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A HIGHLY STABLE

REFERENCE STANDARD CAPACITOR

The transfer of the high accuracy of
measurements at the National Bureau
of Standards to other laboratories re-
quires standards of correspondingly high
stability. For example, NBS now cali-
brates capacitance standards of 1000 pf
at 1000 eps with an accuracy better
than +0.0029, or +20 ppm (parts per
million). But, whenever a capacitor eali-
brated at NBS is moved to another
laboratory, the uncertainty of the cali-
bration is increased by the possible
changes in capacitance when the capaci-
tor is transferred to and measured at the
new location. Capacitance changes of the

order of 20 ppm can occur in most eapac-
itors for several reasons.

SOURCES OF INSTABILITY

Mechanical Shock

Perhaps the most obvious source of
change is mechanical displacement of
the capacitor plates, resulting from vi-
bration or shock in transport or in
handling. Most capacitors must be
handled with particular care to keep
such changes below 20 ppm. Iiven with
no handling at all, a capacitor sitting
on a shelf can change in capacitance
with time, because any strains left in

Figure 1. View of the 1000-pf
capacitor removed from its cabi-
net and sealed container, show-
ing the construction of the plate
stack.
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the capacitor materials at the time of
construction ean change with age and
thus change plate area or separation.

Temperature

Capacitance change also results from
temperature change, not only because
the dimensions are changed by mechani-
cal expansion but also because the per-
mittivity, particularly of solid dielectric
materials, varies with temperature. Typi-
cal standard ecapacitors with air di-
electric and plates of brass or aluminum
have temperature coefficients of capaci-
tance of the order of 16 to 22 ppm/°C,
while the coefficient of a mica capacitor
is of the order of 40 ppm/°C. Uncertain-
ties of the order of 20 ppm can therefore
result from temperature changes of only
one degree. In order to apply corrections
to reduce these uncertainties, accurate
knowledge of both capacitor temperature
and temperature coefficient is required.

Atmospheric Pressure and Humidity
Changes of capacitance with atmos-
pheric pressure and humidity are less
familiar because the effects are usually
negligible. However, in an air-dielectric
capacitor that is mnot hermetically
sealed, the density of the air dielectric
between capacitor plates will change
with temperature and with atmospheric
pressure. The resulting change in capaci-
tance is about —2 ppm/°C at room

temperature and 18 ppm per inch of
mercury pressure change. Since the
atmospheric pressure and density de-
crease with altitude, if such an unsealed
capacitor is moved from Washington
near sea level to the mile-high altitude
of Boulder, Colorado, the capacitance
will decrease by the no-longer-incon-
siderable order of 100 ppm. If water
vapor is present in the air, the dielectric
constant is increased, and the capaci-
tance increase with atmospheric humid-
ity is approximately 2 ppm per percent
relative humidity. Water that condenses
on capacitor plates or soaks into solid
diclectries causes capacitance changes
that are usually larger and less predict-
able.
Hysteresis

Another deficiency, which appears in
most capacitors when parts per million
become important, is that of hysteresis
in the relation between capacitance and
temperature. When a capacitor is sub-
jected to relatively large temperature
changes, such as those that can result
from shipment, the capacitance at room
temperature may have a different value
after the eapacitor has been hot than it
has after being cold, as shown in Fig-
ure 2. In this example, the capacitor
may start at the capacitance, Cry, at
room temperature, T'g, increase to the
capacitance, C'y, when heated, and re-
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Figure 2. Capacitance vs temperature diagram show-
ing hysteresis.

turn to Cryr when cooled to room tem-
perature. This eyele can be retraced as
long as the capacitor does not go much
below room temperature. However, when
the capacitor is cooled to the low tem-
perature, T, and returned to room
temperature, the capacitance at room
temperature has a new value, Cre, lower
than the initial Crpy. Again, the cold
eycle can be retraced from Cre to Ce if
the capacitor does not go far above
room temperature. When the capacitor
at Creis heated to 7'y and then cooled
to room temperature, the capacitance
may return to the initial value, Cgy.
Uncertainties of the order of 20 ppm
can occur in capacitors that have such
hysteresis unless: (1) large temperature
variations can be avoided; (2) correc-
tions can be made from a known charac-
teristic curve; or (3) the capacitor ean be
run through a hot cycle before each cali-
bration to put it at a known point in the
eycle, such as Cgg. The source of such
hysteresis is friction in the mechanical
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structure, which restricts the motion
resulting from the thermal stresses. In
most mechanical structures the hystere-
sis eyele is not so simple or so retrace-
able as assumed in this example.

Voltage and Frequency

Additional sources of ecapacitance
change are variations in voltage and in
frequency. Changes of capacitance no
greater than a few ppm can be expected
in standard air capacitors with voltages
in the usual measurement range below,
say, 100 volts. In silvered-mica capaci-
tors, such as the Typr 1409, changes
from 10 to 200 ppm may occur for volt-
age changes from 1 to 100 volts. Such
changes usually result from small iso-
lated sections of the silver film that con-
nect to the main body of film and add ea-
pacitance as the applied voltage in-
creases. The magnitude of the change
varies widely from capacitor to capaci-
tor, depending upon the quality of the
silver film. When foil electrodes are used
instead of silvered mica, the changes
with voltage decrease to the order of a
few ppm.

In both air and mica capacitors the
rate of change of capacitance with fre-
quency is generally small enough to
require no unusual frequency stability
to keep the ecapacitance uncertainty
small. Only when the frequency of
measurement, approaches the resonance
frequency of the capacitor does accuracy
of frequency become important, so that
standard frequencies are required.

NBS Calibration of Type 1404 Capacitors

A report of calibration of the direct capacitance of these capacitors can be obtained from the
National Bureau of Standards. After July 1, 1963, the accuracy of the report is +20 ppm. The fee
(ltem 201.105a in Test Fee Schedule) is $35.00. For further information please write: Mr. Chester

Peterson, Chief, Resist and React

e Section, Electricity Division, NBS, Washington 25, D.C.; or

Services, Electronic Calibration Center,

Frank D. Weaver, Acting Chief, Low-Freq
NBS, Boulder, Colorado.

y Calibrati
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Connections

The changes in capacitances produced
by the connections to the capacitor can
also be a source of error. These connec-
tion errors were described in some detail
in the Erperimenter a few years ago.!
In capacitors with unshielded plug-and-
jack connectors, a portion of the cali-
brated capacitance is associated with
the terminals of both the capacitor and
the bridge on which it is measured.
Small changes in the geometry or in the
environment of these terminals may pro-
duce capacitance changes as large as
0.1 pf. To eliminate uncertainties of this
order, which are important in aceurate
:alibrations of 1000 pf or less, the termi-
nal geometry can, with care, be defined
and controlled to the required precision.
Or, more easily in most cases, the termi-
nal capacitances and their uncertainties
can be eliminated by the use of three-
terminal capacitors and three-terminal
measurements.

A NEW REFERENCE STANDARD

A new capacitor has been designed to
obtain a standard in which capacitance
changes remain small compared to 20
ppm without the use of unusual care in
handling, in environmental control, or
in measurement. This iz the new Tyre
1404 Reference Standard Capacitor, a
three-terminal, sealed, dry-nitrogen-di-
electric capacitor with direct ecapaci-
tance of 1000 pf or 100 pf. Stability in
this capacitor has been obtained not by
unusual design but by the use of a
simple, solid, homogeneous structure of a
single, low-temperature-coefficient ma-
terial sealed in an invariant atmosphere.

Construction
The capacitor, as shown in Figure 1,
is made up of a stack of round Invar
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plates, mounted on six Invar posts and
spaced from one another by Invar spac-
ers. The posts are mounted on a M-inch-
thick Invar baseplate, and insulated
from it by ceramic spacers. This almost
complete use of Invar results in a capaci-
tor whose coetficient of
capacitance closely approximates that
of the Invar, about +2 ppm/°C.

The use of a single, low-temperature-
coefficient metal makes the coefficient
of the capacitor more reproducible and
eliminates the differential drift that can
oceur when the capacitor uses two metals
of higher but mutually compensating
coeflicients.

The capacitor is mounted inside a
hermetically sealed heavy brass enclo-
sure. All electrical connections are made
through glass-to-metal seals. Before the
exhaust tube is sealed, the enclosure is

temperature

evacuated to remove water vapor and
is filled with dry nitrogen at atmospheric
pressure. This permanent, positive seal-
I T, Hlereh, 8. [ Oldes  Took a6 Connpstion Brrom in

Capacitance Measurements,” General Radio Experimenter,
33,7, July, 1969.

Figure 3. Panel view of the Reference Standard
Capacitor.
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Figure 4. View of capacitor with cabinet removed,
showing the sealed container and the three-terminal
trimmer.

ing in an invariant atmosphere makes
both capacitance and dissipation factor
virtually independent of environmental
changesinpressure, altitude, or humidity.
The sealed capacitor 18 mounted on a
solid aluminum casting, which is fastened
to the front panel of the cabinet, as
shown in Figure 4. Webs in the casting
provide shielding between the two leads
from the capacitor, which are conneeted
to two recessed locking Typr 874 Co-
axial Connectors on the panel. The left
or H connector is completely insulated
from the panel to eliminate ground-loop
troubles when long leads are used and to
facilitate the use of the capacitor as a
dissipation-factor standard. The panel
connectors can be converted to most
other common types of coaxial connec-
tors by the use of the appropriate
Typr 874 Adaptor, and the locking
version of the adaptor can be used to
make the connection semipermanent.
Also mounted in the web is a three-
terminal trimmer capacitor used to ad-
just capacitance over very small ranges.
The capacitance of this trimmer is such a
small part of the total, about 0.019, that
its effect on over-all stabilityis negligible.
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Stabilization and Test

After assembly and sealing, each ca-
pacitor is subjected to a number of hot
and cold eyeles of temperature to stabil-
ize the structure and to determine the
temperature coefficient and the magni-
tude of the hysteresis., The capacitor is
heated to approximately 65 C or 150 I
(T# in Figure 2), then cooled to a room
temperature, Tz, of 23 C or 73 I and
measured to determine the capacitance
Crp after a hot cycle. Similarly, it is
cooled to a temperature, T, of —18 C
or 0 I, then measured at room tempera-
ture to determine the capacitance, Cre,
after a cold cycle. The hot cycle is then
repeated to return the capacitor to the
capacitance Cry and to determine the
retraceability of the ecycle. The limits
for acceptability are that the cycle re-
traces within +5 ppm and that the
capacitance change at room tempera-
ture, ACg, does not exceed 20 ppm for
these hot and cold eyeles. The capaci-
tance change from hysteresis is typically
less than 10 ppm. The change in capaci-
tance at room temperature, ACgr =
Crn — Cre, 18 the measure of hyster-
esls.

The temperature coefficient is deter-
mined from measurements of capacitance
made during this eyveling while the ca-
pacitor is at a known temperature above
or below room temperature. The coeffi-
cient is, typically, constant within +1
ppm/°C over the temperature range of
these cycles. The acceptable range of
temperature coefficient is from 40 to
+4 ppm/°C. The typical coefficient is
+2 + 0.5 ppm/°C.

The temperature cycling is also a test
for leaks in the hermetic seals. When
leaks are present, the cycles do not re-
trace and the capacitance changes with
time.
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Adjustment and Calibration

After a capacitor has passed the tests
for stability, temperature coefficient,
and hysteresis, the capacitance is ad-
justed by means of the trimmer to make
the measured capacitance very close to
the nominal value of 1000 or 100 pf.
The Tyer 1404 capacitor, unlike most
previous standard ecapacitors, can be
adjusted easily with an accuracy almost
equal to the precision of measurement,
which is better than + | ppm. The meas-
urement is made by comparison on a
Tyre 1615-A Capacitance Bridge with
one of a group of Type 1404 working
standards that have been calibrated
from a group of similar reference stand-
ards periodically measured by the Na-
tional Bureau of Standards. The accu-
racy of the NBS calibration of these
reference standards is +20 ppm.

Each capacitor is adjusted at a room
temperature of 23 + 1 C and a fre-
quency of 1000 + 10 cps to a capaci-
ance 5 ppm above the nominal value
with respect to the General Radio refer-
ence standards. The adjustment to a
ralue above nominal (e.g. 1000.005 pf)
is made because the standard is a little
more convenient for use in bridge cali-
bration when it ig slightly greater in-
stead of less than nominal (e.g. 999.995
pf). Although the precision of adjust-
ment exceeds 1 ppm, the uncertainties
of room temperature and capacitor
temperature coefficient add to the ad-
justment error, so that the adjustment
accuracy at the stated temperature is
approximately +5 ppm.

The final adjustment of capacitance
at room temperature is always made
after the capacitor has last been through
a hot cycle to 65 C, so that the capacitor
iz at the position similar to Cry in the
eyvele of Figure 2.
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Stability

After adjustment and calibration, the
value of the capacitor as a standard de-
pends primarily upon its stability.

The Typr 1404 capacitors show very
small changes with orientation. In typi-
cal units the change is less than 5 ppm
when the capacitor is turned in all direc-
tions, and any change is reversible. The
acceptable limit of change with orienta-
tion is 10 ppm.

The capacitors are relatively free
from microphonics; therefore, the short-
term stability is determined mainly by
changes in temperature produced by
environmental temperature changes.
With the temperature coefficient of
+2 ppm/°C, a high degree of stability
can be obtained with only moderate
temperature control. When higher sta-
bility is required, the capacitor can be
operated in an air or oil bath with close
temperature control, since the effects of
connecting cables can be made negligible
with three-terminal connections and
measurements. When an oil bath is used,
the panel with connectors and trimmer
can be kept above the oil by the addition
of longer spacers and shielded leads be-
tween panel and capacitor; only the
sealed container of the capacitor is im-
mersed. The modification can be made
without change in the calibrated ca-
pacitance.

Any reference standard capacitor
wears along with that title an implicit
“Handle with Care” gign. Careful han-
dling of the Typr 1404 capacitors is
always a wise precaution, but it is not
always a necessity because the structure
is not delicate. Sample capacitors have
been put through impact shock tests
of from 30 to 50 g with 11-millisecond
durations, and the resulting capacitance
changes have not exceeded 50 ppm and
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have, in some cases, been only a few
ppm. The capacitors have also with-
stood equally well those immeasurable,
and apparently unavoidable, shock tests
which oceur in normal shipment.

Protection from both mechanical and
thermal shock is provided by the ship-
ping container of expandable polysty-
rene. The capacitor can be kept in this
attractive plastic case, not only for stor-
age and reshipment but also for reduc-
tion of thermal transients during labora-
tory measurements. The thermal time
constant for changes in ambient temper-
ature is increased from about 1 hour to
2.5 hours when the metal cabinet is
covered by the plastic case and cables
are connected through holes in the case.

The long-term stability (the capaci-
tance change with time) of a well-cod-
dled capacitor is as important as it is
particularly difficult to measure when
the changes may be no more than a few
ppm. Many months or years and many
capacitors of the highest stability are
required for stability measurement, and
neither has been available in adequate
quantity for this new capacitor. Present
estimates of long-term drift must be
based upon the intercomparison of a
few capacitors for the period of a year
or less and upon a few calibrations by
NBS, but the available data indicate a
drift rate well within 20 ppm per vear.
Data of more significance are now being
accumulated by NBS and by the many
standards laboratories which are already
using the Typre 1404 capacitors and
sending them periodically to NBS for
calibration.
High-Frequency Performance

Although intended primarily for low-
frequency applications, the Typr 1404
capacitors can be used at higher fre-
quencies if certain considerations are
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Figure 5. Equivalent cir-
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kept in mind. The direct or three-
terminal capacitance at the terminals of
the capacitor increases with frequency,
primarily as the result of the resonance
(in the equivalent circuit of Figure 5)
between the series internal lead induet-
ances, L, and the capacitance, Cp,
shunted by the ground capacitances, Cy
and €, in series. The effective capaci-
tance is C = C (1 + f*/f.%), where C, is
the low-frequency capacitance and f, is
the resonance frequency. The resonance
frequencies are approximately 16 Me for
the 1000-pf Tyre 1404-A and 47 Me for
the 100-pf Type 1404-B, and the corre-
sponding measuring frequencies, f, for a

capacitance increase of 50 ppm are
113 ke and 332 ke.
When leads are connected to the

capacitor, however, the series inductance
and shunt capacitance of the leads will
cause a capacitance increase similar to
and probably larger than that produced
by the internal residuals. Correction can
be made for the effects of internal and
external residual impedances, but high
accuracy is difficult to obtain with in-
creasing frequency. Capacitors that can
be connected to the bridge terminals
without leads are recommended as stand-
ards for frequencies above, say, 10 ke.
Dissipation Factor and D Standard

The losses in the Typr 1404 capaci-
tors are extremely low because the only
effective dielectric in the calibrated di-
rect capacitance is dry nitrogen. All the
ceramic insulation affects only the ca-
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pacitances to ground, which are excluded
in a three-terminal measurement. The
loss is low enough to be comparable to
the uncertainties in the ecalibration of
most available standards of dissipation
factor. The best estimate at present is
that the dissipation factor at 1000 cps
an be maintained below 10 ppm and is
tyvpically less than that.

Because the dissipation factor is very
low and constant in this sealed capacitor,
the capacitor can also be used as a
standard of dissipation factor, for exam-
ple, in bridge calibration. The desired
magnitude of D can be obtained by the
addition of loss in the form of a cali-
brated fixed or decade resistor in series
or in parallel with the capacitor.*®

Uses
The primary use of Tyre 1404 capaci-
tors is as reference or working capaci-

* Detailed proeedure for this use of the Type 1404 capaci-
tors may be found in the Operating Instructions for the
Type 1615-A Capacitance Bridge.

SPEC!FI

Calibration: A certificate of ecalibration is
supplied with each capacitor giving the meas-
ured direct parallel capacitance at 1 ke and at
23 + 1 C. The measured value is obtained by
a4 comparison to a precision better than +1
ppm with working standards whose absolute
values are known to an accuracy of +20 ppm,
determined and maintained in terms of refer-
ence standards periodically measured by the
National Bureau of Standards.
Adjustment Accuracy: The capacitance is ad-
justed before calibration with an accuracy of
+5 ppm to a capacitance about 5 ppm above
the nominal value relative to the ecapacitance
unit maintained by the General Radio reference
standards.
Stability: Long-term drift is less than 20 parts
per million per vear. Maximum change with
«;rlientation is 10 ppm, and is completely revers-
ible.
Temperature Coefficient of Capacitance:

2+2 ppm/°C from —20C to +65C.
A measured value with an accuraey of
+1 ppm/°C is given on the certificate.
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tance standards of the highest order for
the calibration of other capacitors and
bridges. The high stability should per-
mit the accuracy of NBS calibrations to
be transferred to other laboratories with
uncertainties less than +20 ppm.

For many calibrations, such as that
of the Typre 1615-A Capacitance Bridge,
either the 1000-pf Tvyprr 1404-A or the
100-pt Typr 1404-B capacitor can be
used with equal accuracy. There is no
significant difference in quality between
the two models, but the difference in
capacitance is useful for some special
purposes, such as the extension of the
precision of the Type 1615-A bridge.

— Joa~n F. Hersn

CREDITS

The design and develnpmo::t. of the Tyee
1404 Reference Standard Capacitor was earried
out by Dr. Hersh, with mechanical design sup-
port from G. A. Clemow, Design Engineer.

— Ebnrror

CATIONS

Temperature Cycling: I"or temperature cycling
over range from —20 C to 465 C, hysteresis
(retraceable) is less than 20 ppm at 23 C,
Dissipation Factor: Less than 1079 at 1 ke,
Residual Impedances: See equivalent eireuit
(Figure 5) for typical values of internal series
inductances and terminal capacitances,
Maximum Voltage: 750 volts,

Terminals: T'wo coaxial, locking Tyre 874; easily
convertible to other types of conneetors by
attachment of locking adaptors. Outer shell of
one connector is ungrounded to permit capaeci-
tor to be used with external resistor as a dissi-
pation-factor standard.
Accessories Supplied:
Cable Connectors.
Cabinet: Sealed inner container mounted in
outer lab-bench aluminum ecase. Easily adapt-
able to oil immersion of inner sealed container.
Dimensions: Width 634, height 634, depth
8 inches (175 by 170 by 205 mm), over-all,
including handle.

Net Weight: 814 pounds (3.9 kg).

Shipping Weight: 12 pounds (5.5 kg).

Two Tyre S874-C58A

Type | | Code Number | Price
1404-A Reference Standard Capacitor. . . .. ........ 1404-9701 $225.00
1404-B Reference Standard Capaciter. . . 1404-9702 225.00

U, 8, Patent No. 2,548,457,
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