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flights over the marker are not circular at all altitudes. 
This may be ascribed to the fact that the received field 
along different radii over the marker is the vector re-
sultant of the fields from both arrays in quadrature time 
phase. Horizontal patterns were taken on radial flights 
at altitudes Of 500, 2000, and 5000 feet (Fig. 16). The 
height of the spaced-dipole marker was 10,000 feet dur-
ing these tests. The 2000-foot and 5000-foot patterns 
are almost square. The 500-foot pattern is practically 

circular. 
Fig. 17 shows a plot of the zone widths of the In-

dianapolis and the new spaced-dipole markers, similar lo to that illustrated in Fig. 14 except that the light-on 
period is plotted in terms of time in seconds versus alti-
tude, for 120 miles per hour, ground speed. 

CONCLUSION 

It has been shown that the spaced-dipole antenna 
system possesses a number of distinct advantages over 
that used with present Z markers and will provide pilots 
with a more accurate fix because the zone width is con-
siderably less at all altitudes up to 10,000 feet. The 
marker zone can be extended to 20,000 feet altitude 
without modification of the present transmitters. Under 
these conditions the zone width will be less than that of 
present markers up to 5700 feet. The broad marker zone 
normally observed on flights off to one side of the 
marker, or under conditions involving a large crab angle, 

is appreciably reduced. The radiating elements are of 
simple and rugged design and will provide stable Z-
marker signals under adverse climatic conditions. The 

i•••• 

IMO 

MOMMEMMEMMENIOM MgMUMMOMMEMOO 
MEMMOMME WAMMEMOMMENSIMEMMEMEM 
MEMENUMMAMMINIMEMEMMEMMIIMMEMM 
MMEMEMPAMMENOMMEMOMMIWI MMOMM 

MMINIMMEWOMMMON EMMOIMMAIN 
M O W  W ZW CI •O NSTIO TO  MIOMMEMMOMMOMM 

IIMMOMMKOMOMM IIMMUMAM 
E MMEN  MEMOMMEMIMMI NI 
EMMENIIMMEMMIIMMINIMEMMOMMMEMOM 
MMEMMIONMENEMMEMMOMMEMMEMOMME 
MIU MMEMMOMMEMMEMMOMMOMMMUMME 
MIN WIIMEMMINIMMONMMEMMOMMEM MIM 
MMEMMEMOIMMEMMEMMINIMMEMMMI UMM 
MMIIMMINIMMIIMMMI MMI NIMMMUMMMUMM 
MMUMMMINIMMEMMOIM MIMMOM MIMMM 
M MIMMI NIMMOMMEMMEMMEMMUMOMMOM 
MINIMMOMMEMMOMMINIMMEMEMEMIMME 
MMEWUMMEMIIMMEMOMMEMMUMMEMMEM 
MEMMOMMI NIMM =414 =MEMEMMI NIMOM 
NI MMUMMEMWI NIMEMMOMMMEMMMOIMME 
MINIMOMINIMSMRMOIMNIS MIMMO MMIMME 
MUM MEMME WMMOIMMUNOMMENWINIMM 

MEMEMMEMAM  m a m mon. = 
m ni m m.... .1°0 0. = = = = = 
mo m m womm  m mm m m mm 
MOMMIIMMUMMEM MIM MOMMUMMENEM  
MME MMEMMIMMIIMMOMMMOMMEMME M 
MINIMMUMMMMEMMEMMIIMMENIMMEMEMM 
im mom monom mum mnom mo m m = 
mo m mo nom mommommu mnamm = 
INOMMOMMILI WIMMEMMEMACEMOUMMEM  
IIMMOMMEMMMMEMMEMMMUMMOMMOMEM 
mo m mu m mannom m mEnam mu mm 
m mm m m mna m m m m m m mmm mm 
IMMIIMMEMMILUAMMI WAVAMMEMMIIMME 
IIMMOMMOMMEM MO WAUMMEMMENMEM 
mm mm m mmnam m mmmnao m mmm m 
m um m u m manivramo mmo mmum 
MEMOMME MEMMIla n WHI MIMEMMINIMM 

Ls  to  •  if  " n a gs 
Y MItIll K W MI MS +4 StC0,001 

Fig. 17—Z-marker patterns, width in seconds, for 
120-mile-per-hour ground speed. 

dipoles and precut sections of transmission line may be 
assembled in the factory as prefabricated units ready 

for field installation. 

M  TO 

Vacuum Capacitors* 
G. H. FLOYDt, ASSOCIATE, I.R.E. 

Summary—This paper describes the properties, characteristics, 
and uses of the vacuum capacitor. The constructional details of two 
General Electric vacuum capacitors, the GL-1L38 and the GL-1L22, 
are discussed. Design considerations are discussed from the view-
point of both the designer andthe manufacturer. Capacitance formulas 
are giv en, and the equation for energy loss is derived. Operating 
character istics and ratings of the vacuum capacitor are considered, 
and the effects of humidity, temperature, and vibration are noted. 
The advantages of the vacuum capacitor are thoroughly discussed 
and the applications which are brought about because of these ad-

vantages are described. 

I. INTRODUCTION W HEN the word "capacitor" is brought up in a 
discussion, the average engineer immediately 
attempts to classify the particular capacitor un-

der discussion in one of four general capacitor groups— 
paper, mica, electrolytic, or air. It is the purpose of this 
paper to present some of the details of a rapidly growing 
newcomer to the capacitor group; namely, the vacuum 
capacitor. The idea of enclosing capacitor electrodes in 

• Decimal classification: R381. Original manuscript received by 
the Institute, November 15, 1943; revised manuscript received, 
May 5, 1944. Presented, Rochester Fall Meeting, November 8, 1943. 
t General Electric Company, Schenectady, New York. 

an evacuated bulb is not new. It has not been until re-
cently, however, that new application demands and the 
advantages of newly designed vacuum capacitors caused 
them to be required in large quantities. 
Recent strides in the design of aircraft to operate at 

high altitudes have opened up many new and interesting 
problems in the design of radio equipment to accompany 
these high-flying airplanes. Most of the electronic de-
sign problems can be ably solved if the'following points 
are taken into consideration. The points given are only 
those which arise due to the extraordinary service con-
ditions under which military aircraft operate. 
1. Low Temperatures: Temperatures of —50 degrees 

centigrade are not unusual at altitudes of more than 

40,000 feet. 
2. High Temperatures: With aircraft operating in all 

climates, temperatures of 60 degrees centigrade may be 

experienced. 
3. Low Pressures: At 40,000 feet altitude, the pres-

sure is approximately 5.5 inches of mercury. 
4. High Humidity: This effect is aggravated by the 

rapid descent of aircraft into regions of normal pressure, 
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temperature, and humidity, as the radio apparatus will 
still be at very low temperature and condensation of the 
water vapor present may cover the surface of all equip-
ment. 

The vacuum capacitor has many advantages which 
allow it to operate satisfactorily under the conditions 
described above. 

Two such capacitors, the GL-1L38 and the GL-1L22 
are shown in Fig. 1. 

Fig. 1. 

Top—GL-1L38 vacuum capacitor. 
Bottom—GL-1L22 vacuum capacitor. 

II. CONSTRUCTIONAL DETAILS 
Size 

The smaller the vacuum capacitor can be made, the 
more it can be used to advantage. Weight is also a con-
sideration, but this is associated with internal construc-
tion as well as with size. The mechanical consideration 
of size, which is almost entirely a manufacturing prob-
lem, is second in importance to electrical considerations. 
Electrically, the size will depend upon three factors: 
1. Length of the external path required to withstand 

the rated voltage at the low pressures encountered at 
high altitudes. 
2. Spacing of the internal electrodes required to give 

the proper capacitance and the rated voltage break-
down. 
3. Bulb shape and size required to keep high-loss ma-

terials out of the radio-frequency field present between 
the capacitor electrodes. (In the case of capacitors used 
for direct-current blocking applications, the last point 
is not important.) 
The first factor, that of the length required for suffi-

cient external breakdown, is important in that it dictates 

the over-all length of the capacitor. The use of skirts to 
increase the effective length of path is not practical, as 
the vacuum enclosure is usually a glass bulb, and adding 
skirts to a glass bulb would be costly. Furthermore, 
these skirts would add to the diameter of the capacitor. 
The last two factors jointly determine the diameter of 

the capacitor. The internal spacing required will depend 
upon the geometry of the electrodes and the capacitance 
required. The power factor of the bulb used will deter-
mine the distance required between the internal elec-
trodes and the bulb to avoid excessive dielectric loss due 
to the radio-frequency field. 

Evacuated Envelope 

Fig. 2 shows the two types of evacuated envelopes in 

Fig. 2—Two types of evacuated envelopes for vacuum capacitors. 

use for vacuum capacitors. Type A (left figure) makes 
use of the flare-to-bulb type of seal, and type B (right 
figure) employs the fernico-to-glass, edge-type seal. 
Each type has its advantages and disadvantages. Type 
A may make use of any combination of metal and glass 
whose coefficients of expansion match well enough to al-
low a seal to be made. Several leads may be run through 
the press, allowing for a variety of internal mounting 
schemes. The choice of glass allows the use of one which 

has a low power factor. Type A is not mechanically 
strong since it is inherent in this design that the stress 
of mounting is either on the leads themselves or on the 
glass envelope. Also, the leads do not lend themselves 
readily to simple mounting of the internal elements by 
mass-production methods. If concentric electrodes are 
used, the leads must be perfectly straight for precise 
mounting. 

Type B uses end cups of fernico, an alloy of iron, 
nickel, and cobalt and a borosilicate glass with the 
same expansion coefficient. Other metal-glass combina-
tions may of course be used. The edge-type seal pro-
vides a strong mechanical joint. As may be seen in Fig. 
2, the fernico is embedded in the glass cylinder, and the 
glass makes a vacuum-tight seal on both the inside and 
outside of the fernico cup. The ferrule which is welded 
in the center of the fernico cup on the outside provides 
an axial support which is readily employed in the ac-
curate line-up of the internal elements. A metal ex-

haust tube, seen on the lower end of type B is brazed to 
the fernico cup. 

I. 
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The main disadvantages of type B are that the fernico 
cup presents a high-loss material to the high-frequency 
field, and the necessarily heavy glass adds slightly to the 
loss because of its thickness. 

Internal Construction 

The space inside a cylindrical bulb is best utilized 
when the coaxial cylinder type of capacitor is employed. 
A cross section of a GL-1L38 vacuum capacitor using 
this type of construction is shown in Fig. 3. The 
GL-1L38 is rated at 50 micromicrofarads and 7500 volts 
peak. The over-all length is 3-Pir inches, and the diameter 

is lt inches. 
The coaxial cylinders are shown at A. The ends of the 

cylinders are spun over towards each other for ease in 
welding. The copper cylinders are welded between a ring 
of nickel B and a steel backup plate C. This backup 
plate provides a strong support for the cylinders, and 
lessens the possibility of the cylinders deforming under 
heat or vibration. It also permits the use of a thin end 

cup of fernico. 
D, E, and F are, respectively, the exhaust tubulation, 

the support ferrule, and the fernico end cup. 
The glass-to-metal seal is made by lining up the upper 

and lower assemblies in a vertical machine which ac-
curately aligns the two assemblies on the center line of 
the ferrules. The-glass bushing G is held in place by a 
centering clamp, and the upper and lower seal made 
simultaneously by high-frequency induction heating. 
As the seal is made, the hot fernico cups are pressed into 
the glass bushing a predetermined distance. 
After exhaust and subsequent processing, the silver-

plated-copper end caps H are soldered on the ferrules. 
The size of these caps is such that the whole unit may be 
mounted in standard-size fuse clamps. 
The problem of selecting metals for use as cylinders in 

the vacuum capacitor involves the same considerations 
as the choice of any metal for use inside a vacuum tube. 
Availability, ease of forming, freedom from gas, melting 
point, and impedance to high-frequency current are, in 
general, the main factors to consider. 
The thickness of the coaxial cylinders is limited on the 

one hand by the strength required. Cylinders which are 
too thin are difficult to mount. On the other hand, in-
creasing the thickness of the cylinders cuts down the 
spacing, decreases the breakdown voltage, and increases 
the capacitance. A thickness of 0.010 inch has been 

found satisfactory in the GL-1L38. 

III. DESIGN CONSIDERATIONS 

Capacitance Calculations 

The formula for the calculation of the capacitance of 
concentric coaxial cylinders is expressed as 

C = O. 2416(L)/logio D1/D2 (1) 

where 

C= the capacitance in micromicrofarads 
L= the overlap of the two cylinders in centimeters 

DI = the inside diameter of the outer cylinder in centi-

meters 
D2 = the outside diameter of the inner cylinder in cen-

timeters 
Equation (1) will give the capacitance of a pair of 

cylinders. To calculate the capacitance for a set of co-
axial cylinders, it is necessary to calculate the capaci-
tance for each pair of cylinders and add the respective 

results obtained. 
The result will not be the exact capacitance of the 

finished capacitor, as the formula neglects end effect. In 

Fig. 3—Cross section of GL-1L38 vacuum capacitor. 

general, the extra capacitance due to end effect will de-
pend upon 1. number of cylinders, 2. thickness of 
cylinders, 3. length of cylinders, and 4. spacing between 
end of cylinders and opposing cylinder supports. 
The importance of the end effect in the over-all calcu-

lations will be governed entirely by the construction of 
the capacitor. In the GL-1L38, the end effect causes an 
increase of approximately 6 micromicrofarads over the 
calculated capacitance. In this case, the end effect 
amounts to more than 10 per cent of the total capaci-

tance. 
Equation (1) assumes that the cylinders are perfectly 

coaxial. Any variation from this condition will change 
the capacitance. A variation in spacing due to axial dis-
placement of the cylinders increases the capacitance, 
but .the change is not large until the two cylinders are 
almost touching. This is one advantage which the co-
axial type of construction enjoys over the flat-plate type 
of capacitor construction. 

Spacing 
Under perfect conditions, a spacing of 0.050 inch be-

tween two electrodes in a perfect vacuum should hold 
off voltages of 50 to 75 kilovolts. The exact hold-off volt-
age would depend upon the type of electrodes used. In 
the manufacture of vacuum capacitors it is virtually 
impossible to achieve these perfect conditions. Inas-
much as the breakdown voltage depends upon several 
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factors, it is necessary to investigate the relative impor-
tance of these factors. Other than the spacing factor, the 
important factor is the degree of vacuum obtainable in 
the envelope. The General Electric vacuum capacitors 
are processed to a degree of vacuum which will ensure 
stable operation without being affected by ionization of 
residual gas. As a further precaution, smooth and well-
rounded surfaces on the metal are desirable to prevent 
any sharp breaks in the high-voltage field. 
The major problem in the manufacture of vacuum 

capacitors is undoubtedly the assembly of the coaxial 

111 

Fig. 4—Enlarged cross section of hot end of GL-1L38. 

cylinders. A generous allowance for misalignment must 
be made. This allowance, in most cases, is large enough 
to overshadow the effect of the other breakdown voltage 
factors. 

Energy Losses 

The losses in vacuum capacitors of the type under dis-
cussion may be attributed mainly to two sources: 
1. Resistance loss in the metallic structure. 
2. Ionic loss in the material subjected to the high-fre-

quency field. 
The resistance loss at frequencies up to 50 megacycles 

may be considered as negligible. The construction of a 
vacuum capacitor of the GL-1L38 type is such that the 
cross-sectional area of conducting surfaces is large. 
There are no wire leads between which the current must 
divide. In this way the resistance is kept to a minimum. 
The ionic loss in the material subjected to the high-

frequency field presents the main design problem. The 
care with which this problem is handled will determine 
the maximum frequency and voltage limits of the vac-
uum capacitor. 
Extensive tests have shown that the major part of 

the loss of the vacuum capacitor occurs in the glass en-
velope. 
Fig. 4 shows a vacuum capacitor of the GL-1L38 type 

with one quarter in cross section. Coaxial cylinders A 

and B are connected to end C. The full voltage across 
the capacitor, therefore, appears between the ends of 
cylinders A and B and end D. The voltage stress is par-
ticularly high between cylinder A and the junction of 
the fernico E to the glass F. The glass in that portion of 
the capacitor is, therefore, subjected to a very strong 
high-frequency field. 

In order to make a seal to the fernico end, a borosili-
cate glass must be used. The loss that takes place in this 
glass is caused by the mobility of the alkali ions present. 
The high-frequency field induces a voltage in the glass, 
and the current that results is carried by these ions. The 
accompanying effect is the heating of the glass due to the 
passage of current. 

Failure occurs when the heat generated by the ionic 
loss can no longer be radiated or conducted away from 
this band of glass. When this occurs, the heat begins to 
raise the temperature of the glass in the portion of the 
envelope that is closest to the end of cylinder A. At one 
point around the circumference of the tube, this effect 
will be greater than that at any other point. At this 
point a runaway effect occurs which punctures the glass 
envelope. In any capacitor which is constructed as shown 
in Fig. 4 the failure occurs in the section of glass which 
is immediately adjacent to the fernico head E. 

Before further capacitors could be designed intelli-
gently, it became necessary to determine just what fac-
tors contributed to this heating. The current and volt-
age relationships in any capacitor are expressed by 

V = /Z.  (2) 

The first assumption to be made in the simplification 
of the formula is that the resistance to radio-frequency 
current in the circuit is. negligible. The reason  for  ma k-
ing this assum ption  will be shown later. With the as-
sumption made, the formula becomes 

V = 1/27fC.  (3) 
Inasmuch as the tests were to be made with vacuum 

capacitors of one capacitance, the formula becomes 

V = KI/f.  (4) 
It is obvious from (4) that temperature-rise measure-

ments cannot be made as a function of any one of the 
three variables while holding the other two variables 
constant. Before proceeding further it was therefore 
necessary to make a third and final assumption. 
It had been noticed that when capacitors failed due 

to the puncture of the glass, the end which punctured 
would be at a very high temperature whereas the oppo-
site end would be only moderately warm. Further tests 
were conducted under conditions which caused the fail-
ure to occur- in a matter of seconds. Under these condi-
tions, the end which did not puncture was found to be 

at room temperature. Tests conducted at various cur-
rents and voltages and at different frequencies showed 
that regardless of the current, this one end remained at 
room temperature. It was only when the puncture took 
a long time to occur that the cold end was raised in tem-
perature. The conclusion reached was that the circuit 
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current had no effect in producing heat, and that the 
cold end became heated only when the time of punctur-
ing was sufficiently long to allow heat to be conducted 
from the hot end to the cold end. This was a logical con-
clusion, as any heat due to resistance must of necessity 
have been produced uniformly throughout the length of 

the capacitor. 
Therefore, the assumption was made, that at the fre-

quencies at which the tests were made (1 to 30 megacy-
cles) the temperature rise was independent of the capacitor 

circuit current. 
It now became possible to run tests holding one varia-

ble constant, and taking readings of the second variable 
versus temperature rise. The third variable, current, 
had to vary in accordance with (4), but its effect could 
be neglected. 
A method had to be found by which it would be pos-

sible to measure the temperature of the glass without 
disturbing the results of the test. Some means had to be 
used, therefore, to measure the temperature when the 
voltage was removed from the capacitor. This required 
the use of a device which would come to temperature 
quickly. Thermometers were not used for this reason. 
The solution was found by employing a thermocouple. 

The junction of the thermocouple was attached to a 
hinged arm. During the time the voltage was applied to 
the capacitor, this arm was held in position away from 
the glass. As a temperature reading could be taken in five 
seconds after the removal of voltage, there was no ap-
preciable heat loss from the glass in the time required to 
get this reading. 
For the purpose of the tests, the capacitors were run 

at one voltage and frequency until a stable temperature 

60 

50 

40 

30 

20 

10 

0 

TEMP. 

RISE 

DEG.0 
22 MC. 15 MC. 

0 2  3 

KILOVOLTS -RMS 

10 MC. 

TUC. 

4.7MC. 

1.6 MC. 

4 5 

Fig. 5—Vacuum-capacitor temperature-rise characteristics 
—constant-frequency curve. 

was reached. The holder for the thermocouple junction 
was made from a heat-resistant material. It was st2aped 
so that the thermocouple junction was covered 1n all 

sides except where it came in contact with the capacitor. 
The hinge was arranged so that the junction touched the 
glass on the capacitor at precisely the same point for 
each temperature measurement. 
Fig. 5 shows the curves of temperature rise in degrees 

centigrade versus kilovolts. The temperature rise is the 
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Fig. 6—Vacuum-capacitor temperature-rise characteristics 
—constant-voltage curve. 

rise over ambient temperature experienced by the glass 
on the hot end of the capacitor. The voltage is the root-
mean-square radio-frequency voltage applied across the 
capacitor. These curves approximate the square law 
curve, or 

T = K'172.  (5) 

In (5) the constant K' is a constant that changes with 
the frequency. By solving for this constant K' it can be 
shown that it varies as 

K' = K"f.  (6) 

This relationship may also be checked by plotting 
temperature rise versus frequency. It is evident from 
Fig. 6, which shows this curve, that the temperature rise 
varies directly with the frequency. This enables the final 
formula to be expressed as 

T =  fV2 (7) 

where  T= the temperature rise above ambient tem-
perature of the glass on the hot end of 
the capacitor 

K" = the ionic loss constant for any one type of 
capacitor 

f= the frequency of the voltage applied 
V= the voltage across the capacitor. 

The only controllable factor in (7) is the constant 
K". It is evident that the chemical composition of the 
glass used will cause each type of glass to have a differ-
ent constant. For this reason it is necessary to choose a 
glass which will contribute a minimum ionic loss. 
While conducting the tests on the capacitors, the tem-

perature-rise measurements were made at a point on the 
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glass nearest the termination of the outer metal cylin-
ders, as this point was found to be the hottest. Following 
this line of reasoning, capacitors were made up with this 
outer cylinder of varying lengths. When the outer cylin-
der was of zero length, the former cold end became the 
hot end. The temperature rise was not so high as before, 
as the glass was a greater distance from the new outer 
cylinder. When the outer cylinder was one half normal 

Fig. 7—Cross section of GL-1L22 vacuum capacitor. 

length, the temperature rise was greatest in the central 
portion of the glass envelope. This cylinder length was 
found to be optimum, as the heat generated had a 
greater opportunity to be conducted away, gnd the 
temperature rise was therefore less than with the full-
length cylinder. 
These tests gave rise to the new type of design used 

in the General Electric 16-kilovolt capacitor line. One of 
these capacitors, the GL-1L22, is shown in cross section 
in Fig. 7. The GL-1L22 is rated at 25 micromicrofarads 
at 16 kilovolts peak voltage. The outer cylinder has been 
made shorter so that it terminates in the center of the 
capacitor. The glass in the center of the bulb has been 
bulged out so that a large distance is obtained between 
the end of the outer cylinder and the inside of the glass. 
The end of the outer cylinder has been rolled over, 
further to reduce the electrical stress set up in the glass. 

IV. OPERATING CHARACTERISTICS AND RATINGS 

Voltage and Current Relationships 

In comparison to capacitors subject to atmospheric 
pressures, the breakdown voltage of a vacuum capacitor 
is relatively more constant throughout life. There may 
be an occasional minute quantity of gas released in-
ternally, due to overload or voltage surge. A voltage 
surge above the rating of the capacitor does not punc-
ture the dielectric, and the tendency is for the capacitor 
to clean up. The breakdown voltage, therefore, normally 
reverts to its original value. In operation, there is no di-
electric to deteriorate with time. 
The current ratings of the General Electric vacuum 

capacitors are obtained indirectly from (7). As it is de-
sirable to use the vacuum capacitors under varying con-
ditions of voltage and frequency, it is impossible to rate 

the capacitors correctly by stating only a maximum cur-
rent. The criterion of maximum operation is the energy 
loss. The ratings used, therefore, are those which will 
cause the vacuum capacitor to operate at some given 
maximum temperature when operated at maximum rat-
ings. By the same reasoning as that applied to current, 
it is impossible to give only a maximum frequency limit. 
The following is an example of the current, voltage 

and frequency ielationships. A GL-1L38 will have a 
temperature rise of approximately 40 degrees centigrade 
when operated at 6 megacycles, 10 amperes root-mean-
square current, and 7.5 kilovolts peak voltage. By the 
use of (7) the voltage at 10 megacycles may be com-
puted which will give the same temperature rise. This 
voltage is 5.8 kilovolts, and the corresponding current is 
12.6 amperes root-mean-square. At 40 megacycles, the 
voltage is 2.9 kilovolts and the current is 25 amperes 
root-mean-square. 

Temperature Coefficient 

The expansion and contraction due to temperature 
changes of the glass and metal parts in the types of' 
capacitors under discussion are a complex movement. As 
the capacitor becomes heated, the following changes 
take place: 
1. 'Vie glass envelope tends to lengthen along its 

axis, causing a decrease in capacitance. 

2. The glass envelope tends to enlarge in diameter, 
placing a bending stress on the fernico end cup, and 
tending to displace the cylinders on their axes. 
3. The fernico end cup tends to enlarge its diameter, 

at a different expansion rate from that of the glass 
envelope, adding its effect to that of (2) above. 
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Fig. 8— Temperature coefficient curve for GL-1L38 
vacuum capacitor. 

4. The copper cylinders tend to lengthen along their 
axes, causing an increase in the capacitance. 
5. The copper cylinders tend to enlarge their diam-

eter, causing the capacitance either to increase or de-
crease, depending upon which cylinder is considered. 
Fig. 8 shows a curve of capacitance versus tempera-

ture 0,r the GL-1L38. The curve is that of one particu-
lar Apacitor. The temperature coefficient for that 

49.90    
-100 
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particular capacitor, computed on the part of the curve 
from —50 degrees centigrade to +100 degrees centi-
grade, is 27.0 X10-° micromicrofarad per micromicro-
farad per degree centigrade. 
The coefficients of expansion of the various materials 

used in the GL-11.38 would cause a much greater change 
in capacitance if figured individually, but we find that 
the interactions between the materials compensate for 
one another to produce a very satisfactory temperature 
coefficient. 

Humidity and Vibration Effects 

Changes in humidity have no effect upon the capaci-
tance of the vacuum capacitors. As moisture can affect 
only the outside surface of the capacitors, high humidity 
may cause a slight leakage current across the outside of 
the capacitor. Specimens cooled to approximately —30 
degrees centigrade, and then placed in a high-humidity 
atmosphere w ere Covered  M I th  condensed droplets of 
water. This moisture affected the creepage breakdown 
potential on the outside of the capacitor momentarily, 
but the surface dried in a few seconds and the external 
breakdown potential returned to normal. This drying 
takes place best when the capacitor is operating at some-
where near normal ratings. 
In the case of a capacitor operating in an atmosphere 

of high humidity, where there are no temperature 
changes to cause sudden condensttion, the decrease in 
creepage breakdown potential is less noticeable than in 
the case above. Under any conditions of high humidity, 
the breakdown path on the GL-1 L38 and similar capaci-
tors is still sufficiently long to ensure that the break-
down voltage is greater than the capacitor ratings, even 
at altitudes up to 30,000 feet. 
Vibration does not affect a cylindrical-type capacitor 

in the same manner as it does a flat-plate capacitor. In 
the latter type, displacement of the plates by vibration 
is accompanied by a capacitance change which is in di-
rect ratio to the displacement. Such is not the case in 
cylindrical-construction vacuum capacitors. 
Fig. 9 shows the relationship between capacitance 

change and axial displacement. This curve is a hyper-
bolic cosine function, and may be computed from 

C = 1/2 [cosh-'  (1301 — R, — R2')1(2RIR M1-' (9) 

where 

C=the capacitance in micromicrofarads per centi-
meter of overlap 

D = the axial displacement of the cylinders in centi-
r  meters 

= the radius of the outer cylinder in centimeters 
= the radius of the inner cylinder in centimeters 

This formula' is for -the case where the two cylinders 
are contained one within the other. 
Fig. 9 is plotted for the General Electric GL-1L38 

capacitor. An axial displacement of 0.010 inch, which is 

William R. Smythe, "Static and Dynamic Electricity," McGraw-
Hill Book Company, New York, N. Y., 1939. 

a displacement of approximately 20 per cent of the spac-
ing, causes a change in capacitance from 50.0 micro-
microfarads to 50.7 micromicrofarads, or less than one 
and one half per cent of the total capacitance. 
The usual displacement caused by vibration is not an 

axial displacement, as the axes of the concentric cylin-
ders are not free to move. Vibration causes a motion 
which tends to bend the cylinders, the pivot point being 
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the point where the cylinders are attached to their end 
plates. This motion has an effect on the capacitance 

which is even less than the effect produced by the axes 
being displaced. For these reasons, the vacuum capaci-
tor is affected a minimum amount by vibrations. 

V. ADVANTAGES 

Due to the Vacuum 

As would be expected, most of the advantages of vac-
uum capacitors stem from the fact that the dielectric 
employed is a vacuum. The main advantages gained 

from this are: 
I. Stable Dielectric Constant: Unlike any other form 

of capacitor, the vacuum capacitor has a dielectric con-
stant whose value is unity. This value stays constant 
regardless of temperature change or humidity change. 
Changes in capacitance due to temperature change re-
sult entirely from the fact that the mechanical structure 

changes size, and as shown in Fig. 9 these changes are 
very small. Capacitance change due to temperature 

change of the dielectric does not exist. 
2. Stable Internal Breakdown Voltage: This is one 

of the very important advantages of the vacuum capaci-
tor. Humidity cannot be present to cause lowering of the 
breakdown voltage. Low air pressures, such as those 
found at high altitudes, do not change the breakdown 

voltage. 
3. Low Loss: The fact that all capacitors, with the 

exception of air and vacuum capacitors, use some ma-
terial as a dielectric which contributes a dielectric loss, 
means that inherently vacuum capacitors are lower-loss 



devices than capacitors using some material as a dielec-
tric. 

4. Ability to Withstand Overvoltages: The vacuum 
capacitor does not depend upon a solid dielectric for its 
voltage insulation. For that reason, there is no dielectric 
to puncture if overvoltages are applied to the capacitor. 
On either direct current or radio frequencies, overvolt-
ages may cause a discharge to take place internally. In 
most of these cases, this discharge is not injurious to the 
vacuum capacitor, and when the overvoltage is removed, 
the capacitor will function as usual. Overvoltages may 
harm the capacitor if there is sufficient power in the 
source. The heat generated by the arc in this case may 
be enough to melt the internal electrodes. 
5. Maintenance: A minimum of maintenance is re-

quired on vacuum capacitors. Dirt and dust cannot af-
fect the internal structure of the vacuum capacitor. Ex-
ternally, it takes a great deal of contamination to lower 
the breakdown voltage to a point where cleaning is re-
quired. 

Advantages Derived from the Mechanical Construction 

1. Size: In comparison to capacitors which use a high 
dielectric constant, vacuum capacitors are not small. 
However, in comparison with high-voltage, high-fre-
quency capacitors, vacuum capacitors are very compact. 
Their compact size allows them to be used with ad-
vantage in high-frequency circuits where long leads and 
bulky apparatus cause inefficiency. 
2. Sturdiness: Normally, tubes made of glass and 

metal are not considered durable. The vacuum-capaci-
tor construction produces a tube which is mechanically 

strong. Such vacuum capacitors have been dropped 
from heights of several feet without sustaining damage. 
Capacitance is very stable even under conditions of 
heavy vibration. 
The vacuum capacitor is also very strong thermally. 

General Electric vacuum capacitors may be cooled to 
—50 degrees centigrade and immersed immediately in 
water at 100 degrees centigrade without harm. 
3. Interchangeability: These types of vacuum capaci-

tors are designed with sturdy terminals which allow 
them to be plugged in and out of circuits with ease. 

VI. APPLICATIONS 

For the most part vacuum capacitors are used in ap-
plications where their particular characteristics result in 
the greatest benefit to the user. Obvious applications of 
vacuum capacitors, with their constant breakdown 
voltage, are in aircraft installations. All other conditions 
of military-aircraft applications are met by vacuum 
capacitors. Sturdiness, low maintenance cost, and abil-
ity to withstand extremes of temperature and humidityi 
make vacuum capacitors ideal for this service. 
Interchangeability is advantageous in the design of 

high-frequency oscillators or amplifiers where flexibility 
is desirable. In these applications, tuning may be ac-
complished by variable inductances. 
Induction-heating oscillators of the self-excited types 

require blocking and by-pass capacitors. In high-power 
units, the current-carrying ability of these capacitors 
must be large. Vacuum capacitors are able to pass higher 
currents per unit size than any other type of capacitor, 
and may be used in parallel quite readily. 

Characteristics of Voltage- Multiplying Rectifiers* 
D. L. WAIDELICHt, ASSOCIATE, I.R.E., AND C. L. SHACKELFORDt, ASSOCIATE, I.R.E. 

Summary—A combined experimental and theoretical analysis is 
used to determine the manner in which the characteristics of the 
half-wave and full-wave voltage-doubling rectifier circuits depend 
upon the resistance of the diodes and upon the load resistance. The 
characteristic curves reproduced include those for the load voltage, 
ripple voltage, and maximum tube currents. Since it was found that 
the rectifier characteristics are nearly independent of the load-resist-
ance parameter in the usual operating range, it is possible to obtain 
general characteristics which hold not only for the doublers but also 
for multiplying rectifier circuits of higher orders. Various combina-
tions of these multiplying circuits are also discussed.  . 

INTRODUCTION 

iiHE increase in the use of small vacuum-tube de-
vices and other instruments requiring a direct 
voltage has created a demand for data suitable 

for use in the design of the necessary power supplies 

'' Decimal classification: R134 X R149. Original manuscript re-
ceived by the Institute, October 26, 1943; revised manuscript 
received, March 3, 1944. 
t University of Missouri, Columbia, Missouri. 
$ Westinghouse Electric and Manufacturing Company, Bloom-
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for such instruments. The present shortage of certain 
types of transformers brings new attention to voltage-
multiplying circuits and their operating characteristics. 
This paper presents the results of a combined experi-
mental and theoretical analysis to determine some of 
the more important characteristics of two of the many 
rectifier circuits using vacuum-type diodes. The operat-
ing characteristics were determined in the laboratory, 
while the limits of the characteristics, as a parameter of 
the circuits approached zero or infinity, were determined 
by mathematical means. The results of the study 
of the limits led to the solution of a general method of 
determining the limits for many voltage-multiplying 
circuits, and a way of using these limits as an aid in de-
termining the approximate operating characteristics 
was found. 

Two diode rectifier circuits having capacitance filters 
have been considered in detail in this analysis. These 
circuits, the half-wave and the full-wave voltage-
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