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(a) 

(b) 

Fig. 1 - (a) Switch element. (b) Magnets, spool, and side plates added. (c) 
Coil added. (d) The complete relay. 
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the glass at the upper end. The fixed contacts are made from small 
platinum alloy balls which are welded to the pole-pieces. The armature 
strikes the fixed contacts at a point which is close to a node for one of 
its principal modes of vibration. This limits the bounce on impact to an 
amplitude which does not open the mercury bridge which is formed. 

Mercury in a pool at the bottom of the switch is fed to the contact area 
through grooves rolled in the armature surface. Except for the platinum 
alloy contacts, the surfaces of the pole-pieces inside the switch have an 
oxide coating which prevents them from being wet by the mercury. This 
limits the mercury bridge which is formed between the armature and 
pole-piece to the area of the platinum alloy contact. A ceramic detail is 
inserted between the pole-pieces at the top of the switch. The ceramic is 
specially resistant to wetting by the mercury and thus prevents mercury 
from collecting between the pole-pieces. 

The polarizing magnets are soldered to the pole-piece terminals out­
side the switch. Permalloy plates are soldered to the outer poles of the 
magnets and extend down on the outside of the coil, forming a return 
path to the lower end of the armature. The coupling at the lower end is 
made relatively loose in order to limit magnetic soak effects. The steel 
can provides a magnetic shield. 

STATIC MERCURY CONFIGURATION 

The static configuration of the mercury surfaces in the switch depends 
upon the shape and contact angle to mercury of the solid surfaces with 
which it comes in contact, and the curvature of the free mercury surfaces. 
This curvature depends on the surface tension of the mercury surface 
T and the pressure difference Ap between the inside and outside of the 
mercury at the point under consideration. That is, 

Ap = T (~+ ~), 
Rl R2 

(1) 

where Rl and R2 are principal radii of curvature of the surface (radii 
taken in planes cutting the surface at right angles to each other). 

In this switch the pressure difference is a function of the height of the 
point under consideration above the surface of the reservoir: 

Ap = pgh. 

Substituting the values 

p = 13.6 g/cc for mercury, 
g = 980 cm/sec2

, and 
T = 450 dynes/cm for mercury, 

(2) 
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Fig. 2 - Vertical switch. 
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we obtain 

h = 0.0338 Ul + L) em. (3) 

Fig. 3 shows a cross section of the armature and pole-piece at the 
contact, indicating the configuration of the mercury in the grooves and 
around a closed contact, as determined from equation (3). In the grooves, 
it will be noted, the surface is concave cylindrical, with a radius of 
-0.0163 cm, providing a path from the reservoir at this height with 
nearly the full capacity of the groove. The contact angles to the armatme 

DEPTH OF WEAR MERCURY 
(2.07 CM ABOVE 

RESERVOIR) 

Fig. 3 - Cross-section showing configuration of mercury surface in grooves 
and around closed contact. 

and platinum alloy contact surfaces are all zero, as these show complete 
wetting. The mercury fillet around the contact has positive curvature 
in the plane of the armature (Rl = +0.0178 cm) and negative curvature 
(R2 = -0.0085 cm) in planes through the axis of the contact. 

The depth of wear indicated in Fig. 3 is brought to a stable value by 
an aging process in production. 

DYNAMIC MERCURY CONFIGURATION 

Fig. 4 shows flash photographs of the contacts at various instants 
during operation at 60 cps. It will be noted that, as the armature moves 
away from the fixed contact on the right, Figs. 4(a), (b) and (c), a bridge 
is drawn out which breaks in two places, leaving a free drop which falls 
out, Fig. 4(c). 
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(a) (b) 

(c) (d) 

Fig. 4 - Dynamics of mercury contact. (a) Armature against contact on right. 
Note spherical shape of mercury on left contact. (b) Armature moves to left, 
drawing out mercury bridge, (c) Armature further to left; bridge about to break. 
(d) Armature reaches contact on left. Mercury bridge has broken in two places, 
leaving a tiny ball which later drops away. 
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When the ball falls out as the result of an operation, the loss of mer­
cury results in a small, temporary constriction of the fillets in the grooves 
near the contact that was just opened. That is, the curvature of the 
surfaces of these fillets becomes more negative. As shown by equation 
(1), this produces a local decrease in liquid pressure. Mercury therefore 
flows up the armature from the reservoir to restore the normal static 
balance between surface tension and negative head. This is the fun­
damental behavior of an ordinary wick. The ball drops into the reser­
voir unless it happens to hit the armature on the way down. Thus, for 
repeated operations, there is a continuous circulation of mercury. 

As indicated in Fig. 3, the fixed contact is a ball, with a flat surface 
where contact is made to the armature. In Fig. 4(c), taken directly after 
the breaking of the mercury bridge, the mercury remaining at the fixed 
contact on the right has been thrown back on the contact by surface 
tension forces, laying bare the flat surface. After several flow oscillations 
that are not shown, it comes to rest with the spherical contour shown 
by the contact at the left in Fig. 4(a). That is, being disconnected from 
the reservoir and having a limited wet surface to spread over, it assumes 
a positive head corresponding to a positive spherical radius about equal 
to that of the contact. This provides a mercury "cushion" in the form 
of a segment of a sphere, to which contact is made when the relay 
operates. 

ADJUSTMENT OF SENSITIVITY 

For various combinations of MMF's (magnetomotive forces) in the 
two magnets, various corresponding pairs of sensitivity values exist for 
operation in the two directions. A theoretical analysis of this relationship 
is given in the attached appendix. The adjustment of magnet strengths 
to obtain a specified pair of sensitivity values is made on the completed 
relay, using two electromagnets placed outside the can opposite the 
relay magnets. An automatic circuit is provided for this purpose that, 
makes a complete adjustment in about 15 seconds, the time being de­
pendent upon the precision required and the uniformity of the product 
being adjusted. The procedure used and the basis for it are discussed in 
the Appendix. 

All of the adjustments used are of the type for which the armature 
moves all the way from one contact to the other when an operate current 
is applied. This represents the condition for the minimum differential 
ampere turns obtainable between the two operate values because it 
makes use of armature momentum. 
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Fig. 5 - Minimum differential ampere turns as function of magnetic bias. 

BIAS ADJUSTMENTS 

As bias adjustments are made magnetically, rather than with the 
spring used in some polar designs, the armature flux tends to approach 
the same value at the operating points as it has in a balanced adjust­
ment with the same differential ampere turn value. Such difference as 
does enter with increase of bias is due to differences in ~rmature flux 
distribution between MMF introduced by the coil and that introduced 
by the magnets. 

The effect of bias is illustrated in Fig. 5, which shows the minimum 
differential ampere turn value obtainab1e in a relay as a function of the 
higher operate value. The minimum differential value of 3.6 NI with a 
balanced adjustment is about the same as is obtainable with other polar 
relay designs. For operate values of about 100 ampere turns a "release 
to operate ratio" of about 90 per cent is obtained. 

Larger differential ampere turn values, both with and without bias, 
are of course possible. The amount of bias obtainable in combination 
with larger differentia1s is somewhat reduced because of the greater 
magnet strength required. 

EFFECT OF MAGNETIC SOAK ON SENSITIVITY 

The effect of "soak" on sensitivity is illustrated in Fig. 6. It shows 
the change which takes place when the ampere turns to operate are 
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measured after applying a given ampere turn soak in each of two polari­
ties. 

SPEED OF OPERATION 

Fig. 7 shows typical operate times of the relay for one balanced adjust­
ment and one biased adjustment. The ordinates correspond to time to 
effect closure at the opposite contact after input is applied to the coil. 
The abscissae are shown both in terms of power in the full relay winding 
and the corresponding number of ampere turns. Two circuit conditions 
are indicated, one in which the voltage was applied directly to the full 
winding and the other in which the voltage was applied through a re­
sistance equal to the coil resistance. 

The winding used in this case is one which is specially designed for 
speed rather than sensitivity, being shorter in length, with the working 
gap near the middle. Its time constant (inductance-resistance ratio) is 
about 0.0006 second. 

Fig. 8 shows "release" time measurements, where the relay, with 
various biased adjustments, was operated by opening the circuit. The 
curve is shown plotted against the "operate" setting of the relay. In this 
form it is relatively independent of the differential ampere turn adjust­
ment. 

The time required to open the contact from which the armature moves 
is typically about 0.0002 second longer than the closure time, as the 
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Fig. 7 - Time to close opposite contact after voltage is applied to coil. (A) 
±5 NI adjustment, voltage directly on coil. (B) Same as (A), except with resist­
ance equal to coil in series. (0) Operate +20.4 NI, release +9.9 NI voltage directly 
on coil. (D) Same as (0), except with resistance equal to coil in series. 

mercury bridge does not ordinarily break until after contact is made on 
the opposite side. 

The natural frequency of the free armature, wet with mercury, is 
about 220 cps. The relays have been used at frequencies up to about 350 
cps where the drive conditions were individually selected with respect 
to the phase of impact transients. Fairly well controlled operation with­
out such selection can be obtained up to about 100 cps. 

CONTACTS 

The relay has been designed with telephone, rather than power appli­
cations in mind. The contacts are smaller than those in the previous 
neutral design, and this appears to be associated with less capability 
for closure of very high current circuits. The capacity required across 
the contact to prevent noticeable arcing appears to be about the same 
as that required in the earlier type: 

12 
C = 10 microfarads, 

but in most cases, larger values than this will be needed to hold peak 



BALANCED POLAR MERCURY CONTACT RELAY 1403 

voltages to safe values. A small resistance in series with the condenser 
to limit the closure current is usually necessary. A considerable amount 
of very satisfactory experience has been had with inductive loads of 0.5 
ampere at 50 volts, with 0.5 mf in series with 10 ohms across the con­
tacts. 

The contaot closure shows no chatter for time intervals of 0.1 micro­
second or more. 

LIFE 

Tests of relays with protected contacts indicate that the only change 
is a sensitivity change due to wear. Under conditions producing fairly 
high velocity of contact impact this change is of the order of5 ampere 
turns increase in differential ampere turns for a billion operations, the 
change being roughly proportional to the logarithm of the number of 
operations. 

HORIZONTAL TYPE RELAY 

Most of the apparatus in the telephone plant is mounted on vertical 
panels. The substantially vertical mounting requirement for the relay 
shown in Fig. 1 tends therefore to be uneconomical from the space stand­
point. Fig. 9 shows a modification of the glass enclosed switch which 
avoids this limitation by being designed to operate with its axis hori­
zontal. 

The switch modification consists in adding to the switch a special 
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capillary reservoir which establishes a negative head in the mercury 
equal to that obtained by the height of the contacts above the mercury 
reservoir in the switch shown in Fig. 2. To provide for the return of free 
mercury to the reservoir, a wet strip of metal is placed along the glass 
wall underneath the contacts. 

The capillary reservoir is essentially a bundle of tubes with walls wet 
by the mercury. The amount of mercury in the switch is such that the 
tubes are about half full. The mercury meniscii in these tubes are tangent 
to the walls and therefore have a spherical surface with a radius equal to 
that of the tubes. The proper tube radius (R 1 = R2 = 0.033 em) for 

Fig. 10 - Horizontal relay. 

the desired negative head (h = 2.07 em) is obtained from equation (3). 
As the tubes have a uniform bore, the negative head which they estab­
lish is not critically dependent on the amount of mercury in them. 

The capillary reservojr is made from thin strip, formed and then rolled 
into a cylinder. It surrounds the metal tube and is welded to the base of 
the armature. The drain element is sealed into the glass at one end, and, 
at the other end, is held in contact with the capillary element by the 
surface tension and negative head of the mercury. 

The horizontal switch is an experimental design and has not been put 
into production. It can be assembled in the housing shown in Fig. 1 for 
plug connection to a vertical panel. Fig. 10 shows a preliminary model 
with the new type terminals for wrapped connections.2 It is adapted for 

2 Solderless Wrapped Connections, B.S.T.J., May, 1953. 
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mounting on a vertical panel interchangeably with existing polar types. 
The terminals, which may be up to eight in number, are also brought out 
at the rear for test purposes. 

HIGH -FREQUENCY SWITCHING 

The small size, symmetry, and simplicity of the vertical switch struc­
ture has been found to be particularly well adapted for incorporation 
into coaxial structures for high-frequency switching and it is being used 
for a variety of applications of this kind. 

USES 

Small scale production of the relays has been started for a few special 
uses. Designs for larger scale uses are still in a preliminary stage. In gen­
eral, it is expected that the relay will be well adapted for applications 
where a transfer contact in combination with low inductance, high speed, 
high sensitivity, low contact resistance, freedom from chatter, good high 
frequency switching characteristics, stability, long life, or any combina­
tion of these, is required. 

ApPENDIX 

MAGNET STRENGTH VERSUS SENSITIVITY 

A simplified representation of the magnetic system of a relay of this 
general type is shown in Fig. 11. Here the armature is shown working 
between two magnetic poles Nand S, each of which has an area A. The 
armature position is indicated as a deviation t toward N from the mid 
position, and is limited in its motion by stops at t = ±tl from moving 
through the full magnetic gap range, defined by the positions t = ±t2. 

Ms and M n are MMF's in ampere turns, introduced by the magnets 
on either side, with positive values as indicated by the arrows. Similarly, 
Me represents the MMF introduced by the operating coil. These values 
are not those of the magnets and coil in the actual relay. Instead they 
are assumed to be "Thevenin'" equivalent open circuit values of MMF 
looking away from the working gaps on either side. The gaps are assumed 
to have the simple geometric dimensions of length t2 - e and t2 + t, and 
area A. The reluctances looking away from the working gaps are as­
sumed to be represented by the fixed gaps of area A and length t2 - tl on 
either side. ' 
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The magnetic pull on the armature in a gap of this kind is 

f 27r (0 1 M)2 A (M)2 A 
= 980 . 1 g2 = (124.9) g2 

(1) 

where f is the force in grams g is the gap length and M is the MMF in 
practical ampere turns across the gap. 

In the structure shown, therefore, the net force on the armature from 
the gaps on both sides is 

f A [(M n + Mc)2 (Ms - Mc)2] (2) 
m = (124.9)2 (t2 - t)2 - (t2 + t)2 ' 

where the values of M are expressed in ampere turns. 
If M n = llfs this can be converted to 

(3) 

where fml = 

Fig. 12 shows curves offfm versus -£ for various values of MMe. Only 
ml t2 n 

one quadrant is shown as the system is symmetrical. It provides a con-
venient means for analysis of this type of relay. 
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Fig. 11 - Simplified representation of relay. 
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Fig. 12 - Balanced gap relay chart. 
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Also shown on the figure is a typical spring characteristic 

is Kt 
iml - 7;- (4) 

If the stops t1 and t2 are placed at points of intersection of the spring 
characteristic with the magnetic characteristic for 111 = 0, (in this case 
at tjt2 = 0.48), we have a condition that corresponds to a hypothetical 
relay of infinite sensitivity. That is, the armature can be released from 
contact with either side with an infinitesmal coil input, and, if there are 
no magnetic or mechanical losses in its travel, it will just swing to the 
opposite side without any change in the total energy of the system. Let 
us define the magnet strength for this condition as 11[0 and let us assume 
that M c = 0 for operation in either direction with this magnet strength. 

Assume now that the magnet strengths on each side are increased 
equally to the values 

1¥n1 = 1¥sl = 1¥0 + A. (5) 

For values of tdt2 near 1 this change can be balanced out by a coil input 
of about the same amount, as practically all of the pull on the armature 
would be from the nearer pole. For values of t1/t2 near 0 the effect of a 
coil input will be equal and aiding in both gaps. The coil inputs required 
to just operate from the Nand S poles, defined as 1¥cn1 and Mes1 , re­
spectively for this particular case, will be 

MCB1 = - Mcn1 = pA = p(Mnl - Mo) = P(JI;[sl - M o), (6) 

where p is a value between 1 and 0.5. Values for individual cases can be 
worked out with reference to the curves for various values of Mcl M n in 
Fig. 12. For the case shown, where tdt2 = 0.48, P is about 0.8. 

An adjustment in accordance with (6) is thus a balanced one with a 
spread of 2pA between the two sensitivity values, the amount of spread 
increasing with increase in the strength of the two equal magnets 1¥ nl 
and Msl above the value Mo . 

A general type of adjustment, including all possible combinations of 
the two sensitivity values, can be obtained by adding a suitable value B 
to a balanced pair of sensitivity values in accordance with equation (6). 
These general sensitivity values would then be 

1¥cs = Mcs1 + B, 
A1cn = 1¥cnl + B. 

(7) 

This is the type of change that would be produced by a bias of - B 
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ampere turns in an auxiliary coil. The equivalent of such a bias would 
be obtained by decreasing the strength of the N magnet and increasing 
the strength of the S magnet, each by the value B. The general magnet 
strength values would then be 

Mn = Mnl - B, 
Ms = Msi + B. 

(8) 

Combining equations (5), (6), (7) and (8) to eliminate ilIcsl, M enl , 
M nl , Msi and B, we obtain the general relations' between sensitivity 
and magnet strength as 
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ADJUSTMENT OF SENSITIVITY 

The procedure used to adjust the relay to any desired pair of sensi­
tivity values is as follows: 

1. Magnetize the two magnets fully by a flux directly across them. 
2. With the armature starting from one side, progressively decrease 

the magnetization on that side in small steps until the armature just 
operates to the other side on the final current value desired for this direc­
tion of operation. 

3. 'Vith the armature starting.on the other side, progressively decrease 
the magnetization on that side in small steps until the armature just op­
erates from that side on the final current value desired for this second 
direction of operation. 

4. Repeat 2 and 3 alternately until the relay just operates in both 
directions on the two current values desired. 

Within limitations such as the size of demagnetizing increments used 
per step, this procedure results in an adjustment to the two test values 
used. Let us consider why this result is obtained. 

If we should substitute p = 1 in equations 9 and 10 we would obtain 

l11es = M 8 - M 0 , 

l11cn = M 1 - M n • 

That is, in such a case, the two adjustments would be independent of 
each other and the above process would require only one adjustment of 
each magnet. In the more general case, where the force on the armature 
is affected by both poles, each adjustment on one side results in a greater 
magnet strength at the pole being adjusted than is required for the final 
adjustment, because of the pull from the opposite pole, the amount of 
which is greater than normal because that pole has not been reduced to 
its final magnet strength. Thus the final adjustment is normally reached 
through a number of alternations between the two sides, which progres­
sively approach the final pair of sensitivity values. 

The sequence of sensitivity values obtained in a typical adjustment of 
this kind is shown in Fig. 13. 





Dynamic Measurements on 
Electromagnetic Devices 

By M. A. LOGAN 

(Manuscript received July 6, 1953) 

A sampling switch with adjustable make and fixed break times can be 
used to obtain dynamic measurements of reciprocating phenomena. A test 
set has been developed using this principle to measure the flux-time, current­
time, displacement-time, and velocity-time response of electromagnets and 
similar devices. The tested device is steadily cycled. A dc instrument is 
switched in by. the synchronous control at any preselected instant in the 
cycle, and out when a steady reference condition has been reached. The 
steady reading of the instrument is proportional to the value,. at the closure 
instant, of the variable being measured. The instrument switching is con­
trolled by an electronic timing system. This system operates mercury contact 
relays, which do the actual switching. For the displacement-time and velocity­
time measurements, an optical transducer with associated dc amplifiers is 
added. The design of these devices is described. The results of an investiga­
tion of dynamic flux rise and decay in solid core electromagnets are reported. 
1l10dified first approximation equations are developed to give a better repre­
sentation of eddy current effects. 

INTRODUCTION 

The application of common control methods to telephone switching 
systems has led to the widespread use of high-speed relays. The actua­
tion time of these relays is affected by many parameters such as the 
power supplied, how far the armature has to move, the mechanical work 
the armature has to perform during its motion, the winding design, the 
magnetic structure, and eddy currents introduced in the magnetic mem­
bers caused by the application of current to the winding. The eddy cur­
rents act to oppose a magnetic flux change and hence retard a building 
or decay of flux. This causes the actuation time to be increased compared 
to a relay without such effects. An analytical determination of the de­
velopment and effects of eddy currents can be made for simple sym-

1413 
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metrical magnetic structures having an infinitely long or torus shaped 
round or rectangular cross-section, assuming linear magnetization char­
acteristics. However, for relay-like structures having air gaps, leakage 
flux which only partly completes its circuit through the magnetic mate­
rial, varying cross-section so that boundary conditions become compli­
cated, and non-linear magnetic properties, an analytical approach be­
comes unmanageable. 

For a fundamental study and direct measurement of eddy current 
effects, a test set has been developed to measure the dynamic flux rise and 
decay characteristics of relays, and similar structures. This test set is 
electronically operated on a synchronous switching principle. It displays 
on an ordinary dc instrument, as a steady reading, the instantaneous flux 
obtaining at any selected time after energization or de-energization of 
the magnet. 

The application of the test set is restricted to devices which operate 
under conditions of suddenly applied or removed dc voltage and which 
can be cycled between these two conditions until the dc instrument 
reaches its steady state reading. 

This article will present the theory of the basic synchronous switching 
circuit and the relation applying between the dc instrument reading and 
the instantaneous flux linkages, a description of the electronic control 
circuits, and measurements of dynamic flux rise and decay using solid 
core electromagnets. 

Supplementary additions to the basic circuit are available using the 
same principles, to measure current-time, displacement-time, and ve­
locity-time curves of reciprocating devices. The first fundamental meas­
uring set using the switching principle, was built by E. L. Norton! in 
1938. The earlier set used a synchronous, motor driven, phase adjustable 
commutator, to perform the switching. A limitation of the earlier set in 
how fast it could be operated, combined with brush wear and chatter 
troubles led to the development of the new electronically controlled set 
employing sealed mercury contact relays to perform the switching. 
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Part I - Description of Fluxmeter Syste~ 

BASIC MEASURING CIRCUIT 

A schematic of the basic measuring circuit is shown in Fig. 1. A battery 
switching contact indicated as A, applies and removes voltage to the 
magnetizing winding of the electromagnetic device under test with a 50 
per cent duty cycle. The time of one complete cycle is indicated as T. 
The electromagnetic device is equipped with a search coil of N turns, 
having dc resistance, including wiring, of Rc ohms. A Bcontact, syn­
chronously switched at instants to be described later, connects a dc 
microammeter to the search coil. A damping contact C! connects the 
instrument to a resistance, preset to the same value as the search coil, 
when the instrument is not connected to the latter, thus providing the 
same instrument damping at all times. 

The A timing cycle is shown schematically for one interval T. Next 
below is shown the cycle for the B contact, followed by that for the C 
contact. The B contact always opens and the C contact closes just before 
the A contact closes. The point of closure of the B contact, indicated as 
tl may be adjusted to occur at any time during the cycle T. The cycle 
time T is chosen sufficiently long so that the flux in the electromagnet 
has sufficient time to reach a substantially steady state during both 
the closed and the open intervals. 

The flux rise and decay have the general characteristics shown as the 
cp curve, while below it is the induced voltage in the search coil, exactly 
given by Lenz's Law 

(1) 

The first property of this last curve to observe is that the positive 
and negative areas are exactly equal. Otherwise a dc instrument con­
nected permanently to the search coil would show a dc current flow. The 
second property is that the area of the curve up to some time tl is 
proportional to the instantaneous flux at the time t1• Finally, this un­
shaded area is numerically equal but opposite in sign to the shaded re­
mainder of the area, taking into account the signs of the two components 
of the remainder. The operation of the test set depends upon measuring 
this shaded area. 

Let the flux linking the search coil of N turns at any time be cpo As­
sume that the microammeter has a resistance Rm and inductance Lm. 
The current flowing in the meter mesh while the B contact is closed is 

dcp di . 
N dt + Lm dt + (Rm + Rch = o. (2) 
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The dc instrument will read the average value of current for the cycle. 
As the period of the cycle is T, and tl is the chosen delay for closure of 
the B contact measured from the time of the A closure, the direct cur­
rent indicated by the instrument will be: 

1 fT . 1 fT d . 
10 = T tl 1, dt = (Rm + Rc)T tl dt (Ncp + Lm1,) dt 

_ (Ncp + Lmi)tl - (Ncp + Lmi)T 
(3) 

- (Rm + Rc)T 

N ow the product Lmi at tl when the B contact is closed must be zero. 
Furthermore, if the period T is long in comparison with the time of rise 
and decay of the flux, and with the time constant L/ R of the measuring 
circuit, the product Lmi is also negligible at t = T. We then have: 

RTlo 8 
<Ptl - <PT = -yr X 10 Maxwells, (4) 

where R is now the total resistance of the measuring circuit. The factor 
108 has been added to convert from practical units to c.g.s. units. The 
flux <I>T is the residual flux, so that if this is taken as a reference value, 
the value of the flux at the time of closing the B contact is simply 

RTlo 8 
<I> = ---y::r- X 10 Maxwells. (5) 

It may be objected that the flux in equation (2) is made up not only of 
the flux to be measured but also of a component due to the current in 
the measuring circuit. This is true, and the flux linking the search coil 
changes differently during the time the B contact is closed compared to 
that without the instrument circuit. Note, however, that we are not 
concerned with how the flux varies between the times tl and T but only 
with its value at the limits. Since the flux at tl is that which has been 
established with the search coil circuit open, the one requirement is that 
the constants be such that the current in the measuring circuit ·be sub­
stantially zero just before T. This can be verified through the meas­
urements themselves by noting whether there is any change in measured 
flux in this interval. If there is, then the cycle time T can be increased 
until this requirement is met. 

It will be convenient later to regard the switched meter as a linearized 
circuit composed of an equivalent dc voltage 

E N<I> -8 1 = T X 10 vo ts (6) 

in series with the resistor R, causing a dc current 10 to flow, Fig. 1 (g). 
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MEASUREMENT OF CURRENT 

The instantaneous value of current in a circuit being cycled by the 
A contact is measured by inserting the primary of a toroidal air core 
Gransformer in series with the circuit as shown in Fig. 2. The secondary 
is connected to the meter through the B contact. The best design consists 
of a secondary occupying half the winding volume and wound to the 
same resistance as the meter. The primary can be wound in two sections, 
half inside and half outside of the secondary to provide maximum mutual 
inductance, of a wire coarse enough to provide the number of turns for a 
co;nvenient meter deflection. In an air core transformer, the magnetic 
circuit is linear and the flux exactly proportional to the current, a situa­
tion that does not exist when magnetic materials are present. Because 
of this linearity, the analysis can be made in terms of inductances and 
currents rather than flux linkages and currents. 

By definition, the voltage induced in the secondary of a linear trans­
former is related to the primary current, through the mutual inductance 
M by the relation: 

di 
e= M­

dt ' 
(7) 

which corresponds exactly to (1) with ]{ substituted for N, and i for ({). 
Hence, the instantaneous current at time tl is given by the relation 

. RT10 
~=~, (8) 

where the other symbols have the same significance as before. This rela­
tionship makes the calibration of the mutual inductance easy by setting 
up a battery and resistor for the primary circuit and measuring the 
steady state current with an ammeter. Then when the A contact is 
being switched and the instrument current 10 is read, corresponding to 
the known final primary current i, relation (8) can be solved for M. 

MEASUREMENT OF FLUX USING A BRIDGE CIRCUIT 

The search coil method of measurement just described is preferred 
because of the absence of any dc voltage in the meter circuit. However, 

M 

MICRO­
AMMETER 

Fig. 2 - Circuit for the measurement of current. 
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sometimes the use of a search coil is inconvenient, or for other reasons 
it is desired to measure the flux linkages in the magnetizing winding itself. 
The test set includes a bridge circuit shown in Fig. 3 for such measure­
ments. vVith the contaets 11 and B closed and the bridge in the flux rise 
arrangement, the bridge is first balanced for no current in the instrument, 
by adjustment of Rd. The same illstrument is used for setting the balance 
as later used for the flux measurement. The damping resistance is next 
set to the value facing the instrument, namely, 

K 
Rc = 1{ + 1 CRo + Rd)' (9) 

If then the contacts are operated with the period T, the instrument 
will read a current 10, and the flux-turns at time tl during rise will be 

Nq, X 10-8 
= Rmlo7' [1 + J( (1 + ~: + ~:) ] - L1i, (10) 

where N is the number of turns of the winding, cP is the average flux per 
turn, and the other quantities are indicated on the drawing. The term 
L1i is a correction term, usually negligible, involving the self inductance 
of the primary of the air core current transformer and i the instantaneous 

A 

KRo 

(a) (c) 

KRo 

E= (~<P X 10-6 + LIt)-=- E = ( ~ <P X 10-6 + LIt)-=-

(b) (d) 
Fig. 3 - Bridge circuit for the measurement of fiux- (a) and (b), rise; (c) 

and Cd), decay. 
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current at the time tl ; i is determined by a separate measurement de­
scribed above. If its value is not needed, the air core coil can be omitted 
from the circuit. 

For flux decay measurements made after the A contact has opened, 
the bridge circuit has to be modified to remove the resistance Ro and KRo 
from being across the electromagnet and affecting its flux decay. They 
are transferred to the battery side of the A contact as shown in Fig. 
3(c), to maintain the same battery drain. This avoids any error due to 
the internal resistance of the battery, which would otherwise cause the 
final flux at the end of a rise test to differ from the initial flux at the 
beginning of a decay test. The added resistor K(Ro + Rm) is connected 
in series with the meter to make the expression for the flux-turn linkages 
the same as before. For decay measurements the damping resistor is set 
at the value 

(11) 

In Figs. 3(b) and 3(d) are shown the linearized equivalent circuits for 
rise and decay respectively, from which equation (10) above can be 
derived conveniently. 

MEASUREMENT OF DISPLACEMENT AND VELOCITY 

An optical probe is provided, in which the amount of light falling on a 
photocell is controlled by the relative position of two flags, one cemented 
on each of the relatively moving parts to be studied, such as an electro­
magnet. The change in output current from the photocell thus is pro­
portional to the displacement of the armature with respect to the core, 
one flag being on each. A block diagram of the system is shown in Fig. 4. 
Amplifiers effective from dc up to a frequency determined by the resolu­
tion required, with substantially no phase shift, deliver a current into 
the primary of an air core transformer proportional to the instantaneous 
displacement of the armature. By virtue of the linearity of this trans­
former, the flux developed is proportional to the displacement. Thus by 
operating the electromagnet with the A contact and connecting the 
secondary of the transformer to the B contact, the instrument gives a 
dc reading proportional to the armature displacement at the time the B 
contact closes. The total displacement can be measured statically. The 
instrument reading at a time after complete operation corresponds to 
this known displacement, permitting the scale to be converted to a dis­
placement scale. 

By changing one amplifier input resistor to a capacitor, the amplifier 
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becomes a differentiator, in which the output current is proportional to 
rate of change of input voltage. With this one change, the instrument 
reads the instantaneous velocity of the armature. Under these conditions, 
the second amplifier differentiates the input voltage once, the output 
transformer differentiates a second time, and the dc instrument integrates 
once, leaving a net result of one differentiation'. 

DESCRIPTION OF SYSTEM COMPONENTS 

FLUXMETER 

General 

In the following descriptions of the several components of the system, 
the general characteristics required are considered, the specific devia­
tions from ideal are determined, and an evaluation of the measurement 
errors is made. The description starts with the dc instrument followed 
by the associated vacuum tube filter. Then the heart of the system, the 
contact switching circuit itself is considered. Following this is the timing 
impulse generating circuit, the counting rings, the time selector, coinci­
dence circuits, memory, and relay control circuits. These elements make 
up the fluxmeter proper. 

The auxiliary circuits for displacement-time and velocity-time meas­
urements are the concern of the next part of the paper. The components 
are the optical system, the photocell amplifier, the amplifier-differentiator 
and finally the output amplifier. 

The last section first shows typical measurements on a telephone type 
relay. Then a description of a more fundamental study of dynamic flux 
rise and decay in solid core electromagnets is given. This study has led 
to two new first approximation equations for dynamic flux rise and decay, 
as will be seen. 

Dc Instrument and ,Effect of Damping Resistance 

The dc instrument used for a majority of the measurements is a 
heavily damped 50.0-ohm, 200-microampere full scale instrument, with 
a Y2 per cent of full scale accuracy. The open circuit decay time constant 
is about 2 seconds, and with a shorted winding about 4 seconds. On Fig. 
5 is shown a plot of the decay time constant referred to a short circuit, 
versus the damping resistance referred to the meter resistance. 

An evaluation of the small error introduced by not providing the 
damping resistor is as follows. Consider a square wave flux pattern pro­
duced by an ideal electromagnet, with zero winding time constant or 



DYNAMIC MEASUREMENTS ON ELECTROMAGNETIC DEVICES 1423 

1.0.------------------------, 

0.8 

0.6 

T1 0.4 
TO 00 

0.2 

OL-_L-_L-_~_~_~ __ ~ __ _L __ ~_~_~ 

o 2 4 6 8 10 12 18 20 

Rd/RMETER 

Fig. 5 - Decay time constant of DC instrument. 

eddy currents. The induced voltage in the search coil then consists of two 
equal and opposite impulses occurring respectively at 0 and T /2. To 
measure the constant flux, the switching epoch can be anywhere between 
these two values. The switching omits the impulse at zero time. For limit­
ing cases tl can approach either 0 or T/2. The instrument reading of 
course should be independent of the choice, as the flux remains at the 
constant maximum throughout this interval. The instrument receives 
only the decay impulse, and thus there will be an average dc component. 

For the case of tl approaching zero, the instrument is always connected 
to the search coil, which usually is of negligible resistance and the short 
circuit meter decay time constant applies. Just before a succeeding im­
pulse, the meter will have decayed to a relative value of: 

(12) 

where T is the cycle time as before and TI is the short circuit decay time 
constant. The pointer next abruptly rises to its original maximum value, 
followed again by another equal decay in a cyclic manner. 

For the case of tl approaching T/2, the instrument is connected to the 
the search coil only half the time, being open circuited for the remainder 
of the time, if no damping resistor is provided. It thus decays at two 
different rates following the impulse. The first half is the same as before 
but the second half is under the condition of open circuit. For small 
errors the relative decay will be: 

e-T/2Tle-T/2T2 ~ 1 - '!. [~- + ~J ' 
2 Tl T2 

(13) 

where T2 is the open circuit decay time constant. 
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The search coil impulse is the same in each case, and for small errors, 
the instrument will rise the same amount for either condition followed 
by equal decays. The two maximum values All and A12 are not equal but 
are related by: 

(14) 

(15) 

The ratio of the two instrument readings thus is a function of the ratio 
of the two instrument decay time constants. For the case of TI = 4 
sec., T2 = 2 sec., the limiting error is 33 per cent. This shows that 
without a damping resistor, the error can be many times the Yz per 
cent instrument error, but that the timing for switching the meter 
damping is not critical. That is, small time gaps with the damper off 
will introduce an insignificant error. In a sense, the omission of the 
damper is equivalent to using an electronic integrator with finite in­
ternal gain. 

Vacuum Tube Filter Circuil 

The above discussion brings out the fact that visible motion of th 
instrument pointer without a filter occurs, increasing as the cycle time ie 

lengthened. From equation (12) and using T = 0.1 sec., and TI = 4 sec.s 

the amplitude would be about 2Yz per cent of full scale. Reading the' 
center of the vibration is easy for cycle times T less than 0.1 second 
and for such measurements the filter is not used. Many measurements, 
however, require a slow pulse rate and even a sluggish instrument will 
follow the pulses to such an extent that an accurate reading is impossible. 

Fig. 6 is a schematic of a vacuum tube circuit which serves as a very 
efficient low pass filter. This filter must fulfill a variety of very stringent 
requirements, chief of which may be listed: 

(a) Low loss to direct current. 
(b) High loss, probably exceeding 30 db to frequencies above one cycle 

per second. 
(c) A constant resistance input. 
(d) Ability to suppress peaks of relatively high voltage of the order of 

several hundred or thousand times the dc voltage being measured. 
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(e) No effect other than one which may be accurately calculated on 
the dc reading. 

(f) The circuit should not greatly increase the time required for the 
instrument to reach a steady reading. 

Requirement (c) may call for some comment. It was pointed out earlier 
that the method requires the time constant of the measuring circuit to 
be small in comparison with the period of the pulses. A filter built in the 
ordinary way to have high suppression to pulses of period T would not 
have a time constant small in comparison with this figure. The require-

Fig. 6 - Vacuum tube low pass filter circuit. 

ment of constant resistance input is a convenient way of expressing the 
necessity of fulfilling this condition. 

The original work on the system used was done by R. F. Wick, and 
the features to be described are due to him and E. L. Norton. From left 
to right in Fig. 6, the elements are as follows: a balanced impedance 
bridge containing the ammeter in one arm, a blocking condenser, a con­
stant current high impedance power supply for the power tube, and a 
two stage amplifier with an interstage phase adjusting circuit. The three­
point double-pole key when in the normal position removes the meter 
(50 ohms) and substitutes a 50-ohm resistor. When off-normal, the meter 
is connected in either polarity. 

The operation of the circuit is best understood by assuming the re­
actance elements to be omitted from the bridge and the contact on the 
potentiometer forming one diagonal to be at the lower left. The input to 
the amplifier is then directly across the line and any feedback is elimi-
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nated, since the bridge is balanced. Any alternating component applied 
will be amplified and sent back through the meter in the opposite polarity 
to that coming directly from the line. If then the gain in the amplifier is 
correct and its phase shift nearly zero, the alternating component through 
the meter will be greatly reduced. 

The bridge provides the constant resistance feature at the input, since 
the output of the amplifier can have no effect on the input impedance. 
It does however necessitate a loss from both line and amplifier to the 
measuring instrument. 

Practically, the difficulty in design is in securing an amplifier with 
enough peak output capacity and negligible phase. shift at frequencies 
from one cycle up. This has been accomplished by several methods. Most 
of the phase shift is introduced by the plate condenser in the last stage. 
The effect of this is reduced by the constant current power supply. 

The gain of the amplifier is controlled by feedback secured by the 
potentiometer in the diagonal arm of the bridge. The gain is sufficient 
so that a substantial amount of feedback may be used with a consequent 
further reduction in phase shift. 

The final phase compensation is secured by the interstage potentiome­
ter. The effect of this is illustrated in Fig. 7. The lower curve is the net 
phase shift of the amplifier without the interstage circuit. The upper 
curve is the phase shift which may be introduced at the grid of the sec­
ond stage. By proper adjustment, these may be made to compensate 
each other down to a frequency of one or two cycles. The circuit constants 
are such that the final adjustment of low frequency phase may be made 
with a negligible effect on high-frequency gain. It may be of interest 
that if the bridge is unbalanced by shorting the lower 50-ohm resistance, 
an error of 20 per cent or more is introduced in the dc reading due to the 
extremely large effective reactance of the feedback amplifier. If the 
bridge is unbalanced by shorting the instrument the amplifier is quite 
likely to "motor-boat" and blow the fuse used for protection. It is for 
this reason that the instrument key may be set to replace the instrument 
by a 50-ohm resistor. When in this position the fuse is also shorted to 
avoid needlessly blowing it due to the high surges which frequently 
occur when the amplifier is turned on and the condensers start to charge. 

The filter as described, omitting the reactance elements from the bridge, 
would be entirely satisfactory within the power capacity of the amplifier. 
With certain measurements, notably those of velocity, the peaks of the 
wave as applied to the filter, which in this case would be proportional to 
acceleration, are so high that no reasonable amplifier would be able to 
handle them. These knifelike peaks however are so sharp that they may 
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easily be removed by reactance elements added to the bridge as shown. 
It will be noted that the bridge is still of constant resistance, and is still 
balanced at all frequencies. 

Three adjustments are provided on the amplifier: one controls the 
feedback, a second the phase correction, and the third the plate current. 
The amount of suppression is controlled by a three position key which 
may be used to cut down the sizes of the capacitors in the circuit in a 
ratio of two and four to one. In cases where one of the higher pulse rates 
is used, adequate suppression and somewhat faster readings may be 
secured by using smaller capacitors. vVith the maximum suppression, 
two cycles may be reduced to such an extent that it has no detectable 
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Fig. 7 - Illustration of method for phase compensation of amplifier. 

effect on the meter pointer. Accurate measurements at one cycle may be 
made, although there is a slight motion of the pointer. 

Analytical studies have indicated that the transient response of the 
circuit depends to a large extent on the ratio of the interstage coupling 
capacitor to the output capacitor and moreover that there is an optimum 
ratio of the phase compensating capacitor to the other two. In altering 
the amount of suppression therefore, the ratios of the three capacitors 
are held constant. 

The Switching Circuit 

Requirements. The basic feature of this measuring system is the switch­
ing circuit, consisting of the A, Band C contacts. The requirements for 
these contacts are: (a) Negligible dc resistance, (b) No contact chatter, 
(c) Contact potential less than 10 microvolts, and (d) Stability of opera­
tion of 20 microseconds. Consideration of these facters led to the selec­
tion of mercury contact relays as the basic switching elements. The choice 
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of relays leads to additional requirements: (e) Substantially equal op­
erate and release times, (f) A make and a break contact, and (g) Sub­
stantially zero transfer or bridging time when operated or released. 

The first requirement is to avoid correction terms in the test set 
equations. The second is to make the test set operation conform to the 
differential equation applying. The third depends upon the fact that 
meters having dc resistances of the order of 50 ohms are used, and no 
error deflection due to contact potential effects should be present. The 
stability requirement results from an objective of studying flux phenom­
ena in intervals as small as 25 microseconds. The added relay require­
ments will be developed during the switching circuit description. All 
except the last can be met by individual relays. The last one has not 
been met by individual relays, but by using contacts of two relays actu­
ated simultaneously, and adjusting their relative timing by winding 
shunts, the contact switching interval can be reduced to a few micro­
seconds. 

Contact Operation. The switching functions required were shown in 
Figs. 1 (b), (c) and (d) where the interval t1 can be as low as 25 microseconds 
or almost as long as T. The A switch in unaffected in duty cycle, but the 
Band C switches vary from 0 to 100 per cent duty cycle. The operate and 
release times of relays are affected by their duty cycle and for low or high 
values become very erratic. To avoid this effect all relays are operated 
with a 50 per cent duty cycle, and the switching is accomplished by com­
binations of relay contacts. The epoch of the B relay cycle can be adjusted 
by manual selection, anywhere between 0 and T /2. This is shown sche­
matically in Fig. 8 for the make contacts. The break contacts of course 
show exactly the reverse behavior. The C make contact is fixed in phase 
and is set to open just before the A contact closes. 

To produce a B cycle for flux rise shown in Fig. 1 (c) wheret1 is less than 
T /2, a parallel connection of the Band C make contacts is used. To pro-

A I I I 
o ~ ~ 

I I I 

B ~tl1 ~tl1 ! 
I 0-48 I 50-98 I 
I I I I 

----, I ! I 
C I ! II II 

98 I 48 I 91,-8+-1 ---

l------------T-------------J 
Fig. 8 - The operation of the switching make contacts. 
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duce a B cycle for flux decay where tl is greater than T /2, a break contact 
on the B relay is used in series with the C make contact. Note that in all 
conditions the meter circuit closure is performed by a B contact and the 
meter circuit open is performed by the C contact, in fixed phase relation­
ship to the A contact. The addition of the switched meter damping 
resistor is accomplished by other contacts on the same relays. 

A minimum contact circuie to perform all these switchings is shown 
in Fig. 9 but was found to be unsatisfactory because of failure to meet 
requirement (g) above. Only a single transfer switch is necessary to change 
from flux rise to decay, by transferring the wire marked "x" from the 
search coil to the damping resistance. 

The relays are shown in the released position with the break contacts 
closed. For the flux rise circuit, contact B can have a momentary open 
interval when it operates. However, it must not bridge or the damping 
resistor will momentarily be across the instrument at the initial connec­
tion, causing an error. But after contact C operates and then B releases 
at (T /2 + t1), an open interval at B will momentarily disconnect the 
instrument. This would cut out part of the current which must be inte­
grated, causing an error. Thus there are conflicting requirements for flux 
rise measurements, and transfer contacts of a single relay cannot meet 
both simultaneously. For flux decay, the B contact cannot bridge because 
when it releases to connect the instrument, a bridging would momen­
tarily connect the damping resistor across the instrument at the instant 
of greatest interest, causing an error. The requirements for the C contact 
are of the same type but less stringent, as the flux is never changing 
rapidly whenever it is switched. 

The foregoing discussion was directed toward establishing the basis 
for the requirements (f) and (g) above. The former is because of the 
need for phase reversals in contact operation to perform the necessary 

sc 

RISE DECAY 

Fig. 9 - Unsatisfactory minimum contact circuit because of transit time 
requirements. 
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instrument and damping resistor switching. The latter is to eliminate 
errors due to momentary circuit configurations not in accordance with 
the basic equation (3). 

The final circuit developed is shown in Fig. 10, which uses two B 
relays, called B1 and B2, a single C relay, and compatible timing require­
ments for the two B relays whose windings are connected in series. In all 
cases B1 shall be faster than B2. The former controls the damping re­
sistor while the latter switches the instrument. A composite circuit is 
drawn, with the cross marks indicating a closed contact for the function 
being measured, open otherwise. The change from rise to decay in this 
circuit requires four switch contacts compared to two for the minimum 
contact circuit. As before, the relay contacts are all shown in the un­
operated position. A preliminary sorting of the B1 and B2 relays is 
required and is based on operate and release time measurements. The 
faster relay is assigned as B1, the other as B2. B2 is further slowed down 
selectively to match the A relay as to operate and release time by the 
shunts and diode shown in Fig. 10. 

B2 can be lined up with the A contact both for simultaneous closure 
of the make contacts when tl = 0 and for simultaneous closure of the 
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Fig. 10 - Final schematic of basic contact circuit. 
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break contact of Bl with the opening of the make contact of A. The 
A relay winding has a somewhat similar but fixed set of shunts across 
it, to slow it down with respect to B2 and to equalize operate and release 
time. The adjustment of the two potentiometers proceeds as follows. 
The time tl is set at 0, flux decay is chosen, and potentiometer 1 is ad­
justed to the point where the meter just starts to drop from the full 
reading. Then flux rise is chosen and the potentiometer 2 is adjusted to 
the point where the meter just starts to rise from zero. A fine check on 
these settings is to record the meter readings for a few equal small time 
steps and observe that the successive differences are consistent. 

For applying an on and off battery condition as shown in Fig. 9 for 
the A contact, only one contact on one relay is used. The A contact 
circuit actually is made of tw'o pairs of relays operated in a push-pull 
arrangement. The circuit may be changed to connect the four sets of 
transfer contacts into a lattice configuration to supply battery reversals 
to the apparatus under test. This is used in testing core materials to 
eliminate residual effects and for polar relays and similar structures. 

The electronic control circuits which apply or stop the relay winding 
currents will be described later. 

Timing Control System 

The timing control system consists of a frequency source, a pulse 
forming circuit, three binary-quinary ring counters in tandem, a time 
selection circuit, coincidence circuits, memory circuits, and three control 
circuits, one for each of the A, Bl-B2 and C relay circuits~ A block 
diagram of the system is shown in Fig. 11. 

Oscillator. The frequency source is a bridge stabilized oscillator. This 
is compared to the Bell System standard frequency for calibration. The 
accuracy of measurement, both for magnitude and the time scale depends 
directly upon this oscillator. The magnitude error enters through equa­
tion (5) where the cycle time T is exactly the interval for 1000 cycles of 
the oscillator frequency by virtue of the 1000 discrete steps in the three 
decades. The time scale is determined by these same steps. Hence the 
accuracy and stability of the oscillator enters directly; 0.1 per cent can 
be realized easily. This is as good as necessary as it exceeds the de instru­
men t accuracy. 

Pulse Shaper-The pulse shaper is shown in Fig. 12. It consists of an 
initial cathode coupled amplifier followed by three more direct coupled 
stages. The square wave output of the third stage is differentiated by a 
small condenser for voltage spire production. It is a Schmide type circuit 
designed by I. E. Wood. 
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The differentiated output appears as a positive voltage impulse across 
the cathode resistor of a coupling tube, impressed on top of its normal 
dc bias due to current from the following quinary ring. The coupling 
circuit has the appearance of a cathode follower, but except during the 
short intervals of impulse transmission, the plate does not conduct. 
This lends itself to supplementary use of the rings as counter circuits. 
An on-off gate can be connected, as shown, to enable or disable the grid 
bias of this tube, without introducing any false starting or stopping 
counts. 

Quinary-Binary Counters. The unit decade counter is shown in Fig. 13. 
rt is a modification of Weissman's quinary-binary circuit4 and was chosen 
because it provides simple two wire selection for the coincidence circuits. 
The principal modification consists of applying the shift pulses to the 
odd cathode lead rather than to a grid multiple, and using a direct 
coupled positive impulse for shifting. 

The shaded tubes are non-conducting at 0 time and can be set in this 
condition by momentarily opening and then closing the reset key. The 
plate current from the right half of the zero tube passes through the 
cathode resistor of the output tube in the pulse shaper described above, 
and biases both tubes, the latter beyond cutoff. The plate currents from 
the other four tubes pass through the second cathode resistor having 
74: the resistance, developing the same bias. 

A positive cathode impulse applied by the pulse shaper shifts the (0) 
tube from right to left half conduction. In shifting, the negative pulse 
from the prior non-conducting half of the zero tube cuts off the conduct­
ing half of the (1) tube, causing it also to shift. The shift of the (1) tube 
puts an aiding backward pulse into the (0) tube and a forward pulse 
into the (2) tube to keep it unchanged. Successive cathode impulses 
continue the ring stepping, the ring closing on itself after the fifth· count. 
Thus the ability to shift properly depends solely upon the impulse wave­
form from the pulse shaper, which can be controlled independently of 
the ring circuit. 

At the beginning of the fifth impulse, a square negative impulse is 
passed by the conducting half of the twin coupling diode to the (5) binary 
tube, causing it to shift. On the next round, the other half of the diode 
conducts, restoring the (5) tube. The twin diode behaves as an infinite 
capacitance in a circuit having zero time constant. 

For each of ten successive impulses there is a different configuration 
of conducting tubes, and two wires, one to the quinary ring and the other 
to the binary tube, can identify when a selected state is reached by a 
coincidence circuit noting that a low voltage is present on each wire. 
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For the other nine configurations, one or the other of the wires will 
carry nearly the full battery voltage. The leads to the time selector 
switches are indicated by the arrows marked from 0 to 4, 5R and 5L, 
inclusive. 

vVhen the (5) tube reverts after the tenth impulse, its step plate voltage 
rise is differentiated by a small capacitor. This drives another pseudo 
cathode follower to shift the tens counter exactly as has been described 
for the units counter. For this tens ring, the take off leads to the time 
selector are identified as 00 to 50. 

In a similar manner the hundreds counter leads are identified as 000 
to 500. 

Thus by exactly six wires, two for each decade, any cycle in 1000 can 
be selected, Note that for 0 and 500, needed for the A relay the (500) 
tube itself provides complete information. This eliminates the need for 
a coincidence and memory circuit for the A relay drive tube. Also by 
choosing 480 and 980 for the C relay, an abbreviated coincidence circuit 
can be used, as access to the units counter is not needed. 

Neon lamps are provided as indicators for each ring to aid in circuit 
checking, trouble shooting, and as the counter indicator when used with 
the gate circuit. 

The separation between successive time intervals which can be selected 
is one/one thousandths of one complete closure and open cycle, being 
25 microseconds for a cycle time of 25 milliseconds, 100 microseconds for 
a cycle time of 100 milliseconds, etc. This is controlled by the discrete 
states of the counting rings used to generate the switching signals. This 
relation between the cycle time and the successive available time inter­
vals is not a handicap because if the device is slow and a long cycle time 
has to be employed, it is slow because the flux buildup or decay is slow 
and hence closely spaced measurements are superfluous. 

The maximum speed is 40 on-off cycles a second obtained with a 40-kc 
oscillator. The lowest speed is limited only by the ability of the vacuum 
tube filter to suppress instrument pointer vibration. 

The counting ring system with its discrete steps precludes an auto­
matically recording device as would be possible with a motor driven 
commutator and a gear driven take-off brush. However, the elimination 
of brush troubles is considered to be worth this sacrifice. 

'Time Selector. The time selection is controlled by two two-gang decade 
switches for the units and tens selections and one five position switch 
for the hundreds selection. The schematic is shown in Fig. 14. The dial 
positions are marked directly in time for a 10-kc oscillator, that is the 
units selector indicates one-tenth milliseconds, the tens milliseconds, and 
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the hundreds tens of milliseconds. For other oscillator frequencies the 
times indicated are scaled in proportion. Thus for a 40-kc oscillator, the 
indicated times are divided by 4 and the fine steps become 25 micro­
seconds. 

The start of the A cycle is marked by L500 and the stop by R500, the 
500 tube itself serving as the memory circuit, and no coincidence circuit 
is needed. 

The C cycle is wired permanently with a phase to close just before 
500 and open just before O. By choosing 480 and 980, access to the units 
decade is unnecessary and only four coincidence circuits are provided. 

The start of the B cycle is marked by six coincidences, the end by five 
of these and the alternate connection to the 500 tube. The hundreds 
switch is simplified because the B relay always operates between 0 and 
500 and releases between 500 and 1000. Therefore, the start and stop 
coincidence circuits can be wired permanently to the 500 tube and only 
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five switched wires are necessary. The change from flux rise to flux de­
cay by another switch as shown in Fig. 10, converts the contact switch­
ing to provide the proper instrument closing time, with the time dials 
now reading time from the beginning of the open of the A circuit. 

Coincidence Circuits. Each coincidence circuit consists of triodes, one 
for each marked wire. The circuit for the B cycle is shown in Fig. 15. Each 
selector switch wire connects to a grid, but all the cathodes of a set of 
coincidence tubes use a common cathode resistor. Except for the instant 
chosen, at least one coincidence tube has a high potential on its grid and 
the plate current through that tube holds the cathode resistor at a high 
potential. Only at the chosen time are all plates of the counter tubes con­
ducting and therefore at a low potential. This abruptly drops the cathode 
potential of the coincidence circuit for one cycle of the oscillator, recur­
ring every 1000 cycles. 500 cycles after each start pulse a similar stop 
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pulse occurs in a duplicate set of coincidence tubes. These alternate 
pulses control the state of the memory circuit. 

The C cycle coincidence circuits are similar except only four triodes 
are used for the start, and four for the stop pulses. 

M emory and Relay Control Circuits. The memory and control circuits 
are shown in Fig. 16. The function of the bi-stable memory circuits is to 
accept the alternate start and stop pulses from the coincidence circuits, 
switch to the state representing the imposed condition, and hold it until 
the next successive imposed condition. 

The function of the relay control circuits is to operate or release the 
relays under control of the memory circuits. The relay control circuits 
are direct coupled to the memory circuits and one or the other plate is 
cut-off by the grid bias condition imposed. The relays are in the plate 
circuits of the control tubes and either have full or no current applied. 
The operate and release times of the relays add a delay in the contact 
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actuation compared to the state of the memory tube. By making these 
small and equal, through selection of the relay design, the constant time 
lags do not alter the relative preset switching instants. 

The relays are special mercury contact, single transfer, Western Elec­
tric 291-type. They have 38 gauge 1500 ohms, 14,600 turns windings and 
are adjusted to operate with 3.5 milliamperes and release with 2.0 
milliamperes. The 5687 tubes switch from 0 current to 10 milliamperes 
through the relays. The release and operate times of the relays are about 
1.3 milliseconds but as described earlier, are selectively adjusted to 1.5 
milliseconds where necessary, by shunts such as those shown in Fig. 10. 

The bi-stable memory circuits are switched at the grids through the 
twin diodes coupling the coincidence and memory circuits. While waiting 
for a shift pulse, the grid potential of the memory tube is lower than the 
cathode potential of the coincidence circuit, and the diode circuit there­
fore does not conduct. This is necessary because small voltage variations 
occur in the coincidence circuit cathode potential as the several tubes 
follow the decade counters. These small variations would shift the 
memory circuit falsely if directly connected. When the shift coincidence 
occurs, the cathode voltage drop is to a potential lower than that of the 
memory circuit grid and the conduction of the diode connects the two 
circuits. This negative impulse shifts the memory circuit. This drives 
the start grid to a new potential lower than that of the coincidence tubes 
cathodes, again cutting off the connection through the diode. When the 
coincidence cathode rises at the end of the shift pulse, the diode is even 
further cut off. The stop diode behaves in an exactly similar manner due 
to the symmetry of the circuits. The diodes thus afford a means of only 
momentarily making connections at the required instants, at all other 
times isolating the memory circuit from the remainder of the counting 
system. 

Summary oj Dynamic Fluxmeter Description 

Up to this point, the circuit description has been concerned only with 
the dynamic fluxmeter. This circuit was designed and built first, and put 
into operation for dynamic current and flux studies of which one will be 
described later. About fifty standard type tubes in all are used, with good 
segregation of the circuit functions. This aids in localizing circuit troubles. 
Particularly useful is the neon indicator lamp display, also employed 
when the decade system, with the gate circuit, is adapted as a counter or 
time interval circuit. 
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Part II - Displacement and Velocity 
Measuring System 

The Optical System 1 

A block diagram of the displacement and velocity measuring system 
was shown as Fig. 4. As part of this figure, a geometric schematic of the 
optical part of the system is shown. Most of the features of the optical 
system are due to the advice and assistance of associates in these lab­
oratories who were connected with the sound motion picture develop­
ment. The fundamental design is similar to the film reproducing system 
with certain necessary changes in dimensions. 

Referring to Fig. 4, the elements are the lamp, condensing lens, a slit, 
objective lenses, a vane on the part whose motion is to be studied, and 
a photocell. The lamp and the condensing lens are the same as are used 
in the film reproducer. The slit is the same except that its width has been 
increased to 0.005" and a feature added permitting its length to be ad­
justed from zero to about 0.1". The objective lenses are inexpensive 
Bausch and Lomb achromatic lenses. The second objective lens is inter­
changeable for different focal lengths, and may be moved back and forth 
in the supporting tube for precisely focusing the image of the slit on the 
moving vane. 

The three lenses and slit are mounted in a tube fastened to the lamp 
housing which in turn is supported by adjustable supports mounted on 
a vertical stand. To the lamp housing support is also fastened the photo­
cell container with its first amplifier tubc. 

A permalloy shield surrounds the photocell except for an opening for 
access of light which passes by the moving vane. The shield is provided 
to prevent the changing stray magnetic field from the nearby electro­
magnet under test from affecting the photocell current. This system can 
be moved in any of three directions for lining up with the vanes of the 
device being tested. The relay or structure being measured is not fastened 
to the optical system support, but is secured to another appropriate 
stand resting on the same laboratory bench. 

This system may seem more complicated than necessary at first sight, 
but its advantage is that it provides a rectangular beam of light of con­
stant width and adjustable length at the point being measured. The 
necessity of numerous light shields and screens is done away with, al­
though it is advisable to throw a black cloth over the whole apparatus 
when once adjw:;tcd to keep out the overhead illumination. 

The reason for this last is of interest. The fluxmeter timing is controlled 
by a stable oscillator. The 60-cycle power for the overhead lights is also 
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well controlled. The two systems therefore operate in substantially a 
synchronized fashion when convenient cycle times are chosen, such as 10 
cycles per second. The overhead fluorescent lamps fluctuate in light 
intensity at 120 cycles per second, so that the contacts in the fluxmeter 
operate in synchronism with the fluctuations in light intensity. Any 
measurements made with overhead illumination getting into the photo­
cell will therefore have a superimposed 120-cycle ripple. For the same 
reason extreme care has to be taken to avoid any GO-cycle pickup in the 
apparatus. The lamp and the heaters on the first amplifier tubes' are 
supplied with well filtered dc and cannot be operated by ac. Noise not 
in synchronism with the contacts is of little importance, as the averaging 
of the meter cancels it. A comment on the linearity of the photocell 
should be made at this point. This system operates on a variable width, 
rather than a variable density basis. Consequently the linearity of the 
system depends upon the uniformity of emission of the photocell surface. 
This can be verified by moving a vane with a micrometer and record­
ing the output of the amplifier with a precision dc voltmeter. If the rela­
tionship is not linear other photocells can be substituted until sufficient 
linearity is achieved. 

Amplifier System 

General. Fig. 4 showed the three dc amplifiers in block diagram form. 
These amplifiers have each been designed to operate with full internal 
gain from dc to 10,000 cycles. The external transfer characteristic of 
each is controlled by its input and feedback networks. The design of 
these networks provides ideal transfer characteristics from dc up to 
10,000 cycles. At 10 kc, the frequency response deviates by less than 3 
db from the ideal. This same frequency corresponds to a time constant of 
16 microseconds. On a small signal basis, the fidelity of measurement 
therefore will extend to events occurring in times of the order' of 16 
microseconds. 

A more serious limitation to the accuracy is the finite plate voltage 
available for the output amplifier which results in amplifier over loading 
on large peaks. As will be shown, this can delay the response of the meter 
to sudden velocity discontinuities. 

The amplifiers have been designed to operate from two voltage sup­
plies, plus and minus 250 volts. The -250 volts is a series regulated three 
stage circuit with an output impedance of less than 0.8 ohm at all fre­
quencies. It also serves as the reference voltage for a three stage shunt 
regulated +250-volt supply. Keeping the magnitudes equal minimizes 
errors due to power supply voltage variations. 
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The photocell amplifier converts the current from the high impedance 
photocell. into a proportional voltage, having an internal impedance of 
10 ohms. 

The following amplifier-differentia tor has an internal gain of 80 db 
from dc to 10 kc. When used as a differentiator the rising external gain 
characteristic reaches 67 db at 10 kc. 

The output amplifier also has an internal gain of 80 db from dc to 10 
kc. The feedback network includes an equalizer to produce current, and 
hence flux, in the air core output transformer proportional to input volt­
age from dc to 10 kc. The inductance of the transformer, with constant 
applied ac voltage, would cause a 6 db per octave decrease in current 
above the frequency where its Q is unity. This is counteracted by design­
ing the external amplifier gain to increase at 6 db per octave, starting at 
the same frequency. The output amplifier thus has the same characteris­
tics as a differentiator at high frequencies and its external gain is 64 db 
at 10 kc. 

The overall gain of the system, then, is 131 db at 10 kc. Stability has 
been obtained, even with this much overall amplification without resort 
to compartmentation. Each tube stage utilizes shielded turret construc­
tion, exposed interstage leads are very short and only the input grid 
leads are shielded because they connect to controls on the front panel. 
A box shield surrounds the gain selector and the displacement-velocity 
switch of the middle amplifier, the lowest level point on the main panel. 

This system uses an electronic differentiator. Ordinarily in analogue 
computers, these are avoided because of the high-frequency noise intro­
duced as a result of the attendant large amplification. In the present 
system, the averaging of the succession of impulses by the dc instrument 
minimizes this effect. With each cycle a discontinuous section of the 
noise is sampled, containing a dc component, but as these are random 
in sign, their average gives rise to no error. 

The system is dc coupled up to the output transformer. Slow drifts, 
due to grid currents or other reasons, do not result in instrument current 
errors because of the differentiating action of the transformer. No actual 
dc source appears in the meter circuit itself. The only concern here is to 
maintain the amplifiers somewhere near their best operating point. Actu­
ally the main source of dc drift is the temperature coefficient of the photo­
cell and the voltage stability of the lamp power supply. 

Calibration. The calibration of the system starts with a static measure­
ment of the total displacement of the reciprocating motion to be studied. 
This can be done using thickness gauges or a tool maker's microscope. 
Then the device is brought into alignment with the light beam and cycled 
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by the A contact. The cycle time is chosen for complete operation and 
the time selector is set for a time near the end of the operate interval. 
At this time the tested device is known to be at its maximum displace­
ment, and the instrument reading, using the displacement connection, 
corresponds. A convenient instrument indication is obtained by adjust­
ment of the amplifier gain controls. For instance if the displacement 
were 0.040", an instrument reading of 200 microamperes could be used. 
At any other time, when the parts are in relative motion, the instantane­
ous displacement is read directly from the instrument using the same 
scale conversion factor. 

The calibration for velocity measurements depends upon the displace­
ment calibration and relationship between the input differentiating ca­
pacitor and the resistor it replaces. Once a displacement gain setting has 
been chosen, it must not be altered during the associated velocity meas­
urements except by calibrated steps. The differentiating capacitor has 
been chosen so that an instrument displacement deflection, correspond­
ing to a given number of thousandths of an inch, represents the same 
number in inches per second. For the example given above, a 200-micro­
ampere instrument reading would represent an instantaneous velocity of 
40 inches per second, with a linear calibration for intermediate readings. 

A plot of measured displacement and velocity for a fast wire spring 
relay shown in Fig. 21, will be described when system errors are con­
sidered. 

Photocell and Impedance Transformer Amplifier. A schematic of the 
photocell and dc impendance transformer is shown in Fig. 17. The high 
vacuum photocell has an impedance of thousands of megohms and acts 
essentially as a constant current device, the current depending upon the 
instantaneous illumination. This current is connected to the grid of a 
series stabilized5 twin triode amplifier tube, to which grid also is con­
nected the current through the feedback resistor and a balancing current 
from the -250-volt power supply. The zero adjustment is made under 
quiescent conditions for the desired dc output voltage, there being, of 
course, essentially no dc current in the grid. 

The Western Electric low grid current 420A input tube is stabilized 
both for heater voltage and plate potential. It provides a voltage ampli­
fication of exactly p./2 or 35, by virtue of the upper tube having an im­
pedance exactly equal to that of the plate of the lower tube. This input 
tube is mounted immediately behind the photocell in the same shield. 

The output from the first amplifier tube is connected through a double 
shielded cable to the output tube mounted on the main chassis. The 
5687 twin triode output tube uses both halves as cathode followers, one 
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to provide the output voltage and the other as a driver for the insulated 
inner shield to reduce the effective capacity to ground of the interstage 
cable connection. The cathode potential of the output tube is operated 
at exactly + 125 volts, set by means of the zero adjustment previously 
described. 

The input networks of the succeeding amplifier-differentiator are 
shown as part of this circuit as they provide the path for the output tube 
current and enter directly into the frequency response and loop gain 
cutoff design of this feedback amplifier. The dc grid voltage of the suc­
ceeding amplifier is 0, and this potential is found one-third the way down 
the cathode resistor which connects to the - 250 volts. This point then 
provides the input to the following grid for displacement measurements 
and the input resistance for gain computations of the following amplifier 
is only this one-third part of the total cathode resistance or 10,000 ohms. 

For velocity measurements, the succeeding grid is switched to the 
polystyrene differentiating capacitor whose grid side also is kept in 
readiness at 0 voltage by a grounded I-megohm resistor. 

For a change in current from the photocell due to a change in light, 
the feedback acts to supply an equal but opposing current from the 
output to keep the input grid nearly at its virtual ground potential. 
Thus the output voltage change Es is given to a good approximation by 
the simple relation 

E - IsRJf.L{3 1"'/ -I R 
s - 1 _ f.L{3 1"'/ S J, (16) 

where Is = change in photocell current, RJ = feedback resistance, and 
f.L{3 = loop gain. 

A word about the differentiator connection is in order here. For this 
use, the cathode load approaches 160 ohms at high frequencies because 
the input grid of the next amplifier is a virtual ground point, and the 
load beeomes equal to the phase shift controlling resistor in series with 
the 0.1 mf capacitor, the value of which will be discussed later. The 
impedance of the cathode follower without feedback is 250 ohms but 
this does not mean that it can be connected to a 250 ohm load and op­
erated at the normal power output rating. The basic limitation for any 
tube is the allowable plate current change, regardless of the external 
load, consistent with never drawing grid current or being cutoff. For 
instance, in a cathode follower, if a load equal to 1/Gm is used, the small 
signal output voltage is only half of the applied grid voltage, a 6 db loss. 
Lower load resistances result in corresponding greater losses. In the 
present circuit, about an 8 db reduction in loop gain occurs at 10 kc 
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leaving a net gain of about 22 db, including the 3 db effect of the input 
grid capacity. 

Of equal concern is the reduced power handling capacity, but fortu­
nately the energy in the frequency spectrum of the input signal dimin­
ishes rapidly with increasing frequency. A measure of this can be arrived 
at by the following analysis. The output voltage change for a motion of 
0.040" is about 0.1 volt. This total motion ordinarily never takes place 
in less than about 0.001 second, or a maximum rate of change of 100 
volts per second. Now for a capacitive circuit 

1, = C ~~ = 0.1 X 10-6 X 100 = 10 microamperes, (17) 

which is extremely small compared to the 12.5 milliamperes quiescent 
cathode current. Thus in choosing a vacuum tube to provide the desired 
amplifier output impedance characteristics, all other considerations have 
been cared for. 

Amplifier-Differentiator. A schematic of the amplifier-differentiator is 
shown as Fig. 18. It has three stages, is direct coupled, and the quiescent 
output voltage is zero, set by the zero adjustment which controls the 
plate voltage of the inner tube of the input stage. The first stage is a 
conventional parallel stabilized circuit. It uses a high common cathode 
resistor to return the twin plate currents to the - 250-volt supply. The 
first stage output is fractionated by an L pad to provide the proper dc 
bias for the second pentode stage. The output of the second stage is 
likewise fractionated for the dc bias of the final stage. 

The third stage is a twin triode designed with an inside positive feed­
back loop. The two tubes have a common cathode resistor. After arbi­
trarily choosing one of the three grid resistors of the inside tube, the other 
two can be determined so that the proper quiescent bias and voltage 
changes result to make the plate current of the inner tube complement 
the plate current of the output triode itself. This maintains the total 
cathode current constant and establishes the cathodes as a virtual zero 
impedance to ground point. This realizes full gain from the output stage 
without another power supply. It also protects the triode from destruc­
tion if an accidental ground connection is made to the output. 

The feedback circuit permits a choice of three values of resistances. 
The external amplification can be set at 10, 20, or 50. The maximum 
value of feedback resistance which can be used is determined by the 
value of the differentiating capacitor. It is set by the requirement that 
at least 10 db of loop gain remain at 10 kc. 

I t is now appropriate to discuss the scale factor for the differentiator 
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and to arrive at the value of capacitance to select. First we wish to 
measure reciprocating motions of the order of 0.050" and actuating times 
of the order of 0.005 second. However, the motion takes place in the 
order of half the actuating time. Hence the average velocity will be of 
the order of 20 inches per second. An average numerical ratio of velocity 
to displacement then is 20 divided by 0.05, or 400. Remembering this is 
average and some part of the velocity will be higher the nearest decimal 
factor is 1000. 

In this system, as a device being tested is a part of it, the instrument 
time scale necessarily is identical with real time, that is it cannot be 
"slowed down" for more accurate time settings, as can analogue com­
puters. 

N ow once a convenient gain setting for displacement measurements 
has been determined, if a capacitor were substituted for the amplifier 
input resister, related by the equation RC = 1 second, C would be 100 
mJ, as R = 10,000 ohms. This would be a substitution where the scale 
reading for a given number of mil-inches would represent the same num­
ber of mil-inches per second. Fortunately, however, we wish rather to 
represent a much higher velocity of inches per second. This results if the 
capacitor is reduced by the same factor of 1000. The desired capacitance 
thus has a value of 0.10 mf. The type used is a stable, low soak poly­
styrene dielectric one having Y2 per cent accuracy. In this amplifier the 
feedback and input resistors also must be of Y2 per cent accuracy as 
upon these depend the calibration. The 10,000 ohms input resistor neces­
sarily is a non-inductive wire wound type with a 10 watt rating, for stable 
performance with the actual 1.5 watts. The feedback resistors are of the 
deposited carbon type. 

The remainder of the design now follows. To limit the differentiation 
action to a 10-kc range, a resistor in series with the O.l-mJ capacitor of 
160 ohms is used. A transfer gain of 70 db, which is 10 db less than the 
internal gain of 80 db, is a voltage ratio of 3,160. Multiplying this by the 
input resistor value of 160 ohms yields 500,000 ohms as the maximum 
feedback resistance. Then as an amplifier with an input resistor of 10,000 
ohms, the gain is 50. Resistances for lesser gains of 20 and 10 are scaled 
in proportion. ' 

The linear output voltage range for this amplifier is ± 40 volts. This is 
much more than needed. For displacement measurements the maximum 
swing is about 5 volts. In the discussion, we found a maximum capacitor 
current of about 10 microamperes which also results in an output swing 
of 5 volts, during velocity measurements. 

Output Amplifier. The schematic of the output amplifier is shown in 
Fig. 19. This amplifier also has three stages, the first two of which are 
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like those of the amplifier just described. Similar considerations for the 
overall design were used here and the loop gain cutofI control uses the 
same principles, modified to take account of the inductor load and its 
constant current feedback equilization. 

The output tube is a GLG with an 874 voltage regulator tube in the 
cathode return to the -250 volts. The GL6 is operated at 40 milliam­
peres, which is within the current rating of the 874. This stage was 
designed for the widest possible output voltage swing and for plate cur­
rent cutoff independent of plate voltage, both characteristic of pentodes. 

The transformer has a 900-cycle self resonance with its equivalent 
shunt capacitance. At higher frequencies it behaves as a capacitor as far 
as the tube and loop gain are concerned. Its Q is unity at 56 cycles. 

The function of the output amplifier is to convert the input voltage 
signal into proportional current in the inductor. Constant voltage gain 
would not do this. For frequencies above 56 cycles, the current would 
drop at a 6 db per octave rate with increasing frequency, because of the 
reactance. 

Note that if the voltage across the inductor rises with increasing fre­
quency, then the current through the winding will be proportional to a 
constant input voltage regardless of the equivalent shunt capacitor. The 
capacitor will draw greatly increased 6urrent but as long as it is uni­
formly distributed, it will not affect the winding current itself. If series 
output feedback were used, the two currents could not be separated and 
a more complex equalizer would be necessary to provide the necessary 
frequency response. The choice of the value of inductance for the output 
transformer will be discussed after errors in the system have been con­
sidered. 

The rising gain is produced by shaping the feedback, starting an inser­
tion gain rise at 56 cycles with the 0.057-mf capacitor, and continuing to 
10 kc. At this frequency the rising characteristic is discontinued by the 
280-ohm series resistor, and the capacitors shunting the feedback re­
sistors. Over the rising characteristic range the equilization introduces 
90° adverse loop phase shift and above 900 cycles the output trans­
former adds another 90° phase shift. Thus from 900 cycles to 10 kc the 
amplifier just skirts being Nyquist stable.6 

The internal gain of this amplifier is 80 db. At dc the external gain is 
21 db. It rises to 67 db at 10 kc because of the feedback equilization. 

Output Amplifier Square vVave Response 

The square wave response of the output amplifier is shown in Fig. 20. 
Two effects are evident (1) a finite time for the major change to occur, 
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followed by (2) an oscillation caused by the frequency response of the 
amplifier deviating from the ideal for frequencies above 10 kc. The for­
mer effect is caused by the finite power supply voltages available in the 
final stage of the output amplifier. 

The current in the primary of the output transformer represents the 
function being measured. If a step discontinuity occurs, as during ve­
locity measurements, then the current suddenly has to be changed to a 
different value. The rate of change of an increase in current which can 
be developed is proportional to the power supply voltage, and hence is 
finite. For a decrease, the distributed capacitance of the winding and 
the shunting resistors delay the current decay. These result in a delayed 
transition from one condition to the other, occuring, from Fig. 20, in 
about 0.1 millisecond. 

A discussion of the operating conditions of the system leads to a method 
of evaluating these forms of error and determining what limitations are 
imposed upon the use of the measured data. It will be shown that only 
immediately following velocity discontinuities are the data not usable. 
Displacement data are never in, difficulty from an overload standpoint 
and fortunately we ordinarily are not too interested in velocities after 
impacts. 

Discontinuity Errors Due to Overloading 

The arbitrary gain setting for the output amplifier is chosen to provide 
about the full scale of 200 microamperes to represent the full displace-
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ment. The output transformer obeys equation (8), and its characteristics 
are tabulated on Figure 19. From this equation and a cycle time of 0.1 
second we find that the change in plate current for a 0.705 henry mutual 
inductance amounts to 2.83 mao The dc plate voltage change therefore 
is 11.32 volts and the corresponding input dc voltage is 1.0. These values 
are extremely small compared to the voltage swings available, but never­
theless the fact that the instantaneous voltage swings are finite imposes 
a limit to measurement of step discontinuities. 

One direction of transformer current change is where we wish to de­
crease the current suddenly. The signal blocks the output tube and the 
transformer current decays through the equivalent of a 50,000-ohm 
shunt. The primary inductance is 11.5 henries and the time constant 
therefore is 0.23 millisecond. The quiescent current is 40 microamperes, 
so a drop of 2.8 microamperes, assuming the 6L6 blocks completely, 
would require at least 0.02 millisecond. This means that if there is a 
measurement discontinuity, the best the circuit can do is to respond as 
the first part of an exponential over at least this time interval, rather 
than abruptly. This is shown in Fig. 20, where the indicated time actu­
ally approaches 0.1 millisecond. This extension evidently is contributed 
to by the distributed capacitance of the winding. 

The current rise case is about as favorable. The current rise rate is 
limited by Lenz's law to a maximum value of 

di E 265V 
dt = L = 11.5H = 23 maims. (18) 

A change of 2.83 microamperes therefore requires at least 0.12 milli­
second. This is also shown in Fig. 20. 

The foregoing discussion has been directed toward establishing that 
the initial delays of Fig. 20 are entirely overload effects and not a fre­
quency response effect. Thus if required rates of change during a test 
do not exceed the available rate, then no error of this type will occur. 

Fig. 21 is a measurement of a fast relay. One curve designated x, is 
the displacement versus time. The other curve marked X, is the velocity. 
In neither the displacement curve nor the velocity curve before impact, 
do the rates approach the overload condition. 

The impacts are shown on the velocity curve to have the extreme rate 
of change. Such abrupt curves cannot be taken as being literally true. 
Following such abrupt changes the 10-kc oscillations also are found, but 
have not been drawn as they have to be discarded. 
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Discontinuity Errors Due to Averaging 

Another effect acts to limit the sharpness of measurement when dis­
continuities occur. This is due to variations in successive operations of 
the device being tested. Obviously, if the actuation time varies over a 
range of ± 0.1 milliseconds, then any device such as the present one 
which measures by averaging many measurements, will not measure 
accurately in the close vicinity of such a discontinuity. 

For a displacement measurement made at the average time of armature 
impact, part of the measurements will be before impact, the others after. 
The meter therefore will register too small a displacement. For another 
measurement a short time earlier or later than the impact part will be 
before and part after the average instantaneous displacement but the 
instrument average will still be good because the function now is smooth. 
The only displacement error then is just at impact and when the data 
are plotted, appears as a rounding of the curve. A good correction can 
be made merely by continuing the adjacent slopes to a sharp intersection. 

A more striking effect is observed for velocity. At the moment of 
armature impact against core, the velocity drops suddenly from maxi­
mum to zero. The indication shown by the instrument then for this 
averaging type error is just half the final velocity. Another measurement 
made a short time earlier is good and the slope from that region can be 
extrapolated to the instant of the half velocity indication as the plot 
for the true velocity. 

Choice of Output Transformer Inductance 

The output transformer primary inductance is a compromise between 
output amplifier gain limitation due to equivalent shunt capacity of the 
inductor and the lowest desired cycle time. It was shown above that at 
at 0.1 second cycle time only 1 volt is needed for a full scale deflection 
whereas 5 volts is available. As the instrument current is inversely pro­
portional to the cycle time, 1.0-second cycle time will provide about half 
scale. The 11.5H chosen then, just barely covers the timing range of 
present interest. The impedance of the equivalent shunt capacitor at 10 
kc is approximately equal in magnitude to the transformer dc resistance, 
and full internal gain is available over the operating frequency band. 

The delay time is not altered by a change in inductance. For instance, 
if the inductance were halved the rate of current rise would be doubled 
but twice the change would be necessary for the same instrument de­
flection. The same result can be had merely by reducing the gain by 
one-half. 
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If longer cycle times were needed without the short times of present 
interest, the inductance could be appropriately increased, and the ampli­
fier bandwidths correspondingly decreased, without loss of accuracy. 

Summary of Amplifier Discussion 

The foregoing discussion of the amplifiers covers the design considera­
tions, the required frequency responses, and errors because of divergence 
from the ideal. For displacement measurements, all events occur in 
intervals greater than the minimum which the amplifiers can follow. 
This is also true of velocity measurements as regards the photocell 
amplifier and differentiator. The output amplifier does overload mo­
mentarily at jump discontinuities of velocity, and in the time vicinity 
following such events is in error. 

Another type of error caused by variations in successive operations of 
the device being tested can be corrected by use of the measured rates 
just before and after the discontinuity. 
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Part III - Applications 
NEED FOR DYNAMIC FLUX MEASUREMENTS 

The results of an experimental determination of dynamic flux rise 
and decay in solid core electromagnets are of general interest. Analytical 
solutions have been obtained for linear infinitely long rods or toroidal 
shaped structures where geometric simplicity exists. These solutions 
are in infinite series form. These solutions show that an elementary 
perfect representation can not be expected, even for these simple cases. 
Furthermore, an electromagnet has other factors which make any at­
tempt at an analytic solution impractical. Some of these are: 

(a) The magnetic material is non-linear. 
(b) The flux density is non-uniform because of leakage flux. 
(c) The varying geometry of the magnetic parts, including the neces­

sary gaps, make the boundary value problems unmanageable. 
(d) Motion of the armature during operate and release. 

These all lead to the conclusion that a quick and accurate method of 
measuring dynamic :flux changes is necessary for fundamental studies 
of the dynamic behavior of electromagnets. 

As an example, Fig. 22 shows dynamic flux and current rise and decay 
measurements made on the same relay used for the dynamic motion 
studies. These data are plotted on semi-log graph paper as on such a 
plot an exponential curve becomes a straight line. The current rise curve 
shows the dip due to armature motion, ending abruptly when the motion 
is completed. The flux rise curve starts off nearly as an exponential but 
rises more rapidly after armature motion starts. 

Two decay curves are shown, one with an open circuit and one with a 
contact protection network. Associated with the latter is the winding 
current which flows through the network. In the open circuit case, even 
without the effect of armature motion, the flux decay is not exponential. 
The flux decay with the network has a somewhat oscillatory shape about 
the open circuit curve. The current itself does complete one heavily 
damped cycle. The reversed current flow is shown as a dashed curve. 

The decrease in flux after a short interval compared to the open circuit 
case, demonstrates that such a network can decrease the release time as 
well as afford contact protection. 

For more fundamental studies, it is better to study flux behavior with 
the armature held fixed and avoid the motional effects. 

DYNAMIC FLUX DECAY AND DEFINITION OF EQUIVALENT CORE CONDUCTANCE 

Fig. 23 shows another measured flux decay curve with the armature 
locked in the operated position. Also shown are two one-term exponential 
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equations for comparison. For such an open circuit decay curve, the flux 
does not abruptly drop to zero because of induced core eddy currents. 
The analysis of these data thus partly resolves into the determination of 
some method for conveniently representing the eddy current effects. 

NEW APPROXIMATE FLUX DECAY EQUATION 

For a first approximation, use can be made of linear circuit theory. 
Assuming the core behaves as a coupled single turn of conductance G c 

and inductance L1 , and defining the core time constant as: 

te = L 1Ge, 

the flux decay equation is the well known solution: 

'f = e-t/tc 

1> 

(18) 

t ); o. (19) 

It is clear that the dynamic flux decay cannot be represented by the 
above exponential equation, which has been drawn on Fig. 23 as the 
upper straight line. 
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The true decay curve has an initial steep slope followed by continuous 
curvature. A better approximation is to stipulate an initial jump dis­
continuity. A good fit to the flux range in which release of electromagnets 
occurs, shown by the lower straight line, is 

t :> o. (20) 

This discontinuity of flux in the first approximation is just the reverse 
of the continuity of flux concept usually used. Of course, no actual dis­
continuity occurs, as shown by the true decay curve. The failure of any 
single exponential equation to represent the true curve merely makes 
clear the fact that the behavior of the core is not that of a single coupled 
turn, but rather is that of an infinite line. Bozorth7 gives the intercept 
as 0.691 for the linear case, which does not represent the continuously 
curving decay which actually occurs. 

The chosen intercept of the first approximation curve at t = 0 is ad­
mittedly somewhat arbitrary. It was arrived at in a broader study in­
cluding flux rise curves. Accepting this equation, a convenient determina­
tion of te can be made similar to that for exponentials. If t is set equal to 
te, then 

! I = 0.22l. 
<I> bte 

(21) 

Thus, after measuring a dynamic flux decay curve, the time can be 
determined for which the above ratio obtains. This directly is teo From 
linear circuit theory and Lenz's Law, the inductance for one turn IS: 

(22) 

whence G e can be determined. 
N ow because of magnetic saturation and the shape of the hysteresis 

loop, the values will depend upon the particular final ampere turns (NI) 
used in the experiment. For uniqueness and uniformity in rating electro­
magnets for comparison purposes, the particular set chosen is that for 
which Ll is a maximum. For comprehensive operating studies, measure­
ments of course have to be made under the actual conditions of interest. 
Except for rating purposes, te is not ordinarily split up into components. 

Thus, while the rated value of Ge for a particular electromagnet has 
the dimensions of conductance, it includes other factors as well. Some are: 
(a) Core material conductivity, (b) Magnetic nOll-linearity, (c) Shape of 
the hysteresis loop, (d) Non-uniform flux distribution, (e) Effect of pole 
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face and other air gaps, and (f) Decay of leakage field. It, therefore, also 
has the nature of a mop-up factor in which is included other effects not 
explicitly covered in the elementary analysis. 

The above discussion has been directed toward establishing an easily 
determined core time constant having characteristics useful for rating 
purposes, and demonstrating that the distributed nature of the core eddy 
currents precludes an accurate representation of the core as a single 
coupled turn. 

Open circuit flux decay measurements of round and rectangular solid 
core electromagnets of magnetic iron, 1 per cent silicon iron, and 45 per 
cent permalloy all are accurately represented by the measured flux decay 
curve of Fig. 23, after establishing appropriate values for Ge and L1 in 
each case. 

DYNAMIC FLUX RISE 

Dynamic flux rise curves, measured with the relay armatures blocked 
open, are shown in Fig. 24. A family of curves, is needed because of the 
added variable of the winding. The value of te is determined by the 
method just described, except that the armature is held open, resulting 
primarily in a new and lower value of L 1• The winding may be charac­
terized by its coil constant: 

Gc = N 2jR, 

where N = number of turns, and R = dc resistance of winding circuit. 
These curves are a composite of measurements on many structures and 
fit all data to within a few per cent. 

An empirical closed form expression has been determined which fits 
these data, and in fact was used to compute these curves. However, 
once the curves have been plotted there is no further need for the rather 
complicated expression. Any partiCUlar rise curve desired can be inter­
polated from the drawing. 

These curves again show, with windings of relatively low coil constants, 
a divergence of the dynamic flux rise from being a straight line. The 
particular curve Gc/Ge = 0 actually is a decay curve because such a rise 
measurement would involve the use of both an infinite voltage battery 
and an infinite resistance winding. Now for this case, as well as for all 
the others, the rise and decay curves differ because of the shape of the 
hysteresis loop, the decay curve persisting longer. This effect is most 
evident for the last few per cent of 'the flux change. However, the differ­
ences are small on a full range basis. The curves shown near G c = 0 are 
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a compromise for this effect. Actually the rise curves do not cross, but 
they do approach each other. 

Coil to core constant ratios now in use range from 2 upwards, the case 
of 2 being the best condition for 25 watts power. An examination of this 
particular curve shows some curvature for small times. This effect of an 
initial increased rate of rise reduces the operate time of an electromag­
net, and is automatically taken advantage of in the experimental design 
of windings. 

vVith a winding as part of the system, an elementary consideration 
shows why this curvature exists. This follows from 

N
dcp = E - iR 
dt ' 

(23) 

where: N = number of winding turns, E = applied battery voltage, 
R = resistance of winding, i = instantaneous current, and cp = in­
stantaneous flux. This equation is exact and holds whether or not there 
are eddy currents. At the instant of circuit closure there are no winding 
or eddy currents (because of leakage inductances if for no other reason) 
and the initial rate of flux rise is dependent only upon the number of 
turns and the applied voltage. After a transition interval, the eddy cur­
rents become effective and slow down the rate of flux rise. For any given 
total flux, the time required, therefore, is less than that given by the well 
known equation: 

(24) 

However, for large coil constants where Gc predominates the effect 
diminishes and the above equation is an excellent representation and 
desirable for its simplicity. 

NEW FIRST APPROXIMATION FLUX RISE EQUATION 

Returning to Fig. 24, while the effect we have been discussing is all 
important for open circuit flux decay, practical coil constants at present 
do not have ratios to the core constant much below 2. These curves do 
not diverge greatly from straight lines on this plot. Can a minor correc­
tion term be made a part of the simple equation heretofore used which 
will retain its simplicity and extend its accuracy to windings now used? 

One such equation is 

(25) 
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where <P is the final flux. This may also be written in integral form as 

(G G -GcIG c ) lip dcp 
t = c + c

C 
0 N I - N i . (26) 

The change is the introduction of the exponential modifying the core 
constant Gc• 

Fig. 25 shows comparisons of curves for four different coil to core 
constant ratios. In each case, the actual flux rise, the older equation, 
and the new first approximation are shown. 

For large coils (as an example on Fig. 25, GclGe = 10) the actual flux 
rise is well represented by either expression, their accuracy being within 
1 per cent. 

For very small coils (on Fig. 25, GclGe = 0.5) it is clear that the older 
representation is never a good approximation of actual flux rise. The new 
approximation represents the start of the dynamic flux rise quite well, 
but is not accurate for the second half. However no single exponential 
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equation can represent the actual rise when the plot is as curved as this 
one is. The best that can be done is to approximate the more important 
initial part with a straight line, and in this sense the new approximation 
shows a good fit. 

A typical speed relay will have a value of Gc/Ge around 2 and the range 
from 1 to 10 covers all relays in this class. For a ratio of 2, the new 
representation of flux rise is within 2 per cent of the actual rise, as 
opposed to about 5 per cent with the earlier equation. For the ratio of 1, 
the accuracies are 4 per cent and 11 per cent respectively. 

--- ACTUAL FLUX RISE 

----- NEW FIRST APPROXIMATION EQUATION 

--- CORE CONSIDERED AS A COMPLETE TURN 

0.5 1.0 1.5 2.0 
TIME, t/te 

10 ~~ 
~~P"-

2.5 3.0 

Fi/i. 25 - Comparisons of equations for flux rise. 

3.5 
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Fig. 26 - The dynamic fluxmeter. 

Fig. 27 - The optical probe and associated dc amplifier system. 
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Thus we have shown the new expression more accurately represents the 
eddy current effect on the initial flux rise for speed coils, and for most 
relays the overall accuracy will be within 2 per cent, and all relays should 
be within 4 per cent, an error reduction of about two-thirds compared to 
the older approximation. 

EQUIPl\IENT 

The dynamic fluxmeter is shown in Fig. 2G. Two panels, each with a 
sub chassis attached, comprise the set. The dc instrument and a supple­
mentary voltmeter and ammeter are on the bench beside the cabinet. 
The upper panel contains the timing system, with the time selection con­
trols. The lower panel includes the power supply and the test relay circuit 
controls, including the mercury contact relays. The control keys arrange 
the test relay circuit for any test condition. 

The optical probe, a test relay, and the dc amplifier system are shown 
from left to right in Fig. 27. The photocell is in the shielded container 
above the relay, with the lamp and lens system below. A right angle 
prism turns the light beam into the vertical, to pass between the vanes 
on the relay. 

The upper panel of the bench rack is the -250-volt supply. The lower 
panel includes the +250-volt supply, the three dc amplifiers and the 
magnetically shielded air-core output transformer. Its secondary is con­
nected to the fluxmeter through a shielded cable. The controls are for 
zero setting the dc amplifiers, for selecting the amplifier gain and whether 
a displacement or velocity measurement is to be made. 
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Selenium Rectifiers-Factors in Their 
Application 

By J. GRAMELS 

(Manuscript received July 1, 1953) 

Selection of the proper selenium rectifier stacks for best results in the de­
sign of dc power supplies involves consideration of characteristics not ordi­
narily found in published data. This paper describes the data required for 
the selection of selenium cell sizes and cell combinations, shows typical 
voltage-current characteristics, and gives the results of extensive life test data 
necessary for evaluating the life expectancy of the product. The life test data 
indicate that there are substantial differences in the life expectancy of 
selenium stacks as manufactured by various companies in this country. 
Shorter life can be anticipated as the rms cell voltage ratings are increased. 
In addition, the life is affected by the current density and the temperature 
at which the selenium cells are operated. 

INTRODUCTION 

Since their introduction in this country about 1939, selenium rectifier 
stacks have proved to be a useful means of converting ac power to dr 
power for Bell System applications. These applications vary from 2 to 
2,500 volts and in power sizes from a few watts to 10 kilowatts. Properly 
designed, the selenium rectifier has a relatively long-life expectancy and 
requires a minimum amount of maintenance. For these reasons, selenium 
rectifier stacks are widely used in telephone plants for battery charging, 
relay operation, plate and filament supply for vacuum-tube amplifiers, 
bias supplies, telegraph and teletypewriter circuits. 

Up to 1952, about 245,000 rectifiers of all types have been manufac­
tured for the Bell System. These include tungar, copper-oxide, vacuum 
tubes, thyratrons and selenium types. Of this total, about 25 per cent 
are of the selenium type. . 

Although Bell Laboratories studies of selenium rectifier stacks date 
from 1939, rectifiers using such stacks did not enter the telephone plant 
until 1945. From 1940 to 1945, however, selenium stacks were designed 
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widely into communication systems for World War II military projects. 
Since 1945, selenium rectifier power supplies have increased rapidly. For 
example, in 1945, out of a total of 9,000 rectifiers of all types, about 
1,000 or 11 per cent used selenium. In 1951, about 30,000 out of 45,000 
rectifiers, or 67 per cent, were of the selenium type. 

There are many companies in this country who manufacture selenium 
stacks but the quality and behavior of the various manufacturers' 
products show considerable variation, particularly in regard to life ex­
pectancy. For many years the Laboratories has carried on an extensive 
testing program to evaluate properly the various suppliers' rectifiers. 
As a result of these continuing investigations, the Laboratories is in a 
position to select cell sizes and combinations of selenium rectifier stacks 
for use in new power applications. Specifications then are written on one 
or more suppliers. These specifications have a three fold purpose: (1) 
They are used as a purchasing and inspection document, (2) they cover 
the electrical and mechanical requirements necessary for proper elec­
trical design and equipment layout, and (3) they are useful in maintain 
ing records of the electrical and mechanical characteristics. 

CELL MANUFACTURE AND STACK ASSEMBLY 

A selenium rectifier cell is an elementary rectifying device having one 
positive electrode, one negative electrode and one rectifying junction. 
Cells are made by coating a chemically treated base plate, usually alum­
inum, with a thin layer of purified selenium to which a halogen element 
(chlorine, iodine or bromine) has been added. This mixture is applied to 
the base plate by one of the following methods: 

1. Sprinkled or dusted on and subjected to heat and pressure. 
2. Deposited by an evaporation process in an evacuated chamber. 
3. Dipped in molten selenium and spun. 
The selenium then is converted to the desired crystalline structure by 

heat treatments. During the heat treatment, a blocking or barrier layer 
is formed on the exposed surface of the selenium. This layer is further 
developed by various chemical means, which are "trade secrets" with 
each manufacturer. A thin layer of low melting point alloy, the front 
electrode, is then sprayed on the selenium. 

The manufacturing process is completed by electrically "forming" the 
cells by applying a pulsating dc voltage in the non-rectifying direction for 
a specified time interval. 

Selenium cells are assembled on an insulated bolt or stud, with in­
dividual cells separated by metal spacer washers to allow free passage of 
air for cooling the assembly. Contact terminals are brought out in various 
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arrangements for series, parallel or series-parallel connection of the cells 
as required. 

The completed assembly is designated as a rectifier stack. A rectifier 
stack is a single structure of one or more rectifier cells. 

Small size cells (less than I") have no center hole for mounting. These 
cells are assembled without spacer washers in glass, metal, phenol fibre 
or bakelite tubing. Terminal leads extend outside these enclosures. 

SYMBOLIC NOTATION 

The combination of cells on a stack is described by a sequence of four 
symbols written a-b-c-d with the following significances:* (a) number 
of rectifying elements; (b) number of cells in series in each rectifying ele­
ment; (c) number of cells in parallel in each rectifying element; and (d) 
symbol designating circuit or stack connections. 

The symbols for the more common types of stack assemblies are shown 
schematically in Fig. 1. 

A basic selenium stack is defined as a stack having a single selenium 
cell in each rectifying element. For instance, a 4-1-1B stack is a basic 
full-wave single-phase bridge rectifier stack with one selenium cell ill 
each of the four rectifying elements. 

The total number of selenium cells on any stack is the product of the 
three numbers indicated. For example, a single-phase full-wave bridge 
stack with three cells in series and two cells in parallel per rectifying ele­
ment would be designated as a 4-3-2B stack assembled with 4 X 3 X 2 
or 24 cells. 

"H" HALF-WAVE STACK 

ONE RECTIFYING ELEMENT 
l-1-1H 

"01/ DOUBLER STACK "c" CENTER TAP STACK 

TWO RECTIFYING ELEMENTS TWO RECTIFYING ELEMENTS 
2-1-1D 2-1-IC 

c ~I c ~I ::J ~ OR c 1l1li :: ~I ::J 
AC + AC AC - AC 

"BI/ SINGLE-PHASE FULL-WAVE STACK "B" 3¢ FULL-WAVE STACK 

SIX RECTIFYING ELEMENTS FOUR RECTIFYING ELEMENTS 
4 -1-16 

c J .1 0 ~I 0 :4 0 1l1li I 
AC + AC 

6 -1-16 

~ ., J " 0 " I ., :::;:L - AC . AC AC + 

Fig. 1 - Stack assembly symbols. Color coding of terminals (AlEE and 
NEMA Standard): yellow for ac, red for plus dc output, and black for negative dc 
output. 

* This method of specifying stack assemblies has been standardized by both 
the National Electric Manufacturer's Association and the American Institute 
of Electrical Engineers. 
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DESIGN CONSIDERA'l'IONS 

The proper selection of selenium stacks for use in dc power supplies 
involves a number of important factors that must be carefully consid­
ered. 

(1) Circuit requirements must be carefully analyzed so that alllowance 
may be made for the normal variations in the voltage-current charac­
teristics of each manufacturer's product as well as variations that exist 
for the same stacks processed by different manufacturers. For a fixed ac 
input voltage, differences in the forward voltage drop may vary the dc 
output voltage at least ± 3 per cent from the mean value. If this cannot 

. be tolerated, selenium cells have to be carefully graded and selected to 
obtain uniformity or other circuit adjustments have to be provided. 
Special selection of cells, obviously, will increase the cost of the product. 

(2) The engineer must take into account the magnitude of the changes 
in the voltage-current characteristics of the rectifier stacks over the 
specified temperature range of his project. At very low temperatures, 
output voltages may be 5 to 10 per cent lower than at normal room tem­
peratures. For high temperature operation, the stacks must be properly 
derated for both current and voltage to prevent overheating and rapid 
failure. 

(3) Selenium rectifiers age with time. Compensation for this aging 
should be provided if load requirements warrant. The project engineer 
should determine what life he expects or requires of the application. For 
military applications life requirements may vary from minutes to thou­
sands of hours. On other applications, such as telephone and elevator in­
stallations, it is desirable to design selenium rectifiers for life expectancies 
of ten to twenty years or more. 

(4) The equipment engineer must anticipate the differences in me­
chanical details of the same stack assembled by different suppliers. There 
is no standardization in the selenium industry regarding cell sizes or 
mechanical details such as the overall length and height of the stack 
and particularly the type of mounting. However, a committee for the 
National Electrical Manufacturers' Association is attempting to stand­
ardize these mechanical details so that stacks assembled by different 
suppliers will be mechanically interchangeable. 

(5) Unless otherwise specified, rectifying stacks are coated with vari­
ous types of paints and varnishes for protection against moisture in 
normal conditions of humidity. For military projects and other applica­
tions where selenium rectifiers may be exposed to high humidities, fun­
gus, salt or other corrosive atmospheres, the rectifier stacks must be 
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provided with a more suitable type of protective coating or finish. These 
finishes are available from most manufacturers. 

(6) vVhen selenium stacks are mounted in cabinets or housing with 
other heat-generating devices, they should be arranged in such a manner 
that heat from the other components does not reach the rectifier stacks. 
The stacks should be mounted below the other components, and in such 
position that the free flow of air through the rectifier stack is not impeded. 
The stack should be mounted with the assembly stud in the horizontal, 
not vertical, position. When two or more stacks are mounted in the same 
housing, they should be in a horizontal plane with each other, or properly 
staggered. Cabinets should be provided with louvers to dissipate the heat 
within the enclosure. 

ELECTRICAL RATINGS 

The electrical ratings of selenium rectifier stacks are based on their 
voltage, current and thermal characteristics. All three must be consid­
ered carefully for initial design purposes, as anyone can affect life ex­
pectancy. 

Voltage Ratings 

The voltage rating usually is expressed as the "reverse voltage rat­
ing." It is the maximum rms sinewave voltage above which an excessive 
reverse current would flow and overheat the cell, causing breakdown. 
However, the important consideration establishing the rating is the peak 
voltage applied to the cell. If the applied voltage differs significantly 
from a sine-wave, it is important that the applied peak voltage shall not 
exceed 1.41 times the rated rms voltage. 

When selenium cells originally were manufactured in this country, 
their rms reverse voltage ratings ranged from 14 to 18 volts. Ratings 
later increased to 26 volts. One manufacturer already has successfully 
produced 33-volt cells for several years; and another supplier announced 
recently a 40-volt cell. Cells rated at higher voltage have been produced 
in the laboratory. For non-critical applications, such as low-cost radio 
and television sets, some selenium manufacturers make cells rated at 45 
volts rms. Generally, in such applications, a high reliability product is 
not required and the units may have a relatively short life. 

The nominal dc output voltages obtained from various common basic 
rectifier stacks assembled with cells rated at 18-, 26- and 33-volt rms are 
listed in Table 1. These ratings apply for stacks operating at rated dc 
output current into a resistance load. 
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Current Ratings 

The current rating of selenium cells is based upon a normal current 
density of 0.32 ampere for each square inch of active rectifying surface 
for a single-phase full-wave bridge rectifier stack (4-1-1B) operating into 
a resistance load. The rating applies to stacks in which the cells are sep­
arated by spacer washers so that the cells are cooled by convection air 
currents. Small size cells mounted without spacer washers are rated at a 
lower current density. 

The dc output current ratings for various selenium cell sizes are listed 
in Table II. 

These ratings are based upon continuous operation in ambient tempera­
tures up to +35°C with unrestricted ventilation for convection cooling 
of the stacks. For battery or condenser loads on single phase circuits, the 
above current ratings usually are derated to 80 per cent of the above 
values. 

Thermal Ratings 

Voltage and current ratings usually are based upon operation of the 
rectifier stack in a normal ambient temperature of +35°C. It is im­
portant to note, however, that for selenium cell application, ambient 
temperature is defined as the temperature immediately surrounding the 
stack within the equipment enclosure, not the temperature area where 
equipment is installed. Stacks operating at rated current and voltage 
into a resistance load have temperature rises ranging from 15 to 30°C 
when measured with a thermocouple in direct contact with the cell. 
The temperature rise depends upon the manufacturing techniques used 
by the various companies as well as the spacing of the selenium cells on 
the assembled stack. For long life expectancy, the actual cell tempera­
ture should not exceed + 75°C. 

TABLE 1- NOMINAL DC OUTPUT VOLTAGES OF RECTIFIER STACKS 

I Basic Stack DC Output Volts 

Cell Rating, Volts rms .............................................. . 18 26 33 

--------------------------------------- ----- ----------
Single Phase 

Half-wave ............................ I-I-IH G n 12 
Full-wave 

Center tap ......................... 2-1-1C 6 9 12 
Bridge ............................. 4-1-1B 12 18 24 

Three-Phase 
Full-wave bridge ..................... 6-1-1B In 30 38 



SELENIUM RECTIFIER APPLICATION CONSIDERATIONS 1475 

For operation in ambient temperatures above +35°0, the voltage or 
current ratings, or both must be reduced to limit the cell temperature 
(ambient plus heat rise) to +75°0. The de-rating factors for voltage and 
current vary somewhat from supplier to supplier, but Fig. 2 shows typical 
de-rating curves for operation of selenium stacks above a +35°C am­
bient. 

Selenium rectifiers can be operated at cell temperatures above 75°0, 
but aging accelerates with temperature and excessive temperatures will 
result in rapid failure. 

A special problem today is the application of selenium rectifiers for 
high temperature military uses. Many military projects are requesting 
designs to operate at ambient temperatures of +70 to +90°0. Unfor­
tunately very little data about rectifier operation and life expectancy 
under these conditions have been obtained up to now. 

VOLTAGE - CURRENT CHARACTERISTICS 

To demonstrate the non-linear characteristics of selenium rectifier 
cells, Fig. 3 illustrates representative dynamic voltage-current curves 
showing the open circuit and short circuit characteristics of bridge con­
nected stacks composed of various cell sizes rated at 26 volts, rms. This 
rating was chosen since all manufacturers presently are producing cells 
of this type. 

Cells with higher voltage ratings generally have a slightly greater for­
ward voltage drop. 

TABLE II - DO OUTPUT RATINGS 

Continuous DC Amps at +3SO C 

Cell Size 

>:::1:" Dia ............................ . 
31" Dia ............................ . 
I" x 1" .............................. . 
1~" x 1~" ......................... . 
131" x 131" ......................... . 
2" x 2" ............................. . 
3" x 3" ............................. . 
4%" Dia ........................... . 
5" x 5" ............................. . 
4~" x 6" ........................... . 
5" X 6" ............................. . 

Area 
Square Inches· 

0.049 
0.196 
0.56 
1.1 
1.7 
3.1 
7.0 

12.5 
21.2 
21.2 
26.2 

Single-Phase 

Half wave 

0.006 
0.025 
0.090 
0.175 
0.270 
0.500 
1.10 
2.00 
3.40 
3.40 
4.20 

Bridge & 
C.T. 

0.012 
0.050 
0.18 
0.35 
0.54 
1.0 
2.2 
4.0 
6.8 
6.8 
8.4 

* Approximate active rectifying area (varies with suppliers) 

Three­
Phase 

Bridge 

0.018 
0.075 
0.270 
0.525 
0.810 
1.50 
3.30 
6.00 

10.2 
10.2 
12.6 
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The data' shown in Fig. 3 and subsequent data are plotted for basic 
4-1-1B stacks. Tests were made with GO-cycle sinusoidal supply voltage. 
The "forward voltage drop" is expressed as the rms volts required to 
produce a specified current in a moving coil dc ammeter connected di­
rectly to (short circuiting) the output terminals of the rectifier stack. 
For stacks with more than one ce1l per element, the voltage drop is ob­
tained by multiplying the observed drop in Fig. 3 by the number of ce1ls 
in series per rectifying element. 

The reverse current is measured by applying a specified rms voltage 
to the ac terminals with the dc terminals open circuited and noting the 
rms input current after the current has stabilized. When selenium stacks 
have been "off voltage" for some time, a relatively high reverse current 
is obtained for the first few seconds. The current then decays approxi­
mately exponentially. Usually, the current will stabilize after voltage 
has been applied for 5 to 10 minutes. 

It should be emphasized that these curves are only typical characteris­
tics. Selenium cell manufacture requires individual testing of each cell 
before assembling into a stack. Cells are graded by their electrical char­
acteristics. Large variations exist between the lowest and highest grade. 
Each manufacturer sets up his own standards regarding the variations 
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of characteristics in a given grade. l\10re than one grade of cell may be 
assembled in a rectifier stack. The art of manufacturing selenium cells 
is such that, considering production over a yearly period, differences in 
the forward voltage drop at rated current may vary as much as ±30 to 
50 per cent from the mean value. In the reverse direction, a larger per 
cent spread exists in the reverse current, particularly in cells or stacks 
made by different suppliers. 

Fig. 4 shows dynamic characteristics plotted on a linear scale to illus­
trate variations of the forward voltage and reverse current character­
istics of selenium rectifier stacks that are processed by two different 
suppliers. Variation of this magnitude exist, not only from supplier to 
supplier, but also may occur in a particular suppliers' product. 

Selenium rectifier stacks in common with other semi-conductor recti­
fiers, have a negative temperature coefficient of resistance in the forward 
direction. The forward voltage drop at a specified current decreases as 
the ambient temperature increases (see Fig. 5). In the reverse direction, 
the reverse current decreases as the temperature is lowered to approxi­
mately -20°C. Below this temperature, there is no apparent change in 
the current except at the higher voltages. At the higher voltages, the 
current again tends to increase. 

STACK DESIGN 

The dc output voltage-current characteristics for various ac input 
voltages of basic rectifier stacks (one cell per rectifying element) are 
represented in Figs. 6, 7 and 8. The data were obtained by maintaining 
a constant 60-cycle rms voltage at the stack input terminals and do not 
take into account transformer regulation or other regulating devices that 
may be used. 

Fig. 6 shows the single phase full-wave bridge characteristics for re­
sistance loads. 

Fig. 7 shows the single-phase full-wave bridge characteristics for battery 
loads. It will be observed that, with single-phase circuits for a given dc 
output voltage, lower ac input voltage i1:l required for a battery load than 
for a resistance load. Capacitor loading is somewhat similar in output 
charaoteristics to battery loading, but the value of output voltage is de­
pendent upon the magnitude of the capacity, the quality of the capacitor, 
and the current drawn by the load. For battery loading, the output volt­
age is dependent upon the type of battery, the condition of the battery, 
the battery voltage and the charging current rate required. 

For these reasons, it is difficult to accurately predict the exact input-
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output characteristics of stacks on capacity or battery loads. For precise 
design information, laboratory tests under the specified conditions should 
be made to determine the actual slope of these characteristics. 

Fig. 8 shows the characteristics for a three-phase full-wave bridge cir­
cuit. These characteristics apply to both resistance and battery loads. 

To design a selenium rectifier stack, the following procedure may be 
used: 

1. Refer to Table I for the dc output voltage rating for the particular 
circuit application. 

2. For the specified dc output current select the proper cell size from 
Table II. (~f the current exceeds that of a single cell, additional cells may 
be connected in parallel.) 

3. The ac input voltage to the stack for the required dc output voltage 
and current is then obtained from Figs. 6, 7 or 8. 

The following example illustrates this method of stack design. 
Example: To design a single-phase full-wave bridge rectifier stack to 

supply 1.0 ampere dc at 48 volts into a resistance load. From Table I, 
the highest dc output voltage for a basic stack is 24 volts for cells rated 

600 

500 ! / 
..... , V z 
~~ / 
0::

0
400 

NORMAL I V 0<1) 

g~ 300 
LOAD CURRENT I 

~---
I V ~« 
I 

I 
« ~ 200 I 

~~ ~' V 0 
u.. / FORWARD 

100 
I V REVERSE RMS IN VOLTS I SHORT-CIRCUIT TEST 

35 30 25 20 15 10 5 t/ I I I 

t::/ ~ 
~o 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4. 

... ~ ... --- FORWARD RMS IN VOLTS 

2 ...... .IV 
..... 
Z 
W· 

4 ~~ 

II =>0 
U<I) 

6 <1)0:: 
~W 

l 
0::Cl.. 
W« 

8 lQ ~ 

/ Wz 
>-

REVERSE W 

I 
- 100:: 

OPEN-CIRCUIT TEST 

o 

12 

Fig. 4 - Typical dynamic voltage-current characteristics of 4-1-1B stacks with 
26-volt cells processed by two different suppliers. 



1480 THE nELI~ SYSTEM TECHNICAL JOURNAL, NOVEMBER 1953 

at 33 volts, rms. Therefore, 4~~4 or 2 cells in series in each of the four 
rectifying elements of the full wave bridge circuit will be required. From 
Table II, a 2-inch square cell is needed to carry the specified load of 1 
ampere dc. As previously described under "Symbolic Notation," the 
rectifier stack would be designated as 4-2-1B combination using 8 cells. 

Selenium cells rated at 18 or 2G volts rms also could be used, but the 
total number of cells in the stack would be increased as shown in Ta­
ble III. 

Obviously, the higher the cell voltage rating, the less total cells and 
consequently a smaller and lighter stack is obtained. However, other fac­
tors, particularly life expectancy, must be evaluated as described later 
in the text. 

After the stack cell combination has been established, the required ac 
input voltage is obtained from Fig. 6. At 100 per cent normal load cur­
rent (1 ampere dc from Table II) and 24 volts dc, the ac voltage for a 
basic stack is about 30 volts, rms. Since there are two cells in series in 
each rectifying element, 2 X 30 or GO volts rms input voltage would be 
required for a new stack. 

If cells rated at 26 volts rms are selected, three cells in series would be 
required. For the specified 48 volts dc output, 4~~ or 1G volts dc per 
series cell, is obtained. Again referring to Fig. G, an input voltage of 20.5 
volts per cell or G1.5 volts total is required. This compares to GO volts 
for the previous illustration. The higher input voltage results from the 
added voltage drop of the additional cells in the rectifier stack. 

This stack design is satisfactory for operation in ambient tempera­
tures not exceeding +35°C. For operation at higher ambients, the stack 
should be de-rated as shown in Fig. 2. For example, if the stack is re­
quired to operate in an ambient of +GO°C, the dc output current rating 
would be 50 per cent of the normal rating. The 2" square cell previously 
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Fig. 5 - Temperature characteristics of 4-1-1B stacks with 2" x 2" cells rated 
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selected would now be rated at 0.50 X 1 or 0.5 ampere. Therefore, for 
the specified 1.0 ampere load, two cells in parallel are required or the 
next larger cell size, (3" square) could be selected. The 3" square cell 
would be rated at 0.50 X 2.2 or 1.1 ampere. 

At 60°C ambient, the input voltage for new or aged stacks should not 
exceed 92 per cent of the normal rms voltage rating. 

An alternative method of calculating the input voltage required for 
any stack cell combination may be obtained by the use of the formulas 
shown in Table IV. 

Since the selenium rectifier stack is a non-linear device whose charac­
teristics vary depending upon the circuit and operating conditions, the 
values given in Table IV are not precise but they are reasonably accurate 
for most design purposes. 

To illustrate the formulas method, let us determine the input voltage 
for the previous example, that is, a single-phase full-wave bridge stack 
to supply 1.0 ampere dc at 48 volts into a resistance load. As previously 
determined, the stack cell combination would be a 4-2-1B circuit. The 

TABLE III - STACK DESIGN 

Cell Rating Volts rms. 

33 
26 
18 

Cell Combination 

4-2-1B 
4-3-1B 
4-4-1B 

Total Cells 

8 
12 
16 

TABLE IV - CALCULATING THE INPUT VOLTAGE REQUIRED FOR ANY 

STACK CELL COMBINATION 

Rectifier Circuit Formulae 

Single-phase Half-Wave ..... Eac = KEdc + nDV 
Single-phase Full-Wave, Cen-

ter TAP* ................. Eac = KEdc + nDV 
Single-phase Full-Wave 

Bridge ................ , ... Eac = KEdc + 2nDV 
Three-phase Full-Wave 

Eac = KEdc + 2nDV Bridge .................... 

Eac = Stack input volts, rms. 
Edc = Average dc output volts. 
K = Circuit form factor. 

K 

Resistance Load Battery or 
Capacity Load 

2.3 1.0 

1.15 0.80 

1.15 0.80 

0.74 0.74 

n = Number of cells in series in each rectifying element. 
DV = RMS forward voltage drop at specified dc output current (see Fig. 9). 
* For center tap circuits, Eac is the voltage to the mid-tap on the transformer. 
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forward rms voltage drop per cell (DV) obtained from Fig. 9 is 1.10 volts 
at 100 per cent normal rated current. From the formulas in Table III, 
the input voltage is: 

Eae = 1.15Ede + 2nDV, 
Eae = 1.15 X 48 + 2 X 2 X 1.1 = 59.6 volts rms. 

This input voltage is required for a new or unaged stack. Since the 
stack ages under service operating conditions, additional input voltage 
will be required to maintain the original dc output. It is considered good 
practice to design for a 100 per cent increase in the initial forward voltage 
drop (D V) of the stack. The aged stack, then would require 

Eae = 1.15Ede + 2(2nDV), 
Eae = 1.15 X 48 + 2(2 X 2 X 1.1) = 63 volts rms. 

The amount by which an incr~ase of 100 per cent in the forward volt­
age drop or forward resistance will change the output is dependent upon 
the design of the circuit. It depends upon the ratio in per cent of the for­
ward rectifier stack resistance to the total circuit resistance including 
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the transformer, ballast, load, etc. For most practical design considera­
tions, one or more aging taps on the input transformer to provide 5 to 
10 per cent additional voltage, will compensate for the forward aging. 

It should be emphasized that the curves in Figs. 6, 7, 8 and 9 are based 
upon empirical data obtained on new rectifier stacks and the charac­
teristics will vary slightly depending upon normal manufacturing varia­
tions in the voltage current characteristics mentioned earlier in this 
article. 

AGING 

Selenium rectifier stacks are subject to aging. Aging is defined as any 
persistent change (except failure) which takes place for any reason in 
either the forward or reverse resistance characteristics. The important 
factor in selenium rectifier aging is the increase in the forward voltage 
drop which results in a decreased dc output. For normal rectifier applica­
tions aging of the reverse current is not critical. 

For design purposes, a selenium stack is considered to have reached 
the end of its useful life when the stack input voltage required to main­
tain rated output voltage exceeds the rms reverse voltage rating assigned 
by the manufacturer. Operation beyond this limit will result in over­
heating of the selenium cells and rapid failure of the stack. 

The extent and rate of aging of selenium stacks cannot be predicted 
mathematically. Aging characteristics must be determined by actual test 
involving lengthy time consuming projects. To determine whether a 
given rectifier stack will give satisfactory performance for five years, as 
an example, tests would have to be conducted for this period. Aging can 
be accelerated by operation at high temperatures or at load currents 
above normal, but no accepted correlation exists between this type of 
aging and that obtainable under normal operating conditions. 

Aging data were obtained on sample rectifier stacks obtained from 
different manufacturers in this country. The samples were set up on life 
test racks as single phase full wave rectifiers and were operated continu­
ously at normal room ambient· temperatures. For the duration of the 
tests, the 60-cycle ac input voltage to the stacks was kept constant at 
approximately 10 per cent below the maximum rms voltage rating. The 
stacks operated into a resistance load. The resistance was selected so 
that the rectifiers operated at rated dc load currents. The resistance was 
not changed thereafter. 

Long term forward aging characteristics of selenium rectifier stacks 
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assembled with cells rated at 18 volts rms are shown in Fig. 10.* After 10 
years (approximately 90,000 hours) continuous operation, the forward 
drop on one supplier's product increased approximately 90 per cent. A 
second supplier's product increased 100 per cent in 3 years under similar 
operating conditions. Further development programs by each manu­
facturer resulted in improved aging qualities as indicated by tests made 
on stacks obtained at a later date. 

By introducing changes in their manufacturing techniques, the in­
dustry eventually increased the voltage ratings to 26 volts rms per cell. 
This change in processing, however, raises the question - how has the 
operating life been affected? Fig. 11* clearly illustrates that although many 
manufacturers are commercially producing 26-volt cells, the life ex­
pectancy is vastly different. 

In order to save space, weight and critical materials, manufacturers 
are attempting to produce cells with still higher voltage ratings. Most 
companies have had a 33-volt cell development program under way for 
some time, but again the problem of aging must be considered. Fig. 12* 
compares the forward aging of 26- and 33-volt cells after 5,000 hours 
operation. It is evident that in all cases except one, the 33-volt cells age 
substantially faster than the 26-volt cells. The exception is manufacturer 
"E" who has not produced 26-volt cells but has commercially processed 

* The designations A, B, C, etc. shown on all aging curves are not to be in­
terpreted to represent the same manufacturer's product on each of the figures. 
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33-volt cells for several years. Again, there is a wide difference in the 
rate of aging in the various manufacturers' products. 

Continued aging tests on stacks made by manufacturer "·E" show that 
after 21,000 hours of continuous operation, the forward voltage drop has 
increased only 8 per cent. Extrapolation of these data indicate a life 
expectancy of thirty years. 

It should be emphasized that the data on the 33-volt cells, with the 
one exception, were taken on experimental starks obtained from various 
companies while they still were in the research and development stages 
of processing the 33-volt cell. Undoubtedly, further development pro­
grams on this type of cell will result in improved aging qualities. 

Fig. 13 shows clearly what happens to the aging rate as manufacturers 
attempt to increase still further the voltage rating. These data are based 
upon 26-,33- and 40-volt cells made by one supplier who is commercially 
producing cells with these ratings. The aging rate is accelerated greatly 
as the voltage rating is increased. 

All the foregoing aging data were taken on stacks operated at rated load 
currents. A longer operating life may be expected if selenium stacks are 
selected to operate at lower load currents. As shown in Fig. 14, the aging 
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at 50 per cent normal current rating is about one half that at rated cur­
rent. Above normal rating, the aging is accelerated to a greater degree. 
These data were obtained on a particular supplier's stacks with 2G-volt 
cells, but similar behavior has been observed on other suppliers' products, 
including stacks assembled with 33- and 40-volt cells. 

The behavior of the reverse current during these aging studies indi­
cates that the reverse current generally decreases slightly during the first 
few months of operation and then remains substantially constant there­
after. A few manufacturers' rectifiers, however, show the opposite effect. 
The current rises slightly before leveling off. For normal dc power appli­
cations, these changes are insignificant. 

As previously discussed, selenium stacks are rated for operation at 
+35°0 ambient temperatures and should be derated at higher ambients 
for normal life expectancy. However, the problem frequently arises -­
what life can be expected at high ambient temperatures and why cannot 
aging qualities be predicted over a short time interval under accelerated 
conditions, such as high ambient temperatures? Fig. 15 shows data ob­
tained on four different suppliers' product when operated at a +80°0 
ambient temperature. The temperature of the selenium cells under 
these conditions (ambient plus temperature.rise) is about 100°0. For 
comparison purposes, data are included for similar stacks aged at normal 
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room temperatures. It is readily evident that at +80°0 ambient (1) the 
forward aging rate is increased (2) the different manufacturers' stacks 
age at different rates and (3) there is no definite correlation of the aging 
rate with normal operation at room temperature. As previously men­
tioned under room temperature operation, longer life can be expected if 
stacks are operated at reduced current loads. At 80°C ambient however, 
three of the four manufacturers' stacks· aged as much at half load as at 
full load. 

CONCLUSIONS 

The development and use of selenium rectifier stacks in this country 
has been quite rapid in the last ten years. The voltage ratings per cell 
have increased from 14 volts rms to 26 and 33 volts on a commercial 
basis. The trend in the selenium industry seems to indicate that cell 
voltage ratings will be further increased. 

The proper selection and procurement of selenium rectifier stacks and 
their application to dc power supplies for large scale industrial or military 
projects usually require considerably more information than can be ob­
tained from published data in manufacturers' catalogs. Considerable 
differences have been observed in the performance of similar stacks 



100 

80 

CL 60 
0 

f-O:: 
ZO 40 
Wo 
Uo:: 
o::~ 20 
w~ 
a.. 0:: 

0 0 
~ll.. 

w-' 
100 

(/)~ 
~-
wt:: 80 
o::~ 
U 
z::2 60 -0 

0:: 

~ 40 

20 

o 

SELENIUM RECTIFIER APPLICATION CONSIDERATIONS 1491 

"iL 40 
0 
0:: 
0 

0 35 0:: 
~ 
~ 
0:: 
0 30 Ll.. 

--l 
~ 

t= 25 
~ 

:!: 
0 
0:: 20 
.:s 
f­
Z 
w 15 
U 

0:: 
W 
a.. 10 

~ 
w 
'!1 5 
w 
0:: 
U 

/V 
V" (...--'" 

/ 
/ 

V 

/ 
/ 

/ 

15/ 
/ 

V 
/ 

V NORMAL V 
RAT~ 

_V V V ~ ...., 
V (...--V 

~ 
Z 0 --l-:::: V- -~ o 2000 4000 6000 8000 10,000 

HOURS OF OPERATION 

Fig. 14 - Effect of load current on forward aging. 

MFR A MFR C -- +80o C 

- AMBIENT 

V ~I""" 

V 
--- ROOM 

AMBIENT 

/ 
/' ---.....-

1/ --- ( - ---
II -- --I--

--- ----- 1/ 1--- -----~--1---

MFR B MFR D 

V V 

--
V V --l-I--:-

// 
V V ...--

1----V -- --
I~---- -- -- --1--- --- --- V __ --- -----

o 1000 2000 3000 4000 0 1000 2000 3000 4000 

HOURS OF OPERATION 

Fig. 15 - Forward aging characteristics. Comparison of room and +80°C 
ambient temperature operation. 26-volt cells, resistance load, rated dc amps, 
input voltage - 80 per cent normal for +80°C ambient and 90 per cent normal 
for room ambient. 



1492 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1953 

furnished by different manufacturers. To appraise properly the qualities 
of different manufacturers' stacks, the stability of the life characteristics 
should be considered more important than the initial characteristics. 

There is very little information published by the selenium manufac­
turers regarding the life expectancy of their product. Aging appears to 
be directly related to the individual manufacturing techniques used by 
each supplier. The life of selenium rectifier stacks seem to decrease as 
the cell voltage rating is increased. Longer life can be expected if stacks 
are operated at load currents below the present ratings given in the manu­
facturers' literature. 

Selenium rectifier stacks properly designed and conservatively rated 
can be expected to give satisfactory performance for 10 to 20 years. 
Careful consideration of the rate and extent of aging must be evaluated 
so that proper allowance may be made in the circuit design to obtain 
maximum life expectancy. 
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Arcing of Electrical Contacts in Telephone 
Switching Circuits 

Part II-Characteristics of the Short Arc 

By M. M. ATALLA 

(Manuscript received May 27, 1953) 

Results are presented of an experimental study of the characteristics of 
the short arc in air which is the major cause of contact erosion in telephone 
switching circuits. Measurements were made of the arc initiation voltage, the 
voltage drop across the arc and the minimum arcing current. The following 
are the main conclusions: (1) For "normal" contacts in air, the arc is 
initiated at a constant field strength of a few million volts/ cm up to separa­
tions of about 2-3 mean free paths of an electron in air. At larger separa­
tions the arc is initiated at the well known spark breakdown potentials of 
air. In vacuum the linear relation holds for larger separations followed by a 
transition into a square root relation V ai = K(d)1/2. (2) For "clean" con­
tacts in air, no constant field strength line is obtained for separations as low 
as 16001. Instead, the arc is initiated at the spark breakdown potentials of 
air, possibly due to adsorbed air molecules or due to breakdown along a 
longer path at the Paschen's minimum potential. In vacuum, it is specu­
lated that the above square root relation will hold. (3) For "activated" con­
tacts and small separations the arc is initiated at a constant field strength of 
about 0.6 X 106 volts/cm. (4) For "normal" contacts the minimum arcing 
current increases with an increase in the maximum current during the arc 
due to surface contaminations and the arc cleaning action. (5) For arc cur­
rents above 1.5 ampere and energies of the order of thousands of ergs the 
cathode determines the arc characteristics. 

INTRODUCTION 

The electrical erosion of contacts presents an important problem in 
the design of telephone switching apparatus. There are several physical 
phenomena that occur between contacts and contribute to their erosion. 
The short arc,* which may occur on both make and break of a contact, 

* The short arc is characterized by its constant voltage, independent of the 
current, which is of the order of the ionizing potential of the contact material. 

1493 
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is generally considered to be the major contributor. For illustration, a 
palladium contact, 10-4 cm3 in volume, will last for more than 109 opera­
tions* only if the arc energy per operation is less than 2.5 ergs. This is 
based on an erosion rate of 4 X 10-14 cm3 per erg.! Furthermore, a short 
arc with a half ampere current, lasting for only one microsecond, will 
dissipate as much energy as 70 ergs. Contact erosion may also take place, 
though at much lower rates for the usual ranges of current and voltage 
in switching circuits, due to molten bridges2 on contact break and due 
to glow discharge.3 

In Part I of this series,4 was discussed the mechanism of the initiation 
of the short arc as determined by contact and circuit conditions. Three 
characteristics of the arc were used in the presentation without elabora­
tion as to their nature: (1) the arc initiation voltage, (2) the voltage drop 
across the arc, and (3) the arc initiation and the arc termination currents. 
These characteristics have been the subject of a recent study to which 
this part of the series is mainly devoted. 

In the course of this study, it was found that there should be some 
repetition of previous work to isolate effects of certain pertinent parame­
ters that were not previously given due consideration. 

No attempt is made here to give a complete survey of the related 
studies in the literature. Only a few publications are referred to as typical 
references to the subjects discussed. 

NOTATION 

C Capacitance 
Ea Energy dissipated in the arc V 
F Gross field strength between the contacts: d 

I Current 
I i Arc initiation current 
1 max Maximum current in the arc 
1m Minimum arcing current or arc termination current 

* This is the actual life requirement of some contacts in existing switching 
circuits. 

1 L. H. Germer and F. E. Haworth, Erosion of Electrical Contacts on Make, 
J. App. Phys. 20, p. 1085, 1949. 

2 See for example: J. J. Lander and L. H. Germer, The Bridge Erosion of 
Electrical Contacts, J. App. Phys. 19, p. 910, 1948. 

3 F. E. Haworth, Electrode Reactions in Glow Discharge, J. App. Phys. 22. 
p. 606, 1951. 

4 M. M. Atalla, "Arching of Electrical Contacts in Telephone Switching Cir­
cuits. Part I-Theory of the Initiation of the Short Arc," B.S.T.J., 32, pp. 1231-
1244, Sept., 1953. 
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K Constant in the relation Vai = K(d)I/2 
R Resistance 
V Voltage 
Vai Arc initiation voltage 
d Minimum separation between contacts 
h Height of a metal bridge formed during one arc 

Time 
ta Arc duration 
v Constant voltage drop across the short arc 

ARC INITIATION VOLTAGE 

Considcr the simple contact circuit in Fig. 1 comprising a pair of con­
tacts in series with a resistor R and a variable voltage power supply. By 
fixing the separation between the contacts and gradually increasing the 

R Rt 

Fig. 1 - Contact Circuit. 

VARIABLE 
POWER SUPPLY 

1 
voltage, an arc is usually initiated when the voltage reaches a certain 
value "Va/' called the arc initiation voltage. In general V ai is a function 
of: (1) separation between the contacts, (2) geometry of the contact 
surfaces, (3) the surrounding atmosphere, and (4) contact material and 
its surface. 

Our experiments were limited to contacts in atmospheric air with 
special emphasis on separations of the order of and less than the mean 
free path of an electron in air. For larger separations the arc initiation 
voltage follows the well known curve of the sparking potential of air.s 
For the smaller separations where the presence of air molecules would 
not be expected to affect the arc initiation voltage, it was previously re­
ported that breakdowns occurred at some constant field between 0.6 
X 106 and 16 X 106 volts/cm.I

, 6, 7 

In our experiments a cantilever bar, described by Pearson,6 was used. 
The setting for zero separation was determined by a 0.1 volt source, a 

6 See for instance J. D. Cobine, Gaseous Conductors, McGraw-Hill, N. Y., 
p. 162, 1941. 

6 G. L. Pearson, Phys. Rev. 56, p. 471, 1939. 
7 L. H. Germer and J. L. Smith, J. App. Phys. 23, p. 553, 1952. 
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10,000 ohms resistor and a cathode relay oscilloscope. The zero setting 
could be repeated with a precision of ± 500A. All the reported results 
were obtained by fixing the contact separation, raising the voltage and 
observing the breakdown on a cathode ray oscilloscope. Contacts tested 
were given one of three different surface treatments: 

(1) The contact surface was polished with fine emery paper, washed 
with methyl alcohol, then exposed to the laboratory atmosphere for a 
few hours. After about 5 arc discharges, readings of arc initiation voltage 
seemed to vary at random. Contacts thus treated are referred to as 
"normal" contacts. 

(2) Contacts were subjected to arcing for about 5 minutes at the rate 
of 15 arcs per second. Arcing was produced by the discharge of a half 
microfarad condenser at 500 volts through a 10-ohm resistor. Measure­
ments of the arc initiation voltage followed immediately after this treat­
ment. These contacts are referred to as "clean" contacts. Their behaviour 
usually changed to that of "normal" contacts after a short exposure to 
the laboratory atmosphere. 

(3) Contacts were subjected to arcing at the rate of 3 arcs per second 
for about one hour in air saturated with d-limonene. The arc was pro­
duced by discharging a O.l-microfarad condenser at 50 ~olts through a 
100-ohm resistor. These contacts are referred to as "activated" con­
tacts.8 

Fig. 2 shows the results obtained with "normal" palladium contacts. 
Each point represents the average of five readings. The maximum spread 
was 40 per cent of the average. For separations less than 10,000A, about 
two mean free paths of an electron in air at normal conditions, a constant 
gross field strength line of 3 X 106 volts/cm was obtained. At larger 
separations the measured arc initiation voltages were essentially the well 
known sparking potentials of air. Fig. 3 shows the corresponding results 
obtained with "normal" carbon contacts in air. Below a separation of 
15,000A, the arc was initiated at a constant gross field strength of 2.4 
X 106 volts/ cm. The maximum spread of the individual points was only 
15 per cent of the average. 

In the absence of air, it is expected that the constant field strength 
lines will hold for higher separations. * In Table I, Column 2 are given 
the measured values of the gross field strengths at which the arc was 
initiated for a group of "normal" contact materials. 

* Recent unpublished measurements by Dr. P. Kisliuk on similar contacts in 
vacuum have indicated that the constant field strength relation V ai = F (d) holds 
initially for larger separations and is followed by a gradual transition into a 
square root relation Vai = f{ (d) 1/2 as proposed by Cranberg. 9 

8 L. H. Germer, Arching at Electrical Contacts on Closure-Part I, J. Appl. 
Phys. 22, p. 955, 1951. 
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Fig. 2 - Arc initiation voltages for "Normal" palladium contacts. 

Due to the spread of the above measurements and their observed de­
pendence on surface exposure and treatment it was suspected that the 
constant field strength characteristic obtained was due to surface con­
tamination. This was verified by testing contacts cleaned by the heavy 
arcing process explained above. The results are shown in Fig. 4. The 
familiar constant field strength line was not obtained for separations as 
low as 15001. Instead, the arc was initiated at voltages comparable to 
the sparking potentials of air. Since the separations were too small, the 
smallest being three times less than the mean free path of an electron in 
air, it was thought that the effect was due to some mechanism involving 
the adsorbed air molecules or due to breakdown along a longer path at 
the Paschen's minimum potential.5 In the absence of air, it is, therefore, 
expected that higher voltages and higher field strengths in excess of 20 
X 10

6 
volts/ cm, as obtained at 15001, will be needed to initiate the arc. 

It is possible that Cranberg's relationk9 V = K(d)1/2, will hold for separa­
tions as low as a few thousand angstroms. In Fig. 4, this relation, with 
K = 105 volt. cm -1/2, is plotted. 

9 L. Cranberg, The Initiation of Electrical Breakdowns in Vacuum, J. Appl. 
Phys. 23, p. 518, 1952. 



1498 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1953 

1000 

800 CARBON CONTACTS 
IN AIR 

600 

400 
o~ ~ -rr' ~ 

w 
t!> 
<{ 

~ 
~ 200 

z 
0 
i= 
<{ 

i= 100 ~ 
U 80 
0:: 
<{ 

60 

40 

20 

I/~ 

\~ 
V 

$I 
b-7 
~O /1.-

~bt 

/ 
2 4 6 104 2 4 

CONTACT SEPARATION IN ANGSTROMS 

Fig. 3 - Arc initiation voltages for carbon contacts. 

For contacts activated in organic vapors, constant field strength lines 
were obtained. In Fig. 5 results are shown for palladium contacts acti­
vated by d-limonene. The average field strength for arc initiation is only 
0.6 X 106 volts/ cm with a spread of as much as 100 per cent of the 
average. At separations greater than 50,000A the arc was initiated by 
the familiar spark breakdown of air. In vacuum the constant field 
strength line should hold for larger separations possibly until it intersects 
Cranberg's line.9 

Breakdowns at low fields were also observed for metals with inorganic 
films. For instance Gleichauf10 obtained a constant field strength line of 
0.24 X 106 volts/cm for copper electrodes in vacuum at separations of 
the order of millimeters. Our measurements on copper contacts at sepa­
rations less than 10,000A have shown breakdowns at fields as low as 0.7 
X 106 volts/ cm. It is concluded that the presence of organic or inorganic 
films on a contact usually leads to a reduced gross field strength at which 
the breakdown will occur. The reduction can be by as much as two orders 
of magnitude. It is possible that this reduction was only apparent and 
the electrons actually came from the underlying metal by extraction in 
an intense field set up by the positive ions lying on the surface of the 
film. ll 

10 P. H. Gleichauf, Electrical Breakdown Over Insulators in High Vacuum, 
J. Appl. Phys. 22, p. 766,1951. 

11 F. L. Jones, Electrical Discharges in Gases, Nature, 170, p. 601, 1952. 
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TABLE 1. - ARCING CHARACTERISTICS OF CONTACT MATERIALS 

(1) 

Contact Material 

Carbon ....................... . 
Nickel ........................ . 
Palladium ..................... . 
Silver ......................... . 
Tungsten ..................... . 

(2) 

Field strength to 
initiate the arc for 

normal contacts. 
106 Volts/cm. 

2.4 
4.2 
3.0 
2.0 
4.9 

(3) 

Short arc Voltage 

20-43 
12-13 
14-15 
11-13 
12-13 

(4) 

Minimum arcing 
current for 

"clean"· 
contacts. Amps. 

0.03 
0.4 
1.1 
0.8 
0.7 

* For "normal" contacts, the minimum arcing current is less by 50 per cent 
or more. 

The results of the above section are summarized in Fig. 6. The solid 
lines were actually measured for palladium contacts under different 
surface conditions. The broken lines are only speculative. For a certain 
separation and surface condition the arc will be initiated at a voltage as 
given by the lowest corresponding line in the figure. 

VOLTAGE DROP ACROSS A SHORT ARC 

The short arc may be defined as a discharge of electricity between 
electrodes with a voltage drop of the order of the minimum ionizing po­
tential of the atoms of the electrodes.* Furthermore, due to the small 
separation between the contacts and the local high pressure metal vapor, 
the characteristics of the established arc are independent of a surround­
ing atmosphere at normal or low pressures. The short arc is characterized 
by its constant voltage for currents above a minimum value called the 
minimum arcing current of the contact. In contrast to the short arc, the 
long arc between contacts at a fixed separation has a voltage drop which 
decreases with an increase in current.12 Most arcs occurring between con­
tacts on both make and break of telephone switching circuits, are short arcs. 
In Table I, Column 3, are given our measured values of the short arc 
voltage for a few materials. 

ARC INITIATION AND TERMINATION CURRENTS 

The arc termination current or minimum arcing current is defined as 
the lowest current at which the arc can be sustained. The arc is extin-

* The arc voltage is about 50 per cent higher except for the carbon arc which 
has a much higher voltage; see Table I, Column 3. 

12 See for instance: K. Gaulrapp, Untersuchung der elaktrisehen Eigenschaften 
des Abreisbogens, Ann. Physik. 25, p. 705, 1936. 
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Fig. 4 - Arc initiation voltages for "Clean" metals. 

guished when the circuit current drops to this value. To initiate the arc 
a minimum current must be furnished by the circuit called the arc 
initiation current. It was previously shown 4 that the arc initiation and 
termination currents are essentially the same numerically. The existence 
of these limiting currents as such, rather than current densities, is not 
understood from a fundamental standpoint. 

The limiting currents are a function of the contact material and are 
appreciably affected by the surface condition of the contacts. Surface 
contaminations generally reduce the limiting currents of the contacts. 
The results presented here were obtained by measuring the residual volt­
age in an R-C circuit following an arc. This voltage is equal to 1 mR, from 
which 1m was determined. Our measurements are given in Table I, 
Column 4 for "clean" contacts. The maximum spread is 20 per cent of 
the average. For normal contacts, however, surface contamination causes 
a wide variation in the results. Furthermore, the maximum intensity of 
the arc, or the maximum current furnished by the measuring circuit, 
was found to have an appreciable affect on the measurements. This ap­
pears to be due to the surface cleaning action of the arc. This effect is 
demonstrated in Fig. 7 for "normal" palladium contacts. Each point 
represents an individual measurement of 1m plotted against the cor­
responding maximum current during the arc. An R-C contact circuit 
was used. While the measurements show a considerable spread, they 
indicate a definite trend of an increase in 1m with increasing 1 max' 
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Fig. 5 - Arc initiation voltages for "Activated" palladium contacts. 
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In the first part of this paper it was shown that contact activation by 
organic vapors reduces the arc initiation voltage for a fixed separation. 
In other words, for a pair of closing contacts the arc will be initiated at 
a wider separation and a longer arcing time is obtained. In addition, 
activation tends to decrease the minimum arcing current. Germer8

, meas­
ured a minimum arcing current of only 0.027 to 0.037 ampere for active 
silver. Our measurements for active palladium gave a minimum arcing 
current of 0.1 ampere. This substantial decrease in the minimum arcing 
current of contacts due to surface activation usually causes a further 
increase in the arcing time. Contact activation, therefore, enhances 
arcing between closing contacts in two ways; first, by initiating the arc 
at wider separations, and second by maintaining the arc at much smaller 
currents. The following results are presented to indicate the quantitative 
significance of contact activation. A pair of "normal" palladium contacts 
were operated in air saturated with d-limonene at 3 cps. The contacts 
closed a circuit consisting of a 0.5-microfarad condenser, charged to 50 
volts, in series with a 100-ohm resistor. The transient on make was 
observed on a cathode ray oscilloscope to determine the arcing time. The 
arc energy Ea was calculated and the ratio Ea/Cv (Vo - v) was plotted 
against the number of operations, Fig. 8. The denomenator is the maxi­
mum arc energy, which is only attained if the arc is maintained until 
the current reaches zero. The results indicate a rapid increase of the arc 
energy corresponding to an increase in surface activation. When the 
contacts become fully active, the arc energy was about two orders of 
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magnitude greater than the energy for inactive contacts. Contacts may 
also be activated by inorganic films. Experiments on palladium and 
silver contacts have shown* that glow discharge between contacts operat­
ing in air produced a second type of activation. Nitrides were formed on 
the contact surfaces and the minimum arcing current dropped to about 
0.1 ampere for silver and 0.2 ampere for palladium. This effect was more 
pronounced with silver contacts. 

In carrying out the measurements of the minimum arcing current it 
was observed that the arc was generally interrupted by one of three 
causes (1) the minimum arcing current was reached, (2) physical closure 
of the contacts, and (3) shorting of the arc by a metal bridge formed 
during the arc. A study of the bridge formation has shown that the 
height of the bridge was a function of the arc energy. The bridge height 
was measured by setting the zero separation point before and after the 
arc. The difference gave the height of the bridge. This was plotted in 
Fig. 9 against the measured arc energy. The height of the bridge in­
creased roughly with the cubic root of the arc energy up to energies of 
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Fig. 8 - Increase in arc energy due to contact "Activation". 

* This information was obtained from unpublished work of F. E. Haworth. 
See also Reference 8 for a discussion of the effects of insulating films on arc initi­
ation. 
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about 800 ergs. This was followed by a rapid transition into metal loss 
instead of a bridge. This loss inereased with increase in energy. 

DISSIMILAR CONTACTS - EFFECT OF POLARl'rY ON ARC CHAHACTERISTICS 

An experiment was carried out to find the contributions of the anode 
and cathode in determining the characteristics of the arc. Use was made 
of the fact that carbon contacts are unique in having low minimum arcing 
eurrent and high are voltage compared to most metals; see Table 1. 
Furthermore, carbon contacts always gave a constant field strength line 
for arc initiation at small separations even when they were cleaned by 
the heavy arcing process. Tests were carried out with a variety of con­
tact metals against carbon. All the results obtained were qualitatively 
the same. For illustration only the experiments with palladium-carbon 
contacts are reported here. 

Test specimens were carefully prepared in the following fashion. Pal­
ladium to palladium eontaets, mounted on thc cantilever bar set-up, 
were cleaned by the heavy arcing process. One contaet was removed and 
replaced by a carbon contact with its surface polished and freed from 
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TABLE II - EFFECT OF POLARITY ON THE CHARACTERISTICS OF THE 

ARC - PALLADIUM-CARBON CONTACTS 

(1) (2) 

Arc initiation 0 

Contact Configuration voltage at 6000A 
separation 

C+, Pd-................... 300 
Pd+, Pd-.... . . .. . . .. . . . . . . 320 
C-, Pd+............. ... . .... .. . 130 
C-, C+.. . . . . . . . . . . . . . . . . . . . . . . . 120 

(3) 

Arc voltage v 

13-15 
14-15 
20-30 
20-43 

Minimum arcing 
current. 1m amps. 

0.2-0.5 
1.1 

0.2-0.3 
0.03 

loose particles. The separation between the contacts was set at 6000A. 
By gradually raising the voltage across the contacts and observing it on 
a cathode ray oscilloscope, the arc initiation voltage was determined. 
The same measurement was repeated several times. Preceding each mea­
surement, the contacts were recleaned by the same process explained 
above. The polarity was then reversed and a new set of measurements 
was taken. The results are shown in Table II, Column 2. They indicate 
that the arc initiation voltage is determined by the cathode. This 
furnishes support to the postulate that field emission is the first step of 
the mechanism of arc initiation. By recording the voltage across the 
contacts during the arc, measurements were made of the arc voltage and 
the minimum arcing current. The results are given in Table II, Columns 
3 and 4. The arc voltage measurements indicate rather conclusively that 
the arc voltage is determined by the cathode. The minimum arcing cur­
rent measurements, however, were only slightly, yet consistently, higher 
with a palladium cathode. It is thought that during a single short arc, 
particularly with the high intensity arcs used, there is a certain amount 
of exchange of materials between the electrodes. This exchange is possibly 
responsible for the observed influence of the anode on the arc character­
istics. 

It is concluded that the arc initiation voltage as well as the arc voltage 
are characteristics of the cathode while the minimum arcing current 
seems to be influenced by both electrodes with stronger inclination 
towards the cathode characteristics.* The following reservation, how-

* Early experiments by H. E. Ives 13 have led to the conclusion that the arc 
voltage is a characteristic of the anode. In his experiments, however, currents 
of the order of one ampere were established in the circuit while the contacts were 
closed. Arc measurements were made during the subsequent break of the contacts. 
It is thought, therefore, that metal bridges must have formed during the break, 
transferring metal from the anode to the cathode. 2 The arc produced must have 
been influenced accordingly. In our experiments this difficulty was entirely 
elimi na ted. 

13 H. E. Ives, Minimal Length Arc Characteristics, J. Franklin Inst. 198, No. 
4, 1924. 



1506 THE BELL SYSTEM TECHNICAL JOURNAL, NOVEMBER 1953 

ever, has to be made. All these measurements, although made at a 
voltage range between 50 and 400 volts corresponding to a contact 
separation range between 1500 and 100,000A, had high maximum cur­
rents above 1.5 amperes. The energy dissipated in each arc was of the 
order of thousands of ergs. This reservation is made because recent 
studies of metal transfer have indicated a reversal in the direction of 
transfer between the anode and the cathode depending on the rate of 
energy dissipation in the arc. 
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crude quantitative treatment is carried out along the lines of Shockley's 
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emission of electrons in vacuum. The theory of Shockley and Prim for this 
phenomenon has been extended to the high field case using the approximation 
that the drift velocity of the carriers is v = p,(EEo)I/2, where p, is the low field 
mobility, E the electric field, and Eo the "critical field." For this approxima­
tion the current density analogous to Child's law for a plane parallel diode is 

J = ('7'3) (%)3/2J{p,Eol/2Va3/2 jW5/2, 

where Va is the potential across a diode of thickness wand J{ is the dielectric 
constant in mks units. Good agreement between theory and experiment for 
hole flow in germanium at liquid air temperature has been obtained, using 
values of p, and Eo obtained independently by Ryder. 
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Anisotropic Elasticity with Applications to Dislocation Theory, Acta 
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The general solution of the elastic equations for an arbitrary homogeneous 
anisotropic solid is found for the case where the elastic state is independent of 
one (say X3) of the three Cartesian coordinates Xl, X2, X3. Three complex 
variablesz(C) = Xl + P(C)X2(C = 1,2,3) are introduced, thep(C) being complex 
parameters determined by the elastic constants. The components of the 
displacement (UI, U2, U3) can be expressed as linear combinations of three 
analytic functions, one of Z(l) , and of Z(2) , and one of Z(3) • The particular 
form of solution which gives a dislocation along the x3-axis with arbitrary 
Burgers vector (aI, a2, a3) is found. (The solution for a uniform distribution 
of body force along the x3-axis appears as a by-product.) As is well known, for 
isotropy we have U3 = ° for an edge dislocation and Ul = 0, U2 = ° for a screw 
dislocation. This is not true in the anisotropic case unless the XIX2 plane is a 
plane of symmetry. Two cases are discussed in detail, a screw dislocation 
running perpendicular to a symmetry plane of an otherwise arbitrary crystal, 
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McMILLAN, B.l 

Basic Theorems of Information Theory, Ann. Math. Stat., 24, pp. 
196-219, June, 1953 (Monograph 2124). 

This paper describes briefly the current mathematical models upon which 
. communication theory is based, and presents in some detail an exposition and 
partial critique of C. E. Shannon's treatment of one such model. It then 
presents a general limit theorem in the theory of discrete stochastic processes, 
suggested by a result of Shannon's. 
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Influence of Echoes on Television Transmission, J.S.M.P.T.E., 
60, pp. 572-596, May, 1953 (Monograph 2144). 

PETERSON, G. E.1 

Basic Physical Systems for Communication Between Two Individuals, 
J. Speech and Hearing Disorders, 18, pp. 116-120, June, 1953 (Mono­

graph 2135). 
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Transistors, Radio-Electronics, 24, pp. 42-44, June, 1953. 

PORTIS, A. M., 7 A. F. KIP, 7 C. KITTEL, 7 AND W. H. BRATTAINI 

Electron Spin Resonance in a Silicon Semi-Conductor, Letter to the 
Editor, Phys. Rev., 90, pp., 988~989, June 1, 1953. 
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RYDER, E. J.1 

Mobility of Holes and Electrons in High Electric Fields, Phys. Rev., 
90, pp. 766-769, June 1, 1953. 

The field dependence of mobility has been determined for electrons and holes 
in both germanium and silicon. The observed critical field at 298 degrees K 
beyond which JL varies as E-l/2 is 900 volts/cm for n-type germanium, 1400 
volts/cm for p-type germanium, 2500 volts/cm for n-type silicon, and 7500 
volts/cm for p-type silicon. These values of critical field are between two to 
four times those calculated on the basis of spherical constant energy surfaces 
in the Brillouin zone. A saturation drift velocity of 6(10)6 cm/sec is observed 
in germanium which is in good agreement with predictions based on scattering 
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by the optical modes. Data on n-type germanium at 20 degrees K show a 
range over which impurity scattering decreases and the mobility increases 
with field until lattice scattering dominates as at the higher temperatures. 

SHOCKLEY, W., see J. D. ESHELBY. 

SHOCKLEY, W.
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AND R. C. PRIM
l 

Space-Charge Limited Emission in Semi-Conductors, Phys. Rev., 
90, pp. 753-758, June 1, 1953. 

A situation analogous to thermionic emission into vacuum can occur in semi­
conductors. A semi-conductor analog for a plane parallel vacuum diode may 
consist of two layers of n type semi-conductor bounding a plane parallel slab 
of pure semi-conductor. The current density analogous to Child's law is 
J = 9KEOil V2 /8W3, where K = dielectric constant, EO = mks permittivity, J.l 

= mobility, V = applied voltage, and W = thickness of pure region. The 
condition prevailing at the space-charge maximum is analyzed taking into 
account diffusion due to random thermal motion. Brief discussions are given 
of the effect of fixed space charge, the dependence of mobility upon electric 
field strength and the role of space-charge limited emission in a new .class of 
unipolar transistors. 

SLICHTER, W. p.l AND E. D. KOLB l 

Solute Distribution in Germanium Crystals, Letter to the Editor, 
Phys. Rev., 90, pp. 987-988, June 1, 1953. 

TOWNSEND, .J. R.l 

A Dynamic Program for Conversion, Metal Progress, 63, pp. 79-81, 
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TURNER, E. H.l 

New Non-Reciprocal Waveguide Medium Using Ferrites, Letter to 
the Editor, LR.E., Proc., 41, p. 937, .July, 1953. 

WANNIER, G. H.l 

Threshold Law for Single Ionization of Atoms or Ions by Electrons, 
Phys. Rev., 90, pp. 817-825, June 1, 1953. 

'When an electron hits an atom or ion, it may knock off an electron. This 
process is fundamental in almost all types of gas discharge. The reaction is 
endothermic; hence there is a threshold value in the electron energy below 
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which it does not occur. In this paper, the dependence of the yield on the 
energy just above this threshold is derived. The derivation is not rigorous 
because it circumvents some of the difficulties of the three-body problem by 
applying ergodicity, albeit in a weakened form. The result is that, for atoms, 
the yield rises as the 1.127th power of the energy excess. For ions the exponent 
lies between this number and unity. 

WILLARD, G. W.
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Ultrasonically Induced Cavitation in Water: A Step-by-Step Process, 
J. Acoust. Soc. Am., 25, pp. 669-686, July, 1953. 

A 2.5-mc, barium-titanate, spherically focusing radiator was used to produce 
cavitation in both degassed and aerated water entirely within the restricted, 
high intensity focal region, remote from the water boundaries. The sonic 
intensity rises to 1.8 kw /cm2 and the pressure amplitude to ± 70 atmospheres 
at the focus. High-intensity illumination and an unusual high speed photo­
graphic technique permit observation and timing of the step-by-step process 
of cavitation development. 
Feather-shaped cavitation bursts are sporadically produced, being initiated 
in the insignificant quill portion nearest the radiator, then abruptly expanding 
to form the catastrophic plume portion. The plume is believed to be formed 
by myriads of micro cavities, too small and close for individual observation. 
These two fundamental steps are identically produced, and with equal ease, 
both in degassed and aerated water. The whole action is over in several milli­
seconds, except that in the case of aerated water a third bubble step is pro­
duced. In aerated water, non-collapsing gas bubbles are generated by and 
concurrently with, the catastrophic step. These bubbles remain after collapse 
of the burst, to be blown off down stream by the sonically induced liquid 
streaming. 
The bubble step is not generated without the presence of the catastrophic 
step. The latter is generated only if the initiation step reaches a definite degree 
of development (not always attained). This requires sonic activation for 
increasing lengths of time for decreasingly smaller sonic intensities. Origina­
tion of the initiation step, and hence of the whole cavitation phenomena, is 
believed to occur whenever a stray nucleus (weak spot) streams into the high 
intensity sonic field. 
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Comparison of Mobile Radio Transmission at 150, 450, 900 and 3700 
Me, I.R.E., Trans., P.G.V.C. 3, pp. 71-83, June, 1953. 

1 Bell Telephone Laboratories, Inc. 





Contributors to this Issue 

M. M. ATALLA, B.S., Cailo University, 1945; M.S., Purdue University, 
1947; Ph.D., Purdue University, 1949; Studies at Purdue undertaken 
as the result of a scholarship from Cairo University for four years of 
graduate work. Bell Telephone Laboratories, 1950-. For the past three 
years he has been a member of the Switching Apparatus Development 
Department, in which he is supervising a group doing fundamental 
research work on contact physics and engineering. Current projects 
include fundamental studies of gas discharge phenomena between con­
tacts, their mechanisms, and their physical effects on contact behavior; 
also fundamental studies of contact opens and resistance. In 1950, an 
article by him was awarded first prize in the junior member category of 
the A.S.M.E. He is a member of Sigma Xi, Sigma Pi Sigma, and Pi Tau 
Sigma, and a junior member of the A.S.M.E. 

FRANK E. BLOUNT, B.S. in E.E., Oregon State College, 1928. Bell 
Telephone Laboratories 1928-. Mr. Blount tested panel system circuits 
for a year and then transferred to development work on special 
switching and signaling circuits. His interest in circuit design has 
also included chcuits for automatic tol1 ticketing for the step-by-step 
system, for radar testing, and more recently for No. 5 crossbar system. 
Member of Tau Beta Pi, Eta Kappa N u and Phi Kappa Phi. 

J. T. LINDSAY BROWN, B.S. College of the City of New York, 1915. 
Western Electric Company, 1915-1925. Bell Telephone Laboratories 
1925-. For twenty-five years Mr. Brown was concerned with the develop­
ment and testing of telephone instruments and such allied apparatus as 
loudspeakers, microphones, and earphones. In 1940 he transferred to 
work on the development of glass sealed magnetic switches. He is cur­
rently in charge of a group developing mercury contact relays. Member 
of the A.I.E.E., I.R.E. and Acoustical Society of America. 

WALLACE A. DEPP, B.S. and M.S. in E.E., University of Illinois, 1936 
and 1937. Bell Telephone Laboratories, 1937-. In his early laboratories 

1515 



1516 THE BELL SYSTEM TECHNICAL JOURNAL NOVEMBER, 1953 

association Mr. Depp was concerned with thoriated tungsten and tan­
talum emitters and later with cold cathode tubes. During World War II 
he worked on pulsing thyratrons and fixed spark gap tubes for radar, ' 
and miniature thyrabons used in the proximity fuse. He was subse­
quently in charge of the basic development of all types of gas-filled 
tubes. Recently he transferred to Transmission Systems Development 
with responsibility for broad band carrier terminal equipment, Nand 0 
carrier systems and automatic switching for the L3 coaxial cable system. 
Member of the A.I.E.E., Eta Kappa N u, Tau Beta Pi, Phi Kappa Phi 
and Sigma Xi. Senior member of the I.R.E. 

JAMES M. EARLY, B.S. cum laude, New York State College of Forestry, 
1943; M.S. and Ph.D. Ohio State University, 1948 and 1951. Bell Tele­
phone Laboratories 1951-. After teaching Electrical Engineering at 
Ohio State University for five years while studying for his Master's and 
Ph.D. degrees, Dr. Early joined an electronic apparatus development 
group, participating in the development of the junction transistor. At 
present he is doing theoretical as well as development work on high fre­
quency junction transistors. Member of the I.R.E. and Eta Kappa N u. 
Associate of Sigma Xi. 

JOSEPH GRAMELS, B.S. in E.E., New York University, 1936. Bell 
Telephone Laboratories 1925-. Mr. Gramels was first occupied with 
testing and development work in transmission, including handsets, 
recording apparatus and 33 rpm records. In 1937 and 1938 he wOlked on 
electrolytic condensers and silicon carbide varistors. Since 1938 he has 
been concerned with investigations of selenium rectifier cells both for 
Bell System applications and for military use. Member of the A.I.E.E. 

MASON A. LOGAN, B.S. in Physics and Engineering, California Insti­
tute of Technology, 1927; M.A. in Physics, Columbia University, 1933· 
Carnegie Institute of California, Seismological Laboratory, 1926-1927. 
Bell Telephone Laboratories, 1927-. His early Laboratories' prpjects were 
concerned with wire transmission problems particularly those of losses, 
noise and cross induction in local, manual and dial telephone circuits. This 
was followed by circuit research on alternating current methods of signal­
ing including the use of non-linear elements and electronic terminal equip­
ment. From 1941 to 1948 he worked on military projects, including a 
mine fire control system, anti-aircraft gun director, magnetic proxim­
ity fuses, and guided missiles. For the past five years he has been a 



CONTRIBUTORS TO THIS ISSUE 1517 

member of the Switching Apparatus Development Department in which 
he is supervising a group concerned with static and dynamic behavior of 
new electromagnets and relays. He is also engaged in investigations of 
the performance of electrical contacts on telephone relays. 

C. E. POLLARD, JR., Polytechnic Institute of Brooklyn, 1927-1931. 
Bell Telephone Laboratories, 1925-. Mr. Pollard first worked on voice 
recording and reproducing equipment and spent some time on the 
development of telephone carbon microphones before becoming inter­
ested in mercury contact relays. In this field he has been concerned with 
a wide variety of relays, and during World War II concentrated on their 
application to military projects. He is currently engaged in development 
work on mercury contact relays. 

JOHN H. ROWEN, B.E.E., Ohio State University, 1948; M.S., Ohio 
State University, 1951. U.S.N.R., maintenance of Air Force radar 
equipment, 1944-1946; Ohio State University, Research Foundation, 
Antenna Laboratory, 1948-1951; Bell Telephone Laboratories, 1951-. 
Concerned with the practical application of fundamental research, he 
has spent his two years at Bell Laboratories on studies of the microwave 
behavior of ferrites. While at Ohio State University, Mr. Rowen worked 
on several methods of measuring the radiation efficiency of small aper­
ture antennas. Member of the I.R.E. and Eta Kappa N u. 

MARK A. TOWNSEND, B.S. in E.E., Texas Technological College, 
1936; S.M. in E.E., Massachusetts Institute of Technology, 1937. 
General Electric Company, 1937-1943; Massachusetts Institute of 
Technology, Radar School, 1943-1945. Bell Telephone LaboratOlies, 
1945-. Mr. Townsend has been concerned with the basic development of 
gas-filled tubes. His projects have included work on the voltage reference 
tube, cold cathode stepping tubes, and the development of tubes for 
use in transmission and switching. At present Mr. Townsend is in charge 
of a group responsible for basic development of gas-filled tubes. Member 
of the A.I.E.E., Tau Beta Pi and Sigma Xi. 




