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Solderless Wrapped Connections

In tro d u c tio n

By J. W. M cRAE

(Manuscript received February 9, 1953)

In 'th e  telephone plant during the course of a single year, the operation 
of connecting a wire to a metal terminal is carried out approximately 
one billion times. M any of these connections are made in the factory. 
Others are made during the installation of equipment and a substantial 
number are made in the course of normal operation of the telephone 
plant. Successful functioning of the plant depends on trouble-free per
formance of each of these connections, most of which are now soldered 
in accordance with long-standing practice. Recently, a new technique 
for joining wires to terminals has been developed which will have im
portant technical and economic advantages in the Bell System and 
which should have similar advantages in other fields.

The immediate need for a new connection arose with the develop
m ent of the new wire spring general purpose relay.* Tn this relay the 
terminals appear in the form of closely spaced wires and the standard 
methods of applying connections were not satisfactory. Since the pro
duction schedule for these new relays required something like fifty 
million connections a  year on relay terminals alone, an intensive effort 
was made to  devise a  satisfactory m ethod for wiring. The first result 
was the development of a tool which could wrap a few turns of wire 
around the terminals of the  relay, and do this efficiently on the closely-

* Keller, A. C., A- New General Purpose Relay' for Telephone Switching Systems. 
Bell System Tech. J., 31, pp. 1023-1067, N ov., 1952.
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spaced wire term inals.f I t  was soon found th a t similar tools could be 
used to advantage on existing types of terminals, and the Western 
Electric Company is now making extensive use of wrapping tools. Con
nections made with these tools are being soldered after wrapping.

In  the meantime, further development work indicated the possibility 
th a t by wrapping the wire under tension around a properly shaped 
terminal, the need for soldering might be eliminated. M ajor economies 
appeared possible if such a solderless wrapped connection were applied 
extensively in wiring communication equipment. In  addition, there 
would be freedom from trouble due to solder splashes in equipment and 
there would be an appreciable reduction in the consumption of tin  for 
use in solder. '

Three papers in this issue of the J o u r n a l  describe the present status 
of the program undertaken to  exploit these possibilities. The paper on 
design indicates th a t practical tools for making solderless wrapped 
connections can be designed, built and used; the paper on analysis 
describes the basis for belief th a t the method is fundamentally sound; 
and the paper on evaluation indicates th a t the resulting connections are 
satisfactory for use in the telephone plant.

Other types of tools capable of cutting, skinning and wrapping the 
wire in one operation are under development, and the problems pre
sented in adapting the basic techniques to other conductors, such as 
aluminum wire and stranded copper wire are being studied. In  fact, a 
whole new area of development effort has been opened up.

Thus the work reported in the following papers is of interest from 
two points of view. On the one hand it is a record of progress in the 
continual quest for less expensive and more reliable equipment. On the 
other hand, it is an example of the broad effects which are often the 
result of development aimed a t a specific problem. The search for a 
solution to the problem of making connections to a new type terminal 
has led to a new approach to the whole problem of wire-terminal con
nections.

f Miloche, II. A., M echanically Wrapped Connectors. Bell Labs. Record, 29, 
pp. 307-311, July, 1051.
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Solderless Wrapped Connections 
P A R T  I — STR U C TU R E AND TOOLS

By R. F. M ALLINA
(Manuscript received February 17, 1953)

In  the search for a better way of connecting wires to apparatus terminals 
a new joining method has been discovered. The new method not only e v a l
uates soldering and its hazards but also reduces cost, improves quality and 
conserves space. In  contrast to the solder joint which depends largely on 
human judgement and skill, the new connection is made with a calibrated 
tool. A  degree of uniformity has been obtained which virtually eliminates 
the need for product inspection. The trend toward smaller apparatus and 
automation may now be further intensified due to the use of this new method 
of making electrical connections.

IN TRO D U CTIO N

M ethods of joining wires to apparatus term inals for the purpose of 
electrical conduction can be broadly divided into two groups: solder 
connections and pressure connections. There are others such as welded 
and brazed connections; however, they are relatively few in number. 
The annual production of solder connections in the Bell System is esti
m ated to  be one billion. In  television and radio manufacture the num 
ber of connections made per year is in the order of ten billion. Because 
of the high cost of m anual soldering, the pressure connection is of great 
importance to  the communication industry. One form of pressure con
nection — the solderless wrapped connection — will be described in this 
article.

In  order to  determine the technical and economic value of a new type 
of pressure connection it is necessary to compare it with those now ac
cepted as good connections in the communication industry. A large por
tion of this article will, therefore, be devoted to  the analysis of pressure 
connections some of which have been in use since the early development 
of the telephone.
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W H A T IS A PR E SSU R E  CO N N EC TIO N ?

The chart Fig. 1 shows six typical pressure connections classified in 
terms of seven requirements. In  this classification the screw connection, 
for example, meets the following requirements: large contact area, high 
contact force, great mechanical stability, long life, easy to disconnect. 
The space, however, which the screw connection occupies is large and 
its cost is h igh .'In  the history of electricity it is probably the oldest and 
best pressure connection. In  the second column of the table in Fig. 1 
is the plug connection. I t  is small in size, easy to  disconnect, b u t has no 
large contact area, no high contact force, no long life, no mechanical 
stability and is not low in cost.

As will be shown later the solderless wrapped connection in Column 6 
of Fig. 1 is indicated as meeting all seven requirements. I ts  main advan
tage over the screw connection is th a t i t  is low in cost and small in size.

CONTACT AREA

The effective contact area relative to the cross sectional area of the 
wire is of great importance since it controls the resistance of the con
nection. I t  m ust remain uniform in size, metallically bright and not be 
affected by tem perature changes, vibration and handling.

C ontact area is not easily defined. For example two flat m etal sur
faces having an area of one square centimeter each and brought into 
contact do not necessarily have a contact area of one square centi
m eter. If the force holding them  together is small, only the high spots

1 2 3 4 5 6

O a f  f g B b W

REQUIREMENTS FAHNESTOCK WIRE SOLDERLESS
------------------  CLIP PLUG CRIMP NUT SCREW WRAPPED

1. LARGE CONTACT AREA

2. HIGH CONTACT FORCE

3. LONG LIFE

4. SMALL SIZE

5. MECHANICALLY STABLE

6. EASILY DISCONNECTED

7. LOW COST

Fig. 1 — Classification of pressure connections.



of the surfaces touch and large currents passing through such a connec
tion m ay develop heat and melt the m etal a t the high spots.

CONTACT FORCE

To make the above mentioned area of one square centimeter effective 
for electrical conduction it is necessary to press the two metal parts 
together with a force so high th a t essentially all particles of the area are 
intim ately interlocked and free from insulating impurities. If the pres
sure is high enough, the film which appears in the form of oxide on the 
term inal surface is crushed. In  general it is assumed th a t in a  good con
nection the contact force should be such th a t the contact area produced 
is equal to or greater than  the cross sectional area of the wire. In  screw 
connections, crimped connections and wrapped connections the contact 
area is normally a multiple of the wire cross sectional area. In  plug con
nections, such as on vacuum tube sockets, the contact area is very small. 
In  a Fahnestock clip for example, the contact area is about one quarter 
of the cross sectional area of the wire.

L IF E

If the electrical resistance of a pressure joint is to remain constant 
with time, it is the contact area which m ust remain substantially con
stan t, bu t not necessarily the contact force. Once the metal particles are 
tightly interlocked a subsequent reduction in contact force within rela
tively wide limits does not change the electrical resistance. The resist
ance will increase only when the force is reduced to  such a low value 
th a t vibration and handling cause partial separation of the contact area. 
In  such a case two changes m ay take place:

1. The atmosphere m ay enter through the fringe of the contact area 
and a process of corrosion m ay begin.

2. The effective contact area m ay be reduced through dislodging 
some of the contacting particles.

In  both cases the resistance is increased. Therefore, to produce a 
durable connection it is im portant to have a firm joint and one such th a t 
the atmosphere cannot enter the contact area. The term  commonly 
used for such a joint is “gas tigh t.”

ELASTIC R ESER V E

The question now arises how much reduction in contact force can be 
tolerated before a joint loses its gas tightness? In  all types of pressure

SO LD ERLESS W R A PPED  C O N N E C T IO N S PA RT I  5 2 7
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F F SPRING ANALOGUE

D,I
T
X

D,
T

Fig. 2 — Screw tightened and wire compressed (with accompanying “Spring 
Analogue”).

connections, the forces which hold the wire and term inal together are 
provided by the springiness or elasticity of the materials. The elasticity 
in a Fahnestock clip is quite apparent because of the long spring mem
ber. On the other hand, a screw connection, such as shown in Fig. 2, 
does not appear to have spring members of any kind. Analysis, however, 
shows th a t there is considerable elastic deformation. M ost of this elas
tic deformation is in the elongation of the screw shank and there is also 
some bending in the screw head and some compression in the screw 
threads. When the screw is tightened, the wire which is interposed be
tween screw head and nut is also elastically deformed. Since in most 
electrical connections the wire is a soft m aterial such as copper or alu
minum, it is nearly always compressed beyond the yield point and only 
the recovery of the overstressed material can be considered as elastic 
reserve.

To determine the usefulness of a connection and compare pressure 
connections of different kinds, the elastic reserve in the deformed wire 
and the deformed terminal m ust be measured or computed. Elastic re
serve m ight be expressed either in ternis of stiffness or the potential 
energy stored in the system. Stiffness S  is defined as the ratio of the 
‘‘applied force F to the elastic return  D ”; potential or elastic energy 
E  is “one half of the product of the force F  and the elastic return D .”

Example: A wire is placed under a screw (Fig. 2) and compressed by 
the screw head to  a thickness IE . The screw is then loosened so th a t 
it  just touches the wire. The wire now has expanded to  a certain extent 
and its new thickness is D>. (Fig. 3.) The difference (Z)2 — D i = D w) 
is the elastic return  and the ratio F /D n- =  Sw  is the useful stiffness of 
the wire.

A preferred way of expressing elastic reserve is in term s of stored 
energy. (Strictly speaking the equation E  =  % FD  holds only for 
springs with constant stiffness. A round wire compressed by a screw 
head becomes stiffer as the compression increases). The distance, Ds =  
D3 — Dw  , is the elongation of the screw (see Fig. 3). The total energy

(E  = V2FD.)
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stored up is therefore the sum of the energy in the screw and wire

Screws in terminal blocks are normally made of hard m aterials such 
as brass or phosphor bronze. Wires used for the interconnection of com
ponents are nearly always of a soft material and have a tendency to 
creep. If creep takes place in the wire during the m any years a  screw 
connection is in use, it is advantageous to have the loss of potential 
energy in the wire compensated for by the energy stored in the screw.

Dw — D2-D ,
Ds = D3-D w

Fig. 3 — Screw loosened and wire not compressed. The recovery of the wire 
is denoted Dw. The recovery of the screw is D 3 — D w (with accompanying “Spring 
Analogue” ).

A screw, for example, made of soft copper would not be expected to 
make a lasting connection. If on the other hand the screw is made of a 
material which has little creep and much elasticity, such as brass or 
steel, it would act as a spring member and tend to  keep the connection 
tight.

Several typical screw connections were measured to determine the 
elastic reserve. I t  was found th a t on an average the potential energy 
stored in the screw is about equal to th a t stored in the wire. Plastic 
flow of the wire creates an effective bearing area comparable to the 
area of the screw shank.

T H E  SO LD ERLESS W R A PPED  CON NECTION

The detailed analysis of the screw connection as an introduction to 
the solderless wrapped connection was necessary not only because the 
screw has such wide use as an  electrical pressure connection b u t chiefly 
because of its proven value as a durable connection. When new types 
of pressure connections are p u t into large scale production, the question 
invariably arises, W hat is their life? While considerable analytical work 
has been done on the cold flow of metals under stress* and while certain

(E  =  Es +  E w)

F=o F =o SPRING ANALOGUE

* Sec Part II.
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theoretical predictions can be made on the durability of new connec
tions, it affords additional satisfaction to  be able to show th a t the solder- 
less wrapped connection is in m any respects similar in structure and 
performance to the conventional screw connection. If then this fact is 
supported by parallel analytical work, there should be little doubt th a t 
the solderless wrapped connection is a durable pressure connection.

T H E  RECTANGULAR TERM INAL

Generally speaking the terminal best suited for a wrapped connection 
is a term inal of rectangular cross section. I t  is an inexpensive terminal 
since i t  can be blanked from sheet stock or coined from round wire. I t  
is ideally suited for a pressure connection because the edges produce a 
concentrated high pressure on the wire. The stress distribution in the 
wire produced by the term inal edges is shown diagrammatically in Figs. 
4 and 5. If the wire is wound with high tension around the rectangular 
terminal, the terminal edges dig into the soft copper wire, crush and 
shear the oxide on both the wire and the terminal and form a large, 
intim ate and metallically clean “gas tigh t” contact area. An indication 
of the high pressure is the crushing of the hard nickel silver term inal 
edge by the soft copper wire. A pattern  of contact areas on both wire 
and term inal is shown in Fig. 6. Several turns of wire are required to 
preserve the high contact force. In  general it  is assumed th a t the first 
and last two edges around which the wire is wrapped do not contribute 
much to the joint as contact areas. A seven-turn wrapped connection on 
a rectangular terminal thus has six effective turns. Each turn  contacts 
four edges or a total of twenty-four contact areas for six effective turns.

MAXIMUM

F i g . 4  — Stress distribution along F i g . 5  — Cross section through
one-quarter turn of wire. terminal edge showing stress distribu

tion in the wire.
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P a t t e r n  o p  C o n t a c t  A r e a s .

T i i e  S o f t  C o p p e r  W i r e  C r u s h e s  t h e  H a r d  N i c k e l  S i l v e r  T e r m i n a l  E d g e  
i n  t h e  W r a p p i n g  P r o c e s s .

Fig. 6 — Contact areas.
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W H A T IS A GOOD CON NECTION?

The quality of a connection depends fundamentally on two factors: 
the contact area and the contact pressure. As long as there is sufficient 
pressure and tine atmosphere cannot enter the joint, the connection is 
considered a good one. If, however, the elastic energy which holds the 
two surfaces together is small, various disturbances m ay cause a partial 
separation of the interlocking metal particles and thus effect a change 
in resistance. For normal telephone applications a  good connection may, 
therefore, be defined as one which not only has sufficient contact area 
and contact pressure bu t which also has sufficient elastic reserve to 
m aintain contact area and contact pressure throughout the desired life, 
which m ay be forty  years or more.

The mechanical disturbances to  which a connection m ay be subjected 
are: handling, vibration, tem perature changes and cold flow.

HA N D LIN G  AND V IBRA TION

The solderless wrapped connection is well protected from the point 
of view of handling and vibration. The locking effect on the rectangular 
terminal or a term inal having well defined edges does not perm it loosen
ing of the center turns from the terminal. In  vibration tests where con
ventional soldered connections were compared with solderless wrapped 
connections, it was found th a t solderless wrapped connections outlast 
soldered connections. This is due to the fact th a t a sudden change in 
cross section from wire to solder lump localizes the stresses a t a  very 
small area. (See Figs. 7 and 8.) In  the screw connection a similar con
dition exists where the wire emerges from under the screw head. In  the

5 3 2  T H E  B ELL SYSTEM TECH NICAL JO U R N A L, MAY 1 9 5 3

F i g .  7 — Standard solder connec- F i g .  8 — Solderless wrapped con-
tion of U-relay. nection of modified U-relay terminal.
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solderless wrapped connection there is no sudden change in  cross section 
and therefore no localization of stresses. The term  commonly used to  
indicate the gradual change in rigidity of the wire as it  approaches the 
anchoring point is “tapered stiffness.” (See Fig. 8.)

H EA T AND COLD FLOW

When a pressure connection is subjected to high tem peratures, which 
m ay be due to large current or to heat transfer from adjacent com
ponents, the pressure a t the joint is relaxed. This is true in the solder
less wrapped connection as well as in the screw connection. The same 
process of relaxation takes place in normal tem perature with time. The 
relaxation of pressure with tem perature and tim e will be shown in an
other part of this paper. Under ordinary conditions the relaxation of 
pressure in a solderless wrapped connection is not sufficiently large to 
indicate any change in resistance during a forty-year life. Furtherm ore, 
as Mason and Osmer point out in their paper, solid state diffusion takes 
place as time goes on. This process strengthens the joint mechanically 
and improves it electrically.

Q U A N TITA TIV E EVALUATION O F ELASTIC R E SER V E

Because of the above mentioned disturbances to which a pressure 
connection m ay be subjected, it is im portant to know how much elastic 
reserve is stored in a  connection. If no potential energy were stored in 
the wire and in the terminal, no contact pressure would be produced. 
If little potential energy were stored in a connection, a slight change in 
tem perature due to differential expansion of the metals would loosen 
the connection. The same would be true with vibration and handling.

A rough comparison with other pressure connections will serve to 
illustrate how much elastic reserve a solderless wrapped connection has 
to have in order to w ithstand the disturbances to which it m ay be sub
jected. The best known pressure connection, and the m ost universally 
used, is the screw connection. On a  No. 4 screw (0.112"), the force ex
erted in clamping the No. 24 gauge (0.020") wire is about 135 lbs. The 
elastic energy is stored by compressing the wire and by elongating the 
screw shank. Similarly, in a solderless wrapped connection as shown in 
Fig. 9 a to tal force of 90 lbs is exerted on the edges of the terminal 
(24 corners). Here the greater part of the energy is stored in the terminal 
which receives torsional as well as compressional stress from the tension 
in the wrapped wire. (See Figs. 10(a) and 10(b)).
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Fig. 9 shows in diagrammatic form how the stored energy in a screw 
connection and a soldcrless wrapped connection compare. A typical 
solderless wrapped connection — seven turns of 20-mil copper wire 
wound with 1300 grams applied force on a 0.0148" x 0.002" nickel silver 
terminal — has approximately 3 mil pounds of stored energy E. (2.4 
mil pounds are stored in the term inal and 0.6 mil pounds in the wire). 
The screw connection — No. 4-40 screw (0.112") tensioned to 135 lbs 
on 20-mil copper wire — has approximately 2.7 mil pounds of stored 
energy E. (Approximately half in the screw and half in the wire). In 
the screw connection the energy is about equally divided between the 
screw and the wire whereas in the solderless wrapped connection a 
larger part of the cnerg3r is stored in the terminal. This is advantageous 
since the hard m aterials of which terminals are generally made have 
less cold flow than copper. In  a solderless wrapped connection, if the

NO. 4-40(0.112") BRASS SCREW 
NO. 2 4 GA (0.020") COPPER WIRE 

CONTACT FORCE 135 LBS

( 3 )  SCREW CONNECTION

0.0148" X 0.062" NICKEL SILVER TERMINAL 
7 TURNS N0.24GA (0.020") COPPER WIRE (I300GR AF) 

CONTACT FORCE 9 0 LB S (24 CORNERS)

( b )  SOLDERLESS WRAPPED CONNECTION 

2.4

SCREW

TENSION COMPRESSION 
18,750 PSI 18,250 PS1

E = 1.4+ 1.3 =2.7

TORSION AND TENSION
COMPRESSION 8500 PSI

E =  2.4 + 0.6 =  3

( C ) TOTAL ENERGY E (IN 10'-5 INCH LBS)

Fig. 9 — Elastic energy stored in screw connection and in solderless wrapped 
connection.
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term inal size is changed to 0.020" x 0.062" there is considerably less 
energy stored in the terminal and slightly more in the wire. Inasmuch 
as a screw connection in most cases depends on the human element, 
th a t is the am ount of torque applied by the operator, it can be expected 
th a t some screw connections will be made with a force th a t m ay vary 
from 75 lbs to 150 lbs. The wrapped connection on the other hand, 
being made wit h a calibrated tool, can be expected to give substantially 
the same contact force a t all times.

In order to understand more clearly how the wire and the terminal 
interact when they are under mutual stress and exposed to heat, the 
elastic deformation of the wire and the term inal m ust be analyzed. I t  
has been shown in Fig. 4 th a t the wrapped wire on the four sides of the 
rectangle is under tension. This tension causes the terminal to  twist. 
If instead of a helix the terminal were surrounded by a series of hoops,

LONGITUDINAL TENSION IN A WIRE THE LONGITUDINAL TENSION
CAUSES TERMINAL TO TWIST IN THE TUBING

Fig. 1 0 — (a) Longitudinal tension in wire causes terminal to  tw ist, (b) Model 
made with a rubber terminal wrapped with rubber tubing emphasizes the tw ist 
produced by the longitudinal tension in the tubing.
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the term inal would be compressed a t the edges bu t the term inal would 
not twist. The term inal tw ist in the wrapped connection is therefore due 
to  the fact th a t the term inal is surrounded by a helix and not by hoops. 
Figs. 10(a) and 10(b) show th a t a left-hand helix produces a right-hand 
twist in the terminal. As will be shown later, this visible deformation of 
the term inal is being used to  determine the tension in the wire. The 
twist in the term inal of a wrapped connection with m any turns can 
readily be seen in Fig. 11. For example an initial tw ist of 46° is produced 
in a nickel silver terminal 0.0148" X 0.062" wrapped with 100 turns of 
No. 24 (0.020" dia.) copper wire with an applied force of 1300 grams.

One way to visualize the behavior of the wire and the term inal when 
wrapped under tension, exposed to time and heat and then unwrapped, 
is to represent the wire and the terminal by linear springs. This is shown 
schematically in Fig. 12. Position 1 represents both wire and terminal 
before wrapping. Position 2 represents the wire wrapped on the te r
minal. Position 3 is the same as Position 2 except th a t the wrapped 
terminal has been exposed a t room tem perature (20°C) for eight days. 
This causes the terminal tw ist to relax from 46° to  39°. Positions 2 and 
3 are analogous to the wire under tension and the term inal under tor-

Fig. 11 - Twist of rectangular terminal (100 turns of wire).

ROOM TEMPERATURE

WIRE 
TINNED COPPER 
24 GA (0.020") 

100 TURNS 
APPLIED FORCE 
OF 1300 GRAMS

' TERMINAL SET

TERMINAL 
NICKEL SILVER 
0.0146” X 0.062*

■NORMAL

175* C
ROOM 3 HOURS
TEMP ,---- ^---

POS.5 POS. 6 POS.7
TENSIONED AFTER RELEASED

HEAT (AFTER HEAT)

Fig. 12 — Energy in unheated connection proportional to 30°. Energy in heated 
connection proportional to 14°.
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sion. The force W F is the tension in the wrapped wire. This force can 
be determined by dividing the torque necessary to tw ist the terminal 
by the effective moment arm. Since the elongation of the wire cannot 
readily be measured, the terminal twist was chosen to determine the 
force exerted a t the term inal edge. The 39° terminal tw ist shown in Posi-

0.0148" X0.062" NICKEL SILVER 
TERMINAL WRAPPED WITH 

100 TURNS OF 24 GA (0 .020 ") 
TINNED COPPER WIRE

CURVE A  
UNAGED WRAPPED" 

TERMINAL J v \

44°

37°

h

1
1

7° RELAXATION 
AFTER 8 DAYS 

AT 20° C
/

1
1
1
1

> F
30° 

RESERVE TW 
AT 20° C

, s ,

“WRAPPED TERMINAL 
AGED 8 DAYS 

AT 20° C

1
1
1
1

^ i^ C U R V E  C 
TERMINAL AFTER 

UNWRAPPING (SET)

--«  130o!
1/

>7 °TERM IN AL S
i

ET

O 200 400 600 800 1000 1200 1400 1600 1800 2000 2200 2400

APPLIED WRAPPING TENSION, AF, IN GRAMS

Fig. 13 — Angle of tw ist in terms of applied wrapping tension.

tion 3, however, cannot be used for determining the force since the ter
minal m ay be overstressed as is shown in Position 4. Instead of return
ing 39° the unwrapped term inal returned only 30°. In  other words the 
terminal has taken a set of 9°. Fig. 12 illustrates the deformation of wire 
and term inal only for one value of applied tension, namely 1300 grams. 
If the angle of tw ist is measured for applied tension ranging from 100 
to 2400 grams, a set of curves is obtained as shown in Fig. 13. Curve A 
shows the angle of tw ist immediately after the term inal is wrapped. 
Curve B shows the relaxation after eight days aging a t room tem pera
ture. Curve C represents the terminal set. The value between Curves 
B and C is the elastic reserve. For 1300 grams applied tension the elastic 
reserve is expressed as 30° reserve twist.

Using the before mentioned ratio of torque and moment arm, the 
force W F can now be determined. The torque required to  tw ist the 
terminal 30° is 37.2 inch grams. (See Fig. 14.) The effective moment



TORQUE IN INCH-GRAMS

Fig. 14 — Torque required to twist the unwrapped terminal.
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ID 80
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2 60

NICKEL SILVER 
TERMINAL, 2" LONG

APPLIED WRAPPING TENSION, AF, IN GRAMS

Fig. 15 — Moment arm in terms of tension.
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0 S 10 15 20 25 30 35 40 45 50 55 60 65 70

ANGLE OF TWIST IN DEGREES

Fig. 16 — Forces in terms of angular twist.

force) is not directly proportional to the wrapping tension A F (applied 
force). The reason for this is th a t a t low applied wrapping tension the 
bending of the wire around the corner of the terminal produces an addi
tional increment of tension. For example a t an angle of 15° the wrapped 
tension W F is nearly twice as high as the applied tension AF. The 
wrapped tension W F and the applied tension AF are about equal when 
the angle of tw ist is 33°. At higher values of applied tension, the wrapped 
tension increases a t a much lower rate. This is caused by the terminal 
taking a set. (See Fig. 13.) A t 1300 grams of applied tension, which is 
the recommended wrapping tension for No. 24 copper wire, the wrapped 
tension is 1210 grams.

arm  Ae, which decreases a slight am ount as the wrapping tension AF 
increases (see Fig. 15), is equal to ‘2ab/(a +  b)*. Therefore, A c = 2 
(0.042" x 0.0242")/(0.042" +  0.0242") = 0.0307 in. Thus the tension 
in the wire W F =  T /A c =  37.2/0.0307 =  1210 grams. Using the re
covery angle of the terminal as a measure of force, the tension in the 
wire can now be plotted in terms of angular twist. This is shown in 
Fig. 16. I t  should be noted th a t the tension in the wire W F (wrapped

400

2600 ■ 

2400 

2200 

2 0 0 0  - 

1800 -

0.0148"x0.062" NICKEL SILVER 
TERMINAL WRAPPED WITH 

100 TURNS OF 24 GA (0.020'' ) 
TINNED COPPER WIRE

AT 1800 GRAMS AF THE WIRE 
BEGINS TO BREAK WHEN UNWRAPPING

C F  CONTACT FORCE 

W F  TENSION IN WRAPPED WIRE 

AF TENSION APPLIED WHEN 
WRAPPING

* See Appendix I.
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TIME IN MINUTES

Fig . 17 — Relaxation of wrapped wire after heating for three hours at 175°C. 
The reserve tw ist of 14° is an indication of the tension left in the wire which 
amounts to 47 per cent of the original wrapped tension.

A severe test for a wrapped connection is heating to 175°C for three 
hours. This relaxes, about half the stress and is considered the equiva
lent of a  40-year life a t 135°F. Position 5 in Fig. 12 is the same as Posi
tion 3, th a t is, the wire has just been wrapped onto the term inal and 
its tension is 1210 grams. If this connection is now heated to 175°C and 
the angle of tw ist noted every fifteen minutes, a curve is obtained as 
shown in Fig. 17. I t  should be noted th a t a t 105 minutes the curve is 
for all practical purposes asymptotic a t an angle of 23°. If the heated 
connection is cooled and unwrapped and the set in the terminal meas
ured, it is found to be 9°. The 14° difference is a measure of the elastic 
reserve. This is 47 per cent of the wire tension before heating. The cor
responding tension W F is then 570 grams. This process is illustrated in 
positions 6 and 7 of Fig. 12. Position 7 shows th a t the terminal set of 
9° was the same as before heating.

A similar experiment was made with formex insulated wire wrapped 
on a nickel silver terminal. Instead of subjecting the connection to the 
heat of an oven, a high current was passed through the wire. Essentially 
the same curve as shown in Fig. 17 was obtained.

To further check the behavior of springs with complex elastic defor
mation such as in a wrapped connection on a term inal having edges, 
measurements were also m ade with simple helical springs tensioned
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within the yield point. Two springs, one of nickel silver wire and the 
other of copper wire having a stiffness ratio of 5 to  6, were coupled in 
series (Fig. 18), tensioned to 30 grams and then heated to 173°C for two 
hours. The tension left after heating was 13 grams or 43 per cent of the 
original tension. The tension decay curve was similar to th a t shown for 
the wrapped connection. (See Fig. 17.) This test shows th a t in spite of 
the complex deformation of the wire a t the corners of the term inal 
there is substantial agreement in results of the measurements ob
tained -— namely 43 per cent remaining stress in the case of the helical 
spring and 47 per cent for the wrapped connection.

STR ESSES IN  T H E  F IN IS H E D  CON NECTION

Having determined the interacting forces in the solderless wrapped 
connection, the next questions of prim ary interest are — w hat are the 
stresses in various parts of the connection and w hat will happen to these 
stresses in forty years?

M ost of the elastic energy stored in the wire is in the portion marked 
“Medium Tension” (Fig. 4). Here the stress is about 8,500 P.S .I. This 
assumes th a t a 20-mil wire is wrapped with 1300 grams applied force. 
The wrapped force or the useful force obtained from the elastic reserve 
is then 1210 grams.

The stresses a t  the corners are no t easily determined because they  are 
not uniform. This is shown in Fig. 5. As can be seen, the point of highest

— >1 [«— ELASTIC RESERVE 4 3 %

Fig. 18 — Tension T2 in coupled springs after heating for two hours at 173°C 
is about 43 per cent of the original tension rI \ .  (Tension T¡ approximately 10 per 
cent below the yield point).
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TIME IN DAYS AT 20 DEGREES C TIME IN HOURS A T  175 DEGREES C

Fig . 19 — Stress relaxation in wire.

concentration is in the center of the contacting area. From this point 
to the periphery there is a pressure gradient which is similar to th a t of 
a  circular compressed thin film of viscous material. A t the boundary line 
the pressure is zero. The average pressure within the contact area is 
about 29,000 P.S.I. but the maximum stress in the center of the contact 
area may be as high as 100,000 P.S.I. The relaxation, th a t takes place 
in eight days at room tem perature (Fig. 13), is assumed to be due to 
the very high initial stress in the center of the contact area which seeks 
equalization.

TIME IN MONTHS

Fig. 20 — Creep curves of annealed copper for various stresses. (Courtesy of 
Chase Brass and Copper Co., Waterburv, Conn.).
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Summarizing the stresses in the connection, one m ay therefore say 
th a t in the portion of the wire where most of the elastic energy resides, 
the stress after eight days is about 8,500 P.S.I. and a t the points of con
tac t 29,000 P.S.I. After forty years these stresses will be approximately
4,000 and 13,500 P.S.I., respectively or 47 per cent of the original 
stress. (See Fig. 19). As m ay be seen in the creep curves shown in Fig. 
20, a stress of 8350 P.S.I. reaches a creep value of about 0.07 per cent 
in three years and from then on for all practical purposes ceases to creep.

TIME

F i g . 21 — Stress relaxation in wire plotted on a logarithmic time scale.

The effect of time and tem perature on the longitudinal stress in the 
wire can better be seen by curves plotted on a logarithmic time scale 
(Fig. 21). The initial stress after transient relief of three days is con
sidered as 100 per cent. Curve A shows th a t a t a tem perature of 57°C 
(135°F) — which is the maximum tem perature th a t solderless wrapped 
connections will be subjected to — the longitudinal stress relaxes ap
proximately 50 per cent in 40 years. To reach the 50 per cent value 
a t a tem perature of 175°C takes approximately three hours (Curve C). 
Curves B and C show th a t the relaxation in the wire is essentially the 
same for either nickel silver or spring steel terminals.

m e t h o d  o f  w r a p p i n g

In  nearly all soldered connections where a wire is to be joined to  a 
terminal the procedure is as follows: The operator takes the skinned
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Fig. 22 — Air-driven wiring tool.

end of an insulated wire, hooks or threads it onto the term inal and ap
plies solder. The hooking or threading is im portant because it is cus
tom ary in production to attach  several wires a t first and then solder. 
The question now is: If a similar procedure is to be followed with a 
wrapped connection where the wire m ust surround the terminal with a 
high pressure, how do we produce th a t pressure?

In a screw connection a force is obtained by a high lever ratio. In  a 
crimped connection the force is applied by heavy and powerful com
pression tools. These tools are not suitable for connecting wires to closely 
spaced terminals such as shown in Fig. 22. To produce high tension in 
the wire while it  is being wrapped onto the terminal, a new method of 
tensioning had to be devised.

In  the manufacture of helical springs it  is customary to anchor the 
end of the wire in a hole in the arbor and tension the wire with a friction 
pad. By rotating the arbor a helical spring is produced. For closely 
spaced terminals this method is not practical as the wire cannot be fed 
tangentially to the term inal and the terminal cannot be rotated. A new
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wire connecting concept was proposed whereby a rotating spindle housed 
a stationary term inal in an axial opening in the spindle and was pro
vided with a second opening radially separated from the axial opening 
and arranged to  accommodate a wire. When the spindle was rotated 
the wire was caused to  form a spiral about the stationary terminal. One 
method involved anchoring the wire in the second opening and feeding 
the wire tangentially to  the terminal as the spindle was rotated. Due to 
certain limitations inherent in tangential feed onto a stationary te r
minal an improved method was finally chosen. This is the axial feed 
method which is particularly adapted to wrapping closely spaced te r
minals of all cross sections. The operation of loading the wire and wrap
ping the connection is shown in Fig. 23. Position A shows the tool tip, 
Position B the bare wire 2 inserted into the feed slot 4, Position C the 
anchoring of the wire by bending it into the notch 5, Position D the te r
minal insertion and Position E  the wrapping of the wire 2 by rotating 
th e  spindle 1 around the term inal 3. Position F  is the finished connec
tion. A more detailed drawing of the tool tip is shown in Fig. 24.

W R A PPIN G  T EN SIO N

The tension in the wire is produced by rotating the spindle 1 around 
the term inal 3 (Fig. 24) thus pulling the short skinner wire 2 out of the 
feed slot 4. In  the process of pulling the wire out of the slot and wrap
ping it around the term inal each increment of the skinner wire length 
undergoes several bending operations. The first bending occurs a t the 
edge It of feed slot 4 where the wire is bent through an angle of less than 
90°. The second bending is the straightening out operation of the bent 
wire. The third bending takes place as the wire is wrapped around the 
terminal. All three bending processes contribute to the tension with 
which the wire is wrapped. The dimensions which control the tension 
and are therefore of engineering importance are the radius R  a t the tool 
tip (See Figs. 25 and 25(a)) and the wall thickness W  (Fig. 24). The bend
ing forces are inversely proportional to the respective bending curva
tures and the frictional forces in tu rn  are proportional to  the bending 
forces. The tension im parted into the wire as it is wrapped around the 
terminal, however, is not only due to the friction alone bu t to the com
bined effect of friction and bending effort. If the wire were completely 
elastic and the friction zero, no tension could be produced. B ut there 
would be tension in the wire if the friction were zero and the wire only 
partly  elastic such as copper wire. There also would be tension if a com
pletely elastic wire would be pulled around an edge having friction.
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F i g . 23 — The wrapping process. A — Tool Tip. B — Wire Inserted. C — Wire 
Anchored. D — Terminal Insertion. E  — Wire Wrapped. F  — Finished Connec
tion.
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\ /
(ROTATING SPINDLE) ' 'T E R M IN A L ''

FUNNEL

Fig. 24 — Method of wrapping the skinner wire on a rectangular terminal. 

CLOSELY SPACED TERM IN A LS

When the terminals are closely spaced the stationary sleeve 6 and the 
anchoring notch 5 are used in order to  anchor the first turn  of wire to 
the terminal. (See Fig. 26.) However, when the terminals are not closely 
spaced the sleeve and notch are desirable b u t are not necessary since 
the insulated portion of the wire can be held by some means external 
of the tool a t an angle of approximately 90° with respect to  the tool 
spindle. The high acceleration of the wrapping motor produces a mass 
reaction of the wire leading up to the terminal. This counterforce cou
pled with a slight tension of the supply wire applied by the external

Fig. 25 — Wrapping tension is controlled by edge radius.
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0.060

WRAPPEO /  /
TERMINAL " Y  '

0.050" 0.090"

Fig. 26 — Space occupied by wrapping tool between closely-spaced terminals.

wire guiding means is sufficient to insure wrapping of the first turn. 
The following turns need no further anchor as the first tu rn  locks the 
wire to the terminal.

The trend toward making circuit components smaller is now marked 
in all branches of communication engineering. W ith a tool tip  such as

24 GAUGE WIRE

TOOL

Fig. 27 — Fortj’-four point, terminal block, 132 connection capacity, only 48 
connections of 26 gauge (0.0159') wire shown. Occupies 1%" x %" x %6" or cu in 
of space.



SO LD ERLESS W R A PPED  C O N N E C T IO N S  PART I 5 4 9

shown in Fig. 24, it is possible to wire apparatus having a terminal 
spacing as close as 2ha times the terminal width. (See Fig. 26.) A terminal 
block 1%" by % "  by % 6" having 44 terminals is shown in Fig. 27. The 
cables shown contain forty-eight No. 26 (0.0159" dia.) wires all wrapped 
on the terminals. Each terminal is capable of accommodating three 
wires or a total of 1.32 connections m ay be made in an area of less than 
one square inch. An enlarged view of a double connection is shown in 
Fig. 28.

REMOVAL O F CO N NECTION

The solderless wrapped connection m ay be removed from its terminal 
by two methods. The most convenient m ethod is by stripping. Two 
types of tools m ay lie used for this purpose. The specially formed jaws 
of a pair of pliers are hooked in the back of the connection as shown in 
Fig. 29. By applying a force the connection m ay be stripped off. The 
other tool for stripping is shown in Fig. 30. The stripping force varies 
with the tightness of the wrapping and is plotted in terms of applied

Fig . 29 — Stripping of solderless 
wrapped connection.

F

F ig .  30 — Stripping a solderless 
wrapped connection from a terminal.
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wrapping tension in Fig. 31. Another method of removing a connection 
is by unwinding the helix. This m ay be done by using a pair of pliers 
as shown in Fig. 32. E ither end of the wire m ay be used for unwrapping.

A term inal is not seriously damaged by stripping off a wrapped wire, 
however, the re-use of the stripped off wire is not recommended. A wire 
m ay be reconnected by skinning to the proper length and wrapping. 
When the wire is not sufficiently long to  provide the necessary number 
of turns to insure a good connection, one or two turns m ay be wrapped 
and then soldered.

CON NECTION OF LARGE AND SMALL W IR E S

There is no upper limit to the size of wire wrapped on adequately 
proportioned terminals. Connections have been made with both alu
minum and copper wire over 200 mils in diameter with satisfactory re
sults. The torque necessary to wrap large wire is considerable, since it 
increases with the th ird  power of the diameter. A 20-mil wire requires a 
winding torque of 100 inch grams whereas, a 200-mil wire requires
100,000 inch grams (18 foot pounds). Wires as small as No. 39 (0.0035" 
dia.) m ay also be wrapped, however, the design of the wrapping tool 
m ust be changed slightly in order to  facilitate the loading of the fine 
wire into the tool.

D IM EN SIO N A L RELA TIONS

The data  given in this paper refer only to No. 24 copper wire 20 mils 
in diameter. The term inal width most frequently used in conjunction 
with this size wire is about one-sixteenth inch or three times the wire 
diameter. The terminal width m ay also be twice the wire diameter or 
slightly less, however, the one-sixteenth inch size has been chosen for

APPLIED WRAPPING TENSION, AF ----*-
Fig . 31 — Stripping force in terms 

of applied wrapping tension.
F ig . 32 — Unwinding wrapped con

nection with pliers.
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SQUARE TERMINAL

U TERMINAL

V  TERMINAL

(b)

(c)

COINED AND FLATTENED 
WIRE TERMINAL

COINED WIRE TERMINAL

TWIN WIRE TERMINAL
( f )

(d )

(e)

Fig. 33 — Various terminals.

good visibility. W hen smaller wires are used, the tendency is to make 
the term inal width greater than  three times the wire diameter for better 
visibility. The terminal thickness depends to a great extent on the shape 
of the terminal. For a rectangular terminal the thickness m ay vary from 
three times to  one-half the wire diameter. When the terminal thickness 
is less than one-half the wire diameter, the term inal m ay tw ist too much 
during the wrapping operation.

TY PES O F W R A PPE D  CON NECTIONS

The rectangular term inal is not the only term inal which lends itself 
to a good solderless wrapped connection. Any term inal offering one or 
more contacting edges substantially crosswise to the axis of the wrapped 
wire will make a good connection.

Since rectangular terminals of very thin material m ay tw ist exces
sively during the wrapping process the preferred shape is a U  or V as 
shown in Fig. 33. These terminals are capable of storing even more 
elastic energy than a rectangular terminal of equal cross sectional area. 
The U and V terminals are particularly suited for vacuum tube sockets 
and thin relay springs.

Flattened or coined single wires as well as coined twin wires m ay be 
used as terminals for solderless wrapped connections. These are shown 
in Fig. 33.

Stranded wire connections have been made by laying the strands
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along the serrated edge of the terminal and then wrapping both the 
terminal and the strands with solid wire. This is shown in Fig. 34. A 
stranded wire m ay also be wrapped in the same manner as a solid wire. 
However, the strands of the wire to be wrapped m ust be dipped in pure 
tin  in order to bind the strands into the equivalent of a solid wire. A 
test was made on a No. 24 (0.020" dia.) wire having seven strands and 
three twists per inch. The preliminary resistance and aging tests have 
shown connections of this type to be good.

Enameled wire also has been wrapped. The tool for this purpose has 
a combination edge a t the wrapping tip. P art of the edge has an arc 
for producing the wrapping tension and the other part has a scraping 
edge for removing the enamel from the underside of the wire as it is 
being wrapped onto the terminal.

t 2
FAHNESTOCK PLUG 

CLIP

3

CRIMP

5 6
SCREW SOLDERLESS 

WRAPPED

r v

N0.15
0.0148"

0.040"DIA. 0.120 "OIA. 0.350"DIA. N0.4-40 X 0.062"
PIN X 0.1I2"IG . X 0.550 " LG. (0.112” ) TERMINAL

CONTACT FORCE 
IN POUNDS

1.4- 2.2 22 UNKNOWN 135 90

CONTACT AREA IN 
SQUARE INCHES

0.000079 UNKNOWN UNKNOWN UNKNOWN 0.0074 0.0031

CONTACT PRESSURE 
IN PS I

18,000 UNKNOWN UNKNOWN UNKNOWN 18,250 29,000

SPACE 

10® CUBIC MILS
41 8.78 1.75 52.8 15.6 1.53

ELASTIC ENERGY 
IN MIL-POUNDS

21 UNKNOWN UNKNOWN UNKNOWN 2.77 3.05

Fig. 35 — Comparison of pressure connections for No. 24 (0.020") wire.
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EVALUATION

The solderless wrapped connection has been compared with other 
pressure connections. (See Fig. 35.) However, when compared with a 
soldered connection its advantages are as follows:

1. A substantial reduction in wiring defects in m anufacture and in 
service because of:—

a. Greater uniformity obtained with a calibrated tool.
b. Less breakage of wires due to handling and vibration.
c. No solder splashes.
d. No clippings.
e. No cold joints.
f. No rosin joints.

2. Less expensive connection.
3. More compact connection.
4. M ore clearance between current carrying parts.
5. Easy to disconnect.
6. Saving of tin  — a critical material.
7. No contact contamination from soldering fumes.
8. No damage to heat sensitive materials in circuit components.
9. No hazard from hot soldering iron.

SUMMARY

A good pressure connection depends on the am ount of elastic energy 
which can be stored in the m utually stressed members, namely the wire 
and terminal. If the ratio of elastic energy to the size of the connecting 
members is favorable, and the contacting areas are sufficiently large, 
then the connection can be termed good. The solderless wrapped con
nection when properly proportioned not only meets these requirements, 
but is uniform in quality and low in cost.

A p p e n d i x  I

E FFE C T IV E  MOMENT ARM FOR TORSIO N OF RECTANGULAR TERM IN A L

In  this appendix the relationship between the wrapped tension in the 
wire and the tw ist of the term inal will be analyzed. The structure of the 
solderless wrapped connection is equivalent to a terminal having springs 
attached between its edges as shown in Fig. 36. The springs are arranged 
in such a way as to form a helix of pitch p. Now let:

S* — torsional stiffness of a un it length terminal 

WF  =  wrapped tension
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2a and 26 be the sides of the rectangular cross section of the terminal. 

Ci = lead of wire helix on long side (2a).

Ci =  lead of wire helix on short side (26).

N  =  number of turns of wire

The classical formula for Torsion is

Torque X Length 
"  & ----------

For an equivalent “spring” attached to the long side the axial length 
of the terminal is Ci, the torque is WFb* and hence the deflection 
WFbCi/Su ; for the short side the length is C->, the torque is IVFa* and 
the deflection W F at2/ S u ■ For a complete tu rn  of the helix the length 
of the terminal is therefore, 2(L +  C2) = p, and the torsional deflection 
is

Su

I t  is logical to assume th a t

2W F  ,, . fo.cbe1 +  aCF) (2)

Fig. 30 — Equivalent structure of wrapped connection (only half turn shown). 

* This is approximate and holds closely for (\ <C 2a and (■> 2b
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Substituting (3) into (2), the deflection per tu rn  becomes

2 ab WF
o =   :   V (4)a b S u

Since all effective turns are similar the to tal deflection A for Ar turns is

A =  WF 2 ab ipN )
S„ (5)a +  b_

pAr is the to tal length of the terminal. By equation (1) the effective 
torque m ust then be

Torque =  WF
2 ab 

a +  b_

and hence the effective moment arm, A c

2 abA .  =
_a +  b_

(0)

(7)





Solderless Wrapped Connections
P A R T  I I  — NECESSARY CONDITIONS FO R  OB

TA IN IN G  A P E R M A N E N T  CO NNECTION

By W. P. MASON and T. F. OSMER

(Manuscript received February 9, 1953)

In  order to study the stresses and strains occurring in  a solderless wrapped 
connection, a photoelastic technique using photoelastic bakelite and a photo- 
plastic technique using polyethylene have been used. Polyethylene has a 
stress strain curve similar to a metal and can be used to investigate strains 
in  the plastic region. Using these techniques, it is shown that the connec
tion is held together by the hoop stress in  the wrapping wire. In  order to 
lock this in, a dissymmetry from a circular form has to occur. This may be 
in  the direction of an oval shape or a square or rectangular shape. Sharp 
corners are preferred since a more definite contact area resxdts. A  num
ber of rules are derived for constructing the most satisfactory solderless 
wrapped connection.

It is shown that the connection between the wire and terminal is intimate 
enough to permit solid stale diffusion, but the strains are not high enough 
to cause cold welding of the connection. The life of the joint depends on the 
twin processes of stress relaxation and self diffusion. Stress relaxation 
occurs at a rate such that half the hoop stress is relaxed in  2500 years at 
room temperature. This loss of stress is compensated by the diffusion of 
one part of the joint into the other. Since the activation energies for stress 
relaxation and self diffusion are approximately equal for most metals, the 
two effects complement each other and produce a connection which should 
remain unchanged for times in  excess of forty years under any likely 
ambient conditions.

IN TRO D U CTIO N

The solderless wrapped connection described in the paper by R. F. 
Mallina (see page 525) provides a very satisfactory and economical 
method for making connections with apparatus terminals when such

557
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connections are properly made. N ot all methods of wrapping or all 
types of terminals arc equally satisfactory and it  is the purpose of this 
paper to describe investigations th a t have been made to determine the 
necessary conditions for the best wrapped terminal. These investiga
tions include a photoelastic investigation of the stresses in the term inal 
and a  photoplastic investigation of the strains in the outside wrapping 
wire. A new photoplastic material, polyethylene, has been used which 
has a stress strain curve similar to a metal and a birefringence propor
tional to the strain. The use of this m aterial makes possible the evalua
tion of strains in the plastic region and m ay find applications in other 
plastic flow problems such as the extrusion of metals.

Even after such terminals have been satisfactorily made, there re
mains the question of whether they will have sufficient life to satisfy 
the requirements of the telephone plant. A design objective for most 
relays and other switching apparatus of the telephone p lant is an unin
terrupted trouble-free life of forty years. Hence, unless the connections 
are to  be the limiting factor in the maintenance of the equipment, they 
also should have a minimum life of forty years under the conditions 
for which the apparatus is designed. In  order to investigate the probable 
length of life of such connections, theoretical and experimental work on 
stress relaxation in metals has served as the basis for calculations and 
tests. These have been extended to  the materials and conditions of the 
wrapped solderless connection and the results indicate th a t the life 
should be adequate even under very severe am bient conditions.

PHOTOELASTIC ANALYSIS OF STR A IN S IN  TERM IN A LS OF T H E  SO LD ERLESS 

W R A PPED  CON NECTION

In  studying the conditions necessary to insure a good solderless 
wrapped connection, it is desirable to know what strains occur in the 
terminals and in the wrapping wires and how these vary with the te r
minal shape, the winding force and other variables entering into the  con
struction of the connection. While some of these strains can be surmised 
from the winding conditions and the shape of the terminals, it is difficult 
to  obtain any quantitative results by calculations 011 account of the fact 
th a t the desirable term inal shapes are rather complicated and because 
a good manj" of the strains are in the plastic region.

To remedy this difficulty, use has been made of a photoelastic and a 
photoplastic technique. For the inside terminal, all the strains, except 
a t the corners where the wires make contact with the terminals, are 
elastic and can be approximated with an ordinary photoelastic tech-
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Fig. 1 — Photograph of photoelastic model and solderless wrapped connection.

nique using photoelastic bakelite. Fig. 1 shows one of the photoelastic 
models as compared with the metal solderless wrapped connection th a t 
it simulates. While the ratios of the wire diameter to the terminal di
mensions are different in the model from those in the connection, consid
erable information can be obtained about strains in the terminals and 
wires from the photoelastic model.

The wrapping gun described in the previous paper puts a tension on 
the wire. To simulate the tension, the photoelastic model is placed in a 
chuck, one end of the wire is anchored to the chuck and an appropriate 
weight is applied to the other end of the wire. The specimen is then 
rotated by the chuck and a definite number of turns of copper wire 
are wound around the specimen. The extra wire is then clipped off and 
it is found th a t the wire tightly adheres to the terminal in the manner 
of a m etal solderless wrapped connection. The specimen is then polished 
on the two ends up to the end wires and is put into the polariscope of a 
photoelastic analyzer. For obtaining the isochromatic lines, i.e., the 
lines occurring when the ordinary and extraordinary rays differ in path 
length by a half wavelength or some multiple of a half wavelength, 
the  elements of the polariscope, as shown by Fig. 2, contain a  quarter- 
wave plate before and after the specimen. These have the effect of 
making the plane wave from the polarizer circularly polarized and elimi
nate the isoclinic lines which m ark the directions of the slow and fast 
axes of the material. Fig. 3 shows the isochromatic lines for a square



specimen 0.4 inches square wound with nineteen turns of 0.050-inch 
copper wire under a  constant weight of twenty-eight pounds, which is 
a stress of 14,300 pounds per square inch. I t  is evident from the sharp
ness and number of the lines th a t can be seen th a t we are dealing with 
a case of plane stress th a t can be analyzed by the m ethod discussed 
in the Appendix. Since the stress strain curve of copper wire has the 
form shown by Fig. 4 with a yield stress* of about 26,000 pounds per 
square inch and a breaking stress of about 34,000 pounds per square 
inch, the applied winding stress is about 42 per cent of the breaking 
stress. Fig. 4 shows also the recovery measured for copper wire. The 
recovery curves are quite accurately parallel to each other, b u t the larger 
the strain the smaller the percentage recovery. Using the isoclinic lines 
.shown by Fig. 24 of the Appendix and the m ethod of analysis discussed 
there, the stresses across and perpendicular to the line of “eyes” of Fig. 3 
are shown by Fig. 5. The stress perpendicular to the line of eyes meas
ures the to tal compressive stress pu t on the term inal by the hoop stress 
in the wire and from this measurement the average hoop stress remain
ing in the wire can be calculated as follows. The cross section of which

5 6 0  T H E  BELL SYSTEM  TECH N IC A L JO U RN A L, MAY 1 9 5 3

Fig. 2 — Elements of polariscope.

this force is applied is the width 0.4 inches by the length of the specimen 
0.95 inches and hence the force applied by all the turns is

F = 0.95 X 0.40 X 2000 =  760 pounds. (1)

Since there were nineteen turns of wire wound around the specimen 
and each turn  has two sides exerting a tension on the bakelite, the aver
age tension remaining in the wire, required to balance the compressive 
stress, is

T  =  2 ^ 1 9  =  20 P°UndSl (2)

* In this paper the yield stress is taken as the point of greatest curvature of 
the stress-strain curve.
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Stress-strain recovery curves for copper wire.

_ Fig. 3 — Isochromatic lines for a square model 0.4 inches on a side wrapped 
with nineteen turns of 0.050 inch copper wire with a constant load of 28 pounds.

Fig. 4 —
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DISTANCE ACROSS PICTURE IN CENTIMETERS 

Fig. 5 — Stresses along X  and Y  directions for a square terminal.

or 71 per cent of the winding stress applied to the wire. The rest of the 
stress is lost in the contraction th a t occurs when the wire causes plastic 
flow to occur a t the corners of the specimen. This plastic flow causes 
the term inal (both bakelite and metal) to flow around the wire and pro
vides an air tight joint which is an essential requirement for a good 
solderless wrapped connection. T hat the stress in the term inal is high 
enough to do this can be seen directly from the photoelastic picture, 
Fig. 3. Counting the lines as far as they can be distinguished by a mi
croscope, there are 72 lines from the eyes of the picture (which are iso
tropic points) up to 0.0525 inches from the geometrical corner lines. 
Using the stress constant of photoelastic bakelite which is 88 pounds 
per square inch per fringe per inch length along the optic path, this cor
responds to a stress per unit area of

T  = ^  ^  =  6700 pounds per sq in. (3)

Since the to tal force pu t on by the wire is supported by successively 
smaller cross sections, as one approaches the corners the yield stress of 
bakelite of 15,000 pounds per square inch will be attained a t a radius of
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( O-O^5)  x  6700 =  15,000 pounds/sq in. or x  =  0.0235 in. (4)

Hence, plastic flow should occur for about 23 mil inches into the plastic. 
Unwrapping the wires from the terminal, it is found th a t depressions 
of this order are cut in the terminals. Since one of the requirements of 
a better connection is th a t an air tight bond shall be formed between 
the wire and terminal, it is obvious th a t the terminal should have a 
low enough yield stress so th a t a sizable groove can be cut in it  by the 
hoop stress of the wire. This rules out such terminals as hardened steel 
in the most satisfactory connections. I t  has been found th a t copper, 
brass, aluminum, soft iron and nickel silver are soft enough to meet 
this requirement. Any m aterial with a plastic flow limit in compression, 
much lower than  photoelastic bakelite, would probably have such a 
deep groove th a t it would be difficult to m aintain the desired hoop 
stress.

Using the photoelastic technique as a tool, considerable data  has been 
obtained on desirable shapes for the term inal and limiting winding 
stresses th a t can be used. One of the most used terminals is the rectan
gular term inal and Fig. 6 shows a photoelastic picture of a  terminal 0.8 
inches by 0.4 inches wound with nineteen turns of 0.050-inch copper 
wire with a winding load of 28 pounds. This figure is particularly easy 
to  analyze for stress across a line half way down the long edge since the 
stress along this in the direction of the line varies only a little. Hence,

Fig. 6 — Isochromatic lines for a rectangular model 0.4 inches by 0.8 wrapped 
with nineteen turns of 0,050 inch copper wire with a constant load of 28 pounds,



T H E  BELL SYSTEM  TECH NICAL JO U RN A L, MAY 1 9 5 3

one can count the number of fringes from the “eye” (which is an iso
tropic point) to  the center of the specimen which in this case is eighteen 
fringes. Using the stress constant, 88 pounds per square inch per fringe 
per inch along the optic path, the compressive stress normal to the mid 
line is

----.r“ --- =  1670 pounds/sq in. (5)
0.9o

and the hoop residual stress per wire is 

1670 X 0.4 X 0.95 2 19-------- =  16.6 pounds (6)

which is 60 per cent of the winding stress. Hence, the change in shape 
has not made any appreciable difference in the residual hoop stress. A 
specimen 0.4" x 1.6" was also tried and this had a residual stress of 56 
per cent of the winding stress.

In  order to determine the number of turns required to make a satis
factory joint, measurements were made of the residual stresses as a 
function of the number of turns with the results shown by Fig. 7. All of 
these experiments were made with the same weight, 28 pounds, which 
results in a stress of 14,300 pounds/square inch. Down to five turns, 
about 50 per cent of the winding stress is m aintained. The results are 
consistent with assuming th a t the wire unwinds to the extent of two 
corners on each end while 60 per cent of the winding stress is main
tained in all the other turns. As seen from Fig. 8, this is w hat one m ight 
expect, for when the constant tension is released, recovery will cause the

NUMBER OF TURNS

Fig. 7 — Residual hoop stress as a function of number of turns.
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first corner to  bend out and lose contact with the term inal. When the 
second corner attem pts to unwind, it pulls the first corner up against 
the sample and no unwinding beyond the second corner can occur. In  
order to obtain the most satisfactory connections, a t least five or six 
turns should be used.

The fact th a t  the first two corners on each end do not make close 
contact to the inside terminal produces a very beneficial result when the 
connection is subject to vibration due to the handling and operation of

F i g . S — Locking in effect in a 
rectangular terminal which allows un
wrapping at only two corners on each 
end.

a relay. In a soldered connection, large bending strains are caused by 
vibrations a t the point of contact between the wire and the solder and 
in standard vibration tests when large 60-cycle vibrations are impressed 
upon the wires, the wires fatigue and break off a t the point where the 
wire enters the solder in times in the order of fifty hours. Similar tests 
have been carried out for soldcrlcss wrapped connections and up to 
times of 2000 hours and longer no breaks have occurred. This is due to 
the fact th a t a bending strain is not enhanced by a sharp discontinuity 
as it is in the soldered connection and strains for a given vibration am 
plitude should be less than  half as large as those for a soldered connec
tion. Since the relation between fatigue and strain is such th a t a reduc
tion of strain of two to  one or more caused an increase in the number of 
cycles before breakage of factors of 1000 or more, the increased life under 
vibration for the solderless wrapped connection is not surprising.

Next a series of measurements were made on the value of the winding 
stress necessary to preserve a hoop stress in the wire. This was meas
ured by winding wires with different weights on photoelastic samples 
and measuring the residual hoop stress by the technique described 
above. This was done for both copper and aluminum wires w ith the re-
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WINDING STRESS,W 

YIELD STRESS, Y

Fig. 9 — Relation between remanent hoop stress, ratio of wire curvature to 
wire diameter and the applied winding stress for copper and aluminum wire.

suits shown by the dashed lines of Fig. 9. To obtain a hoop stress greater 
than  zero, the ratio of winding stress to yield stress m ust be greater 
than  0.1. To obtain a hoop stress th a t is 0.2 of the yield stress, a winding 
stress of 35 per cent of the .yield stress has to be employed. This is the 
value recommended to  give the most stable terminal. The winding 
stresses were carried up to 0.8 of the yield stress. A t this stress the 
copper wire a t the corners tends to draw down to a low value and may 
break when it unwinds and hence this is probably the upper limit for 
winding stresses. The radius of curvature of the middle of the wire, as 
it is bent around a corner was also measured from photographs similar 
to th a t shown on Fig. 6 and the ratio of the wire diameter to the mean 
radius of curvature is shown by the solid lines of Fig. 9. This is an 
alternate way of specifying the necessary winding force which may be 
useful for other shapes of terminals.

While square and rectangular terminals are very satisfactory shapes 
for the inside terminal, they are not the only ones th a t can be used. A 
number of coined and FT shaped terminals are in general use as discussed 
by Mallina. In  order to investigate the necessary requirements for such 
shapes, a number of experiments have been made on circular and ellip
tical terminals. When a wire under tension is wound around a rod of 
circular cross section, there are two sets of opposing stresses, one of 
which tends to make the helix smaller and the other to make it larger. 
As shown by Fig. 10, the tension in the wire tends to make the helix 
hug the cylinder while the bending strains introduced by the wrapping 
of the wire around the cylinder tend to  make the helix open up when the 
constant stress is released. A number of experiments were m ade on
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wrapping copper wire 20 mil inches in diameter on a steel cylinder hav
ing a diameter of 0.124 inches. In  all cases even up to stresses of 80 per 
cent of the yield stress, the helix failed to grip the cylinder. Some fur
ther measurements were made with smaller sized inner cylinders down 
to 20 mil inches in diameter. A t this small radius the wire barely gripped 
the cylinder and it took about 70 grams stripping force to pull the 
wrapped wire off the cylinder. As seen from Fig. 11, the normal force 
per un it length against the cylinder is balanced by the hoop force in 
the wire according to the equation

OFnt — 21'„ sin -- or rFy — Fn - (/)

The stripping force SF, when the wire does not dig into the terminal, 
should be equal to

SF  =  2irrnFsf =  2wnfFI t , (8)

where n  is the number of turns, /  the coefficient of friction which is about
0.15 to 0.2 between metals. For a stripping force of 70 grams for 6 
turns, the remaining hoop stress is equal to

Fn =  9.3 grams. (9)

Since the wire was wound with a  700-gram force, it  is evident th a t only
about 1 per cent is m aintained in the wire, which is entirely inadequate.

In  order to obtain a good wrapped connection with high hoop stress 
in the wires, some means has to be employed to eliminate the unwrap
ping effect of the strain due to  bending. This can be accomplished by 
changing the shape of the term inal from a circular cylinder to  a dis
symmetrical shape. For then, as shown by Fig. 8, the tendency to  un-

F io. 10 — Strains in a wire 
wrapped around a circular ter
minal.

Fig. 11 — Relation between 
hoop stress and stripping force 
for terminal not indented.
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wind is opposed by the locking in effect of the dissymmetry which in 
the most preferred types of terminals, as in Fig. 8, comprises abrupt 
changes in direction around the periphery of the term inal cross section. 
Some experiments were made with a cylinder whose cross section, as 
shown by Fig. 12, consisted of parallel sides with a semi-circle on each 
end. When the length A  was twice the width, the top curve of Fig. 12 
shows the stripping force as a function of the winding force. Assuming 
th a t most of the grip occurs on the two semi-circular surfaces, the hoop

YIELD STRESS IN PER CENT

Fig. 12 — Stripping force as a function of winding load for an elliptical type 
terminal.
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Fig. 13 -— Photoelastic picture of a terminal when the outside wire diameter 
approaches the terminal diameter.

stresses indicated are in the order of 50 to GO per cent of the winding 
stresses in agreement with the photoelastic experiments. Ratios of 5 to 
1 on the length-width ratio were also tried with substantially the same 
result. To determine how much dissymmetry is necessary to  lock in the 
bending stresses, a ratio of 1.25 to 1 of the length to  width was tried with 
the result shown by the lower curve of Fig. 12. The stripping force for 
this ratio is about half th a t for the larger ratios. The conclusion is th a t 
the stripping force decreases as the symmetry increases bu t th a t a  small 
deviation from circular symmetry is sufficient to lock in the bending 
stress. However, for the more satisfactory connections, other factors 
such as adequate intim ate gas tight contact areas indicate th a t the 
required dissymmetry involves abrupt surface changes in the nature of 
edges having appreciable penetrating power with respect to the wire. 
Therefore, while a term inal like th a t of Fig. 12 m ay have the ability to 
lock in the bending stresses, it m ay not, for other reasons, be the better 
terminal to use.

All of the photoelastic and other types of stress measurements were 
made for terminals th a t have a large stiffness in torsion and as seen by 
the photoelastic pictures, the stresses are nearly plane stresses, i.e., they 
are all tensions, compressions or shears in a plane perpendicular to the 
axis of the  connection. If, however, the torsional stiffness becomes low, 
another type of deformation can take place, namely, a tw ist of the whole 
terminal due to the torque put on by the helical form of the winding. 
Fig. 13 shows a photoelastic picture of the strain in the term inal when
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the size of the outside wire is comparable to the size of the terminal 
and it is obvious th a t a tw ist in the term inal is occurring. This is a  case 
of three dimensional stress rather than plane stress and cannot easily 
be analyzed from the photograph. The photograph does, however, show 
a tw ist of the terminal.

The twisting strain can be most easily analyzed by taking a long 
section of term inal of low torsional stiffness, winding 100 or more turns 
011 the terminal and measuring the angle of twist as discussed in the 
paper by M allina. Calculations by Love1 show th a t a  tw ist in an ellipti
cal section with its length along the Z  axis introduces shearing strains 
in the X , Z  and Y, Z  planes, i.e., ezx =  S t  and eYz = Si shearing strains 
equal to

* - ' ( ; ? ¥ * ) * ■  (10>

where 2a is the diameter of the  ellipse along the X  direction and 2b 
the diameter of the ellipse along the Y  direction and r  the angle of tw ist 
in radians per centimeter. For the term inal with 100 turns of 0.020 mil 
copper wire discussed by M allina whose d ata  are given by Fig. 13, 45° 
angle of tw ist occurs in 2 inches giving a value of r  =  0.157. This causes 
a shearing strain of about 2 per cent in the worst case which is enough 
to cause a considerable perm anent set. While this tw ist is useful in 
studying stress relaxation in the wire, it is undesirable for a solderless 
wrapped connection to have too much tw ist since it m ay cause the te r
minal to tw ist off in the winding process. According to the data  of Fig. 13 
of M allina’s paper, no term inal set occurs for nickel silver if the tw ist in 
radians per centimeter is less than 0.09 which corresponds to a maxi
mum shearing strain in the A', Z  plane of 1.1 per cent. Hence in order 
to avoid excessive perm anent set and tw isting off of the inner terminal, 
the size and shape of the term inal should be controlled so th a t shearing 
strains due to twisting should be less than  1 per cent. For standard 
shapes such as rectangles and ellipses formulae are available to relate 
the maximum strain to  the dimensions of the terminals and the moment 
due to the winding stress. For a given wrapping tension, this moment 
can be calculated from Appendix I of M allina’s paper.

Summarizing the results of this section, the necessary conditions 
th a t the term inal should meet are:

1. The wrapped connection is held together by the hoop stress in the 
outside wrapping wire. This can be locked in if the term inal has a dis
symmetrical shape in which the length-width ratio is 1.5 or greater,

1 Love, Theory of E lasticity . Chap. X IV , p. 310, 4th Edition, Cambridge Uni
versity Press.
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or if some regular shape such as a square, rectangle or rhombus is used. 
Sharp corners are helpful since a sharp bend in the wire occurs around 
them.

2. The material of the terminal m ust be strong enough so th a t the 
wire will not deform or cut through the term inal but m ust be plastic 
enough so th a t an appreciable groove can be cut in it by the hoop stress 
of the wire, in order th a t an air tight connection shall be made. The 
most satisfactory metals are brass, copper, soft iron, nickel silver and 
aluminum.

3. In  the m ost satisfactory solderless wrapped connection, the wrap
ping wire unwinds to  the extent of half a tu rn  on each end and about 
six turns or more are required to  make a good connection.

4. To maintain sufficient hoop stress, the constant wrapping stress 
should be from 0.2 to 0.7 of the breaking stress of the wire.

o. Shearing strains in planes parallel to the axis of the term inal 
should not exceed 1 per cent in order to  eliminate terminal set.

PHOTOPLASTIC ANALYSIS OF STRA IN S IN  W IR E S O F A W R A PPED  SO LD ER- 

LESS CON NECTION

All of the strains in the inner block or terminal are elastic except at 
the corners. Hence, for the interior terminal, photoelastic bakelite is a 
satisfactory m aterial for strain investigations. However, the outer wire 
is necessarily stressed beyond its elastic limit and ordinary photoelastic 
techniques cannot be applied. In order to see if the wire strains could 
be studied with photoelastic bakelite, some time was spent in heating 
rods to a tem perature for which they become elastic, winding them 
under a stress and cooling under the applied stress. Although the wind
ing process was carried out successfully several times, the bakelite rod 
always broke on cooling. This appeared to be due to  the fact th a t bake
lite is nearly linear tip to the breaking point, i.e., it suffers from brittle 
fracture and does not simulate a m etal in this respect.

Some measurements had previously been made a t the Bell Labora
tories and in England2 on polyethylene which indicated th a t it  had 
properties similar to a m etal in the plastic range. Stress-strain curves 
up to 15 per cent strain are shown by Fig. 14, and it is evident th a t on 
the ascending part, the curve is very similar to th a t for copper or soft 
iron. On the relief from stress, however, a considerably larger recovery 
is obtained than  for a metal. This material is fairly transparent and 
the lower curve marked R /t  shows the relative retardation for a 5461 A°

- Miss S. M. Crawford and Dr. II. Kolsky, Stress Birefringence in Polyethylene, 
l’roc. Phys. Soc., Section B, London, 6, Part 2, pp. 119-125, Feb. 1, 1951.
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O INCREASING STRAIN 

A , □ DECREASING STRAIN

o I 2 3 4 5 6 7 8 9 10 11 12 13 14 IS 16

STRAIN  IN PER CENT

Fig. 14 — Stress and birefringence strain characteristic of quenched poly
ethylene.

mercury line. This relative retardation R /t  is related to  the number of 
fringes N  and the wavelength X by the equation

and hence for a 1 per cent strain there are 7.3 fringes for a 1-cm path  
length in the optic direction. I t  will be observed th a t for both increasing 
and decreasing strains, the birefringence is directly proportional to the 
strain. Hence, by using polyethylene it appeared possible to measure 
the strain even in the plastic region.

The first experiment tried was to wrap a square metal rod with a 
polyethylene “wire” one-sixteenth inch in diameter with a wrapping 
stress about half the yield stress. I t  was found, however, th a t the wire 
sprang off the metal rod when the constant stress was released. This 
is due to  the fact th a t the polyethylene has considerably more re
covery than  the m etal wire and the dissymmetry is not sufficient to 
lock in the bending stress. This shows th a t one of the requirements of 
the wire is th a t the recovery shall not be too large.

If we are to use polyethylene as a photoplastic material, it is neces
sary to  simulate the unloading curve as well as the loading curve. This 
can be done by heating up the polyethylene when it is wound under a
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load, cooling under a load, and then removing the load a t room tem 
perature. Fig. 15 shows the loading and unloading curves for poly
ethylene as a function of tem perature. The stress required to  produce a 
given strain decreases very rapidly as the tem perature increases, al
though the recovery remains about the same irrespective of the tem 
perature. Suppose now th a t we apply a load and cool the potyethylene 
down to room tem perature m aintaining the strain. When the weight 
is taken off, the unloading curve will parallel th a t of the 20°C curve, 
and 42 per cent recovery will be obtained a t 50°C and 12 per cent for 
90°C.

In  order to see if a wrapped joint would be simulated by this means, 
a one-quarter inch rod of polyethylene was heated up to 97°C, was 
wound w ith a one pound winding weight and was cooled to room tem 
perature with the weight attached. This was sufficient to prevent the 
“wire” from unwrapping and when the weight was removed, the poly
ethylene “wire” gripped the m etal closely and formed a bond similar 
to  the wrapped connection. In order to analyze the strain, one has to 
cut a section through the center of the wire and pu t the section in the 
polariscope. F irst, a num ber of unstrained polyethylene samples were 
cut by various techniques and it was found th a t if they were cut with a

s t r a i n  in  p e r  c e n t  

Fig. 15 — Stress strain recovery curves for quenched polyethylene.
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Fig. 16 — Photoelastic picture of a polyethylene “wire” wrapped at 97°C 
around a rectangular terminal and cooled off under the applied load.

jewelers saw with a good deal of set to the teeth, no strains were intro
duced in the sawing process. Using a jig with two parallel guides a 
sample 0.040 inches thick was cut through the polyethylene wire. T ak
ing one in the center of the wrap, a  photoelastic picture was taken with 
the result shown by Fig. 10 with an enlargement of one corner shown 
by Fig. 17.

The easiest parts to analyze are the strains in the two legs of the 
sample since the strains are similar to  those for a bent section. The long 
leg which was twice as long as the short leg has its zero order fringe 
along the inside edge. There are twelve lines to the outer edge which 
corresponds to  a tensile strain of 16 per cent with an average tensile 
strain of about 8 per cent which is about the strain caused by the load
ing weight. In  the short leg the zero order fringe is the inside oval and 
the strain is about 11 per cent compressive a t the inner edge of the 
segment and about 38 per cent tensile a t the outer edge. These values 
are consistent with the radius of curvature th a t the wire is bent around 
for it can be shown th a t the strain in a wire of diameter d bent around 
a cylinder of diameter I) w ithout tension is equal to

where p is the radial distance measured from the center of the wire 
outward, D the diameter of the cylinder and d the diameter of the wire. 
If p is positive or the point is outside the center line, the strain is posi
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tive or tensile, while if p is inside the center line the strain is negative 
or compressive. From  measurement of Fig. 16, i t  appears th a t the 
equivalent inner cylinder th a t corresponds to  the radius of the center 
of the wire is about 3.0 times the wire diameter and hence the strain 
should be 25 per cent tensile a t the outer edge and 25 per cent compres
sive a t the inner edge. The addition of a tension of 13 per cent due to  
the winding force makes the outer strain 38 per cent and the inner one 
12 per cent compressive which are close to  the values found. This indi
cates th a t the tensile strain is somewhat higher in the short leg than 
in the long one. The same tensile strain occurs around the outside periph
ery of the wire opposite the corners of the terminal, b u t a very high

Fig. 17 — Enlargement of one corner of the photograph of Fig. 16.



point of compression develops just below the point of contact between 
the wire and terminal. The distribution of compressive and tensile 
strains in the wire is shown pictorially by Fig. 18. The distribution of 
strains in a m etal wire can be considered to be quite similar except th a t 
the tensile strain due to winding should be only 2 to 3 per cent as seen 
from Fig. 4, while the strains due to  bending m ay be even higher, for 
as seen from Fig. 9 the ratio of D /d  m ay be in the order of 1 and the 
bending strains m ay be as high as 50 per cent.

In  order to specify the properties th a t the wire m ust have in making 
a good solderless connection, experiments have been m ade on how much 
recovery can be tolerated in the  wire. Since it is difficult to get a series 
of m etal wires having different amounts of recovery, the technique was 
resorted to of heating polyethylene to a definite tem perature, winding 
under a load equal to half the yield stress a t the winding tem perature, 
and cooling to room tem perature under the load. As shown by Fig. 15, 
known recoveries can be obtained in this way. I t  was found th a t  the 
largest am ount of recovery th a t could be tolerated to make a joint a t 
all was 20 per cent while a reasonable hoop stress was not obtained until 
the recovery was less than 10 per cent.

In  summary, the necessary conditions th a t the wire should fulfill are:
1. Since strains of 50 per cent m ay be encountered in bending wires 

around sharp corners, wires should be used which have a large difference 
between the yield strain and the breaking strain. Copper, aluminum and 
soft iron are materials of this class while phosphor bronze and music 
wire are not as satisfactory.
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Fig. 18 — Distribution of compressional and tensile stress in the wire of a 
wrapped solderless connection.
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2. The am ount of recovery from strains of 20 to 50 per cent should 
not be greater than 20 per cent.

PER M A N EN CE O F W R A PPED  SOLD ERLESS CONNECTIONS

By the photoelastic, photoplastic and strain analysis of the previous 
two sections, it has been demonstrated th a t the wrapped solderless 
connection is held together by the hoop stress in the outside wire whose 
value is determined by the winding stress and the locking in effect 
dependent on a dissymmetry of the terminal. The high stresses cause 
plastic flow in the wire and terminal in such a manner th a t the two 
materials flow together'and produce an intim ate air tight joint. The in ti
m ate nature3 of this contact has been demonstrated by dip coating nickel 
silver terminals with pure tin  and wrapping them with cleaned bare 
copper wire. The wrapped terminals were then placed in a glass tube, 
evacuated, sealed off and heated for 400 hours to 180°C (37°C below 
the melting point of tin). The samples were then removed, mounted 
vertically, polished, etched and examined microscopically for distinguish
ing constituents. I t  is believed th a t if such a constituent appeared on 
the originally bare copper wire after such treatm ent, th a t the contact 
was sufficiently intim ate to permit solid state diffusion. A section of the 
wire in contact with the corner is shown by Fig. 19. The copper is seen

Fig. 19 — Solid state diffusion of tin into copper in a wrapped solderless con
nection.

3 This experiment was conducted by 6 .  S. Phipps.



to  have a heavy layer of tin  constituent a t the contact surface. From  the 
test, it  can be concluded th a t wrapped connections are sufficiently tight 
to  allow solid state diffusion and are therefore good electrical contacts.

On the other hand the contacts are not welded contacts such as occur 
when two pieces of aluminum are cold pressed together w ith strains in 
excess of 75 per cent. This is shown experimentally by the simple process 
of unwinding the wire from the terminal which takes place with no excess 
force when the wire is removed from a term inal corner. Since the strains 
a t the points of contact do not exceed 30 to 40 per cent, one would not 
expect cold welding. I t  is possible, however, th a t in tinned terminals, 
some long time diffusion takes place a t  room tem perature in the manner 
demonstrated a t higher tem peratures by the da ta  of Fig. 19. This would 
occur very slowly and cannot be relied upon solely to m aintain the 
contact.

Hence, i t  appears th a t long life in the connection depends on main
taining sufficient hoop stress in the wrapping wire to  keep the elements 
of the connection sufficiently tightly pressed together so th a t  no corro
sion can occur in the connection in such a manner as to  in terrup t the 
electrical continuity. This is a problem in stress relaxation rather than  
creep. Stress relaxation is intrinsically a simpler phenomenon since the  
m ajor fraction of stress th a t can be relaxed will be relieved through 
viscous flow in previously formed slip bands or along grain boundaries, 
and no generation of new slip bands is required. However, under ordinary 
creep conditions, an increase in stress is presumably attended by the 
generation of new slip bands. I t  appears likely then th a t stress relaxa
tion phenomena even a t quite high stresses should more nearly follow 
the conditions th a t have been established for low stresses than  would be 
the case for creep phenomena.

A good deal of work has been done on stress relaxation a t low stresses, 
particularly by Zener4 and his coworkers, and this will be briefly re
viewed. According to  these studies, stress relaxation can be caused by 
several mechanisms including stress induced migration of impurities in 
the metal, viscous behavior of slip band material and the viscous be
havior of grain boundaries. A t the common junction between the two 
metal grains, there is an amorphous layer of m aterial which acts as a 
viscous medium, i.e., if there is a shearing stress applied across it, the 
two grains will move with respect to  each other with a velocity

* Zener, C., E lasticity  and A nelasticity of M etals. U niversity of Chicago Press, 
1948. T ’ing-Su Ke, Experimental Evidence of the Viscous Behaviorof GrainBound- 
arics in M etals. Phvs. R ev., 71, No. 8, pp. 533-546, April 15, 1947. T ’ing-Su Ke, 
Anelastic Properties of Iron. Tech. Publication No. 2370, M etals Technology, 
June, 194S,
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V  =  vT /D , (13)

where D is the thickness of the layer, rj the coefficient of viscosity and 
T  the shearing stress. Hence no m atter how small the shearing stress, 
one grain will move with respect to the other in a finite time. The am ount 
th a t the grains can move is limited by the necessity of making the grain 
boundaries fit. According to Zener, the situation is analogous to the 
case of a jigsaw puzzle in which the overall configuration possesses 
rigidity in spite of the fact th a t  no shearing stress exists between adja
cent pieces. Zener has calculated th a t the ratio of the relaxed stress to
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Fig. 20 — Stress relaxation in aluminum at three temperatures for strains less 
than 10~-‘ (after K 6).

the initial stress is equal to

T r =  1(7 +  5q-) 
T ,  7 +  cr 00"

(14)

where cr is the value of Poisson’s ratio. For values of Poisson ratio of 
from 0.25 to  0.5 this ratio lies between 0.595 and 0.76.

Fig. 20 shows measurements of stress relaxation plotted against time 
for aluminum for three different temperatures. These were obtained4 by 
twisting an aluminum wire through a definite angle and observing the 
force required to  hold it a t this angle as a function of time and the 
tem perature of the wire. All the curves can be made to coincide by 
multiplying the times by different factors. If we define the relaxation 
time r  as the time required to relax half of the variable component of 
stress, i.e. }4( 1 — 0.G7) of the stress, this relaxation time fits an equa
tion of the form

= KeIIIRT (If

where K  is a constant, II  an activation energy, T  the absolute temper;
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ture in degrees Kelvin and R  the Boltzman constant for one gram mole 
of the material. R  is closely equal to 2 calories per degree K . Hence, if 
H  is expressed in calories per gram mole and the value of K  is obtained 
to fit equation (15), we have

34,500

r = 9.2 x 10-15 X e~w~ .
The constant K  is close to th a t given by the Langmuir-Dushman5 theory

_  hN  _  G.G2 X lfT 27 X G.OG X 1023 _  „  in_„
H  34,500 X 4.187 X 107 ’ U '

where h =  Planck’s constant equal to 6.62 X 10-2' ergs, N  is Avogadro’s 
number equal to 6.06 X 102" and II  is the activation energy expressed 
in ergs. Su K64 has shown th a t the activation energy for grain boundary 
slip is essentially the same as for self diffusion and for creep.

Similar results have been found for a-brass and a-iron. These have 
activation energies shown by equation (17)

a-brass 41 kilocalories per mole,
(17)

a-iron 85 kilocalories per mole.

Although measurements have not been made for copper, the activation 
energy of self diffusion is about 57.2 kilocalories6 per mole, b u t 39.9 
kilocalories for the principle im purity silicon.

All of these measurements were made for strains under 10 !, and the 
question arises as to whether these concepts are valid for the much 
higher strains experienced in the wrapped solderless joint. From the 
photoelastic pictures, Figs. 16 and 17, it is obvious th a t the greatest 
stress inhomogeneity occurs in the neighborhood of the corners and 
flow will take place in such a way as to relieve the high stress concen
tration. This will have the effect of making the terminal and wire m ate 
even closer and may result in a slight transient lowering of the hoop 
stress. After the initial formation, however, it will be the long tim e re
laxation of the hoop stress in the wire th a t determines the lasting quality 
of the joint.

As discussed previously, the tw ist th a t the term inal takes is deter
mined by the mean value of the hoop stress in the wire, and any relaxa
tion in this hoop stress can be studied by observing the angle of tw ist 
as a function of time and tem perature. By using a long term inal wound

5 S. Dushmun and I. Langmuir, Phys. Rev. 20, (1922) p. 113, 1922.
6 Zenner, E lasticity  and A nelasticity of M etals. Table 12, p. 98, Chicago U ni

versity Press.
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with 100 turns or more of copper wire, a tw ist of 50° or more can be 
obtained which is sufficient to measure.

In order to test first the relaxation in the copper wire alone, the inner 
terminal was made of clock spring steel 0.0124 inches by 0.062 inches. 
This was wound with 100 turns of 0.020 inch copper wire tensioned a t 
2.87 pounds (9,300 pounds per square inch). A twist of 25° was obtained 
which is sufficiently large to  measure. If one observed the angle after 
transient creep has occurred, the angle decreased on the average about 
17 per cent in the first m onth as shown by the circles of Fig. 22. The 
values agree with the solid curve which was established by relaxation 
measurements as a  function of tem perature as discussed in the next 
paragraph. A t room tem perature, further decreases in the angle of about 
10 per cent were observed out to  times in the order of a year.

If, however, the wrapped connection was heated up, a faster relaxa
tion of the hoop stress occurred. Fig. 21 shows the ratio of angle meas
ured to  the initial angle as a function of time when the connection is 
subjected to a  tem perature of 200°C. As shown by the dashed line, 
which is a plot of the exponential equation

R =  e~at where a =  2 X 1(T4, (18)

this is not a single relaxation of the type found for grain boundary 
motion bu t is a sum of effects occurring with different activation ener-

Fig. 21 — Ratio of angles of tw ist at time shown to initial angles.
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gies. Furtherm ore, the change is not limited to two-thirds as in the case 
of grain boundary motion, bu t is much more tending toward a value 
of 0.2 for very long times. I t  appears th a t several processes are involved 
in addition to grain boundary motion. These are probably connected 
with slips along slip planes which occur with a lower activation energy 
when the stress is high. As the slip increases, strain hardening occurs 
with a resultant increase in activation energy until the activation energy 
of grain boundary movements is reached. For 0.3 relaxation and lower, 
the activation energy remains constant and equal approximately to 40 
kilocalories per mole — the self-diffusion value — as can be calculated 
from the 150°C, 175°C and 200°C relaxation curves of Fig. 21. These 
curves show th a t the activation energy varies from 12.5 kilocalories a t
0.9 relaxation, to 40 kilocalories for long time effects.

Similar measurements have been made on nickel silver terminals 
which are the terminals actually used and as seen from Fig. 21 of 
M allina’s paper, these agree quite well with those measured for spring 
steel terminals. The nickel silver terminals had the dimensions 0.0148 
inches by 0.062 inches. A twist of 46° was obtained for 100 turns of 0.020 
inch copper wire with 2.87 pounds winding stress applied. A t this angle 
of twist, a perm anent set of 19° occurred when the outside wire was un
wound. If we subtract th a t value from the initial twist, the time-angle 
curve is very similar to  th a t for spring steel and indicates th a t no addi
tional relaxation occurs in the nickel silver terminal.

The conclusion from these experiments is th a t stress relaxation for the 
value of strain used in the wrapped solderless connections follows a simi
lar activation energy pattern  to th a t followed for smaller strains except 
th a t instead of a single process with a single activation energy we are 
dealing with m any separate processes having an activation energy range 
from 12.5 kilocalories to  40 kilocalories. For each stage of the process a 
different activation energy is effective. For example, for a ratio of re
laxed stress to  initial stress of 0.9 the curves of Fig. 21 indicate an activa
tion energy of about 12.5 kilocalories. W ith this value of activation 
energy the time required to  relax this am ount of stress a t room tem 
perature of 25°C (77°F) is 2.98 X 105 seconds or 0.0095 years as shown 
by Fig. 22. For a ratio of relaxed to  initial stress of 0.8, the activation 
energy is 15.3 kilocalories and the time a t room tem perature is 0.126 
years. Similar values can be calculated for the other relaxation ratios 
and the complete relaxation ratio and time curves are shown by Fig. 22 
for tem peratures of 77°F and 135°F. To reach a value of 0.5 of the initial 
hoop stress requires 2500 years a t 77°F and about forty years a t 135°F. 
The circles show the measured values a t 77°F carried out in a tempera-
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TIM E IN  YEARS

Fig. 22 — Aging at room temperature and at 135°F plotted as ratio of angle to  
initial angle as a function of time.

ture controlled air conditioned room and these agree well with the cal
culated values. 135°F is in general the maximum tem perature th a t 
wrapped solderless connections'will be subjected to. For cases of very high 
tem perature it  is planned to use copper covered soft iron wires for the 
wrapping wires since, as shown by Equation (17), iron has a much higher 
activation energy th an  copper and can be expected to  m aintain its hoop 
stress for forty years even under an am bient tem perature of 200°C.

The question arises as to  whether the hoop stress of a small p art of 
the initial value, th a t has been shown to continue for a long time by 
the data  of Fig. 21, is sufficient to m aintain a good contact. This ques
tion m ay be im portant if aluminum is to be used as a  wrapping wire 
since with an activation energy of only 34.5 kilocalories, 0.5 of the hoop 
stress will be m aintained for forty  years only for tem peratures lower 
than  100°F. The problem then is whether corrosion can occur between 
the wrapping wire and the inside term inal when the relaxable com
ponent of hoop stress has been relaxed. A very sensitive test for this 
question is obtained by winding aluminum wire on an aluminum terminal 
since if any break occurs in  the contact between the wire and the term i
nal, oxidation of the aluminum surface takes place very rapidly and 
should affect the resistance of the solderless connection. Accordingly, a 
number of aluminum-aluminum solderless connections were wound up 
and their resistances were measured. They were then pu t in an oven 
and heated to a  tem perature of 200°C for twelve hours, which was suffi-



cieat to relax all the stress th a t can be relaxed. On remeasuring the 
resistance, i t  was found th a t there was no change within the experi
m ental error of 1 per cent, which corresponds to a resistance of 3 X 10-5 
ohms. A similar result is found by studying the corrosion of surfaces of 
copper and nickel silver in solderless wrapped connections when they are 
fully relaxed and subjected to a corrosive atmosphere as discussed 
in the paper by Van Horn.

The stripping force of the aluminum-aluminum connection subjected 
to  a tem perature of 200°C for 12 hours has actually been found to in
crease by a factor of about 2 which suggests th a t the two parts have 
diffused into each other and formed a perm anent connection. This has 
been confirmed by the increase in force required to  unwrap the wire. 
Since the activation energy of self diffusion is about the same as the 
activation energy for stress relaxation, then as the hoop stress is relaxed 
a t high temperatures, solid state diffusion takes place and a diffusion 
joint is formed in aluminum. The same process, both for stress relaxa
tion and diffusion, should take place a t a much lower ra te a t  lower tem 
peratures and as the hoop stress is relaxed, a diffusion connection between 
the two parts is formed so th a t no decrease in the conductivity of the 
connection occurs and an actual increase in the strength of the connec
tion results. The same process should result between any two m aterials 
provided the energy of self diffusion from one into the other is less or 
equal to  the activation energy of stress relaxation for the weakest 
component.

I t  is planned to  tin  plate both terminals and wires for all of 
the wrapped solderless connections used in the telephone system. In  
order to  find how the two processes of stress relaxation and self diffusion, 
which progress as a function of time and tem perature, affect the two 
fundam ental properties electrical conductivity and mechanical strength 
of the connections, a large number of connections were wound up and 
subjected to  tem peratures of 200°C for times corresponding to  0.9, 0.8 
etc., of the initial stress as determined from Fig. 21. The electrical re
sistances of the connections were determined before and after the trea t
m ent and the stripping force was also measured. W ithin the experimental 
error the resistances of the connections remained the same while the 
average stripping force for tw enty connections for each point are shown 
by Fig. 23. No significant change in the stripping force occurred out to 
values of stress relaxation less th an  0.2 times the initial hoop stress. 
These experiments show th a t as the hoop stress is relaxed by time and 
tem perature, self diffusion occurs between the two parts of the connec

5 8 4  t h e  b e l l  s y s t e m  t e c h n ic a l  j o u r n a l , m a y  1 9 5 3



SOLDERLESS W RAPPED CONNECTIONS PART II 5 8 5

tion in such a way th a t the mechanical strength and conductivity are 
m aintained unchanged with time.

In  summary it  has been shown th a t
1. The connections are sufficiently intim ate to  permit solid state 

diffusion b u t the strains are not high enough to  cause cold welding of the 
connection.

2. The hoop stress relaxes as a function of time and tem perature 
according to well known activation energy equations with an activation 
energy for copper wires on nickel silver connections varying from 12.5 to
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Fig. 23 — Stripping force plotted as a function of stress relaxation.

40 kilocalories. I t  requires about 2500 years to relax half the hoop stress 
at 77°F (25°C) and 40 years a t 135°F.

3. The twin processes of stress relaxation and self diffusion occur in 
such a way as to m aintain or increase the strength of the connection and 
to leave the resistivity of the connection unchanged with time.

4. The conclusion from all of these tests is th a t the life span of the 
solderless wrapped connection appears to be ample for meeting any of 
the likely requirements. This conclusion is reinforced by life tests of a 
large number of wrapped solderless connections in service th a t have been 
carried out over two years w ithout a failure and by the long and satis
factory tests of the screw connection whose success also depends on the 
stress relaxation, diffusion processes. Such connections have been shown 
to be satisfactory over periods of time in excess of tw enty years.
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A p p e n d i x

METHOD FO R  ANALYZING STR ESSES AND STRA IN S FROM  PHOTOELASTIC 

PIC TU R ES

The methods for analyzing photoelastie pictures are given in detail 
in a number of books and other publications7 and only a brief summary 
of the m ethod used here will be given.

When polarized light is sent normal to a plane of photoelastic material 
th a t is strained in the plane, the light is broken up into an ordinary and 
an extraordinary ray th a t travel with different velocities. I t  is shown7 th a t 
the birefringence, which is defined as the difference between the two 
indices of refraction ¿u and ¿¿2 (be. the index of refraction is the ratio 
between the velocity of light for one of the rays in a  vacuum to the 
velocity in the medium) is given by

B = w -  M2 =  C V ( T i -  T ,y  +  i T i  , (19)
where C' is a constant called the relative stress optical constant, T 1 is 
the tensional stress along the X  axis, T 2 the tensional stress along the 
Y  axis and rl \  the shearing stress in the X Y  plane. If we change the 
direction th a t we call the X  axis until we reach the direction of maxi
mum stress, the relations between this stress and the tensional stress 
a t right angles to it are given by the equations

T[ =  T i  cos2# +  2 sin 6 cos d l \  +  T ■> sin" 6,
. 2 . 2 (20) 

T , = T 1 sm'0 — 2 sin 6 cos 0T6 +  ri \  cos" 6,
where

6 is the angle between the X  axis and the axis of maximum tension.

If 6 is chosen so tha t T[ is a maximum, we find

97’
tan  26 = (21)

and

T[ =  +  W V l \  -  T ,f  +  4 Ti

T't = Tj d - T* -  iV (T r -  T2y- - i  4T|
(22)

7 Coker and Filon, Photoelasticity, Cambridge U niversity Press, 1931. M. 
lle ten y i, Handbook of Experimental Stress Analysis, John Wiley and Sons, Chap.
17, 1950. R. D . Mindlin, J. Applied Physics, April 1939, pp. 222-241 and May 1939, 
pp. 273-294. W. P. Mason, Electrooptic and Photoelectric Effects in Crystals, 
Rell System Tech. J., 29, pp. 161-188, April, 1950,
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and hence

T[ -  T't -  V ( T i  ~  T , f  +  4 T f .  (23)

Hence, the birefringence is directly proportional to the difference be
tween the principal stresses.

The retardation R  is the difference between the path length for the 
fast and slow rays when they are transm itted through the thickness 
of the specimen. If h is the thickness of the specimen

h - v2l, h — R  =  V\l (24)

and hence

«  _  » H »  and i  5  _  A h F ) i  _  ( Z  -  t )  -  B. (25) 
« v-> Vi h \  v2 /  Vi \V i v2/

Hence, the retardation is given by

~  =  —  (To -  T[) =  C (T 2 -  T[). (2G)
II Vi

If X is the wavelength of light used for the measurement,

^  K =  C (r'2 -  r i ) ,  (27)
h h

or the number of fringes is related to the difference of the principal 
stress by

N  =  ~  (T[ -  T[). (28)
A

o .
For photoelastic bakelite for the green mercury line 5461 A, the fringe 
constant \ /C  is 88 pounds per square inch/inch/fringe. Hence the 
difference between the principal stresses is given by

(To — T'i) =  y  (88) pounds/sq in . (29)
¡1/

The isochromatic lines such as shown on Fig. 3 are taken with quarter- 
wave plates in addition to the crossed polaroids. These lines give directly 
the multiple num ber of times the stress is greater than  the value (88/h) 
pounds per square inch. In  order to know the exact multiple, one has 
to know the starting point or the points of zero stress difference, called 
isotropic points. These are determined by using white light and locating 
the gray fringes. The zero order fringe is gray because for this case, all 
the wavelengths of light are delayed the same am ount and hence no
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color effects appear. A first order fringe will have red (absence of violet) 
nearest the zero order fringe and violet (absence of red) furthest from 
the  zero order fringe. High order fringes will not appear a t all in white 
light since they are the resultant of a number of colors which add up 
to  white light.

Having located the zero order fringe, a  simple count will give the 
num ber of times the factor (88/h )  has to  be m ultiplied by  to obtain the 
number of pounds per square inch. This stress will, however, only be a 
stress difference and in order to resolve this into stresses along X  and Y  
axes and a shearing stress in the X Y  plane, other information 
is necessary.

One part of the information is obtained when the isoclinic directions 
are obtained. These directions are the directions of the principal stress 
axes and these are obtained by taking out the quarter wave plates and 
rotating the axes of the polaroids (keeping them  crossed) until the 
polarization axes coincide with the principal stress axes a t any point. 
W hen this occurs, the picture will be black because if no model were 
there, the polarized light passed by the polarizer would be cancelled by 
the analyzer. If  the principal axis of the stress ellipsoid coincides with 
the direction of polarized light from the polarizer, only one ray  will be 
generated whose plane of polarization coincides with th a t of the polarized 
light and hence this will be cancelled in the analyzer. The isoclinic lines 
show up much better if a white light source is used. Hence, the isoclinic 
lines locate the direction of the principal axes of the stress ellipsoid. 
From  equations (20) and (23) we have

Hence, if we know 6 (the direction of the principal stress axes with re
spect to the axes for which the stresses are to be analyzed) the shearing 
stress Te, and the difference between i \  and T 2 can be obtained from 
equation (30).

The other necessary relation can be obtained from the equilibrium 
stress relations th a t  have to  be satisfied by any stationary body, namely

+  al *  =  o
dy dx

( 3 1 )

Integrating these equations
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For example, the isoelinic lines for the square plate of Fig. 3 are shown 
by Fig. 24. All the isoclinic lines converge on the positions of the “eyes” 
which is a characteristic to  be expected of an isotropic point {Tx — T 2) =
0. For the line through the center of the “eyes” , which we designate as 
the X  direction, the isoclinic line lies along the X  axis and hence there 
is no shearing stress along this axis and T\ — T» =  Ti — T2 • A t either 
edge the stress in the X  direction is zero and hence a t this point the 
stress T i (which is a compression) is obtained by counting the number 
of lines from the isotropic point to the edge (in this case 20) so th a t 
the stress a t the edge is

T-a — ^  ^  =  1850 pounds/square inch (33)
0.95

To determine the shearing stresses a t any point, one needs to  fit the 
isoclinic lines over the isochromatic lines. For example, for any point 
along the isoclinic line marked 15, the direction of the principal axis is

Pig. 24 — Isoclinic lines for a square terminal whose isochromatic lines are 
shown by Fig. 3.



15° from the X  axis, since it  was obtained by setting the analyzer and 
polarizer a t 15° from the direction X .  Counting the number of isochro- 
m atic lines from the “eye” , the principal stress difference T[ — T2 is 
known and using equation (30), T 6 is a t once calculated. To obtain 
dTn/dy, it  is sufficient to divide T e by the distance y th a t the point is 
above the X  axis. Proceeding this way, values of dTt,/dy are plotted as 
a function of X .  Then from the first of equations (32) with T i„ =  0 a t 
the edge, one can obtain Ti by integrating d T t/d y  dx over the X  axis. 
The result is the curve marked rl \  of Fig. 5. Having T i , ri \  can be ob
tained from the isochromatic lines which determine 'L\ — 'J\ and this 
is plotted on the upper part of Fig. 5.
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Solclerless Wrapped Connections

PA R T  I I I  — EV A LU A TIO N  AND 
PER FO R M A N C E TESTS

By R. H. VAN HORN
(Manuscript received February 9, 1953)

In  the development of solderless wrapped connections the basic require
ments of electrical and mechanical stability have been translated into lest 
requirements on laboratory samples of these connections and on the manu
factured product. These tests have shown that the connections can with
stand satisfactorily the effects of corrosion, humidity, vibration, and relaxa
tion. The effects of terminal dimensions, materials, corner shai'pness. 
wrapping tool construction, etc. are noted.

INTRODUCTIO N

The previous two articles have described the fundamental considera
tions involved in solderless wrapped connections. A description of these 
connections together with a rather detailed explanation of the forces 
which m aintain them  has been presented. This third article discusses 
the results of a number of tests where the actual fabrication and use of 
these connections have been simulated. From  these results it will be 
seen th a t reliable performance can be expected over the central office 
life of these connections, and th a t the variations permissible in their 
fabrication will privide sufficient margin to make th a t process easy to 
control.

g e n e r a l  r e q u i r e m e n t s

The minimum physical requirements which a solderless wrapped con
nection m ust m eet are:

1. In tim ate contact between wire and terminal.
2. The points of contact should be gas-tight to w ithstand corrosion.
3. The minimum dimension of the gas-tight area should be great 

enough so th a t it does not decrease appreciably during the expected



life (forty years) because of corrosion or because of relaxation of the 
internal stresses in the wire or terminal.

4. The sum of the areas of intim ate contact should be equal to  or 
larger than  the cross-section of the wire to  prevent local heating.

5. The connection should be mechanically stable so th a t forces applied 
to  the connection during shipment, installation and subsequent m ain
tenance activities will not dislodge the v ire  and break the points of 
intim ate contact.

6. The v ire  should not be embrittled during the wrapping operation 
so th a t it will subsequently break due to  vibration, handling, or un
wrapping.

TRA N SLA TIO N  O F G EN ER A L R EQ U IR E M E N TS IN TO  T E ST  R EQ U IR EM EN TS

In  order to  evaluate the feasibility of solderless wrapped connections, 
extensive development studies were necessary so th a t a good estimate 
could be obtained as to whether these connections would m eet these 
general requirements under a  v ide  variety  of conditions and with suffi
cient margin to  provide for ease of manufacture. I t  was necessary to 
translate these requirements first into a set of development test require
m ents and second into a set of shop inspection requirements. These two 
translations of requirements will not necessarily be the same although 
there will be a large degree of overlap. In  either translation they can be 
broken down into two distinct areas. These two areas of tests cover 
those tests which are related to  evaluating (1) life and electrical stability 
of the connection and (2) mechanical stability.

A great deal of engineering judgm ent was used in the translation of 
the physical requirements into inspection requirements and this judg
m ent took into account the special nature of conditions to be encountered 
in telephone offices. Consideration was given to the methods of handling 
the wire, the manipulations of installation and maintenance men when 
working 011 central office equipment, the  effect of vibration, the effect of 
variation in tool dimensions and the like. Furthermore, a good deal of 
knowledge of the corrosion and relaxation process had to be developed 
before it could be judged on the basis of accelerated tests th a t the con
nections m ight be expected to  have a satisfactory field life.

There m ay be applications where the translation of the physical re
quirements into test requirements m ay be different, perhaps quite 
different, from the translation made for the telephone apparatus which 
was in m ind during this investigation. The use of other kinds and sizes 
of wire or terminals m ay require an evaluation quite different from the 
one presented here. Nevertheless, the test requirements herein estab-
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lished should have a  v ide  application in m any areas. In  telephone prac
tice they provide a reasonable latitude for variations in the process of 
making the connection, including tolerances in the parts, and a t the 
same time guarantee a  good product.

M ost of the product tests which have been made so far apply specifi
cally to connections which use Standard No. 24 tinned solid copper 
wire such as is used in 95 per cent of the telephone switching plant, and 
terminals having a  rectangular cross-section punched from sheet nickel 
silver, brass or bronze and whose dimensions are one-sixteenth inch wide 
by the thickness of the stock (0.013" to 0.062"). These terminals are 
typical of those which are or could be used on relays, switches, resistors, 
capacitors, term inal strips, etc. Studies with $  20 and iff 22 wire have 
been made w ith results similar to those with $  24 wire.

A similar investigation is under way on connections to terminals 
winch are m ade from round silicon copper and nickel silver wire such 
as are used on the wire spring relay, and where the wire terminal had 
been prepared for connection by various treatm ents such as flattening, 
coining, serrating, annealing, etc.

AGING O F W R A PPE D  CO N N EC TIO N S

Assuming th a t a  connection can be wrapped with sufficient mechan
ical strength to  w ithstand handling, vibration, etc., there appear to be 
twro factors which m ight cause the connection to fail after a period of 
time. These factors are (1) relaxation of the internal stresses in the 
metals, and (2) corrosion of the metal surfaces. As M r. Mason points 
out in his paper, it now appears th a t solid state diffusion of m etal across 
the boundary between the wire and the terminal improves the con
nection as much or more than  relaxation degrades it. Tests have been 
designed to  relax the connections in a short time to the same degree 
th a t will occur in the normal forty-year life which is required. These 
tests will be described later.

Several investigators have studied the ra te of surface corrosion in 
indoor atmospheres of metals such as are used in these connections.

Studies of corrosion* where oxidation is the primary factor indicate 
for example th a t the corrosion in zinc varies linearly with time and on 
copper i t  varies as the square root of the time exposed. The corrosion 
products are ZnO and CU2O. The corrosion ra te for brasses fall between

* British Non-ferrous M etals Research Association, Investigation on the 
Atmospheric Corrosion of Non-ferrous M etals, First and Second Experimental 
Reports to the Atmospheric Corrosion Resistance Committee, May, 1924, and 
May, 1927, W. H . j .  Vernon.



5 9 4  THE BEDE SYSTEM TECHNICAL JOURNAL, MAY 1 9 5 3

T a b l e  I — T h i c k n e s s  o p  M a t e r i a l  w h i c h  C o r r o d e s  i n  F o r t y

Y e a r s

copper and zinc. There are very few data available on tin bu t its cor
rosion should be less than either copper or zinc. From the data  presented 
the depth of metal which will corrode during a forty-year period in a 
central office for several metals is estimated* to be as shown in Table I.

Samples of copper bus-bar taken from telephone exchanges where 
they have been exposed for periods up to forty years show th a t the 
tarnish is primarily CU2O and the actual rate of corrosion m ay be ap
preciably less than th a t estimated by the above figures.

Thus the depth of metal corroded is small enough to neglect when the. 
metals are subject to indoor atmospheric exposure. When dissimilar 
metals are joined in a connection there is the possibility of electrolytic 
corrosion in addition to atmospheric corrosion. The particular metals 
involved here, however, are relatively close to each other in the electro
motive force series of metals so th a t it is expected th a t this effect will 
be negligible especially as there is no condensation on these connections.

I t  is therefore expected th a t the most im portant factor in the aging 
of these connections is the relaxation of stresses internal to the wire and 
the terminal rather than  corrosion. The test procedures and results in 
the following sections reflect th a t view.

DEVELOPMENT TEST PRO CEDURE ELECTRICAL REQUIREMENTS

General Requirements 1 through 4 are considered together. A set of 
tests has been designed to evaluate the degree to which these require
m ents can be met.

Since the tests which have been devised are destructive it is necessary 
to  check connections in production on a sampling basis.

In  determining whether a  connection meets the General Require
m ents 1 through 4, T est Procedure I  as follows was devised.

Test Procedure I  for Solderless Wrapped Connections

1. Check connection for insulating barrier film between wire and 
terminal.

2. M easure the variation of the resistance of connection wffiile pro
ducing movement between the terminal and connecting wire.

* Unpublished memoranda, D . H . Gleason, Bell Telephone Laboratories.

Zinc
Copper
Tin

0 .0 0 0 2 3 "
0 .0 0 0 1 0 5 "
Negligible
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3. Chill for two hours a t 0°F.
4. H eat for three hous a t a tem perature (175°C) which will relax the 

stresses as m uch as will occur during the expected life a t the normal 
central office operating tem perature.

5. Expose the connection to a suitable agent which will discolor all 
the non gas-tight area.

6. Remeasure the resistance variation as in 2.
7. Unwrap the wire and estimate the size of the gas-tight areas.
Item s 1 and 2 are intended to show whether initially there is the in ti

mate contact between wire and terminal demanded by the General 
Requirement No. 1. A t present, the multiple terminal banks on step-by- 
step swatches are connected together with a clinched solderless con
nection. Based on experience with these connections, together with an 
estimate of the noise produced (See appendix A) a resistance variation 
in excess of 0.002 ohms is considered to indicate a poor connection. 
Item s 5 and 7 will show7 the existence of the gas-tight areas demanded by 
General Requirem ent No. 2, and the size estimate from Item  7, the 
area of contact demanded by General Requirement No. 4 can be evalu
ated. Item s 3 and 4 are intended to  simulate most of the aging which 
will take place during the life of the connection. I t  is believed, as de
scribed earlier in this paper, th a t relaxation of internal stress is the 
chief factor in the aging of these connections. The chill a t  0°F puts the 
maximum initial stress in the wire by shrinking it a t extreme operating

M ILL IA M M E T E R

Fig. 1 — T est set for measuring resistance of solderless connection.
T e s t  P r o c e d u r e

(1) With 7fi set at “ a ” and switch SW closed, adjust so that the m illivolt- 
meter reads 25 microvolts w ith R* open.

(2_) If m illivoltm eter returns to zero with test connection across Rx , no barrier 
film is indicated and therefore connection is closed.

(3) All resistance measurements are made with Ri set to  give 100 milliamperes 
through Rx . Then Rx =  millivolts/0.100.

(4) A variation of not more than 2 milliohms as the connection is moved or 
disturbed indicates a stable connection.



tem peratures. The heating for three hours a t 175°C produces the degree 
of relaxation expected over a 40-year period. B y examining and esti
m ating the size of the gas-tight areas after this process, the necessity 
for m aintaining the intim ate minimum gas-tight area demanded by 
General Requirem ent 3 is considered to  be met. Item  6, the remeasure
m ent of resistance is further confirmation of proper performance after 
relaxation.

For the measurement of resistance, and barrier films a  circuit is used 
as shown on Fig. 1. W ith R i set a t  “a ,” R 2 is adjusted so th a t  the voltage 
of about 25 microvolts is applied across R x before the connection to  be 
measured is inserted. This voltage is low enough to  insure the absence 
of a  film and a t the same time gives a convenient reading on the  test 
set. If  the millivoltmeter drops to approximately 0 when the  connection 
is inserted it indicates th a t no barrier film exists a t the connection. The 
current is then increased to 100 milliamperes by means of the potenti
ometer, Ri, and the resistance is determined from the millivoltmeter 
reading. Since most of the measured resistance is in the wire rather than 
in the connection the im portant criterion of quality is the variation in 
resistance as the wire is moved relative to the terminal. If  the variation 
in resistance of the connection does no t exceed two milliohms when 
the wire is moved back and forth the connection is considered to be
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F i g . 2 — Stripping force test for solderless connection. (1 ) The connection 
shall consist of six turns minimum of which at least four are close wound. (2) The 
connection shall be capable of withstanding a stripping force, F, of at least 3000 
grams applied as shown. (3) The wire shall be capable of being unwrapped from 
a terminal without breaking.
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stable and the requirement for intim ate contact between wore and ter
minal is considered met. In  a typical local talking circuit this am ount of 
resistance variation would correspond to a noise level of approximately 
—8 db where 0 db equals 10-12 w att and where anything less than  + 2 6  
db would give no noise transmission im pairm ent (See Appendix A).

D EV ELO PM EN T T E S T  P R O C E D U R E  M ECHANICAL R EQ U IR EM EN TS

In  determining whether a connection meets the General Require
ments 5 and 6, Test Procedure I I  as follows was devised:

1. The connection shall be capable of withstanding a stripping force 
of 3000 grams applied as shown in Fig. 2.

2. The wire shall be capable of being unwrapped from a terminal 
without breaking.

These items are related directly to General Requirements 5 and 6. 
Experience has shown th a t under ordinary conditions of handling of 
connections as cables and frames are wired in the shop, or when a second 
connection is being made on an already wired terminal, a resistance to 
stripping in excess of about 3000 grams is required if the demands of 
General Requirem ent 5 is to  be m et. To insure adequate mechanical 
strength and current carrying capacity, a minimum of six turns is re
quired. If  the turns are close wound the strip-off force is readily met. 
If they are open wound they m ay strip off with a much lower force.

When the edge radius R  (Fig. 3) of the wrapping tool is too small 
very high tension can be developed in the wire while wrapping. A t very 
small radii the tension can be sufficient to break the wire. Although 
■wrapping w ith high tensions in the wire produces a  connection which 
will sustain very high stripping force, the wire is so embrittled tha t

WALL THICKNESS

WRAPPING SPINDLE 

TERMINAL HOLE

Fig. 3 — Solderless connection wrapping tool.
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T a b l e  I I ' — S o l d e r l e s s  W r a p p e d  C o n n e c t i o n  H u m d i t y  a n d  C o r r o s i o n  E x p o s u r e  T e s t s

T e st Specimens Exposure R esu it

Term inal
Wire No. of 

W raps
Average 

S tripping  Force
N o. of 

Samples
Vibra

tion 0“ F . 180° F. Corrosive
Agent

H ours
In

Corro
sive

A gent

M onths 
a t  85°F 

90% 
Rei. 

H um id ity

N um ber of 
Connections 

W here 
R ésistance 
Excecded

M aterial Size 0.002 Ohms

inches Size H ours Hours Hours Ilotirs Month

Untinned brass 0.030 X 0.000 24 tinned 6 Highf 24 50* 2 2 IDS 34 21 Noue
0.040 X 0.040 24 tinned 6 High 60 50 2 2 ILS 34 734 None
0.020 X 0.060 24 tinned 6 High 60 50 2 2 ILS 34 734 None
0.030 X 0.030 24 tinned G High 60 50 2 2 IDS 34 734 None
0.040 X 0.090 24 tinned 6 High 4S 50 2 2 ILS 34 21 None

Brass-nickel 0.013 X 0.062 24 tinned 3 Lowf 25 0 2 2 ILS X 9 25
plated and 0.013 X 0.062 24 tinned 4 Low 25 0 2 2 ILS 34 1034 5
tinned 0.013 X 0.062 24 tinned 5 Low 25 0 2 2 ILS 34 1034 1

0.013 X 0.062 24 tinned 6 Low 25 0 2 2 ILS 34 1034 None

Brass-nickel 
plated and

0.013-0.031 
X 0.047

24 tinned 6 Iligh f 60 0 2 2 ILS 34 15 None

tinned 0.031 X 0.062 24 tinned 6 Lowf 25 0 0 0 — 0 9 None
0.031 X 0.047 24 tinned 6 Low 20 0 0 0 — 0 9 None
0.031 X 0.062 24 tinned c i 5000 grams 25 0 0 0 — 0 9 None
0.013 X 0.125 24 tinned 6 3100 grams 10 50 2 2 ILS 1 34 2 None
0.031 X 0.125 24 tinned 6 3400 grams 10 50 2 2 ILS ! X 2 None
0.013 X 0.125 24 tinned 6 2100 grams 10 50 2 2 ILS ; A 2 None
0.031 X 0.125 24 tinned 6 2600 grams 10 50 2 2 ILS ! X 2 None
0.031 X 0.125 24 tinned 6 1800 grams 10 50 2 2 | ILS ! X 2 None

Brass-nickel '
V>livte.d-un-

0.020 X 0.063 24 tinned G
,___

7700 grams 50 1 » ; 2
!

2 ! ILS
l

X 34
I

None

U-formed 0.010" 
u n t i n n e d  
nickel silver

h - 2 4  t i n n e d G r  - GO 50 2 2 ILS 14 30 None

Untinned 0.035 X 0.125 22 tinned 4 4000 grams 5 0 2 2 HC1 2A 10 Nonenickel silver 0.035 X 0.125 22 tinned 4 4000 grams 5 0 2 2 SOe H 10 None
0.035 X 0.125 | 22 tinned 4 4000 grams 10 0 2 2 — 0 10 None
0.040 X 0.125 22 tinned 

enameled
4 5400 grams 10 0 2 2 H,S 34 634 None

0.040 X 0.125 20 tinned  
enameled

4 H ighf 10 0 2 2 ILS 34 634 None

Steel-tin  plated 0.035 X 0.125 22 tinned 4 Lowf 50 0 2 2 ILS 34 634 None
Wire spring 

relay single
Flattened and 

solder dipped;
24 tinned 6 3700 grams 25 0 2 ; 2 ILS 34 12 None

wire Diamond 
shaped and 
solder dipped;

24 tinned 6 4400 grams 25 0 2 ; 2 ILS 34 12 None

Twin wire Solder dipped 
only  

Diamond 
shaped and 
solder dipped

24 tinned 6 3700 grams 25 0 2 2 ILS 34 12 None

24 tinned 6 4400 grams 25 0 2 2 ILS 34 12 None

* This was the tim e at which similar soldered connections began to show breakage.
t  Estim ated from wrapping tool dimensions. 

I One turn insulated, five turns bare.
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Fig. 4 — Effect of relaxation on stripping force.

under vibration and handling it may break easily. A practical and gen
erally easily m et requirement is th a t the connection be capable of with
standing unwrapping without wire breakage.

O TH ER TESTS

A large am ount of work has been done other than testing connections 
in accordance with the foregoing requirements. These tests (See Table 
II )  include measurement of exposure to humidity, hydrogen sulphide 
corrosion, heating by internal electrical losses, vibration, etc. M any of 
these tests were made before any clear picture mechanism of deteriora
tion of the connection was available so th a t they were not exposed to 
tem perature high enough to cause very much relaxation. Therefore, 
there is no quantitative relation between these tests and the actual 
aging of connections, but they do indicate a general ruggedness which 
gives confidence in the reliability of the connections.

In  measuring the effect of relaxation, connections have been tested 
in a preliminary way by subjecting them  to sufficient heat sufficiently 
long to relax the stresses appreciably more than would be expected in a 
norm al forty-year life. Upon unwrapping, the bright areas of contact 
were still present. Fig. 4 shows the result of a typical relaxation test on 
the stripping force. The rise in stripping force after relaxation is a ttrib 
uted to the solid state diffusion process described by M r. Mason.
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In  order to compare how the solderless wrapped connection and 
soldered connections are able to  w ithstand the effects of vibration over 
a period of time, several sets of terminals were m ounted on a test table 
and wires from a cable were wrapped or soldered to  the terminals. The 
cable was then oscillated through a small angle a t 19 cycles per second 
and the elapsed time until lead breakage occurred was recorded. Some 
early similar tests indicated th a t soldered connections began to  break 
a t about fifty hours and the solderless connections lasted several times 
th a t long. In  a  more recent test where ten connections of each type were 
set up th ree of the  soldered connections broke within six hours and all 
soldered connections broke within 1,000 hours. None of the wrapped 
connections had broken in th a t interval. In  another test using ten sol
dered connections and tw enty solderless connections, one of each broke 
a t nineteen hours and after fifty-seven hours two more soldered con
nections broke with no further breakage of solderless connections. 
Further tests are being made of resistance to vibration under various con
ditions b u t the early indications are th a t the life of the solderless con
nections is as good as and perhaps better than  th a t of the soldered 
connections.

The increased resistance of the wrapped connection to vibration 
breakage comes about because in the soldered connection the bending 
stresses are concentrated a t the point of emergency of the wire from the 
solder, while in the wrapped connection the stresses tend to be dis
tributed over the entire first tu rn  of the connection. In  order to  obtain 
long life, it is im portant to  avoid any exposed nicks in the wire a t the 
first tu rn  of the connection. Otherwise stress concentrations, perhaps as 
severe as those in soldered connections m ay be set up.

Incidentally, unless the wire has an enamel or similar coating it is 
unnecessary to  clean the wire or the term inal before wrapping, since 
forces set up as the wire wraps on to the term inal shear off surface films 
and the resultant gas-tight areas are immediately established on clean 
surfaces. I t  is this intim ate contact which also makes possible the dif
fusion process between the wire and the terminal.

A large number of param eters have an effect on the level of stripping 
force which a given connection will w ithstand. Among these are the 
num ber of wraps, tension on the wire during wrapping, sharpness of the 
corners of the terminals, the elastic properties of both the terminal and 
the wire, the size of the terminal, the hardness of the terminal and wire, 
the presence or absence of tin  plating, taper of the terminal, aging, tool 
design, etc. Tests have been run  showing the effect of variations in these 
param eters on the stability of the connections. Typical results of these
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Fig. 5 — Effect of terminal edge sharpness on stripping force.

PER CENT OF TE R M IN A LS  BELOW INDICATED STRIPPING FORCE

Fig. 6 — Effect of terminal hardness on stripping force.
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tests are shown on Figs. 5 to 9 inclusive. These charts show a plot on 
arithm etic probability paper of stripping force against the cumulative 
per cent of the sample below the indicated stripping force. The .straight 
lines shown there are actually drawn through the average and average 
minus 3cr points where a is the standard deviation of the observed read
ings. In  the cases shown, and in fact in practically all the tests made to 
date the results have come out so th a t the experimental values fit very 
well on the straight line drawn through these points, thereby indicating 
good normal statistical distributions of the data.

Fig. 7 — Effect of terminal plating (tin) on stripping force.

For example, Fig. 5 shows the effect of stripping force of rounding the 
corners of the terminal. These curves are for a typical tinned nickel 
silver relay term inal 0.031" by 0.062" in crosssection. The terminals 
represented by the upper curve were punched from sheet nickel silver 
stock and the corners were sharp as is usually the case where shearing 
operations are used. The lower curve represents connections where the 
corners were rounded off to  a 0.006" to 0.008" radius. I t  is seen th a t on 
the average the stripping force using the sharp corners is about 1,000 
grams higher than  with the rounded corners, although both sets of 
term inals m et the 3,000 gram requirement for mechanical stability.

The effect of term inal hardness on stripping force is shown in Fig. 6. 
Here brass terminals were used and it is evident th a t the softer terminals 
give considerably higher stripping force than  the harder ones. Both
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Fig. 8 — Effect of wire plating on stripping force.

curves run higher than  the curves for the harder nickel silver in Fig. 5. 
Fig. 6 shows th a t the presence of tin plate on a 0.013" by 0.062" terminal 
increased the minimum expected stripping force by more than  1,000 
grams. Figure 8 shows th a t on a 0.031" y 0.062" terminal th a t while the 
effect of the tin  plate on the wire was to raise the stripping force as 
before, the increase was not as great as th a t in Fig. 7. I t  is also clear 
th a t the thicker terminal of Fig. 8 results in a higher stripping force 
than  th a t for the corresponding thinner terminal of Fig. 7.

In  analyzing the effect of tool variations it has been convenient to 
take a series of curves like those in Figs. 5 to 8, and from each curve 
select two points, namely one for the average stripping force and one 
for the average minus 3<r where a is the standard deviation of the ob
served values of stripping force. Using these two points for each of 
several sets of curves a plot m ay be obtained of the average and minimum 
expected stripping force as one or another of the parameters of the tool 
design are changed. In  this manner curves of the type shown on Fig. 9 
were obtained. By preparing curves of this type for any given appli
cation, the permissible range, Z, of variation of tool radius, R, can be 
obtained. This range includes those values of R  which are above th a t 
value which results in wire breakage and below th a t for which the mini
mum expected stripping force falls below the stripping force limit.

Table II  summarizes the results of m any of the tests which have been 
run on a large number of samples in which the materials and dimensions 
of the terminals, wires, tightness of wrap, etc., were varied. All of sample
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connections originally m et the initial test requirements outlined above 
for resistance variation. They were then subjected to the indicated ex
posures including being kept in the H um idity Room a t 85°F and 95 per 
cent relative hum idity for periods up to  two and one-half years, fol
lowing which they were remeasured. In  no case was any barrier film  
found which did not break down a t 25 microvolts nor was any resistance 
variation in excess of 0.002 ohms observed. Some of these terminals are 
shown in the photographs of Figs. 10 and 11. Upon unwrapping some 
of these connections there were still considerable areas which were 
bright (See Fig. 12), indicating th a t they were still gas-tight. This would 
seem to indicate a life expectancy of m any years. Since connections

Fig. 9 — Stripping force as a function of radius of wrapping tool.
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Tig. 10 — Terminal at left exposed to H«S for 14 hours and then 30 months at 
S5°F 90%RH. The connections did not develop resistance variation in excess of 
the 0.002 ohm lim it. Corresponding new terminal is shown at right.

which m eet the 3,000-gram strip-off requirem ent appear satisfactory on 
the other tests, the strip-off test used on a sampling basis has been stand
ardized as the shop control of the wrapping tool and indirectly of the 
quality of the connections themselves.

FIE L D  TRIA LS

A number of equipment units using these connections is currently on 
field trial. A t Tonawanda, N . Y., one trunk  unit using wire spring relays 
of an early design and 300 solderless wrapped connections has been in 
service successfully since 1951. At Elm hurst, L. I., a sender frame com
prising five senders with about 7,500 connections has been in use about 
a year and a half with no troubles reported to date. At Boston, Mass., 
an outgoing sender frame for the No. 4 crossbar office comprising three
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Fig. 11 — Terminals on left exposed to HsS for one-half hour and 85°F 90 per 
cent RH for seven and one-half months w ithout development of excessive resist
ance variation. Corresponding new connection is shown on right.

Fig. 12 — Corroded nickel silver terminal after unwrapping connection. Note 
the bright spots where the wire was in contact with the terminal.
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senders with 6,000 solderless connections has been in service about nine 
months, again with no troubles reported.

In  order to  test these connections in a transmission circuit one channel 
of the K -l carrier system between Newark and A tlanta was selected. 
R ather than  wire a regular equipment unit with solderless wrapped 
connections, four units were built consisting of two groups of 320 con
nections in series. Each unit was exposed to 15 weeks a t 85°F 90 per 
cent relative hum idity and then inserted in the system. One unit was 
located a t each of the following places: New York, Philadelphia, B alti
more, and Richmond. No troubles or adverse service reactions have 
been received to  date, more than  six months after installation.

SUMMARY

The tests described indicate th a t solderless wrapped connections are 
practical when wrapping No. 24 solid tinned copper wire on flat punched 
terminals of brass or nickel silver where the width is one-sixteenth inch 
and the thickness varies from 0.010" up to one-sixteenth inch. Similar 
tests with heavier wire, (No. 20 to  No. 23) such as would be used in 
distributing frames and tests with No. 24 wire on flattened, coined, or 
otherwise treated  wire spring relay terminals have also been successful. 
These connections are mechanically stable, and have less tendency to 
break due to handling and vibration than  solder connections, and will

(a) MEASURING CONDITION
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Fig. 13 — Comparison of noise measuring circuit with subscriber circuit.
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probably have a central office life of more than  fifty years without de
veloping objectionable resistance variation. Tests on other terminals 
and using a vires heavier than No. 20 and on wires smaller than No. 24 
are to  be made.
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A p p e n d i x  A

N O ISE  L EV E L  A R ISIN G  FROM  V A R IA BLE CONTACT RESISTA N C E

The measurement of contact resistance noise in a telephone central 
office has been standardized, and the estimate of the effect of a given 
resistance variation has been made in accordance with the standard 
technique.

In  this measurement, a  2-B noise measuring- set is connected as shown 
in Fig. 13 (a) where the voltage, e, is th a t due to  a variation in contact 
or connection resistance. If  a dc current i  is flowing and the resistance 
variation is (AR)0 sin ut, then

Ceff =  (1)

and

V A =  |  e. (2)

In  the subscriber condition (Fig. 13 (b)) there is a 3 db loss in the
subscriber’s loop and a 3 db loss a t the subset so th a t the voltage a t the
receiver

V r =  h V ,

and

Vi =  K  e

I t  therefore follows th a t

I d  =  21  I  =  8
VK 3 ‘ 4 e 3



and

20 log ^-4 =  9 db (to the  nearest decibel).
V  n

Extensive tests have shown th a t a level of 17 db a t the receiver where 0 
db =  JO-12 w atts will produce no noise impairment of transmission. 
The corresponding level a t the input to the noise m eter in the measuring 
condition is 17 +  9 or + 2 6  db.

Currents in talking circuits m ay vary from 0.025 amperes in m any 
central office circuits to approximately 0.150 amperes in short sub
scriber’s loops. A t a current of 0.025 and assuming AR — 0.002 ohms 
the noise voltage will be

e — x  0.025 X 0.002 =  35.4 X KT6 volts

and the voltage a t the input to the noise measuring set will be c =
23.5 X J 0 6 volts. The power into the set will be

23.5 X KT6 
600

or 1 X 10~12 w atts or 0 db. The noise measuring set is equipped with a 
weighting network which takes into account the relative interfering 
effect of different noise frequencies on received speech. For random 
noise, the effect of this network is to reduce the measured noise level 
by about 8 db as compared with the reading th a t would be observed 
without the network. Accordingly the noise produced by  the above
23.5 X 10-6 volts would measure —8 db.
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An Improved Circuit for tlie Telephone Set
By A. F. B E N N E T T

(Manuscript received August 16, 1062)

A  telephone set known as the 500 type has been in  production for Bell 
System use for some time.1 The successful outcome of an intensive study 
has made it possible to simplify the circuit and some of the components of 
this set, and thereby to increase dependability and life and significantly to 
reduce the manufacturing cost. This change now has been completed and 
telephone seis embodying the necessary modifications are in  production. 
This paper discusses some of the problems involved in  this work and outlines 
the improvements which have been effected. Presented also is information 
concerning the superior performance of the 500 set over the preceding 
telephone set when used in  noisy locations.

INTRODUCTIO N

One of the outstanding characteristics of the 500 type set is a 10 db 
increase in combined transm itting and receiving performance on long 
loops. This gain is equally divided between receiving and transm itting. 
This improvement has resulted largely from the use of a transm itter 
and a receiver which are not only more efficient, bu t also have better 
frequency response characteristics. To take full advantage of these trans
mission gains, two new elements were introduced in the original 500 set 
design. One of these elements was a better sidetone balancing circuit to 
offset the more sensitive transm itter and receiver, and m aintain sidetone 
a t a level no greater than  it was with the previous design of set (known 
as the 302 type). The other was a tungsten filament and thermistor 
element to  control autom atically the transm itting and receiving levels 
so th a t the desired gains occur on a graduated basis as the loop length 
increases. This combination of filament and thermistor bead was called 
the transmission equalizer. While the transmission objectives were m et 
with telphone sets having these elements, this additional component 
increased the manufacturing cost of the set appreciably, and therefore 
more economical means of attaining the desired results were sought. 
Such means have been found in the form of an arrangement in which a
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pair of silicon carbide varistors serves for both the sidetone balancing 
and equalizing functions, and with certain novel modifications in the 
circuit of the set, yields essentially the same overall transmission per
formance as the original design a t lower cost. The advantage is retained 
of a telephone set which from a transmission standpoint is universal in 
its application in the telephone plant. This universality avoids additional 
codes of set which require effort and expense to administer. Telephone 
sets having these features are designated as 500C (manual) and 500D 
(dial) types. The original design is known as the 500A (manual) and 
500B (dial types).

G ENERAL

When the sidetone, which is the sound level in the receiver caused by 
voltage developed in the local transm itter, becomes too high, the sub
scriber subconsciously lowers his talking level thereby reducing the 
level of outgoing transmission.2' 4 To avoid this loss and make the higher 
efficiency provided by the new transm itter and receiver effective, a 
reduction in sidetone m ust be made. W hen the room noise level a t the 
station is high, another undesirable effect of high sidetone occurs. This 
is the loss in effective receiving which results from the masking of in
coming speech by the high level of sidetone noise in the receiver. This 
will be discussed in more detail later.

In  developing the original design of 500-type set, several different 
equalizing means were considered, and the type involving a filament in 
series w ith the transm itter, and a therm istor bead in shunt with the 
receiver wras selected as the most suitable with the means available at 
th a t time. Reduction in sidetone vras realized by the use of a  special 
balancing network which required an auto transformer. The set now 
being produced is based on a new circuit arrangement, utilizing a  pair 
of semiconductors in the form of silicon carbide varistors, one of which 
has a resistance in a range which required development for this specific 
purpose.

CHA RACTERISTICS O F SILIC O N  CARBIDE VARISTORS

Fig. 1 shows the relation between the dc voltage and current for the 
two varistors used in the 500C and D sets. These varistors were coded 
312D and 312E, b u t for brevity in this paper, they are referred to as Vi 
and V2 respectively. Also shown in Fig. 1 is the dc resistance of these 
varistors as determined by the ratio of applied voltage to  current. I t  is

612 THE BELL SYSTEM TECHNICAL JOURNAL, MAY 1953



IMPROVED CIRCUIT FOR TELEPHONE SET 613

I
O.l 0 .2  0 .4  I 2 4  6  10 2 0  4 0  6 0  100

DC CURRENT IN M ILLIAM PERES

Fig. 1 — Characteristics of V i and V 2  varistors.

observed th a t the resistance decreases markedly with increasing volt
age or current.

The direct current characteristics of a silicon carbide varistor m ay be 
expressed in a simple form by

I  = A E »,

where I  is the direct current through the varistor and E  is the applied 
dc voltage. W hen n  — 1 the equation (1) reduces to an ohm’s law 
relationship. A  and n  are generally regarded as constants when considered 
over a limited range in current. However, over the range shown in Fig. 
1, it  m ay be seen from the curvature of the vo ltage— current char-

0.04
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acteristic th a t this is only a  rough approximation and can be considered 
as valid only over a limited range in  current. The value of the exponent 
n, which on a logarithmic scale is the reciprocal of the slope of the volt- 
age-current characteristic and which also is plotted on Fig. 1, is seen to 
increase appreciably with increasing current. For example, n  for the Vi 
varistor covers a range from about 2 to 4.

In  a telephone set the alternating signal currents are small relative 
to  the direct currents. Therefore, in explaining how the silicon carbide 
varistor controls the transmission equalization and sidetone, it is neces
sary to examine how its ac resistance to small signals varies with direct 
current.

Equation (1) can be put in the form

Differentiating this with respect to I  we get for the ac resistance to 
small signals

where E / I  is the dc resistance a t the particular current a t which n  also 
is evaluated.

Thus, we see th a t the ac resistance of the varistor is the dc resistance 
divided by the exponent n, and further, th a t the ac resistance is con-

(2)

(3)

VARISTOR

1
2 PRIMARY

L 2

Fig. 2 — Circuit schematic of 500D telephone set.
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trolled by the value of direct current. This is of great significance in  the 
control of sidetone and transmission equalization, as will be apparent 
later.

Silicon carbide varistors have been used as circuit elements for various 
purposes for a number of years. In  fact, the V 1 varistor was used in the 
original design of 500-type set to protect the tungsten filament against 
abnormal voltages. In  this instance i t  was shunted directly across the 
filament, so th a t its inherent property of decreasing in resistance with 
applied voltage would serve to  bypass current from the filament and 
thereby prevent damage when the applied voltage became too high. The 
requirements imposed by the transmission equalization and sidetone 
balance functions for the 500-type set are quite severe. A new varistor, 
the Vi, had to be developed which not only was m uch lower in resistance, 
but also m aintained the n  of the voltage-current characteristic a t a 
high value. The successful outcome of this development and of the 
accompanying problems of design and manufacture, were of critical 
importance in making possible the simplification and economies offered 
by the 500D set.

TRA N SM ISSIO N  EQUALIZA TION

Fig. 2 is a circuit schematic of the 500D telephone set. This circuit is 
a modification of the circuit used in the 500B telephone set, which in 
tu rn  is one of the Campbell anti-sidetone circuits2 th a t has been standard 
in the Bell System for a number of years.

A simplified diagram of the transmission portion of the circuit is 
shown in Fig. 3, and i t  can be seen th a t there are three branches in the

F ig, 3 — Diagram of transmission circuit of 500D telephone set illustrating  
side tone balance.



circuit which carry direct current. One is through the combination of 
the varistor Vj and the  200-ohm resistance, which is bridged across the 
set. Another is through the winding A of the coil, the transm itter and 
22-ohm resistance. The third is through winding B of the coil and the 
varistor V2.

Fig. 4 shows the dc and ac resistance of the Vi and V2 varistors 
a t various loop currents when connected in the telephone circuit in the 
normal way. The m agnitude of the direct currents which flow through 
the varistors under these conditions differs from the currents shown 
in Fig. 1 and, therefore, the resistances are different. However, the 
inherent property of decreasing in resistance with increasing current 
is evident, as is also the fact th a t the ac resistance is much lower than  
the dc resistance. From  this it is apparent th a t the varistors will introduce 
shunt losses and th a t these losses will be greater for ac than  for direct 
currents because the resistance of the varistor is lower in the former 
case.

The variation in transm itting plus receiving loss with loop current 
is shown in Fig. 5. These curves are plotted in terms of the level of the 
302-type set. If no equalization were provided in the circuit, the full 
transm itting and receiving gain offered by the new transm itter and 
receiver would be obtained a t all loop currents. This condition is in
dicated by the broken line a t the top of the diagram. W ith the equaliza
tion introduced by the varistors, the loss is graded from an insignificant
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Fig. 4 — Characteristics of V i and Vj varistors in circuit of 500D telephone 
set.
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Fig. 5 •—• Level of 500D telephone set at various loop currents w ith and w ith
out equalization.

am ount for long loops to a maximum for short loops. I t  is im portant to 
note th a t the greatest portion of this loss is the ac shunting loss intro
duced by the varistors.

SID ET O N E  BALANCE

Before considering the m atter of sidetone balance, i t  will be helpful 
to  examine some of the features of the telephone set circuit which 
are required for good receiving and transm itting performance. For sim
plicity, the induction coil is shown in a hybrid arrangement in  Fig. 3. 
The speech currents received from the loop pass through the windings 
A and B of the induction coil which are so connected th a t they produce 
additive voltages in winding C which is connected to  the receiver. 
These additive voltages would cause a resultant current to  flow in the 
network resistance (68 ohms), were they not opposed by an approxi
m ately equal voltage 180° out of phase which results from the receiving 
current in winding B. Therefore, there is little or no voltage drop across 
the network resistance. Maximum receiving levels are thus obtained 
without appreciable power loss in the network resistance.

The transm itter of the set is made low7 in resistance because it is in 
series with the loop and influences the permissible loop range of the 
set from the standpoint of supervision. The impedance Z \ looking toward
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the loop is relatively high. To obtain acceptable transm itting levels, 
the low impedance of the transm itter m ust be approximately matched 
to  the high impedance loop by providing a proper ratio of turns between 
windings A and B. Therefore, the impedance looking toward the 
balancing network m ust be made low and since an im portant element 
of this network is the V2 varistor, this had to have an unusually low 
resistance. This is the reason why it was necessary to undertake a 
special development to  make available a silicon carbide varistor having 
suitable characteristics.

Sidetone would be eliminated if the vectorial sum of the voltages in 
the mesh which includes the receiver, and which arise as a result of 
speech and noise picked up by the transm itter, were zero. The complete 
elimination of sidetone is not desirable, bu t the objective is to  keep it 
a t a low level by a balance of opposing voltages. To achieve this result 
any voltage developed in the local transm itter is divided in the windings 
A and B so th a t the voltages induced in winding C are opposing. F urther
more, the voltage across the network resistance arising from current 
flowing in winding B is arranged to oppose this resultant of voltages 
induced in winding C. The overall effect of this balance is th a t the 
current in the receiver as a result of voltages developed in the transm itter 
is small. Also, this result gives maximum transm itting levels because 
there is little power loss in the receiver. However, to m aintain the 
balance which gives low receiver currents the impedances Z \ and Z->, 
as affected by the transform ation ratio of the coil, m ust be comparable. 
This is the key to good sidetone balance — th a t the impedances Z i and 
Z? be effectively m atched both in magnitude and phase.

Now in the telephone plant, the impedance looking from the station 
toward the loop varies widely from one installation to another, and 
even from one call to another. The loop m ay be long or short, of small 
gauge or large gauge, and composed of cable or open wire or combina
tions of the two. Furthermore, the loop m ay be loaded or non-loaded 
and it m ay be connected through central office circuits of different char
acteristics to a trunk  or distant loop and telephone set which also m ay 
cover a range in impedance. I t  is quite obvious th a t under these con
ditions the impedance looking toward the loop will not only vary over a 
v ide range in magnitude, bu t m ay be inductive, or capacitive or es
sentially resistive.

If we assume th a t the Vo varistor were not present, the impedance 
Z2 looking toward the balancing network is not influenced by loop 
current. This is the situation th a t has obtained in balancing sidetone in 
preceding designs of telephone set. One of the impedances to be m atched
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was fixed and the other varied over a wide range. The sidetone balance 
under such conditions represented the best compromise th a t could be 
made among a large number of uncontrolled factors.

Let us examine next how the varistors affect this balancing problem 
and consider the influence of long and short loops. From w hat has already 
been shown, the varistor is a variable impedance element — th a t is, 
both its dc and ac resistance depend on the direct current. If the loop 
is long and composed of open wire the impedance looking toward it is 
high, perhaps 1200 ohms, and the direct current is low. The dc resistance 
of the Vi varistor is then so high (approximately 10,000 ohms) th a t it 
has no appreciable effect on the impedance Z\. Even the ac resistance 
of about 4,000 ohms does not have an appreciable shunting effect on Z x. 
On short loops and local connections where the current is large and the 
impedance looking toward the loop m ay be of the order of 900 ohms, the 
dc resistance of 1,800 ohms has little effect. However, the ac resistance 
of 600 ohms does have an appreciable effect on Z x, bringing about a 
better impedance match.

The impedance looking toward the balancing network and receiver 
w ithout V2 connected in the circuit is approximately 75 ohms, and is not 
affected by the loop current. If we go through the same process of 
examining the shunting effect of V2 on the impedance Z2, we see th a t a t 
small loop currents both the dc and ac resistance of V2 are too high to 
have any appreciable effect. At large loop currents the dc resistance of 
V2 is under 150 ohms, bu t the ac resistance has dropped to  well below 
50 ohms and has a decided effect on the impedance.

Since the varistors are essentially pure resistances they tend to  make 
the impedances Z i and Z2 presented to  the coil more resistive than 
they would be if the varistors were not present. This has the effect of 
reducing the difference between loop impedances which are capacitative, 
inductive, or resistive from the standpoint of phase angle and thereby 
improves the impedance match.

The overall effect of the autom atic changing in resistance of the Vi 
and Y2 varistors is to provide better matching and thereby reduced 
sidetone. This is shown in Fig. 6, where the loudness level of sidetone 
of the 500D set is plotted against loop current. I t  will be noted th a t 
with Vi and V2 open circuited, there is a continuing increase in sidetone 
loudness level with increasing loop current. W hen both Vj and V2 are 
connected in the circuit a decrease in sidetone level of 10 db or more is 
obtained a t medium and large loop currents. The decrease is less a t 
small loop currents. The close interrelation between the varistors and 
the circuit is well illustrated by the fact th a t if either the Vi or V2
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F ig . 6. — Effect of V i and V» varistors on sidetone loudness levels of 500D 
telephone set for average speech.

varistor is opened, almost all the effects of sidetone balancing are lost. 
I t  requires the presence of both Vi and V2 to obtain the impedance 
matching necessary for good balance.

From all th a t has been said, it should not be thought th a t the side
tone balance of the 500D set is perfect under all plant conditions. The 
impedance looking toward the loop varies so greatly in magnitude and 
phase th a t the best overall balance involves compromise. However, the 
balance provided is as good as with the original design of 500 set, which 
was considerably better than  th a t attained by any previous design of 
commercial telephone set.

OTH ER M O DIFICATIONS

The introduction of the new equalization and sidetone controls in 
the telephone set has required a number of changes in other components 
of the set to  realize all possible economies. Fig. 7 is a photograph of 
the transmission network (425A) which was employed in the earlier 
500 A and B type sets. In  the new arrangement shown in Figure 8
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Fig. 7 — 425A Network used with early design of set — the 500A and B type.

the Vi and V2 varistors have been included in the network (425B), 
thereby providing mechanical protection for these elements. I t  has been 
necessary to  design a new term inal block which is the plastic member to 
which the components of the network are mounted.

OVERALL RESULTS

By means of the Vi and V2 silicon carbide varistors and the rearrange
ments made in the circuit, the overall transmission performance of the 
modified set has been made substantially the same as th a t  provided by 
the original design of set. The savings in manufacturing cost resulting 
from this modification are significant. Figure 9 shows on the left the

Fig. 8 — 425B Network used in present production set — the 500C and D  type, 
showing the Vx and V 2 varistors.
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Fig. 9 — The 311A equalizer and autotransformer on the left are replaced in 
the 500C and D  set by the V i and Vs varistors on tlie right.

parts which have been eliminated — the 311A equalizer and auto-trans
former. On the right are shown the Vi and V2 varistors which provide 
essentially the same performance as the replaced parts.

Another advantage of the change in design, though a difficult one to 
evaluate, is th a t of dependability. The silicon carbide element has an 
extremely long life and in this respect is inherently better than the type 
of equalizer which involves the use of a  heated tungsten filament.

O PER A TIO N  IN  NOISY LOCATIONS

Since the previous paper 011 the 500 set was published,1 a study has 
been completed on the comparative performance of the 500-type set 
and its predecessor, the 302 type, in locations where room noise is 
severe. This is of particular interest, because the sidetone characteristics 
which have been discussed play an im portant part in transmission per
formance under such conditions.

For m any years the securing of improved performance of the tele
phone set under noisy conditions has been a serious problem. I t  has been 
established th a t receiving impairment in a noisy location is far more 
limiting than  the transm itting impairment resulting from the noise 
picked up a t  the noisy location and delivered to the distant party . T his 
is due to the fact th a t the signal to noise ratio in the transm itting 
direction is unproved by the natural tendency of the speaker to raise
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his voice when the am bient noise level is high. A m ajor factor in the 
impairment of received speech in the noisy location is the masking of 
received speech by noise picked up by the transm itter and delivered 
via the sidetone path  to the receiver. Therefore, a telephone set which 
minimizes the masking sidetone noise during the listening interval should 
operate more satisfactorily in noisy locations. In  m any previous in
stances where the noise conditions were extreme, a “push-to-listen” 
switch was provided to  cut off the local transm itter while listening and 
thus prevent the introduction of noise to the receiver via the sidetone 
path. W ith its higher efficiency and better sidetone balance, the 500- 
type set approaches the good performance of such a “variable” set under- 
noisy conditions and provides this adequate performance to the user 
more conveniently and with the expenditure of less effort.

Laboratory tests have been made which perm it appraisal of the 
merits of various telephone sets or modifications of them under high 
noise level conditions. These include talking and listening tests between 
two telephone stations under typical loop and central office conditions 
with an adjustable am ount of typical room noise a t the listening end. 
During the tests the length of trunk between the two stations was in
creased until the received speech was just sufficiently intelligible to per
m it carrying on a conversation. This threshold of intelligibility expressed 
in db of trunk  loss was taken as a criterion of the performance of a given 
set.

Fig. 10 shows the results of the tests made with the 500-type set 
compared with the 302-type set, and with variations of the 500 type set. 
500C- and D -type sets having silicon carbide varistors were used in this 
comparison, bu t in this respect the performance is no different than for 
the earlier design (500A and B). The curves shown are for the average of 
eight observers.

The abscissae of the curves are the noise levels a t the listening end 
expressed in db above 10~lf> w atts per sq. cm. For reference purposes it 
should be kept in mind th a t the average noise in a fairly large business 
office is, on this scale, approximately 65 db. For further orientation as 
to  the significance of the noise levels shown, it should be noted th a t when 
a level of about 100 db or higher is reached, it is extremely difficult to 
carry on a face-to-face conversation where no telephone is involved. 
The ordinates show the relative trunk  loss in db over which it is possible, 
under the stated conditions, to  just carry on a telephone conversation. 
Therefore, the larger the trunk  loss, the better the performance.

I t  is seen from Figure 10 th a t the 500-type set is from 6 to 8 db better 
than the 302 set over the indicated range of ambient noise conditions.
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NOISE LEVEL AT LISTENING END IN DECIBELS 
( a b o v e  io - ' 6 WATTS PER s q  c m )

Fig. 10 — Effect of noise at listening end on trunk loss.

This improvement is a ttribu ted  to  the following:

1. The better sidetone balance of the 500-set circuit reduces the level 
of sidetone noise picked up by the transm itter and reproduced by the 
receiver, thereby providing a gain in signal to noise ratio.

2. The acoustic impedance looking from the ear canal into the U1 
receiver3 of the 500-type set is lower than  the acoustic impedance of 
the I iA l receiver of the 302 set and, therefore, the acoustic noise pressure 
built up in the ear canal by leakage around the receiver cap is lower 
than  when the HA1 receiver is used.

3. The output from the transm itter of the 500-type set under noise 
conditions contains less extraneous distortion products, giving it  a char
acter which is less disturbing than  with the 302 set.

Included in the laboratory tests were experiments in which the ou t
put of the transm itter was intentionally lowered. I t  is known th a t a 
speaker in a noisy location instinctively raises his talking level. Since 
it is desirable to  keep the sidetone level low to improve the signal to 
noise ratio, the output level of the transm itter a t the listening end was 
reduced about 10 db by shunting a resistance of approximately 40 ohms 
across the transm itter. The sensitivity of the transm itter is reduced
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and sidetone noise is directly lowered. The level of the received speech 
is unaffected. Therefore, the signal to noise ratio in the receiving direc
tion is improved. The transm itting level is not too adversely affected, 
because the tendency of the subscriber to increase his talking level when 
the room noise level is high largely offsets the lower efficiency of the 
transm itter to  speech sounds. These effects are borne out in the applicable 
curve of Fig. 10 which shows th a t an improvement of approximately 
5 db in trunk  results from the shunting of the transm itter.

Carrying this experiment further and acoustically shielding the local 
transm itter completely from noise, the lower curve of Fig. 10 was ob
tained. This is equivalent to  shorting the transm itter as is done in 
the earlier “push-to-listen” types of telephone set, except th a t it does 
not introduce any electrical effects in the circuit. This shielding provides 
about 4 db additional discrimination against noise. This, then, indicates 
the limit to which we can go in reducing the effects of room noise on 
received speech by operating on the transm itter element alone.

From the data  presented in Fig. 10 it is evident th a t the 500-type 
telephone set provides a significant improvement when the subscriber 
is carrying on a telephone conversation under noisy room conditions. 
While it  has been indicated above th a t the greatest gain of the 500-type 
set over the 302 type under high room noise conditions is with respect 
to  received transmission, it  is also better in transm itting from noisy 
locations. This is because of the less disturbing character of the trans
m itted  noise and because the signal to noise ratio is improved by having 
the transm itter closer to the subscriber’s lips, which is a feature of the 
new handset.

Where noise conditions in the field are severe, the 500-type set will 
provide m aterial improvement. Typical of such conditions are noisy 
business locations, telephone stations which are located in power plants 
and near loading ramps a t airports. Where the noise is particularly 
severe, the provision of a 40-ohm shunt resistance on the transm itter 
of the 500-type set offers still further improvement and is recommended 
for application by the local telephone people.

CONCLUSION

The simplification of the 500 set made possible by the use of silicon 
carbide varistors, with its a ttendan t reduction in m anufacturing and 
m aintenance costs and increase in life represents a significant step 
forward in station set design. A  valuable characteristic of the 500-type 
set is the substantial improvement in transmission performance under 
conditions of severe am bient noise.
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Automatic Line Insulation Test Equipment 
for Local Crossbar Systems

By R. W. BURNS and J. W. D E H N

(Manuscript received February 9, 1953)

Moisture entering faults in  the insulation of subscriber lines ■provides 
so-called “ leakage” paths which reduce the insulation resistance. Testing 
the insulation resistance of all lines under the environmental conditions 
which tend to produce these leakages is a maintenance technique, relatively 
new, for detecting the insulation defects. The faults can then be corrected 
before they become serious enough to affect the customers’ service. Subscriber 
reports are thereby reduced and the correction of the faults on a preventive 
maintenance basis tends toward a more uniform work load for the repair 
personnel. Rapid testing of the lines is necessary, otherwise the environ
mental conditions may change and the leakages will disappear without de- 
lection.

Rapid line insulation testing is practiced quite generally in  all the 
switching systems throughout the Bell System, but the testing arrangements 
used are wholly or partially manually controlled in  the testing and recording 
operations. While the benefits derived from rapid line insulation testing 
apply to all systems alike, this article is confined to a discussion of the 
entirely automatic testing and recording arrangements which are now being 
introduced in  the No. 1 and No. 5 crossbar systems.

INTRODUCTION

The insulation resistance of subscriber lines is an im portant considera
tion in the design and operation of central office switching circuits. If 
the insulation resistance between the two conductors of the line, or the 
insulation resistance from the “ ring” or “battery  side” to ground, be
comes low enough, the “ leakage” current flowing produces the same effect 
as lifting the handset and failing to dial or to  pass a number to the opera
tor. This condition is called a perm anent signal and the line is said to be 
“perm anent.” As long as the condition persists, the line is out of service 
both to  incoming and outgoing traffic. Insulation resistance of a slightly
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higher value will not cause a perm anent signal, bu t its presence m ay 
interfere with other circuit functions, for example, dial pulses are dis
torted and a wrong number m ay be reached, the ringing signal m ay be 
tripped before the called party  answers, or the switching circuits may 
fail to restore on hang-up of the receiver. If the insulation resistance is 
a t least as high as the design limit, failures of the kind described above 
will not occur. The design limit for some switching systems used in the 
Bell System is 10,000 ohms; for others 15,000 ohms.

W H E R E  L IN E  LEA K A G ES OCCUR

The outside plant distribution system for exchange lines usually con
sists of some underground cable, m any miles of aerial cable to  distribute 
the line conductors throughout the area and a small am ount of open wire 
on the fringes. The insulation resistance of the cable conductors is 
normally quite high. If, however, a break in the cable sheath occurs 
moisture m ay enter and be absorbed by the paper insulation of the 
conductors near the break. This reduces the insulation resistance of the 
affected cable pairs. Sheath breaks m ay exist for a considerable length 
of time w ithout reducing the insulation resistance sufficiently to cause 
any reaction on customer service. Eventually these sheath breaks will, 
if not detected and repaired, permit the entrance of sufficient water 
during a rain to  reduce the insulation resistance to the point where 
perm anent signals occur on several pairs. Then repairs m ust be made on 
an emergency basis to  guard against a complete failure of all line cir
cuits in the cable. One of the common causes of sheath breaks in some 
residential areas is gnawing by squirrels —  squirrel bites.

Cable terminals are located on the poles or on the cable for making 
drop wire connections to the customers’ premises. Binding posts mounted 
in a face plate within the terminal are connected to some of the cable 
pairs through a term inal cable stub  joined to  the aerial cable. Each 
cable pair is thus connected to  binding posts in about four or five te r
minals on the average. When water or condensation wets the face 
plate, leakage currents will flow betwreen the binding posts. If  dirt 
and dust have accumulated on the face plates, the combined resistance 
of all leakage paths in parallel across the pair or to ground m ay become 
relatively low.

While open wire makes up only a small part of the outside plant 
circuits most areas have some, lines containing from a few spans up to 
several miles of open-wire conductors. I t  is difficult to  keep the open-wire 
plant in a  condition so th a t it wall be free from leakages under wet

6 2 8  T H E  B E LL  SYSTEM  TECH N IC A L JO U RN A L, MAY 1 9 5 3



IN SU LA TIO N  T EST E Q U IPM EN T  FOR LOCAL CROSSBAR SYSTEM S 6 2 9

weather conditions. Trees grow up into the wires and during rainy- 
weather the branches often drop across the wires. When this oc
curs at many points on the open-wire run the combined leakage along 
the pair may become very low. In some localities, moss growing on the 
wires, salt spray or heavy fog conditions causing leakage at insulators 
are additional causes of low insulation resistance on open-wire lines.

Drop wire used to make the connection from the cable terminal to 
the customer’s premises is subject to damage by abrasion and the 
insulation deteriorates from the effects of the weather. The old style 
of drop wire, a large am ount of which is still in use in the plant, is in
sulated with a rubber compound and covered with a water proof cotton 
braid. W hen this braid protection is lost due to abrasion or effects of 
the weather after m any years in service cracks form in the rubber in
sulation. M oisture enters these cracks in wet weather causing low re
sistance leakages. I t  is expected th a t the latest type of drop wire with 
the tougher neoprene covering will w ithstand the hazards for a longer 
period of time than  does the old drop wire bu t undoubtedly the end of 
its useful life will ultim ately be determinable by measurement of the 
insulation resistance under wet weather conditions.

Inside wiring on the customer’s premises often remains in service for 
a  long period of time and the insulation deteriorates over the years. If 
the insulation is in poor condition, inside wiring will develop leakages 
during periods of prolonged high hum idity indoors wiiich occur fre
quently during the summer months.

E FFE C T S OF AVEATHER ON L IN E  IN SU LA TIO N  R ESISTA N CE

When weather conditions are favorable — clear wreather with Ioav 

humidity •— the insulation resistance of the line conductors in the out
side plant is quite high compared to the design limit for central office 
switching circuits. When the plant becomes thoroughly ivet from a hard 
rain the insulation resistance drops very considerably because of leakages 
which are in parallel all along the line. Fig. 1 shows this very clearly. 
The data for the curves in this figure were collected in a special study 
conducted in 1931 to determine the insulation resistance distribution 
of exchange lines in underground and aerial cable and open-wire plant 
under different weather conditions —  dry, humid and wret. About 6,000 
dial lines selected at random in twelve large cities in different parts of 
the United States Avere tested under different weather conditions and no 
repairs Avere made throughout the study period except to correct un
satisfactory sendee conditions. The tests Avere made Avith the voltmeter
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Fig. 1 — Wet weather versus dry weather tests — all types of Outside Plant 
combined.

test circuit of the local test desk which is used for testing subscriber 
lines reported in trouble. The speed a t which lines can be tested from 
the test desk is necessarily slow because each number m ust be dialed or 
called individually therefore, only a small sample of lines was selected 
from any one office. Rapid line insulation test equipment was not in use 
in any area when this study was made.

The upper curve of Fig. 1 shows th a t about 0.3 per cent of the lines 
were below 1 1 ,0 0 0  ohms in wet weather while in dry weather only about
0.3 per cent of these same lines were below 140,000 ohms. Similarly, in 
wet weather two and one-quarter per cent of the lines were below 47,000 
ohms b u t in dry weather only two and one-quarter per cent were below 
900,000 ohms. The same wet weather test data  summarized by types of 
outside plant is shown in the curves of Fig. 2. Lines in underground cable 
only, show the highest line insulation resistance. Those with aerial 
cable are next and those with some open wire have the lowest insulation 
resistance.

Fig. 3 shows the wet weather line insulation resistance distribution 
of 11,600 lines in an eastern city where the exchange outside plant had 
been thoroughly reconditioned prior to conversion from m anual to  cross
bar dial operation in 1940. The upper curve represents the approximate 
distribution before reconditioning and the lower curve represents the
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distribution after the reconditioning was completed. The lower curve 
can be considered as representative of an outside plant in good condition 
as of the year 1940 when rapid line insulation testing was not yet used. 
Since th a t time, a considerable number of improvements leading to 
better insulation resistance characteristics have been made in outside 
plant items, such as drop wire and cable terminals, and a higher av
erage insulation resistance would currently obtain. However, during wet 
weather, an undesirably large number of lines would still be closer than 
desired to the design limit.

M A IN TEN A N CE W ITH O U T RA PID  L IN E  IN SU LA TIO N  T ESTIN G

I t  m ay appear a t first sight th a t  the per cent of lines near or below 
the design limit is so small as to be unworthy of particular notice. How
ever, an examination of this from a maintenance standpoint will prove 
otherwise. The testing of lines reported in trouble and dispatching of 
craftsmen on the outside to make repairs are handled from a local test 
center which on the average serves about 50,000 stations. There will be 
about six local test desk positions manned to  do the testing and dis-

F ig. 2 —■ Wet weather tests — insulation resistance by types of Outside Plant.
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patching work. Such a test center would handle a t the current trouble 
ra te about 120 reports on subscriber lines per day. If the outside plant 
is in a condition represented by the lower curve of Fig. 3 where 0.2 per 
cent of the lines are below 10 ,0 0 0  ohm resistance, this represents 10 0  

additional stations in the region where service reactions m ay be expected 
from wet weather conditions. Consequently where these plant conditions 
obtain, there is usually a- noticeable increase in subscriber’s reports in 
wet weather and the repair load rises sharply. W ithout line insulation 
test equipment to test the lines rapidly while the low insulation re
sistance obtains, there is no way to pick out the worst lines from an 
insulation resistance standpoint after the weather has cleared. Visual 
inspections are costly and superficial indications do not always give 
reliable evidence of low insulation resistance. Consequently the large 
percentage of repairs to correct insulation defects are made as a result 
of subscriber reports and only a small per cent by routine preventive 
m aintenance where rapid line-insulation testing equipment is not used.

M A IN TEN A N CE W ITH  RA PID  L IN E  IN SU LA TIO N  T ESTIN G

The only experience to date with the fully autom atic line insulation 
test equipment for crossbar offices is in the M edia, Pa., No. 5 crossbar 
office. This test equipment has been in use for about one year and low 
insulation resistance cases recorded on each test have been investigated 
and repairs made. The condition of the outside plant in the exchange 
area is represented in Fig. 4. The curves in this figure are based upon 
the results of tests of the 4200 working lines in the summer of 1952 
under very wet conditions of the outside plant.

The small percentage of lines below 40,000 ohms indicates th a t the 
poor insulation cases are being corrected well before reaching the stage 
where the customers’ service would be affected. This is done with a 
minimum of maintenance effort as the test equipment spots the line 
automatically.

DETECTIN G  SH EA TH  BREA K S

While sheath breaks in aerial cable are brought to  light by rainy 
weather it is inadvisable to wait for rain to disclose them  because of the 
possible serious effects on service and the need then for repairs on an 
emergency basis. Rapid line-insulation testing techniques have been 
very successful in disclosing sheath breaks in aerial cable. During the 
night the cable sheath cools and as the pressure inside decreases, outside 
air with a high moisture content enters the sheath break. The paper
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Fig. 3 — Wet weather tests — reconditioned Outside Plant.

a 106

insulation of one or more pairs near the break absorbs the moisture and 
the insulation resistance of the affected pairs is lowered. Tests made from 
about 3 A.M. to  5 A.M. are effective in detecting these leaks and by 
applying the latest fault locating methods, m any of the sheath breaks 
can be located. The test equipment is so arranged that, for the most 
part, lower leak conditions on the line which m ay be present outside 
of the aerial cable will not register on these tests for cable defects.

B E N E F IT S  D ER IV ED  FROM RA PID  L IN E -IN SU L A T IO N  T ESTIN G

W ith the aid of rapid line-insulation test equipment the maintenance 
personnel can correct the greater part of insulation defects on a pre
ventive maintenance basis which results in a  reduction of subscriber 
reports. Service to  the customer is thereby improved, maintenance effort 
is reduced and repairs on an emergency basis often involving the ex
penditure of overtime are required less frequently. Rapid line-insulation 
testing is also of great value in rapidly determining the extent of storm 
or flood damage and makes it possible to direct immediate efforts where 
the greatest benefits will be derived.
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INSULATION RESISTANCE IN OHMS

Fig. 4 — Wet weather tests — automatic line insulation testing equipment 
used.

CROSSBAR TEST EQUIPM ENT —  TYPES OF TESTS AND SENSITIVITIES

The crossbar line-insulation test equipment is arranged to make three 
different kinds of tests from the standpoint of the way in which the 
resistance measuring circuit (line-insulation test circuit) is connected 
to the line and to battery  or ground. Each kind of test m ay be made in 
three different resistance ranges, hence there are nine different tests. 
When the test equipment is performing one of these tests a record is 
m ade of all lines which have an insulation resistance below the top limit 
of the particular test. Each test range is divided into three bands of 
resistance and the record indicates whether the insulation resistance 
lies within the first quarter (low band), the second quarter (medium 
band) or the upper half (high band) so th a t preference can be given to 
the worst cases in clearing the trouble. The test numbers, ranges and 
resistance bands are shown in the Table I.

SHORT AND RING GROUND TEST

The first kind of test is called “short and ring ground test.” This 
test measures the leak in the way in which it affects the line circuits, 
pulsing circuits and supervisory circuits of the central office switching 
system. The line-insulation test circuit (L IT  circuit) which is described 
later on is connected to  central office battery  potential and to  the line 
in the m anner shown in Fig. 5 (a). As indicated in this illustration, 
leakage resistance from ring to tip and from ring to ground are measured
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T a b l e  I  —  C r o s s b a r  L in e - I n s u l a t i o n  T e s t s

T ypes of T e sts  and  T e s t N um bers R esistance Bands* (kilo-ohms)

S hort and  R ing 
G round

T ip  and  Ring 
Ground Foreign E .M .F .

Range
Low M edium Iligh

1 4 N ot used A : 0-40 40-80 80-160
2 5 7 B : 0-1GO 1G0-320 320-640
3 G 8 C 0-640 640-1250 1250-2500

N ot used N ot used 9 D  ; 0-1250 1250-2500 2500-5000

* The equipment is arranged so that by cross connection changes the bands 
of resistances in each range may be halved or doubled, if necessary, to meet 
local conditions.

in parallel. If the line-insulation resistance is more than  the top limit 
of the test range, the test equipment proceeds to  the next line. If, 
however, the resistance measured is less than  the top limit the test 
equipment immediately retests the line with the central office ground 
removed as shown in Fig. 5 (b). This re-test measures the leakage from 
ring to  tip. If leakage from ring to  tip only is indicated the drop wire is 
probably the cause.

The No. 1 test is run under wet weather conditions to detect all lines 
which are below the top limit of this test (normally 160,000 ohms). 
If the m aintenance force keeps these cases cleared out by running tests 
during every rain the wire plant can be kept in good condition. During 
long periods of dry weather all line insulation tes t indications pre
viously recorded m ay have been investigated, then if a light rain occurs 
it m ay be desirable to run the No. 2 test to provide a satisfactory number 
of failure indications for subsequent investigation. The No. 2  test can 
also be used to  detect leakages in inside wiring which occur frequently 
during the summer when houses are unheated and the inside humidity

FIRST TEST CONDITION MEASURES 
COMBINED SHORT AND RING TO 
GROUND RESISTANCE

.  AOO/J.F

LINE 
INSULATION 

TEST 
CIRCUIT

(b)
RETEST AFTER FAILURE ON 
COMBINED TEST MEASURES 
SHORT ONLY

Fig. 5 — Short and ring ground test.
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is very high. Tests to  disclose insulation defects in inside wiring are made 
when the weather is clear with low outside hum idity a t which time 
leakages in other parts of the exchange plant will rarely be found.

TIP AND RING GROUND TEST

The “ tip and ring ground” test can be made in three ranges of sensi
tiv ity  as shown in Table I. The arrangement of the test circuit for this 
type of test is shown in Figure 6 . The first test condition, Fig. 6 (a), 
measures the combined leakage resistance from tip and ring to ground. 
The tip and ring are connected together therefore leakage across the 
pair is not indicated. This eliminates practically all of the drop wire

CONTACT OPENED 
DURING TEST

LINE
INSULATION

TEST
CIRCUIT

(a)
FIRST TEST CONDITION MEASURES 
COMBINED TIP TO GROUND AND 
RING TO GROUND RESISTANCE

(b)
RETEST AFTER FAILURE ON 
COMBINED TEST MEASURES 
RING TO GROUND RESISTANCE

Fig. 6 — Tip and ring ground test.

leakages. If a failure is indicated on the first test condition, a  re-test is 
made under the condition shown in Fig. 6 (b) to check only the resistance 
from ring to ground. If the ring tests clear it is known th a t the leakage 
is from tip to  ground. This kind of test is of particular value in checking 
terminal face plate leakages which are predominately leakages from tip 
to ground. This type of test can also be used to check th a t tip con
ductors on party  lines in message ra te areas are free of low resistance 
grounds which might result in wrong party  identification on calls made 
by the ring party.

FEMF TEST

The F E M F  (foreign e.m.f.) test is used to  measure leakages in cable 
to detect sheath breaks. These leakages are high resistance compared to 
other leaks which m ay be present across the pair connected for test or 
from the pair to ground. To make the latter ineffective so as not to
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mask the higher resistance cable leakages the test circuit is grounded 
and connected to the line with the tip and ring short circuited as shown 
in Fig. 7. The test circuit measures the leakage current flowing from the 
pair connected for test to the ring conductors of other subscriber lines 
which are connected to battery  potential in the central office. Leakages 
outside the cable will not cause leakage currents to  flow through the 
line insulation test circuit. This test is called F E M F  because it measures 
leak in the same way as does the test desk voltmeter when the FE M F 
test key is operated to connect ground instead of test battery  to the 
voltmeter. Leakages as high as about 2 megohms can be successfully 
located after the cable has been identified by analysis of pairs affected 
by leaks.

LINE
INSULATIO N

TEST
CIRCUIT

_ d IF

$
RING ] 1  1

LINE
RELAYS

RING

LINE 
UNDER TEST

LEAKS IN CABLE TO OTHER 
RING CONDUCTORS CONNECTED 
TO CENTRAL OFFICE BATTERY 

(FEMF)

Fig. 7 — Foreign E.M .F. test.

TEST AND RECORDING CIRCUITS

The equipment for automatically measuring and recording line-in- 
sulation resistance consists of three principal parts. First, the device 
for measuring the low currents involved; second, the means for connect
ing this measuring device to each of the lines in rapid succession; and 
third, the apparatus required for recording the faults discovered.

The first of these, known as the line-insulation test circuit, is capable 
of detecting insulation resistance as high as ten megohms, with fast 
enough response, so th a t a satisfactory rate of line testing (about 10 ,0 0 0  

to 12,000 lines per hour) is attainable. I t  is provided with a filter to 
attenuate both 25- and 60-cycle interference, so th a t leakage faults m ay 
be separated from other types such as induction from power lines. As 
shown in Table I, its sensitivity m ay be easily changed, so as to be 
compatible with atmospheric conditions, the kind of test to be made, 
and the condition of the outside plant. When a particular sensitivity or
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“range” is chosen, the insulation fault detector will report all lines having 
lower insulation resistance than  the chosen value, and as already stated 
i t  will further identify those lines having insulation resistance lower than  
one-half and one-quarter of this resistance.

This test circuit is connected to each of the lines in rapid succession 
by the line-insulation test control circuit. As shown in the block diagram 
of Fig. 8 , the control circuit appropriates the control and testing wires 
between one of the markers (usually m arker No. 2) and each of the line 
link frames. The arrangement shown is for a No. 5 crossbar office, bu t 
the No. 1 crossbar arrangement is similar in principle. By means of 
these appropriated connections the control circuit is able to select the

LINE CONNECTED 
FOR TEST LINE  INSULATION

TO MARKERS LOCAL TEST CENTER

F ig. 8 — Block diagram of line insulation test control circuit connections.
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lines and if the selected line is not busy its tip and ring conductors are 
connected to  the insulation resistance measuring circuit (line-insulation 
test circuit). To establish this connection, the control circuit chooses an 
idle line link to  connect the line vertical to the no test vertical and the 
test pa th  is completed through the no test connector to the line-insulation 
test frame.

The operation of the control circuit m ay be started in the central 
office by operation of keys a t the test frame, bu t it is more commonly 
started  by remote control from the local test center. This permits in
sulation tests to  be m ade even though the central office is unattended. 
When the control circuit is started, it m ust also be directed to make one 
of the three types of tests, and to choose one of the three test sensitivities 
for each of these types as shown in Table I. This is accomplished by 
operating one of nine keys a t the test frame or by selecting the test trunk 
a t the tes t center and dialing one of nine codes and then operating a key 
a t the test desk. E ither action chooses the type of test and the sensitivity, 
and causes the test circuit to start. A tenth key or a  tenth code is used to 
stop the test before the end of a complete cycle, when this is required, 
so th a t the type of test or the sensitivity m ay be changed.

A pre-arranged regular pattern  is followed in testing the lines. A line 
link frame is selected, a particular five lines are tested, and then the 
frame is released, and the next frame is selected, and another five lines 
are tested, and so on. Lines found busy, dial PB X  trunks and line link 
frame terminations of intertoll trunks and similar circuits which would 
cause false operation of the test circuit are passed bjr without test. The 
line link frames are selected in order, beginning with the lowest numbered 
frames and continuing to the highest. When one cycle through the 
frames has been completed, another cycle will be started. However, on 
the next cycle, different groups of five lines will be tested. On the first 
cycle, the five lines in vertical group 0 , horizontal group 0 will be tested, 
on the second cycle, the five lines of vertical group 1 , horizontal group 0 

wall be tested, in each line link frame and so on until all lines in horizontal 
group 0 of all line link frames have been tested. On subsequent cycles 
the lines of other horizontal groups are tested in regular order.

Testing only five lines for each selection of a line link frame minimizes 
interference with traffic. Since one to two seconds is required for testing 
five lines, there wall be only a slight delay to calls which require access to 
the frame. In  addition, a heavy traffic load wall cause the control circuit 
to stop insulation testing and restore to service the m arker whose cabling 
it has been using. When the traffic has been reduced sufficiently, the 
test will be restarted automatically.



When a line fault is discovered, the control circuit makes use of either 
of two types of mechanism to record (a) the location of the line 011 the line 
link switches, (b) the type of test being made, and (c) a rough approxi
mation of the insulation resistance. Since a  substantial time is required 
to m ake this record, the line link frame is restored to service during this 
interval, to reduce interference with service. One of the above tw'o 
devices is the trouble recorder, used only in the No. 5 crossbar offices. 
The control circuit connects itself to this machine in much the same way 
th a t a  m arker does, when it needs to record a trouble. Having made this 
connection, a card is perforated showing the line location and other data 
pertinent to the trouble indicated. The other device consists of teletype
writer equipment a t  the central office which transm its the required data  
to a teletypewriter page printer located a t the local test center. The 
equipment a t several central offices has common use of the same page 
printer a t the test center and several test circuits in one building use 
the same teletypew riter transm itting equipment. This second recording 
arrangement is the more convenient of the two, since it produces the 
record a t the place from which the activities of the outside plant repair 
force are directed. This arrangement is available for both No. 1 and No. 5 
crossbar offices. A typical teletype record is shown in Fig. 9.

LINE-INSULATION TEST CIRCUIT

The insulation resistance measuring device is required to respond, 
not only to the very low’ current (five micro-amperes) obtainable with 
insulation resistance up to  ten megohms, bu t it m ust also give good 
discrimination between resistance values in the order of 20 ,0 0 0  ohms. 
This is accomplished by desensitizing the measuring device by means 
of series and shunt resistors when a test using less than the maximum 
range is desired. A second requirement is th a t the measuring device be 
low- in resistance so th a t the time constant of this resistance in combina
tion with the line and filter capacity will be low’ enough to atta in  high 
testing speeds.

These leakage current amplitudes are so small th a t amplification is 
required in order to  actuate the recording and control mechanisms of 
the measuring system. These small direct currents could be amplified 
by means of a dc amplifier. However, since it is easier to  design and 
construct an ac amplifier of suitable stability, it is desirable to  use a 
measuring device which has an alternating voltage output winch varies 
with the direct current input.

A type of magnetic modulator, called a magnettor, which has these
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desirable characteristics, is used as the current measuring instrum ent. 
I t  has a low impedance input circuit, in which the low amplitude dc 
leakage current flows. An alternating current of constant am plitude and 
frequency is supplied to separate windings of the magnettor, so that, as 
explained below, its output circuit delivers an alternating voltage which 
varies with the dc input. Fig. 10 shows the basic circuit, which operates 
as follows. Two identical windings, a and a', and two other identical 
windings, b and b', are wound 011 identical permalloy cores. Windings

LINE LINK FRAME

TEST NUMBER - 

OFFICE—,

-VERTICAL GROUP

-HORIZONTAL GROUP 

-VERTICAL FILE

0 - 82 -

0 - 82 -

0 - 82 -

0 - 82 '

0 - 82 -

0 - 80 '

0 - 82 >

0 - 82 '

0 - 80 '

0 - 82 '

' 0 8 0 1 -0 1
- 0 7 0 4 -1 0
- 0 7 0 5 -2 2
- 0 0 0 7 -2 1
- 0 2 0 5 -3 2
- 0 4 0 6 -6 3
- 0 8 0 0 -7 4
- 0 6 0 1 -7 0
- 0806 -73
- 0100 -83

Fig. 9 — Teletype record of failures.

a and a ' are connected in series and supplied with an alternating current. 
The m agnettor cores have a characteristic as shown in Fig. 11 (b), and 
the am plitude of the input voltage is great enough so th a t the core is 
driven to  saturation on each half cycle. Fig. 11 (c) shows the resulting 
flat topped flux versus time curve*. Since the voltage induced in winding 
b is proportional to  the ra te of change of flux, it  will have a wave form 
as shown in Fig. 11 (d). The voltage peaks occur when the flux ra te of 
change is maximum, and during the “flat” intervals the induced voltage 
is small. Since the b and b ' windings are connected so th a t their output 
voltages are in opposition (see Fig. 11 (d)) the net output w ith no dc

* The wave shapes of Figs. 11 (c), 11 (d), 11 (e) and 11 (f) have been exagger
ated to illustrate the action involved.
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input will be zero. M anufacturing tolerances which produce dissimilari
ties in the windings and cores m ay cause a small output with zero dc 
input.

When the dc leakage current flows through windings b and b ', a bias 
flux is established in each of the cores. This causes the shape of the flux 
versus time curve to be changed as illustrated in Fig. 11 (e). Since the 
ac input will saturate the cores, both half cycles of the wave will be 
flat topped, bu t the flat portion of one-half cycle will be increased and 
the other decreased. Also the steeper parts of the curve will be brought 
closer together on one-half cycle and further apart on the other.

As illustrated in Fig. 11 (e) the dc bias will have a different effect 
upon the flux in each of the two cores. In  one core the bias aids the 
positive half cycle of the input current, and in the other the negative 
half cycle. The result is th a t the core reaches saturation more quickly 
and, therefore the flux curve is flatter on the half cycle which is aided by 
the bias.

This change in the shapes of the flux time curves produces correspond
ing changes in the shapes of the voltage-time curves of the output 
windings b and b'. These are shown in Fig. 11 (f). The peaks of the 
voltage curves occur a t the points of maximum rate of change of the 
flux curves, and of course the flat portions of the voltage curves (near 
zero) are lengthened or shortened depending upon the flatness of the 
flux curve tops. This skewing of the two voltage curves prevents the 
output voltage cancellation which was obtained with no dc, and gives

MAGNETTOR
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a  resultant ou tput which contains even harmonics of the input voltage. 
The second harmonic is selected by means of a filter for use as an in
dicator of the presence of leakage current.

The second harmonic is amplified by a three stage negative feedback 
vacuum  tube amplifier, whose output is applied to  the grids of three 
thyratrons. Adjustments are made, as described in the following, so 
th a t one of the thyratrons conducts when the insulation resistance is 
less than  the value selected for the test, an additional thyratron  conducts 
if the insulation resistance is one-half of this value or less, and all three 
conduct if the resistance is one-fourth or less of the selected value. Three 
relays, whose windings are connected in  the anode circuits of the thyra
trons, are actuated when the associated thyratrons conduct and cause a 
record of the trouble to be made, or cause the control circuit to select 
another line if the insulation resistance is above the range of interest.

In  order to calibrate the detecting circuit, a test resistor of 160,000 
ohms is connected to the m agnettor by operation of a key. The amplifier 
gain is then adjusted so as to just cause conduction of the thyratron

(b) (c) (e)
MAGNETTOR CORE CORE FLUX VS TIME CORE FLUX VS TIME
CHARACTERISTICS (NO BIAS) (Dc BIAS)

EVEN HARMONICS ONLY 

Fig, 1 1  — Graphical representation of voltage and flux in the magnettor.
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CONTROL
CIRCUIT LINE INSULATION 

TEST CIRCUIT

Fig. 12 — Front view of line insulation test frame.
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which responds to the lowest insulation resistance value. Test resistors 
of 320,000 ohms and 640,000 ohms are then substituted and the grid 
bias of the other thyratrons adjusted so th a t they just conduct on the 
proper value of resistance. This procedure calibrates the device for one 
range, using a shunt and series resistor which corresponds to  this range.

Facilities are provided for substituting suitable test resistors for check
ing the calibration of other ranges, with the shunt and series resistors 
for the range connected to the magnettor.

EQUIPM ENT FEATURES

The apparatus components of the test control circuit and the line 
insulation test circuit are assembled and wired in an 11-foot bay, 23 
inches wide. Fig. 12 is a front view of the test frame. Fig. 13 is an enlarged 
view of the line insulation test circuit equipment and the control panel 
which includes features for checking the accuracy of the test circuit 
and for calibrating it. When the teletype method of recording failures

F ig. 13 — Front view  of control and test panel (at bottom) and line insula
tion test unit (center) for No. 5 crossbar.



is used, the teletype transm itting equipment common to all line insula
tion test frames in a building is m ounted in a separate 23-inch bay and 
occupies about one-third of the vertical space.

CONCLUSION

The initial installation of the autom atic line insulation test equipment 
in a No. 5 crossbar office has been in operation for more than a year and 
the maintenance advantages of remote control of starting  and autom atic 
testing and recording have been fully demonstrated. I t  is expected tha t 
any future developments of line insulation test equipment undertaken 
for other switching systems will follow this same general pattern.
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Theory of Magnetic Effects 011 the Noise in 
a Germanium Filament

By HARRY SUITL

(Manuscript received October 10, 1952)

A  magnetic field will influence the current noise in  a germanium fila
ment. This fact bears out the hypothesis that at least part of the noise arises 
from minority carriers emitted in  random bursts and recombining at the 
surfaces. A  quantitative theory of this effect is given.

INTRODUCTION
0

In  a series of fundamental experiments, H. C. M ontgomery1 has es
tablished th a t m inority carriers play an im portant part in the current- 
noise associated with semiconductors. He found th a t on the one hand, 
the noise voltage is usually proportional to  the biasing current, suggest
ing fluctuations in the conductivity, and hence the carrier concentration. 
On the other hand the spectrum of the noise suggested a rather coarse
grained time variation, not likely to  be caused by fluctuations in the 
norm al carrier density. One m ight conclude, therefore, th a t the noise 
is caused by a distribution of sources emitting or absorbing minority 
carriers in random bursts. Such carriers would be subject to the same 
laws of motion and of recombination as intentionally injected carriers. 
M ontgomery was, in fact, able to verify th a t the noise along a filament 
showed marked correlation over a distance roughly equal to th a t through 
which m inority carriers could drift in the biasing field before recom
bination.

W. Shockley has pointed out another corollary of this theory: A mag
netic field transverse to the filament should have a  pronounced effect 
on the noise. This conclusion, too, Montgomery was able to  verify 
experimentally .1 His results are in good qualitative agreement with 
theory. Complete quantitative agreement was perhaps not to be ex
pected, since technical difficulties prevented attainm ent of the idealized 
conditions assumed by the theory. This paper gives an account of th a t

647



6 4 8 THE BELL SYSTEM TECHNICAL JOURNAL, MAY 1 9 5 3

theory. On it are based the computed curves in M ontgom ery’s paper 
showing the change in noise power with magnetic field.

To see how such a change comes about, we imagine the magnetic 
field applied normal to one pair of the long faces of a rectangular fila
ment. This field, and the longitudinal drift current used to measure the 
noise, yield a sidewise th rust on the carriers, directed a t right angles 
to the other pair of long sides. As a  result the density distribution over 
the cross section is distorted, the m inority carriers tend to accumulate 
near one of those sides, while the neighborhood of the opposite side is 
depleted. B ut for the usual conditions the recombination of carriers 
occurs mainly near the surface, and is proportional to their density 
there. Hence the magnetic field will change their lifetime .2 , 3 Clearly the 
am ount of noise is dependent 011 the length of time carriers are able to 
contribute to the change in conductivity, th a t is, dependent on their 
lifetime. Therefore, the magnetic field should change the noise power. 
In  simple extreme cases one can even make a sem iquantitative argument 
for the maximum variation to  be expected on the  basis of such 
considerations.1

h

FORMULATION OF THE PROBLEM

In  order to  make an exact calculation, Ave require a few preliminaries: 
The conductivity g is supposed to undergo a small time-dependent 
fluctuation Ag(t) about its  mean value.

The fluctuation arises from certain sources each of which, for macro
scopic purposes, m ay be considered to em it a  noise-current J  (t) of minor
ity  carriers. Thus in a small tim e-interval dt' near t' the excess charge 
injected is J(t')  dt' . This charge decays by recombination. Let r(t — I') de
note the fraction of carriers left over a t time t(> t') .  Then a t tim e t 
there remains a charge r(t — t') J (t')  dt' of the original injection. N o a v  
provided the excess density is small compared Avith the mean density, 
Ag{t) is proportional to the excess charge a t tim e t, due to all the previous 
emissions added together. Therefore

In  practice Ave do not literally plot Ag(t) as a function of t, b u t rather 
its  frequency component Ag(f) in a narrow range df of frequencies n ea r/. 
In  other A vords, avc single out for observation the contribution to  Ag 
from th a t p art ./(/) of the injected current J{t') Avhieh varies as e_2xi/1 

Suppose now th a t 1 / /  is large compared AAith the time over A vhieh r(t)

(1)



MAGNETIC EFFECTS ON NOISE IN A GERMANIUM FILAMENT 6 4 9

is appreciably different from zero (that is, let l / f  be much greater than 
the lifetime). Then, in the integral (i), r(t — I') will have gone from 
unity  to zero long before J(J)e~~~,it has changed appreciably from its 
value a t t' = I. Therefore, for purposes of observation a t frequencies 
much smaller than  the reciprocal lifetime, we can rewrite (1 ) as

Ag(t) cc J ( t) f  r(l — t') dt'
J— oo

(2 )*
=  .7(0 [  r(t) dt.Jo

The integral in (2) can be interpreted as the average lifetime of car
riers. For, by definition, the rate of recombination a t time I is — dr{t)/dt, 
so th a t — (dr/dt)dt is the number of carriers recombining between time 
t, t +  dt. Hence the average lifetime is

T = -  [  i dt =  — [ir(<)]” +  [  r(t) dt 
Jo at Jo

=  [  r(t) dt Jo
since tr(t) - a  0 as I —> a>.

If l / f  is not large compared with t one cannot simplify the integral 
( 1 ) in this way. One then has to consider separately each frequency 
component Af/(/)e_2r,/i due to the current J(f)e~2ir'st. Then

A«7(/)< f2T</‘ =  ■/(/) [ ‘ r ( t -  t')e-2ri/i‘ dt'
J— oo

=  ./( /)< r2x</‘ r  r ( t ')eT<ft’ dt’Jo
or

A g(f) =

where

T( f )  =  r(t’)e2Ti/t'd l ’.Jo
The calculation of r(f)  is more complicated than  th a t of r  =  x(0), and

* From here on the equality sign will replace the proportionality sign. The 
resulting change of units is of no consequence in the final results which are only  
concerned with ratios of conductivity modulations.
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a t the present time the experimental situation does not call for refine
ments of this kind. Therefore we shall restrict ourselves to  the calcula
tion of T .

To evaluate r  it is not necessary to consider a time-dependent case 
a t all. In  our experiment, it  is the mean square conductivity fluctuation 
which is actually observed. Hence from (2 )

<A g-> =  < j \ t ) >  t-.

If the emission processes are stationary in time, < J 2(t)>  is tim e in
dependent:

<A g2> = < J l >  r 2.

Now t can be w ritten as

[  r(t -  0  dt',
J— oo

which is simply the to ta l concentration a t the present time t due to a 
constant injection from time — =o to the present.

Therefore the problem is reduced to finding the to tal carrier concen
tration in the filament due to  a distribution of sources of constant 
strength \ / < J l > -

Let w(x, y, z; .-ci , i j i , Zi) denote the carrier concentration a t x, y, z 
due to  a steady unit source a t  X\ , y\ , z\ . Then the to tal carrier con
centration is

t { x i , 2/ i , zi) =  J  w(x, y, z; x i , yx , Zi) dx dy dz.

The reason for the dependence on X i , y i , Z i , is th a t the recombination 
process takes place largely on the surface. Therefore a source near the 
surface will yield a smaller concentration than  one well inside the fila
m ent. (Volume recombination will be neglected throughout this paper.)

The mean square conductivity modulation due to m any statistically 
independent sources a t x r , y r , z r (r =  1 , 2  • • • ) is then

=  ~'T (*̂ r > Ur , ~r) V ./ ( x r  , IJr  , Zr)  >  .

The behavior of to is governed by the diffusion equation, subject to 
the boundary conditions expressing the recombination process, and sub
ject to  a suitable singularity a t x , , y r , zr , expressing the injection of a 
un it current. B ut in two and three dimensions the solution is not avail
able in closed form, or a t any ra te not in terms of the elementary trans
cendental functions. The infinite series for the solution is not easy to
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handle computationally. I t  is therefore desirable to simplify the experi
m ental conditions to a point where the problem becomes almost one
dimensional. A solution for w can then be found in closed form.

Consider a very long uniform rectangular filament with one pair of 
sides very much -wider than  the other pair. Suppose th a t the y  and z 
directions are respectively parallel to the wide sides and to  the length 
of the filament (Fig. 1).

Consider sources located anywhere on a  plane x  = £, which is parallel 
to  the wide sides of the filament. If the recombination properties of the 
filament are uniform in the y — z directions, the lifetime due to a unit 
source anywhere in th a t plane is independent of the location of the 
source on th a t plane, and depends only on f. Hence the conductivity 
m odulation due to sources of strength

J i t ,  Vr , z r) (r =  1 , 2  • • • )

in th a t plane is simply

t(£) X)  ./(?, ÿr , Zr)
r
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and is the same as th a t due to an infinite source of strength

J (£j Ur > Zr)
r

uniformly distributed over the plane x-£.
B ut the density w due to such a source will be a function of x  and £ 

only, and will be the solution of the one-dimensional diffusion equation. 
Hence for a geometry approaching th a t of figure 1 sufficiently closely, 
the problem is one-dimensional.

The Evaluation of r

We now have to write down the one-dimensional diffusion equation 
in the presence of a magnetic field along 0K, which combines with the 
drift velocity of the carriers so as to force them  towards one of the 
surfaces x  =  ±  a. If F x is the effective field arising in this manner, and 
D is the diffusion coefficient, the equation is

_ d2w „  dw A
D S - - “F' S ~ 0’ (3)

which expresses the fact th a t  the diffusion current — Dq dw/dx  plus the 
drift current qnFxw m ust be constant since the carrier density cannot 
build up indefinitely, a is the mobility of the m inority carriers: ¡in for 
electrons, i±p for holes. As is shown elsewhere" the effective field F x is 
given by

Fx =  (6n +  dp) E z = 6E. ,

where E : is the biasing field causing the drift current, 6„ , 0P are the Hall 
angles for electrons and holes, respectively. If ¿1« , Mp are the electronic 
and hole-mobilities, and if the magnetic field is not too large,

6  =  6 n +  6 P =  10 s(/i„ +  y-v ) H ,

where II  is in oersteds, and the mobilities are in cm2/volt-second, and d 
is in radians. (Strictly speaking, the diffusion current is not in the direc
tion of the density gradient when a magnetic field is present.4 As the
result mixed derivatives

d w 
dx dy

occur in the diffusion equation. B ut in the reduction to  one dimension 
these term s integrate out. All th a t remains is a small correction to  I),
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negligible for ordinary values of H.) I t  is convenient to specify a dimen- 
sionless param eter in the same notation as H. C. Montgomery.

2  ayFz 2  a9E2<]> =    =  -------
D D /y

By the Einstein Relation D /y  = kT /q  this may be w ritten

_ 2 adEz 
~  kT / q

where q is the absolute value of the electronic charge. $  is the ratio of 
the voltage corresponding to  the transverse field to the thermal voltage 
kT/q.  In  terms of 'I1, equation (3) can be rewritten

(f w  <I> dw „ ,
T ~ i ~  o— i-  =ax- 2a rlx

The integral of this equation has the form

to =  A em )  +  B  (5)

where A  and B  are two constants. Because of the existence of a singu
larity  a t x  =  av, say, the constants A, B  take on different values for 
x < x0 and x > x 0 ■ To see w hat these values are, we first write the solu
tion (5) in the form

wi =  Aie*{x~x°),2a +  B i x > x0 ,

w ,2 =  A ienx~Zo)na +  B , x < xo .

A t x = x0 the density w m ust be continuous. Hence

A \  +  B \ =  A i  +  B 2 (6 )

Further, the  discontinuity a t x0 m ust be such th a t the difference of the
currents on the two sides is just unity, the strength of the injected
current. Now the total current is

_  ( dw F
- D {S - T a W

(i.e., the diffusion current plus the drift current), and w is continuous 
a t .r0 . Hence the difference between the current on the two sides of x0 is

1 = —D Lim
h - *  0 \ \  dx )  XQ+h \  d x  )  XQ— h J

= ~  D{A,  -  Hi). 
2 a

(7 )
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So far we have two relations (6 ) and (7) between the four constants 
A i ,  Ag ,  B x, B i . To determine these constants, we need two more 
equations. These are supplied by the boundary conditions. We assume 
th a t the recombination ra te is proportional to  the density a t the bound
aries (a; =  ± a ) .  The recombination then has the formal appearance of 
a  current through the surface, th e  factor of proportionality s playing 
the p art of a “ recombination velocity . ” 2 , 3 T h a t current through the 
surface m ust equal the current arriving a t  the surface from the interior 
of the  filament, under steady-state conditions. The boundary condi
tions are thus:

dwi $  \
‘- D { s ~ T a W' U . - s M + a ) ’

where sx , S2 are the surface recombination velocities of the faces x  =  
+ a ,  —a respectively. The minus sign on the right-hand side of the  second 
of these equations is due to the fact th a t the recombination current a t  
x  =  — a is along the —x  direction. Defining the recombination param 
eters

, Sl, 2«
■2 = IT

and substituting the solutions wx , w2 in the last two equations we obtain

B if  = H A y e^ la)n +  BO

Bi  ?  =  *<1+*0/o)/2 +  Bi)
(8)

Equations (6 ), (7) and (8 ) suffice to  determine A x , A 2 , B x , B 2 . We 
easily find th a t

a     — $ (1 —x 0/a ) /2  2 a a x( 1  -  a 2e*(H*0/a>/2)
1 - 6  $ D  A

A _  _1_„+«'<H-xo/a>/2 2 a  0:2(1 +  a ie  * (1 Io/a)/-)

<f>D A
(9)

„  2 a ( 1  -  a 2e'i(1+Io/a,/2)Bx =

B 2 =  -

-ED A

2 a ( 1  +  aiif  *(1-*0/a>/2)
<ED A
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MAGNETIC FIELD PARAMETER, 4>

Fig. 2 — Noise change for a filament with equal surfaces as a function of *  for 
various 4'- Surface generation.

where

«1 =  f  I  — i i )/fa ; “ 2 =(j- +  'Pzj/'Pi ;

A =  « ie- * H-*« /a)/2 +  a2e*il+x°MI2.

Now we are in a position to calculate rH(x0), the life-time in a magnetic 
field I I  (contained in $), due to an emission a t x0 :

Î x q  /»+a

w2(x, x0) dx +  I wi(xjc0) dx
a  J  x q

=  (B x +  B 2)a +  (Bj -  BO*o +  ^  W i - A ù  10

—— [Aiei ’(1_I°/a)/2  A 2e~ ^ 1+I°̂ â 2]
$

Special Cases
W ith the help of (9) and (10) we can now examine special cases.
1. Surface Emission
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When only the surface x  =  + a  is emitting, we set x0 = + a  in (10) 
and get

T//(+a) =  2Boi. +  ~  A »(l — e *)$

1 -  «2 V  ( 1  -  e )

ai +  «2e‘

I *
« 1  +  OioC

Similarly, when only —a is emitting, we get
-4>

Tn( — a) = one * -¡- a->

B ut in an actual experiment, both faces will be emitting, with mean 
square strengths {./(), (J'i) say. The quantity  th a t is then measured

-20

Fig. 3 — 
x — + 0 .

MAGNETIC FIELD PARAMETER, <j>

Contribution to the noise change from a unit source at the plane
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LU
CD
UIB
Û

2

IBOZ<
Xu
IBtoO
z



MAGNETIC EFFECTS ON NOISE IN A GERMANIUM FILAMENT 6 5 7

is the ratio

\r  _i\ ,i — ------ (11)

Therefore we also need the lifetimes a t zero I I  (that is, zero <f>). B ut a t 
=  0 , the r ’s are indeterminate, and we therefore have to take limits. 

Expansion in powers of $  shows tha t

U r / /(+ a ) =  j - — 
<1— 0 Up 1

1 + èT-

1 + i / i .  4 - 
2\\pi i/'s/

It T „ (  — a) 
^-*0

a 1 +

1 + ï j , + ¿ )

Tims we finally get

N„ =  ^  =  4 
Aöl

1 4 - J_ 4- _L 
2 V-A1 ^  h

( J j )
i l

1 — a 2
-  r
$

«1 +
+ <^L>

'Pi

L t j l
<I> / +  1

at e +Q12

( 12)

( J l )
i l

1 + i J
+ (Jl)

i l
1 + 1 Y

There remains one small difficulty in the way of comparing experiment 
with theory: We do not know (Jl) ,  (Jl)- As suggested by H. C. M ont
gomery, we are able to overcome this difficulty as follows: We first draw 
a number of curves of

th( + r) r l ( - a )
T o ( + a )  ’ T o (  — a )

versus <I>,

for various sets of param eters ( p i , p 2-) (See figures 3, 4). Then we 
contrive to  m atch a linear superposition

tJ/(+ o)
Cl

r? (+ a )
+  C2

T i lU - a )
r l ( - a )

where Ci +  c2 =  1 to the experimental curve. This will be possible only 
for one particular set of values ( i i , ipi). From Ci and c2 =  1 — ci and
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Fig. 4 — Contribution to the noise change from a unit source at x =  —a.

from ( i i , p->) we can determine the ratio of (J l )  (J \ ), for, having matched 
the experimental curve, we know th a t

Cl Tn2 (+ « )
+  ( 1  —  C i)

Tg(~n) _  {< /i)rg(+a) +  ( J i ) r a ( —a)
To(+a) vo( —a) (dri)ro (+ a ) +  — aj

which is satisfied for all $  if

ci = ________( J l )
to (+ g ) (d i)T o(+a) +  ( J \ ) r l ( —a)

(1 ~  ci) =  __________ ( J l ) __________
To( — a) (d 'i)r o(+ a) +  ( J I ) t2 o( — o)

These equations are self-consistent and give
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Ci _  T o (  +  a)(./?) _  ( J l )  V ^ 1̂ 2

1  ' 2

1 -  Cl T Î ( - a X J Î )  ( J l )  ^  +  2 J  i l  '

Thus the m atch of theory to  experiment actually provides information 
about the relative emissivities of the surfaces.

W hen the surfaces are equal, i i  = i i  = i ;  ( J l )  — (Jl )  and the 
result 1 2  simplifies to

l Y  , ( 2  „
1  +  - )  +  I -  -  coth 

N ‘  ~  ~— ■ (13)
1 + H  coth 2)

10  log N u  for this case is plotted in figure 2 .
I t  is interesting to see how N„  for equal surfaces varies for small 

values of <f>. 2 /<I> — coth <1 / 2  is regular a t (I> =  0 and varies as — $ / 6  

there. Hence the initial variation is as

<F 2  $ 2 /„  , 1

Hence the curve rises or falls initially according as

T he noise therefore increases initially if 
5 * i i
— — -  >  — or i  > 6.9 approximately

and falls initially if

i  <  6.9.

2. Volume Generation.
A t first sight it m ay seem th a t if volume generation is considered, so 

should volume recombination (detailed balancing). This is not neces
sarily so, since we are not dealing with an equilibrium situation here.
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Therefore the possibility of volume generation and surface recombina
tion cannot be discarded.

This case is somewhat more difficult. Assuming all sources to be un
correlated and uniformly distributed throughout the interval ( — a, + a ) ,  
we have to square expression (1 0 ) and integrate it from x0 — —a to xa =  
+ o  in order to find (Ag),). (We suppose th a t all the sources are of equal 
strength {•!'))■ Substituting the values of the A  and B  from 9 and 10, 
we get, after some obvious cancellations

where

Tu(xo) =  [x0 +  & r* (l0,2o) +  T]

S  — 2a -¡¡>12 i if/2 , a¡e +  ai g

T  =
2 a
IF

$  OtlC -$/2 a 2e,+*/2 «ia2 sinh |

I fence

4>2Z)2

_2 cue -f- a2e+*'2 one

(Ag),) =  (J )  [  tIr(xo) dxi
J—a

2 3 , o „,2 . ST  Sa  . . <I>- a  +  2 2  a +  ——— sinh -
3 '!> 2

(14)

, 2 aS- . , „ , 8 Sa' H— —- sinh <3? +  -----
sinh 3>

2

cosh <I>

Before proceeding with this general case, we first consider the limiting 
case '/'i =  i/'s =  00, when on =  — 1, on =  + 1 . Then

T  = —a coth ?
¿i

S  =

and

Í +a
~h(.x o)

■a

8 a 1 .
3 +  COth 2

sinh I

cT>
coth -

$ $2
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To find N n = (£(/„)/{^(iii-o) we need the limit of / ! “ r \  as $  —> 0. 
After some tedious algebra, we find this limit to be

2 4a5

In  the general case we can again take the limit of (14) as 4>'—> 0 in 
order to determine N a  , bu t this would be too tedious. Instead, we 
solve the diffusion equation directly when <I> =  0. The equation is then 
simply

and the solution subject to the correct boundary conditions and allowing 
for a steady un it injection a t x0 is

so th a t

Wi =  Ai(x — x0) +  B 

t o  2 =  A 2( x  — x 0) +  B

x  >  x0

X  <  .To .

where

A i = ß f a  1 +  ’

B =  ~  1 L + '1 +  +  2p\\p2).

th~o(x0) =  /  w  dx  =  j u>2 dx  +  I Wi d x

— — -  |^2n.To(Ai +  Ai) +  — ^ —-“J  +  2aB.

From this we can compute
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0 2 4 6 8 10 12 14 16 18 20
MAGNETIC FIELD PARAMETER, $

Fig. 5 — Noise change in a filament with uniform volume generation and equal 
surface recombination rates.

bu t the result is still ra ther complicated unless \pi = =  '/'• If we there
fore restrict ourselves to th a t case we find

A i +  A i =

B
1 +  f  o2_

Dt¡¡~o(æo) = a2 ( X H—;

L T*-°(xo) f/Xo= w (à + G + s) ) •



(Note th a t as ÿ  —» «>, this quantity  tends to 4a5/1 5 /)2, as before in our 
limiting process.)

When =  1̂ 2 =  i ’, S  and T  also simplify somewhat, and the result is

MAGNETIC EFFECTS ON NOISE IN A GERMANIUM FILAMENT 6 6 3

N a == (ag l)

(Aga-o)

8 S ( 2

=  2

where now

i + 2 r  + IF [ I  ~ T) sinh f ~ ¥ cosh I + ? sinh *
<r -+-Y+-1r  3 /  45J

<S =
1 cosh +  sinh 0

T =  1  + ! ) ■
+ ) 1

4> . ,, 4>
+  COth 2
4> , 4>

+  2 ÿ coth2

An alternative form is 

4
Na

k  + (I + I ) ¿  + Ä ( 1 + i)(l_COthl
* 4 -  !1 * Y - L 2  2COth<̂

2*  +  COth 2)  +  *  i — /

-, (16)

where

cT) <f>
A =  l + - c o t h - ,

a result which correctly tends to  (15) as —> «>. 10  log N n for various 
ip is shown in Fig. 5.
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DC Field Distribution in a “Swept Intrinsic” 
Semiconductor Configuration

By R. C. PR IM

(Manuscript received January 15, 1953)

This paper contains an analysis of the dc field intensity distribution in  
an idealized one-dimensional n-intrinsic-p semi-conductor configuration 
biased in  reverse. It gives some quantitative insight into the progressive 
penetration of the field into the intrinsic region as the magnitude of the 
bias voltage is increased.

INTRODUCTION

Possible applications have been suggested for semi-conductor con
figurations involving intrinsic regions adjacent simultaneously to n- 
and 21-type extrinsic regions. The basic idea behind some of these pro
posals is th a t a suitably large reverse bias voltage (»-regions positive 
with respect to p- regions) will set up a substantial electric field in the 
interior of the intrinsic region. This field would sweep most of the mobile 
carriers out of the intrinsic material, producing a region of m aterial 
(“swept intrinsic”) supporting a large field and having a high resistivity.

This paper contains a dc analysis of an idealized one-dimensional 
swept intrinsic structure with abrupt transitions from strongly n-type 
to highly intrinsic to  strongly p-type material. I t  gives some quantita
tive insight into the penetration of the electric field into the intrinsic 
region as the bias voltage is progressively increased.

FORMULATION OF PROBLEM

A one-dimensional structure will be considered having the distri
bution of excess of donor conceptration over acceptor concentration 
(N d-N a) shown in Fig. 1. I t  will be supposed th a t N / «,• and P / i t i  are »  
1 and th a t a reverse bias voltage (Fig. 2) is applied between the bodies 
of the n- and p-type regions, (n,- denotes the therm al equilibrium con-

065
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Fig. 1 — Assumed distribution of excess of donor concentration over acceptor 
concentration.

centration of mobile electrons — or of holes — in intrinsic m aterial a t 
the given tem perature.)

The set of equations which (together with boundary conditions to  be 
specified later) determines the electric field in the intrinsic region 0 <  
y < L  is :

f -  =  q~ (P  ~  n), (1)dy k

(2)

S - - A * B + S 0 »  (3)

f  -  - K  (4)dy

^  =  ?(<7 -  r), (5)dy

^  =  ~ q ( 9  -  r). (6 )dy

where E : electric field intensity, volts/m .
q : electronic charge m agnitude, coulombs. 
k : absolute dielectric constant, farads/m . 
p : hole concentration, m-3. 
n  : electron concentration, m-3. 
k : Boltzm ann’s constant, joules/°K.
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T  : temperature, °K.
i/' : electric potential, volts.
i p : hole current density, am ps/m 2.
in : electron current density, am ps/m 2.
Mj,: hole mobility constant, m2/volt-sec.
M„: electron mobility constant, m2/volt-sec.
g : ra te of generation of hole-electron pairs, m -3  sec-1.
r : ra te of recombination of hole-electron pairs, m -3  sec-1.

An order-of-magnitude comparison of the term s in (2) or (3) reveals 
th a t the currents probably have little influence on the field distribution. 
For example for

i n ~  5 am ps/m 2, 

finkT =  1.44 X 10-21 amp-m2,

N  =  2  X 1022 m-3, and L  =  10- 3m.

I
cly ~  3 • 1021L ~  3 • 1018 m -3' ro 1

while

I
L dn

d y iV
=  ?i(0 ) -  n(L) ~  N  =  2 - 1 0  m

On this basis, the current term s in (2) and (3) can be om itted without 
serious error. No use then has to be made of (5) and (6 ), so the govern
ing equations for the intrinsic region become:

-  q-  (p  -  »). Mdy k

Fig. 2 — Qualitative picture of potential distribution in reverse-biased n-tn- 
trinsic-p  structure.
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( 2 0

(30

d f
dy

(40

Equations (2 ')-(4 ') '"'ill also be used within the n-type extrinsic 
region (y <  0) and the p-type extrinsic region (y >  L).  However, for 
the  n-type region ( 1 0  is replaced by

where N  denotes the excess concentration of ionized donor over ac
ceptor centers for y  <  0. Similarly, for the p-type region (10 is replaced 
by

where P  denotes the excess concentration of ionized acceptor over 
donor centers for y  >  L.

in  order to  solve the equation set ( l ') - (4 ')  for the intrinsic region 
C) ' <  y  < L, it  will be necessary partially to  solve the sets ( l 'a ) (2 0 -  
(40 and (l 'b )  (2 ')—(4') governing the two extrinsic regions because only 
in this way can a sufficient number of appropriate boundary conditions 
be imposed.

Deep inside the extrinsic regions the electric field intensity  will be 
negligible and the mobile carrier concentrations will have their equi
librium values. This leads to the conditions

I t  will further be supposed th a t  there is no infinite charge concentration 
a t  the extrinsic-intrinsic interfaces so th a t  the electric field intensity is 
continuous a t the interfaces. The concentration of the (local) m ajority 
carrier will also be assumed continuous a t an interface. In  short,

( l 'a )

(l 'b )

E  =  0, np =  n], n  — p =  iV a t y  =  — °o (7)

and

E  =  0, np =  7iiy p  — n  =  P  a t  y = +  » . (8 )

E  and n  are continuous a t y =  0 (9)
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and

E  and p  are continous a t y =  L. (10)

Finally, we choose the reference level for the electric potential in the 
intrinsic region so th a t

and regard the potential a t the interface y  =  0  as a prescribed param eter,

The two conditions (11) and (12) apply directly to the solutions for 
the intrinsic region. The conditions (7)—(10) indirectly imply the two 
additional restraints necessary to  determine a unique solution of ( l ') _ 
(4') in 0 <  y  <  L.

NORMALIZED VARIABLES AND EQUATIONS

I t  is convenient to introduce dimensionless normalized variables 
before proceeding further with the m athem atical analysis. As reference 
voltage it is natural to adopt the Boltzmann voltage

the voltage equivalent of the mean kinetic energy of an ( 
tem perature T. (At room tem perature the Boltzmann voltaj 
1/40 of a volt.) As reference quantity  for carrier concent 
choose the geometric mean of the m ajority carrier excess concentrations 
for the two extrinsic regions, i.e.,

The reference voltage and carrier concentration having been so chosen, 
it is natural to select as reference length the mean Debye length

(11)

h r
^  . U a t y  =  0 . ( 12)

reference concentration =  (N P)1/2. (14)

(15)

This mean Debye length is related by

£  =  (£„ £ p)m (16)

to the ?i-region and p-region Debye lengths defined respectively by
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and

£n —

£ v =

I c T / g  

2 -  N

k T /q ' 

2 - P

( 1 7 )

(18)

We now use the reference quantities defined in (13)—(15) to introduce 
the normalized distance

y = y 
£  ’

the normalized thickness of the  intrinsic layer

L
L  E 3 £ ’

(19)

(20)

the normalized concentrations of positive and negative mobile carriers

P (N P V 12

the normalized 'potential

and n  =
n

(.N P ) li2 ’
(21, 22)

(23)

and the normalized electric field intensity

E  =  7 7 7 -  (24)YB/ cC

In term s of these normalized variables, the governing equations 
[ ( l ') - ( 4 ')] for the intrinsic region become:

dÊ  1 -

di ~ i ’Êdp

dû 
dp

Q
dp

=  -ÛÊ, 

=  —Ê.

(25)

(26)

(27)

(28)



For the n-type region, (25) should be replaced by

= §(A +  p — n) (25a)
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where

-GO” (29)

For the p-type region, (25) should be replaced bjr

^  =  K - A - 1  +  p  -  n). (25b)

FORMAL SOLUTION OF EQUATIONS FOR INTRINSIC REGION

Division of (25)-(27) by  (28) yields, after evident rearrangements of 
factors,

d * = n  -  p, (30)

d In
4

d In n

2  =  - 1 ,  (31)

1. (32)
4

From (31) and (32) follow

p  =  Ae~* (33)

and

n = A j ,  (34)

where A and Ai are constants of integration. The condition (1 1 ) th a t 
yp =  0 for p  =  n  implies th a t

At = A.
Substitution of (33) and (34) into (30) yields
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Integration of (35) now leads to

f i  =  [2A (cosh £  +  5 )] 1/2 (36)

where B  is another integration constant. Substitution of (36) into (28) 
in the form

j  "  ~ d»

yields after another integration

ds
PJo

= (2A) (C -  y), (37)
(cosh s +  Byi°-

where C is the fourth integration constant.
In  order to express in term s of tabulated  functions the relationship 

between ^  and y defined by (37) we shall consider two cases: — 1 <  
B  < 1 and B  >  1. (It is not necessary to  consider B  <  — 1 because A  
is essentially positive [see (33)] so th a t B  < — 1 would imply an imagi
nary field strength [see (36)] a t the plane in the intrinsic region where 

0 .)
The changes of variable of integration

s =  2 sinh- 1  cot X for —1 < B  < 1,

s =  2 sinh-1  tan  6 for B  >  1

perm it the carrying out of the integration indicated on the left side of 
(37). This gives

K 1 -  B -  F 1 -  B 1/2

, sin 1 sech ^

=  (2 / l ) 1/2(C -  y)

(38a)

or

In
i +  » ( (* ;  B ) n , k [ M l -  A ll\ C  -  y ) )

1 2 ) , h [ M l -  A m (C -  y ))
(38b)

for - 1  <  B  < I 

and
o

{B +  I ) 1'2
F B  — l \ 1/2 . _i . \j/

B T V  2
= (2 / l )1/s(C -  y) (39a)
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or

£ =  In
1 +  sn

I — sn

for B > 1.

Note:

B  -  1 

B +  1

1/2 B  +  1

B  -  1 
B +  1

1/2 B  +  1 1/2

A m (C -  y)

F[k, <p] «  r
Jo

dd
V" 1 — /c2 sin2 0

is the Elliptic Integral of F irst Kind, usually tabu
lated for

(39b)

0 <  <
2 ’

K[k] =  F

0 <  k < 1 .

/v’ 2

is the Complete Elliptic Integral of F irst Kind. 

sn[k, FJ =  sin 4>
and

cn[k, F] =  cos <j)

are Jacobian Elliptic Functions associated with 
F[k, 4>).

W hen A , B, and C are prescribed, (38b) or (39b) gives the normalized 
potential |  as a function of the normalized distance y. The normalized 
hole concentration p, electron concentration n, and field intensity J® 
are then given as functions of y  by (33), (34), and (36).

In  a following section it will be shown that, subject to the reasonable 
assumptions

(40a, b) 

(40c, d)

(40e, f)

Ae~ul\  A - 'e -ul2 «  1 , 

L  »  A~I/2, Al/2,

u < l o A l ,% ¥ o A~il%

A, C, and B  are given in term s of the normalized potential a t y  =  0, 
the normalized thickness of the intrinsic region, and the param eter 
A =  (iV /P ) I/2 by
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A  äs Ae ,

C «  \ L  +  e1/2(A1/2 -  A~1/2),
and

where

1/2

(41)

(42)

(43)

4>(B) »

7C

7T

2

for —1 <  B  < 1  

for B  =  1

LVJ5 +  1
1/2

K B  -
L\£ + -1)1 for B  >  1.

Thus $  p, ?i, and 7? can be computed as functions of <p for any choice 
of U, L, and A consistent with (40).

DESCRIPTION OF SAMPLE FIELD DISTRIBUTION COMPUTATIONS

The results of the foregoing analysis were used to compute $(y)  and 
E(y)  for A =  1 (symmetric case, N  =  P)  and the combinations of U 
and L  indicated by the following table:

U

The results of these computations are presented in Figs. 3-5 (pages 
675 to 677) as plots of $,/U  versus y /L ,  and in Figs. 6 - 8  (pages 678 to 
680) as plots of B /(2 U /L )  versus y /L .  (2U /L  is the average reduced 
field strength for the intrinsic region.) Selected curves from the above 
figures are replotted on non-logarithmic axes in Figs. 9 and 10 (pages 
681 and 682). The curves need only be plotted for 0 <  y /L  <  H  because, 
by sym m etry for A =  1 , B (L  — y) =  fi(y)  and — y) =  —ty(y). 
The ordinates and abscissas of Figures 3-10 are given in term s of the orig
inal unnormalized variables by

L
4,000 40,000 400,000

7 X X X
20 X X X

2 0 0 X X X
2 ,0 0 0 X X

2 0 ,0 0 0 X

t
U

J l
m ’

y_
L

and E
2 U/ L  2tp(0)/L

(2\j/(0)/L is the average field intensity for the intrinsic-region.)
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y / L = y / L

Fig. 3 — (Potential at point in intrinsic layer/Potential of n-inlrinsic junction) 
versus (Distance from n-intrinsic junction/intrinsic layer thickness) for L — 
(Intrinsic layer thickness/M ean D ebye length) =  4,000 and several values of 
U  =  (Potential of n-in trim ic  junction/Boltzm ann voltage).
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Fig. 4 — Same as F ig . 3 except for L — 40,000.
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Fig. 5 — Same as Fig. 3 except for L — 400,000.
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Fig. 6 — (Field intensity at point in intrinsic layer/Average field intensity  
over intrinsic layer) versus (D istance from n-intrinsic junction/intrinsic layer 
thickness) for L =  (Intrinsic layer thickness/M ean Debye length) =  4,000 and 
several values of U =  (Potential of n-intrinsic junction/Boltzm ann voltage).
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U — 2 0

Fig. 10 — Similar to Fig. 9 except for U — (Potential of n-intrinsic junction/ 
Boltzmann voltage) =  20 and several values of L =  (Intrinsic layer tliick- 
ness/M ean D ebye length).



Because of the extreme values of the parameters encountered in these 
computations, it was necessary to  make extensive use of the following 
expansions to  supplement available tables of elliptic functions:

for k2 «  1

DC FIELD IN A “ SWEPT INTRINSIC” SEMICONDUCTOR 6 8 3

m  =  I
1 + 2 ( ^) + 9 ( l )  +

k2sn[k, v] =  sin v — A cos v(v — sin v cos «/) +  ••••  

k2cn[k, v] =  cos v +  — sin v(v — sin v cos v) +  ■

for k' =  (1 -  k2)1'2 «  1

m  = + 4 - i ) t  +
k'2sn[k, v] =  tanh  v +  ~  sech2 r(sinh v cosh v — v)

+  . . . .

k'2
cn[k, v] =  sech v — A- tanh v sech r(sinh v cosh v — v) 

+  • • • •
Also useful were:

for 0  «  I

for 0  »  1 

In

2* ( , + rin  =  2 0  ( 1 +  ^ +

i +  0  _  2  _ i — 0  i
1 - 0  1 - 0  2 2 \  2 /

In  the determination of B  from (43) the problem arises of solving 
the transcendental equation

k'K [(l -  k '2)} =  a «  1

where a is a given positive quantity . This equation m ust be solved by 
iteration or plotting and a reasonably good estimate of the root saves a 
great deal of labor. M aking use of the approximation valid for k' <5C 1
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leads to

k' IvA /k ' a.

Now set k' =  4e r to  obtain

4re r PH a

or

f(r) =  r  — (nr — ( n i / a Pti 0.

A rough approximation to r is obtained by neglecting (nr in comparison 
to r, i t  is r ph In  4 /a . This can be used to  compute a much better ap
proximation from Newton’s formula:

The resulting useful formula is

D ISCUSSIO N O F F IE L D  D ISTR IB U TIO N  CURVES

For the symmetric case (N  = P ) for which numerical computations 
were made, the electric field is a minimum in the middle of the intrinsic 
region, and rises to  symmetrical maxima a t the extrinsic-intrinsic in ter
faces. For fixed L  and relatively small U  the field is very small except 
quite near the interfaces. T h at is, practically all the potential drop 
takes place in thin “space charge layers” near the intrinsic boundaries 
a t y =  0 and y = L. As U is increased (for given L) the region of ap
preciable field strength increases in width and the minimum field a t 
y — L/ 2  increases. As U is made very large the minimum field strength 
approaches the average field over the intrinsic region. In  this limit the 
potential distribution approaches linearity across the intrinsic region.

For N  7  ̂ P , the qualitative behavior of the field is the same except 
th a t the minimum field (i/ =  0 ) moves away from y =  L/ 2 and the
maxima a t y =  0 and y  =  L  are no longer equal. This minimum field 
(see (38b), (39b)) occurs a t

Unless the asym m etry is very pronounced, this will not differ appreciably 
from L /2  because of (40 c, d). I t  will be shown in a following section
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th a t the normalized voltage a t the p-intrinsic interface is given by

V  =  «  U -  2 In A. (44)

The average normalized field intensity over the intrinsic region is then 
given by

c  U + V  2U (  In A \

For A =  1, of course

L/

Unless the degree of asym m etry is great,

in k
a

will be small compared to  unity and will still be almost

2 U 
L  '

In  order to  present a simple quantitiative picture of the penetration 
of the field into the interior of the intrinsic region it is convenient to  
introduce the field penetration parameter tj defined by

_ minimum field intensity 
71 average field intensity

For fixed intrinsic region thickness and small applied voltages, 77 <3C 1, 
indicating localization of the regions of high field intensity. For large 
applied voltage, 17 —* 1 , implying substantial uniformity of field through
out the intrinsic region. Subject to the assumptions (40) relations will 
now be derived among the applied voltage, the intrinsic layer thickness, 
the asym m etry param eter A, and the field penetration param eter 17.

The minimum field intensity occurs where <p = 0. Therefore, from 
(36) and (45)

[2/1(5 +  1 ) ] 1/2

2 t r \ U  — (n A)
(46)

Eliminating A  from (46) by the use of (41) and L  by  the use of (43) 
leads to
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A

2 4 6 a (0 ,  2 ^

L
Fig. 11 — Half of voltage drop across intrinsic layer versus normalized intrinsic layer tliickness for sev

eral values of the field penetration parameter -q.
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or

U -  in  A « ?  ( B + l ) m  $(B). (47)
V

Then substitution of (47) into (43) yields

L  2e 4>(£) exp l f B + l  
LV

(48)

For fixed jj, (47) and (48) are param etric equations of a function U \(L ). 
These equations were used to compute the curves of Fig. 1 1  in which 
U — in k  is plotted against L  for tj =  0.05, 0.1, 0.5, 0.9 and 0.95. This 
figure gives a quantitative picture of the dependence of the field pene
tration param eter ?? on impressed voltage and intrinsic region thickness. 
[The ordinate U — in k  is Yi the to tal voltage drop across the intrinsic 
layer in (IcT/q) units.].

The foregoing analysis clarifies the progressive elimination of the low 
field region near the center of the intrinsic material as the applied volt
age is increased for fixed L. Now the high field regions near y  =  0 and 
y — L  will be described. M aking use of (41), together with

cosh U ~  \eU
and

2A B  «  A, A- 1  

implied by (40), in (36) leads to

$(0) «  e~w k w  (49)

and to

— (0) ta  - i  e- 1A. (50)
dy

Hence a length characterizing the “space charge layer thickness” a t 
y = 0  is

£ (0 )    „1/2 a “1/22 e uk~
- dl w' (51>

dy

Similarly, for the p-intrinsie interface a t y = L, we have
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nnd

( 5 4 )

If i t  is noted th a t the «-region and p-region Debye lengths are related 
to the mean Debye length £  and the asym m etry param eter A by

Equations (49')-(54/) show th a t the maximum field intensity and the 
“space charge layer thickness” a t either extrinsic junction is dependent 
only on the Debye length of the adjacent extrinsic material.

Similarly, the concentrations of the m ajority carrier a t either inter
face is found to be substantially independent of U and L, and deter
mined by the neighboring extrinsic m aterial:

£ n =  A 1/2£
and

(49')

(520

_  r  fcrp
§e_1 —- per £„ per £ n

[times £„]

[times £p].

(530

(500

(510

(540

(55)

( 5 6 )
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The m inority carrier concentration a t the interfaces depends too, on 
the neighboring extrinsic material, bu t is also U dependent:

p(Q ),
N  '

n(L)

c e ,  (57)

e e . (58)P

A t the point of minimum field intensity, = 0 and

F = I ~ e_Ie_t/- (59)
The extremely low carrier concentrations given by (57)-(59) are not 
really meaningful, of course, because the analysis has neglected the 
carrier concentrations due to therm ally generated liole-electron pairs 
and to  saturation currents injected through the biased junctions. While 
these la tter concentrations are negligible compared to (55) and (56), 
they are undoubtedly large compared to  (57) and (58). Therefore, al
though they can be neglected in determining the electric field intensity 
distribution, they are of principal importance in determining the small 
residue carrier concentrations in the “swept” region. A computation of 
these concentrations can be made by regarding the fields determined 
in the present analysis as impressed and studying the resulting motion 
of the generated and injected carriers.

A p p e n d i x  I

E V A LU A TIO N  O F IN TE G R A T IO N  CONSTANTS A, B , AND C.

In this section the conditions described in (7)-(12) will be used to 
evaluate the integration constants A , B, and C in terms of the pre
scribed param eters L, U, and A.

First a partial integration of the differential equations for the extrinsic 
regions will be performed to obtain from (7)-(10) relations between 
A and n  a t y  =  0 and A and f> a t  y = L. Division of (25a) by (27) gives 
(for the n-region y  <  0 )

=  1 -  ?  -  • (60) an n n
Addition of n  times (26) to p times (27) yields

4 - (pn) =  0 , 
ay



whence

p = 4 ,  (61)

where v is a  constant. Condition (72) then implies
2
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=  _ÜL 
" N P ' (62)

Substituting (61) into (60) and integrating we obtain

A2 =  ri — A In n  +  +  D,n

where D  is a constant of integration. Now by (73), for y = — «> E  =  0 
and

n = A + p = A + ^
n

= A +  Tn

Or, since
2 /  \  2v n , ( n,-— •  \  I « 1 ,

Therefore

g i v i n g

An mV \Ar 

Äi A for A =  0 .

D  Äi —A +  A In A —
A

A2 «  (n -  A) ( 1  -  - 4 )  +  A In 4 ,  
' A n/ n

or, for (1 — n/A) positive b u t not «  1,

A2 »  ri +  A In 4 [for y =  0]. (63)
en

A directly parallel computation for the p-region (p >  L) leads to
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Upon substituting (34) and (36) into (63) and setting f  =  U (1 2 ), 
we obtain

Ae v d- 2A B  =  A In ff~ô+ï j (65)

or, because both term s on the left are negligible under the assumptions 
(40)*,

A  i«  Ae~u~1. (6 6 )

Similarly, substitution of (35) and (36) into (63) and setting of £  =  
— V  yields

Ae v 4- 2A B  =  A 1 In . 7+1 ,A e r

or, by virtue of (40),

A  æ  A~le~v~ \  

Combining (6 6 ) and (6 8 ) we obtain

V  &  U  — 2 In A.

(67)

(68)

(69)

This formula gives the normalized potential m agnitude a t the p-intrinsic 
interface in term s of th a t (I/) a t the n-intrinsic interface and the asym 
m etry param eter A.

Now the condition f  =  U for y = 0 requires (from 38a and 39a) th a t

' 1  -  B ' mF sin(11) sech A C (70a)

for —1 <  B  < 1,

or

/  2  V ' 2 „  f ( B  -  1\ 1/2 • - 1  f , U l
( ï + ï )  f L ( b + x )  ' sm<1’ tanh 2 .

for B  >  1.

In  addition, the condition — —V  for y = L  requires

1 -  B V 'H  _ f / l  -  BY" ■ A
~ ) J  ~F\ - 2 ~ )  ’sm < " s e c h 2 .

-  ,1 G2,/11,2C (70b)

i f ( 7 1 a )

/ 1 1,2(C -  L)

for —1 <  B  < 1,
* It will be shown later that (40) implies AB <K 1.
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or

B  +  1

1/2

F 5  — 1 

L\ B  +  1

1 / 2

( 7 1 b )

A  {C -  L)

fo r B  > 1-.

Fortunately, because of the assumptions (40a, b) the formidable 
relations (70a-71b) can be simplified to

and

where

4 (5 )  «  A m C +  2e~un.

$ (5 ) «  A l,\ L  -  C) +  2e_K/2,

$ (5 )  B

W i
for - 1  <  B < 1

for 5  =  1

1/2 B  -  1 
L\ B +  1

1 / 2 -

\B  +  1

Subtracting (73) from (72) we obtain

0  =  2 /l1/2C -  A m L  +  2e~vn -  2e~rn , 

whence, substituting (6 6 ) and (69),

C «  \ l  +  e1/2(A1/2 -  A_1/2) .

Finally, substitution of (6 6 ) and (74) into (72) gives

4 (5 ) »  [ Ia 1/25  +  e1/2(A +  l)]e~vn~w ,

for 5  >  1.

or, by  virtue of (40c, d),

4 (5 )  æ  jA 1/2Ze~V/2-1,2

(72)

(73)

(74)

(75)

Equations (6 6 ), (69), (74), and (75) are the desired expressions for 
determining A , 5 ,  C, and V  when values are assigned to  A, L, and U 
(subject to (40)). (If necessary, some or all of the restrictions (40) could
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be eliminated, but the transcendental equations to be solved for A , B, 
C, and V  would become quite formidable.)

I t  should be noted th a t (75) permits an easy determ ination whether 
the formulae for B  <  1 or those for B  >  1 should be used in any partic
ular case. Since $(1) =  ir/2,

CONDITIONS FOR 2A B  <SC A, A 1

I t  has been stated w ithout proof in the foregoing analysis th a t the 
conditions (40) imply 2AB «  A, A-1  (and hence also AB «  1 ). This 
m ust now be demonstrated.

For B not »  1, (40a-40d) are sufficient, for (41) shows th a t A «  1. 
However, for B  !S> 1, the product A B  is not necessarily small because of 
i l  «  1 and additional limitations are required. To establish suitable 
additional conditions we shall consider combinations of U, L, and A 
for which A B  is very small and estim ate the conditions under which 
this smallness begins to  weaken.

By eliminating U between (41) and (43) we can write

B  ^  1 for Aw le ~ un~m  ^  x. (76)

A p p e n d i x  I I

4>(£) «  \ l A w ,

or

B WH B )  »  %L(AB)m .

Now for k rü I,

(77)

Therefore, for 5  »  1

H B ) = (78)

Substitution of (78) into (77) now yields

In B  2~w t{ A B ) w ,

or

B  «  exp [2~inl ( A B ) w ]. (79)
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From  (78) and (79)

4>(7?) «  exp [ - 2 _3/2I(A7?)]. (80)

Now using the expression ju st obtained for 4(7?) in term s of (AT?), 
we can eliminate 4(7?) from (43) and solve for U  as a function of (AT?). 
After some manipulations we obtain

^  re  (2AT?)1/a -  2 (-l- AAlu- 2 j> -  |  In Y  (81)
Ij L  L  \  A /

For 2A B A  or 2AT?A1 of the order of 10~2, (40c, d) insure th a t the 
right side of (81) wi 11 not change in order of m agnitude if the two terms 
multiplied by L~l are dropped. Therefore 2A7?A and 2A7?A- 1  will be of 
order 10 ~ 2 or less if

f  <roA'"-roA"" (82>
Thus for a  given intrinsic layer thickness there is a ceiling on the im

pressed voltages for which AT? is negligibly small.



Transmission Properties of Laminated 
Clogston Type Conductors
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The transmission 'properties of ideal laminated conductors of the Clogston 
type are discussed by introducing the concepts of equivalent inductance, 
capacitance and resistance values which are analogous to their corresponding 
counterparts in  the treatment of ordinary transmission lines. From these 
constants the attenuation, phase constant, and speed of propagation are 
obtained using conventional transmission line theory, and the residts com
pared with those for ordinary coaxial conductors.

This paper is divided into two parts. In  the first part a general discussion 
is given of Clogston cables and a comparison made with the conventional 
coaxial cable. This is illustrated with a few numerical examples, based on 
formulas which are developed in  the second part of this paper.

IN TR O D U CTIO N

The discovery th a t  deep penetration of the current can be obtained 
in lam inated conductors, when the speed of propagation is made constant 
over the entire cross-section of the cable, is described in an earlier issue 
of this magazine .1 The theoretical study of the problem was based on 
Maxwell’s field equations dealing with a stack of parallel plates of 
alternate conducting and insulating layers. When applied to concentric 
lam inated tubes, this method results in a set of extremely complex 
equations. S. P . M organ has given a rigorous solution for the case when 
the lam inated layers are of infinitesimal thickness.2

The present paper uses a different approach which leads to  simpler 
approximate formulas. Available theoretical results are combined with 
simplifying approximations and certain somewhat arbitrary  assumptions

1 Clogston, A. M ., Reduction of Skin Effect Losses by the use of Laminated 
Conductors. Bell System Tech. J., 30, pp. 491-529, July, 1951.

5 Morgan, S. P .. M athematical Theory of Laminated Transmission Lines. 
Bell System Tech. J., Part I, 31, pp. 883-949, Sept., 1952, and Part 2, 31, pp. 1121- 
1206, N ov., 1952.

695
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in such a way th a t formulas for the counterparts of the usual transmission 
line properties of inductance, capacitance and resistance are obtained. 
The approximate formulas for attenuation, phase constant and speed 
of propagation are then derived using conventional transmission line 
theory.

Some computations of attenuation are presented which illustrate the 
interesting transmission properties of Clogston cables under ideal con
ditions. Exploratory work on this type of conductor is still in the early 
research stage, with some very difficult problems imposed by  the need 
for a large num ber of thin layers with very close tolerances.

P a r t  I  -—  G e n e r a l  D i s c u s s io n  o f  C l o g s t o n  C a b l e s  a n d  a  
C o m p a r is o n  w i t h  C o n v e n t io n a l  C o a x i a l  C a b l e

1 . SK IN  E FFE C T

An alternating current transm itted over a  solid conductor has the 
tendency to  crowd toward the surface of the wire. This phenomenon is 
known as the skin effect and the depth of penetration of the current is 
usually referred to  as the skin depth. The skin depth is defined as the 
distance, measured from the surface toward the center of the wire, where 
the current density is reduced to  1/e =  0.367. For a copper conductor it is 
given by:

2.61
“ V K . -  {l)

where

o = Skin depth in mils.

F,nc = Frequency in megacycles.

When the skin depth is a fraction of the wire radius, the ac resistance 
of the wire, increases about as the square root of the frequency.

Lam inated conductors disclosed by Clogston have the property tha t 
the ac resistance will remain very nearly equal to the dc resistance over 
a wide band of frequencies, if the conducting and insulating layers can 
be made thin enough and sufficiently uniform. The dc resistance of a 
Clogston conductor will be higher th an  the dc resistance of a solid con
ductor of the same over-all dimension by a factor (to - f  t)/w , where w and 
t are the thicknesses of the conducting and insulating layers respectively. 
As discovered by Clogston, the depth of penetration in a lam inated 
conductor is much greater than  in a conductor of solid copper if the
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speed of propagation is constant over the entire cross-section. A coaxial 
cable having an inner lam inated conductor and an outer lam inated sheath 
m ust obey the following relation to obtain the desired effect:

Air =  Perm eability in space between inner and outer conductor.
At =  Perm eability of lam inated conductors.
6i =  Dielectric constant of insulation between inner and outer con

ductor.
€ =  Dielectric constant of insulating layers in the lam inated con

ductors.
w =  Thickness of copper layers.
t — Thickness of insulating layers.

In  (2) the expression e(l +  w /t)  is of course the mean dielectric con
stan t of the lam inated conductor. Since 1 /Vau^i is the speed of propaga
tion in the m ain dielectric, equation (2 ) indicates th a t  the speed of
propagation is the same over the entire cross section of the cable. E qua
tion (2 ) m ust be satisfied to  a high degree of accuracy, otherwise deep 
penetration is not possible.

2. D E F IN IT IO N  O F CLOGSTON CABLES

Two lam inated conductors arranged as a  coaxial cable are shown 
in Fig. 1. The inner conductor consists of a solid copper wire of diameter 
di, over which a large number of alternate layers of insulation and 
copper are arranged as concentric thin tubes. The over-all diam eter of 
the inner conductor is D\. The outer conductor of the coaxial cable con
sists of a lam inated tube of inner diam eter d2 and outer diam eter D 2. 
The space between D-> and rf2 is filled with thin concentric tubes of 
copper and insulation of the same thicknesses as for the inner conductor. 
The outside of the outer conductor is covered with a solid copper sheath 
for protection, shielding and energizing purposes. This type of cable 
has been named Clogston I.

By adding more layers to  the outside of the inner conductor and 
more layers to  the inside of the outer conductor, the space between 
them  is completely filled when d2 =  D i. Such a  cable is shown in Fig. 2, 
and has been named Clogston II .

Clogston I  m ay be thought of as a physical variant of the conventional

(2)

where:
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Fig. 1 — Clogston I cable

Fig. 2 — Clogston II cable,
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coaxial cable, in th a t when one of the conductors carriers a current in 
one direction, the other will carry a current in the opposite direction. 
In  Clogston I I  there is also a reversal of currents somewhere between the 
outerm ost layers and the innermost. I t  is therefore a kind of a two
conductor cable, bu t the point of division between the conductors is
determined by the electromagnetic field configuration of the situation. 
This point has been worked out by S. P . M organ and will be referred to 
in the second part, of this paper.

3. OPTIM UM  PR O PO R TIO N IN G

The cross-sectional aspect of Clogston I I  is completely characterized 
by th a t proportion of the diameter D which is occupied by the lamina
tions. This proportion is called the Fill Factor and is defined by:

4>n =  (D — d)/D  Clogston II. (3)

The fill factor is also a useful param eter for Clogston I, though it is 
not sufficient to  determine its geometry. I t  is defined by:

0i =  (Di — di +  D 2 — d2)/Z >2 Clogston I. (4)

The additional param eters which, with the outer diameter Z>2, m il 
completely determine the geometry, are the ratio of the over-all thick
ness of the inner lam inated conductor to the over-all thickness of the 
outer conductor, and a param eter which locates the inner diameter di 
of the inner conductor. These param eters are defined by:

T  =  (.Di -  dy)/{D2 -  di),
(5)

U  =  di/D *

In  a conventional coaxial cable, shown in Fig. 3, the optimum value of 
attenuation8 is obtained when D /d  =  3.59. In  Clogston cables no such 
optimum values exist.

S. P . Morgan, however, has shown th a t there are useful relative 
optimum relations in Clogston I, which direct the choice of T  and U 
for the cables which are illustrated in this paper. For example, for a 
fill factor of one-half, there is a broad optimum of attenuation when 
T  = 1.96 and U = 0.0842. Thus the over-all thickness of the inner 
conductor is about twice th a t of the outer conductor, and the diameter 
di of the inner core is about one-twelfth of the outer diameter D2. W ith

3 Green, E. I., F. A. Leibe and H. E . Curtis, The Proportioning of Shielded
Circuits for Minimum High-Frequency Attenuation, Beil System Tech. J., 15,
pp. 248-283, April, 1936.
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these dimensions the cross sectional area of the outer conductor is nearly 
twice th a t of the inner conductor, so th a t the optimum arises from other 
causes than  matching the conductivity of the two conductors.

The problem of determining the relative optimum values of Clogston 
I, in general, is complicated, bu t numerical studies indicate th a t for 
values of the fill factor other than one-half, the values for T  and U are 
not greatly different.

Another factor in Clogston cables which can be optimized is the ratio 
of the layer thicknesses of the conducting and the insulating layers. 
Clogston4 has shown th a t in the frequency range where the attenuation 
is substantially fiat with frequency, this optimum ratio is equal to:

w /t =  2. (6)

For this condition, the dc resistance of the lam inated conductor is 
increased by (w +  l)/w  or 3 /2  over a solid conductor. The dielectric 
constant of the main insulation, according to (2 ) above m ust equal 
ei =  3e, which reduces the speed of propagation by V 3, assuming
Hi = m-

At frequencies where the attenuation begins fo increase, other op
timum values of w /t can be obtained, and the ratio will depend upon 
what top frequency is considered.

In  a practical case a fill factor of un ity  will probably not be used. 
A little space in the center will be made available for a solid conductor for 
energizing or other purposes.

4 L oc. c it.
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4. A TTEN U A TIO N

The attenuation of a transmission circuit a t high frequencies, where 
a)L »  It and uC »  G, is usually given in the following form:

where R  is the to tal ac resistance of both conductors, L, C and G the 
inductance, capacitance and leakance of the circuit. I t  will be assumed 
th a t the insulation consists of polyethylene or some other m aterial 
having a  very low leakance. Thus as a first approximation the second 
term  in (7) can be neglected.

In a conventional coaxial cable, in the frequency range considered, R  
will increase in proportion to  the square root of frequency, so th a t 
neglecting leakance, (7) m ay be w ritten as follows:

where K \ is a constant depending upon the dielectric constant of the 
insulating m aterial and the resistivity of the conductors. D is the 
inside diam eter of the sheath, and Fmc the frequency in megacycles.

In  the second part of this paper it is shown th a t the attenuation of 
Clogston I  or I I  cables can be w ritten in the following form:

where D — Over-all diam eter of lam inated cable. 

w = Copper layer thickness.

K i and K ?1 are constants, different for Clogston I and Clogston II, 
which depend upon the geometry of the cables, the dielectric constant 
of the insulating material and the resistivity of the conducting layers.

The first term  in (9) gives a constant loss independent of frequency. 
The second term  contributes little to  the attenuation provided w is 
small enough. In  fact, the attenuation will remain constant within p % 
of the first term  provided:

(7)

(8)

(9)

(10)

This equation (10) determines the copper layer thickness, which will 
result in a “flat” attenuation within p  per cent up to a frequency F'm<!.
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By neglecting the second term  in (9) and comparing the result with 
(8 ) i t  can be seen th a t the attenuation of a conventional coaxial cable 
and a Clogston cable are equal a t a frequency given by:

Fm° =  [ iw 5 _  (11^

The numerical examples given later in this paper indicate th a t a 
Clogston cable will have higher attenuation than  a conventional coaxial 
cable a t frequencies below F ^c , and less attenuation a t higher frequencies. 
A t frequencies sufficiently higher than  F'nL , the attenuation of a Clogston 
cable will increase rapidly which is evident from the second term  in (9). 
I t  is in the region between /'Vnc and frequencies where the second term 
in (9) becomes im portant th a t Clogston cables can theoretically pro
vide less attenuation than a conventional coaxial cable.

5. IM PED A N C E, PH A SE  CONSTANT AND S PE E D  O P PRO PA G A TIO N

The equivalent impedances of Clogston I  and Clogston I I  cables are 
developed in the second part of this paper and are equal to:

Zr =  í 1 +  f e  i / f e  Clogston I, 

Zn = V l I c Clogston II.

(12)

In  these expressions Lin, L ex and Ccx are the internal and external 
inductances and capacitances respectively. For conventional coaxial 
cables they  are discussed by S. A. Schelkunoff in “Electromagnetic 
W aves” (Van Nostrand, 1943). For the Clogston analogy, P a rt I I  of 
the present paper gives the reasoning adopted in defining them. In  a 
Clogston I I  cable the external inductance goes to  zero and the external 
capacitance to  infinity, bu t the product L axC0X nevertheless remains 
constant.

The impedance of a conventional coaxial cable, in the frequency 
range considered, is given by:

Z = ] / ?  O 3)C

where L  and C are the external inductance and capacitance of the con
ventional coaxial cable.

The equivalent impedance of a Clogston cable is lower than  th a t of 
conventional coaxial cable of the same outer diameter. Numerical eval-
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uations using the above formulas indicate an impedance of about 23 
ohms for a half-filled Clogston I  cable, and about 11%  ohms for a 
completely filled Clogston I I  cable, assuming polyethylene insulation 
with e equal to  2.3 and copper conducting layers having a thickness 
twice th a t of the insulating layers (w /t =  2 ). These.values compare 
w ith about 76 ohms for a conventional coaxial cable having air dielectric 
and the same outer diam eter and 51 ohms for a  corresponding coaxial 
w ith solid polyethylene dielectric.

The phase constants of both Clogston cables in the frequency range 
where the attenuation is nearly flat, are equal and independent of the 
geometry of the cables. They are given by:

assuming uniform layer thicknesses.
For a conventional coaxial cable the phase constant, neglecting leak- 

ance, is given approximately by:

The computed speed of propagation, which is equal to  to//3, is about
71,000 m i/sec for Clogston cables with polyethylene insulating layers. 
This compares with 123,000 m i/sec for a conventional coaxial cable 
w ith polyethylene insulation and 186,000 m i/sec for a coaxial with pure 
air dielectric.

6 .  COM PARISON W IT H  A CON VENTIO NAL COAXIAL CABLE

To illustrate the effect of the various param eters involved in the 
attenuation of a Clogston cable, and to compare the result with a 
convential coaxial cable, a few numerical examples have been evaluated.

A one-half filled Clogston I and a completely filled Clogston I I  have 
been selected arbitrarily  for comparison purposes. Fig. 4 shows the 
attenuation characteristics of these cables for several values of copper 
layer thicknesses. In  each case, polyethylene insulation (e =  2.3) is 
assumed, with w /t =  2 , i.e., the insulating layers have one-half the thick
ness of the conducting layers. In  the same figure, the attenuation charac
teristics of two conventional coaxial cables of the same outer diameter, 
one with ah- dielectric and one with polyethylene insulation, are shown 
also. The regions where Clogston cables have in theory less attenuation 
than  conventional coaxial cables of the same outer diameter can be 
seen in  this figure.

f i l  — f i l l  —  w \ / L o x C e x  , (14)

(15)
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The dotted curve shown on Fig. 4 gives the skin depth in solid copper. 
I t  will be noted th a t  the copper layer thicknesses become smaller and 
smaller fractions of the skin depth as the frequency increases. This is 
also evident from (1 ) and ( 10 ) above, which show th a t the copper layer 
thicknesses are inversely proportional to the frequency, while the skin 
depth is inversely proportional to the square root of the frequency.

The effect of fill is illustrated in Fig. 5 for a 375-mil Clogston I cable, 
for fill factors of one-eighth, one-quarter, and one-half. I t  will be noted 
th a t the attenuation increases rapidly with decrease in fill, accompanied 
by an increase in the frequency band over which the attenuation is flat. 
The attenuation of a  completely filled Clogston I I  cable is also shown 
for comparison.

The above estimates are based on ideal conditions; th a t is, it is as
sumed th a t the lam inated structures are perfectly uniform. The effects 
of departures from ideal are not shown by the approximate methods 
used in this paper, b u t it has been shown by M organ5 th a t  even small 
departures from ideal conditions will result in  increases and irregularities 
in attenuation, and a decrease in the band over which the attenuation is 
approximately uniform.

100

60

60

u 4 0
J
5 30

0.6

- i i l  i l  M  ; i i i i

- DIAMETER RATIOS
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/8  FILLED

Y

1/4 FILLED 1/2
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TWICE TOTAL THICKNESS= D ,-d, + D2-d2 

OR 0.125 D2 0.250 D2 0.500 0 2 

D2 = 375 MILS 

d2/D ,=  9.25 4.42 2.00

f / ¡A
/

/ / À 7

/ /
/
/
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/ //  ,

/  /
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.................  ............... ! - ..

4 0  60  100 2 0 0  4 0 0  600
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PER SECOND

4000 10,000 20,000

Fig. 5 — Attenuation of Clogston I.

5 Loc. cit. Part II, pages 1161-1201.
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P a r t  I I  — D e r i v a t i o n  a n d  E v a l u a t i o n  o f  F o r m u l a s

In  this part of the paper, approximate formulas for the counter
parts of the usual prim ary constants used in transmission line com puta
tions are derived for Clogston I  and I I  type cables. From  these formulas 
the various constants entering into the expressions for attenuation, im
pedance and phase as given in P a rt I  are evaluated in term s of the di
mensions of the cables and the frequency.

In  deriving the formulas, certain simplifying assumptions have been 
made as explained in the test. The effects of these assumptions are 
examined by comparing the results w ith those obtained by  more rigorous 
methods.

1 . RESISTA N CE IN  G EN ER A L

A Clogston I  cable consists of a lam inated inner conductor and a 
lam inated outer conductor as shown in Fig. 1. Each of these m ay be 
represented by the lam inated conductor shown in Fig. 6 . A t present, we 
have no exact formula for the ac resistance of such conductors over a 
v ide  range of frequencies. However, S. P . M organ has shown th a t for a 
stack of parallel plates, the resistance per un it cross-sectional area is 
equal to:

where Rac is the dc resistance of the stack, when completely filled with

. . . ] ,  ( 1 6 )

Fig. 6 — Laminated conductor.
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copper. The other param eters are:

w — Thickness of copper layers in mils.
I =  Thickness of insulating layers in mils. 

n  — Total num ber of layers.
Fmc =  Frequency in megacycles.

W ith curvature disregarded, equation (16) also gives the ac resistance 
of the lam inated conductor shown in Fig. 6 . For only one copper layer, 
?i =  1 , and t =  0 , (16) reduces to:

R a n  R d c
| I R Rmo _ i _

"515“ (17)

which is exactly the expression for a copper tube a t frequencies where the 
ac resistance begins to  depart from the dc resistance and — d) =  w. 
For a single layer, the effect of curvature is very small6 and can be dis
regarded. I t  will be assumed th a t (16) also holds to a fair degree of ac
curacy for a lam inated conductor made up of a large number of layers. 
Since n  is large, the small fraction one-fifth can be neglected. For the 
optimum condition (minimum attenuation) Clogston7 has shown th a t:

w =  2 1. (18)

The to tal number of layers can be obtained from the following expression:

D — d D — d , 0 , , in .
n  =  2 ( i r n )  -  u s r f "  "  “ 2 L  < 1 9 >

W ith (18) and (19) substituted in (16) the ac resistance is given by:

82080
■î ac D 2 -  dr 

where the diameters and t

' w \D  -  d) 2 F L  
3710

(20)

le copper layer thickness are given in mils 
and the frequency in megacycles. The resistivity of copper is taken to 
be 1.724 X 10-6  ohm s/cm 3.

2. CLOGSTON I  CABLE

2.1 Resistance

The ac resistances of the inner and outer lam inated conductors of 
ClogstoD I  cable, shown in Fig. 1, can be obtained from (20) above by 
substituting Di and di for the inner conductor and D 2 and d2 for the

6 Schelkunoff, S. A ., The Electromagnetic Theory of Coaxial Transmission 
Lines and Cylindrical Shields. Bell System Tech. J ., 13, pp. 532-579, Oct., 1934. 
BSTJ, October, 1934, by S. A. Schelkunoff.

7 Loc. cit.
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outer conductor and adding the result. Thus:

( 2 1 )

where :

1 =  D » t ^ 2
' 1 D\ — d\ D \ — d \ ’

_  2 (/>iZ)a -  dtdt){Di -  dL)(P 2 -  dt)
B> ~  (D\ -  d'i +  D\ -  dl)D¡ (23)

(22)

From (4) and (5) in the first part of this paper, it is possible to ex
press A  i and Bi wholly in term s of <pi, T  and U. Thus, A  i and B\ are 
independent of D 2 , and it follows th a t the first term  in (2 1 ) is inversely 
proportional to D \ , while the second term , when multiplied out, is in
dependent of D  2 , assuming fixed values of <ir , T  and U.

2 .2  Impédance, Inductance and Capacitance

In  a coaxial cable the flux in the space between the two conductors 
gives the external inductance. The internal inductance is obtained from 
considering the flux within the walls of the conductors themselves bu t 
not th a t in the space between them. The effective inductance is then 
the sum of the two. Analogous considerations app ly  to  the external and 
internal capacitance and the effective over-all capacitance is the value 
of the two acting in series.

Similarly in the frequency range where uB  »  11 and wC »  G, bu t where 
the ac resistance is nearly equal to  the dc resistance, the internal in
ductance and capacitance of the lam inated conductors m ust be taken 
into account. Since they are in series with the external components they 
tend to  increase the to tal inductance and decrease the to tal capacitance. 
The impedance of the circuit can therefore be expressed as follows:

(24)

henries/ cm, (25)

C farads/cm ,
(2 0 )
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where: ex = e(l +  w /l) = Dielectric constant of insulation between 
inner and outer conductors.

A t the present time no exact formulas for the internal components 
of either L  or C are available. The internal inductance, however, must 
be nearly equal to th a t of a solid wire for the inner lam inated conductor 
and to th a t of a solid sheath for the outer lam inated conductor, and 
will be assumed so in this paper.

I t  should be remembered th a t deep penetration of the currents will be 
obtained when Clogston condition of constant speed of propagation over 
the entire cross section of the cable is satisfied. The speed of propagation 
over the lam inated conductors is equal to  l y /L mCin and in  the main 
dielectric between the two conductors equal to I VL,xC„x ■ Thus to  obtain 
the Clogston condition the following relation m ust hold:

By solving for the  unknown quantity  Cin and substituting the result 
in (24), the impedance of Clogston I  cable is found to be:

Formulas for Lit„ L ox and CD in units convenient for numerical evalu
ation are given later in the section summarizing the formulas.

2.3 Attenuation and Phase

T he attenuation of Clogston I  cable neglecting leakance is obtained 
from the following expression:

The phase constant, a t the frequencies considered, and where the 
ac resistance of the conductors does not depart appreciably from the 
dc value, is equal to :

(27)

(28)

ßl —  CO V L C  — 0) ^  (Ljn +  Lcx) 

which w ith (27) above reduces to:

Cin +  C'ox ’
(30)

ßl ex ■ (31)
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3. CLOGSTON II  CABLE

3.1 Resistance

A Clogston I I  cable m ay be looked upon as having an “inner” and 
“outer” conductor which are separated by an infinitesimal am ount in 
which Rac given by (20) above is an expression for the parallel connection 
of Roci and R ac2 of a Clogston I I  cable having an outer diameter of D 
and an inner diameter of d. T h at is:

¡)__ _ RaciRac2
"  R o d  +  Rnc2 ' 1 j

I t  will now be assumed th a t (1 ) the currents flowing in one direction 
through the “inner” conductor and in the opposite direction in the 
“ outer” conductor, will separate in such a way th a t Rac 1 is equal to  
Rac2, and (2 ) th a t the currents are uniformly distributed over the cross 
sections of the conductors. W ith these assumptions the respective cross 
sections would then be equal, and the reversal of the current would 
take place in a completely filled (d =  0) Clogston I I  cable a t a radius 
equal to:

r =  =  0.3535D. (33)

By substituting (32) and (33) in (20) i t  can be shown th a t:

328320
R'iicl i Rac2 (l~'

where

,  , BiW*D2F L  , l u / -  / o n

— 3710—  * " * I ms/ nu ’ (34)

1 + bM l + d-  ^  lr-
(35)

The above assumptions relating to division and distribution of the 
current are not exact. S. P . M organ has shown th a t the current distribu
tion is not uniform and th a t the reversal of the current takes place a t  a 
radius equal to  0.3138D. As shown in a later section of this paper, 
the error resulting from these simplifying assumptions is not large.

3.2 Impedance, A ttenuation and Phase

In  a Clogston I I  cable, the m ain dielectric insulation between “inner” 
and “outer” conductor has vanished. Thus the external inductance 
approaches zero and the external capacitance becomes infinitely large.
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From  (25) and (26) above it is evident, however, th a t the  product of 
I'exC'ex remains constant, since it is independent of the diameter ratio 
d 'l/D i, which in a Clogston I I  cable approaches unity. W ith  (27) in 
serted in (24) and with L„K =  0 and Ccx = <», the im pedance of a 
Clogston I I  cable m ay be w ritten:

The internal inductance of a Clogston I I  cable is not known, b u t will 
be taken equal to 0.1609 X 10-3 Iienries/m i, which is the internal 
inductance of a  pair of wires a t low frequency. Thus:

where 6 is the dielectric constant of the insulating layers.
The attenuation  is obtained by dividing 72acl +  Ithcs from (34) by 

2 Z n  , where leakance is disregarded.
The phase constant, in the frequency range considered, is equal to 

the phase constant of a Clogston I  cable since LOTCex is a constant value.

4. Comparison of Results with Values Obtained from Rigorous Formulas

S. P . M organ8 has developed rigorous formulas for the attenuation of 
Clogston cables, assuming infinitesimal thickness of the layers bu t re
taining a fixed ratio of copper to insulating layer thicknesses. A correc
tion term  gives the increase in attenuation with frequency for layers of 
finite thickness.

The attenuation of a one-half filled Clogston I cable computed by the 
approximate formulas given in the present paper was 1 .1  per cent higher 
than  the value computed using M organ’s rigorous formulas. Similar 
computations on a completely filled Clogston I I  cable gave values 8 .6  

per cent higher. This decrease in accuracy with increase in fill is in line 
with the expectation th a t uniform distribution of the current is more 
closely approximated with low percentages of fill.

5. SUMMARY OF FORMULAS

The formulas developed in the second p art of this paper and those 
for which the derivation has been indicated are summarized below. Con
ducting layers of copper, and insulating layers with a dielectric constant

(36)

Z n = — t=- ohms, 
V <

17.35
(37)

s Loc. cit.
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of e and a thickness half th at of the conducting layers (iv/l = 
assumed throughout.

A

5.1 Clogston I  Cable 

S20S0/1
/);

j  iW d If 'L, t
3710

L¡n =  0.741 X 10“ A
A  -  d t

Di

ohms/mile, 

1)2, log'Kio •
_ D  2 — d \  a  2dï

-  0.2172 henries/mile,

Lo* =  0.741 X 10 3 logio ~  henries/mile,

0.0388 X 10 €i

logi
(L

A

farads/m ile,

Z ^  ohms, 
Oe:■ = [1 +fe]l/g

f t  =  t^VLcxCex radians/m ile,

=  “ 2 +  KzvfFmc nepers/mile, IJz

where:

IÚ =
41040

Zi l a  -  dt + D ! ~|
A  -  d t l  :

A  =
22.124 D1D 2 — didi

Zx (ö i  +  d i)(A  +  ds) 

5.2 Clogsion I I  Cable

Ri.
32S320 

A  -  d2

j  B iurlŸF 'L  +
3710

ohms/mile,

17.35 ,
Z n  =  — 7=- ohms, 

V «

ft i  =  wVLcxC'ex radians/mile,

2) are

(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)
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«ii =  +  K W F m a nepers/mile, (51)

1641G0 D2
(52)

44.248 D~ +  d2 -  (D +  d W \ { D 2 +  d2)
(53)

(54)

2{DiDi — did2){Di — d\)(D2 — d2)
(55){D\ -  d\ +  n l  -  dt)Dl

(56)

The param eters in (38) to (56) are defined as follows:
!)■> = Outside diameter of outer laminated conductor in a Clogston I 

cable, in mils.
d2 =  Inside diameter of outer lam inated conductor in a Clogston I 

cable, in mils.
Di = Outside diameter of inner lam inated conductor in a  Clogston I 

cable, in mils.
di =  Inside diameter of inner lam inated conductor in a Clogston I 

cable, in mils.
I) — Outside diameter of a lam inated Clogston I I  cable, in mils.
d — Inner diameter of a laminated Clogston I I  cable, in mils.
w =  Thickness of copper layers in mils.

Fmo = Frequency in megacycles.
«1 =  Dielectric constant of insulation between inner and outer lami

nated conductors in a Clogston I cable.
e =  Dielectric constant of insulating layers.
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The theory of a coupled resonator reflex klystron is developed and its 
reduction to practice described. This tube differs from the conventional 
reflex klystron in  that its performance characteristic is derived from the 
interaction between the electronic admittance due to a bunched electron 
stream and the input admittance of two synchronously timed, coupled 
resonators. A s  a result: (1) power output can be made to be substantially 
flat over the greater part of the electronic tuning range; (2) the half-power 
electronic tuning range of the coupled resonator reflex klystron is more 
than twice that of a klystron using the same electron optical system but inter
acting with a single resonator; and (8) modulation linearity may be ob
tained over a greatly increased frequency swing.

A  reduction in  power output of about Sdb occurs for a secondary resonator 
Q and coupling coefficient adjustment designed to yield a maximum flat 
band or maximum electronic tuning while a much smaller reduction in  
output power will provide a substantial improvement in  modulation linearity.
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1.0 INTRODUCTION

The conventional reflex klystron derives its performance characteris
tics from the interaction between the electronic adm ittance due to  a 
bunched electron stream  and the input adm ittance of a resonant cavity. 
As is Avell known, this interaction results in mode shapes which are 
closely related to  certain input properties of the passive resonant circuit. 
Thus, the dependence of power ou tput upon frquency, which results 
from variations in repeller voltage about its mid-mode value, bears 
close resemblance to  the input-impedance-versus-frequency plot of a 
parallel resonant circuit. Similarly, the curve relating frequency to 
repeller voltage has the same general shape as th a t relating frequency 
to the input phase angle of the resonator. Recognition of these relation
ships has resulted in the consideration of different and, perhaps, more 
useful mode shapes which m ight be obtained if the electronic adm ittance 
were m ade to  interact with impedance or adm ittance functions of passive 
circuits other than  th a t due to  a single resonator.

W hat do we mean by “more useful” mode shapes? The answer, of 
course, depends on the application, although an “ ideal” mode shape could 
probably be defined as one having a flat top, i.e., power output inde
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pendent of repeller voltage, with frequency linearly related to  the latter. 
Moreover, these conditions should preferably obtain over the widest 
possible frequency range. A tube possessing such characteristics would 
prove exceedingly useful in a large number of applications. To list a 
few:

(a) Electronically swept signal generator,
(b) FM  deviator,
(c) Transm itting oscillator in radio relay systems employing fre

quency modulation, and
(d) Local oscillator in microwave receivers with wide range AFC 

applied to the repeller.
Inability  to realize this ideal mode shape in a practical tube might 

m ake a compromise solution appear acceptable, one consisting of a reflex 
klystron having a variable mode shape, i.e., a characteristic which 
could be adjusted to  fit a particular need. Thus, application (a) requires 
constant power output with minor emphasis on frequency-repeller-volt- 
age linearity, whereas applications (b) and (e) demand a high degree 
of modulation linearity w ith constancy of power ou tput of no great im
portance. In  application (d) the emphasis is on wide electronic tuning 
with both  variation in power ou tput and non-linearity in the frequency 
characteristic permissible.

A m ethod to  obtain this variable mode shape was achieved by  the use 
of coupled cavities. Instead of having the bunched electron stream  inter
act with the electric field of a  single resonator, as is done in the conven
tional reflex klystron, we can present to  it  the input adm ittance of two 
coupled cavities. The resultant mode shape m ay then be expected to 
resemble the input impedance of two coupled resonant circuits ju s t as 
the conventional klystron mode resembles th a t  of a single resonator. 
Moreover, the input impedance of two coupled cavities can assume a  
large variety  of contours depending on the ratio of Q’s of the prim ary 
and secondary resonators, and on the tightness of coupling between the 
two. If we were now to construct such a double cavity reflex klystron 
with provision to vary  the secondary Q as well as the coupling coefficient 
continuously, we would have the means of producing a huge variety of 
mode shapes within a single tube. Depending on the application, the 
characteristics could then be adjusted to  give either a range of flat 
power output or optimum modulation linearity or wide electronic tuning.

As m ight be expected a t this point, a price m ust be paid for the ad
vantages gained in the coupled cavity approach. I t  consists of the 
power expended in supplying the losses due to the secondary resonator. 
This power subtracts directly from the available useful power and, there



fore, though resulting in broadband operation, greatly improved modula
tion linearity and a  num ber of other useful properties, leads to  a definite 
reduction in  output level. W hether this can be tolerated will again de
pend on the application. In  m any practical cases the performance flexi
bility inherent in the coupled resonator reflex klystron will more than  
outweigh this advantage.

I t  is the purpose of this paper to  present the theory underlying the 
operation of the coupled resonator reflex klystron, as well as its experi
m ental verification. For the sake of completeness, bu t also in order to  
emphasize methods of analysis to  be used in later sections and not 
readily found in the literature, a review of reflex klystron theory will 
precede the exposition of the coupled resonator problem. In  both the 
single and coupled resonator case, performance analysis will be based 
on a separate and independent study of the electronic and passive circuit 
adm ittance developed across the interaction gap and upon the graphical 
combination of the  two in the complex adm ittance plane. As a by-product 
of this investigation, a number of driving point properties of two coupled 
resonant circuits will be developed which m ay be found of general net
works interest. Following the theory of the coupled resonator reflex 
klystron, an experimental tube of this type will be described and a 
qualitative as well as quantitative verification of the theory given. 
Oscillograms will be presented showing the advantages of this device 
when used as a sweep generator, both in the microwave band and a t 
lower frequencies. Additional applications will be indicated in the hope 
th a t others m ay try  them.

2.0 SMALL SIGNAL REFLEX KLYSTRON THEORY

This section will be devoted to  a  brief review of the small signal 
reflex klystron theory. Emphasis will be on concepts leading to  the 
equivalent circuit representation and to the graphical adm ittance-plane 
analysis. Both of these and particularly the graphical approach will 
later be used in  the investigation of coupled cavity behavior.

As stated  before, the operation of the reflex klystron is the result of 
the interaction between a bunched electron stream  and the varying 
electric field existing inside a resonant cavity. In  circuit language, this 
am ounts to  an interaction between an active and a passive element. 
The active one due to  the electron stream  is term ed electronic adm it
tance, and the passive one is the input adm ittance of the resonator. 
Derivations for the expression describing the electronic adm ittance m ay 
be readily found in the literature .1 I t  will not be repeated here. The re
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suit of these derivations, however, and its physical significance will be 
discussed a t some length.

2 .1  Electronic Admittance

Consider an arrangement of four plane and parallel elements consist
ing of a cathode, two ideal grids and a  reflector. Assume these electrodes 
to  be of infinite extent so th a t all electrons will move in straight paths 
perpendicular to  the planes of the electrodes. Let the current densities 
encountered be low enough so th a t space charge effects can be neglected. 
Both grids are operated a t the same dc potential, B o, positive with respect 
to  the cathode. As shown in Fig. 1, this might be achieved by connecting 
them  to  the secondary winding of an ideal transform er having a  1 : 1  

turns ratio. T he reflector is operated a t a dc potential, V R , negative with 
respect to  the cathode. Next, an R F  voltage of am plitude V  is applied 
to  the transformer and, hence, appears across the grids. Electrons em itted 
from the cathode are accelerated toward the first grid and arrive a t it

Fig. 1 — Electrode arrangement and dc potential profile giving rise to elec 
tronic admittance, Y . , described by equation (2.1).
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with a velocity corresponding to V„ volts. During their traversal of 
the interaction gap, i.e., the space bounded by the two grids, this 
velocity is changed by an am ount depending on the instantaneous direc
tion and intensity of the electric field and on the fraction of a  cycle spent 
in traversing the gap. They then enter the retarding dc field of the re- 
peller drift space. Here, they are slowed down, brought to a standstill 
and returned to the interaction gap for a second transit. During this 
process, the velocity modulation acquired during the first transit is 
converted to  intensity modulation such th a t the convection current 
returning through the gap does so in the form of sharp and well defined 
pulses w ith a  repetition rate equal to  the frequency of the applied R F  
voltage. This pulsed current m ay now be harmonically analyzed and 
its fundam ental component evaluated. The ratio of this fundam ental 
component of current to  the applied R F  voltage is term ed electronic 
adm ittance, Y e ■ Providing the amplitude, V, of the applied R F  voltage 
is small compared to the dc accelerating voltage, F 0, the value of Y e 
is given by:

where J 0 =  dc beam current.
=  beam coupling coefficient.*

6 =  round trip transit time in repeller drift space, in radians. 
Vo = dc beam voltage.
V  =  am plitude of R F  gap voltage.
J i =  Bessel function operator.

Of all these param eters affecting Y e we shall focus our attention on 
two, namely V  and 9. The other param eters depend on such factors as 
tube geometry, electron gun perveance etc. and, within the scope of this 
investigation, will be considered constant.

Referring to  equation (2.1), it is seen th a t the phase angle associated 
with Y e is a function of 0 only, whereas the amplitude of Y e depends on 
both 9 and the R F  gap voltage, V. Suppose now 9 is held constant while

* /3, also referred to as modulation coefficient, is given by

(2.1)

ß =

where ffo, the transit angle in the interaction gap, is expressed in radians.
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V  is increased from zero to some finite value, a process actually occurring 
in a  reflex klystron during the build-up of oscillations. The amplitude 
of Y e will then be of the form 2 J j(x )/x  and will decrease according to the 
Bessel function plot of Fig. 2.

For an infinitesimal or zero R F  gap voltage the electronic adm ittance, 
now referred to  as “small-signal” electronic adm ittance, Y ct , m ay be 
derived from equation (2 .1 ) as,

y  .   Y  — a i\.U I2)- f t  (r\ o':
Y °\v~ 0  =  1 •• -  2V o  ‘ ( }

W hen presented in the complex adm ittance (i.e., g-b) plane, expression 
(2.2) assumes the form of a  geometric spiral as shown in Fig. 4. Each 
point on the spiral corresponds to  a particular value of 6 and, since 0 
is a function of the repeller voltage only, to  a particular value of V n . 
We also note th a t for some values of d the conductance component of 
F es is negative while for others it is positive. Thus, there is the possi
bility of generation of R F  energy for values of Y es adjusted by means of 
the repeller voltage to  fall on the left-hand half of the adm ittance spiral 
while energy is absorbed for values of Y es having a positive conductance 
component. As the R F  gap voltage, V, builds up from zero to its final 
value the magnitude of the electronic adm ittance shrinks along a radius

Fig. 2. Bessel function plot showing the relative variation of the amplitude 
of the electronic admittance (ordinate) as a function of RF gap voltage (abscissa) 
with repeller drift angle held constant.
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vector from F et to  F c according to  the Bessel function plot of Fig. 2. 
For 6 =  2 t (At +  :Xi) radians where Ar =  0, 1, 2, 3 . . . the electronic 
adm ittance becomes a pure negative conductance as m ay be seen by 
putting  this relation into equations (2 .1 ) or (2 .2 ).

Summarizing, we have seen th a t the presence of an electron stream 
bunched in accordance with the arrangem ent of Fig. 1 gives rise to an 
adm ittance appearing across the grids bounding the interaction space. 
The phase angle of this adm ittance is a function only of the repeller drift 
angle, 6, while its m agnitude depends on both 6 and the R F  gap voltage, 
V. For values of 8 in the vicinity of 27r(Ar +  % ) radians the conductance 
component is negative, a necessary condition for the production of sus
tained oscillations.

2 .2  Passive Circuit Admittance of Single Resonator

Any resonant cavity m ay be represented by a simple parallel G-C-L- 
combination provided the desired resonance is sufficiently far removed 
from adjacent ones. In  some cases such as in cylindrical or waveguide 
cavities, to  name two, it is difficult to  ascribe physical significance to 
the lumped elements appearing in the equivalent circuit representation. 
This is not so in the case of a conventional reflex klystron cavity. Since 
the latter always consists of a  re-entrant type resonator, most of the 
electric field is concentrated in the interaction gap, i.e., the narrow region 
traversed by the outgoing and returning electrons and bounded by two 
parallel grids, while the m ajor portion of the magnetic flux resides in 
the outer cylindrical section. Thus, the effective shunt capacitance ap
pearing in the equivalent circuit is associated prim arily with the above 
grid planes, a minor contribution originating in the fringing field close 
to  the re-entrant post and the residual electric field in the outer cylindri
cal p a rt of the cavity.

The input adm ittance, F , of a high Q resonator when represented by 
C, L, and G connected in parallel is given by,

where Q =  a>0C/G  and S =  Aw/ « 0 =  A/ / / 0 =  ( /  — fo)/fo , and G represents 
all internal resonator losses plus the external load referred to  the  gap. 
P lotted  in the complex adm ittance plane, the locus of the adm ittance 
vector with varying frequency is a straight line parallel to the im aginary 
axis and spaced a distance corresponding to  G to  its right. The var
iation in susceptance is directly proportional to the frequency deviation

F  =  (7(1 +  j'2Q5) 

=  G +  j2CAu,

(2.3)

(2.4)
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from resonance. Also, the frequency deviation required to  bring about 
a given change in susceptance is inversely proportional to  both C and Q.

2.3 Equivalent Circuit of Single Resonator Reflex Klystron

We saw th a t the presence of a bunched electron stream between two 
closely spaced grid planes gives rise to  an electronic adm ittance the 
properties of which were discussed earlier. Suppose we now let these 
grids become p art of a re-entrant cavity so th a t they form the boundaries 
of the interaction space. This will make them elements of significance and 
common to both the electron stream  and the passive circuit adm ittance. 
As far as the electron stream  is concerned the grids become the terminals 
across which the electronic adm ittance, Y c , is developed and in relation 
to the resonant circuit they constitute the m ajor portion of the effective

NODES I AND 2 
CORRESPOND TO 
GRIDS BOUNDING 

INTERACTION GAP

Fig. 3. — Equivalent circuit of single resonator reflex klystron.

shunt capacitance. Based on these remarks, it should be apparent th a t  
a single-resonator reflex klystron m ay be represented by an equivalent 
circuit consisting of a parallel combination of Y c , C, G, and L  as shown 
in Fig. 3. Furtherm ore, the expressions for Y e and Y  as given by equa
tions 2 .1  and 2.4, respectively, show th a t these two quantities are inde
pendent of each other. The electronic adm ittance, Y e , is a function of 
the electron optics of the tube, while the passive circuit adm ittance, Y, 
is a function purely of cavity parameters, including the tightness of 
coupling to the external load.

2.4 Performance Analysis Based on Complex Admittance Plane Rep
resentation

The condition for oscillation applying to  the equivalent reflex klystron 
circuit requires the  to tal adm ittance across nodes 1 and 2 of Fig. 3 to 
equal zero, i.e.,

Ye (SEE EQ. 2.1)

Y (SEE EQS. 2 .3  AND 2 .4 )

Y , +  Y  = 0, 2.5a
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or
Y , =  - Y .  2.5b

A ttainm ent of this condition is preceded by  a period during which 
the IIF  gap voltage increases from its initial, near-zero value to  its 
final steady state amplitude. Concurrently, the net conductance across 
nodes 1 and 2  changes from its maximum negative value to  zero and 
the electronic adm ittance vector shrinks from Y e, to  Y e ■

This process of build-up of oscillations and the final steady state m ay 
be conveniently studied by the graphical representation of Fig. 4. Here, 
the negative of the passive circuit adm ittance, Y, has been superimposed 
on the small-signal electronic-admittance spiral. Since the net con
ductance across the interaction gap (nodes 1 and 2 in Fig. 3) m ust be 
negative in order for oscillations to  build up, we see a t once th a t the 
( — 7 ) plot, sometimes also referred to  as “load line,” divides the com
plex adm ittance plane into two regions: the one to  its left, in which the

REGION OF REGION OF NO

Fig. 4 — Complex admittance plane representation showing the superposition  
of the negative of the circuit input admittance upon the small signal electronic 
admittance spiral. Each point on spiral corresponds to a particular value of re- 
peller transit angle, 0, and hence repeller voltage, F it , and each division on the 
(— F) locus to an equal frequency increment.
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negative electronic conductance exceeds the circuit conductance and 
where the build-up of oscillations is possible, and the region to  its right 
where the condition for the build-up of oscillations is no t m et. Thus, 
for the load line in the position indicated, the tube will not oscillate in 
the N  =  0 mode, bu t will do so in the N  =  1, 2, 3 and higher order 
modes.

Still referring to Fig. 4, suppose 6 has been adjusted by  means of the 
repeller voltage to 6i — (3 +  %)2ir radians, i.e., the center of the 3 +  
%  mode. The small signal-electronic-admittance vector will then be a 
pure negative conductance term inating on the spiral a t point A and 
together with the passive circuit conductance yielding a net negative 
conductance across the grids of value (OA-OB). Oscillations, therefore, 
will build up until the equilibrium condition, Y e = — Y, has been satis
fied. In  terms of the adm ittance plane representation, the electronic- 
adm ittance vector will shrink w ithout change in its phase until it  term i
nates on the load line a t point B. Since the electronic adm ittance for 
the particular value of 6 chosen is a pure conductance, oscillations will 

6 occur a t the resonant frequency of the cavity, f 0 , which is also the fre
quency corresponding to the intersection of the electronic-admittance 
vector and the load line.

From  equation 2.1 we see that,

(ß V 0 \
\2Fo / _ r-o

where V\ is the steady state R F  gap voltage corresponding to drift 
angle, 6 i . Entering the graph of Fig. 2 with OB/O A  as the ordinate, we 
can read off the corresponding value of (/3/2F0) ViOi. For a particular 
tube structure and operating conditions, ¡3/2V0 will be a fixed constant 
so th a t, in effect, we have determined the value of a quantity  propor
tional to the product of F A .

Next, consider the case where 9 has been changed from 9i — 
(3 +  % )2t  to =  7v(3 +  %)2ir radians. The electronic adm ittance
vector for V  =  0  will now term inate on the F es-plot a t  C. Again a 
build-up of oscillations will ensue and upon attainm ent of the steady 
state condition the vector will have shrunk to the value OD, with the
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frequency of oscillation determined by the location of point D  on the 
load line. By an argument similar to the one used before, we have

2.7; 'p V A \
0D_ =  2 F 0 )
OC 1 P V A \

\ 2 V o J

and once more, the plot of Fig. 2 will yield the value of

(2 .6 b)

(2F0) 7202 °r  ( W o )  K V A  '

I t  is apparent th a t /3/270 is a factor common to all these determinations 
and m ay be neglected if we are only interested in the mode shape, i.e. 
the relative variation of gap voltage or ou tput power with the repeller 
drift angle, 0. For modes higher than  N  — 2, the electronic adm ittance 
spiral approximates a number of semi-circles w ith their centers close to 
the origin. Hence

O A t t O C  and - 2 E -  >  .
OC O A

Figure 2, then indicates th a t

V A  > V A  or V A  > K V A

and since K  does not vary  greatly from un ity  V\ > V 2 . This is as it 
should be since we know th a t a change in repeller voltage from its m id
mode value causes a decrease in power output and, hence, in gap volt
age. The latter will decrease to zero when 6 has been adjusted to  a 
value such th a t the F es vector term inates a t  the intersections of the 
electronic adm ittance spiral and the load line.

Another result which becomes apparent from an inspection of Fig. 4 
is this. For the condition of stable oscillation the phase angle of the 
electronic adm ittance equals th a t of the passive circuit except for an 
additive constant of 180 degrees which, however, m ay be disregarded 
in this argument. The frequency of oscillation m ay be determined from 
the input-phase-angle vs. frequency plot of the passive circuit by looking 
up the frequency corresponding to the particular value of phase angle 
to which the electronic adm ittance has been adjusted (by means of 
repeller voltage). Thus, the curve relating repeller-drift-angle to  fre
quency is identical w ith the plot of input-phase-angle vs. frequency 
for the passive circuit. Moreover, if repeller voltage is linearly related
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to  the repeller-drift-angle, a condition which in m ost practical cases 
holds over a restricted repeller voltage swing about its  midmode value, 
then the repeller voltage-frequency plot will have the same shape as 
the input phase angle-frequency curve of the passive circuit, differing 
from the la tter only by a constant multiplying factor. We therefore 
conclude th a t the modulation performance of the reflex klystron, a t 
least over the central portion of the mode, m ay be predicted from an 
examination of the driving point properties of the passive circuit.

The above m ethod of graphical analysis is quite useful in the case of 
conventional reflex klystrons, although the same results m ay be ob
tained analytically by making use of the equation for electronic adm it
tance in conjunction with th a t of the input adm ittance of a single 
resonator. In  the case of coupled resonators the expression for input 
adm ittance becomes much more involved, as we shall see later, with 
the result th a t  the graphical approach outlined above was found by 
far the quicker and more practical method of solution.

3.0 THEORY OF COUPLED RESONATOR REFLEX KLYSTRON

I t  has been shown th a t the performance of a reflex klystron can be 
analyzed by considering the electronic and passive circuit adm ittances 
separately and then combining the two graphically in the complex 
adm ittance plane. The same procedure can be adopted in the deter
m ination of mode shapes resulting from the interaction of the electronic 
adm ittance with any arb itrary  circuit adm ittance which can be realized 
across the gap. Conversely, we can determine the adm ittance or im
pedance function required to  produce a  particular desired mode shape. 
In  other words: given an adm ittance function, we can determine the 
resulting mode shape, and given a desired mode shape, we can predict 
the required adm ittance function. As an example, consider a mode 
having a flat top and vertical sides as shown in Fig. 5(a). This would be 
the ideal shape for a reflex oscillator to be used as an electronically swept 
signal source. To achieve this mode shape, we m ust realize an adm it
tance function across the bunching grids yielding a  constant excess of 
negative electronic adm ittance over a range of repeller voltages. Such 
a function is shown in the complex adm ittance plane along with the 
plot of Y es in Fig. 5(b) and the corresponding input impedance in 5(c). 
I t  will result in a  frequency range of constant R F  gap voltage which in 
tu rn  will give rise to  a range of flat power provided it  is developed across 
a constant, frequency-invariant conductance. In  order to  clarify this 
rather im portant consideration, let us write the adm ittance appearing
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Fig. 5 — Desired mode shapes and passive circuit impedance functions re
quired to produce them.
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across the interaction gap as,

y =  G r ( f )  +

where G r (f )  and B T( f)  denote the to tal conductance and to tal suseep- 
tance both of which are functions of frequency. Over the region of 
constant B F  gap voltage we require | Y  | or

VGUf) +  B U f )

to be constant. This, however, means th a t the power generated (as 
distinct from the power delivered to  the load) is not constant since it  
is given by,

Generated Power =  ^ ¡(R F  gap voltage) 2 (Total Conductance)

=  V 2 V 2g t(J)

and G t  varies with frequency. Now, the term  G T( f ) is the sum of a 
number of conductances, all bu t one of which do not change with fre
quency. The frequency-invariant conductances represent the different 
power losses in the prim ary resonator plus the external load referred to 
the gap while the remaining frequency-sensitive conductance is due to 
the coupled circuit used in shaping the adm ittance locus. Hence the 
useful power output is proportional to V" and therefore constant if V 2 
is constant, whereas the variation with frequency of the to tal conduct
ance m ust be taken into account in evaluating generated power.

The foregoing discussion together with the illustrations of Fig. 5 
should m ake it  clear th a t in order to  m aintain a constant R F  power 
ou tput level, over a specified frequency range, we m ust have the elec
tronic adm ittance interact with a circuit the input impedance of which, 
when referred to  the gap, is also constant over the same frequency range. 
A circuit having such characteristics can be obtained by the use of 
coupled resonators as will be shown later.

Suppose the emphasis is on modulation linearity rather than  flatness 
of power output. A ttention, then, m ust be focused on the relation be
tween input phase angle and frequency of the passive circuit. Here, 
again, we shall see th a t the application of coupled resonators offers 
advantages beyond what is possible with a single cavity.

3.1 Driving Point Properties of Two Coupled Resonators Having Equal 
Q’s

Using the equivalent shunt representation as shown in Fig. 6 , the 
exact expression for the input adm ittance, Y, of two coupled resonators



2Qâ — *-



Fig. 6 — Normalized driving point properties of two coupled, synchronously 
tuned resonators having equal Q’s. (a) Input impedance, G \Z \,  versus frequency 
deviation from resonance, 2Qs, for various degrees of coupling, Qk. (b) Input 
phase angle, <t>, versus frequency deviation, (c) Rate of change of <t> with 2QS 
versus 2QS.

731
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having equal Q’s and equal resonant frequencies is given by,

Y  =  GQi +  jb),

where

b = Q(ft2m -  1) 
Qm

1 -

QfcV
ftm j

1  +
Q(ft2m — 1) 

ftm

<7 =  1 +

Q ï Y
ü m j

(3.1)

1 +
Q(ü2m — 1) 

Üm

G = shunt conductance of prim ary and secondary resonators.

g, b = to ta l input conductance and susceptance respectively normalized 
with respect to  G,

ft =  normalized frequency =  f / f 0 ■

fo =  resonant frequency of both prim ary and secondary. resonators. 

k = coefficient of coupling, 

m =  1  — /c2.

This expression for input adm ittance, though accurate, is ra ther un
wieldy because of the m any variables involved. A ferv obvious approxi
mations, however, will change equation (3.1) into a much simpler and 
more meaningful expression, yet sufficiently accurate for the range of 
Q’s and bandwidths of interest here. Let,

à fß = L  = k ± A l  = i +
/o fo ^  fo

1 4- s,

where 6 denotes the normalized frequency deviation from resonance, 
A// f o . If we further assume th a t 7c2 <3C 1 and the range of Q’s is such 
th a t (Qfc) 2 m ay vary  from zero to about five and th a t the maximum 
value of 8 is small enough so th a t its higher powers m ay be neglected, 
then equation (3.1) may be simplified to,

m 2 l , r, m 2Y
G 1  +

1 +  (2Q5)\
+  j2Q5 1

1 4- (2Q 5)J '
(3.2)
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The above equation* essentially contains three variables:
(a) The dependent variable, Y/G , i.e. input adm ittance normalized 

with respect to  the shunt conductance,
(b) the independent variable, (2 Qb),  which is a factor proportional 

to the frequency deviation from resonance, and
(c) param eter, (Q k),  a measure of the tightness of coupling between 

the two cavities.
Compared with the input adm ittance for a single resonator which 

was given earlier, [equation (2.3),] as, Y / G  =  1  +  j2Q 5 ,  it is seen th a t 
the conductance component has been changed by a factor

" i  +  (Qfc) 2 ~

_ 1 +  (2Q8)2_

and the susceptance by

'  _  m 2 ~
1 +  (2Q5)2_ '

Also, by setting k — 0, i.e., completely decoupling the secondary resona
tor, equation (3.2) reduces to equation (2.3) as, indeed, it  should.

The information contained in equation (3.2) m ay be presented graph
ically in a number of ways. We can plot the m agnitude of the normalized 
input impedance, G\ Z  j, as a function of 2QS with (Q k)2 as param eter 
as shown in Fig. 6 (a). f  Or we can plot the input adm ittance given by 
equation (3.2) directly in the g-b plane as in Fig. 7. Finally, we m ay show 
the variation of input phase angle with normalized frequency for differ
en t degrees of coupling as in Fig. 6 (b). Each of these graphical represen
tations has an im portant bearing on the  performance of the coupled 
resonator klystron. Thus, the curves of Fig. 6 (a) will have the same 
general shape as the R F  power output vs. frequency plot of the reflex 
oscillator, the family of curves of Fig. 7, when superimposed on the 
electronic adm ittance spiral, can be used for a detailed analysis of mode 
shapes, and Fig. 6 (b) determines the m odulation characteristics obtain
able with coupled resonators.

Having briefly touched upon the significance of the families of curves 
given in Figs. 6 (a), 7, and 6 (b), we can now proceed to discuss them  in 
greater detail and to  establish further valuable results.

* To check the accuracy of this equation, the curve for (Qk)1 =  1 in F ig. 6(a) 
was replotted using the full expression given by equation 3.1 and assuming Q 
=  100. The agreement was found to be essentially perfect as far as its  use in this 
investigation is concerned.

t For a similar presentation of the transfer characteristics of coupled tuned  
circuits see reference (6).
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Fig. 7 — Input admittance of circuit shown in Fig. 6 plotted in g-b plane. Solid 
lines are loci of input admittance vectors, dashed lines connect points of equal 
frequencies.
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3.1.1 Variation o f Inpu t Impedance with Frequency, Fig. 6(a). Equation
3.2 m ay be w ritten as

is an  even function, i.e., symmetrical about the vertical axis. For this 
reason, one-half the normalized impedance plot only has been given in 
Fig. 6 (a). Inspection of this figure reveals th a t  the effect of coupling to  a 
secondary resonator is to  broaden the frequency range over which a 
high impedance level can be m aintained across the interaction gap. 
Comparing the variation of input impedance with frequency for 
(Qk)2 — 0 (i.e., single cavity) with th a t for (Qk)2 =  0.3, we see th a t for 
a frequency deviation of 2Q8 =  ± 0 .6  the former shows a  drop of 14 per 
cent while the la tter only varies by ±0 .58  per cent. In  term s of two cou
pled resonators having Q =  100 and operating a t 4000 me this means 
a variation in impedance of only ± 0 .5 8  per cent or ± .0 5 2  db over a 
frequency range of 24 me.

Another result clearly brought out by the family of curves of Fig. 
6 (a) is th a t the process of broadbanding by coupling to a second resona
tor results in a reduction in absolute impedance level. This reduction 
in impedance level a t m idband is related to  the tightness of coupling, 
(Qk)', by the expression,

(3.3)

where

(Qk)2 (3.4)Q 1 + (2Q5)2J
and

b =  2Q8 1 - (3.5)

Hence

and

(3.6)
I t  is seen th a t (f and b2 involve even powers of (2Q8) only, so th a t G \Z \
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which m ay be readily derived from eq. 3.6. N ote th a t for (Qk)2 =  1 , 
the impedance level a t m idband has dropped to  half the value obtained 
with a single resonator or (Qk)2 =  0. The degree of coupling corre
sponding to  (Qlc) 2 =  1  is noteworthy for reasons other than  the one just 
mentioned. They will be discussed in the following section.

3.1.2 Inpu t Admittance Plot in  g-b Plane, Fig. 7. The graphical repre
sentation of input adm ittance in the complex adm ittance plane is of 
particular usefulness in the analysis of the coupled resonator reflex 
klystron. For the moment, however, we shall restrict the discussion to 
a  consideration of the passive circuit only.

Each solid line in Fig. 7 is the locus of the adm ittance vector for a 
particular tightness of coupling. For (Qk)' =  0 the locus is a straight 
line parallel to  the susceptance axis as described earlier for the case of a 
single resonator. For (Qk)2 =  0.3 the shape of the locus approximates 
a  circle with its center a t the origin; this, of course, being true only over 
a  restricted frequency range. As the coupling to the secondary resonator 
is progressively tightened, the locus is seen to bulge out in the direction 
of increasing conductance until, for (Qk)2 =  1, it forms a  cusp. This 
condition will henceforth be referred to as “critical coupling.” * Coup
ling even tighter causes the formation of loops of increasing size.

For the overcoupled case, (Qk) 2 >  1, the adm ittance-vector locus 
crosses the conductance axis three tunes, with the first and th ird  crossings 
coincident and independent of (Qk)2 and the second crossover a function 
of (Qk)2. The location of these intersections with the g-axis m ay be 
determined by  equating the susceptance to zero, i.e., from equation
(3.5),

(Qk)22 Q6 1 - =  0.1 + (2Q5)2J
Hence the crossing to  the extreme right occurs for 2Q5 — 0 while the 
first and th ird  intoresections correspond to

2Q5 = ± V ( Q k ) -  - T

To determine the size of the loop we substitute 2Qa =  0 into the expres
sion for the conductance, i.e., equation (3.4) and obtain,

= 1 +

* It should be noted that the term “critical coupling” as applied to the transfer 
characteristics of coupled tuned circuits, though also occuring for (Qlc)2 =  1, 
assumes a different significance in that it describes the condition of maximum 
flatness in  response and optimum phase linearity. (See reference 6.) In the case of 
the coupled resonator reflex klystron, “critical coupling” forms the transition  
between stable performance and load hysteresis as will be shown later.
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showing th a t the size of the loop is a sensitive function of the degree of 
coupling. The conductance value for the first and third crossover points 
is obtained by substituting

2Q8 =  ±V(QA0* -  1

into equation (3.4) and results in <7 =  2, i.e., a value of g independent of 
the coupling coefficient.

The dashed lines shown in Fig. 7 connect points of equal frequencies. 
I t  is of interest to note th a t these loci are straight lines crossing the 
conductance axis a t g =  2. To prove this, eliminate (Qfc) between equa
tions (3.4) and (3.5). This yields,

_  i _  1 _  b 
9 2Q8 ’

whence

b = (~2QS)(ff -  2). (3.8)

For a particular and constant value of 2Q5, equation (3.8) describes a 
straight line of slope equal to ( —2Q5) intersecting the ¡/-axis a t g =  2.

3.1.3 Variation of Input Phase Angle with Frequency, Fig. 6(b). The 
last driving point property of interest to  this study is the dependence 
upon frequency of the input phase angle, <p. Referring to equation (3.2), 
this quantity  is obtained as,

< + (2Qo»’ -  <x»n 2Qi l + w + c w J -  (3-9)
The graphical representation of this function is given in Fig. 6 (b). I t  
shows the gradual transition from a simple S-shaped curve for (Q/c) 2 =  0, 
having its only point of inflection a t the origin, to  the type of curve 
corresponding to (Q/c) 2 >  1 which intersects the frequency axis three 
times. The special case of (Qh)~ =  1, considered earlier and found to  
result in the formation of a cusp in the complex adm ittance plane, now 
gives rise to  a  plot of input phase which is tangent to  the horizontal 
axis a t the origin.

To investigate the condition for greatest linearity between phase 
angle and frequency, which, when applied to  the  coupled resonator 
reflex klystron, would be the condition for optimum modulation linearity, 
one could simply apply a straight edge to  the curves of Fig. 6 (b) and
pick the best value of (Q/c) 2 in this manner. A much more sensitive
criterion of linearity, however, is the variation with frequency of the 
slope of these curves. An analytical expression for this slope has been

4> =  tan  1



derived from equation (3.9) as,

d<t> =  [1 ~  (Qfc)4] +  (2Q5)Z[2 +  4(Q/c)2] +  (2Q8)<
d(2Q8) [1 +  (Q/c) 2]2 +  (2Q5)2[3 +  (Qk)*} +  (2Q5)4[3 -  2 (Q/c)2] +  (2Q8)6'

(3.10)

The above expression, involving even powers of 2Q8 only, results in a 
family of curves symmetrical about the vertical axis, the positive half 
of which is shown in Fig. 6 (c). From  it  the value of (Q7c) 2 for greatest 
linearity or most constant slope is seen to  lie somewhere between 0 .1  

and 0.2. This is further borne out by Fig. 8 , in which this region has 
been more fully explored. Fig. 8  constitutes a plot quite similar to  th a t
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2 Q i
Fig. 8 — Rato of change of input phase angle w ith frequency normalized with 

respect to  its center value for the circuit shown in Fig. 6. This quantity, the 
constancy of which is a measure of phase angle versus frequency linearity, is seen 
to stay absolutely constant over a frequency range corresponding to 2(}o =  ± 0 .3  
for (Qk)1 — 0.12 while the single resonator case, i.e . (Qk)2 =  0, shows a change of 
8% over the same frequency range.
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of Fig. 6 (c) except th a t the ordinate now represents the instantaneous 
slope normalized with respect to its midmode value. The curves shown 
are for values of (Qk)2 ranging from zero to (Qk)2 =  0.18. Let us, for 
example, examine the curve corresponding to (Qk)2 =  0 .1 2 ; the slope 
is seen to  stay absolutely constant up to a frequency deviation of 2QS = 
± 0 .3 , while the plot for the single resonator, i.e., (Qk)2 =  0, included in 
this figure for comparison, changes by 8.4 per cent over the same fre
quency range.

P u tting  this in another way, suppose the maximum allowable devia
tion in slope from its m id-band value is one per cent. Fig. 8  then in
dicates th a t the permissible frequency deviation for coupled resonators 
having a value of (Qk)2 = 0.135 is given by 2Q8 =  ± 0 .5 , whereas it 
m ust be restricted to  one-fifth this value, i.e., 2Qo — ± 0 .1 , for the 
single resonator case. In  term s of a m idband frequency of 4000 me and 
Q — 100, the permissible frequency excursions would be ± 1 0  me and 
± 2mc, respectively.

I t  is to  be noted th a t the value of coupling coefficient resulting in 
greatest modulation linearity is considerably smaller than  the value of 
coupling coefficient found to yield a  constant impedance level.

3.2 Mode Shapes Resulting from the Interaction Between Electronic 
Admittance and Inpu t Admittance of Two Coupled Resonators of Equal 
Q’s

Having determined all relevant properties of the passive circuit as 
they appear across the grids of the bunching gap, we m ay now proceed 
to investigate the results arising from their interaction with the electronic 
adm ittance. The approach to  be adopted is essentially the same as the 
one outlined earlier for the case of the conventional single-cavity reflex 
klystron. I t  involves a graphical superposition of the negative of the 
passive circuit adm ittance upon the small-signal-electronic-admittance 
spiral in the g-b plane, such as shown in Fig. 9(a). The location of the 
load lines with respect to  the spiral has been chosen, somewhat arbi
trarily, such th a t the ratio between the length of the I7,„..-vector cor
responding to  0 = (2  +  % ) cycles and th a t of the input adm ittance 
vector for (Qk)2 =  0 and 5 =  0 equals two. Load lines have been drawn 
for five values of (Qk)2 ranging from zero to  unity.

The determ ination of mode shapes from Fig. 9(a) proceeds as illus
trated  in Table I. Taking the repeller drift angle as the independent 
variable we can obtain corresponding values of generated power (in 
arb itrary  units) and frequency (in term s of Qo) by going through the 
steps indicated.



Fig. 9 — Graphical determination of mode shapes for a coupled resonator 
reflex klystron having the secondary cavity Q equal to primary Q. (a) Load lines 
for various degrees of coupling superimposed 0 1 1  small signal electronic adm ittance 
spiral, (b) Power output versus repeller drift angle, (c) Frequency versus repeller 
drift angle, (d) Power output versus frequency, (e) Power output, normalized 
with respect to its maximum value within the mode, shown as a function of fre
quency.
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T a b l e  I  — D e t e r m i n a t i o n  o f  M o d e  S h a p e s  f r o m  C o m p l e x  

A d m i t t a n c e  P l a n e  P l o t  o f  F i g u r e  9 ( a )

(1) (2) (3) (4) (5) (6) (7) (8) (9)

K0o. 
R epeller 

D rif t Angle 
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V alue)

K,  
R a tio  of 
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Angle 
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Sm all
Signal
Elec
tronic

A dm it
tance

M easure 
9(a) in 
U n its  o

Passive
C ircu it
A dm it
tance

d off Fig. 
A rb ita ry  
f Length CN

5

<§
5

( K V t t )  
from 

Bcsscl- 
function  

p lo t 
of Fig. 2

-C-l

îà* to 
¡ 

w
(V0O)2, 

Q u an tity  
P ropor
tional to 

Power 
O u tp u t

Qs

(Qk)2 — 0.4, 2 % -mode, i.e ., do =  (2 4- %)2x radians =  5.5x radians

5.20tt 0.947 9.45 9.45 1.000 0.00 0.000 0.00 + 0.S5
5.25x 0.955 9.54 8.10 0.849 1.13 1.182 1.40 + 0 .67
5.30x 0.9G7 9.63 7.35 0.764 1.44 1.493 2.23 + 0 .53
5.35x 0.974 9.72 6.95 0.715 1.00 1.645 2.70 + 0 .4 2
5.40tr 0.983 9.82 6 .SO 0.693 1.67 1.700 2.89 + 0 .30
5 .45x 0.992 9.91 6. SO 0.6S6 1.69 1.703 2.90 + 0 .17

Oo — 5-5Û7T 1.000 10.00 7.00 0.700 1.65 1.645 2.71 0.00
5.55x 1.010 10.10 0.80 0.673 1.73 1.713 2.94 -0 .1 7
5.60tt 1.020 10.20 C.80 0.667 1.75 1.715 2.95 -0 .3 0
5.65 it 1.029 10.29 0.95 0.670 1.72 1.673 2.80 -0 .4 2
5.7ÜTT 1.038 10.38 7.35 0.709 1.62 1.560 2.44 -0 .5 3
5.75x 1.046 10.46 8.10 0.775 1.40 1.340 1.80 -0 .6 7
S.SOx 1.055 10.55 9.45 0.895 0.95 0.900 0.81 -0 .S 5

The results of this analysis are shown in Fig. 9. This illustration, in 
addition to giving detailed performance characteristics for the 3 +  H  
mode, also indicates clearly the wealth of information which m ay be 
obtained from the complex adm ittance plane representation. Although 
the curves shown are self-explanatory, a few comments regarding their 
significance would seem to be in order. I t  is seen, for instance, th a t  a 
coupling coefficient so adjusted th a t (Qk)2 lies between 0.2 and 0.4 
will produce a frequency range of essentially constant power. In  par
ticular, if we pick the curve for (Qk)2 =  0.4 from the family of curves 
of Fig. 9(d), it  will be seen th a t the variation in power over a bandwidth 
of Qô — ± 0 .4  is ± 2  per cent, while the corresponding value for the 
single resonator case, i.e., (Qk)2 — 0, is minus 23 per cent. As the value 
of (Qk)2 is increased beyond 0.4, the depression in the center of the mode 
becomes increasingly pronounced until it turns into a  cusp for (Qk)2 =  1 . 
Mode shapes for (Qk)2 >  1, though of no direct interest to  this in
vestigation, are indicated in Fig. 10 since they m ay be encountered in 
practice in cases of excessively tigh t coupling and could then be recog
nized as such. If the mode is traversed in the direction of increasing 
I V R ! (or increasing frequency), such th a t the intersection of the electronic
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adm ittance vector with the load line moves down along the la tter as 
indicated by the arrows in Fig. 10(a), power changes smoothly until 
the F„-vector becomes tangent with the loop a t 4. A t this point there 
occurs a  discontinuous jump in both  power and frequency caused by 
the sudden shortening of the F e-vector from 4 to 7. From  here on, power 
and frequency again become single valued functions of V R . The mode 
shape corresponding to this uni-directional sweep is shown in Fig. 10(b). 
If  the  mode is traversed in the opposite sense we again encounter this 
discontinuity although it  will now occur on the opposite side of the 
loop and, therefore, a t a different repeller voltage and frequency. Fig.

Fig. 10 •— Production of load hysteresis by overcoupled cavities, (a) Load line 
for overcoupled cavities, (b) Oscillographic mode representation for unidirectional 
(sawtooth) repeller sweep, (e) Oscillographic mode representation for sinusoidal 
repeller sweep.

1 0 (c) shows the load hysteresis effect as one m ight expect to  observe it 
on the oscilloscope screen with a sinusoidal sweep applied to  the repeller.

3.3 Driving Point Properties of Two Coupled Resonators Having Un
equal Q’s

The presentation of the theory of the coupled resonator reflex klystron 
will now be concluded by a  discussion of the more general and, as we 
shall see, more useful case of two coupled cavities of unequal Q’s. Specifi
cally, we are considering the equivalent circuit shown in Fig. 11. By 
making approximations similar to those which led to  equation 3.2, the 
input adm ittance for the case of unequal Q’s m ay be derived as,2,4' 5

(a)

F  k-QQ'
G L ' 1 +  (2QS5)2 +  j2QS 1 -
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Fig. 11 — Driving point properties of two coupled, synchronously tuned reso
nators for the case of the secondary Q equal to half the primary Q.
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or in more convenient form as, 

p(Qifc) 2Y
G

where

1  + i  +  P*(2 Qay +  ¿(2 QS)
p \Q k Y

1 +  p2(2Q5)2
(3.12)

The above expression contains four variables, namely Y/G , (Qk), (2 Qo) 
and p, so th a t the complex adm ittance plane representation will now 
have to be restricted to  particular values of p. One such plot, for p =  
)x>, appears in Fig. 11. I t  is similar to th a t of Fig. 7 except th a t only the 
positive half has been shown since equation (3.12) is symmetrical about 
the conductance axis; in addition, the param eter, (Qk)2, has been carried 
to the point of critical coupling onlv. i.e.. the formation of a cusp, and 
not beyond. The frequency contours are again seen to be straight lines 
crossing the horizontal axis a t  a value of conductance equal to  the in
pu t conductance for the condition of critical coupling and 2Q5 = 0.

Equation (3.12) shows th a t the susceptance term  will be zero for

(a) 

or for

(b)

2QS =  0,

V\ Q k f  =  1 +  p \2 Q S f (3.13)

The value of conductance corresponding to  condition (a) is given by 
<7 = 1 +  p(Qfc) 2 and the value corresponding to condition (b) by g =  
1 +  1/p- I t  is interesting to note th a t this la tter value which determines 
the point of intersection of the frequency contours, as well as of the 
adm ittance plot for critical coupling, with the conductance axis, is 
independent of the actual values of Q and the degree of coupling and 
only dependent upon p, the ratio of Q’s. Thus in Fig. 11, which con
stitu tes a  plot for p  =  0.5, the value of conductance a t which all the 
above named contours meet is given by g =  1 +  1/0.5 =  3.

From w hat has been said before we know th a t a t critical coupling the 
adm ittance locus forms a cusp intersecting the conductance axis a t 
{7 = 1 -}- 1 /p  a t the frequency, 2Q5 =  0. Substituting this value of 
2QS into the conductance term of equation 3.12 and equating to 1 +  1/p 
yields
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lienee

pQk =  Qsk =  1 (for critical coupling). (3.14)

The effect of reducing the secondary resonator Q is to broaden the 
frequency range over which a high input impedance or low adm ittance 
m ay be m aintained. This is clearly illustrated in Fig. 12 where curves 
having the same value of conductance a t resonance have been selected 
from Figs. 7 and 11 and superimposed to facilitate comparison.

Fig. 12 — Comparison of admittance loci for coupled resonators of equal Q’s 
with the case in which the secondary Q equals half the primary Q.

(Q k r = o

=  0.0 

=  1.6 /

Ok)
0.5 Q

(Qk)
(Ok)



3.4 Mode Shapes Obtainable with Two Coupled Resonators of Unequal 
Q’s

The complex adm ittance plane representation for the case of the 
secondary Q equal to  half the prim ary Q is shown in Fig. 13(a) and the 
resulting mode shapes for the 3 +  %  repeller mode in Figs. 13(b), (c),
(d), and (e). Again we notice th a t the coupling coefficient required for 
best modulation linearity is considerably smaller than  th a t which re
sults in a  flat topped power curve. From  Fig. 13(c) the most linear 
frequency-repeller voltage curve is associated with (Qk'f =  0 .8  while 
from Fig. 13(d) a  flat power mode m ay be obtained w ith a value of 
(Qfc) 2 somewhat less than  1.6. In  cases where neither modulation linearity 
nor constant power output are of im portance bu t where the application 
requires a wide electronic tuning range, Fig. 13(e) shows the advantage 
to  be gained from coupled cavities. Here, power output has been nor
malized with respect to  its peak value within the particular mode under 
consideration and plotted against Qo. The ratio of half-power band- 
widths for the curve corresponding to (Qk'f — 2.4 to the single resonator 
case, i.e., (Qfc) 2 =  0, is seen to equal 1.73.

A phenomenon which m ay be encountered in the operation of the 
coupled resonator reflex klystron is illustrated by the (Qfc) 2 =  4.0 curve 
of Fig. 13(b). Here we are dealing with a split mode in which the power, 
though everywhere a single valued function of repeller voltage, drops 
to  zero over a range of repeller voltages centered about the middle of 
the mode. The reason for this behavior m ay be readily understood from 
an inspection of the complex adm ittance plane representation of Fig. 
13(a). I t  is caused by the F es-locus for the 3 +  %  repeller mode crossing 
the appropriate load line and thereby resulting in a  frequency band over 
which the condition for oscillation cannot be met.

4.0 AN EXPERIMENTAL COUPLED-RESONATOR REFLEX KLYSTRON

The reduction to practice of the theoretical results obtained in the 
above study raises these requirements:

(1) An arrangem ent m ust be found which allows the coupling between 
prim ary and secondary cavities as well as between prim ary cavity and 
waveguide output line to  be varied continuously and independently.

(2) E ither prim ary or secondary resonators (or both) m ust be tunable 
to  allow frequency adjustm ents for synchronous operation.

(3) Secondary resonator Q should be continuously variable.
(4) The secondary resonator should be detachable for independent 

determ ination of Q.
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Q 6
Fig. 13 — Graphical determination of mode shapes for a coupled resonator 

reflex klystron having the secondary cavity Q equal to half the primary Q. The 
effect of lowering the secondary Q may be studied by comparing the above curves 
with the corresponding ones shown in Fig. 9.
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(5) Frequency a t  which these experiments are to be performed should 
be in a microwave band where good waveguide components and m easure
m ent techniques are available.

These considerations have led to  the adoption of an external cavity 
type reflex klystron, the Sylvania 6 BL6 , as a vehicle for the experimental 
studies to be described, and operation in the 3700-4200 me band.

4.1 Constructional Features of Experimental Tube and Circuit

The 6 BL6 is one of a group of Sylvania low-voltage reflex klystrons10 

designed for use with external cavity resonators. Electrical connection 
to the interaction-gap grids is m ade through gold plated contact rings, 
formed from the disc seals which pass through the glass. The top ring 
is slightly smaller in diameter than the bottom  ring, thereby perm itting 
the insertion of the tube without disturbance to the associated cavity. 
Fig. 14 shows the external appearance of this tube and also contains a 
view of the m ajor components of the passive circuit with cutouts to 
indicate the internal construction.

SECONDARY Q 
ADJUSTMENT

TUNING 
ADJUSTMENT

PRIMARY

CAVITY

RESISTANCE VANE

Fig. 14 — An experimental coupled resonator reflex klystron having a fixed 
frequency primary cavity.

COUPLING ADJUSTMENT 
BETW EEN  PRIMARY AND 

SECONDARY CAVITY

SHUTTER TO VARY 
OUTPUT COUPLING

IRIS
OUTPUT
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Operation in the 4000-mc band was found to require a closely fitting 
prim ary cavity resonating in its principal mode. This unit, made of 
gold plated brass, is coupled to  the ou tput waveguide and secondary 
cavity respectively through two rectangular irises the sizes of which are 
independently variable by means of shutters. Toroidal contact springs 
located in circular grooves grip the inserted tube and complete the 
external circuit. The secondary cavity consists of a length of rectangular 
waveguide and uses a  movable contacting plunger for tuning. A micro
meter driven resistance vane m ay be inserted into this cavity through a 
longitudinal slot in its top surface thereby obtaining a v ide  range of 
continuously variable Q’s. The entire un it is attached to  the output 
waveguide by means of the adapter plate shown to the right of the 
prim ary cavity in Fig. 14.

A coupled resonator circuit having a tunable prim ary cavity is shown 
in the photograph of Fig. 15. The secondary cavity of this un it is identical 
to the one shown in the Fig. 14 bu t the prim ary resonator has been

PRIMARY
CAVITY

6 BL 6

TUNING
PLUNGER

Fig. 15 — An experimental coupled resonator reflex klystron with a tunablp 
primary cavity. The mechanical tuning range of this tube extends from 3700-4200 
me.

sec o n d ary  q
ADJUSTMENT

SECONDARY
CAVITY

TUNING
ADJUSTMENT



modified to  take two non-contacting tuning plungers so dimensioned 
th a t they can be moved in very close to  the glass wall of the 6BL6 . In  
this way an  operating frequency range from 3700-4200 me was obtained.

4.2 Qualitative Verification of Theory

T he results of a qualitative verification of the coupled-resonator 
reflex klystron theory are given in the form of oscillographic displays in 
Fig. 16. Photograph (a) shows the (3 +  % )-repeller mode of the 6BL6 

with the secondary cavity completely decoupled. In  photograph (b) 
the coupling iris and secondary Q have been adjusted for a flat topped 
output curve. The bandw idth of this curve for a  variation in power 
output of ± 0 .1  db was found to  be 58 me, i.e., considerably greater than  
the half-power bandwidth of the single resonator case above. Increasing 
Q,k beyond this point by either enlarging the coupling iris or withdraw
ing the resistance vane from the secondary resonator or a  combination 
of both brings about the condition of critical coupling, illustrated by 
photograph (c). As explained earlier, this mode-shape results from the 
adm ittance plot of the passive circuit forming a cusp in the g-b plane. 
Comparison between this photograph and the theoretical mode of Fig. 
9(b) for (Qkfi = 1 indicates good qualitative agreement. Coupling the 
secondary cavity still tighter, i.e., making the value of Qsk greater than  
unity, causes the formation of a loop in the circuit adm ittance plot and 
the consequent load hysteresis shown in photograph (d). W hereas all 
oscillograms discussed to  this point have been obtained with a 60-cycle 
sinusoidal sweep applied to  the repeller, the last one in this group, (e), 
results from a unidirectional (sawtooth) repeller sweep. The nature of 
this hysteresis effect has been explained earlier, and oscillograms one 
m ight expect to observe with overcoupled resonators for both  sinusoidal 
and unidirectional sweeps were shown in Fig. 10. Again we note good 
qualitative agreement.

4.3 Quantitative Verification of Theory

As further strengthening of the theory underlying the operation of 
the coupled resonator reflex klystron a quantitative, experimental veri
fication was undertaken. The methods used in connection with this 
work and the results obtained will form the subject of the  sections to 
follow. To anticipate some of the conclusions which will be presented 
in the course of this description, let i t  be said here th a t the quantitative 
agreement between theory and experiment was found to  be of an order 
high enough to  justify am ply the approximations involved in the ex-
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SECONDARY RESONATOR COUPLING MODE SHAPE FOR CONDITION OF
AND Q  ADJUSTED FOR FLAT TOPPED CRITICAL COUPLING, l.e..Q,K = t
MODE SHAPE. BANDWIDTH FOR 
POWER VARIATION OF ± 0.1 DB IS 
59 MC.

(d) (e)
LOAD HYSTERESIS DUE TO OVER- SAME AS (d) EXCEPT FOR 
COUPLING, l.e.,QsK > 1 UNIDIRECTIONAL (SAWTOOTH)

REPELLER SWEEP

pressions for both electronic adm ittance and passive circuit adm ittance, 
and to establish confidence in the method of analysis proposed to predict 
tube performance under a variety of conditions.

Since theoretical results had been worked out for the cases of the 
secondary Q equal to the prim ary Q and for the secondary Q equal to

|VR| AND f  INCREASING — >-

(a)
SECONDARY RESONATOR COM
PLETELY DECOUPLED. HALF POWER 
ELECTRONIC TUNING RANGE EQUAL 
TO 49 MC.
(PEAK POWER =  100 MW)

Fig. 10 — Qualitative verification of theory. These oscillograms were obtained 
with a 6BL6 in the circuit of Fig. 14 and the following operating conditions: F 0 =  
325 V , Ik =  28 m a ,/ i  =  3800 me, 3 +  % cycle repeller mode.
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half the prim ary one, (see Figs. 7 and 11, respectively) it was decided to 
establish the same conditions in the experimental tube and to  compare 
the results thus obtained with those predicted by theory.

Prerequisites for the execution of these experiments were:
(a) Knowledge of the prim ary Q.
(b) Complete calibration of the secondary cavity with respect to 

both the variation of Qs w ith penetration of resistance vane and varia
tion of coupling coefficient with size of coupling iris.

(c) Knowledge of the location of the load lines with respect to  the 
small signal electronic adm ittance plot in the complex adm ittance 
plane.

4.3.1 Determination of Primary Q. The above param eter is under
stood to denote the “operating” or loaded Q of the tube with the output 
iris adjusted to its final and perm anent size and the secondary cavity 
completely decoupled. For the case of an inductively tuned (fixed gap) 
reflex klystron, it m ay be determined experimentally using the expres
sion ,7

where r  denotes the repeller space transit time. Both d r /d V R and d f/d V k 
are to be evaluated a t the center of the mode.

The functional relationship between r  and V K "'as obtained by placing 
the 6 BL6 in the tunable prim ary cavity of Fig. 15 and determining the 
repeller voltage for maximum power output over the mechanical tuning 
range of the cavity. Since the same repeller mode was used throughout 
this test, t  m ust also have been the same a t each of these frequencies, 
namely equal to  (N  +  % ) / f  seconds. The experimentally determined 
plot of repeller voltage vs. frequency is given in Fig. 17. I t  is seen to be 
a straight line described by the equation,

dr

(4.1)

d V  n  / r = J V + 3 / l

/  =  (13.5V K +  2495) me 

and since, for the 3 +  %-repeller mode,

(4.2)

(4.3)

the desired relation between r  and V R is obtained from the above two 
equations as

r  =  (3.6FS +  665)-1 sec., (4.4)
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whence the num erator of equation 4.1 follows as

(It

w R
3.6

(3.67« +  (my
10  6 sec/volt. (4.5)

I t  remained only to replace the 6 BL6 in the fixed tuned prim ary 
cavity, in which all subsequent tests were performed, and to determine 
the midmode repeller voltage and frequency. These values were found 
to be 96 volts and 3800 me respectively, thus yielding by substitution 
into equation (4.5),

clr

d v y
3.6 X HT*

(3.6 X 96 +  665)‘- =  3.52 X 10 12 sec/volt.

The demoninator of equation (4.1) simply denotes the “modulation 
sensitivity” a t the center of the mode. A simple measurement estab-

Pig. 17 —- Experimental determination of the relation between frequency and 
repeller voltage. Points shown were obtained with a 6BL6 in tunable primary 
cavity of Fig. 14 with secondary cavity completely decoupled and operation in the 
3 +  M repeller mode at a beam voltage, 7« =  3257. Frequency was varied by  
means of tuning plungers and repeller voltage recorded for maximum power out
put. Relation is given by, /  =  (13.57r +  2495) me.
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lished its  value as,

' d f =  1 .1 2  m c/volt.
dV R

Substitution into equation (4.2) then gave the value of prim ary Q as, 

Q =  7r(3.8)21013 -  »(3-75) =  130.

The entire Q-determination, incidentally, as outlined above, was re
peated for the 2 +  %  mode and resulted in Q = 128.8 thus affording an 
excellent and independent double check.

4.3.2 Calibration of Secondary Resonator. To facilitate the establish
m ent of controlled and reproducible conditions of secondary Q and 
coupling coefficient, two calibration curves had to  be obtained. One, 
relating the values of secondary Q with the readings of the micrometer 
controlling the depth of insertion of the resistance vane and the  other, 
relating the coefficient of coupling, k, with the coupling iris width. The 
latter could be varied by means of gold plated spring shutters as shown 

•in Figs. 14 and 15.
This calibration of the secondary cavity was carried out in three 

distinct phases. The first phase involved the determ ination of the varia
tion of Qs with micrometer setting for values of Q, ranging from 500 to 
2000. The second phase, which was based on the results obtained in 
phase one, yielded the complete calibration of the coupling iris and the 
th ird  and last phase, in tu rn  dependent on results of phase two, yielded 
values of Qs down to 65. T he reasons for this particular sequence of 
measurements will become apparent in the following more detailed 
description.

By means of a Q-measurement technique8 based on an oscillographic 
display of reflected power, points on the calibration curve were obtained 
as indicated by the circles in Fig. 18. I t  is seen th a t the lowest value of 
Q„ which could be determined by this m ethod was 550. For lower values 
of Q, the sweep range of the signal generator became insufficient to 
display the required fraction of the resonance curve; in addition, the 
cavity proved excessively undercoupled to perm it reliable measurements 
of bandwidths.

Using the  values of Q, thus determined and a particular property of 
coupled resonators covered earlier in this tex t and further elaborated 
below, the relation between coupling coefficient and iris width was 
established. I t  was shown earlier th a t an  overcoupled secondary cavity 
gives rise to load hysteresis manifesting itself in mode shapes as sketched



A COU PLED RESONATOR R E F L E X  KLYSTRON 7 5 5

MICROMETER READING

Fig. 18 — Calibration of secondary cavity. Variation of secondary Q with 
reading of micrometer controlling depth of insertion of resistance vane.

in Fig. 10 and shown in the form of an oscilloscope pattern  in Fig. 
16(d). Conditions pertaining a t  the crossover point were described by 
equation (3.13), which stated:

v \Q k ?  =  1 +  p \2 Q 8 )\

or, since pQ =  Q,

(Q .k f = 1 +  (2  Q.8)2.

Hence the two frequencies corresponding to the crossover point are 
given by

A .  =  ± 5 / / * * -  ( I 1) ” (4.6)

and their difference, A5, by

AS - |  . V  -  (4.7)

Equation (d.?)4, 6 provides an experimental method of determining k
since 4o can be accurately measured and Q, is known from previous tests.
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The actual procedure adopted in calibrating the coupling iris was th is : 
The secondary cavity was set to  a fairly high and known value of Q ,, say 
1500, and the coupling iris adjusted to the smallest width which still 
resulted in overcoupling, i.e. in Q„k >  1, and thus displayed the de
sired load hysteresis on the oscilloscope screen. By means of a high-Q 
absorption wavemeter the crossover frequencies were determined and, 
along with the known value of Q, substituted into equation (4.7) which 
then yielded the value of k. As a double check the above procedure was 
repeated for several values of Qs and in accordance with theory the 
coupling coefficient, 7c, found to be a function only of the iris coupling 
width. A typical set of readings is given in Table II . They show th a t 
though Qs was varied by a ratio of nearly 3 :1 , the resulting values of 7c 
only differed by about one-half per cent. M easurements as shown in 
the table were repeated for various iris widths. They resulted in the 
curve of Fig. 19.

To complete the calibration of the secondary cavity it was necessary 
to extend the relation between Qs and micrometer readings to values 
lower than  could be obtained by the reflected power technique. This 
was carried out with the aid of Fig. 19 in the following manner: 
W ith the coupling iris adjusted to its maximum width of 0.5", the 
secondary Q was varied until the condition of critical coupling, as ob
served by the formation of a  cusp on the oscilloscope pattern  (see Fig. 
16(c)), was reached. Since this condition is characterized by Qsk =  1 
and since the value of k corresponding to the iris opening could be read 
off the curve of Fig. 19, the value of Q, then followed simply as the 
reciprocal of k. This measurement was repeated for successively smaller 
iris openings and the points shown as triangles in Fig. 18 were obtained. 
Inspection of this figure also reveals th a t these values of Q ,, ranging 
from 65 to 1100, overlap and coincide w ith values of Q, determined

T a b l e  I I

Coupling
Iris

W idth
(inches)

Secondary 
C av ity  (), 

<2,

Crossover 
F requencies 

/ i  a n d /2  
(m e)

A / =  
( / . - / . )  

(me)

AS =  
2 A / 

/ i  +  / l

F rom  E qua tion  
(4.7),

k =
V ( a s )= +  (UQ.r-

0.500 1430 3749.9
3694.4

55.5 14.92 X 10"3 14.93 X 10~3

0.500 975 374S.4
3693.1

55.3 14.90 X 10-3 14.90 X IO“3

0.500 573 3745.2
3690.4

54.S 14.74 X 10~3 14.85 X 10-3
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WIDTH OF COUPLING IRIS IN INCHES

Fig. 19 — Calibration of coupling iris. Variation of coupling coefficient with  
width of coupling iris.

independently by the reflected power method. The significance of this 
experimental agreement is twofold. I t  serves to  prove the correctness 
of the calibration curves of Figs. 18 and 19 and beyond th a t m ay be 
regarded as verifying much of the theory of the coupled resonator re
flex klystron.

4.3.3 Comparison of Experimental and Theoretical Mode Shapes. 
Knowing the prim ary (operating) Q and the calibration of the sec
ondary resonator, controlled operating conditions were established and 
the experimental mode shapes shown in the left hand column of Fig. 20 
obtained. The first three families of curves in this column are the results 
of point by point measurements in which repeller voltage, taken as the 
independent variable, was varied by known am ounts about its midmode 
value and the corresponding values of R F  power ou tput and frequency 
were determined by a  therm istor-bridge-wattm eter and high-Q wave- 
meter respectively. The last family of curves in this group, (d), is derived 
from (c); in it  power has been normalized with respect to  its maximum 
value within the mode thus perm itting the convenient determ ination of 
midmode percentage reduction of power and electronic tuning range 
to any desired power level for various values of (Qk)~.

Additional details of the test conditions which gave rise to the ex-
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EXPERIMENTAL MODE SHAPES THEORETICAL MODE SHAPES

FREQUENCY, A f ,  IN MEGACYCLES PER SECOND

Fig. 20 — Quantitative verification of coupled resonator reflex klystron theory. 
Curves (a) and (b) were obtained experimentally by changing the repeller voltage 
about its midmode value and noting the corresponding values of power and 
frequency. Curves (c) and (d) were deduced from (a) and (b). The theoretical 
curves were obtained graphically from a complex admittance plane plot similar 
to those of Figs. 9 and 13.

75S

OBTAINED GRAPHICALLY FROM 
COMPLEX ADMITTANCE PLANE 
REPRESENTATION. NORMALIZED FREQUENCY, 

0.â, CONVERTED TO MC BY ASSUMING 
Q =  130 AND f0 = 3800 MC

V0 =  325V, I K =  28 MA, VR (M ID'.'.ODE)=-96V, 

=  3800 MC, 3 %  REPELLER MODE,

PRIMARY Q =  130, SECONDARY Q =  65,
Q k  VARIED BY CHANGES IN COUPLING IRIS WIDTH

60 AO 20 0 -20 -40 -60

A 0  IN DEGREES

-15 -10 -5 0 5 10 15

A|Vr | IN VOLTS
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perimental curves shown are as follows:
6 BL6 repeller mode =  3 +  %  cycles 

Resonator voltage, F 0 =  325 volts 
Cathode current, I* = 28 m a 

M idmode repeller voltage, V R =  — 96 volts 
Midmode frequency, / 0 =  3800 me

Secondary Q, Qa = M  prim ary Q = 65, obtained by  m i
crometer reading of 0.234 (see Fig. 
18)

The param eter, (Qk'f, was varied by adjusting the iris width, and hence 
k, according to  Table II I .

A few words, next, about the method by which the theoretical curves 
of Fig. 20 were derived. Inpu t adm ittance plots for two coupled resona
tors having Q„ =  /̂¿Q  were given earlier in this report (see Fig. 11).

T a b l e  I I I

(Q*)3 k (for Q = 130) Ir is  w id th  from  Fig. 19 in inches

0.0 0.00 0.000
o.s 6.88 X 10~3 0.2S5
l.G 9.73 X 10-3 0.350
2.4 11.90 X IO’ 3 0.405

These included graphs for the values of (Qfc) 2 listed in Table I I I  and 
thus of direct use in a graphical adm ittance plane analysis such as 
described in Section 3.2. To establish correlation, however, between 
theory and experiment, i t  was necessary to  determine the location of the 
load lines in relation to  the small-signal electronic adm ittance plot for 
the 3 +  %  repeller mode. This was performed graphically by trial and 
error as follows: a number of electronic adm ittance loci were drawn and 
their interactions w ith the load line for (Qfc) 2 =  2.4 studied. In  particu
lar, the ratio of minimum to maximum power was calculated for each 
tria l until one was found agreeing well with the experimental value of
0.845 (see Fig. 20d). This la tter trial, then, was taken as representing 
the proper relation between electronic and circuit adm ittance. Mode 
plots for other values of (Q k f  were determined w ithout further reference 
to  the experimental results and allowed to  fall where they may.

In  comparing the theoretical and experimental curves, then, the fol
lowing points should be kept in m ind: the frequency scales of the the
oretical curves are normally expressed in terms of Qo. This was converted
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to megacycles in Fig. 20 by using the relation,

Af  = (Q5) me,

where Q was found to equal 130 by the  independent measurement de
scribed in section 4.3.1 and f 0 taken as 3800 me. The vertical power 
scales of the theoretical curves are not entirely independent of the 
experimental plots in as much as one of the latter, namely the plot for 
(Qk)' = 2.4, was used in determining the location of the load lines within 
the spiral diagram.

The curves presented in Fig. 20 are largely self-explaining. They in
dicate good agreement between theory and experiment. W hat disagree
ment there is, m ay be traced primarily to the assumptions involved in 
the small signal klystron theory not being fully m et in practice. Thus, 
the slight discrepancy between Figs. 20(a) and (aa) m ay be due to  the 
drift angle not being linearly related to  repeller voltage or possibly due 
to  the phase angle of the electronic adm ittance being affected by  the 
m agnitude of the gap voltage .11 These factors, however, are eliminated 
in the mode plots (c) and (d), which for this reason exhibit better mode 
sym m etry and very close agreement with theory.

4.4 Performance Data

The experimental curves of Fig. 20 were obtained with particular 
values of (Qk)2 and Q,/Q  for which the input adm ittance of two coupled 
resonators had been computed and plotted earlier. As pointed out before, 
these values were chosen merely because they facilitated comparison 
between theory and experiment; they were not to  be regarded, however, 
as representing optimum conditions. Whereas these curves had been 
obtained for a fixed secondary Q (namely equal to  half the prim ary one), 
with changes in coupling-iris width producing the desired variations in 
(Qk)2, the dem onstration of optimum performance which follows was 
pursued along different lines. Here, the coupling iris was opened to  its 
maximum width (0.500") and the secondary Q adjusted until the con
ditions shown by the oscillograms of Fig. 21 were obtained.* These oscil
lograms indicate a number of mode shapes useful in applications re
quiring power output to  be essentially independent of frequency. I t  is

* In adjusting the circuit parameters for a flat topped mode it should bo borne 
in mind that the variation in power with frequency is a function of Q,k whereas 
the actual bandwidth varies inversely with Q , .  For a maximum flat band, there
fore, Q, should be chosen as small as possible consistent w ith a value of (Q ,ky  
of about 0.35. In practice the lowest value of Q, which can be used will be deter
mined by the highest value of k obtainable with a given coupling iris.
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UJ -4
fj =  3928 MC 

f2 =  3978 MC 
A f  =  50  MC 

POWER FLAT WITHIN 
± 0 .0 5  d b  (APPROX) 

A f i ^ =  ItO M C

f, =  3922  MC 

f2 = 3981.4 MC

A f =  59.4 MC 
POWER FLAT WITHIN 
± 0.1 d b  (APPROX) 

Afy■ =  112 MC

seen th a t the useable bandw idth depends on the degree of flatness. Thus, 
if the application requires power to  be absolutely constant, the useable 
bandw idth equals 39 me; it  increases to about 70 me for a  fluctuation 
in power of ± 0 .2  db. Fig. 21 also lists the values of half power electronic 
tuning for the oscillograms shown. They are seen to range between 107 
and 113 me.

By way of comparison, the mode shape for the case of a completely 
decoupled secondary resonator was shown in Fig. 16(a). I ts  peak power 
was found to equal about 10 0  mw, or about twice the power of the flat 
topped modes of Fig. 2 1 , and its half power electronic range equaled 50

SINUSOIDAL REPELLER SWEEP REDUCED ANO HOR-
SWEEP BEYOND IZONTAL GAIN INCREASED TO

EXTINCTION ENLARGE FLAT POWER BAND

1 1
fa

A f =  39 MC 
POWER CONSTANT 
OVER ABOVE BAND 

A fy2=  107 MC

fi =  3917 MC 

f2 =  3986.6 MC 

A f =  69.6 MC 
POWER FLAT WITHIN 

±0.2 db (APPROX) 

Af|/2 =  113.3 MC

Fig. 21 — Oscillograms showing flat power bands obtainable with coupled 
resonator reflex klystron. 6BL6 operating in 3 +  %  mode, F'o =  325 V, h  — 28 ma, 
zero DB  power level corresponds to 50 m illiwatts.



me. The price, then, we m ust pay for a better than  two fold increase 
in electronic tuning and for a frequency range of constant power is a 3 
db loss in the available power output.

Using the tunable prim ary cavity shown in Fig. 15, the mode per
formance just described could be obtained about any center frequency 
between 3700 and 4200 me.

5.0 APPLICATIONS OF THE COUPLED-RESONATOR REFLEX KLYSTRON

A numer of applications making use of the variety of mode shapes 
which m ay be obtained with the coupled resonator reflex klystron were 
indicated in the introductory section of this paper. Some of these ap
plications were tried experimentally and are described below, others,
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(a)
USE OF COUPLED-RESONATOR REFLEX 
KLYSTRON IN GAIN COMPARATOR TO DISPLAY 
BANDPASS CHARACTERISTIC OF MICROWAVE 
CHANNEL FILTER. TOP TRACE REPRESENTS 
INCIDENT POWER, LOWER TRACE TRANS
MITTED POWER.

CENTER FREQUENCY OF FILTER =  3810MC 
PASS BAND =  28 MC

(b)
USE OF COUPLED-RESONATOR REFLEX 
KLYSTRON AS SWEPT FREQUENCY SOURCE 
IN DETERMINATION OF Q OF UNKNOWN 
RESONATOR BY REFLECTED POWER METHOD. 
TOP TRACE REPRESENTS POWER INCIDENT 
UPON CAVITY UNDER TEST, MIDDLE TRACE 
REFLECTED POWER AND LOWER TRACE 
ZERO POWER LEVEL. (NOTE FLATNESS 
OF INCIDENT POWER TRACE)

(C)
OSCILLOSCOPE DISPLAY FOR SAME 
RESONATOR RESULTING FROM USE OF 
CONVENTIONAL KLYSTRON AS SWEPT 
FREQUENCY SOURCE

Fig. 22 — Examples of application of coupled resonator reflex klystron as 
microwave sweeper.
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and in particular those making use of the improved modulation linearity 
resulting from the  use of two resonators, could not be tried since the 
required test apparatus9 was unavailable. The close correlation between 
theory and experiment, however, as dem onstrated in Section 4.3.3 leaves 
little doubt as to  the feasibility of such applications.

Two examples of the use of the coupled resonator reflex klystron as a 
microwave sweeper are given in Fig. 2 2 . The first example shows the 
band pass characteristic of a channel filter, 28 me wide. The second 
example demonstrates the use of this tube in a Q-measurement scheme8

70 MC 100 MC

GAIN-FREQUENCY CHARACTERISTIC OF 
IF AMPLIFIER USING COUPLED-RESONATOR 
REFLEX KLYSTRON AS SWEEP SOURCE 

CENTER FREQUENCY OF 1F-AMPL=70MC 
FLAT BANDWIDTH OF IF-AMPL =  22MC

GAIN-FREQUENCY CHARACTERISTIC OF 
SAME IF AMPLIFIER AS OBTAINED BY 
CONVENTIONAL (SINGLE RESONATOR) 
REFLEX KLYSTRON. DISTORTION IN GAIN 
ENVELOPE DUE TO MODE SHAPE OF 
KLYSTRON.

Fig. 23 — Example of application of coupled resonator reflex klystron as inter
mediate frequency sweeper.
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based on the oscillographic display of reflected power. The advantage of 
a flat-topped mode shape for this measurement m ay be seen by com
parison with the oscillogram of Fig. 22(c) which was obtained for the 
same resonator under test using a conventional reflex klystron as swept 
frequency source.

The center frequency of the flat power band obtainable with the 
coupled resonator reflex klystron m ay be shifted into the interm ediate 
frequency range by mixing its ou tput with a suitable local oscillator. 
This is shown in Fig. 23 where the  first three oscillograms represent a 
power band flat to  within ± 0 .1  db and 60 me wide centered around an 
IF  frequency of 70 me. The frequency m arkers are obtained from a 
signal generator tuned to  the frequencies indicated and coupled lightly 
to  the output of the mixer. Fig. 23(b) shows the gain-frequency char
acteristic of a 70 m c-IF strip having a useful bandwidth of 2 2  me. The 
last oscillogram shows the gain-frequency characteristic of the same IF  
amplifier with the coupled resonator reflex klystron replaced by one of 
conventional design. Due to the inadequate electronic tuning range of 
this klystron and due to  the asym m etry of its mode shape, the gain 
envelope of the IF  amplifier appears distorted.

6.0 CONCLUSIONS

The theory and reduction to practice of a coupled resonator reflex 
klystron have been presented. This device differs from the conventional 
reflex klystron in th a t the electronic adm ittance interacts with the input 
adm ittance of two coupled resonators. Significant and advantageous 
changes in performance resulting therefrom are:

(1) Power output can be made to  be substantially flat over p a rt of 
the electronic tuning range. The frequency range of flat power is greater 
th an  the half power electronic tuning range of a klystron having the 
same electron-optical system b u t interacting w ith a single resonator.

(2) The lialf-power electronic tuning range of the coupled resonator 
klystron is more than  twice th a t of the equivalent single resonator 
klystron.

(3 ) M odulation linearity m ay be obtained over a greatly increased 
frequency swing.

A reduction in power ou tput of about 3 db occurs for a secondary 
resonator Q and coupling coefficient adjustm ent designed to yield a 
maximum flat band or maximum electronic tuning, a much smaller 
reduction in ou tput power, perhaps 10  per cent, will provide a  substantial 
improvement in  modulation linearity.
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Q ualitative and quantitative experimental verifications of the theory 
were undertaken and good agreement obtained. Oscillograms of mode 
shapes having a range of constant power output and wide half-power 
electronic tuning were presented together with a number of applications 
of the coupled resonator reflex klystron both as a microwave and as an 
interm ediate frequency sweep source. Other applications were indicated 
and additional ones m ay suggest themselves to  the reader.

I t  is believed th a t the addition of the second resonator makes the 
reflex klystron a more useful device in many of its more im portant 
applications.
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db below the free-spaee field, but are hundreds of db (in one case 700 db) 
stronger than the value predicted by the classical theory based on a smooth 
spherical earth with a standard atmosphere. Antenna gains and beam widths 
are maintained to a first approximation and no long delayed echoes have 
been found.
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form of elemental memory. By means of a series of calculations performed
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on the spoken input digit, a best match type comparison is made with each of 
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Eng., 71, pp. 1103-1108, Dec., 1952 and A .I.E .E . Trans., 71, pp. 
175-182, 1952 (Monograph 204G).
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JL, 59, pp. 388-397, Nov., 1952.
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89, pp. 244-255, Jan. 1, 1953.
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cerning reflection processes at a metal surface and the nature of electron 
ejection by the alpha-particle (IIe++) and the molecular helium ion (He2+) 
come out of this work.

H e i d b n r e i c h , R. D .1 

M ethods in Electron Microscopy of Solids, Rev. Sci. Instr., 23, pp. 
583-594, Nov., 1952 (Monograph 2047).
Methods of replicating solid surfaces for electron microscopy are reviewed 
and compared. Preparation of metal surfaces for electron microscopy is dis
cussed, and the advantages of employing electron diffraction techniques 
in evaluating prepared surfaces are pointed out. Examples of the application 
of replicas include steel, precipitation in alloys, such as Alnico 5, and studies 
of slip in aluminum. Growth spirals on the surfaces of crystals of n-paraffins 
are demonstrated. The use of thin metal sections and of emission electron 
microscopy in studying metallic structures is discussed, and examples are 
given.
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41, pp. 272-274, Feb., 1953.
This paper gives the results of a theoretical investigation of an antenna used 
with a plane reflector. This finds application in microwave relay stations, 
where the antenna is placed at ground level facing up and the reflector is 
located some distance above it. The results given show that there are certain 
values of X, separation distance, reflector and antenna size for which the 
received power is greater than for the same antenna alone at the elevated 
location.

K a p l a n , E. L .1

Tensor Notation and the Sampling Cumulants of k-Statistics, Bio- 
metrika, 39, pp. 319-323, Dec., 1952.
Now and then in the literature one finds results relating to multivariate 
distributions which are derived virtually independently of, or with con
siderable effort from, the corresponding univariate relations, whereas they 
are in fact only very mild generalizations of the latter, as will be shown. 
Only the familiar concepts of moments, characteristic functions, cumulants, 
and ¿-statistics and their sampling cumulants will be discussed here. I t  should 
be emphasized that these concepts are identical with those ordinarily used in 
multivariate situations; the only novelty lies in the concise manner of repre
senting and handling them.
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K e l l e r , A. C . 1

Economics of High-Speed Photography, S .M .P.T .E ., J1., 59, pp.
365-368, Nov., 1952 (Monograph 2052).
The economics of the use of high-speed photography in research and develop
ment work are discussed. High-speed photography is a relatively new tool 
for engineers which can be used to measure mechanical or electrical effects
or both at the same time. Examples are given which illustrate the savings in
engineering manpower as well as in materials, devices and systems.

K e r n , H. E., see J. J . Lander.

Kock, W. E . , 1 a n d  R. L. M i l l e r .1 
Dynamic Spectrograms of Speech, L etter to the Editor, J. Acoust. 
Soc. Am., 24, pp. 783-784, Nov., 1952.

K o c k , W. E .1

Problem  of Selective Voice Control, J. Acoust. Soc. Am., 24, pp. 
625-628, Nov., 1952 (Monograph 2048).
The development of devices which can be operated automatically from the 
phonetic content of speech may be viewed in terms of the more general prob
lem of the reduction of channel capacity in communications systems. Signifi
cance has been observed in formant positions and movements as regard the 
identification of speech sound. The basic problems in the derivation of pho
nemes from the formant patterns are reviewed.

L a n d e r , J. J . , 1 H. E. K e r n 1 a n d  A. L. B e a c h 1
Solubility and Diffusion Coefficient of Carbon in Nickel: Reaction 
Rates of Nickel-Carbon Alloys with Barium Oxide, J. Appl. Phys., 
23, pp. 1305-1309, Dec., 1952.
Experimental values for the solubility of carbon in nickel in the range 700°C 
to 1300°C yield the equation In S  = 2.480 — 4,880/T, where jS is the solu
bility in grams of carbon per 100 grams of nickel. Values' obtained for the 
diffusion coefficient in the same range fit the equation In D — 0.909 — 
20,200/T, where D is in cm2 per second. These results are of some interest 
in the problem of the activation of thermionic oxide coated cathodes, and 
the experimental method used to measure the diffusion coefficients is related 
to phenomena occurring in vacuum tubes. To extend the usefulness of the 
results in this direction, rates of reaction between diffused carbon and barium 
oxide coatings on nickel have been measured. I t was found that the rates are 
diffusion limited over a wide range of conditions of interest.

L e w i s , H. W .1

M ultiple M eson Production in Nucleon-Nucleon Collisions. Revs. 
M odern Phys. 24, pp. 241-248, Oct. 1952 (M onograph 2049).
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L u k e , C. L .1
Photom etric Determ ination of Silicon in Ferrous, Ferromagnetic, 
Nickel, and Copper A lloys— A Molybdenum Blue M ethod, Anal. 
Chem., 25, pp. 148-151, Jan., 1952.
A simple, rapid photometric method for the determination of silicon in fer
rous, ferromagnetic, nickel, and copper alloys has been developed. Wide 
applicability is its most unique and important feature. Interfering elements are 
removed by a carbamate-chloroform extraction and silicon is then deter
mined by the photometric molybdenum blue method. Confirmatory data on 
a wide variety of samples of known silicon content are presented.

L u m sd e n , G. Q .1 
A Q uarter Century of Evaluating Pole Preservatives. Amer. Wood 
Preservers’ Assoc., Proc., 48, pp. 27-47, 1952 (Monograph 1999).

M a c W il l ia m s ,  W . H .,  J r .1 
Computers — P ast, P resent, and Future, Elec. Eng., 72, pp. 116-121, 
Feb., 1953.
This article deals with the historical development of computers. I t also dis
cusses current problems and indicates future structural and functional com
puter trends which will help to free man from burdensome calculations and 
increase his material wealth while permitting him more time for pursuits 
not directly concerned with earning a living.

M i l l e r , R. L., see W. E. Koch.

M u m f o r d , W. W .1

Optimum P iston Position for W ide-Band Coaxial-to-Waveguide 
Transducers '2 I.R .E ., Proc., 41, pp. 256-261, Feb., 1953.
A coaxial line can be matched to a waveguide by means of a probe antenna 
located ahead of a short-circuiting plunger. An impedance match can usually 
be achieved by varying any two of the following three dimensions: (a) the 
off-center position of the probe, (b) the probe length, (c) the piston position. 
This paper points out that there is, theoretically, an optimum piston position 
for greatest bandwidth, and presents some evidence corroborating this theory. 
Bandwidths greater than ± 1 0  per cent to the 1 db swr points have been 
realized by fixing the piston at its optimum position and varying (a) and (b) 
above to obtain a match.

N e l s o n , R. A . , 1 a n d  W. B a n d 4 
Vapor Pressure of H e3 =  H e4 M ixtures, Letter to  the Editor, Phys. 
Rev., 8 8 - p. 1431, Dec. 15, 1952.
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O s b o r n e , H. S .2

A Rose by Any Other Name, Report on W ork of the Anglo-American 
Committee on Technical Terminology, Standardization, 24, pp. 19- 
20, Jan., 1953.

P e c k , D. S . 1

Ten-Stage Cold-Cathode Stepping Tube, Elec. Eng., 71, pp. 1136— 
1139, Dec., 1952 (Monograph 2054).
Developments in the art of transferring a gas discharge from one point to 
another in a multi-electrode tube have led to the design of a 10-stage counting 
tube operating up to about 2,000 pulses per second. Such a tube can be used 
for pulse counting, frequency division, time measurements, and similar 
functions.

P e t e r s o n , G. E . 1 

Information-Bearing Elem ents of Speech, J. Acoust. Soc. Am., 24, 
pp. 629-637, Nov., 1952.
This study deals with those aspects of speech which are phonetically signifi
cant. A technique has been developed with which phonetically equivalent 
speech samples may be obtained in different phonetic contexts and from 
different speakers. Data on two front vowels by different types of speakers 
are presented. The technique has also been applied to the evaluation of words 
containing these two vowels.

P i e r c e , J. R .1

New M ethod of Calculating Microwave Noise in Electron Stream s,
I.R .E ., Proc., 40, pp. 1675-1680, Dec., 1952.
The noise in a temperature-limited electron beam in a drift space is calculated 
by a new means. Noise maxima and minima are found. The results agree 
with calculations made by the Rack-Llewellyn-Peterson method.

R i c e , S. O .1
Statistical Fluctuations of Radio Field Strength Far Beyond the 
Horizon, I.R .E ., Proc., 41, pp. 274-281, Feb., 1953.
When a sinusoidal radio wave of extremely high frequency is sent out by a 
transmitter, the wave received far beyond the horizon is often observed to 
fluctuate. Here some of the statistical properties of this fluctuation are derived 
on the Booker-Gordon assumption; namely, that the received wave is the 
sum of many little waves produced when the transmitter beam strikes “scat- 
terers” distributed in the troposphere. Expressions are obtained for the 
periods of the fluctuations in time, in space, and in frequency. These expres
sions extend closely related results obtained by Booker, Ratcliffe and others.

Sciiimpf, L. G., see R. L. Wallace, Jr.
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W hat We H ave Learned in 1952, Standardization, 24, pp. 16-18, 
Jan., 1953.
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W hat We H ave Learned in 1952, A Report to  the Jo in t M eeting of 
Standards Council and Board of Directors of ASA, A.S.T.M. Bull., 
No. 187, pp. 22-23, Jan., 1953.

V a n  R o o s b r o e c k , W .1
Large Current Amplifications in Filamentary Transistors, L etter to 
the Editor, J. Appl. Phys., 23, pp. 1411-1412, Dec., 1952.

W a l l a c e , R . L., J r . , 1 L. G. S c h i m p f 1 a n d  E. D i c k t e n 1 
High-Frequency Transistor T etrode, Electronics, 26, pp. 112-113, 
Jan., 1953.
Sine-wave oscillators at frequencies up to 130 me and tuned amplifiers with 
substantial gain at frequencies of 50 me or higher are obtained by using 
junction transistors with an added connection to the base electrode biased 
negative at six volts.
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he developed the first magnetic telephone message recorder and the 
five-reed telephone set. From  1936 on he was engaged in fundam ental 
development on machine switching apparatus, first on AMA, later 
with the wire spring relay project. In  connection with the latter, he 
developed the solderless wrapped connection. M r. M allina is also a 
research associate a t New York University, D epartm ent of Education.

W. P. M a s o n , B.S. in E .E ., University o f  Kansas, 1921; M.A., Ph.D ., 
Columbia, 1928. Bell Telephone Laboratories, 1921-. Dr. M ason has 
been engated principally in investigating the  properties and applications 
of piezoelectric crystals, in the study of ultrasonics, and in mechanics. 
Fellow of the American Physical Society, Acoustical Society of America 
and Institu te  of Radio Engineers and member of Sigma X i and T au 
Beta Pi.

J. W. M cR a e , B.S. in E .E ., University of B ritish Columbia, 1933; 
M.S., California In stitu te  of Technology, 1934; Ph.D ., California In 
stitu te  of Technology, 1937. Bell Telephone Laboratories, 1937-42, 
1945-. U. S. Army 1942-45, where he attained the rank of Colonel and 
served as D eputy Director of the Engineering Division of the Signal 
Corps Engineering Laboratories. R eturning to  Bell Telephone Labo
ratories in 1945, Dr. M cRae became Director of Radio Projects and 
Television Research in 1946; D irector of Electronic and Television 
Research, 1947; Assistant D irector of A pparatus Development I, 1949; 
Director of A pparatus Development I, 1949; D irector of Transmission 
Development, 1949; Vice President, 1951. Legion of M erit, 1945. Presi
dent of the In stitu te  of Radio Engineers, 1953. M ember of the A .I.E .E . 
and Sigma Xi.

T. F. O s m e u , E.E , Polytechnic In stitu te  of Brooklyn, 1935. Bell 
Telephone Laboratories, 1920-. As a member of the Physical Research 
D epartm ent until 1952, M r. Osmer was prim arily concerned with trans
ducers, including transm itters, receivers, loudspeakers, and high quality 
microphones. During W orld W ar I I  he worked on m ilitary contracts, 
and since the war he has been occupied w ith carbon contact studies, 
and more recently with studies of the solderless wrapped connection, 
using photoelastic techniques.

R. C. P r i m , received a B .S.E.E. degree from the University of Texas 
in 1941, and M.A. and Ph.D . degrees from Princeton University in 1949. 
Following graduation from college, he was employed by General Elec
tric Company in Schenectady until 1944, and then, as an ensign in the
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Reserve, he joined the N aval Ordnance Laboratory a t W hite Oak, 
M aryland. Here he conducted research on torpedo motion and control 
theory. H e joined Bell Telephone Laboratories in 1949, and has con
ducted m athem atical research on non-linear partial differential equa
tions and served as a consultant on m ilitary projects. Dr. Prim  is a 
member of the American M athem atical Society, the American Physical 
Society, Sigma Xi, and Tau B eta Pi.

E . D . R e e d , B.Sc., University of London, 1941; M.S., Columbia 
University, 1947. Ardente, L td., 1941-43; U. S. Army, 1944-46; Bell 
Telephone Laboratories, 1947-. Mr. Reed is engaged in the development 
and design of klystrons. Associate member of the In stitu te  of Radio 
Engineers and member of Sigma Xi.

H a r r y  S u h l , B.Sc., University of Wales, 1943; Ph. D., Oriel College, 
University of Oxford, 1948. Adm iralty Signal Establishm ent, 1943-46; 
Bell Telelphone Laboratories, 1948-. D r. Suhl conducted research on 
the properties of germanium until 1950, when he became concerned 
with electron dynamics and solid state physics research. M ember of the 
American Institu te  of Physics and the American Physical Society.

R. H. V a n  H o r n , B.S. in E .E., Pennsylvania S tate College, 1937; 
M.A., Columbia University, 1947. Bell Telephone Laboratories, 1937-. 
M r. Van H orn is a member of the Switching A pparatus Development 
D epartm ent and is in charge of the machine snitching apparatus labo
ratory. He has previously been engaged in the development of under
water sound devices and the vibrating reed selector for mobile radio 
applications. M ember of A .I.E .E . and Acoustical Society of America.

E. F .  V a a g e , E.E ., Technical University of D arm stadt, 1926; M .E .E ., 
Brooklyn Polytechnic Institu te , 1932; Royal Norwegian Air Force, 
1918-19; Elektrisk Bureau, 1926-27; A. T. & T. Co., 1927-34; Bell 
Telephone Laboratories, 1934-. M r. Vaage is a member of a group en
gaged in systems studies, an outgrowth of his previous work of evaluating 
transmission systems. M ember of American M athem atical Society and 
A .I.E .E .

A. S. V L n d e l b r , B.S., Rutgers University, 1930; Bell Telephone 
Laboratories, 1930-. M r. Windeler has been engaged in the design and 
development of toll cable, including coaxial, video pair, and microwave, 
types. He is currently in charge of a group concerned with the develop
m ent of expanded polyethylene insulated conductors for m ultipair cable.








