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Fig. 4 - J-7 solenoid valve with manifolds. 

and the lower manifold, P, serves to connect the pressure and exhaust 
lines to ports in the structure to which the valve is mounted. The joints 
between the passages in the manifolds and those in the body are sealed 
by rubber "0" rings that are inserted in the recesses about the holes on 
the inner faces of the manifolds. These recesses can be seen in Fig. 3, 
but the "0" rings are not illustrated. Similarly, "0" rings are used to 
seal the joints between the manifold, P, and the flat surface to which 
it mounts. 

A pole piece, F, is screwed to each end of the plunger by means of the 
threads visible in Fig. 2. These parts move as an assembly and form 

Fig. 5 - Exploded view of J -7 solenoid valve. 
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Fig. 6 - J-7 solenoid valve. 

the armature of the valve. The push rod, G, attached to the armature, 
is connected to an S shaped spring, H, which tends to keep the movable 
assembly centered, or the valve closed. 

When a current passes through the coil, J, magnetic flux passes 
through the fixed pole piece, K, through the coil housing, L, then across 
the small annular air gap, M, to the moving pole piece, F, and acrOSEi the 
air gap between the pole faces near the center of the coil. Flux in the latter 
gap causes a force on the armature which tends to pull it and the valve 

o o 

Fig. 7 - Hydraulic parts of the J-7 valve. 
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plunger toward that coil. If an equal current is flowing in the other coil 
the forces are balanced and the valve remains centered and closed. If 
the currents in the two coils are not equal, the valve plunger is moved 
until the differential magnetic force is balanced by the force in the 
spring. In this manner the amount of oil flow can be regulated by vary­
ing the difference of the currents in the two coils. 

The coil housing is attached to the valve body by means of a non­
magnetic stainless steel adapter, N. The adapter isolates the steel 
plunger and inserts from the magnetic flux. Because of the close fit 
between these parts the presence of flux would cause sticking. A push 
rod attached to the armature drives an aluminum piston, R, in a cylin­
der, Q. The small radial clearance between these parts is filled with a 
viscous fluid so that a damping force is produced that is proportional to 
armature velocity. 

Fig. 4 shows the complete assembly with manifolds attached, while 
Fig. 5 gives an exploded view of the valve proper with all details in 
their correct relative positions. Other views of the valve parts are 
shown in Figs. 6 and 7. Fig. 8 is a view looking into the bore of the hy­
draulic assembly. This is the hole that is normally occupied by the 
plunger. The ports formed by the internal shapes of the inserts are 
clearly visible. 

CHAHACTERISTICS OF THE ACTUATING MECHANISM 

The J-7 valve is designed to be driven by a push-pull dc amplifier. 
When the amplifier has no input signal, the output current in each side 
is 10 rna. When a signal is applied, the current in one side is increased 
and that in the other is decreased; at maximum signal, the current in one 
coil reaches 19 rna and zero in the other. The dissipation in each coil for 
quiescent current is about 0.4 watt, and the full signal power is 1.5 watts. 

The requirements that the frequency response must extend to dc and 
that the control power consumption be held to a minimum suggest the 
use of a dc push-pull output stage. The quiescent dc plate current is 
used as the magnetizing current for the solenoids instead of providing 
the field by a permanent magnet or separate coil. In spite of the small 
output current available from the amplifier, relatively large forces and 
a high resonant frequency are realized. This is accomplished by an effi­
cient magnetic circuit and low armature mass. The opposing solenoid 
configuration described makes these features possible. 

The magnetic circuit used in the J-7 valve has very low reluctance 
for a sliding armature type actuator. This low reluctance is accom­
plished by providing ample thickness in the iron parts and employing 
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Fig. 8 - Internal view of the J -7 valve body. 

very short gaps of considerable cross-sectional areas. It has been shown 
elsewhere!' 2 that if the distribution of reluctance of the magnetic 
structure is symmetrical along its longitudinal axis, minimum leakage 
flux and hence maximum force would be developed if the working gap 
were at the exact center of the coil. To a close approximation, the valve 
solenoids are symmetrical in this manner. The references show that the 
maximum pull is not sensitive to small changes from the optimum loca­
tion of the working gap. The gap in the J-7 valve is displaced toward 
the center of the valve from the location of maximum pull. The slight 
reduction in magnetic force was accepted as a suitable compromise for 
the resulting reduction in the mass of the moving pole piece· and the 
corresponding increase in resonant frequency. 

The gap between the solenoid pole faces is 0.014 inch when there is 
no signal and the valve is centered. The two fixed faces have 0.004 inch 
non-magnetic shims attached so that the maximum motion of the arma­
ture is limited to ±0.010 inch. The shims prevent the armature from 
sticking against the fixed faces by maintaining appreciable gaps. To 
further compensate for the inverse square law of magnetic attraction, 
the moving pole pieces have a reduced section that saturates under high 
flux or large forces. This neck can be seen plainly in Fig. 3. The saturating 
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sections limit the flux and tend to reduce the pull for short gaps so that 
the centering spring can be a simple linear member and still not lose 
control when the armature is near the fixed pole face. The flat surfaces 
on the neck permit the use of wrenches for assembly. Placing the necks 
on the moving pole pieces further reduces the mass of the armature as­
sembly. 

To illustrate the saturation action, Fig. 9 shows the pull of one of the 
magnets plotted against gap length for quiescent and maximum current. 
The shim line and curves from a solenoid without a saturation neck also 
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Fig. 10 - Spring and magnetic forces on armature of J -7 valve. 

are shown to illustrate the need for these restrictive measures. The need 
is better appreciated when Fig. 10 is examined. This graph shows the 
differential pull of the two coils plotted against armature movement for 
extreme signals and for the balanced condition. There is also a line repre­
senting the spring force and one representing its reflection. The latter 
permits direct comparison of the magnitude of the opposing magnetic 
and spring forces. 
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It is important that the spring be able to center the valve when the 
coil currents are balanced. This means that the stiffnes,s of the spring 
must be greater in magnitude than the negative stiffness created by the 
magnetic fields when 10 rna is flowing in each coil. On the other hand, the 
19-ma current should be able to pull the armature against the pole piece 
and therefore must produce more force than the spring. If the shim and 
saturation limiting were not used it would be impossible to find a straight 
spring line that would fulfill both these requirements; i.e., its reflection 
would be between these curves without crossing either of them. The 
family of curves representing the net magnetic forces for the various 
intermediate values of current unbalance fall between the extreme cases 
shown. The intersection of one of these curves and the reflection of the 
spring line is the position which the armature will assume for that par­
ticular coil current. The reason for the relatively large margin of 
force shown for the 19-ma wide-open condition will be explained later. 

Fig. 11 is plotted to show the net forces on the armature. The curves 
are the difference between the spring line and the two magnetic pull 
curves of Fig. 10. It can be seen that the forces are such as to cause the 
armature to move to the center in the balanced condition. In the case of 
maximum signal, it will move all the way to the shim stop in the direc­
tion of the coil which is carrying the current. 

When there is no magnetic field present the armature resonance is 
about 320 cps. When measured statically, or at very low frequencies, 
with the coils energized, the negative stiffness of the field greatly reduces 
the effective stiffness of the spring, as seen in Fig. 11. However, when the 
valve is driven experimentally to find resonance, it occurs near 320 cps. 
This apparent increase in stiffness with frequency results from eddy 
currents that retard the change in flux to the extent that the negative 
stiffness virtually disappears. Eddy currents reduce the effective in­
ductance of the coils from about 40 henries at very low frequency to less 
than 10 henries at 600 cps. 

It is difficult to locate the resonance experimentally because of the 
large amount of damping provided by the extremely thin oil film be­
tween the plunger and the inserts. High resonance frequency of the 
valve is desired so that it is safely above any frequency encountered in 
the servo operation, thereby eliminating one consideration in the equali­
zation. Also, a high resonance means that missile acceleration along the 
valve axis causes little displacement of the unbalanced mass of the 
armature. 

A 250 cps differential dither voltage is superimposed on the push-pull 
dc signal to overcome the effects of static friction. The resulting 1 rna 
differential current produces a magnetic force about equal to that re-
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Fig. 11 - Resultant forces on armature of J -7 valve. 

quired to move the armature in breaking the friction of the stationary 
armature assembly. Thus, the signal threshold is reduced by the amount 
of the dither current and the resulting increase in sensitivity to small 
signals greatly reduces the phase lags at low amplitude. 

STEADY STATE HYDRAULIC CHARACTERISTICS 

The J-7 valve is designed to operate from an oil supply having a pres­
sure of 2,000 psi, which is somewhat higher than early valves of this 
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type. The increase in working pressure is a great advantage for a guided 
missile application because it results in lower weight, higher gain, and 
faster response. For example, doubling the pressure permits actuating 
cylinders of one half the size, an oil reservoir of one half the volume, and 
an increase in both response and gain by a factor of about three. Such 
features are sufficiently attractive to be worth a great deal of develop­
ment effort. However, reliable and stable operation can be achieved 
under these high-gain conditions only if parasitic forces are kept ex­
tremely small. 

It was found that the relation between pressure drop and flow is not 
so simple as one might expect from a sharp-edged, orifice-type control. 
For large openings of the control orifice, the pressure losses in the fixed 
orifices and passages of the valve body become an important factor. The 
following law is an adequate representation of pressure-flow characteris­
tics: 

( 
455) 2 P = 10q + 2 + X2 q (1) 

where 

p = pressure drop, psi 

q = rate of flow, cu in/sec 

x = valve opening, linear mils 

This equation was derived from test data from a model valve. These 
data confirmed a computational analysis of the hydraulic circuit. Fig. 12 
graphically illustrates the equation. It is a plot of flow against valve 
position for various pressure drops. It will be noted that there is 0.001 
inch difference between valve position and valve opening because of this 
amount of overlap at the ports. 

Equation (1) provides the information necessary to compute the 
maximum output power of the valve. If all the pressure drop were across 
the control orifices, all the pressure would be utilized to accelerate the 
oil at this point and only the square term of (1) would exist. If this were 
the case, the maximum output power would occur when the pressure 
drop across the valve was one-third of the supply pressure. The other 
two-thirds of the pressure would be used to produce work in the cylinder. 
If laminar flow existed throughout the valve the square term would drop 
out, leaving a linear equation. If this were the case, maximum power 
would occur with the total pressure equally divided between valve and 
load. When both the linear the square terms are present, maximum 
power will occur when the pressure drop across the valve is somewhere 
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Fig. 12 - Flow characteristics of J -7 valve. 

between one-third and one-half the. supply pressure. The exact point is 
dependent on the magnitude of the supply pressure as well as the co­
efficients in the equation. 

The valve will be wide open, an opening of 0.009 inch, when maximum 
power is produced. In this situation, (1) becomes: 

p = 10q + 7.6q2 (2) 

Useful output power at the load is the product of the flow rate and the 
pressure exerted on the piston. 

TV = (P - p)q (3) 
where 

TV Output power 

P Supply pressure, psi 
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rrherefore 

TV = Pq - 10q2 - 7.6q3 

This expression can be differentiated and equated to zero to find the 
point of maximum power. 

dW 2 dq = P - 20q - 22.8q = 0 

q = VO.192 + 0.0439P - 0.439 

Substituting for q in equation (2) we find that for maximum power 

p = 0.333 P + V2.15 + 0.49P - 1.46 

(4) 

(5) 

The normal supply pressure for the J -7 valve is 2,000 psi. Substituting 
this value for P in (4) and (5) 

q = 8.95 cu in/sec 

and 

p = 696 psi 

When these values are substituted in (3), we find 

Wmax 11,700 in lb/sec 

1.77 horsepower 

Examination of the above equations will show that if the valve is 
used with a very low supply pressure, the linear term in (1) is dominant. 
In this case the maximum power output occurs when the pressure drop 
is nearly one-half the supply pressure. In the case of a very high supply 
pressure, the squared term is dominant and maximum power occurs 
when the pressure drop across the valve approaches one-third the 
supply pressure. 

The ratio between the electrical quiescent input pbwer to the coils 
and the maximum hydraulic out power is about 1,600, or a power gain of 
32 db. Based on maximum signal the gain is 29 db. All forces must be 
precisely balanced and tolerances on parts be carefully controlled in 
order to realize this amount of gain in a single stage mechanical device. 

DYNAMIC HYDRAULIC EFFECTS 

Examination of the illustrations of the valve will show that it is 
statically balanced; i.e., pressure on any of the ports does not tend to 
translate the plunger. However, the flow of oil through a valve of this 
type produces a force on the plunger which tends to close the ports or 
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center the armature. This force creates a stiffness that adds to the effect 
of the mechanical centering spring. The magnitude of the force is quite 
nonlinear, it varies with pressure drop, and hence, with load as well as 
with armature displacement. Such variations tend to upset the stability 
of the servo loop in which the valve is used. 

Fig. 13 is a simplified drawing of a valve which can be used to explain 
the dynamic effect. It will be noted that when the valve plunger is 
displaced in either direction, the fluid flow is metered by two control 
orifices in series. The oil flows from oil supply, through the valve body, 
into a groove in the plunger via the first of the two orifices. The second 

ENLARGEMENT OF 
SUPPLY ORIFICE 

Fig. 13 - Simple valve with rectangular lands. 

orifice meters the flow from the other groove in the plunger into the 
exhaust part of the valve body. Most of the pressure drop in the valve 
appears across the two orifices and is equally divided between them. The 
maximum fluid velocity occurs immediately downstream from the ori­
fices at the vena contracta of the jet. This point is labeled "A" in the 
enlarged insert on Fig. 13. The velocity at this point can be computed 
by use of Bernoulli's Theorem. In the case of the J-7 valve, where the 
valve opening is small compared to other passage dimensions, many of 
the terms of the equation that formulates this theorem can be neglected. 
In this way the equation becomes 

V2 
h =-

2g 

V = v'2ih 

(6) 

(7) 



where 
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v = fluid velocity at the vena contracta, ft/sec 

h = pressure drop across orifice, feet 

g = acceleration of gravity, ft/sec2 .• 

Von Mises2 has shown that the departure angle of the jet from a smal1 
orifice, such as in the configuration shown in Fig. 13, is 69° from the 
longitudinal axis. Tests made with an orifice, shaped like those in a 
simple valve, showed that the jet continues at this angle for a short 
distance only. Further downstream the jet turns to hug the radial sur­
face on the plunger. This action is depicted by the dotted lines in the 
insert on Fig. 13. Bernoulli's equation explains that pressure is ex­
changed for velocity. The low pressure within the jet stream pulls it 
toward the nearest wall of the cavity. The flow of oil over this surface 
reduces the pressure on that wall and unbalances the distribution of 
forces on the surface of the annular grooves in the plunger. The area 
of reduced pressure causes a net longitudinal force in the direction to 
center the plunger or close the valve. 

Examination of the situation around the exhaust orifice shows that a 
similar action will occur, but will not result in a comparable force on the 
plunger. The area of high veloc'ity lies along a surface in the valve body 
rather than acting on the plunger. The velocity upstream from the 
orifice is not localized and hence produces forces that are small with 
respect to those downstream. The fact that the exhaust port forces on 
the plunger are small compared to those of the intake was confirmed by 
tests.* 

There is a small time lag between the opening of the ports and the 
dynamic centering force which is proportional to the rate of change of 
oil flow. This lag results from the fact that finite time is required to 
change the velocity of the oil mass in the system. At high frequencies, 
the delay results in a considerable phase lag between the plunger posi­
tion and the'dynamic force. This delay means that fluid velocity, and 
hence the force, is higher during the quarter cycle in which the valve is 
closing than it is during the quarter cycle in which the valve is opening. 

* Considerable work has been conducted on valve theory and design elsewhere 
since the J -7 valve was developed. Reference 4 is an excellent example of a thor­
ough analysis of valve dynamics with an approach to the problem from a different 
viewpoint. This reference reports on tests and theories which show the secondary 
forces from the exhaust and intake orifices to be equal. This is in direct contradic­
tion to the experience with the J-7 valve and remains as an unresolved problem 
in the mind of the writer. 
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Therefore, more energy is exerted on accelerating the mass of the 
plunger during the closing operation than is absorbed in slowing the 
mass during the opening phase. If the net gain in momentum is larger 
than can be absorbed by the viscous damping of the oil film in the lapped 
fit, oscillation 5 will occur. In the case of the .J-7 this oscillation tended to 
occur at slightly over 400 cps. 

The Bernoulli force described above was recognized and measured 
early in the development of this series of valves, but was considered 
unimportant due to the high stiffness and large damping inherent in the 
design. The experimental models and the early production models showed 
no indication of oscillation. Later in the production program, the lapped 
clearances were increased and high ambient temperatures at the missile 
test locations were encountered. These two factors combined to reduce 
the damping, due to the working fluid, to the point where hydraulic 
oscillation occurred. An external damper was added to alleviate this 
problem. The damper consisted of an aluminum piston closely fitted to 
an aluminum cylinder. A viscous fluid (polyisobutylene) between these 
two parts provided su~cient damping to stabilize operation. This fluid 
also has the advantage of a relatively small decrease in viscosity with 
temperature. This type of damper is illustrated on the valve in Fig. 3. 
(Subsequent improvement in the internal design of the valve reduced 
the dynamic effect to the point where the need for the external damper 
has been eliminated.) 

Fig. 14 shows a compensated intake orifice configuration correspond­
ing to the insert picture on Fig. 13. It represents the first attempt to 
balance the dynamic or Bernoulli force. The depth of the annular groove 

Fig. 14 - A compensated valve orifice. 
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in the plunger is reduced and a curved surface added to direct the flow 
parallel to the valve axis. This configuration reduces the dynamic force 
for two reasons. First, the amount of radial surface exposed to the low 
pressure is greatly reduced. Second, the curved surface acts much like a 
turbine blade in deflecting the oil stream and developing a reaction thrust 
that opposes the Bernoulli force. The reaction thrust increases as the 
longitudinal component of the high-velocity jet is increased. If the jet 
can be turned to become parallel with the longitudinal axis without 
appreciable loss in velocity, the maximum reaction thrust is obtained. In 
this case, the force is equal to the increase in the longitudinal component 
of momentum over the conditions of the free jet as shown in Fig. 13. 

where 

F = pqV (1 - cos 69°) 
g 

F = force,lb 

p fluid density, lb/cu in 

q flow rate, cu in/sec 

V = fluid velocity, ft/sec 

g = acceleration of gravity, ft/sec2 

(8) 

Calculations of the dynamic forces in accordance with the above reason­
ing yield only approximate results because the local velocities and 
their gradients are functions of passage shape as well as pressure drops. 
The contour of the plunger grooves were computed for use in the first 
experimental model, whose design was intended to alleviate this problem. 
Refinements to the initial model were made by cut-and-try methods. 
Since the forces involved are relatively small, and their magnitude 
changes so rapidly with plunger position, specialized measuring instru­
ments had to be developed whose sensitivity was high and compliance 
very low. 

A certain amount of contradiction was apparent in the force measure­
ments made. To better understand the action of the oil within the valve, 
a transparent replica of the cross section of a valve port was used under 
a microscope. Figs. 15, 16, and 17 are illustrations of typical tests. Fig. 15 
is two views of an early type valve with rectangular ports at different 
openings and pressure drops. The arrows indicate a portion of the 
cylindrical sliding surface separating the plunger and body. The lower 
left shadow is the sharp corner at the edge of the annulus in the plunger. 



Fig. 15 - Oil flow through simple port. 

Fig. 16 - Flow through port with decreased Bernoulli effect. 

Fig. 17 - Flow through port with decreased Bernoulli effect and increased flow. 

732 
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The lower light area is oil in the annular groove of the plunger. The oil 
is flowing from top to bottom. It will be noted that the flow on the 
downstream side' of the orifice hugs the radial surface of the plunger, 
as discussed above and depicted in Fig. 13. The crosshair and the comb­
like scale are a part of the microscope. 

Fig. 16 shows two views of a subsequent trial model quite similar to 
that shown in Fig. 14. Here, the bottom shadow is the insert and the top 
is the plunger. The flow is from bottom left to top right. This particular 
design reduced the Bernoulli force but resulted in a serious reduction in 
flow. This reduction was caused by the large cavitation bubble visible 
in the right view. This bubble was the result of rapid rotation of oil in 
the chamber. It prevented the orderly release of the oil through the in­
ternal passage to the actuating cylinder (not visible in pictures). 

Fig. 17 shows a trial model similar to the J-7. The left illustration 
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shows the oil flowing from left to right and simulates the intake port of 
the valve. The extra land on the plunger directs the o~l stream toward 
the escape passage to reduce turbulence and cavitation and increase oil 
flow. The right illustration illustrates the reverse flow of oil, right to 
left, and represents the exhaust port of the valve. 

Fig. 18 is a plot of the measured Bernoulli force on the .J -7 valve. It 
will be noted that there is little relation between the curves for various 
pressure drops. No simple equation has been formulated to account 
for the forces observed. Although Fig. 18 shows the Bernoulli force to be 
large, Fig. 11 shows that full signal produces enough net force on the 
armature to overcome this force at any valve position. 

A large part of the development effort on the J-7 model was expended 
on the problem of reducing the forces caused by oil flow. For the same 
flow conditions, the J-7 has about one-fifth the Bernoulli force of earlier 
designs with simple rectangular grooves in the plunger. 

Subsequent to the initial manufacture of the J-7 valve, the design 
of the annular grooves and body inserts has been improved continually. 
Consequently, the Bernoulli force has been further reduced to permit 
higher operating pressure, and hence more gain, without creating a hy­
draulic oscillation problem. 

THE J-7 VALVE AS A SEHVO ELEMENT 

For any given set of operating conditions, the transfer function (ex­
pressed as cubic inches of oil flow per milliampere of control current 
unbalance per lb per square inch of pressure drop) can be extracted 
from the information presented above. However, the resulting family 
of curves for various load torques would be of little use to the servo 
designer. The pressure drop available for use by the valve is different 
for each curve, and they are all quite nonlinear, as is apparent from the 
data. 

The overlap of the valve ports results in another type of nonlinearity 
that complicates the loop equalization problem. Examination of Fig. 12 
will show that the effect of the overlap is a small dead area in the region 
of zero output of the valve. Small signal levels will cause the valve arma­
ture to operate in and around the vicinity of the dead zone, resulting in 
very little oil flow. Thus, the gain of the valve for very small signals is 
lower than for signals of greater magnitude. 

As mentioned earlier, the effect of the nonlinearities of the valve is 
greatly reduced by use of the relatively fast-acting local loop which 
encompasses the valve, actuating cylinder, and amplifier. This inner, or 
seconda~y, loop contains sufficient gain to insure that, in spite of the 
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llonlinearities, the fin position is controlled in strict accordance with the 
summation of the input signals applied to the amplifier. 

The first design of the servo circuits was made by using the slopes and 
magnitudes of typical and extreme points of operation as obtained 
from Figs. 11 and 12. The design of the servo equalization networks 
was obtained by successive refinements made during actual tests of the 
complete servo systems. These tests were performed with the aid of 
rather elaborate simulators that subjected the systems to the condi­
tions of actual flight. 

The characteristics of the valve and the amplifier which drives it, as 
applied to a servomechanism, can best be illustrated by plotting gain and 
phase shift versus frequency in an open loop. Fig. 19 is such a graph. 
This information was gathered by applying an input signal to the servo 
amplifier from an oscillator. The valve was driven by the amplifier in 
the usual manner. The valve controlled the flow of oil to a piston which 
operated a load that was equivalent to a typical aerodynamic load as 
seen by the control surface. The voltage from the fin-position potenti­
ometer was compared to the amplifier input. Fig. 19 shows the phase and 
amplitude comparison of these two voltages. A small amount of feedback 
was used to prevent the piston from drifting to one end of the cylinder. 
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The data were adjusted to correct for the error introduced in this 
manner, so that open loop conditions are represented. The equalization 
networks have compensating leading characteristics to prevent the oscil­
lation suggested by the increasing phase shift at the higher frequencies. 

If the servo acted in strict accordance with minimum-phase network 
theory, the slope of the gain curve would have started to increase at the 
high frequency end of Fig. 19. The effects of nonlinearities caused by 
such things as overlap and dither action cause this departure from 
classical theory. Actually, the slope does start toward 12 db per octave 
just above the frequency range shown. 

Part of the phase shift shown on Fig. 19 is due to the inductance of the 
coils and the relatively low source impedance of the amplifier used. Later 
amplifier designs have much higher output impedance, which has 
greatly reduced this effect. 

CONCLUSION 

The series of hydraulic valves developed for use in the NIKE missile 
provide a light-weight, high-performance control element for positioning 
aerodynamic control surfaces. Although these electrohydraulic trans­
ducers provide a high power amplification, they are relatively simple 
single-stage devices. Their successful application in the NIKE missile 
has caused hydraulic servos to be considered for many other military 
control systems, some of which are under active development at this 
time. The hydraulic servo has many advantages to offer in the high 
power field that cannot be provided by other conventional types. It is 
expected that these advantages will foster a great increase in the use of 
hydraulic servos in high performance applications in the next few years. 
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Strength Requirements for Round Conduit 

By G. F. WEISSMANN 

(Manuscript received October 16, 1956) 

Underground conduits are subjected to external loads caused by the 
weight of the backfill material and by loads applied at the surface of the 
fill. These external loads will produce circumferential bending moments in 
the conduit wall. The magnitude and distribution of the bending moments 
have been determined by measurements of the circumferential fiber strains 
in thin-walled metal tubes subjected to the external loads. The effects of 
different backfill materials, different trench width, and trench depth have 
been investigated. Bending moments caused by static and dynamic loads 
have been compared. The bending moments are finally expressed in terms 
of the required crushing strength. 

INTRODUCTION 

For many years, vitrified clay has been the principal material for 
underground conduit used as cable duct by the Bell System. Vitrified 
clay conduit has, in general, given excellent service. It has more than 
adequate strength and durability for the wide variety of conditions 
under which it must be used and for the long service life expected of it. 
For this reason, relatively little attention has been given to the formula­
tion of special strength requirements for this type of conduit during 
the period in which it has been standard for Bell System use. 

For some time other types of conduit, mainly in the form of single 
duct, have appeared on the market. Many of their properties make 
them attractive enough to be considered for Bell System use. However, 
to prevent possible failure or excessive deformation of the conduit under 
field conditions each type of conduit should meet minimum strength 
requirements, in order to provide the same reliable service that clay 
conduit has given. The main purpose of this investigation was to deter­
mine the minimum strength requirement for round conduit under vari­
ous field conditions. 

An extensive investigation of the effects of external loads on closed 
conduits has been conducted at the Iowa Engineering Experiment Sta-

737 
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tion,l· 2 However, due to the large diameters of the conduits used and 
the particular test conditions employed, the test results obtained "'ere 
not directly applicable for the determination of strength requirements 
for conduits for the Bell System. 

Underground conduits under service conditions are subjected to 
external loads. These external loads are caused by: 

a. The weight of the backfill material. 
b. The loads applied at the surface of the fill. 
The magnitude and distribution of the external loads around the con-

duit are affected by: 
1. The properties of the backfill material. 
2. The magnitude of the applied load at the surface of the fill. 
3. The height of the backfill over the conduit. 
4. The trench width. 
5. The bedding condition. 
G. The diameter of the conduit. 
7. The flexibility of the conduit. 
8. Impact. 
9. Arrangements of conduits in the trench. 

10. Consolidation and compaction of the backfill material. 
11. Auxiliary protection of the conduit. 

Fig. 1 - Thin-walled tube with SR-4 strain gages. 
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Fig. 2 - Test set. 

External loads acting upon the conduit produce circumferential bend­
ing moments in the conduit wall. The magnitude and distribution of 
these bending moments have been determined in tests conducted recently 
at the Outside Plant Development Laboratory, Chester, New Jersey, 
and at Atlanta, Georgia. These tests were made with gravel, sand, and 
clay as backfill, in trenches of various width and depth and under con­
ditions simulating, as nearly as possible, those encountered in the field. 

TEST APPARATUS AND PROCEDURE 

A test method was developed which permitted the determination of 
the circumferential bending moments in thin-walled conduits under 
field conditions. 

The test device consisted of thin-walled aluminum or steel tubes of 
one foot length. The steel tubes used had an outside diameter of 4 inches 
and a wall thickness of 0.062 inches; the aluminum tubes had an out­
side diameter of 4.5 inches and a wall thickness of 0.065 inches. SR-4 
strain gages were attached to the inside surface of the tube. Each tube 
was equipped with four equispaced SR-4 strain gages (type A-5), (Fig. 
1). One aluminum tube contained, in addition, sixteen SR-4 strain 
gages (type A-8), which were equally distributed around the internal 
circumference of the tube. By means of an SR-4 strain indicator and an 
Edin brush recorder it is possible to measure the strains caused by static, 
as well as by dynamic loads. The strains could be measured with an 
accuracy of ± 10 X 10-6 inch per inch. 



TABLE I - LIST OF TESTS AND TEST CONDITIONS 

Undisturbed Soil Backfill Material Height of Cover Trench Width Applied Load 

A - Field Tests 

(inches) (inches) (ibs) 

Georgia Clay Clay 24, 30, 36, 42, 48 18,22,30 2250-8500 
Georgia Clay Fine Sand 24, 30, 36, 42, 48 18, 22, 30 2250-8500 
Georgia Clay Clay 24,30,36 22 500lb (dropped 5 and 3 feet) 
Georgia Clay Fine Sand 24,30,36 22 500 lb (dropped 5 and 3 feet) 
Chester Soil Clay 18, 24, 30, 36 5 1275-7775 
Chester Soil Fine Sand 18, 24, 30, 36 5 1275-7775 
Chester Soil Fine Sand 24, 30, 36, 40, 48 24 1000-10175 
Chester Soil ! in. gravel 24, 30, 36, 40, 48 24 1000-10175 

B - Laboratory Tests 

1. Two-point load 
2. Investigation of bedding 
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The test equipment used is shown in Fig. 2. Each tube was laid length­
wise on the trench bottom between two pieces of plastic conduit of the 
same outside diameter. The tubes were oriented so that one of the strain 
gages was at the top of each tube. The trench was then filled with the 
backfill material. The loads at the surface of the fill were applied by 
using trucks with various measured wheel loads. The trucks were either 
moved slowly to a stop in position over each tube, or driven at moderate 
speed across the trench.· Additional impact tests were made with a 
Hydrahammer, which consists of a 500-pound-weight dropped from 
different heights onto the surface of the fill. Each tube was subjected, 
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in the laboratory, to various two-point loads (two edge bearing loads). 
Strain readings were taken during each test. 

Table I lists the tests conducted and the test conditions investigated. 

TEST RESULTS 

Field and laboratory measurements obtained from each strain gage 
were plotted as a function of the applied load. A typical example for a 
field measurement is shown in Fig. 3. For this example, as. well as for 
several hundreds of similar measurements, a linear relationship between 
the measured strains and the applied loads could be observed. For each 
case this linear relationship was derived from the data using the method 
of least squares. The straight line in Fig. 3 was plotted by this method 
and is shown with the data obtained in the test. 

MOMENT DISTRIBUTION 

Soil pressure acting upon a thin-walled tube will cause circumferential 
forces and bending moments in the wall of the tube. Furthermore, it is 
assumed that the strains caused by the compressive forces are small 
compared with those caused by the circumferential bending moments 
and are therefore neglected. For pure bending, the following relation­
ship for circumferential bending moments and fibre strains is established. 

where 

1 2 
M = -h EE 

6 

M = circumferential bending moment per unit length (in lb/in) 
h = wall thickness of tube (in) 
E = modulus of elasticity (psi) 
E = circumferential fibre strains (in/in) 

(1) 

The circumferential bending moment of a thin-walled tube of unit 
length subjected to a two-point load is determined analytically: 

111 ~ Z; (~ - sin 0) (2) 

where 
M = circumferential bending moment per unit length (in lb/in) 
F = applied two-point load Ob/in) 
r = radius of the tube (in) 
() = angle with vertical axis of tube 
The calculated circumferential bending moments (2) and those deter-
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mined by strain measurements and Equation (1) are compared in Fig. 4. 
The agreement is very clOE:e. 

Fig. 5 shows the theoretical moment distribution in a thin-walled 
tube subjected to a uniformly distributed vertical pressure; Fig. 6 is 
the theoretical moment distribution in the same tube subjected to a 
uniformly distributed vertical pressure at the top of the tube and a 
point load at the bottom of the tube. 

Fig. 7 shows the typical experimental moment distribution in a thin­
walled tube in an 18-inch wide and 40-inch deep trench with a backfill 
(36-inch cover) of moist Georgia clay subjected to an applied surface 
load of 10,000 lb. Fig. 8 shows the moment distribution under the same 
conditions but with a backfill of moist fine sand. 

I­
Z 

10 

2 

F= IOL.BS/IN=120LBS/FT 

E=IO X 106 PSI 

LOAD DISTRIBUTION 

SR-4 STRAIN GAGES""---~--..;::~=---

F = 10 LBS/IN = 120 LBS/FT 

MOMENT DISTRIBUTION 

~ O~--~~----~-----+~----~--~~----~-----++-----~-
o 360 
2_2 
C) 
z 
0-4 
z 
w 
m-6 

-8 

M= 'i(fr-SIN9l=ANALYTICAL MOMENT DISTRIBUTION=-

=EXPERIMENTAL MOMENT DISTRIBUTlON=0 

Fig. 4 - Analytical and experimental moment distribution in a thin-walled 
tube under two-point load. 



744 'l'HE BELL SYSTEM TECHNICAL JOURNAL, MAY 1957 

BEDDING EFFECT 

Based on the theoretical considerations illustrated in Figs. 5 and 6, 
comparison of Figs. 7 and 8 indicates a high load concentration at the 
bottom of the tube buried in a trench with clay backfill. For a verifica­
tion of this assumption, a series of additional tests were conducted. The 
test tube was placed upon (a) a flat steel plate and then covered with 
moist clay, (b) a flat steel plate and then covered with dry sand, and 
(c) carefully distributed moist clay and then covered with clay. The 
external load was then applied. The moment distributions obtained for 
cases (a), (b), and (c) are shown in Figs. 9, 10 and 11, respectively. 

A comparison of the data presented in Figs. 9 and 11 shows the effect 
of the bedding condition on the moment distribution (steel plate versus 
clay bedding). These data, as well as theoretical considerations (Figs. 5 
and 6), indicate that the bedding condition affects mainly the bending 
moment at the bottom of the tube and only to a lesser degree the bend­
ing moment at right angles to the vertical axis. Due to a change in 
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bedding, the moment at the bottom may vary up to 235 per cent, and 
the moments at the side points may change a maximum of 12 per cent.3 

The field data indicate that bedding is of particular importance with 
moist clay backfill, and to a lesser degree for moist fine sand. However, 
bedding did not appear to affect the moment distribution of the tube for 
a dry sand or gravel bac~fill. 

TRENCH WIDTH 

The effect of the trench width on the magnitude of the bending mo­
ments in a conduit has been investigated. The presently available test 
results indicate the following: 

a. No significant difference in the magnitude of the bending moments 
of the tube (4.5-inch diameter) could be observed for a trench width 
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between 18 and ao inches. The magnitude of the bending moments 
appeared to be only a function of the backfill material, the applied load, 
and the height of backfill over the conduit. 

b. For a trench width of 5 inches, the bending moments seemed to 
be independent of the type of backfill material. The same results have 
been obtained with a backfill of clay, sand, or gravel. This phenomenon 
indicates that the applied load was carried mainly by the undisturbed 
soil but deformation of the trench walls together with friction between 
the backfill material and the trench walls transmitted the load to the 
conduit. The magnitude of the bending moments in 5-inch wide trenches 
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depends on the characteristics of the undisturbed soil. A comparison of 
the values obtained from a 5-inch wide trench dug in sandy clay (typical 
Chester, N. J. soil) and trenches between 18 and 30 inches wide shows 
that the values for 5-inch width are greater than for an 18- to 3D-inch 
width when using sand backfill, and less when using clay backfill. 

(Text contimled on page 750) 
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BACKFILL MATERIAL AND HEIGHT OF BACKFILL 

Backfill provides the main protection for conduits against loads ap­
plied at the surface of the fill. The type of backfill used and the height 
of the backfill over the conduit are therefore extremely important. Figs. 
12, 13, and 14 show the relationship between the bending moments in 
the conduit and the height of backfill for different applied loads. Fig. 
12 shows this relationship for clay as backfill, Fig. 13 for fine sand, and 
Fig. 14 for gravel. The maximum bending moment is here expressed in 
terms of the "equivalent two-point load." The equivalent two-point 
load is the two-point load that will cause the same maximum bending 
moment in the conduit wall as the maximum bending moments measured 
in the field. The relationship between the two-point load and the bend­
ing moments in the walls of the conduit was given by (2). The equivalent 
two point load is obtained for e = 0 and becomes 
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The two-point load was chosen as a measure of the bending moment 
for convenience in laboratory testing of new conduits. The two-point 
load system is undoubtedly the simplest method for testing cylindrical 
or near-cylindrical shapes in conventional compression testing machines 
(crushing test). Since most of the supplementary conduit materials are 
cylindrical in shape, the most obvious requirement would be in terms 
of minimum two-point loading. 

The data in Figs. 12, 13, and 14 were obtained as follows: 
The bending moments at points perpendicular to the vertical axis 

were represented, as a function of the applied load, by a straight line, 
determined by the method of least squares. This was done for all the 
investigated depths and backfill materials. The side points were used 
as a basis of comparison because they were less affected by a change in 
the bedding conditions. With reference to the considerations of the 
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bedding effect, the possible maximum bending moment at the bottom 
of the tube was obtained by doubling the values of the side points. 
Figs. 12 and 14 show clearly that the maximum bending moments occur 
in wet clay, and also that improvement is obtained by an increase in 
the height of backfill or a decrease of the applied load. These figures 
apply to 4-inch diameter tubes. In conversion of results obtained using 
4.5-inch diameter tubes, it was assumed that the equivalent two-point 
load is directly proportional to the tube diameter. 

DYNAMIC LOAD 

A study was made to determine the effect of moving loads on the 
maximum bending moment of the conduit. For this purpose trucks were 
driven over the backfill at a speed of approximately 20 miles per hour, 
the strains measured and then compared with those obtained by static 
loads. The results show that for a clay backfill, the bending moments 
due to dynamic loads were equal to or even smaller than those obtained 
by static loads. For sand backfill, however, the dynamic loads caused 
an increase of the maximum bending moments of approximately 10 per 
cent. These results are in close agreement with dynamic load tests con-
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ducted by H. Lorenz.4 Further tests conducted with 500-lb weights 
dropped from different heights demonstrated that the effect of dynamic 
loads for clay backfill is of minor importance. 

FURTHER INVESTIGATION 

The tests previously conducted did not include investigations of the 
effects of conduit flexibility, various conduit diameters, multiple arrange­
ments of the conduits in the trench, consolidation and compaction of the 
backfill, and auxiliary protection of the conduit. Studies of these factors 
are now in progress. 

SUMMARY 

Strength requirements of underground conduits depend on various 
factors. The most severe conditions were obtained with wet Georgia clay 
as backfill for a trench width of 18 to 30 inches. The relationship between 
the height of backfill, the load applied at the surface of the backfill, and 
the equivalent two-point load for these conditions is shown in Fig. 12. 
For example, a round conduit of 4-inch mean diameter under 24 inches 
of clay cover subjected to an applied load of 15,000 lb should be able to 
carry a two-point load of 1,250 lb without fracture of excessive deforma­
tion. Figs. 12 to 14 can be used to determine the required crushing 
strength of 4-inch round conduits sUbjected to different applied loads, 
buried at different depths with clay, sand, or gravel cover, but only for 
trench widths of 18 inches or more. Although this investigation is not 
completed, the results obtained to date may be used, within the indi­
cated limits of application, for the selection of acceptable conduit. 
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Cold Cathode Gas Tubes for Telephone 
Switching Systenls 

By M. A. TOWNSEND 

(Manuscript received September 4, 1956) 

Cold cathode gas tubes perform both switching and memory functions in 
telephone switching systems. One measure of the performance of a switching 
diode is the switching voltage gain, defined in terms of the characteristics of 
the device. Some of this gain must be sacrificed in order to increase the switch­
ing speed in a way which is analogous to the gain-bandwidth property of a 
conventional amplifier. In this paper, methods of achieving a high switching­
voltage gain are described in terms of the gas discharge processes. An example 
is given of an application of these principles to a tube for use as a switch in 
series with the talking path in an electronic telephone switching system. 

INTRODUCTION 

Gas discharge tubes have found extensive use in telephone switching 
and other digital systems. Most of these applications take advantage of 
the fact that both switching and memory can be provided by a single 
gas discharge device. The switching characteristics result from the fact 
that the device is an essentially open circuit when the gas is not ionized 
and a closed circuit when the gas is ionized. The memory function is 
possible because the tube can be held in a high current condition, once 
it is ionized, by a voltage which is too low to initiate this conduction. 
Thus a triggering signal which ionizes the tube is "remembered" until 
the holding voltage is removed and the tube is allowed to de-ionize. 

In some applications, gas tubes are used as switching devices in series 
with voice frequency circuits. For this purpose, the tube must offer a low 
impedance to audio frequency signals in addition to meeting require­
ments of switching and memory. 

This paper first describes some switching characteristics of gas tubes 
considered as circuit elements. Desirable performance objectives are es­
tablished in terms of these device characteristics. Following this, physi­
cal processes within the tube are described as they relate to circuit per-
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formance. Finally, a description is given of a new talking path tube in 
which improved switching and transmission performance have been 
achieved. 

EXTERNAL SWITCHING PROPERTIES 

From the point of view of the external circuit, a gas diode may often 
be treated as a device which is an open circuit so long as the applied 
voltage is low, and which becomes a conductor if the applied voltage is 
raised above a threshold or "breakdown" value for a sufficient length 
of time. When the tube is conducting currents of the order of a few 
tens of microamperes or higher, the voltage is relatively independent 
of current and has a value, referred to as the "sustaining voltage", 
which is less than the breakdown voltage. 

Although the details of actual circuits differ, it is possible to illustrate 
some important switching principles by the simplified circuit of Fig. lCa). 
A gas diode is shown with the cathode connected to a bias voltage E 
through a load resistor. A signal source, assumed to have zero internal 
impedance is connected to the anode. The output voltage waveform 
corresponding to a pulse input is shown in Fig. 1 (b). Note that after a 
time delay, t, the output rises to a voltage that differs from the total 
applied voltage by an amount equal to the sustaining voltage of the 
tube. The memory function is illustrated by the fact that the output 
signal remains after the input signal is removed. 

It is often desired to use the output signal resulting from the triggering 
of one tube to switch one or more additional tubes. Since the input signals 
can be a few microamperes and the output signal can be tens of milliam­
peres, a large current gain is available from a gas tube. In many applica-
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Fig. 1 - Simplified gas diode switching circuit. 
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tions, however, it is desired to apply the output voltage directly to other 
tubes without impedance transformation. In this case, voltage gain is of 
more interest than current gain. The maximum voltage gain per stage, 
defined as the maximum output voltage divided by the minimum input 
signal, is limited by variation in tube characteristics as will now be shown. 

The bias voltage E of Fig. l' is expected never to cause breakdown 
during times when the input voltage is zero. This establishes the upper 
limit of E as 

lEI ~ VB min (1) 

where VB min is the minimum breakdown voltage at any point in the 
life of any tube to be used in the circuit. As the bias voltage E approaches 
breakdown, the input signal voltage required for triggering approaches 
zero, and if there were no variation'in breakdown voltage or bias voltage, 
and no noise voltages, the gain could be made to approach infinity. 

The input signal, added to the bias, must be made large enough always 
to cause breakdown. Thus the minimum input signal is determined by 
VB max, the maximum breakdown voltage at any point in the life of any 
tube to be used in the circuit: 

(2) 

Combining (1) and (2) 

or 

(3) 

where A VB is the maximum variation in breakdown voltage among all 
tubes to be used in the circuit. 

The output signal is the difference between the bias voltage and the 
sustaining voltage of the tube: 

eout = E - Vsus (4) 

The minimum output voltage corresponds to the maximum sustaining 
voltage, Vsus max. It is this value that must be used in calculating the 
maximum gain per stage as limited by the tube characteristics. The gain 
is then calculated as 

G = eout = E- Vsus max = VB min - Vsus max (5) 
ein AVB AVn 

This gain cannot be realized in practice because additional allowanoes 
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must be made for the variation in power supply voltages and protection 
against noise. In some cases the need for higher speed reduces the gain 
still further, as will now be shown. 

In Fig. 1 a delay, t, is indicated between the application of the trig­
gering signal and the appearance of the output signal. Part of the delay 
is statistical in nature and part is occasioned by the building up of ioniza­
tion within the tube. As will be discussed later, the delay can be reduced 
by tube design techniques. However, for any given tube, the delay is a 
function of the excess of the tiggering voltage over the breakdown volt­
age. The larger this overvoltage, Vay , the shorter is the breakdown delay. 
Since this overvoltage must be added directly to the input signal, the 
gain is reduced. 

Although not shown in Fig. 1, the tube is turned off by applying a sig­
nal that reduces the anode-to-cathode voltage below the sustaining value. 
This turn-off signal must have sufficient duration so that the tube does 
not again break down at the return to normal bias conditions. If the turn­
off pulse duration is less than that needed for complete recovery, the ef­
fective breakdown voltage is reduced. Equation (5) can be modified to 
show the effect of this reduction in turn-off time by defining a quantity 
V r, the reduction in breakdown voltage resulting from incomplete 
recovery of the tube. The combined effects of Vr and Vay are then 

G = (VB min - Vr) - VSllS max 

t:..VB + Vav 
(6) 

Equation (6) shows that faster turn-on obtained by increasing the 
over voltage VOy and faster turn-off obtained by allowing for decrease in 
breakdown voltage by an amount V r , both result in a reduction in volt­
age gain. Thus the familiar trade of speed for gain extends to gas tube 
switching circuits. Summarizing, it can be seen by (5) that constant 
breakdown voltage and large difference between breakdown and sustain 
are desirable switching properties. Also, as shown in (6), the tube should 
be designed so that the overvoltage needed to cause fast breakdown is 
small and the recovery of breakdown voltage after the tube is turned off 
is fast. It is useful to consider now the internal physical processes of a 
cold-cathode glow-discharge tube in order to see how the desired external 
properties can be obtained. 

PHYSICAL PROCESSES OF A COLD CATHODE GLOW DISCHARGE 

Since the gas particles are neutral and the cathode does not spon­
taneously emit electrons, current flow requires an auxiliary supply of 
charged particles. A small amount of radioactive material to ionize some 



COLD CATHODE GAS TUllES FOR TELEPHONE SWITCHING SYSTEMS 759 

t 
w 
L') 
<t: 
~ ..... .. -a F" > 
W 
III 
:> 
r-

10-14 10- 12 10-10 10- 8 10- 6 10-4 10-2 

TUBE CURRENT IN AMPERES 

Fig. 2 - Voltage versus current curve of typical gas diodes. 

of the gas or very small photoelectric emission of electrons from the 
cathode are commonly used for this auxiliary supply. A typical voltage­
current curve is shown in Fig. 2. At low voltage, the current is very 
small, often being in the range of 10-!4 ampere or less. The current in­
creases with the voltage because collisions of electrons with neutral gas 
atoms produce additional excitation and ionization in the gas. Some of 
the new ions and excited gas atoms release new electrons by secondary 
emission when they strike the cathode. 

The rate of increase of current with voltage depends on the kind and 
the pressure of the gas filling, the cathode material, and the tube geome­
try. An important characteristic of the gas is defined by an ionization 
coefficient 7], which represents the number of new electrons (and ions) 
produced by a single electron moving through the gas a distance corre­
sponding to one volt of potential difference.! This coefficient is a function 
of the kind of gas and of the quantity E/po where E is the voltage gradi­
ent and Po is the normalized gas pressure. The fact that there is an opti­
mum E/po at which 7] is a maximum will be important to later discussion. 
The electron current at the anode, ia , produced by gas amplification of a 
photoelectric current io at the cathode is! 

(7) 
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where V is the anode voltage and Vo is the initial voltage through which 
the electrons must travel before they can ionize. 

The ions produced in the space by this process flow back toward the 
cathode. The ion current i p resulting from this process is 

f ~ TldV 
i p = io(e 0 - 1) (8) 

As mentioned above, new electrons are released at the cathode by posi­
tive ions, neutral atoms excited to a metastable state, and photons gen­
erated in the gas. These secondary processes can be grouped together by 
defining a coeffici~nt "I as the number of new electrons released at the 
cathode by all of these processes for each positive ion generated in the 
cathode-anode space. Thus each electron passing from cathode to anode, 
on the average, results in the release of M new electrons where 

f ~ TldV 
M = 'Y(e 0 - 1) (9) 

Each new electron from the cathode is also amplified in the gas so that 
after n multiplication cycles, the electron current at the anode is2 

f~ TldV 
in = ioe 0 (1 + M + M2 + .. , + Mn) (10) 

When M is less than unity and n ~ 00 (the equilibrium state), (10) re­
duces to a steady state value of 

i 
(11) 

1 - M 

Since the current is dependent on the initial current io , the discharge 
is said to be non-self-sustaining. This corresponds to the portion AB 
of the curve of Fig. 2. 

If the applied voltage is made high enough, the multiplication factor 
approaches unity, the current of (11) becomes independent of the initial 
current, and the tube is said to have broken down. This condition cor­
responds to the horizontal portion Be of Fig. 2. To control this break­
down voltage, the cathode secondary emission coefficient "I and the gas 
ionization coefficient 'YJ must be controlled. 

The secondary emission coefficient is highly sensitive to the surface 
conditions of the cathode. Pure metals such as molybdenum are often 
preferred to coated surfaces because they permit highly stable and repro­
ducible emission. With the cathode surface determined, the breakdown 
voltage can be adjusted by changing the gas filling and tube geometry. 
Fig. 3 shows the breakdown voltage for a tube having parallel-plane 
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anode and cathode geometry, a molybdenum cathode, and neon filling 
gas. The curve is plotted as a function of the product of pressure Po 
in mm Hg and electrode separation d in cm. Approximately the same 
plot would obtain for other pressures because both 11 and l' are functions 
of (E/po) and, for uniform fields, E is simply the voltage divided by the 
separation 

(E) = VBd ! 
(Po)at breakdown d PO 

(12) 

Since the variation of l' with E/po is small and may be ignored in this 
elementary discussion, the minimum breakdown voltage corresponds 
very nearly to the optimum value of the ionization coefficient 11. At 
spacings or pressures less than optimum, 11 is reduced because some elec­
trons strike the anode without colliding with gas atoms. At spacings or 
pressures greater than optimum, 11 is reduced because electrons do not 
gain enough energy between collisions to ionize efficiently. 

It can be seen that a way of meeting the switching requirement of 
constant breakdown voltage would be to design the tube to operate at 
the minimum of Fig. 3. Minor changes in spacing or filling pressure from 
onc tube to another and changes in pressure with tube operation would 
result in small changes in breakdown voltage. The advantages of op-
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eration at the minimum of the Pod curve can be retained and the 
breakdown voltage made higher by resorting to non-uniform geometry. 
Typical curves are shown in Fig. 4. The cathode was a small rectangular 
plate and the anode was a wire placed parallel to the cathode surface. 
It is seen that as the anode diameter is decreased, the minimum of the 
breakdown curve is increased. The practical limit is set by mechanical 
stability of the anode and by transmission requirements, as will be dis­
cussed later. 

The rise in minimum breakdown voltage as the anode size is reduced 
can be explained on the basis of the distortion of the electric field. Near 
the cathode, E is lowered, and near the anode, E is increased, as com­
pared to the parallel plane case. If the spacing is adjusted for optimum 
E /Po with parallel planes, then 'f] is necessarily less than optimum for the 
distorted fields. 

Returning now to Fig. 2, we note that, as the current is increased 
beyond breakdown, the tube voltage falls to a lower sustaining value and 
again is relatively constant with current. This lower voltage corresponds 
to the development of a space-charge layer of positive ions near the 
cathode and an increased voltage gradient at the cathode. This higher 
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field results in an increase in the ionization coefficient 1'], and, in some 
cases,3 a larger effective value of the secondary emission coefficient 'Y. 

This is because electrons .released by the secondary emission processes 
may strike neutral gas atoms and be reflected back to the cathode. A 
higher gradient increases the probability of escape of such an electron. 
Thus the multiplication factor 111 of (9) can equal unity at a lower total 
applied voltage. 

Practical tubes filled with neon or argon gas have sustaining voltages 
near 100 volts when pure molybdenum or tungsten cathodes are used. 
Cathodes coated with barium and strontium oxide may sustain at 60 
volts. However, since this lower sustain is accompanied by a lower 
breakdown voltage, the difference between them is not increased. Also, 
since the coated cathode surface is more variable between tubes and with 
tube operation, the switching voltage gain may be reduced with such 
cathodes. 

The gas pressure and cathode geometry determine the length of the 
flat portion DE of Fig. 2. Over this current range, the area covered by 
the glow discharge increases with current until at E the cathode is 
completely covered. Increasing the cathode area or gas pressure increases 
the total current required for coverage. At still larger currents, the sus­
taining voltage increases rapidly as indicated by the solid curve EF. 
Broken curve EF' applies to a special cathode geometry called a hollow 
cathode.4 Such a cathode may be formed by the interior of a cylinder or 
by placing two plane cathodes close together so that the negative glow 
regions overlap. Under this condition electrons, ions, and excited atoms 
generated near one cathode can aid in current flow from the other 
cathode. Dotted curve EF" applies to a particular form of hollow 
cathodeS in which cathode shape and gas pressure have been selected 
to give a negative slope in the high current region. This negative slope 
represents a negative resistance and permits audio-frequency signals 
to be transmitted through the tube without loss. 

Anode effects have not been discussed. In general, the anode shape 
and location do not affect the sustaining voltage or the ability of the dis­
charge to transmit audio frequency unless the anode-cathode spacing is 
too large. The basic requirement is that the anode should be large 
enough to intercept enough electrons to carry whatever current is re­
quired by the external circuit. Even a small anode placed near the 
cathode space-charge region can meet this requirement. Thus the sus­
taining voltage of a tube designed to have a breakdown voltage near 
the minimum of Fig. 3 or Fig. 4 will not in general be sensitive to the 
anode size or shape. 
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The transition from low current to high current in a gas diode can thus 
be thought of as the process of introducing a space charge of positive ions 
in the region near the cathode. This is done by raising the voltage tem­
porarily above the breakdown value. To switch back to the low current, 
it is necessary to decrease the multiplication factor M below unity by 
temporarily lowering the voltage and allowing the ions and excited atoms 
to diffuse out of the cathode and anode region. Both the turn-on and the 
turn-off processes impose time restrictions on the switching character­
istics. 

The multiplication factor M of (9) applies to an average process. 
Thus, even though M is greater than unity, it is possible that the ioniza­
tion and excitation produced in the gas by any individual electron may 
not release a new electron at the cathode. It is therefore necessary on 
the average to wait for more than the time between initiating electrons 
before the discharge starts to build up. 

The average statistical delay is then equal to the average time between 
successful starting events. If No photoelectrons per second are emitted 
from the cathode and W is the fraction of these which successfully initiate 
a discharge, the average statistical delay is 6 

1 
tAV =--

WNo 
(13) 

The fraction W would be expected to increase with an increase in the 
multiplication factor M and hence with the overvoltage above break­
down. It has been shown theoretically and experimentally7 that this 
is the case. For voltages only slightly in excess of breakdown, i.e., small 
overvoltages, VOY , the expression for average statistical delay can be 
approximated by 

(14) 

In practical tubes with overvoltages of 10 volts, the average statistical 
delay may be of the order of milliseconds with radioactive sources of 
ionization. Short delays of the order of microseconds are obtained by 
providing an auxiliary "keep-alive" discharge to a separate electrode or 
by illumination that provides a photoelectric current in the range of 
10-12 amperes. 

A formative delay in breakdown also occurs because time is required 
for current to build up to the final value. This time is equal to the 
product of the number of multiplication cycles and the time per cycle. 
The number of multiplication cycles required is reduced as multiplica-
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tion factor M is increased with increasing overvoltage. The multiplica­
tion factor ll!f includes electrons released at the cathode by slow moving 
metastable gas atoms as well as those released by the faster positive 
ions. At very low overvoltages, these slow components must be included 
before the current can build Up.8 At higher overvoltages enough positive 
ions are produced so that J.l!f is greater than unity without waiting for the 
slow components. Thus the effective time per multiplication cycle is 
reduced with increasing overvoltage. Since the number of cycles and the 
time per cycle are both decreased the formative delay decreases rapidly 
with increasing overvoltage. A typical formative delay for a neon filled, 
molybdenum cathode switching tube at 5 volts overvoltage might be 
of the order of 100 microseconds. 

APPLICATION TO A TALKING-PATH SWITCHING DIODE 

The principles discussed above have been applied in the development 
of a cold-cathode gas diode for use as a switch in series with the speech 
path in an electronic switching system. The objectives were a switching 
voltage gain as high as possible, a breakdown time of less than a few 
hundred microseconds, and a low transmission impedance for audio­
frequency signals. 

A sketch of one version of the resulting tube is shown in Fig. 5. The 
cathode is a molybdenum rod which has a small hollow cathode portion 
in the upper end. The anode is a small molybdenum wire placed near the 
minimum breakdown distance and slightly to one side of the opening 
in the end of the cathode. A barium getter is flashed to one side of the 
bulb wall and a small tungsten wire spring is arranged to make electrical 
contact with the getter flash. A neon filling gas at a pressure near 100 mm 
Hg is used. 

The cathode geometry has several interesting properties. It was 
found that the shape of a cylindrical hollow cathode is unstable at very 
high current densities and that it will rapidly grow into a spherical 
cavity with a small orifice. * Typical dimensions are a sphere diameter 
of 0.030 inch and an orifice diameter of 0.008 inch. At an operating cur­
rent of 10 milliamperes, the current density in the orifice is of the order 
of 50 amp/cm2• Once the sphere has stabilized it will operate many 
thousands of hours with relatively small changes in shape. The trans­
mission properties of the stabilized spherical cavity cathode are similar 
to the earlier negative resistance hollow cathode tubes. 5 Typical im-

* This cathode was developed by A. D. White of Bell Telephone Laboratories 
and will be described more completely by him in a forthcoming publication. 
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pedance values are 300 ohms negative resistance a,nd 50 ohms inductive 
reactance at 10 milliamperes operating current, with a superimposed 
audio-frequency signal of 3,000 cycles per second. 

Even though the cathode geometry is stable, some cathode material 
escapes through the orifice and will rapidly collect on an anode placed 
directly over the opening. It is therefore necessary to locate the anode 
to one side of the orifice. The extremely high ionization density near the 
cathode orifice allows considerable flexibility in ano~e location without 
affecting the sustaining voltage or destroying the negative resistance. 

High switching-voltage gain is obtained by using a small anode formed 
by a 0.005-inch diameter molybdenum wire placed perpendicular to the 
end of the cathode at a spacing of approximately 0.005 inch. Breakdown 
voltage is nominally 190 volts with a range of ±10 volts over all tubes 
and over the nominal operating life of 4,000 hours. The sustaining volt-

GETTER FLASH--__ 

SPRING CONTACT ----

BARIUM GETTER ----

~LJ<~!L.----SHIELD FOR 
SPUTTER PROTECTION 

BULB----

Fig. 5 - A talking-path switching diode. 
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age at the operating current of 10 rna is 99 ± 2 volts. Thus the switching 
gain from (5) is (180-101)/20 or 3.9. In practice, switching is often done 
without allowing the full 100 milliamperes operating current to flow. 
Under these conditions, the sustaining voltage may be 10 or 15 volts 
higher, with a consequent reduction in switching voltage gain. 

Short breakdown times were desired for this tube. It was not desirable 
to use enough radium to obtain the needed initial ionization, since it is 
expected that large numbers of these tubes will be concentrated in a 
relatively small space. Also, the molybdenum cathode does not emit 
photoelectrons unless short wavelength ultraviolet illumination is used. 
The solution chosen was to use the barium getter flash as an auxiliary 
photocathode. An electrical contact is made to the getter deposit and 
this is connected through a high resistance to the main cathode. Visible 
light or long wave ultraviolet light is readily transmitted through the 
bulb and produces photoelectric current in the auxiliary gap. This cur­
rent is amplified by the gas, but remains a non-self-sustaining discharge. 
Currents of 10-10 amperes are readily available with a few foot-candles of 
illumination. This current is too small to affect the breakdown voltage 
of the main gap, but produces enough residual ionization to allow break­
down times of the order of 100 microseconds to be obtained with a few 
volts overvoltage. The high resistance connection to the main cathode 
may be of the order of 20 to 50 megohms. It protects the photocathode 
from deterioration which might result from high currents when the main 
gap is conducting. 

Recovery of breakdown voltage following conduction is rapid. Meas­
urements indicate that the breakdown voltage is within the limits of 
190 ± 10 volts in less than 500 microseconds. The relatively high gas 
pressure and close spacings speed up the deionization process. 

The tube described has not been designed for large scale manufacture 
although several hundred models have been made and tested to establish 
the feasibility of the design. 

SUMMARY 

Some useful switching properties of gas diodes can be described by 
defining the switching-voltage gain. This gain is shown to be equal to 
the difference between the breakdown and the sustaining voltage divided 
by the variation in the breakdown voltage. The gain is reduced if faster 
switching times are required. 

The switching-voltage gain is discussed in terms of the physical 
processes in a gas discharge. It is shown that a high gain can be obtained 
by using an inefficient anode operating at the minimum of the curve 
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of breakdown voltage versus the product of gas pressure and anode 
distance. 

A tube is described which uses these principles to achieve a high gain 
over a useful operating life of 4,000 hours, and which has a negative re­
sistance to audio frequency signals superimposed on the dc operating 
current. Fast switching is obtained by an auxiliary photoelectric cathode 
formed by making an electrical connection to a barium getter flash. 
Satisfactory tube operationg has been obtained for continuous operation 
for times which are equivalent to 20 to 40 years of intermittent operation 
in switching systems. 
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Activation of Electrical Contacts 

by Organic Vapors 

By L. H. GERMER and J. L. SMITH 

Unreproducibility of earlier work on the erosion of relay contacts has been 
traced to the effects of organic vapors in the atmosphere. Carbon from de­
composition of these vapors greatly alters the conditions under which an 
electric arc can be initiated and can be sustained. The importance from the 
standpoint of erosion comes from the fact that for many circuit conditions 
contacts activated by this carbon cannot be protected against severe arcing 
by any conventional capacitance-resistance network. This paper reports 
investigations which have enabled us to understand the activation of contacts 
by organic vapors. 
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INTRODUCTION 

Contamination of surfaces by organic vapors is a subtle factor that 
influences the electrical erosion of relay contacts. Because of this con­
tamination, contacts in the telephone plant sometimes erode very much 
more than one would expect from simple laboratory life tests. This caused 
considerable confusion until about 1945 when the influence of organic 
vapors was recognized. The term "activation" is used here to describe 
changes in the surfaces of electrical contacts which give rise to greater 
arcing when an electrical circuit is completed or broken than would 
occur if the metal surfaces were clean. * Although its cause is generally 
carbon from organic vapors, there are occasionally other causes. This 
paper is an account of recent research! on activation produced by organic 
vapors·t 

It has been found that the carbon that causes activation is formed on 
the electrode surfaces by decomposition of adsorbed organic molecules. 
Microscopic examination of contacts gives a very sensitive way of de­
tecting incipient activation, since the carbon can easily be seen before 
any electrical effects are observed. The minimum amount of carbon 
necessary for activation is of the order of 0.05 microgram. 

Activation has been produced on noble metals only, and only by un­
saturated ring compounds. When experiments are carried out on clean 
noble metal surfaces under controlled conditions which do not permit 
burning of carbon, it is found that the amount of carbon formed by an 
arc corresponds to approximately a monolayer of organic molecules on 
the area heated by the arc. After a surface has become active, the amount 
of carbon formed by each arc is considerably increased and corresponds 
to the decomposition of several monolayers of molecules. In air, the situ-

* The term "activation" has sometimes been used heretofore to signify en­
hanced erosion resulting from organic vapors. This is a different definition from 
that used in this paper, due to the fact that in some cases, long sustained arcs 
produce less erosion than arcs of shorter duration. This is often true for silver 
surfaces, as described below. In a case of this sort, a surface may have a great 
deal of carbon on it and be very "active" by our definition, when it would be 
considered not active at all by the definition that relates activation to rate of 
erosion. 

t Other causes of activation will not be considered here. See Reference 2, page 
961. 
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ation is much complicated by burning of carbon and by the impedance 
offered by air to diffusion of molecules to the electrode surfaces. Because 
of these complicating factors, activation will not occur in air if the vapor 
pressure is too low or if the time between arcs is too short. 

Arcs at the making and breaking of clean contacts - clean in the sense 
that they are free from carbon - produce transfer of metal from one con­
tact to the other with a resulting pit and mound of about equal volumes. 
The situation is greatly changed by carbon. The presence of carbon 
causes increased arcing, alters the characteristics of the arcs, and greatly 
changes the resulting erosion both in character and amount. With carbon 
present, some or even all of the eroded metal does not stick to the elec­
trodes, and there is often loss of metal from both of them, the missing 
metal turning up mixed with carbon in a loose black powder. With car­
bon on the surfaces, successive arcs occur at different places, and the 
resulting erosion tends to be smooth with the electrodes worn down uni­
formly all over their surfaces. This is because each arc burns off carbon 
at its center, while it produces more around its periphery where the 
metal is cooler, and each new arc strikes on a newly carbonized surface. 

Every arc, of either the active sort or of the "inactive" sort which 
occurs at clean surfaces, is predominantly an arc in metal vapor. The 
active arcs, as well as the arcs at clean surfaces, are of one or the other 
of two quite distinct types which have been called, respectively, "anode 
arcs" and "cathode arcs" (Reference 3 and 4 which are concerned with 
palladium electrodes only). In an anode arc, most of the metal of the 
arc is vaporized from the anode by electron bombardment, but in a 
cathode arc the metal is supplied from the cathode by the explosion of 
small areas due to Joule heating by field emission currents of enormous 
densities flowing through them. In an anode arc, the erosion is predom­
inantly from the anode, and in a cathode arc from the cathode. 

Whether a particular arc is of the anode or of the cathode type is de­
termined by the electrode separation and the contact metal. For pal­
ladium electrodes, an arc is an anode arc if the separation is less than 
about 0.5 X 10-4 cm, but a cathode arc if the separation is greater than 
this value. The corresponding critical distance for silver is 3 or 4 X 10-4 

cm. The carbon particles producing activation permit breakdown at 
separations for which it would not occur in the absence of carbon, and 
thus favor cathode arcs. The critical distance of palladium is so small 
that all active palladium arcs are cathode arcs, with the greater loss of 
metal from the cathode. For silver, on the other hand, the critical dis­
tance is so large that active arcs at silver surfaces are in many cases anode 
arcs, with the greater loss of metal from the anode as in the case of inac­
tive silver arcs. 
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PART I - ELECTRICAL EFFECTS 

1. OBSERVATIONS ON ACTIVATION 

Just how different the behavior of contacts can be in the clean or inac­
tive condition, and in the active condition, is shown strikingly by the 
oscilloscope traces of Fig. 1. Each trace represents a plot against time 
of the voltage across a pair of protected relay contacts when the contacts 
are pulled apart to break a current through an inductive load. The cir­
cuits used with the two pairs of palladium contacts were identical, 
the only difference of any sort being in the conditions of the surfaces of 
the contacts produced by exposure of the second pair of contacts to 
organic vapor. In the trace of Fig. l(a), the potential across the contacts 
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Fig. 1 - Oscilloscope traces of the voltage across relay contacts breaking a 
current of half an ampere through an inductive relay load. In each case a stand­
ard protective network of a 0.5,uf capacitor in series with 100 ohms is in parallel 
with the contacts. (a) Clean or "inactive" contacts, with no observable arc. (b) 
Active contacts, with a sustained arc lasting 400 microseconds. 

rises abruptly on break from zero to 50 volts, and then continues to 
increase as the capacitor of the protective network is gradually charged 
up; there is no arc or other discharge at the contacts. In the trace of 
Fig. 1 (b), the potential rises on break to about 14 volts and remains at 
this value for 400 microseconds. This represents an electric arc that oc­
curred across the contacts, the 14 volts being the potential characteristic 
of arcs over short distances at pallaium electrodes (Reference 2, Table 
II). The energy dissipated at the contacts by this arc was about 25,000 
ergs. 

A number of worth while experiments upon activation can be carried 
out with no better method of measuring, or detecting, activation than 
the observation of oscilloscope traces like those of Fig. 1, or correspond­
ing traces obtained from contacts discharging a small capacitor on closure 
(Reference 2, Fig. 1). One can find what organic vapors produce activa­
tion, and what metals can be activated. This can be extended to discover 
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what vapor pressure is needed and how the minimum pressure depends 
upon the conditions of the test; for example, upon the electrical test 
circuit. Some results of simple tests of this sort will be given before going 
on to present anything more fundamental about what is happening when 
contacts become active. 

Activation is produced, in general, by repeated operation of a pair of 
contacts closing or breaking an electric circuit in air containing an organic 
vapor. At the beginning of a test of this sort, oscilloscope traces look the 
same as they would look in the absence of the vapor, but with continued 
operation, arcs may begin to occur when there were initially no arcs, 
or the durations of arcs may become greater. Activation is not produced 
by simply allowing contacts to stand idle in an activating vapor even 
for very long times, and even when the partial pressure of the vapor is 
extremely high. Nor is activation produced unless currents are made or 
broken. Operating contacts "dry" in a high pressure of an activating 
vapor does indeed make them temporarily active, * but this condition 
is unimportant from the standpoint of erosion. Under conditions that 
are effective in producing activation, the number of operations required 
before increased arcing can be detected is usually greater than 100, and 
often greater than 104• 

In general, noble metals can be activated by organic vapors and base 
metals cannot. Vapors of unsaturated ring compounds produce activa­
tion and other organic vapors do not. Tests have been made upon the 
metals Ag, Au, Cu, Pd and Pt which can be activated and upon Co, Cr 
Fe, Mn, Mo, Ni, Sn, Ta, Ti and W which have not been activated. t The 
vapors of nearly 50 organic compounds have been tested, about half of 
them unsaturated ring compounds which produce activation, and about 
half other compounds which do not. (These are listed, in part only, in 
Reference 2, Table 1). A very large number of tests have been carried 
out upon benzene, limonene and styrene. For these three compounds 
the minimum partial pressures which just produce activation of silver 
electrodes in air under certain standard conditions, and of platinum 
electrodes in air, for which the results are the same as for silver, were 
found to be respectively 0.1, 0.03 and 0.003 mm Hg. 

Some insight into activation is obtained by direct examination of 
active contacts. Black soot can always be seen on active contacts, and 
if they have been operating for some time in activating vapor, the 
amount of soot may be great enough to produce a visible deposit under-

* See the Section 7.3 on "Brown Deposit." 
t Ni and TV have been activated in the presence of an organic vapor in a con­

tainer in which the pressure of air was reduced to 0.01 'mm Hg, Reference 5, page 
1090. 
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neath the electrodes. It is clear that the increased arcing of activation 
is caused by solid carbonaceous material made by decomposition of 
organic vapor and not by the vapor itself. Clean metal contacts can, in 
fact, be made to show all of the symptoms of activation by allowing soot 
from a flame to settle on their surfaces. *t Activation produced in this 
way is, of course, temporary, lasting only until the deposited soot is 
burned away. 

When one looks for characteristics of arcs between active surfaces to 
which numerical values can be attached, four features come at once to 
mind - the electric field at which an arc strikes, the voltage across the 
arc after it is established, the minimum arc current (which is just the 
current at which the arc goes out), and finally, after the arc is over, the 
amount of metal that was gained or lost by each of the electrodes during 
the arc. All of these quantities have been measured for active arcs as 
well as for arcs at clean surfaces, and a brief summary of the results of 
the measurements is given here. 

1.1 Striking Field 

To measure the electrode separation at which an arc strikes between 
closing electrodes, relay contacts were operated repeatedly, discharging 
on each closure a capacitor charged to a measured voltage. An arc at 
each closure was assured by using short leads between the capacitor and 
the contacts to keep the circuit inductance very low. The time from the 
initiation of the arc to the touching of the contacts was measured on an 
oscilloscope. t 

Fig. 2 illustrates the results of measurements made by F. E. Ha­
worth7 upon palladium electrodes closing at 30 cm/sec to discharge a 
very small capacitor charged to 50 volts. Before the start of the experi­
ment the electrodes had been cleaned by repeated arcing in air, and the 
first experimental point represents the closure of these clean electrodes. 
All of the other measurements were made in air containing a fairly high 
partial pressure of limonene vapor. Each point plotted on the curve rep-

* Unpublished work of P. P. Kisliuk. 
t It is interesting to point out that a surface is not made active by rubbing 

petrolatum upon it, although activation will occur very quickly if an electric 
current is made or broken at such a greasy surface, so that some of the grease is 
decomposed. 

t For inactive arcs, it is necessary to make a correction for the height of the 
mound of metal thrown up by the arc (Reference 6, page 1136). After the contacts 
become active, there is no appreciable mound thrown up (at palladium surfaces), 
and the electrode separation at the initiation of the arc is calculated at once from 
the closure time and the previously measured electrode velocity. The height of 
the mound produced before the contacts are active was minimized by using a 
capacitance of only 40 X 10-12 farad. 
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Fig. 2 - Breakdown distance, and apparent striking field, for arcing at relay 
contacts on closure in the presence of limonene vapor, plotted against number 
of operations. Each closure discharges a very small capacitor charged to 50 volts. 
Contacts are clean and inactive at the beginning of the test. 

resents the average of 100 separate measurements. During tests of this 
sort, it was discovered that, with frequent microscopic examination of 
the electrodes, black sooty material could easily be seen after the first 
30 closures, before certain evidence of activation could be obtained in 
any other known way. In Section 4.1, it is shown that this material is 
carbon. 

The average electrode separation at which an arc struck between clean 
electrodes at the beginning of the curve of Fig. 2 was about 1 X 10-5 

cm and after the electrodes became covered by sooty material, about 
8 X 10-5 cm. The apparent striking field was decreased by activation 
from 5 X 106 to 0.6 X 106 volts/cm. When measurements were made at 
250 volts, rather than 50 volts, the striking field in the active condition 
was only slightly higher, 0.8 X 106 volts/cm. Activation produces a 
lowering of the apparent striking field, regardless of the value of the 
applied voltage. * 

1.2 A rc Voltage 

The observed voltage across an arc at active palladium contacts agrees 
in general with that of palladium cathode arcs, which is about 16 (Refer­
ence 4, Fig. 7 and Reference 2, Table II), whereas the arc voltage of 

* This apparent contradiction of the conclusion of F. E. Haworth7 is clarified 
in Section 2.1. 



776 THE BELL SYSTEM TECHNICAL JOURNAL, MAY 1057 

26 

24 

~ 22 

~ 
o 20 
> 
u 
a:: 
<i 18 

16 

14 
o 

/. /' l:::j 
/CNEG 0/0 I C NEG ~NEG 
~ 

I/C NEG 
j ~ 

~ 

" \ 
i\rt NEG ~NEG 

~I ~te 

10 20 30 40 50 60 0 20 40 60 80 100 120 140 
X 103 X 103 

NUMBER OF OPERATIONS 

Fig. 3 - Measurements of arc voltage at cathode arcs between a carbon-plati­
num pair of electrodes, and between a carbon tungsten pair - at successive rever­
sals of striking potential. 

carbon is much higher and quite variable in the range from 20 to 30. One 
is tempted to conclude from this that the vapor in an arc between active 
palladium contacts is predominantly the metal of the electrodes, not 
carbon vapor. A more sound conclusion, however, as will be pointed out 
later, is that the source of electrons on the cathode of an active arc is 
palladium metal rather than carbon. * 

vVhen contact :::;ul'faces are very heavily carbonized, an arc voltage 
substantially higher than that characteristic of the metal of the elec­
trodes is sometimes observed for a short time at the beginning and at 
the end of an active arc occurring at the discharge of a capacitor into an 
inductive circuit. An example of this is shown in the oscilloscope trace 
of Fig. 4. The higher arc voltage at the beginning of this arc, when the 
current was extremely small, is interpreted as the initiation of the arc 
between carbon surfaces, and the enhanced voltage at the end is evidence 

* A very simple experiment has been carried out which proves conclusively 
that the character of an arc of the type which we call a cathode arc (see below, 
and Ref. 3 and 4) is determined by the properties of the cathode, and not by those 
of the anode. This is perhaps self evident, but a direct test is reassuring. The test 
is simply the observation that, for an arc of the cathode type between electrodes 
of different materials, the arc voltage is substantially the same as it would be if 
both electrodes were of the cathode material. The test is made by reversing the 
potential between the electrodes repeatedly, and after each reversal observing 
that the arc voltage changes gradually from that characteristic of the anode to 
that characteristic of the cathode. After each reversal the arc begins to clean from 
the cathode the anode material that was deposited there before the reversal, when 
what is now the cathode was the anode. Accompanying this cleaning, the arc 
voltage goes up Or down until it reaches the value characteristic of the cathode 
itself. Measurements obtained in this way are reproduced in Fig. 3 for a carbon­
platinum pair of electrodes and for a carbon-tungsten pair. 
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that when the current was again small the arc was localized at a new 
position on a fresh carbon surface so that it was again a carbon arc; 
during most of the arc time, when the current was larger, the cathode 
surface was maintained so free from carbon that the source of electrons 
at the cathode was palladium metal rather than carbon. For lightly 
carbonized surfaces, which may be just as active as judged by arc dura­
tion or any other test that we know of, no such enhanced arc voltage at 
the beginning or at the end of an arc has been observed. It may well be 
that for lightly carbonized surfaces the arc voltage is characteristic of 
carbon for a time too short to be detected by this crude means. 

1.3 1l1inimum Arc Current 

The current at which an arc goes out is readily found by observing 
on an oscilloscope the potential across closing contacts discharging a 
capacitor through a non-inductive resistor R. At extinction, the potential 
rises from the arc voltage v to that across the capacitor VI . The mini­
mum arc current is then (VI - v)jR. An oscilloscope trace showing such 
a determination of minimum arc current at the arc initiation potential 
of 400 volts is reproduced as Fig. 5. (See also Reference 2, Fig. 5 and 

Fig.4 - Oscilloscope trace rep­
resenting the voltage across an arc 
at the closure of very heavily car­
bonized electrodes. Discharge 
through an inductance of 1O-4h of 
a capacitor of 1O-8f charged to 50 
volts. Near the beginning and 
near the end of the arc the source 
of electrons at the cathode was a 
carbon surface. 

Fig. 5 - Voltage across clean 
palladium contacts when a capac­
itor charged to 400 volts is dis­
charged through a resistor of 200 
ohms. The closure arc went out at 
the minimum arc current 0.42 
amp. 
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Reference 8, Fig. 1). The minimum arc current is much lower for active 
contacts than for inactive or clean contacts, and one can perhaps think 
of the decrease of the minimum arc current for lloble metal contaets 
from a value of the order of 1 ampere for clean surfaces to 0.1 ampere 
or less for active surfaces as the chief characteristic of activation. 

1.4 Erosion 

Active contacts of palladium and of silver transfer metal in quite 
different ways. The transfer at active silver contacts is the more complex, 
and for this reason the transfer that occurs at active palladium contacts 
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Fig. 6 - Results of measurement by weighing of the erosion of palladium elec­
trodes produced by active arcs in limonene vapor (a) and in napthalene vapor 
(b). 

will be taken up first. The behavior of platinum is in general like that 
of palladium, and gold is like silver. 

1.4 (a) Palladium and Platinum. It is found that arcing on closure at ac­
tive contacts of palladium or platinum causes loss of metal at the cathode 
of the order of 4 X 10-14 cc/erg. The anode often loses metal also, but the 
loss at the anode is considerably less and may be zero in some cases. The 
results of two sets of measurements upon active palladium contacts are 
plotted in Fig. 6. These data represent changes in volume (calculated 
from weighings) per unit of arc energy after repeated arcs in limonene 
vapor at a vapor pressure of 1 mm Hg, Fig. 6(a), and in the vapor of 
napthalene saturated at room temperature, Fig. 6(b). Tests were made 
by closing electrodes to discharge on each closure a properly terminated 
fixed length of cable charged always to 200 volts, to give in each case a 
constant arc current of 4 amperes, with the arc lasting for the time de­
termined by the cable length. For the shortest arc time, the energy of 
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each of the individual arcs was 40 ergs, and for the longest arc time 600 
ergs. The results indicate no significant variation of the erosion per unit 
of energy over this range. 

There is some evidence that arcs at the break of active pall~dium sur­
faces give significantly lower cathode erosion per unit of energy (lor 2 X 
10-14 cc/erg) than do arcs at closure. The reason for the difference is 
not clearly understood, but widely different currents and electrode sepa­
rations may be significant factors. 

By examining contacts of palladium or platinum after many active 
arcs (on either break or closure), it is found that the erosion tends to be 
uniform over the surface, wearing each electrode down smoothly, with 
much less loss from the anode than f~om the cathode. This type of wear 
is quite different from that produced by arcs at clean surfaces. Erosion 
by arcs at clean surfaces always gives a mound of metal on one electrode, 
with a corresponding pit in the other; the loss of metal from one electrode 
is not appreciably greater than the gain by the other, the entire erosion 
consisting simply of transfer of metal between the contacts. 

N ow the inactive arcs at clean surfaces are known to be of two types 
which have been called "anode arcs" and "cathode arcs."3. 4 In anode 
arcs, the transfer of metal is about 4 X 10-14 cc/erg and is from anode 
to cathode, with a resulting pit in the anode and a matching mound on 
the cathode (Reference 9, page 1085-1086). In inactive cathode arcs, 
measurements made in the same way and not yet published have shown 
that the transfer is smaller - about 1 X 10-14 cc/erg - and is in the 
opposite direction, from cathode to anode, with a resulting pit in the 
cathode and a matching mound on the anode.1° It will be shown later, 
Section 2.4(a), that arcs at active palladium surfaces are of the cathode 
type, each individual arc being not readily distinguishable from an inac­
tive cathode arc in the effect it produces on the cathode surface. The 
reason for the net cathode loss being greater in an active cathode arc 
than in a cathode arc at clean surfaces is due, at least in part, to some 
reverse transfer in an arc at clean surfaces. 

1.4 (b) Silver and Gold. The erosion of silver surfaces is quite complex, 
and an adequate description of all of the phenomena encountered is re­
served for later publication.10 A simplified description of the main fea­
tures of the erosion of silver contacts is given here. Tests upon active 
gold contacts have been less extensive than upon active silver contacts, 
but as far as the observations go, gold has been found to behave just like 
silver. 

At active silver surfaces the erosion is, in most cases, from the anode, 
as it is at inactive surfaces. The arcs are active anode arcs, see Section 
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2.4(b), which have never been observed at palladium contacts. The 
metal lost from the anode after a great many active anode arcs tends 
to be eroded smoothly over the entire surface, like the cathode loss in 
arcs of the cathode type at palladium contacts. At a moderate pressure 
of activating vapor, almost all of the metal eroded from a silver anode 
is transferred to the cathode, but at a high pressure much of it is lost. 
Whether the metal from the anode is transferred or lost is correlated 
with the amount of carbon formed by the active arcs; if the production 
of carbon is small, metal is transferred, but in the presence of much 
carbon, the metal does not stick to the cathode and is lost. The amount 
of carbon formed (in air) by active anode type arcs at silver surfaces is 
very much less than the amount formed by active cathode type arcs at 
palladium surfaces, and this differe'nce accounts for the fact that a great 
deal of the eroded metal is transferred at active silver surfaces, although 
there is always very little transfer at active palladium surfaces. * The 
erosion of a silver anode by active anode arcs may be as great as 10-13 

cc/erg, but is lower than this whenever the carbon formation is suffi­
ciently slight to permit much transfer of metal. 

Long, sustained break arcs at active silver surfaces become cathode 
arcs when the electrode separation becomes sufficiently great. Such arcs 
give cathode erosion resembling that at active palladium surfaces. For a 
long sustained break arc, the cathode erosion suffered when the electrode 
separation becomes very large may be greater than the anode erosion 
occurring when the electrodes are closer together, so that the net loss 
from the cathode may be the greater. There may even be a small net 
anode gain. 

Measurements of transfer at electrical contacts have sometimes been 
very confusing in the past, both because of their complexity and because 
of their apparently erratic character. Now, with well developed insight 
into the mechanism of short arcs, this complexity of transfer and its 
varied character have been most useful in improving our understanding 
of short arcs and of the transfer of metal to which they give rise. 

The over-all picture of activation will be given in the following pages. 

2. INTERPRETATION OF ACTIVATION 

After one has concluded that activation is due to solid carbonaceous 
material, it is natural that tests should be made upon contacts of solid 

* At extremely low pressures of activating vapor, active anode arcs at silver 
surfaces may not only transfer to the cathode practically all of the metal lost from 
the anode, but the type of erosion may even be changed to the mound and pit 
type characteristic of inactive arcs. l 
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carbon, and upon metal surfaces on which carbon particles have been 
dusted. The results of these tests have supplemented measurements upon 
active noble metal contacts and have led to a great increase in our knowl­
edge of activation. In fact they open the way to a fairly thorough under­
standing of the subject. 

2.1 Striking Field 

Five different experiments have been carried out, which were designed 
to discover the reason for the low striking field at active contacts. Al­
though the results of these experiments do not establish the reason for 
the low striking field in any definitive fashion, they do lead to an ex­
planation which seems entirely satisfying. 

The simplest of these experiments has already been reported at the 
end of Section 1.1. It is the observation that the striking field at active 
contacts is much the same at different striking voltages, of course below 
air breakdown only. 

In another experiment, not heretofore published, W. S. Boyle and 
P. Kisliuk produced active spots at various points along a palladium 
wire. The wire, which lay on the axis of a glass cylinder, was made active 
at these selected points by repeated short arcs in an atmosphere 
containing limonene vapor. The other electrode was operated by an elec­
tromagnet outside the cylinder, with the magnet arranged so that the 
electrode could be placed at any location along the wire or withdrawn 
completely at anytime. After activating a number of points, as determined 
by continuous oscilloscopic observation, the cylinder was exhausted and 
field emission currents were drawn from the wire to the cylinder. From 
observatIon of a fluorescent coating on the inside of the cylinder, it was 
found that the positions along the wire, which gave the largest currents, 
were quite unrelated to the active spots. From this experiment, one can 
conclude that the work function of active spots along the wire was not 
lower than the work function of other parts of the wire, and also that 
there was no significant enhancement of field emission at these spots 
because of roughness. Thus, the activation of contacts by organic vapors 
is not due to enhanced field emission currents because of lowering of the 
work function or because of greater surface roughness. 

In a third experiment by F. E. Haworth,7 measurements were made 
of the electrode separations at which an arc strikes between a palladium 
electrode and a smooth palladium surface upon which carbon particles 
had been deposited. For this experiment, solid carbon particles of fairly 
uniform size were obtained by blowing air at a low controlled rate 
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TABLE I - EFFECT OF CARBON PARTICLES UPON 

STRIKING DISTANCE 

Range of Particle Size Average Striking Distance Apparent Striking Field (by microscopic measurement) at 50 Volts 

No Particles 0.10 X 10-4 cm 5 X 106 volts/cm 
o to 1 X 10-4 cm 1.4 0.36 
o to 2.5 2.5 0.20 
4 to 5 4.3 0.12 

through agitated carbon dust and collecting the particles that had been 
carried upward for a considerable distance in the air stream. The time 
of deposition of these particles upon the smooth surface was adjusted to 
give an average distance between particles of about 10 times their di­
ameters. The smooth palladium surface with a fairly uniform, but sparse 
covering of carbon particles was made the cathode in measurements of 
striking distance by the oscilloscope method, Section 1.1. For a particular 
size of particle, 100 measurements were made of striking distance, each 
measurement at a different point on the surface, so as not to include any 
measurement of striking distance at a place on the surface where the 
original particles had already been burned off. * Table I gives the ranges 
of particle size as found microscopically and the corresponding average 
measured values of striking distance. The increase of striking distance 
was just equal to the particle size. At each arc, a particle was destroyed 
so that the time to closure measured on the oscilloscope corresponded, 
not to the true striking distance, but to the distance from the anode to 
the cathode surface upon which the particle rested. The electric field at 
which the arc struck was very much higher than the calculated values 
of the third column of Table I, and was not significantly different from 
the striking field for inactive surfaces. 

In the fourth experiment, the striking field was measured between 
electrodes of solid carbon. One of these was mounted upon a cantilever 
bar in such a way that it could be moved through extremely small meas­
ured distances by pushing on the end of the cantilever bar using a mi­
crometer screw (Reference 4, page 33). The zero point was found by 
touching the contacts through a high resistance galvanometer circuit; 
then the contacts were separated and the striking distance found after 
applying the voltage. Measurements made in this way by M. M. Atalla 
(Reference 11, Table I) have given, for the striking field for carbon elec-

* A correct measure of striking distance is obtained only when the arc energy 
is sufficient to burn up the carbon particles completely. No appreciable mound of 
metal is thrown up to falsify the distance measurement, because the arcs are of 
the cathode type, see Section 2.4(a). 
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trodes, 2.4 X 106 volts/ cm, and our unpublished measurements agree 
with this. The striking field for carbon surfaces is thus only a little less 
than that found for cathode arcs at clean metal surfaces (Reference 4, 
Fig. 8), and very different from the field at which arcs strike between 
active surfaces. * 

In another experiment, tests were carried out upon carbon particles 
in the 4 to 5 X 10-4 cm range of diameters, deposited sparsely upon a 
palladium surface as before. A careful comparison was made of the elec­
trode separations at which an arc struck at 50 volts and at 250 volts. At 
the higher voltage, the distance was greater than at the lower voltage 
by the factor of only 1.3, offering confirmation that the isolated carbon 
particles act chiefly as chunks of material, partially closing the electrode 
gap. 

The one way in which the carbon that produces activation differs from 
other carbon, and in particular from small carbon particles dusted 
sparsely upon a smooth metal surface, is in the very large number of 
its particles and in its state of subdivision. This gives an eminently 
plausible clue to the great electrode separation at which breakdown 
occurs between active surfaces. According to this model, breakdown 
occurs at a great separation between active surfaces because, at the 
electric field corresponding to this separation, electrostatic forces become 
sufficient to cause motion of small particles which decreases the separa-

* In measuring the striking field at carbon surfaces for low voltages by the 
oscilloscopic method, a value of the order of 0.6 X 106 volts/cm was found earlier 
(Reference 6, Table I). This result was certainly in error, because of burning of 
carbon in the arc, so that the separation of the electrodes when the arc ended was 
greater than it was at the arc initiation. 

To check this explanation of the earlier incorrect result, an experiment was 
carried out in which the time to closure for carbon electrodes was measured as a 
function of the energy in the arc. In successive tests, a number of different capaci­
tors, each charged to 50 volts, were discharged on the closure of carbon electrodes. 
The time to closure was found to increase progressively with capacitance for the 
values 102 , 103, 104 and 105 f.1pJ. Carrying out the measurements many times and 
taking average values, it was found that the time to closure increased linearly 
with the cube root of the capacitance. This suggests strongly that a hole was 
being burned in one of the electrodes and the increased time to closure was just 
the time for one electrode to move the depth of the hole. A quantitative value 
for the volume of the hole can be obtained from the data, on the basis of an as­
sumed hole shape. In earlier work (Reference 9, page 1088), a pit on a metal elec­
trode was assumed to be a spherical segment with the depth equal to one-half 
of the pit radius. Making the same assumption for the hypothetical hole in the 
present tests, and assuming an electrode velocity on closure of 30 cm/sec, it turns 
out that the relationship between volume of the hole and energy of the arc is 
V = 4.5 X 10-12 cm3/erg. The agreement of this result with that for the erosion 
of the metal anode in an anode arc (Reference 9, page 1088), is remarkable and 
must be largely fortuitous. The agreement does, nevertheless, make almost cer­
tain that burning of one of the electrodes (the cathode, as we know from other 
work) is the reason for the oscilloscopic method giving incorrect values for the 
electrode separation at which an arc strikes between carbon electrodes (Refer­
ence 6, Table I). 
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tion. The experimentally observed field of 0.6 X 106 volts/ cm is the 
field at which this motion becomes appreciable for the very small sooty 
particles. With the start of motion of this sort the field is increased, and 
further motion is assured making the situation unstable. The gap is 
greatly decreased in length before electrical breakdown takes place, and 
the field at electrical breakdown is probably as high as it is at any carbon 
surface. 

2.2 Arc Voltage 

At the beginning of an active arc, at least one carbon particle is always 
exploded by the arc current, but only when the surface is very heavily 
carbonized is an enhanced arc voltage observed, Fig. 4. It must not be 
thought that the higher arc voltage occasionally found at the beginning 
of an arc is to be attributed directly to the presence of carbon vapor in 
the arc during its early stages, because carbon does not have an excep­
tionally high ionization potential. P. Kisliuk has shown12 that, in a field 
emission short arc, the arc voltage should be just slightly larger than 
the sum of the ionization potential of the metal of the electrodes and of 
its thermionic work function. Now this result holds quite well for a num­
ber of different metal arcs, but does not hold at all for carbon. The short 
carbon arc is apparently of a different type, and has no well defined arc 
voltage. On the other hand, although carbon, unlike the noble metals, 
gives out thermionic electrons copiously long before it is hot enough to 
vaporize, a true thermionic arc cannot have the enormous current densi­
ties that occur in short arcs. (It does not seem impossible that thermi­
onic emission may help to maintain an arc when the current is lower near 
its end.) The high arc voltage at the beginning and end of an active arc 
between heavily carbonized surfaces may be due to a dearth of positive 
ions, requiring a higher applied field to maintain the field emission. In 
any case, it is like the higher arc voltage of carbon which we do not under­
stand. When the higher arc voltage is not detected, the vaporization of 
metal must be profuse, and only when vaporization is reduced, as it is 
when the current is very small near the beginning and end of an arc at 
the discharge of a capacitor into an inductive circuit, is the higher arc 
voltage observed. On rare occasions heavily carbonized surfaces show 
a suddenly enhanced arc voltage for a short interval near the middle of 
an arc. That this should occur very much less often than at the beginning 
or end of an arc is understandable. 

The observation that the arc voltage sometimes becomes high near 
the end of an arc suggests strongly that an active arc is moving con­
tinually during its life. Only when the current is insufficient to vaporize 
carbon and underlying metal freely, and thus to maintain the large ion 
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density necessary for the low voltage field emission arc, does one observe 
the high and erratic arc voltage characteristic of carbon. 

2.3 jvlinimum Arc Current 

Values of minimum arc current for carbon electrodes have already 
been published. They are of the order of 0.02 to 0.06 ampere and agree 
fairly well with measurements of minimum arc current for very active 
metal contacts (Reference 2, Table V). The very low value of the mini­
mum arc current for carbon, either in solid form or dispensed upon the 
surfaces of active contacts, is related to the low electrical and thermal 
conductivities of carbon. These low conductivities permit explosion of 
carbon particles on the cathode by currents too small to vaporize any 
metal. It has already been pointed out that it is this very low value of 
minimum arc current which accounts for the greatly enhanced energy 
that is dissipated at active relay contacts. 

From the low value of minimum arc current for active surfaces, one 
concludes that near its end an active arc is always located at a fresh 
point on the electrode surfaces, one from which carbon was not burned 
off earlier in the life of the arc. It had already been concluded from oc­
casional high values of arc voltage near the end of an active arc that 
this is sometimes true, but the minimum arc current values extend this 
earlier conclusion to indicate that it is always so. An active arc cannot 
remain in a fixed position as does an inactive anode arc (For example, 
Reference 4, Fig. 1). The implication is thus suggested that any arc 
between active palladium contacts is a cathode arc. Further presumptive 
evidence for this is, of course, furnished by the very much greater elec­
trode separation in the case of active arcs; it is well known13 that large 
distances favor cathode arcs, because at great distances the anode cannot 
be efficiently heated by electron bombardment. 

The interpretation of minimum arc current of active cathode arcs to 
which we have been led can be written down in words, but we have not 
succeeded in any quantitative formulation. It is well known that every 
cathode arc is made up of a great number of small arcs moving continu­
ally over the electrode surfaces and exploding one point, or one particle 
after another on the cathode.3 • 4 In the case of an active arc, the end 
comes when the current gets so low that it will no longer explode a car­
bon particle, or when no suitable particles are available. * The much 

* This is a necessary criterion for the end of an active arc only in the case of 
very short arcs. For electrodes that are being pulled apart to break a current larger 
than the minimum arc current, an arc will, of course, finally fail because of the 
great electrode separation, even though the current is above the minimum arc 
current, as in the final failure of the arc in the oscilloscope trace of Fig. l(b). For 
inactive anode arcs the minimum arc current arises in a quite different way and 
has been interpreted in fairly satisfactory quantitative fashion.H 
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higher minimum arc currents for cathode arcs at clean surfaces is attrib­
uted to the higher thermal and electrical conductivities of metals and to 
the absence of loose material making poor contact with the surface. 
This picture is supported by the observation that metal contacts are 
made temporarily active by almost any kind of loose surface particles 
of very small size (Reference 2, Page 961). 

2.4 Erosion 

2.4(a) Palladium and Platinum. Further evidence that an active arc at 
palladium or platinum surfaces is always a cathode arc is furnished by 
the fact that the cathode loses much more metal in an active palladium 
arc than does the anode. (See also Reference 4, Table I). 

The direct way of proving that an active arc at palladium or platinum 
surfaces is a cathode arc would, of course, be microscopic examination 
of the contact surfaces after a single arc. This is not practicable because 
surfaces become active only after repeated arcs, but one can do what is 
apparently quite equivalent by looking at the damage done by a single 
arc to surfaces on which small carbon particles have been dusted. Ex­
periments by Haworth do indeed prove that arcs at such surfaces are 
cathode arcs, even at the low striking potential of 50 volts, and when 
the maximum diameter of the carbon particle is only 1 X 10-4 cm. Fig. 
7(b) is typical of many examinations by Haworth of palladium cathodes 
after a single arc at surfaces upon which carbon particles had been de­
posited. The striking potential was 50 volts and the capacitance that 
was discharged was C = 10-8 j, so that the energy C(Vo - v)v was 50 
ergs. For comparison, photographs are reproduced in Figs. 7(a) and 

Fig. 7 - Photomicrographs of palladium cathode surfaces after single cathode 
arcs. The photograph of (b) was obtained after a 50 erg arc with 50 volt striking 
potential at a surface upon which carbon particles has been deposited. This sort 
of cathode damage was observed for all of the different sizes of carbon particles 
which were tested, even for the smallest having diameters of only 10-4 cm. The 
comparison photographs (a) and (c) represent the damage done respectively by 
40 erg and 80 erg arcs to palladium surfaces without carbon particles, each arc 
at the striking potential of 400 volts. 
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7(c) which show clean palladium cathodes after constant current cathode 
arcs of 4 amperes lasting, respectively, for 0.072 microsecond and for 
0.14 microsecond. The striking potential in each of these arcs was 400 
volts, the total arc energy being 40 ergs and 80 ergs. The three photo­
graphs of Figs. 7(a), 7(b) and 7(c) represent then the markings made on 
the cathode by arcs of 40, 50 and 80 ergs respectively. The voltage of 
400 was chosen for the two comparison photographs of Figs. 7(a) and 
7(c) because this is above the minimum air breakdown potential, and 
arcs on closure at striking potentials above this value are known to be 
always cathode arcs (Reference 4, Fig. 4). 

Cathode markings such as those of Fig. 7(b) are occasionally pro­
duced by arcs at 50 volts on relatively clean palladium surfaces. In gen­
eral, however, an arc at this low striking potential between clean surfaces 
is an anode arc, leaving a single well defined pit on the anode, and on the 
cathode, a single roughened area with considerable metal spattered over 
from the anode (Reference 9, Fig. 6). While a cathode arc, making on 
the cathode the type of markings shmyn in Fig. 7, is rather rare between 
clean palladium surfaces at a striking voltage as low as 50 (Reference 4, 
Fig. 4) it is the usual kind of arc between surfaces upon which carbon 
particles have been dusted, and by implication, it is the sort of arc that 
occurs between active surfaces. That this arc should cause loss of metal 
from the cathode is clear from the photographs of Fig. 7, and from the 
fact that the damage done to the anode sometimes cannot be detected 
and is always rather slight. *10 Between clean surfaces, this sort of arc 
occurs more frequently at higher striking voltages, and invariably on 
closure when the potential is above the minimum breakdown potential 
for air. It is the greater striking distance that favors the cathode type 
of arc, and for active arcs also it is just this enhanced electrode separa­
tion, resulting from carbon particles, which can be thought of as the 
reason for the arc being of this type. There is obviously a critical distance 
above which arcs are of the cathode type, and for palladium electrodes 
this critical distance is less than 1 X 10-4 cm. Earlier experiments can 
be used to define this critical distance better. From the data of Fig. 8 of 
Reference 4 it appears that this distance for palladium is about 0.5 X 
10-4 cm. 

Markings made on the cathode by a single arc between active pal­
ladium surfaces are doubtless not easily distinguishable from those re­
sulting from a single arc that has been constrained to be of the cathode 
type only by a high striking potential and the resulting great electrode 
separation. Nevertheless, when many times repeated, the over-all results 

* See the footnote relating to Fig. 3, see page 776. 
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of cathode arcs between active surfaces, and of cathode arcs between 
inactive surfaces, are markedly different, as has been pointed out earlier. 

The fact that erosion by inactive, or clean-surface, arcs takes the 
form of a mound on one electrode and a crater in the other means simply 
that successive arcs tend to occur at the same place on the electrode 
surfaces. This is because each arc must occur where the electric field 
between approaching electrodes is highest, and the roughening from one 
arc will be the site of the highest field before the next discharge occurs. 

With carbon particles on the surface, the situation is different. In 
the case of active cathode arcs, the electric field between approaching 
electrodes is highest at a point where a group of carbon particles, perhaps 
pulled up by electrostatic forces, closes a large part of the electrode gap, 
and an arc must necessarily strike at such carbon particles. In the ac­
tivating process, carbon is always being formed by an arc, but only at 
its periphery; at the hottest parts of the arc, carbon which was formed 
earlier, is completely removed. Not only does each arc move during its 
lifetime, continually searching out new carbon which was formed earlier, 
but a later arc will not strike at a point from which carbon was just 
cleaned by an earlier arc. This restless movement from point to point 
results finally in erosion that spreads over the surface in a way which is 
likely to be statistically uniform. 

2.4(b) Silver and Gold. Although the character of the erosion at silver 
(and gold) surfaces, and also its magnitude, are drastically altered by 
activation, Section 1.4(b), the "direction" of the erosion is still in most 
cases that characteristic of anode arcs. The predominant loss of metal 
on closure is usually from the anode for active silver electrodes at voltages 
too low for air breakdown, just as it is for inactive silver electrodes at 
low striking voltages. This is in marked contrast to the behavior of pal­
ladium surfaces when they become active; for active palladium surfaces, 
loss of metal is always chiefly from the cathode. The behavior of silver 
leads naturally to the hypothesis that even when the surfaces are active 
arcs at low striking voltages are anode arcs, as they are when the surfaces 
are inactive. 

This hypothesis has been subjected to test by F. E. Haworth by the 
same method used in the case of palladium surfaces. Small carbon parti­
cles were dusted on a polished silver surface, and the surface was ex­
amined microscopically after it had been subjected to a single arc under 
the circuit conditions used in similar tests at palladium surfaces. When 
the maximum particle diameter was 5 X 10-4 cm, it was found from 
the microscopic examination that all arcs were of the cathode type (see, 
for example, Fig. 7), but when the maximum diameter was 2.5 X 10-4 
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cm all arcs were of the anode type with the characteristic pit on the 
anode and a roughened spatter of metal on the cathode. It is clear from 
these tests that active arcs at silver surfaces are of the anode type if the 
layer of carbonaceous material responsible for activation is not heavy 
enough to permit an arc to strike at a separation greater than 2.5 X 10-4 

cm, but that they are of the cathode type when the layer is sufficiently 
thick to permit arcs at 5 X 10-4 cm. The electrode separation at which 
an arc takes place determines the character of the arc. * The critical 
distance for silver surfaces lies between 2.5 and 5 X 10-4 cm. Erosion 
at active silver surfaces on closure must be predominantly from the 
anode unless the layer of activating carbonaceous material is so heavy 
that arcs strike when the electrode separation is greater than 2.5 X 10-4 

cm. 
After long continued operation at very high pressures of activating 

vapor it is sometimes, but not always, found that arcs on closure result 
in erosion that is chiefly from the cathode. The conclusion drawn from 
these measurements is that the striking distance at active surfaces on 
closure at low voltages can sometimes, with considerable difficulty, be 
made greater than 2.5 X 10-4 cm. Unless great pains are taken to keep 
surfaces very heavily carbonized, the striking distance on closure at 
active surfaces at low voltages is of the order of 2.5 X 10-4 em or less. 
On closure at voltages that give air breakdown, the erosion of silver is 
predominantly from the cathode whether the surfaces are active or 
inactive, because the minimum distance for air breakdown (15 X 10-4 

cm) is much above the critical distance for silver. 
On breaking active silver contacts in an inductive circuit, erosion is 

chiefly from the anode unless the arc lasts long enough for the electrode 
separation to exceed the critical distance of 3 or 4 X 10-4 cm. During 
the time an arc persists at distances greater than this, the loss is pre­
dominantly from the cathode. For velocities typical of a U-type relay, 
the critical distance may be reached in 10 or 20 microseconds, and equal 
erosion may be attained in a time of the order of 40 microseconds. If 
the partial pressure of activating vapor is very high and the surfaces 
unusually heavily carbonized, much of the eroded metal will be lost. 
Under more usual conditions of lower vapor pressures, most of the eroded 
metal is transferred to the opposite electrode. Thus there may be a criti­
cal arc duration for which the erosion of each silver electrode is nearly 

* Similar tests were carried out upon polished gold surfaces upon which sparse 
layers of carbon particles had been dusted. For particles of maximum diameter 
2.5 X 10-4 cm all arcs were found by microscopic examination of the electrodes 
to be anode arcs, and for particles in the range of diameters from 4 to 5 X 10-4 

cm all arcs were found to be of the cathode type. These results are identical with 
those found for silver. 
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zero, and for an arc lasting longer than this time, there may be cathode 
loss and actual net gain by the anode. No such balancing effect is possible 
for palladium. 

2.4(c) Anode Arcs and Cathode Arcs. The model of an active cathode 
arc to which we have been led seems fairly clear and rather well estab­
lished, but the model of an active anode arc is more poorly defined. From 
electron micrographs of the damage done to the cathode by an arc of 
the cathode type (Reference 4, Fig. 3), it is known that an arc of this 
type is intermittent, striking over and over again. In an active arc of the 
cathode type, a carbon particle on the cathode is blown up each time 
the arc strikes, but always there is metal vaporized from the cathode at 
the site of the particle and the amount of vaporized cathode metal is 
greater than the amount of vaporized carbon, so that the arc is an arc 
in metal vapor. 

We know less of an active anode arc, and it may well be that some 
experiments described above seem to imply a model which is not con­
sistent with other observations. The facts that we know are, that at a 
lightly carbonized silver surface an arc strikes at an electrode separation 
much greater than the separation at which it would strike if there were 
no surface carbon, that the resulting arc produces loss of metal pre­
dominantly from the anode, and finally that the minimum arc current 
is very low. The arc is a true anode arc by our implied definition of such 
an arc, yet it is certainly an active arc. When the arc current is high, a 
crater is being produced on the anode as in the case of an inactive anode 
arc, and also in the case of an active anode arc at a surface on which a 
few carbon particles of diameters not greater than 2.5 X 10-4 cm have 
been dusted. When the current becomes too low, or is too long sustained, 
one presumes that the arc is extinguished as in the case of inactive anode 
arcs,14 It may then restrike at another carbon particle. One speculates 
that an anode arc is intermittent when the arc current is very low, being 
initiated over and over again as are cathode arcs throughout their lives. 
A carbon particle is exploded repeatedly on the cathode. Yet, because 
the separation is less than the critical distance, at each re-ignition of 
the arc, metal vapor is derived from the anode rather than from the 
cathode, and possibly the over-all anode erosion results in a single anode 
pit produced when the current was sufficiently high, plus an array of 
very small anode pits formed while the current was small and intermit­
tent. This model must be regarded as a plausible speculation without 
support in direct observation. The existence of the active anode arc is 
well established although the course of such an arc is speculative. 

Some insight into the reason for the existence of a critical electrode 
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separation, determining whether an arc is of the anode type or of the 
cathode type, can be obtained from a simplified picture of the evapora­
tion of metal in an arc. One assumes a field emission arc just being estab­
lished between a cathode point and the anode surface, the initial ions 
being supplied by oxygen and nitrogen of the air with as yet no metal 
vaporization. The electrons from the point are assumed to travel in 
straight lines to the anode and cover uniformly an area 7r(L tan 0)2 where 
L is the electrode separation. If i is the total electron current and v the 
arc voltage, the power density on the anode is iv/Tr(L tan 0)2, decreasing 
with increasing separation. A lower limit for the power put into the 
cathode point is (p/d)i2 where d is the diameter of the point and p the 
resistivity of the cathode metal. Whether the anode begins to vaporize 
before the cathode, or vice versa, is determined in some way by the ratio 
of these quantities BL2p/ d, where parameters unimportant for the present 
discussion are grouped together in B. For L2p/d greater than some critical 
value, we shall have cathode evaporation and an ensuing cathode arc, 
but for L2p/ d less than this value, the anode will begin to evaporate first 
with a resulting anode arc. 

The resistivity that probably counts is the resistivity at the melting 
point. At the temperature of melting, the resistivity of palladium is nine 
times greater than that of silver. Thus one can expect from this simple 
model that the critical distance which determines whether an arc is of 
the cathode or anode type will be three times greater for silver than for 
palladium. If a silver point is less sharp than a palladium point, d greater 
for silver than for palladium, as it may be because of the well known 
property of silver atoms to migrate at room temperature, the factor wlll 
be greater than this value. of three. Now we have the experimental esti­
mate of 0.5 X 10-4 cm for the critical distance for palladium. This simple 
theory predicts that the critical distance for silver shall be greater than 
this by a factor of three, or perhaps more. The experimental critical 
distance for silver is between 2.5 and 5 X 10-4 cm. 

Quantitative measures of the erosion of contacts of palladium and of 
silver, which were given in Section 1.4, are collected in Table II for ready 
reference. 

From additional experiments, not reported in Section 1.4, it is known 
that these values of transfer apply approximately for potentials both 
above and below the minimum breakdown potential for air. Not all 
types of arcs occur, however, for both palladium and silver at potentials 
above and below the minimum breakdown potential. At potentials that 
give air breakdown, all arcs on closure are of the cathode type for both 
metals whether active or inactive. At potentials that do not give air 



792 THE BELL SYSTEM TECHNICAL JOURNAL, MAY 1957 

TABLE II - Loss OR GAIN OF METAL FROM ARCING FOR 

PALLADIUM OR SILVER 

(in units of 10-l4 cc per erg) 

Cathode Anode 

Inactive Arcs 
Anode Type ............ 4 gain 4 loss mound and pit 
Cathode Type .......... 1 loss 1 gain mound and pit 

Active Arcs 
Anode Type ............ (loss) 10 loss* smooth erosion 
Cathode Type .......... 4 10sst (loss) smooth erosion 

* This high figure refers to arcs on closure at very heavily carbonized surfaces; 
for lightly carbonized silver surfaces the anode loss is less and most of the metal 
is transferred to the cathode. 

t This figure refers to arcs at closure of palladium surfaces. The rate of cathode 
loss at break of palladium surfaces is significantly less, as pointed out in Section 
1.4 (a) ; and in cathode arcs at active silver surfaces the rate of loss is still less. 

TABLE III - OCCURRENCE OF DIFFERENT TYPES OF ARCS 

Inactive Arcs 
Anode Type .............. . 
Cathode Type. '" ........ . 

Active Arcs 
Anode Type ............... . 
Cathode Type .. " ........ . 

Below Air Breakdown 

Palladium, Silver 
Palladium Only 

Silver Only 
Palladium, Silver 

Air Breakdown 

No* 
Palladium, Silver 

No* 
Palladium, Silver 

* This applies to arcs at closure. Between separating electrodes, air break­
down often occurs when the electrodes are too close together for air break­
down over the shortest path. Under such conditions, arcs between silver surfaces, 
which are initiated by air breakdown, can become anode arcs, and the transfer 
resulting from such arcs gives dominant anode erosion. 

breakdown, all inactive arcs at silver surfaces are of the anode type, and 
active arcs of the anode type occur for silver only. These facts are tabu­
lated for reference in Table III. All of them are at once predictable from 
the values of the critical distances for palladium and silver, and from 
knowledge of the way in which breakdown distance is changed by activa­
tion. * 

* The difference between the transfer behavior of palladium and silver elec­
trodes in the active condition suggested to R. H. Gumley that the damaging ef­
fects of activation can be greatly reduced by constructing a relay with negative 
contacts of silver and positive contacts of palladium. He tried out this idea and 
found it to be effective. In the absence of activating vapor, a relay in which the 
negative contacts are silver and the positive contacts palladium has no merit 
over a relay in which all contacts are palladium, but when vapor is present, the 
erosion can, under some circumstances, be much reduced by replacing the nega­
tive palladium contacts by silver contacts. 
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The sort of erosion produced by the different types of arcs is shown 
in the somewhat conventionalized sketches of Fig. 8. These sketches 
represent cross-sections of the square mating areas (about 1.3 mm on a 
side) of heavy type U relay palladium contacts. The contact contours 
are drawn to scale after the metal transfer resulting from repeated arcs 
with a total energy of 108 ergs, using the values of Table II to convert 
this energy into volumes of metal. The mounds and pits produced by 
inactive anode arcs and by inactive cathode arcs are assumed to be 
spherical segments, each having a height equal to half its radius. The 
smooth erosion resulting from active arcs would have depths which do 
not show up at all on the scale of this figure. For each electrode in each 
of the four cases, the erosion is less than 2 per cent of the total volume 
of the metal of the contact, and represents a fairly early stage in the ex­
pected contact life. The electrode separations at which arcs occur corre­
spond respectively to fields of 8 X 106, 4 X 106 and 0.5 X 106 volts/ cm. 
The striking voltage is assumed to be 50 and the separations are drawn 
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E 

Fig. 8 - Erosion produced by anode arcs at clean surfaces, by inactive cathode 
arcs and by active arcs of either type, the total energy in each case being lOB 
ergs. The electrode separations at which these arcs strike correspond to 50 volts 
and are represented here on a greatly expanded scale. 
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to a scale 200 times greater than the scale of the electrodes. For poten­
tials that give air breakdown, the scale of separation would be changed 
by large factors. 

The sketches of Fig. 8 are of assistance in understanding some of the 
qualitative erosion differences observed in the four types of arcs (Ta­
ble II). All of the metal lost from one of the electrodes in an inactive arc 
of either type comes from the surface of a pit, and from the figure it 
seems clear that all of it must obviously be intercepted by the other 
electrode because there is no way for it to escape. This is true even for 
the case of air breakdown where the electrode separation is much greater 
('"'-' 15 X 10-4 cm). But for active arcs some of the metal coming from 
each electrode is permanently lost and not transferred to the other side, 
even though the separation is much less than it is for the case of air 
breakdown. The permanent loss of metal in the case of active arcs is 
due to the presence of carbon. When there is carbon on the surfaces, the 
metal simply does not stick. Chemical analyses have been made of the 
black powder produced by active cathode arcs at palladium surfaces, 
and these analyses show palladium metal as well as carbon. The pal­
ladium metal lost from the electrodes turns up in this black powder 
rather than at new locations on the electrodes. 

At palladium surfaces, the net loss amounts to most of the eroded 
metal, but at silver surfaces, most of the metal is transferred. This differ­
ence is related to the amount of carbon left on the surfaces. Carbon is 
found much more abundantly on palladium than on silver, which ac­
counts for the failure of eroded metal to stick to palladium. The greater 
net carbon production on palladium is due to the low efficiency of cathode 
arcs (at active palladium surfaces) in burning carbon; the anode arcs, 
which occur in general at active silver surfaces, are more effective in 
burning off carbon. It is to be presumed that the amount of organic 
vapor decomposed per unit of energy at a silver surface is not so very 
much less than that decomposed at a palladium surface, even though 
the net carbon left on the surface is tremendously less in the case of silver. 

3. RECAPITULATION 

We are ready now to state briefly some of the conclusions about active 
arcs which have been developed ab'ove. All of the observations refer to 
contacts of palladium or of silver. Less extensive tests upon platinum 
and upon gold have indicated that platinum behaves the same as pal­
ladium, and gold the same as silver. 

An active arc is an arc that strikes between one electrode and car-
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bonaceous material lying upon the other. If one calculates striking field 
by dividing the potential by the separation between the metal electrodes, 
a very low value is obtained, but this is the field at which electrostatic 
forces cause movement of carbon particles to decrease the separation; 
the true field at which the arc finally strikes between carbonaceous mate­
rial and the opposing electrode is not significantly lower than the striking 
field for arcs at clean surfaces. Some or all of the local carbonaceous 
material is burned up by the arc, and metal vaporized from one of the 
electrodes is soon fed into the arc so that for most of its life the ions of 
the arc are metal ions supplied by atoms from one or the other of the 
electrodes. This is true for even the most heavily carbonized electrodes. 

There is a critical electrode separation, characteristic of the metal of 
the electrodes, which determines whether the arc is an anode type of 
arc with metal supplied by the anode or an arc of the cathode type with 
metal supplied by the cathode. If the separation is greater than this 
critical value the arc is a cathode arc, and less than this value an anode 
arc. This critical distance is about 0.5 X 10-4 cm for palladium electrodes 
and of the order of 3 or 4 X 10-4 cm for electrodes of silver. The ratio 
of these distances is somewhat greater than the ratio of the square roots 
of the electrical conductivities of the metals at their melting points. The 
critical distance for palladium is so small that all arcs at active palladium 
surfaces are cathode arcs. For silver, on the other hand, the critical dis­
tance is so large that most arcs at low voltages at silver surfaces are 
anode arcs. In any practical application of silver electrodes, the car­
bonaceous material formed is rarely or never in a sufficiently thick layer 
to result in cathode arcs for closure at low voltages. In the case of sepa­
rating silver electrodes, an active arc may last until the electrode separa­
tion is beyond the critical distance for silver; the erosion occurring after 
this distance is reached is predominantly from the cathode, and the 
larger net loss may, on occasion, be from the cathode. 

The erosion resulting from repeated arcing at active surfaces is differ­
ent in character from that produced by inactive arcs. Inactive arcs give 
rise to a crater on one electrode and a matching mound on the other, 
with most of the metal from the crater transferred to the mound. Active 
arcs, on the other hand, produce smooth erosion without craters and 
mounds, often with considerable net loss of metal which appears mixed 
with carbon as a black powder. This smooth erosion is accounted for by 
the striking of each new arc on carbon formed by preceding arcs, to­
gether with the burning off of carbon at the center of each arc and the 
formation of new carbon around its periphery. 
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PART II - ACTIVATING CARBON 

4. COMPOSITION OF ACTIVATING POWDER AND RATE OF PRODUCTION 

Experiments have been carried out designed to discover the chemical 
composition of the carbonaceous material responsible for activation, 
how much is made per unit of energy in an arc, and where it is made. 
N ow it has been pointed out above that the reason for the uniform erosion 
in an active arc is the burning off of this black powder by arcs and the 
consequent continual wandering of successive arcs always to neighboring 
spots from which the powder has not been burned. This burning off of 
black powder makes quantitative measurements in air of its rate of 
formation quite impractical. Activation in vacuum avoids the destruc­
tion by burning, and makes possible direct measures of rate of forma­
tion; in these tests, the chemical composition of the powder can be found 
also. All of the quantitative studies of activation in vacuum were made 
by P. Kisliuk, but the results have not been previously published. 

In llisliuk's experiments two electrodes, which were of platinum, were 
mounted in a glass chamber so they could be operated by the magnetic 
field of a coil placed outside the chamber, in the manner of a dry reed 
switch. The electric circuit was arranged to discharge on each closure a 
capacitor charged to a fixed voltage, with no current flowing in the cir­
cuit as the platinum contacts are separated. Air was pumped out and 
the contacts operated in benzene vapor at a constant rate, discharging 
the capacitor a convenient number of times per minute. Every experi­
ment consisted of measuring the pressure in the system, from which 
was deduced the rate of disappearance of benzene and the rate of evolu­
tion of hydrogen resulting from its decomposition, hydrogen being dis­
tinguished from benzene by freezing out the latter in liquid nitrogen. 
The pressures were measured by an RCA thermocouple gauge (1946) 
which was shown in control tests not to produce benzene decomposition. 
The benzene, which had been distilled repeatedly to remove water vapor, 
was used at initial pressures not to exceed 10-2 mm Hg determined by 
a dry ice-acetone bath. The experimental arrangement is shown in 
Fig. 9. 

4.1 Composition 

In the first experiments with this system it was found, as had been 
expected, that with continued operation of the contacts in benzene vapor, 
the pressure rose steadily, although benzene continued to disappear. 
The pressure changes corresponded to the evolution of 3.2 ± 0.6 mole­
cules of H2 for each vanishing molecule of benzene, agreeing well with 
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the theoretical value of 3 for complete decomposition of benzene into 
carbon and hydrogen. The conclusion from this experiment is that the 
organic material in the black activating powder is just carbon. The pre­
cision allows one to say that, if there is any hydrogen at all left in the 
black powder, it does not exceed 2 hydrogen atoms for every 15 carbon 
atoms. 

4.2 Rate of Production 

In experiments in which the energy in individual arcs was varied, by 
using different capacitors in the range from 610 p,p,f to 40,000 p,p,f and 
by using the two potentials 58 volts and 232 volts, it was found that a 
particular arc energy gives the same carbon formation per erg whether 
the striking voltage is 232 or 58, from which one deduces that formation 
of carbon depends upon energy rather than upon capacitance or voltage 
separately. The amount of carbon formed per individual arc increases 
with the energy of the arc but not so fast as linearly. The experimental 
values lVI of amount of carbon formed can be related to arc energy E by 
the empirical formula M = KE2/3, over the range studied from 5 ergs to 
1,250 ergs. A tentative explanation of this i power relation is given in 
the next section. 

Starting with clean electrodes and measuring the total amount of 
carbon formed as a function of number of arcs, it was found that the 
rate of production of carbon is initially low but increases with time, soon 

TO 
P~S.--__ -, 

RCA 1946 
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GAUGE 

, , , 
"'VOLUME 115 CC 

COLD TRAP FOR 
FREEZI NG BENZENE 
DURING MEASUREMENT 
OF Hz PRESSURE. 

Fig. 9 - Diagram of apparatus used by P. Kisliuk in quantitative measure­
ments of the decomposition of benzene vapor at arcing contacts. 
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becoming constant. One such set of measurements is plotted as Fig. 10. 
In this experiment the striking voltage was 232 and the energy in each 
arc 1,250 ergs. The final slope of the curve of Fig. 10 corresponds to the 
production of 4.5 X 10-11 gm of carbon per arc - 3.5 X 10-14 gm/ ergt 

1.8 X 109 atoms/erg - which is 0.04 carbon atom for every electron 
flowing in the arc, or the decomposition of 3.7 X 1011 benzene molecules 
per arc, 3 X 108 molecules per erg, or 70 X 10-4 molecule per electron. 
The lower slope, before the break in the curve, represents the decompo­
sition of 1.1 X 1011 molecules of benzene per arc, or the production of 
5 X 108 carbon atoms per erg. 

From continuous oscilloscopic observations it was found that the 
contacts were inactive up to the point where the slope of the curve in­
creased. Here they were slightly active, and beyond this point they were 
fully active, exhibiting the usual apparent low striking field and low 
minimum arc current. The amount of carbon required to make the con­
tacts fully active was about 5 X 10-8 gm (2.5 X 1015 atoms) which, if it 
were in a single spherical speck, would have a diameter of 3.5 X 10-3 

cm. Such a speck can be seen quite easily with the naked eye, although 
an actual deposit of this volume probably could not be seen without a 
microscope because of its dispersed state. 

5. SURFACE ADSORPTION 

5.1 Benzene Molecules on Contact Surfaces 

In an early experiment, the rate of formation of carbon (from meas­
ured rate of evolution of H 2) had been found to be independent of ben­
zene pressure down to the lowest pressure tested, which was of the order 
of 10-3 mm Hg. For this reason it was unnecessary to mention absolute 
pressures in describing the above tests. This lack of dependence on pres­
sure suggests strongly that benzene had been adsorbed on the electrode 
surfaces and decomposed there, rather than in the space between the 
electrodes, and that the lowest pressure tested was sufficiently high to 
keep the surfaces completely covered. This tentative conclusion is con­
firmed by other considerations given below. 

At the pressure of 10-2 mm Hg and an electrode separation of 10-4 

cm, one calculates that only one electron in 3 X 104 can collide with a 
benzene molecule in the space between the electrodes in the experiment 
of Fig. 10. The discrepancy between the measured decomposition (70 X 
10-4 benzene molecule per electron) and the possible frequency of col­
lision (0.3 X 10-4) is proof that most of the carbon responsible for activa­
tion comes from benzene adsorbed on electrode surfaces rather than 
from molecules in the space between them. 
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One gets some insight into the adsorbed films responsible for activa­
tion from estimates of the cross-section of an arc and of the amount of 
benzene adsorbed in a monolayer over an area of this size. A reasonable 
estimate of the number of molecules in a monolayer of benzene is 7 X 
1014 cm-2 (Ref. 16), or 14 X 1014 cm-2 taking into account the two 
electrodes. Estimates of cross-sectional size have been published for 
anode arcs, but for cathode arcs the areas are quite different. Since all 
of the arcs after a surface has become active are certainly cathode arcs, 
our first concern is with the cross-sectional areas of cathode arcs. It has 
been observed that the over-all area of the cathode markings made by 
inactive cathode arcs increases somewhat less rapidly than linearly with 
total arc energy, and seems to be independent of arc current and arc 
duration except as they influence the total energy. In one series of ex­
periments, the areas observed (Ref. 10) for low energy arcs corresponded 
to somewhat less than 107 ergs/cm2, and to somewhat more than this 
value for high energy arcs. Assuming for an average value 107 ergs/cm2, 

we obtain 1.2 X 10-4 cm2 for the area of the arcs of the curve of Fig. 10. * 
This area should have adsorbed on it 1.7 X 1011 benzene molecules. The 
observed rate of decomposition is 3.0 X 108 benzene molecules per erg 
or 3.7 X 1011 molecules per arc. Looking at photographs such as those 
of Fig. 7, one does not feel at all confident that all of the surface in the 
over-all area of the arc ever became hot enough to decompose benzene. 
If all of it did become hot enough, the surface must, on the average, have 
been covered by 2 layers of molecules, and if all of the surface did not 
become sufficiently hot, by more than two layers. For lower energy arcs, 
when the number of benzene molecules decomposed per erg is appreci­
ably greater, it is natural to assume that the surface must, on the aver­
age, be covered by a still deeper layer of benzene. At least part of the 
difference between the estimated thicknesses of the layers of benzene 
molecules for high energy arcs and for low energy arcs can, however, 
be attributed to the fact that the energy per square centimeter increases 
with increasing energy, 107 ergs/cm2 being only an average value. The 
data indicate only that the adsorbed benzene layer is several (greater 
than 2) molecules thick. 

The observed e,xpression M = I{E2/3 of the above section, relating 
amount of carbon formed M to total arc energy E, can be accounted for 
if, in the particular experiment in which this relation was found, the 
over-all arc area increased with the i power of the energy. In various tests 

* One should note that the energy density measurements were made upon clean 
surface or inactive cathode arcs, but are being applied here to active cathode arcs. 
Some justification for this is afforded by the fact that the active 50 erg cathode 
arc of Fig. 7(b) had an over-all area of about 3 X 10-6 cm2 giving for the energy 
density 1.5 X 107 ergs/cm2 • 
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it has been noted that area increases less rapidly than linearly with 
·energy, but it is certain that no universal rule applies in all cases; for 
·example, by restricting the total electrode area, the over-all arc area can 
be forced to be constant independent of energy.lO One can conclude only 
that all of the facts are accounted for by a benzene layer several mole­
cules thick on the electrode surfaces with decomposition by each arc of 
all of the benzene within its over-all area. 

We are now in a position to consider the much lower rate of decompo­
sition of benzene during the initial period before the electrodes became 
active. In Fig. 10, this lower initial rate is 1.1 X 1011 molecules per arc. 
This is somewhat less than the number of molecules calculated to lie in 
a monolayer on the surface covered by an arc. The area used in this cal­
culation was that of a cathode arc, but it is well known that before con­
tacts become active a large proportion of the arcs are anode arcs which 
have smaller areas (Reference 9, page 1088). The estimated area may, 
however, be about correct because in the case of an anode arc, carbon 
is decomposed by heat over an area larger than that of the arc itself. 

Within the precision of the estimates we are able to make, it can be 
said that for inactive contacts operating in benzene vapor each arc de­
composes a single layer of adsorbed molecules of benzene. After the 
contacts become active, the amount decomposed by each arc is greater 
and is the equivalent of several layers of molecules. It was surmised long 
ago that much of the vapor adsorbed on active contacts is held by carbon 
already on the surface rather than by the surface metal. The increased 
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Fig. 10 - Measurements by P. Kisliuk of the amount of carbon formed at arc­
ing platinum contacts, each arc 1,250 ergs. The final slope represents the produc­
tion of 3.5 X 10-14 gm of carbon per erg of arc energy, or one benzene molecule 
decomposed for every 150 electrons flowing in the arc. . 
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TABLE IV - BENZENE DECOMPOSITION IN ACTIVE AND 

INACTIVE ARCS 

Measurements 1250 erg arcs (232 volts) 15 erg arcs (58 volts) 

Carbon required for full activity 1 2.5 X 1015 atoms No data 
Carbon formed in active arcs 2 1.8 X 109 atoms/erg 7 X 109 atoms/erg 
Carbon formed in inactive arcs 3 5 X 108 atoms/erg No data 
Benzene decomposed in active 4 3.0 X 108 molecules/ 13 X 108 molecules/ 

arcs erg erg 
5 70 X 10-4 molecule 300 X 10-4 molecule 

per electron per electron 

Calculations 

Absorbed benzene in a mono- 6 14 X 1014 molecules 14 X 1014 molecules 
layer (Ref. 16) per cm2 per cm2 

Benzene molecules struck in 7 0.3 X 10-4 molecule o . 03 X 10-4 molecule 
space (Compare lines 5 & 7) per electron at 10-2 per electron at 10-3 

mmHg mmHg 
Active Arcs 

Arc area at 107 ergs/cm2 8 1.2 X 10-4 cm2 0.015 X 10-4 cm2 
N umber of molecules in one 9 1 .7 X 1011 molecules 0.02 X 1011 molecules 

monolayer on arc area 
Decomposed per arc (from 10 3.7 X 1011 molecules 0.2 X 1011 molecules 

line 4) of benzene of benzene 
Effective* thickness of adsorbed 11 2.2 molecules 10 molecules 

layer on basis of 107 ergs/cm2 

Inactive A res 
Arc area 12 <1.2 X 10-4 cm2 
N umber of molecules in one 13 <1.7 X 1011 mole-

monolayer on arc area cules 
Decomposed per arc (from 14 1.1 X 1011 molecules No data 

line 3) 
Thickness of adsorbed layer 15 1 molecule No data 

* The benzene is probably adsorbed on spongy carbon of much greater true 
area. 

adsorption for contacts already active is doubtless due to the greater 
surface area resulting from the presence of this carbon. 

Many of the numerical values considered here are collected in Table IV 

for ready reference. These data refer to arcs at platinum surfaces. It is 
our present opinion that the amount of carbon formed at silver surfaces 
in similar experiments would be found to be only slightly smaller per 
unit of energy, although unfortunately no experiments were carried out 
upon silver. 

5.2 Inhibiting Surface Films 

One concludes from the above experiments that activation by benzene 
vapor is the result of firm adsorption of benzene molecules on the elec-
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trode surfaces, with heat producing decomposition into carbon and 
hydrogen rather than evaporation of undamaged molecules. Surface 
films prevent such strong adsorption, and metals with surfaces that are 
normally covered by oxide films cannot be activated. 

In some very recent experiments in extremely high vacuum, P. Kis­
liuk has found 17 that benzene molecules are strongly adsorbed upon a 
tungsten surface that is perfectly clean, but if there is on the surface just 
one single layer of oxygen molecules, benzene molecules are not ad­
sorbed. M. M. Atalla has reported (Reference 5, page 1090), on the 
other hand, that tungsten (and nickel also) can be activated if the pres­
sure of air is as low as 10-3 mm Hg. It seems probable that arcs at op­
erating contacts remove adsorbed oxygen temporarily, and at sufficiently 
low air pressures this may be replaced in part by organic molecules rather 
than by oxygen. 

Even at palladium surfaces, some cleaning by arcs seems to be neces­
sary before benzene molecules can be adsorbed. This conclusion is reached 
in unpublished adsorption experiments carried out by W. S. Boyle upon 
palladium surfaces in -air containing benzene vapor. In this work, two 
optically flat palladium surfaces are separated by an exceedingly small 
distance to make an electrical capacitor. With a very sensitive capaci­
tance bridge, one can detect the change in capacity that would be 
produced by the adsorption on the palladium surfaces of even a small 
fraction of a monolayer of benzene molecules. In experiments carried 
out with this equipment it was found that benzene molecules are not 
adsorbed upon a palladium surface in air at atmospheric pressure. To 
reconcile this conclusion with the well known facts of activation, it seems 
necessary to conclude that even a palladium surface can adsorb benzene 
molecules only after it has been partly cleaned by arcing. 

5.3 Alloys 

When a base metal is mixed with a noble metal, the result can be an 
alloy which is activated less readily by organic vapors than would be 
the noble metal constituent alone. In the curve of Fig. 11 is plotted the 
number of operations required under a particular set of standard condi­
tions to activate a series of alloys of palladium and nickel. In air, nickel 
itself cannot be activated at all. The amount of carbon formed from 
benzene decomposition on the surface of a palladium-nickel alloy is 
always less than the amount which would be formed under the same 
conditions upon pure palladium. One does not know whether benzene 
is held less firmly on the alloy surface so that there is more likelihood 
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Fig. 11 - Resistance to activation of various alloys of nickel and palladium. 

that a heated molecule will evaporate rather than decompose, or whether 
there are just fewer sites on the surface which can take molecules. 

6. ACTIVATION IN AIR 

Electrical contacts are not so readily activated by organic vapors in 
the presence of air as they are when air is absent. Air inhibits the acti­
vating process in at least three different ways, and sometimes in a fourth 
way. These are: 

1. Covering up the metal surface so that activating molecules cannot 
be adsorbed upon it until some of it has been cleaned temporarily by 
arcing. 

2. Offering obstruction in the path of organic molecules on their way 
to an adsorption site on the metal, so that the molecules diffuse slowly 
through air up to the surface, whereas in the absence of air, an adsorbed 
film is formed much more quickly at the same pressure of the organic 
vapor. 
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3. Burning off in each arc some of the carbon formed on the surface 
in preceding arcs. 

4. Sputtering and burning off carbon horn the cathode in a glow dis­
charge, when such a discharge occurs. 

The first of these effects of air has made itself evident in the experi­
ments of Kisliuk, Atalla and Boyle described above. It will not be dis­
cussed further. Observations and experiments have been made upon the 
other three effects of air, and these will be described below. Burning off 
of carbon in an arc is mentioned first because it can be most nearly sepa­
rated from other effects and studied individually. 

G.l Burning of Carbon 

On a surface uniformly covered by organic molecules, carbon must 
be burned off on the area covered by an arc, but new carbon can be 
formed on an annular ring surrounding the arc where the metal tem­
perature is lower. As a consequence of this, whereas in the absence 
of air contacts are activated very much more promptly by high energy 
arcs than by low energy arcs, in air the situation is less simple. The gen­
eral result of many experiments is that in air high energy arcs are less 
efficient in producing activation thanare low energy arcs. On the other 
hand, arcs of extremely low energy are also quite ineffective. There seems 
to be an optimum arc energy at which contacts can be activated most 
promptly, which may be of the order of 100 ergs. Activation can be ex­
pected to be most prompt when the difference between the area of the 
arc and the area of the annular ring around the arc is a maximum. 

The outer edge of this annular ring is. the position on the metal surface 
at which the maximum temperature just reaches the decomposition 
temperature of adsorbed organic molecules, about 600°C for the case of 
benzene. If the width of the ring is ~ and its inner radius R, each arc can 
be assumed to burn carbon from an area 7rR2, and to form new carbon 
on an area 7r[(R + ~)2 - R2]. Now ~ certainly increases with increasing 
energy (being zero for zero energy), but on the simplifying assumption 
that it is independent of energy, the difference area, which is 

(1) 

will be a maximum for that energy that makes R equal to ~. It is in­
teresting to find the value R = Rl for a 100 erg arc, which is known to 
be very efficient in producing activation, and then to estimate the max­
imum temperature reached at the outer edge of the annular ring for ~ = 
Rl . The simple model predicts that this maximum temperature should 
be 600°C. When the calculation is carried out in rough fashion, the 
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temperature is found to be of the order of 300°C, rather than GOO°C. 
The correct order of magnitude gives support to the general ideas behind 
the theory. 

According to this very simple model, activation takes place most 
promptly for arcs of 100 ergs energy, and for such arcs the net carbon 
formed per arc corresponds to the benzene molecules adsorbed on the 
area 27rR12, which is obtained from Eq. (1) by setting R = Ll = Rl . 
In vacuum at the same energy, the carbon formed per arc would come 
from benzene on the area 47rR12. Thus for 100 erg arcs activation will 
occur almost as quickly in air as in vacuum, but for arcs of greater energy, 
much more slowly than in vacuum. Qualitative observation has con­
firmed this general conclusion. 

That this picture is, however, over simplified in a fundamental man­
ner is clear from the effect of electrode contours upon ease of activation. 
For flat electrodes, activation is very much more prompt when the sur­
faces make good contact over a large area than when misalignment re­
sults in contact on a rather small area. Furthermore, flat contacts can 
often be activated very promptly under conditions for which crossed 
wires cannot be activated at all. (Reference 8, page 335). In a qualitative 
way this is understood, but the inhibiting effect of restricted areas is not 
amenable to quantitative consideration. This effect makes quite clear 
that the model of an annular ring about an arc is too idealized to be of 
much quantitative value. 

One might expect that the burning off of carbon would be greatly 
influenced by atmospheric conditions, and thus the ease of activation 
would depend upon such conditions. This is indeed found to be the case 
in experiments in which the air contains water as well as the activating 
vapor. In unpublished experiments F. E. Haworth determined the num­
ber of operations required to activate contacts under a particular set of 
standard conditions for a wide range of relative humidity. In the range 
from 10 to 88 per cent relative humidity, the number of operations to 
make contacts fully active increased exponentially from 1.4 X 103 to. 
1.0 X 106, and at relative humidities of 95, 98 and 100 per cent, activa­
tion was not attained at all. Furthermore the process of activation could 
be reversed by water vapor, and contacts that had been made fully active 
in dry air containing an organic vapor were made completely inactive 
by continued operation in the same vapor after the addition of water. 
The effect of water in these experiments may have been due to covering 
the surfaces so thoroughly with water molecules that the activating 
vapor could not be adsorbed, or to burning carbon by the water gas reac­
tion, C + H20 ~ CO + H2 • The exponential relationship between num-
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bel' of operations required to make contacts active and relative humidity 
has no clear iuterpretation in our present state of knowledge. 

G.2 Dil/us'ion oJ Activating Vapor 

In Kisliuk's vacuum experiments the amount of carbon formed and 
the degree of activation attained was independent of benzene vapor 
pressure. This is not at all the case when activation is produced by op­
erating contacts in air. In fact, one of the earliest observations was a 
minimum vapor pressure below which contacts could not be activated 
(Reference 2, Table I). In more careful later tests it was found that the 
minimum vapor pressure is a function of rate of operation of the con­
tacts, the minimum pressure being actually proportional to the rate of 
operation over a factor of 100 which was the range tested (Reference 8, 
Fig. 2). Obstruction offered by air supplies the explanation of this rate 
effect. Activation cannot occur if electrodes are separated between one 
arc and the next for a time which is short in comparison with the time 
required to cover the surface with one monolayer of organic molecules. 
A rough order of magnitude calculation confirms this conclusion. 

As an approximation, one assumes one dimensional diffusion to an 
electrode surface from the space in front of it, with all molecules reaching 
the surface sticking to it. Boundary conditions for the solution of the 
diffusion equation, aC / at = Da2C / ax2, are then: 

C = Co at t = 0 for x > 0 

C = 0 at x = 0 for all values of t 

The concentration of activating molecules in the space in front of the 
electrode is then C = Co erf [x/2 (Dt)1/2]. The total number of molecules 
to have reached the surface at any time It is, 

m = itl D ac} dt = 2Co(D/7r)1/2t1
1/2 

o ax x=o 

expressed in molecules/cm2
, when Co is given in molecules/cm3

• We 
are interested in the value of t1 for which m is the number of molecules 
in a monolayer, and the maximum rate of operation of contacts for ac­
tivation to occur can be expected to be comparable with 

n = !tl = 2C02 D/7rm2 = 8.1 X 10Z2 D(p/m)2, (2) 

where p is the partial pressure of activating vapor in mm Hg. The factor 
! in n = !tl appears because diffusion to the surface can occur only when 
the electrodes are separated, and it is assumed that they are separated 
for half of the time. 

The best data we have for testing this relation are represented by ex-



ACTIVATION OF ELECTRICAL CONTACTS BY ORGANIC VAPORS 807 

periments upon activation in vapor of the organic compound fluorene.8 

According to the observations, the critical rate of operation was found 
to be proportional to the partial pressure of fluorene rather than to its 
square as in (2). This is a discrepancy which must be overlooked in our 
present state of knowledge. To test (2) for fluorene at 20°C, we require 
values of D, the diffusion coefficient of fluorene in air, p, the partial 
pressure of fluorene at 20°C, and m, the number of adsorbed fluorene 
molecules per cm2 of surface. The value of D = 0.067 cm2/sec. was ob­
tained from a linear relation between l/D and (molecular weight) 1/2, 

which holds quite well for a number of organic compounds. The value 
p = 0.04 mm Hg is the geometrical mean between 0.23 and 0.007 mm Hg, 
respectively the vapor pressures of napthalene and anthracene at 20°C. 
We have estimated m = 3.3 X 1014 molecules/cm2, which is related to 
the corresponding number for benzene, 7 X 1014 in the inverse ratio 
of the molecular weights.I6 These numerical values give from (2) 

n = 0.75 operation/second 

as the critical rate that will just permit one monolayer in the time the 
contacts are separated. The observed critical rate for activation at 20°C 
from Fig. 2 of Reference 8 is 3. The agreement is pretty good when the 
crudeness of the model is considered. 

0.3 Sputtering and Burning in a Glow Discharge 

If both arcs and glow discharges occur when electrical contacts are 
operated in an atmosphere containing an activating organic vapor, the 
activation of the contacts resulting from the arcs is inhibited by the 
occurrence of the glow discharges. * This effect is sometimes very bene­
ficial in extending the life of telephone relay contacts. In fact a very 
simple protective network, consisting only of an inductance of the order 
of 10-4 henry placed very close to one of the contacts, has been devised 
which, under some conditions, will increase the contact life by a factor 
of about 10. 

Quantitative measurements have been made of this inhibiting action 
of a glow discharge, and from them it has been concluded that the effect 
is attributable to sputtering and burning of carbon in the discharge. In 
making these measurements, a pair of contacts was operated in an at­
mosphere containing limonene vapor in such a way that arcs and glow 
discharges occurred alternately in controlled fashion. A charged capaci­
tor was discharged in an arc at each closure. By the use of an auxiliary 
synchronized relay in series with one of the contacts, the circuit was 

* It should be pointed out incidentally that a glow discharge in air can also 
activate silver electrodes. It produces silver nitrite on their surfaces,18 and silver 
electrodes with a layer of nitrite are fully active until the layer is burned off. 
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changed periodically so that a glow discharge could be made to occur at 
each contact break, or at every 6th, 60th, or GOOth break. The glow cur­
rent was always 0.04 ampere lasting for a time that could be accurately 
set by means of a synchronized shunt tube. 

In all of the tests, the energy in each closure arc was 190 ergs. Meas­
urements were made at partial pressures of limonene of 0.05 and 1 mm 
Hg. At the lower pressure it was found that the contacts remained inac­
tive indefinitely whenever the time of glow discharge on break was on 
the average more than 0.25 microsecond for each closure arc, and activa­
tion would ultimately take place if the average glow time per closure 
arc was less than this value. (At the limonene pressure of 1 mm Hg there 
was a corresponding critical glow time of about 1 microsecond). The 
obvious interpretation of these tests is that a glow discharge of 0.04 
ampere lasting for 0.25 microsecond sputters and burns off as much 
carbon as is made by an arc of 190 ergs under the conditions of the ex­
periment. To test this conclusion, one needs to know how much carbon 
is produced by an arc of 190 ergs, and one needs to know the sputtering 
rate of carbon in a normal glow in air at atmospheric pressure. 

Measurements of the sputtering of carbon in a normal glow discharge 
were undertaken by F. E. Haworth, since such data are not available 
in published literature. Carbon and graphite electrodes were weighed 
before and after a normal glow discharge of 0.006 ampere lasting for 
various lengths of time. The loss of the carbon or graphite negative elec­
trode in nitrogen was found to amount to about 0.15 atom per ion of the 
discharge. In air the loss was much greater, four times larger for graphite 
and 15 times larger for carbon (2.3 carbon atoms/ion for carbon in air). 
The increase in air was attributed to burning, and the difference between 
carbon and graphite losses in air was believed to be due to smaller crystal 
size and looser bonding in the carbon case. * 

If we use the highest loss figure of 2.3 carbon atoms/ion we find that 
a glow discharge of 0.04 ampere for 0.25 microsecond should remove 
14 X 1010 carbon atoms. From Table IV, one finds that a 190 erg inactive 
arc in activating benzene vapor produces 9.5 X 1010 carbon atoms in the 
absence of air (line 3), and an active arc produces 34 X 1010 carbon 
atoms (line 2). t The net carbon which is left after each arc in air is, of 
course, considerably less than it would be in the absence of air (Section 
6.1), but the order of magnitude agreement between these numerical 

* The sputtering rate of 0.15 atom/ion for carbon in nitrogen in the normal 
glow is about what is reported by Glintherschulze19 for silver in the abnormal glow 
but is greater by a factor of about 400 than that found for silver in the normal 
glow in experiments by Haworth.l8 Obviously sputtering rates for carhon are 
exceptionally high. 

t It is believed that these figures are substantially the same for limonene and 
for benzene. 
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values leaves little doubt that we have correctly interpreted the In­

hibiting effect of glow discharges upon activation. 

6.4 "Hysteresis" Effects 

Sometimes a pair of completely inactive electrical contacts of a noble 
metal can be activated very quickly, and an apparently identical pair 
of contacts cannot be activated at all under exactly the same experi­
mental conditions. In the first case a great amount of carbon may be 
formed, and in the second case no detectable carbon at all. In order to 
clear up this confusion, some controlled experiments were carried out 
upon the activation and deactivation of silver and palladium electrodes 
in air containing benzene vapor at various partial pressures. From these 
experiments, it has been possible to relate the variability of earlier results 
to previous history of the contacts, and the entire behavior is now quite 
well understood. 

In these tests adjustable benzene vapor pressure was obtained by 
first bubbling air at a controlled rate through benzene maintained at 
constant temperature by a bath of acetone and dry ice, and then mixing 
the saturated air with clean air in the proper proportions. In certain 
tests silver contacts were operated in air flowing from this apparatus, 
discharging a capacitor on each closure. The number of operations re­
quired to produce complete activation was measured for many different 
values of the benzene vapor pressure. With contacts that had been 
cleaned in a standard way before each test, it was found that the number 
of closures required for activation rose extremely rapidly with decreasing 

~ vapor pressure over a narrow range of pressures. There was always a 
lower pressure limit below which it seemed impossible to activate the 
contacts at all. All of the tests were made at the high operating rate of 
60 closures per second. 

When the contacts had been cleaned by abrasion before each indi­
vidual test, the minimum pressure below which activation could not be 
attained was of the order of 2 mm Hg. (This pressure was exceptionally 
high because of the high operating rate, see Section 6.2.) A different re­
sult was found for contacts that had been previously activated and 
then cleaned only by repeated arcing; for these contacts the minimum 
pressure for activation was about 0.7 mm Hg. The factor of 3 between 
these minimum pressures is doubtless related to the fact that, for those 
electrodes which had been cleaned by arcing only, there existed neigh­
boring carbonized areas which were never cleaned. Each such area can 
be expected to hold about three times as much adsorbed benzene on the 
average as does the same area of clean metal, see Section 5.1, and espe­
cially lines 2 and 3 of Table IV. Thus for such surfaces more carbon can 
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be expected to be formed by each arc. The model is not sufficiently well 
defined to permit any more exact conclusions. 

In another experiment, silver electrodes, which had first been com­
pletely activated, were operated for a long period at a greatly reduced 
benzene vapor pressure. It was found that they remained completely 
active unless the pressure was very much less than the minimum of 0.7 
mm Hg at which activation could be produced. In repeated tests at a 
variety of low benzene vapor pressures, the number of operations re­
quired for the contacts to become inactive was recorded. This number 
was found to increase very abruptly with increasing vapor pressure, and 
above about 0.02 mm Hg the contacts remained active indefinitely. 
This result must again be related to the capacity of a mass of spongy 
carbon to hold a great amount of adsorbed benzene. Very probably the 
upper limit of pressure below which contacts cannot be deactivated, 
depends upon the thickness of the carbon layer produced before the 
benzene pressure is lowered. 

Similar but less extensive experimcnts were carricd out with palladium 
electrodes. 

These hysteresis effects observed in the activation and deactivation 
of contacts seem capable of explaining the erratic observations that had 
been made previously. If the immediate history of contacts is sufficiently 
well known, behavior can perhaps be predicted fairly well for various 
experimental conditions. 

7. BROWN DEPOSIT 

Closely related to the activation of relay contacts is the formation of 
polymerized layers of organic material upon contact surfaces as a result 
of friction. This material, which is commonly known as "brown deposit", 
is produced at contacts which do not make or break current. Its mode 
of formation is thus entirely different from that of the carbon which is 
the cause of activation. Both have, however, a common origin in layers 
of organic molecules adsorbed upon surfaces. Discovery of brown deposit 
and most of the investigation of it were carried out elsewhere (Ref. 20), 
but some discussion of brown deposit is appropriate here because of its 
relation to the carbon of activation and because of a study of its forma­
tion by P. Kisliuk. 

7.1 Composition 

The composition of brown deposit was determined by Kisliuk in an 
apparatus similar to that used to investigate the carbonaceous material 
responsible for activation, Fig. 9, and by the same analytical procedure. 
The apparatus was modified so that a palladium or platinum electrode 
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could be rubbed back and forth upon another electrode of the same mate­
rial. The driving force was a magnet outside the glass apparatus. 

In tests carried out in benzene vapor in the absence of air, it was found 
that the deposit formed on the electrodes contained 65 per cent as much 
hydrogen as was in the original benzene, about 2 atoms of hydrogen for 
every 3 carbon atoms, this figure having a possible experimental error of 
as much as 20 per cent. The brown deposit formed by friction thus differs 
significantly from the pure carbon produced by arcing which is responsi­
ble for activation. * The experimentally determined composition of the 
brown deposit does not, of course, distinguish between hydrogen or 
benzene simply adsorbed in the deposit and hydrogen existing in it in 
some combined form. 

7.2 Rate of Production 

In Kisliuk's experiments, which were carried out in the absence of 
air, the rate of production of brown deposit was found to be independent 
of benzene vapor pressure down to 3 X 10-3 mm Hg, which was the 
lowest pressure tested, just as was the case in the formation of carbon 
by arcs. 

When air is present, the rate of formation of brown deposit may de­
pend upon vapor pressure of the organic molecules. Unpublished experi­
ments have indicated, furthermore, that there may be a limiting vapor 
pressure' below which the deposit does not form, with this pressure de­
pendent upon the idle period between operations.20 

In some of Kisliuk's vacuum tests a palladium electrode was rubbed 
back and forth over an area determined microscopically to be about 
4 X 10-3 cm2, and produced the polymerization on each rub of 2.1 X 
1010 molecules of benzene, or 5 X 1012 molecules per cm2 of rub. This is 
smaller than the number of molecules in a monolayer (7 X 1014 per cm2, 

Reference 16) by a factor of 140. Part of the discrepancy is certainly due 
to the fact that the true area of contact of the electrodes is less than the 
apparent area as seen under the microscope. From more careful estimates 
of area it has been found by other observers that the amount of benzene 
that is polymerized by friction is, in general, comparable with that ad­
sorbed as a monolayer on the rubbing surfaces. 

7.3 Brown Deposit and the Carbon of Activation 

Although both brown deposit and the carbon of activation are pro­
duced from the decomposition of adsorbed organic molecules, there are 

* In this connection, it is interesting to point out, however, that any metal 
surface, upon which brown deposit has been produced by friction in an appro­
priate atmosphere, is found to be fully active when tested in a suitable circuit, 
This activity naturally does not last after the brown deposit has been burned off. 
In this characteristic, the brown deposit behaves like any foreign more or less 
insulating layer upon a contact surface. 
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several differences in the conditions necessary for formation. The carbon 
is produced on a noble metal but not on a base metal (in air); brown 
deposit, on the other hand, has been formed on vanadium, molybdenum 
and tantalum, but it has never been produced on silver and only spar­
ingly on gold.20 The failure of electrodes of silver and of gold to form 
brown deposit has been associated with the high thermal conductivities 
of these metals, with the idea in mind that polymerization of organic 
molecules to brown deposit requires frictional heat. Whether this is true 
has not been established. 

Both brown deposit and the carbon of activation can be formed from 
any of a great variety of unsaturated ring compounds. Various unsatu­
rated aliphatic compounds which have been tested, and some saturated 
aliphatic compounds (for example, pentane), can be made to produce 
brown deposit to a limited extent, but activation has never been attained 
with any aliphatic compound. It seems probable that some activating 
carbon is produced from these compounds but the burning off in the 
arc makes activation impossible. 
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