSI Technologies (USA). Sandia ultimately tested 45 
capacitors representing 9 different designs. The 
performance target was to have at least 50% of the test 
samples surviving at 8000 shots (twice the machine life). 
The typical life test parameters were 35% to 40% voltage 
reversal, 150 to 160 kA peak current, and   a ringing 
frequency of ~133 kHz. At least six samples of each 
design were delivered for evaluation. The three most 
successful designs included a design from TPC of AVX 
and two from GA-ESI. The three GA-ESI designs 
represented differing risk & cost levels, two of which, 
P/N’s 32896 and 32897 utilized high-density paper 



dielectric, castor oil impregnant, and aluminum foil 
electrodes. Based on performance, cost and plant 
production capability, Sandia selected a single supplier, 
GA-ESI and capacitor P/N 32896 for ZR. 
  A mechanical defect affected the life tests of the GA-
ESI capacitors. The original design of the center 
terminal/bushing interface could not support the required 
repetitive assembly torque of 120ft-lb (16.6 kg-m) 
resulting in the rotation of the center electrode. This 
affected the life testing of three units of P/N 32987, the 
lowest risk base line design. Rotation of the center 
terminal caused damage to the copper inner connection 
leading eventually to an internal open circuit and arcing 
that damaged the bushing of two units. The testing of a 
third unit was stopped before the bushing was damaged. 
All three were considered failures. During the balance of 
the qualification testing only one P/N 32896 had to be 
removed from test for this reason, after more than 10,000 
cycles. Prior to production of the 2500 capacitors, the 
terminal was redesigned and verified to have greater than 
200ft-lb (27.7 kg-m) torque capability.   
 During the initial qualification life tests, all of the 
remaining four P/N 32897’s and five P/N 32896’s 
exceeded 13,000 shots. The life test of the sixth P/N 
32896 was finally suspended after 22,670 cycles without 
failing. The life tests of the closest competitor’s capacitors 
were suspended after the failure of their fourth unit at 
7416 shots; see Table1. The capacitance of their final two 
units had increased to 3.0 and 3.3uF, indicating possible 
shorted sections and imminent failure. 
 

Table 1. Initial Qualification Life Test Data 
Vendor GA-ESI GA-ESI TPC-AVX 
Part No. 32896 32897 TFL196A 

  10,039(S)* 4,328(F)* 3,533(F) 
  13,482(F) 4,329(F)* 4,776(F) 
  14,124(F) 4,363(S)* 6,505(F) 
  14,694(F) 13,292(F) 7,416(F) 
  19,412(F) 15,154(F) 7,416(S) 
  22,670(S) 15,599(F) 7,416(S) 
    15,607(F)   

(S)  Life Test Suspended  (F) Failed 
* Rotated Center Electrode 
    
 
 Both GA-ESI designs exceeded the life goal of the 
qualification test and had inductance measurements of 
approximately 25nH. Twelve more of the P/N 32896’s 
were procured incorporating two different terminal 
strengthening solutions. Both versions met the >120ft-lb 
(16.6 kg-m) torque requirement. Six of these capacitors 
were life tested at 100kV, adding to the overall database, 
and the balance were used in the accelerated 110 kV life 
tests. 
  

III. EXTENDED 100kV & 110kV TESTS 
   
 Sandia continued the 100kV life testing of six P/N 
32896’s from the 2nd prototype build until three had failed 
at 3182, 12,875 and 15671 shots. Testing was suspended 
on the final three at 15,671.  The one early failure at 3182 
shots was later found to have likely suffered a section 
failure before the life tests and perhaps before the 
standard acceptance tests. Sandia did not consider this a 
dielectric wear out failure and treated it as censored data 
in their Weibull analysis reliability study 2. 
 To verify the life vs. voltage power law relationship 
needed to extrapolate the life and reliability of a bank of 
2160 capacitors operating at 85kV, Sandia designed an 
accelerated life test starting with the assumption that the 
life would scale with voltage to the 7.5 power, as 
recommended by GA-ESI: 
 

                      L / L0 = (V/V0 )–7.5                                (1) 
 

Sandia decided to test at 110kV, predicted to reduce the 
life by half. Fourteen 32896’s were tested, thirteen to 
failure. The 110kV and 100kV life test data are found in 
Table 2. The data points from two 110kV samples were 
censored: one was a very early production unit that failed 
at 842 shots and the second was a 1757 shot failure from 
the 2nd Prototype build.  A unit that was damaged after 
1565 shots from an external flashover or discharge event 
was not included. None of these failures was indicative of 
dielectric wear out. 
 

Table 2. Extended 100kV & 110kV Life Test Data 
GA-ESI GA-ESI GA-ESI GA-ESI 
100 kV 100kV 110kV 110kV 
32896 32897 32896 32896 

3,182(F)* 4328(F)* 842(F)* 2nd Proto 
10,039(S) 4329(F)*    1,565(S)** 1,565(S)** 
12,875(F) 4363(S)* 1,757(F) 1,757(F) 
13,482(F) 13292(F) 4,645(F) 4,645(F) 
14,124(F) 15154(F) 7,050(F) 7,050(F) 
14,694(F) 15599(F) 8,806(F) 12,339(F) 
15,671(F) 15607(F) 9,069(F) 13,193(F) 
15,671(S)   9,382(F) Production 
15,671(S)   9,490(S) 842(F)* 
15,671(S)   10,717(F) 8,806(F) 
19412(F)   12,339(F) 9,069(F) 
22670(S)   13193(F) 9,382(F) 

    13,549(F) 9,490(S) 
    13676(F) 10,717(F) 
      13,549(F) 
      13,676(F) 
(S) Life Test Suspended  (F) Failed. 
* Data Not Indicative of Dielectric Wear Out. 
** Suspected Externally Caused Damage Non-data. 
Capacitors from Suspect Setup Serial # 0250D01XX. 



 There was difficulty in fitting this data with a single 
Weibull distribution because there were two failure 
processes involved. The 110kV data can be broken down 
into two groups, one being six capacitors from the 2nd 
group of prototype 32896’s and the other an eight-piece 
sample of production units, as listed in Table 2. The 
production units were manufactured from new paper 
ordered for the project, while the 2nd prototype capacitors 
were made from old paper with documented windability 
problems. Figure 2 shows the two separate distributions. 

Figure 2. Weibull Comparing 110kV Life Data. 
 
 Copious records were kept during the manufacturing 
phase of the 32896’s with traceability in mind.  Caution 
was taken to be able to identify and isolate capacitors 
made from a bad or defective setup of paper. A full setup 
could make up to 4.5 capacitors.  Although this problem 
was avoided during the actual production order, it did 
happen during the 2nd prototype build, producing five 
tainted 32896’s, 1/2 of Serial No 0249D0105 and S/N’s 
0250D0101 to 0250D0104. Unit 0250D0102 was the 
premature (3182 shots) 100kV failure; three others were 
the 2nd, 3rd and 4th failures in the 110kV test.  
 
 

IV. WEIBULL’S & POWER SCALING 
 
 Weibull distributions have been applied to the statistical 
life of capacitors for many years. GA-ESI developed its 
own Weibull analysis program nearly twenty years ago; it 
handles suspended data well, but lacks today’s 
sophisticated graphics. It was used here to generate least 
squares estimation values for Characteristic Life (Scale or 
Eta) and Slope (Shape or Beta) for the 32896 design at 
100kV and 110kV. These were in turn used to calculate 
the estimated or Design Life at 90% Survival, a more 
useful value than mean or average life.  This is the life at 
90% reliability with 50% confidence. A Weibull plot was 
also generated based on combining the 32897 and 32896 
data points representing dielectric wear-out. The 110kV 
data was treated three ways, as Production units, 2nd 
Prototype lot and combined data without the tainted 

0250xxxx units. Neither used the 1565 shot damaged 
capacitor nor the 842 non-wearout data. See Table 3 for 
the results. 
 Using the Weibull distributions, the power law between 
the 100 and 110kV lifetimes was calculated. The voltage 
was not the only difference between these two tests: the 
average voltage reversal dropped from 35 to 30% and the 
ringing frequency dropped from 133 to 114kHz. These 
changes were compensated for using GA-ESI’s design 
rules for life scaling with voltage reversal, (Q/Qo)-1.6 

where Q = (π/2)/ln(100/%VR), and ringing frequency  
(f/fo)-.05 . These factors were predicted to increase life by 
34.5%.  
 
Table 3. GA-ESI Weibull Program Generated LS Data. 

 A:         100kV 32896 & 32897 Combined Data 
Failure Suspended Slope Char. Life 90% Survival

10 5 7.49 16,580 12,277 
 B:                          100kV 32896 Data  

Failure Suspended Slope Char. Life 90% Survival
6 5 5.06 17,540 11,243 

 C:                   110kV 32896 Production Data 
Failure Suspended Slope Char. Life 90% Survival

6 1 6.03 11,870 8,173 
 D:                110kV 32896 2nd Prototype Data 

Failure Suspended Slope Char. Life 90% Survival
5 0 1.28 9,150 1,577 

 E:           110kV 32896 Less The 0250D01xx Data 
Failure Suspended Slope Char. Life 90% Survival

8 1 6.35 12,260 8,602 
 
 Data and Weibull plots from the paper Sandia presented 
at the 2004 Power Modulator Conference provided useful 
information. Sandia generated Maximum Likelihood 
(ML) and Least Squares (LS) data using Minitab v.14 
software.    Only   the  ML  data  was  presented   in  short  
                                                         

Table 4. Minitab Weibull Software generated LS Data. 
 A2:         100kV 32896 & 32897 Combined Data 

Failure Censored Slope Char. Life 90% Survival
10 5 11.04 16,470 13,433 

 B2:                         100kV 32896 Data  
Failure Censored Slope Char. Life 90% Survival

6 5 8.28 17,302 13,183 
 C2:                 110kV 32896 Production Data 

Failure Censored Slope Char. Life 90% Survival
6 1 7.02 11,722 8,508 

 D2:               110kV 32896 2nd Prototype Data 
Failure Censored Slope Char. Life 90% Survival

5 0 1.34 9,069 1,683 
 E2:          110kV 32896 Less The 0250D01xx Data 

Failure Censored Slope Char. Life 90% Survival
8 1 7.07 12,215 8,886 
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published version of Sandia's paper. The ML distributions   
seemed to fit the data better at the time. Here the LS 
method was used with both the Minitab v. 13.30 (Table 4) 
and the GA-ESI Weibull software for comparison.  
 The following formulas were used to calculate the life 
with 90% Survival (Eq.2) (β: beta, slope or shape of 
Weibull plot) and the voltage-scaling exponent, n, (Eq.3). 
 
       L 90% = L Characteristic life x (-ln(.9)) 1/β                            (2)  
 
     n = ln(L110kV  / 1.345 / L100kV) / ln(100/110)              (3)            
 
 It was obvious from both the Weibull plot above 
(Figure 2) and the statistics in Tables 3 & 4 that the 2nd 
Prototype capacitors did not fit the normal dielectric wear 
out. This was even more apparent at the 90% Survival 
point and the resulting voltage-scaling exponent. The base 
assumptions for the 100kV data were: A/A2: combining 
the data for P/N’s 32896 and 32897; B/B2: six failed 
32896’s and five suspended/censored but excluding the 
suspect 0250D01xx (3182 shots) unit. These data were 
combined with three versions of the 110kV data: C/C2: 
data from the Production 32896’s: D/D2: the 2nd prototype 
units and E/E2: the combined data without the 
0250D01xx, all without the 842- and 1565-shot data 
points.  Using the 90% Survival estimate, the scaling 
exponent, n, was calculated. The estimates of n ranged 
from 5.92 to 7.9 (6.91 ± .99) where the 0250D01xx data 
wasn’t included and 23.4 to 24.9 when it was. The 
exponent normally used by GA-ESI in design is 7.5. 
Discounting the D/D2 results, the average value using the 
GA software was 6.65 and with the Minitab software, 7.6.  
 

Table 5.  Voltage Scaling at the 90% Survival Point 
Software 

Used 
100kV Data 

Letter 
110kV Data 

Letter 
Exponent of 

Voltage 
GA-ESI A C 7.37 
Minitab A2 C2 7.90 
GA-ESI B C 6.45 
Minitab B2 C2 7.70 
GA-ESI A D 24.36 
Minitab A2 D2 24.90 
GA-ESI B D 23.43 
Minitab B2 D2 24.70 
GA-ESI A E 6.84 
Minitab A2 E2 7.44 
GA-ESI B E 5.92 
Minitab B2 E2 7.24 

 The combined Reversal & Frequency Life Multiplier of 
1.345 was used in these calculations.  

 
 

V.PRODUCTION YIELD 
 
 The capacitor production acceptance test protocol was 
designed to capture manufacturing and material defects. It 
included two leak tests at 65°C, one before and one after 

electrical tests. The first 110kV high voltage test lasted a 
minimum of 180 seconds, followed by a 10 
charge/discharge cycle burn-in test at 100kV, >170kA and 
70% voltage reversal; followed by a final 110kV hipot for 
60 seconds. The 10 high reversal shots were equivalent to 
about 60 normal 100kV discharge cycles. 
 A total of 2546 GA-ESI 32896’s were manufactured 
and tested in support of the 2500 piece requirement. One 
unit didn’t pass the initial capacitance reading, 19 failed 
the initial high voltage test, 4 failed during the burn-in and 
2 failed the 2nd high voltage test. This represents a yield of 
98.98%. Including one defective early production unit that 
was returned after 67 shots (the bottom solder connection 
to the windings was missing) and the one early failure 
(842 shots) in the 110kV life test, the yield was 98.8%. 
Note that Sandia had a very tight tolerance on the 
maximum bow or bulge,  .25” max on one side and .30” 
max on the side opposite. Sandia accepted three units that 
deviated from that tolerance (.256, .269 & .272”).    
  The major cause of the high voltage failures was 
“solder icicles”, 11 such defects were either suspected or 
confirmed. Following additional training, there were no 
more failures of this kind out of the last 770 units.   
 
 

VI.SUMMARY 
 
 Sandia National Laboratories completed an extensive 
vendor qualification process to evaluate the 2.6uF 100kV 
capacitors necessary to double the energy of their current 
Z machine. The GA-ESI capacitor, Part No. 32896, 
exceeded Sandia’s requirements, clearly outperforming a 
set of four worldwide manufacturers and was selected on 
performance, cost and plant capability. 2500 units were 
delivered before the shut down and transition from Z to 
ZR with a manufacturing yield of 98.8% 
 The life data accumulated on Part No. 32896 at 100 
and 110kV and P/N 32897 at 100kV allowed Sandia to 
verify the bank’s reliability. Additional manufacturing 
records were used to isolate failure modes and to focus on 
dielectric wear out. Weibull distributions were used to 
calculate the 90% Survival Lifetimes of 11,000 to 13,000 
shots at 100kV and >8000 at 110kV, markedly exceeding 
the minimum requirement of 50% survival at 8000 shots. 
The resulting voltage scaling exponents of 6.91 ± .99 
were consistent with the commonly used 7.5 power.     
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