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ABSTRACT

A technique for measuring quasi-dc photoconductance in amorphous
polymers during steady-state irrszd‘ation has been developed. This
technique, which involves control of the sample's voltage history
for a period of time prior to making measurements, has been applied
successfully to 21 polyethylene and 14 polystyrene samples, during
exposure to Co®® gamma flelds with intensitles up to some 2 x 10°
r/hr. In both cases the conductances observed using this technique
were found inversely proportional to sample thickness, thus permit-
ting calculation of the bulk, quasi-dc photoconductivities.

Preliminary observations were made of polyethylene, polystyrene
and polyvinylchloride under pulsed irradlation. These observations
verified the existence of three components of radlation-induced
conductance: momentum transfer, prompt and delayed. Further,
these observations suggest:

l, That the prompt components in all three materials exhibit
so-called polarization effects;

2. that the technique developed for the steady-state irradi-
ation case appears promising for study of the pulsed-
irradiation case;

3. that the three components may well involve three distinct
3ets of charge carriers; and

4. that the prompt component in the steady-state case was
negligible, so that the observations there reflected
primarily the behavior of the delayed component.

To date, analyses of the data from these observations indicate the
following:

1. that both these materials are essentlially ohmic, at least
up to applied electric fields on the order of 10% of
breakdown;

2. that trace impurities do not play important roles in the
conduction mechanisms involved in either material;
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that structural defects may play such a role, but if they
do, they are present in very large concentrations - in
polyethylene at least, so large that they must be con-
sldered as essential features of the structure, rather
than as occasional structural mistakes; and

that in both materilals, the depencdence on radiation
intensity is substantially weaker than has been reported
by previous observers.
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FOREWORD

At the outset of this investigation of transient conductlivity in
organic insulators, the plana envisioned pursult of four studies:
the first, of conductivity induced through 0060 gamma irradiation;
the second, of electron-induced conductivity; the third, of the
temperature dependence of trapping; and the fourth, a comparison
of electron and gamma-ray effects. As the investigation proceeded,
this plan was altered somewhat, with the result that the work
accomplished falls into three categories. Consequently, this
report is divided into four principal sections, one presenting
the work of each category, the fourth discussing their results
and conclusions as a whole.
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SECTION I
TRANSIENT CONDUCTION DURING STEADY-STATE GAMMA IRRADIATION
A. INTRODUCTION

1. Background: The Two-Component Description. Previous
1nvestigationsb’° have shown that, in several organic insulating
materlals, the electric current generated in response to short,
intense bursts of ionizing radiation can be considered as the
sum of two distinct components, the PROMPT CURRENT, and the
DELAYED CURRENT. These components can be defined operationally
in terms of the experimentally avallable pulsed radiation field,
the prompt component being that which follows the radiation pulse
shape with no discernable time lag, and the delayed component
being that which remains after the pulse has passed, dying away
slowly after the radiation fleld intensity has been reduced to

zero.

In general, the prompt component has been found dependent pri-
marily upon pulse intensity, while the delayed component depends
upon the total dose delivered by the pulse. Thus the delayed
component builds up during the pulse, and the total current
observed during the pulse includes an increasing contridution
from this source, as well as the prompt component. In most cases
the prompt component is much larger than the delayed component
increment generated by the pulse, so that the latter 1s negli-
gible. The decay rate of the delayed component can be quite
slow, however, so that for a series of pulses, the accumulated
delayed component may be appreciable for the last pulses in the
series.

Such behavior can be accounted for by several models, of various
levels of complexity. The simplest, and consequently the most
favored, 1s the single-carrier model, which assumes that both
components reflect the transport of electrons which have been

liberated from valence states by the incident radiation.
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This model views the essential sequence of events which deter-

mine the observed currents as a multistep process. First, the
incident radiation ionizes the material, producing mobile electrons
and stationary positive ions at a constant rate. The lons are
fixed, and thus do not contribute to the observed current. The
electrons, however, are free to move, and thus are responsible

for the prompt current.

The insulator 1s viewed as containing a practically infinite
concentration of traps for electrons. Thus the lifetime of the
mobile electrons 1s both constant throughout the pulse, and short,
and the prompt current establishes its steady-state value with a
respcnse time small compared to the rise time of the radiation
pulse, 1.e., on the order of nanoseconds cr faster.

The delayed component 1s viewed by this model 2s resulting from a
series of thermal re-excitations of the trapped electrons into
conducting states. The slow increase of the delayed component
with continued irradiation corresponds to a gradual filling of
the "thermally excitable" states by the ionized electrons, while
the slow decay after termination of irradiation corresponds to
the reduction of the thermally excitable electron population as
conduction state electrons occasionally fall into deep traps, or
werhaps into the empty valence states generated by the primary .
interactions with the radiation field.

In this respect this model differs from that generally used to
explain photoconduction in semiconductors, according to which

the "delayed conduction" 1s attributable to the untrapped member
of the original excited palr. The latter model may be applicable
as well to the 1insulator case, since hole conduction has not been
ruled out. However, the one-carrier model currently is receiving
more attention from investigators 1n the fileld.

il i i et A
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Prevlious observations indicate that if the radiation pulse 1is of
high intensity and short duration, the prompt current is large
and the delayed current is small. If intensity 1s low, however,
and pulse length 1s long, the prompt current is small, and the
delayed current eventually may build up to predominant proportions.
Thus, investigations of the prompt current should be conducted
using short, intense bursts such as are avallable from flash
x-ray machines and linear accelerators, whlle investigations of
the delayed current should be conducted with radiation flelds
which are relatively low in intensity, but long-lived. Since
the latter 1s the case with the steady-state gamma study*, this
section of the report is concerned with the delayed current, and
treatment of the prompt current is not given here.

2. Steady-State Irradlation Case Phenomenology.

a. Component Classification. Several schemes might be
considered appropriate for classifyling the currents found in the
steady-state irradiation case. This report relies upon one which
is a hybrid of the mechanistic and operational approaches, the
classes being distingulshed from each other partially on the basis
of details of conduction mechanism, and partlially on the basis of
measurable parameters.

The conduction mechanism factors are two: an excitation step,

by which valence state charge carriers are raised into conducting
states; and a transport step, by which the excited carriers are
driven away from one electrode and toward another. Each of these
factors can be related to a controllable, environmental factor.
In addition, a third observable parameter, which has not yet

been 1dentified clearly with specific conduction mechanisms, has

been found necessary.

*#See Section III, p 97.
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Each factor has two possible cases, which leads to a scheme
having eight classes. Two of these, however, are null sets for
fundamental reasons, leaving only six cases of interest. In
addition, one of the six cases has not yet been observed in
practice, so that only five classes are of practical concern.

The first factor is excitation mechanism. In this work there

are two cases, viz., that where charge carriers are excited from
thelr valence states by thermal processes, and that where this
excltation 1s provided by interactions between the exposed mate-
rial and the incident radiation field. In the siltuatlion where

the radiation field 1s zero, only the first type of carrier can

be found. When the radiation field is non-zero, both are present
simul taneously, since the absolute zero of temperature lles beyond
the scope of the present discussion.

The second factor 1s transport mechanism. In the normal case,
charge carrler transport 1s accomplished by direct electrical
interaction between the charge carriers and the applied electric
field. If high-energy radiation 1s present, however, other trans-
port mechanisms are possible. We distingulsh between the classes
where transport 1s a voltage-driven phenomenon and those where 1t
i1s a radiation-field-driven process. When both electric fleld
and radiation field are non-zero, both sets of classes can be
found simultaneously.

The third parameter 1s the time derivatlive of the observed com-
ponent. As yet the mechanlisms responsible for producing various
values of this factor are not 1dentifled, so the mechanistic
counterparts remain unspecified. For the moment we lump those
components having non-zero time derivatives together, and consider
them as distinct from the case where this parameter 1is zerc.
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b. Nomenclature. As yet a standard system of nomen-
clature has not been established for this rather complicated
technological field. Consequently, the potential for semantic
confusion 1s quite large, ancd special pains must be taken to

ensure accurate communication of l1deas. For this reason, the
nomenclature used in this report 1s now given in some detall.

Components whose charge carriers are excited from thelr valance
states by thermal processes are called DARK components, while
those whose carrliers are excited by tne radiatlion field are
called PHOTO- components. These designations are in accord with
established practice 1n visible-light photoconduction studies.
Those which require a history involving both types of activation,
such as those described in the one-carrlier model discussed
earlier, are called DELAYED components, in agreement with exis-
ting practice in pulsed radiation studles.

B
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Because of their hybrid nature, the delayed components are

ambiguous wilth respect to the basic classification scheme used
here. We arbitrarily include them in the PHOTO- components,
for purposes of classification.

LR o sl bt T i
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Radlation-driven components require the transfer of momentum, as
well as energy, from the radiation field to the charge carrilers.
Consequently these are called MOMENTUM currents in this report.

Those driven by the applied electric fleld are the usual sort of

-

currents and hence are called NORMAL. In cases where neither
of the two words, NORMAL and MOMENTUM, 1s used, NORMAL 1is
understood.

e

P e

Components whose time derivatives are non-zero are called
TRANSIENT components, while those whose derivatives are zero
are called STEADY STATE components. This 1s in accord with
exlsting englneering practice and should occasion no difficulty.

T e A T a—



The list of classes provided by this scheme, then, 1s as follows:

1. (normal) transient current,

2. (normal) steady-state dark currents,

3. (normal) transient photocurrents,

4, (normal) steady-state photocurrents, and

5. (steady-state) momentum (photo)currents,
where the parts in parentheses are optional, and may be omitted
upon occasion. Of the three remaining descriptor combinations,
two are impossible, since the definitions of momentum and dark
are mutually exclusive. Hence, by definlition, transient and
steady-state momentum dark currents cannot exist. The third
unlisted combination, transient momentum photocurrent, has yet
to be observed, and so 1s omitted from the list.

3. Experimental Identification of Components. When an observa-
tion 1s made during steady-state irradiation, 1t is possible in
general that components of all five classes may be present.

Since the discussions of lifetime which outlined the motivation
for this etudya refer specifically to the normal steady-state
photocurrent, it 1s highly desirable to be able to separate this
component from the total current observed. This 1s not a partic-
ularly easy task when dealing with insulators, and so a certain
amount of discussion of this area now becomes appropriate.

First, we consider the dark components. These can be measured
directly by making observations under the condition that radia-
tion fleld intensity 1s zero. Correcting the total current
observed during irradiation for the dark component, however, 1s
not always accomplished by a simple subtraction of the previously
observed dark components. Othersd have shown that the dark and
photocurrents do not necessarily add linearly to produce the total
observed current, but that details of the conducting mechanism(s)
must be taken 1nto consideration. Where these detalls are not
known, 1t 1s especially important to operate with total currents
that are much larger than the dark currents, so that the latter
can be ignored with negligible introduction of error.
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The momentum current can be measured directly by making observa-
tions during irradiation with zero volts applied to the sample,
or by making measurements at both positive and negative voltages
and 1nterpolating the current-voltage characteristic to the zero
volts intercept. Fortunately the conduction mechanisms involved
in momentum currents are essentially independent of those corres-
ponding to the normal components, so the momentum component can
be removed analytically from the total observed current by a.
simple subtraction. Alternatively, one can measure the slope of
the current-voltage characteristic and determine the conductance
corresponding to the voltage-driven portion of the total current
(L.e., the normal components), in this fashion.

Glven that the dark components and the momentum current are small
enough that they can be ignored and removed respectively, without
destroying the structure of the remaining data, the next step 4
would be separation of the transient and steady-state photocurrents.
At first glance this seems merely to be a matter of outwailting the

transient components and making observations after they all decay

to values negligible with respect to the steady-state photocurrent. §
This, unfortunately, is much more easily sald than done.

The chlef practical difficulty with this approach 1s that the
popular organic insulators display some transient photocurrents
having very long response times. Polyethylene, for example, has
been observed after abrupt changes in applied voltage, during
steady-state irradiation, and found to exhibit transient compo-
nents having relaxation times in the neighborhood of 30 seconds,
2 minutes, and 30 minutes®. (Whether others of longer relaxation

B U e

times exist 1s unknown.) Observations made on a set of samples
of polyethylene, which 1ncluded waiting some 20 minutes after any
change 1in electric or radlation fieldsf, ylelded conductances
that were random with respect to sample thickness. These suggest
that substantially longer times than thlis must be used, if the
outwalting technlique 1s to be applied successfully.
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With components that change so slowly, very long observation
periods are required to establish that the steady-state condition
has indeed been achieved. With such long times, problems associ-
ated with maintaining constant applied voltages, with instrument
drift, and possibly even with thermal or radiation aging, become
appreciable, and the effort can become prohibitive.

A second approach would be first to observe the time dependence
of the transient photocomponents and then to attempt to fit the
resuiting curve to an expression of the form of a sum of terms
exponential in time, plus a constant. If a successful fit could
be achieved, the value of the constant term required to produce
the fit then could be taken as the steady-state photocurrent. This
approach would require a large quantity of observed data. 1In
addition, the precision required of the input data 1s quite high
for more than one or two transient components, and success is

unsure.

The approach used in this study was somewhat different in that

it did not try to eliminate the long-lived transient photo-
components. The philosophy of the approach was based upon the
assumed applicability of either of two general equivalent circults.
The first of these visuallzes the sample as being represented by

a parallel combination of capacitors, each having a resistance

in series with 1t, plus a resistance in parallel with the whole
array. In thls system, the steady-state photocurrent 1s identi-
fled with the parallel resistor, while each transient component

is assoclated with a capacitor branch of the array. The total
current then 1s simply the sum of those in the indlividual branches.

According to thils picture, the component contributed to the total
current by the resistive branch, once a voltage V has been
applied, would be constant in time, and proportional to V. The
contribution of a glven capacitive branch, on the other hand,
would depend not only upon V, but also upon (a) the voltage on
the sample prior to the application of V, (b) the length of time



the previous voltage has been applied, and (c) the time elapsed
between the application of V and the observation. If a seriles

of measurements were taken starting with the system in a fixed
reference state, say after the steady state corresponding to
voltage V, had been achleved, the contribution of each capacitive

1
branch would be proportional to AV (AV =V - Vl)

If a measurement technique could be developed such that V were
proportional to AV, and i1f the time for which each applied voltage
was held on the sample were held fixed so that the proportionality
constant between a given capaclitive branch component and AV were
fixed, and finally if observations were made at a fixed time

after each change in applied voltage, the total currents observed
should consist of components whose ratios are fixed, and a degree

of consistency should result. Such a technique would permit r
measurements to be made at reasonable times after applying a new
voltage.

Another view holds forth the possibility that the very long-lived
transients observed may correspond to some type of blocking layers
at one or both of the sample-electrode interfaces. In terms of
an equivalent circult diagram, this would correspond to the addi-
tion of a capacitance in series with the parallel-branch model
described above. If this capacitance were large enough, the slow
transient could correspond to the charging of this capacitance,
and the total current seen at short times would represent the true
state of the sample. If the time constants of the individual
branches of the portions corresponding to the sample behavior

were short enough, 1t might be possible to make observations at

an optimum time, 1.e., after the sample had achieved a steady
state, but before the limiting effect of the serles capacitance
became effective. In thls case, observations would reflect the
behavior of the true steady-state photocurrent.

S i G R ST e D R et B i .
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In either case, decay of the long-lived transient is quite slow,
so that measurements in the period between 3 and 10 minutes
after application of a new voltage differ from each other only
slightly, and hence short-time measurements require no great
precision in timing. In the parallel-branch case, attention to
control the parameters determining the contributlions of the
capacitive branches should permit consistent measurements in this
time period. In the case of the series blocking layer model,:
such measurements actually would be preferable to those at very
long times, since the former would be the more representative of
the behavior of the bulk of the sample, and might even give the
desired steady-state photocurrent directly.

B. EXPERIMENTAL DETAILS

1. Samples. A total of 41 samples, (26 polyethylene and 15
polystyrene) was prepared, mounted, and exposed to Co 2 gamma
radiation in the Northrop 5 kC cobalt source. Of these, 21 poly-
ethylene and 14 polystyrene provided useful data. Details of the
samples, including base material, fabricator, and dimensions, are
given in Table I.

Since organic insulators often are both elastic and plastic at
room temperature, measurement of sample thickness requires
standardization of the measurement technique. In this work, all
thickness measurements were made with a commercial, dead-weight

micrometer equipped with standard anvilsi.

Except for the first sample, which was run by 1tself as a test

of the measurement technique, samples were exposed in groups of
10, each group being referred to as a "can". Cans 1 and 2 both
utilized cylindrical exterior shells of sheet aluminum, which
provided mechanical support for the sample structure, and elec-
trical shilelding, as well. In these cases the completed structure
resembled a rather squat tin of preserves. In Cans 3 through 5,

10
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TABLE I, SAMPLE DETAILS, STEADY-STATE IRRADIATION STUDY

Location Nominal t A
Mate- in Thickness -5 P

Sample rial Fabricator Can Can mils m cm
U00J01 PE unknown 1 lonly 10 —_— | —
L12D06 PE Allled 2 |10 (top) 4 9 0

Resinous ! !
L12D0 g
L1200 30 75 102
L12083 7 é 74
L12J 6 10 26
L12J0 2 27
L12 4 9
L12D0 3 4 9
L12B l 2 2 5
L12B03 i 1 (vottom) $ 5
L11RO1 PE Alchem 3 |10 (top) 90 234 | 105
L12R20 Allled 9 1 228

Resinous
L12N55 8 20 52
L12N36 7 1 ]
L11N22 Alchem 6 5
L51053 Ethyl Visqueen 2 30 T
L11020 Alchem 79
L12017 Allled 3 l T

Resinous ¢
L5107 Ethyl Visqueen 2 10 27
L51M23 v ¢ J’ 1 (vottom) 15 4y
Y35N03 PSTY Monsanto 4 10 (top) 20 55 |105
Y13EO1 A&E g 5 13
Y35HO7 Monsanto 74 20
Y41N11 Davis 7 20 52
Y35A03 Monsanto 6 1 2
Y41EO9 Davis 2 12
Y13J09 A&E 10 27
Y35B03 Monsanto 3 2 5
Y41J01 Davis 2 10 26
Y35N05 | Monsanto 1 (vottom) 20 55 (o]
YU41E02 Davis 5 |10 (top) 5 20 |105
L12014 PE Allied 9 30 70 !

Resinous !
L12R13 PE 8 90 232 ;
L12R70 PE 7 I 236 ;
L12N26 PE 6 20 52 | 4 4
L12N11 PE E 54 |139.3 3
Y41NOE PSTY Davis 53 1105 .
Y41INOL PSTY ! 3 52 ;
Y41HO2 PSTV 2 74 20 i
Y41H11 [ PSTY 1 + | 1 (vottom) l 19 | 4 d
PE = polyethylene A = electrode area q
PSTY = polystyrene t = measured thickness ]
PE* = plle-irradiated PE k
PSTY* = pile-irradiated PSTY ]
A&%E = A & E Plastik pak, Los Angeles, Calif. 1
Alchem = Alchem Inc., La Mirada, Calif.
Allied Resinous = Allied Resinous Products, Conneaut, Ohlo

Davis = Joseph Davis Plastic Co., Kearny, N. J.
Ethyl Visqueen = Ethyl Corp. Visqueen Div., Baton Rouge, La
Monsanto = Monsanto Co., St. Louls, Mo.

11




8- » i 4 ;

structural support was provided by an assembly of polymethyl-
methacrylate (PMMA) spacers, held together with aluminum tie rods,
and shielding was provided by a coat of conductive paint. This
structure permitted the use of a roughly octagonal cross section
for these assemblies, with a consequent reduction ir fabrication
time and cost.

In all cases, electrodes and guard rings consisted of colloidal
graphite, deposited from a commercially avallable suspensiona. In
the case of the first sample, they were handpainted directly on
the sample itself. In the remainder, they were handpainted on the
PMMA spacers, and were held in pressure-contact with the samples
by aluminum tie rods. Electrode thickness was not controlled,

except by visually observing that coverage was complete.

Except for the few cases specifled in later discussion, all
electrodes were circular and covered as large an area as was
permitted by gross design limltations, c¢.g., the dlameter of the
well in which the source was located. The gaps between guard
ring and electrode were about one-eighth of an inch wide, at the
minimum, and in some regions of some samples were as large as
three-elghths inch. In Cans 1 and 2 the guard rings were simple
annular rings about an eighth of an inch in width, while in Cans 3
through 5 they were more irregular 1ln shape, although still about
the same in width. Considerable care was taken to align the
electrodes, in all cases so that they had centers on a common,
stralght axis.

In all cans, lonized gas paths between the electrodes were mini-
mized by potting techniques. In Can 1, a commercially avallable,
silicone potting compound3 was used. For Cans 2 through 5, a
biological sectioning par'af‘finl‘L (MP ca. 63°C) was used. No sig-
nificant differences in performance were observed between the two

materlials.

12
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The first sample, occupying Can 1, was clamped in a horizontal
plane between two annular PMMA rings of identical dimensions,

the rings being held together with steel screws and nuts at
several locations around the periphery. Three of the screws
extended a couple of inches below the bottom ring, providing
stand-off from the can boctom. Matching circular electrodes and
annular guard rings, one of each for each face of the sample,
were painted opposite each other on the sample faces left exposed
inside the PMMA rings.

In this case, electrical contacts to the graphite areas were
provlided through spring contacts cut from beryllium copper finger
stock. These were attached to the PMMA rings, at widely separated
locations, with steel screws. Additional graphite was painted
over the ends of the contacts, where they touched the graphite
areas, as additional assurance of adequate contact.

Electrical connections to the measurement apparatus were brought
out of the can by two cables, one triaxials, the other coaxial”,
both fed through the can top. The center conductor of the coax
cable was soldered to a small binding post attached to the spring
connector of the bottom electrode, and to a similar post on the
connector of the bottom guard ring. The same technique was used
to attach the center conductor of the triax to the top electrode,
and the triax inner shield to the top guard ring.

The outer shield of the triax was connected to the body of the
can. The shield of the coax, however, was left floating at the
can end, to avold possible difficulties from a ground loop. The
coax shield terminated well inside the can, 1n a volume which was
filled with silicone during the potting process.

The observations made with the first sample revealed the presence
of appreciable transient currents following a typical voltage
change. Because of these, the determination of a single current-
voltage characteristic required on the order of two hours, most

[¥)
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of which was spent observing redundant information. Consequently,
1t was decided to conduct the principal experiments of this study
observing several samples simultaneously, and the sample mounting
arrangement was redesigned accordingly. The design developed for
Can 2, which accommodated 10 samples, was found satlsfactory, and
as a result, Cans 2 through 5 followed essentlally the same baslc
design.

The principal elements of thls design included: a stack of 10
samples; a stack of 9 PMMA spacers (design shown in Figure 1);
two end spacers, which differed from the other spacers only in
having a single electrode and guard ring, rather than two; two
PMMA end blocks; and a set of aluminum welding-rod tie bars and
mounting legs. Electrodes were palnted on the spacers, which
then were interleaved between the samples to form a single stack.
This stack was compressed between the two end blocks, which were
held together by the tie rods.

Electrical connections were carried to the measuring apparatus by
a set of eleven triaxial cablesf, one for each spacer. As shown
in Figure 1, the center conductor of each cable was connected to
both electrodes on its spacer by means of a graphite lead. To
accomplish this 1t was necessary to drill a long hole from the
edge of the spacer toward the center, 1ts axis parallel to the
electrodes. It was the limitations imposed by thls operation
that determined the minimum thickness practical for the spacers.
Given better control of the drilling process, particularly those
factors governing drill drift, a substantial reduction in this
dimension should be possible.

As also shown in Figure 1, the inner shield of each trilaxial
cable 1s connected to the two guard rings on 1ts spacer by means
of a copper channel. This channel was soldered to the inner
shield, and glued to the spacer's edge using a commercial adhe-
sive23. The guard rings then were painted up to and on to the
copper channel's lips.

14
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Not shown 1n Flgure 1 1s the outer shield of the trixial cable.
In each case thls terminated well inside the can's outer surface,

l.e., well 1inslde the potting material. Ground was carrled to
the can through the mechanical supports which held 1t in place
in the cobalt well. Since the cable used was supplied complete
wlth an outer 1insulating Jacket, avolidance of possible ground

loops was accomplished simply by maintaining the integrity of
this jacket to a point somewhere near the end of the corresponding
outer shield, 1i.e., also well within the potting material.

It will be noted that the tie rods pass through holes cut in the
spacers. Matching holes in the stenclls used for painting the
electrodes provided indexing for alignment of the electrodes. In
addition, these holes were dellberately located 1n a nonsymmetric
way, so that matching holes in the outer portions of the samples

could be used to provide a nonreversible lndexing for ressembly
of the structure, should such be desired.

Ir. the case of Can 2, standoff legs similar to those used in Can 1
wei'e attached to the bottom end block and the assembly was placed
in the can, the 11 trlaxial cables passing through a hole in the
top. A omemade clamp was used to hold these cables fixed at this
polnt. ° simlilar set of standoff legs, mounted on the can top,
provided attachment to a small, aluminum mounting plate, which in
turn provided the means for attaching the entire can to the struc-,
ture which supported it in the cobalt well.

Potting was done in an air oven, at about 65°C, the molten
paraffin belng poured in through a hole in the top until full and
then being allowed to cool. This process was repeated until the
cooled can was essentially full of paraffin. A small cover then
was attached 1in place over the pour hole, and the can was ready

for exposure.

The case of Cans 3 through 5 differed from that of 2 1in that 1n
the former, bottom standoff legs were not necessary. A simllar

15




copper channel graphite electrodes

inner shield

NOT TO SCALE

Flgure 1. PMMA Spacer, Steady-State Irradiation Study
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set of legs was requlred, of course, to attach the aluminum
mounting plate. Here, however, they were attached to the top

end block rather than to a can top. The lack of a can top also
required slightly different arrangements for clamping the 11 tri-
axlal cables 1n place at the top of the structure. In this case,
the top end block design was modified to include a suitable

clamp at one side as an integral part.

For this case, potting was done by a dipping process simllar to
that used in candle making. The sample structure was preheated to
around 65 to 70°C, dipped into a vat of molten paraffin, and then
withdrawn, allowing the adhering paraffin to cool. Thls process
was repeated, without the reheating process of course, untll an
adequate coat of paraffin was bullt up. After final cooling, the
excess paraffin, and any bits of foreign material adhering to it,
was whittled off by hand, and the structure was coated with a com- L

merclal silver, conductlve paintlz. In this case, the can then

was ready for exposure.

2. Radiation and Dosimetry. The radlation used in this study was

provided by the Northrop cobalt source, a 5-kC array of Co60 rods

located in the corporation's reactor facility in Hawthorne, Call-

fornia. The 1individual cobalt rods, each about 8 inches in

length, are mounted with their axes vertical, around the clrcum- 5
ference of a horizontal circle about 8 inches in diameter, thus

forming a cylindrical cage, open at top and botiom, whose axis

also 1s vertlcal. This cage 1s located at the bottom of a circular

well about 5 feet deep. Maximum exposure dose rates avallable at

the center of thls cage, at the time of this study, were on the

order of 2 x 10° roentgen/hr.

Several steel-covered, concrete plugs were avallable for closing
the top of the well. For this study one of these, having a set
of copper tubes spiraled down through it to provide passage for
electrical leads, was used to provide mechanical support for the

Adailch.
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samples. The can in each case (except for Can l*), was attached
to a steel rod by means of the aluminum mounting plate. The rod,
in turn was threaded into a hole in the bottom of the plug. The
electrical leads from the can were taped to the rod with masking
tape, and led through the spiraled tubes. Rod length was chosen
so that the center of the can coincided with the center of the
cobalt cage when the plug was fully inserted into the well. Can
orientation was such that the samples and electrodes were in the
horizontal plane, i.e., normal to the cage and rod axes.

A rather low-geared holst is avallable for removing and insert-
ing plugs. This hoist utilizes a single cable, which permits

the plug to rotate about its vertical axis. Rough control of this
type of motion 1s achleved with a palr of master-slave manipula-
tors. These are limited 1n travel, however, so that the angular
orlentation of the can about 1ts vertical axls 1s subject to

only gross control. Because of thls a certaln amount of symmetry
about the vertical axls was desirable 1n the samples.

The holst can be stopped at any point, so that the flux experi-
enced by a sample could be adjusted simply by choosing position
along the well's axis. A rough scale, marked with a felt tip pen
on the steel lining of the plug, provided a measure of thls posl-
tion. The 1lip of the well, approximately at ground level, was
used as the index. Where the plug bottom was below ground level,
height could be measured directly. For positions where the plug
bottom was above ground level, 1ts helght above the llp was
measured with a meter stick held in a manipulator.

Routine determinations of radiation field intensity inslde the
cobalt cage were made periodically by reactor facility personnel

using Fricke chemical dosimeters.
x®

Can 1 was exposed inside an existing, open-topped aluminum
bucket, which had been used for prior work. The can was packed
in the bucket with styrofoam blocks, which prevented use of the
plug and support rod for electrical purposes. Otherwise, the
remarks of thlis sectlon are valid for Can 1 as well.
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Accumulated measurements of this type have shown the fleld
intensity in the space occupied by the samples, within the cage,
to vary less than 10% ir the horizontal plane, and less than 5%
in the vertlcal.

In addition, for thls study it was necessary to determine inten-
sity as a function of distance along the well axls. This was
done using a set of about 40 dosimeters of the LiF Thermolumins-
cent type. No statistical study of the doslmetry technlque has 3
been made, but 1t 1s estimated that the accuracy of this deter-
mination was on the order of +10%, and the precision, with respect
co the Intensity at the cage center, was about 14%.

Several samples were exposed to reactor bombardment prior to
examlination in this study. This exposure was accomplished in air,
at room temperature, in the dry exposure room of the Norihrop
reactor, also located 1n Hawthorne, California. Samples were
tied together in bundles about an inch thick with masking tape,
each bundle being taped to a wood support rod for positioning.

The samples selected for later examination occuplied interior
positions within the bundles, so that access to alr was somewhat
limlted, except around the edges.

3. Circultry. It will be noted (Figure 2a) that the circuitry
of this study 1s extremely simple in concept. A battery applies

a voltage, VAPP’ across a plane parallel plate capacitor whose
dielectric is the material of interest. The resulting currcnt,

I, is measured via the IR drop, VM, across the measuring resiztor,
RM. Surface currents are intercepted by a guard electrode and
shunted past RM’ so that only those currents dependent upon
transport processes occurring 1n the volume between the electrodes

are observed.

So long as RM is small compared to the leakage resistance, RL,

which shunts 1t, and to the parallel equivalent resistance, Rx,
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of the sample, the current through the sample 1s given by

I = Vypp/Ry

and the sample's conductance 1s given quite straightforwardly
as the slope of the current-voltage characteristic, 1i.e.,

G = dI/dVAPP

The currents observed in this study were quite small (in tre nano-
to pico-ampere range). Consequently, a high-impedance voltage-
measuring system was required, for which a commercial electrometer
amplifier  was used. For enradient currents, RM had a value of

10 ohms, while for the preirradiation currents 1t was occasionally
necessary to use 1010 ohms. In all cases the tolerance on RM was

+ 1%.

In order to check periodically for zero-point drift in the elec-
trometer circult, signals were fed first into a locally designed

and bullt input interruptor circuit. This consisted of a gas-fillled,
magnetic reed switch9 which was normally open, but when energized,
closed to short across the electrometer input. This switch was
housed in a small aluminum box mounted directly on the electrometer

input head.

The dry cell which powersrd the coll of the magnetic reed switch
was housed separately 1n another aluminum box also containing a
motor-driven cam switch which automatically energized the coll
for about 5 seconds, at 30-second intervals. Coaxial cables
were used to connect the two boxes.

VAPP was provided by dry cells, housed in a battery box of ‘local
design and construction. As can be seen from the circuilt diagram
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(Figure 2e) a choice of several voltages was available', and
provision for reversing polarity and for bypassing the batteries
entirely, was incorporated into the design. As a point of minor
interest, 1t was found necessary, in order to avoid spurious
signals in somc cases, to provide thosough 1solation of the
battery cases from ground. This was accomplished by lining the
inside of the battery container with 10-mil sheets of a polyester.
The mechanism(s) responsible for the spurious signals remain(s)
unclear, at present.

In order to select which palr, or other combination, of electrodes
was utilized at any single time, a switching panél was designed
and built locally (Figure 2f). The switches used were ceramic
wafer switches of high isolation resistance*, and polytetra-
fluoroethylene (PTFE) terminal strips and wiring insulation were
used throughout. A minor gap in the coverage provided by the
inner shield of the connecting cables (i.e., the guard electrode)
could not be avoided here. Measurements indicated, however, that
surface leakage in the entire system was satisfactorily low, and
no apparent damage to the experiment resulted.

Connectlions between sample and switching panel were made with a
set of 11 triaxial cablesf. These were connected to the cables
from each can 1n a small Junction box mounted on top of the well
plug, led through the wall of the hot cell, and connected at the
other end to the PTFE terminal strips. The terminal strips in
the plug-top Junction box also were of PTFE, and of the same
design as those 1n the swiltching panel. Connections between the
panel, the battery box, and the electrometer input interruptor
were made wilth coaxlal cablesll. All cables in the system util-

ized polyethylene (PE) as their principal dielectric.

¥Ehe battery box was modified slightly between examinatlions of
Cans 2 and 3. Prior to the modification, fewer voltages were
avallable, and thelr range extended into the tenths of volts.
The results of examining Can 2 showed the low voltages to be
uninteresting, and the arrangement shown in Figure 2 was
installed.
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4. Technique. The experimental program originally proposed

for this studya was based on the assumptlion that the steady-state-
photoconductivity, do, could be determined experimentally, from
measurements of the normal steady-state photocurrent, as defined
previously. As polnted out, however, measurement of this compo-
nent in the common organic 1nsulators 1s at best an extremely
difrficult task. Most attempts appear to have foundered on the
rock of thickness dependence, and responsible authors have either
carefully pointed out that thelr observed conductances were not
inversely proportional to sample thickness, or else confined thelr
comments to the behavior of individual samples, drawing what con-
clusions they could from response to independent variables other
than thickness.

As suggested by previous remarks, the measurement technique devel-
oped for this study was based upon observations made at short times,
1.e., in the range of 3 to 10 minutes after applylng a voltage to
the sample. To cover the possibllity that significant transient
components might still be contributed by processes taking place in
past history of the sample was devised. This technique does not
provide a measure of the relative sizes of the various components
contributed by the sample proper. However, it does fix their ratios,
thereby permitting such interpretations as can be based upon their
combined behavior.

The technique developed from this approach has three steps:

1. The voltage of interest 1s applied to the sample, and
maintalned for a fixed time,

2. Voltage polarity 1s reversed, and this condition 1is
maintained for about the same time,

3. Filnally, polarity 1s reversed once again, and the
condition 1s maintained untll sufficlent date have
been taken. Data are taken as functions of time
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since the last polarity reversal, and comparisons are
made between points taken at equal values of this time.

The key to successful use of this technlique 1lies in choosing the
"fixed time" long enough that the effects of all the voltage changes
prior to the last palr an be neglected. Under this condition, all
three variables (applied voltage, voltage history, and time) will
be the same for all samples. Rules for making thils choice have not
been formulated in this study. Rather, the longest time deemed
practical in terms of the time avallable was chosen. Judging from
the results, this time appears to have been fortunately chosen, and
the effects of even the next-to-last voltage change appear to be
negligible. Under this condition, data can be taken during the
second step, as well as the third, and two points of the current-
voltage characteristic can be obtained from each cycle.

C. OBSERVATIONS

1. Varlables. As 1indlcated in the introduction to this section,
the dependent variable in this study was the total current during
Irradiation, observed at a fixed time after changing the voltage
applied to the sample's electrodes in accordance with the proced-
ure described under Technique. Once the first half-minute or so
after voltage change had passed, the observed current changed
rather slowly with time. Because of this, close control of the
observation time was not required. For the data given below, all
measurements were made in the perliod between 3 and 10 minutes after
application of the voltage, most of them clustering around the 6 to
7 minute region.

The independent variables investigated were largely those specl-
fied in the proposala: sample fabrilcator, to check the effects of
trace impurities; dose rate; and accumulated dose. In addition
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the question of volume-versus-surface effects was raised through
varying sample thickness, which also provided a measure of exper-
imental quality. And finally, the effects of structural defects
were examined through preirradiation of three samples of each
material in a nuclear reactor. (In all six cases the dose re-
celved in the pile was about 5 Mrads.)

2. Determination of Conductances. The currents observed in each
case were examined first in the form of current-voltage charac-
teristlcs. A curve typlcal of those found for polyethylene 1s
given in Figure 3, and one typlcal of those found for polysty-
rene is given in Figure 4,

It will be noted that the characteristic shown for polyethylene

is quite linear, with very little evidence of saturation. The
only cases where any appreciable indication of saturation was

seen were those of the 2- and 4-mll samples. Even here the
deviation from linearity, while noticeable, was still small.

None of the polystyrene characteristics showed any signs of satur-
ation at the higher voltages.

It was necessary to curtall measurements on the 2- and 4-mil
polyethylene samples at about 100 volts because catastrophilc
nolse developed in thelr signals beyond this point. Later meas-
urements at lower voltages were obtalnable, so complete break-
down did not occur. However, the large nolses seen were
suggestive of breakdown, and probably indicated a falrly close
approach to punchthrough.

It also will be noted that the characteristic shown for poly-
styrene exhibits the "chalr" shape typical of cases where a

layer of some blocking material 1s present at one or both elec-
trodes. In thls case the blocking apparently was overcome by

the applied field somewhere in the reglion between plus and minus
200 volts, and the characteristic was dominated by the poly-
styrene in the reglons outside this, 1.e., throughout both regions

where data were taken.
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Figure 3. Total Observed Photocurrent vs. Applied Voltage
for Typical Polyethylene Sample, Steady-State Irradiation
Study. Currents are *hose observed under the controlled
voltage-history procedure described 18 the text. Observa-
tions were made during exposure to Co 0 gamma radiation, at
an absorbed dose rate of about 63 rad, sec.
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Figure 4. Total Observed Photocurrent vs. Applied Voltage

for Typical Polystyrene Sample, Steady-State Irradiation Study.
Cureents are those observed under the controlled voltage-
history procedure described in the text. Observations were
made during exposure to Co 0 gamma radiation, at an absorbed
dose rate of about 59 rad/sec.
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About 60% of the polystyrene characteristics displayed such effects,
the remalnder being as linear as the polyethylene curves. Only one
polyethylene curve, that for sample L12N1ll at 1.54 Mrad, displayed
the chalr shape, and this was to a much smaller degree than in the
case of polystyrene. 1In all chalr-shaped characteristics, the two
arms formed by the data points paralleled each other quite closely.

All characteristics displayed a distinct zero-volt offset, thus
providing a measure of the momentum current in each case. In all
cases thils offset was on the order of a few hundred picoamperes,
with the median at about 200 pA. Such a low value for the momentum
current 1s qulte gratifying, particularly for single-layer samples,
and 1s indicative of a high degree of homogenelty 1n the radiation
field.

Each characterlistic underwent a subjectlve visual examination for
data-point consistency. Those points falllng a suspicious distance
from the line determined from thelr neighbors were recalculated from
the raw data and reexamined. Of the several hundred data points
taken under the technique described in thls report, only three falled
to pass the second examination.

All three of these points corresponded to raw data signa’s which

displayed substantlally more nolse than normal. They were sum-

marily rejected from consideration and were not included 1in the 3
calculations of conductance described below.

After passing visual inspection, the points of each characteristic ¢
were fitted to a straight line by least squares techniques. 1In the
case of the linear curves, the procedure was quite straight-forward.
In the case of the chair-shaped curves, each arm was fitted separ-
ately, the two slopes thus obtalned then belng averaged to determine
the conductance. The entire curve ther was fitted to determine the
most probable value for the zero-voltage offset.

Dark currents were observed prior to irradiation in about half of
the samples. In all cases these were found negligible, amounting
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at worst to only a few percent of the total current observed at the
standard radlation fileld intensity. A quantitative analysis of the
dark current data has not been made, so preclse values cannot be
cited.

The dark current was assumed to be negligible in all samples. Under
thin assumption, the slope derived from the least-squares fitting
technlques described above, glves directly the APPARENT PHOTOCON-
DUCTANCE, G*, of the sample-electrode system belng observed. We
insert tie word apparent and use the superscript * here to acknow-
ledge and amphasize that a sum of steady-state photocurrent and
transient components 1is involved.

The apparent photoconductances per unit electrode area, G*/A, for
all samples observed in this study are presented, along with the
corresponding sample thicknesses, t, absorbed dose rates, I', momen-
tum currents, Io, and sccumulated doses, in Tablec II and III,

pp 36 through 38. The vaiue calculated for the apparent photocon-
ductivity, °ca1c*’ by multiplying t by G*/A, also 1s given for each
case, in these tables.

It will be noted that in these tables a number of samples are deslg-
nated with a'. Each of these primed samples 1s the same plece of
material as 1ts unprimed counterpart. The electrode connectlons
differ between the two, however, 1n one case the top electrode be-
ing connected to the battery and the bottom one to the electrometer,
and in the other case, vice versa.

The measurements made while investigating the dependence of poly-
styrene's conductance on absorbed dose rate, I, and while investi-
gating the role of accumulated dose at the lower values (>1Mrad)

in the samples of Can 5, were confined to observations made at only
two applied voltagec,; around plus and minus 650 volts. Some question
ags to the reliabllity of conductances computed from characteristics
having only two points seems justiflied, particularly in view of the
chailr effect observed in so many cases.
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TABLE II. POLYETHYLENE CONDUCTIVITY DATA,
STEADY -STATE IRRADIATION STUDY

* . *
: _t 5§ o G/A | T, 'y cale| ¢ grgph!
- S - ""_,)
Sumple m x 10 > Tads/sec Mideo mpmho/cm< § 1A !mpU/cm ; mpy/cm ‘
W t T t ‘
L12J03 27 I 66.5 1.70 . 146 . -163 - 3.94 ' 3.6 !
L12J0k 2? | 66.2 1.36 149 =156 . 3.87|
L12J0o4! v 130 163 =191, 4.24
L51J07 27 63.9 1.48 156 -925 | u.zlj
l 3.96 150 ©-118 4,05 !
LH1J07!* i 2.26 183 +744 4.94i
523 | 4y | 1.48 9673 S50 424
1 3.97 100 -300 4,40
L51M23" j 3.54 85,3 254 1 3.75
| Ll1lnee 53 64 .4 2.26 73.0 v =420 3.87
L11N22" | 1) 3.54 95,2 -193 . 5.05
L,12¥11 o4 6l1.4 . 0.36 134 -220 7.24
| I o.84 ' 88.9 | -130 | 4.80
! : | 1.54 91.2 I -182 4,92
| J i 4.55 101 | -222 5.45 4
- L12neé ! 52 pile + 43,0 -170 2.24 ool
! 0. 36| |
. 0.8  31.9 15 1.66
| 1.54 s4.6 [ _483 2.84
\ c.1ﬂ 56.5 | 212 | 2.94 |
) L12N36 | ol .4 1.48 75.0 | -153 3.921 3.6
. | 3.96 61.5 Q62 | 30800
L12N30!' | 3.53 52.6 i 2 kol
L12Nb5 | 1.18 2n 2126 | 4.13
+ ¥ 3.96 55.5 -187 2,88
L11020 79 L1 1.48 62.2 -99.2| 4.91:
| l 3.96 64 .5 -170 5.10
| L11020" 3.53 54.6 -201 L.31 .
L12003 7L 66.0 1.36 79.2 -183 5 .86
L1200k 75 ¢ 1.70 83.4 ' =168 6.26 v
L17014 70 60.5 pile + ] 32.4 -160 2.271 2.4
0.3
0.84 23.7 -160 1.66
s 1.54 36.3 -197 2.54
| 5.18 L42.2 -206 | 2.95 !}
L12017 71 63.9 2.26 86 .4 -482 6.13 1 3.6
L12017! ¥ ¥ 3.22 52.8 -172 3.75
L51053 78 64,4 1.48 60.7 -87.1 N
l l 3.96 54,6 -146 4.26
L51053" 2.26 i -483 6.48 v
L11RO1 234 63.9 1.48 36.0 -212 8.42 3.6
3.91 3.7 -237 9.06
L11ROL! 1 2.26 45.3 -491 10.6
v 3.49 29.8 -374 6.97
L12R13 232 60.8 0.36 52.7 -235 | 12,2
0.E4 26.5 -210 6.15
1.54 | 42.3 -252 | 9.81
' c.1¢ | 30.0 259 | 6.96
/ L12R13"' 0.57 57.0 +5 | 13.2
0.93 30.3 -1%0 ' 7.03
1.41 30.3 -204 7.03
" ¥ 4,56 R -45,01 4.13
L12R20 228 64.1 o.20 3.1 -3h7 8.69
3,50 13.0 -197 2.96 #
L12RrR7C pile -+ | 13.7 -202 302 2l
0.57
C.93 | 3.45 -265 2.15
1.41 1 11.0 -208 2.51
e ! u.56J 11.2 22t | 2,55 ! ‘

(V)
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TABLE TII
POLYSTYRENE CONDUCTIVITY DATA, STEADY-STATE IRRADIATION STUDY

————5-t ! Dose G* e Io c*calc c*graph
Sample | m x 10~ rads/sec Mrads |mpmho/cm pPA mpmho/cm
Y13EOl 13 59.8 1.77 4y.3 -164 | 0.537 0.50
Y41EO02 12 56.6 [plle +
0.57 28.8 -140 | 0.345 0.34
0.93 25.5 -275 | 0.306
1.41 28.6 -157 | 0.243 l
4,56 24.1 -233 0.289
Y41EO9 v 60.1 1530 39.6 -151 | 0.475 0.50
Y35HOT 20 59.9 14.4 -152 | 0.288 l
YA41HO? 58.0 |pile +
0.57 1253 -218 | 0.246 0.34
0.93 12.6 -114 | 0.252
1.41 13.0 -178 | 0.260
A 2 4, 56 11.5 -213 | 0.230 ¥
Y41H11 19 0.36 33.2 -370 | 0.631 0.50
0.57 2. 1 -165 | 0.515
0.84 28.6 -332 | 0.543
0.93 16, 1l -734 | 0.306
1.41 11.8 -160 | 0.224
1.54 26.4 1346 | 0.501
4,56 20.0 -229 | 0.380
J v v 5.18 24.6 -372 | O..467
Y13J09 27 60.6 0.77 36.0 -209 | 0.972
Y41J01 26 l 26.5 -431 0.689
Y35N03 55 53.6 3.02 -517 | 0.166
J y 59. 4 1.31 BT -171 | 0.118
Y41NO1 52 58.0 0.36 8.24 -168 | 0.428
0.84 6.50 -275 | 0.338
l 1.54 7.35 -175 | 0.382
l 5.18 7.54 -196 | 0.392
Y INO6 53 pile + J
0.57 7.12 -55.5( 0.377 0. 34
0.93 4,37 -231 | 0.231
l 1.41 4,43 -177 | 0.235
4 v 4,56 5.70 -196 | 0.302 v
Y41N11 52 60.1 0.77 13.0 -187 | 0.677 0.50
J $ J 1.31 8.06 -164 | 0.419 J
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To check on this question, two-point calculatlons of conductance
were made, using the 650-volt points, on all six-point character-
istics showing the chalr effect. In most cases the values com-
puted in the two-point calculation were within 10% of those derived
from the corresponding six-point calculation. The deviations thus
calculated for those samples involved in the two-point measurements
specified above, all fell in the range between -6% and +10%. Thus
we estimate that the two-point conductances given in Tables II and
III, probably lie within 10% of the values that would have been
obtalned had six-polnt characteristics been avallable.

3. Thickness Dependence. The apparent photoconductance per unit
electrode area, G*/A, 1s plotted agalnst the inverse of sample
thickness, 1/t, for 13 samples of polyethylene, drawn from three
different fabricators (Figure 5). For all of these measurements
the accumulated dose was about 1-1,2 Mrad*, and absorbed dose rates
were about 63 rads/sec. It will be noted that the points fall
reasonably well along a straight line, and that no difference cor-
related with fabricator are apparent.

Values for G*/A wera calculated for one 2-mil and one 4-mil sample.
These fell well below the straight line formed by the rest of the
points, and presumably were substantially affected by surface con-
ditions. They were not used in determining the straight line shown
in Figure 5, which 1s the least-squares fit to all the data points
shown. The apparent photoconductlivity for these samples, glven by
the calculated slope of the fitted line, is 3.5 mpmho/cm.

Figure 6 presents similar data for polystyrene. The point found
for a 1-mil sample fell substantially below the line obtained from
the rest of the points, and has been omitted because of suspected
surface effects. The points shown correspond to acc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>