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Foreword

This report summarizes the progress of four technical investigations conducted during

CY 91. Although reasonable efforts have been made to ensure the reliability of the

data presented, it must be emphasized that this is an interim progress report and that

further experimentation and analysis may be performed before the conclusions from

any of these investigations are formally published. It is therefore possible that some

of the observations presented in this report will be modified, expanded, or clarified

by our subsequent research 1
.

lr
The identification of commercial materials and their sources is made to describe the experiment

adequately. In no case does this identification imply recommendation by the National Institute of

Standards and Technology, nor does it imply that the product is the best available.

iii
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Research for Electric Energy Systems - An
Annual Report

William E. Anderson, Editor

Abstract

This report documents the technical progress in the four investigations which

make up the project “Support of Research Projects for Electrical Energy

Systems”, Department of Energy Task Order Number 137
,
funded by the U.S.

Department of Energy and performed by the Electricity Division of the National

Institute of Standards and Technology (NIST). The first investigation is

concerned with the measurement of magnetic fields in support of epidemiogical

and in vitro studies of biological field effects. Theoretical comparisons were

made of induced current densities, electric fields, and rates of energy deposition

in a cylindrical volume of culture medium for linearily and circularly polarized

magnetic fields. Measurements of air ion mobility spectra were performed in

a dc electric field/air ion exposure system for humans. Consultations with

various state and federal organizations and the development of standards

related to electric and magnetic field measurements continued. The second

investigation is concerned with two different activities: the production of

S2F10 in negative corona in SF6 and the measurement of electron scattering

and dissociative electron attachment cross sections for SF6 and its electrical-

discharge by-products. The production rates of S2F10 in SF6 are found to be

quite reproducible and suggest a reliable method for preparing reference gas

samples containing known trace levels ofS2FioinSF6. TheSFg cross section

measurements are useful to calculate dissociative-attachment rate coefficients

for SF6 by-products in SF6 . The third investigation is also concerned with two

different activities: several liquids that are currently used or have potential

for use as high voltage dielectrics axe studied using conventional impulse

breakdown measurement techniques and high-speed photography and advances

in partial discharge measurement techniques are presented. The measurements

on liquid dielectrics demonstrate that the techniques described can provide

useful information on the relative strengths of the candidate materials if proper

care is taken. The partial discharge measurement system developed at NIST,

the SAPP (Stochastic Analyzer for Pulsating Phenomena) has been extended

to ac conditions. The results are described. The last investigation is concerned

with the evaluation and improvement of methods for measuring fast transients

in electrical power systems such as might be associated with an electromagnetic

impulse. Kerr cells have been used for several years by NIST and others

vi



for measuring high voltages. Recent work is presented which enables ;

accurate determination of the Kerr cell constant using state-of-the-art

fitting techniques. The results show the advantage of this new method.

l more

curve-
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1 ELECTRIC FIELD MEASUREMENTS

Task 01

Martin Misakian

Electricity Division

National Institute of Standards and Technology

1.1 Introduction

The objectives of this project are to develop methods to evaluate and calibrate

instruments which are used, or are being developed, to characterize electrical

parameters in the vicinity of power lines and in laboratory exposure systems designed

to simulate the power-line environment. Electrical measurement support is also

provided for Department of Energy-supported research to determine whether there

are biological effects due to ac fields and dc fields with ions.

During 1991, theoretical comparisons were made of induced current densities, electric

fields, and rates of energy deposition in a cylindrical volume of culture medium
during in vitro studies with linearly and circularly polarized extremely low frequency

(ELF) magnetic fields. The results of this study were published in the journal

Bioelectromagnetics [1], and most of the text is reproduced below.

At the request of researchers at Hydro-Quebec, measurements of air ion mobility

spectra were performed in a dc electric field/ air ion exposure system for humans.

Consultations were also held on measuring dc electric fields, ion current density and

monopolar charge density. These activities were supported by Hydro-Quebec and

some measurement results are presented below.

Other events and activities related to the NIST Fields Project during 1991 included

(a) measurements and model calculations of power-line magnetic fields near the

NIST/Boulder day care facilities (completion of study begun in 1990), (b) preparation

of portions of a primer on conducting in vitro studies with ELF magnetic and electric

fields (scheduled for completion in 1992), (c) participation on research planning

committees for the Health Effects Institute and the Bioelectromagnetics Society, (d)

technical consultations with the FDA on a draft standard for measuring electric and

magnetic fields near visual display terminals, (e) technical consultations with the

National Toxicology Program and NIH during evaluations of research proposals, (f)

participation on advisory panels for the California Department of Health Services and

the National Cancer Institute, (g) leading an IEEE Power Engineering Society task

force during preparation of a working group paper describing a protocol for measuring

magnetic fields in residences (scheduled for completion in 1992), (h) invited speaker

at a National Cancer Institute workshop on ELF field effects, (i) invited participant

of an EPRI sponsored workshop on ELF field exposure assessment and, (j) a site visit
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(a) (b)

Figure 1 . (a) Experimental configuration for in vitro studies with components of magnetic

field applied parallel to x- and y-axes (b) normalized induced current density distribution

along bottom (or top) surface of culture medium for uniform magnetic field parallel to

x-axis for 2a = 6 cm and 2h = 0.2 cm.

to the University of Kentucky on behalf of EPRI, during which magnetic fields in a

biological exposure system were characterized. The author also received the IEEE
Standards Medallion award for his contributions in the preparation of standards for

characterizing electrical parameters near ac and dc power lines.

1.2 In Vitro Exposure Parameters With ELF Magnetic
Fields

Because multiphase power lines will, in general, produce rotating magnetic fields,

some in vitro bioeffects experiments have been conducted with circularly polarized

magnetic fields. Very often, however, the magnetic fields used are linearly polarized.

This report examines the differences in candidate exposure parameters that are

induced in culture medium by either linearly or circularly polarized magnetic fields.

An experimental geometry is chosen that is commonly used during in vitro studies and

that simplifies some of the calculations of the induced quantities. The information

developed below complements that found in an earlier paper on exposure parameters

during in vitro studies with ac magnetic fields [2].

Fig. la shows a cylindrical volume of culture medium of diameter 2a and depth 2h

with extremely low frequency (ELF) magnetic fields applied along the x- and y-

axes. Using equations developed by McLeod et al. [3] for rectangular geometries and

vertically slicing the cylinder into approximately rectangular sections, it is readily

shown that for 2a >> 2h, the induced current density and electric field at most

locations on the top and bottom surfaces of the culture medium are uniform. Fig. lb

shows normalized values of induced current density on the bottom surface of a liquid
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volume 6 cm in diameter and 0.2 cm deep, due to a magnetic field aligned with the

x-axis.

Using the principle of superposition, the induced current density at the bottom surface

of a rectangular section due to magnetic field components along the x- and y-axes is

given by

J = Jx i + Jyj (1)

where [3]

, ujoBJIw
Jr ~ f

7T
E^(±cos(

nodd
1 V

mrx

2w

. . —mrh'
timh( -2

and

J,y —
ujoBt2w

7T"
£
modd

tanh(

In Eq. (1), u is 2 7r times the frequency /; a is the conductivity of the culture

medium; Bx and By are the ELF magnetic flux densities parallel to the x- and y-

axes respectively; 2w is the width of a rectangular section
(
2w >> 2h); i and j are

unit vectors along the x- and y-axes; and, the ± sign indicates that the sign in the

summations alternates. For most values of x and y on the bottom and top surfaces

of the culture medium, the product of w and the summations in the expressions for

Jx and Jy are constant and equal to one another. Therefore, the vector components

of current density can be expressed as

and

where C is a constant given by

Jx — CBy , (2)

Jy = CBX , (3)

C =
ujo2w

7T
i

x (summation).

For a linearly polarized magnetic field where Bx = B0 smut and By = B0 sinu;f, the

induced current density is also linearly polarized as shown at representative points

(on bottom surface) in Fig. 2a. Similarly, for a circularly polarized magnetic field

where Bx = B0 sin u>t and By = B0 cosut, the induced current density is circularly

polarized as shown at some instant for several representative points in Fig. 2b.

From Eqs. (1-3), the magnitude of the current density induced by a linearly polarized

magnetic field, J/, is

Ji = yjjx + J
y = CB0V2 sin u>t. (4)

Similarly, the magnitude of the current density induced by a circularly polarized

magnetic field, JQ ,
is

Jo — CB0 . (5)
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Figure 2. (a) Induced current sheet oscillates along fixed direction for linearly polarized

magnetic field (b) induced current sheet rotates with constant magnitude for circularly

polarized magnetic field.

It is noted that the root mean square (rms) value of J / is equal to the rms value of

Jo.

Thus, when the applied magnetic field is linearly polarized, cells plated on the bottom

surface of a culture vessel and which are away from the edges of the vessel will be

exposed to a sheet of current that oscillates in magnitude [Eq. (4)] along a fixed

direction indicated by the J vectors shown in Fig. 2a. In contrast, when the applied

magnetic field is circularly polarized, cells experience a current sheet, constant in

magnitude, that never “turns off” [Eq. (5)] and that rotates 360 degrees about the z-

axis for every cycle of the applied magnetic field. The rotating nature of the current

sheet can be inferred from the rotating J vectors shown in Fig. 2b. In addition,

the peak value of the current induced by the linearly polarized magnetic field is

41% greater than for the circularly polarized case, i.e., J/ (peak)/JG is equal to \/2.

Similar observations are true for the induced electric fields, E, experienced by the

cells because J is equal to crE. The fact that the induced electric field does not pass

through zero for the circularly polarized case may have relevance if a resonance model

is being tested.

An approximate expression for the rate of energy deposition near the bottom (or top)

surface of the culture medium is developed next. The rate that energy is deposited

in the culture medium, i, is given by the product, I2R
,
where I is the current neax

the bottom surface and R is the electrical resistance offered by the culture medium.

As for the induced current and electric field, i will be very small compared to its

naturally occurring counterpart in a biological system.

We consider first a current Iu through a small cross sectional area dAu close to the

bottom of the culture medium at some instant. This current can be expressed as

Iu — J • d~Au (
6

)
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where dAu is a vector parallel to J and has magnitude dAu ,
i.e.,

dAu = dAU

JX 1 + Jyj

sJji+4

Thus, Iu is just

/„ = dA„JTl + J2
.

The resistance, i^, encountered by this current is approximately

Ru —
Lu

odAu
’

(7)

(
8 )

where Lu is the distance across the bottom surface
(Lu does not actually extend

completely across the surface because J vanishes at the perimeter as shown in Fig. lb).

Therefore, the rate that energy is deposited along a naxrow path parallel to J is

de ~ /X = + J2
)LU (9)

To obtain an approximate expression for the total rate of energy deposition, we make
use of the dashed coordinate system u,v shown in Fig. 2a. The cross sectional area,

dAu ,
along the u-axis is taken to be zQdu where 20 is a very small length in the z

direction and du is an element of length along the u-axis. For a given value of u
,
Lu

extends from — y/a 2 — u2 to \/a 2 — u 2 or is equal to 2\J

a

2 — it
2

. Therefore,

dia ~ —(Jl + J„V<!2 - U 2du (10)
O’

The total e for — a < u < a is then

£ = / di ~ J2
X + J2

y ) (11)
J —a O

From Eqs. (4, 5 and 11), we have for a linearly polarized magnetic field that

z0xa
2C2

n . 2 207ra
2C 2

2
£/
~ 2Blsm2

u>t = Bl{ 1 — cos2u><),
a o

and for a circularly polarized magnetic field,

pC 0 —
z0ra

2C2
„2

(12)

(13)

Eqs. (12 and 13) indicate that the rate energy is deposited by the linearly polarized

magnetic field pulsates at twice the frequency of the applied field and the peak rate

is twice as large as the nonpulsating iQ produced by the circularly polarized magnetic

field. It is noted that the average value of £/ is equal to iQ . Most of the above

results extend to in vitro studies with culture vessels that are square or rectangular
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in geometry. However, the calculation of i for a circularly polarized magnetic field is

more difficult because R changes in a complicated way as J rotates.

In summary, when comparing the induction effects of circularly and linearly polarized

magnetic fields for the experimental geometry chosen, the following observations can

be made: the maximum J or E that most cells are exposed to will be 41% greater

when the magnetic field is linearly polarized; J and E will oscillate along a fixed

direction (passing through zero) when B is linearly polarized; J and E rotate with

constant magnitude (never vanishing) when B is circularly polarized; the rms values

of J (or E) are equal regardless of polarization; i will pulsate twice every cycle and

the maximum value of i will be twice as large when B is linearly polarized; i remains

constant when B is circularly polarized but the average values of i are equal regardless

of polarization. The significance of the differences, if any, is unknown.

1.3 Measurements of Ion Mobility at Hydro-Quebec

At the request of researchers at Hydro-Quebec, measurements of time-of-flight (TOF)
air ion spectra were performed in an exposure system using a NIST-developed pulse

TOF drift tube [4]. The exposure system is designed to generate dc electric fields

with positive ions. Ions are produced by wires that are set into corona and the ions

are guided with electric fields into a room 5m x 5m x 3m high. The ceiling of the

room is a metal screen (through which the ions enter) and the floor is metal plate

covered with partially conducting carpet. Except for size and the use of walls with

guard bands, the electrical design is similar to the NIST parallel plate apparatus

developed in 1980 to check the performance of dc electric field meters, Wilson plates,

and aspirator type ion counters [5-7]. Electric field meters and Wilson plates (for

current density measurements) were located near the floor of the exposure system

and the NIST drift tube was positioned about 50 cm above the floor.

Fig. 3 shows TOF spectra of positive ions measured at different times over two

days. The electric field strength
(
E

)
and ion current density (J) near the floor

were held fixed and were approximately 30kV/m and 0.18 //A/m2 respectively, for all

the spectra. The top trace in Fig. 3 shows three resolved peaks (a,b,c) on March 12.

Not much change is apparent during the observation on the following morning, but

by early afternoon (13:32 hr), a new peak (d) has appeared. Later in the afternoon

(14:55 hr), feature (b) has decreased in relative abundance and is now less abundant

than (d).

Fig. 4 shows that the distribution of ion species can be can be changed by varying the

electric field and current density in the exposure chamber. The top trace in Fig. 4 is

the same as the bottom trace of Fig. 3. The lower trace in Fig. 4 shows the change in

TOF spectra when E and J are increased to approximately 43 kV/m and 0.28 //A/m2
,

respectively.
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Figure 3. Time-of-flight spectra for positive ions in IREQ exposure system as function of

time over period of two days. The appearance of feature d in the afternoon of the 2nd day

and the changes in relative abundances reflects changes in air composition.
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Figure 4. Time-of-flight spectra in IREQ exposure system for different electric fields and

current densities.

No attempt was made to control the temperature or relative humidity, which ranged

from 21.8 to 22.9 degrees Celsius and 26.0% to 30.4%, respectively. The air pressure

was near 101.7 kPa. The electric field strength in the drift tube was 24.8 kV/m and, for

the spectra in Figs. 3 and 4, the ions traveled a distance of 4 cm in the drift tube. Ions

entered the drift tube by pulsing open a shutter for 0.9 ms. The ion number density

near the floor of the exposure system for the data in Figs. 3 and 4 was estimated to be

between 3 and 4 x 10
5 ions/cm3

. An air handling system for the exposure system was

not operated during the measurements. The operation of the drift tube is described

in detail in Ref. [4]. Use of a signal averager is required for processing the ion current

signal from the drift tube.

The mobility values of peaks (a) and (b) in the figures are 1.41 x 10
-4

and

0.96 x 10
-4 m2/Vs, respectively. These values are free of so called “end effects” of

the drift tube [4] because TOF spectra were measured with both 4 cm and 8 cm path

lengths to determine the correct time-of-flight of peaks (a) and (b). The uncertainty

in the mobility value of (a) is estimated to be less than ±2%. A larger uncertainty,

±5%, is associated with peak (b) because the peak position of (b) is affected more

by overlapping from adjacent peaks. It should be noted that there is likely to be more

than one ion species forming a single TOF peak, i.e., there can be several ion species

with nearly the same mobility [8].

The mobility measurements at Hydro-Quebec are of interest for a number of reasons:
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• Because of the temporal changes in ion composition, as indicated by changes

in TOF or mobility spectra, and the possible influence of ion species on the

outcome of a biological study with dc electric fields and ions, a case can be

made for requiring the conditioning of laboratory air (e.g., use of different filters)

so that the composition of the ions remain constant during the course of the

study. Ion mobility spectrometry with relatively simple drift tubes can be used

to measure the mobility spectra of the ions as an approximate check of the

constancy of the ion composition. (Ideally, it would be desirable to monitor

the ion masses using a mass spectrometer, but because of cost considerations

and the added complexity of operating a mass spectrometer in combination

with an exposure system, use of a mass spectrometer will not be practical in

most cases.) A minimum requirement when comparing the results of laboratory

studies from different laboratories would be that mobility spectra be the same

in both laboratories.

• The mobility measurements described above are the first of their kind in a

biological exposure system, and the first conducted by NIST outside its own
facility. The planned Hydro-Quebec study (perception thresholds for sensing

dc electric fields with ions) will also be a “first” when undertaken.

• The charge densities in the exposure system were 4 to 5 times lower than in

the NIST apparatus used for producing air ions. With signal averaging, it was

possible to obtain TOF spectra of the ions with adequate resolution to identify

the positions of the major ion peaks and changes in TOF spectra as a function

of time.
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2 GASEOUS DIELECTRICS RESEARCH

Task 02

Richard J. Van Brunt, James K. Olthoff and Kenneth L. Stricklett

Electricity Division

National Institute of Standards and Technology

John T. Herron

Chemical Kinetics Division

National Institute of Standards and Technology

Manish Shah

Harvard University Medical School

Cambridge, MA 02138

H.-X. Wan and J. H. Moore

Department of Chemistry and Biochemistry

University of Maryland

College Park, MD 20742

2.1 Introduction

The objectives of this project are the development of measurement capabilities and

the providing of fundamental data as part of the Department of Energy’s basic

research concerned with the development and evaluation of advanced compressed-

gas-insulation technology.

To reduce space requirements and improve the efficiency of high-voltage transmission

systems, the electric power industry has turned toward more extensive use of

compressed-gas insulation. To design meaningful tests of system performance and

establish specifications for the quality of materials used in such systems, more
information is needed about the fundamental physical and chemical processes

which lead to insulation deterioration and electrical breakdown. The research

includes applications of gas chromatography-mass spectrometry to characterize

corona discharge by-products; and the acquisition of fundamental data, such as,

reaction-rate coefficients, corona-inception voltages, production rates of corona by-

products, the effects of contaminants on discharge initiation, and the rates of

discharge-induced decomposition of the gas.

This section of the report highlights progress of research in two areas related to

the decomposition of SF6 in electrical discharges. The first is concerned with

the production of S 2F 10 in corona discharges. Using a mass spectrometer-gas

chromatograph capable of detecting S 2F 10 concentrations in SF6 down to the part in
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9
level, the rates of S 2F10 production from dc glow-type negative point-plane corona

discharges in pressurized SFe have been measured at different absolute gas pressures

in the range of 100 to 500 kPa (1 to 5 atm) and at different constant discharge currents

in the range 2 to 80 pA. The charge rate-of-production for S 2F10 is observed to drop

with decreasing discharge current and the yield curves exhibit nonlinearities in the

early stages of the discharge that appear to be associated with “conditioning” of

the point electrode. The nonlinearities become more pronounced with increasing gas

pressure. The results are found to be quite reproducible and suggest the possibility

of using this type of corona discharge as a reliable method for preparing reference gas

samples that contain predictable trace quantities of S2F10 in SFe.

The second area of research is concerned with the measurement of fundamental

electron scattering and dissociative electron attachment cross sections for SFe and

its electrical-discharge by-products. Absolute, total electron scattering cross sections

for 0.2-12 eV electrons on SFe, SO 2 ,
SOF2 ,

SO2F2 ,
SOF4 ,

and SF4 ,
as well as cross

sections for negative-ion formation by attachment of 0.2-8 eV electrons have been

measured. These cross sections are used to calculate dissociative-attachment rate

coefficients as a function of E/N for SFe by-products in SF6 .

2.2 Rate of S2F10 Production from Negative Corona in

Compressed SFg

2. 2. 1 Introduction

Disulfur decafluoride (S 2F10 )
is now known to be formed when electrical discharges

occur in compressed sulfur hexafluoride (SFe) commonly used as a gaseous dielectric

in high-voltage apparatus [9,10]. The possible presence of this compound in SFe is

of concern because it is known to be highly toxic [11]. The primary mechanism for

its formation is believed to be the reaction

SF5 -f SF5 — S2F10,

where SF5 is formed by collisional dissociation of SF6 in the discharge and the

above reaction involves stabilization via interaction with a third body. Since S2F 10

is thermally unstable above about 150°C [12], it tends to form only in the “cold”

regions of the discharge. Favorable conditions for its production thus exist in low-

level negative glow-type corona discharges in which there is no significant heating of

the gas.

In the normal operation of SFe-insulated power equipment, it can be expected that

internal corona or partial discharges will occur that cause decomposition of the gas.
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It is therefore desirable to know the rates for S2F10 production under these conditions

in order to determine gas toxicity levels and assess possible hazards associated with

exposure to decomposed SF6 .

The dc point-plane negative glow corona in SF6 is a constant-current discharge that

is easily controlled and amenable to theoretical chemical kinetics modelling
[
13

,
14].

It shows promise as a type of reference discharge capable of generating gas samples

containing known trace quantities of S2F10 in SF6 suitable for calibration of analytical

detection methods. The ability to quickly produce reliable reference gas samples in

the laboratory is especially desirable in the case of S2F10 for two reasons: 1
)

it

eliminates the necessity of dealing with pure S2F10 which requires special procedures

because of its high toxicity, and 2
)

it avoids the problems associated with long-term

decomposition of S2F10 in gas sample cylinders noted in previous work
[
15

,
16].

Before serious consideration can be given to the use of a negative corona for preparing

S2F10 reference samples, more must be known about the factors that affect S2F10

yield in such discharges. Information is needed about how S2F10 production rates

are influenced by changes in such parameters as discharge current, gas pressure, and

the initial purity of the SF6 . Effects of electrode geometry, material, and surface

conditions must also be evaluated. Attention should be given to the formation of

gaseous by-products that can interfere with the detection of S2F10 in SF6 ,
e.g., SOF4 ,

S2OF10, and S2O2F10.

The present work represents a step toward acquisition of the information required to

determine the reliability of using a negative point-plane corona to generate known
trace quantities of S2F10 in SF6 - The dependencies of measured S2FH) yields on

discharge current, gas pressure, and preconditioning of electrodes are reported here.

2.2.2 Measurement Method

The measurement procedures used to obtain the data reported here axe similar

to those described previously to investigate the decomposition of SF6 in corona

discharges
[
10

,
17]. The discharges were generated in a 3.7 liter cell at room

temperature using stainless-steel electrodes with a point-to-plane gap spacing of

1.0 cm and a point tip radius-of-curvature of about 0.08 mm. Most of the data

reported here were obtained with electrodes that were initially both polished

and cleaned. For some measurements, as noted below, point electrodes were

preconditioned by using them to generate a negative corona in SF6 for several hours.

These electrodes were then cleaned, but not polished, prior to use in an experiment.

A previously described analytical technique
[
16

]
employing a gas chromatograph-mass

spectrometer (GC/MS) was used to measure the S2F10 content in SF6 . The GC/MS
configuration is shown in Fig. 5 . Gas samples extracted from the discharge region of

the corona test cell with a gas-tight syringe are injected into the GC-column. After
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Figure 5. Gas chromatograph mass spectrometer system used to detect S2F10 in SF6 [8].

S2F10 is converted to SOF2 in the heated jet separator.

passing through the column, the S2F10 is converted to SOF2 by reaction with water

adsorbed on the surface of a jet separator heated to a temperature of about 180° C.

The SOF2 formed by this process is ionized by electron impact and detected with a

quadrupole mass spectrometer tuned to select ions with a mass-to-charge ratio (m/e)

of 86 corresponding to SOF^. This method achieves a high sensitivity (~2 ppb) for

detection of S2F10 in SF6 because it eliminates the background^interference from ions

associated with SF6 [16].

Fig. 6 shows an example of a GC/MS single-ion chromatogram for m/e = 86 used to

determine the quantity of S2F10 generated by a corona discharge in SFe. Indicated

in this chromatogram are the responses from a typical 30 minute sequence of five

individual injections. Two injections from the discharge cell are bracketed by three

injections from a reference cell containing a known quantity of S2F10 in SF6 at the

same absolute pressure as the SF6 in the discharge cell. The samples from the

discharge cell exhibit peaks associated with SOF2 that was produced in the discharge.

These peaks are not present in the reference samples. The SOF2 peak in the discharge

sample is well separated in time from the S2F10 peak and causes no interference at

these concentrations.

The S2F10 concentrations were determined by comparing the areas under the peaks

for the discharge samples with those for the reference samples. At present, the

largest source of error in the measurement of S2F10 concentrations is associated

with uncertainties in the reference sample concentrations. Other errors result

from systematic changes in the GC/MS response to S2F10 following each successive

injection; presumably due to conditioning effects from depletion of adsorbed H 20
in the jet separator. The method indicated in Fig. 6 of bracketing injections allows

assessment of this source of error.

It should finally be noted that the injection sequence, as shown in Fig. 6, is

programmed to turn off the mass spectrometer during those times when SF6 elutes

from the column, e.g., between 0 and 2.2 minutes. This is necessary to reduce the

background and avoid overstressing the ion detector.
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Figure 6. Single-ion chromatogram at m/e = 86 for a typical injection sequence showing

three injections from a reference cell and two from a corona discharge cell. Peaks associated

with SOF2 and S2F10 are indicated.
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Figure 7. Blow-up of a single-ion chromatogram at m/e = 86 indicating features associated

with SOF2, S2OF10, and S2F10. The peak designated with a question mark is presently

unknown, but is suspected to be S2O2F10.

2.2.3 Results

Fig. 7 shows a blow-up of a chromatogram at m/e = 86 corresponding to a single

injection from the discharge cell. This chromatogram shows features associated with

SOF2 ,
S2OF 10 ,

S2F10 and an unknown species, indicated by the question mark,

which is tentatively identified as S2O2F10. The presence of S2OF10 and S2O2F10

is of particular concern because these species are reported to have column retention

times close to that of S2F 10 [18] and because they can produce SOFj" by collision with

electrons in the ionizer of the mass spectrometer. These species thus appear in the

m/e = 86 chromatogram and may interfere with the detection of S2F10 by the method

used here. The data in Fig. 7 indicate that the features associated with the different

species that appear at m/e — 86 are sufficiently well separated under the operating

conditions used to avoid significant interference effects. It should be noted that the

peaks identified here with S2OF10 and S2O2F10 always appeared in the decomposed

SF6 for all of the discharge conditions considered in this work.

The measured S2F10 yields in micromoles versus net charge, Q, transported in

millicoulombs are shown in Fig. 8 for different discharge currents and for a gas pressure

of 200 kPa (~ 2 atm). The transported charge is given by Q = It
,
where I is the

discharge current and t is the time during which the discharge has been operated.

The uncertainties in the measured S2F10 yields are estimated to be no more than

± 30 % in all cases. However, since this uncertainty is due primarily to uncertainties

in the reference gas and since the same reference was used for all measurements,
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Figure 8. Measured yields of S 2F10 versus net charge transported from negative corona

discharges in 200 kPa SFe at the indicated discharge currents. The data designated (a) and

(b) at 20 fiA and (c) and (d) at 40 fiA were obtained from separate experiments performed

at different times.

relative reproducibility can be determined with an uncertainty that is much less than

implied by uncertainties in absolute yields. The differences between the measured

yields obtained for different discharge currents are believed to be significant for the

same reason.

The data shown in Fig. 8 indicate that the charge rate-of-production, d^Fioj/dQ,
decreases with decreasing current, especially for I < 40 fiA. This means that the

measured time rate-of-production, d^FioJ/df, is not directly proportional to the

current. However, above 40 ^A the slopes of the [S 2F 10 ]
versus Q curves are nearly

parallel, thus indicating that d^Fioj/dt is approximately proportional to I for

I > 40 //A, consistent with preliminary results previously reported [10].

The data obtained from two different experiments performed at widely separated

times for both 20 and 40 fiA are seen to be in good agreement thus demonstrating

that the results are reproducible and the difference between the S 2F 10 production

rates at these two currents is significant.

The yield curves in Fig. 8 are seen to exhibit significant nonlinearities in the early

stages of the discharge, i.e. for Q < 100 mC. The rate, d[S2 Fi 0]/dQ, is seen to drop

significantly from its initial value with increasing Q (or equivalently with increasing

time) and eventually approaches a limiting constant value. The initial nonlinear

behavior of the S 2F 10 production is similar to that previously reported for SOF 4

production from negative corona in SF6 [17, 19].
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Figure 9. Measured yields of S2F 10 versus net charge transported from 20 pA negative

corona discharges in SF6 at the indicated absolute gas pressures. The data designated (a)

and (b) at 200 kPa and (c) and (d) at 500 kPa were obtained from separate experiments

performed at different times.

The data for I = 20 pA shown in Fig. 9 indicate that the nonlinearities in the S 2F 10

yield curves become more accentuated as the absolute gets pressure is increased from

100 kPa (latm) to 500 kPa (5 atm). There also appears to be a tendency for the

limiting S 2F10 production rate to increase with increasing pressure. In obtaining the

data shown in Fig. 9, it was noticed that the initial rapid increase in d[S2Fio]/dQ

was correlated with times during which it was necessary to make significant changes

in the discharge gap voltage in order to maintain a constant current. It was then

suspected that the observed changes in S2F 10 production rate were due at least in

part to changes in the discharge behavior or discharge-induced changes in electrode

surface conditions.

In an attempt to assess the influence of electrode conditioning on S 2 Fio production,

experiments were performed with electrodes that were preconditioned by using them

to generate a corona discharge. The stainless steel point electrodes used to obtain

the data in Figs. 8 and 9 were polished before being used in the discharge cell.

It was determined from microscopic observations that a polished point electrode

develops a multitude of micro pits or depressions near the tip after being exposed

to the discharge. The extent of the pitted region seems to increase slightly with the

voltage required to sustain the discharge. The fact that the initial nonlinearities in

S2F10 yield become more pronounced with increasing current and gas pressure may
be related to corresponding increases in gap voltage.

Fig. 10 shows a comparison between yield curves for a 40 pA discharge in 400 kPa
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Figure 10. Measured yields of S2F 10 versus net charge transported from 40 negative

corona discharges in SF6 at the indicated absolute gas pressures. The data at 400 kPa fitted

by a solid line were obtained using a point electrode that was initially polished and the data

at 400 kPa fitted by a dashed line were obtained using a preconditioned point electrode. The

data designated (a) and (b) at 200 kPa were obtained from separate experiments performed

at different times using polished electrodes.

(4 atm) SF6 that were obtained with and without preconditioning of the point

electrode surface. A fit to the 400 kPa data obtained using the preconditioned

electrode, as indicated by the dashed line, is seen to agree reasonably well with data

from two separate experiments performed at 200 kPa with polished electrodes. It is

thus evident from these data that the dependence of S 2F 10 production on pressure,

such as shown in Fig. 9, and the initial degree of nonlinearity are significantly reduced

by using preconditioned electrodes.

2.2.4 Discussion and Conclusions

It has been demonstrated from the results presented here that it may be possible

to use a negative point-plane glow discharge as a relatively quick method for

preparing reliable reference gas samples containing predictable trace levels of S 2F10

in pressurized SF6 . Measured S 2F 10 yields from corona in SF6 were found to be

quite reproducible. The rates for S2F10 production are found to depend on discharge

current, gas pressure, and initial condition of the point-electrode surface.

The S 2F10 production rate from discharges generated by point electrodes that were

initially polished show a tendency to decrease with time and eventually approach

a constant value. This nonlinearity may be partly a consequence of changes in

the discharge characteristics with time, e.g., changes in the volume of the glow

region. The changes in S 2F10 production would tend to decrease as the discharge
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stabilizes. Discharge-induced changes in the point-electrode surface may also affect

S2F10 production. Local heating and increased surface roughness at the tip of the

electrode may enhance surface catalyzed breakup of S2F10 molecules that diffuse to

this surface from the nearby discharge volume.

In general, the results reported here yield S2F10 production rates that are lower,

by at least a factor of two, than those predicted using a previously proposed

chemical kinetics model of the discharge
[
13

,
14]. The model also fails to predict the

nonlinearities and pressure and current dependencies reported here. The tendency

for the model to over-estimate the S2F10 production rates probably results in part

from a failure to include S2F10 destruction mechanisms and processes that compete

with S2F10 formation such as could result in production of S2OF10 or S202F 10 .

The initial conditioning of electrode surfaces may be accompanied by an increase

in the S2F10 destruction rate on these surfaces. This process could account for

the types of nonlinear behavior observed under some conditions with polished

electrodes. Moreover, the model includes simplifying assumptions about the discharge

characteristics, e.g., the volume of the discharge, that simply may not apply at the

lowest discharge currents and highest pressures considered here.

Although S2OF10, and possibly also S2O2F10, are always observed together with

S2F10, the mechanisms for formation of these species is not understood. Preliminary

measurements made using the present analytical technique showed that the S2OF10

detection sensitivity is relatively low compared with S2F10 and therefore the S2OF 10

concentration in SF6 decomposed by corona may be considerably greater than

suggested by the response seen in Fig. 7 .

2.3 Electron Scattering and Dissociative Attachment

2. 3. 1 Introduction

An understanding of the physical processes occurring in SF6 discharges requires a

knowledge of the manner in which electrons interact with the decomposition by-

products of SF6 . Cross sections and rate coefficients for such interactions are

essential for the modeling of SF6 electrical-discharge chemistry. A dearth of such

information has led us to undertake measurements of absolute cross sections for total

electron scattering and for negative-ion formation through electron attachment to

SF6 and to SO2, SOF2, SO2F2, SOF4 ,
and SF4 ,

all of which axe commonly produced

in electrical discharges in SF6 - These results axe compared with previous cross

section measurements (where available) and with mass-spectrometric studies for ion

identification. Dissociative attachment rate coefficients for the SF6 decomposition

products in SF6 are calculated as a function of electric field-to-gas density ratio
(
E/N

)

using the cross sections reported here. The range of E/N values considered here is

that which applies to electrical-discharge conditions.
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2.3.2 Experiment

An electron transmission spectrometer employing a trochoidal monochromator [20]

forms the basis of the experimental apparatus. This instrument consists of a

thermionic electron source followed by the trochoidal monochromator, an accelerating

lens, a gas cell, and a retarding lens which permits only unscattered electrons to

be transmitted to an electron collector. The instrument is immersed in a uniform

magnetic field of about 7mT (70 gauss). The electron energy resolution was set to

about lOOmeV and the temperature within the scattering region was maintained at

328 K. The energy scale was calibrated by observing the vibrational structure of the II

shape resonance in N 2 and has an uncertainty of < 50 meV. Total electron-scattering

cross sections are obtained by measuring the attenuation of the transmitted current

due to the introduction of a sample into the gas cell [21]. Cross sections for electron

attachment yielding metastable negative ions (lifetimes > 10 ps) and dissociative-

attachment processes are determined from a measurement of the resulting negative

ion flux to the walls of the gas cell [22] . More detailed experimental descriptions have

been published elsewhere [21,22].

The presence of the magnetic field introduces uncertainty in the length of the electron

trajectories through the gas cell [21] as well as uncertainty in the acceptance angle

defined by the retarding lens which precedes the collector [23]. Additional uncertainty

is associated with the measurement of the target gas pressure in the 0.03 to 0.13 Pa

(0.2 to 1.0 mtorr) range at which the cross sections were determined. Overall, the cross

sections reported are believed to be accurate to within ±15% for electron energies

above 1 eV. Below this energy, the uncertainty may increase to as much as ±50% at

the lowest energies (< 0.2 eV). Measurement of cross sections for well characterized

gases, such as N 2 and N2O, indicate that discrepancies between values obtained with

this technique and other previously reported values are less than these estimated

uncertainties. Due to adverse interactions of the sulfur-containing compounds with

the electron source, the limit of sensitivity in the dissociative-attachment cross section

measurements is about 2 x 10“ 18 cm2
.

The SF6 ,
SO 2 ,

SOF 2 ,
and SO 2F2 samples were obtained from commercial sources and

were used without further purification. The SOF4 and SF4 samples were prepared by

Dr. D. DeMarteau (Clemson University) with stated purities of > 99%. The purities

of all samples were checked by mass spectrometry and GC/MS.

2.3.3 Experimental Results and Discussion

SF6

The present measurement of the total electron-scattering cross section for SFg is

shown in Fig. 11 and is compared with previous measurements [24-26]. Above 0.5 eV
all of the measurements agree to within 10%. Below 0.5 eV the values from the
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C\J

Figure 11. Total electron-scattering cross sections for SF6 as measured by the present

experiment compared with previous measurements by Dababneh et al., (Ref. 17), Ferch et

al. (Ref. 18), and Kennerly et al. (Ref. 16).

present work fall systematically below the cross sections reported by Kennerly et

al. [24] and Ferch et al. [26]. This may be due to the use in this experiment of a

retarding potential filter to reject scattered electrons. The acceptance angle of a

retarding potential filter increases with decreasing energy most markedly at very low

energies.

Negative-ion formation by electron attachment and dissociative attachment to SF6

has been the subject of intensive study [27,28]. Christophorou and co-workers have

performed several swarm studies [29] of electron attachment to SF6 ,
and FenzlofF

et al. [30] have published a detailed study of the relative ion yields for dissociative

attachment to SF6. At very low energies (0 — 2meV), Chutjian and co-workers [31]

have measured absolute attachment cross sections using threshold photoemission

as an electron source. Kline and co-workers [32] have measured cross sections

for attachment and dissociative attachment to SFe from 0.01 eV to 15 eV in a

beam experiment where the absolute magnitudes were determined by measuring the

various positive-ion cross sections and calibrating to total ionization cross-section

measurements [33]. More recently, Hunter and co-workers [34] have calculated cross

sections for attachment and dissociative attachment to SFe using attachment rates

measured in swarm experiments in extremely diluted mixtures of SF6 in N2 ,
Ar,

and Xe. Differences between the dissociative attachment cross section measurements

exceed an order of magnitude.
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Figure 12 . Cross sections for attachment and dissociative attachment to SF6 as compared

with previous measurements by Kline, Davis, Chen and Chantry (Ref. 32), Hunter, Carter,

and Christophorou (Ref. 34), and Chutjian and Alajajian (Ref. 31).

The combined cross section for electron attachment and dissociative attachment to

SF6 is measured in the present experiment for electron energies from 0.04 eV to 1.1 eV
(Fig. 12). For electron energies less than 0.2 eV, electron attachment is dominated by

SFg formation, and above 0.2 eV, by SF5 formation from dissociative attachment [30].

The sum of the attachment and dissociative-attachment cross sections as measured

by Kline et al. [32] and by Hunter et al. [34] axe shown for comparison in Fig. 12.

The cross section for electron attachment at low energies (< 0.2 eV) as measured

by Chutjian and coworkers [31] is also shown. The cross section values from the

present work are in reasonable agreement with previous measurements for energies

less than 0.1 eV and are also in apparent agreement with Kline et al. [34] for electron

energies exceeding 0.4 eV. However, for intermediate energies ranging from 0.1 to

0.4 eV, the cross sections from the present work significantly exceed those published

previously [32, 34].

The apparent discrepancy from 0.1 to 0.4 eV between the present data and the

previously published cross sections [32, 34] may be explained by the differences in

the experimental detection procedures. In the present experiment, most ions are

detected less than 0.5 cm from the point of formation corresponding to a time from

formation of less than 10 [is. This allows for the collection of SFg ions that are formed

in excited states with relatively short lifetimes. Evidence suggests that these lifetimes

range in length from a few microseconds to milliseconds [35]. Ions formed in excited

states of SFg with short lifetimes may not be detected in the experiment of Kline

and coworkers [32] because the mass analysis requires ion transit times longer than
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10 (is before detection, resulting in a lower measured effective cross section for SFg

formation. In the drift-tube experiment of Hunter et dl. [34] the detected SFg ions

have been collisionally stabilized under relatively high-pressure drift conditions in rare

gases. Under these conditions there may also be discrimination against short-lived

SFg in excited states. It has been shown [36] that electrons axe more readily detached

from excited states of SFg by collisions with rare gases, thus destroying those ions

before they can be detected in the drift tube.

The lifetimes of excited SFg axe expected to decrease with increasing electron energy,

so the contribution to the attachment cross section by short-lived ions should be more

significant at higher energies. This supports the agreement observed between the cross

sections at low energies and the increasing disparity between the measurements for

energies exceeding 0.1 eV. A small contribution by short-lived SFg ions to the present

measured cross sections for energies above 0.4 eV would indicate that the contribution

from SFj ion formation is less than that implied by the SFg dissociative-attachment

cross section measured by Kline and coworkers [32]. This is in general agreement

with analyses [34, 39-41] of electron swarm data for which it was found necessary

to make a downward adjustment in the experimentally determined electron- collision

cross sections for SF^ in order to obtain attachment coefficients for SF6 that axe in

reasonable agreement with results of the most accurate measurements.

S02

Three conflicting experimental measurements of the total cross section for electron

scattering by sulfur dioxide (SO 2 )
have been published. These axe shown in Fig. 13

along with the measurements from the present experiment. Our results axe in closest

agreement with the transmission experiment results of Szmytkowski and Maciag [40].

Discrepancies exceeding 20 % axe observed at lower energies but axe still within the

combined estimated uncertainties of the two experiments. Our results are clearly at

odds with those of Zubek et dl. [41], who also employed a transmission experiment,

and those of Sokolov and Sokolova [42] who employed an electron cyclotron resonance

technique. In addition, we find that the sum of the ionization and elastic scattering

cross sections of Orient and co-workers [43,44] and the electronic excitation cross

sections of Vuskovic and Trajmax [45] falls significantly below our total electron-

scattering cross section.

The broad maximum observed in the total cross section near 5eV corresponds to

the second resonance observed by Sanche and Schulz [46] in the derivative electron

transmission spectrum. A resonance near 3.4 eV observed by Sanche and Schulz [46]

and by Andric et al. [47] is not evident in the total cross section.

As can be seen from the lower curves in Fig. 13, previous measurements of the cross

sections for dissociative attachment to SO 2 differ somewhat in magnitude from those

reported here. Cadez and co-workers [48] measured total dissociative-attachment

cross sections using a transmission experiment similar to that described in this
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Figure 13. Total electron-scattering cross sections (upper curves, left ordinate) and

dissociative attachment cross sections (lower curves, right ordinate) for SO 2 as compared

with previous measurements: SM (Ref. 27); ZKH (Ref. 28); SS (Ref. 29); OS (Ref. 31);

RCB (Ref. 38); CPK (Ref. 35); SSCa (Ref. 37, time-of-flight measurement); SSCb (Ref. 37;

swarm measurement).
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paper. Orient and Srivastava [49] measured mass-resolved dissociative-attachment

cross sections in a beam experiment with normalization of the measured 0“/S02

cross section to the well-known 0~/02 cross section. The magnitude of the sum
of the mass-resolved cross sections exceeds that of the total cross section measured

by Cadez and co-workers [48] by a factor of three. Spyrou et al. [50] also carried

out a mass-analyzed beam experiment, but determined the magnitude of the cross

section by comparison with the production of F“ from C2F6 . Their results are in

good agreement with Cadez et al. In the same paper, Spyrou et al. also reported

the total dissociative-attachment cross section using a swarm-beam technique which

gave magnitudes lower than the beam experiments but in good agreement with early

swarm experiments of Rademacher et al. [51].

Qualitative agreement between these measurements is good with each experiment

showing peaks near 4.7 eV and 7.2 eV with the peak near 4.7 eV corresponding to a

broad maximum in the total cross section near 5eV. The dissociative-attachment

cross sections from the present work are within the limits of combined uncertainties

when compared with the results of Cadez et al. [48] but not when compared with

the cross sections of Orient and Srivastava [49]. Spyrou et al. [50] have attributed

the inconsistencies between the SO 2 dissociative-attachment data of Orient and

Srivastava and the other dissociative-attachment measurements to mass-spectrometer

discrimination associated with the significant kinetic energy with which 0“ is

produced in the 0“ /O2 process used for normalization.

Anisotropic angular distributions of the negative-ion fragments formed in the

dissociative-attachment process can contribute to inconsistencies between the cross

sections measured by different techniques. In general, the negative ions formed

by dissociative attachment will exhibit an anisotropic distribution relative to the

incident electron beam [52, 53]. The formation of O-
by dissociative attachment of

O2 is known, for example, to exhibit pronounced energy dependent anisotopies [54].

Techniques such as used by Orient and Srivastava [49] that restrict observation of ions

to preferred directions relative to the direction of electron motion are most susceptible.

In the present experiment, these effects are minimized because all ions are collected.

In recent calculations of excitation energies for transitions of inner-shell electrons to

low-lying unfilled orbitals in the sulfur fluorides and oxyfluorides, Tossell [55, 56] has

been able to make assignments of the unfilled orbitals involved in the electron capture

processes leading to dissociative attachment. These results suggest that the 5eV
resonance in the total cross section and the corresponding dissociation are associated

with electron capture into the ai orbital of SO 2 ,
the second-lowest, unfilled molecular

orbital.

SOF2

Total electron-scattering and dissociative-attachment cross sections for thionyl

fluoride (S0F 2 )
are shown in Fig. 14. A prominent resonance in the total cross
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Figure 14. Total electron-scattering (upper curve) and dissociative-attachment (lower

curve) cross sections for SOF2 .

section at 0.6 eV corresponds to a peak in the dissociative-attachment cross section

neax 0.7eV. These processes have been assigned to the a" LUMO state of SOF2 [55].

A weaker resonance in the total cross section neax 2 eV corresponds to a shoulder in

the dissociative-attachment cross section near 1.8 eV. Mass-spectrometric studies [57]

find an F~ peak neax 0.6 eV with a small shoulder neax 2eV in agreement with the

present cross sections. For electron energies neax 0 eV, Sauers et al. [57] have observed

the formation of SOF2 at peak intensities approximately 200 times smaller than for

F“. This small current would be undetectable in the present experiment.

SO2F2

Fig. 15 shows the cross sections for electron scattering and dissociative attachment by

sulfuryl fluoride (SO2F2 ). The total cross section exhibits a broad shoulder neax 3eV
corresponding to a peak in the dissociative attachment cross section near 3.4 eV.

These features have been assigned to the b\ LUMO state of SO 2F2 . The peak

in the dissociative-attachment cross section neax 3.4 eV is in agreement with mass

spectrometric studies by Wang and Franklin [58] and by Sauers and co-workers [57].

These studies indicate that this peak corresponds to the formation of SO 2F
-

,
Fj, and

F“, and that the increase in the attachment cross section at low energies is due to the

formation of the parent ion, S02FJ. The dissociative-attachment cross section for

room-temperature SO 2F2 has been calculated from recent electron swaxm studies [59]

and found to have a peak value of 1.06 x 10
-16 cm 2

for 0.22 eV electrons, more than

an order-of-magnitude larger than observed in the experiment.

SOF4
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Figure 15. Total electron-scattering (upper curve) and dissociative-attachment (lower

curve) cross sections for SO 2F2 . The increase in the dissociative-attachment cross section

at low energies is due to formation of the parent ion SO2FJ.

The total electron scattering and dissociative-attachment cross sections for thionyl

tetrafluoride (SOF4 )
are shown in Fig. 16. Broad resonance features are observable

in the total cross section near 3, 6, and 10 eV. Mass spectrometric studies [57] have

identified an F~ peak at 3.2 eV corresponding to the small peak near 3eV in the

dissociative-attachment cross section. The large dissociative-attachment cross section

near 0 eV has been shown to correspond to SOFj production [57]. It is of interest

to note that the magnitude of the threshold dissociative-attachment cross section for

SOF4 is comparable to the threshold electron-attachment cross section for SF6-

SF4

Total electron scattering and dissociative attachment cross sections for sulfur

tetrafluoride (SF4 )
are presented in Fig. 17. A strong resonance is observable near

0.4 eV in the total scattering cross section while the dissociative-attachment cross

section exhibits a peak at 0.6 eV. These processes are associated with electron capture

into the b2 LUMO of SF4 [55]. The dissociative attachment peak is in agreement with

F~ production observed in previous mass spectrometric data [57]. The increase in

the dissociative-attachment cross section at low energies is due to the formation of

SF^ [57]. Previous studies have determined that the threshold electron-capture cross

section for SF4 is two orders-of-magnitude smaller than for SF6 [60, 61]. More recent

data suggest the threshold attachment rates differ by a factor of 10 [62]. Although we

do not go down to threshold, our data indicate that the electron-capture cross sections

for SF4 and SF6 differ by an order-of-magnitude at 0.2 eV, however it must be noted

that only ions with lifetimes greater than 10 //s are detected in our experiment. Since



28 GASEOUS DIELECTRICS RESEARCH

t; °e2 O
uj co

X
o
<
t
<
HI
>
I-
<
o
o
CO
CO

Q

o
o
UJ
co

CO
CO
O
X
o

Figure 16. Total electron-scattering (upper curve) and dissociative-attachment (lower

curve) cross sections for SOF4 .

ELECTRON ENERGY (eV)

Figure 17. Total electron-scattering (upper curve) and dissociative-attachment (lower

curve) cross sections for SF4 . The increase in the dissociative-attachment cross section at

low energies is due to formation of the parent ion (SFJ ).
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the measured lifetime of SF4 is in the range of 9.3 fis [57] to 16.3 /zs [60], a significant

fraction of the SFJ ions can be expected to autodetach before detection.

2.3.4 Dissociative Attachment Rates in SFe

The dissociate-attachment cross sections for SF4 ,
SO 2 ,

SO2F2 ,
and SOF 2 reported

in the previous section have been used to compute dissociative-attachment rate

coefficients for these molecules as functions of electric field-to-gas density ratio
(
E/N

)

in SF6 . It was assumed in making the calculations that these species are present at

sufficiently low concentrations in SFe that one is justified in using electron kinetic-

energy distribution functions that apply to pure SF6- This assumption is valid in

cases where SF6 is only weakly decomposed in an electrical discharge as occurs in

low-level corona or glow discharges [17, 63-65]. It is known from previous calculations

[13, 17, 37] that the presence of other electronegative gases in SF6 below about the 10

percent level has a relatively minor influence on the shape of the electron energy

distribution function if E/N is in the range that applies to electrical discharge

conditions.

The rate coefficients, kd ,
for dissociative attachment were computed using the integral

expression

kd(E/N) = (2/me )* I" ef{e, E/N)od(e) de, (14)
Jo

where e is the electron kinetic energy, rae is the mass of the electron, crd(e) is the net

dissociative-attachment cross section, and f(e,E/N) is the E/iV-dependent energy

distribution function that satisfies the normalization requirement

r f(e,E/N)eUe = 1. (15)
Jo

In general, crd(e) corresponds to the sum of all measured dissociative-attachment cross

sections of a given molecule for e > 0.2 eV, i.e.,

°d{e) = (16)
t

where, in performing the present calculations, the od,(e) were represented by

Gaussian fits to the measured data corresponding to the different individual features.

Dissociative-attachment processes with cross sections peaked at or near zero energy

(e < 0.2eV) were not included in these calculations.

The kinetic energy distributions were computed from numerical solutions to the

Boltzmann transport equation using a “two-term” approximation and the set of SFe
electron collision cross sections proposed by Phelps and Van Brunt [37]. Examples of

the computed energy-distribution functions multiplied by the energy, ef(e, E/N), are
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E(eV)

Figure 18. Electron kinetic-energy distribution functions, calculated by the method

discussed in Ref. 24, for electrons in pure SF6 at different values of E/N.

shown in Fig. 18 for E/N in the range of 150 x 1021 to 1000 x 10
21 Vm2

. It should be

noted that the critical minimum value of E/N required for initiation of a gas discharge

in pure SFe is 354 x 10
21 Vm2

. At this value Ef(e, E/N) is peaked at about 8.0eV.

Thus, under gas-discharge conditions, it can be expected that dissociative-attachment

processes that occur at electron energies above about 1 eV will be relatively more

significant to negative-ion formation than processes at lower energies.

The rate coefficients calculated using Eq. (14) are shown in Fig. 19. The results are

compared with previously calculated dissociative-attachment rate coefficients for SF6

which include not only the SFJ formation process examined in this work but also the

higher energy processes leading to formation of F~
, FJ, and SF4 [13]. The oxyfluoride

rates for the (SOF2 and S0 2F2 )
lie within a factor of two of the SF6 rate over the

E/N range considered. The S0 2 dissociative-attachment rates fall about an order-

of-magnitude below the SF6 rates, as expected, considering the lower cross section.

In the case of S0 2 ,
the higher energy feature shown in Fig. 13 actually makes a larger

contribution to the rates given in Fig. 19 than the lower energy feature.

Information about the dissociative-attachment rates for the species considered is

needed not only for modeling of discharge processes in SF6 but also for assessing

the possibilities for detecting these species with analytical techniques which employ

electron capture. The rate coefficients may also be needed to interpret data from

mass spectrometric monitoring of ions in SF6 glow discharges.
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E/N(10‘21 Vm2
)

Figure 19. Calculated total dissociative electron attachment rate coefficients for SOF2 ,

SO2F2, SF4, and SO2 in SF6 as a function of E/N. The results for SF6 are the same as

given in Ref. 53.

2.3.5 Conclusions

SF6 and the by-products of discharges in SFe exhibit total electron scattering cross

sections whose magnitudes are comparable for all but threshold-energy electrons.

By contrast, the magnitudes of the dissociative-attachment cross sections for these

compounds vary over several orders of magnitude; several of the by-products have

dissociative-attachment cross sections comparable in magnitude to the attachment

and dissociative-attachment cross sections of SFe itself. It can thus be expected that

the by-products in an SF6 plasma are a significant source of negative ions and reactive

radicals.

Temperature has a significant effect on the dissociative-attachment cross sections of

SF6 [66], SO2 [50], and SO2F2 [59]. Plasma temperatures are often well above room

temperature, and this temperature dependence of the cross sections presented here

must be measured. This will be the focus of future work.
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3.1 Liquid Dielectrics

3.1.1 Introduction

Several fluids that are currently used or have potential for application in composite

insulation systems were examined. Measurements include impulse breakdown voltage

and high-speed photography of pre- and postbreakdown phenomena. The criteria for

evaluating the performance of insulating materials are complex: The suitability of a

fluid for a particular application may include such diverse characteristics as: chemical

and thermal stability, flammability, loss tangent, dielectric constant, heat transfer,

and electromagnetic compatibility to name a few. Hence, no single test can adequately

qualify a material for use in an insulating system, and the results reported here are

not intended for that purpose. The tests described below were undertaken primarily

to allow critical examination of the methods used in this laboratory for measurement

of breakdown voltages. Nevertheless, these results may prove useful in interpretating

breakdown test results and provide additional experimental data on these materials.

3.1.2 Breakdown Test Method

A 5mm test gap was formed by a steel gramophone needle having a tip radius of

approximately 40 fim and a hemispheric stainless steel electrode having a 1.2 cm
radius of curvature. For the majority of the results reported here, the electrodes

were mounted within a test cell that was constructed from dielectric plastics; the cell

is shown schematically in Fig. 20. Tests were also performed using a metallic test

cell and are discussed separately below. The test cell was fitted with windows on two

faces to permit photography of the gap, and the region between the electrodes was

illuminated by a xenon flash lamp for this purpose. A negative-going voltage impulse,

derived from a pulse transformer and a pulse-forming network, was applied to the

gap. Polarity effects were investigated by reversing the electrical leads to the cell.

Simultaneous records of the voltage waveform and of prebreakdown streamer growth
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Figure 20. Schematic of the test cell used for breakdown studies in dielectric fluids. The

high-voltage feed-through A, needle electrode, B, window, C, spherical electrode, D and

test cell body, E, axe indicated.

were obtained using a precision resistive divider and an image-converter camera. The

voltage waveform and camera timing information were recorded digitally and stored

for analysis [69]. The crest voltage, VCT ,
breakdown voltage, Vbd, and the time-to-

breakdown, tbd, may be obtained directly from the recorded waveform, as illustrated

in Fig. 21.

The initiation and growth of streamers were recorded photographically using

shadowgraphic techniques. Low- and high-magnification photographs were obtained

at rates ranging from 2 x 10
6

to 2 x 10
7
frames/s. Overall streamer velocities were

determined from the low-magnification photographs using the change in position

of the streamer tip between successive frames. A similax procedure, when applied

to post-breakdown shockwaves, produced a mean value for the velocity of sound.

The high-magnification pictures were used to determine the initial streamer velocity

and the inception voltage, Vinc . Estimates of VinC were obtained by averaging the

voltages corresponding to the first frame showing the onset of streamer growth and

the preceding frame [68].

Eaxlier studies have shown that pressure influences both the structure of

prebreakdown streamers and the breakdown voltage of dielectric fluids [68, 70], with,

in general, the dielectric strength increasing with pressure. Pressure effects were

examined for one material, a perfluorinated polyether (PFPE). There is a clear

correlation between cavitation in the fluid and the onset of electrical discharge activity
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TIME

0 tBD

Figure 21. Voltage pulse and camera monitor traces: Voltage waveform (A) with

breakdown (B), camera monitor pulses (C).

correlation between cavitation in the fluid and the onset of electrical discharge activity

in hydrocarbon-based fluids. Two explanations have been offered to account for

this observation: localized heating and vaporization of the fluid by electron and ion

bombardment; or, alternatively, free charge in the fluid could result in an instability

at the interface between the fluid and the electrode. In either case, the ambient

pressure would influence the onset for cavitation. In selecting PFPE for this study,

its high boiling point, as compared to hydrocarbons, and low vapor pressure may
influence the mechanism for discharge initiation.

To achieve pressures above atmospheric, compressed nitrogen was admitted to a small

cylinder connected to the test cell: the cylinder was partially filled with the fluid and

the volume above the liquid was filled with compressed gas. Similarly, to study the

fluid’s behavior at reduced pressures, a mechanical vacuum pump, operating through

a liquid-nitrogen trap, was used to evacuate the gas volume above the fluid. For the

latter case, the liquid had to be degassed for about 12 hours before testing could

begin due to outgassing from the fluid. Under either condition the test fluid was not

circulated during electrical tests.

3.1.3 Perfiuorinated Polyether

Because of their desirable chemical and physical properties, perfiuorinated

hydrocarbons have been applied in the electric and electronic industries. These fluids

are more dense than conventional, hydrocarbon based insulating fluids, thus making

them good heat transfer media. Additionally, they are relatively inert and non-

flammable. Recently, a new family of PFPE’s having the general formula

—(0—CF—CF 2 )n—(CF 2
—0)m—
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PROPERTY UNITS TEMPERATURE (°C) VALUE

Viscosity cm 2
/s 20 52

Density g/cm3 20 1.85

Surface tension dyne/cm 20 20

Volatility % wgt. loss 120 (22 h) < 9

Pour Point °c -42

Flash Point °c none

Spec, heat cal/g°C 38 0.24

Table 1. Physical properties of Galden HT-40.

cf3

has become commercially available. These are colorless and odorless liquids that

are, according to the manufacturer’s specifications, non-flammable and non-toxic.

The physical properties of the fluid depend on its composition, and may thus

be tailored to meet specific requirements; the viscosity, for example, ranges from

0.8 to 60 x 10
-2 cm2

/s at 20° C, depending on the average molecular weight.

They axe typically more dense than perfluorinated hydrocarbons. In view of these

physical and chemical properties PFPE’s may also be of value in composite electrical

insulation. In addition to their commercial potential, since PFPE’s are fluorine

bearing, they are likely electrophilic. This property may influence the initiation of

the discharge and subsequent gas phase electrical discharge [67]. Since these perfluoro

polyethers represent potentially interesting electric insulating fluids, their behavior

under electrical impulse conditions was investigated. Preliminary results of these

tests are reported here.

A representative PFPE having an average molecular weight of 4000 unified atomic

mass units was selected for this study: The fluid tested is distributed under the Galden

HT-40 trade name. For the convenience of the reader, several of the manufacturer’s

data are shown in Table 1. The fluid was used as received, without further purification

other than that which occurred during testing by filtration through a 2-/zm-pore-sized

paper filter.

3.1.4 Results

Results obtained for the negative point (point cathode) and for the positive point

(point anode) are summarized in Table 2. As shown, the breakdown voltage and

streamer velocity depend on polarity. The breakdown voltage, is nearly independent

of polarity; this characteristic apparently differs from simple hydrocarbons and

petroleum-derived insulating oils where the magnitude of the breakdown negative
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Figure 22. Negative and positive streamers in PFPE. “Point plane” test gap with 5 mm
electrode spacing. The crest voltage is approximately 49 kV: (a) negative needle at 200 ns

between frames; (b) positive needle at 50 ns between frames. The frame sequence is shown

in (a).

voltage for a negative point is typically greater than that for a positive point.

Representative photographic data obtained at low magnification are shown in Fig. 22.

Note that positive streamers move about ten times faster than negative and that the

frame rates for the two photographs differ accordingly.

A post-breakdown shockwave created by the axe may be clearly seen in the latter

frames of Fig. 22a. Assuming the shock is weak, the rate of propagation of the wave

should be constant and approximately equal to the sonic velocity [76]. Measurement

of the diameter of the shock yielded an estimate of the sonic velocity for PFPE of

8.0 ± 0.2 x 104 cm/s.

High magnification photographs of streamer initiation at the electrode surface axe

shown in Fig. 23 for both polarities. Close examination of these pictures reveals that

cathode streamers initially propagate at speeds on the order of 1 ± 0.5 x 104 cm/s,
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Figure 23. High-magnification photographs of streamer initiation
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Needle Cathode Needle Anode

Crest Voltage (kV) 49 49

Breakdown Voltage (kV) 40 ± 1 42 ± 2

Time to breakdown (//s) 3.8 ± 0.2 3.9 ± 0.5

# Breakdowns/# Pulses 32/32 8/8

Streamer speed (xlO 5 cm/s) 4.5 ± 0.5 30 ± 0.4

Table 2. Effect of polarity on electrical breakdown in PFPE. “Point plane” electrode

geometry, 5mm gap; atmospheric pressure.

Figure 24. Pressure dependence of breakdown probability for PFPE.

approximately one tenth the sonic velocity. The rate of propagation at their initiation

differs substantially from the average speed crossing the gap, as may be verified by

examination of the low-magnification photographs and comparison with the average

speed given in Table 2. The negative streamer grew to 10 to 15 //m, on average,

after which the growth rate increases considerably. Similar behavior has been noted

for negative streamers in simple hydrocarbons [71]. The photograph for the positive

point also shows evidence of a slow, subsonic, growth phase. However, due to the high

variability of the streamer inception time and voltage, and the short time interval

between inception and breakdown, systematic investigation of the initiation of the

positive streamer requires a different experimental approach as discussed below.

The effect of pressure on streamer inception is summarized in Table 3. All quantities

measured, Vinc , Vbd and Tbd for both polarities appear to have positive correlation

with pressure. It should be noted that the breakdown voltages and times-to-

breakdown listed in Table 3 do not fully represent the effect of pressure: At the

highest pressure tested, the gap did not breakdown for a significant fraction of pulses

and thus did not contribute to the mean values reported. To further emphasize this

point, the breakdown probabilities for both polarities are plotted as a function of

pressure in Fig. 24, and clearly show pressure to have a pronounced influence on

dielectric strength for both polarities.
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Press. (kPa) Pulses Vinc (kV) (kV) tbd (ps)

Needle cathode

3 7 30±3 (7) 39±1 (7) 4.1±0.2 (7)

50 7 29±3 (7) 39±1 (7) 4.3±0.3 (7)

100 7 29±2 (7) 39±1 (7) 4.3±0.3 (7)

510 7 33±2 (7) 40±1 (7) 4.5±0.3 (7)

930 7 33±3 (6) 41±1 (3) 5.8±0.3 (3)

1100 7 36±3 (5) 42±1 (2) 5.1±0.2 (2)

Needle anode

12 9 53±1 (4) 53±1 (9) 2.6±1 (9)

57 8 53±1 (5) 54±2 (8) 3.1±0.3 (8)

100 37 54±3 (12) 55±3 (37) 3.2±0.4 (36)

510 23 51 (1) 58±5 (23) 3.8±0.7 (23)

930 9 — 64±1 (7) 5.0±0.5 (7)

1200 9 62 (1) 61 (1) 4.2 (1)

Table 3. Effect of pressure on streamer inception, breakdown voltage, and

time-to-breakdown in PFPE. Mean values of inception voltage, Vjnc ,
breakdown voltage,

Vbd? and time-to-breakdown, tbd? are given. The sample size is shown in parentheses to

the right of each value. The stated uncertainty is one standard deviation. A nominal 42 kV
crest voltage was used for the needle cathode tests while that for the needle anode was

65 kV.
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2 4 6 8 10

Figure 25. Representative photographic data for DTE
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Pressure (kPa) incidence length (max) persistence (ns)

100 50 ±8% (19/38) 40 /zm 100

15 73 ± 7% (27/37) 40 fim 100

Table 4. Statistical data for subsonic positive streamers in PFPE. “Point-plane” electrode

geometry, 3 mm gap.

3.1.5 Positive Streamer Initiation in PFPE

The pressure dependence noted in the dielectric strength for the positive point

motivated further tests. The pressure dependence observed for hydrocarbon-based

fluids for the negative point has been attributed to cavitation that occurs at the

initiation of the streamer. Increased pressure is thought to delay the onset, and in

general, to suppress cavitation. The subsonic phase of streamer growth has been

associated with the deformation of the cavity under the influence of the electrical

field and, for the negative point, is well documented. Under a very limited range of

experimental conditions, subsonic positive streamers have also been reported [77].

The generation of a gas-phase volume at the initiation of the positive streamer

would provide qualitative interpretation of the observed pressure dependence, and

photographic methods may be used to test for the presence of a slow-growing

streamer. However, previous observations of this phenomena have been limited to

experimental conditions near the threshold for streamer initiation due to the high

rate of propagation of positive streamers.

The inclusion of an optical delay in the light path between the test cell and the camera,

however, allows a different experimental approach. Provided the effective optical

delay, that is, the time-of-flight minus the camera trigger delay, is greater than the

time delay between streamer initiation and breakdown, the camera may be triggered

by the breakdown current rather than by an externally generated trigger. A similar

technique has been used in this laboratory to investigate the relative probabilities of

breakdown via negative and positive streamers in a uniform field [78].

The results of these tests are summarized in Table 4 and show a high incidence for

the appearance of a microscopic object at the streamer initiation site. Although this

structure was not visible in all of the photographs, this can be easily accounted for by

the size of the structure at its maximum extent and the distribution of initiation sites

on the needle tip. The incidence rate for the appearance of the structure increases

upon lowering the ambient pressure, and the apparent rate growth for the structure

is on the order of 10
4 cm/s. All of these observations are consistent with cavitation

at the electrode surface at the streamer initiation site and suggest that the onset of

cavitation plays a principal role in the initiation of positive streamers in this material.
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Needle Cathode Needle Anode

Crest Voltage (kV)

Breakdown Voltage (kV)

Time to breakdown (/is)

# Breakdowns/# Pulses

Streamer speed (x IQ
5 cm/s)

120

114 ± 7 (7)

4.6 ± 0.7 (7)

7/7

0.20 ± 0.09

54

52 ± 5 (24)

5.7 ± 0.8 (24)

24/31

1.2 ± .5

Table 5. Effect of polarity on electrical breakdown ditolyl ether. Gap: 5 mm, atmospheric

pressure.

Needle Cathode Needle Anode

Crest Voltage (kV) 89 60

Breakdown Voltage (kV) 87 ± 1 (4) 58 ± 1 (7)

Time to breakdown (/zs) 5.6 ± 0.5 (4) 5.2 ± 0.7 (7)

# Breakdowns/# Pulses 4/5 7/7

Streamer speed (x 10
5 cm/s) 1.1 ± 0.3 1.2 ± .3

Table 6. Effect of polarity on electrical breakdown benzyl and dibenzyl toluene.

“Point-plane” electrode geometry with 5 mm inter-electrode spacing, atmospheric pressure.

3.1.6 Ditolyl Ether

Results of impulse breakdown tests for ditolyl ether (DTE) are summarized in Table 5,

and representative photographic data are shown in Fig. 25. The sonic velocity is

estimated to be 1.8 ± 0.1 x 10
5cm/s in this material.

3.1.7 Benzyl and Dibenzyl Toluene

Electrical breakdown tests were also performed on a commercially available mixture

of benzyl and dibenzyl toluene, the material is distributed under the C101 trade

name. Representative photographs of prebreakdown streamer growth are shown in

Fig. 26, and breakdown measurements obtained for both polarities are summarized

in Table 6. The sonic velocity is estimated from the rate of the propagation of the

shock created by breakdown and is 1.8 ± 0.1 x 10 5cm/s.

3.1.8 Discussion and Conclusions

The method for impulse testing described above required physically breaking and

remaking electrical connections to the test cell to change polarity. This practice may
introduce unwanted variability and a systematic error in the measured breakdown

voltage. In all cases the prebreakdown streamer initiated at the needle tip, the
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Figure 26 . Representative photographic data for a mixture of benzyl and dibenzyl toluene.

The point cathode and point anode polarities are shown in a) and b) respectively. The data

were obtained at atmospheric pressure. The interval between frames for the point anode is

nominally 500 ns while that for the point cathode is 200 ns.
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Figure 27. Test cell equivalent circuit. Ci, is the capacitance between the electrodes; C2

and C3 axe, respectively, the capacitance of the needle electrode and low curvature electrode

to ground.

region of highest electrical stress, and it thus seems reasonable to conclude that the

breakdown voltage depends critically on the strength of the electric field in that

region. Thus any change of electrode geometry that influences the magnitude of the

electric field at the needle tip will introduce an error. The test cell may be modelled

by the circuit shown schematically in Fig. 27, where C\ is the capacitance between

the needle and the low curvature electrode, and C2 and C3 are the capacitance of the

needle and low curvature electrodes to ground, respectively. In general C3 is greater

than C2 and their relative magnitude influences the strength of the electric field at

the needle tip. Neglecting space charge, the electric field at the needle tip is strictly

a function of the applied voltage and the gap geometry and, for the circuit shown in

the figure, it is proportional to C\ + C2. Upon reversing the electrical leads, the field

strength is proportional to C\ + C3. Hence for the same applied voltage, the ratio of

the positive point field to the negative point field is given by

-E+ _ C\ -f C2

eI
~

<?! + c3

'

Measurement of the applied voltage alone is, therefore, not sufficient to characterize

the system, and the difference between C2 and C3 tends to bias the measured

positive point breakdown voltage to lower values. To test for this possibility,

capacitance measurements were made on a metallic test cell. Since the electrodes

are in close proximity to a grounded metallic cell this is, in a sense, a worst case test.

Measurements of Ci, C\ -fi C2 and C\ + C3 for the metallic cell yielded 3.5, 4.4 and
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6.0 pF respectively. These values suggest that the electric field at the needle may be

significantly modified by stray capacitance.

Although the pulse generator used for these measurements yields a highly

reproducible pulse, the shape of the voltage waveform requires that results of these

tests be carefully interpreted. Electrical breakdown is known to depend both on

the level of stress and the time of exposure to stress. Thus measurement of the

breakdown voltage alone may not be an adequate measure of the dielectric strength

of the material. Careful examination of the data shown in Table 3, for example, reveals

that although the breakdown voltage appears to have a slight dependence on pressure,

both the inception voltage and the time-to-breakdown are clearly correlated with the

ambient pressure. This apparent contradiction may be reconciled by noting that the

time-to-breakdown at the highest pressure tested lies near the peak of the voltage

waveform, where the voltage is relatively constant, and that the gap is stressed for a

relatively long time. Any conclusion drawn from the breakdown voltage alone would

thus misrepresent the effect of pressure on the electrical behavior of this material.

For several of the results presented above, the gap broke down at times after the

crest voltage and thus yields an ambiguous breakdown voltage. This characteristic

of the impulse waveform may be overcome by increasing the stress on the material,

that is, by forcing breakdown to occur on the leading edge of the impulse. However,

photographic studies under these conditions are of limited value since the temporal

development of the prebreakdown streamer is typically limited to only one or two

frames.

The fluids tested differ most notably in their rates of streamer propagation: streamers

in both DTE and Cl 01 propagate at subsonic velocities for a significant fraction of

the gap, while streamers of both polarities in PFPE appear to go over to supersonic

propagation rates very early in their growth. This difference must be properly

accounted for in comparing test results for these materials. In particular, if the

applied voltage changes appreciably in the time required for the streamer to cross the

gap, the voltage at the time of breakdown may be poorly correlated to the dielectric

strength of the material.

In conclusion, the methods described above appear to be best suited to studies

that include the variation of a single experimental parameter, as is the case for

the pressure dependence observed in PFPE. Comparison of test results for different

materials requires careful evaluation of several confounding issues, such as the time

variation of the applied voltage and streamer propagation rates. The interpretation

of comparative test results may be simplified by prudent choice of voltage waveform.

For example, a voltage ramp or step may be preferable to the voltage waveform used

for these tests. Finally, the accuracy of the test would be improved by providing a

bipolar impulse voltage so that capacitive effects may be reduced.
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3.2 Partial Discharge Measurements

3. 2. 1 Introduction

There has been considerable recent interest in the use of data on the phase-

resolved stochastic properties of partial discharges (PD’s) to extract information

about the characteristics of point defects and electrically-induced aging of solid

insulating materials [79-88]. Phase-resolved PD pulse-height and phase-of-occurrence

distributions typically exhibit complex structures that are not easily interpreted and

may be difficult to reproduce. The relationship between the observed PD-pulse

distributions and the physical mechanisms that determine the stochastic behavior

of PD’s have never been carefully analyzed or clearly elucidated.

It is shown in the present work using a point-dielectric discharge gap that the phase-

resolved stochastic behavior of ac-generated PD’s is strongly influenced by phase-

to-phase memory propagation, where the “memory” is associated with charging of

dielectric surfaces by successive discharge events. The memory effects are revealed

for the first time from measurements of phase-restricted conditional partial-discharge

amplitude and phase-of-occurrence distributions that show, for example, that the

most probable phase-of-occurrence of a PD pulse on one half-cycle of the applied

voltage is dependent on the total charge deposited by PD’s on the dielectric surface

during the previous half-cycle. The effects of memory uncovered are implied by

previous descriptions of the PD phenomenon when account is taken of statistical

variability in the charging of the dielectric surface.

The specific purposes of the present work are: 1) to show how memory propagation

complicates the interpretation of phase-resolved pulse-height or phase-of-occurrence

distributions and causes such distributions to become susceptible to nonstationary

behavior; 2) to show how memory effects can be unraveled by measuring or computing

various conditional pulse-amplitude and phase distributions; and 3) to introduce a

method for real-time measurement of conditional distributions.

3.2.2 Significance of Memory Propagation

It can be argued that, in general, pulsating PD phenomena are complex non-

Markovian stochastic processes in which memory effects play an important role

[86,87]. Memory effects arise because of the influence of residuals from previous

discharge pulses, e.g., surface charge, ion space charge, and species in metastable

excited states, on the initiation and development of subsequent discharge pulses.

The existence of memory implies that the amplitude and phase of any discharge pulse

can depend on the amplitudes and phases-of-occurrence of pulses that occurred at

earlier times. Two consequences of memory propagation are: 1) the interpretation of

measured PD-pulse amplitude and phase distributions becomes nontrivial, and 2) the
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Figure 28 . Stochastic analyzer. The individual components axe defined as follows:

A-amplifier, G-gate, S-switch, DDG-digital delay pulse generator, MCA-multichannel

analyzer, SCA-single channel analyzer, TAC- time-to-amplitude converter. The At control

logic circuit is similar to that previously described [90].

phenomena tends to exhibit nonstationary behavior. Nonstationary behavior results

in an inability to obtain reproducible data for measured statistical distributions even

from “controlled” experiments in which PD’s are generated in simple, well defined

discharge gaps under ostensibly identical conditions. Because of non-stationary

behavior, PD amplitude and phase distributions can exhibit random, unpredictable

changes with time. Such unpredictable changes can arise, for example, because of

the correlation between PD pulse amplitude and the time that has elapsed since the

last PD event. If pulse amplitude and time separation are not independent random
variables, then any effect that changes the time distribution between pulses will also

change the amplitude distribution.

3.2.3 Real-Time Stochastic Analyzer

Figure 28 shows a block diagram of a stochastic analyzer that is used to measure,

in real time, a set of conditional and unconditional pulse-amplitude and phase-of-

occurrence distributions. It is an extended version of a previously described device

[87, 89] that was used to obtain data on the stochastic properties of dc corona pulses.
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4>/tc = 2 ft

Figure 29. Diagrammatic representation of an ac-excited PD process: a) applied ac

voltage; b) PD pulse amplitudes qf and phase-of-occurrence <f>f\ c) phase dependence

of the spatially averaged electric-field strength neax the point electrode.

In addition to the distributions previously measured, the present version allows

measurement of many different phase-restricted distributions needed to characterize

the stochastic behavior of ac-generated PD’s.

Table 5 shows a partial list of the additional phase-restricted distributions that can

be measured with this system. The notation used in this table can be understood

from consideration of the diagram in Fig. 29

The unconditional distributions, p0(qf) and p0 {<j>f) are defined such that, for example,

Po{q7)dqi is the probability that the first PD pulse on the negative half-cycle has an

amplitude between qf and -f dqf independent of previous discharge history. The
half-cycle is defined in Table 5 to be shifted in phase by a small amount 6(f> to allow for

the possibility that the first pulse will occur before the voltage zero crossing. The first

order conditional distributions are defined such that, for example p\(<t>2 j Q+
)d(f>2 is

the probability that the second PD pulse on the negative-half cycle occurs at a phase

between and <^2 +d(f>2 if the sum of the PD charges on the preceeding half-cycle has

a value Q+
. The value of Q±

is specified by the measurement procedure to lie within a

range (£?m,n > Qmax )• the second-order conditional distribution p?(qf | Q±
, <f>f) both

Q± and <f>f lie within specific ranges. The conditional distributions Pi(qf |

A^*j) and

Pi{(f>f |
A (f>±j) considered in earlier work [79-88] are phase-resolved amplitude and

probability-of-occurrence distributions that contain no information about memory
propagation.
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Table 5

Conditional
(p\ and p2 )

and unconditional
(pQ )

PD pulse amplitude

and phase distributions considered in the present work.

Pulse-Amplitude

distributions

Phase-of-occurrence

distributions

Phase

restrictions

Po(qf) Po(<t>T) <f>t € {-6(f), n - 6(f)

)

(f)~ € (7r — 6(f)

,

27r — 6(f)

)

M<t>f |A<,) a<
(
= <%-

piitflQ*) pMJIQ*) Q± = T.k qt(<t>t)

PiiqtlQ^^t) <f>t € {-6(f), it- 6(f)

)

€ (
— 7T - <$</>, — <$</>)

z = 1,2,3,- - *

j > l,Ar > 1
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Figure 30. Pulse diagram corresponding to the different indicated circuit points in Fig. 28

for measurement of P\{(f>z\Q
+

)-

The different components that comprise the measurement system shown in Fig. 28 are

defined in the figure caption. A detailed explanation of how this system works cannot

be covered in this brief report. A complete documentation of the system operation

together with descriptions of the individual circuits is now in preparation.

Figs. 30 and 31 show pulse diagrams for the different circuit locations in Fig. 28 that

apply respectively to the measurement of the conditional distributions Pi{$f\QT )
and

QT
)
for which examples of data are shown in the next section.

The combinations of switch configurations (S1-S4 in Fig. 28) that are required to

measure the distributions p0($f ),P\{4>t \ QT ), and P2 {qf \ <t>\,Q
qF

)
3X6 shown

in Table 6. It is also possible to configure the system in other ways to measure

many other conditional distributions such as, for example,
I Q.T-\i $7-\)i

P2{<h I $7-\ ~~ $7-\)i and Pi{$7j I Qj-k)iJ — k. In the latter distribution, <f>~ is

the phase-of occurrence of the i th pulse in the j th negative half-cycle and

is the net charge of all PD’s on the j — k th positive half-cycle. The conditional

distributions indicated in Table 6 were selected for consideration here because they can

be interpretted easily and unambiguously in terms of expected memory propagation

from half-cycle to half-cycle.
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Figure 31. Pulse diagram for measurement of P2 (?i \Q
+

,<t>\ )•

Table 6 - Configuration of switches in

Fig. 8 for measurement of the different

indicated distributions

Switch Po(4>t)

i = 1,2,...

p.Wfl<?
T

)

* = 1,2,...

SI c" = c c" = d c" = c'

S2 9 =9 9 =9 9 =

9

S3 h" = h' h" = h
' h" = h

S4 — — e" = e

3.2.4 Experimental Arrangement

To test the measurement system described above, partial discharges were generated

by applying an ac voltage across a point-to-dielectric electrode configuration in

air similar to that used in a previous investigation [91]. A sharp (less than

0.05mm radius) stainless-steel needle was positioned directly above the center of

a circular polytetrafiuoroethylene (PTFE) dielectric wafer attached to a metallic

plane electrode. The PTFE thickness and diameter were, respectively, 1 mm and

3.0 cm. A sinusoidal voltage with an rms value of either 3.0 or 2.4 kV at either

120 or 200 Hz was applied to the electrodes. The point-to-electric gap spacing
(
d

)

could be adjusted between 0.0 and 10.0 cm. The results reported here were obtained

under conditions where the discharge was reasonably stationary in its behavior. The
discharge characteristics changed significantly as d was varied. For d > 0, the negative
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Figure 32. Phase-resolved PD pulse-height distributions for a point electrode on

(d = 0.0 cm) a PTFE wafer of 3.0 cm diameter in air. The frequency is 200 Hz and the

applied voltage is 2.5 kV rms. The results apply only to the negative half-cycle with a phase

window per distribution of A<f>uj
= 0.063 radians.

PD pulses exhibit characteristics similar to those seen for dc-generated Trichel pulses

[89]. At d = 0, the negative PD pulses appear to be fewer in number and more

random than is the case for Trichel pulses.

3.2.5 Examples of Results

The partial discharges observed for the conditions considered here exhibited an

asymmetric behavior with respect to the sign of the applied voltage consistent with

the diagram in Fig. 29. On the average, for d = 0, one relatively large PD pulse

occurred in the rising portion of the positive half-cycle and two or more smaller PD
pulses appeared on the negative half-cycle. The asymmetry can be attributed in part

to the presence of a preferred quasi-permanent positive charge on the PTFE surface as

verified using electrostatic probe measurements. A constant positive charge density

produces an effective dc bias in the average field, E, near the point electrode which

is designated by E£ in Fig. 29.

Shown in Fig. 32 are phase-resolved PD pulse-height distributions corresponding to
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<|».‘/ 71

Figure 33. Measured conditional phase distributions of the first, second, and third PD
pulses in the negative half-cycle for the two indicated ranges of values for the total charge

associated with PD pulses during the previous half-cycle. The frequency is 200 Hz, applied

voltage is 2.4 kV rms, and gap spacing is 0.0 cm.

Pi(qJ |

A <t>Z,i)->j
> 1, that apply to the negative half-cycle. The distributions exhibit

a rapid phase dependence and a complexity of structure that is consistent with other

observations [83-86]. The details of the phase dependencies and structures observed

from the measurements of Pi(q~ \ &<f>Z,i) 3X6 sensitive to the discharge gap conditions

and consequently difficult to reproduce.

As will be discussed later, interpretation of data as shown in Fig. 32 is difficult because

of phase-to-phase memory propagation revealed from measurements of P\{<t>f \
Q*),

Pi{q

f

| QT
), and P2{qf |

shown in Figs. 33-35.

The data on p\{<f>~ j Q+
)

in Fig. 33 indicate that the most probable phase-of-

occurrence of the ith pulse on the negative half-cycle depends significantly on the

amount of charge, Q+
,
deposited by PD’s during the previous half-cycle. The

dependence of <f>~ on Q+
is great for the first pulse (t = 1) and at least for the

third pulse (t = 3) as expected since charge deposited by each successive pulse in

the same half-cycle tends to deminish memory of charges deposited during previous

half-cycles.

The observed dependencies of <f>~ on Q+ are consistent with E —
<f>
diagram as shown

in Fig. 29 where E is the instantaneous average electric-field strength near the point

electrode. It is assumed that a PD can initiate when the magnitude of E is greater

them the onset values
|
Ej

|

or
|
Ef |. The larger the amount of charge deposited on

the dielectric during the preceeding half-cycle, the greater will be the value of
|
£7

|
at

a given phase on the next half-cycle, and hence, the greater will be the probability of
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qj (PC)

Figure 34. Measured conditional and unconditional PD pulse-amplitude distributions: a)

for PD’s on the negative half-cycle conditional on the amount of charge deposited in the

previous positive half-cycle, where Q+ > 11 pC and Q/
+ = 495 ± 50 pC; b) for PD’s on the

positive half-cycle conditioned on the amount of charge deposited on the previous negative

half-cycle, where
|

Q~ |> 580 pC and
|
Qj~

\

= 205 ± 25 pC. The frequency is 120 Hz,

applied voltage is 2.4kVrms, and gap spacing is 0.0 cm.
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qi (PC)

Figure 35. Measured unconditional and conditional PD pulse-amplitude distributions

obtaining using experimental conditions similar to those that apply to the data shown in

Figs. 33 and 34.
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4>i
(rad. / 7t)

Figure 36. Measured conditional and unconditional phase-of-occurrence distributions for

the 1st, 8th, and 16th pulses in the negative half-cycle. The frequency is 200 Hz, applied

voltage is 3.0kVrms and gap spacing is 1.5 mm.

PD initiation. It can therefore be expected, as observed, that when Q+
is increased,

the distribution in <f>~ becomes peaked at a lower phase value.

The data on p\(q±
|
Q*) shown in Fig. 34 indicate that the PD pulse amplitudes

also depend on charge deposited during the previous half-cycle. It is seen that the

larger the value of
|

Q

*

|,
the smaller will be the mean value of qf. The dependencies

of Pii^t I
Q*) on

I

Q*
I

3X6 n°t easily interpreted from E —
<j> diagrams because

of the strong dependence of q± on <f)f . The corresponding conditional distributions

Pi(<j>f I
Q*) and Piiqf I QT

)
3X6 related from the law of probabilities by the integral

expression
f<t>max . ,

. .

pi(q? \Q*)= I pMt I QT )pi(qt I
(18)

J4>min

where
(<f>min ,<f>max ) = (-6<j>,ir -6<f>) for q? and (0mi

-

n , <t>max ) = (r -6<f>,2TC -6<f>) for q
~

.

Shown in Fig. 35 are examples of data on the second-order conditional distribution

PiiqT I Q+ 1 tT) which indicate that the mean value of qf computed from p? increases

with both Q+ and fa as predicted from the E —
<f>
diagram.

Shown in Figs. 36 and 37 are additional examples of measured conditional

distributions Pi(<f>~ |
Q+), i — 1, 8, 16 and

p

2 (qx \<f>T ,
Q~) that again clearly demonstrate

the existence of significant memory propagation between successive half-cycles of the

applied ac voltage.

The data in Fig. 36 correspond to Trichel-like negative-corona pulses that are known
to occur in point-dielectric gaps even at very small gap spacings (1.5 mm). Twenty



3.2 Partial Discharge Measurements 57

Figure 37. Measured second-order conditional pulse-amplitude distribution of the first

pulse in the positive half-cycle. The frequency is 200 Hz, applied voltage is 3.0 kV and gap

spacing is 0.0mm.

or more Trichel pulses could occur in a single half-cycle under the conditions that

apply to this figure. Shown in Fig. 36 are both conditional and unconditional phase-

of-occurrence distributions for the 1st, 8th, and 16th pulses in the negative half-cycle.

The results for pi(<t>i6 \ Q+
)
demonstrate that memory of the charge deposited on the

dielectric surface by PD on the previous positive half-cycle persists even at the 16th

pulse on the negative half-cycle.

The data shown in Fig. 37 correspond to second order conditional amplitude

distributions of the first pulse on the positive half-cycle conditioned on the indicated

range of values for Q~ and <f>f. In this case, the point-to-dielectric gap spacing was

0.0mm. The behavior is the same as that for p2 (<zr | Q+
,<f>T) seen in Fig. 35.

8.2.6 Discussion

The results presented here clearly demonstrate the significance of memory
propagation effects in controlling the stochastic behavior of partial discharges

generated by an alternating voltage applied to a discharge gap containing a solid

dielectric material.

The implications of memory effects revealed here on the interpretation of

conditional phase-resolved measurements reported by others [79-81,84,92] will now
be considered. The unconditional phase-of-occurrence distributions as shown by the

dashed lines in Fig. 36 are related to the conditional distributions by an integral
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expression similar to Eq. 18, namely

Po{<t>t)= [ Po{Q
T
)pi{<f>?\Q*)dQ

Zf

, (19)
Jo

where Po{QT )dQ
:¥

is the probability that the net PD charge in the previous half-cycle

will lie in the range QT to Q* + dQ For i > 1, the occurrence of the i th pulse

may depend on previous pulses that occurred in the same half-cycle. Taking this into

account in the case, for example, of the second pulse gives

Po(<t>5) = / / f Po(Q*)p\(<t>i\Q*)p*{qi\Q*,<t>x)
Jo Jo

x PsitflQ^^tiq^dQ^dtfdq*, (20)

where
(f>'
= 0 or 7r for positive or negative half-cycles respectively, and a small phase-

shift, 6<f>, is introduced to allow for the possibility that a pulse may actually occur

slightly before the voltage zero-crossing as is the case for the i = 1 data in Fig. 36.

Similar, but more complex, integral expressions involving higher-order conditional

distributions can be written for p0 (<j)f),i > 2.

The unconditional phase-resolved distribution of PD events in a particular half-cycle

is given by

i M N

Pott* € A*±) = ttEEpo / ttt)d4t, (21)
iw

J=1 !=1 j A</>±

where pQ ( € A<f>
±
)A<f)

±
is the probability that any event will occur in the phase

interval A<}>*,&

j

is the probability that an i th pulse will actually occur in the j th

half-cycle, and averages have been performed over M cycles and over the phase

window selected. The p\- can be viewed as weighting factors for the distributions

Po{<f>t) such as given by Eq. 20.

The phase-resolved amplitude distribution for the first pulse in a given half-cycle is

related to distributions shown in Figs. 36 and 37 by

Pi(Qi\<f>t € A^) = J^± Jo Po{Q*)p\(4>i\Q*)

x P2(qx\Q*,<t>i)dQ*d<ft. (22)

More complex integral expressions axe found for i > 1. The unconditional phase-

resolved pulse-height distribution is then given by

1
M N .

p{q?\4>i ^ A0
±
).>i = jjJltLp'ij J^pJttMqtlffidtt-

j=i «=i

(23)
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Eqs. 21 and 23 indicate the formidable difficulties to be encountered in the

interpretation of unconditional phase-resolved PD data. It can thus be argued from

the information presented here that measurement of conditional distributions not

only provides more insight into the physics of PD phenomena but may also be more

useful for pattern recognition purposes. In general, conditional distributions are more

immune to nonstationary behavior than unconditional distributions.

Preliminary results from the measurements reported here have recently been

published [93].
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4 FAST TRANSIENT MEASUREMENTS

Task 04

Gerald J. FitzPatrick and John E. Lagnese

Electricity Division

National Institute of Standards and Technology

4.1 Introduction

Kerr cells axe electro-optic transducers whose optical properties change when high-

voltage is applied to them. They have been used at NIST and elsewhere for many
years for the measurement of high electric fields and high voltage transients because

of their excellent measurement precision [94,95,96,97,98]. The uncertainty in the

voltage determined by Kerr measurements depends upon the errors introduced by

the measuring system components such as the light source and detectors, and upon

the uncertainty in the determination of the parameter Vm ,
which is known as the

Kerr cell constant. This cell constant is usually determined through simultaneous

measurements made with a calibrated voltage divider connected in parallel with the

Kerr cell. This report describes the application of curve-fitting techniques to the

evaluation of the Kerr cell constant. Previously, such measurements were made with

analog oscilloscopes and the cell constant was evaluated by comparing the output

intensity of the Kerr measurement system with the voltage divider output at only

one point: the voltage peak. The measurements reported here are made with digital

recorders which, because of the numerical format of the digitized data, make the

comparison between the two measurements over the entire waveform much easier

than that formerly done with analog measurements. The results indicate that the

fitted values of Vm have much less scatter than the single-point comparisons. The
following sections contain a description of the Kerr measurement and curve-fitting

technique, a presentation of the results, and a discussion of their significance.

4.2 Kerr Cell Measurements

A typical Kerr cell and major components of the optical detection system are shown

in Fig. 38. The system consists of a stabilized laser light source, a Kerr cell with

polarizers at its input and output, a light detector for optical/electrical conversion,

and a digital voltage recorder to measure the detector output. The Kerr cell itself

is essentially a parallel plate capacitor connected to the high voltage circuit at the

point where the voltage is to be measured. When high voltage is applied to the

electrodes of the cell, the electric field between them induces a birefringence in the
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Figure 38. Kerr cell measurement system including laser, polarizers, photomultiplier tube

(PMT), and digitizer. A resistive voltage divider is shown connected in parallel to the Kerr

cell.

Kerr liquid in the direction parallel to the field and that perpendicular to it. The

relation of the measured output light intensity / to the applied voltage V for an ideal

Kerr measurement system having polarizers oriented at ±45° to the direction of the

field within the Kerr cell is given by [99]:

///„, = sin
2

(|(^-)
2
). (24)

Im is the light intensity at maximum transmission. The cell constant, Vm ,
is defined

as:

m ~ VwF
where B is the electro-optic Kerr coefficient, d is the electrode spacing, and /' is the

effective electrode length. The output intensity of the Kerr measurement system for

an applied impulse voltage is shown in Figs. 39a and 39b. The output intensity shown

in the figure and defined by Eq. (24) passes through a number of maxima and minima

called fringes as the applied voltage increases. The fringe number n is defined as the

ratio
(VfVm )

2
. If the cell constant is known, then the voltage can be determined from

the Kerr cell intensity measurement by solving Eq. (24). The result can then be used

to calibrate a voltage divider through measurements made simultaneously with the

Kerr cell connected in parallel to the divider.
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DIVIDER MEASUREMENT

KERR CELL MEASUREMENT

Figure 39. Simultaneous measurements made with (a) a resistive voltage divider and (b)

a Kerr cell connected in parallel.
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4.3 Kerr Cell Constant Determination

The Kerr cell and a known voltage divider are connected in parallel to the high-

voltage impulse generator as shown in Fig. 38. The voltage divider provides a scaled

replica of the high-voltage waveform applied to it. The high voltage, V, is related to

the divider output, by:

V = D • tw, (26)

where D is the divider ratio, which ideally is a constant. Eq. (24) is then fitted to

the measured Kerr output intensity using the voltage determined from the divider

output voltage with Eq. (26). Analog measurements have previously been used to

determine Kerr cell constants with an estimated relative uncertainty of 0.3 % (lcr) in

the measurement of the peak voltage [100].

For the digital measurements, the following method is used for fitting the measured

curves. Given data pairs (V^,/;) for i=l,...,M, we consider the problem of fitting a

model y(V; p) to the data; p is the vector of the unknown parameters. The problem

is to compute estimates of those parameters which minimize the quantity Q over a

suitable region, where Q is given by:

M
= P)}

2
- (27)

1= 1

The algorithm employed to estimate the optimal values of the parameters is a

modification of the Levenberg-Marquardt algorithm, which is an iterative search

procedure for finding the minimum value of the sum-of-the-squaxes of M nonlinear

functions in N variables. It is essentially a combination of the Gauss-Newton and

steepest-descent methods, and is designed to avoid both the divergence problems

associated with the Gauss-Newton algorithm and also the progressively slower

convergence frequently encountered in the steepest-descent method. The starting

point in the search is determined by initial estimates of the optimal parameters. A new
search direction is chosen by a suitable interpolation between the search directions

provided by the two algorithms. At points where the objective function, Q, is rapidly

changing (usually these are far from the optimal solution), the search direction is

close to that provided by the method of steepest descent. Near the optimal solution,

where the gradient of the objective function is small and the function is approximately

linear, the search direction is close to that provided by the Gauss-Newton method.

Another feature of the Levenberg-Marquardt algorithm, as implemented in the public-

domain software package employed in this study [101], is the use of implicitly-scaled

variables in order to achieve scale invariance of the method and to limit the size of the

correction in any direction where the objective function is changing rapidly. Under
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KERR CELL DATA FIT

T i me ( fis )

Figure 40. Measured and fitted Kerr intensities for <j> and VQ set to zero. The measured

intensity appears as individual points. The fitted intensity curve is the solid curve. The

difference of the two intensities is shown as the dashed curve.

reasonable conditions on the objective function, this optimal choice of the correction

enhances global convergence from starting points fax from the solution and has a fast

rate of convergence for problems with small residuals.

The available data consisted of 2048 measurements of K and with each data pair

simultaneously measured at equally-spaced time samples taken at 10 ns intervals.

The Vi are the voltages measured with the voltage divider and the /, are the

corresponding intensities measured with the Kerr cell system connected in parallel

with the divider. To eliminate the effects of random noise in the Vi measurements,

these data were smoothed using a least-squares cubic-spline fit with 100 equally-

spaced knots. The smoothed voltages were those used in Eq. (28) to obtain the fits

shown in Figs. 40 and 41. An examination of the residuals between the measured

and smoothed voltages showed that the fitting procedure had the desired effect

of removing the random noise without distorting the voltage waveform. Fig. 42

demonstrates the result of using the noisy voltage data when fitting Eq. (28) to

intensity data under the conditions shown in Fig. 41. The rms error of the difference

of the fitted and measured curves is reduced by about half when the voltage data are

smoothed.

The model used in this study for fitting of the measured Kerr waveforms is a

modification of Eq. (24):

I = Im sin
2
[—

(

*,V-V0
)

2 + <^] + lo- rn

The phase angle, <£, in this equation is used to account for constant birefringences

in the Kerr measurement system, such as those produced by stress in the glass
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KERR CELL DATA FIT

Time (/j, s )

Figure 41. Measured and fitted Kerr intensities for fitted V0 . The measured intensity

appears as individual points; the fitted intensity curve is the solid curve. The difference

between the two intensities is shown as the dashed curve.

KERR CELL DATA FIT

Time ( /zs )

Figure 42. Kerr intensity curve found using unsmoothed voltage data. The measured

intensity appears as individual points; the fitted intensity curve is the solid curve. The

difference between the two intensities is shown as the dashed curve.
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windows of the Kerr cell. Eq. (28) also contains a term, 70 ,
to account for background

light intensity in the measurements. This term arises from room light entering the

photodetector and from nonideal polarizers that may pass a small amount of light

even when their axes are orthogonally aligned.

The single-point estimate that has been used in the past to calculate the cell constant

from the peak voltage, Vp ,
using analog measurements of the Kerr intensity and

divider output is :

Vm = (29)

The peak voltage, Vp ,
is determined from the voltage divider measurement and from

rip, which is the Kerr fringe number corresponding to the voltage peak. The voltage

offset, V0 ,
is found from the divider data and is usually taken as the average of several

hundred data points preceding the rise of the voltage impulse. In this study, the value

of V0 found from fitting Eq. (28) to the Kerr waveform was used for the single-point

calculation, Eq. (29).

4.4 Results and Discussion

The function given in Eq. (28), was used to fit the measured intensity curves to a point

slightly beyond that corresponding to the peak voltage. Initially, the curve-fitting

was performed with only the adjustable parameters for the intensity maximum, 7m ,

intensity offset, 70 ,
and cell constant Vm ;

the phase angle,
<f>,

and offset voltage, VQ ,

were set to zero. A typical curve fit using only these parameters is shown in Fig. 40.

Fitting the phase angle, 0, resulted in fits that were somewhat better: the mean
differences between fitted and measured curves and the total rms error were reduced.

The values determined for the fitted phase angle were small, as was expected since

this parameter accounts for fixed birefringences in the optical measurement system.

These birefringences, such as stress birefringence in the cell windows, have been found

in other investigations to be small [102]. When the offset voltage, VQ ,
was fitted and

<f>

was set to zero, further improvements in the fits were realized, as shown in Fig. 41.The

differences between the fitted and measured curves were in the worst case less than

5 % of 7m and the rms error was reduced to less than half of that when VQ was not a

fitted parameter.

It is useful to compare the fitted values of Vm to those estimated from the single-point

Vp as described in the previous section, Eq. (29). The results given in Table 7 show

that the scatter in the value of Vm is reduced by an order of magnitude over that

resulting from the calculated single-point values. These values were determined as

the average of Vm determined from fits using impulse voltage waveforms having peak

voltages over a range from 1.73 Vm (3.5 fringes) to 5.96 Vm (35.5 fringes). The error
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Table 7. Kerr cell constants found with curve-fitting technique and calculated at a single

point.

Polarizer Position VmJU (V) KUie(V)

Orthogonally 19 530±30 19 470±360

aligned

Misadjusted 19 520±40 19 583±470

All numbers reported are 3cr

Values are temperature-corrected to 22.6°C

* corrected for voltage offset

reported in the table represents three standard deviations (±3<r). It should also be

noted that the comparison of Vn’s also includes a correction for temperature, since

the data were taken at slightly different temperatures and the cell constant varies

with temperature. The temperature correction method has been reported elsewhere

[103]. The VJn’s reported in Table 1 are all corrected to 22.6°C. The largest differences

between the fitted and the measured curves, as shown in Fig. 41, typically occur at the

points midway between the minimum and maximum intensities, where the intensity

changes most rapidly with the voltage.

The values of the fitted and calculated cell constants for fringe numbers, np ,
between

3.5 and 35.5 are shown in Fig. 43. The fringe number np is an indicator of the

peak voltage, since they are related through Eq. (29). The Vm ’s determined from the

fitted curves are essentially independent of the fringe number. The corrected single-

point estimates of Vm fall below the fitted values at low fringe number, but the two

curves converge to nearly the same value for fringe numbers greater than 25. This

dependence of the values of the calculated Vm 's on fringe number is in agreement

with theory, which predicts that the random error SVm/Vm is:

^r =
[(^)

2
+ (v )

2
) l

,/2
-

Vm V
( 30 )
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Figure 43. Dependence of fitted and calculated values for the Kerr cell constant Vm on

fringe number corresponding to the peak voltage, np .

The relative error 6V/V in the measured output voltage from the divider is

approximately constant while the relative error 6n/n in fringe number decreases

with increasing n. According to Eq. (30), the random error in the calculated Vm
also decreases as the fringe number increases. This is characteristic of Kerr cell

measurements: their sensitivity increases with increasing voltage. The sensitivity of

the fitting technique to changes in the relative position of the axes of the polarizers

was also investigated and the results are given in Table 1. For this test, the polarizers

were rotated relative to each other so that they were no longer oriented orthogonally,

but misaligned by approximately 9°. There is excellent agreement between the values

of the fitted Vm determined from measurements with orthogonally-aligned polarizers

and with slightly misaligned polarizers. The scatter is small for both cases. The
change in the calculated single-point estimate is greater than for the fitted value of

Vm ,
but the differences fall within la for both the fitted and calculated Vm 's. The

results indicate that the fitting technique is insensitive to small misalignments of the

polarizers.

In another test, the same cell was filled with a different Kerr liquid, o-dichlorobenzene,

and the cell constant, V^, was again evaluated using the curve-fitting software. With

nitrobenzene, the cell constant, Vm ,
reported in Table 1 is 19530 ± 30 V. The fitted

cell constant, Vm ,
with o-dichlorobenzene was 43470 ± 780 V. These cell constants

are evaluated by fitting a section of the Kerr output waveform, typically from the

time at the start of the pulse to a time slightly greater than that corresponding to

the peak voltage, as shown in Fig. 41. The Vm found from fitting the first half of the

waveform, from start to the voltage peak was found to differ from that found from

the latter half of the waveform (from voltage peak to zero) by as much as 1-2 % for

the o-dichlorobenzene data. The scatter is also considerably greater in the fitted Vm ,

but this may be due to the range of fringes over which this average is taken, which
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for the o-dichlorobenzene data extended from 3.2 to 7.5 fringes. The significance of

the difference in V^,, depending upon which segment of the waveform is fitted, is also

unclear due to the large scatter in the data. Further measurements at higher fringe

number are required to reduce this variation.

The reduced scatter in the fitted V^’s was achieved by fitting the voltage offset VQ in

Eq. (28). The best-fit offsets were, however, considerably higher than expected. The

voltage offset is ordinarily removed from the voltage waveform during preprocessing

by subtracting the mean of several hundred data points prior to the start of the voltage

pulse from the entire waveform. It was therefore expected that the fitted V0 should be

small, perhaps of the order of 0.02 Vm . The actual values were 0.08 Vm to 0.1 Vm ,
and

at the highest voltages, 0.01 Vp to 0.02 Vp . The single-point estimates, when corrected

for voltage offset according to Eq. (29), were in excellent agreement with the fitted

VJn’s, as shown in Table 1. However, the uncorrected single-point estimates differed

from the fitted K„’s by as much as 1-2%, but this difference still falls within the

scatter. The voltage correction term, Va ,
in addition to accounting for any residual

offset in the voltage waveform, may also compensate for small timing delays between

the voltage and intensity waveforms. For an ideal ramp voltage, a voltage offset is

equivalent to a time delay. The voltage pulses used in this study rise monotonically

to Vp and can be approximated by a voltage ramp. Also, the effect of including a

voltage offset in Eq. (28) is equivalent to introducing a voltage-dependent phase angle

(with or without the fixed phase angle <f>). This can be seen if the (V — VQ )

2 term is

expanded:

I = L sin \*
1

f

V

1

[2 IvJ (31)

with:
-tV0

+ </>

Further studies axe being undertaken to determine the significance of the correction

term, VQ ,
and also to investigate the systematic errors in the determination of the cell

constant with both the curve-fitting and single-point estimates.

4.5 Conclusions

Preliminary results using the curve-fitting technique described in this paper indicate

that this approach may reduce the uncertainties in the determination of the Kerr

cell constants using compaxative digitized measurements. The Kerr cell constants
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resulting from the curve-fitting technique had much smaller variation with peak

voltage than did the corresponding single-point estimates; the standard deviation

of the fitted cell constants was an order of magnitude smaller than that for the

calculated single-point values over a wide range of voltages. The best fits to the

measured Kerr waveforms were attained when a constant correction term to the

voltage in the Kerr equation was included. The correction term was larger than

expected and the significance of this correction will be further investigated. In the

past, analog measurements have been limited to evaluating the cell constant only at

single points, typically at the peak of the voltage impulse. It is only with digitized

measurements that the use of curve-fitting techniques such as the one described in

this paper are possible.
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different activities: the production of S-F... in negative corona in SF- and the measurement
of electron scattering and dissociative electron attachment cross sections for SF, and its
electrical by-products. The third investigation is also concerned with two different
activities: several liquids that are currently used or have potential for use as high
voltage dielectrics are studied using conventional, impulse breakdown measurement techniques
and high-speed photography and advances in partial discharge measurement techniques are
presented. The last investigation is concerned with the evaluation and improvement of
methods for measuring fast transients in electrical power systems such as might be
associated with an electromagnetic impulse.
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