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A HIGHLY STABLE

REFERENCE STANDARD CAPACITOR

The transfer of the high accuracy of
measurements at Lhe ):ational Bureau
of Standards to other laboratories re
quires standards of correspondingly high
stability. For example, ~BS now oali
bmtes capacitance slandards of lOOO pf
at 1000 cps with an accuracy better
than ±O.002% or ±20 ppm (parts per
million). But, whcnc\"cl' a capacitor cali
brated at xas is moved to another
laboratory, t,}IC uncertainty of the cali
bration is increased by the possible
changes in capacitance when the capaci
tor is transferred La and measured at the
new location. Capacitance changes of Lhe

order of 20 ppm can occur in most capac
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. :\108t capacitors must be
handled with particular care to keep
such changes below 20 ppm. Even with
no handling at ali, a capacitor sitting
on a shelf can changc in capacitance
with Limc, because any strains left in

Figure 1. View of the l000-pf
copacitor removed from its cabi
net and sealed container, show
ing the construction of the plale

stack.
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ihe capacitor materials at the time of
construction can 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 capacitors with air di
electric and plates of brass or aluminum
have temperature coefficients of capaci
tance of the order of 1G to 22 ppmj"C,
while the coefficient of a mica capacitor
is of the order of 40 ppmj"C, Uncertain
ties of the order of 20 ppm can therefore
result from temperature changes of only
one degree. In ordcr to apply corrections
to reduce these unccrtainties, accurate
kno\dedge of both capaei tor 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 arc nsually
negligible. However, in an air-dielectric
capacitor that is not 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 ppmj"C at room

iemperature and + 18 ppm per inch of
mercury pressure change. Since the
aimospheric pressure and density de
crease with altitude, if such an unsealed
capacitor is moved from \Vashington
near sea le\'el to the mile-high altitude
of Boulder, Colorado, the capacitance
,,·ill decrease by the no-longer-incon
siderable order of 100 ppm. If \\'ater
vapor is present in the ail', the dielectric
constant is incrcased, and the capaci
tance increase with atmospheric humid
ity is approximately 2 ppm per percent
relative humidity. \Vater that condenses
on capacitor plates 01' soaks into solid
dielectrics causes capacitance ehanges
thai arc 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. 'Vhen 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 capacitor 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, CRIl , at
room temperature, 'lIn, increase to the
capacitance, CIl, when heated, and re-
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Figure 2. Capacitance vs temperature diagram show
ing hysteresis.

.structure, which restricts the motion
resulting from the thermal stresses. In
most mechanical structures the hystere
sis cycle is not so simple or so retrace
able as assumed in this example.

Voltage and Frequency

Additional sources of capacitance
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, JOO volts. In silvered-mica capaci
tors, such as the TYPE 1-4:09, change:".
from 10 to 200 ppm may oecur for Yolt
age changes from 1 to 100 volts. Such
changes usually result from small iso
lated sec lions of the sih·er film that con
nect to the main body of film and add ca
pacitance as the applied voltage in
creases. The magnitude of the change
varies widely from capaeitor to capaci
tOl', depending upon the quality of the
silver film. When foil elect.rodes are lIsed
instead of silvered mica, the changes
\vi th vol tage 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 frequcncy stability
to keep the capacitance uncertainty
small. Only when the frequency of
measurement approaches the resonance
frcquency of the capacitor does accuracy
of frequency become important, so that
standard frequencies are required.

\ TEMP

".
c..c :,.•, c-.oq--- --

tum to CRll when cooled to room tem
perature. This cycle can be retraced as
long as the capaci tor docs not go much
below room temperature. I-IO\\'c\'er, whcn
the eapaeitor is eooled to the low tem
perature, T c, and returned to room
temperature, the capacitance at room
temperature has a new value, eRC, lower
than the initial CRll . Again, the cold
cycle can be retraeed from eRC to ec if
the capacitor does not go far above
room temperature. v\Then the capacitor
at CRC is heated to 'Piland then cooled
to room temperature, the capacitance
may return to the initial value, Cnll.
Uneertainties 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 can be
nm through a hot cycle before each cali
bration to put it at a known point in the
cycle, such as CRll . l'he source of such
hysteresis is friction in the mechanical

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
(Item 201.10Sa in Test Fee Schedule) is $35.00. For further information please write: Mr. Chester
Peterson, Chief, Resistance ond Reactance Section, Electricily Division, NBS, Washington 2S, D.C.; or
Frank D. Weaver, Acting Chief, Low-Frequency Calibrotion Services, Electronic Calibration Center,
NBS, Boulder, Colorado.
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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 li.-rperimenler a few years ago. 1

In capacitors with unshielded plug-and
jack connectors, a portion of the cali
brated capacitance is associated wit h
the terminals of both the capacilm and
the bridge on which it is measured.
Small changes in the geometry or in the
en,"ironment of these terminals may PI'O
ducf' capacitance changes as large as
0.1 pL To eliminate uncertainties of this
order, which arc important in accurate
ealibral ions of 1000 pf or less, the termi
nal geometry can, with earc, be defined
and controlled to the required precision.
Or. more easily in most cases, the termi
nal eapacitanccs and thcir uncertaintics
can be eliminated by the use of three
tcrminal capa('itors and three-terminal
measurements.

A NEW REFERENCE STANDARD

.-\ ncw capacitor has been designed to
obtain a standard in \\'hich capacitance
changcs remain small comparcd to 20
ppm \\'itbout the use of unusual carc in
handling, in endronmentnl control, or
in measurement. This is the ncw 'fYPE
1-1O~ Refercnce Standard Capacitor, a
three-terminal, scaled, dl'y-nitl'Ogen-di
eleetri(· capacitor \\"ith direet tapaei
tance of 1000 pf or tOO pf. Sta bility in
this capacitor has been obt·aincd not by
unusual design but b~' the use of a
simple, solid, homogeneous structure of a
single, low-tempcratlue-eocfficient ma
terial sealed in an invarjant atmosphere.

Construction

The capacitor, as shown in Figure 1,
is made up of a stack of round 111\"ar

plates, mountcd on six Invar posts and
spaced from one another by Invar spac
ers. The posts arc mounted on a 74"-inch
thick lnvar baseplate, and insulated
from it by ceramic spacers. 1'his almost
complete usc of In\'ar results in a capaci
tal' whose temperature coetficient of
capacitance closely approximates that
of the lnvar. about +2 ppm;cC.

The usc of a single, !ow-tempel'aLure
coefficient metal makes the coefficient
of thc capaci tor more reprod ucible and
eliminates the differential drift that can
occur when the capaeitol' uses two metals
of higher but mutually compensating
cocfficients.

'fhe capacitor is mounted insidc a
hermetically scaled heavy brass enclo
sure, All electrical connections are made
through glaSS-la-metal seals. Before the
exhaust tube is sealed, the enclosllre is
e\-acuatcd to rcmo\-e waleI' \-apol' and
is fillcd with dry nitl'ogen at atmospheric
pressure. This permanent, positi\'c 8eul-
1 J. F, llcr~h, "A Clo~() Look at Connection Erl'or~ in
Cal)lIcitM,cc :\lelisurClIlCllts," Ge'lerallladi<> !{xperimeliler,
33,7 ,July, 1959.

Figure 3. Panel view of the Reference Standard
Capacitor.



Figure 4. View of capocitor with cabinet removed,
showing the sealed contoiner and the three-terminol

trimmer.

ing in an invariant atmosphere makes
both ('upadtan('e and dissipation factol'
\'irtually independent of cn\'ironmental
(·hangesin pressure,altitude, or humidity,

The sealed capacitor is mounted on a
solid aluminum casting, which is fastened
to the front panel of the cabinet, as
shown in Figure -I. \Vebs in the casting
provide shielding between the two leads
from the capacitor, which arc connect"ed
to two recessed locking Tvpl'; 87+ 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 convprt('d to most
other common types of coaxial connec
tors by the use of the appropriate
Typ8 874 Adaptor, and the locking
version of the adaptor can be used 10

make the connection semipermanent.
Also mounted in the \\-eb is a three

terminal trimmer capacitor used to ad
just capacitance over \'er~' small ranges.
The capacit.ance of this trimmer is such a
small part of the total, about 0.0 I%, that
its rA'ect on over-all stability is negligible.

AUGUST, '.63 ~

Stabilization and Test

.After assembly and sealing, each ca
pacitor is subjected to a number of hot
and cold cycles of temperature to sta.bil
i:-:e the structure and to determine the
temperature coefficient and the magni
t.lIde of the hysteresis, The capacitor is
heated to approximately 65 Cor 150 F
(1'11 in Figure 2), then cooled to a room
temperature, Til, of 23 C 01' 73 F and
measured to determine the capacitanc'€'
GRII after a hot cycle. Similarly, it is
cooled to " temperature, 'I'c, of -18 C
Or 0 F, then measured at room tempera
ture to determine the capacitance, CRC'.
after a cold cycle. The hot cycle is then
repeated to return the capacitor to the
capaci tance CIlI1 and to determine the
I'etraceabilit~r of the cycle. The limits
for acceptability are that the cycle re
traces within ±5 ppm and that the
capacitance change at room tempera
ture. J,CR, dops not exceed 20 ppm for
these hot and colel cycles. The capaci
tance ehange from hysteresis is typicall~'

less than 10 ppm. 'rhe ch~1I1ge in capaci
tance at room temperature, t.CR =

GUll - Cur. is the measure of hystpr
c!'.is.

1'he temperature coefficient is deter
mined from measurements of capacitance
made during this cycling while the ca
pacitor is at a known temperature abo\'e
or below room temperature. The C'oeffi
('ient, is, typicall.v, constant within ± 1
ppm;oC over t,he temperature range of
these cycles. The acceptable range of
temperature coefficient is from +0 to
+4 ppm/'C'. The t;'pieal ('oefficient is
+2 ± 0.5 ppm/'C,

The temperature cycling is also a test
for leaks in the hermetic seals, \Yhen
leaks are present, the cycles do not re
trace and the capacitance changes \\'ith
time.

5



~ GENERAL RADIO EXPERIMENTER

6

Adjustment and Calibration

.-\fter a capacitor has passed the tests
for stability, temperature coefficient,
and hysteresis, the capaeitance is ad
justed by means of the trimmer to make
the measured capacitance very close to
the nominal value of 1000 or 100 pI.
The TYPE 140--1 capacitor, unlike most
previous standard capacitors, can be
adjusted easily with an accuracy almost
equal to the precision of measurement,
which is better than ± I ppm. The meas
urement is made by comparison on a
TYPE 1515-A Capacitance Bridge with
onc 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 aCCll

racy of the NBS calibration of these
reference standards is ±20 ppm.

Each capacitor is adjusted at a !'Oom
temperature of 23 ± .L C and a fre
quency of 1000 ± 10 cps to a capaci
tance 5 ppm above the nominal value
with respect to the General Radio refer
ence standards. The adjustment 1,0 a
value 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 is 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 eapaeitance
at room temperature is always made
after the capacitor has last been through
a hot cycle to 55 C, so that the capacitor
is at the position similar to CRll in the
cycle of Figure 2.

Stability

After adj ustment and calibration) the
value of the capacitor as a standard de
pends primarily l1pon its stability.

The TYPE 1404 capaeHors 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;oC, a high degree of stability
can be obtained with only moderate
temperature control. 'Vhen higher sta
bility is required) the capacitor can be
operated in an ail' or oB bath with dose
temperature control, since the effects of
conneeting cables can be made negligible
with thl'€e-terminal connections and
measurements. \Vhen an oil bath is used,
the panel with connectors and trimmer
can bc kept above the oil by the addition
of longer spacers and shielded leads be
tween panel and capacitor; only the
scaled 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" sign. Careful han
dling of the TYPE 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 J I-millisecond
durations, and the resulting capacitance
changes have not exceeded 50 ppm and
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kept in mind. The direct or three
terminal capacit.ance at thc terminals of
the capacitor increases with frequency,
primarily as the resulL of the resonance
(in the equivalent circuit of Figure 5)
betwcen the series internal lead induct
ances, L, and the capacitance, CD,
shunted by the ground capacitances, elf
and CI., in series. The effective capaei
tance is C~ C.(l + PI!.'), where C. is
the low-frequency capacitance and Iu is
the resonance frcquency. The resonance
frcqucncies are approximately 161fc for
the 1000-pf TYPE l-lO~.-A and -17 i\[c for
the 100-pf Tn" 1404-B, and the corre
sponding measuring frcquencies, j, for a
capacitance increase of 50 ppm are
113 kc and 332 kc.

When leads are connected to the
capacitor, however, the series inductance
and shunt capacitance of the leads will
cause a capacitancc increasc similar to
and probably larger than that produced
by the internal residuals. Correction can
be made for the etTects 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 kc.
Dissipation Foetor and 0 Standard

The losses in the TYPB 1404 capaci
tors are extremely low because the only
effective dielectric in the calibrated di
rect capacitance is dry nitrogen. All the
ceramic insula,tion affects only the ca-

ha\'e, in some cases, been only a few
ppm. The capacitors ha\'e also with
stood equally well those immeasurahlc,
and apparently unavoidable, shock tests
which occur in normal shipment.

Protection from both mcchanical 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 transicn1s during labora
tory measurements. T'he thermal time
constant for changes in ambient temper
ature is increased from about 1 hour to
2.5 hours when the metal cabinet is
cO\'cl'cd by the plastic case and cables
are connected thl'ough holes in the case.

The long-term stability (the capaci
tance change with time) of a well-cod
dlcd capacitor is as important as it is
particularly difficult to measure \yhen
the changes may be no more than a few
ppm. :\fany months or years and many
capacitors of the highest stability are
requircd for stability measurement, and
ncither has been available in adequate
quantity for this new capacitor. Present
estimates of long-term drift must be
based upon the intercomparison of a
fe\\" capacitors for the period of a year
or less and upon a few calibrations by
1'\ BS, but the a milable data indicate a
drift rate well within 20 ppm per year.
Data of more significance are now being
accumulated by ::\BS and by the many
standards laboratories which are already
using the TYPE 1404 capacitors and
sending them periodically to KBS for
calibration.
High-Frequency Performance

Although intended primarily for low
frequency applications, the Typ," 1404
capacitors can be used at higher fre
quencies if certain considerations are

Figure S. Equivalent cir
cuit of Type 1404

Capacitors.
Co = 1000 pf for

Type 1404-A
Co = 100 pf for

Type 1404-8

ltHr~L.os .os
vhL L~h

, ,
: Co :

...L- ...L-
'T' ~

30,CI1 CL 1 28
pf : J pI
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pacitances to ground) which are excluded
in a t.hree-terminal measurement. The
loss is low enough to be comparable to
the uncertainties in the calibration of
most available standards of dissipation
factor. The best estimate at present is
that the dissipation factor at 1000 cps
can be maintained below 10 ppm and is
typically less than that.

Because the dissipat,ion factor is very
low and constant in this scaled 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 Hl parallel with the capacitor.*

Uses

The primary use of Tyl'>; 1-10-1 capaci
tors is as reference or working capaci
, Dctailed I)rocedure for this usc of the Tn'E 1404 capaci
ton~ may be found in the Ol>cnning Instructiolls for the
T\·pF. 1615-A Capacitance Rridl[C.

Lance standards of the highest order for
the calibratiou of othel' capacitors and
bridges. The high stability should per
mit the accuracy of :'\BS calibrations to
be transferred to other laboratories ,,-ith
uncertainties less than ±20 ppm.

For muny calibrations, such as that
of the Tyl'>; 1615-A Capac-itance Bridge,
either the 1000-pf Typ]; 1.40-l-A or the
100-pf TYPE 1404-13 capacitor can be
used with equal accuracy. There is no
significant difference in quality bet,,-ccn
the two models, but j he difference in
capacitance is useful for some special
purposes, such as the extension of the
precision of the TYPE J615-A bridge.

-JOHi\' F. Hf<1RSH

CREDITS
The d~ign and develoJlmcnt of the THE

1404 Reference Standard Capacitor was carried
out by Dr. Hersh, with mechanical design sup
port from G. A. Clemow, Design Engineer.
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SPECIFICATIONS
Calibrotion: A certificate of calibration is
supplied with each capacitor giving the meas
ured direct parallel capacit~Ulceat 1 kc and at
23 ± 1 C. The measured value is obtained by
a comparison to a precision better t1UlIl ± I
ppm with working standards whose absolute
values are known to an accuracy of ± 20 ppm,
determined and maintained ill terms of refer
ence standards periodically measured by the
:\ational Bureau of Standards.
Adjustment Accurocy: The capacitance is ad
justed before calibration with an accuracy of
±5 ppm to a capaciL'\nce about 5 ppm above
the nominal value relative to the capacitance
unit maintained by the General Radio reference
<:tandards.
Stobility: Long-term drift is less than 20 parts
per million per year. Maximum change with
orient~ltion is 10 ppm, llnd iR completely revers
ible.
Temperoture Coefficient of Copocitonce:

2 ± 2 ppm;o C from -20 C to +65 C.
A measured value with an accuracy of
± 1 ppm;oC is given on the certificate.

Type

Temperoture Cyding:Fol' temperature cycling
over range fmm -20 C to +65 C, hystere<;is
(retraceable) is le;;s than 20 ppm at 23 C.
Dissipation Factor: Less than 10-;; at 1 kc.
Residual Impedances: See equivalent circuit
(F'igure 5) for typical values of internal sel'ies
inductances and terminal cnpncitances.
Maximum Voltage: 750 volts.
Terminols: Two coaxial, locking TYPE 874; easily
convertible to other types of connectors by
attachment of locking adaptors. Outer shell of
one connector i>: ungrounded to permit capaci
tor to be used with external resistor as 3. dis.<;i
pation-factor standard.
Accessories Supplied: Two TYPE 87-:l-C58A
Cable Connectors.
Cobinet: Sealed inner container mounted in
outer lab-bench aluminum case. Easily adapt
able to oil immersion of inner scaled container.
Dimensions: Width 6%, hciv;ht 6%. depth
8 inches (175 by 170 by 205 mm), over-an,
including handle.
Net Weight: 8Y:; pounds (3.9 kg).
Shipping Weight: 12 pounds (5.5 kg).

Code Number Price

8

1404·A Reference Standord Copocitor.
1404·8 Reference Standard Capacitor.

G. S. Patent Ko. 2,548,457.

1404·9701
1404-9702

$225.00
225.00




