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PVBOO 

SMALLER 
TRANSISTORS 
FOR POCKET 

RADIOS 
With the demand for smailer and 
smaller portable radios comes the need 
for smaller transistors. To meet this 
need, Mullard are now pro.ducing 
miniature transistors less tha;n 'three- · 
eighths of an inch high and a quarter 
of an inch in diameter for. all the 
stages of medium and long-wave 
pocket receivers. 
These miniature transistors are encased 
in a metal envelope from which the 
leads emerge through a glass button in 
the base. The .leads are so · arranged 
that they can be inserted directly into 
a printed-wiring grid or can be splayed 
and connected in the same way as the 
leads of earlier transistors using the 
all-glass encapsulation. 
The new Mullard r.f. transistors 
OC44M/OC45M and a.f. transistor 
OC81 M are of this miniature con­
struction, and are being used in present­
day pocket sets. The electrical perfor­
mance of these new transistors is similar 
to that of the OC44/0C45 and 
OC81, but their miniature con&truction 
enables considerable reduction in the 
size of receivers (particularly the depth) 
to be made. The new transistors are 
thus playing an important role in main­
taining a good standard of peffprmance, 
while contributing to the development 
of even smaller pocket receivers. 

A New Booster 
Diode· Valve-

The PY800 is the new Mullard booster 
diode which is being used in the latest 
television receivers. The conditions 
under which a booster diode is used 
are such that the valve must be capable 
of withstanding a high peak inverse 
voltage and a high peak heater-to­
cathode voltage. The P.I.V. rating of 
the PY800 is 5.25kV and the peak 

Trimming 
Potentiometers 
Mullard preset resistance controls 
which can easily be readjusted by the 

. service engineer if the occasion arises, 
are being used more and more in 
present-day television sets. These 

. components in the Mullard E097-series 
are sturdy, small and light, and are 
extremely efficient and reliable. 
The range of nominal resistance 
offered is from 5000 to 2MO, with 
ten intermediate values. The minimum 
resistance of the nominal soon 
potentiometer is son, and of the 

heater-to-cathode voltage rating is 
5.75kV. Furthermore, with a heater 
voltage rating of 19V, it is readily 
incorporated in a television heater 
chain. The new booster diode is 
thus very suitable for . timebase 
circuits using valves with high 
output powers, and for stabilised 
time bases. 

2MO potentiometer is 40k0. The 
variation of resistance with rotation 
of the slider is linear. 
Five versions of the potentiometers 
are available for various forms of 
mounting and connection. They can 
be incorporated in the wiring or 
screwed to the chassis, or they can be 
mounted vertically or horizontally on 
printed-circuit boards. These Mullard 
carbon trimming potentiometers are 
thus suitable for use in television sets 
of any design. 

LOCKED-SEAM CATHODES 
A new technique tor Mullard television valves 
All Mullard frame-grid valves for tele­
vision receivers now use locked-seam 
cathodes. The normal way of making 
cathodes is by drawing tubing down 
to a very small size and then forming 
the cathode from a cut length of tubing. 
With the lock-seam cathode, a nickel 
strip is formed into the required 
cathode shape in one operation. 

Experience shows that the latter pro­
cess -results in a much more consistent 
product which in turn results in valves 
with more consistent emission and 
reduced spreads in characteristics. 

Watch next month for more information 
from Mullard about What's New in 
the New Sets. 
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The Transistor Symbol 

AN ARTICLE on transistor circuit conventions by 
P. J. Baxandall in last month's issue has revived 
argument not only on his main theme of circuit 
arrangement but also because he has expressed a 
preference, in his introduction, for one particular 
transistor symbol. 

The transistor which made its first impact on the 
world in 1948 was of the point-contact type, and 
at once a new symbol was devised which followed 
closely the physical arrangement of two wire con­
tacts impinging on a flat base of semiconductor 
material. A period of intensive circuit development 
followed in which the properties of the point-con­
tact transistor were exploited for amplification and 
switching. Then came the junction transistor which 
offered greater power-handling capacity and better 
constancy of quality in manufacture. Although 
physically quite different from the point tran­
sistor there was no immediate inclination to 
change the existing symbol and engineers con­
tinued to use it as a matter of habit. Perhaps 
they felt that with new developments coming for­
ward at a rapid pace the junction transistor might 
itself soon be supplanted and that they would "wait 
and see " before learning new tricks. 

The revolt against the original Bell Telephone 
Laboratories point-contact symbol began about 
1954 and for two principal reasons. Electrically 
the point-contact and junction transistors differ in 
many respects, for example in the phase relation­
ship between the emitter and base currents. In 
some circumstances it was important to know which 
type of transistor was being used, particularly during 
the transition period while the junction transistor 
was establishing itself as the dominant type. The 
second and more lasting reason was that most users 
of transistors were already well versed in valve 
techniques and tended to favour any new symbol 
which helped them to interpret circuits in terms 
of valve action. There are pitfalls in carrying this 
analogy too far, for the current carriers and their 
distribution in transistors have not the straight­
forward simplicity of the electron streams in valves, 
but the occasions on which these differences may 
lead one into error are few compared with the 
many cases where the transistor can be safely 
regarded as a triode valve. 

W ireless World supports D. L. A. Barber and 
W. T. Bane (1ournal of Scientific Instruments, 
December, 1956), M. G . Scroggie, P. J. Baxandall, 
" Cathode Ray " and many others in favouring the 
symbol (a) or (b) reproduced on page 70 of this 
issue. We ·. are most of us old enough to have had · 
our grounding in valves (a few, let it be whispered, 
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in sparks and crystals) so we must do a little heart­
searching to be sure that our prejudices are not going 
to hamper the young student and apprentice in his 
future career. While we believe "our" symbol to 
be a good one, and hope that the younger genera­
tion will appreciate its advantages and widen the 
sphere of its influence by using it themselves, we 
must also accept the fact that if they are to go far 
in their p~ofession they will have to be voracious 
readers of the world's technical literature. They 
will find that the point-contact symbol predominates 
in America and in many Continental countries. Like 
the notation of music and the shorthand of medical 
prescriptions it had its origins in the past and has 
ignored the passage of time. . So, too, have some of 
the many languages of the texts which accompany 
circuit diagrams in the technical literature of the 
world. We believe that language is a living thing 
and should be constantly strengthened by the drop­
ping of obsolete words . and refreshed by the acqui­
sition of new. Why should not the same precept 
be applied in circuitry, as it is in the symbolism 
of language? .And just as the student who hopes 
to gain mastery of his subject must acquire a work­
ing knowledge of more than one language, so must 
he acquaint himself with more than one transistor 
symbol. Those who .insist.that one set of standard 
symbols is· essential to the proper understanding 
of a circuit do less than justice to the intelligence 
of the student of today. An unfamiliar symbol may 
well hold him up while he deduces its meaning from 
the surrounding circuit context, but the exercise will 
keep him awake and save. him from a too facile 
acceptance through familiarity. It is better, they 
say, to chew one's food than to swallow it whole! 

That is not to deny the benefits of standardization, 
but it must not come too soon. We are in favour 
of keeping an open mind for as long as possible. 
Although more than a. decade has passed since the 
transistor was invented, new ideas for symbols are 
still forthcoming. Proposals from the association of 
French journalists (S.P.R.E.F.) and from other 
sources are being debated this month at the annual 
general meeting of the Union lnternationale de la 
Pre sse Radio technique et Electronique in Paris. We 
do not see why journalists and publishers should 
not have some say in the matter. Mter all their 
drawing offices have to reproduce the symbols and 
can get through much more work in the day if they 
have to shift their instruments fewer times. , 

Until there is world agreement on transistor sym­
bol usage, the policy · of .this· journal will · be to keep 
in circulation all symbols which are easily recog­
nized as· transistors. · · · 
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HIGH-QUA'LITY ·TAPE PRE-AMPLIFIER 
PREDICT ABLE RESPONSE USING HEAVY NEGATIVE FEEDBACK 

By P. F. RIDLER,* B .. E., A.M.LE.E~ 

THE essential requirements for a tape pre-amplifier 
are that it must have a high input impedance, very 
low noise and predictable response. These are 
additional to the usual requirements for any . audio 
equipment; namely, that it ·must be reliable and 
introduce little distortion. 

The requirement of high input impedance can be 
replaced by that of very low input impedance if suit­
able heads are available, but as the resistance of J;llOSt 
standard heads is too high to give flat response 
below about 100c/s, the· high inpt,lt impedance 
amplifier is more versatile 1

, 
2

• 

Low noise level is easily achieved using either 
valves or semiconductors, but is . . more readily 
obtained with properly chosen transistors as there 
is no problem of 50c/s huni to contend with. By 
using a low noise transistor 'in the input stage and 
operating this at a current of.aoout 0.25mA, reason­
able gain may be obtained together with a noise 
level which is quite adequate for the higft.e~t quality 
reproduction. · . · 

Predictable response is harder to· get with tran­
sistors than with valves, but by' the. use of high 
feedback ratios the response may be made a func­
tion of the feedback network rather. than that of 
the amplifier. Large amounts of feedback involve 
controlling the gain-frequency response of · the 
amplifier well outside the limits · of the frequency 
band to be covered ]?y the · sig11al input, but with 
the availability of high frequency transistqrs this 
can be done far more easily ·than a few years ago. 

*Salisbury Polytechnic, Southe~n Rhodesia. 

INPUT 

Photograph of tape pre-amplifier showing method of 
mounting components. 

·The pre-amplifier of ,Fig. 1 consists of three 
stages, the first of which is a low noise. transistor 
(GETl06) operated ~at low collector current. The 
bias circuit E1R2 is isolated from the signal circuit 
by the lOOkO resistor R3 in order that the shunt 
resistance of the bias potential divider shall not 
reduce the input resistance; in fact, the input resist­
ance is almost wholly determined by this resistor at 

-r2V 
high frequencies, where the 
heavy feedback makes the 
input resistance of the am­
plifier alone much greater 
than 1 OOkD. The second 
and third stages are high 
frequency t ran s i s t or s 
(OC44) which are used so 
that the high frequency 
response without feedback 
will be mainly .determined 
by the first stage. This 
avoids having three high­
frequency time constants 

OUTPUT which would almost cer.:.. 
tainly cause the amplifier 
to oscillate at high fre­

ov quencies when the feed­
back loop is closed. 

The second stage is capa-
citance coupled to the fir.st 

Fig. I. Circuit of tape pre"amplifier. The voltages were measured with a valve volt­
meter. All resist.ors should b~ !W• ± /:0% and aU .capacitors 15V working. R3, R5, R6 
and R1~ should be high stability. Fqr exact values of R12 and C6 see text. 

and designed for high gain, 
while the third is ·an emit­
ter follower to isolate the 
feedback network from the 
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medium impedance head which has 
an inductance of about O.SH : if the 
head has an inductance of IH the 
output will be 3dB down at 16kc/s. 

Fig. 2. Response of circuit of Fig. I. 
heavy line the required characteristic. 

Points are experimental results and 

The measured noise level over the band 20c/s-
20kc/s is greater than 60dB below an input signal 
of 6m V, ·which again is typical of the signal pro­
duced by available medium impedance heads. 

Distortion is unmeasurable, at an output of 300mV, 
over most of the frequency range, rising to 0.2% 
at 60c/s (r.m.s. sum of components, major com­
ponent 2nd harmonic). 

The gain is IS times at Skc/s so that the average 
recorded tape (half track) will produce about lOOmV, 
which is enough to drive most amplifiers, fitted with 
control units, to full output. 

Frequency response is within O.SdB of the C.C.I.R. 
specification from 30c/s to 20kc/s and is, in fact, 
fiat to about 50kc Is. 

The construction is somewhat novel and is illus­
trated in the photograph. .·The "chassis " is a piece 
of nr-in bakelite, and is drilled in the appropriate 
places and hollow silver-plated rivets (as used in 
Oak switches) punched in. Components leads are 
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THE full-line curves indicate the highest frequencies 
likely to be usable at any time of the day or night for 
reliable communications over four long-distance paths 
from this country during February. 

Broken-line curves give the highest frequencies that 
will sustain a partial service throughout the same period, 
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inserted through these rivets . and soldered, while 
inter-connections are made with ordinary wire. This 
form of construction is easy, cheap to make, and 
does not present the difficulties of a printed circuit, 
while retaining its space economy. _ 

The feedback components R 12 and . C 6 will prob­
ably be adjusted by trial and error, the easiest way 
being to use a nominal 0.03,U.F capacitor and try 
various resistors until a rise of IOdB is obtained 
at 530c/s, but if a bridge is avajlable the capacitor 
can be measured and then a resistor chosen so that 
(200 + R 12) C 6 = IO-\ the 200 being the approximate 
output resistance of the final stage. 

REFERENCES 

1. "Transistor Tape Pre-amplifier" by P. F. Ridler~ 
Wir~less World, December 1958, p. 572. 

2. G.E.C. Semiconductor Application Note No. 24. 
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at 530c/s, but if a bridge is available the capacitor 
can be measured and then a resistor chosen so that 
(200 + R12) Cf = 10"4, the 200 being the approximate 
output resistance of the final stage. 

REFERENCES 

1, "Transistor Tape Pre-amplifier " by P. F. Ridler, 
Wireless World, December 1958, p. 572. 

2. G.E.C. Semiconductor Application Note No. 24. 

SHORT-WAVE CONDITIONS Prediction for February 

MONTREAL BUENOS AIRES JOHANNESBURG HONGKONG 

16 20 0 0 12 16 20 0 0 lO* 20 0 0 12 16 20 

THE full-line curves indicate the highest frequencies 
likely to be usable at any time of the day or night for 
reliable communications over four long-distance paths 
from this country during February. 

Broken-line curves give the highest frequencies that 
will sustain a partial service throughout the same period. 

  FREQUENCY BELOW WHICH COMMUNICATION SHOULD BE POSSIBLE 
FOR 25% OF THE TOTAL TIME 

 PREDICTED MEDIAN STANDARD MAXIMUM USABLE FREQUENCE 

   FREQUENCY BELOW WHICH COMMUNICATION SHOULD BE POSSIBLE 
ON ALL UNDISTURBED DAYS 

Wireless World, February 1962 



Computer-aided Air Traffic Control 
MINISTRY OF AVIATION EXPERIMENT AT PRESTWICK 

AuTOMATIC data-processing equipment (a Ferranti 
"Apollo" computer) has been installed at Redbrae, near 
Prestwick airport, where the control centre for trans­
oceanic flights is located. It is the first installation of 
its type in the United Kingdom and it will be used to 
gain practical experience with computers for a.t.c. 

A particular advantage of siting at Redbrae is that 
all messages concerning the progress of air traffic on the 
Atlantic routes enter and leave by teleprinter and are 
already in a coded form suitable for use in the computer. 

At the moment, an aircraft crossing the Atlantic first 
has to clear its flight plan with Redbrae, the controllers 
viewing the proposed plan and, if necessary changing it 
so that it does not conflict with other flights. The air­
craft then takes off and, maintaining its planned speeds 
and heights, reports as it crosses each 10° longitude line. 
Due to unforeseen circumstances the aircraft may have 
to depart from its planned flight: the controller then 
notes this in the position report and advises the aircraft 
if, by deviation from the plan, it is liable to infringe on 
the internationally-agreed height and along-and cross­
track separations, and tells the pilot what action to take 
to avoid the conflict. 

All this has to be worked out quickly and correctly 
and the situation is further complicated by the vagaries 
of propagation affecting h.f. R/T communication.' 

The Ferranti "Apollo" computer is used to perform 
these calculations for the controller and examine the 
situation for possible conflicts. To do this it is fed 
with all relevant flight information: it first compares 
the proposed flight plan with the situation already 
present in the machine and routes the result to a tele­
printer in front of the appropriate controller (there are 
four, each looking after a particular section of the 
traffic). If there is a conflict it advises him and will, 
when sufficient experience has been gained to programme 
the machine properly, work out the optimum solution. 
If the controller endorses the result it is fed back to 
the originator of the message. Then, as the aircraft's 
position reports are fed in the computer checks ·them 
for deviations and new conflicts. 

Computer room. Three left-hand racks contain Apollo: right· 
hand rack holds conversion equipment for storage tube displays 
developed by R.R.E. · 
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Controller's position, showing two-colour teleprinter unit typing 
out from computer in one colour and controller's input in another 
colour. As soon as appropriate equipment is available automatic 
strip printers will be used for preparation of flight-progress 
strips. 

A special feature is that the computer will, on demand, 
present a list of aircraft whose position reports are 
overdue by a time selected by the controller, so that he 
may see at a glance whether the likely cause is a 
failure of radio propagation or something more serious. 

At present the machine is working with manual input; 
that is, all the data to be fed in are fir~t written out and 
checked for plausibility by an assistant controller. Even­
tually, however, the comput~r will do this checking for 
itself and, as soon as a suffic1ently complete programme 
has been built up, will run on live traffic. For the 
time being, data comprising past records and additional 
simulated traffic are being used. Confidence (and pro­
grammes) are being built up and already an attempt 
to feed in incorrect data, such as a five-figure time 
reference, is detected automatically. 

Apollo has, of course, no clairvoyant powers and is 
in exactly the same difficult position as is a human 
controller when communication with an aircraft is lost. 
Steps being taken to improve this are experiments with 
high-power v.h.f. stations having directional aerials, the 
possibility of linking extra transmitters by the new sub­
marine telephone cable CANTAT, and by SCOTICE 
and ICECAN (when they come into service), and the 
chance of using the met. report teleprinter service (at 
present transmitted from the U.K. only, on Lf. and 
which might have its coverage made almost perfect by 
another station at Gander) for transmission from the 
ground to aircraft. 

Apollo uses transistors throughout, the logic being 
devised so that among the 350 or so "packages" in the 
machine only about 20 % deviate from six basic types. 
Most of the computer uses only two types of pack­
age-a flip-flop temporary..:storage element and a logic 
gate-and magnetic core stores provide 4,096 words each 
for programming and data. Initial work indicates that 
reliability should be good: in the last eleven weeks of 
operation only three hours have been lost as "down" 
time. A test calculation is carried out every second 
and its successful conclusion prevents the ringing of an 
alarm bell. 
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J.E.E. Structure 
AS already announced (December p . 616) the 
scheme for the re-organization of the Institution of 
Electrical Engineers into three divisions covering 
electronics, power and science & general, has been 
approved by the members. The Institution has now 
issued a list of the Professional Groups within each 
of the Divisions. There are 28 in all, ten of them 
being in the Electronics Division which includes 
within its scope "all matters relating to the genera­
tion, transmission, propagation, reception or other 
use of electromagnetic energy, other than at power 
frequencies, and components associated therewith 
whether for communication or other purposes and 
to the electrical recording and reproduction of sound 
and vision." 

The ten professional groups are :-
El electronic measuring instruments and techniques; E2 

computer design; E3 semiconductor devices; E4 components, 
including valves and tubes; ES medical electronics; E6 line 
and radio communication systems; E7 electromagnetic wave 
propagation; E8 microwave devices and techniques for com­
munication; E9 sound broadcasting and television, including 
electro-acoustics; ElO radio navigation and radio location. 

Student Exchange 
SOME 70 delegates from 29 member countries, plus 
a number of observers, attended the 15th annual 
conference of the International Association for the 
Exchange of Students for Technical Experience 
(I.A.E.S.T.E.) which was held at Imperial College, 
South Kensington, from January 7th-11th. The 
president of the conference-the first to be held in 
L ondon-was Sir Patrick Linstead, rector of 
Imperial College and president of I .A.E.S.T.E. 
(U.K.). 

Since its formation in 1947 the association has 
made arrangements for nearly 60,000 students from 
member countries to receive technical experience 

Three pioneers ofwireless, Capt. H. J. Round, C. S. Franklin 
and R. D. Bangay, meet again against a backcloth of the first 
transatlantic wireless stations-Poldhu and St. johns, Newfound­
land-at the Science Museum exhibition of Marconi apparatus. 
The exhibition, staged to mark the 60th anniversary of the 
famous "5" signals across the Atlantic, closes on january 25th. 
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abroad during vacations. The subjects of electronics 
and radio communication are included under the 
umbrella heading " electrical engineering " in the 
I.A.E.S.T.E. annual report, but it is obvious from the 
names of companies participating, both in the U.K. 
and abroad, that many of the students are in these 
fields. The 1961 report of I.A.E.S.T .E. (U.K.), of 
which J. Newby is executive secretary, records that 
during the 1961 summer vacation 894 students from 
48 affiliated universities and colleges were sent 
abroad for experience (120 of them "electricals ") 
and 965 overseas students came to this country (165 
of them " electricals "). 

Further information on the organization is obtain­
able from J . Newby, 178 Queen's Gate, London, 
S.W.7, who was the prime mover in the formation of 
the association. 

Research in Radio Astronomy.-A Radio Astronomy 
Planning Committee, under the chairmanship of 
Lord Fleck, has been set up by the Minister for Science 
with the following terms of reference: "To consider 
and advise on the nature and extent of tbe participa­
tion of Government in research in radio astronomy; in 
particular to consider the programmes, facilities, funds 
and organization, required to support the U.K. interest 
in research in radio astronomy both nationally and 
internationally." The membership of the committee is: 
-Sir Edward Appleton (Edinburgh University); Dr. 
D. G. Christopherson (Durham University); Dr. 
W. L. Francis (D.S.I.R.); Dr. J. S. Hey (Royal Radar 
Establishment); Professor F. Hoyle (Cambridge Unf­
versity); Sir Willis Jackson (London University); Pro­
fessor E. R. H. Jones (Oxford University); Sir Bernard 
Lovell (Manchester University); J. A. Ratcliffe (Radio 
Research Station, D.S.I.R.); Professor M. Ryle (Cam­
bridge University); and Dr. R. v. d. R. Woolley (Astro­
nomer Royal). 

Grants totalling £700,000 towards the cost of building 
and maintaining two new radio telescopes have been 
offered by the D.S.I.R. Professor Martin Ryle has been 
offered £466,000 for a triple parabaloidal radio telescope 
at Cambridge University, and Sir Bernard Lovell 
£236,000 for a fully steerable radio telescope at the 
Jodrell Bank Station of Manchester University. 

T he Radio Amateurs' Examination, conducted by the 
City and Guilds of London Institute, 76 Portland Place, 
London, W.l, is henceforth to be held twice annually. 
The first examination will be in May, and the second 
in November. This change is at the request of the 
Radio Society of Great Britain and the Radio Services 
Department of the G.P.O. 

A.P.A.E. 1962 Exhibition.-Venue of this year's ex­
hibition of the Association of Public Address Engineers 
is again the King's Head Hotel, Harrow-on-the-Hill, 
Middx. The date has been fixed for Wednesday, March 
7th, and it is proposed to arrange a similar exhibition 
to last year. 

Electricity in Aircraft Controi.-Developments in 
automatic flight control and in airborne navigation sys­
tems are two of the subjects to be discussed at a con­
ference on "The importance of electricity in the control 
of aircraft," organized jointly by the I.E.E. and Royal 
Aeronautical Society and to be held in London · on Feb­
ruary 26th-28th, 1962. 
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I.R.E. & A.I.E.E. Merger?-Joint announcements 
have been made by the American Institute of Electrical 
Engineers and the Institute of Radio Engineers that they 
are considering "the feasibility and form" of the con­
solidation of the two organizations. The resolution 
approved by · the two institutes stresses that "the 
advancement of the theory and practice of electrical and 
radio engineering and the educational and scientific 
objectives of both institutes may be better served by 
merger or consolidation ... into one organization." 

Solid-state Circuits Conference.-Five speakers from 
the U.K. are included in the 46-paper programme of 
the International Solid-state Circuits Conference, which 
is taking place on February 14th, 15th and 16th in Phila­
delphia, Pa. The conference is sponsored by the I.R.E. 
and a number of other interested bodies. The U.K. 
participants are A. R. Boothroyd (Imperial College); 
A. Cole, G. B. B. Chaplin and P. M . Thompson (Ples­
sey); and N. D. Richards (Mullard). Also taking part 
will be J. J. Sparkes (British Telecommunications Re­
search) and R. E. Hayes (Plessey). 

A writ has been filed in the High Court, states J . D. 
Burke, of Hornchurch, Essex, accusing Thorn Electrical 
Industries of "infringing his British Patent 877,450 by 
manufacturing selling renting using television receivers 
each having a final anode supply system for its cathode 
ray tube explicitly and substantially described and 
claimed in the specification." 

I.T.A. Tests.-In order to carry out aerial tests in 
preparation for the construction of the I.T.A.'s new 
Chamiel Islands' station at ·Fremont, Jersey, which 
will operate in the same channel as Croydon (9) but 
with horizontal polarization, the trade tests from the 
London transmitter have temporarily been discontinued 
on Tuesday and Thursday mornings. The Authority 
also announces that in future trade tests from Croydon, 
Mendlesham, Caradon Hill and Stockland Hill will be 
on half power on Friday mornings. The Black Hill and 
Durris stations will be on half power on Monday morn­
ings. These reductions in power are necessary to enable 
one of · the two parallel transmitters at each station to 
be serviced each week. 

I.E.E. Activities.-A conference and associated scienti­
fic exhibtion covering components in microwave circuits, 
arranged by the Electronics and Communications Section 
of the Institution of Electrical Engineers, will take place 
at Savoy Place, London, W.C.2, next September 19th, 
20th and 21st. It is also announced by the I.E.E. 
that a second symposium on electronics equipment 
reliability is to take place on the 18th and 19th of 
October this year. 

"Measurement and Control," the new interpretative 
monthly journal covering mechanical, electrical and elec­
tronic instrumentation and control systems, was pub­
lished by Iliffe Production Publications in January. 
Edited by T. E. !vall, at one time an assistant editor 
of Wireless World, its purpose is to "bring out and 
into perspective the facts that matter to the engineer 
who uses control equipment, or believes that control 
techniques can help him jn his everyday work.'' Annual 
subscription is £3. 

Servicing Certificates.-A mistake was made in . the 
results of the R.T.E.B. Servicing Exam. issued by the 
City and Guilds of London Institute from which we 
quoted in our December issue (p. 617). Of the 717 who 
took the final exam. last May 285 (39.8%} passed, 65 
(9%) have to retake the practical test and 367 (51.2 %) 
failed. 

. Southern Instruments DigitalVoltmeter-Counter.-In 
our rdere.nce to this equipment on p. 46 of the January 
issue, the maximum dock. pulse p.r.f. was given as 
10 c/s . . This should read 10 kc/s. 

Farnborough Air Shows.-It lias been announced by 
the Society of British Aircraft Constructors that it will 
not be holding its annual Farnborough show in 1963. 
Manufacturing members of the Society find the ex­
penses of two major airshows a year (Paris and Farn­
borough) to be excessive. Whether or not the shows 
will be held in future in alternate years remains to be 
seen-the next Paris show is in 1963. The dates of 
the next Farnborough Show, which has for some years 
included an increasingly large electronics exhibition, are 
September 3rd to 9th, 1962. 

Car Radio Licences Exceed fM Mark.-There are 
now over 500,000 licences issued by the G.P.O. for 
sound radio receivers fitted in cars. At the end of 
November last, sound only licences totalled 3.7M, and 
combined television and sound licences 11.6M. 

Personalities 
Brigadier E. I. E. Mozley, M.A., A.M.I.E.E., recently 

appointed Director of Telecommunications at the War 
Office in succession to Ma;or General E. S. Cole, has 
been for the past three years Commander of the Royal 
Signals Planning Wing at Catterick where he was con­
cerned with advanced planning in both the tactical and 

technical aspects of army 
communications. After 
graduating at Pembroke 
College, Cambridge, with 
a 1st Class in the mech­
anical sciences tripos in 
1936 he served for three 
years in Malaya as assistant 
chief signals officer. During 
the war he held various 
signals appointments at 
Catterick, the War Office, 
and in 21 Army Group be­
fore being posted to Lord 
Mountbatten's staff in S.E. 
Asia where he was eventu­
ally chief signals officer. 
From 1950 to 1953 Briga­
dier Mozley was in the 

Brigadier E..I.E.. Mozley chiefs of staff secretariat in 
Washington, and from 1955 

to 1958 he was at the War Office dealing with research 
and development of signals equipment. One of Brig­
adier Mozley's recreations is reading for the Bar. 

T. Kilvington, B.Sc.(Eng.), M.I.E.E., recently became 
secretary of the technical sub-committee of the Tele­
vision Advisory Committee in succession to C. W. 
Sowton, who relinquished the post on his appointment 
as staff engineer in the Overseas Radio Planning & Pro­
vision Branch (see January issue, p. 14). Mr. Kilvihgton, 
a graduate of University College, London, joined the 
Post Office as a probationary assistant engineer in 1936. 

D. W. Heightman, M.Brit.I.R.E., technical director of 
Radio Rentals Ltd (which he joined in 1956 as chief 
engineer) and of its associated company Baird Television 
Ltd., has relinquished these appointments "in order to 
engage in other activities.'' He informs us that he is not 
in a position to comment on his future plans as " nego­
tiations are incomplete.'' From 1951 to 1956 he was 
chief television engineer at the Liverpool works of the 
English Electric Co., prior to which he was on the board 
of Denco (Clacton) Ltd., which he formed in 1938. It 
is announced A. Bamford, B.Sc., A.M.I.E.E., has been 
appointed technical director of Baird Television Ltd. 
He was until recently with Ultra, which he joined in 
1942 after graduating at Birmingham University, and 
has been technical manager of Ultra Radio and Tele­
vision Ltd. and also a member of the board since the 
reorganization · of the Ultra group two years,ngo. 
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T. A. Davies, O.B.E., Inspector of Wireless Tele­
graphy in the Post Office since 1948, has retired. He 
joined the Post Office in 1925. In his position as head 
of the wireless telegraphy section he has been responsible 
for control and operation of the ship-shore services; in­
spection of ship's radio equipment; and the examinations 
for candidates for the P.M.G.'s Certificate. 

Reg Billington, T.D., M.Sc.(Eng.), M.I.E.E., is the 
new Inspector of Wireless Telegraphy in the G.P.O. 
After obtaining an honours degree at London Univer­
sity, he worked in industry for two years before joining 
the Post Office Engineering Department in 1936. For 
a period during the war he was seconded to the Iraq 
Government as Chief Engineer (P.T.T.) and returned 
to the Post Office in 1945. Since 1948 he has been 
Deputy Inspector of Wireless Telegraphy. 

R. Billington M. j. L. Pulling 

M. J. L. Pulling, C.B.E., M.A., M.I.E.E., is appointed 
to the new post of Assistant Director of Engineering in 
the B.B.C. He will be responsible under the Director 
of Engineering, Sir Harold Bishop, for th~ Operations 
and Maintenance Departments, the Engineering Estab­
lishment Department and the Engineering Training 
Department. F. C. McLean remains Deputy Director 
of Engineering responsible to the Director for the 
Specialist Departments dealing with research, develop­
ment and new projects. Mr. Pulling, who is 55 and was 
educated at Marlborough College and King's College, 
Cambridge, was with Murphy for a few years before 
he joined the Engineering Information Department of 
the B.B.C. in 1934. He was superintendent engineer 
(recording) from 1941 until 1949 when he became senior 
superintendent engineer (television). Since 1956 he has 
been Controller, Television Service Engineering. 

Hugh S. Pocock, M.I.E.E., editor of Wireless World 
from 1920 until 1941 when he became managing editor, 
has relinquished the managing directorship of our pub­
lishing company, lliffe Electrical Publications Ltd., to 
become chairman. He is a director of Associated Iliffe 
Press. W. E. Miller, M.A., M.Brit.I.R.E., the new manag­
ing director of Iliffe Electrical Publications, who is also · 
appointed to the board of Associated Iliffe Press, started 
his technical journalistic career in 1925 when he joined 
the staff of Experimental Wireless (now Electronic Tech­
nology). A year later he became technical editor of our 
sister journal Wireless & Electrical Trader, of which 
he has been managing editor since 1955. 

P. G. Moger, who has been with Grundig (Great 
Britain), for six years, is appointed manager of the com­
pany's service department in succession to D. Smith who 
has left the organization. Before joining Grundig Mr. 
Moger was in the R.A.F., where he was engaged on 
radar development. 
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W. M. York, commercial director of E. K. Cole, which 
he joined in 1932, who has also been a director of Pye 
Ltd. since the merger of the two companies, has re­
signed from the Pye board because of a reallocation of 
the responsibilities of Ekco directors within the British 
Electronic Industries group of companies. A. W. 
Martin, M.B.E., techn;r;al director of E. K. Cole, has 
been appointed to the Pye board, and assumes overall 
responsibility for the domestic sound radio and television 
engineering activities of the Pye group of companies, 
in addition to directing the engineering resources of the 
Ekco group. Mr. Martin joined Ekco in 1928 as a 
research engineer, was appointed chief engineer in 1943, 
and has been technical director since 1952. 

A. C. Robb, M.Eng., Ph.D., A.M.I.E.E., who was 
appointed technical manager of Belling & Lee a few 
months ago, now becomes technical director. Dr. Robb 
obtained his Ph.D. degree from Glasgow University, 
where he took up a research fellowship working on the 
design of high-voltage particle accelerators. J. R. Turrill 
has become the sales director. 

Wing Cdr. R. G. Little, M.B.E., who has been posted 
to the R.A.F. Central Fighter Establishment as wing 
commander in charge of electronics, was with the British 
Joint Services Mission, Washington, from 1959 until 
recently. He joined the Service as a boy entrant in 
1935. He is 42. 

R. E. Norman, M.A. (Cantab.), who joined Ferguson 
Radio Corporation during the war, and since January 
1961 has been chief engineer in charge of all domestic 
television and sound radio activities of the Thorn Group, 
becomes a member of the Ferguson board of directors. 

OUR AUTHORS 
G. Buckley, A.M.I.E.E., who describes in this issue 

an automatic stop for tape or film recorders, has been 
with the B.B.C. since 1936. For the past ten years he 
has been in the Designs Departmem where his particular 
concern is sound and, to some extem, vision recording. 
He was for the previous fifteen years in the Research 
Department. · 

C. Stott, B.Sc., Grad.I.E.E., whose article on a tran­
sistor resistance-coupled oscillator appears on p. 91, is 
serving a graduate apprenticeship with English Electric 
Aviation. He joined the company after graduating from 
Manchester University where he obtained an honours 
degree in electrical engineering. He is 27. 

George H. Olsen, B.Sc., A.M.Brit.I.R.E., author of 
the article in this issue on field plotting with resistive 
paper, is on the staff of the Rutherford College of Tech­
nology, Newcastle-upon-Tyne, where he teaches physics 
and mathematics. After war-time service in the R.A.F. he 
read for a pure science degree at King's College in the 
University of Durham, graduating in 1950. 

OBITUARY 
A. Hoyt Taylor, a pioneer of radar in the United 

States, died in California on December 13th aged 82. 
Dr. Taylor was chief of radio research in the U.S. 
Navy from 1922 until his retirement in 1948. As early 
as 1922 he conducted a series of experiments which 
showed the possibility of detecting targets by radio. 
For his work on the development of radar he received 
the U.S. Medal for Merit in 1944. · 

Sigurd F . Varian, who with his late brother Russell, 
invented the klystron tube, was killed in a recent plane 
crash in the Pacific. The two brothers founded Varian 
Associates, of Palo Alto, California, in 1948. 
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FIELD PLOTTING 
RESISTANCE PAPER ANALOGUE 

By G. H. OLSEN, B.Sc., A.M .Brit.I.R.E. 

THERE is an important range of problems in 
engineering and physics that depends upon a know­
ledge of the potential field dis~ribution. Typical 
examples are problems involving fluid flow, heat 
flow, and gravitation, electric and magnetic fields. 
In all cases the _equation 

Flow = Driving force X Acceptance ..... . (1) 
is obeyed. The driving force is a function of potential 
V, and the acceptance depends upon the medium 
involved and the geometry of the surfaces between 
which the flow is taking place. Examples of eq. (1) 
of particular interest to electronic and electrical 
engineers are:-

Current = e.m.f. X conductance . . (2) 
!viagnetic flux = m.m.f. X permeance (3) 
Electric charge or flux = voltage X capacitance 

(4) 
The flow is real in the cases of heat, current and fluid, 
but for electric and magnetic fields it is convenient to 

Fig. ·1. Field distribution within a coaxial cable. 

invent the concept of flow of flux. Usually the flow 
is in three dimensions. In the absence of sources 
or sinks of flow materials between the boundary 
surfaces, the unifying equation related to all of the 
problems mentioned is due to Laplace. In its 
cartesian coordinate form it may be expressed as 

()2V + ()2V + ()2V = 0. . (5) 
()x2 ()y2 ()z2 

Vis the function of potential, x, y, and z being the 
conventional coordinate directions. It is this equa­
tion which must be satisfied at any point in the field 
within the boundary surfaces. 

In certain fields there is no change in field strength 
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in one direction, e.g. the electric field within a long, 
straight coaxial cable, or the field associated with a 
straight conductor in a long slot of uniform cross­
section. 

If the field in this direction is denoted F ~ then 
oV 

F z =b, (a constant) 
Vz 

: . ()2V 
=0 

~ 
Eq. (5) thus reduces to the two-dimensional form 

()2V ()2V 
~+ ·vY2 = o (6) 

Now the solution to this equation depends upon 
the boundary conditions, and is obtainable mathe­
matically only in certain simple cases. For example 
in Fig. 1, which represents the cross-section through 
a coaxial cable, the potential of the central conductor, 
radius Ru is V u and that of the outer conductor, 
radius R2, is V 2 • If the outer conductor is earthed 
V2 = 0. By performing the partial differentiation 
it is easy to show that a solution to eq. (6) is 

r 
V = k loge ~ (7) 

where r = v x2 + y 2 and k is a constant. When, 

r = Ru V k loge ~1 
= V 1; and when r = R2 

~ 

" Rz V = k loge~ = k loge 1 = 0. 

The equipotential surfaces are therefore cylinders 
concentric with the conductors. The cross-section 
will have equipotential lines which are circles, the 
radii of which can be calculated from eq. (7). 

When the geometry of the boundaries becomes 
more complicated a mathematical solution becomes 
very difficult or impossible. It is under these circum­
stances that engineers employ · analogues to obtain 
solutions to their potential-field distribution problems. 

The principle underlying the various devices used 
depends upon the analogy that exists between the 
various forms taken by eq. (1). For example, current 
is analogous to magnetic and electric flux; voltage 
and e.m.f. are analogous to m.m.f.; and conductance 
is analogous to permeance and capacitance. It is 
possible, therefore, for a system obeying one of the 
equations (usually eq. (4) for convenience) to be used 
as a model to solve problems involving any of the 
other equations. The model is constructed so as to 
have a field distribution that is geometrically similar 
to the field which is to be investigated. A major 
advantage in using a model obeying eq. (4) is the 
ease with which it is ·possible to measure voltage 
as compared with its analogues, m.m.f. in a magnetic 
field or potential difference in an electric field. 
· In this article some aspects of one of the possible 
models, viz. the resistance paper analogy, are dis-
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FIELD PLOTTING 

RESISTANCE PAPER ANALOGUE 

By G. H. OLSEN, B.Sc., A.M.Brlt.l.R.E. 

J. HERE is an important range of problems in 
engineering and physics that depends upon a know- 
ledge of the potential field distribution. Typical 
examples are problems involving fluid flow, heat 
flow, and gravitation, electric and magnetic fields. 
In all cases the equation 

Flow = Driving force X Acceptance   (1) 
is obeyed. The driving force is a function of potential 
V, and the acceptance depends upon the medium 
involved and the geometry of the surfaces between 
which the flow is taking place. Examples of eq. (1) 
of particular interest to electronic and electrical 
engineers are:— 

Current = e.m.f. x conductance . . .. (2) 
Magnetic flux = m.m.f. X permeance .. (3) 
Electric charge or flux = voltage X capacitance 

(4) 
The flow is real in the cases of heat, current and fluid, 
but for electric and magnetic fields it is convenient to 

mii 

Field distribution within a coaxial cable. 

invent the concept of flow of flux. Usually the flow 
is in three dimensions. In the absence of sources 
or sinks of flow materials between the boundary 
surfaces, the unifying equation related to all of the 
problems mentioned is due to Laplace. In its 
cartesian coordinate form it may be expressed as 

^ SJV   
Dx2 + Dy2 + Da2 K J 

V is the function of potential, x, y, and z being the 
conventional coordinate directions. It is this equa- 
tion which must be satisfied at any point in the field 
within the boundary surfaces. 

In certain fields there is no change in field strength 

in one direction, e.g. the electric field within a long, 
straight coaxial cable, or the field associated with a 
straight conductor in a long slot of uniform cross- 
section. 

If the field in this direction is denoted F2 then 
3V Fs =— =fc, (a constant) 

Eq. (5) thus reduces to the two-dimensional form 
j2V 

V~+272' = 0 •• '• () 

Now the solution to this equation depends upon 
the boundary conditions, and is obtainable mathe- 
matically only in certain simple cases. For example 
in Fig. 1, which represents the cross-section through 
a coaxial cable, the potential of the central conductor, 
radius Rj, is V,, and that of the outer conductor, 
radius Ro, is V2. If the outer conductor is earthed 
V2 = 0. By performing the partial differentiation 
it is easy to show that a solution to eq. (6) is 

where r = y x2 + y' and A is a constant. When, 

r = Rj, V = k log,, = Vjj and when r = R2 

V = £ loge| = k log, 1 = 0. 

The equipotential surfaces arc therefore cylinders 
concentric with the conductors. The cross-section 
will have equipotential lines which are circles, the 
radii of which can be calculated from eq. (7). 

When the geometry of the boundaries becomes 
more complicated a mathematical solution becomes 
very difficult or impossible. It is under these circum- 
stances that engineers employ analogues to obtain 
solutions to their potential-field distribution problems. 

The principle underlying the various devices used 
depends upon the analogy that exists between the 
various forms taken by eq. (1). For example, current 
is analogous to magnetic and electric flux; voltage 
and e.m.f. are analogous to m.m.f.; and conductance 
is analogous to permeance and capacitance. It is 
possible, therefore, for a system obeying one of the 
equations (usually eq. (4) for convenience) to be used 
as a model to solve problems involving any of the 
other equations. The model is constructed so as to 
have a field distribution that is geometrically similar 
to the field which is to be investigated. A major 
advantage in using a model obeying eq. (4) is the 
ease with which it is possible to measure voltage 
as compared with its analogues, m.m.f. in a magnetic 
field or potential difference in an electric field. 

In this article some aspects of one of the possible 
models, viz. the resistance paper analogy, are dis- 
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Fig. 2. Finding scale factor for anisotropic resistance paper. 

cussed. Such an analogy makes· use of the fact that a 
flow of current through a thin uniform conducting 
sheet produces a potential distribution that satisfies 
the two-dimensional form of Laplace's equation. 
The model is therefore an analogue of a " two­
dimensional " field. It is particularly easy to con­
struct and, with care, the inaccuracies need not 
exceed two or three per cent. A useful paper by J. H. 
Owen Harries1 discusses some of the errors involved. 
The model is particularly useful in schools and 
colleges where, for teaching purposes, potential 
distributions can be obtained quite rapidly. 

Practical Details:-Telegraph resistance paper is a 
convenient form of thin conducting sheet. It is 
readily available2 as " Teledeltos "* (L39, or equiva­
lent) low-resistance paper, originally developed for 
use by telegraph engineers for handling ordinary 
telegrams by facsimile or telephotograph methods. 
The type used by the writer is available in rolls 
50 feet long and 22 inches wide. The resistance 
between opposite sides of a square was found to be 
approximately 2,100 ohms in the sample examined. 
The whole of the lengths of these opposite sides was 
made conducting in the way described below. (The 
size of the square is, of course, immaterial; the 
resistance may therefore be quoted as 2,100 ohms per 
unit square). Some variation is to be expected from 
roll to roll; and the resistivity is dependent to some 
extent on the relative humidity. Provided that the 
paper is stored in a dry place, 
however, no trouble ought to be 
experienced because of local moist-

and CD. (For this the lines AB and CD are con­
ductors on the surface of the paper.) 

PyAD 
AB 

Then Ry (8) 

Similarly Rx = Px:::; (9) 

Now ideally when ABCD is a square and 
Px = Py' Rx = Ry. 

However when Px = p11 the rectangle ABCD on the 
paper represents a square when Rx = R 11, but now 
AB =AD. To find the necessary scale factor, 
combining eqs. (8) and (9) gives 

AB I Py-
An='\/~ 

The factor p11/ Px can readily be determined by cutting 
two squares from the roll in the correct directions and 
measuring R 11 and Rx, when p11/ Px = R 11/Rx. 

For many purposes the variation of resistance with 
direction is small enough to be ignored; e.g. when 
using the analogy to calculate· correction terms or to 
provide no more than the starting figures for a 
mathematical and exact solution. 

The temperature coefficient of this type of paper · 
is low (about 0.2% per °C). Excessive heating of the 
paper should be avoided by limiting the power 
dissipated to a maximum of 250 m W per square inch. 

The electrodes of the model (corresponding to the 
boundaries of the real system being simulated) are 
painted directly on to the paper with silver paint. 3 

Care must be taken to stir the paint well before 
application otherwise the electrode will not be at the 
same potential throughout. The paper itself is laid 
on some flat surface. Of the arrangements possible, 
the writer prefers to · use a large drawing board that 
has previously been varnished, or painted with the 
type of plastic coating often used as imitation 
"french polish." The resistance paper can then be 
held to the board with adhesive tape. The latter 
may then also be used to anchor the wires making 
contact with the electrodes. Connections to the 
electrodes are effected by painting in thin wires so 
that the latter are embedded in the paint. 28 s.w.g. 
d. c. c. or enamelled wire, bared at the points of contact 
with the electrodes, has proved satisfactory. 

If only a single contact is made to a long, thin 
electrode, the latter may not be a true equipotential. 
The difficulty may be overcome by looping in the 

ure absorption. 
A slight disadvantage with this 

form of conducting sheet is that the 
resistance of the paper is not quite 
isotropic. The maximum variation 
occurs between directions across and 
along the roll. If the principal axes 
are taken as being along and across 
the roll the anisotropic resistance of 
the paper can be taken into account 
by · applying different scales to the 
axes. Consider Fig. 2 in which p11 

represents the resistivity across the 
roll and Px the resistivity along the 
roll. ABCD is a rectangle, with AB 
and AD along the principal axes. 
Let R 11 = the resistance between AB 

Fig. 3. Arrangement for plotting equipo­
tentials on model representing coaxial cable. 

* Standard Telephones and Cables Ltd. 
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and CD. (For this the lines AB and CD are con- 
ductors on the surface of the paper.) 
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Fig. 2. Finding scale factor for anisotropic resistance paper. 

cussed. Such an analogy makes use of the fact that a 
flow of current through a thin uniform conducting 
sheet produces a potential distribution that satisfies 
the two-dimensional form of Laplace's equation. 
The model is therefore an analogue of a " two- 
dimensional " field. It is particularly easy to con- 
struct and, with care, the inaccuracies need not 
exceed two or three per cent. A useful paper by J. H. 
Owen Harries1 discusses some of the errors involved. 
The model is particularly useful in schools and 
colleges where, for teaching purposes, potential 
distributions can be obtained quite rapidly. 

Practical Details:—Telegraph resistance paper is a 
convenient form of thin conducting sheet. It is 
readily available2 as " Teledeltos "* (L39, or equiva- 
lent) low-resistance paper, originally developed for 
use by telegraph engineers for handling ordinary 
telegrams by facsimile or telephotograph methods. 
The type used by the writer is available in rolls 
50 feet long and 22 inches wide. The resistance 
between opposite sides of a square was found to be 
approximately 2,100 ohms in the sample examined. 
The whole of the lengths of these opposite sides was 
made conducting in the way described below. (The 
size of the square is, of course, immaterial; the 
resistance may therefore be quoted as 2,100 ohms per 
unit square). Some variation is to be expected from 
roll to roll; and the resistivity is dependent to some 
extent on the relative humidity. Provided that the 
paper is stored in a dry place, 
however, no trouble ought to be 
experienced because of local moist- 
ure absorption. 

A slight disadvantage with this J"'2 . ; ' 
form of conducting sheet is that the n ' 
resistance of the paper is not quite 
isotropic. The maximum variation 
occurs between directions across and 
along the roll. If the principal axes 
are taken as being along and across 
the roll the anisotropic resistance of to plotter 
the paper can be taken into account terminals / 
by applying different scales to the 
axes. Consider Fig. 2 in which py 
represents the resistivity across the 
roll and px the resistivity along the 
roll. ABCD is a rectangle, with AB 
and AD along the principal axes. 
Let R,, = the resistance between AB M / 

Similarly R, =   ^ 

Now ideally when ABCD is a square and 
I'r Pyy B =

However when px — pv the rectangle ABCD on the 
paper represents a square when R^ = R,(, but now 
AB = AD. To find the necessary scale factor, 
combining eqs. (8) and (9)jgives 

AB _ Ifiy 
AD - V ft. 

The factor pyl px can readily be determined by cutting 
two squares from the roll in the correct directions and 
measuring RJ( and R, , when p-J px = Ry/Rx. 

For many purposes the variation of resistance with 
direction is small enough to be ignored; e.g. when 
using the analogy to calculate correction terms or to 
provide no more than the starting figures for a 
mathematical and exact solution. 

The temperature coefficient of this type of paper 
is low (about 0.2% per 0C). Excessive heating of the 
paper should be avoided by limiting the power 
dissipated to a maximum of 250 m\V per square inch. 

The electrodes of the model (corresponding to the 
boundaries of the real system being simulated) are 
painted directly on to the paper with silver paint.3 

Care must be taken to stir the paint well before 
application otherwise the electrode will not be at the 
same potential throughout. The paper itself is laid 
on some flat surface. Of the arrangements possible, 
the writer prefers to use a large drawing board that 
has previously been varnished, or painted with the 
type of plastic coating often used as imitation 
" french polish." The resistance paper can then be 
held to the board with adhesive tape. The latter 
may then also be used to anchor the wires making 
contact with the electrodes. Connections to the 
electrodes are effected by painting in thin wires so 
that the latter are embedded in the paint. 28 s.w.g. 
d.c.c. or enamelled wire, bared at the points of contact 
with the electrodes, has proved satisfactory. 

If only a single contact is made to a long, thin 
electrode, the latter may not be a true equipotential. 
The difficulty may be overcome by looping in the 

Fig. 3. Arrangement for plotting equipo- 
tentials on model representing coaxial cable. TO 
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connecting wire at two or three points along the 
electrode. Fig. 3 gives some idea of a satisfactory 
arrangement for one model. This method is to be 
preferred to that of increasing the width of the 
electrode, since the silver paint is rather costly. 

Field Plotting:-Since there are no polarisation 
effects with graphite resistance paper, d.c. may be 
used; the plotting is therefore extremely simple. 

The apparatus requirements are modest. The 
essentials are (a) a battery giving 6-12 volts, (b) a 
calibrated potentiometer, (c) a detector and (d) a 
probe. The power source will rarely be called upon 
to supply more than SOmA. The calibrated potentia .. 
meter can take the form of a couple of resistance 
boxes; the total resistance across the supply should be 
approximately the same as that between the painted 
electrodes for maximum sensitivity. No serious 
reduction in sensitivity has been experienced however 
when using a chain of ten 1% high-stability resistors 
totalling 5000 n or when using . a ten-turn helical 
potentiometer of the Colvern type, the total resistance 
being lOkn. The detector used is a 50-0-50/LA 
(1600 n) meter with protecting resistances and 
diodes. Fig. 4 shows the circuit used; the battery 
has been replaced by a full-wave rectifier for con­
venience. The function of the high-voltage section 
is explained later. The probe itself may con­
veniently be a 4H pencil, the graphite core at the top 
being exposed and connected to the bridge via a 
miniature crocodile clip and lead. If the electrodes 
are painted on to the light grey side of the resistance 
paper the plot of the equipotential lines can be drawn 
on direct. Some workers have reported a deforma­
tion of the field when a particular equipotential is 
being plotted. However, it is the writer's experience 
that provided the pencil is kept sharp and the 
equipotentials merely dotted in at first, and inked or 
pencilled in after the plot has been completed, no 
appreciable deformation of the field occurs. 

In order to become familiar with the technique 
the first few plots should be of known fields. Exper­
imental results can then be compared with calculated 
ones. There is muc~1 to commend starting with a 
plot representing a coaxial cable since the radii 
of the equipotential lines can easily be calculated 
from eq. (7). The diameter of the outer painted 

electrode may be about Sin and that of the inner 
electrode lin. Connection to the inner electrode 
is conveniently made via a 2in brass pin; this then 
keeps the connecting wire up in the air out of the 
way. The width of the silver paint representing 
the outer cable need not exceed one quarter of an 
inch; but a check must be made to ensure that the 
electrode is a true equipotential. 

After making such a plot with an inner electrode 
diameter of lin and the effective outer diameter of 
Sin the 10% equipotentials were found to be circles. 
The local variation of paper resistance therefore 
was negligible for this sample. The following table 
compares the experimental with the theoretical 
results. Only in regions of high field intensity (i.e., 
near the central electrode) were the errors as great 
as three per cent. Elsewhere the errors were low. 
It must be remembered, however, that this electrode 
system can be reproduced very accurately, that the 
curvilinear squares can be drawn with ease and that 
errors due to distortion of the current flow near the 
edges of the paper are . eliminated. In most other 
systems the electrodes must be drawn at the centre 
of a large expanse of paper to reduce these edge 
distortions to a minimum. 

Equipotential 
line 

% 
0 

10 
20 
30 
40 
50 
60 
70 
80 
90 

100 

Observed 
radii 
(in) 
4.00 
3.25 
2.63 
2.14 
1.75 
1.42 
1.12 
0.92 
0.75 
0.60 
0.50 

Calculated 
radii 
(in) 
4.000 
3.248 
2.639 
2.144 
1.741 
1.415 
1.149 
0.933 
0.758 
0.616 
0.500 

Error 

(%) 
0 

3 
1 
1 
3 
0 

The field existing between two long, straight paral­
lel conductors (Fig. 5) provides an example for 
plotting on a large expanse of paper. The shape of 
the field is well known, so the beginner is readily 
able to note the effect of edge distortions. The shape 
of the electrodes painted on the paper, and their 
distance apart must represent an accurate scale 

FORCING 
,..----------o POTENTIALS 

75V 

60 

CALIBRATED/ 
POTENTIOMETER 

-,,..,,\~","--CONSTANT 
CURRENT 

-,,\~,,'>''--SOURCES 

Fig. 4. Circuit diagram of plotter. 
To obtain plot shown in Fig. II, 
R1 = R2 = 2k. If several forcing 
potentials are required this value 
will need to _be increased. R3 de­
pends upon value of constant current 
resistors. Latter cannot be specified 
without knowledge of model involved. 
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connecting wire at two or three points along the 
electrode. Fig. 3 gives some idea of a satisfactory 
arrangement for one model. This method is to be 
preferred to that of increasing the width of the 
electrode, since the silver paint is rather costly. 

Field Plotting:—Since there are no polarisation 
effects with graphite resistance paper, d.c. may be 
used; the plotting is therefore extremely simple. 

The apparatus requirements are modest. The 
essentials are (a) a battery giving 6-12 volts, (b) a 
calibrated potentiometer, (c) a detector and (d) a 
probe. The power source will rarely be called upon 
to supply more than 50mA. The calibrated potentio- 
meter can take the form of a couple of resistance 
boxes; the total resistance across the supply should be 
approximately the same as that between the painted 
electrodes for maximum sensitivity. No serious 
reduction in sensitivity has been experienced however 
when using a chain of ten 1% high-stability resistors 
totalling 5000 O or when using a ten-turn helical 
potentiometer of the Colvem type, the total resistance 
being 10kO. The detector used is a 50-0-50«A 
(16000) meter with protecting resistances and 
diodes. Fig. 4 shows the circuit used; the battery 
has been replaced by a full-wave rectifier for con- 
venience. The function of the high-voltage section 
is explained later. The probe itself may con- 
veniently be a 4H pencil, the graphite core at the top 
being exposed and connected to the bridge via a 
miniature crocodile clip and lead. If the electrodes 
are painted on to the light grey side of the resistance 
paper the plot of the equipotential lines can be drawn 
on direct. Some workers have reported a deforma- 
tion of the field when a particular equipotential is 
being plotted. However, it is the writer's experience 
that provided the pencil is kept sharp and the 
equipotentials merely dotted in at first, and inked or 
pencilled in after the plot has been completed, no 
appreciable deformation of the field occurs. 

In order to become familiar with the technique 
the first few plots should be of known fields. Exper- 
imental results can then be compared with calculated 
ones. There is much to commend starting with a 
plot representing a coaxial cable since the radii 
of the equipotential lines can easily be calculated 
from eq. (7). The diameter of the outer painted 

electrode may be about Sin and that of the inner 
electrode lin. Connection to the inner electrode 
is conveniently made via a 2in brass pin; this then 
keeps the connecting wire up in the air out of the 
way. The width of the silver paint representing 
the outer cable need not exceed one quarter of an 
inch; but a check must be made to ensure that the 
electrode is a true equipotential. 

After making such a plot with an inner electrode 
diameter of lin and the effective outer diameter of 
Sin the 10% equipotentials were found to be circles. 
The local variation of paper resistance therefore 
was negligible for this sample. The following table 
compares the experimental with the theoretical 
results. Only in regions of high field intensity (i.e., 
near the central electrode) were the errors as great 
as three per cent. Elsewhere the errors were low. 
It must be remembered, however, that this electrode 
system can be reproduced very accurately, that the 
curvilinear squares can be drawn with ease and that 
errors due to distortion of the current flow near the 
edges of the paper are eliminated. In most other 
systems the electrodes must be drawn at the centre 
of a large expanse of paper to reduce these edge 
distortions to a minimum. 

ipotential 
line 

Observed 
radii 

Calculated 
radii 

Error 

0/ /o (in) (in) (%) 
0 4.00 4.000 0 

10 3.25 3.248 — 
20 2.63 2.639 — 
30 2.14 2.144 . — 
40 1.75 1.741 — 
50 1.42 1.415 — 
60 1.12 1.149 3 
70 0.92 0.933 1 
80 0.75 0.758 1 
90 0.60 0.616 3 

100 0.50 0.500 0 

The field existing between two long, straight paral- 
lel conductors (Fig. 5) provides an example for 
plotting on a large expanse of paper. The shape of 
the field is well known, so the beginner is readily 
able to note the effect of edge distortions. The shape 
of the electrodes painted on the paper, and their 
distance apart must represent an accurate scale 

Fig. 4. Circuit diagram of plotter. 
To obtain plot shown in Fig. II, 
Rj = R2 = 2k. If several forcing 
potentials are required this value 
will need to be increased. R3 de- 
pends upon value of constant current 
resistors. Latter cannot be specified 
without knowledge of model involved. 
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Fig. 5. Electric field between two long straight conductors. 
Curvilinear squares must have W = L (see text). 

dra_wing of the cross-section of the real system. A 
suitable scale must be chosen so that the electrodes 
are surrounded with a large area of paper. Care 
must be taken to avoid creases when handling these 
large areas prior to a plot, since the creases have the 
effect of increasing the local resistance. 

Mter plotting the equipotenthll lines it is then 
necessary to sketch in the streamlines representing 
the lines of flux. All flux lines must cut the equipo­
tential lines orthogonally and must meet an elec­
trode normally. It can be shown that if a set of 
equipotential lines and flux lines are drawn to form 
a continuous network of curvilinear squares between 
the electrode boundaries, then a solution of the 
Laplace equation has been found. A curvilinear 
square is an area bounded by four curved lines such 
that the mean " width " of the area is equal to the 
mean "length." The tangents to the boundary 
lines at the corners must intersect at goo. A test 
for a curvilinear square is to subdivide the area by 
equal numbers of intermediate equipotential and 
flux lines. The smaller curvilinear areas thus created 
must approach more nearly true rectilinear squares. 
It will be realized that a particular advantage of 
plotting and sketching such a network is that, with­
out the use of advanced mathematics, a solution to 
the Laplace equation can be found which satisfies 
boundary conditions that frequently are not capable 
of mathematical expression. Useful information 
on the sketching of networks of curvilinear squares 
can be obtained from an article on purely graphical 
methods of field plotting by E. G. Wright' and also 
in a paper by E. 0. Willoughby.• 

The sketching of curvilinear squares is a matter 
for trial and error, but for most fields, with the aid 
of a pair of dividers, it is relatively easy to judge 
equality of " width " between two equipotential 
lines (known to be in the correct position) and the 
" length " between one flux line and the proposed 
position of the next. A piece of thin transparent 
sheet with a goo corner assists in positioning the 
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flux line at right-angles to the equipotential line. 
The eye should be vertically above the paper when 
this estimation is made. The edges of the square 
must be tangential to the flux and equipotential 
lines at the crossover point. 

With fields where it is difficult to sketch the cur­
vilinear squares, trial and error can be almost elimi­
nated by adopting the following method. After 
painting and energizing the electrodei, sufficient 
points only are marked along the equipotential lines, 
no continuous lines being drawn at this stage. 
It is then usually quite easy to select and sketch with 
accuracy two flux lines so that a line of curvilinear 
squares could easily be drawn between them. The 
original electrodes must then be cut away with a 
sharp razor edge. The selected flux lines are then 
painted in and form a new electrode system. (The 
painting must be within the area between the two 
lines.) A set of equipotential lines for the second 
system are then obtained in the usual way. Provided 
the interval between the lines of the second set is 
correctly chosen, the first and second sets of lines 
will combine to form a complete orthogonal plot. 

Fig. 6 shows a tube of flux in a two-dimensional 
field. The flux and the equipotential lines are in a 
plane which is represented by the resistance paper. 
The potential difference between equipotential 
lines across all curvilinear squares is the same, 
thus it is easy to deduce from the network and the 
scale of the plot the potential gradient (i.e. the field 
strength) at any point in the field. For curvilinear 
squares that are not too unlike rectilinear (or true) 
squares the field strength is approximately inversely 
proportional to the length of the. side of the square. 
The field strength is thus highest in regions where the 
curvilinear squares are smallest. 

Behind each curvilinear square for a given depth 
of field, d, there is a portion of the volume of a tube 
of flux. Equal quantities of flux pass through each 
volume section, so each square, irrespective of its 
size, must represent the same amount of acceptance 
(e.g. conductance, capacitance, permeance, etc., 
depending upon the nature of the flux). That this is 
so can b7 seen by considering Fig. 7. The volume 

Fig. 6. Tube of flux in two-dimensional field, 
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flux line at right-angles to the equipotential line. 
The eye should be vertically above the paper when 
this estimation is made. The edges of the square 
must be tangential to the flux and equipotential 
lines at the crossover point. 

With fields where it is difficult to sketch the cur- 
vilinear squares, trial and error can be almost elimi- 
nated by adopting the following method. After 
painting and energizing the electrodes, sufficient 
points only are marked along the equipotential lines, 
no continuous lines being drawn at this stage. 
It is then usually quite easy to select and sketch with 
accuracy two flux lines so that a line of curvilinear 
squares could easily be drawn between them. The 
original electrodes must then be cut away with a 
sharp razor edge. The selected flux lines are then 
painted in and form a new electrode system. (The 
painting must be within the area between the two 
lines.) A set of equipotential lines for the second 
system are then obtained in the usual way. Provided 
the interval between the lines of the second set is 
correctly chosen, the first and second sets of lines 
will combine to form a complete orthogonal plot. 

Fig. 6 shows a tube of flux in a two-dimensional 
field. The flux and the equipotential lines are in a 
plane which is represented by the resistance paper. 
The potential difference between equipotential 
lines across all curvilinear squares is the same, 
thus it is easy to deduce from the network and the 
scale of the plot the potential gradient (i.e. the field 
strength) at any point in the field. For curvilinear 
squares that are not too unlike rectilinear (or true) 
squares the field strength is approximately inversely 
proportional to the length of the side of the square. 
The field strength is thus highest in regions where the 
curvilinear squares are smallest. 

Behind each curvilinear square for a given depth 
of field, d, there is a portion of the volume of a tube 
of flux. Equal quantities of flux pass through each 
volume section, so each square, irrespective of its 
size, must represent the same amount of acceptance 
(e.g. conductance, capacitance, permeance, etc., 
depending upon the nature of the flux). That this is 
so can be seen by considering Fig. 7. The volume 
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Fig. 6. Tube of flux in two-dimensional field' 
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Fig. 5. Electric field between two long straight conductors. 
Curvilinear squares must have W — L (see text). 

drawing of the cross-section of the real system. A 
suitable scale must be chosen so that the electrodes 
are surrounded with a large area of paper. Care 
must be taken to avoid creases when handling these 
large areas prior to a plot, since the creases have the 
effect of increasing the local resistance. 

After plotting the equipotential lines it is then 
necessary to sketch in the streamlines representing 
the lines of flux. All flux lines must cut the equipo- 
tential lines orthogonally and must meet an elec- 
trode normally. It can be shown that if a set of 
equipotential lines and flux lines are drawn to form 
a continuous network of curvilinear squares between 
the electrode boundaries, then a solution of the 
Laplace equation has been found. A curvilinear 
square is an area bounded by four curved lines such 
that the mean " width " of the area is equal to the 
mean " length." The tangents to the boundary 
lines at the comers must intersect at 90°. A test 
for a curvilinear square is to subdivide the area by 
equal numbers of intermediate equipotential and 
flux lines. The smaller curvilinear areas thus created 
must approach more nearly true rectilinear squares. 
It will be realized that a particular advantage of 
plotting and sketching such a network is that, with- 
out the use of advanced mathematics, a solution to 
the Laplace equation can be found which satisfies 
boundary conditions that frequently are not capable 
of mathematical expression. Useful information 
on the sketching of networks of curvilinear squares 
can be obtained from an article on purely graphical 
methods of field plotting by E. G. Wright4 and also 
in a paper by E. O. Willoughby.4 

The sketching of curvilinear squares is a matter 
for trial and error, but for most fields, with the aid 
of a pair of dividers, it is relatively easy to judge 
equality of " width" between two equipotential 
lines (known to be in the correct position) and the 
" length " between one flux line and the proposed 
position of the next, A piece of thin transparent 
sheet with a 90° corner assists in positioning the 
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Fig. 7. Determination of conductance. 

8v, behind a rectilinear square with length of side 
8/ will have a conductance given by 

8/.d h . (10) G=u. 81 mo . . 

where dis the depth of field. For unit depth of field 
the conductance of this volume is u. The volume 
behind any curvilinear square can be considered as 
being made up of a large number of volumes similar 
to Sv. Since, by the definition of a curvilinear square, 
there will be as many Sv's along the flux line (i.e. 
in series) as there are along the equipotential line 
(i.e. in parallel) the conductance of a volume behind 
any curvilinear square for unit depth must also be u. 

If the plotting of a field between two electrodes 
yields N1 squares along a flux line and Ne squares 
along an equipotenti 1 line, then the total conduct­
ance between the electrodes will be uN8 /N1 mho. 
(Unit depth of field is assumed in this and following 
examples.) 

Fig. 8 shows the plot representing the current · 
flow in a bus bar of uniform cross-section, made 
from material of conductivity a, and pierced by a 
bolt hole. The current density remote from the 
hole is assumed uniform. To represent the bar a rect­
angular piece of resistance paper has a hole cut out 
to represent the bolt hole, the model being to scale. 
The conductance of the section shown is a.l2/24 = 

0.5a mho. The conductance without the hole would 
be a.l2/21 = 0.57amho; so the ratio of the two con­
ductances is 1.14: 1. It should be noted that Ne 
need not be an integer. Although N 1 need not be 
integral either, it is usual to plot equipotentials at 
equal percentage intervals between the electrodes. 

By using a similar argument to that for obtaining 
the conductance of a system, it can be shown that 
the analogous quantity ' capacitance ' is given by 

edNe d (11) 
C = NFara s 

where e = e: (relative permittivity) X e0 (8.85 X 
10-12 F.m.-1). For a one centimetre depth of field 
eq. (11) becomes 

C erNe F 
= 11.3 N

1
p . 

Fig. 9 shows the shape of the field existing between 
two deflector plates of a cathode-ray tube when a given 
potential difference is applied. The effects of 
' fringing ' on the trajectory of the electron, so 
often ignored when calculating deflection sensitivity, 
can be estimated. The field strength along the path 
is determined by comparing the areas of the curvi­
linear squares. The capacitance of the plates shown 
in Fig. 9 is 0.6 pF per em depth of field (er = 1). 
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Referring to Fig. 5 the capacitance of the two 
wires is 15 pF. per metre length when er = 1. 
In Fig. 1 the capacitance is 3.5 X 8.85 x 15.2/5 = 

9.43 pF per metre length when er is taken as 3.5. 
The calculated value is 24.2 X 3.5/log10 (4/0.5) = 

9.38 pF per metre length. 
The procedure for finding the capacitance of any 

electrode shape is therefore to paint, to scale, a cross­
section.al representation of the electrodes, to plot the 
equipotential lines, draw in the flux lines to form a 
network of curvilinear squares, determine the ratio 
N 6 /N1 and apply eq. (11). · To determine the capaci­
tance of odd electrode shapes by mathematical 
means alone would prove difficult or impossible. 

A magnetic field in air may be plotted on the 
assumption that the iron boundaries are magnetic 
equipotentials. Since iron has a permeability of the 
order of 1,000 this assumption is usually well . 
justified. Following the lines of eqs. (10) and (11), 
the permeance of an air gap is given by 

N 
P = p.d Ne (webers per ampere turn) . . (12) 

where p. = p.; (the relative permeability) X P-o 

(1.26 x I0-6 H.m.-1). Frequently in the design of 
electrical machines the reluctance, S, of an air gap 
is the more commonly used expression. Since 
S = 1/P the reluctance is easily calculated from 
eq. (12). The reluctance of the air gap for the 
portion of the field AB of an electric machine, shown 
diagrammatically in Fig. 10, is 220,000 AT/weber. 
(d = 1). The effect of the slots has been ignored; 
but a further plot may be made to ascertain the· 
reluctance when .the slots are taken into account. 

A convenient way of plotting · flux lines directly 
is to make use of the fact that a field is completely 
defined if the · positions of either the flux lines or the 
equipotential lines are known, since one set can be 
obtained from the other by drawing in a set of 
curvilinear squares. By painting in electrodes along 
two known flux lines the resulting ' equipotentials ' 
for these electrodes will correspond to flux lines in 
the actual field. In plots used for the design of 
electric machines, for example (assuming once again 
a very high permeability for iron as compared with 
air) on the inverse analogue the portions of the 
paper representing the iron parts are cut away to 
form insulators. 

The determination of the inductance of current 
carrying conductors that produce magnetic fields 
in which there are no iron magnetic circuits may 
be calculated from a field plot. When currents 
are fed into the paper via electrodes representing 

Fig~ 8. Current flow and voltage equipotentials in bus bar 
with bolt-hole. 
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Fig. 7. Determination of conductance. 

Sv, behind a rectilinear square with length of side 
SI will have a conductance given by 

Sl.d f /ir\\ 
G = a . mho ,. .. .. .. (10) 81 

where d is the depth of field. For unit depth of field 
the conductance of this volume is o. The volume 
behind any curvilinear square can be considered as 
being made up of a large number of volumes similar 
to Sv. Since, by the definition of a curvilinear square, 
there will be as many Sv's along the flux line (i.e. 
in series) as there are along the equipotential line 
(i.e. in parallel) the conductance of a volume behind 
any curvilinear square for unit depth must also be <j. 
If the plotting of a field between two electrodes 
yields N, squares along a flux line and Ne squares 
along an equipotential line, then the total conduct- 
ance between the electrodes will be ctN^/N^ mho. 
(Unit depth of field is assumed in this and following 
examples.) 

Fig. 8 shows the plot representing the current 
flow in a bus bar of uniform cross-section, made 
from material of conductivity a, and pierced by a 
bolt hole. The current density remote from the 
hole is assumed uniform. To represent the bar a rect- 
angular piece of resistance paper has a hole cut out 
to represent the bolt hole, the model being to scale. 
The conductance of the section shown is o.12/24 = 
0.5o- mho. The conductance without the hole would 
be tj.12/21 = 0.57omho; so the ratio of the two con- 
ductances is 1.14 ; 1. It should be noted that Ne 
need not be an integer. Although N/ need not be 
integral either, it is usual to plot equipotentials at 
equal percentage intervals between the electrodes. 

By using a similar argument to that for obtaining 
the conductance of a system, it can be shown that 
the analogous quantity ' capacitance ' is given by 

C = ^ Farads  (11) 
Nf 

where e = er (relative permittivity) x e0 (8.85 X 
10-12 F.m.-1). For a one centimetre depth of field 
eq. (11) becomes 

" 11.3 Ny. 
Fig. 9 shows the shape of the field existing between 

two deflector plates of a cathode-ray tube when a given 
potential difference is applied. The effects of 
' fringing' on the trajectory of the electron, so 
often ignored when calculating deflection sensitivity, 
can be estimated. The field strength along the path 
is determined by comparing the areas of the curvi- 
linear squares. The capacitance of the plates shown 
in Fig. 9 is 0.6 pF per cm depth of field (er = 1). 

Referring to Fig. 5 the capacitance of the two 
wires is 15 pF. per metre length when er — I. 
In Fig. 1 the capacitance is 3.5 x 8.85 X 15.2/5 = 
9.43 pF per metre length when er is taken as 3.5. 
The calculated value is 24.2 X 3.5/log10 (4/0.5) = 
9.38 pF per metre length. 

The procedure for finding the capacitance of any 
electrode shape is therefore to paint, to scale, a cross- 
sectional representation of the electrodes, to plot the 
equipotential lines, draw in the flux lines to form a 
network of curvilinear squares, determine the ratio 
NJNy and apply eq. (11). To determine the capaci- 
tance of odd electrode shapes by mathematical 
means alone would prove difficult or impossible. 

A magnetic field in air may be plotted on the 
assumption that the iron boundaries are magnetic 
equipotentials. Since iron has a permeability of the 
order of 1,000 this assumption is usually well 
justified. Following the lines of eqs. (10) and (11), 
the permeance of an air gap is given by 

P = ud (webers per ampere turn) .. (12) 
N/ 

where f = fV (the relative permeability) X fi0 
(1.26 X 10"6 H.m.-1). Frequently in the design of 
electrical machines the reluctance, S, of an air gap 
is the more commonly used expression. Since 
S = 1/P the reluctance is easily calculated from 
eq. (12). The reluctance of the air gap for the 
portion of the field AB of an electric machine, shown 
diagrammatically in Fig. 10, is 220,000 AT/weber. 
(d = 1). The effect of the slots has been ignored; 
but a further plot may be made to ascertain the 
reluctance when the slots are taken into account. 

A convenient way of plotting flux lines directly 
is to make use of the fact that a field is completely 
defined if the positions of either the flux lines or the 
equipotential lines are known, since one set can be 
obtained from the other by drawing in a set of 
curvilinear squares. By painting in electrodes along 
two known flux lines the resulting ' equipotentials ' 
for these electrodes will correspond to flux lines in 
the actual field. In plots used for the design of 
electric machines, for example (assuming once again 
a very high permeability for iron as compared with 
air) on the inverse analogue the portions of the 
paper representing the iron parts are cut away to 
form insulators. 

The determination of the inductance of current 
carrying conductors that produce magnetic fields 
in which there are no iron magnetic circuits may 
be calculated from a field plot. When currents 
are fed into the paper via electrodes representing 

Fig. 8. Current flow and voltage equipotentials in bus bar 
with bolt-hole. 
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