Utah State University

Digital Commons@USU

All Graduate Theses and Dissertations Graduate Studies

5-2010

Hopping Conductivity and Charge Transport in Low Density
Polyethylene

Jerilyn Brunson
Utah State University

Follow this and additional works at: https://digitalcommons.usu.edu/etd

6‘ Part of the Condensed Matter Physics Commons

Recommended Citation

Brunson, Jerilyn, "Hopping Conductivity and Charge Transport in Low Density Polyethylene" (2010). A/l
Graduate Theses and Dissertations. 562.

https://digitalcommons.usu.edu/etd/562

This Dissertation is brought to you for free and open
access by the Graduate Studies at
DigitalCommons@USU. It has been accepted for

inclusion in All Graduate Theses and Dissertations by an /[x\

authorized administrator of DigitalCommons@USU. For /\

more information, please contact IQ‘ .()Al UtahStateUniversity
digitalcommons@usu.edu. ‘e~ MERRILL-CAZIER LIBRARY


https://digitalcommons.usu.edu/
https://digitalcommons.usu.edu/etd
https://digitalcommons.usu.edu/gradstudies
https://digitalcommons.usu.edu/etd?utm_source=digitalcommons.usu.edu%2Fetd%2F562&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/197?utm_source=digitalcommons.usu.edu%2Fetd%2F562&utm_medium=PDF&utm_campaign=PDFCoverPages
https://digitalcommons.usu.edu/etd/562?utm_source=digitalcommons.usu.edu%2Fetd%2F562&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:digitalcommons@usu.edu
http://library.usu.edu/
http://library.usu.edu/

Utah State University
Digital Commons@USU

All Graduate Theses and Dissertations Graduate Studies, School of

5-1-2010

Hopping Conductivity and Charge Transport in
Low Density Polyethylene

Jerilyn Brunson
Utah State University

Recommended Citation

Brunson, Jerilyn, "Hopping Conductivity and Charge Transport in Low Density Polyethylene" (2010). All Graduate Theses and
Dissertations. Paper 562.
http://digitalcommons.usu.edu/etd/562

This Dissertation is brought to you for free and open access by the A

Graduate Studies, School of at Digital Commons@USU. It has been

accepted for inclusion in All Graduate Theses and Dissertations by an a"’ m{l UtahStateUn iversity
authorized administrator of Digital Commons@USU. For more % [ERAELCRCEN LIRAREY

information, please contact digitalcommons@usu.edu.
Take a 1 Minute Survey- http://www.surveymonkey.com/s/
BTVT6FR


http://digitalcommons.usu.edu
http://digitalcommons.usu.edu/etd
http://digitalcommons.usu.edu/gradstudies
mailto:digitalcommons@usu.edu
http://www.surveymonkey.com/s/BTVT6FR
http://www.surveymonkey.com/s/BTVT6FR
http://library.usu.edu/
http://library.usu.edu/

HOPPING CONDUCTIVITY AND CHARGE TRANSPORT IN

LOW DENSITY POLYETHYLENE

by

Jerilyn Brunson

A dissertation submitted in partial fulfillment
of the requirements for the degree

of
DOCTOR OF PHILOSOPHY
in
Physics
Approved:
John R. Dennison D. Mark Riffe
Major Professor Committee Member
David Peak Bela G. Fejer
Committee Member Committee Member
Stephen Bialkowski Byron R. Burnham
Committee Member Dean of Graduate Studies
UTAH STATE UNIVERSITY
Logan, Utah

2010



Copyright © Jerilyn Brunson 2010

All Rights Reserved

ii



iii
ABSTRACT
Hopping Conductivity and Charge Transport

in Low Density Polyethylene

by

Jerilyn Brunson, Doctor of Philosophy
Utah State University, 2010

Major Professor: Dr. John R. Dennison
Department: Physics

The properties and behaviors of charge transport mechanisms in highly insulating
polymers are investigated by measuring conduction currents through thin film samples of low
density polyethylene (LDPE). Measurements were obtained using a constant voltage method
with copper electrodes inside a chamber adapted for measurements under vacuum and over a
wide range of temperatures and applied fields. Field-dependent behaviors, including Poole-
Frenkel conduction, space charge limited current (SCLC), and Schottky charge injection, were
investigated at constant temperature. These field-dependent mechanisms were found to predict
incorrect values of the dielectric constant and the field dependence of conductivity in LDPE was
not found to be in agreement with SCLC predicted behavior. A model of thermally assisted
hopping was a good fit at low applied fields and produced activation energies within the accepted
range for LDPE. Low applied field measurements over the range of 213 K to 338 K were used to
investigate two prominent hopping conduction mechanisms: thermally assisted hopping and
variable range hopping. The observed temperature dependence of LDPE was found to be
consistent with both thermally assisted hopping and variable range hopping. Activation energies

determined for the range of temperatures were consistent with values reported in the literature for
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LDPE under similar conditions. A third aspect of charge transport behavior is a bulk response

with time dependence. Conductivity behavior is examined in relation to transient current

behavior, long time decay currents, and electrostatic discharge. = Comparing charging and

discharging cycles allowed qualitative separation of polarization and multiple trapping behaviors.

(217 pages)
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CHAPTER 1

INTRODUCTION

Polymer research and development is a relatively young discipline that spans the fields of
physics, chemistry, electrical engineering, and beyond. It is one of the most interdisciplinary
endeavors of modern science. From practical beginnings in the vulcanization of rubber to the
designer polymers of today, such as Kevlar™ and Teflon™, the study of polymers continues to
provide a rich variety of technological solutions and scientific challenges. Basic understanding of
these macromolecules has advanced significantly from the early theory of small groups of
molecules bound together by an unknown intermolecular force, but many questions remain. In
many applications, polymers behave much differently than other solid materials. Attempting to
explain these differences in behavior has vexed the scientific polymer community for decades and
has driven much of the investigation into disordered systems. This study does not attempt to
explain all of the unique behavior observed in the hundreds of different polymers available for
investigation. Rather, it is necessary to focus on the electrical properties of a specific polymer.
The observations and data obtained in the course of this research further the understanding of
charge transport mechanisms in many polymers. In addition, the results of this study add to our
ability to anticipate electrical behavior of polymers in application.

The first step in this research was the selection of a suitable polymer. Desirable qualities
included mechanical toughness, inertness to common laboratory chemicals, a relatively low value
of resistivity, and availability as a high-quality thin film. Once a polymer was chosen, it was then
necessary to carefully measure its electrical properties under a range of experimental conditions
and determine ways to tie the measurements to the physical structure of LDPE. This is most
commonly done through calculations of dielectric constant, average activation energy, and
transitions between regions of distinct electrical behaviors that can be tied to physical transitions,

including phase transitions.



1.1 Polyethylene and Low Density Polyethylene Characteristics

A relatively simple molecule of polymerized ethylene (C,H,4), polyethylene (PE) is
primarily made up of covalently bonded carbon atoms with hydrogen or methyl (CH3) pendants.
The most stable conformation of the polymer chain is a planar zigzag, depicted in Fig. 1.1 with a
methyl pendant group, with chain branches spaced approximately 30 to 100 monomers along the
chains (Peacock, 2000). Deviations in the chains, such as unsaturated sites, branching, and
residual chemicals from the polymerization process, decrease the degree of crystallinity and
influence material behavior (Zallen, 1983). Below a certain chain length and molecular weight,
PE is found in vapor or liquid form and chain lengths of a few hundred to a few hundred thousand
are required to obtain the most commonly sought after properties (Peacock, 2000). Average

molecular weights, closely tied to chain lengths and branching distributions, determine much of

a) Planar Zigzag Chain

H HH HH HH H
Cﬁ \Cf \C;ﬁ \Cf ’
G T T
S 5 € 4>
H HH HH H H H
e

Methyl
pendant group

by Single Monotmer

I
_|:|:_|:|:_
H H

FIG. 1.1. Chemical structure of polyethylene. The simplest, most stable conformation of the PE
chain is a) a planar zigzag with hydrogen or methyl pendant groups and b) a single monomer of
PE consists of two carbon atoms and four hydrogen atoms.
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the behavior of the final product. There is a broad distribution of chain lengths in a sample of PE,
from a few ethylene molecules to chains that are millions of ethylene molecules long. Chain
lengths can be correlated to molecular weights and determined using size elution chromatography
(Peacock, 2000). Precise determination of the properties of the resin could be obtained if each
branch and group could be known and characterized; the enormity of this task requires
determination of characteristics based on averages of molecular weight and branching
distributions.  Statistical averaging of the numbers of chains and their respective molecular
weights gives a typical fractional mass distribution for a PE resin; illustrated in Fig. 1.2.

One common class of PE is low density polyethylene (LDPE), contains significant
amounts of branching on the polyethylene chains, as illustrated in Fig. 1.3a. Branches are

primarily ethyl (-C,Hg) and butyl (-C4Hy) functional groups, but can be much longer chains with

Peak= 62,000

Fractional Mass

1,000 10,000 100,000 1,000,000 10,000,000
Ilolecwlar Weight

FIG. 1.2. Typical fractional mass distribution of polyethylene. This information is commonly
obtained using size elution chromatography, with a typical peak fractional mass of 62,000.
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secondary branches and functional groups. These common functional groups are depicted in Fig.
1.3b. The branches inhibit the ability of the resin to crystallize, resulting in decreased overall
crystallinity and lower density, with some physical properties sensitive to the amount of short or
long chain branching. Commercial LDPE has a typical density of 0.90-0.94 g/cm’ and a percent
crystallinity of 42% to 62% (Peacock, 2000). In comparison, high density polyethylene (HDPE)
has tightly packed chains with fewer branches and can have a percent crystallinity of up to 85%.
LDPE is a semi-crystalline polymer; it is less crystalline than the polytetrafluoroethylenes
(PTFE), which can be polymerized with as much as 98% crystallinity, but more crystalline than a
polyimide (such as Kapton™), which typically has up to 40% percent crystallinity (Salamone,
1996).

LDPE morphology consists of three phases: crystalline, non-crystalline, and interfacial

= Hep ™ Byl

H C /HH group
| N
Ethyl group I—( H

FIG. 1.3. Structure of LDPE. a) Long and short branches and b) illustration of common small
functional groups, ethyl and butyl groups.
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regions. Sections of close-packed chains form ordered regions called crystallites that are
embedded in the non-crystalline regions. Under most circumstances, the crystalline regions form
orthorhombic crystals as the unit cell, consisting of one complete ethylene molecule and segments
of adjacent ethylene molecules (Peacock, 2000). Within these localized regions of ordered
crystals, the traditional approach to crystal structure and transport, including band theory, can be
applied with suitable approximations. The crystalline regions can adopt a variety of formations;
ribbon-like crystallites (lamellae) that may be curved or fragmented and large-scale, spherical
structures, called spherulites, that consist of bundles of lamellae growing outward from a central
core. Typical lamellae are 50-200 A thick with their length varying from a few hundred
angstroms to several millimeters (Peacock, 2000). Extended chain lengths allow for individual
chains to transverse the amorphous region and act as part of multiple crystallites. The degree of
connectivity of these crystalline regions via the interconnecting extended chains plays a
determining role in the physical properties of the material (Dissado and Fothergill, 1992;
Peacock, 2000; Sperati et al., 1953).

With respect to the electrical properties of LDPE, charge carriers are believed to move
preferentially along individual chains rather than transferring from chain to chain (Zallen, 1983)
and a greater degree of interconnectivity increases the mobility of a carrier by increasing the
likelihood of long-range connectivity between crystalline regions. Interfacial regions between the
crystalline and non-crystalline regions are partially ordered and have mixed properties, exhibiting
a blend of crystalline and amorphous behaviors that is not well understood or characterized
(Zallen, 1983). The majority of carrier traps that play an active role in charge transport are
believed to lie within these interfacial regions (Davies, 1972; Fowler, 1956; Lida et al., 1992).
Known to be a vital component in the mechanical properties of LDPE, the investigation and
theoretical modeling of the electrical properties of the interfacial regions is an emerging focus in

the study of polymers. When determining the ratio of crystallinity, the interfacial and non-
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crystalline regions are typically considered together and broadly referred to as the amorphous
region.

While LDPE is one of the simplest of the commercially available polymers today, its
very simplicity also removes signature behavior that proves useful in examining the electrical
behavior of polymers. It lacks strongly polar, aromatic, or unique functional groups that are often
easily targeted experimentally and which frequently control the rate of charge transport. The
branched nature of LDPE gives it a reduced percentage of crystallinity in comparison with other
forms of PE, such as HDPE and linear low density polyethylene (LLPE), and when compared to
strongly crystalline polymers like PTFE. This decreased crystallinity increases the dependence of
electrical behavior on the non-crystalline and interfacial regions.

Despite these difficulties, LDPE remains a prime choice for experimental work for two
primary reasons. First, and foremost, the structural simplicity of LDPE allows for the ability to
obtain high-quality, high-purity samples at a relatively low cost from a wide variety of
manufacturers. This reduces the dependence of sample behavior on the manufacturing process
and environment, impurities, and sample handling prior to its use in the laboratory. It is widely
available in nearly any form imaginable, from thin films to cables and thick, insulating blocks.
Secondly, the relatively low resistivity of 10"°-10" Q-cm at room temperature means it is
measurable using standard constant voltage methods and laboratory equipment. This relative
ease of measurement has lead to an enormous wealth of literature and experimental data

dedicated to the study of LDPE, which is available for comparison to the current research.

1.2 Spacecraft Charging
Although polymers were developed early in the twentieth century, it was not until World
War II that they began to emerge as a material of choice in nearly every area of industry.

Polyethylene played a key role in insulating radar electronics during the War (Peacock, 2000) and
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its use has continued to rapidly expand. Today, highly insulating polymers like LDPE are

ubiquitous in use, easily tailored to address specific chemical and physical requirements, and
endless in their possible applications in new technology. While the use of LDPE to create milk
containers or kitchen garbage bags may not have lead to further scientific interest, its use as an
insulating material in high-voltage transmission lines, sensitive electronics, and on spacecraft
gave a new importance to understanding its electrical properties.

The space environment includes a dynamic mix of particle species, charged and neutral,
plasmas, electric and magnetic fields, radiation, and physical debris (Hastings and Garrett, 1996).
Effects of interaction with this environment can include physical damage to the spacecraft,
degradation of the electronic components, and unwanted electrical behavior (Leach and
Alexander, 1995). Small, integrated circuits and the microelectronics found on board modern
spacecraft make them ever more susceptible to accumulating charge and electrostatic discharges
(Dennison et al., 2003a, 2003b, 2005a, 2005b; Hastings and Garrett, 1996).

Spacecraft charging is a deceptively simple issue of being able to predict and control the
effects within materials as the spacecraft interacts with the space environment. Modeling and
understanding the complex relationships between the spacecraft and its surroundings is
fundamentally based on a detailed knowledge of how individual materials store and transport
charge. The low charge mobility of insulators causes charge to accumulate where deposited,
preventing even redistribution of charge and creating inhomogeneous local electric fields and
potentials. Effects of these inhomogeneous potentials can range from systematic errors in the
electrical components to complete system failure due to electrostatic breakdown of the material
(Frederickson and Benson, 2001; Frederickson and Dennison, 2003; Hastings and Garrett, 1996).
Long-term accumulation of charge can cause degradation of exterior surfaces, enhance
contamination, and deteriorate protective coatings on sensitive components. The history of the

sample becomes important as the behavior of the material is modified with further charging
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(Brunson and Dennison, 2006; Frederickson and Benson, 2001). Fig. 1.4 illustrates the basic
connection between conductivity and charge dissipation and decay times relevant for spacecraft
charging (Dennison et al., 2006).

Increasing the versatility and reliability of spacecraft charging models and expanding the
database of information for the electronic properties of insulating materials can assist spacecraft
designers in accommodating and mitigating these harmful effects (Dennison et al., 2003a;
Frederickson and Benson, 2001). Improving the design models requires a better understanding of
the physics of materials, particularly with respect to the increasingly complex insulating polymers
that cannot be accurately modeled with standard solid state methods. The conductivity of the
material is a key transport parameter in determining how deposited charge will distribute across

the spacecraft, how rapidly charge imbalances will dissipate, and what equilibrium potential will
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FIG. 1.4. Resistivity and charge decay times relevant to spacecraft charging.
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be established under given environmental conditions (Dennison et al., 2005b; Frederickson and
Dennison, 2003). Hence, it is critical for reliable spacecraft charging models to use appropriate
values of conductivity for thin film insulators to determine the correct charge storage decay times
for the materials. The bulk conductivity values of commonly used insulators have most often
been found using standard ASTM prescribed methods (ASTM D 257-99), utilizing a parallel
plate capacitor geometry. These methods need further modification and in some cases, are not
strictly applicable to common situations encountered in spacecraft charging (Frederickson and
Dennsion, 2003; Coelho et al., 1989).

The first experimental step taken in this study was to more closely approximate the space
environment. Through the development of a chamber that houses a constant voltage apparatus, it
was possible to perform measurements under vacuum conditions. Additionally, the low
temperatures of the space environmental required adaptation of the constant voltage chamber
(CVO) to allow measurements of temperature dependent conductivity. Also developed was the
automated control of applied voltage, experiment duration and sequencing, and temperature
control of the chamber. Exposure to repetitive and varying applied fields was used to investigate
the charging and discharging cycles of the insulating materials under constant temperature

conditions.

1.3 Research Objectives

The immediate application of this study is to further the investigation into the electrical
properties of polymers, in particular LDPE, within the framework of parameters relevant to
spacecraft charging. Three primary parameters relevant to spacecraft charging and the space
environment are applied electric field, temperature, and duration of experiment. For each of these

. . . 1 . .
relevant parameters, careful investigation and measurement of leakage currents can identify

! Leakage current is simply defined as the current measured due to conduction through the material.
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probable charge transport mechanisms. Both temperature and the duration of experiment are
relevant to the space environment and can approximate the thermal and charging cycles that a
spacecraft undergoes as it orbits the Earth. Varying the applied field provides information about
the charge storage characteristics of the material and how its conductivity changes with exposure
to an electric field or accumulated charge. This information can be used to increase reliability of
spacecraft charging models and further understanding of the electrical behavior of polymers in a
wide variety of applications.

Determining the conduction properties of LDPE requires careful examination of the
complex response of the sample to the test conditions. Continued research into electrical
conduction in polymers has yielded a rich variety of theoretical and experimental work, but it has
also exposed limitations in the crystalline and amorphous modeling approaches to conduction in
polymers. Polymers are dynamic materials, with molecules in constant, if limited, motion that
can alter the location, depth, and type of carrier traps (Adamec and Calderwood, 1978; Boudou
and Guastavino, 2000; Jones et al., 2005; Lewis, 2002). The interfacial regions where crystalline
regions join amorphous regions have emerged as an important part of the conduction process
(Davies, 1972; Lida et al., 1992). It has also become apparent that the time evolution of the
polymer morphology is a significant factor in determining conduction behavior (Adamec and
Calderwood, 1978; Lewis, 2002). Over time, and with exposure to an applied field or thermal
energy, even a simple polymer like LDPE can undergo conformal changes along the polymer
chains. This evolution is not well understood, but is frequently treated as an aging” phenomenon
and is known to have mechanical, electrical, and thermal components (IEC 505, 1975). Electrical
aging is a broad term associated with a variety of undesirable electrical phenomena, including

breakdown, discharge, treeing, interactions with charges, etc. A series of relaxation processes

? Aging is most clearly defined in IEC Publication 505 as “irreversible deleterious change to the service
ability of insulation systems. Such changes are characterized by a failure rate which increases with time.”
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have been found to occur in LDPE with exposure to charging and thermal cycles (Adamec and
Calderwood, 1978; Griffiths et al., 1998, Ieda, 1980; Ieda et al., 1988), with irreversible effects
on both crystalline and amorphous regions. Several of these relaxation processes have been
correlated to physical transition points and deep carrier trap levels via experiments in thermo-
luminescence and thermally stimulated currents (Ieda, 1980; Ieda et al., 1988; Peacock, 2000).
This abundance of information can be difficult to collect and apply to new research, especially
since the experimental data are spread across multiple scientific fields.

Investigating the nature of charge transport begins with looking for information that
sheds light on the nature, identity, spatial and energy distribution, and mobility of the charge
carriers. The questions that must be addressed about the nature of the carriers include their
identity, the source of available carriers, and how carriers move through a polymer material.
Careful investigation of the conductivity of LDPE can provide insight into these questions and
provide possible answers.

High quality, thin film sheets of LDPE were obtained from Goodfellow Cambridge Ltd.
and baked to remove water content introduced during manufacturing and handling. Individual
samples were then placed into a vacuum chamber developed by the USU Materials Physics
Group. Section 3.1 provides details of sample properties and characterization. Measurements
reported in this dissertation were made in a custom, high-vacuum test chamber described in
Section 3.2, using a constant voltage method with parallel plate capacitor geometry. This is the
simplest and most reproducible method available for measuring the conductivity of thin films
using standard laboratory equipment.

The samples were pressed between grounded copper or aluminum plates and copper
electrodes and the leakage current through the sample was measured with sensitive electrometers.
Two types of primary measurements were taken: constant room temperature measurements with a

varying applied electric field and constant applied field measurements while the temperature of
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the sample changed. Summaries of data utilized in analysis are found in Section 3.3. For
constant temperature measurements, the samples were exposed to a wide range of applied fields,
from less than 1% of the predicted breakdown field to near breakdown. For variable temperature
measurements, the chamber and samples were cooled using liquid nitrogen and allowed to return
to room temperature without external aid while the leakage currents were measured. Resistance
heating strips in direct contact with the outside of the chamber proved to be the most reliable
method of heating the chamber and samples, resulting in the most consistent heating rates.
Samples were then allowed to slowly return from high temperatures to room temperature as
leakage currents through the samples were measured. Further experimental details, including
technical details of the CVC apparatus, test methods, and the data obtained, are provided in
Appendices A, B, C, and D.

Measurements of leakage current at room temperature with a varying applied field were
used to obtain the field dependence of the conductivity of LDPE, discussed in Section 4.1.
Determination of field dependence allows the investigation of conduction models such as Poole-
Frenkel conduction and space charge limited current conduction, as well as the evaluation of
carrier injection mechanisms such as Schottky injection. To determine the validity of these
models, their results are compared to accepted values of the dielectric constant for LDPE. It is
impossible to discuss field dependence without touching on electrostatic discharge (ESD) and
breakdown phenomena. The concepts of endurance time and the nature of ESD will be
qualitatively discussed in Section 4.3.3 and as relevant to the field dependence of conductivity in
LDPE.

Measurements of leakage current as sample temperature varies provide additional
verification of physical parameters, such as average activation energies. Determination of
temperature dependence also allows verification of prominent hopping conduction mechanisms;

results of those measurements are discussed in Section 4.2. Two mechanisms of interest are
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thermally assisted hopping (multiple trapping) and variable range hopping (tunneling), both of

which are expected to show distinct temperature dependent behavior. A mathematical framework
is introduced in Section 2.2 and further developed in Sections 4.1 and 4.2 to evaluate both
transport mechanisms with reduced temperature and applied field variables, as well as fitting
parameters immediately relatable to physical and structural properties of LDPE.

Finally, the conduction mechanisms and material responses that are tied to the changes in
carrier density and time-dependent charge transport must be addressed in relation to transient and
long time behaviors, including dispersive transport and polarization. These mechanisms are

discussed in Section 4.3.
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CHAPTER 2

THEORY AND BACKGROUND IN POLYMERS

The complexity and adaptability of polymers make it relatively easy to tailor their
properties to suit a specific purpose, but this adaptability also creates challenges in measuring and
determining their intrinsic properties. In particular, the electrical properties prove difficult to
accurately measure due to the highly resistive nature of the materials. Despite this extreme
insulating nature, low-level conduction is found to occur in all known polymers (Adamec and
Calderwood, 1978; Dissado and Fothergill, 1992). Rather than a single, dominant conduction
mechanism described by band theory, as is often the case for conductors and semiconductors,
there may be multiple interdependent or competing mechanisms occurring simultaneously.
Separating these charge transport mechanisms and determining the contribution and relevant
regime of each mechanism is quite difficult both in theory and experimentally. Determining how
charge transport occurs within a given polymer requires knowledge of the nature, density, and
mobility of available charge carriers, as well as how the mobility of the carrier is dependent on
experimental conditions such as applied field, temperature, and deposited charge or energy. This
information is also heavily influenced by morphology, crystallinity, impurities, structural defects,
sample history, and even the processing method used to create the individual polymer sample.
Both the micro- and macro-structures of polymers are sensitive to thermal, mechanical, and
electrical history (Boudou and Guastavino, 2000, 2002; Lewis, 2002; Parpal et al., 1997).

The crystal structure and well-developed mathematical formalism based on Bloch’s
theorem is the foundation of understanding the properties and behavior of solid materials. For
conducting materials with crystalline morphology, a calculation of conduction bands and other
properties has led to a successful methodology for understanding charge transport, but this

approach is based on periodicity and long-range order. The primary transport mechanism for



15

conductors involves intraband excitations of electrons from filled extended states to empty
extended states at only slightly higher energy states within the same conduction band. This
mechanism is not available in insulators since there are no empty states within the valence band
and insulators are largely populated by localized states rather than extended states. Bloch
function extended-state solutions are dependent on long-range order and on delocalization of
electron wave functions, which is largely absent in amorphous materials. Without long-range
order, the wave function of the electron is concentrated in a small region and falls off
exponentially with distance, as illustrated in Fig. 2.1.

The band structure methods and developed mathematics for conducting materials can
also be extended, with suitable approximations, to semiconducting materials. Charge transport in
intrinsic semiconductors is primarily via thermally activated interband excitation of electrons
from states in the valence band to states in the conduction band with the activation energy equal
to the band gap energy. However, this conduction mechanism is negligible in insulators at
reasonable working temperatures. A primary distinction between semiconductors and insulators

is that thermally activated transitions between extended states are highly improbable in insulators,

FIG. 2.1. Illustration of a localized electron wave function. The wave function falls off
exponentially with distance in the absence of long-range order.
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because the band gap energy separating the conduction and valence bands is much larger than the
average thermal energy of the electrons. In intrinsic semiconductors, the Fermi energy is
approximately halfway between the conduction and valence bands and, above 0 K, a finite
number of electrons are able to transfer to the conduction band. Extrinsic semiconductors have
extra energy levels added by impurities or dopants. Whether structural or compositional, these
impurities can be treated as localized defect sites or deviations from an ideal lattice and
approached with perturbation theory (Ashcroft and Mermin, 1976).

Electron transport in disordered materials, which forms the fundamental basis of the
present study, requires an entirely different approach and formalism than the concepts of
periodicity and Bloch’s theorem for crystalline solids. Localized states are inherent in disordered
solids rather than limited to structural or compositional impurities and defects in the lattice.
Unlike extrinsic semiconductors, insulators contain significantly larger densities of defects and
deviations from an ideal lattice, which greatly limits the applicability of a perturbation approach.
Although degenerate molecular orbitals of the successive monomers in polymers form extended
electronic states, any impurities, anomalies, and branches disrupt these bands and act to truncate
these extended states. It then becomes necessary to develop methods to understand charge

transport involving these localized states without utilizing the formalism of band theory.

2.1 Conductivity and Charge Carriers

The traditional definition of conductivity as a macroscopic, mean-field behavior can be
written as the ratio of current density, J, and electric field, E, resulting in J = oE. In its simplest
form, Ohm’s Law represents a linear relationship between current density and electric field. This
simple expression allows direct substitution of accessible laboratory parameters; current, I, and
potential difference, V. When conductivity becomes a question of microscopic behavior, a new

definition involving the charge carriers is required. Conductivity, in an equally simplistic form,
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can be written as a product of carrier charge, q., carrier density, n., and carrier mobility, L.

O =qnH,. )
The separation of carrier density and mobility is artificial; carrier movement and mobility are
strongly correlated and may depend on the spatial and energy distribution of the charge carriers.
A broad grouping of charge transport mechanisms depends on the time evolution of carrier
density rather than motion of individual carriers, including dispersive transport, transient currents,
and polarization, etc. The conduction mechanisms available to the carriers fall naturally into two
categories: time independent transport determined by the motion of single carriers, expressed
through the mobility ., and time-dependent transport determined by the density of the carriers,
n.. Conduction mechanisms that rely on carrier mobility and ability to move between localized
states, and the change of that mobility under an applied field or change of temperature, are the
primary focus in this study. This kind of transport is known as hopping conductivity.

Multiple trapping is defined as a series of jumps between localized states, resulting in low
levels of conduction. It is considered to be the primary charge transport mechanism in a wide
variety of disordered and amorphous materials (Bottger and Bryksin, 1985; Dissado and
Fothergill, 1992; Zallen, 1983). In extended-state hopping, escape from a trap occurs when a
carrier gains enough energy, for example, through phonon interaction in thermally assisted
hopping, to overcome the potential barrier of a shallow, localized state and enter an extended
state. An illustration of a carrier hop is shown in Fig. 2.2. A carrier may also move via phonon
assisted tunneling through a potential barrier between deeper traps where extended states may not
be available, also illustrated in Fig. 2.2. In general, these two mechanisms differ in their
sensitivity to temperature, applied electric field, and other experimental conditions (Arkhipov et
al., 2001; Boudou and Guastavino, 2000; Ieda, 1980; Wintle, 1999). It is prudent to be clear that
additional means of energy gain are available, including interaction with photons and other forms

of radiation, referred to as radiation induced conductivity. The interested reader is directed to the
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a) b)

)

FIG. 2.2. lllustration of hopping conduction. Via carrier trapping a) a single hop is considered to
be the escape of a carrier from a shallow, localized state just below the conduction band,
movement via an extended state, and recapture in a secondary localized state (a trap). b) The
parameter, AH, is the average trap depth below the conduction band edge and can be correlated to
the activation energy of the material. Illustration of hopping conduction based on quantum
mechanical tunneling. c) A carrier may moved from one localized state to another via direct
tunneling where there are deep traps well beneath the conduction band. d) The parameter, AW, is
the difference in trap depths between the first and second localized states.

work of Rose, Campbell, and the USU Materials Physics Group for additional information on
radiation induced conductivity (Campbell, 1983; Dennsion et al., 2007, 2009; Rose, 1951).
Much of the groundbreaking work in determining the electronic structure of disordered

materials was done by Mott, Anderson, and colleagues (Anderson, 1958; Mott, 1969; Mott and

Davis, 1979). For their contributions, the 1977 Nobel Prize in Physics was jointly awarded to Sir
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Neville Mott, Phillip Anderson, and John Hasbrouck Van Vleck. This work forms the foundation

of modern theory of charge transport in disordered materials, including hopping conductivity. As
the study of hopping conduction expanded from fundamental theory provided by Mott, Anderson,
and Van Vleck, two distinct types of hopping emerged to describe the movement of the carriers:
trapping and tunneling. Due to conflicting nomenclature within the literature, it is often difficult
to determine which mechanism is being discussed; unfortunately the terms hopping and tunneling
are frequently and incorrectly used interchangeably. Many additional terms are used
inconsistently, such as dispersion, space charge, hopping, and trapping, and may have different
meanings according to their particular use. The interdisciplinary nature of polymer research
increases this confusion by drawing nomenclature from physics, chemistry, and engineering. It is
not uncommon for the same, or similar, terms to have different meanings within each individual
field. Every attempt will be made in this study to be clear about the nature of the mechanism and
to consistently use the terms trapping and tunneling, rather than the use of the more general term,
hopping.

Further complicating the investigation into electrical properties of polymers is that many
possible charge transport mechanisms manifest with similar behavior, making it difficult to
determine which mechanism (or mechanisms) is active. It is also necessary to establish ways of
separating the response of the instrumentation from the response of the material being measured,
a requirement that is not easily met when the level of currents being measured can be 10"* A or
smaller. Although none of the parameters are truly separable, control of experimental conditions

allows targeting of specific mechanisms that may be dominant under those conditions.

2.1.1  Identification of Charge Carriers
It is apparent that a wide variety of mechanisms have been theorized during the

exploration of polymer behavior, borrowing heavily from the study of ionic conduction in
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covalent and ionic crystals as well as modifications of electronic band theory. Many excellent
reviews of past work in disordered materials are available (Arkhipov et al., 2001; Dissado and
Fothergill, 1992; Whitehead, 1953). Electronic conduction, including holes, is assumed to be the
primary mode of conduction in LDPE and electrons are commonly identified as the charge carrier
(Crine, 2005; Rose, 1951; Wintle, 1999). However, the identity of the carrier may vary according
to experimental and environmental conditions, and lingering controversy remains over the source
of the carriers (Lewis, 2002; Wintle, 1999). Polymers with increasing concentrations of
plasticizers favor ionic conduction and doped polymers are typically injected with electronically
rich functional groups (Dang et al., 2003; Hong et al., 2004; Raju, 2003; Salamone, 1996; Tjong
and Liang, 2005). Each polymer must be considered according to its unique structure and
functional groups, and also with respect to the specific experimental method used.

The type of electrode also becomes significant. Evaporated aluminum electrodes have
been shown to result in transfer of aluminum atoms into the polymer material under certain
experimental conditions (Parpal et al., 1997). Impurities in the electrode materials may also
provide a source of atoms for ionic conductivity. For solid electrodes in physical contact with the
polymer, the energy barrier may be dramatically influenced by the choice of metal and any oxide
layer that may develop on the electrode. The metal-polymer interface is complex (Bussac et al.,
1998; Lewis, 1986), with surface currents and surface fields that influence bulk behavior and are
strongly coupled to the geometry of the electrodes and the experimental apparatus. Much work
remains to be done on the behavior of charges with respect to the metal-polymer interface.
Aluminum, copper, and high purity gold electrodes have been investigated for the CVC system,
but the choice of electrode material will not be considered in the present study. It is reasonable to
assume that ionic conduction is unlikely to be favored in undoped LDPE, which has been baked
out and chemically cleaned to limit surface contaminants, placed in a parallel plate capacitor

configuration with high purity solid OFHC copper electrodes in direct contact with the samples.
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Furthermore, the relatively moderate experimental conditions are unlikely to provide the higher
energies needed for ionic conduction; temperatures were kept below the melting point and most
applied fields were much less than the measured ESD field strength for LDPE. The charge
carriers in this study of LDPE are most likely to be electronic in nature (Adamec and
Calderwood, 1981; Davies, 1972; Khalil and Gastli, 1999; Lewis, 1986; McCubbin, 1970; Rose,
1951).

Electronic carriers include electrons and holes, and much of the available research does
not attempt to distinguish between them. This may stem from the historical practice of extending
theory that is applicable to semi-conductors to conduction in polymers, including the identity of
the charge carrier. Additionally, electrons move more easily through crystalline and amorphous
regions, with the interfacial regions acting as primary trapping centers. There is, however, a
reasonable argument for the selection of electrons, rather than holes, as the charge carrier (Rose,
1951). In the case of insulators with wide band gaps, such as LDPE, the filled valence band is
energetically deep. An electron leaving the valence band via hopping would leave the hole
behind in an extremely deep trap. This effectively immobilizes the hole and prevents it from
acting as the charge carrier in a conduction process. A slightly different approach is to consider
an asymmetrical trap distribution where the traps for holes are deeper than the traps for electrons
due to a shift in the Fermi energy toward the conduction band. This shift also lowers the chances
of recombination and again serves to immobilize the holes in deep traps. A shift in the Fermi
energy from the center of the band gap is not unexpected and is, in fact, typical of a system with
significant lattice defects. The interested reader is directed to the work of Rose (1951) or Broser
and Waminsky (1950) for details and mathematical analysis of the mobility of holes.

The individual localized states available to a carrier can be approximately characterized

by a potential well with a mean energy barrier of AH and an average trap separation of a (see Fig.

2.2) (Dennison and Brunson, 2008; Dennison et al., 2009; Fowler, 1956). This corresponds,
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respectively, to the average amount of energy required for a trapped carrier to escape its localized
state and the average distance it will travel before being trapped in the next localized state. If
enough energy is acquired to avoid immediate recapture, the electron may enter an extended state
of overlapping molecular orbitals analogous to a conduction band.

Time spent in extended states before recapture is usually quite small (Fowler, 1956; Mott
and Stoneham, 1977), with a typical conduction lifetime of 1. ~ 10"* s, which is much less than
the time required for true band conduction to be viable. This small capture cross section
combined with a large density of traps results in multiple trapping behavior. Even in chemically
pure samples of LDPE with low concentrations of impurities and compositional defects, there is
expected to be 10" to 10'® traps per cm® (Rose, 1951). This large concentration of traps means
that carriers are likely to be quickly recaptured and there is, comparatively, a much smaller
concentration of available carriers, ng, than available states.

A carrier hop, through phonon interaction, may result in movement that is energetically
upward into an extended state or into another localized state. It is also possible for a carrier to
hop in a way that is energetically downward through phonon emission, allowing the carrier to
become trapped in an available deeper state that requires more energy to escape (Arkhipov et al.,
2001; Bottger and Bryksin, 1985; Dissado and Fothergill, 1992; Lewis, 1986). This encourages
charge storage and low effective carrier mobility (Apsley and Hughes, 1975; Fowler, 1956;
Lewis, 1986; Wintle, 1971). The mean time spent moving from one trap to another is the

conduction lifetime of the carrier, T., which, along with g, the average nearest neighbor trap

separation, factors into the carrier mobility, \.. This is defined as the mean drift velocity, vq=a/z.,
divided by the electric field, E.

Physical fluctuations in the polymer chains may create, alter, or destroy localized states
and release or trap available charge carriers (Boudou and Gustavino, 2000; Lewis, 2002). The

influence of temperature and an applied electric field also affects the ability of a carrier to escape
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from a localized state in the direction of E. While there is no localized state with an energy
minimum such that there does not remain a finite possibility of escape (Apsley and Hughes,
1975), deeper trap sites have longer trapping times and smaller release rates, which reduces
carrier mobility. The potential barrier of a localized state is lowered by an applied electric field,
E, which increases the likelihood that a carrier may escape (Mott and Davis, 1979; Poole, 1917).
This implies both temperature and electric field dependence for a conduction mechanism utilizing
multiple trapping. Typically, the release and the subsequent recapture of the carrier are
considered a single carrier jump. Trap controlled charge transport also assumes a negligible
conductivity contribution of direct quantum mechanical tunneling of carriers between localized
states (Bottger and Bryksin, 1985). Deeper traps and a distribution of traps more complicated
than a single, uniform level encourage charge storage rather than charge transport (Apsley and
Hughes, 1975; Fowler, 1956; Lewis, 1986; Wintle, 1971, 1999).

The origin of electronic charge carriers remains a subject of controversy; carriers may be
available within the polymer or they may be injected at the electrodes and the answer can depend
significantly on the type of polymer and experimental conditions (Crine, 2005; Reiser, 1969;

Wintle, 1999).

2.1.2  Charge Injection

The chemistry of the metal-polymer interface is quite complex, with different interactions
commonly seen between the metal and polymer lamellae, individual polymer chains, impurities,
and voids (Dissado and Fothergill, 1992; Lewis, 2002). In an ideal electrode-insulator system,
the available carriers are assumed to be injected from the electrode into the material (Wintle,
1999), but the validity of this assumption and the nature of the injection process remain
controversial. Many of the theories developed to explain deviations from hopping and multiple

trapping models observed in polymers rely on injected charges. It is reasonable to assume that
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carrier injection should be proportional to the applied field (Lewis, 2002; Many and Rakavy,

1962), and this assumption will be further investigated in Section 4.3.

A primary model of carrier injection is Schottky injection, which can be customized in
many ways and can produce a variety of Schottky-type behaviors, depending on the desired
modifications (Bussac et al., 1998; Dissado and Fothergill, 1992; Schug et al., 1907). It is
important to be clear at this point that Schottky behavior is not conduction through the bulk of the
material; rather, it is an interaction of the metal and polymer at the interface that leads to a current
of injected electrons from the electrode into the polymer. The electrons may then move through
the material via any conduction mechanism that is available to them. Although Schottky
injection does not provide information about which mechanism (or mechanisms) is active, many
of the prominent and frequently applied conduction mechanisms rely on the injection of the
carriers by the electrode. This provides motivation to determine if, and to what extent, the
electrons are injected into the material.

The derivation of Schottky injection is quite involved and will not be reproduced here.
An interested reader is directed to Dissado and Fothergill (1992) for the details. It is assumed that
some electrons within the electrode arrive at the metal-polymer interface with enough energy to
leave the metal surface. These electrons are then injected into the polymer through a thermionic

process. The current density due to these injected electrons can be written as

_ b
J = AT exp _P=BicE” , )
kT

where ¢ is the work function of the metal, Bsc is the Schottky coefficient, and the pre-exponential

term, A, is

_ Amg m e, (1— R)

A P

; 3)

where R is the reflection coefficient of the electron at the boundary. This term is typically quite
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small and is believed to be sensitive to oxide layers that may develop on the electrode surface
(Lewis, 1955). There are two parameters in Schottky injection that need to correspond to
physical values in order for it to be verified as a possible charge injection mechanism. The
dielectric constant of LDPE can be obtained from the Schottky coefficient, Bsc, which can be

written as

Pic = (¢'[ame,e,) ", @
and the intercept of the linear fit can be used to determine the work function of the electrode
metal. Reasonable agreement with accepted values reported in the literature of these two
parameters would indicate that Schottky injection is a valid mechanism for LDPE.

Another injection mechanism commonly used is Fowler-Nordheim injection. Schottky
injection is a process where an electron gains enough energy to escape the barrier between metal
and polymer; Fowler-Nordheim injection builds on the probability that an electron with
insufficient energy may tunnel through the barrier. Rather than utilizing a reflection coefficient
for the electron, the transmission coefficient, T, is applied to the barrier to determine a tunneling

probability, and

% (Vs
T:exp{—%(znzej (@ EV}. 5)

n ek

The tunneling current density due to injected electrons is then found to be

32 Koy
J :ﬂexp _i(z_n;%j ¢_ , (6)
smo | 3\ ) q.F

where @ is the work function of the metal, q. is the charge of the electron, and m, is the electron
mass. Again, the full details of the derivation of Fowler-Nordheim injection are quite involved
and will not be reproduced here. The interested reader is directed to Dissado and Fothergill

(1992) for details. Unlike Schottky injection, there is no simple plot or relation that can be used
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to easily verify Fowler-Nordheim injection. However, this type of carrier injection is expected
only to occur at very high fields (>10° V/m) where the potential barrier at the interface is severely
distorted and becomes thin enough to allow tunneling. The applied fields required for Fowler-
Nordheim injection would then be well above the observed breakdown strength of LDPE in the
range of 10° V/m (Dissado and Fothergill, 1992). This discourages further pursuit of this carrier

injection mechanism in the present study.

22 Conduction Mechanisms of Individual Carriers

Once a charge carrier leaves a trap, regardless of how, there are two primary approaches
to the movement of the carrier through disordered solids, which can be represented by percolation
theory and dispersive transport. These two mechanisms are related, in a very complex way, to
two types of transitions that occur in disordered materials; polymers, in general, exhibit a
combination of percolation and dispersive transport. Percolation theory takes advantage of
structural disorder, exploiting the idea that a transition occurs that enables long-range
connectivity within a material with no long-range order (Zallen, 1983). When percolation is
applied to polymers, it typically takes the form of a spatially random resistor network with each
link of the network corresponding to the probability of a carrier hop between localized states
(Das-Gupta, 1997; Hunt, 1994; Scher and Wu, 1961). Figure 2.3 illustrates a schematic example
of a current path through a hopping system corresponding to a random resistor solution. The
important feature of any percolation model is the sudden appearance of long-range connectivity at
a critical value, typically a critical temperature, T, (Zallen, 1983). This transition point can often

be linked to a physical transition point, such as the glass transition temperature.
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Fig. C5 Constant Voltage Chamber electrode assembly. (a) Electrode stack partially separated.
(b) Electrode stack full separated. (c) Schematic of conductivity test circuit. (d) Detailed view of
the 15 9+0 3 mm diameter samnle electrodes.
Fig. C.4 shows the battery supply voltage as monitored by the DAQ card for ~22 hrs. The data
show a long time scale variation with a (30£2) mV/hr decline due to battery discharge and a
0.01% deviation from the linearity resulting largely from the uncertainties in the voltage
monitoring and DAQ card (C A in Fig. C.1). On a short time scale, the voltage data show a 4
mV or 20 ppm deviation from the linear fit to the decay, in very good agreement with Eq. (C7).
Again variation in accuracy of the applied voltage (due primarily to drift) are directly monitored
with the DAQ card and compensated for in the conductivity calculations.

The area of the Cu electrode (see Fig. C6) is determined to be 1.98(+0.08) cm’® with an
accuracy of #4%. The effective diameter of the electrode is 1.59(%0.03) cm +2%. Errors in

diameter were set, at a lower bound, by subtraction of half the 50 pum radius of curvature
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machined on the edges of the electrodes to reduce high electric fields from sharp edges and at an

upper bound by addition of half of a typical sample thickness of approximately 50 pm.

The area of the electrode is invariant, with the exception of contact area. Contact area
has been made more uniform by the addition of the sample clamping capabilities. The accuracy
in area is estimated to be 4%. Precision in the surface area from run to run due to variations in
the clamping is crudely estimated as ~1%.

Sample thicknesses were measured with a standard digital micrometer (Mitutoya) with a
resolution of #3 um. The anvil of the micrometer was ~0.5 cm in diameter, so that each
measured thickness was an average over a surface area of ~0.8 cm” and was insensitive to smaller
area variations. The average sample thickness for a 1 mil LDPE sample is (27.4+0.1) um (0.4%).
For 5 mil LDPE sample the thickness is (124.5+0.3) um or +£0.3%. Repeated measurements had a
range of values comparable to the instrumental resolution.

To further improve the quality of the data, an adaptive smoothing algorithm has been
developed to process the measured current and voltage data. The time scale between acquisition
of a data set of N, (or Ny) points, AT, is commonly set to between 0.1 s and 10 s, depending on the
nature of the experiment. In regions where these data are varying significantly on a time scale
comparable to AT no additional smoothing is used. In regions where the current and voltage

signals are changing more slowly, the data are smoothed by calculating a simple average X and

standard deviation of the mean o fDOM over Np;, data sets as

%NE/'N
7{ L } S¥x,), (C8)

Bin | i==)3Ngi

and
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& SPOM [;} %fm(x, —X)2". (C9)
NBin (NBin - 1) i==Y%Npgi,

The number of bins—or equivalently the time interval (Ng;,, 4T)—to average over is

chosen dynamically to optimize the smoothing of the data without sacrificing information about
rapidly changing signals. An odd value of Ng;,,=(2"-1), where n is an integer, is used so that the
data sets are equally spaced on either side of the midpoint in time. There are four cases
considered in setting Np;,:

1. For very rapidly changing signals, Np;,=1 is used. That is, there is no smoothing.

2. For data sets that change fairly rapidly signals at the beginning of a data set, a static
binning can be used. The first N, points are smoothed using bins with a width Ng;,=L,
the next group of points are binned with a width Ng;,,=L+ N, (typically N,=5), the third
group binned with width Ng;,=L+ 2N,, and so on, until a maximum bin width of
Npin=N,. (typically N,.,,=50) is reached. All subsequent points are smoothed using a
bin width of Np;=N -

3. For moderately changing signals, a dynamic binning can be used. An average value is
calculated for a first bin of minimum width Ng;,=B,,;, . The average for next test region
of points with width Np;,=R immediately beyond the first bin is calculated. If the
percent change between these two bins is less than a set threshold, 7,,.., a subsequent
test bin of the same width Ng;,,=R beginning a distance (n R) from the end of the first bin
now with n=1 is tested is compared to the first bin average, again, if the change is below
Lpesn @ new bin of width Ng;,,=R beginning a distance (2 Ng) is tested. Tests with
successively higher values of n are repeated until the change exceeds Iy,.s, or until the
distance between the beginning of the first bin and the start of the test bin reaches B,,;.
The dynamic bin width is set to a bin width from the start of the first bin and the start of

the test bin and the process is repeated for the next dynamic bin,
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FIG. C.6 Example of errors introduced in binning of time varying data. The signal (red) is fit
with progressively fewer bins (10,4, 2 and 1 bins), producing an increasingly poor fit to the
signal.

4. For slowly varying signals, a maximum bin size of Ng;, =N, set by the user (typically

N,ax=50) is used.

A flow chart of the dynamic bin selection algorithm used is shown in Fig. C.6. Fig. C.7
illustrates the errors introduced in binning of a time varying signal (red) that is fit with
progressively fewer bins (10,4, 2 and 1 bins), producing an increasingly poor fit to the signal.

The detailed analysis of compact errors presented here can be combined to determine the
total uncertainty of conductivity using Eq. (C2).

For typical a 27 um thick LDPE sample at room temperature for a range of applied
voltages from the various voltage sources, the errors in current are the dominate source of error
for low-voltage measurements, although estimated errors in electrode area and sample thicknesses

become dominant above a few kV. For higher resistance materials where currents are reduced at
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FIG. C.7 Flow chart of the dynamic bin selection algorithm.

comparable voltages, thicknesses and area, the relative current errors will increase and will
dominate at all voltages. At present, instrumentation errors from the electrometer and medium or
high-voltage supplies are typically somewhat larger than errors associated with the DAQ card.
However, for measurements made with low voltages from the medium-voltage power supply or
with the low-voltage battery source, errors associated with the DAQ card can be larger.

It may be possible to further reduce the error in current by reducing the multiple sampling
factors at low current range. This is accomplished by extending the sampling time by either
taking more data points or by decreasing the sampling rate. This, of course, is done at the
expense of data acquisition rate and can provide only a factor of two to four reductions in
uncertainty before DAQ card errors become dominant. At this point, uncertainties from area and

thickness measurements will become comparable to uncertainly due to current measurements.

The detailed error analysis conducted above allows determination of the ultimate
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resolution of the CVC chamber. This can be compared to fundamental limits set by the

environment. Based on an estimated lowest measurable current of ~0.4 fA, the calculated
ultimate instrument conductivity resolution is ~7-10%' (Q-cm)” for a typical 100 V applied
voltage and ~8-10% (Q-cm)™' for a maximum applied voltage of 8200 V at the breakdown voltage
for LDPE. It is worth noting that the theoretical noise limits for low-current measurements from
Eq. (C4) with current data collection settings is ~0.4 fA or ~7000 electrons/s.

The fundamental limit to measurement of current or conductivity is the Johnson noise of
the source resistance. For any resistance, thermal energy produces motion of the constituent
charged particles, which results in what is termed Johnson or thermal noise. Based on a standard

formula for peak to peak Johnson current noise (Keithley, 2004):

4k, TW,
AL, =5\ —"——e P o (C10)

where Wp,,, is the signal band width approximated as (0.35/T}.). T, is the time for the
electrometer to respond to a change in current signal form 10% to 90% of the meter range listed
in Table 4.1; for the lowest 10" A range of the Keithley 616 electrometer this is ~3 s and T}, is
0.12 Hz. For a typical LDPE sample at room temperature 1111,[,24-10’18 A with a corresponding
0,,~6:10% (Q-cm)" at 100 V. For a typical LDPE sample at ~100 K, 41,,=3-10" A with a
corresponding cspp:S-IO'24 (Q-cm)” at 100 V. This is ~1% of the ultimate instrument conductivity
resolution calculated above.

Another limit to the conductivity results from interaction with the natural background
environment. The worldwide average natural background radiation dose for a human being from
the cosmic background is about 0.26 millisievert (mSv) per year. This is increased by a factor of
about 75% at an altitude of 1400 m in Logan, UT. Radiation from other sources of background
radiation including terrestrial sources, such as soil and radon gas, as well as man-made sources

are typically not high enough energy to penetrate the CVC vacuum chamber wall, and are hence
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shielded and not considered in this calculation. By contrast, cosmic background radiation is of

high enough energy to have penetrated the atmosphere and so will not be appreciably attenuated
by the building or chamber walls. The calculation also does not take into account any charge
deposited by the cosmic radiation or secondary charge emitted by the sample or electrodes in
contact with the sample; this conceivably could be a significant term.

Assuming a typical biological radiation weighting factor, ryy of 1 Gy/Sv, this is an annual

dose of ~46 mRad and an average dose rate of 1.4-10° Rad/s. For a value of kR,C=2-10'16 (Q-cm-
Rad/s)" and 4=0.8 for LDPE at room T. This corresponds to a background RIC of ~4-10 (Q-
cm)™, or about 0.5% of the ultimate instrument conductivity resolution at 100 V applied voltage
or ~50% of the ultimate instrument conductivity resolution for a maximum applied voltage of
8200 V at the breakdown voltage for LDPE.. At 100 K, kgic= 3-10™"* (Q-cm-Rad/s)" and 4=1 for
LDPE which corresponds to a background RIC of ~4-10%" (Q-cm)™, or <1 ppm of the ultimate
instrument conductivity resolution at 100 V applied voltage or ~50 ppm of the ultimate
instrument conductivity resolution for a maximum applied voltage of 8200 V at the breakdown
voltage for LDPE.
Thus, in summary, the fundamental limit of the CVC system is set:
e at low temperatures by thermal noise sets,
e at room temperature and lower voltages by RIC from cosmic background
radiation, and
e at room temperature and highest voltages equally by RIC from cosmic

background radiation and the ultimate instrument conductivity resolution.
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APPENDIX D

DETAILS OF DATA COLLECTION

Each attempt to obtain data on LDPE was recorded in an archive with record of sample
information, source, experimental conditions, and any additional information available. If a
particular data run was deemed unusable for analysis, it was noted in the archive log and the
original data file was kept. Any calibration or testing data sets were also noted as such to ensure

they were used appropriately.



Total

Use [Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
? LDPE 1500 x1 Cryo 24 hrs |8/19/2007| 1 mil |Goodfellow| HVT 1500 V 8-19- P
5007 txt runs. Could be due to
’ HVT. Repeat necessary.
X | LDPE |50Vsteps|ESD| RT | 9min |8/17/2007| 1 mil |Goodieliow| HVT [-OF BTeaxdown &g e gown at s000v
. LDPE Warming 500
X LDPE 500 x1 Cryo 24 hrs |8/16/2007| 1 mil |Goodfellow |Bertan V 8-16-2007 ixt
May be used after care is
Limited| LDPE 1100 x1 RT 2hrs |8/16/2007| 1 mil |Goodfellow| HVT LDPE 1100 V 8-16-} ~ken to remove influence
2007 .txt ,
of HVT malfunction
May be used after care is
Limited| LDPE | 1200 | x1 RT ohrs  |8/16/2007| 1 mil |Goodfellow| HvT |FPPE 1200V 8-16-4 o hto remove influence
2007 .txt .
of HVT malfunction
May be used after care is
Limited| LDPE 1300 x1 RT 2hrs |8/16/2007| 1 mil |Goodfellow| HVT LDPE 1300 V 8-16-} ~ken to remove influence
2007 .txt ,
of HVT malfunction
May be used after care is
Limited| LDPE | 1400 | x1 RT ohrs  |8/16/2007| 1 mil |Goodfellow| HvT |FPPE 1400V 8-16-4 ), chto remove influence
2007 .xt .
of HVT malfunction
May be used after care is
Limited| LDPE 1500 x1 RT 2hrs |8/16/2007| 1 mil |Goodfellow| HVT LDPE 1500 V 8-16-} -ken to remove influence
2007 .txt ,
of HVT malfunction
. LDPE 700 to 1000 V|
X LDPE 700 x1 RT 2 hr 8/15/2007| 1 mil |Goodfellow |Bertan 8-15-2007 txt
. LDPE 700 to 1000 V|
X LDPE 800 x1 RT 2 hr 8/15/2007 | 1 mil | Goodfellow |Bertan 8-15-2007 txt
X | LoPE | 900 | xi RT 2hr |8/15/2007| 1 mil | Goodfellow|Bertan [-PF.F 700 t0 1000 V

8-15-2007.xt

Ll




Total

Use |Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
X | LbPE | 1000 | xt | RT 2hr  |8/15/2007| 1 mil |Goodfellow Bertan |~y 700 10 000
X |LDPE | 25 | xt | RT | 2hrs |8/14/2007| 1mil |Goodfellow|Bertan|-Ors JP10 1900V
X |PE| 5 |xt| RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| D¢ P 10 1000V
X | PE | 100 |xt | RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| D¢ P 10 1000V
X | LDPE | 200 | x4 | RT | 8hrs [8/14/2007| 1mil |Goodfellow|Bertan|-Ors JP 10 1900V
X | oPE | 300 | xt | RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| - 2P 10 1000V
X | LDPE | 400 | xt | RT | 2hrs |8/14/2007| 1 mil |Goodfellow|Bertan|-Ors JP 10 1900V
X | LDPE | 500 | xt | RT | 2hrs |8/14/2007| 1 mil |Goodfellow|Bertan|-Ors JP 10 1900V
X | oPE | 600 | xt | RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| D¢ P 10 1000V
X | LDPE | 700 | xt | RT | 2hrs |8/14/2007| 1 mil |Goodfellow|Bertan|-Ors JP 10 1900V
X | LoPE | 800 | xt | RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| - P 10 1000V
X | oPE | 900 | xt | RT 2hrs  |8/14/2007| 1 mil | Goodfellow|Bertan| D¢ P 10 1000V
X | LDPE | 1000 | xt | RT | 2hrs |8/14/2007| 1 mil |Goodfellow|Bertan|-Ors JP10 1000V

140 V heating 1 mil

Partial | LDPE 140 x1 Heating 12 hrs |4/25/2007| 1 mil |Goodfellow |Bertan LDE(I)E()?_&%_

eL1




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

Partial

LDPE

140

x1

Heating

4 hrs

4/25/2007

1 mil

Goodfellow

Bertan

140 V heating 1 mil
LDPE 3 4-25-
2007 .txt

Partial

LDPE

140

x1

Heating

8 hrs

4/24/2007

1 mil

Goodfellow

Bertan

140 V heating 1 mil
LDPE 4-24-2007.ixt

Partial

LDPE

600

x1

Cryo

1 min

4/24/2007

5 mil

Goodfellow

Bertan

600 V ten hours 5
mil LDPE 2 4-24-
2007 .txt

Didn't reach room

collection stopped

temperature before data

Partial

LDPE

600

x1

Cryo

10 hrs

4/24/2007

5 mil

Goodfellow

Bertan

600 V ten hours 5
mil LDPE 4-23-
2007 .ixt

LDPE

620

x1

Cryo

<1 min

4/16/2007

1 mil

Goodfellow

Bertan

Warming 2nd half 1
mil LDPE 4-16-
2007.txt

Aborted

LDPE

620

x1

Cryo

2 hrs

4/16/2007

1 mil

Goodfellow

Bertan

Warming 620 V 1
mil LDPE 2 4-16-
2007.txt

recorded

[Thermocouple data not

Partial

LDPE

620

x1

Cryo

10 hrs

4/16/2007

Goodfellow

Bertan

Warming 620 V 1
mil LDPE 3 4-16-
2007.txt

LDPE

x1

Cryo

30 min

4/16/2007

1 mil

Goodfellow

Bertan

Warming 620 V 1
mil LDPE 4-16-
2007.txt

Noise Test

LDPE

620

x1

Cryo

10 hrs

4/16/2007

1 mil

Goodfellow

Bertan

Warming 620 V 1
mil LDPE 4-16-
2007 .txt

Aborted

LDPE

620

x1

Cryo

<1 min

4/16/2007

1 mil

Goodfellow

Bertan

Warming 620 V 1
mil LDPE 4 4-16-
2007.txt

Aborted

VLI




Use [Material| Voltage |Type|T. Regime D:;tt?tl)n Run Date | Thick.| Source PS Data Filename Notes

Warming 620 V 1
Partial | LDPE 620 x1 Cryo 10 hrs |4/16/2007 | 1 mil |Goodfellow |Bertan|mil LDPE yet again
4-16-2007.txt

140 V Warming 1
Partial | LDPE 140 x1 Cryo 11 hrs |4/15/2007| 1 mil |Goodfellow |Bertan| mil LDPE 4-15-

2007.txt
: . . 10 C 140 V 1 mil
Partial | LDPE 140 x1 Cryo 4 min |4/13/2007| 1 mil |Goodfellow |Bertan LDPE 4-13-2007.ixt
LDPE 200 x1 Cryo 59 min |4/13/2007| 1 mil |Goodfellow | Bertan 106200V 1 mi All negative currents

LDPE 4-13-2007.ixt

140 ten hour 1 mil |[Empty data file - nothing

LDPE 140 x1 Cryo <1 min |4/13/2007| 1 mil [Goodfellow |Bertan LDPE 4-13-2007.txt recorded

140 V ten hours 1
Partial | LDPE 140 x1 Cryo 10 hrs |4/13/2007 | 1 mil |Goodfellow |[Bertan| mil LDPE 4-13-
2007.txt

140 V Warming 1
Partial | LDPE 140 x1 Cryo 3 hrs |4/13/2007| 1 mil |Goodfellow|Bertan| mil LDPE 4-13-
2007.txt

200 V Ten Hours 1
LDPE 200 x1 Cryo 4 min |4/13/2007| 1 mil |Goodfellow|Bertan| mil LDPE 4-13- |Out of range
2007.xt

. . Low T 140 V 1 mil
LDPE 140 x1 Cryo 2 min |4/13/2007| 1 mil |Goodfellow |Bertan LDP 4-13-2007 txt No temperatures recorded

6300 V HourHalf

LDPE 6300 x1 RT <1 min |4/12/2007| 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- |Aborted
12-2007.txt
6300 V Hour-Half
LDPE 6300 x1 RT 1.5 hr |4/12/2007| 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- [Significant arcing
12-2007.ixt

SLI
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Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

6600

x1

RT

<1 min

4/12/2007

5 mil

Goodfellow

HVT

6600 V test 5 mil
LDPE 4-12-2007.txt

Aborted

LDPE

6900

x1

RT

<1 min

4/12/2007

5 mil

Goodfellow

HVT

6900 V test 5 mil
LDPE 4-12-2007.txt

Aborted

LDPE

6900

X2

RT

4 hrs

4/12/2007

5 mil

Goodfellow

HVT

Long runs 5 mil
LDPE 4-12-2007.txt

Significant arcing

LDPE

6600

x1

RT

2 hrs

4/12/2007

5 mil

Goodfellow

HVT

Long runs 5 mil
LDPE 4-12-2007.txt

Significant arcing

Limited

LDPE

50007

x1

RT

1.5 hr

4/11/2007

5 mil

Goodfellow

HVT

5000 V Hour-Half
Hour 5 mil LDPE 4-
11-2007.txt

Onset of arcing, May be
used after care is taken to
remove influence of HVT
malfunction

Limited

LDPE

5300

x1

RT

1.5 hr

4/11/2007

5 mil

Goodfellow

HVT

5300 V Hour-Half
Hour 5 mil LDPE 4-
11-2007.txt

Onset of arcing, May be
used after care is taken to
remove influence of HVT
malfunction

Limited

LDPE

5900

x1

RT

1.5 hr

4/11/2007

5 mil

Goodfellow

HVT

5900 V Hour-Half
Hour 5 mil LDPE 4-
11-2007.txt

Significant arcing

LDPE

5300

Char

RT

<10 min

4/11/2007

5 mil

Goodfellow

HVT

5300 V Initial
Characterization 5
mil LDPE 4-11-
2007 .txt

LDPE

5600

Char

RT

2 hrs

4/11/2007

5 mil

Goodfellow

HVT

5600 V Initial
Characterization 5
mil LDPE 4-11-
2007 .ixt

9L1




Total

Use |Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
5900 V Initial
X | LDPE | 5900 [Char| RT | <tmin |4/11/2007| 5mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-11-
2007.txt
3800 V Hour-Half Onset of arcing,_ May be
Limited| LDPE | 3800 | xi RT 15hr [4/10/2007| 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4. [/Sed after care is taken to
10-2007.txt remove influence of HVT
) malfunction
4200 V Hour-Half Onset of arcing, May be
Limited| LDPE | 4200 | x1 RT 1.5hr |4/10/2007| 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- [Sed after care is taken to
10-2007 txt remove influence of HVT
' malfunction
4600 V Hour-Half Onset of arcing, May be
Limited| LDPE | 4600 | x1 RT 15hr [4/10/2007| 5mil |Goodfellow| HVT |Hour 5 mil LDPE 4-[“S¢ a”?rﬂcare 'S t?k:\r}T‘O
10-2007.txt remove |_n uence o
malfunction
5000 V with five Onset of arcing, May be
Limited| LDPE | 50007 | x1 RT 6hr  |4/10/2007| 5 mil |Goodfellow| HVT |hour tail 5 mil LDPE|'S®? aﬂ?rﬂcare 'S t?k:\r}T‘O
4-10-2007 txt _remove influence o
] malfunction
3800 V Initial
X | LDPE | 3800 [Char| RT |<20min |4/10/2007| 5mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-10-
2007.txt
4200 V Final
X | LDPE | 4200 |Char| RT 3hrs |4/10/2007| 5 mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-10-
2007.txt

LLT




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

4200

Char

RT

3 hrs

4/10/2007

5 mil

Goodfellow

HVT

4200 V Initial
Characterization 5
mil LDPE 4-10-
2007 .ixt

LDPE

4600

Char

RT

<1 hr

4/10/2007

5 mil

Goodfellow

HVT

4600 V Final
Characterization 5
mil LDPE 4-10-
2007 .txt

LDPE

4600

Char

RT

<1 hr

4/10/2007

5 mil

Goodfellow

HVT

4600 V Initial
Characterization 5
mil LDPE 4-10-
2007 .txt

LDPE

5000

Char

RT

<10 min

4/10/2007

5 mil

Goodfellow

HVT

5000 V Initial
Characterization 5
mil LDPE 4-10-
2007 .txt

LDPE

2800

x1

RT

4 min

4/9/2007

5 mil

Goodfellow

HVT

2800 V Hour-Half
Hour 5 mil LDPE 2
4-9-2007.txt

Out of range

Limited

LDPE

2800

x1

RT

1.5 hr

4/9/2007

5 mil

Goodfellow

HVT

2800 V Hour-Half
Hour 5 mil LDPE 4-
9-2007.txt

Onset of arcing, May be
used after care is taken to
remove influence of HVT
malfunction

Limited

LDPE

1400

x1

RT

2 hrs

4/9/2007

5 mil

Goodfellow

HVT

Make up Set 5 mil
LDPE 4-9-2007.txt

May be used after care is
taken to remove influence
of HVT malfunction

Limited

LDPE

1700

x1

RT

2 hrs

4/9/2007

5 mil

Goodfellow

HVT

Make up Set 5 mil
LDPE 4-9-2007.txt

May be used after care is
taken to remove influence

of HVT malfunction

8LI




Total

Use [Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
Make up Set 5 mil May be used after care is
Limited| LDPE 2100 x1 RT 2 hrs 4/9/2007 | 5 mil |Goodfellow| HVT P taken to remove influence
LDPE 4-9-2007 .txt .
of HVT malfunction
Make ub Set 5 mil May be used after care is
Limited| LDPE 2400 x1 RT 2 hrs 4/9/2007 | 5 mil |Goodfellow| HVT P taken to remove influence
LDPE 4-9-2007 .txt .
of HVT malfunction
. [May be used after care is
Limited| LDPE | 3100 | x1 RT ohrs | 4/9/2007 | 5mil |Goodfellow| HyT | Makeup SetSmil ko o remove influence
LDPE 4-9-2007.txt .
of HVT malfunction
Make ub Set 5 mil May be used after care is
Limited| LDPE 3500 x1 RT 2 hrs 4/9/2007 | 5 mil [Goodfellow| HVT P taken to remove influence
LDPE 4-9-2007.txt .
of HVT malfunction
2800 V Initial
X | LDPE | 2800 |Char| RT | <10min | 4/9/2007 | 5mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-9-
2007 .xt
2800 V Test
X | LDPE | 2800 |Char| RT 11 min | 4/9/2007 | 5 mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-9-
2007 .txt
3500 V Final
X | LDPE | 3500 |Char| RT 3min | 4/9/2007 | 5mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-9-
2007 .xt
1000 V Final
X | LDPE | 1000 |[Char| RT | 7min |4/8/2007 | 5mil |Goodfellow|Bertan| CNAracterizations
mil LDPE 4-8-
2007 .txt

6L1




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

1400

Char

RT

10 min

4/8/2007

5 mil

Goodfellow

HVT

1400 V Final
Characterization 5
mil LDPE 4-8-
2007 .ixt

LDPE

1400

Char

RT

13 min

4/8/2007

5 mil

Goodfellow

HVT

1400 V Initial
Characterization 5
mil LDPE 4-8-
2007 .txt

LDPE

1700

Char

RT

11 min

4/8/2007

5 mil

Goodfellow

HVT

1700 V Final
Characterization 5
mil LDPE 4-8-
2007 .xt

LDPE

1700

Char

RT

10 min

4/8/2007

5 mil

Goodfellow

HVT

1700 V Initial
Characterization 5
mil LDPE 4-8-
2007 .xt

LDPE

2100

Char

RT

6 min

4/8/2007

5 mil

Goodfellow

HVT

2100 V Final
Characterization 5
mil LDPE 4-8-
2007.txt

LDPE

2100

Char

RT

7 min

4/8/2007

5 mil

Goodfellow

HVT

2100 V Initial
Characterization 5
mil LDPE 4-8-
2007 .txt

LDPE

2400

Char

RT

12 min

4/8/2007

5 mil

Goodfellow

HVT

2400 V Final
Characterization 5
mil LDPE 4-8-
2007 .txt

081




Total

Use |Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
2400 V Initial
X | LDPE | 2400 |Char| RT 12min | 4/8/2007 | 5 mil |Goodfellow| HyT | Characterization 5
mil LDPE 4-8-
2007 .txt
1400 V Hour-Half [May be used after care is
Limited| LDPE 1400 x1 RT 1.5hr | 4/8/2007 | 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- [taken to remove influence
8-2007.txt of HVT malfunction
1700 V Hour-Half |May be used after care is
Limited| LDPE 1700 x1 RT 1.5hr | 4/8/2007 | 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- [taken to remove influence
8-2007.txt of HVT malfunction
2100 V Hour-Half |May be used after care is
Limited| LDPE 2100 x1 RT 1.5hr | 4/8/2007 | 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- [taken to remove influence
8-2007.txt of HVT malfunction
2400 V Hour-Half (2080 00 o ng, e oo
Limited| LDPE 2400 x1 RT 1.5hr | 4/8/2007 | 5 mil |Goodfellow| HVT |Hour 5 mil LDPE 4- )
remove influence of HVT
8-2007 .txt .
malfunction
1000 V Final
X | LDPE | 1000 |Char| RT 7min | 4/8/2007 | 5 mil |Goodfellow |Bertan| Characterization 5
mil LDPE 4-8-
2007 .txt
1400 V Final
X | LoPE | 1400 |Char| RT 10 min | 4/8/2007 | 5 mil | Goodfellow| HyT | Characterization 5
mil LDPE 4-8-
2007 .txt
1400 V Initial
X | LDPE | 1400 |Char| RT 13 min | 4/8/2007 | 5 mil | Goodfellow| HyT | Characterization 5
mil LDPE 4-8-

2007.txt

181




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

1700

Char

RT

11 min

4/8/2007

5 mil

Goodfellow

HVT

1700 V Final
Characterization 5
mil LDPE 4-8-
2007 .ixt

LDPE

1700

Char

RT

10 min

4/8/2007

5 mil

Goodfellow

HVT

1700 V Initial
Characterization 5
mil LDPE 4-8-
2007 .txt

LDPE

2100

Char

RT

6 min

4/8/2007

5 mil

Goodfellow

HVT

2100 V Final
Characterization 5
mil LDPE 4-8-
2007.txt

LDPE

2100

Char

RT

23 min

4/8/2007

5 mil

Goodfellow

HVT

2100 V Initial
Characterization 5
mil LDPE 4-8-
2007.txt

LDPE

2400

Char

RT

12 min

4/8/2007

5 mil

Goodfellow

HVT

2400 V Final
Characterization 5
mil LDPE 4-8-
2007 .txt

LDPE

2400

Char

RT

12 min

4/8/2007

5 mil

Goodfellow

HVT

2400 V Initial
Characterization 5
mil LDPE 4-8-
2007.txt

LDPE

150

Char

RT

6 min

4/7/2007

5 mil

Goodfellow

Bertan

150 V Final
Characterization 5
mil LDPE 4-7-
2007 .txt

(43!




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

220

Char

RT

32 min

4/7/2007

Goodfellow

Bertan

220 V Initial
Characterization 4-
7-2007.txt

LDPE

350

Char

RT

8 min

4/7/2007

5 mil

Goodfellow

Bertan

350 V Final
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

350

Char

RT

8 min

4/7/2007

5 mil

Goodfellow

Bertan

350 V Initial
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

700

Char

RT

6 min

4/7/2007

5 mil

Goodfellow

Bertan

700 V Final
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

700

Char

RT

9 min

4/7/2007

5 mil

Goodfellow

Bertan

700 V Initial
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

1000

Char

RT

9 min

4/7/2007

5 mil

Goodfellow

Bertan

1000 V Initial
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

1000

Char

RT

35 min

4/7/2007

1 mil

Goodfellow

Bertan

1000 V Final
Characterizatoin 1
mil LDPE 4-7-
2007 .txt

€81




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

Limited

LDPE

1100

Char

RT

20 min

4/7/2007

1 mil

Goodfellow

HVT

1100 V Initial
Characterization 1
mil LDPE 4-7-
2007 .txt

Sample broke down

LDPE

1100

x1

RT

<1 min

4/7/2007

1 mil

Goodfellow

HVT

1100 V Hour-Half
Hour 1 mil LDPE 4-
7-2007 .txt

Sample broke down

LDPE

150

x1

RT

1.5hr

4/7/2007

5 mil

Goodfellow

Bertan

150 V Hour-Half
Hour 5 mil LDPE 4-
7-2007.txt

LDPE

350

x1

RT

1.5 hr

4/7/2007

5 mil

Goodfellow

Bertan

350 V Hour-Half
Hour 5 mil LDPE 4-
7-2007 .txt

LDPE

700

x1

RT

1.5hr

4/7/2007

5 mil

Goodfellow

Bertan

700 V Hour-Half
Hour 5 mil LDPE 4-
7-2007.txt

LDPE

150

Char

RT

6 min

4/7/2007

5 mil

Goodfellow

Bertan

150 V Final
Characterization 5
mil LDPE 4-7-
2007.txt

LDPE

350

Char

RT

8 min

4/7/2007

5 mil

Goodfellow

Bertan

350 V Final
Characterization 5
mil LDPE 4-7-
2007.txt

LDPE

350

Char

RT

8 min

4/7/2007

5 mil

Goodfellow

Bertan

350 V Initial
Characterization 5
mil LDPE 4-7-
2007 .txt

v81




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

700

Char

RT

6 min

4/7/2007

5 mil

Goodfellow

Bertan

700 V Final
Characterization 5
mil LDPE 4-7-
2007 .txt

LDPE

700

Char

RT

9 min

4/7/2007

5 mil

Goodfellow

Bertan

700 V Initial
Characterization 5
mil LDPE 4-7-
2007.txt

LDPE

1000

Char

RT

9 min

4/7/2007

5 mil

Goodfellow

Bertan

1000 V Initial
Characterization 5
mil LDPE 4-7-
2007.txt

LDPE

690

Char

RT

26 min

4/6/2007

1 mil

Goodfellow

Bertan

690 V Final
Characterization 1
mil LDPE 4-6-
2007 .txt

LDPE

760

Char

RT

33 min

4/6/2007

1 mil

Goodfellow

Bertan

760 V Final
Characterization 1
mil LDPE 4-6-
2007 .txt

LDPE

760

Char

RT

23 min

4/6/2007

1 mil

Goodfellow

Bertan

760 V Initial
Characterization 1
mil LDPE 4-6-
2007 .txt

LDPE

830

Char

RT

47 min

4/6/2007

1 mil

Goodfellow

Bertan

830 V Final
Characterization 1
mil LDPE 4-6-
2007 .txt

e8I




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

830

Char

RT

46 min

4/6/2007

1 mil

Goodfellow

Bertan

830 V Initial
Characterization 1
mil LDPE 4-6-
2007.txt

LDPE

900

Char

RT

37 min

4/6/2007

1 mil

Goodfellow

Bertan

900 V Final
Characterization 1
mil LDPE 4-6-
2007 .txt

LDPE

900

Char

RT

39 min

4/6/2007

1 mil

Goodfellow

Bertan

900 V Initial
Characterization 1
mil LDPE 4-6-
2007.txt

LDPE

1000

Char

RT

50 min

4/6/2007

1 mil

Goodfellow

Bertan

1000 V Initial
Characterization 1
mil LDPE 4-6-
2007 .txt

LDPE

760

x1

RT

1.5hr

4/6/2007

1 mil

Goodfellow

Bertan

760 V Hour-Half
Hour 1 mil LDPE 4-
6-2007 .txt

LDPE

830

x1

RT

1.5hr

4/6/2007

1 mil

Goodfellow

Bertan

830 V Hour-Half
Hour 1 mil LDPE 4-
6-2007.txt

LDPE

900

x1

RT

1.5 hr

4/6/2007

1 mil

Goodfellow

Bertan

900 V Hour-Half
Hour 1 mil LDPE 4-
6-2007 .txt

LDPE

1000

x1

RT

1.5hr

4/6/2007

1 mil

Goodfellow

Bertan

1000 V Hour-Half
Hour 1 mil LDPE 4-
6-2007.txt

981




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

480

Char

RT

38 min

4/5/2007

1 mil

Goodfellow

Bertan

480 V Final

Characterization 1

mil LDPE 4-5-
2007.txt

LDPE

480

Char

RT

33 min

4/5/2007

1 mil

Goodfellow

Bertan

480 V Initial

Characterization 1

mil LDPE 4-4-
2007 .txt

LDPE

550

Char

RT

39 min

4/5/2007

1 mil

Goodfellow

Bertan

550 V Final

Characterization 1

mil LDPE 4-5-
2007.txt

LDPE

550

Char

RT

34 min

4/5/2007

1 mil

Goodfellow

Bertan

550 V Initial

Characterization 1

mil LDPE 4-5-
2007 .txt

LDPE

620

Char

RT

48 min

4/5/2007

Goodfellow

Bertan

620 V Final

Characterization 1

mil LDPE 4-5-
2007 .txt

LDPE

620

Char

RT

55 min

4/5/2007

Goodfellow

Bertan

620 V Initial

Characterization 1

mil LDPE 4-5-
2007 .txt

LDPE

690

Char

RT

1 min

4/5/2007

1 mil

Goodfellow

Bertan

690 V Final

Characterization 1

mil LDPE 4-5-
2007 .txt

Out of range

L81




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

690

Char

RT

30 min

4/5/2007

1 mil

Goodfellow

Bertan

690 V Initial
Characterization 1
mil LDPE 4-5-
2007.txt

LDPE

550

x1

RT

1.5 hr

4/5/2007

1 mil

Goodfellow

Bertan

550 V Hour-Half
Hour 1 mil LDPE 4-
5-2007 .txt

LDPE

620

x1

RT

1.5hr

4/5/2007

1 mil

Goodfellow

Bertan

620 V Hour- Half
Hour 1 mil LDPE 4-
5-2007.1xt

LDPE

690

x1

RT

1.5 hr

4/5/2007

Goodfellow

Bertan

690 V Hour-Half
Hour 1 mil LDPE 4-
5-2007 .txt

LDPE

200

Char

RT

25 min

4/4/2007

1 mil

Goodfellow

Bertan

200 V Final
Characterization 1
mil LDPE 4-4-
2007 .ixt

LDPE

280

Char

RT

29 min

4/4/2007

1 mil

Goodfellow

Bertan

280 V Final
Characterization 1
mil LDPE 4-4-
2007 .txt

LDPE

280

Char

RT

28 min

4/4/2007

1 mil

Goodfellow

Bertan

280 V Initial
Characterization 1
mil LDPE 4-4-
2007 .txt

LDPE

340

Char

RT

32 min

4/4/2007

1 mil

Goodfellow

Bertan

340 V Final
Characterization 1
mil LDPE 4-4-
2007 .txt

881




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

340

Char

RT

30 min

4/4/2007

1 mil

Goodfellow

Bertan

340 V Initial
Characterization 1
mil LDPE 4-4-
2007.txt

LDPE

410

Char

RT

37 min

4/4/2007

1 mil

Goodfellow

Bertan

410 V Final
Characterization 1
mil LDPE 4-4-
2007.txt

LDPE

410

Char

RT

24 min

4/4/2007

1 mil

Goodfellow

Bertan

410 V Initial
Characterization 1
mil LDPE 4-4-
2007 .txt

LDPE

280

x1

RT

1.5 hr

4/4/2007

1 mil

Goodfellow

Bertan

280 V Hour-Half
Hour 1 mil LDPE 4-
4-2007.txt

LDPE

340

x1

RT

1.5hr

4/4/2007

1 mil

Goodfellow

Bertan

340 V Hour-Half
Hour 1 mil LDPE 4-
4-2007 .txt

LDPE

410

x1

RT

1.5 hr

4/4/2007

1 mil

Goodfellow

Bertan

410 V Hour-Half
Hour 1 mil LDPE 4-
4-2007.txt

LDPE

480

x1

RT

1.5 hr

4/4/2007

Goodfellow

Bertan

480 V Hour-Half
Hour 1 mil LDPE 4-
4-2007 .txt

LDPE

30

Char

RT

31 min

4/3/2007

1 mil

Goodfellow

Bertan

30 V Final
Characterization 1
mil LDPE 4-3-
2007 .txt

681




Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

70

Char

RT

36 min

4/3/2007

1 mil

Goodfellow

Bertan

70 V 1 mil LDPE
Initial
Characterization 4-
3-2007.txt

LDPE

70

Char

RT

26 min

4/3/2007

1 mil

Goodfellow

Bertan

70 V Final
Characterization 1
mil LDPE 4-3-
2007.txt

LDPE

140

Char

RT

30 min

4/3/2007

1 mil

Goodfellow

Bertan

140 V Final
Characterization 1
mil LDPE 4-3-
2007 .txt

LDPE

140

Char

RT

16 min

4/3/2007

1 mil

Goodfellow

Bertan

140 V Initial
Characterization 1
mil LDPE 4-3-
2007 .txt

LDPE

200

Char

RT

34 min

4/3/2007

Goodfellow

Bertan

200 V Initial
Characterization 1
mil LDPE 4-3-
2007.txt

LDPE

30

Char

RT

59 min

4/3/2007

1 mil

Goodfellow

Bertan

Low Voltage 1 mil
LDPE Initial
Characterization 4-
3-2007.xt

LDPE

30

x1

RT

1.5hr

4/3/2007

1 mil

Goodfellow

Bertan

30 V Hour-Half Hour
1 mil LDPE 4-3-
2007 .txt

06l




Total

Use [Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
70 V Hour-Half Hour|
X LDPE 70 x1 RT 1.5hr | 4/3/2007 | 1 mil |Goodfellow|Bertan| 1 mil LDPE 4-3-
2007.txt
140 V Hour-Half
X LDPE 140 x1 RT 1.5hr [ 4/3/2007 | 1 mil |Goodfellow |Bertan|Hour 1 mil LDPE 4-
3-2007.ixt
200 V Hour-Half
X LDPE 200 x1 RT 1.5hr | 4/3/2007 | 1 mil |Goodfellow |Bertan|Hour 1 mil LDPE 4-
3-2007.txt
Initial
. . Characterization
LDPE 30 Char RT <1 min | 4/2/2007 | 1 mil |Goodfellow|Bertan Low V LDPE 1 mil DAQ Error
4-2-2007 ixt
LDPE | 100 |Char| RT | 36min |10/2/2006| 5 mil |Goodfellow |Bertan| "G 100 VLDPES i ing and Calibration
mil 10-2-2006.txt
LDPE | 300 |Char| RT | <10min|10/2/2006| 5 mil |Goodfellow |Bertan| "G 300 VLDPES o iy and Calibration
mil 10-2-2006.txt
LDPE 500 Char RT 46 min |10/2/2006| 5 mil |Goodfellow |Bertan FC. 500 VLDPE 5 Testing and Calibration
mil 10-2-2006.txt
LDPE | 600 |Char| RT | 50min |10/2/2006| 5 mil |Goodfellow |Bertan| "G 800 VLDPES o iy and Calibration
mil 10-2-2006.txt
LDPE | 1000 |Char| RT | 46min |10/2/2006| 5 mil |Goodfellow |Bertan | C.1000 V LDPE 5 o iy and Calibration
mil 10-2-20086.txt
LDPE | 100 |Char| RT | <10min|10/2/2006| 5 mil |Goodfellow |Bertan| "G 100 VLDPES i ing and Calibration
mil 10-2-2006.txt
LDPE | 300 |Char| RT | <10min|10/2/2006| 5 mil |Goodfellow |Bertan| "G 300 VLDPES o iy and Calibration
mil 10-2-2006.txt
LDPE | 500 |Char| RT | <10min|10/2/2006| 5 mil |Goodfellow |Bertan| "G 900 VLDPES o iy and Calibration

mil 10-2-2006.txt

16l



Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

600

Char

RT

<10 min

10/2/2006

5 mil

Goodfellow

Bertan

FC 600 V LDPE 5
mil 10-2-2006.txt

Testing and Calibration

LDPE

1000

Char

RT

<10 min

10/2/2006

5 mil

Goodfellow

Bertan

FC 1000 V LDPE 5
mil 10-2-2006.txt

Testing and Calibration

X

LDPE

1000

x1

RT

9 hrs

10/1/2006

5 mil

Goodfellow

Bertan

Long 1000 V LDPE
5 mil 10-1-2006.txt

Limited

LDPE

1000

x1

RT

9 hrs

10/1/2006

5 mil

Goodfellow

Bertan

Long 1000 V LDPE
5 mil 10-1-2006.txt

Range discrepancy

LDPE

500

x8

RT

16 hrs

9/30/2006

5 mil

Goodfellow

Bertan

Comprehensive Low|
V LDPE 5 mil 9-30-
2006.ixt

LDPE

100

X2

RT

4 hrs

9/30/2006

5 mil

Goodfellow

Bertan

Comprehensive Low|
V LDPE 5 mil 9-30-
2006.txt

LDPE

300

X2

RT

4 hrs

9/30/2006

5 mil

Goodfellow

Bertan

Comprehensive Low|
V LDPE 5 mil 9-30-
2006.ixt

LDPE

600

x2

RT

4 hrs

9/30/2006

5 mil

Goodfellow

Bertan

Comprehensive Low|
V LDPE 5 mil 9-30-
2006.txt

LDPE

1000

X2

RT

4 hrs

9/30/2006

5 mil

Goodfellow

Bertan

Comprehensive Low,
V LDPE 5 mil 9-30-
2006.ixt

LDPE

100

Char

RT

26 min

9/30/2006

5 mil

Goodfellow

Bertan

IC 100 V LDPE 5
mil 9-30-2006.txt

Testing and Calibration

LDPE

300

Char

RT

<10 min

9/30/2006

5 mil

Goodfellow

Bertan

IC 300 VLDPE 5
mil 9-30-2006.txt

Testing and Calibration

LDPE

500

Char

RT

32 min

9/30/2006

5 mil

Goodfellow

Bertan

IC 500 V LDPE 5

Testing and Calibration

mil 9-30-2006.txt

(49!




Total

Use [Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
. . IC 600 V LDPE 5 . o
LDPE 600 Char RT 32 min |9/30/2006 | 5 mil |Goodfellow |Bertan mil 9-30-2006.1xt Testing and Calibration
. . IC 1000 V LDPE 5 . oo
LDPE 1000 Char RT 40 min |9/30/2006| 5 mil |Goodfellow |Bertan mil 9-30-2006.xt Testing and Calibration
LDPE | 100 |Char| RT | <10min |9/30/2006| 5 mil |Goodfellow |Bertan| 'C. 190 VLDPES i ing and Calibration
mil 9-30-2006.txt
LDPE | 300 |Char| RT | <10min|9/30/2006| 5 mil |Goodfellow |Bertan| 'C.300 VLDPES i ing and Calibration
mil 9-30-2006.txt
. . IC 500 V LDPE 5 . o
LDPE 500 Char RT <10 min |9/30/2006| 5 mil | Goodfellow | Bertan mil 9-30-2006.1xt Testing and Calibration
LDPE | 600 |Char| RT | <10min|9/30/2006| 5 mil |Goodfellow |Bertan| 'C.890 VLDPES i ing and Calibration
mil 9-30-2006.txt
. . IC 1000 V LDPE 5 . o
LDPE 100 Char RT <10 min |9/30/2006| 5 mil |Goodfellow | Bertan mil 9-30-2006.xt Testing and Calibration
LDPE 500 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 9.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 10.txt |JAnomalous charging
LDPE 500 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 11.txt |JAnomalous charging
LDPE 0 X1 RT hr | 9/9/2006 | 5mil |Goodfellow |Bertan| "2 500 VREC IRecovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final 520t(>)<tv Rec Recovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final %Ot?(tv Rec Recovery time
LDPE 0 X1 RT hr | 9/9/2006 | 5mil |Goodfellow |Bertan| "2 500 VREC IRecovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final 550t(>)<tv Rec Recovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final 560t(>)<tv Rec Recovery time
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Total

Use [Material| Voltage |Type|T. Regime Duration Run Date | Thick.| Source PS Data Filename Notes
LDPE 0 X1 RT hr | 9/9/2006 | 5mil |Goodfellow |Bertan| "2 900 VREC Recovery time
LDPE 0 X1 RT thr | 9/9/2006 | 5mil |Goodfellow |Bertan| "2 300 VREC IRecovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final 590t(>)<tv Rec Recovery time
LDPE 0 x1 RT 1 hr 9/9/2006 | 5 mil |Goodfellow |Bertan Final 158ng Rec Recovery time
LDPE 0 X1 RT hr | 9/9/2006 | 5mil |Goodfellow |Bertan| "2 209 YREC Recovery time

Final Redundancy 5
LDPE 500 x4 RT 8 hrs | 9/8/2006 | 5 mil |Goodfellow|Bertan| mil LDPE 9-8- [Unknown scaling factor

2006.ixt

LDPE | 500 | x7 RT 14hrs | 9/8/2006 | 5 mil |Goodfellow |Bertan |Fiedundancy 75 mill ;oo scaling factor

LDPE 9-8-2006.txt
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 1.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 2.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 3.txt |Anomalous charging
LDPE 500 x1 RT <1 hr | 9/8/2006 | 5 mil |Goodfellow |Bertan| Final 500 V 4.txt |Aborted
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 5.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 6.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 7.txt |Anomalous charging
LDPE 500 x1 RT 1 hr 9/8/2006 | 5 mil |Goodfellow|Bertan| Final 500 V 8.txt |Anomalous charging

‘ 1000 V run 5 mil .

LDPE 1000 x1 RT 2 hr 9/7/2006 | 5 mil |Goodfellow |Bertan LDPE 9-7-2006.txt Anomalous charging
LDPE 1000 x1 RT <1 min | 9/7/2006 | 5 mil |Goodfellow |Bertan 1000 Virun S mil Disconnected cable

LDPE 9-7-2006.txt
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Use |Material| Voltage |Type|T. Regime D:::t?tl)n Run Date | Thick.| Source PS Data Filename Notes
LDPE 100 x1 RT 1 hr 9/7/2006 | 5 mil |Goodfellow |Bertan 100 V1 Hour 5 mil Anomalous charging
LDPE 2.ixt
100 V 1 Hour
LDPE 0 x1 RT 1 hr 9/7/2006 | 5 mil |Goodfellow|Bertan| Recovery 5 mil |Anomalous charging
LDPE 2.ixt
LDPE | 300 | xi RT 1hr | 9/7/2006 | 5 mil |Goodfellow |Bertan| 300 VT HOUrSmil by, oi0us charging
LDPE 2.ixt
300 V 1 Hour
LDPE 300 x1 RT 1 hr 9/7/2006 | 5 mil |Goodfellow |Bertan| Recovery 5 mil |Aborted
LDPE 2.ixt
LDPE | 600 | xi RT 1hr | 9/7/2006 | 5mil |Goodfellow |Bertan | 6°° \[SF',*EO;’)EE Mil i esting and Calibration
600 V 1 Hour
LDPE 0 x1 RT 1 hr 9/7/2006 | 5 mil |Goodfellow|Bertan| Recovery 5 mil [Testing and Calibration
LDPE.txt
LDPE | 1000 | x1 RT hr | 9/7/2006 | 5 mil | Goodfellow |Bertan |'°%0 V0TS Moy of range
1000 V 1 Hour
LDPE 0 x1 RT 1 hr 9/7/2006 | 5 mil |Goodfellow|Bertan| Recovery 5 mil [Recovery time
LDPE.txt
LDPE 0 X1 RT thr | 9/7/2006 | 5 mil | Goodfellow |Bertan| 1000 ¥ SONS1aN fregiing ang Galibration
ressure Rec.txt
LDPE | 1000 | xi RT 1hr | 9/7/2006 | 5mil |Goodfellow |Bertan| 1000V Gonstant \r. o ond Calibration
Pressure.txt
LDPE 0 xt | RT | <tmin | 9/7/2006 | 5mil |Goodfellow|Bertan| 1000 VSN ~laporieq
ressure Rec.txt
LDPE | 1000 | x1 | RT thr | 9/7/2006 | 5mil |Goodfellow|Bertan| 9% ¥ RIS Iregiing and Galibration
ressure.ixt
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Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

1000

x1

RT

1hr

9/7/2006

5 mil

Goodfellow

Bertan

1000 V run 5 mil
LDPE 2.txt

Testing and Calibration

LDPE

1000

x1

RT

1hr

9/7/2006

5 mil

Goodfellow

Bertan

1000 V run 5 mil
LDPE 9-7-2006.txt

Testing and Calibration

LDPE

1000

x1

RT

1hr

9/7/2006

5 mil

Goodfellow

Bertan

1000 V Run Const P|
5 Mil LDPE.txt

Testing and Calibration

LDPE

x1

RT

1hr

8/31/2006

5 mil

Goodfellow

Bertan

Very Low Ramp Up
5 mil~ LDPE 8-31-
2006.ixt

DAQ Error

LDPE

10

x1

RT

1hr

8/31/2006

5 mil

Goodfellow

Bertan

Very Low Ramp Up
5 mil~ LDPE 8-31-
2006.txt

DAQ Error

LDPE

x1

RT

10 min

8/30/2006

5 mil

Goodfellow

Bertan

Very Low Ramp Up
5 mil~ LDPE 8-30-
2006.ixt

Cable disconnected

LDPE

100

x1

RT

2 hr

8/29/2006

5 mil

Goodfellow

Bertan

5 mil~ LDPE Low
Ramp Up 8-29-
2006.txt

Excessive noise

LDPE

300

x1

RT

2 hr

8/29/2006

5 mil

Goodfellow

Bertan

5 mil~ LDPE Low
Ramp Up 8-29-
2006.txt

Excessive noise

LDPE

600

x1

RT

2 hr

8/29/2006

5 mil

Goodfellow

Bertan

5 mil~ LDPE Low
Ramp Up 8-29-
2006.txt

Excessive noise

LDPE

1000

x1

RT

2 hr

8/29/2006

5 mil

Goodfellow

Bertan

5 mil~ LDPE Low
Ramp Up 8-29-
2006.txt

Excessive noise

LDPE

100

x1

RT

1hr

8/29/2006

5 mil

Goodfellow

Bertan

100 V 1 Hour 5 mil
LDPE.txt

Anomalous charging
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Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

x1

RT

1hr

8/29/2006

5 mil

Goodfellow

Bertan

100 V 1 Hour
Recovery 5 mil
LDPE.txt

Anomalous charging

LDPE

300

x1

RT

1hr

8/29/2006

5 mil

Goodfellow

Bertan

300 V 1 Hour 5 mil

LDPE.txt

Anomalous charging

LDPE

100

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

100 V
Characterization
1.ixt

Testing and Calibration

LDPE

100

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

100 V
Characterization
2.ixt

Testing and Calibration

LDPE

100

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

100 V
Characterization
3.txt

Testing and Calibration

LDPE

100

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

100 V
Characterization
4.ixt

Testing and Calibration

LDPE

300

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization
1.ixt

Testing and Calibration

LDPE

300

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization
2.ixt

Testing and Calibration

LDPE

300

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization
3.txt

Testing and Calibration

LDPE

300

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization
4.ixt

Testing and Calibration
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Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

300

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization
5.1xt

Testing and Calibration

LDPE

600

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

600 V
Characterization
1.ixt

Testing and Calibration

LDPE

600

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

600 V
Characterization
2.1xt

Testing and Calibration

LDPE

600

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

600 V
Characterization
3.ixt

Testing and Calibration

LDPE

600

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

600 V
Characterization
4 txt

Testing and Calibration

LDPE

1000

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

1000 V
Characterization
1.txt

Testing and Calibration

LDPE

1000

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

1000 V
Characterization
2.1xt

Testing and Calibration

LDPE

1000

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

1000 V
Characterization
3.ixt

Testing and Calibration

LDPE

1000

Char

RT

<10 min

8/28/2006

5 mil

Goodfellow

Bertan

1000 V
Characterization
4 txt

Testing and Calibration
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Use

Material

Voltage

Type

T. Regime

Total
Duration

Run Date

Thick.

Source

PS

Data Filename

Notes

LDPE

100

Char

RT

23 min

8/28/2006

5 mil

Goodfellow

Bertan

100 V
Characterization 8-
28-2006.txt

Testing and Calibration

LDPE

300

Char

RT

66 min

8/28/2006

5 mil

Goodfellow

Bertan

300V
Characterization 8-
28-2006.txt

Testing and Calibration

LDPE

600

Char

RT

<1 min

8/28/2006

5 mil

Goodfellow

Bertan

600 V
Characterization 8-
28-2006.txt

Aborted

LDPE

1000

Char

RT

34 min

8/28/2006

5 mil

Goodfellow

Bertan

1000 V
Characterization 8-
28-2006.txt

Testing and Calibration

LDPE

500

x12

RT

24 hrs

8/22/2006

5 mil

Goodfellow

Bertan

Redundancy Thin
LDPE 8-22-2006.txt

Out of range

661
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