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e

a

This document contains a technical paEer which resulted from work per=
formed under U.S. Air Force contracts AF O4(647)-289, AF 33(616)-7531 and
AF 33(616)-7804, The paper was presented at the IRE Western Electric Show
and Convention in San Francisco, California, Awgust 22-25, 1961,
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Measurcments of dielectric leakage,
capacitance, electric strength, and charge
soattering phenomena have been performed at
the Kukla and Godiva I1II critical assemblies
for tantalum and aluminun electrolytic, wax-
and oil-impregnated paper, mylar, mica, and
ceramic capacitors, and for mylar and Vitamin
Q-impregnated paper. Leakage data indicate
that gamma-induced conductivity in capacitor
dialectric varies directly with Y=, where
is the gamna radjation rate and A is 0.9 for
mylar, 0,7 for Vitamin Q-impregnated paper,
and approximately 1,0 for the other dislectrics.
A small portion of the tantalum oxide conduc-
tivity induced by gamma radiation exhibits a
recovery time of approximately 150 ps, Tran-
sient capacitance changes dve to radiation are
non-existent within + 0.1 percent for mica and
Vitamin Q capacitors. Transient charging of
tantalum capacitors was noted during irradi-
ation with no apnlied voltage, No drastic
changen in electric strength were noted during
irradiation of mylar and Vitamin Q-impregnated
paper.,

Results are compared with a summary of
data collected by other investigators. The use
of tast dala in parametric form as a tool for
predicting tranaient radiation effects will be
discussed.

Introduction

The effects caused in capacitors and
dielectric materials by short, high-intensity
bursts of nuclear radiation have been studied
by various investigators for the past five years,
An understanding of the nature aund extent of
these effacts is essential in evaluating the
vulnerability or reliability of various eleo-
tronic circuits and systems whefi exposed to
high-intensity radiation such as that from“a
nuolear weapon detonation,

. High-intensity radiation causes ionization
in materials due to scattering processes, photo
effects, secondary emission, and other mech-
anisms, One would expeoct that the following
capacitor properties, shown electrically in
Figure 1, can be changed by the presence and
distribution of the radiation-produced charge
oarriers ocaused by mechanisms mentioned above.

THANSIENT RADIATION EFFECTS
IN CAPACITORS AND DIRLECTRIC MATERTALS™

H. W. Wicklein and R. H. Dickhaut
The Boeing Coumpuny
Seattle, Washington

1, DC leakage--a change in shunt resis-
tance (R.) will be caused by inoreased
conductivity in the dielectric material. Llarge
conductivity changes are expeoted, in contrast
to the usually low conductivity of dielectrioc
materials in the absence of rasdiation,

2. Capacitance--a change in shunt capaci-
tance {C_.) will be causad by changes in the
effectivé dielectric constant of the dielectrio
material, Very small changee are prediocted
when the number of additional charge carriers
due to radiation is congidered,

3. Breakdown voltage--there is a possi-
bility that a large increase in the number of
conduction electrons can cause initiation of
voltage breakdown at lower applied fields.

h, 'EMF'" generation--an apparent current
source (i.,) is possible due to differential
scattering or secondary emission effects between
dielectric and metal parts, and transport
phenomena in the dieleotric and electrolyte.

5. ‘'Long-time" effects--trapping phenomena
and the usually low conductivity of dielectric
materials are conducive to the enhancement of
conductivity with an associated time constant
after the radiation burst., Trapped charges in
the dielectric can cause polarization or per-
sistence in the dielectric material so that
subsequent radiation effects differ from the
initial irradiation effect. Such effects are
dose-dependent. In any radiation exposurc there
is a possibility of accumulating a sufficient
radiation dose to cause permanent changes, but
these permanent damage effects will not be con-
sidered in this paper. (The total doses
received by test samples are not large enough to
cause appreciable permanent effects in most
capacitors and dielectric materiala. )

The work at Boeing for the last year has
been directed toward determining a quantitative
description of the capacitor which can be used
to predict circuit response to high-intensity
radiation pulses. In performing this work use
wag made of exieting pulse radiation data which
were available on most of the capacitor
properties mentioned above, In addition,
extensive work was performed by Boeing in the
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meagurem nt of DC leakage, capacitance changes,
dislectric breakdown, and EMF generation. The
results of this work, plua that of other
investigators, has resulted in a successful
circuit represuntation ol the cvapacitor,

Jxperimental Studies

Radiation Source

Tests have been performed at the Godiva TI[
{Los Alamos Scientific Laboratories) and Kukla
(Lawrence Radiation Laboratory) pulse reactors.
The two facilities provide similar mixed neutron-
gamma radiation pulses of the shape shown in
Pigure 2, Average peak gamman rates up to
5 x 10 r/sec are obtained and average pulse
widths at half-intensity range from 65 to ?00 ps.
Total radiation doses of 5000 r and 1 x 10 ;
neutrons/cm? (energy > & Kev) are obtained. The
gamna and neutron energies are equivalent to a
{fission spectrum,

Instrumentation

DC leakage measurementis were performed
with the circuit shown in Figure 3.

AC capacitance measurements were performed
by using constant-current and constant-voltage
circuits to measure changes in capacitive
reactance at 50 ko. The maximum sensitivity for
these measurements is + 0.5 parcent when a
magnified oscilloscope trace amplitude is used.
However, the most accurate measurements of
capacitance were performed with the resonant
circuit shown in Figure 3. Inductance values
in the range 10 to 1000 phy were used at test
frequencies from 50 to 150 ke, The circuit was
tuned slightly off resonance prior to each test.
Capacitance changes of + 0.1 percent could be
detected.

A special test fixture, shown in Figure &,
was designed to measure electric strength with
>4000 V applied and to measure conductivity in
thin (1-5 mil) samples of dielectric materials,
The fixiure was used in place of the capacitor
in the leakapge test circuit, The electrodes
are 0,25 inches thick with rounded edpes and
parallel within + 0.0001 inch. The micrometer
allows adjustment for sample thickness to within
4+ 0.,0001 inch. The high voltage (removable)
electrode is 1.0 inch diemeter and vides on a
needle point; it is surrounded by a nylon ring
to reduce surface breakdown and air ionization
effecta, The dielectric test samples extended
at least 0.25 inch past the edges of the 1.5
inch diameter low voltage electrode, Air ioni-
zation effects are reduced by the long
conduction path compared with the dielectric
thickness, and by the current flow from high-

voltage electrode to the grounded frame rather

than to the low-volitage electrode., The circuit
connections were made so that only the current

from the low-voltage clectrode was measured.

All data were transmitted over coaxial
cables to high-gain oscilloscope channels with
photographic recording, and the cables were
terminated in their characteristic impedance (R,).
The shunt capacitance from the battery to ground
does nol create a problem for the pulse fre-
quencies involved, Capacitor sample electrical
connactions were potted to reduce air ioni-
zation effectis,

Dosimetry

Gamma rates were determined from the corre-
lation of pulse shape data with the total gamma
dose TrRoeived by chemical dosimeters (+ 10,0
percenl accuracy). The assumption has been that
all the dose recorded by the chemical dosimeters
is due to gamma radiation, but this has not been
proven as yet. All dosimeters were mounted next
to the test specimens,

Data and Analysis

The results of the capacitance change
experiment indicate that there are no changes in
capacitance within the measurement accuracy of
the test equipment, The actual lower limit for
the capacitors measured are + 0.1 percent for
Vitamin Q and silver mice capacitors at a gamma
rate of 1,0 x 107 r/sec, + 0.5 percent for
tanbalun solid capacitor at 3 x 107 r/sec, + 1.0
percent for oil-impregnated paper, (polarized)
and (non-polarized) tantalum foil capacitors at
1 x 10% and 4,0 x 107 r/sec respectively, and
+ %S.O percent for mylar capacitors at 2,0 x
10° r/aec.

A voltage breakdown test on 6 x 107° cm
thickness of Vitamin-Q~impregnated paper indi-
cated that a radiation rate of 1 x 109 r/sec
would not induce breakdown when the voltage was
within 25 percent of the normal breakdown
voltage.

A significant EMF generation signal was
obtained only for pRlarized electrolytic
capacitors,

EMF generation data were taken for tantalum
solid, (polarized and non-polarized) plain foil
and etched foil tantalum, and etched foil
aluminum capacitors, Sample data are shown in
Figure 5 as a function of gamma dose and time,
The non-polarized capacitor {(data not shown)
showed a very small effect compared with the
polarized capacilors. The EMP generation data
are not sufficiently accurate for detailed
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analysiss however, it is indicated that an
integrated effect occurs during rapid dose
accumulation to the pulse peak, and that a time
decay effect occurs during the time following
the peak. A posaible explanation is that the
charge carriers scattered onto the anode are
collected immediately, but that the charge
carriers scattered into the electrolyte cathode
require a time longer than the time to the pulse
peak for the electrons to diffuse in the elec-
trolyte and for the dissociation or equillibrium
state of the electrolyte to return to normal.
This meohanism would account for the observed
signals, including the lnck of signal in the
non-polarized capacitor, EMF generation should
not appear in non-electrolytic capacitors, A
tegt on one uncharged 1.0 pf Vitamin Q capacitor
showed no signal within + O.1 mv., EMF generation
effects would not appear when voltage is applied
to enhance diffusion of scattered electrons in
the cathode of the eleotrolytioc capacitors.

The major effect in capacitors i% the
reduction in leakage resistance due to the
increase in the dielectriec conductivily. The
most extensive measurements have been made on
capacitur DC leakage and dielectiric conductivity.

BC leakage tests were performed on mylar,
Vitamin-Q-impregnated paper, and samples of
Stilastic RTV 881 potting compound. DC leakage
teats were made on ceramic, oil-impregnated
paper, wax-impregnated paper, oil bath, silver
mica, Vitamin Q, tantalum solid, tantalum
foil, snd aluminum foil capacitors in the
range from .01 to 15,000 Pf. Sample capacitor
leaknge data are shown in Figure 6. 1In
goneral, smaller values of capacitance yield
signals which approximate the radiation pulse,
lLarger capacitors yield signals which do not
exhibit recovery during the duration of the'
burat, and have a time decay conatant markedly
different from the radiation pulase shape. This
is due to the measurement gircuiil time constant,

Leakage data taken with the dielectric

test fixture were converted to conductivity by
using the parallel plate relationships with the
known fixture geometry and dielectric thicknesses
Capacitor data were converted to leakagse resis-
tance by vsing the dynamic aircuil equation
given in Figure 6, These leakage vesislance
values were then converted to conductivity
‘valung for the dielectric materials by using
parallel plate assumptions (for thin dielectrics)
and the values of capacitance and dielectric
constant for the specific capacitor.

In cases where the coaxlal transmission
cable signal is the same order of magnitude as
the observed signal, a correction musti be made.
The cable signal must be subtracted from the
obgerved signal in order to obtain the true

capacitor signal as shown in Figure 7. It is
obvious from Figure 7 that a sizsable cable
signal can change not only the amplitude, but

also the time dependence of Lhe signal.

It is found that gamma induced conductivity
in dieleotric materials follows the relationship

o - KYA (1)

where Y ia gamma rate and & is 0,7 for Vitamin
Q-impregnated paper, 0.9 for mylar, and approxi-
mately 1.0 for the other materiasls tested. This
relationship is only approximate to the peak of
the radiation burst for tantalum-oxide and the
oil-bath capacitor (Dykanol G oil-impregnated
paper). These materials do not show immediate
recovery after the radiation pulse, An example
of this long time effect i1s shown in Figure 8
for Ta,0.. The oonductivity in the oil bath
capaci%o; exhibited an exponential time decay
with a time constant of 40O-45 ms.

An empirical relationship was developed for
the Tn20. capacitor using experimental data
gimilar 20 that shown in Figure 8.The conduoc-
tivity was separated into two parts: o, is
proportional to the gamma rates o, is propor-
tional to the total dose and a decay factor
which 13 long compared with the duration
of the burst. A typical separation of this type
is shown in Figure 9. Figure 10 shows the
eampirical relationship, Several of the more
accurate dala were .golved gsimultaneously to
determine the time decay oonstant (T g for o
(assuming o, nogligible at long time% . Then
g, wag reconstructed throughout a typical pulse
by iteration. DNDose proportionality constants
(k,) for o, were found by matching the recon-
structed curve to the long time portions of the
data, The Tate constants (K,) were then found
for o, by aubtracling o, nn& taking the slope
of thé o, varsus ¥ curvé., A summary of the
empirically determined constlants appears in
Figure 10, The rale and dose constants are
different for solid and foil lype capacitors,
apparently due to the nature of the electrolyte.
There ware no aignificant differences between
polarized and non-polarized, or plain and etohed
folil types.

tHone of the capacitor data indicated
dependence of ganma induced conductivity on
npplied electric field, dielectric thickness,
or capacitance value.

Summary of Data

The experimental results for capacitance
and leakase are consistent with data taken by
other investigators such as International
Business Machines Corp., Diamond Ordnance Fuze
Laboratory, and Sandiz Corp. Figure 11 shows a

U3-4071.1000
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summary of DC leakage data in terms of conduc-
tivity as a function of gmnma rate. 1BM data
have been converted as closely as possible to
this representation. The data for TaZO5

capacitors includes only ¢o,. The dose
dependent portion u? is necessary after the

radiation peak.

Applications

The data for transient radiation effects
in capacitors and dielectric materials can be
used to predict transient radiation effects in
electronic ocircuits and systems, The equivalent
circuit for an irradiated capacitor is shown in
Figure 12, C, 13 < + 0,001C and 1 cH is negli-
gible when vo?fage is applied. can be
calculated from the equation for Barnllel plate
approximation given in Figure 12, where
0 = 0, + 0, is the measured dependence on gamma.
doge and rate, The resulting. equivalent circuit
can be substituted in the circuit of interest in
place of the capacitors, and the transient
effeot on the oircuit can be calculated by an
analog computer when the appropriate gamma dose
and gamma rate environment are provided,

* Work supported by U. S. Air Force contracts
AF 0b(647)-289, AP 33(616)-7531, and
AF 35§616) 7004, Contract AF 53(616) 7804
spongored by Advanced Research Projects
Agency, Department of Defense.
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