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ABSTRACT 

The 14.5-^F, 20-kV energy discnarge capacitor developed in the 1950's far 
exceeds the present needs of l a se r fusion research . This unit was designed to 
operate under conditions of large voltage reversal and high peak cur ren ts . In g l a s s -
l ase r sys tems, voltage reversal occurs only during occasional faults, and peak cur ren t s 
a r e below 1000 A. It is relevant, therefore, to pursue lower- t st, higher energy-
density capacitors, which more closely fit the requirements of rser fusion research . 
Several companies have designed and produced prototype units t a t meet the cost 
cr i ter ia of 5 to 6£/J and energy density of 5 to 6 kj/unit. 

INTRODUCTION 

Large g l a s s - l a se r systems a r e 
character ized by low conversion effi
ciency of electrical energy to light energy. 
This means that a substantial portion of 
the total cost for a laser-fusion research 
facility goes to energy-s torage capaci tors . 
These capacitors are a well-developed 
technology!"5 and have been extensively 
applied in the Sherwood and CTR programs 
over the last 20 yea r s . However, their 
applications require high peak currents 
and large voltage reversa l s , which is not 
the case in laser-fusion research . In 
large g la s s - l ^ se r systems, the capacitors 
normally see no voltage reversal and only 
moderate peak cur ren ts . Also, the r e 
quired operating life of a laser-fusion 
facility is significantly shor te r than for 
Sherwood or CTR applications. With the 
capacitor industry, LLL is working to 
develop energy-s torage capacitors more 
specifically suited to the needs of l a se r -
fusion research . 

DESIGN AND COST CONSIDERATIONS 
OF ENERGY-STORAGE CAPACITORS 

For l a se r fusion research , it is 
desirable to reduce the cost of capacitors 
while still maintaining the reliability 

essential to success ully operating the 
l a s e r facility. The raw mater ials used 
in a capacitor represent approximately 
50% of its procurement cost. Many of 
these mater ia l s have shown extraordinary 
inflationary trends over the past, five yea r s . 
All the mater ia ls used in the capacitor, 
therefore, have been reviewed to de te r 
mine their design and reliability mer i t s 
along with their cost effectiveness. 

The capacitor used in laser-fusion 
research has a rating of 14.5 /iF at 20 kV. 
In 1970, the Naval Research Laboratory 
procured 368 capacitors rated at 14.0 nF, 
20 kV for which there is reliability and 
extended-life test da ta . 4 The NRL capac
i tor is described in design A in Table 1. 
Manufacturing loss records , acceptance 
tes ts , customer repor ts and extended-life 
tests indicate that it is reliable. Its cost, 
based on October 1974 pr ices , is $0.16/J. 

Design B in Table 1 descr ibes the 
capacitor first supplied by Aerovoxt to 
the LLL for use in the Lase r Fusion 
Program. It is identical to design A 
except for a slightly higher capacitance 
(14.5 vs 14.0 fjFi and the use of two 

Work was performed under the auspices of the'U, S. Energy Research & Development 
Administration. 
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Table 1. Design, cost, and performance characteristics of energy-storage capacitors. 

Capacitor des ign 
A "" B C D E F 

Energy , J 2800 2900 2800 2aoo 6000 5800 

Capacitance, uF 14.0 14.5 14.5 14.5 30 29 

Voltage, kV 20 20 20 20 20 20 

Cost , ^ J 3 0.160 0.151 0.104 0.102 0.058 0.062 

Osc i l la tory l i f e , p u l s e s •> 100,000 •100,000 7 5,000 - 1 8 , 0 0 0 <100 >1,000 
Nonosc i l la tory l i fe , p u l s e s •175,000 > 17 5,000 

Bushing type Epoxy C e r a m i c Molded Molded Molded Molded 

Mo. of bushings 1 2 2 2 2 2 

No. of capac i tor s 
in s e r i e s 4 4 4 2 2 2 

D i e l e c t r i c s t r e s s . V/mil 2 ,000 2 ,000 2 ,083 2,041 2,564 2,564 

Paper weight, lb 56 60 53 56 74 72 

F o i l weight, lb 14 15 12 7 10 17 

Oil weight, lb 42 43 43 47 52 51 

All costs are based on October 1974 prices. 
b No data. 

ceramic bushings instead of one vacuum-
cast epoxy bushing. The life and rel i 
ability of the two designs are equivalent, 
but the cost of B was 6% lower, primarily 
due to the higher cost of the epoxy bushing. 

Although design B was approved for 
the Laser Fusion Program, the cost was 
still higher than desired. A major cost -
reduction program consisting of the follow
ing modifications was instituted. 

IMPBEGNANT 

The preferred impregnant is castor 
oil, a vegetable product subject to weather 
and other conditions that affect Us price 
from time to time. Over the past several 
years, the price of capacitor-grade castor 
oil has increased as much as 300%. To 
offset this price increase and reduce 
handling costs within the plant, a bulk 
storage system for castor oil was imple
mented. 

ELECTRODE 

The electrodes were reduced, in 
thickness, thereby reducing the weight and 
cost of aluminum foil. 

DIELECTRIC 

Probably the most fruitful approach 
to reducing capacitor costs i s in selecting 
the kraft paper used as the dielectric. In 
Fig. 1, paper cost versus thickness is 
plotted. The cheapest paper is 0.0007-in. 
thick, with a very sharp rise in cost as 
paper becomes thinner. However, the 
quality of sheet formation improves as 
the paper becomes thinner, since 
thinner sheets have a higher dielectric 
strength. 

The formula for capacitance of a 
parallel plate capacitor is C - KA/T, 

• where K is the dielectric constant, A is 
the area of the electrodes, and T is the 
thickness of the dielectric. Reducing the 
thickness of the dielectric reduces the 
weight of paper used and increases the 
capacitance. Since a higher capacitance 
is not required, it is maintained at a 
constant value by reducing the area of 
the foil and paper. This double re
duction in paper weight is propor
tional to the square of the paper-thickness 
reduction. The reduction in foil weight 
i s directly proportional to the reduc
tion in foil area. 

-2-



Paper thickness - in. 
Fig. 1. Cost vs thickness of kraft paper 

used as the d ie lec t r ic . 

Table 1 shows the weights of these 
components with different dielectr ic 
s t r e s s e s . Since the cost of paper var ies 
with the thickness of the sheet, c a r e must 
be exercised in choosing the makeup of 
the dielectr ic pad. The ideal solution is 
to reduce the dielectr ic and choose 
multiple sheets of paper close to 0.0007-in. 
thick. Much of the savings of design C 
over B in Table 1 comes from a change in 
the dielectr ic pad: B used five sheets of 
0.0005-in. paper, while C used four 
sheets of 0.0006-in. paper. 

The limitation on dielectr ic reduc
tion i s an increase in voltage s t r e s s and 
a loss of life. The life of s. capacitor is 
inversely proportional to the fifth power 
of the applied voltage" and i s reduced by 
one-half tor each 10"C Increase in 
operating t e m p e r a t u r e . 7 ' 8 Life tes ts to 
demonstrate compliance with the specifi
cations as shown in Table 1 a r e essential 
before approving a dielectr ic reduction. 

BUSHINGS 

The ceramic bushing with solderable 
metal inse r t s i s costly to manufacture 
and assemble . A lower-cost bushing made 
by injection molding of a thermoplastic 

resin was designed, tested, and approved 
for capacitors used in the LLL l a se r 
program. 

RESULTS OF DESIGN ECONOMIES 

Design C of Table l incorporated 
most of the design changes mentioned 
above. Bulk-storage vacuum tanks were 
installed for the cas tor oil, thinner foil 
electrodes were used, the paper dielectric 
was reduced by using fewer sheets of 
thicker paper, and injection-molded 
thermoplastic resin bushings were used. 
These changes brought about a significant 
decrease in capacitor cost when compared 
with design A or B. While the oscil latory 
life was also reduced somewhat, from 
more than 100,000 to 75,000 pulses, this 
was still more than adequate for the 
design life of the l a se r . 

Design D (Table 1! is s imi la r to C, 
but multiple sheets of thicker paper were 
used by reducing the number of capacitor 
sections in se r ies from four to two, which 
ra ised the voltage on each section from 
5,000 to 10,000 V. The savings on this 
design were minimal, while a very 
significant reduction in life was noted. 
Design D res not approved for the Lase r 
fusion Program. 

Testing and analysis of prototype 
operating h?nks showed that the most 
probable fault was an exploding flash-
lamp. This resul'.s in a 1500-Hz ringing 
condition for the capacitor, with only a 
slight increase in current above normal 
operating levels . Consequently, the r e 
quired number of oscil latory test pulses 
was reduced to 1000. 

This reduction permitted a major 
redesign of the capacitor. In design E, 
the total dielectr ic thickness was reduced, 
increasing the voltage s t r e s s ; the paper 
efficiency was increased by using two 
capacitor sections in s e r i e s , a wider 
width of paper and foil, and thicker sheets 
of paper (see Fig. 2). As a resu l t a 44% 
cost improvement was obtained over 
design D and a 63% improvement over A. 
The life under operational conditions was 
satisfactory at more than 175,000 non-
oscillatory pulses. But oscillatory life, 
which represen ts fault conditions, was not 
satisfactory. Dissection analysis after an 
oscillatory-life test indicated that failure 
was caused by the rupture of the foil, or 
the connection between the aluminum foil 
and the copper conduc'ors in the base of 
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data considered a re shown in Table 2. 
The terminal current density for design D 
was 104,527 A/in. 2 of available aluminum-
foil terminal a rea . Not only was there a 
very high current density at the terminal 
foil interface, but also the electromag
netic force associated with the current 
flow was reversed when the two groups of 
capacitors were connected. The high cur 
rent flow, and the concentration of elec
tromagnetic force due to the reversal of 
cur ren t flow, were believed to have 
ruptured the foil and/or the interconnection, 
which caused the failure. 

A new design, F, was manufactured, 
using the same paper dielectric thickness 
but thicker aluminum foil with a current 
density of 59,153 A/in. 2 of available 
aluminum-foil terminal a rea . Its current 
density was consistent with designs C and 
D, both of which met the oscillatory life 
requirements of more than 1,000 pulses. 
And a life test conducted under oscillatory 
fault conditions indicated design K was 
satisfactory. Its life under operating 
conditions would be the same as for E, 
since the same paper thickness and voltage 
s t r e s s were used. The thicker foil added 
a 7% increase in the cost of the capacitor 
over design E, however. Design F is 
currently being further tested. 

Table 2. Critical capacitor pa rame te r s . 

Capacitor design 
C D U a K F 

Energy, .J 2,900 2,900 4,3 50 6,000 5,800 
Capacitance, *jF 14.5 14.5 14.5 30 29 
Volume, kV 20 20 25 20 20 
No. of capacitors in series 4 2 2 2 2 
Voltage s t ress , V/mil 2,083 2.040 2,551 2,564 2,564 
Foil thickness, mils 0.22 0.22 0.22 0.25 0.35 
Foil termiration area, in. 1.6 0.83 0.83 1.21 1.66 
Peak current oscillatory discha rge, A 51,790 51,790 64,738 126,478 98,194 
Current density of termination. A i n . 32,369 67,398 77,998 104,527 59,153 
l-Vak current IcriticaLly dampec discharge) A 427 427 533 881 854 
Current density ol' termination. A/ 

. 2 in. 210 514 643 728 514 

a D j is the same design as L), but operated at 25 instead of 20 kV. 
Oscillatory discharge was 33 kHz with 85% voltage reversal. 

Header (2) 

Upper 
( margin 

Lower 
margin 

Fig. 2, Energy-storage capacitor 
(design E). 

the capacitor where the two se r i e s sections 
were connected. 

The pertinent paramete rs of the 
various designs were reviewed and the 



CAPACITOR RELIABIL ITY 
ANU QUALITY 

RELIABIL ITY £ 

Capacitors, like other electrical 
components, show three distinct failure 
rates;. A typical f.'iilure rate curve is 
shown i i ; Kig. 3. The high failure rate 
during the early portion of l ife is due to 
defects in the r»w materials and mechan
ical damage during manufacture. The 
ensuing much lower failure rate is lite-
rale for which die capacitors were de
signed. The increasing failure rate 
during the latter* stages of life is due to 
the wearoul of rnuterial». The end-to-life 
and design failure rates can be controlled 
by changing specifications; the early 
failure rate can be controlled by a 
stringent quality-controlled manufacturing 
operation plus a subsequent power burn-in. 

QUALITY CONTROL 

A quality-controlled manufacturing 
operation is essential to produc •* large 
quantities of reliable energy-storage 
capacitors.^ A dossier is compiled for 
eacii unit consisting of batch idcntificatjo.it; 
for all material? and personnel assign
ments for each manufacturing step. In
coming materials are inspected to certify 
that they conform to specifications, 
inspection continues during each stage of 
manufacture. More important titan the 
inspection, however, is the attitude and 
cnpabilitics of the production personnel. 
If they are well trs:;.ed and motivated, 
there wil l be very few defects for the 
inspector to find. V»hat defects are found 
are communicated back to tlie production 
personnel and rarely occur again. Many 
of the problems here arc associated with 
new empioyi.es who are just learning their 
job. 

After manufacture, each capacitor 
is tested for capacitance, power factor, 
voltage withstand, and insulation resist
ance. All caparitors are also leak tested 
for a minimum of i« hours in a 65°C oven. 
Finally, a power burn-in is performed on 
the capacitor to simulate the operational 
use or the fault conditions of the circuit. 
Any unit that fails during the manufacturing 
or testing operations is dissected and 
analy/.ed for cause of failure. The cause 
is then communicated to the production 
worker responsible for the failure, or to 
the vendor who supplied the defective 
material, and corrective action is taken. 

Life 
Kig. 3. Typical failure-rate curve for a 

capacitor. 

ACCEPTANCE TESTING 

To assure that all capacitors will 
meet operational requirements and 
specifications, acceptance testing of 
large production tots has been explored. 
One approach is to perform a power 
burn-in of 1,000 to 4,000 pulses on every 
capacitor; any units that fail are replaced 
by the vendor. This approach is expen
sive and time consuming to the customer, 
however. Another approach is to perform 
a life test of 10,000 to 20,000 pulses under 
accelerated conditions on a random 
sample of the production let.-' If the 
sample passes Uie life test, the entire 
production lot is accepted; i f i t fails, the 
lot is rejected. Capacitors procured by 
NRI. and 1.1.1. have used the lot-acceptance 
life-test procedure successfully. 

CONCLUSION 

1 *<e combination of adequate design, 
quality-controlled manufacture with a 
power burn-in, and acceptance testi: j 
wil l produce a reliable energy-storage 
capacitor. The data presented in this 
paper show that reliable, low-cost, 
energy-storage capacitors are available, 
but successful production requires close 
communication between the user and the 
manufacturer. 
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