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Solid-object density standards developed independently by the Istituto di Metrologia "G. Colonnetti"

(IMGC) and NBS, and traceable to SI units of length and mass, have been compared using a silicon transfer
standard. Results agree to approximately I X 10-6, which is conistent with the uncertainties assigned by the two
laboratories.
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1. Introduction

The commonly adopted density standard is water.
The main drawback of water as a reference standard is
its reproducibility, which is difficult to check. The last
international comparison of density measurement, in-
volving eight major metrological laboratories [l]', gave
results which differed by as much as 13 parts per million
(ppm) on the measurement of a stainless steel kilogram
volume by hydrostatic weighing.

In classical hydrostatic weighing many sources con-
tribute to the final uncertainty aside from the density of
the reference liquid. Nevertheless, the adoption of a

About the Authors: Anna Peuto is with IMGC's
mass and volume unit (Sezione Masse-Volumi) while
Richard S. Davis serves with the NBS Length and
Mass Division.

international comparison; International System of Units;

solid density standard allows the metrologist to over-
come the problem of water reproducibility and to dimin-
.ish the effect of other sources of error.

NBS began a program to establish a solid density
standard in 1965 [2] and, more than 10 years ago, became
the first laboratory to succeed in doing so [3]. The
Istituto di Metrologia "G. Colonnetti" (IMGC) is
among the laboratories which have later developed
solid standards [4], following slightly different pro-
cedures but coming to the same result: a number of solid
objects whose mass and volume are directly traceable to
the SI mass and length standards.

No matter which procedure is adopted, measurement
of the mass and of the linear dimensions, from which
volume is computed, is a complex process, involving
sophisticated techniques and accurate measurement of
many influencing quantities.

Solid density standards can then be compared to liq-
uid or solid samples through hydrostatic weighing,
which again requires a fair deal of attention to sources of
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error [5,6]. The best way of assessing the estimate of the
uncertainty of both the standards and the procedure
used is to have a comparison of standards through hy-
drostatic weighing.

We have completed such a comparison between
IMGC and NBS using silicon crystals as transfer stan-
dards.

1.1 Plan of the Comparison

The NBS working standards of density are four 200-g
silicon crystals, while IMGC's are three 1-kg spheres of
glass-ceramic (p-2.5 g/cm3 ). A compromise had to be
reached on the optimum size for the transfer standards
and their number. We ultimately decided for maximum
convenience of both laboratories to use two cylindrical
silicon crystals of approximately 800 g each.

The silicon cylinders were fabricated at NBS from a
single rod of commercially-grown, semiconductor-
grade material. The rod had previously been ground to
a diameter of approximately 7.5 cm. It was sawn twice
to produce two cylinders of approximately 810 g. All
edges of the cylinders were then bevelled. The cylinders
were marked for easy identification by grinding one flat
spot into the edge of the crystal henceforth referred to
as X l and producing two such flats in the second crystal,
X2. Work damage was removed by etching the crystals
in a bath of nitric and hydrofluoric acids [7]. The crys-
tals were further etched to bring their masses to approx-
imately 800.3 g (i.e., apparent mass against stainless steel
of 8 g/cm3 density=800.0 g).

The transfer standards were to be compared by hy-
drostatic weighing to the solid density standards first at
NBS, then at IMGC, and finally at NBS again.

We agreed on having each institute follow its own
procedures for both the experimental process and the
treatment of data. The comparison was meant to be a
comparison of density measurements performed on the
same basic principles but carried out in thoroughly inde-
pendent ways, each result affected by the laboratory's
own data analysis and by possibly different systematic
influences.

The goal of the project was of course to verify the
agreement of the final density values, the uncertainty
estimate of both institutes being at the 1 ppm level. A
strong motivation for such a verification is that the NBS
density work has been used to help provide a mea-
surement of NA, the Avogadro constant. The density
measurements, in fact, were the dominant uncertainty in
the reported error budget. When that work was done,
which was about 15 years ago, it was found that the
measured volumes of steel spheres used to establish a
working volume standard depended systematically on
which of two methods had been used in their cleaning.
The two results differed by about 2 ppm. No satisfactory

explanation for the discrepancy having been found, it
was decided to average the two results and assign an
expanded uncertainty of I ppm [8]. This is a strategy
often imposed upon metrologists because of practical
constraints but it is, nonetheless, a solution which begs
further study. The work reported here provides an inde-
pendent check of the density scale used in the NBS
determination of NA

2. IMGC Standards

The IMGC project for the realization of solid density
standards started in 1978. The choice of shape and mate-
rial, influenced by previous work at NBS, fell on spheres
made of Zerodur2 , a glass-ceramic of very low thermal
expansion coefficient (az 10-8 /K). The artifacts, pro-
duced for IMGC by an Italian optical firm, have masses
slightly below I kg and diameters of about 90 mm. The
material being inert in air and water, the spheres can be
used in hydrostatic weighing. Three such spheres be-
came IMGC's working density standard after mea-
surement of their average diameter. The latter was ob-
tained, for each sphere, by measuring the absolute value
of two diameters at 907 and the diametral variations, for
a family of nine planes 20' apart passing through each
measured diameter [4,9].

To date, mass and volume measurements have been
completed on three spheres, which are referred to as SP,
S2 and S4. They are of different geometrical quality; SP
and S4 have diameter variations not exceeding 0.2 pm
and S2 has a maximum variation of 0.8 Mm. Uncer-
tainties of volume values are nonetheless estimated to be
all within 0.7 ppm (this represents one standard devi-
ation of the mean, 1 Sn).

Average diameter values are traceable to the length
standard realized by means of an iodine (12712) stabilized
He-Ne laser, while mass values are traceable to the In-
ternational Prototype Kilogram through stainless steel
mass standards.

2.1 Plan of Comparison

Since the purpose of the project was the deter-
mination of the density of the two 800-g crystals by
comparison with the three IMGC solid density stan-
dards, the five objects were weighed together in air and
water cycles involving three objects at a time. From the
weighings in air we obtained the mass difference be-
tween each pair of objects and between each object and
a 1-kg stainless steel standard. Least-squares adjustment

2Brand names are given to specify experimental conditions. This
identification does not imply either endorsement by the National Bu-
reau of Standards or assurance that the equipment used is the best

available.
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of data yielded the masses of the three spheres and the
two silicon cylinders.

From the weighings in bi-distilled water of known
isotopic composition we obtained two types of results:
first the values of all possible (10) volume ratios between
the five objects; second, as an interesting check, the
volume of the two crystals referred to water as a stan-
dard.

The original plan of the experiment, which provided
for an equal number of measurements of all volume
ratios, could not be carried out because of other commit-
ments. Since IMGC standards were involved in many
other density determinations during this comparison pe-
riod, we obtained a very large amount of data on the
mass and volume ratios of our own standards, but with
smaller and unequal amounts of data on the crystals.

Rather than further delay the project's conclusion, we
kept the data as they were and treated them by taking
into account their different values of sm*

2.2 Apparatus and Procedure

Both air and water weighings were performed with
the same single-pan balance of 1-kg capacity and 10
div/mg sensitivity. All weighings were performed by
comparison with calibrated stainless steel standards: the
same 1-kg standard in the air weighings and the same
500 g and 100 g in the hydrostatic weighings were used
for all the five objects, with additional masses to equal-
ize loads.

An air buoyancy correction was applied to all weigh-
ings by calculating the air density through the formula
recommended by International Committee for Weights
and Measures (CIPM) [10], using measurements of at-
mospheric pressure, dew point, temperature, and esti-
mate of CO, content from previous measurements in the
lab; all instruments were calibrated against IMGC stan-
dards.

Hydrostatic measurements were performed using a
loading mechanism quite similar to that of NBS; the
suspension wire was of stainless steel (0.25 mm dia.)
covered with platinum black. The vessel filled with bi-
distilled water was placed in an insulated bath con-
trolled by a circulation thermostat. The temperature
was measured, via an AC double bridge, by two 25 Q
SPRT's, placed at the lower left and upper right of the
artifact under test.

The water, of known isotopic composition [11], was
not degassed: a series of tests carried out with an indus-
trial dissolved-oxygen meter confirmed that at the mo-
ment of the weighings, some 48 hours after bi-
distillation, the water can be assumed in equilibrium
with atmosphere, i.e., saturated with gases.

Air weighings were double-substitution weighings,

following a 5-reading format with two sensitivity deter-
minations.

Hydrostatic weighings were performed in a slightly
different way, following a 13-reading format, starting
and ending with mass standards on the pan with and
without the 500 mg sensitivity weight. Three obser-
vations were taken of the apparent mass of each of the
objects involved, one reading taken with a smaller sensi-
tivity weight, the three observations then being aver-
aged to give a single value.

Smaller masses were added to the pan so that the
readings relative to the three objects fall all within 1/4
of the optical scale.

From a 13-readings series two volume ratios (the
third possible one being not independent) were ob-
tained. During one series, temperature drift was usually
kept within a few millikelvin and vertical gradient
within 2 mK/10 cm.

All data were corrected for temperature drift and the
crystal volumes were also corrected to a to 20 0C refer-
ence temperature (the water temperature was always
kept within 0.2 K of 20 'C). The very different coeffi-
cient of thermal expansion of Zerodur and silicon is the
only feature that has some influence, differences in com-
pressibility, etc. being negligible.

3. Results

The whole experiment was meant to provide:
* the mass values of the two crystals, Xl and X2;
* the volume ratios of the two crystals to each of the

IMGC standards and hence a final value of the
crystal volumes; and

* the volume of the two crystals referred to water as
a standard.

From the above one can compute the density of the
crystals referred to IMGC standards (and compare it to
NBS's value) and also referred to water, just as a check.

Let us examine the mass and volume ratios first.

3.1 Mass and Volume Referred to
IMGC Solid Standards

The weighings in air of the five objects against the
1-kg standard and against each other provide 15 experi-
mental equations that have been solved by the usual
least-squares method.

From the hydrostatic weighings we obtained all 10
possible volume ratios as independent measurements
and, again, least-squares adjusted values through a
Connor-Youden procedure [12].

For both the mass and volume ratio measurements,
we had sets with different numbers of measurements and
different standard deviations. We then attributed to each
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equation a weight inversely proportional to the variance
of the mean of the corresponding experimental data, Sm2

.

Tables I and 2 give experimental results of the mass
measurements and volume ratios, the number of mea-
surements, standard deviation of the mean and least-
squares adjusted values of the five masses and of the 10
volume ratios, together with the standard deviation of
the fit and of the adjusted values.

Final uncertainties were estimated, following BIPM
recommendations [13], as the combined uncertainties
from type A and type B components.

Tables 3 and 4 list all sources of uncertainty and their
influence on mass and volume ratio measurements to-
gether with the resulting combined uncertainty. The
volumes of the three spheres, as computed from the
interferometric measurement of their diameters, were
not considered in the least-squares adjustment of
volume ratios.

Since small discrepancies exist between hydrostatic
and interferometric values of volume ratios for the
IMGC standards, slightly different volume and density
values for the silicon crystals can be computed, referred

Table 1. Mass measurements (IMGC).

s, of I.s.
Object Measured Values n sm Is. adjusted mass adjusted mass

(g) (rng) (g) (mg)

Xl 800.33240 13 0.04 800.33225 0.05
X2 800.30064 3 0.08 800.30070 0.07
S4 967.95836 13 0.03 967.95837 0.04
S2 979.68247 14 0.03 979.68249 0.04
SP 958.56833 30 0.03 958.56837 0.04

s of the rlt=0.08 mg

Table 2. Volume ratios (IMGC).

Sm of I.s.
R Measured Ratio n 5

m IS., adjusted ratio adjusted ratio
(10-6)

S4/SP 1.01232589 46 0.12 1.01232588 0.14
S4/XI 1.11341445 6 0.40 1.11341383 0.19
S4/X2 1.11345775 6 0.14 1.11345768 0.15
S2/S4 1.01065800 13 0.30 1.01065732 0.21
S2/SP 1.02311459 27 0.22 1.02311456 0.17
S2/XI 1.12527956 20 0.25 1.12527984 0.21
S2/X2 1.12532385 8 0.26 1.12532416 0.20
SP/XI 1.00985702 12 0.18 1.09985712 0.17
SP/X2 1.09990061 8 0.19 1.09990045 0,15
XI/X2 1.00003929 16 0.17 1.00003939 0.17

s of the flt=0.3x 10-6

to each of the standards. These latter values are given in
table 5, together with the average values and the com-
bined uncertainty, where the uncertainty of the stan-
dards has been estimated as 0.7 ppm.

3.2 Water as a Reference

When water is taken as a reference a different philos-
ophy must be adopted. Volume ratios are independent
of the liquid used in the hydrostatic weighing, as long as

Table 3. Uncertainty of mass measurements (IMGC).

Source of Influence on
Uncertainty Magnitude Mass

I kg standard 50 jig 50 pig
Other mass standard 70 pg 70 pg
Density of Air 0.28 pig/cm3 68 pig

coming from:
Pressure 16 Pa
Dew point 0.3 K
Temperature 25 mK
CO, content I x 10-
Formula 0.08 pg/cm 3

Volume of unknown 0.4 mm3 0.5 pug
Volume of 1 kg standard 0.9 mm3 1 pg
Volume of other mass

standards 30 mm3 35 pig
Sensitivity reading I div 20 pg

RSS 0.12 mg

5n, Xl: 0.05 mg
X2: 0.07 mg

Combined Uncertainty 0.14 mg

Table 4. Uncertainty of volume ratio measurements (IMGC).

Source of Influence on
Uncertainty Magnitude Ratio Measurement

(10-6)

Mass standard 195 pg 0.2
Volume of mass standards 90 mm3 0.1
Density of air 0.28 pug/cm3 0.03
Coefficient of thermal

dilation of silicon 5)x 10- 8/K 0.01
Temperature drift 1 mK 0.2
Absolute temperature 1 mK 0.001

RSS 0.3Xlo- 6

Sm 0.2x)10<

Combined Uncertainty 0.4x 10-
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Table 5. Density and volume of Xl and X2 referred to IMGC standards.

Density (20 'C) Volume (20 'C)
Xl X2 Xl X2

Standard (g/cm3 ) (g/cm3 ) (cm3 ) (cm3 )

S2 2.3290763 2.3290763 343.62646 343.61292

S4 2.3290783 2.3290782 343.62617 343.61264

SP 2.3290789 2.3290789 343.62608 343.61254

Average 2.3290778 2.3290778 343.62624 343.61270

0.0000008 0.0000008 0.00011 0.00011

Uncertainty of density measurements

Source of Influence on

Uncertainty Magnitude Radio Measurement

Volume ratio 0.4X 10-6 0.9X 10- g/cm 3

Mass 0. 14 mg 0.4 X 10l6 g/cm3

Density standard 0.7 ppm 1.6X lo-6 g/cm'

RSS l.9X 10-6 g/cm 3

(0.8 ppm)

S. 0.8x 10< g/cm2

Combined Uncertainty 2.0X 106 g/cm 3

(0.9 ppm)

its density can be considered near constant during
weighings. Gas content, purity and absolute tem-
perature of the water are not a problem when measuring
volume ratios but are of the highest importance when
water becomes the reference standard.

When doubts about water conditions arise, the weigh-
ings must be disregarded: thus some of the observations
which could be considered when comparing volumes
were disregarded when measuring volumes referred to
water. We nonetheless came out with a fair amount of
data on XI and X2 volumes, measured in different sam-
ples of water.

Once again the number of measurements and the num-
ber of water samples are not the same for the two crys-
tals, but the information is sufficient to check both crys-
tals and confirm the tentative conclusion we have
drawn on water, as prepared and analyzed at IMGC.

The volumes of XI and X2 referred to water are given
in table 6, as average results of weighings in the same
water sample, together with the number of mea-
surements and standard deviation of the mean. The tem-
perature of the water was between 19.8 'C and 20.0 'C.
The data were corrected for thermal expansion of sil-
icon (ref. temp. 20 'C), isotopic composition [14], and
gas content of water (-2.5 X 10-6 [15]).

Averaging all observations, as they can be considered
to belong to the same set, we obtain a final value in very

good agreement with those referred to solid density
standards.

The final uncertainty, given in table 7, is only slightly
larger than in the case of the solid reference standards.
However, there are influencing quantities (gas content,
isotopic variations, contamination, etc.) for which either
a rough estimate or no estimate at all can be made.

Only after a considerable number of hydrostatic
weighings of the solid density standards were we able to
assess our water reproducibility; the results on Xl and
X2 provide a further check. We have found, in other
experiments, maximum discrepancies of 3 ppm.

4. NBS Standards
The fundamental density work at NBS was carried

out more than 10 years ago and has been well sum-
marized in review papers [8,16]. Briefly, the volume of
highly spherical steel balls was determined by inter-
ferometric measurements of ball diameter. Measurement
of the mass of each ball then determined its density. It
was assumed that the stability in density of the balls
would be inferior to that of single-crystal silicon. There-
fore, soon after the ball densities were determined, the
balls were used to determine the density of four 200 g
discs of single-crystal silicon. The transfer was made
hydrostatically in a bath of fluorocarbon. Water could
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Table 6. Volume of Xl and X2 referred to water (IMGC).

Water Sample Volume of Xi n S,, Volume of X2 n S,
(cm') (mm3) (cm') (mm')

1(19.8 C) 343.62620 5 0.17
2(19.8 'C) 343.62600 5 0.08
3(19.9 'C) 343.62632 5 0.13
4 (19.8 'C) 343.61332 5 0.13
5 (20.0 'C) 343.62638 8 0.07
6 (19.9 'C) 343.62610 8 0.03 343.61268 8 0.06
7(19.9 'C) 343.62628 7 0.08 343.61270 7 0.06

Average 343.62622 38 0.04 343.61285 20 0.08
Density 2.3290779 g/cm' 2.3290768 g/cm3
Difference from

density referred
to solid standards +0.1 X 106 <g/cm' -0.9x 10" g/cm3

not be used as the transfer fluid because it would have
attacked the surface of the steel balls. The fluorocarbon
fluid turned out to have many desirable properties com-
pared with water-lower surface tension, higher den-
sity, larger appetite for gases. Its chief drawbacks are its
higher thermal expansion coefficient and its poorer ther-
mal conductivity.

This work was completed by 1972. The four silicon
discs remain the NBS working standards of density.

4.1 Plan of Comparison

The objective of our measurements was the deter-
mination of the density of Xl and X2, using our four
200-g silicon discs as working standards. Similar to the
measurements at IMGC, we measured the mass of the
six objects by weighings in air after which the hydro-
static weighings were carried out.

The hydrostatic weighing and analysis were done as
described in reference [5] using fluorocarbon as the
transfer fluid. As a check, we also made several mea-
surements using water as the transfer fluid. The water
density was not known a priori to useful levels of accu-
racy because it was singly-distilled tap water of un-
known isotopic composition.

In all the measurements, the volume ratios of four
objects were determined in all six possible pairings.
These data were collected in about three hours and
constitute one "run." The four objects used were: Xl,
X2, and two groups of two discs each. The data from
each run were analyzed by non-linear least-squares fit-
ting using the total volume of the four discs as a re-
straint. The computed difference of the two disc-
summations and the standard deviation of the
least-squares fit were used as process controls.

Seven runs were carried out prior to sending Xl and

X2 to IMGC. Four of these used fluorocarbon as a
transfer fluid and three used water. Two additional runs
in fluorocarbon were made after the crystals returned to
NBS.

Table 7. Uncertainty of measurements referred to water (IMGC).

Source of Influence on
Uncertainty Uncertainty Volume Measurement

(mm;)

Mass of crystal 0.13 mg 0.13
Mass of standards

in hydro weigh. 0.17 mg 0.17
Volume of mass

standards 84 mm: 0.10
Sensitivity reading I div 0.02
Height difference 0.1 m 0.01
Thermal dilation

of silicon (a) 5x lo0-/K O.0o
Temp. difference from

20 'C I mK 0.00
Density of air 0.28 plg/cm' 0.08
Density of water 7.3X 10'7 g/cm' 0.25

coming from:
Temperature I mK
Gas content 20%
Isotopic abundance 2X 10-
Pressure 16 Pa
Depth I cm

RSS 0.35

Sm Xl: 0.04
X2: 0.08

Combined Uncertainty 0.36 mm3

(9 ppm)
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4.2 Apparatus and Procedure

The mass of each 200-g disc was determined by dou-
ble substitution against a 200-g stainless steel working
standard. Measurements were made on a modified
single-pan balance having a standard deviation of 12 jag.
The two 800-g crystals, Xl and X2, were weighed on a
single-pan kilogram balance having a standard deviation
of 25 jig. Calibrated stainless steel weights were added
to the silicon crystals until their apparent mass equalled
that of two of our stainless steel 1-kg standards. The four
objects of nearly-equal apparent mass were then inter-
compared by double-substitution, weighing in all six
possible pairings. Standard least squares techniques
were used to assign mass values to the unknown objects.

Buoyancy corrections were made using the same
equation for the density of moist air as was used at
IMGC [10]. Inputs to the equation were obtained from
a thermometer and hygrometer mounted in the balance
case and from an aneroid barometer placed on an adja-
cent bench. The ambient level of carbon dioxide was
assumed to be that measured previously during surveys
of our laboratory.

All hydrostatic measurements were as described in
[5]. Our bath chamber below the balance was enlarged
slightly to accommodate Xl and X2, since their volumes
are larger than any object we have previously measured.

The hydrostatic weighings were analyzed in a slightly
different way than in previous work. A hydrostatic
weighing of an object, A, proceeds as follows:

1,: balance pan unloaded
12: A on pan in fluid
13: A on pan in fluid, S on pan in air

14: S on pan in air
I,: balance pan unloaded,

where S is a 20 mg sensitivity weight of known mass.
The set 1, to 1, are balance indications. The balance used
is a single-pan device with calibrated built-in weights
and a 100 mg optical scale that can be read to the nearest
20 jig. Thus each 1I is the sum D, + O0 where Di is the
combination of calibrated built-in weights used and 0, is
the reading on the optical scale. Tare weights are used
to ensure that D, =D4, D2 = D, and 01 and 02 are within
one half of the optical scale range.

In the past, we have estimated the contribution of the
optical readings to the apparent mass of A in the bath
fluid as

MS {02 -0l±03_0 + °
2 k03-02 04-05, (1)

where Ml is the mass of S reduced by the buoyant effect
of air. The drift during the five observations is estimated
by

M, (02-01 03-06A
2 k03-0Z 04-05)

(2)

In this work, we replace eqs (1) and (2) with

M. 2-1_____ 03-04-_4(01-05) (la)
-2 V04-05-14(01-05) +04-05-14(01-05))

and

MS {°2-01 ~+3i(°l5) +°)-°4-14(°X-°8 .(lb)
2 (04-05-4'(01-05) 04-05-3t(0,-05) J

Equations (la) and (lb) differ most from (1) and (2)
when VAPL is a large number, where VA is the volume of
A and PL is the time derivative of the density of the bath
fluid. Generally, PL =(2pL/aT)T. We also assume a lin-
ear drift in T, the bath temperature. In (1) and (2), the
quantity (M/2)-(I/(0,-0 2 )), which is supposed to be
an estimate of balance sensitivity, will contain a signifi-
cant error if VAPL is large. The penalty for this error falls
heaviest on those measurements for which (02-01) is
the largest percentage of full-scale. Equations (la) and
(lb), on the other hand, estimate balance sensitivity in-
dependent of the volume of the object being weighed.
The quantity (1/4)(0, -05) is used to eliminate the small
effect of At on the volume of the submerged balance
pan. Drift in the fluid density is still measured by com-
paring the magnitude of (lb) with zero. We may note
that the quantity (la), in addition to random errors, will
now be systematically biased by the amount EVA, where
e is the increase in bath density between successive mea-
surements. The effect of this bias can be made negligible
by establishing a maximum drift criterion and mon-
itoring the quantity (lb) for each group of mea-
surements.

The use of (la) also means that non-linearities in the
optical scale readings are not accounted for, but experi-
ence has shown that the non-linearities are small com-
pared with the effects of temperature drift during a read-
ing.

It is worth noting that in analyzing a large quantity of
data using both schemes for data reduction, virtually
identical final results for every run were obtained. The
difference is that the computed standard deviations of
the least squares fits were, on occasion, significantly less
using the modified scheme.

5. Results

The results of the NBS measurements are shown in
tables 8-11. In table 8, the "first set" of measurements
was made at NBS prior to sending Xl and X2 to IMGC.
The "second set" of measurements was made after the
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Table 8. Mass measurements (NBS).

Object Measured Mass, Measured Mass, Estimated No. of Deg.
Ist Set 2nd Set Sm of Freedom

(g) (g) (jg)

xi 800.331922 800.331839 35 9
X2 800.300387 800.300375 35 9

Disc 1 200.420702 22 2
Disc 2 199.763720 22 2
Disc 3 200.006331 22 2
Disc 4 199.426629 22 2

return of the transfer standards from IMGC. It is possi-
ble that Xl has lost mass during its use although the
difference is just at the level of significance (see table 9)
even accounting for uncertainties which are common to
both sets of measurements. The masses of the four discs
have been stable for a number of years. An accident in
1978 involving Disc 4 caused the last change in any of
the measured masses.

In table 10, runs 8 and 9 were made subsequent to the
return of XI and X2 to NBS. The masses obtained in the
second set of table 8 were used for these two runs. No
obvious systematic behavior was observed so the results
were pooled with equal weight assigned to each run.

In table 10, it is worth noting the differences in prop-
agated error as a function of transfer fluid. The tem-
perature of the bath need not be known because XI, X2
and the four standard discs have identical temperature
coefficients. The other zeros in table 10 are a result of
the standards and unknowns being almost identical in
density. That is, any type B error which has the effect of
changing 1, and 1, (see below) to KIl, and KI, (where
K z 1) propagates as an error in V. or D. which is pro-

Table 9. Uncertainty in mass measurements (NBS).

Source of Influence on Influence on
Uncertainty Magnitude Unknowns Standard Discs

(Jug) (us)

1 kg standard 50 Mg 40 20
(stainless steel)

200 g standard 23 ptg 23 23

Density of air 0.40 Ag/cm3 97 49
coming from:
Pressure 13 Pa
Relative humidity 3%
Temperature 50 mK
CO, content I X l04
Formula 0.08 jig/cm3

Volume of
unknowns I ppm 0.4 0.2

Volume of
1 kg standard 1.3 mm3 1.2 0.6

Volume of 200 g
mass standard 1.3 mm' 1.5 1.5

Sensitivity
reading 1 div 20 20

RSS 109 61

Sm 35 22

Total Uncertainty 115 Mg 65 jig

Table 10. Results of nine runs (NBS).

Computed
Fitted Volumes (cm') Densities (g/cm')

Run Transfer Grouping Estimated ns,, @ 20 'C
No. Fluid of Standard Discs xl X2 3 Deg. of Freedom xl X2

(mm')

I Fluorocarbon 2+4, 3+5 343.625187 343.611593 0.113 2.3290835 2.3290839
2 Fluorocarbon 2+3, 4+5 343.625692 343.612283 0.090 2.3290801 2.3290792
3 Fluorocarbon 2+3,4+5 343.625710 343.612123 0.054 2.3290799 2.3290803
4 Fluorocarbon 2+3, 4+5 343.625490 343.612017 0.051 2.3290814 2.3290810

8 Water 2+4, 3+5 343.626419 343.612648 0.143 2.3290754 2.3290770
6 Water 2+3, 4+5 343.625750 343.612266 0.041 2.3290800 2.3290796
7 Water 2+3, 4+5 343.625753 343.612298 0.076 2.3290800 2.3290794

8 Fluorocarbon 2+4, 3+5 343.625693 343.612234 0.112 2.3290803 2.3290800
9 Fluorocarbon 3+5, 2+4 343.625792 343.612358 0.078 2.3290796 2.3290791

Average 343.625721 343.612202 2.3290800 2.3290799
S 0.000108 0.000095 0.0000007 0.0000006
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Table 11. Uncertainties in hydrostatic measurements (NBS).

Influence on V. influence on D,

Source of
Uncertainty Magnitude Fluorocarbon Water Fluorocarbon Water

(mm') (mm') (pg/cm') (,g/cm 3)

Mass of two
standard discs 65 pg 0.018 0.074 0.10 0.50

Density of two
standard discs (D,) 2.21 pg/cm' 0.326 0.326 2.21 2.21

Calibration of
of built-in weights on
hydrostatic balance
(Type B) 15 jvg/loog -- 0 -0 -0 --0

Mass of unknowns,
Xl and X2 115 Mg 0.065 0.115 0.11 0.44

Sensitivity
of hydrostatic
balance 20 pg 0.016 0.028 0.11 0.19

Bath temperature 2 mK - 0 -0 -0 -0

Density of air 0.40 jg/cm' -0 --0 -- 0 - 0

RSS 0.333 0.355 2.22 2.32

Sm 0.107 0.107 0.72 0.72

Total 0.350 mm' 0.370 mm' 2.33 pg/cm' 2.43 tg/cm'
Uncertainty (1.02 ppm) (1.09 ppm) (1.00 ppm) (1.04 ppm)

portional to (D.-D,)/pL, where pL is the density of the
bath fluid. In fact, calibration of the built-in weights was
a major contribution to the error budget reported in [3]
because in that work the volume standards were made
of density 7.8 g/cm' material and the unknowns were
silicon. Note also that we are treating uncertainty in the
air density during mass measurements and hydrostatic
measurements as uncorrelated. This is because the mea-
surements were made on different balances in different
rooms with different thermometers, barometers, etc.
This choice has little effect on the final uncertainty as-
signment, although the method used is the more conser-
vative because an error in air density systematic to all
mass measurements would have no effect on the re-
sulting assignment of density.

umes of its three Zerodur spheres are known (or that the
density of water is known when water is the standard).
This leads to the following schematic equations for ob-
taining final results:

STANDARD:

V-=

NBS
discs

IMGC
spheres water

M, MS-15 VM-I MS-I,
b; MS-15 "'Al-!, Pw

DSMS!S M,
Ml, M-a-

MS M, -I M,
Vk_,. M,-IX MX-1

6. Discussion

In comparing results between NBS and IMGC, one
must look at the starting premises of the two laborato-
ries. NBS assumes that the densities of its four silicon
discs are known whereas IMGC assumes that the vol-

where
VA:

MA:

M,:

the symbols have the following meanings:
volume of unknown
volume of standard
mass of unknown
mass of standard
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D.: density of unknown
D,: density of standard
pw: density of water
1x: M.-pV. (apparent mass of unknov
I: Ms-PLV, (apparent mass of standard
p,: density of transfer fluid

D,(NBS) and V,(IMGC) are assumed known
measurements reported here (we will defer d
the IMGC measurements based on water)
instance, while D,(NBS) and V,(IMGC,V,
sured independent of the SI unit of mass, V
D,(IMGC, V,) do depend on the SI mass unit
realized in each laboratory. Other depende
among the various measurement schemes as
cussed presently.

Before examining possible discrepancies
useful to compare those results of the two I
which should be almost independent of the
ume, or density scales used but, rather, depe
experimental procedures. Such a measure is
a comparison of the ratio VXl/VX2 measured
laboratories:

IMGC:

NBS:

1.00003939

1.00003940

Based on the mean standard deviations w
pect agreement to about 0.2 ppm. The obse
ment of 0.01 ppm is well within these limits

The densities reported by IMGC are, ho
tematically lower than those of NBS by abo
The volumes reported by IMGC for Xl
systematically higher by 1.4 ppm than those:
NBS.

Although these discrepancies are by no
ous, given the claimed accuracies of the tw
ries at the estimated one standard deviation s
accuracy, it is nevertheless useful to examin
ble sources for the slight offsets. In fact, o
ately notices that the masses of Xl and X2j
the two laboratories are discrepant by an ave
mg (0.43 ppm). Assuming the IMGC value!
rect, the NBS values for D, and V, would s
the IMGC values by 0.3 ppm and 0.8 ppm r
if "corrected" for the mass error. On the ot
the NBS values were correct, the IMGC v,
and V. would shift toward the NBS values
and 1.1 ppm for both types of measurei
spheres or water used as standards). The d
shifts is due to the heavy reliance on fli
(p - 1.8 g/cm 3) as transfer fluid at NBS corn

the exclusive reliance at IMGC on water (p- 1.0 g/cm3)
as either transfer fluid or standard'.

It might be tempting, then, to attribute most of the
wn in fluid) observed discrepancies in V. and D, to the mis-
in fluid) measurement of the mass of Xl and X2 at one of the

laboratories were it not for the fact that the Zerodur
prior to the spheres and/or the silicon discs used as standards in the
iscussion of two laboratories would almost certainly be subject to

Thus, for the same systematic error. Such an error could arise
are mea- from mass standards or from faulty evaluation of the

,(NBS) and density of air. If the standards and unknowns were both
as presently subject to the same systematic error, a "correction" at
ncies differ NBS would leave the values of D, unchanged but would
will be dis- shift V. closer to the IMGC value by 0.5 ppm. A similar

"correction" at IMGC would move results farther from
urther, it is NBS by 0.6 ppm and 0.1 ppm for the case of Zerodur
aboratories spheres used as standards; the results using water as
mass, vol- standard would shift closer to NBS values by 0.6 ppm
nd only on and 1. I ppm. All these shifts can be estimated by propa-

)rovided by gating changes through the schematic equations given
by the two above.

Aside from the discrepant mass values, the systematic
difference in density measurements might of course be
due to the volume/density standards. In fact, among
IMGC density measurements those referred to one of

0.00000017 the spheres (S2) are lower than the others by about I
ppm. 54 and SP are in much better agreement with NBS

0.00000014 values (0.6 ppm). Discrepancies are still not significant
compared to the uncertainties attributed to the stan-

v would ex- dards, so that we considered all IMGC measurements in
rved agree- the final computation. Besides, IMGC standards were

recently involved in a comparison with PTB sponsored
wever, sys- by the European Economic Community (EEC): the re-
ut 1.0 ppm. sults are still to be published but it might be useful here
and X2 are to note that the best agreement was obtained for S2, so
reported by that there is no evidence of this standard being mis-

measured.
means seri- As for now, density measurements of I ppm uncer-
wo laborato- tainty agreeing within I ppm are a satisfactory result.
(lo) level of Separate inquiries should be carried out on each single
e the possi- cause of discrepancy to obtain both a better agreement
ne immedi- and a smaller uncertainty.
!eported by
rage of 0.34 7. Conclusions
e to be cor-
hift toward The mass and volume assignments to the transfer stan-
espectively dards, Xl and X2, made by IMGC and NBS agree to at
her hand, if worst 1.5 ppm, average density values agreeing to 0.9
vues for D, ppm. Each laboratory assigns an uncertainty of about 1
by 0.6 ppm
rments (i.e., 'In fact, the measurements made at NBS which used water as the

difference in transfer fluid would shift by 0.6 ppm and 1.1 ppm while those usingfluorocarbon would shift by 0.2 ppm and 0.6 ppm. It is interesting to
uorocarbon note that no systematic differences in the water and fluorocarbon

ipared with measurements at NBS were observed.
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ppm so that the observed agreement is good. We note a
larger than expected discrepancy in the assignment of
mass to XI and X2. Resolution of this discrepancy might
improve volume agreement by as much as 1.1 ppm or
worsen agreement by as much as 0.6 ppm.

While we cannot resolve the cleaning anomaly which
was observed during the NBS work which established
its volume standard, we can at least confirm that the
uncertainty which NBS ultimately placed on its mea-
surements is a reasonable one. Thus the uncertainty
which these measurements brought to the measurement
of the Avogadro constant by Deslattes et al. is also
confirmed.

We wish to thank Dr. Richard D. Deslattes for en-
couraging this collaboration and for providing material
aid in the form of the silicon used to fabricate Xl and
X2. We also thank Dr. Albert Henins for aid in fabri-
cating the transfer standards, S. Pettoruso and M. Ras-
etti for hydrostatic weighings at IMGC, and Dr. A.
Sacconi for helpful discussions.
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The most abundant, long-lived stable gaseous species generated by corona discharges in SF6 gas containing
trace levels of 0, and H,0 are the oxyfluorides SOF,, SOF, and SOF4. Absolute energy and charge rates-of-
production of these and the minor products SO,, OCS, and CO2 have been measured at different total gas
pressures from 100 kPa to 300 kPa and for discharges of different current, power, and polarity. Oxyfluoride
yields for SF6/02 mixtures containing up to 10% 0, have also been measured. The results indicate that
oxyfluoride production is not controlled by the concentrations of either 0, or H,0 at levels below about I%,
and the rate controlling factor is the dissociation rate of SF6 in the discharge. The discharge current and time
dependence of the production rates are discussed in terms of gas-phase mechanisms that have been proposed to
explain previous observations of electrical, thermal, and laser-induced decomposition of SF6 and SFs/O, mix-
tures. Upper limits on the total SF6 decomposition rate in low-current discharges have been estimated. Details
of the chemical analysis procedures are given, and application of the results to the design of chemical diagnostics
for SF6-insulated, high-voltage apparatus is discussed.

Key words: corona discharges; decomposition rates; production rates; SF6; SFs/02 mixtures; SOF,; SOF,;
SOF4 ; sulhurhexafluoride; sulfurylfluoride; thionylfluoride; thionyl tetrafluoride.

1. Introduction

The decomposition of gaseous SF6 leading to for-
mation of the oxyfluorides SOF2(thionylfluoride),
SO2F,(sulfurylfluoride), and SOF4(thionyl tetra-
fluoride) as major stable gaseous end products has pre-
viously been observed under a wide range of experi-
mental conditions. These include: 1) oxidation of SF6 in
02 induced by exploding metals [1];' 2) decomposition

About the Author, Paper: R. J. Van Brunt is a phys-
icist in the Electrosystems Division of the NBS Cen-
ter for Electronics and Electrical Engineering. The
work he reports on was supported by the Electric
Energy Systems Division of the U.S. Department of
Energy.

of SF6 on metal surfaces by direct heating [2]; 3) high-
power, laser-initiated dissociation of SF6 and SF10,
mixtures [3-5]; 4) shock-tube pyrolysis of SF 6 /0, mix-
tures [6]; 5) low-pressure rf and microwave discharges
[7-10]; 6) high-pressure arcs [11-18]; 7) spark discharges
[19-22]; and 8) corona and glow type discharges such as
those considered here [14,18,23-26]. Precluding possible
catalytic influences of metal vapors and surface reac-
tions, it might be expected that, although the initial dis-
sociation mechanisms and the degree of gas dissociation
in these cases are quite different, the basic subsequent
gas-phase chemical processes that yield oxyfluorides
should be similar. The relative yields of SOF,, S02Y2,
and SOF4 , however, can depend on the availability of
oxygen and the degree to which the SF6 molecules are
dissociated, e.g., as determined by gas temperature or
discharge power level. Generally as gas pressure, tem-
perature, or discharge power increases, SOF2 prod-
uction is observed to become more dominant
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[1,14,16,19]. At lower pressures, temperatures, or dis-
charge power levels, SOF often dominates [1,3,8-10],
and when 0, is added to the gas, it is noted that [3,15]
both SO,1 and SOF4 increase relative to SOF,.

Most of the earlier experimental work on decom-
position of SF6 or SF6/0, focused on the problem of
identifying the final by-products or intermediate ion and
neutral species (also see refs. [27-30]). There have been
only a few attempts to determine absolute yields for the
electric-discharge-generated by-products, and these
were performed under conditions for which the dis-
charge could not be easily controlled or quantitatively
characterized, namely for arcs [15,18],sparks [20,22],
and 60-Hz ac corona [18]. The motivation of the present
work is to provide data on the absolute yield of the
oxyfluorides from SF6 in the presence of small quantities
of 02 and H,0 under steady, dc-corona discharge condi-
tions which could be readily characterized and con-
trolled. The measurements reported here have been
made for different gas and discharge conditions selected
to help elucidate the predominant mechanisms of oxy-
fluoride formation.

Quantitative data on oxyfluoride production are also
needed to design chemical diagnostics for SF6 -insulated
high-voltage apparatus in which corona or partial dis-
charges could occur [31-32]. The formation of the oxy-
fluorides is accompanied by production of highly reac-
tive species such as free fluorine and HF. These species
can cause serious damage to conductors and solid insu-
lating materials present in practical systems [33-36]. Al-
though most gas-insulated systems are designed to be
free of internal discharges, low-level partial discharges
similar to the corona phenomena considered here may
be unavoidable, and in some applications, like high-
energy electrostatic accelerators [26], continuous co-
rona discharges are frequently maintained during nor-
mal operation. The highly reactive products of a
discharge do not remain in the gas for long and are
consequently difficult to detect. Their level of prod-
uction, however, could be inferred indirectly from mea-
surements of oxyfluoride content, provided that: 1) the
production rates for the oxyfluorides are known, and 2)
the connection between oxyfluoride and corrosive spe-
cies production is understood. The results of the present
study provide further insight into the latter item as well
as data for the former.

Although the rate data presented here either include
or are consistent with those that were previously re-
ported from our laboratory [37-38], the measurements
have been extended to a wider range of conditions.
Moreover, the present results are expressed in a way
deemed to be more useful in the design of chemical
diagnostics for practical systems and are thus intended
to supplant the earlier data.

2. Definitions of Production Rates
Production rates are usually specified in terms of

change in the quantity of substance per unit of time,
denoted here as dc/de. This rate is determined by the
rates of the reactions and concentrations of the reactants
involved in formation of the particular species of inter-
est. For electric discharge-generated products, it is
more useful to express the rates in terms of either quan-
tity generated per unit of energy dissipated (ru) or per
unit of charge transported in the discharge gap (rq).
These are related to the time rate-of-production by

dc/dt=p(t)r,, and dc/dt=i(t)rq, (1)

where p(t) and i(t) are respectively the instantaneous
discharge power and current. The net quantity of a sub-
stance generated in a discharge of duration t' is then
given either by

c(t')= f1 i(t)r[i(t)]dt (2a)

or

c(t')= f'p(t)r2 [p(t)]dt (2b)

where it is assumed that in general r, and r, depend on
i(t) and p (t), respectively. Stable gaseous products gen-
erated in a localized discharge will usually diffuse rap-
idly throughout the volume in which the gas is con-
tained so that the concentration observed will be given
by c (')/V,, where Vs is the volume of the system. If one
knows the volume of the system, the production rates,
and level of discharge activity specified by either i(t) or
p(t), one can then use eq (2a) or (2b) to predict the
concentrations of the by-products which can be ob-
served after a given time.

The preference for either rq or r. is determined by the
predominant dissociation mechanism and by variations
of these with either current or power dissipation re-
spectively. In the case of high-current, arc-type dis-
charges in which heating of the gas is important and
thermal dissociation dominates, the quantity r, is pre-
ferred because it is found [15,18] to be relatively con-
stant, i.e., dc/dt o p(t). However, for cold, low-current
discharges such as corona, in which the dissociation of
the gas is primarily governed by electron collision pro-
cesses, rq is more useful for predicting by-product
buildup in practical systems and for interpreting results
of measurements as described here.

Examples of oxyfluoride energy or charge rates-of-
production estimated from data that have previously
been reported [15,18,39] for SF6 are shown in table 1. In
addition to these results, Castonguay [22] recently re-
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Table 1. Estimated oxyfluoride production rates in electric discharges from earlier work.

Literature Discharge Electrode Production Rates
Reference Type Material SOF2 SOF4 SOF. units

Sauers et al. [391 spark S.S.' 1.8 0.22 0.021 (amoles/3)
Boudene et al. [15] arc S.S.* 24 0.3 0.8 (nmoles/J)
Boudene et al. [15] arc Ag 0.4 0.4 0.3 (nmoles/J)
Boudene et al. [15] arc Cu 8.12 0.3 0.5 (nmoles/J)
Chu et al. [181 corona Al (370-850) - (190-420) (Amoles/C)

*Stafitless steel

ported a total SF6 decomposition rate in a 60 W arc
employing stainless steel electrodes to be about 7 to 8
nmoles/J. In a much earlier work, Waddington and Hei-
ghes [24] estimated the total gaseous by-product prod-
uction rate in SF6 point-plane partial discharges to be
about 2 gmoles/J. This estimate disagrees significantly
with the results in table I and is not consistent with
either the data or the theoretical upper limit on SF6

decomposition to be discussed here.

3. Measurement Method

3.1 Discharge

The electric discharge used for this investigation was
a highly localized, low-current, point-plane corona.
Characteristics of this type of discharge have previously
been described [40,41]. A schematic of the experimental
arrangement is shown in figure 1. Polished stainless steel
electrodes were used in a 3.7 liter cell with a point-to-
plane gap of 1.5 cm and point radius-of-curvature at the
tip of about 0.08 mm. The cell contained a static gas
sample which was maintained at room temperature
(-300 K).

The zone of ionization, assumed here to coincide with
the chemically active region, is confined to the immedi-
ate vicinity of the point electrode tip due to the highly
divergent nature of the electric field. It is estimated from
consideration of the field [40] that the active region
extends a distance from the point which is no more than
2% of the total point-to-plane gap spacing, i.e., no more
than about 4 point-electrode tip radii. The extent of the
active region and the ion drift volume were therefore
small compared to the relatively inactive volume of gas
contained in the discharge cell.

A continuous corona was generated with a high-
voltage dc supply that could be operated at either polar-
ity, and consistent with the usual convention [4], the
designated sign of the discharge refers to the potential of
the point electrode relative to the plane. The voltage
across the cell was continuously monitored and adjusted
to maintain a constant average discharge current (see
fig. 2). During a typical experiment of 20 to 70 h du-
ration it was usually necessary to initially decrease and
then gradually increase the voltage in order to keep the
current constant. The average currents could be kept
constant for the positive and negative discharges to
within ±- 1% and +4% respectively. The adjustments in

Hygrometer probe
(thin film aluminum

oxide)

Figure I-Experimental arrangement.
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where ia4 is the time-averaged current as determined
from the electrometer output and V(t) is the instanta-
neous voltage drop across the cell.

3.2 GC/MS measurements

The chromatographic method and gas
chromatograph-mass spectrometer system (GC/MS)
used for gas analysis was similar to that described by
others [7,9,14-15] for observation of neutral decom-
position products in SF6. The GC/MS was a modified
commercial instrument consisting of a Teflon2 column
containing Porapak Q (90 cmX 3.2 mm, 8/100 mesh), a

(3)
'Certain commercial materials are identified here in order to ade-

quately specify the experimental procedure. In no case does this iden-
tification imply recommendation or endorsement by the National Bu-
reau of Standards, nor does it imply that the material is necessarily the
best available for the purpose.
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membrane separator, and a quadrupole mass analyzer.
Gases which were separated in time by the column
passed through the membrane and were ionized by a
70-eV electron beam. The mass spectrometer was pro-
grammed to sample repetitively a sequence of selected
ions characteristic of the various molecular species ob-
served. Examples of single-ion chromatograms obtained
by this procedure are shown in figures 3 and 4.

Table 2 indicates the ions monitored (mass-to-charge

ratios, m le), approximate column retention times, and
corresponding boiling points at 100 kPa pressure for
some of the species observed. The order of elution cor-
relates with boiling points as expected and is like that
previously reported for similar columns [9,14,15]. Re-
tention time values varied somewhat depending on col-
umn temperature and carrier-gas flow rate. For most
measurements the helium carrier-gas flow rate was
32 ml/min at a column temperatureof 24 'C. Some mea-

m/e = 86

I

DEGRADED

SF 6 SAMPLE

- - a , =_-z

Figure 3-Typical single-ion chro-
matograms for mne=96 show-
ing features associated with SF6,
SOF2, SOPF, and SOF2 , from de-
composed SK6 and from a cali-
bration sample containing
known amounts of SOF, and
SOF in SF6 .The gas sample in-
jection was made at t1= min.
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Table 2. Mass-to-charge ratios (m/e) of ions observed, approximate
range of column retention times (at 24 'C and 32 ml/min He flow
rate), and boiling points (at 100 IkPa pressure) for various gaseous
species observed.

Observed Retention Boiling
Gas m/e Time (min) Points CC)

02 16 - 0.2 - 183.0
SF, 19 0.35-0.4S -63.8
SOF, 102,83 0.8-1.3 -55.4
SOF, 86 1.0-1.6 -49.0
SOF, 86,67 1.6-2.4 -43.8
H20 18,16 3.1-5.0 100.0
SO, 64 8.2-8,7 - 10.1
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Figure 4-Typical single-ion chromatograms for m/e=83 showing

broadening of the SOF2 peak due to SOFP in the sample of
decomposed SF,. The solid line represents a fit to the data of a
curve which has a shape determined from calibration samples
containing only SOF2 and SOF,. The area under the solid curve
is then compared with that from calibration data to determine
SO,F, concentration.

surements were made at temperatures as high as 50 'C
with a corresponding flow rate of about 18 ml/min.

The ions selected for monitoring were those that cor-
responded to the best signal-to-noise ratios. For SOF,,
the m/le= 86 data gave slightly better signal than mr/
e=67, and for SO,F,, Mnle =83 gave the best results.
However, analyses performed using both ions indicated
for these gases gave results which were in satisfactory
agreement. For SOF 4, only the me= 86 ion (SOF,+)

data could be used because of an excessively high back-
ground at mi/e = 105 (SOF 41), and because of the
method for quantitative analysis which, as described
below, required a direct comparison with SOF, also
appearing at m e/ = 86.

In performing the gas analysis, samples of 0.8 ml vol-
ume were periodically (once every I to 2 h) extracted
from the cell with a gas tight syringe and injected into
the GC/MS. During the sampling period, about 4 min,
the discharge was turned off. To assess the extent to
which the equilibrium conditions in the cell were con-
trolled by the discharge or influenced by relatively slow
reactions in the bulk of the gas, the discharge was occa-
sionally extinguished for long periods of up to 20 h. The
gas was analyzed at the beginning and end of these
periods.

3.3 GC/MS calibration

Quantitative analysis for the species SOP',, SOF,,
SO,, OCS, and CO2, was accomplished by making direct
comparisons of the GC/MS responses for unknown and
reference gas samples as indicated by examples shown in
figures 3 and 4. The absolute quantities in moles c were
computed from the reference quantities c, using
c =c,(h,/hr), where h. and hr are respectively the re-
sponses for the unknown and reference samples corre-
sponding to either normalized areas or peak heights of
appropriate features in the chromatograms. All re-
sponses were normalized to the total SF6 concentration,
as indicated by the intensity Sig of the mr/e= 19 (F+)
feature, such that hxr=Sr/Sis. Although the intensity
Si, was found to be roughly proportional to the quantity
of gas injected, care was taken to insure that the cali-
bration and unknown samples contained nearly identical
quantities of SF6

The calibration samples were prepared in the dis-
charge cell at the beginning and end of each experiment
by injecting known quantities of SOF2, etc., into "pure"
SF 6. A secondary reference prepared in a separate cell
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was also sometimes used during discharge operation.
Calibration samples prepared in the discharge cell usu-
ally agreed satisfactorily with the secondary reference.
Nevertheless, averages of several calibrations made at
the end of each experiment from references prepared in
the discharge cell were used to calculate the absolute
quantities reported here. This choice eliminated errors
associated with determination of discharge-to-reference
cell volume ratios, and ensured highest accuracy for the
highest unknown sample concentrations which, as dis-
cussed below, were given the greatest weight in making
fits to the data to determine limiting constant production
rates. The calibrations performed at the beginning and
during the experiments were used to estimate uncer-
tainties.

In many cases calibrations were performed over a
range of c, values from 10 to 85 xtmoles. Because the
response of the instrument was linear over the range of
interest (see fig. 5), it was usually sufficient to use a
single, relatively high value of c, for these mea-
surements.

Care had to be taken in determining S. or S,, to avoid
errors due to peak interference, which was especially
important in the case of S02 F2 as seen in figure 4. When
SOF 4 was present, the SO2F+ peak at m/e=83 was
broadened due to conversion of SOF4 into S0 2 F2 within
the column or membrane by hydrolysis [43],

SOP 4+ H21O)SO 2 F2 +22HF. (5)

An investigation of the influence of SOP14 on the
S0 2F2 feature revealed that it affected only the area to

100

, 1

0

1.0

0.1 U
1.0 10 100

CONCENTRATION Ippml)

Figure 5-Calibration curves for SOF, and SOF2 showing relative
GC/MS response versus concentration.

the right of the peak. To correct for SOF4 interference
the SO2F2 data were analyzed by calculating, after back-
ground subtraction, the area under a curve fit to the
peak and left side with a shape which was defined by a
fit to SO2 2 data (mi le = 83) from a reference sample not
containing S0F 4. This is indicated by the solid curve in
figure 4. Generally, the conditions were uniform and
stable enough that the peak shapes did not change ap-
preciably during the course of a given experiment. Thus
for the relatively broad oxyfluoride peaks, it was usually
sufficient to consider only peak heights in the deter-
mination of either S. or S.

The analysis of SOF4 data was complicated by diffi-
culites encountered in preparing and maintaining re-
liable reference sample for this gas. In earlier work,
[37,38] quantitative data for SOP4 were not reported.
Recently SOP'4 was prepared by the method of
DesMarteau [44] from direct reaction of SOF2 with F2 in
a pressurized vessel. In a few cases, direct calibrations
for SOF 4 were performed as described for the other
oxyfluorides. However, for most of the results given
here, the S0F 4 data were put on an absolute scale by
making a direct comparison with measured SOF2 con-
centrations using data at mr/e =86.

From measurements made using many different refer-
ence samples containing different proportions of SOF2
and SOF4, the relative response r of the instrument to
these species at mi/e = 86 was determined, where

r = ([SOF4],/[SOF2],)(h,(SOF2)/h,(SOF4)). (6)

The unknown concentrations [SOF4], were then com-
puted from the SOF2 concentrations using

[SOF4 ],=r hX(SOF4))[SOFJ].
h,(SC0F 2 ) (7)

Examples of data from which SOP'4 concentrations
were derived are shown in figure 6.

Either absolute of relative H20 concentrations were
measured in the gas for all cases. For the absolute mea-
surements, the GC/MS calibration was performed using
a previously calibrated, thin-film aluminum oxide hy-
grometer [45] inserted into the discharge cell containing
SF6. The responses of the GC/MS to water vapor at
mr/e = 18 and mn/e = 16 were compared to simultaneous
readings from the hygrometer after sufficient time
elapsed, usually more than 10 h, for the system to reach
equilibrium. Because of the slow response time of the
hygrometer and its susceptibility to damage from corro-
sive discharge by-products, it could not be used directly
to monitor H20 during discharge activity.
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Figure 6-Relative normalized GC/MS response to SOP, and the ratios
of SOF4 to SOF, responses at m/e=86 versus net charge trans-
ported for 300 kPa SF, decomposed in negative corona at 21 ttA.
The arrows indicate times when the discharge was off for extended
periods.

4. Results

4.1 Products Observed

The SF6 gas was always analyzed after introduction
into the cell and prior to turning on the discharge. The
most common initial contaminants observed were vary-
ing trace amounts of CF4 , HP0, and air. Although the
discharge chamber was evacuated to I.3X o-5 Pa
(- I X 10' Torr) before introducing the gas, it was not
baked. Therefore, if left undisturbed, the water vapor
concentration would build up slowly to an equilibrium
level. In most cases it would rise from initial levels of
less than 10 ppm by volume to an equilibrium level
between about 150 and 300 ppm by volume determined
by the ambient temperature, initial cleanliness of sur-
faces, etc. The initial HO concentration at the start of
the discharge was thus determined by the time that the
gas had been left undisturbed in the cell. Once the dis-
charge was initiated, the concentration of H20 was al-

ways observed to increase more rapidly than normal,
presumably because of desorption from surfaces heated
by the discharge [37]. However, the maximum H2 0 con-
centration never significantly exceeded that associated
with equilibrium under normal, undisturbed conditions.
In later stages of discharge operation, a slow decrease in
H2 0 content was usually observed, which, as discussed
later, was undoubtedly indicative of the role played by
gas-phase H2 0 in the discharge chemistry.

The 02 concentration was observed to gradually in-
crease during operation of the discharge. In "pure" SF6,
its concentration was always too small to measure accu-
rately by the present method. The increase in 02 content
during these experiments could be accounted for by
release from electrode materials during the discharge
and from introduction of low levels of air contamination
during gas sampling. To assess its role in oxyfluoride
production, a few measurements were made with con-
trolled levels of 02 between I and 10% content by vol-
ume.

Of the observable species generated in the discharge,
the oxyfluorides SOF,, SO2 F,, and SOF4 were produced
in greatest abundance. Other highly reactive species
such as HF and F2 possibly formed in conjunction with
the oxyfluorides at comparable rates could not be ob-
served by the GC/MS method used. One could argue
that on the time scales considered here these are not
really stable since they can be expected to react rapidly
with other materials in the discharge chamber.

Of the remaining species which could be observed in
the gas only SO2, OCS, CO,, and previously mentioned
02, showed clear evidence of build-up during the dis-
charge. The formation rates of all these species were
considerably lower than those for the oxyfluorides.
Slow production of CO and CF4 may also have oc-
curred in some cases, but reliable data on these could not
be obtained.

Besides the gaseous products which were observed,
clear evidence of S- ion deposition appeared on the
anode for negative corona currents in excess of about
60 .vA. Introduction of 02 caused sulfur deposits to ap-
pear at lower currents. Changes in electrode surfaces
were evident in all experiments, but no attempt was
made to characterize these changes except to note that
the surface of the point electrode always exhibited more
deposits and pitting for positive discharges than for
negative discharges of comparable current.

4.2 Quantitative Analysis

The minimum detectable quantity for all the species
observed was about 1.0 gmole. The experiments were
typically terminated before the quantity of any oxy-
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fluoride within the discharge chamber exceeded about
100 M1moles.

The major sources of uncertainty in the quantitative
analysis were due to drifts in the GC/MS response and
uncertainties in the reference samples. The dominant
short-term drift associated with heating of the mass
spectrometer ion source by the electron gun filament
could be largely overcome by heating the source prior
to gas sample injection. Of more significance in deter-
mining overall uncertainty were long-term drifts associ-
ated, for example, with slow changes in mass spec-
trometer tuning, ion detection efficiency, and
GC-column conditions. To reduce accidental errors as-
sociated with reference sample preparations, several
calibrations were always performed with different refer-
ence samples.

The estimated uncertainties in measured absolute
SOF, and SOF, concentrations are less than ±25%.
The SOF4 uncertainties are higher (±45%) because of
the indirect method of determination and the required
assumption that the relative GC/MS responses to SOF,
and SOF4 at m/e =86 remained constant.

4.3 Production Rates

The production rates were derived from fits to the
measured concentration data plotted versus either net
energy dissipated or charge transported as shown in
figures 7-13. The term "concentration" refers here to
the absolute quantity of gas in moles which was pro-
duced in the discharge and which was assumed to be
uniformly distributed within the cell volume. The prod-
uction curves in most cases exhibit deviations from lin-
earity which are most evident at the lowest values of u
or Q. Best fits to the data over the entire ranges were
found to be of the forms:

c(u)=co+A'uI+`, c(Q)=co+A Q`+6, (8)

where co, cu, A, A', e, and e' are fitting parameters. The
first pair allows for a small, usually undetectable initial
concentrations, and the last pair represents a measure of
deviations from linearity. Examples of values obtained
for these parameters are tabulated and discussed in the
Appendix.

Figure 7-Measured concentrations of SOF, versus net energy dissi-
pated for negative corona in 200 kPa SF6 at the indicated discharge
powers and currents. I
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It was found for SOF2 and S0 2 F2 production that
I > c > 0 in all cases, indicating rates that tend to increase
with time. However, with few exceptions, the rates ap-
peared to approach constant values corresponding to
straight line fits to the data at the higher u or Q values
as shown in figures 11-13. In the case of SOF4 , again
1>E>O was found for positive-polarity data, but c=O
gave the best fits for most negative-polarity data (see fig.
6).

The initial increase in the production rates is not un-
derstood but could be associated with absorption of the
product gases on the walls and thus with times required
to establish equilibrium within the discharge vessel. This
effect might also be related to the rates of gas-phase
reactions that depend on availability of oxygen contain-
ing contaminants required for oxyfluoride formation
such as H20 and 02 which often initially increased after
onset of the discharge. However, measurements made

Figure 8-Measured concentrations of SOF2 versus net charge trans-
ported for negative corona in 200 kPa SF6 at the indicated discharge
powers and currents. I

2.0 2.5
)RTED (C)

3.0

with differing initial concentrations of these gases at low
levels showed no well-defined influence on the degree
of nonlinearity. As will be discussed later, a significant
contribution from secondary reactions is another factor
which could introduce nonlinearities. "Secondary reac-
tions" are those such as reaction (5), whereby the prod-
uction of a given species is affected by the concen-
trations of other species generated in the discharge.
Attempts to interpret deviations from linearity were
complicated by the observation that the results from the
early stages of discharge activity were generally less
reproducible than the later, higher concentration data
that give the limiting constant rates corresponding to
the linear fits shown in figures 11-13.

Instantaneous production rates for particular values of
u and Q can be computed from fits of the forms given by
eq (8) as previously reported [38] (see the Appendix).
The limiting constant rates, however, appear to be more
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Figure 9-Measured concentrations of S0 2 F2 versus net energy dissi-
pated for negative corona in 200 kPa SF6 at the indicated discharge
powers and currents. I
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useful in describing trends as functions of gas or dis-
charge conditions. A precise definition of these rates
and their relationship to the instantaneous rates from eq
(8) are given in the Appendix.

Results for the limiting constant production rates of
SOF2 , SO2F2 , and SOP4 are given in tables 3-5. Both r.
and rq are listed as functions of discharge conditions
(polarity, current, and power) and gas pressure. Gas
pressures range from 114 kPa (- 1.1 atm) to 300 kPa
(-3 atm). Discharge currents from 1.5 ILA to 64 ptA
with corresponding power dissipations from 0.054 W to
4.3 W are included.

Production rates were estimated in some cases for
observable minor species, namely SO2, OCS, and CO2 as
indicated in table 6. The rates for these are seen to be an
order of magnitude or more smaller that those for the
predominant oxyfluorides. Data for S02 are also shown
in figure 13.

Although the results showed indications of gas-phase
H20 consumption, particularly in the later stages of dis-
charge activity (see figs. 11-13), no attempt was made to
determine the rates of consumption. The discharge ap-
peared to suppress the equilibrium level of H 2O in the
cell, and there was evidence that the degree of sup-
pression increased with increasing current and therefore
increasing oxyfluoride production (compare figs. 12 and
13). It was found in more recent studies [46] with corona
in SF10 2 mixtures that the CO2 production is nonlinear
and depends significantly on 02 content and availability
of carbon from the electrode surface. The same may
apply to OCS, although this could not be ascertained
from the data obtained.

Based on the previously noted dominant sources of
error in quantitative analysis and the uncertainties in
fitting the data, the limiting rate values given in tables 3
and 4 for SOF2 and SO, 2F have been assigned a max-
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Table 3. Limiting constant values for SOP2 production rates.

Discharge Discharge Gas Production
Polarity Power Current Pressure Rates

(W) (MA) (kPa) (nmoles/J) (Mmoles/C)

Pos. 0.804 20.0 116 1.28 49.5
0.054 1.5 200 5.20 181
0.335 8.0 200 4.69 195
0.777 16.0 200 3.80 180
0.198 4.0 300 4.06 187
0.430 8.0 300 3.09 178
0.945 16.0 300 2.64 172

Neg. 0.898 25.0 144 1.21 45.0
0.230 8.0 200 1.52 35.2
0.586 16.0 200 0.93 34.7
0.821 20.0 200 0.68 34.1
2.225 40.0 200 0.54 32.4
4.290 64.0 200 0.44 33.7
0.764 16.0 300 0.73 31.2
1.140 21.0 300 0.41 23.9
1.820 30.0 300 0.33 22.3

Table 4. Limiting constant values for SOF 2 production rates.

Discharge Discharge Gas Production
Polarity Power Current Pressure Rates

(W) (MA) (kPa) (nmoles/J) (pnmoles/C)

Pos. 0.804 20.0 116 1.83 69.7
0.054 1.5 200 4.51 151
0.154 4.0 200 4.07 158
0.335 8.0 200 3.27 147
0.777 16.0 200 2.10 109
0.198 4.0 300 2.32 119
0.430 8.0 300 2.03 113
0.945 16.0 300 1.29 ill

Neg. 0.898 25.0 144 0.52 18.0
0.230 8.0 200 0.62 16.0
0.586 16.0 200 0.47 16.9
0.821 20.0 200 0.36 14.8
2.215 40.0 200 0.25 13.9
4.290 64.0 200 0.16 12.6
0.764 16.0 300 0.38 17.9
1.140 21.0 300 0.29 16.9

Figure 10-Measured concentrations of S02F 2 versus net charge trans-
ported for negative corona in 200 kPa SF 6 at the indicated discharge
powers and currents. I
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Figure 11-Measured absolute con-
centrations of SOF2 and S0Fz
and relative concentrations of
H1O versus net charge trans-
ported for positive corona in 300
kPa SF6 at 16 MA. The arrow
indicates a time when the dis-
charge was off for an extended
period.

0.2 0.4 0.6 0.8

NET CHARGE TRANSPORTED (C)

Table 5. Limiting constant values for SOF4 production rates.

Discharge Discharge Gas Production
Polarity Power Current Pressure Rates

(W) (MA) (kPa) (nmoles/J) (Mmoles/C)

Pos. 0.804 20.0 116 7.02 290
0.054 1.5 200 1.04 260
0.335 8.0 200 8.60 373
0.777 16.0 200 8.45 418
0.198 4.0 300 5.79 292
0.430 8.0 300 5.92 343
0.945 16.0 300 7.08 431

Neg. 0.898 25.0 144 0.85 30.1
0.230 8.0 200 0.92 23.8
0.586 16.0 200 0.97 34.6
0.821 20.0 200 1.05 41.5
2.215 40.0 200 0.90 49.7
4.290 64.0 200 0.94 63.6
0.764 16.0 300 0.44 20.6
1.140 21.0 300 0.39 21.0

Table 6. Estimated production rates for minor species from negative
corona in SF6 .

Discharge Production
Species Current Pressure Rates

(MA) (kPa) (nmoles/J) (pmoles/C)

So2 25 114 0.008 0.3
SO2 40 200 0.002 0.1
OCS 40 200 13 x10-5 7.2X10-'
CO2 40 200 0.035 2.0

imum uncertainty of +35%. The rates for SOF2 typi-
cally have less uncertainty than those for SO2 2, and
results from positive corona have higher uncertainty
than those from negative corona. The latter trend is due
to the greater fluctuations in the discharge current (see
fig. 2). The uncertainties for SOF4 are higher but are
estimated to be always less than ± 57%. The rates given
in table 6 for the minor products are only estimates since
a reasonable error assessment was impossible.
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Figure 12-Measured absolute con-
centrations of SOF2, 502F2, and
HŽO versus net charge trans-
ported for negative corona in
200 kPa SF6 at 40 MA. The ar-
rows indicate times when the
discharge was off for extended
periods.

1.0 2.0

NET CHARGE TRANSPORTED (C)

Important observations from the data in tables 3-5
include:

1) The production rates for SOF2 , S02 F2 , and SOF4
are of comparable magnitude to within roughly a
factor of 3. For most cases, particularly at the
higher pressures and power levels, the order of
production rates is rq(SOF4)>rq(SOF 2 )
>rq(SO 2 F2).

2) Oxyfluoride production does not change dra-
matically with pressure. One exception is the
large relative drop in the SOF2 and SO2 2 rates
compared to SOF4 in going from 200 to 116 kPa
for positive polarity.

3) Oxyfluoride production under most conditions
increases by a factor of 5 or more in going from
negative to positive polarities for discharges of
comparable power levels.

4) The charge rates-of-production for SOF2 and
SO2 F2 vary less with discharge level than the
corresponding energy rates, whereas the op-
posite appears to be true for SOF4 (see also figs.
14 and 15).

The trends noted for SOF2 and S0 2F2 from the fourth
observation imply that the time rates-of-production for
these are more nearly directly proportional to the cur-
rent than the power, i.e., dc/dt ix i. Because of the rela-
tively large uncertainties, it can only be stated that the
SOF4 rates behave like dc/dt ac i, with 1 <a <2. The
results in figure 15 would in fact suggest that dc/dt ocp
for this species.

The vertical arrows in figures 6 and 11-13 indicate
times when the discharge was turned off for periods of
12 to 20 h. No significant changes in the oxyfluoride
content occurred during these times, therefore indi-
cating that reactions involving the oxyfluorides in the
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Figure 13-Measured absolute con-
centrations of SOF 2, SO2F2 , SO2,
and H20 versus net charge trans-
ported for negative corona in
114 kPa SF, at 25 MiA. The ar-
rows indicate times when the
discharge was off for extended
periods.

1.0 2.0

NET CHARGE TRANSPORTED (C)

bulk of the gas outside the discharge region were too
slow to observe. The H20 concentrations on the other
hand exhibited increases during times when the dis-
charge was off (see figures 11-13), consistent with the
previously noted evidence that chemical processes asso-
ciated with the discharge consume water vapor and
suppress its equilibrium level in the gas.

4.4 SF 6/O2 Mixtures

Extensive studies of discharge-induced gas chemistry
in SF 6/O0 and SFJ/N2 mixtures are currently underway
and will be reported later [46]. Because of the possible
importance of gas-phase 02 in oxyfluoride production,
an assessment of its role could only be made by consid-
ering mixtures in which its content was increased signifi-

cantly above the normally occurring trace levels over
which there was no control. Results are shown in fig-
ures 16-18 for SOF2, SO2F2, and SOF4 production in
mixtures containing I to 10% 02 in SF6 compared with
"pure" SF, containing the normal trace amounts of 02
The measurements for all these mixtures were per-
formed at the same indicated total gas pressure and dis-
charge current. The error bars correspond to estimated
uncertainties in measured absolute concentrations.

These results show that to within the measurement
uncertainties the addition of 1% 02 has virtually no
influence on the production of the oxyfluorides. How-
ever, at higher 02 content, the total oxyfluoride yield
actually drops, and the drop is most evident for SOF 2
(see fig. 16).
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Figure 15-Measured energy rates of production for SOF4, SOFP, and
S02F2 versus discharge power for negative corona in 200 kPa SF6 .

Figure 14-Measured charge rates of production for SOF 4, SOF2 , and
SOF, versus discharge current for negative corona in 200 kPa SF6.

Figure 16-Measured absolute SOFW concentrations
versus net charge transported for 40 tLA negative
corona in SFJO, mixtures containing the indi-
cated percent-by-volume concentrations of 02.
The "pure" SF 6 contained trace levels of 02 which
could not be accurately determined.

0 1.0 2.0 3.0 4.0 5.0 6.0
NET CHARGE TRANSPORTED (C)
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5. Discussion

5.1 Comparisons With Previous Observations

The oxyfluoride production rates found here are com-
parable in magnitude to many of those previously re-
ported in other types of SF6 electric discharges (see
table 1). However, any comparisons with other results is
of questionable significance since all previous mea-
surements were performed under dissimilar conditions.
The measurements by Chu et al. [18], which are most
nearly like those of the present experiments, were per-
ormed with corona generated by 60-Hz ac voltage ap-
plied to aluminum electrodes in SF6 at a pressure of
about 155 kPa. The corona evidently occurred near the
peaks of each half-cycle and was mainly characterized
by pulses with an average magnitude of 103 pC and a
repetition rate of 2 kHz. From the information provided,
the total SOF 2 +SO 2 F2 production rate from this

/

Figure 17-Measured absolute SOF4 concentrations versus net charge
transported for 40 glA negative corona in SF6 /02 mixtures contain-
ing the indicated percent-by-volume concentrations of 02. The
"pure" SF6 contained trace levels of 02 which could not be accu-
rately determined. The solid line represents a fit to the "pure" SF6
data.

5.0 6.0
(C)

measurement is estimated to lie between 620 and
1400 pmoles/C. The conditions most like this in the
present work would correspond to the positive dis-
charge at 1.5 vA which yielded a net rate for
SOF2+SO2F2 +SOF4 production of 592 Fimoles/C.

Although the present result is close to that of Chu et
al., it is disturbing that they do not observe SOF4 . It is
conceivable that this can be explained by a conversion
of SOF4 to SOY2F via reaction (eq (5)) in the gas sam-
pling process. Other cases [14,24] where there was fail-
ure to see SOF4 from corona or "weak-current" dis-
charges in SF6, even though SO, 2F was reported to be a
predominant product, might also be accounted for by
hydrolysis of SOF4. There are documented cases
[8-10,23] where SOF4 was observed in low-current dis-
charges and even appeared as the dominant product.

Boudene et al. [15], Sauers et al. [20,39], and Cas-
tonguay [22] all report total oxyfluoride energy rates-of-
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lure 18-Measured absolute S0 2F2 concentrations versus net charge
transported for 40 HA negative corona in SFd/O, mixtures contain-
ng the indicated percent-by-volume concentrations of 0:. The
'pure" SF, contained trace levels of 02 which could not be accu-
7ately determined. The solid line represents a fit to the "pure" SF6
data.
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production in SF6 arcs and sparks with stainless steel
electrodes that are comparable in magnitude to some of
the rates found here (see table 1). However, in these
types of discharges, which generate predominantly
SOF2 , metal vapors and thermal dissociation may play
an important role because of the high levels of power
dissipation. The present results are consistent with pre-
vious observations and arguments [14,16,19,24] that
S02 E2 and SOF4 should become more prevalent as by-
products when the discharge power level is reduced.

Net time rates-of-production that are directly propor-
tional to discharge current rather than power are shown
in recent relative measurements by Ophel et al. [26] of
the total hydrolyzable fluoride production from stain-
less steel point-plane corona in flowing SF6 at 440 kPa.
This behavior would be consistent only with the results
found here for SOF2 and So 217. Were SOP4 to become

a major component among the hydrolyzable species de-
tected, then the present results indicate that for a single
point electrode, proportionality to current need not be
expected.

5.2 Possible Mechanisms for Oxyfluoride Formation

It is useful as a guide to the interpretation of the
results to consider some of the plausible sequences of
reactions which could account for production of SOF2,
SOF 2 , and SOF4 in a corona discharge. It should be
cautioned, however, that the chemical processes that
can occur in an electrical discharge are undoubtedly of
a complicated, multistep nature, and no attempt will be
made to present an exhaustive listing of the multitude of
reactions possible. Instead the discussion here will be
limited to previously suggested processes that appear
relevant to the interpretation of the present results.
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A corona is a relatively weak plasma in which the
electron temperature greatly exceeds the gas tmperature
and in which nonequilibrium conditions prevail [47]. It
is therefore expected that the initial stage of SF6 decom-
position predominantly results from dissociation of mol-
ecules by electron collisions. At electric field-to-gas
density ratios, ElIN, close to the critical value where a
growth in the net ionization of the gas becomes possible,
the mean electron energies in an SF6 discharge are the-
oretically estimated [48-50] to be between 5 and 10 eV.
Thus from a consideration of the known ionization, at-
tachment, and bond dissociation energies [51-56] of SF6,
the initial step in the decomposition is presumed to in-
volve the energetically favorable electron impact dis-
sociation processes leading to various ion and neutral
fragments, e-g.,

e +SF6-SF +(6-x)F, x<5. (9)

Multistep dissociation might also contribute, e.g., dis-
sociation of the fragment such as e +SF 4 -¢SF3+F+e.
From energetic considerations, the greatest con-
tribution will probably be from dissociation leading to
the larger neutral fragments SF., x =3, 4, 5. This pre-
sumption is supported by calculations by Masek et al.
[57] of dissociative fragment production rates from
electron swarms in SF6 and SF6 /02 mixtures using nu-
merical solutions of the Boltzmann equation. Moreover,
the species SF4 is reported to be the most stable and most
abundant primary product from both thermal dis-
sociation of SF6 at moderate temperatures [60-61] and
from relatively cool electric discharges [20,21,30].

It is known [8] that in the absence of reactive surfaces
or gaseous contaminants, the products of SF6 dis-
sociation rapidly recombine through relatively fast pro-
cesses such as proposed by Gonzalez and Schumacher
[58] to explain the observed thermal conversion of
SF4 +F, into SF6 . The presence of oxygen, or oxygen
containing species in the discharge region can interfere
with the recombination process and give rise to the
formation of oxyfluorides, free fluorine, and HF. Some
of the energetically favorable bimolecular reactions that
could lead directly to oxyfluoride formation include
[62]:

SF5±O1 U0 SOF4+HF, AH'29= -464 kJ/mol, (10)

SF5+O-jSOF 4+F, AH',9 = -327 kJ/nol, (it)

SF + O-SOF 4, AHD98= -549 kJ/mol, (12)

SF4 +0SOF,+2F, AH'2 98 = -124 kJ/mol, (13)

SF3P+O SOF,+F, AH', 95 = -213 kJ/mol, (14)

SF2+O-SOF2, AH'2 89 = -496 kJ/mol, (15)

SF4 +OH SOF,+HF+F,AH 296 =- l3OkJ/mol, (16)

SF3 +OH-BSOF2 +HF, AH', 98,= -351 kJ/mol, (17)

SF3 + 0 2 -SO2 F2 + F, AH29a= -=260 ki/mol, (1)

SF,+01 SOF2, AH,93 = -461 kI/mol. (19)

Reactions (13), (14), and (18) have previously been in-
voked [1,6] to account for rapid SOF2 and S0 2F2 for-
mation from pyrolysis of SF6 in the presence of 0,.
Reactions (I l)-(14) have been mentioned by d'Agostino
and Flamm [8] as mechanisms for oxyfluoride prod-
uction from SF6/0 2 mixtures in low-pressure, radio fre-
quency discharges. Reaction (16) has been suggested by
Leipunskii et al. [3]. From low-pressure SF6,/0 2 mix-
tures with relatively high 0, content there is evidence
[21,58,631 that ion and neutral species such as SOF 31,
SOF 3-, SOF5+, S30F,+, SF502, SFO, SF502SF5, and
SF5O3 SF5 are also formed which may act as inter-
mediates in the production of the observed oxyfluorides.
The large, relatively unstable species such as S2Fjo and
SF5 03 SF5 could not be observed by the present
chromatographic method. It has been argued [58] that
for conditions like those considered here, their for-
mation is improbable.

Within the bulk of the gas or on the walls, slower
reactions may occur which could modify the gas com-
position- Processes previously mentioned in this cate-
gory are:

SF4 +H1OSOF 2 +2HF, AI{, 96 =-84 kJ/mol, (20)

SOF4 +HHO>S02,F,+2HF, AH298= -2 kJ/mol, (21)

SOF,+H 20, SO+2HF, H' 29 8=+ 54 k/mol. (22)

The low rate of SO, production and failure to observe
significant changes in oxyflucride content after the gas
was undisturbed for long periods suggest that reactions
(21) and (22) occur only very slowly if at all in the gas
phase at room temperature. Only reaction (20) is rapid
enough to influence significantly the observed oxy-
fluoride production. Its rate has been estimated from
measurements of Sauers et al. 120] to lie between 1.0 and
2.6X 10-' cm3 /s at a temperature of 350 K. Assuming
that this is a gas-phase reaction, and using typical water
vapor concentrations found in the present experiments,
it is estimated that SF4 has a half-life in the cell of be-
tween 0.15 and 0.40 h. Since this is small compared to
typical gas sampling intervals, it can be assumed that
SF4 is completely converted to SOF2 . Reaction (20) has
frequently been invoked to account for SOF, prod-
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uction in previous investigations of SF6 decomposition;
however, it has never been verified that it is actually a
gas-phase reaction. If it does occur in the gas phase, then
as Herron [65] has suggested it most likely proceeds
through the intermediate SF3OH in two steps.

Because the oxyfluoride concentrations were never
permitted to exceed trace levels, it can be presumed that
secondary reactions in the small chemically active re-
gion were unimportant. These are reactions in which
the oxyfluorides are destroyed or undergo conversion
from attack by free radicals and ions. It should be noted,
however, that secondary ion-molecule reactions in-
volving the expected predominant charge carrier SF;
might be significant since these can occur in the larger
ion-drift region. One such reaction is the energetically
favorable F- exchange reaction

SF ; + SOF4,>SOF 5 + SF5, (23)

which could affect SOF4 production. The observed uni-
formity of production with time suggests, nevertheless,
that all secondary reactions are relatively unimportant.

5.3 Interpretation of Results

1. Influence of 02 and H20. The sources from which
oxygen is derived for formation of SOF2 , SO2P2 , and
SOF4 have not been positively identified in these experi-
ments, although, as alluded to in the previous section,
some processes appear to be more likely than others.
The following three sources deserve consideration:
1) gaseous 02 contamination including that initially
present plus that introduced during discharge operation;
2) oxygen contained on surfaces including that which is
chemically bound in insulating materials such as SiO 2 ;

and 3) H2 0 present either in the gas or on surfaces.
Interpretation of the present results in terms of the pos-
sible reactions discussed in the previous section suggests
that the primary oxygen sources are not necessarily the
same for all three species. Because of the high gas pres-
sure and highly confined nature of the discharge which
was located far from insulating surfaces, source (2) will
be considered unimportant in the discussion that fol-
lows.

The data show that oxyfluoride production is not
extremely sensitive to variations in the 0, and H20 con-
centratons at levels below 1%. In fact, when the 0, is
higher than 1%, the total oxyfluoride yield actually
drops. This suggests that the oxyfluoride yields are con-
trolled mainly by the electron-impact induced dis-
sociation rate of SF6, i.e., by the availability of SFP frag-
ments.

The significant drop in SOF, yield when 0, is added
can be attributed to at least two possible effects: 1) the

dissociation rate for SF6 drops when 02 is added, e.g.,
due to the influence of 0, in reducing the mean electron
energy within the discharge: and 2) an increasingly
greater fraction of SF4 is consumed by reactions leading
to SOF4 production rather than to SOF, production.
The first of these is suggested by recent theoretical cal-
culations of electron energy distributions in SF 6/0 2 mix-
tures by Masek et al. [58]. These calculations, however,
pertain mainly to gas mixtures containing larger relative
02 content than considered here, and there is reason to
doubt that the predicted drop in the SF6 dissociation
rate is sufficient to entirely account for the effect re-
ported here. Certainly the second effect can be expected
since reaction (12) is energetically favored over reaction
(13). However, failure of SOF4 production to increase
significantly when 02 is added argues against dominance
of this effect.

It is in fact conceivable that reactions (13)-(17) are
relatively unimportant for SOF2 formation compared to
reaction (20). This is consistent with the observed dis-
charge current dependence for SOF, production dis-
cussed below which suggests that its formation involves
only one molecular dissociation fragment from the dis-
charge. Thus the rate of SOF2 production could be de-
termined by the rate of SF4 escape from the active
region into the bulk of the gas where reaction (20) oc-
curs. The observed consumption of water vapor might
be accounted for by this reaction.

The insensitivity of SOF 2 production to variations in
low-level 02 content is more difficult to understand if
the predominant mechanisms for its formation involve
reactions (18) and (19). Processes such as those in-
volving molecular oxygen are required to account for
SOF 2 production by a single step mechanism, which, as
discussed in the next section, is most consistent with the
observed dependence on discharge current. Although
other mechanisms for SOF, formation may be possible,
the fact that its production does not drop as precip-
itously as that for SOF2 with increasing 02 content sug-
gests that gas-phase molecular oxygen plays a more im-
portant role in its formation. The possible importance of
0, in enhancing SO2 F2 yield is suggested by earlier work
[3,4,8,15] in which it is reported that in low-pressure
discharges addition of 02 increases SO2 F2 production at
the expense of SOF4, and in high-pressure arcs 02 has a
much greater influence on S02 F2 yield than on SOF2

yield.
The behavior of SOF4 production cannot be un-

ambiguously related to either the 02 or H2 0 content
because its production is hypothesized here to involve
oxygen containing free radicals independent of their
source. Failure of SOF4 to show significant dependence
on either 02 or H20 content again suggests that the
production of active SF, fragments is the rate deter-
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mining factor. Certainly some enhancement in the SOF4
rate can be anticipated by addition of 02, and this is
evidently consistent with the data in figure 17 if allow-
ance is made for a possible reduction in the SF6 dis-
sociation rate. The overwhelming prevalence of SOF4
in some diffuse, low-pressure discharges [8] can be un-
derstood in terms of the high free radical-to-neutral gas
density ratios throughout the gas which would favor its
formation according to the mechanisms suggested here.

It is proposed from the foregoing that the dominant
oxygen sources for SOF 2 and SOF 2 production are de-
rived respectively from H2 0 and 0,, whereas SOF4 can
receive oxygen from both of these. Verification of this
assignment, however, must await further experiments.

2. Dependence on discharge current. The condition
dc/dt r i, observed here for SOF, and SOF,, is ex-
pected if: I) the formation process involves only one
electron-impact-generated dissociation fragment; and 2)
changes in i do not significantly modify the electron
energy distribution in the discharge. The first condition
is satisfied by the mechanisms suggested above that
could predominate in SOF2 and S02F, production. The
second condition is open to question, but is evidently a
reasonable assumption [41,47,65,66] for glow or corona-
type discharges in which the electric field in the active
region is strongly influenced by ion space charge. In-
creases in applied voltage required to increase the cur-
rent will presumably expand the volume of space charge
without significantly altering the mean E/N. Indepen-
dent of i and corresponding space-charge development,
dissociation is expected to occur predominantly in re-
gions of comparable E/N.

Certainly if dc/dt xci for SOF, and SOF,, then it is
expected, on the basis of the proposed mechanisms, that
dc/dt i P for SOF4, since its formation involves two
fragments from electron-impact dissociation. The prod-
uction of SOF4 increases with i as seen in figure 14, but
probably somewhat more slowly than i'. The deviation
from P dependence, if significant, could be due to sec-
ondary reactions such as reactions (21) or (23) which
could remove SOF4. As production of SOF4 becomes
more predominant, it could affect the production of the
other oxyfluorides that compete in the consumption of
reactive dissociation products like SF4 and SF5. Rates
for both SOF, and S0 2F2 show a slow falloff with in-
creasing i which may indicate competition with SOF4
production. The extent to which SOF4 production is
competitive depends, however, on the extent to which it
preferentially consumes free radicals used in SOF, or
SO27 formation as opposed to those that would other-
wise recombine.

3. Dependence on time. It has already been noted that
a failure of the production curves to exhibit deviations
from linearity would tend to indicate that secondary
reactions in the active discharge region are relatively
unimportant. The present results are consistent with
production rates that are constant in time, provided that
the initial portions of the production curves can be ig-
nored. Certainly there is no evidence based on the
present data to indicate that secondary reactions in the
discharge play a dominant role in oxyfluoride prod-
uction. This is expected because: 1) the concentrations
of the gaseous by-products were always at trace levels;
and 2) the chemically active volume was much smaller
than the main gas volume. The results from gas analysis
performed at times after the discharge was extinguished
further indicate that secondary reactions in the bulk of
the gas are also unimportant. It should be noted, how-
ever, that the diminution of secondary reactions may be
peculiar to corona discharges, and would certainly not
be expected in arcs or diffuse, low-pressure discharges
in which a greater fraction of the gas is dissociated.

4. Polarity effect. The large effect of reversing polar-
ity on the production rates of the oxyfluorides can be
understood from consideration of corresponding pro-
nounced changes in the discharge characteristics [40].
In evaluating this effect the following observations are
noted: 1) the effect is greater for SOF 2 and SOF4 than
for SOF,; 2) the power dissipation at a given current was
always higher for positive polarity; 3) the discharge was
more pulsating under positive polarity (see fig. 2); and
4) the point electrode surface suffered considerably
more damage under positive polarity. In positive dis-
charges the point electrode surface is evidently subjec-
ted to bombardment by more highly energetic ions or
electrons from electron avalanches originating in the
gas than is the case in negative discharges where a more
uniform ion space charge is effective in shielding the
electrode surface and moderating the energies of im-
pacting ions. Higher mean electron energies and higher
electrode surface temperatures would be consistent with
a higher dissociation rate in the positive case. In addition
to dissociation by electron impact, pyrolysis of SF6 at
the positive point surface could conceivably contribute
to decomposition. The enhancement in oxyfluoride
production in going from negative to positive polarity is
consistent with the postulated increase in the gas dis-
sociation rate.

Greater heating of the electrode in the positive case
could also be accompanied by a higher rate of oxygen
release into the discharge volume. This would influence
oxyfluoride production and might at least partially ac-
count for the more pronounced effect for 502 F, and

249



SOF 4, which are likely to be most affected by the pres-
ence of oxygen.

which significant ionization and excitation occur must
satisfy the condition

(26)

5. Magnitude of production rates. Information is not
available at the present time on the rates for all of the
various chemical processes which could account for
oxylluoride production. Thus accurate predictions of
the production rates are not yet feasible. Nevertheless,
sufficient information exists to at least allow upper limits
to be placed on the magnitude of the total SF6 decom-
position rates for discharges such as considered here in
which dissociation is controlled mainly by electron-
collision processes.

Based on the evidence offered here that the rate deter-
mining factor is the initial SF6 dissociation rate, then an
upper limit on the total oxyfluoride production rate can
be estimated using the following two assumptions: 1) all
SF, fragments convert to oxyfluorides; and 2) electronic
excitation leads predominantly to dissociation so that
the total electronic excitation rate ke. coincides with the
total dissociation rate. Contributions from ions might
also be important, but could be included in the second
assumption by making appropriate adjustments in k,,

For simplicity, a one dimensional approximation is
made that electrons are released into the active ioniz-
ation volume at a constant rate dne/dt, e.g., by field
emission from the point cathode, and traverse the gap
distance d along the point-to-plane axis. These assump-
tions enable one to compute the total oxyfluoride charge
rate of production rq.t defined by

r X, = E rj, (24)
j=1

where the r, X are the rates for the individual oxyfluoride
components. Allowing for the variations of electron
production in the gap by ionization and attachment, one
obtains the expression

r,,=i-'(N/NA)(dne/dt) d kx(m)

exp[j4(a(l) '-(I'))dl']dl, (25)

where a and 7 are respectively the usual ionization and
attachment coefficients [41,47], v is the electron drift
velocity, and NA is the Avogadro constant required to
express the rate in units of moles-per-coulomb. In gen-
eral, the quantities k.. v, a, and 71 will depend on E/N
and hence on position 1' in the gap.

Precise variations of E/N within the gap are not eas-
ily predicted when the discharge is present due to the
expected strong influence of ion space charge on the
field. However, the active region near the point in

When this condition no longer holds, electrons are
quickly thermalized and removed from the gas by at-
tachment to SF6 molecules. Lacking knowledge of the
exact dependence of E/N on 1', the active discharge
volume will be modeled here as a region of extent I in
which eq (26) holds, and E/N assumes a constant value
close to the critical value (EIN), where a=77. This
choice takes into consideration the expected moderating
effect of the ion space charge which tends to reduce the
field near the point.

Expressing N in terms of pressure P and temperature
T using N=P/kT (k is the Boltzmann constant), the
approximation for rq,t becomes

(27)

where e is the electron charge, and ke. and v assume the
values for the mean electronic-excitation-rate coeffi-
cient and drift velocity respectively at E/N =(E/
N)j=37OX 10-21 Vm2 corresponding to the known [67]
critical value for SF6 . In deriving eq (27) it is assumed
that the measured discharge current i corresponds to
electron motion only. The parameter I is possibly
pressure dependent since it is known [41,47] that the
extent of the active discharge region contracts with in-
creasing gas pressure for corona discharges. Thus the
pressure dependence implied in eq (27) does not hold in
general.

There appears to be some disagreement in the litera-
ture [48,49,68] about the correct total electronic-
excitation cross sections needed to determine the rate
coefficient k0, for SF6. It will be assumed here that
2X1O-1 5 m 3 /s>ke,>1X10- 5 m3/s, where the lower
value corresponds to that calculated by Masek et al. [57]
at :i Al= lOOX 10-1 Vm' and the upper value allows
for ;:,e expected increase in k^, for E/N =(E/N)c. The
values of ke, considered here are comparable in mag-
nitude to those reported in the literature for other mole-
cules [69]. The observed [67,70] value for v in St

6 at
(E/N)c is about 2X I05 m/s. The extent of the active
region is expected [40] to lie between about I and 2% of
the total gap spacing, i.e., for the present case, 0.24
mm>I>0.12 mm. Using eq (27), the predicted upper
limit on the rate for a pressure of 200 kPa and tem-
perature of 300 K lies in the range, 1800
: mmoles/C > rq, > 450 gmoles/C. This can be compared
with the value obtained from tables 3-5 for a pressure of
200 kPa. For positive discharges at 8.0 tA and 16.0 JkA
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respectively it is found, for example, that ret =634
.tmoles/C and rq,, =717 y±moles/C, and for a negative
discharge at 40 ,itA, rq,t=9 6 gmoles/C.

The results for positive discharges generally lie
within the range of predicted upper limit values whereas
results for negative discharges lie well below the range.
The model used is perhaps more relevant to negative
discharges where electrons originate from the point
electrode surface and the space charge is expected to be
uniformly distributed about the point. The space charge
for positive discharges is probably less uniform, and as
previously suggested, there may be contributions to dis-
sociation from processes other than electron impact.
Undoubtedly, the appropriate mean value of E/N in the
active volume is greater than (E/N)c for the positive
case. However, independent of polarity, the total rates
rq.t should not lie significantly above the range of upper
limits estimated here.

6. Conclusions

The oxyfluorides SOF,, r0F2, and SOF4 have been
identified as the major stable gaseous by-products from
highly localized, low-current corona discharges in SF6
containing trace levels of 0, and H20 for total gas pres-
sures from 100 kPa to 300 kPa. The absolute charge and
energy rates-of-production for these species were mea-
sured for different discharge conditions and found to be
below the theoretically estimated upper limits and com-
parable in magnitude to rates previously determined for
other types of electric discharges in SF6 . From consid-
erations of the dependences of the rates on varying 02
and HO content, it has been possible to conclude that
the controlling rate factor is the SF6 dissociation rate in
the discharge.

The charge rates-of-production for both SOF, and
SOF, are found to be nearly independent of current,
suggesting formation mechanisms for these species that
involve only one fragment from molecular dissociation
in the discharge. Interpretation of this observation in
terms of possible reactions further suggests that SOF2
and SOF2 respectively derive their oxygen predom-
inantly from gas-phase HO and 02. The charge rate-of-
production for SOF4 is observed to increase with cur-
rent, thus suggesting a predominant mechanism for its
formation involving more than one molecular dis-
sociation fragment.

Gas analysis performed before and after the decom-
posed gas was left undisturbed for many hours showed
that hydrolysis of SOF4 leading to SOF, formation is
too slow to observe in the gas phase and therefore can-
not account for SOF, production as suggested by some
earlier investigators. Hydrolysis of SOF4 could never-
theless occur rapidly on surfaces, and this process may

account for a failure to observe this species in some
previously reported experiments on corona discharges
in SF6 . The present results indicate that hydrolysis of
SOF, in the gas phase is also not important. The ob-
served uniformity of the production rates with time ar-
gues against significant influence from any secondary
reactions involving the oxyfluorides.

The absolute production rates reported here are pres-
ently the most accurate available, and should prove use-
ful in estimating detection sensitivities needed to design
chemical diagnostics for practical SF6 -insulated high-
voltage systems. It should be cautioned, however, that
there may be difficulties in applying the present results
to ac corona because of the rather large polarity effect
which has been observed. The data offered can at least
permit upper and lower bounds to be placed on oxy-
fluoride production in ac discharges.
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APPENDIX

Examples of values for the parameters in eq (8) for c(Q) which were obtained from fits to data
for SOF2 and SO2 F2 are given in table 7. Also indicated in this table are the maximum values for net
charge transported, Qmrx, to which these fits apply. Instantaneous production rates rq'(Q) at partic-
ular values of Q can be calculated using

rq'(Q)=(l+e)AQ', (Al)

which is derived from eq (8). Values for some rates computed in this way have previously been
reported [38].

Fits to concentrations plotted versus energy dissipated yielded curves of essentially the same
shape, i.e., E'=e and c,'tco. The values of A and A' depend, of course, on the different units in which
the rates are expressed. The limiting, uniform rates rq in tables 3 and 4 are generally slightly less than
those calculated from eq (Al) at Q =Q,.,. The rates rq are obtained from linear, least-squares fits
(E=0 in eq (8)) to the data for Qm,>Q>Qnin, where Qnin is the lowest value of net accumulated
charge at which the assumption of linearity holds. If Ec0, as in the case of some SOF4 data, then
r0=A. It was found for all cases reported that 2rq>2A >rq.

Table 7. Values of parameters obtained from fits of the form given by eq (8) for c(Q).

Pressure Current Fitting Parameters
Species Polarity (kPa) (pA) c0 A e Qmax(C)

SOF, Pos. 116 20.0 2.08X10-' 2.32X10-' 0.579 1.90
200 1.5 9.28X 10-7 2.05X 10-4 0.449 0.40
200 8.0 2.96X 10-6 2.45X10-4 0.541 0.40
200 16.0 3.04X 10-" 2.07x 10-4 0.634 0.48
300 8.0 2.29X10<' 1.92x10- 4 0.696 0.54
300 16.0 1.06X 10-6 1.21 X 10-4 0.684 0.93

Neg. 114 25.0 6.77x 10-' 3.04x 10-' 0.250 2.42
200 16.0 1.67X 10-6 2.46Xy10-' 0.208 2.30
200 40.0 2.37X 10-7 2.03X 10-' 0.227 2.74
300 16.0 1.37X 106 1.96X 10-' 0.386 2.35
300 21.0 8.32X 10-' 1.54X 10-' 0.166 3.01

SOF2 Pos. 116 20.0 4.59X 10-' 3.14x10-' 0.633 1.90
200 1.5 1.41 X 10-6 2.06X 10-4 0.583 0.40
200 8.0 2.61 x 10-6 1.70x 10-4 0.490 0.40
200 16.0 2.67x 10-" 1.16xy10-4 0.477 0.48
300 8.0 6.46x 10<' 1.16x 10-4 0.393 0.54
300 16.0 -_XIo 1

4 0.75x10-4 0.529 0.93

Neg. 114 25.0 2.47x 10-6 0.92X 10-' 0.486 2.42
200 16.0 1.59X 10-1 1.20x 10-' 0.243 2.30
200 40.0 2.03X 10-6 1.03X 10-' 0.204 2.74
300 16.0 2.27x 10-' 0.92x 10-' 0.474 2.35
300 21.0 3.72x 10-2 0.63X10<' 0.586 3.01
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This short note describes an apparatus that has been designed and constructed to allow assessment of the

extent of chemical decomposition of fluids and fluid mixtures under high temperature, high pressure conditions.
The apparatus is used to screen fluid systems prior to PVT (pressure-volume-temperature) or VLE (vapor-liquid
equilibrium) experiments under severe conditions. For a predetermined residence time, the fluids are maintained
at the temperature and pressure at which the PVT or VLE experiment will be conducted. The residence time
in the reactor is comparable to the expected residence time in the PVT or VLE apparatus. Samples of fluid are
withdrawn directly at regular intervals for analysis by gas chromatography, or collected in a sampling vessel for
more extensive analysis.

Key words: decomposition; high pressure; high temperature; reactions.

1. Introduction

Recently there has been an increasing amount of in-
terest in obtaining pressure-volume-temperature (PVT)
data and vapor-liquid equilibrium (VLE) data for fluids
and fluid mixtures at high temperature and high pres-
sure. This is due to the importance of these properties in
engineering design and process development [1-5]'. An
inadequate knowledge of these parameters is costly to
industry in financial terms [6-12]. Specifically, PVT and
VLE measurements are necessary for fluids and fluid
mixtures at temperatures greater than 200 0C and pres-
sures greater than 30 MPa, but under these conditions
the possibility of decomposition or reaction of the fluids
and fluid mixtures is very real. We must therefore con-

About the Authors, Paper: Thomas J. Bruno and
Gretchen L. Hume are with the Chemical En-
gineering Science Division in NBS' National En-
gineering Laboratory. The work they describe re-
ceived financial support from the Gas Research
Institute.

sider the thermodynamic, kinetic, and catalytic factors
which are involved. Thermodynamic factors include ac-
tivation energies and equilibrium positions [13]. The
primary kinetic consideration is the strong temperature
dependence of the rate constant [14]. The construction
materials, wetted by the fluids in the experimental mea-
surement apparatus, are often responsible for catalytic
effects. Further, since many fluids become highly corro-
sive under severe conditions, the possibility of damage
to instrumentation must also be taken into account.

It is clearly important to assess the possibility and
extent of reactions of test fluids in PVT and VLE ex-
periments [3]. Further, it is important to address this
issue before the experiments are actually attempted.

The reaction screening apparatus described in this
note is a simple apparatus easily constructed from com-
mercially available materials.

2. Apparatus Description

The reaction screening apparatus is shown sche-
matically in figure 1. The heart of the apparatus is a
small, thick-walled pressure vessel which serves as the
reaction chamber. This vessel was machined from a sec-
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Figure I-Schematic diagram of the reaction screening apparatus.

tion of work-hardened 31 6L stainless steel (AISI desig-
nation) barstock, and can withstand a pressure of 130
MPa at 250 'C. Tolerances and specifications of this
vessel exceed the requirements set forth by the ASME
[15]. The cover of the vessel, secured using a bolted
closure, contains feedthroughs for introducing the test
fluids and removing samples for analysis. Sealing is pro-
vided by a gasket of either 316 SS or 25% glass filled
PTFE. A thermowell is provided in the vessel to con-
tain a J-type (iron-constantan) thermocouple, the refer-
enced output of which is displayed on a digital volt-
meter (DVM in fig. 1).

The pressure vessel rests within an aluminum jacket
containing cartridge heaters (not shown in fig. 1). This
heating apparatus maintains a constant temperature in
the pressure vessel and minimizes temperature gra-
dients.

The pressure vessel, enclosed in the aluminum jacket,
is contained in a convection oven (T. on fig. 1) specifi-
cally designed and built for this application. The oven is
internally insulated with bonded mineral wool board.

The outer casing of the oven is of welded seam con-
struction with a PTFE gasket providing the door seal. It
is maintained at a slight negative pressure by a dedicated
blower system, and is equipped with an inert gas purge
line. A nondefeatable safety head containing a 68 MPa
rupture disk, provides over-pressure protection. A com-
bustible gas detector and an electrochemical detector
[16] are located nearby to provide additional safety.

Sampling of the contents of the pressure vessel can be
done in two ways during the course of a screening test.
The sample line is directly connected to a chro-
matographic four port sampling valve which is in turn
connected to an analytical chromatograph. The sam-
pling valve has another three port valve interposed in
the sampling loop. This arrangement allows the valve
and sample loop to be evacuated before filling, and al-
lows a minimum amount of sample to be expended for
each analysis, since the need for purging is minimal.

Alternatively, an external sampling cylinder may be
filled with the test fluid and the analysis done off line.
This makes possible the use of mass spectrometry and
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spectrophotometry, as well as more specific tests.
The apparatus has been used successfully (in conjunc-

tion with a direct fugacity measurement system) [17] for
over a year. In this application, gaseous mixtures con-
taining hydrogen in binary mixtures with industrially
important gases (such as methane, propane, carbon diox-
ide and carbon monoxide) are tested for reaction with a
palladium/silver alloy. This alloy is a construction com-
ponent of the fugacity apparatus, and under certain con-
ditions of temperature and pressure may act as a cata-
lyst. The reaction screening apparatus has been used to
determine the conditions under which decomposition or
reaction might occur. The apparatus is also used to de-
termine the effect of test fluids on the palladium/silver
component, since many compounds (olefins, organic
sulfur compounds, higher hydrocarbons) can damage
the alloy under severe conditions.

The reaction screening apparatus is a versatile lab
scale semibatch or batch reactor. In it, a variety of fluids
and fluid mixtures can be tested with or without cata-
lysts at various temperatures and pressures. Using the
reactor in conjunction with the gas chromatograph, re-
actions, decomposition and nominal rate of reaction
data may be obtained.

The assistance of Mr. Julius Likler (United States
Geological Survey) with some aspects of component
fabrication is gratefully acknowledged.
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conference report

WAYS TO STANDARDIZATION

IN ELECTROPHORESIS

ARE BROUGHT TO LIGHT

A workshop entitled Electrophoresis Standard-
ization: Approaches and Needs, drew 54 participants to
the National Bureau of Standards (NBS) June 25,1984.
Co- sponsored by NBS and the Electrophoresis Society
of the Americas, the meeting was hosted by the NBS
Center for Analytical Chemistry.

The participants, many of whom came in con-
junction with an International Symposium on Electro-
phoresis in Quantico, VA, organized by the Federal
Bureau of Investigation, represented leadership in vari-
ous scientific sectors. They included 15 representatives
from industry and 8 from universities with the remain-
der from government agencies including State crime
laboratories, the National Institutes of Health, the Uni-
formed Services University of the Health Sciences, and
the Food and Drug Administration.

The first series of talks discussed various needs
for standardization. Subsequent talks described how dif-
ferent laboratories approach standardization. Sum-
maries of some of the talks are given in this review. A
monograph containing edited versions of the papers was
scheduled for release this spring.

Dr. Robert Allen, Medical University of South
Carolina, gave an introductory talk that addressed some
of the current directions in electrophoresis. The recent
mandates by many states to perform electrophoresis on
the blood of newborns will have a dramatic impact on
the need for interlaboratory comparisons. This suggests
also that there will be needs for standardized materials,
standard protein mixtures, and specifications for materi-
als purity.

Dr. Berthold Radola, visiting from the Tech-
nische Universitat MUnchen, Federal Republic of Ger-
many, discussed an important new concept for the stan-
dardization of thin layer isoelectric focusing (TL-IEF).
He described a new technique for bonding and drying
acrylamide on a polymer film. One variable in TL-IEF
techniques is the unpredictable starting condition of
voltage and current flow because of varying amounts
and types of impurities present in the casting mixtures
due to different acrylamide sources.

Preparation of acrylamide gels involves poly-
merization of acrylamide and results in variable amounts

of persulfate in the gel. The process of bonding and
drying acrylamide for producing rehydratable gels in-
cludes a series of washes that removes unpolymerized
material, impurities, and excess persulfate from the cast-
ing mixture. The resulting TL-IEF medium is re-
hydrated in the appropriate ampholyte mixture to pro-
duce gels that give reproducible results. The initial
voltages are greater and focusing times can be shortened
because of higher field strengths. The availability of
these materials from a commercial source should allow
many laboratories to be able to perform TL-IEF anal-
yses using comparable gel substrates.

Dr. Bruce Budowle from the Federal Bureau of
Investigation described a modified procedure for deter-
mining phenotypes of phosphoglucomutase. This en-
zyme is important in the forensic field because of the
possibility of discriminating certain individuals from
others on the basis of blood stains found at the scene of
a crime of violence. The initial procedure developed
was reproducible based on results from over 100 runs.
However, changes occurred in the banding patterns af-
ter the deionizing cartridge in the purified water system
was changed. It appears that contaminants in the origi-
nal system were helping to achieve the original, re-
producible separations. With a highly purified water
(10-14 megohm resistivity), reproducibility was lost.
This is particularly disturbing because the original re-
sults could not be reproduced by adding back known
impurities such as sodium chloride. However, it was
generally suggested that reproducibility depended upon
the capability of having a known, controlled system and
that defining electrophoretic solutions based upon the
purest water was the best approach.

Dr. Carl Merril of the National Institutes of
Health described the historical aspects of the devel-
opment of the silver stain for electrophoretic gels. He
also gave evidence for a number of mechanisms by
which silver stain works. He suggested that the stan-
dardization of a silver stain was going to be difficult
because of the variety and combination of stains and
electrophoretic separations used in laboratories today
and the reluctance of laboratories to switch from a sys-
tem they are accustomed to using. However, he sug-
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gested that one of the more promising ways to achieve
standardization is the use of a normalization procedure
for doing quantitative work and the development and
use of standardized protein methods for absolute quan-
titation.

One of the difficulties in quantitation is making
sure that the stained protein spots are not saturated with
silver. A result of saturation is that the tops of the densi-
tometric tracings are "clipped"; consequently, there is
no Gaussian distribution of stain in the spot. Linear re-
sults can be achieved if precautions are taken to make
sure that the proteins are not saturated. Each protein has
a different linear calibration curve which means that the
relationship of each protein to a standard has to be
known. Thus, in comparing spots on two dimensional
gels or bands on one-dimensional gels, it is necessary to
compare the same respective protein spots or bands on
different gels. One way to overcome variations in quan-
titation between gels is to choose a set of spots on two-
dimensional gels that have the same density ratios from
one gel to the next. These spots are called operationally
consistent. The characteristic values of these spots are
then taken to develop a correction factor so that all
spots on a gel can be normalized against that set of spots.
Individual variations between spots can then be de-
tected and protein changes determined.

The concentration of individual proteins can
change for a number of reasons. For example, some
human proteins change in a subtle manner as people age.
Three known proteins that increase with age are actin,
apo-al-lipoprotein, and haptoglobin. Haptoglobin con-

... the pattern in the gel could be used in much the same

way as a photographer uses a step wedge.

centration increases approximately 43% per decade of
life. Some proteins are observed to change when a
person contracts Parkinson's disease while others may
be expressed as the result of an individual contracting
multiple sclerosis.

Dr. Merril suggested that a useful standard could
be obtained by carbamylating proteins to produce elec-
trophoretically separated spots of a fixed pattern in an
electrophoretic gel. By increasing the concentration of
each protein, the pattern in the gel could be used in
much the same way as a photographer uses a step
wedge. The difficulty with this process is that one
would have to make sure that all proteins remained in
the gel. One way to correct for such variations is to label
radioactively the proteins to provide a second technique
to check for protein penetration into the gels. By making

appropriate corrections, relative concentrations could
be replaced with absolute concentration.

Richard Cook the FMC Corporation discussed
applications of agarose in gel diffusion, electrophoresis,
chromatography, and cell culture and the requirements
for an agarose for use in each of those applications. The
requirements for an agarose can be defined in terms of
measurable parameters, including clarity, electro-
endoosmosis (correlated with the amount of ester sul-
fate), gel strength, various polyanions and their associ-
ated hydrated cations, pyruvate, moisture, and gelling
temperature. Because many laboratories have special-
ized needs for certain properties of agarose, it is-
impractical to narrow the choices to a single type of
agarose. However, with the ability to furnish analytical
data for each lot of material, along with an assurance
that lot-to-lot variations will be minimal, the industry
could provide the researcher with valuable information
with which intelligent choices can be made.

Dr. Norman Anderson, Argonne National Labo-
ratories, discussed aspects of standardization that affect

... tighter manufacturing standards would help to avoid

currently observed differences.

two-dimensional electrophoresis. He presented results
showing standardization of the first dimension sepa-
ration by isoelectric focusing through the use of car-
bamylated creatine phosphokinase. These carbamylated
proteins differ from one another by a single charge. Use
of these proteins yields information about the ampho-
lytes incorporated in the gels to create the pH gradient.
Dr. Anderson showed that different manufacturers' lots
of ampholytes produced variable spacing of the sepa-
rated proteins throughout the isoelectric focusing gel.
He selected and procured a large batch of ampholytes
that showed the most even spacing in the gel. While this
is one way to achieve reproducible run-to-run results,
tighter manufacturing standards would help to avoid
currently observed differences. In addition, standards
(pI markers) are still needed to extend the range of pro-
teins into the basic and acidic ends of the isoelectric
focusing gel. Currently available pI markers are still
limited in their pH range.

For molecular weight standardization, Dr. An-
derson's laboratory uses a homogeneous preparation of
rabbit psoas muscle, mainly because many of the rabbit
proteins have been sequenced and molecular properties
have been described.

Resolution of a two-dimensional gel is more diffi-
cult to measure. One approach is to take an average of
all the spots on the gel and determine how many
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average-sized spots can be packed into the gel and still
maintain resolution. This theoretical measurement gives
an indication of how different modifications to the sys-
tem will improve or degrade performance.

Dr. Anderson then discussed problems in match-
ing distorted gels and in the presentation of data. Pattern
recognition is an emerging technology for two-
dimensional electrophoresis, with the emphasis being
placed on identification of individual protein spots.

Dr. George Bers, Bio-Rad Inc., presented infor-
mation from a thorough literature review of the de-
tergent sodium dodecyl sulfate (SDS) and its effects in
electrophoresis. He classified the various potential con-
taminants of SDS and showed examples of how electro-
phoresis is affected. He also pointed out the several
types of lipophilic contaminants such as the lower alkyl
alcohols, alkene hydrocarbons, and the di-alkyl ethers.
There are other potential contaminants such as the di-
alkyl sulfates and alkyl acids that are generally insoluble
and tend to show their presence in terms of a cloudy
SDS preparation. Other contaminants mentioned were
inorganic salts, metals, amino acid contaminants fro-
mfibers, and inorganic acids and bases.

The fact that there is considerable variability in
commercial sources of SDS demonstrates the need for
strict quality control. Specifications for SDS purity
were suggested and currently available materials were
identified that match those specifications.

Problems that surface as a result of variable SDS
preparations include variations in molecular weight de-
terminations, changes in banding patterns, variable
staining of bands, differences in background staining,
diffusion of minor bands, and in some cases, the appear-
ance of protein bands that shifted position and were not
expected to be seen in that particular position. Other
problems attributed to SDS variability were enzyme

. .. a process of "detergent engineering" should be evalu-

ated.

renaturation difficulties and inhibition because of lipo-
philic material being present in the SDS preparation.

Dr. Bers mentioned that autoclaving SDS was a
common practice by nucleic acid chemists. However,
SDS is hydrolyzed considerably by this process, render-
ing it useless for protein work.

Where two-dimensional electrophoretic analysis
or molecular weight determinations are part of an ex-
periment, it is most likely that a highly purified and
highly reproducible SDS preparation will be required.
In cases where better resolution is required, and it is
known that contaminants enhance the resolution, a pro-

cess of "detergent engineering" should be evaluated.
That is, known "contaminants" need to be added in
known amounts to an SDS preparation to achieve the
proper results.

Dr. Steven Spotts, LKB Corp., discussed possi-
ble approaches to the standardization of isoelectric fo-
cusing using ampholytes. Companies that manufacture
ampholytes try to ensure reproducibility by producing
large batches and to minimize variations by carefully
controlling the synthesis and subsequent fractionation
thereof Companies also distribute application notes or
protocols for their particular ampholytes in an attempt

The end goal is to reproduce identical pH gradients from
one run to another.

to optimize the separations process. Attention is given to
electrolyte solutions, gel thicknesses, and recommended
concentration of the ampholytes. The end goal is to
reproduce identical pH gradients from one run to an-
other. Problems that can arise from inhomogeneous
samples, impurities in additives such as urea or other
detergents, or impurities in the sample itself were also
discussed.

Commercially available pI marker proteins seem
to be useful for calibrating pf gradients, but they must be
used while fresh. Otherwise, artifacts may arise as the
proteins age. Attendees were warned against calibrating
pI gradients by direct measurements because of the vari-
abilities resulting from temperature differences. Cali-
brating the electrodes at 25 'C, and measuring at 4 'C
can cause errors of up to one-half of a pH unit.

Immobilized pH gradients recently have been in-
troduced as commercial products to provide powerful
methods for protein separation. Because of sample-
dependent properties that need to be defined, immo-
bilized pH gradients are not ready to be considered as
viable standards for electrofocusing.

Mr. William Gorman, EC Apparatus Co., de-
tailed the current status of the industry's attempts to
provide standards for electrophoresis power supplies.
He considered a number of variables that could be ad-
dressed. Among those that appeared to be the most
important were: 1) type of output: DC, pulsed DC with
programmed decay, pulsed half-wave or full-wave rec-
tified, or pulsed with filtering; 2) safety features; 3) types
of readout; 4) output connections; 5) temperature oper-
ating ranges; 6) power style: line frequency type or
switched frequency; 7) end point detection; 8) degree of
regulation; 9) set point controls; 10) testing parameters;
11) serviceability; and, 12) electrical code compliance.

Mr. Gorman's talk provided an important list of
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points for manufacturers to consider as newer devices
are built that take advantage of increased voltages in
electrofotcusing.

Dr. Muriel Jansson, Image Analytics, talked
about a new laser-based densitometer that is designed to
scan wet two-dimensional gels and autoradiograms with
high resolution. The instrument accomplishes digi-
tization of the protein images using a 12 bit analog-to-
digital converter to provide 4,096 gray levels. This de-
vice is able to scan a gel and provide all of the integrated
data in about 30 minutes. The device automatically finds
the spots of protein on a given gel, gives a printout of
spot number, the coordinates, and the integrated total
volume of each spot. It also produces correlations and
matching between spots in different gels. It has a wide
absorbance range that is linear up to 3 absorbance units
and shows 0.1% scattering.

Dr. Catherine Phillips, DuPont, spoke on de-
tection and quantification of radioactive proteins in gels
using new autoradiographic methods. Using a com-
monly available video-based system, she found that
there was a curvilinear relationship between spot vol-
ume and concentration of proteins stained with Co-
omassie Blue stain. The laser-based system, previously
described by Dr. Jansson, provided a linear response
between the amount of stain and the amount of protein
in the stained gels. Nevertheless, fluorometric and auto-
radiographic methods for protein detection still proved
to be more sensitive. The accurate quantification of pro-
tein and peptide "spots" in a two-dimensional gel are
much more problematic. This is due to the nonlinear
relationship of the photographic density generated by

. . . the needforparticle standards will become increasingly

important.

radioactivity of labelled proteins. Dr. Phillips described
software to transform image data into uniformly-spaced
gray levels correlated with the amount of radioactivity
present in the protein. In addition, she described opti-
mization of the image recording system by use of an
astrophotographic process termed "hypersensitization"
of the photographic emulsion.

Dr. Phillips concluded her talk by discussing the
evidences that calibration and step tablets are essential in
standardization of the electrophoretic quantification
process.

Dr. Robert Snyder, National Aeronautic and
Space Administration (NASA), presented information
on particle standards for continuous flow electro-
phoresis. This technique of free-flow electrophoresis is

best applied to the separation of cells and large mole-
cules. The major difficulties in achieving reproducibility
in flow electrophoresis are ascribed to buoyancy and
convection perturbations. Disturbing forces can occur
when temperature gradients of 0.1 'C exist.

Dr. Snyder summarized electrophoresis experi-
ments performed in space over the history of the NASA
programs. The early experiments showed the sensitivity
of the electrophoresis separations to fluid viscosity
changes due to electroosmosis. Cells were separated on
a variety of space missions as parameters for electro-
phoretic separations in space were determined.

Polystyrene latex beads were separated by con-
tinuous flow electrophoresis into homogeneous frac-
tions. Dr. Snyder suggested that as this work progresses,
the need for particle standards will become increasingly
important.

The meeting concluded with a roundtable dis-
cussion on directions for standardization, with Dr. R. C.
Allen, Dr. Douglas Gersten, Dr. Marvin Lasky, and Dr.

The complexities and usefulness of standardization were

realized ...

David Sammons as participants. Presentations focused
on the current status of protein molecular weight mark-
ers and the potential for new markers for isoelectric
standards as well as molecular weight markers.

In summary, the workshop was useful in bringing
to light several approaches to standardization in electro-
phoresis. Various manufacturers of electrophoretic
equipment and chemicals are interested in providing
materials that will meet the needs of researchers who are
extending the capabilities of electrophoresis into the
analysis of smaller amounts of sample with better pre-
cision.

The complexities and usefulness of standard-
ization were realized by the participants. Several attend-
ees expressed willingness to be involved in a trial to test
interlaboratory comparability in electrofocusing. The
initial study is scheduled to begin this year as an inter-
laboratory round-robin to test the effectiveness of re-
hydratable gels for obtaining consistent patterns with
standard protein preparation. NBS will serve as the co-
ordinator and provide data analysis to determine the
potential of such studies. Dr. Allen will prepare the
rehydratable gels and a standard protein will be supplied
by NBS.

Prepared by Dennis J. Reeder of the Organic Analytical
Research Division, National Bureau of Standards,
Gaithersburg, MD 20899.
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