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THE DEVELOPMENT OF RADIATION-RESISTANT INSULATORS
PROGRESS REPORT - JULY 1, 1967 to JULY 1, 1969
M. J. Kelly and W. W. Parkinson

ABSTRACT

The apparent electrical conductivity of high-resistance
plascics has been examined from the standpoint of dielectric
relaxation processes as well as steady-state conductivity.
The observed, time-dependent conductivity of high-purity
polystyrenes, commercial plastics of lower purity and of
the copolymer in use for dosimeters can be accounted for
on the basis of dielectric charging and low values of con-
ductivity, both varying with the polar nature of the base
polymer and the impurities. During irradiation the con-
ductivity increases greatly depending on the dose rate and
decays after irradiation wi'hh a time dependence related to
the composition of the specimen.

To be suitable for dosimeter use, the radiation-induced
conductivity must decay rapidly, to values below 10712
mhos/cm in 10% seconds. The currently used material, a co-
polyrer of styrene and Q-methyl styrene (Cerex 250B) was
fount. to have unusually rapid décay of conductivity follow-
ing irradiation. By polymer fractionation and by varying
the synthesis ingredients, the chemical species active in
reducing conductivity was identified as sulfate chain ends
arising from persulfate initiator in the polymerization
recipe.

Stirene homopolymers have been synthesized with sulfate
end groups and shown to have as low conductivity as the
copolymer. Polymers with sulfate end groups and (NH,)
cations have shown low but erratic conductivity and poly-
styrenes having end groups of moderate polarity have low-
er dielectric charging prior to irradiation and some re-
duction in postirradiation conductivity. Methods are pro-
posed for development work to exploit these possibilities
for improving plastic insulators.

- Part A. Theoretical Background

I. INTRODUCTION

This report covers the period from July 1967 to July 1969 in a
three-year project to develop improved insulating materials for use in
electrostatic dosimeters. The scope of the project and the general
method <f approach to the problem were presented in the previous report%i

and will not be repeated here. Instead, broad discussion of the general






problem is attempted using data and theory available from the open liter-
ature incorporeted with observed data from our céntinuing experimental
program.

It is not our intent to treat the problem rigorously or reach ab-
solute conclusions. It is hoped, however, that generalized conclusions
will be apparent in specific areaé and that anomalies and areés of un-

certainty will be brought into Ffocus.

II. PRE~IRRADTATION PROPERTIES OF PLASTICS

A. Dielectric Charging Phenomena

Dielectric relaxation or "charging” corresponds to the increased
capacitance due to the polarization of the dielectric in the sense that
positive and negative charges within it are displaced slightly from
their normal positions. If thése positive and negative charges are con-
sidered to be dipoles caused by molecular grouping (&.g., the 2¢=0 orr
carbonyl group with the positive and negative charge centers near the
carbon and oxygen respectively), the individual charges cannot move over
large distances but can act'as a'véctor under an applied field, altering
length or direction to affect the apparent dielectric constant. In a
real system, this effect does not result in charge transport (conductiv-
1ty) but results in a change in charge den51ty'w1th time which may be
confused w1th direct’ ecurrent, econductivity.

The task of dielectric theory is difficult not so much because per-
manent dipoles cannot always be identified, but because they influence
one another mutually, a’dipole is not only subject to the influence of
an external field but also has a field of its own. The mutuality of the
influence of dipoles, permanent or otherwise, on one another makes the
response of the assembly a cooperative phenomenon. The effective field
acting on a dipole, in general, is not the externally applied field, E,
but is augmented by a contribution from this cooperatlon.

In the case of symmetric polymers like polyethylene (-CH2-CH2-CH2 )
the dipole moment is fregquently thought to be zero and any observed di-
electric relaxstion or loss tangent is attributed to impurities, polar

end groups, and accidental oxidation products. This is not strictly



true® since microwave spectroscopy studies have shown propane to have a
dipole moment of 0.081 debye units and isobutane to have 0.132 debye
units. Therefore, moments exist because of differences in polarity of
carbon-hydrogen bonds. Methyl end groups and branching both will supply

real moments however small. ,
{

B. Mathematical Treatment of Dielectric Relaxation or Charging

From the discussion above, we must always expect some dielectric
relaxation when dc potential is impressed across a medium with a finite
capacitance, Many authors have treated the simplified problem in detail.
Fr8hlich® considers a simple bi-stdble model using a potential well con-
cept. Debye? demonstrates the physical meaning of relaxation time in
his classical treatment of dielectric relaxatibn in a dilute solution of
dipolar molecules in a non-polar liquid. These and other treatments lead
to the conclusion that each polarizable element obeys a linear differen-

tial equation of the form

dp

K ?
T.qn * OtP= 0 E{t) (1)
where t = relaxation time
& = dipolar polarizability
P = dipolar polarization

E = potential
t = time. |

The number of different polarizable elements, Kk, may be so large as
to represent a continuous gradation and the definition of elements is
not straightforward. This is primarily due to mutual dipole interactions.
In normal dielectrics, this does not invalidate the formulation of a set
of equations for a giﬁen material. It merely implies that the numerical
values for o) and T, cannot be simply ascribed to identifiable structural
entities, such as a given dipolar molecule.

The experimental results on dielectric relaxation can, with few ex-
ceptions, be described by assuming a small set of first-order differen-
tial equations with constant coefficients (Tt and 04), Eq. (1). One of

the most obvious properties of linear differential equations if the
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proportionality of stimulus and response. In terms of dielectrics this
means that the dielectric properties are indépendent of applied voltage.
This is found to be true for most dielectrics for fields up to 105-10°
volts/cm,’and constitutes a criterion for "normal" dielectrics.

If we consider a single element which obeys Eq. (1) and which has a
single time constunt, 7, and expression for polarization, P(t) can be

written in the general form:

ot
P(t) = f E(u) v (t-u) du . (2)

00
The variable u is an expression of time and the function &(t-u) may be
written &(t) where t now denotes a time interval. For our single ele-

ment, @(t), the time-dependent polarizability, may be written as follows:

W) = T e" . (3)

If there are o elements with characteristics Kk, their contribution to
P is given by nKﬁK, and for the dielectric as a whole:
| %

nao T
K
K K ()+)

T © *
K

¥(t) =

~IM

Perhaps more importantly a sum of elements sums leads to:

W(t) o= Vale) + valt) + . . . (5)

where 1, 2, ... refer to element types of varying & and 1 values leading
to a series of exponentially decaying functions of different time con-
stants and magnitudes. This can readily yield the observed data since

an analysis of EBq. (4) or (5) can give a function of the form:®
. K
¥(t) = 0 (6)

where K and m are fitting constants. Our own research data normally can
be described by this simple function which is not in conflict with theory

and is very useful for calculations. This behavior is demonstrated by



our specimen of pure, commercial polystyrene (Dow OX-4500) in Pig. 1,

where o/c is plotted vs time on log-log coordinates since ¢ = %-e and
e = y(t) = é% . In these relations, o is conductivity, c is capacitance,
A is area, and d is thickness. The best value for m in unirradiated
samples appears to be ~1. It is tempting to picture some kind of kinetic
process as accounting for this value, but at this stage selection of a
process is not justi%ied. After irradiation individual processeg of the
exponential form e 7 dominate to the extent that humps of this kind
are seen in the log-log plot (Fig. 1). The behavior of the current upon
reversal of potential during the occurrence of these humps suggests that
there is actual conductance by mobile charge carriers which disappear

through exponential decay.

C. Steady-State Conductivity

In insulating materials the concept of "Ohmic" conductivity, in
which charge is transported by mobile electrons, tends toward faillure.
A special case of Ohm's law may be useful:

i, 75 = un; %9 = un %' =0 , (7)
where n is the number of ions of either sign per cubic centimeter,
u=1u + u_ 1is the sum of the mobilities of the positive and negative
ions, 1, the current flux in the material expressed in ions/sec (iq =
Amperes x 6.2k x 1018), V the applied voltage, L the distance between
parallel electrodes, and S their area.

The source of the charge carriers becomes the problem. For conju-
gated T-electron organic substances the dark conduction is usually ex=-

pressed as

2k 1 omt . (8)

]
Q
®
O
o
8

o)

Assuming electrons (n) and holes (p) are generated by thermal excitation
within the bulk:®

: 27kT \o =
0o = iy + up(E,)% = oy + up)(@)(ZEE Flrmumo)3 (9)
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where Ups Up = mobility of positive and negative charge carriers,
No, N, = density of energy states in the conduction and
valence bands respectively,
My, mp = effective mass of negative and positive charge
carriers,
g = charge.

This formulation moves us from the electro-chemical concept to
solid state physics theory, essentially applicable to semiconductor crys-
tals. Applying these theories to amorphous or partially crystalline
polymers and glasses is in no sense rigorous but does allow use of mathe-~
matical models to describe observed phenomena within a consistent frame-
work.

One advantage to this treatment is the defined separation between
intrinsic conductivity which is a property of the '"pure" material and
extrinsic conductivity which is a property of the iupurities present in
the bulk system. To calculate the intrinsic conductivity’ we must find
the equilibrium concentration N, of electrons in the conduction band,
which is equal to the equilibrium concentration Nn of holes in the
valence band. We must know the relative mobilities. We may expect a

-E3 /KT and after considerable formal

temperature dependence of the form e
treatment we arrive at thé equation shown above.

Eley® presents data showing o, varying over the range 1079 to 0.1
ohm™ em™ for AR = 1.0 ev and from 10*2 to 10%® for AE = 4.0 ev for
various organic materials. This corresponds to a maximum room tempera-
ture conductivity, o, of 1078 ohm™ em™%, from Eq. (8), with the bulk
of the data yielding much lower wvalues.

Most semiconductor calculations yield mobility values inconsistent
with these data; however, calculations for organic molecular crystals

"monomers"”) based on tight-banding methods give a maximwa u of 30
en®/(volt-sec). (Ref. 8) The corresponding upper value for g, would be
120 ohm™! em™! if the effective mass is equal to that of a free electron.
For AE = 1.0 ev the specific conductivity at 300° Kelvin would‘be
6 x 1075 om™ em~t. In general observed AE values are appreciably
higher and it seems unlikely that thermal dissociation of the pure bulk

solid will provide a supply of charge carriers sufficient to provide a
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measurable conductivity under normal experimental conditions. Our speci-

mers {unirradiated) had such low steady-state conductivities that we

act) = 0.4
to 0.8 ev for dielectric charging, and after irradiation E(act) = 1.0 to

were unable to determine AR for conduction. We did observe E(

L.5 ev for combined charging and transient conductivity.

Extrinsic conductivity or impurity caused conduction we shall not
limit t©o the narrow definition used in semiconductor theory where the
impurities act within the lattice structure. Instead we shall include
natrix or network contributions from those substances added to polymeric
materials during polymerization, from plasticizers added to improve fab-
rication methods, and from antioxidants to improve chemical stability.

We shall also include the effects of moisture both on polymeric materials,
glasses, and oxides.

In the case of ionic crystals or those materials with a lattice
structure of semiconductor type, it is well substantiated that impurity
atoms may ce ionized to give up an electron (donors). Impurity atoms
can also take up electrons from the valence band (acceptors) leaving
holes in the band that can act as charge carriers. In each case the
ionization energies involved are low (ca. 0.1 ev). It is not at all
clear that such events are of any consequence in the observed preirradia-
tion conduztivity of amorphous or partially crystalline insulators and
therefore o discussion of the effect will be attempted here.

A more likely source of dc conductivity in polymers is the inter-
connecting network structure formed in these amorphous or partially crys-
talline materials by plasticizers or antioxidants deliberately added dur-
ing processing to improve the characteristics of the final product. Most
of these "udditives” are polar in nature and tend to ionize. Even in
"pure” polymers, polar end groups may occur from the catalysts used. In
addition, lons from the surfactants used to lower surface tension in
emulsion polymerizations may not be removed in processing. These probably
do not provide "conductivity” from their own ionization but they do serve
to adsorbd water vapor from the air and this moisture is the prime sup-
plier of ipnized carriers.

The tremendous effect of humidity on resistivity is shown in a

paper by Killam,® who tested eighteen polymers in equilibrium with air,
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over the range of 50 to 90 percent relative humidity. Significant ob-
servations and conclusions by Killam were:

1. Exposure to 90 percent relative humidity compared to 50 percent
relative humidity reduced resistivities by up to 2.5 decades.

2. Surface resistivity measurements of clean surfaces of many poly=~
mers are probably measurements of the resistivity of the volume adjacent
to the surface.

3. Increased humidity resulted in increased capacitance roughly
according to the polarization contributed by the sorbed water.

4. Generally, sorbtion of water was higher for higher permittivity
materials.

Most of these conclusions have been observed by others, and Ramsey*®
has shown that under anhydrous conditions “good insulators" have resis-
tivities about four orders of magnitude higher than the values under
moist conditicns.

Our own observations are in basic agreement with these generaliza-
tions. For surface and volume resistivity at 90% relative humidity,
polyethylene and polystyrene were best. At 50% relative humidity poly-
propylene, polyethylene terephthalate, and polymethyl methacrylate were
close competitors. Our experiments at much lower humidities also find

these materials very good.

III. CONDUCTIVITY DURING IRRADIATION

The fact that solid dielectrics change their resistance when sub-.
jected to ionizing radiation has been known for about sixty years and
has been the object of much experimental and theoretical investigation.
Probably the most useful work apbeared after World War II. In 1957 the
conductivity of amber, polystyrene of various purities, polymethyl
methacrylate, polyethylene, and polychlorotrifluoroethylene was studied
by Rozman and Tsimmer.,? These relatively unsophisticated experiments
using ionization chambers kept and irradiated in dry air led to signifi-
cant conclusions:

1. The activation energy for conductivity for these dielectrics

is between 0.3 to 0.5 ev before irradiation and between 1.0 to 1.5 ev
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after lrradiation, with the increase in actilvation energy remaining
even after the conductivity returns to its original value.

2. Under lrradiation these substances have an electricel conduc-
tivity several orders of magnitude less than a simllar volume of air.

3. A surface contribution to the conductivity after irradlation
wa.s observed.

During the same period Fowler® published a coordinated explanation
of the conductivity induced by ionizing radiation in solid insulating
materials. His model based on conduction by free electrons and includ-
ing the presence. of electron traps is still used and may be considered
the most generally accepted explanation of the observed effects to date.

On a more practical basis it was clearly demonstrated that during
irradiation the current varied with dose rate according to the relation-
ship, ix==KRA, where A lies between 0.5 and 1.0 and is characteristic
of the material although "additives” to the bulk polymer (see Table 1)
do have a pronounced effect on the result. These experiments, at rela-
tively low dose rates, confirm quantitatively the more qualitative re-
sults of Rozman and Tsimmer.t?

Somewhat similar work by Harrison and Proulx*2® with no theoretical
treatment, demonstrated similar effects at much higher dose rates. Direct
comparison of the data is difficult since "in-field" activation energies
were not determined by Harrison. Data on some classes have teen reported
by Culler et gl.14 and qualitatively the results are very similar to those
observed for polymeric materials. Table 1 summarizes these data in order
of relative merit at 8 R/min with no temperature correction. The two
glasses where no A value was reported were calculated using A= 1. In
the case of 172% glass, this may yield a very optimistic value since
Culler?® reports 4.7 x 10717 ohm™! em™ at 58 R/sec and Bradley*S reports
2 x 1077 ohm™ cm™ at 5.5 R/sec. Bradley's meacurements, however, were
made at 65°C using beta radiation from a krypton-85 source and did not
seem directly comparable. All of these values are nominally at steady
state with the radiation field present. Under these conditions and given
no other information the best prospective candidates are apparent. Sev-

eral important aspects, however, are not presented in this table.



Table 1.

11

Comparicgon of Induced Conductlvity of Various
Insulators ot 8 R/Min.

Materilal A B, o) Ref Te
Alkali-free sluminosilicate - - ~ 10720 14,15 25
glass, Corning 1723
Polyethylene Terephthalate 0.83 0.18 6x10-20 12 20
Alkeli lead silicate glass, - - 5x107t° 14 25
Corning 8871
Natural Amber 1.0 0.22 1x10"%8 12 20
Polystyrene (USA) 0.75 0.18 1x10718 12 20
Polymethyl Methacrylate 0.55 0.5 2x10~18 12 20
(unplasticized)
Polystyrene 0.65 0.kl 2x10"18 12 20
96% silica glass, - - 2.25x1078 14 29
Corning 7900
Polymethyl Methacrylate 1.0 0.10 2x10"18 12 20
(Plasticized)
Polystyrene 0.97 - 5.6x10"18 13 38
Polystyrene 0.88 - 6.4x10"18 13 28
Teflon 1.0 - 1.6x10717 13 %8
Polymethyl Methacrylate Red "LOO" 0.93 0.07 2x10-17 12 20
Fused Silica, Corning T9LO - - 2.3x1077 1k 29
Polyethylene 0.81 0.35 ox10™17 12 20
Polyethylene 0.7k - 1.2x10716 13 38
A = exponent for dose rate
Eyx = apparent activation energy, ev
1

o = observed conductivity, ohm™! cm”

jos)

® 3
O
n u

experimental temperature, °C

reference, see reference list
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It is noted by HarrisonS

and others that a finite time is required
after commencement of irradiastion to reach equilibrium conductivity, and
this time is a function of dose rate. This is of little consequence to
the low~range OCD and military dosimeters, which may be expected to re-
ceive low enough dose rates that equilibrium will always be achieved.
Furthermore, since the conduction of a polymer is several orders of mag-
nitude lower than that of an equivalent volume of air,ll! and since the
dielectric volume is much less than the active air volume, we will suf-
fer virtually no error due to the dielectric contribution.

In the case of the military SEMIRAD dosimeter (IM-185) where secon-
dary electrons collected under high vacuum conditions are the measured
species, it is not clear that this is true. The fact that an equilibrium
value in the insulator will not be reached during the collection time
does serve to mitigate the problem. This is also helped by the geometry
factor since the plastic component is truly an insulator and not a capa-
citor dielectric used for ranging. This is brought out by Kronenbergl®
who discusses the overall operational requirements in some detail.

The other important factor is the decay of the excess conductivity
after the radiation exposure ceases. This is discussed in the following

section.

IV. POSTIRRADIATION CONDUCTIVITY
A, The Nature of Postirradiation Decay of Conductivity

It is evident that for an air chamber dosimeter the contribution to
the collected charge from the insulator and/or ranging capacitor is neg-
ligible during the irradiation period. The primary problem is what
happens after the period of irradiation. One would expect prcmpt disap-
pearance of excesgs charge carriers but this is not observed. Early in-
vestigations?,32 noted the existence of long-term decay decreasing in
rate at longer times. Fowlerl® was able to establish the decay as a
hyperbolic function using fairly low dose rates and explained these re-
slts by trap theory. In 1963 Harrisonl? presented experimental data
for six polymers showing the decay could be duscribed to a good épproxi-

mation by
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n t
- - —
2 Ki e Ti
=1

i

B

=
Oo

where o(t) is the conductivity as a function of time during the decay,

0,/ is the conductivity at the cessation of radiation, n the number of

decay time constants in the decay, Ty the magnitude of the ith decay
time constant, and K; the weighting factor associated with the ith ge-
cay time constant. This equation was interpreted in terms of a trap-
controlled process.

In 1965 Compton et g;.la in an extremely well reported study on
polyethylene terephthalate at dose rates up to 10*° rad/sec reported the
decay as a hyperbolic function over a few hundred microseconds. This
work also seems to demonstrate that the conducting state observed in a
radlation field is achieved instantaneously for practical purposes at
high dose rates. The postirradiation effects are reported to saturate
at 10%° rad/sec but this does not appear to be substantiated by the data.
At constant dose rate with increasing dose, it is shown that the post-
irradiation current, after a given decay period does tend toward a satu-
ration value. This is shown from our own work on capacitor insulator
film in Fig. 2. This work together with the compilation of Wicklein et
al.'® appears to prove that the relationship, o dRA, holds for all insu-
lating materials to dose rates as high as 10'© rad/sec, the decay from

these values being the important problem.

B. The Probable Mechanism of Conduction

Present evidence substantiates that the materials undergo ion pair
formation during irradiation largely from electron release in Compton
events. These electrons are then responsible for the observed prompt
current associated with irradiation under an accelerating potential
gradient. Only the "free" fraction of electrons is available. After
irradiation ceases these free electrons are rapidly scavenged and new
electrons are only available from "traps.” The ions formed during the
irradiation possibly serve as traps. Several workerst8,20 cite evidence

that after irradiation conduction is by the holes remaining after Compton
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and secondary electrons are trapped on sites which are limited in num-
ber in any given specimen.

More importantly, the ion-pair concentration continues to increase
with irradiation, saturating at values consistent with a matrix of pairs
in the solid dielectric where each charge is just at the limit of
coulombic attraction for its opposite polarity neighbor. This is the
point where their mutual coulomb energy equals the energy of thermal
agitation, kT.%! Then re, = e®/ekT, where r, 1s the distance to the
neighbor charge, e is the electronic charge, and € the dielectric con-
stant. For a typical insulating material r, ~ 200&, which is so large
that the character of the ions should have little effect on the inter-
action. The full matrix represents some 107 pairs/cm®. For a "good"
material where one pair results per 1000 ev, saturation would occur at
107° ev or saturation would take about 2 x 10° R. For very poor material
(like air) saturation occurs with doses as low as 10° R.

This naive explanation is consistent with observed data. The nature
of the charge pairs is unknown but the definitions advanced by Pohl®2
may be useful: "Exciton: A negative-positive charge pair residing on

different nearby molecules."”

If they remein clcose so that they cannot
be split by an external electric field then they cannot act as carriers
for static fields. They can, however, contribute to dielectric polariza-
tion.

Whén the charge pair is separated by a great distance then either
charged entity (M" and M”) can act as a carrier and move relatively
independently. Since "exciton” is conventionally applied to the bil-
polar entity, these should be called deep transitory cation-anion pairs.
In the carrier view, the deep transitory anion 1s the lowest lying nega-
tive carrier entity and is a molecular ion. It can diffuse (rare) or
transfer its charge to neighboring molecules by a "tunneling” or "hop-
ping"” mechanism. If excited further by an energy equal to the molecular
electron affinity, Ag, it can give rise to a relatively free electron
traveling in the upper conduction bands (Ag = 1-3 ev).®2 Species and
processes of this sort can provide a basis for explanation of all ob-

served effects.
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Using this concept and realizing that only low doses are of interest
(200 R or less) we can see that materials with low G values are necessary

since this minimizes the number of "ions"

and "exéitons" formed per unit
of dose. Those ions within coulombic attraction range of each other ap-
pear to external observation as a changing dielectric polarization as
they disappear by slow recombination. Isolated charge carriers migrate
under the applied field until immobilized or until they reach an elec-~
trode where they would appear as space charge if the energy required for
discharge is unavailable. More likely, a carrier would pass close enough
to an oppositely charged species to form a new coulcombically bound pair.
This palr would then destroy itself as a normal exciton. We have not
specifically discussed electrons, holes, and trapping processes but the
definition of these processes is so broad that our general discussion
above provides the framework which would certainly include the detailed
mechanisms of conduction active in both pure and emulsion polymers.

With the generation and migration of charged species in a solid ma-
trix the development of polarization is certainly possible. Temporary
polarization in the form of dielectric charging or relaxation has been
treated thoroughly in Sect. II. Similar dipole orientation can have
long~term duration if polarization takes place above the softening tem-
perature of the insulator. Such polarized dielectrics, "electrets," have
been studied for many years. Another form of persistent polarization
results when mobile charge carriers generaped by radiation are trapped
in a non-uniform distribution under an external electric field. This
type of polarization has been termed "persistent internal polarization.”

The electrets for the most part comprise waxes and polymers having
strongly polar groups. Carnauba wax has been most extensively studied®*
since it can be highly polarized by cooling from the melt in fields of
about 5 kv/cm. By measurement of the polarization through the "lifted
plate” and complete thermal discharge methods it has been found that the
charge distr*hrution consists of "homocharge" imparted by the electrodes
to the adjac.at layer and "heterocharge" which is a true volume effect
over microscopic dimensions. Polymers of low polarity, namely polysty-
rene and polymethyl methacrylate, have been polarized as electrets by

proper treatment. The part played by polar groups was demonstrated by
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greatly increased polarization when sulfonated styrene or acrylic acid
was incorporated in the polymerc25 Electrets were formed not only by
solidification under a potential field but also in the absence of a
field by application of sufficient pressure to produce orientation
through flow.

More closely related to our observations herein that radiation-
induced conductivity decays more rapidly in polymers having polar groups
are experiments on radiation discharge of electrets. Gross and deMoraes®S
showed that doses which were appreciable for organic materials, i.e.,

2 x 10° rads, eliminated the polarization of carnauba wax electrets. So-
called electrets have also been formed by the irradiation of carnauba
wax and polytetrafluoroethylene in a potential field®? although in cur-
rent terminology, "persistent internal polarization® might be a more ap-
propriate term.

Persistent internal polarization, P.I.P., as implied above, can be
developed by the irradiation of dielectrics, organic or inorganic, in an
electric field under conditions giving a non-uniform distribution of
trapped charge. Most investigations have been on photoconducting materials
Bwtilizing visible or ultraviolet radiation t6 generate charge carriers.®S
In contrast to electrets, these photoconductors can also be discharged
by radiation of photon energies below the ionizing level.

Polarization may be of two types, barrier and bulk. Barrier polari-
zation occurs when the resistance of the electrode interface exceeds the
volume resistance for the charge carriers. A concentration of charge in
a thin layer develops adjacent to the electrodes. Bulk polarization re-
sults when the radiation is absorbed in a thin layer at the electrode
toward which the less mobile charge carriers move. Under these condi-
tions the mobile carriers are distributed through the bulk of the speci-
men and it is possible to develop a net charge in the specimen as a
whole., Net inbalance of charge is also possible in barrier polarization
if there is sufficient disparity in the resistances of the two electrode
interfaces. P.I.P. is studied by measurement of the discharge of the
image charge induced on grounded electrodes on the specimen. By compar-
ing the charge released under uniform illumination with that released by
radiation absorbed strongly at one face, the relative mobilities of

positive and negative carriers may be determined.
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Moore and Silver®® observed that thecorganic photoconductor,
anthracene, gave conduction by holes, with a low electron mobility be-
cause of a high trapping rate. Electron injection by the electrode was
fourd and it 'was concluded that carriers were generated and electrons
trapped at defects or impurities in the extrinsic mode of photoconduc-
tion. Kallmann gﬁ_g&,so reported that the similar compound, C-methyl
naphthalene, had a hole mobility of 107% cm®/v-sec, about twice as large
as the moblility of electrons.

In this program of developing radiation-resistant insulators, the
emphasis has been on postirradiation conductivity, a determining factor
in the performance of electrostatic dosimeters. The experimental condi-~
tions for this study precluded the observation of persistent internal
polarization. On the other hand, if polystyrene is sufficiently photo-
conducting, the techniquesof P.I.P. offer the possibility of delineating
the nature of the charge carriers in polystyrene and the function of the
polar groups in reducing postirradiation conductivity. With such infor-
mation, the probability of developing a more radiation-resistant insula-
wor would be greatly enhanced over our current procedure of trying first

oae polar group after another in styrene-based polymers.
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Part B. Experimental Results and Discusslion

I. DEVELOPMENT OF TECHNIQUES FOR PREPARATION OF MOISTURE-RESISTANT FIIMS

To indicate the suitability of insulators for dosimeter use, sensi-
tive measurements of very high values of resistance are required. These
measurements quickly revealed that plastic films prepared by simple and
convenient solwvent casting from dilute solutions are too variable and
susceptible to moisture for use as test specimens.

Solutions of 4 to 5% polymer in benzene, toluene, carbon tetrachlo-
ride or tetrahydrofuran are convenient for spreading but were found to
give films having conductivities and dielectric charging much higher than
that allowed for dosimeter use. These properties could be improved by
exhaustive drying or outgassing near the softening temperature of the
film, but subsequent exposure to the atmosphere regenerated the exces-
sive values. Free evaporation of golvent from a spread solution frequent-
ly produced a rippled surface and occasionally cloudy areas. Ailr drying
at room temperature for several days permitted retention of about 4 wt %
solvent (as measured in the case of toluene solutions). Such films
usually exhibited troublesome sensitivity to moisture. Furthermore,
casting films from reagent-grade b2nzene solutions gave more reproducible
results than casting from toluene and tetrahydrofursn and films from car-
bon tetrachloride consistently showed excessive conductivity. It was
also observed that monomer, moisture, and other volatiles were much more
thoroughly removed by vacuum outgassing the polymer at elevated tempera-
ture in the form of finely divided powder than in the form of cast film.
High volatile content appeared to lead to excessive dielectric charging
and conductivity, at least in the early stages of electrification.

A procedure was evolved for preparing film specimens obviating the
Observed difficulties as follows:

(a) Finely divided bulk polymer is vacuum outgassed at 90-95°C for
2L hours if there is any indication that there is an appreciable content
of volatiles.

(b) A solution of 20-25 wt % polymer is made up in freshly opened,

dry reagent-grade benzene. Such a concentrated solution requires
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mecharical spreading but gives less contraction upon drying and appar-
ently a more dense surface which is relatively insensitive to moisture.

lc) This viscous solution is spread over a leveled glass plate with
a straight-edge blade. A spacing of 0.006 inch between blade and glass
surfarce gives films about 0.001L inch thick after drying.

{d) Evaporaticn of solvent ig controlled to require a period of 16-
20 hours at room temperature by urranging the casting plate in a covered
petri dish containing a small pool of solvent. Such retarded evaporsa-
tion prevents the development of ripples and cloudy areas.

(e) The film is removed from the glass plate by immersion in dis-
tilled water and peeling from the glass surface.

(£f) The film is "conditioned" (dried, outgassed, and perhaps densi-
fied) by evacuating at 90-95°C for 24 hours.

(g) Aluminum eiectrodes are applied to each side by vacuum deposi-

tion with appropriate masking to give the desired shape.

II. AJURVEY TESTING OF COMMERCIAL PLASTICS

Survey measurements of the electrical resistance of a variety of
commercially available plastics proceeded concurrently with the develop-
ment of the techniques of film casting. Whenever commercial films of
about D.00l-inch thickness were available, these were tested, but in
most cases the films were prepared by solvent-casting or, for polyethy-
lene, hot-pressing. ©Since it was obhserved that such low values of con-
ductivity were somewhat dependent on specimen preparation techniques, it
was not possible to catalogue precise values for these materials. Fur-
thermore, in the materials of higher resistivity, dielectric charging
(Sect. JI. A) was continuing after 24t hours to give an apparent current
ccumpletiely masking the very low stzady-state conductivity. Consequently,
the apparent conductance to capacitance ratio after two time intervals
is listed in Table 2. This can be converted to cdnductivity as indicated
in the table with only "order of magnitude" accuracy.

After initial measurement, the specimen films were rolled into cylin-
drical form and irradiated at 29 or 300 r/sec to the doses listed. The
conductivity after irradiation was found to decay in & complex manner,

with ome or more long-lived components in most materials. The behavior



Tahle 2. Measured Conductivity of Plastics Before and After Irradiation

Before Irradiationb

After Irradiationc - Radiation
Specimen Time After Electrification Time After Irradiation Dose
10°% Sec 10% sec 102 Sec 10° Sec 10° rad
mho/farad™ mho/farad mho /farad mho/farad
Polyethylene 2 x 107® < 1078 2 x 1074 ~6 x 1078 1.8
Polystyrene 9 x 1077 < 1078 1 x 1075 ~9 x 1077 1.8
4 x 10-S ~8 x 10~7 18.
Poly-ci-methyl styrene 6 x 1077 < 10-8 5 x 1075 ~1 x 1077 20.
Styrene-methyl styrene b x 10-® L x 108 3 x 107° 1.5x 1078 2,
(Cerex 250B) 1.5x10°° 1.5x 10~7 20.
Poly-p-xylylene 6 x 10-° 6 x 1078 8 x 1077 2 x 1078 1.8
(Parylene "N")
Polycarbonate 10™5 10~7 L x 1076 3 x 1077 2.
(Lexan)
Polyethylene terephthalate 1x 10”5 1x 1077 <1075 <1077 ~1.8-
Polymethyl methacrylate 1 x 104 1 x 10°° 7 x 1075 ~3 x 107° 20.
Polyvinylidene fluoride 7 x 107% b x 1073 -~ = = = t00 high for irradiation - -
Polyphenylene oxide <5 x 10°° <10-7 2 x 1076 8 x 10-7 1.8

Polypropylene
Polymethyl pentene-l

similar to polyethylene

~ - similar to polyethylene

- wm e e e m am e = e = e

®To convert to (ohm-cm)™! multiply by ~2.1 x 10713,
Darecification: <2% drift in 96 hr requires < 7 x 108 mho/f at 10% sec.

CElectrification began 300 to 800 sec after irradiation ceased. Specification: <5% Jdrift
in 4 hr requires < 105 mho/f at 10° sec and < 7 x 1078 at 105 sec.

Tc
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before and after lrradiation of three very low conductivity materlals
is shown in Figs. % and k.

The requirements for service as a capacitor dielectric in a dosime-
ter are Indicated as footnotes in Table 2 and as limiting curves in
Figs. 3 and 4. From Table 2 it is seen that of the materials tested,
only polyethylene, styrene polymers, poly-p-xylylene, and polyphenylene
oxide have low enough conductivity prior to irradiation for considera-
tion. After irradlation, only Cerex 250B and poly-p-xylylene show suf-
ficlently rapid decay of conductivity to meet dosimeter specifications,
although polystyrene and polyphenylene oxide are prospects for use with
additives which might reduce the decay time.

III. IDENTIFICATION OF THE GROUP GIVING DECAY OF CONDUCTIVITY

It was evident from the survey of various polymers (Table 2) that
only materials with a high content of phenyl groups showed very low
changes in properties after irradiation. This has been observed in chem-
ical changes as well as electrical properties and has been attributed to
the absorption of radiation energy by low-lying triplet states of the
phenyl ring. Such states can dissipate their excitation energy in the
form of thermal energy or light without undergoing decomposition, there-
by imparting radiation resistance. On the other hand, neither polysty-
rene nor poly-C-methyl styrene homopolymers showed the rapid decay of
conductivity measured in the copolymer (Cerex 250B) and in poly~p-xyly-
lene.

The latter polymer is prepared by polymerization on a solid surface
from reactive radicals in a low-pressure, vapor phase. It is insoluble,
may have impurity atoms incorporated during the polymerization process,‘
hence is not amenable to an investigation of the constituents which
might affect the electrical properties.

The copolymer, however, is soluble and suitable for fractionation
and separation of minor constituents. To determine whether a unique
arrangement of the monomer units or impurities produce the decay of con-
ductivity, a fractionation was carried out. To a 1 wt % solution of
Cerex 250B in butancne (a "poor"™ solvent) sufficient propanol-2 was

added to proauce the onset cf turbidity. An additional volume of
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propanol-2 which from previous trials was adequate to precipitate 25% of
the copolymer, was then added with vigorous stirring. The cloudy mix-
ture was warmed until clear and finally was chilled with stirring and
aged at 0°C for about five hours to obtain the precipitate in filter-
able form. The precipitated fraction was separated by filtration, wash-
ed with additional propenol, and dried under vacuum at 85-95°C for 2k
hours or longer.

‘By similar precipitation and filtration steps, two additional frac-
tions were separated and the fourth was collected by evaporating the
final filtrate.to dryness. These four fractions were cast into film by
the usual technique. Infrared spectra of the fractions showed that the
first, the high molecular welght fraction, contained an increased con-
centration of the group having the band at 1130 em™, the C—0-C or
S = 0 group.t

The electrical conductivity of the four fractions was measured be-
fore and after irradiation. Prior to irradiation, the fourth fraction
showed excessive conductivity resulting from the accumulation of polar
impurities. After irradiation, the first two, higher molecular weight
fractions, showed long-lived conductivity similar to ordinary polysty-
rene. But the lower molecular weight fractions showed decay of conduc-
tivity rapidly enough to meet the specifications for dosimeter use
(~1078 mho/f at 10® sec and ~ 7 x 10-8 at 10% sec).

The long-lived conductivity of the first two fractions indicates
that the rapid decay in the original copolymer does not result from con-
tributions of the comonomers, since the infrared spectra showed:.no great
differences in methyl content of the fraction. But the accelerated de~
cay in the last two fractions suggests that polar groups or impurities
shorten the duration of conductivity.

Further indications of the effect of polar groups were furnished by
additions of antioxidants and ultraviolet stabilizers to a pure polysty-
rene. While most of these materials merely increased the conductivity
of the specimen £ilm, some to an excessive degree, tris=-chloroethyl
rhosphite reduced postirradistion conductivity considerably.

A systematic study of the effect of impurities from the polymeriza-

tion recipe of Gi-methyl styrene copolymer was performed through a contract
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between the Monsanto Research Corporation and the Office of Civil De-
fense. Although O-methyl styrene is an unreactive monomer it can be
copolymerized to the extent of BO-MO% with styrene in a simple emulsion
polymerization recipe. A copolymer similar to Cerex 250B was prepared
in the laboratory (Monsanto) using a recipe and procedure analogous to
production methods.3 This product (933%69) was tested and found to have
electrical properties comparable to Cerex 250B, as listed in Table 3.

To confirm the absence of an effect of copolymer structure, a sty-
rene homopolymer was synthesized by the same recipe and procedure. This
specimen (93%371) had the short-lived decay characteristics of Cerex
250B. The possibility of active impurities or groups from the emulsi-
fier, a complex, sulfonated aromatic by-product of oil refining (Acto
450, Esso Corp.) was investigated by substituting an alkyl phenyl sulfo-
nate in one recipe (93421) and sodium stearate in another (107124).
These copolymers showed postirradiation electrical behavior very similar
to that of Cerex 250B, and products having an ash content similar to
Cerex 250B would meet the dosimeter criteria.

Since it appeared that groups or residues introduced by the poly-
merization catalyst or initiator were influencing the electrical proper-
ties, this ingredient was varied, replacing KsS»0g by (NH,)2S850g in
93433 and by HoO0- in 107130. The product from the (NH,) initiator show-
ed very low postirradiation conductivity and rapid decay, but generally
erratic electric currents. The Hs0n polymer had long-lived conductivity
after irradiation, nearly as large as that of a pure polyétyrene.

It is known that the:persulfate initiators, SgOé=, produce sulfate
end groups in emulsion polymerizations.®® Three thermally initiated
polymerizations were carried out in "bulk"™, two in vacuum, one in air,
to give only styrene-type end groups, although the polymer prepared in
air may contain —OH end groups. Furthermore, these bulk polymerized
products (OR-1 to 3) would contain no initiator nor emulsifier residues.
These polystyrenes had postirradiation conductivities far higher than
Cerex 250B, comparable to commercial, pure polystyrene, although the
air-polymerized product showed the lower postirradiation conductivity
(Table 3).
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Table 3. Styrene Polymers and Copolymers:  Electrical Properties Before and After Irradistion

Specimen Comp. Emuls. Init'or Prep. Sep'tn Inherent Yield Film Preparation Method Electrical Conductivity Radiation
Number Method Method Visc. % Solvent Conc. Outgassing Before Irradiation® Irradiated® Dose
and Ashd Remarks Time After Time After
wt. % Electrification Irradiation
10* sec 108 gec  10°
mho/farad® mho/farad mho/farad mho/farad 102 rads
Cerex 250B° S + & MS - - - - Plant Production - - - - Evp. 0.8-0.9 Toluene 5-25% 16k - 90° % x 1078 3 x 10'6 2 x 107 *2.0
64 /36 0.3-0.4
0X-1500 Styrene - - - - - - Dow Plant Production - - = - - = = = ~ - Toluene 254 16 - 90° 7x107 7x107° 9x10 2.0
93365* S+ g MS Acto 450 Ka2520g (Lab Cerex Frz. 0.08 0.897 91  CCl, -- ——- 1076 .- .- -
6L /3 Zhr add, e -7
(93b19p) refl. lhr) Toluene 25%  16h - 90 Bx1OS e T T
Benzene ~30% 16h - 85° T x 10 3 x 10 1.5 x 10 #2.0
93371 Styrene Acto 450 Same as Same as  Frz.0.10 1.58 98  Toluene 25% 16h - 90° ——- ]..leo'6 Tx 1077 #2,0
above above
-] -] L]
93421% S + @ MS Sulfonate Same as Same as Evp. 0.53 1.13 96 Benzene 20% 16h - 90° £52 %G-T Sjsz 20-6 gs 2 %0-8 2.0
64 /36 above above . (55°) (55°) (55°)
Frz.0.27 0.944 Benzene 20% 16h - 90 4 10-8 1.5x10'6 1.5x10’8 #2,0
-] L]
93433 S + QM5 Acto 450 (NB4)s520g (3br edd, Evp.0.10 1.36 79  Benzene 204  16h - 90° 1.5x1077 ffi ,)0-7 gsx)lo-e 2.0
6k/36 refLUNr) oo 006 1.1 CCly - 16n - 90° Mix10”T  ~ix10°6 &b x 108 2.0
Frz.0.06 1.4l Benzene 20%  16h - 90° 6 x 108 3 x 1o'6 8 x 107 2na 2.0
107130 Styrene Stearate HaOz (3hr add  Frz. 2.8 91  Bewreme 6%  16h - 90° >3 x 1077 --- ---
(-]
at 90°) Benzene >1C% --- Tx 10'8 8 x 10'6 b x 1077 2.0
107124% S + @ MS Stearate KoSa0g (3hr add, Frz. 1.13 87  Benzene 206  16h - 90° T x 1078 1.5x10'6 3 x 107 #2.,0
64/36 refl ihr) (55°) 7
5 x 10 2.0
OR-2 Styrene None None 16h at Bulk - Benzene 20% 16h - 90° ~5 x J_O'8 ~5 X 10'h 1.5x10-6 2.0
125° .
OR-3 Styrene None Alr 16h at, Bulk - Benzene 20¢  16h - 90° 9x107 Lx 10'6 2 x 1077 2.0
125° (55°) (55°) 6
1'x 1077 £ x 10° 2.0
850 convert to (ohm-cm)™1 mupltiply by ~2.1 x 10713,
- - b
bSpecification: < 2% drift in 96 hr requires < 10 > mho/f &t 10° sec and < 7 x 10™- at 10' sec.

®Electrification began 200 to 500 sec after irradiation ceased, Specification: <5% drift in 4 hr requires <107S mho/f at 10° sec and <7x10"8 at 105 sec.

d'Evp. = Evaporation, Frz.= Freezing. Ash is residue after careful burning and heating in air to ~ 1000°C.

®Fibrous polymer outgassed 24 hrs at 90°C.

*Film passing specifications.

**Specimens with 5 and 6 digit numbers prepared by Monsanto Research Corporation.

L2
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These results of varying recipe ingredients demonstrate that sul-
fate end groups from persulfate initiators produce rapid decay in con-
ductivity following irradiation. Inconclusive measurements on frac-
tionated copolymers and on various laboratory polymers indicate that
there may be a dependence of decay rate on concentration or distribution

of these initiator products and residues.

IV. PREPARATION OF IMPROVED POLYMERS
A, The Influence of Additives

The demonstration of the influence of polar impurities and end
groups on the postirradiation decay of conductivity opens the possibility
of using additives to obtain superior insulating plastics. The pure
hydrocarbon polymers show very low conductivity in the absence of radia-
tion but the characteristic long-lived conductivity after irradiation
must be shortened to permit use in dosimeters. The efforts to improve
the available materials have proceeded along two lines: the testing of
additives for effect on decay rates and finally, changing the concentra.-
tion or nature of the end groups of the polymer chain.

It is common commercial practice to use organic compounds of sev-
eral types and varying complexity to protect against light, against oxi-
dation, and against chemical or other forms of deterioration. The ac-
tion of light is similar to that of radiation with the exception of the
production of ionization. Antioxidants function in part by scavenging
free radicals which are reactive intermediates in the case of radiation
as well as in oxidation. Consequently, several types of altraviolet
stabilizers and antioxidants, already known to be compatible in polysty-
rene, were tested for their influence on electrical propertiec.

The results of this search for commercial additives which would
have beneficial effects are presented in Table 4. The substituted phenols
and carbonyl compounds which serve as antioxidants or uv stabilizers are
listed under Group 1l additives. Although two of these polar compounds gave
films having low conductivities prior to irradiation, neither reduced the

postirradiation conductivity adequately.
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Table 4. The Effect of Ultraviolet Stabilizers and Antioxidants on the Electrical

Properties of Polystyrene and Polyphenylene Oxide

Additive Conc. Electrical Conductivitya
wt. % Before Irradistion After 2000 rads
Time Conduct. Time Conduct.
(sec) mho/farad (sec) mho/farad
polystyreneb *None 0.0 th T % 10"9 J.O5 9 x 10"7
Group 1
di-t-butyl-p-cresol¥ 0.3 10t <6 x 1070 10° >5 x 1077
styrene-butyl-cresol 0.6 ~10* >1077 pre-irradiation high
dihydrobenzophenone¥ 1.0  ~10% <6 x 10-8 ~107 >5 x 1077
methyl-t-butyl gheynl» -6
crotonaldehyde 0.5 - >>10 pre-irradiation high
methyl thiophenol? 1.0 % b x 10-5 " " "
dichlorobenzophenold 1.0 10l 2 x 10-7 " " »
Group 2
tristearyl thiophosphited 1.0 - >>10'6 " " .
nonyl phenyl phosphited 8.0 6 x 10% 5 x 1077 " " "
bis(tridecyl) hydrogen-phosphited 1.0 104 10-6 " " »
triphenyl phosphine® 1.0 6 x 104 2 x 106 " » "
polymeric phosphite (hydrolysable) 4.0 10t <6 x 10-8 105 2 x 10°8
Wytox Shox»
{di-t-butyl-p-cresol** 0.3 10" <6 x 10-8 10° <5 x 1077
tris(2-chloroethyl)phosphite 7.5
polymeric phosphitedx 1.0 10" <6 x 1078 10° >5 x 1077
Argus M260
polymeric phosphited* 1.0 10t ~10~7 10% ~5 x 10~7
Argus M329
polymeric phosphiteex 1.1 10t <6 x 1078 10° <5 x 1077
(non-hydrolysing) Wytox 355
Group 3
phenyl-2-naphthylamine 0.6 ~10% >J.O'6 pre-irradiétion high
dihydro trimethyl quinolined 1.0 « 10'6 " on "
antioxidant "Nevastain B"® 2.0 104 10-6 no om "
chlorethyl toluene sulfonatedx 1.0 10* <6 x 1078 109 >5 x 10~7
chlorethyl toluene sulfonated 2.0 10“ ~10~1 pre-irradiation high
bis(methyl-hydroxy-t-butyl 1.0 104 <6 x 10-8 105 >5 x 10~T
penyl) sulfidedx
ixauryl thio dipropionated* 1.0 10“ <6 x 10'8 107 T >5 x 10~7
Group 4 :
polyphenylene oxideC#*(none) 0.0 10% <1077 10° 8 x 10-T
tris{ chloroethyl)phosphiteCs* 1.0 10t <10-T 105 5 x 10-8

;fg‘converﬁ mho/farad to (ohm~cm)™* multipiy by ~ 2 x 1013,

All edditives except those of Note(c) were in a pure, low-monomer

Dow OX-L5¢).

CTMhese adaitives were in polyphenylene oxide.

JHeasurad at 5T7°C,

sxInese materials meet 24 drift in 96 hr prior to irradiation,

These specimens meet 5% drift in 4 hr after 2000 rads.

commercial polystyrene,
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The phosphites, and other phosphorous-containing antioxidants, are
tabulated as Group 2 compounds. These compounds are not only polar but
in at least one case (the hydrogen phosphite) have ionic character in
the bonding. Nevertheless, several of these additives showed conductiv-
ities before irradiation low enough for dosimeter use. Since a few of
these compounds accelerated postirradiation decay of conductivity a
large assortment was tested. Unfortunately, the only effective additive
of known composition, tris(chloroethyl)phosphite, was not reproducible
in its effect, probably because of its volatility. This property also
gave difficulty on prolonged testing or conditioning under vacuum so
polymeric phosphites of unknown composition and proprietary types were
tested. Two of these, Wytox 540 and 355 (National Polychemicals Co.),
reduced postirradiation conductivity sufficiently for the films to meet
dosimeter specifications at room temperature, but reproducibility from
one film to another was very poor.

It was found that the tris(chloroethyl)phosphite also accelerated
decay of conductivity in polyphenylene oxide listed in Group 4. These
polar phosphites, of relative low molecular weigat, have much higher
mobilities than the base polymer and their electrical properties are
strongly temperature-dependent. Consequently, testing was extended to
cover the upper temperature of the dosimeter specifications, 55°C.

These elevated temperature tests are described below.

In Group 3 are listed amine, sulfur-containing, and miscellaneous
antioxidants. None of these additives reduced the decay time of the
postirradiation conductivity. It is noteworthy that the sulfonate, hav-
ing some ionic character like the phosphites, showed low conductivity at
1% concentration but exceeded the specification limit at 2%. Evidently
the phosphite group offers the best prospect of reducing conductivity by

the use of additives.

B. The Effect of Elevated Temperatures

Testing in the range of the upper temperature of the dosimeter
specifications has been carried out since the polar end groups andi im-
purities necessary for limiting postirradiation currents have enhanced

mobility and ionization at higher temperatures. In pure polystyrene,
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prior to irradiation, little increase was noted in gimple dielectric
charging on increasing the temperature from 22 to 56°C. On the other
hand, it was noted that polar impurities greatly increase the dielectrie
charging. This is shown in the preirradiation measurements on a Monsanto
Cerex-type laboratory copolymer (93421) polymerized with dodecylphenyl
sodium sulfonate instead of Acto 450 as emulsifier. The batch recovered
by freezing and having low ash (0.27%) showed & dielectric charging
curve at 57°C similar to production-type Cerex 250B copolymers, i.e.,

~k x 108 pho/farad at 1.0* sec. The batch recovered by evaporation,
0.53% ash, however, would not pass the 2% drift in 96 hours specifica-
tion, conductivity was ~2 x 1077 at 10% sec, prior to irradiation. DBe=-
cause of this temperature effect in polymers having polar impurities,
many of the antioxidant and uv stabilizer additives were screened by
testing initially at 57°C (Table 4).

Another feature of raising the temperature of measurement was cur-
rent reversal. After prolonged dielectric charging at room temperature,
increasing the temperature of a film to 57°C has been observed to give
a reverse current. Presumably this current results from accumulated
charge on the electrodes, polarized dielectric ("persistent internal
polarization”) and a decreased dielectric constant upon heating, with
the resultant decrease in capacitance of the film-electrode combination.
The discharge of this intermnal polarization in a short-circuited speci-
men after prolonged testing is also much more rapid at 57° than at 22°C.

The greatest effect of temperature, however, appears in the long-
lived conductivity following irradiation of polymers not having the
rapid, postirradiation decay characteristic of Cerex 250B. With pure
polystyrene (0X-4500) the postirradiation conductivity at 57°C is 15 to
20 times that at 22°, giving apparent activation energies of 1.3-1.4 ev.
Probably, the higher temperature moves the major first-order decay hump
in the log-log plot to shorter times. Consequently, any ratic of con-
ductivities at different temperatures is dependent on the time after
electrification (Fig. 5). Cerex 250B and similar styrene polymers that
have rapid postirradiation decay of conductivity show relatively low
activation energies of conductivity, 0.9 to 1.l ev, with currents at 5T7°

less that 15 times currents at room temperature. Such low activation
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energies (or current ratios) enable these materials to meet the dosime-
ter requirements at the upper specification temperature (5% drift in U4
days at 57°C). Unfortunately, the phosphite additives giving postirra-
diation reduction of conductivity were very inconsistent from one film
to another in this effect of temperature, for reasons which are not yet
clear. Other materials showing anomalous temperature effects are the
polymers prepared using (NH4) cations described below.

Strongly polar polymers such as polyesters and polycarbonates would
be expected to show much higher dielectric charging currents at elevated
temperatures. This behavior was observed in polyethylene terephthalate
(Mylar) and polycarbonate (Lexan, Fig. 6) and prevents these materials
from meeting the high temperature drift specifications.

The changes observed in conductivity decay curves at various tem-
peratures should assist in identifying fundamental mechanisms leading to
charge transfer. The long-lived postirradiation currents appear to be
carried by mobile charged species since potential reversal gives equal
but opposite currents. The increased currents upon heating could result
from increased carriers released from traps or increased mobilities.

The indication that decay timee were shortened could ctarify recombina-
tion or re-trapping processes. If time allows, these temperature studies
will be pursued to provide more definitive information about the conduc-

tion and decay processes.

C. Alteration and Increase in Concentration of End Groups

As mentioned earlier, the duration of conductivity following irra-
diation appears to be reduced by polar end groups and perhaps by polar
or ionic impurities in aromatic polymers. The first experimental poly-
styrene initiated by HaCo and presumably having —OH end groups (107130)
had a very high molecular weight as indicated by an inherent viscosity
of 2.48. Polymers of such high molecular weight give films that are
very sensitive to atmospheric moisture and erratic in electrical proper-
ties. In addition, this polymer had a relatively low concentration of
end groups. It showed postirradiation conduetivity intermediate between
pure styrene homopolymer (OX-4500) and the low values required for dosime-
ter service, as listed in Table 5. A second homopolymer was prepared



-4 ORNL-DWG 70-4620
10 T

{

~AFTER 2000R, 55°C

S A5

B 10 ~
N3 A \F-AFTER 2000 R, 20°C H
3 NG AN - H-H 5
£ 3K HEATED TO 47°C

5 N I o F [
Z N \ UNIRRADIATED

= N % | CHARGE AT 55°C

- -.6 s\ \

S0 A COOLED TO

a A L 25°C

g \.\ 1 T
N N N

8 \ \ - . sx
PR AN

'S B ! - 5

2 CHARGE —a———J"Q\ I~ N

Z 10—7 N b

3 UNIRRADIATED =

DlSCHsASE%E AT
AN
2% DOSIMETER DRIFT IN 96 hr
N
N
108
102 10° Tl 10°
TIME (sec)
Fig. 6. Effect of Radiation and Temperature on the Conduc-

tivity of Polycarbonate (G.E. Lexan).



Toble 5. Styiwnc Polymers and Copolywers with Various End Groups and Ionic Residues: Electrical Properties
Before and After Isrediation®*

JSpecimen Coap. Buld, anit'or Przp. “Eod Sep'tn Inherent Fuﬁe Preparation Electrissl CQnductiv:lt?‘ Remarks
Hupborss Moethod Group t:;;b:dbd Visc. thod Before I 11 tionb mm!t‘g
s Time After Tize Alter
Electrification Irrsdiation
10 see  10% sec  1CD sec  10° sec
sho/farad nmho/farsd sho/farad mbo/ferad
Cerex 250p% 2!‘ + ¥ Plant Proeduction e .- 0.3-0.4% 0.8-0.9 See Tadle 3 L x 1(:»'6 4 x 10'8 3x 10'6 2x 10'8 L
QI-4500  Styreme - - Dov Plant Production - - - eee  See Tuble 3 10°6 7x107 7x10” 9gx1c7
Ois-2 Styreav  Home Hone 16h -100° Styrene Bulk cee Cgg-20% 160-90° 2x10° 1x1007 Lx10% 1x10°
o2 Styrene  Xone Hone 165-125%  Styrene Bulk .- Celig-20% 16h-90° 1.sx10'6 ~5x10‘8 -}xlo"" 1.5:10'6
Oit-3 Styrens  fane Alr 168-125%  (-0H} Bulk .ee CeBe-20% 168.90* 2 x 10'6 ax107 &x 10’6 2x10°0 High conductiv-
(s5°)1x10-7 (55°)5 x 10-6 ity at S5*C.
07130 Styrese Stearate Hy0m Tuble 5 -0l Prs. 2.18 CeHe>106 t 53106 7x108 8x106 kx0T
1113320 Stymne  Sulfonats B0y go*-100* -0B Frz. 1.10 CeBe-208 160-90° 1 x 107 3 x 107 9« 106 ~7 x 108 wAfter dose of
&x10°R. Margi-
- nal pre-irrad.
D¥s35 54+ QRS Acto 850 (IN1e)aS20s Toble 3 <80,  Frz. .06 LAl Saze as above 9 % 106 6x108 3 x 108 8 x 1077 Errstic. 2nd
6:/36 irradiaticn.
1113650 Styrese  (13,) (1014125204 90"-24 ~50, Frs. 1.07 Saze as above 6 x 10'6 7 x 100 1x10° 3 x 100 *Ermatic. Har-
Suifonute gioal pre-irrad.
R4 Styreme  Acto W50 KaSof 100*-1n ~§0,  Wash ,ne Same as alove 3x 10'5 3 x 10'8 3 x ‘.!.o('6 )5 x 10'_8[ * Digcolored.
55°)3 x 10°
111337+ Styrene Sulromats oSa0, 90" 24 -804  Pre. 1.2% Same as sbave 8 x 10‘6 1x 107 24 10’6 <8 x 108 *Margival pre-
irrediation.
111355 Styrene  Sulfonate Kala0p Blend -504 Frz. .17 Sare as above ~y x 1&:0‘S 5 x 10'8 2 x 19'6 1x 10'8 *Marginal pre-
(55" x 108  irmdiation.

%0 convert shefrarmd o (n?m-ca)"' multiply by ~2.1 x 10733,
Ysoccification: < 2f drift in 96 hr. requires < 167 sho/f ot 10° see and < 7 x 1070 at 10% sec.

Telectrification benn 200 1o 500 sce after Srradintion ceased. Specification: € §% drift in & br requires < 10°5 =he/f at 103 sec and Qzlo'sat 107 gec.

dﬁvp. = gveporation. Prz. s freezing. Ash is residuc after heating in air to sbout 1000°C,
.an taseing specirications, *s8pecimens with § and 6 digit nunders prepared by Monsanto Research Corpormtion.
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with Hz02 using reaction conditions ylelding a lower molecular weight
(111332) as shown in Table 5. Although films of this polymer were mar-
ginel in conductivity prior to irradiation, the postirradiation decay was
auite rapid. ¥Films met the dosimeter specification after the usual dose
of 2000 rads and after 2 x 10% rads showed less than 10~7 mho/f at 10°
sec, the approximate conductivity of Cerex 250B under these conditions
(Fig. 4, Tanle 5). Purther work on polymers initiated by peroxide ap-
pears desirable.

An additional variation in the type of end groups appears in the
bulk-polymerized polystyrenes, OR-l, -2, and -3, No initiator was used
in these polymers and the end groups are presumed to be styrene, except
for small amounts of oxidized species in OR-3. This polymer was polym-
erized in air and may have a small fraction of the end groups in the
form of hydroxy {~CH}, carbonyl (C=0), or carboxy (COCH) groups. Al-
though this pelymer showed lower postirradiation conductivity than OR-1
or -2, the results from a single batch are inadequate for positive con-
clusions.

The measurements on OR-1l, bulk polymerized at 100°C, revealed that
conductivities were approaching steady-state values both tefore and af-
ter irrediation, at the longer times of measurement. A similar effect
was noted at 55°C in the films of OR-3, bulk-polymerized in air. This
apparent conductivity probably arises from the movement of low molecular
weight polymers and monomer in these products formed under relatively
mild conditions. The bekdvior is similar to that observed in the poly-
styrene £c which low molecular weight antioxidants and stabilizers had
been added (Table 4). The elimiration of low molecular weight material
evidently is mandatory for good electrical properties.

Another constituent of the styrene-based polymers which can be
varied in the search for improved properties is the ionic residue re-
maining from the polymerization recipe. These ionic constituents are
indicated as the ash content of the finished polymer as long as the
cations of the recipe are metals. A convenient variation is the substi-
tution of ammonium compounds for the potassium and sodium compounds of
the recipe. This change will alter the ionic residue, but probably not

reduce it, although the ash content will be reduced since ammonium
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compounds are not stable at the conditions under which ashing is carried
out. A methyl styrene copolymer {93433) was synthesized substituting
(NH,.)2820g for the KoS-0g of the usual Cerex 250 recipe. The polymer
showed good postirradiation decay of conductivity but was quite erratic
prior to irradiation.

A second polymer, a styrene homopolymer, substituting ammonium com-
pounds for all the ingredients of the polymerization process, was pre-
pared (111365). This product, although erratic and moisture sensitive
enough to be marginal prior to irradiation, met the dosimeter specifica-
tions after irradiation.

Since mounting evidence indicates that sulfate end groups play an
essential part in postirradiation decay of conductivity, an obvious
variation is to increase their concentraticn in the polymerization of
the very reactive moncmer, sytrene. Two samples, prepared under this
procedure by the Monsanto Research Corporation, were tested. The first
polymer (1113%37) had a higher molecular weight then optimum and was mar-
ginal preirradiation. The postirradiation conductivity was acceptable
although it hod a long-lived component. The second sample (111345) was
a blend of low and high molecular weight polymers, both of high sulfate
content, to optimize both the molecular weight range and the end group
concentvration. It had lower conductivity after irradiation than the
reference film of Cerex 250B but was marginal prior to irradiation in
the early stages of dielectric charging.

These experiments demonstrate that the electriecal properties of
pelymer films are a sensitive function of molecular weight, impurity con-
tent, and type of end group. After irradiation, low conductivity is not
achieved simply by high purity and an idealized, regular monomer arrange-
ment. Instead, it sppears that improvements are possible through optimum
combinations of end groups, molecular weight, and possibly impurities,
although the fundamental mechanisms of charge transport, trappiang, and
recombination through which the controlling factors operate are not yet
clear. A recipe for preparing a polymer embodying the best features re-

vealed by our experimental work to date appears as Appendix II.
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V. BBEHAVIOR OF GLASS AND QUARTZ

Glass and quartz are more resistant to radiation than most plastics in
theiy - mechanical properties, and they can be obtained in types having
very high electrical resistivity. In a preliminary screening, a commer-
cial capacitor (Corning type CY-20C) was tested before and after irradia-
tiorie The shape of the conductivity vs time curve was very similar to
those of plastic films both before and after irradiation. The dielectric
charging curve before irradiation was excessive, ~2 x 10-5 mho/f at 107
sec and 4 x 1077 at 10%* sec. A quartz plate 0,06 inch thick showed pre-
irradiation dielectric charging conéidered marginal (~10"7 mho/f at 10*
sec) but after 2000 rads conductivity was quite excessive.

An alkall-free alumino-silicate glass (Corning tvpe 1723) was tested
because of its known electrical resistance. The conductivity before ir-
radiation was acceptable, although higher than Cerex 250B. After irra.-
diation, the conductivity decayed sufficiently to make the material mar-
ginal for dosimeter use, but was certainly low enough to warrant further
studies of glasses and céramics.

The major utility of glasses would come in an evacuated dosimeter
where the outgassing characteristics of the insulator bead are important,
as well as resistivity before and after irradiation. For such applica-
tions the surface resistivity is a critical property and survey testing
has been performed on this property of a number of glasses and ceramics.

For these tests, electrodes were not bonded to the specimens and
were stainless steel plates. Edge-to-thickness ratios ranged from 100
to 150 and area-to-thickness ratios were 50 to T0. The criterion for
acceptability was 10'° ohm/unit square within 10* sec of electrification
since insulator shape should permit a geometrical factor of 10 giving an
actual resistance of 10%¢ Q. The results of this preliminary testing
are presented in Table 6. Only MgAls04 and Mg0O show properties both be-
fore and after irradiation that warrant further testing.

An additional type of alumino-silicate glass (Corning type 9753)
similar to type 1723, also low in alkali and reportedly of higher resis-
tivity, has becen received recently. Specimens of this glass were pre-

pared in the same manner as plastic films, that is aluminum electrodes



Table 6. Survey Testing of Quartz, Glasses, and Ceramics

Surface Resistivity

Material Before Irradiation After 2000 Rads
Time of Time of
Electrification ohm/unit square  Electrification olm/unit square
16° sec 102 sec
Quartz (fused) 7 30 x 108 4.5 0.3 x 108
100 2 x 108
Corning 1723 10.1 8 x 108 - Marginal
Alp0g (single crystal) 9 5 x 108 7.2 1 x 1018
21510, 58 ~10%8 -——- —
TiO» 2 <lolé ——— ———
Zr0x 3 <107 - -
MgAls0,4 (Spinel) 8 15 x 108 7.2 7.5 x 108
70 75 x 108
Mg0 5 ~1019 5 7 x 108
50 15 x 1018
BeO <<10%6 ——- -
Porcelain <<1026 - -
Lead Glass 11 1 x 10%8 -—- -
HfOp <<162° - -
ThOp <<1C*6 ~=- ==

6¢
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were vacuum-deposited on thin plates. Volume conductivity was then mea-~
sured before and afier irrsdiation since the screening tests on the
ceramics above indicated that the measured surface resistance was actual-
ly volume resistivity in suitebly dry samples. The conductivity prior
to irradiation was lower than that of type 1723 and was acceptable al-
though not as low as the conductivity of Cerex 250B. After irradiation
(Fig. T7) the conductivity was about one-third that of type 1723 and vas
considerably better than that of Cerex 250B.

Proposals for needed development work are being prepared along two
lines. The first approach is through additional synthesis work trying
various combinstions of polymer end groups, molecular weight snd deter-
gent residue. The second is the utilization of Persistent Internal
Polarization tc clarify the nature of the charge carriers, the conduc-
tion process and the manner in vwhich the polymer constituents influence
the production, trapping, and recombination of charge carriers. Several
proposals at different levels of funding are in preparation end tentea-
tive versions are being circulated.

VI. BSUMMARY OF RESULTS. PROPOSALS FOR FUTURE RESEARCHE AND DEVELOPMENT

A. Results and Conclusions

i
Sect. II, are adequate for dosimeter use in the absence of rad;ation.
The measured elecirical properties of typical high-res iatance plastics
can be mccounted for by dielectric charging end negligible steady-state
conductivity. During exposure to radiatlon, the conductivity of plastic
insulators may increase several orders of magnitude but this chenge can
be accommodated by the calibration procedures for the dosimetsr. After
irradiation, however, the conductivitly must decay rapidly and all com-
mercialiy available polymers showed & long-lived conductlivity which ren-
dered them unsuitable for dosimeter use.

A formey commercial plastic, a persulfate~initisted copolymer of
styrene and ce-methyl siyrene (Cevex 250B) and a develogmenial polymer,
poly-p-xylylene, hnd rapid decay of @oatirr&&i&hiunﬂcan&uetivity PEY-
mitting them to meot dosimeter requirements. Poly-p-Xylylene musi be
synthesized and deposited in touin lavers by mesns of o proprieiory vapor



CONDUCTANCE/CAPACITANCE (mhos ffarad)

ORNL— DWG 70— 4621

Topts

E}i
h

it
o
i
-3

b NS
&, o)
“ &
":%5 ‘?,(\) {.(\)
-q;%\ St TG
0 q"}. ’C')% -
Gp::
<
>
{00 volts APPLIED
ROOM TEMPERATURE

2% DRIFT IN 96 hr—_ g

-8 | LAl eaili L 1IN
10! 102 103 10* 10°
TIME (sec)

Fig. 7. Effect of Radiation on the Conductivity of an Alumino-Silicate Glass

{Corning 9753).

TH



ho

deposition process so no further investigation of the features of this
material was perrormed.

The behavior of the electrical conductivity of various plastics
following irradiation suggested that Cerex 250B had an active ingredient
or chemical group vwhich was accelerating the decay of conductivity.
Fractionation and washing of the copolymer revealed that the active
agent was a group incorporated in the polymer chain itself. Coordinated
testing by ORNL and synthesis by Monsanto Research Corporation proved
+hat sulfate end groups accelerated the decay of conductivity and that.
the methyl styrene constituent of the copolymer structure was not con-
trolling the eleectrical behavior.

Pased on these {indings, efforts to synthesize polymers with lower
conduchivity both bvefore and after irradiation were undertaken. Styrene
polymers were prepared in which the s6dium and potassium cations in the
original vecipe were replaced with (NH.) ions. The electrical properties
of these plymers vere erratizc but postirradiation conductivity was low
and decayed sufficiently rapidly. Synthesis methods which geve increased
concentration of sulfate end groups in the product yielded polymers having
suitable postirradiation decay of conductivity but high dielectric charg-
ing prior to irradiation.

t is evidant that the electrical properties of polymexrs both before
and after irraediztion are dependent on ingredients in the emulsion
polymerization procesz. Proper selection of ingredients can be employed
to optimize the electrical properties before and after irradiation. How-
ever, the electrical characteristiecs and the mechanical and fairiceiion
requirements are suvificiently restrictive that extensive efforts compro-
mising improvements in one properiy againsi changes in others wili ©La
necessary for overall gains.

B. Proposals for Future Research and Development

The experimental appreaches and cperations outlined below are listed
approximately in order of priority and chronological sequence. The re-
sults from some measurements should guide the work undertaken in subse-~
quent investigations. In some instences, certain resulis could esiminate

the need to perform one or more of the later experiments.
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1. Explore the effect of ionic end groups of various types on the
decay of postirradiation conductivity. Sulfate end groups should not
be unique in the elimination of charge carriers and it is possible that
end groups giving greater reduction in conductivity can be incorporated
in the polymer. Peroxy carbonate and peracetate initiators would be
candidates for preparing such polymers. If sulfur and non-sulfur emulsi-
fiers were used, the influence of residues from the emulsifier would be
clarified.

2. Ascertain whether sulfur-containing emulsifier residues are
capable of reducing conductivity following irradiation. If, in the pre-
vious experiment, polymers with sulfonate emulsifiers do not show accel-
eration of decay of conductivity, then the information from this experi-
ment will not be needed. Otherwise, polymers with inactive end groups
should be made with sulfonate emulsifier and tested.

3. Determine the effect on postirradiation conductivity of substi-
tuting sulfonate side groups in low concentration in the polystyrene
chain. The terminal positions in the chain probably are not unique in
processes involving charge carriers.

4, Investigate "Persistent Internal Polarization" resulting from
exposure of insulators to radiation while subjected to a potential field.
Technigques of thermal discharge and illumination with locally absorbed
radiation (uv) can indicate the quantity and distribution of trapped
charge carriers. This information would be useful in guiding the experi-
ments avove and is a priority item, but the necessity of constructing
apparatus and developing the methodology puts this work in a later chrono-
logical position. As nearly as possible, this wcrk should be carried
out concurrently with the studies above, and these measurements should
be performed on all the polymer products having significant properties.

5. Clarify the effect of replacing alkali cations with (NH.) ions.
Determine the electrical properties of polymers having (NH,) residues
after washing and adjusting the pH of the washed polymer solution. As
indicated above, the electrical properties of emulsion polystyrene having
only (NH,) cations showed promise if erratic variations with time could

be eliminated.
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H. Measure tne cffect of ond proups of intermediste pelarity on
CONANS L YALY Betors and after drmdiation. Studies on polystyrenes with
Ol <nd pyougs { prroxide-initinted) sugpest that postirradiation conduce
Liwity eny b roduced by theose groups and that a highly volar, selt-type
group i pol necessnry . Drouns of Intermediaste polarity reduce dielec-
trle chnrydng and plve inproved performancee prior to irradiation. Fur-
Lhermere, sinee thin Lype pgroso is produeszd by many chain-transfer
apenty, selinbdle wlesvrical vropertics would permit the use of thesc
nLENLE LG conteol moelcovlar welght durding pvolymerization. Molecular
wirdzpbd distribuiion may prasent o provlem through its influence on
meehetienl and fadbricoiion vronocties,

1. Puraue earlier indications that polystyrenes having a high con-
centrution of sulfate end groups have superior postirradiation decay of
cunduetivity. ‘Ghe use of roan-sulfur emulsifier during polymerization
¥idl pewmit correlation of sulfur analysis with end group concentration.

#. In consultaticn with the U.S. Army Blectronics Leboratory, mea-
surs e conduciivity of selected glusses as compositinns become avail-

i

>
apr

pble which mignt bave low conductivity after irradintion. Measurements
ol "P.E.P.Y should indicate whether the charge carriers in glasses are
of the same polarity as those in organic polymers. In most non-poiar
vrgenics the charyge carriers are reperted to be positive holes, but in
isnle materizles the electrons have much greater mobility and are the
eurrent tcarriers.

4. Devwelop methceds of faoyrication of thin £ilm suitable for dosime-
ter cemacitoys. Fresently used solution~casting methods yield £ilms of
avying susceptibility o atmospheric moisture. The more uniform sur-
{aee and probably higher density of films produced uy blow extrusion and
binxjol stretehling seem Lo offer improved resistance to humidity.

10, Provide the Of7ice of Civil Defense and the U.S. Army Electronics
faboratory with consulting services and limited laboratory testing on a
sontinueing, level-of-effort basis.

(a) Consultation will assure +hat the 0.C.D. and U.S.A.E.L. make
thodr selection of materiels for dosimeters cognizont of the state-of-

the art in materials development.
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(b) Laboratory testing will serve tc evaluate new materials and
assist in trouble-shooting should production difficulties erise.

(c¢) Lavoratory synthzsie and testing as time permits, especially
measurement of "Persistent Internal Polarization,” will contribute in-
formation on the production and trapping of charge carriers by the
various ingredients in insulating materials. Direction for continued
improvement thus will be provided.
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APPENDIX I

APPLICATION OF DOSIMETER SPECIFICATIONS
TO TESTING OF PLASTICS

Although the test requirements for electrostatic dosimeters are com-
pletely arbitrary, they do provide a convenient framework to analyze
the problems involved in testing an insulating dielectric film sample.

The capacitance associated with the quartz fiver®section of the
dosimeter is extremely small and a storage capacitor is used to extend
the range to desired values of radiation indication.

This capacitor provides a much larger electrical leaksge path than
other possible leakage circuits within the dosimeter and therefore is
the only part of the assembly contributing significantly to observed
leakage problems.

A preirradistion requirement for these dosimeters is that not over
2% drift in 96 hours shall be observed after charging to the zero of the
dose scale. Since potential controls the position of the indicator
fiber, to determine our steady-state requirements, we may use from ele-~

mentary theory:

where v = pctential in volts

t = time in seconds

R = resistance in ohms

C = capacitance in farads.
For a typical dosimeter, the voltage of scale zerc is 160 volts and
at full scale is 100 volts. For 2% scale change 1.2 volts loss is re-
quired assuming linearity.

The required value of %E-becomes

Mhos 1

1 1.2 volts _
Farad = sec

—
—

= = -5
RC = 160 x 3.k6 x 10° = volts-sec 2.17 x 10

This is the highest steady-state value that can be tolerated for
the capacitor dielectric. This situation is further complicated by
dielectric charging effects. These dipole polarization effects result

in ﬁa-being a time-dependent function. Typically, an insulating dielectric
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showe & timec dependence plotting as a straight iine with a fixed negative
slope on a ln.ﬁ%-vs In time plot. Integration und=i this curve results
in a leakage value which may be compared to the required steady-state value
of not more than 0.75% loss of applied voltage on the qnartz fiber in
four days. The termination time for this integral is %.46 x 10° seconds
but no simple method of fixing the starting time is available. It takes
a finite time to charge and zero the dosimeter. Insofar as observed
charge change is concerned this time is lost to the integral. An arbi-
trary assignment of one second for integral initiation and a slope of
minus one will be used for calculation puryposes. This is a much more
rigorous test than would be required in practice. In fact one would
assume that the dosimeter would be charged to see that it would operate
successfully sometime before the 96-hour drift test. Then when it is

set to zero for the 96-hour drift test the dielectric charging observed
would be only that fraction associated with the new voltage charge; pre-
sumably less than full scale or less than 1/3 of total voltage.

Assuming the dosimeter meets the requirements of this preirradiation
test it is then irradiated to 2000 R at a dose rate not exceeding 2.78
R/sec.

Within ten minutes after the radiation source is withdrawn the dosime-
ter is recharged to zero reading. It then must not drift over 5% of range
in four hours. Since the dosimeter was completely discharged by the ra-
diation field, maximum dielectric charging effects will be observed. Be-
cause of the short collection time the steady-state é&-value allowable is
larger than the preirradiation case by sixty-fold (1.3 x 107° %zgzd) and

most of the leakage observed is caused by excess charge carriers provided

by the radiation dose.

Forty-eight hours later, if this test is passed, the dosimeter is
again charged to zero reading and the 2% in 96-hour test is again appli-
cable. Radiation effects have had two days to disappear at this point
and another four days during the test period. It should be noted that
again only a small potential change is applied to the dosimeter and for
practical purposes the only requirement is that é% has reached 2 x 1078
%Zg:d after 48 hours of postirradiation decay. During postirradiation

decay, observed values must be below 4 x 1077 ggg:d at 10% seconds with




)
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a log-log slope of minus one to meet this reguirement. It is preferable
to measure the decay until it sctuslly reaches 2 x 1078 %&gﬁg.

The final dosimeter reguirement is that ralsing the temperaturs to
135°F {57°C) for 96 hours shall not result in over 5% shift in reading.
Some mechanical bias can be observed here but the primery problem s5till
is apparent film conductivity.

These acceptance tests for the dosimeter can be altered to provide
test requirements for insulating dielectxic film samples quite easily vy
calculeting the cherge change on a sample held at constant potential come-
pared to the total charge on the sample which would result in the same
shift of the quartz fiber under the dosimeter test criteria. This is
0.75% of total charge for the 2% tests and 1.88% of total charge for the
5% tests. Since it has been shown that the observed current through
most films decreases with time, with 2 plot of’%%%ia'versus time on log-
log paper having a slope of minue one, these criteria can most easily be
illustrated graphically. Figure Al svmmarizes the test requirements for
insulating dielectric films.

It is important to remember that these calculated lines represent
pessimistic values and that equally importeat are the necessary state

values of 2.17 x 16~8 Mhos _ -g Mhos

Farod at room temperature and 5.43 x 10 Tavad
at 135°F.
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APPENDIX II
PREFERRED RECIFE AND PROCEDURE FOR POLYMER
ingredient (perwiégh; vater)
Monomer - styrene 0 g
Emulsifier~ Acto WGO¥ 3.5 g
pH Control~ sodium hydroxide C.02 g
Initiator - potassium persulfate 0.0k to 0.2 g, see below

Procedure: The initiator showld be dissolved in approximately one-
tenth of the total water and should be added to the monomer emulsion at
the proper rate, temperaturs, and agitation to give a polymer having a
inherent viscosity® of 0.8 to 0.9. Unremcted monomer should be stripped
from the reaction mixture by steam distillation carried out to distill
twice the volume reguired to carry over the last visible trace of mono~
mer. Separation of the polymer from the agueous phase should be by
freezing, with dilution and washing as necessary to give an ash content
of less that 0.15 wt % (ASTM~D~8L7). The polymer product should have a
softening temperature (Deflection Temperature at 264 psi, ASTM-D-648) of
greater than 9G°C. The monomer content should be less than 2%.

¥ , . ;

Acto 450 - Humble 0il product based on alkyl aryl sulfonate ~i5%,
petroleun (mineral) oils ~25%, isopropyl alcohol 10-15%
and water, ~

e
Inherent viscosity - natural logarithm of the ratio of solution
to solvent viscosity divided by concentra-
tion et 0.1 wt % polymer in benzene.

The initiator concentration should be adjusted to give 85
10 100% conversion of monomer in a reasonable reaction
time with a molecular weight range having the wiscosity
specified above.
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: The apparent electrical conductivity of high-resistance plastics has been examined J
ifram the stapdpoint of dielectric relaxation processes as well as steady-state copnduc~
ftivity. The observed, time«dependent conductivity of high-purity polystyrenes, commer- |
cial plastics of lower purity and of the copolymer in use for dosimeters cam be aczount-
fed for on the basis of dielectric cherging and low values of conductivity, both varying
fvith the polar nature of the base polymer and the impurities. During irrsdiation the '
jconductivity increases greatly depending on the dose rate aund decays after iriadiation
th a time dependence related to the composition of the speciion.

To be suitable for doe:lmeter use, the radiation-induced conductivity must decay rapf
1d1y, to values below 1071° phos/cm in 10 seconds. The currently used material, a co- |
olymer of atyrene and Q-methyl styrene (Cexex 250B), was found to have unusually rapid
idecay of conductivity following irradiation. By polymer fractionation ard by varying ;
he oynthesis ingredients, the chemical speciea active in reducing couductivity was .

lidentified as sulfete chain ends arising from persulfate initiator in the polymerization
irecipe.

; Styreae hamopolymers hiave bezn synthesized with sulfate end groups and shown to havé
fa8 low conductivity as the copolymer. Polymers with sulfate end groups amd (NH;) cationf
thave shown low but erratic conductivity and polyetyrene‘s raving end groupe of moderste §
frolarity have lover dielectric charging prior +to irradietion and some reduction in jpost-§

rradiation conductivity. Methods are proposed forv dovelopment work to exploit these
jposeibilities for improving plastic insulstors.

) B Y A B S pp—

ty Clacsifics




