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During the thirty years of the Institution’s
life only one other serving officer has been
elected to the office of President. 1 therefore
feel it a signal honour to the Service which
I represent, as well as to myself, that 1 should
be entrusted with your confidence.

By my election you have demonstrated the
policy of the Institution in promoting the
association of professional engineers, whether
they be in the Services, in industry, or in
Government service. Indeed, it was this outlook
that originally prompted my close interest in
the affairs of the Institution.

During the last two years especially, 1 have
learned that the Presidency of the Institution is
no empty office, as evidenced by the activity of
my predecessor, Mr. W, E. Miller. We all very
much appreciate the work that he has done for
us, and | am heartened in the task which
I undertake by the knowledge that he continues
to be a member of the Institution’s Council and
will, he has assured me, help in anything
I undertake in your interests.

There must be specialists in every branch of
science. | suggest that specialization is relative
and can be as wide as the ocean—for example,
you might call a sailor a specialist in maritime
matters—or as narrow as the eye of a needle

-the peculiar speciality of the biblical camel!
In our Institution we cater for specialists in
many applications of radio and electronics, but
in industry and the Services all interests and
talents must be co-ordinated with foresight,

understanding and tolerance. Therein lie the
tasks of command and administration, govern-
ment and management.

Papers read at the recent meeting of the
British Association emphasized the part which
engineers should take in management. The
specialist is not always suited to direct affairs;
he may have no ambition to do so or he may
feel that he can make his most worth-while
contribution in his particular specialization.
Management, on the other hand, calls for men
who can visualize the overall importance of
projects and assess how best to use the services
of specialists. To quote from a paper to the
American [.LE.E.*: “The important point is that
trying to question whether the work of an
individual engineer or the work of his manager
is ‘more important’ is like trying to answer the
question whether one’s heart or lungs are more
important in the functioning and life of one’s
body.”

In the Royal Navy we have been extremely
well served by men who have not necessarily
been specialists, but who have had the ability
to appreciate scientific developments and the
tenacity and often courage to ensure that full
opportunity is given to new ideas. In the field
of communication and radio development,
Admiral of the Fleet Henry B. Jackson was an
outstanding naval officer whose scientific work

* H. F. Smiddy, ‘“‘New_ horizons for engineers,”’
Electrical Engineering, 73, July, 1954, p. 590.
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was recognized by his Fellowship of the Royal
Society in 1901-—when he was serving as a
Captain in the Royal Navy.

One particular reason why I am glad to have
this opportunity of addressing you is to add a
viewpoint to that most excellent illustration
which Mr. Bedford gave during the course of
his Presidential Address.* You may recall that
after showing how
Maxwell’s work was
developed -first by
Heinrich Hertz, Mr.
Bedford asked ““what,
in fact, were the prin-
cipal Marconi con-
tributions?”" We all
accept the part
Marconi played in
what Mr. Bedford
termed *“the romantic
phase of radio
development’ but
the pioncer who
introduced radio
into the Royal Navy
was undoubtedly
Henry Bradwardine
Jackson.

He had made a
careful study of the
experiments carried
out by Hertz in 1886,
and in 1890 (when he
was 35 years of age)
he suggested that an
I.LF.F. system could
be used between cap-
ital ships and ap-
proaching torpedo-
boats, but he was not
then in a position to
experiment. By the time he took over command
of H.M.S. Defiance, the Torpedo School at
Devonport, in 1895, the work of Boset on
coherer receivers was known and Jackson began
systematic experiments, transmitting from one
end of the ship to the other using improvised
equipment made up on board.

In September, 1896 Jackson, who by that
time had been promoted to Captain, and had
developed a satisfactory system of signalling,

*J.Brit.l.R.E. 9, January, 1949. p. 2,

+See, forinstance, J.Brit.I.R.E., 13, March, 1953, p.130,
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Henry B. Juckson, ¥1855-1929,
A photograph taken in 1897, when he was a Caplain.

met Marconi at a conference at the War Office.
He attended trials of Marconi’s apparatus and
found that the principles of the equipment were
similar to those employed in H.M.S. Defiance.
As might be expected, however, the gear pro-
duced as a result of Marconi’s full-time work
was more fully developed and engineered than
that from Jackson’s own part-time effort.

In 1897 two sets
of more powerful
apparatus were built
in HM.S. Defiance
and ship-to-ship
experiments carried
out. The transmitter
of these sets can be
considered to be the
first official naval
wireless transmitter.
These early experi-
ments in what was
then described as
“signalling  without
wires'  are carefully
recorded in the con-
temporary  Annual
Reports of Torpedo
Schools. Many scale
drawings are still
available and a
replica has been made
and operated.

Jackson’s  trans-
mitter, consisting of
a Hertz oscillator, in
a hermetically sealed
teak case mounted
on a rain-tight teak
box, contained a
standard  induction
coil giving a 6-in spark in dry air. The
apparatus was worked from the ship’s mains
(80 V) through a suitable resistance or from
a 12-V battery, a signalling key being inserted
in the primary circuit. The oscillator con-
sisted of four 3-in solid brass balls mounted
vertically, the inner balls being ; in apart
and the outer ones } in from these. The
secondary terminals of the induction coil were
connected to the two outer spheres, the bottom
one being also connected to earth via the hull
of the ship, and the top one to the aerial wire

-~

(By courtesy of the Journal of the
Royal Naval Scientific Service)
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SCALE 37—’
(By courtesy of the Naval Electrical Journal)

Plan of the transmitter used for wireless telegraphy tests
berween H.M.S. Scourge and H.M.S. Defiance.

triced to the masthead. An insulated aerial was
part of the equipment. The overall height of the
apparatus was 2 ft 9 in.

Numerous experiments were carried out at
Devonport with the apparatus, using coherer
receivers, and reliable signals were exchanged
between H.M.S. Defiunce and H.M.S. Scourge
at a range of 5,800 yd at a speed of 8 words per
minute, in spite of intervening hills and ships.

From 1897 to 1900 the development of naval
wireless telegraphy was a joint effort by Captain
Jackson and Marconi, the naval apparatus
being designed and built in H.M.S. Defiance.
By 1900, 50 ships and shore
stations were fitted with naval or
Marconi apparatus. After that,
development was rapid.

In 1901, Captain Jackson was
elected a Fellow of the Royal
Society. His paper to the Society
in 1902 is one of the outstanding
early scientific papers on Wireless
Telegraphy.*

I will not enlarge upon his
appointments and work in the
twelve years before the first war.
He was appointed First Sea Lord
in 1915 and it was largely due to
his work that the chain of W/T
and D/F stations was set up
that led to the detection of the
movements of the German High
Seas Fleet and enabled the
Grand Fleet to be sailed and
bring them to action at Jutland
in 1916.

An amusing legend has grown
out of the fact that Jackson and
Marconi were working inde-
pendently on the same problem.
It is reported that Jackson met
Marconi in ltaly; as a result,

P .
/ ¥ each realized the other was a

Z ) ¥ 7 . .

Z [ % competitor in the field and there
7 ,_, TO WATERTIGHT

3 ;Z% began a race for the patent
f I 1 office. Jackson, returning to

7 7] TO England in his ship, is alleged to
’ 6 APPS INDUCTION COIL {1 8OVOLT DYNAMO hs b L. A f deck

Z IN WATERTIGHT BOX 7 have been injured in a dec

A 4 Eff hockey game and fetched up in
/ 008 Haslar instead of at the patent
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* “On some phenomena affecting the transmission of’
clectric waves over the surface of sea and earth.”
Proceedings of the Royal Society, 70, pp. 254-272,
July 8th, 1902.
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office and Marconi won. History records that
the two actually met at the War Office in
London and it seems likely that “the Italian
gentleman,” as he is referred to in con-
contemporary reports, had well safeguarded his
patents before approaching officialdom. Never-
theless, it is probable that had Jackson been in
a position to carry out full-scale experiments in
1890 when he made his first suggestion for the
use of Hertzian waves, it might well have
been his name that became a household word
in the realm of “signalling without wires.”

In the Royal Navy we are naturally very proud
of Admiral Sir Henry Jackson’s pioneer work
in the development of radio engineering. He
became an Admiral of the Fleet in 1919 and was
subsequently the first chairman of the Radio
Research Board. In 1926 he was awarded the
Hughes Medal by the Royal Society and died
only three years later, in 1929,

Thus, my historical note emphasizes the inter-
dependence of engineers and scientists, no matter
whether they serve in the armed forces, in
industry or in government departments. The
Services are very much alive to the importance
of radio and electronics, for to-day the success
of detecting, finding, fixing and destroying an
enemy largely depends on the performance and,
above all, the reliability of such equipment.

Many problems of research and development,
design and production, manpower and training
are common to both the Services and industry.
As far as sccurity permits only good can result
from a pooling of our ideas and experiences.

The work of pioneers such as Jackson should
remind us that in a few years’ time many of our
present techniques may appear clementary.
Electronics is still a young science and many
important discoveries, both large and small,
remain to be made. Some of these will no doubt
be fostered by members of our Institution. Let
us always be alert to the possibility of new
discoveries and new techniques.

The resolution of new ideas into practical
benefits is, of course, largely dependent upon a
virile industry. In this respect we in Great
Britain are fortunate for our industry is, on
the whole, well organized through trade associa-
tions. These can speak on industrial policy for
groups of manufacturers with common interests.
Whilst, however, industry is now spending more
on research and development, it must be

6

remembered that the majority of firms are small.
Many of them cannot afford to finance long-
term development projects unless they have
regular progress payments. Even to employ a
small group of five or six research or develop-
ment engineers with support and facilities costs
at least £20,000 per annum. This is 4 per cent.
of the turnover of a company working at a level
of £} million per annum.

For this reason, industry is increasingly
encouraging the universities to devete more effort
to fundamental research. Industrial grants,
bursaries and fellowships are helping to finance
what may prove to be very extensive rescarch
programmes.

Stemming from the scientific work of our
universitics we have the assistance of the
Department of Scientific and Industrial Research
and the Services research and development
organizations. We also have the help, if neces-
sary, of the National Rescarch Development
Corporation, and finally, the production tech-
niques of industry.

| have not overlooked the industrial research
associations, whose valuable work was referred
to in detail by the late Mr. Leslie McMichael . *
Their work is largely complementary to that
undertaken by manufacturers themselves, and
finance is provided by a particular industry
supplemented in some cases by Government
subsidy.

Thus, there are many sources from which new
ideas in rescarch and development may flow.
We may perhaps ask ourselves whether we are
making the best possible use of new discoveries.
Broadly speaking it is the object of D.S.I.R.
and research associations to assist in helping
industry to turn new discoveries into practical
use, and it is in that field that such Institutions
as ours serve their principal purpose. The
[nstitution’s main object—that of stimulating
the use of scientific knowledge—involves two
main steps: firstly, the acquisition of scientific
knowledge, and secondly, its application for the
benefit of mankind.

It is of little use acquiring information if it is
not disseminated among those who can make
the best use of it. Our service to industry
includes the publication of information and the
holding of meetings and discussions so that our
members may be kept up to date and en-

*J. Brit. I.R.E., 5, January, 1945, p. 2.
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couraged to use new information in their daily
work. The application of new ideas often
requires development of new processes and the
use of new materials, as, for example, in the
considerable work now being done in industry
in the production of semi-conductors, transistors
and printed circuits.

The speed at which this work can be done is
wholly dependent on the availability and proper
use of man-power. The Services share this
problem with industry, and satisfactory recruit-
ment depends on obtaining men who will find
abiding satisfaction and pride in their vocation.
Employment divorced from real interest becomes
drudgery and only if there is enthusiasm will
the utmost benefit be derived by both employer
and employee.

Although never before has there been such
wide public interest in science and technology
we nevertheless have the paradox of a technical
man-power shortage. Many rcasons may be
advanced for this shortage, but we might well
ponder whether we do enough to attract the
right sort of recruit to our professional ranks.

A very worth-while job was done by our own
Radio Industry Council in publishing their
booklet, in conjunction with the Ministry of
Labour, on *‘Careers in the Radio Industry”.
This helps, and will 1 hope continue to help,
recruitment to our profession. | believe that a
similar valuable publication is being prepared
by industry and the Ministry on the opportunities
of employment and future prospects for the
radio technician and mechanic.

Having obtained the interest of the younger
man, the next, and probably most important,
step is to give these recruits an adequate
training in radio and electronic theory and
engineering so that they may undertake their
work with competence and with a proper under-
standing of what is involved.

In these matters we urgently require the full
co-operation of our technical colleges. It is an
understandable desire that young men wish to
enter a profession where they can be assured of
lifelong employment and reasonable prospects.
To-day, with an ever broadening field in the
application of electronics to communications,
transport, industry, medicine, nucleonics, to
name a few ficlds, as well as its increased applica-
tion to the problems of defence and attack, it
can safely be said that there is a certainty of

the need for many more radio engineers and
radio technicians. '

Shortage of man-power and the neced for
reduced costs demand that we must make the
maximum use of our engineers. There is no
simple answer but much can be done by carefully
matching the man to the job and not wasting
qualified and experienced men on work which
does not justify their skill and experience. With
the co-operation of industry our Institution has
done much in aiding this difficult problem of
establishing a recognized system of training for
the radio technician and mechanic—who is the
engineer’s most valuable aide. The Radio Trades
Examination Board has also been of tremendous
help by recognizing the eligibility of men who
have been trained in the radio branches of the
Navy, Army and Air Force and opening up the
prospect of civilian employment when such men
leave the Services. This marrying of Service and
Industry’s man-power requirements is of the
utmost importance before and after mobilization.
Whilst on the one hand the Services now offer
attractive conditions for permanent employment,
and we sorely nced their long service, we have to
consider the outlook of the man who is only a
member of the armed forces cither for the
period of his National Service, or for a short-
term engagement. Very naturally, those men
want to feel that their time in the Services will
be recognized as of value when they return to
civilian life. I cannot emphasize too much the
wide appreciation of the Services for the policy
which our Institution has always pursued to
try to reconcile the interests of the men in
the Services with those who are engaged in
industry.

Few will disagree that the development of
electronics is still comparatively in its infancy.
Navigational aids at sea and in the air,
under-water and battlefield television, electronic
armament technique, and the wider applications
of industrial television are only a few of the
branches being developed. Most of us have more
than an academic interest in the fascinating
story of the development of all kinds of elec-
tronic computers which we learned about at
Oxford this summer.

Indeed, the users of electronic equipment are
continually asking for it to do more and more
complicated things, which in turn leads to the
need for more and more complex equipment.

7
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In spite, therefore, of the greatly improved
quality of components, and there is still much
scope here, the strain on equipment is such that
the standard of knowledge and skill required by
the maintainers is tending to rise. But, and this
is important, our quantity and quality of raw
human material for maintenance are not im-
proving at the same rate as the quantity and
complexity of scientific equipment. Also the
more components, the greater the likelihood of
predictable and unpredictable failure. The
requirements of weight and space, especially in
Service equipment, most often rule out dupli-
cation. The less skill required for preventive
maintenance, testing and checking performance,
the better! Also the longer time that equipment
can run without attention and with expectation
of even 75 per cent. of optimum performance—
the better. Thus, as we all know, there is a
continual need for new and particularly simplified
techniques.

Most advances in radio are the result of
painstaking and possibly slow and laborious
work in laboratories, and | do not wish to
belittle the results of this important and some-
times unrewarding work. [ must, however,
stress the importance of encouraging all those
concerned with design to be constantly on the
look-out for those “neat solutions” and “brilliant
simplifications’” which can do so much to improve
our equipment. These, together with the bold
use of new techniques, can help to reduce the
menace of over-complexity with all its attendant
disadvantages.

Having put the case for progress, I must
balance the argument by referring to the less
romantic subject of standardization. Provided
progress is not impeded, any measure of
standardization greatly eases the user’s main-
tenance and service burden. Standardization is
always a very thorny problem but it must not
be shelved on that account. With “standardiza-
tion” I include “preferred components’ as far
as the Services are concerned—for we have to
provide spares on the wide boundaries of the
seven seas. As an Institution we are very glad
to be represented directly on many working
committees of the British Standards Institution
who do such an excellent job for industry as a
whole. Our own Technical Committee is always
anxious to promote discussion meetings in order
to secure wide ventilation of views on standard-
ization. I think that more meetings of this

8

character would be of great help to the B.S.I.
before they set up final committees for drafting
standards. In the Services, too, we are anxious
to have as small a range of testing sets as
possible, for we have to train each man to test
and maintain a variety of equipments. There-
fore, anything which can be tested with a
“Common Testing Set™, or a built-in testing set,
is a great advantage and economy of training
effort.

So far 1 have been making requests to the
Radio Industry. What have the Services to offer
Industry in return? First, quite a lot of meney,
but with some strings tied to it. Next, the
opportunity of designing up to standard instead
of down to a price. This is something which
I think Industry should, and in fact does, value,
though it brings with it plenty of headaches.
Lastly, a critical but I hope a knowledgeable,
and certainly an enthusiastic customer.

The new techniques becoming available and
the steady advance in our knowledge provide
designers with many opportunities, but it often
raises the problem of “What does in fact,
represent an improvement?” What appears to
be an obvious advantage in the laboratory may
turn out on balance to be a disadvantage in
practice when the installation, maintenance,
logistic, and financial aspects have been evalua-
ted. The designer clearly cannot be an expert
on all these matters. There are two morals to
be drawn from this: one—the vital importance
of close co-operation between the designer and
the Service officers who do know what is
involved in the broader Service aspects of the
problem and the other—the value to all
designers of getting to know as much as possible
of how the equipment they design will be used,
how it will be maintained, what spares can be
carried—in fact, all those problems which make
the difference between success and failure in use.

It might be argued that a designer’s life is
hard enough already without adding extra
responsibilities, but I am sure that a clear
picture of how the equipment that he designs
will be used will make his work easier—and
certainly more interesting. Speaking for the
Navy, | recommend to engineers a period at
sea in, say, an aircraft carrier, destroyer, or
cruiser, as a most valuable experience, and many
of you know that it has for long been the Navy’s
policy to foster such visits from engineers and
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scientists serving firms engaged in Admiralty
contracts.

Similarly, co-operation between the Services
and the radio industry is much helped by
serving officers keeping in touch with the
problems of the radio industry.

Two apparently simple technical matters will
serve to illustrate my point. Firstly, there has
been a great deal of discussion recently on the
advantages and disadvantages of using valves
with flying leads soldered direct to soldering tags,
instead of the ordinary pin-based valves which
arc pushed into sockets. This would scem to be
a fairly simple and clear-cut problem. Yet in
practice it is hardly possible to take an intelligent
part in the argument unless one has an almost
encyclopaedic knowledge, embracing at one end
the microstructure of glass, the mathematics of
stress distribution and the factory techniques of
glass moulding, and at the other end, the
standard of skill possessed by a junior radio
rating in the Navy and the amount of space
available in an aircraft carrier's radio store-
room!

The second example—heat dissipation in
radio equipment designed for fitting in high-
flying jet aircraft. Here the radio designer finds
himself concerned with problems involving the
meteorological conditions in the stratosphere,
and with the equally unpleasant conditions found
within a few inches of the blast pipe of a jet
engine—while at the same time he must still
not lose sight of the peculiarities of the rating
who will service his equipment, and the con-
ditions under which this work will be carried
out on an airfield or in an aircraft carrier.

Certainly, the radio designer can no longer
be accused of being a narrow-minded specialist.
What | have said about the designer applies in
many respects to everyone else concerned with
the production of radio and other electronic
equipment, not excluding those responsible for
finally packing the equipment for transport!

In addition to the invaluable work of the
British Standards Institution, to which I have
already referred, there are many other com-
mittees set up by industry and government
departments which help to maintain liaison on
detailed technical matters. In the field of
component and valve development liaison is
close and good. At the Admiralty we have
recently felt that there was scope for greater

liaison on the general question of designing
complete equipment for ease of maintenance. A
small working party was set up in the Admiralty
at the end of last year to investigate probiems
of electronic reliability and maintainability.
Meetings have already been held on this subject
with the Ministry of Supply and one of the
industry associations, and I am confident that
we shall derive much benefit from these deliber-
ations. We are also to have a discussion at onc
of our Institution meetings in London.

A particular example of the way in which
industry has bencfited from Services co-
operation was, of course, in the development of
radar. From the use of radar on comparatively
long wavelengths to the subsequent using of
shorter wavelengths required knowledge gained
from operational technique. At the end of the
war the Admiralty made arrangements for the
Admiralty Signals and Radar Establishment,
then at Haslemere, to give technical advice to
manufacturers to assist them in the design and
manufacture, for merchant shipping, of equip-
ment which has now been sold all over the world.

In order to gain experience in the use of
equipment, the Admiralty also made available
to merchant shipping Admiralty-type radar
sets which had only been brought into production
just before the end of the war. The A.S.R.E.
has, in fact, frequently prepared prototype
equipment which has subsequently been passed
over to industry for full-scale manufacture.
I know that, whilst 1 specifically refer to
Admiralty co-operation, very much the same
conditions apply to the research establishments
of the Ministry of Supply.

There was close liaison between the Royal
Naval Scientific Service and industry in the
development of under-water television, com-
bining under-water cine-photography with the
research on modern television chains. Successful
use of this equipment in locating the Comet
aircraft lost off the coast of ltaly is fresh in
everybody’s mind because it was news in a big
way. This technique and experience should
prove to be of immense advantage commercially,
and to the Service, in locating and in identifying
or examining and salvaging under-water objects,
especially where deep water is concerned.

Similarly, the Service development of the

asdic has led the way to other applications of
radio acoustic work.
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I have tried to prove that the relations
between the Services and the Radio Industry
are already close but they must, by the very
nature of the problems involved, become closer
still. 1 am sure that the Electrical Branch of the
Navy, of which I have the honour to be the
Head, will play an increasingly important part
in projects from inception to production, or
should I say from conception to birth and
maturity? The problems we must all face
together are very real ones; there are no quick
answers and all the solutions cannot yet be seen.
I believe, however, that if radio engineers and
radio physicists work together and see each
other’s point of view, we shall be able to exploit
to the advantage of our country the great
potential of our Radio Industry.

Earlier on I referred to some of the recent
proceedings of the British Association on the
subject of management. The executive or
senior engineer or physicist requires bright
ideas and suggestions from his juniors. Most
of the bright ideas are born in minds which have
not reached the time “‘when age has its com-
pensations”. Management needs to guide and
coax along the junior men; delegation of
responsibility encourages initiative and en-
thusiasm. Nice judgment and understanding are

needed in applying the curb to a willing and
well-trained horse!

Our standard of life and our security—indeed
our daily bread—depend on our efficiency and
economy in engineering production. We must
export manufactured goods in order to live and
we must export more to earn the money for
our defence or to bargain from strength with
the foreigner. Our initiative and skill in the
application of science to industry and weapons
can keep us a great nation and Commonwealth.
Of little use our courage, our character and our
good will to keep the peace of the world unless
at the same time we employ our native talents
to the best advantage in this time of great
opportunity.

In our Institution we realize our responsibili-
ties. Whilst we make our individual and collective
contributions we may well join in the Naval
Prayer said daily on board Her Majesty’s
Ships: “Preserve us from the dangers of the seca
and from the violence of the enemy that we
may be a safeguard unto our Most Gracious
Sovercign Lady, Queen Elizabeth and her
Dominions, that the inhabitants of our Empire
may in peace and quietness serve our God and
enjoy the blessings of the land with the fruits
of our labours.” .
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THE THEORY AND DESIGN
WAVE

OF GAS-DISCHARGE MICRO-

by

ATTENUATORS*

E. M. Bradley, B.Sc.+ and D. H. Pringle, Ph.D.}

SUMMARY

The theory of the interaction between a d.c. gas discharge and an r.f. field is considered and
expressions developed for the complex conductivity of the discharge. The simple Lorentz theory is shown
to give values of complex conductivity not very different from those derived with more detailed analyses.
Problems connected with the gas discharge including that of noise production are considered. Practical
microwave attenuators developed by the authors are described in detail. Two main classes of device are
considered: (a) devices with resonant structures, and (b) distributed devices.

1. Introduction

It is the purpose of this paper to give an
account of the recent development of gas-
discharge devices designed to provide electroni-
cally controlled attenuation of microwave
radiation in waveguide structures. This develop-
ment was stimulated initially by Service require-
ments for a means of providing automatic gain
control in the 3-cm waveband, but there are
other fields of application, notably crystal
protection in radar receivers and modulation of
microwave signals, which have recently been
receiving increased attention.

The main problem in the design of such a
device is to confine a gas discharge in a lossless
structure, so as to obtain efficient interaction
between the microwave radiation and the dis-
charge. The gas discharge presents both reactive
and resistive impedance components, the ratio of
these components depending on the collision
frequency of the electrons and gas molecules and
on the frequency of the microwave field. The
simple Lorentz theory of interaction is shown
to be valid as a first approximation even though
it ignores the distribution in energy and in free
path of the electrons. This theory is later applied
to idealized attenuator structures so that inherent
design limitations may be appreciated.

Practical attenuators of two main classes
have been constructed, in which gas discharges
are confined (1) within a transmission cavity,

*Manuscript received July Sth, 1954, and in final
form on September 20th, 1954. (Paper No. 297.)
tFerranti Ltd., Edinburgh, formerly with Elliott
Bros. (London) Ltd.
tFerranti Ltd., Edinburgh.
U.D.C. No. 621.372.56.029.64 : 621.387.

and (2) within a distributed structure. The last
section of this paper is devoted to devices in the
development of which the authors have been
concerned, and the merits and limitations of
these devices are discussed.

It may be noted that the scope of this paper is
restricted to gas-discharge devices which are
operated without the presence of static magnetic
fields. Attenuators of the latter type, which
have recently been developed by Goldstein and
others,’ are divided into two classes. In the
first, electron interaction is obtained by a
gyromagnetic resonance phenomenon and in the
second case by Faraday rotation of the plane
of polarization.

2. Wave Propagation in an Electron Gas
2.1. Unbounded Electron Gas

The equations derived by Lorentz? to describe
the motion of charged particles, subject to
random collisions and oscillating under the
action of an alternating field, can be applied to the
case of a discharge plasma supporting an electron
gas. One needs only to consider the elastic
collisions between electrons and gas molecules
to a first approximation, as electron-electron
collisions are exceedingly improbable; while
inelastic collisions, resulting in ionization or
excitation of the gas molecules, are much less
numerous. In other words, we only consider
here the case where the mean electron energy is
much less than the excitation potential, a con-
dition which is known to hold in almost every
region of the glow discharge.

In the absence of collisions the equation of
motion of an electron in the presence of a d.c.
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field of intensity V and an a.c. field of intensity
E — E, exp (jwr) is given by
eEy exp (jwt)

Lorentz assumed that the effect of collisions is
to introduce a frictional or damping force
proportional to the velocity of the particles, and
he was able to derive expressions for the con-
ductivity and dielectric constant of the medium
by this means. Let the damping term be
represented by “‘gx.” Then

mx +gx — eV -+ eE, exp (Jwt)

mx — eV -

Solving for X we obtain
eV ek,

; a7
g g2 +miw? 3

€ €xp < m >

where C is a constant.

For free electrons it may be shown that
g — mv where v is the electron collision fre-
quency.

So the equation may now be written

Jme)exp (jor)

cV ek, ) .
mv ' m (VZ w:!) (v - jw)exp (Jowt)
Cexp(— ) ...ooonn... (1)

The first term represents the motion under a
d.c. field alone, the second term represents the
in phase and out of phase components of the
electron’s velocity with the a.c. field and the last
term is a damping term.

Now assuming an electron concentration of
n electrons/unit volume we can write the a.c.
conductivity ¢ — [/ E — nex | E.

Thuso — "€° |: v jo ]
m v? - w? 2 €
or ne? .
T
mo (1 7%) nJ
where 7 — (v/w), the ratio of the electron
collision frequency to the angular field frequency.

This result assumes that all the electrons have
the same energy and free path and hence that
the collision frequency is constant. This, how-
ever, is not the case since the electrons will be
distributed in energy and in free path and it is of
interest to note two recent modifications to this
theory, due to Margenau® and Huxley,? taking
the energy distribution into account. Margenau
derives an expression for the complex con-
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ductivity allowing for any electron energy
distribution; for the particular case of a
Maxwellian energy distribution, which generally
obtains in the glow discharge, he finds

4 e .
A K (x)—Jjx K, (x))
3 2mmkTH -~ YA '}
.............. (3)

where A = electron mean free path
k — Boltzmann’s constant
T — electron temperature
m(wA)>
kT
The functions K, and K, can be expressed in

terms of the exponential integral and the error
function.

X

In equation (3) we may write
n2Tmw*A?
8
which merely expresses the mean velocity 7 in a
Maxwellian distribution using * — wya
and we obtain

net ( >
a
Mw 377' 7 | m]
: )
; \m ........ (4)

J
k
Huxley derives a formula similar to that of
Lorentz in which he has examined the damping
term more carefully. He obtains for the a.c.
conductivity

2 ne? [ 7 |
a 2 l 2
3 mw L1+ 9P 1 1 + 7

.o vl
J 2 2
P72 12 1 4+ 9
. ne®

For purposes of comparison a’/mw and o

kT

ne?

versus 7 are plotted in Fig. 1 and Fig. 2
respectively for each of the three theories, where
o; and o, are the imaginary and real components
of the conductivity.

It is seen that there is very little to choose
between the three theories and the difference
between the values for any given 5 will probably
be less than the error introduced by the assumed
value of #. The uncertainty in  stems from the
fact that the mean free path is actually a function
of electron energy.
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2.2. Electron Gas confined in Waveguide

The case of a uniform free electron gas
confined in a waveguide may be analysed
theoretically to find the order of electron density
required to obtain a useful electronic interaction.
While this analysis is strictly limited to an ideal
case since it is impossible in practice to fill the
waveguide with an electron gas of uniform
density, the conditions can be approached
experimentally.

It may be shown® that the propagation
constant (y) in a waveguide filled with a lossy
dietectric such as a gas discharge is given by:

y ==z +JjB
where

\ 27\*
2x7 [T A r JwpgOr

( ) 2,
1‘":“'00'" ( /C) ............ (5)

) 27 \° .
218- wl"ogi ( /\ﬂ. > jw/"()U"

( 27 \*
.Lw'u,ooi ( /\‘ > ............ (())

A, = air filled guide wavelength.

The quantity =, expressed in neper/metre, is
the attenuation, and 8, expressed in radians/metre,
is the phase length of the discharged filled
waveguide.
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Fig. 1.—Comparison of theories for real conductivity.
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Fig. 2.—-Comparison of theories for imuginary con-
ductivity.

It will be seen that both the attenuation and
the phase length may be altered by suitably
controlling the complex conductivity. This may
be achieved by altering the density and collision
frequency of the electrons in the discharge.

Consider first the case in which it is required to
know the attenuation in a discharge filled guide
in which the real part of the complex con-
ductivity is a maximum. On the Lorentz model
this occurs when n — 1,

»
ne* .
ai - from equation (2).
mw

giving: o

Values of attenuation, expressed in db/cm as
a function of electron density, have been com-
puted from equation (5) for a frequency of
9,350 Mc/s corresponding to s — 4:45 cm.
These values are plotted in Fig. 3.

In some circuits the attenuation can be
changed by altering the phase length of one
component of the circuit. This can be achieved
electrically by using a gas-discharge filled
waveguide. However, for large attenuations to
be available from the circuit, it is necessary that
the attenuation accompanying the electrically
produced change in phase length shall be small.
An examination of equations (5) and (6) shows
that if the electron collision frequency is made
small compared with the applied angular
frequency, i.e., n < 1.
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Then [
ne? . |
o 2 or = 0 from equation (2)

maw
2 2
then if " Ho ( 2”>
m Ag

« — O and B is obtained from equation (6)

i.e.,
2
7 ne2y9_ B ( 27 >
28 m Ag
[ neu, 2n >2 [
‘l m % IEEEEEERRRR (7N

L) (2”>2 then § — 0
m /\g ¢

i.e., the waveguide is beyond cut-off and there is
an attenuation given by equation (5).

The minimum phase length, i.e.. the maximum
change in phase length compared to that of air
filled guide, occurs when

ney  / 2p \2
m A
For an applied frequency of 9,350 Mc/s

corresponding to A; = 4-45 cm, n — 5-5 « 1011
electrons/cm3 for this condition to obtain.

With the discharge off, n — 0

By 2m 1-42 radian/cm,
A

-
s
-
o
-

-
~T _waveEGUIDE
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Fig. 3. Theoreticul attenuation as function of electron
density.

Fig. 4 shows the complete curve obtained from
the equation.
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2.3. Electron Gas confined in Coaxial Line

One of the simplest attenuator structures is
the coaxial transmission line which is coupled to
the waveguide circuit by means of suitable
transformers and where the inner and outer
electrodes are made the anode and cathode of a
d.c. discharge. It is of interest to calculate how
the insertion loss varies when the line is filled
with a uniform electron gas.

Jackson® gives an expression for the attenua-
tion of a coaxial line

§
o l:“{l‘o {(w262 o2t we}jl nepers

2 metre

which reduces to

” 1 /\/}I.(L or
2 € (€€t

when we > o,

January 1955



E. M. BRADLEY AND D. H. PRINGLE

GAS-DISCHARGE MICROWAVE ATTENUATORS

taking
2 ne?
= | then o, = ne ; € = €y — =——5
K 2mw O 2mw?
and

3
e 22 €® ﬂ)
* _|: 2 {(w €0 m + 2m2w?

ne? i}
el + 2mw :|

The curve of attenuation/cm plotted against n
is reproduced in Fig. 3.

2.4. Electron Gas confined in Cavity Resonator

Slater? has shown that the admittance yq of a
gas discharge contained in a microwave cavity
resonator may be represented by

B j aExdv
L A
wyey | E2dv

%

where E is the microwave electric field intensity,
B is a coupling coeflicient between the cavity and
the waveguide and w, is the resonant frequency
of the empty cavity. V is the cavity volume and
V is that of the gas discharge container.

Yi=gi +Jba =

The imaginary part of the complex con-
ductivity gives rise to a shift in cavity resonant
frequency and the real part lowers the Q of the
cavity. Either effect can be used to vary the
interaction loss of a transmission cavity and can
also be employed as a means of determining
electron density.

Rose and Brown® show thatif » <€ | we obtain

8m2mcle, AA
e? A
Y
where AX is the shift in resonant wavelength
from A.

This equation can be solved for any particular
cavity mode and for any density distribution of
electrons. We will only treat here the case of a
cylindrical TM,,, cavity because of the simplicity
of the field configuration, and the fact that
experimental results have been obtained in this
laboratory with such cavities in the 3-cm and
10-cm bands.

For a TMy,, cavity
Er=E =0

(nE2dv =

and E: = EyJy,(2:405 rjr)
where Er, E; and E; are the radial, angular and
axial components of E, E, is the axial field at the
centre of the cavity and " is the radius of the
cavity.

Let us assume for simplicity that the electron
density in the container is uniform, then we have

Ax H 1

— (Ao 12— o
n=01- 100 T UG @ 4p) -, 2(240)]

where H and 5 are the heights of the cavity and
container respectively, r, is the container radius,
and p = ry/r'.

Figure 5 shows the effect of introducing a
quartz discharge tube through the end walls of a
TMy,, cavity, resonant in the 10-cm band. In
order to avoid undue disturbance of the cavity
field the end holes must be kept small compared
to the cavity diameter. The cavity used was
7-1 cm in diameter and 1-27 cm high and the end
holes were 0-54 cm diameter, the unloaded
cavity Q being about 6,000. In the figure the
measured frequency shift and the electron
density calculated from equation (10) are
plotted as functions of distance between the
cathode and inner cavity surface. Even although
the density is integrated over such a compara-
tively large distance as 1:27 cm the results do
indicate the great increase in electron density on
approaching the negative glow. It is conse-
quently an important design feature of practical
attenuators that the negative glow region of the
discharge be brought into the region of maximum
field intensity for large interaction to take place.

3. Properties of the Gas Discharge
3.1. Comparison of Gases

For an efficient attenuator we require that the
electron density in the gas shall be high for a
given discharge current and also that » should be
of such a value that efficient interaction is
obtainable at suitable values of gas pressure and
tube voltage. In addition it is required that the
attenuation should respond rapidly to change of
discharge current and that the tube should have
a long life, which demands that none of the
components in the tube will react chemically
with the gas. In order to obtain a high electron
density we require a gas in which the ionized
atoms have a small cross-section for re-
combination with electrons. For these reasons
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the rare gases are usually chosen. Table | gives
values for the electron temperature and mean
free path in the positive column of the rare gas
discharge from Knol,? py is the pressure at
which » — | for a wavelength of 3-5 cm, A, is
the mean free path of the electron at gas
pressure of 1 mm Hg, T is the electron tempera-
ture for pressures greater than 2 mm Hg for a
discharge confined in a tube of radius |1 cm, and
T the corresponding average velocity.

Table 1
Gas :\31 lz cmrsec pervsec '1521
He 014 3100 12 x10% 8-6x10% 79
Ne 013 3100 12 x10* 9-2x10* 73
A 0-014 1510 0-83x10% 59x16° 12
Xe 0-:010 1-0<10* 0-69 <10% 69x10° 9-8

This table illustrates that to obtain efficient
interaction in the positive column at pressures
of the order 10 mm Hg, which is the most useful
pressure range, it is desirable to use argon or

16
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xenon; although no figures are available for
krypton its performance is known to be similar
to these gases.

In attenuators in which it is required that
7<< 1 neon or helium should be used. Neon
with a small admixture of argon (6 per cent.)
gives very low breakdown voltage but the
formative time of the discharge is of an order of
magnitude greater than in pure neon.

An experiment was made to confirm this
optimum value of pressure for the positive
column of a xenon gas discharge. The discharge
tube was introduced at an angle of 20 deg with
the axis across the broad face of a rectangular
waveguide in the 3-cm band ensuring that the
discharge was well matched. The discharge
current was maintained constant and the gas
pressure varied between ] mm Hgand 20 mm Hg.
The interaction loss of the discharge was
measured and a flat maximum was observed at
12 mm Hg as compared with 9-8 mm Hg
predicted by the theory.

It is very difficult to construct a similar table
for the negative glow and Faraday dark space
regions owing to the non-uniformity of the
electrical conditions in these regions. While the
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clectron temperatures are very much lower in
these cathode regions the table will give some
idea of the ratio of the optimum values of the
pressure for the different gases. Direct com-
parison of theory and experiment in practical
attenuators is thus complicated by the fact
that the electron density varies rapidly in the
cathode regions, resulting in a varying dielectric
constant.

3.2. Noise Production

In common with all gas-discharge devices,
clectronic attenuators will generate noise of
large amplitude. There are present two distinct
types of noise. In the first type, the r.f. energy
which has passed through the device can be
amplitude modulated by the unwanted noise
modulation of the direct current maintaining
the discharge. This will be called control current
noise and is generally coherent in nature. In the
second type the direct currentdischarge generates
incoherent r.f. power of maximum equivalent
noise temperature about 30,000°K. This will
be called r.f. noise.

3.2.1. Control current noise

This may be divided into two classes, noise
caused by (a) relaxation oscillations which is
affected by the external circuit, and (b) moving
striations which is independent of external con-
ditions provided that the discharge current is
maintained constant.

Relaxation oscillations are of frequency up to
300 kc/s and of large amplitude. The oscillation
arises when two conditions are fulfilled: (a) the
discharge is operating in the negative resistance
region (as measured by a static current-voltage
plot): () the time constant of the series resistance
and the discharge impedance together with any
stray capacitance is within the region of the
period of oscillation in which the discharge will
appear as a negative resistance. At higher
frequencies the inertia of the discharge plasma
will be such that the impedance presented will
no longer be negative. In most of the practical
attenuators described below, this problem does
not arise because within the range of operating
current the discharge conditions are well into
the abnormal cathode fall region.

The other type of control current noise which
can be either random or coherent is due to
moving striations and is brought about by move-

ments of the positive column plasma.!® The
striations can cause up to 100 per cent. modula-
tion of the incident r.f. power at frequencies of
the order of 1 kefs. It is well known that at very
high current levels (order of 150 mA) the dis-
charge becomes quiescent and this should con-
sequently be taken account of in the design of
positive column attenuators. A device depending
on interaction with the cathode regions of the
discharge will not suffer from the effects of
moving striations unless the tube contains a long
positive column, because the striations find their
origin in that region.

3.2.2. Radio frequency noise

In a gas discharge the electrons are in random
motion with an approximately Maxwellian dis-
tribution of velocities. The mean electron energy
is usually between 1,000°K and 40,000°K
depending on the discharge region and the
nature of the gas.

The equivalent noise temperature of an
attenuator may therefore be as high as 40,000
°K, and this large noise output may preclude its
use in a sensitive receiver circuit. However, only
under certain conditions is the equivalent noise
temperature equal to the electron temperature.

By analogy with the theory of heat radiation
from a so-called **black body™ it is seen that the
noise output of the discharge will be equivalent
to that given by the electron temperature only
if the discharge presents a high transmission
absorption. The actual noise available will be
given by the equation:

Py =kT B =kATB
where P, = available noise power

T. = apparent noise temperature at re-
ceiver

B = bandwidth of receiver
T = electron gas temperature

A = normalized power absorption co-
efficient.

It follows that devices depending on the change
in reflection coefficient to provide attenuation
and also devices depending on change of phase
length that the equivalent noise temperature
will be small, since the transmission absorption
coeflicient is small.

17



JOURNAL OF THE BRITISH

INSTITUTION OF RADIO ENGINEERS

4. Practical Attenuators
4.1. Devices with Resonant Structures

Basically these devices are modifications of
transmit-receive tube, and are transmission
resonant cavities. Two types of tube have been
constructed («) the narrow band attenuator with
a high-Q cavity, and (b) the wide band attenuator.
Both types employ a d.c. gas discharge in a rare
gas at low pressure to control the microwave
transmission. As the construction and operating
characteristics of these tubes are quite different
they are dealt with separately below. Owing to
the resonant structure in which the r.f. field is
very high at the d.c. discharge, the power
handling capacity of the tubes is severely limited
owing to the r.f. field modifying the discharge
conditions.

A fuller description of these tubes appears
elsewhere. 1!

_GLASS
SHEATHING

CONTROL
ELECTRODE

———TRUNCATED CONE
(ANODE )

TS MAGNESIUM
CATHODE

N\

“OPPOSITE CONE
(ANODE )

Fig. 6..—Narrow band attenuator.

4.1.1. The narrow band attenuator

An outline drawing, cut away to show the
electrode design, is given in Fig. 6. The control
cathode is introduced along the centre of the
hollow truncated cone and is insulated so that

18
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Fig. 7.-—Characteristic curves of narrow band attenuator.

the discharge takes place only at the tip. The
tube is a single re-entrant resonant cavity,
coupled to the waveguide by means of two non-
resonant windows. Tuning is accomplished by
moving the solid cone, the movement being
transmitted through a flexible diaphragm brazed
to the wall; the tube can be tuned by this means
to any frequency in the band 8,900-9,500 Mc/s.
The Q of the tube is about 300.

Figure 7 shows how markedly the attenuation
of the tube varies with input power; it would
appear that when the power exceeds 100 pwatts
the r.f. field intensity becomes comparable with
the d.c. field intensity in the resonant gap.
Indeed when the r.f. input exceeds | mW there
is a gradual change in the appearance of the
discharge from a typical d.c. glow with the
cathode regions clearly defined, to a more
diffuse uniform r.f. plasma.

The effect of passing a discharge across the
attenuator gap is equivalent to introducing
across the cavity a shunt impedance which
changes the resonant frequency and lowers the
Q. Fig. 8 shows how the apparent attenuation
of the tube varies with input r.f. frequency, the
attenuation being measured by the change in
transmission as the discharge is switched on and
off. This curve can be explained more easily by
referring to Fig. 9, in which the transmission-
frequency curve of the tube with no discharge is
plotted, corresponding to a centre frequency fj,
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in addition to the curve with the discharge on,
the centre frequency now being f,. The
apparent attenuation at any frequency is there-
fore given by the difference in transmission loss
of the two curves; the change in Q is also
illustrated by the difference in shape of the two
curves.

This tube is normally filled with neon at a
pressure of {0 mm Hg and using a magnesium
cathode the running voltage is of the order of
200-300 volts. The recovery and build-up times
are appreciable with this gas filling, and this
tube can only be employed in systems where this
is not important. In one typical measurement
the attenuation fell from 14 db to 7 db in
20 psec on removing the voltage maintaining
the discharge, and on switching on the voltage
the attenuation rose to 7 db in 200 usec.

4.1.2. The wide band attenuator

Figure 10a is a perspective view of this tube,
cut away to show the internal structure and
Fig. 10b shows the electrode details. There are
four tuned elements, the two windows and the
cone-iris assemblies, each element being spaced
a quarter wavelength apart with respect to a
centre frequency of 9,250 Mc/s. The bandwidth
of a typical four-element tube of this design with
no discharge is 500 Mc/s with a v.s.w.r. of 1-20.

ao
e Woue = S0pW
Iy =60pA
12 - 'P1 4
8 N
4 ]
0 + L
_4 -
APPARENT
8l ATTENUATION |
-1 | ] ! !
%200 = 9280 9360 9440 9520 3600

FREQUENCY Mc/s

Fig. 8.-Frequency dependence of artenuation.

Typical operating characteristics of a tube
filled with krypton at S mm Hg are reproduced
in Fig. 11, the electrodes being run in parallel.
By measuring the v.s.w.r. and transmission

2
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/ ATTENUATION
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Fig. 9.

through the attenuator at various discharge
currents the curves shown in Fig. 12 were
obtained for the normalized power reflection
and absorption coeflicients (|p|2 and |7|*
respectively). It will be noted that the absorption
coefficient is appreciable, implying that the
equivalent r.f. noise temperature of the tube
when attenuating strongly is an appreciable
fraction of the electron temperature.

The life of a tube of this design is limited by
cathode sputtering which has a serious effect on
the cold transmission loss and may ultimately
lead to short circuits between cathode and anode
owing to the small separations. Increasing the
cathode area will increase the life but the r.f.
design of the tube is thereby made more difficult.

An a.g.c. circuit incorporating a wide band
attenuator was demonstrated at a recent
exhibition. In this circuit the r.f. output from a
klystron, square wave modulated at 1,000 c/s,
was fed into the tube via a variable card attenu-
ator and a directive feed, used to display the
r.f. power input to the tube. A portion of the
r.f. power output from the tube was fed into a
1,000 c/s amplifier via a second directive feed
and a crystal detector, and this signal used to
control the discharge current and thus the
microwave attenuation. With proper regulation
it was possible to obtain as little as 0-5 db
variation in r.f. power output for a 20-db
variation in input power; the maximum r.f,
input power handled was 10 mW. It may also
be mentioned that the broad band electronic
attenuator has been successfully employed as a
microwave modulator, it being possible to
obtain audio modulation with little distortion.
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4.2. Coaxial Attenuator

This device is different from those already
described in that the interaction takes place in
a gas discharge maintained between the inner
and outer conductors of a section of coaxial line.
The latter can be coupled into waveguide by
means of suitable transformers.

This arrangement is particularly convenient
for systems working in the 3-cm band and at
longer wavelengths but the close tolerances
required in the coaxial to waveguide transformers
and the large loss in coaxial line propagation
preclude the use of this design at shorter wave-
lengths.

Figure 13 is a photograph of a 3-cm band
tube designed by P. O. Hawkins'? incorporating
a hot cathode. The coaxial line and the dumb-
bell elements of the transformers are enclosed
in a precision bore glass tube. The holder is
designed so that the space between the end of
the outer conductor and the shoulders of the
dumb-bell projects across the waveguide, which
has a terminating plunger. With this arrange-
ment the v.s.w.r. is less than -2 overa 5 per cent.
band with no discharge present. When the
discharge is present the impedance of the co-
axial line is changed resulting in a mismatch at
the transformers.

Two versions of this tube have been designed
having identical r.f. circuits but one having a hot
cathode and the other a cold cathode. Both
types of tube will control powers up to 50 mW,
but no measurements have been made at higher
power. The frequency response of both types
of tube to modulation frequencies impressed on
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the anode current falls by 3 db at 5 kc/s from
the value at 500 c¢/s. The performance of the
hot cathode tube may be improved substantially
by a small admixture of hydrogen. The two
tubes exhibit entirely different properties and
will be discussed each in turn below.

Brief reference may be made to a device due
to Goldstein and Cohen,'? which is a coaxial
line attenuator but which works on a different
principle. In this device the positive column of
the discharge forms part of the inner conductor
of the coaxial line. With no discharge, the outer
tube is of such a diameter that it acts as a
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Fig. 11, -Characteristic curves of wide hand atrenuator.
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Fig. 13.—(a) Coaxial line atienuator.
(h) Artenuator maunted in holder.

circular waveguide beyond cut-off. The paper
by Goldstein and Cohen gives full experimental
details and the theory of the device has been
worked out by Rosen.!?

4.2.1. Hot cathode coaxial attenuator

The inner conductor or cathode is made from
nickel tubing 1 mm O.D. and the outer con-
ductor or anode is 8§ mm [.D. The cathode is
coated with mixed barium and strontium car-
bonates and is indirectly heated with a tungsten
filament. The tube is filled with one of the
heavier rare gases to a pressure of 3 mm Hg.
Fig. 14 shows the effect of varying the heater
current so that the attenuation remained con-
stant. These curves are unique without specify-
ing the heater current since this is defined by the
other three parameters. It will be seen that the
attenuation depends markedly on the heater
current and Table 2 shows this is another way.

Table 2

Vi (volts) 55 50 48 45 42 41 3-8
Atten. (db) 0-0 3-0 29 11-0 11-0 12-0 126

This sudden rise in attenuation at lower
heater voltages can be explained as a transition
from an arc discharge, in which the electron
density is low, to a glow discharge. At this

transition the negative glow
region of the discharge collapses
on to the cathode resulting in
decreased attenuation.  The
glow discharge is unstable
because the cathode coating
possesses a high resistance at
low temperature causing a very
high field intensity which leads
to breakdown in the coating.

4.2.2. Cold cathode coaxial attenuator

This tube was developed in order to overcome
the disadvantage inherent in the hot cathode
version, namely the critical dependance of
attenuation on heater current.

The outer conductor of the coaxial line is
made the cathode so that the current density at
the cathode was considerably reduced. It was
found that there is a large variation in the
efficiency of different cathode materials, the
most satisfactory results being obtained with
magnesium evaporated on to the nickel outer
tube. The characteristics of a tube with this
cathode and with a gas filling of xenon at a
pressure of 2 mm Hg together with hydrogen at
-4 mm Hg is shown in Fig. 15. The admixture

08
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Fig. 12.—Reflection and absorption in wide band
attenudartor.

of hydrogen has the effect of reducing the anode
current required for a given attenuation. The
presence of hydrogen also makes the attenuation
respond more quickly to control current
impulses.

The problem of hydrogen clean-up was solved
by passing a discharge in pure hydrogen during
processing, which resulted in large quantities of
hydrogen being absorbed by the magnesium
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cathode.' This hydrogen is re-evolved during
later operation.

The r.f. noise power generated by both hot
and cold cathode coaxial attenuators has a
maximum equivalent temperature of about
10,000 K, occurring at an anode current cor-
responding to a transmission loss of about
15db. At higher anode currents the noise output
falls gradually, because of the rapid increase of

T 5O

10 o
la (mA)

Fig. 14.— Iso-attenuation curves for hot cathode couxial
artenuator.

reflection at the coaxial to waveguide trans-
formers and more sharply at lower currents, in
accordance with our previous arguments in
Section 3.2.

Life is limited by deposition of material from
the cathode on the windows. This increases the
cold insertion loss and the end of life is defined
when it reaches some specified value, generally
not greater than 2 db. The life of the cold
cathode tube is of the order of 5,000 mA hours
for an insertion loss of 2 db.

4.3. Waveguide Devices

4.3.1. Hot cathode attenuators

One such attenuator consists essentially of an
oxide-coated cathode, 2 in long and 0-020 in

22

diameter, mounted axially in a length of 0-9 in
0-4 in rectangular waveguide which is sealed at
each end by a low Q glass window. The filament
is supported at each end by thin metal rods
parallel to the larger waveguide dimension, the
rods being taken out on the side walls of the
waveguide section via glass-to-metal seals. This
device depends for its operation on interaction
with the negative glow region of the discharge
and the most suitable gas filling employed was
krypton at a pressure of 2 mm Hg. At higher
gas pressures the attenuation was found to fall
off rapidly.

Several interesting phenomena have been
observed in the performance of this tube. 1t was
found that the attenuation increases sharply at a
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Fig. 15.—— Characteristic curves of cold cathode
attenualor.

certain critical value of filament current and falls
sharply when this is exceeded. This sharp peak
in attenuation corresponds also to a change in
the discharge conditions from a normal glow to
an arc. The variation in attenuation, current
and voltage of the tube with filament current is
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Fig. 16.- -Characteristic curves of axial wire attenuator.

shown in Fig. 16. This may be compared with
the results for the coaxial attenuator (Section
4.2.1); in the present case it was possible to
extend the measurements into the glow discharge
region because of the thinner cathode coating.
The normalized power absorption and reflection
coeflicients when operating at the critical value
of ir (1-35 amperes) is shown in Fig. 17. The
larger values of absorption coefficient imply that
the noise temperature of this tube is high. The
attenuation is again power dependent, the peak
attenuation at the optimum filament current
falling to half value as the power is increased
from several hundred microwatts to 15 milliwatts
and to about a quarter at 50 milliwatts.

Another type of hot cathode attenuator may
be briefly described. In this tube the rectangular
waveguide cross-section is reduced to 0-050 in

0-7 in, this section being connected to the
main waveguide by tapers extending over lengths
of several quarter wavelengths. A cylindrical
hot cathode of diameter 0-20 in is situated in the
reduced section with the end face co-planar with
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Fig. 17. -Reflection and absorption in avial wire

atrenuator,

the broad face of the waveguide. There is a gap
of about 0-050 in between the cathode and the
waveguide walls, which act as the anode of the
discharge. A similar dependence of attenuation
on filament current was observed and although
this device gave a somewhat larger interaction
with the r.f. field, the problem of obtaining a
broad-band match with no discharge is more
difficult than with the axial wire attenuator.

4.3.2. Split guide attenuator

This tube was introduced primarily to over-
come the difficulties inherent in scaling down the
cold cathode coaxial line attenuator to work at
frequencies of the order of 50,000 Mc/s. The
discharge is made between the two broad faces

ELECTRODE ENVELOPE

CONNECTION

ELECTRODES

-BRAZED
JOINT

GLASS-METAL
SEAL

WINDOW CHOKES
WAVEGUIDE

Fig. 18.—Split guide attenuator.

of the rectangular waveguide which are insulated
from the rest of the waveguide circuit as shown
in Fig. 18. It will be seen that the narrow faces
of the waveguide are insulated from the discharge
by thin mica sheets, so that the discharge will be
characteristic of that between parallel plates.

As the waveguide is split along lines of current
flow it is necessary to choke these joints so that
they appear as a continuous r.f. circuit as shown
in the figure.

The whole structure is placed in a metal
envelope at each end of which is a low Q
resonant window constructed in these experi-
mental models, operating at 50,000 Mc/s, from
mica sealed to metal.!® Prior to assembly the
cathode in this tube is coated in vacuo with
magnesium as in the coaxial line tube. The tube
is filled with argon at a pressure of 4 mm Hg,
the most efficient pressure, which is an exact
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scaling of that at 10,000 Mc/s on the basis of
electron collision frequency. The attenuation
was found to be 30 db at 10 mA, but was very
dependent on gas purity so that tube life was
very short.

5. Conclusions

All the practical attenuator tubes developed
and described above employ the negative glow
region of the discharge to obtain interaction
with the microwave field. The electron density
in the negative glow is known to be'much higher
than in the positive column, and this more than
offsets the disadvantage of the lower electron
temperature, which leads to a lower electron
collision frequency. It is, however, not possible
to apply quantitatively the interaction theory
described earlier in this paper to the practical
tubes because of the non-homogeneous nature
of the negative glow with the rapid variation in
electron density and energy.'” The position is
made more difficult by the complex geometrical
nature of the electrodes, particularly in the case
of the transmission cavity devices.

In spite of these complications it has been felt
desirable to develop the theory of microwave gas-
discharge interaction for the simplest case of a
waveguide filled with an electron gas of uniform
density and temperature. The theory does provide
an insight into the mechanisms involved and
indicates the important gas-discharge parameters.

The chief advantage of the cavity-type
attenuator structure lies in the low control
current required compared to the distributed
structure. On the other hand it is possible to
control higher microwave powers with the latter
type of device. Future development might
include microwave attenuators which will
control larger powers, have longer lives and
respond more rapidly to modulation of the
control current.
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SUMMARY

The characteristics of scintillation counters for detection of high and low energy gamma rays are
discussed. Stability problems are shown to be caused by changes in photomultiplier gain and a circuit
is given for minimizing the effects of these and so making the counter suitable for industrial use.

1. Introduction

The Scintillation Counter has become in
recent years one of the most important tools
in the measurement of radioactivity both in
the physics laboratory and in the ever widening
field of tracer techniques.; In the industrial
field, the main application of radioactive
techniques has been to the measurement of
weight (mass per unit area) by transmission or
reflection of radiation. Most of the work up
to date has been done with the aid of d.c.
ionization chambers and Geiger-Miiller counters,
which require relatively little ancillary apparatus
and which, if properly applied, can be regarded
as inherently stable devices. There are, how-
ever, a large number of possible applications
where these detectors have limitations, many
of which may be overcome by the use of a
scintillation counter.

There are two possible ways in which the
scintillation counter may be used. One can
measure the average (integrated) output current,
or the individual pulses arising from light
flashes in the phosphor. The former method
leads to a relatively simple arrangement, and
has been used to some extent, particularly
in the U.S. A, as the basis of a sensitive detector.§
It has, however, several disadvantages, one of
which is the inability to discriminate against
the thermionic emission (dark current) from
the photo-cathode of the photomultiplier ;
for most purposes it is necessary to measure the
individual output pulses. Properties of the
scintillation counter which may make its use
desirable can be enumerated as follows:—

* Manuscript received June 4(1_\, 1954. (Paper N;.
J)

299
t Isotope Developments Ltd.,
Aldermaston Whar{, Berkshire.

U.D.C. No. 621.387.46.

Beenham Grange,

(1) High sensitivity to gamma radiation :
use of a relatively large crystalline phosphor
can result in a very high detection efliciency.

(2) Energy proportionality : by the use of
suitable electronic circuitry it is possible to
discriminate between radiations of different
energies.

(3) Speed of response : the light decay time
of the phosphors normally used is a fraction
of a microsecond which makes possible a
measuring system of relatively short response
time.

(4) Flexibility : The detector element being
a solid can easily be made any shape or size;
the only limitation is the necessity of collect-
ing as much light as possible at the cathode
of the photomultiplier tube.

The scintillation counter is not necessarily
an inherently stable device, and it is necessary
to examine this aspect before applying it to
any industrial problem where stability may well
be a limiting factor.

2. Stability Problem

To illustrate the problem of stability, con-
sider a typical arrangement for detecting gamma
rays ; this is shown as a block diagram in Fig.
1. The scintillation counter (A) consists of a
photomultiplier tube, optically coupled to a
crystal of thallium-activated sodium iodide.
The high voltage for the photomultiplier tube
is provided by a stabilized power supply B.
The pulses from the counter are amplified in
C and applied to a voltage discriminator D :

+J. B. Birks. “Nuclear scintillation counters.”
J.Brit.I.R.E., 11, June 1951, pp. 209-223.

§ H. D. Le Vine. * Logarithmic ratemeter for d.c.
scintillation counters.”  Nucleonics, February, 1954.
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this gives an output pulse for every input
pulse exceeding a certain voltage. The average
rate is then measured in E : this may be either
a scaler which counts the individual number of
pulses arriving in a given time, or a ratemeter
which gives a continuous indication of the
average rate. The characteristics of this system
with high and low gamma energies (i.e.
above | MeV and below 500 keV) are somewhat
different ; the two cases will be considered
separately.

2.1. High Energy Gamma Rays

Figure 2 shows a lypical spectrum of output
pulses (" kicksorter ” curve) from C, when
the counter is irradiated with gamma rays trom
cobalt 60. This curve, due to the energy
proportionality of the phosphor, is a reproduc-
tion of the energy spectrum of electrons pro-
duced by the gamma rays in the phosphor.
The complexity of the spectrum arises from
the fact that a large number of the electrons
are liberated by the process of Compton
scattering, which gives rise to a characteristic
spectrum with a large spread in energy. The
remainder of the electrons are produced by the
photo-electric process in which the total gamma
ray energy is transferred to an electron. This
gives rise to the two peaks at x and y which
correspond to the two Co 60 gamma ray energies
of 1.1 and 1-3 MeV.

| EHT
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L J

SCINTILLATION

COUNTER

SCALER OR
n n:nu(n

- mrun:n DISCRIMINATOR]

Fig. 1. Block diagram of typical scintillution counter
arrangement.

Reverting now to Fig. 1, it is instructive to
observe the counting rate indicated by E as
the e.h.t. to the photomultiplier tube is increased
from a low value. The resulting curve of
counting rate versus e.h.t. is shown as Curve
A, Fig. 3 ; B is the corresponding curve for the
residual background arising largely from ther-
mionic emission. It is evident that to obtain
the maximum efficiency one must work at
some point such as P. At this point, however,
and indeed at any other point on the curve,
the observed counting rate changes very rapidly
with applied e.h.t. By the same token, small
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changes in the threshold voltage of the dis-
criminator or in the gain of the amplifier will
give relatively large changes in efficiency. Thus,
in order to obtain reasonable overall stability,
it is necessary to stabilize individually the voltage
to the multiplier tube, the gain of the amplifier
and the threshold voltage of the discriminator.

\
\

i

\

Fig. 2. —Pulse spectrum from scintillation counter:
gamma ravs from Co 60, sodium iodide phosphor.

In particular, the high voltage supply to the
amplifier must be extremely stable, as the gain
of the multiplier tube changes rapidly with
changes in the high voltage. Having done
this, the stability is still limited by the multi-
plier tube itself, which may be subject to
temperature and fatigue effects. In practice,
and under laboratory conditions, it is possible
to obtain a daily stability figure of the order of
+1 per cent. Under industrial conditions,
however, this figure is unlikely to be attained
and in fact may be worse by a very large factor.

A system of this type can be of great use in
making measurements where the overall cali-
bration can be checked between readings. An

COUNTING RATE

| I

Fig. 3.—Curves of counting rate from D (Fig. 1) versus
e.h.t. voltage to photomultiplier.
Curve A: Gamma rays from Co 60, sodium iodide
phosphor.
Curve B: Background.

ENT. VOLTAGE
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example of this is a device developed by Putman
and Jefferson of A.E.R.E. for the measurement
of steel wall thicknesses by reflection of the
gamma radiation. In this instrument, use is
made of the direct radiation as a means of
calibrating the instrument.*

There are, however, a large number of pos-
sible applications in continuous production
processes where the necessity for frequent
calibration may be embarrassing or, indeed,
rule out this type of measurement altogether.
In these cases, therefore, it is necessary to find
some means of stabilizing the system. Before
entering into this, however, it is worth con-
sidering the case of low energy gamma rays.

2.2. Low Energy Gamma Rays

So far, only the measurement of high energy
gamma rays have been discussed ; in the case
of radioactive beta particles, which have a
large spread in energy, the problem is very
much the same. The conditions which apply in
the measurement of relatively low energy gamma
rays (e.g. 100-500 keV) are somewhat ditferent,

o
|
|
|
|
b

Fig. 4.—Pulse spectrum from scintillation counier:
gamma rays from thulium 170, sodium iodide phosphor.

and can lead to a more stable system. Fig. 4
is a differential pulse height curve showing a
typical spectrum of pulses obtained under the
same conditions as before, but with gamma
rays of about 100 keV. At this energy, the
most probable mechanism of gamma ray
absorption in sodium iodide is photo-electric,
so that most of the electrons liberated in the

* J. L. Putman and S. Jefferson. ** Tube Wall Thick-
ness Gauge with Selection of Back Scattered Gamma
Radiations.”  Proceedings of the 2nd Isotopes Con-
ference, Oxford, July, 1954,

crystal receive the total gamma energy, giving
rise to the peak in the curve of Fig. 4. The
shape of this peak is that of a standard error
curve : it represents the inherent inaccuracy of
the measurement due to the finite number of
electrons released from the cathode of the
photomultiplier tube for each scintillation. If
now we proceed as before with the arrangement
of Fig. 1 and measure the change in output
rate with change in e.h.t.,, we obtain the curve
of Fig. 5. It will be seen that as the e.h.t. is
increased, a point is reached where the rate
changes very slowly ; this corresponds to the
point where all the photo electrons are detected.

e
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Fig. 5. -Curve of counting rate from D (Fig. ) versus
e.h.i. voliage 10 phoromuliiplier: gamma rays to thulium
170, sodium iodide phosphor.

As the sensitivity is increased beyond this
point, there is a gradual increase in efficiency
due to the detection of a relatively small number
of electrons of lower energy than the maximum.
The large increase in rate at higher e.h.t.
voltages is due to the collection of small back-
ground pulses. If, now, the operating point
of the system is made to lie on this ™ plateau,”
an acceptable figure of stability can be obtained
without the necessity of keeping the overall
gain extremely stable. Provided both source
and detector are adequately collimated, the
interpolation of any material which attenuates
the radiation reduces the relative number of
pulses measured, but does not alter the shape
of the spectrum. This is because the gamma
quanta detected are those which have traversed
the material without interaction and so are
unchanged in energy. This system provides a
method of measuring weight per unit area in
the region of 1 to 20 gm/cm? (e.g. 0-05 in to
1 in of steel).
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3. Stabilizing

As has already been seen, if one wishes to
apply a scintillation counter to any continuous
process involving high energy gamma rays or
beta rays, some method of overall stabilization
is desirable. Negative feedback techniques are
not applicable to the photomultiplier tube as
the source of the output signal is a photo-sensi-
tive surface which cannot be controlled elec-
trically in the same way as a valve amplifier.
One must therefore look for some property
of the output pulses from which a control
signal can be derived. There are several possible
ways of obtaining such a signal. For example,
it is possible to produce standardized flashes
of light of greater intensity than those in the
phosphor at relatively long intervals, and
derive a signal from the amplitude of the
resulting output pulses which may be used to
control the gain of the system. Provided the
duration of these light flashes is relatively
short, the contribution to the total number of
pulses occurring at low pulse height can be
made small. A system operating effectively
on this principle has been used where the source
of calibrating flashes is an alpha particle
source irradiating a thin phosphor.  This
method is of limited application, and there is an
alternative method of stabilization which over-
comes these limitations.

COUNTING RATE

-
] [ PULSE HEIGHT

Fig. 6.—Pulse spectra from scintillation counter with
organic phosphor showing invariance of mean height
with absorber weight.

Curve A: beta rays of 1 MeV maximum energy with
small absorber weight.

Curve A’: As A with reduced gain.

Curve B: As A with increased absorber weight.

The operation of the stabilizer depends on
the fact that in many pulse distributions
obtained with a scintillation counter, the
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average pulse size is substantially independent
of the amount of absorber between the source
and phosphor. This has already been seen to
be true for collimated gamma radiation : in
the case of beta rays, it has been found experi-
mentally that the average pulse size remains
almost constant over a wide range of absorber
weight. As most of the experimental work
has been carried out with beta rays, it will be
convenient to describe the operation in terms of
beta ray spectra, although the method is equally
applicable to gamma radiation.

To illustrate this further, consider the curves
shown in Fig. 6. This shows the pulse spectra
obtained from beta radiation of maximum
energy about 1 MeV on an organic phosphor
(e.g., polystyrene loaded with tetraphenyl buta-
diene) with two alternative weights of absorber
between source and phosphor. The abscissa
corresponds to pulse amplitude, and the
ordinate to the number of pulses occurring
within a small voltage interval. The measuring
system is biased in such a way that only those
pulses are observed which occur to the right
of the ordinate xx. For one weight of absorber
we obtain curve A. The total counting rate is
represented by the area of the curve to the
right of xx, while the average pulse height
corresponds to the abscissa of the ** centre of
gravity 7 Ga. If now the weight of absorber
is increased, we obtain the curve B. In this
case, the ** centre of gravity ” is at Gg and the
abscissa is the same as before, i.e., the mean
pulse height e above xx is unchanged. On
the other hand, if the gain of the system is
decreased, Curve A will move over to some
position such as A’ and the average pulse
height will be correspondingly reduced.
Evidently, if we can find some means of keeping
this average pulse height constant irrespective
of rate, we will have produced an inherently
stable system.

A method of doing this which has proved
very satisfactory in practice is illustrated in
the schematic diagram shown in Fig. 7. Positive
pulses from the amplifier are fed to the
grid of VI which with V2 forms a trigger
circuit. The grid of V1 is biased so that the
circuit only triggers for pulses larger than
a fixed threshold voltage corresponding to xx
in Fig. 6. For each pulse exceeding this
threshold voltage, a standard pulse of height
E appears at the anode of V2. As the input
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Fig. 7. Circuit diagram of pulse
stabilizer.
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pulse increases above this threshold, VI acts
as a cathode follower and the excess pulse
height appears at the cathodes of VI and V2.
The anode of V2 is connected to a diode pump
circuit Ci, V3a, V3b, while the cathodes of
V1 and V2 are connected to a second diode
pump circuit C2, Vda, V4b. Cl1, V3a, V3b areso
connected that when the anode of V2 goes
positive, C1 charges through V3b; on the “re-
turn stroke  C1 discharges through V3a. Thus
for each individual pulse large enough to trigger
the circuit, a constant negative charge is
“ pumped " through Cl into the Miller inte-
grator, V5. If N pulses trigger the circuit
an amount of negative charge Q, is ** pumped”
into the Miller integrator given by :

0,— NEC,.

C2, Vda, V4b are connected in the opposite
sense, so that they deliver a corresponding
positive charge given by :

0.,-C, (e,+eatez+ ... eN)

Where ¢,, ¢, etc., are the heights of the
individual pulses at the cathode of Vi.

Now (e, ~€s+ ...... eN)/N =e
where ¢ is the mean pulse height, hence :
Q. — NCe

If the positive charge contribution is greater

than the negative, the anode of V5 goes steadily
negative. The anode of this valve is coupled
to the e.h.t. unit feeding the photomultiplier
tube which would thus tend to decrease steadily
in gain, in turn decreasing e. In practice,
therefore, a stable position is reached where :

0 — 0,
ie., NEC, — NéC, — O
or ¢ EG,
G,

Thus the value of mean puilse height at which
the circuit stabilizes depends only on circuit
constants. To keep statistical fluctuations
as small as possible the capacity C3 of the
Miller integrator is made large compared with
Cl and C2 so that ¢ is effectively measured
over a large number of pulses. The e.h.t.
supply can be a very simple r.f. type which
need have no great intrinsic stability.

The order of stability that has been obtained
to date with beta particles from Sr 90 and a
phosphor of polystyrene loaded with tetra-
phenyl butadiene is of the order of % per
cent over periods of several days. The great
advantage of such a system over any alternative
pulse height stabilizing systems is that the control
signal is virtually independent of rate, and is
thus applicable to any measuring system where
the spectrum of pulses remains constant.
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APPLICANTS FOR MEMBERSHIP

New proposals were considered by the Membership Committee at a meeting held on January 14th, 1955, as
follows: 31 proposals for direct election to Graduateship or higher grade of membership and 29 proposals for transfer
to Graduateship or higher grade of membership. In addition, 49 applications for Studentship registration were
considered. This list also contains the names of four applicants who have subsequently agreed to accept lower grades

than those for which they originally applied.

The following are the names of those who have been properly proposed and appear qualified. In accordance with
a resolution of Council and in the absence of any objections being lodged, these elections will be confirmed 14 days from
the date of the circulation of this list. Any objections received will be submitted to the next meeting of the Council

with whom the final decision rests.

Transfer from Associate Member to Member

MADDOCK, leuan, O.B.E., B.Sc. Otford. Kent.
TARRY, Peter Albert. Coseley, Staffordshire.

Direct Election to Associate Member

ALBERRY, Wg. Cdr. Arthur William, M.B.E., R.A.F. Ruislip.
AVERY, Sqdn. Ldr. Alexander Bernard. R.A.F. London.
BALASUBRAMANIAN, Arunachala, B.Sc.. B.E. Chelmsford.
HartLey, Henry Victor, B.Sc.(Hons.). Bangor, North Wales.
PIDDINGTON, Vivian Henry. dshford, Middlesex.

STEPHENS, Robert Bryce. Hatford.

WiLsON, Percy. M.A.(Oxon). London, S.1°.19,

Transfer from Associate to Associate Member

Ben-HAIM, Abrahim Selman.  Huaifa.
MicHIF, Joseph Lawrence. Southpori.

Transfer from Graduate to Associate Member

KATHURIA, Mohindar Singh, B.A.  Cholet, France.
LoNGMaAN, Charles Robert.  Ickenham.

PALMER, Edward Charles.  Harrow,

Rosk, Frederick. Sunderland.

Transfer from Student to Associate Member
Tov~pere-HouwEes, Flt. Lt. Alan, R.ALF. B.4.0.R.

Direct Election to Companion
Ippon, Eric St. Patrick.  Enfield.

Direct Election to Associate

BaiLuie, Frederick. Glasgow.
BARROW, Leslie James. Christchurch, Hants.

Davis, R. C. James. Hargeisa. Somaliland.

Dike, Albert Victor Terence. Bramball, Cheshire.

EADIE, William Rowland. Glasgow.

KING, Leonard John. Buckhurst Hill, Essex.

MasoN, John William Frederick. Auckland, New Zealand.
PARKER, Joseph Donald. London, N.W.4.

SPRING, Hans Paul.  London, S.E.3.

Transfer from Student to Associate

BALDWIN, Leslie. Plymouth.

BeCKLEY, Arthur Zuzel. Freetown, Sierra Leone.

FoakEs, Peter Frederick James. Great Baddow, Essex.
HEIGHTMAN, Anthony Norman. Grear Baddow, Essex.
K~NowLEs, William.  Srafford.

Qavoom, Capt. Mian Abdul. Pakistan Army, Rawalpindi.
SMaLL, Alfred William. London, S.E.27.

Direct Election to Graduate

ANCILEWSK)Y, Marian.  Stafford.

CAWTHORNE, John. London, E9.

ELviorT, Brian John, B.Sc. Auckland, New Zealand.
HALsaLL, Denis.  London, W.12.

HuTtcHins, Wilfred Horace. - Glazebrook. Lancs.
JAYARAMAN, Mahakaligudi Rajagopala. Khargpur.
NicHoLts, Malcolm Robert, M.Sc. Howick, New Zealand.
REDFERN, Peter David, {llayes, Middlesex.

ScotT, Brian George. MWalron-on-Thames.

SMmiTH, John Hugh. Send, Surrey.

SMITH, Peter Michael. {lamilton, Ontario.

WITHERS, Brian Neville. Loadon, S.E.8.

Transfer from Student to Graduate

BRADING, Donald Hugh. Sydney, New South Wales.
DowSETT-MARSH, Julian Caryl. Rayleigh, Essex.

KHANNA, Shyam Mohan. Cambridge.

MARKEY, Eugene F. Cambridge.

Pasik., Mieczyslaw. [Isleworth.

WeBB, Flt. Lt. Paul Rhodes William. R.C.A.F., Winnipeg.

STUDENTSHIP REGISTRATIONS

AsLAM, Mohd. Lahore.

BajekaL, Umeshrau Shankar, Bombay.
BALASUBRAMANIAN, Mallagi Ramanatha, B.Sc. Afadras.
BANERIEE, Ranajit Kumar, B.Sc.,, M.Sc. Jorhat, Assam.
BARTON, Alec Charles. KNowloon, Hong Kong.

BaTHUA, Shyam N. Chembur, Bombay.
BHANUMURTHY, Yenamandra, B.Sc. Madras.
Butsara, Homi Beramshaw. Bangalore.
BUTTFRWORTH, Neil William. Presron.

CUNNINGHAM , David Keith. Hitchin,

DOWDING, Joseph. Guernsey.

GAINNEOS, Emerald.  Trivandrum.

GREENBERG, Maurice Bernard. Edgware.

Gurtg, Dileep Ramchandra. London, W.2.

HAIG, Philip Ernest. {llford.

HAND, Alan John. Dalkey, Co. Dublin.

HARRISON, Harry. Leeds.

HAWKEs, Herbert William. Lydd, Kent.
JOHNSON-BROWN, Arthur. Tonyrefuil, Glamorgan.
KLOTZER, Levy. Ramat Gan, Israel.

KRISHNAMOORTHY, Manavasi Viswanatha, Tambaram, Muadras.
KuMAR DEvA, Shanti. Bangalore.

Kunbu, Sushyamal.  Bangalore.

LEessING, Zvi.  Haifu.

Loveioy, Dennis Philip.  Farcham.
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MCARTHUR, James. Wohkingham.

MAIUMDAR, Amal Kumar. Calcuria.*

MEHTA, Adarsh Kumar. Kanpur.

NARAYANAN, Palur Santhanam Adhi. Bangalore,
PuURICH, Sava. Quebec.

RAMASWAMY, Srinivasan. Bangalore.
SANKARANARAYANAN. S.  Bangalore.

SANTOKH SINGH, M.Sc.(Hons.). Delhi.

SARMA, Guda Sree Rama. Madras.

SATISH CHANDRA, Capt.. B.A., Indian Army. New Declhi.
SieBALD, John Scott.  Edinburgh.

SMiTH, Charles Edward. London, N.W.10.
SMOOHA, Menashe. Kiryvat OQuno, Israel.
TavLor, Leonard. Richmond. Yorkshire.
TecKCHANDANI, Vithaldas H. Agra.

THoRNE, John Frederick. Eglinton, Co. Derry.
TimmMms, Robert Warren.  Aylesbury.

ToLg, Yashavant Dattatray. Jahalpur.

UsMAN, Mirza Mohd. Dhahran, Saudi Arabia.
VENKATACHARY, Prativadi Bhyankara. Mahaboonagar, Hyderabad
WALLACE, James Raymond. Singapore.

Y ainiK, Mukulchandra Popatlal.  Ahmedabad.
YEeARLFY, Ronald Charles, Singapore.

YEOMANS, John William Neville.  A4ylesbury.

*Reinstatement.
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ELECTRONIC CONTROL

OF RESISTANCE WELDING#*

by

C. R. Bates (Associate Member)*

A paper presented during the Industrial Electronics Convention held in Oxford in July 1954

SUMMARY
After a description of the requirements of resistance welding processes the paper describes some

typical electronic welding-controls.

Basic circuits of timing and sequence controls are then given,

together with the principles of operation of complete control units. The latest form of ‘¢ all electronic *’
sequence timers is described. The need for synchronous control is explained, and after describing the
various sub-circuits of such controls a typical complete circuit of a spot-welder synchronous control
is given. The paper concludes with a brief reference to slope control of weld current.

1. Introduction

The application of electronic control devices
to resistance welding has resulted in a consider-
able extension of the usefulness of the process.
Until the development of precise control over
the weld current in duration, magnitude, and
in rate of change, which is only possible by
electronic means, certain welding applications
were considered to be impracticable. However,
there are now few metals or alloys that cannot
be successfully welded together, and new
techniques are constantly being devised. It
is worth bearing in mind that in this instance,
the use of electronic control does not provide
merely an improved method of resistance weld-
ing. In most cases, successful welding of almost
all metals and alloys other than mild steel is
impossible without the precision control afforded
by the use of electronic equipment.

The process of resistance welding is one of
producing a localized union of two or more
pieces of metal. Current is passed through the
pieces under certain conditions of mechanical
pressure, and the electrical resistance to the
current flow generates sufficient heat to melt the
metal at a localized spot. The molten metal
intermingles and a sound fusion results. There
are two broad classifications, Lap welding and
Butt welding. In the first case the current is
passed through overlapped metal pieces by
means of electrodes contacting the metal on
opposite sides. The electrodes may consist
either of specially shaped rods, in which case
the weld is in the shape of a spot, or of discs

* Manuscript first received 7th April, 1954, and
in revised form 12th June, 1954. (Paper No. 298).

+ Bates and Bates, Ltd., Birmingham 34,

U.D.C. No. 621.791.9 : 621.37/8.

or wheels which permit the production of a
series of overlapping spot welds to make a seam.
Also included in the category of Lap Welding
is a process known as Projection Welding in
which the path of the current is localized by
projections on one or both of the work pieces.
Flat-faced electrodes are used to pass the current
to the work pieces, and to impart pressure to
them when the metal of the projections reaches
working temperature. The second classification
of Butt Welding is a process of consolidating two
pieces of metal held in butting contact through
which current is passed under certain conditions
so as to melt the metal and effect fusion.

As the electronic controls to be described are
all intended for use with the Lap Welding type
of resistance welding, details of the Butt Welding
techniques will not be given.

2. Fundamentals

In essence the welding equipment consists of
a weld transformer with a low voltage secondary
winding (1 to 10 volts) capable of producing a
very heavy current. Flexible arms pass the
current to two electrodes which are designed
to make good electrical contact with the metal
to be welded. The electrodes are provided
with some means of forcing them against the
overlapping work pieces, and in most cases a
pneumatically-operated ram is used for this
purpose. At the weld point internal shrinkage
of the metal usually occurs and prompt mechani-
cal follow-up is necessary in order to ensure
continued intimate contact between the elec-
trodes and the work pieces. For this, and for
several other reasons, adequate clectrode pres-
sure is essential for good welding results.

Some form of current interrupter is required
and this may be electronic or mechanical. The
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electronic ** contactor > consists of two ignitrons
connected in reverse-parallel, or, in the case of
a very small welder, two thyratrons are utilized.
Magnetically-operated contactors are very com-
monly used with welders of mild steels, but they
have severe limitations and are usually dis-
carded where any other type of metal is required
to be welded. The limitations are discussed in
a later section.

PNEUMATIC

TIMER re==--=- \
RAM/ \

Fig. 1. —Schematic diagram of a pneumatically operated
spot welding machine.

A timer to govern the operation of the con-
tactor is also necessary and this may be of any
sort from a simple ** on-off * timer to a complex
control also used to regulate the mechanical
as well as the electrical operations in a related
sequence. Coarse control of weld-heat is always
provided by means of tappings on the weld
transformer. However, if an ignitron contactor
is used then a fine and smoothly variable control
of weld heat may be obtained by phase-shifting
the firing angle of the ignitrons.

Some heat is inevitably produced at the point
of contact between the electrodes and the work.
In extreme cases this could result in the elec-
trodes sticking to the work, so to prevent this
and to prolong the life of the tips, the electrodes
are water-cooled. A pipe is passed almost
down to the end of the hollow clectrodes and
water forced through it. Thus, a flow right
down to the tip, where the amount of heat is
greatest, is ensured.

A foot switch for starting the welding sequence
is provided, together with a safety or weld/no
weld switch, so that the operator may carry
out a check on the mechanical sequence without
any current flow taking place.
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There are very many factors which have an
important bearing on the quality of the weld
but these are usually the problems of the welding
engineer, the metallurgist, or the mechanical
engineer. The electronics engineer is normally
called upon to solve only the problems of :—

1. Controlling the current flow through the

welding transformer primary.

2. Governing a sequence of operations of a
simple or complex system of pneumatic
or hydraulic rams operating the electrodes.

3. Controlling the sequence of both the
current flow to the welding transformer
(which may include the problem of varying
both the value and rate of change of the
current in a pre-determined manner), and
the mechanical operation of the electrodes
in an inter-dependent sequence.

The first two problems usually resolve them-
selves to that of feeding current of a pre-
determined value, but of adjustable duration,
to a contactor or relay. In the first case the
contactor controls the electrical circuit of the
welding transformer, and in the second the
relay operates the air or hydraulic valves. The
operating coils of the relays or contactors con-
stitute an inductive load —a very significant
factor which is often forgotten when considering
electronic equipment. The effects of the in-
ductance of the operating coils on their operating
characteristics, together with the significance
of the inductive nature of a weld transformer
as a load, will be referred to later.

3. Controls in Common Use

To give some idea of commonly used controls,
and their sequences of switching, a schematic
illustration is given in Fig. 2. The rises represent
current flow through the weld transformer, the
height indicating the value of the current, and
the width of each rise representing the duration
of the flow. The first example is that of spot
welding, in which the current is switched on for
a pre-determined period to make a weld. The
work-pieces are then removed and others
substituted. Weld current flow is again initiated
and another weld is made.

Seam welding is, of course, a series of over-
lapping spot welds made on a machine using
circular electrodes. Electronic controls govern
the “ on” time of weld current flow and also
the number of cycles of * off” time. This is
usually from 1 —25 cycles on and 1 - 25 cycles
off, both being adjustable in one-cycle steps.
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Programme control, in which the weld current
is reduced to a lower value after a pre-determined
time without interrupting the current flow,
is generally used for welding aluminium alloys.
This is shown in Fig. 2c. The total weld time
is usually adjustable from two cycles upwards,
the time of the *“ initial” current and the
“final ” current being variable in one-cycle
steps. The actual values of the * initial > and
*“ final ” currents are independently variable.

A very similar control is the * sequence”
control in which there is an actual * off ” time
in between the initial weld current and the final
current. This form of control is particularly
useful for welding the high-tensile type of steels.

ﬂ ______ @

Fig. 2.—Pictorial representations of various types of
welding operations. The rises represent weld-current flow.
a, Spot ; b, Seam ; ¢, Programme ; d, Sequence ;

e, Long Sequence ; f, Woodpecker ; g, Slope ;
h, Programme Slope.

Although these steels have been spot welded
by non-electronically controlled machines, the
spot welds are liable to fail under certain stress
conditions and in the past satisfactory results
have been obtained only by resorting to large
numbers of welds for each joint. The present
method consists of making a short weld with a
few cycles of current and then allowing a very
critical and definite *“ off ’ time in which the
welded metal cools quickly to become brittle.

A second pulse of current is then used to temper
this brittle structure. The entire cycle of weld
time - off time - temper time is made with one
contact of the electrodes and with one setting
of the control. Independently variable control
over each time factor and also over each separate
weld current flow is provided.

A further refinement occasionally used is the
addition of a preheat, forging, and grain re-
finement, period. This is sometimes necessary
when welding mild steel to light gauge medium-
carbon, medium-alloy steel plate. The complete
cycle then consists of : 1. Pre-heat. 2. Cool

and forge. 3. Weld. 4. Cool and forge. 5.
Grain refinement. 6. Cool and forge. 7.
Temper.

In such cases the electrode pressure is usually
the same for all heating periods but during the
cool periods it is increased by 50 per cent.
Each heating period and each cooling period,
together with the value of each current flow, is
independently adjustable. Because of this
possible variation in current values the
“sequence” and ** long-sequence” control
differs from the pulsation or “ woodpecker ™
technique of welding. In this latter type, shown
in Fig. 2f, a complete weld is made by using a
number of impulses of current. Each impulse,
which may be of anything from one to several
cycles duration according to the application,
is followed by a definite period of ““ off ” time
in which no current flow takes place. The
woodpecker control provides, perhaps, one of
the most versatile of all applications of electronic
control and the process is being recognised as
an increasingly important one. The advantages,
which are particularly evident when a control
is added to an existing machine, are that thicker
material can be welded on the same machine,
and that a multiplicity of thin sections may be
spot welded together. Considerable improve-
ment in the quality of the weld and extension
of the life of the electrodes is' also obtained
because the water cooling of the electrodes is
more effective.  While the weld current is
interrupted the electrode tips are cooled and yet
with thick metal work pieces the temperature
of the weld nugget is very little influenced by the
water cooling in the short * off ” time. This
makes the spot welding of heavy sections
possible and greatly extends the life of the
electrodes. A typical woodpecker control allows
the duration and value of the current, and
the number of spots, to be set independently.
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One of the newest forms of control is ** slope ”
control, in which the current is gradually reduced
at a predetermined rate or ‘“‘slope” from a
maximum set value. This is a refinement of the
programme control already mentioned and is
particularly beneficial when spot welding alumin-
ium. Yet a further refinement is the Programme
— Slope control, in which a controlled rate of
current build-up to a set maximum is followed,
after an adjustable time of maximum current,
by a pre-set reduction at an independently
variable rate.

3.1. Automatic Controls

Many controls are designed so that automatic
compensators for voltage or for current varia-
tions may be added. The former control makes
automatic and continuous correction for varia-
tions in supply voltage, and the latter compen-
sates, in addition, for any variations in weld
current caused by the work itself. This is very
necessary when welding longitudinal seams on
drums or tubes, for the current will vary as the
work is passed into the throat of the welder.

A
Cl
P
ny
Ri R2
B (o=

Fig. 3.—Schematic diagram of the basic time-delay
circuit.

The arms of the machine, the electrodes, and
the work, effectively make-up an air-cored
loop which will have a certain value of in-
ductance referred to the primary of the weld
transformer. As more of the drum or tube
enters the throat it acts as an iron core in the
inductive loop. The eddy currents which are
set up increase the magnetizing component and
thus increase also the inductance of the trans-
former load upon the power supply. The line
current and the weld current, therefore, de-
crease as the tube continues to be inserted into
the throat of the machine.

In one example of such conditions the line
current dropped from 350A to 250A, i.e. by
29 per cent. The weld heat, however, is pro-
portional to the square of the current, or in
other words, the drop in heat was 49 per cent.
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This is obviously unacceptable and so automatic
electronic compensators were used to maintain
a constant secondary current irrespective of
the conditions of welding.

There are, of course, very many other types
of control, and new welding techniques are
being evolved almost every year. However,
the controls mentioned are fairly standard and
are all available commercially.

4. Electronic Timing Circuits

Many electronic timers and sequence controls
are based upon the circuit shown in Fig. 3.
This has already been described in detail else-
where and so only brief references to its operation
will be made. When point B is at a higher
potential than A, current will flow through the
potentiometer P and RI, through thke grid to
the cathode of the valve, and then via R2 to
point A. The voltage drop across R1 will
charge the capacitor Cl such that the grid is
negative with respect to point B. When the
start button is pressed C1 will begin to discharge
and after a time, depending upon the setting
of the potentiometer P, the valve will pass
current and operate the relay in its anode circuit.
The circuit shown acts only as delay-circuit since
no operation of the valve or the relay takes place
until a set time after the closure of the initiating
switch. There is a disadvantage in that, once
the operation has been started, any drop in
supply voltage affects the delay-time. Also,
the starting contacts are at the potential of
point B, which might lead to difficulties under
certain conditions.

4.1. Opposing-Voliage Discharge R-C Circuit

An interesting variation of the standard R-C
discharge circuit is given where a capacitor,
charged to an initial voltage V, is discharged
by an equal voltage of opposite polarity. The
voltage at any given time, v, across a capacitor
C initially charged to a voltage V, and being
discharged through a resistor R, is given by the
well-known equation

v= VyeltRC (1

When v falls to a value V,/n
then 1/n=¢eURC . . . . ... . ........ (2)
or I=—RCloge lfu............. 3)

However, if the capacitor is discharged
through a resistor R. against an opposing
voltage — ¥V, then obviously 1/n = 1/2 and the
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charge on the capacitor falls to zero after the
time

t=0693 RC ................ 4)
Note that the time is completely independent
of the initial voltage V.

s
g

K G

R4
L VWA

(c)

Fig. 4.—(a) Basic principle of ** opposing-voltage (is-
charge ™ circuit.
(b) Variation of (a).
(¢) Practical arrangement of the basic circuit so as to
control a valve.

A practical application of this is shown in
Fig. 4c, with the circuit altered slightly and
where the ratio of the charge voltages is varied
by means of a potentiometer, P. The grid of a
thyratron may be connected to point B, and the
cathode connected to the sliding arm of the
potentiometer, and thus, when the contacts
are in position A the grid is negative with
respect to the cathode. If the contacts change
over to position B and the grid is immediately
raised positive to the cathode for a time de-
pending upon the value of R4 and the discharge
voltage, which is governed by the setting of the
potentiometer.

R

o—pt
Rl
.l\n;«n us
1
—~,— IC
s 1
f R2 0 I
° ' Lood es
A2 A2
2
=

Fig. S.—Schematic diagram of a timer based on the
circuit of Fig. 4c (Brit. Pat. No. 463561).

A timing circuit in general use based on this
principle is illustrated in Fig. 5. Rl and R2
are now made adjustable for setting the various
time ranges, or to compensate for component
variations. RS is a bleed resistance in order to
keep the load on the d.c. supply voltage con-
stant. R6 is a high resistance which is put in
series with the fixed timing resistor R4. This is
short-circuited by means of contacts on the
power-relay in the anode circuit of the valve.
Thus, the timing period, to all practical pur-
poses, does not commence until the relay is
fully closed and R6 is shorted out. Note that
the timing resistor R4 and the delay resistor
R6 are normally short-circuited by contacts
on the initiating relay. This is in order to prevent
the grid circuit from having too high an im-
pedance during stand-by conditions, which
might lead to spurious operation of the valve
from minute transient voltages either direct
from the line or induced in the circuit from
external radiations.

5. Sequence Control Circuits

Electronic sequence controls are often built
up from the delay circuit already mentioned and
shown in Fig. 3a, and the connection for a
typical sequence of Squeeze — Weld -~ Hold —
Off is shown in Fig. 6. The complete delay
circuit is shown in (a) but is represented in
Fig. 6b by the rectangles marked TD1, TD2, etc.
Connections 1 and 3 are the supply voltage
connections, and points 12, 22, 32, etc., are
the connections which, when short-circuited to
point 1, start the appropriate delay time. At
the end of this time the relay associated with the
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circuit is energized, the contacts being shown
outside the appropriate rectangle.

Closing the initiating switch Sl completes
the circuit from | through the normally closed
contact, TD3a, to energize contactor CRI.
CRIc energizes the solenoid valve of the
pneumatic ram which operates the welder
electrodes. At the same time contact CRla
locks-in the Sl contacts, thus keeping the con-
factor CRI energized even though the starting
switch is released. When the normally open
CRIb contact completes the circuit to 12 on
TDI time-delay relay, this starts TD1 measuring
out a squeeze time so as to make sure that the
electrodes have time to apply enough pressure.
At the end of this time TDI contacts complete
the circuit to contactor CR2 which is usually the
main power contactor for the welder. At the same
instant another TDI contact TD1b completes
the circuit to 22, starting TD2 to measure out
the weld-time. At the end of weld-time, TD2
relay opens its normally closed contact in the
CR2 circuit which opens the weld contactor
and ends the current flow through the welder.

Weld timer TD2 also closes a contact to
complete the circuit to 32 and starts TD3 to
measure out the hold-time, during which time
the electrodes maintain their pressure on the
weld spot. At the end of this hold-time TD3
opens its normally closed contact in the CRI
circuit, and this de-energizes the air solenoid
valve, letting the welder electrodes separate and
releasing the work. Although this also opens
the CRla contacts across the start relay the
TD3 relay is still energized through its own
contact in the TD3 start circuit, provided the
operator still holds the starting-switch closed.
However, if switch S2 is open for non-repeat
welding the welder will not work again until the
operator releases S| and then re-closes it. Here
S1 opens the circuit to TD3 which allows the
TD3 relay to drop out and re-close its normally
closed contacts in the CRI1 circuit. When
the start-switch is again closed by the operator
a new weld sequence is commenced to make
another spot weld.

If S2 is closed to give repeat welding the
whole sequence is as already described up to the
time when TD3 operates its contacts. While
S2 is closed TD3 not only drops out contactor
CRI1 but another TD3 contact completes the
circuit through S2 to start TD4 measuring out
the ** Off ” time, during which the electrodes are
away from the work. Another TD4 contact
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Fig. 6.—-Schematic diagram of a four-siage sequence
control.
(a) The circuit of the time-delay unii.
(b) The relay connections of the circuil.

is arranged to keep the circuit energized even
when TD2 drops out. The complete operation
will be repeated as long as the operator keeps
S1 closed. If SI is opened while the electrodes
are together the electrodes will not separate
until after the usual *“ Weld” and ** Hold ™
times have passed.

5.1. Double-acting Delay Circuit

An ingenious development of the basic delay
circuit already mentioned is shown in Fig. 7.
Although this uses only one valve and one
relay, two independently variable delay-times
may be obtained. With the circuit arranged as
shown the thyratron is non-conducting since
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the grid is held 90 volts negative with respect
to the cathode. If the two changeover contacts
are moved to position (2) then no immediate
change will occur. CI, however, will discharge
at a rate depending upon the setting of PI, and
the potential of the grid of the thyratron will be
raised until it approaches sufficiently close to
that of the cathode when the thyratron will fire,
If the contacts are now moved back to position |
the thyratron will continue to conduct since
C2 has now been discharged through R1 and
the grid potential is temporarily held higher
than that of the cathode. C2, however, will now
charge at a rate depending on the setting of P2,
and the grid potential will be reduced until it
becomes negative to the cathode again, and the
thyratron will cease to conduct once more. If
two circuits based upon that shown in Fig. 5
are used, together with the changeover contacts
of one circuit being controlled by the relay of the
other circuit, it is possible to build up a sequence
control with four independent time delays to
meet the requirements of Squeeze - Weld —
Hold — Off as before.

With this double-delay circuit, or the simple
circuit of Fig. 3, almost any type of complex
sequence may be built up. However, the prob-
lem then becomes one of sequential relay
switching rather than an electronic one and so
will not be discussed here.

6. ““All Electronic > Control Circuits

Because of the faster operation of
electronic devices, together with the
absence of moving parts and the con-
sequent reduction in maintenance,
there is tendency to reduce the number
of mechanical relays in sequence con-
trols. Several interesting circuits have
been developed and the principle of one
of these is shown in Fig. 8. A series of
thyratrons, all with common cathode

will commence to discharge at a rate depending
on the setting of PI. At the end of this time, when
Cl is fully discharged, V2 will conduct. This
will build up a negative charge on C2 and cut
off V3, and C3 will then commence to discharge.
Thus each pair of valves constitutes a delay
circuit, and it is possible to build up any
sequence as required.

(1o 4 —2

CONTACTS
CONTAC 1
'

ov Qe

Fig. 7.—Schematic diagram of a double-delay circuit.

The complete circuit for a four-time sequence
control based on this principle is shown in Fig. 9.
Each valve has its own a.c. anode supply. VI
controls a magnetically-operated relay for the
air-pressure solenoid and V3 governs the weld-
contactor. It is possible to eliminate even these
two relays if desired, but this circuit is a standard

connections, is arranged with each

thyratron having an independent a.c.

anode supply. In the circuit shown V1 is

initially passing current, and the rectifying.action
of the valve charges C1 to a polarity which holds
the grid of V2 negative with respect toits cathode.
V2 is effectively held non-conducting with the
result that C2 has no charge whatsoever. V3,
therefore, also passes current to charge up C3.
If the grid of VI is now made negative to its
cathode then V1 ceases to pass current, and Cl

Fig. 8.—Basic principle of an * all electronic > delay-

sequence circuit,

one designed to be added to existing welding
machines without alteration.

With power switched on, but before the
sequence of operation is commenced, V2, V4 and
V6 pass current. The negative charges on C2,
C4 and C6 hold V3, V5 and V7 respectively
non-conducting. Notice that all the valves have
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Fig. 9. Schematic diagram of a four-stage Squeeze-Weld-Hold-Off sequence timer using the principle of Fig. 7.

a common cathode connection with the excep-
tion of VI and V5. The reason for this will be
explained later.  When the start button is
pressed the cathode circuit of V1 is completed
and the valve will immediately pass current
since its grid is held at its cathode potential
while C7 is completely discharged. When VI
fires, the air-pressure solenoid is actuated, and
the electrodes close on to the work. CI will
charge up and its negative potential will cut off
V2. C2, therefore, will immediately commence
to discharge at a rate depending on the setting
of the squeeze-potentiometer. At the end of
this squeeze-time V3 will pass current and
initiate the weld-time by energizing the magnetic
contactor. C3 will now charge up and cut off
V4, which in turn will prompt C4 to discharge
through the ** weld-time ” potentiometer. At
the end of this weld-time, VS, which also has
its cathode circuit completed through the start
contacts, will fire, and the charge at CS5, which
cuts off V6, also cuts off V3. This ends the
weld-time and the main contactor is now opened.
When V3 ceases to pass current V4 would nor-
mally start firing again. A connection from CS,
however, is also made to the screen grid of
thyratron V4, which prevents it from passing
current. This locks-in V5. When V6 is cut off
C6 discharges at a rate depending on the hold-
potentiometer and at the end of this time V7
will fire and charge C7. Notice that C7 is
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connected to the grid of VI which is now cut
off and the air pressure solenoid is opened.
With the switch in the non-repeat position, as
shown, the sequence is completed and even
though the start contacts are held closed no
further action takes place until the start switch
is opened again. This releases the locking-out
action of V5 and VI, and current is again passed
by V2, V4 and V6. The circuit is now reset and
ready for the next sequence of operation.

With the switch in the Repeat position, the
action is exactly as described up to the operation
of V7. When C7 is charged up it also cuts off
VS5 as well as V1. The circuit is now in the
condition that V1 is cut off and V2 is passing
current so as to charge up C2. V3 is cut off,
both due to the action of V4 charging C4 and
also to the screen grid being held negative by
the charge of C7. Vo6 passes current since VS5 is
cut off, and this cuts off V7. The action of this
entire sequence takes place so quickly that V7
only passes current for one half-cycle, so that
although C7 is fully charged it immediately
starts discharging at a rate depending upon the
setting of the Off-time potentiometer. At the
end of this time VI will pass current again to
operate the air-pressure solenoid and start the
mechanical and electrical sequence once more.
The screen grid of V5§ is returned to normal and
the circuit is now ready for another complete
cycle of operation.
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7. Synchronous Control

As has alrcady been mentioned, a welding
transformer represents an inductive load on the
power supply system and, therefore, the problem
of switching-current surges assumes major im-
portance. Considerable distortion of the current
wave may occur when the circuit to the weld
transformer is first closed. Theoretically the
magnetic flux may be forced to double its normal
maximum value, but as this often takes the iron
beyond the knee of the magnetization curve, it
follows that the magnetizing current is in-
creased to a very much greater extent. The
extent of the surge depends, (a), upon the point
with respect to the voltage at which the con-
nection is complete, and (b), upon the magnetic
state of the transformer core immediately before
the circuit is closed.

The critical point of current initiation (and
it is critical to the limits of a few electrical
degrees or 1/2000th of a second with 50-c/s
supplies) is at the power factor angle of the
transformer, which is the angle at which the
current lags the voltage under normal conditions.
This is by far the most important of the two
factors mentioned which determine the extent
of the initial switching surge. However it must
not be forgotten that when the current in a
transformer ceases it may leave some residual
flux in the core. This flux does not immediately
fall to zero but takes a finite time to decay and
which may be several seconds. If the direction
of the residual flux happens to be in the direction
such that it may add to that generated by the
new magnetizing current, abnormal surges up to
30 times normal may occur. The current rushes
consist of very large positive half-waves followed
by very small negative half-waves, each succeed-
ing wave approaching more nearly to the normal,
until finally the two half-waves become equal.
The time to reach normal may be from several
seconds to several minutes, although the very
excessive initial current is generally of short
duration. Nevertheless, fuses may be blown
or the windings subjected to severe stress.

Since the weld heat is proportional to the
square of the current, it may be appreciated
why synchronous switching, which avoids the
danger of these transients, is so necessary. It is
only on mild steels that the tolerance of heat,
or the duration of weld current flow, is so great
that the current surges may be ignored. Mechan-
ical contactors, therefore, are unsuited for the
precise control of weld current required when

non-ferrous or stainless steels are to be welded.
The contacts cannot be made to close in syn-
chronism with the supply voltage with the
accuracy required. Local transient currents in
the operating coil make the actual closing speed
difficult or even impossible to predict, and
although this can sometimes be overcome, there
is still the insurmountable difficulty of measuring
out exact periods of weld time. The prolonged
arc drawn out at the contactor tips results in
an unpredictable duration of current flow, so
that an electronic control becomes essential
for all cases of non-ferrous metal working.
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Fig. 10.—Voltage and current relations for a weld trans-
Sformer.
(a) Where the current flow starts exactly at the p.f.
angle.
(b) Transient currents caused by starting the weld
current ahead of the p.f. angle.
(¢) Transients caused by starting the current behind
the p.f. angle.

When considering the effect of transient
currents the surges themselves present no
serious problem provided they are predictable
or of a consistent value. As may be seen from
Fig. 10, starting the current flow behind the
power factor angle creates a smaller than normal
positive current surge but a large negative surge.
If current were to be permitted to flow only in
half-cycle pulses, then the effect of starting a
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half-cycle of current behind the power factor
angle would only be a smaller than normal pulse.
By repeating this for the opposite half-cycle,
but again delaying the start of the current
behind the power factor angle, a similar smaller
than normal pulse would be obtained. This
method of controlled smaller than normal tran-
sient switching is easy to provide using electronic
valves, for the firing of a thyratron or an
ignitron may be delayed to any desired point.
Variations in the firing point obviously regulate
the magnitude of the current pulse. When this
occurs exactly at the power factor angle, the
two current pulses join up to make a complete
sine wave, but by delaying the ignition points
of a pair of valves connected in reverse-parallel,
the average value of the current may be con-
siderably reduced. This method of shifting the
firing angle of a pair of valves is usually known
as Heat Control, and since the current is started
at a point which must bear some exact relation-
ship in respect to the voltage, the method of
switching is known as Synchronous Control.

The danger of any residua! flux in the core
of transformer adding to that of newly generated
flux has already been mentioned. To avoid this
it is essential that the polarity of a new current
pulse is opposite to that of the current pulse
which ended the last weld. In other words, the
current must consist of an equal number of
positive and negative pulses. This is achieved
by means of circuits known as Leader-Follower
circuits, in which one valve only, known as the
Leader valve, is under control by the initiating
device. Another valve, known as the Follower,
is so arranged that it cannot pass current until
the Leader fires, and thus for every half-cycle
that the Leader passes current the Follower
duplicates the action.

The basic principle of the fully synchronous
electronic welding control may now be given,
and is shown in Fig. 11. A pair of ignitrons
connected in reverse parallel is used as a main
power switch, and may be considered to be
the electronic equivalent of the mechanical
contactor. In fact the unit is commonly referred
to as an lgnitron Contactor. An ignitron is a
mercury pool valve with a water-cooled stain-
less steel jacket. Electron flow to the heavy
graphite anode is initiated by means of a pulse
of current of about 40 amperes through a pointed
ignitor of carborundum, or similar semi-
conducting material, permanently immersed in
the mercury pool. The heavy current sets up a
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high potential gradient at the tip of the ignitor,
which releases a few electrons from the mercury.
Provided that the anode is at a suitable potential
an arc is struck up between the cathode and
anode. Ignition takes place within a few
micro-seconds so that the total ignition-power
demand is small. Current flow is extinguished
each time the anode potential falls below the
arc voltage drop and must be re-started every
half-cycle.

imen Lol | contao | swracn
> w >
tMe CIRCUIT (TRIGGER CONTACTOR
CIRCUIT)

Fig. 11.—Basic principle of a synchronous weld-contro\.

Power for the ignitors is usually drawn from
the anode supply and is controlled by means
of a thyratron. Thus each ignitron has a trigger
thyratron connected between its anode and
ignitor. The heavy current has to pass through
the thyratron for a few micro-seconds only, for
the moment the ignitron fires the potential
across its anode and ignitor is only the few volts
of the arc drop in the ignitron, and the ignition
current falls to zero.

The pair of trigger thyratrons together with
their own phase-shiftable firing circuits are
usually mounted on a self-contained panel and
the unit is known as a Heat Control Panel.

7.1. Trigger Circuits

The trigger thyratrons across the ignitrons are
usually fired by means of a pulse of voltage from
a peaking transformer. This is a transformer
with a secondary winding wound on a small core
of mu-metal or similar material. The core is
arranged so that it becomes saturated very
quickly, and thus a change of flux occurs only
at the beginning and the end of an applied sine
wave of current. The secondary voltage has a
sharply peaked wave form which. by careful
design of the transformer, can have a steep front.
The current in the peaking transformer lags
far behind the voltage, and the secondary peaks,
which are in phase with the magnetizing current,
usually need correcting by some means to bring
them not more than 45 deg. behind the anode
voltage of the trigger thyratrons. This may be
done by phase-shifting the supply to the peaker
or by tuning the peaking transformer.
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A standard variable R-C phase-shifting circuit
is used to vary the peaks with respect to the main
supply voltage and so adjust the firing angle of
the trigger thyratrons. Since each ignitron, and
hence its associated trigger valve, is at a different
potential from its fellow, the circuit of each
thyratron is entirely separate. Thus, in Fig. 12,
the circuit for only one trigger valve is shown,
since the other valve has a duplicate circuit.
This is a very common arrangement, in which
the output from a secondary winding of a
peaking transformer is biased by means of an
a.c. sine wave greater than the peaks. A
*“ firing ” voltage opposing the bias or ** hold-
off 7 voltage partly cancels the effect of the hold-
off whenever it is desired to fire the thyratron.

A variation of this circuit is shown in Fig. 13a,
where the peaker is replaced by an ordinary
transformer, T1. A phase-shifting network, not
shown, may adjust the angle of lag of the output
of T1, which is applied direct to the grid of the
trigger thyratron V1. Voltage from another
transformer, T2, is also applied to the grid
through a diode V2. The T2 voltage is out of
phase with T1 and in effect the T2, V2, circuit
acts as an a.c. limiter. Thus, the grid voltage
of V1 is as shown in the heavy line of Fig. 13b,
and V1 does not fire.

A third transformer winding, T3, however,
is included in the circuit, and is arranged that
when it is energized it opposes T2. Thus, by
switching power to T3, the sine wave of TI is
allowed to fire V1 at a point depending upon
the angle of lag of the T1 voltage.

7.2. Leader-Follower Circuits

As has been shown in Fig. 13, the trigger
circuits need to be governed by a voltage from a
transformer winding in order to ensure that the
trigger-valves fire in the correct order. Since
the trigger-valves must pass an equal number
of positive and negative half-cycles of power to
the ignitron ignitors, the * firing ” transformer,
T3, of Figs. 12 and 13, must be fed with current
in the form of complete cycles. Two basic
circuits, shown in Figs. 14 and 15, are in general

Fig. 12 (rop right)—Ignitron irigger circuit using a peaker
transformer.
Fig. 13 (bottom right)—Ignitron trigger circuit using an
ordinary iransformer as the initiating device for the
trigger thyratrons.
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use for this purpose, and are known as Leader-
Follower circuits. The follower valve V2 is so
arranged that it cannot fire until the leader valve
has fired, and then can fire only for one half-
cycle immediately following a half-cycle of
current passed by the leader valve V1.

] 3,

R6

(ii)
Fig. 14.—Schematic diagram illustrating a leader-follower
circuit for resistive loads.

In the circuit of Fig. l4a, VI and V2 are
shown connected in reverse-parallel and power
is applied via a load resistance. The valves are
prevented from firing by a bias voltage in each
of their grid circuits and, therefore, no current
flows through the load. 1If VI is permitted to
fire, by temporarily reducing its grid bias,
current will flow through the load from B,
through the anode of VI down to A. Some
current will also flow through the rectifier and
R1 and C1 will charge up. The polarity of this
charge will be such as to oppose the bias voltage
in the grid of V2, so that when the alternating
current reverses polarity, the positive potential
of the V2 grid permits V2 to pass current. CI
and R1 are so proportioned that the charge on
the capacitor leaks away within the time of one
cycle so that unless C1 is re-charged by a sub-
sequent firing of VI, the bias regains control and
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V2 passes current for only one half-cycle. Thus
for every halfcycle that VI passes current
through the load, V2 duplicates the action during
the following half-cycle.

This circuit is used in conjunction with that
of Fig. 14b. A centre-tapped transformer has
the ** firing > transformer, T3, connected to it
in such a way that current is fed to T3 via
resistor R6. A resistor of equal value, R7, is
arranged so that when points A and C are
connected together, the effect is that of a
voltage-divider being placed across the trans-
former winding of TS. Since the resistors are
of equal value, there is no voltage from the
centre tapping to the common terminal of the
resistances when A and C are shorted together,
and the voltage of the T3 winding is reduced.
The output of T3 is normally used as the
* hold-off ” a.c. bias in the trigger circuit of
Fig. 12 and reduction of this hold-off voltage
permits the trigger valve to fire. If the leader-
follower circuit of Fig. 14a is connected to
points A, B and C, the transformer T3 can have
its voltage output reduced in periods of com-
plete cycles, as is required for governing the
trigger-valves in the desired leader-follower
sequence.

The circuit just described is suitable only for
resistive loads and where it is desired to have a
leader-foillower arrangement with an inductive
load the circuit of Fig. 15 is used. Here, a
transformer, T4, is connected across the load-
transformer T3, with its secondary winding
arranged so as to duplicate in the V2 grid circuit
the voltages of the inductive load. When VI
fires this voltage is initially of the same polarity
as the grid bias of V2, but it eventually changes
its polarity at the end of the half-cycle. With a
purely ohmic load, the voltage across it would,
on reaching zero, remain there. However,
under the influence of the magnetizing current
of the transformer T3, which does not change
its direction until a lagging phase displacement
of about 90 deg. has occurred, the load voltage
begins to increase again until the magnetizing
current becomes zero. This voltage peak serves
to overcome the bias of V2 and enables the
valve to pass current. Just as in the circuit of
Fig. 14, the follower valve, V2, cannot fire until
the half-cycle after V1 fires and even then may
do so only for one half-cycle after VI ceases
to fire. Transformer T3, therefore, is fed with
only full cycles of current consisting of equal
numbers of positive and negative half-cycles.
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Fig. 15.—Basic principle of a leader-follower circuit for
inductive loads.

7.3. Precision Timers

It is often necessary to provide weld-times
down to one cycle (1/50th of a second in a 50-c/s
supply), and any of the standard R-C timing
circuits may be used provided that the moment
of charge of the capacitor or discharge, as
appropriate, is accurately under control and
is independent of the actual time of closure of
the initiating contacts. This requirement is
largely because leader-follower circuits are used
after the timing control, for once a leader-
follower circuit is started, it must complete its
cycle. If a timer measuring out one cycle
(i.e. 1/50th of a second) starts its period at the
mid-point of a negative half-cycle of voltage,
the leader-follower circuit will not measure out
its once complete cycle until the beginning of
the next cycle, which occurs a quarter of a
cycle later. The end of the timing period, there-
fore, occurs in the mid-point of the next
negative half-cycle. Thus, the timing period has
to be one quarter of a cycle longer than normal
(i.e. a tolerance of -+ 25 per cent.) before two
cycles of weld current are measured out instead
of the desired one. If the starting point of the
timer is at random, and happens to occur just
before the starting point of the leader-follower

system, then the over-value tolerance is extreme-
ly small, and only a few per cent. over-normal
will cause two cycles to be measured out by the
leader-follower valves. For this reason the
actual starting point, with respect to the sine
wave of the supply voltage, is always accurately
governed in precision timing circuits.  The
starting point is usually made to occur in a
negative half-cycle so that the beginning of the
next positive one triggers off the leader-follower
circuit.

A typical precision timer is illustrated in
Fig. 16, which gives the complete circuit for a
synchronous spot-weld-control (see Section 8).

7.4. Seam Weld Timers

In order to provide pulses of voltage to control
the leader-follower circuit for seam welding
an asymetric multivibrator is generally used.
Synchronization with the supply is accomplished
by injecting a trigger voltage from a peaking
transformer into the grid circuit of the valves,
and to provide accurately rectangular output
pulses thyratrons are generally used. The
coupling capacitors are shunted by variable
resistors, usually adjustable in steps so as to
provide pulses of “on’ time and * off ” time
in steps of one cycle of mains frequency. A
common provision is from 1 to 30 cycles, in one-
cycle steps. The basic circuit is completely
standard and is familiar to most radio engineers
and therefore will not be described here.

8. The Complete Circuit for a Synchronous Spot
Weld Control

Figure 16 shows the full circuit for a complete
synchronous spot weld control. Before describ-
ing the timing circuit, points about other parts
of the circuit will be mentioned. The resistances
R10 and RI!! in the anode circuits of the
thyratrons V5 and V6 are provided to limit the
current through the thyratrons. Under no
circumstances may the thyratrons used (usually
type MT57 or MTS544 or equivalent) carry
a peak current of more than 40 A, so that if the
resistance of the ignitors fall below the normal
value of between 10 - 15002 R10 and R11 keep
the current within safe limits. Small capacitors
are provided between the grid and the cathode
of all thyratrons to shunt any transient voltages
that may be picked up in any of the grid circuits
and which may cause unwanted operation of a
thyratron.
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A.c. biasing arrangements are very often used
and are shown in the circuit. This is of the grid
leak type which lends itself to use with thyratron
valves because of the heavy grid current which
normally flows. There is, of course, no objection
to using a standard d.c. bias and this method
is often resorted to.

The timing circuit is built around a voltage
ladder fed with d.c. The grid of the leader
valve is connected to a point on this ladder at
about 63 per cent. of the ladder voltage. Under
stand-by conditions the cathode of the leader
valve is connected to the top of the voltage
ladder so that the grid is negative with respect
to the cathode and the leader valve is held
non-conducting. The operating principle of the
circuit is to force the cathode negative with
respect to the grid and then to raise its potential
until it becomes positive to the grid again.
When the start-relay contacts close a circuit is
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completed to the anode of a small thyratron
V2 and, at a moment determined by the peaking
transformer winding T2S1, the thyratron will
fire. Since C7 is initially uncharged the cathode
temporarily assumes a potential below that of
the grid at a value depending upon the arc
drop of V2. C7 will immediately start to charge
through the weld-time rheostat and, after a time
depending upon their relative values, the cathode
potential will rise above that of the grid again.
Since the grid is at a potential of approximately
63 per cent. above that to which the cathode
may fall, C7 has to rise to this percentage of its
charging voltage before the leader-valve ceases
firing. The time, therefore, is dependent upon
the time-constant, R.C, and the curve of voltage
rise of the capacitor is linear for all practical
purposes. Furthermore, since the voltage to
which C7 must rise to pass the potential of the
grid is a percentage of the charging voltage, it is
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obviously independent of the value of that
charging voltage. The circuit, therefore, is
independent of voltage variations either before
or during the weld.

In the grid circuit of the leader valve a trans-
former winding, T8S2, is provided to inject a
small out-of-phase voltage so as to ensure that
the leader-valve fires either at the beginning of
a half cycle or not at all.

RS and C6 are provided to smooth out any
unwanted sudden voltage dips which might be
passed into the circuit from the mains supply.
It often happens that where several welding
machines are in use the supply voltage may have
sudden voltage dips which although lasting for
a very short time may affect the performance
of electronic equipment.

Safety interlocks are provided to prevent the
equipment from operating until the valves are
correctly warmed up and ready for use, and a
water flow relay ensures that the ignitrons have
sufficient cooling water. Very often coloured
lights are provided to indicate * Power on,”
* Valves ready,” and ** Water flow O.K.,”” and
these have been shown in the circuit of Fig. 16.

Many of the newest designs are arranged so
that the various circuits such as the heat control,
the leader-follower circuit, and the timing circuit,
are mounted on separate panels connected by
means of plugs and sockets. Such construction
means that a timing circuit for a spot weld
machine can quickly be changed for a seam weld
timer if desired. Furthermore, the panels may
be quickly removed for maintenance or repair
as necessary.

9. Slope Control

When undertaking certain welding operations,
particularly with aluminium, it is desirable to
vary the current in a pre-determined manner
This control of the rate of change or * slope ™
of the current is obtained by means of an
electronic variable resistance in the standard
phase-shift circuit of the heat control panel
shown in Fig. 16. The effective resistance of a
valve is reflected into the phase-shifting circuit
through a full wave rectifier and matching trans-
former. The reflected resistance is changed
by varying the grid voltage, and the effect of
slope control is obtained by arranging that this
varies between adjustable limits at a desired
rate. The amount of phase shift is limited by
the minimum resistance of the valve and its

voltage and current ratings. If the phase
shifter has a high impedance load then the
maximum shift is of the order of 130- 150
degrees.

This circuit is also used to provide automatic
adjustment of current in response to supply
voltage, or weld-current, variations. A signal
is applied to the grid of the impedance valve in
the heat-control phase shifting circuit, which is
proportional to the error or variation of the
voltage or current away from a reference.

10. Conclusion

Electronic control of resistance welding pro-
cesses has now become firmly established as one
of the most successful and versatile applications
of electronic techniques to industry. A con-
siderable amount of experience has been gained
in many parts of the world and the circuits
described have proved trustworthy even under
the worst industrial conditions. The reluctance
to accept valves and complicated electronic
circuits has been largely overcome. This is
particularly so because in many cases valves
have proved to be more reliable than many
mechanically operated devices, and so there is
now a tendency to eliminate all moving parts.
The latest type of controls of spot and seam
welding equipment are often all-electronic,
although care in design is necessary to keep the
initial cost down to an economic level. Never-
theless, the use of electronic welding controls is
continually being extended as new techniques
and processes are being evolved with their aid.
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DISCUSSION

P. Huggins (Associate Member): One or two
aspects of welding control ought to be mentioned
at this juncture, for instance, “‘voltage compensa-
tion” and ‘“‘constant current.” Drawing off a
heavy current from the mains can bring about
changes in the weld because of regulation difficulties
and various devices have been brought out,
whereby compensation is effected as voltage
changes. As load conditions change (either due to
output or input), compensation is applied to bring
the work conditions back to what they were
originally.

The three-phase system has advantages and
disadvantages from the welding point of view.
Its principal advantage is the fact that you are
drawing 300-400 amperes from the three-phases
instead of one. However, the equipment is rather
complicated, although various people are working
on developments to simplify it.

Resistance welding is not altering with the times
in using relays and having timers in the order of a
second or longer. These operate inaccurately by
charging a capacitor with a 50-cycle ripple, and
rely, for instance, on the 97th ripple being sufficient
to terminate the weld. 1 think the dekatron is
better when you are doing a job in cycles as you are
counting pulses, which is what a welding engineer
is interested in, not trying to time something.

Finally, Mr. Bates made a very good point:
welding mild steel is nice and easy and 1 would like
to throw out a challenge in the light of this. There
are, when welding miid steel, three parameters:
pressure, heat and the time for which current is
applied. As there is a certain amount of latitude,
why provide the operator with a machine with
three controls? We ought to be able to offer him
a machine which, when you put the material under
the welding press, will choose a programme of
these three parameters, depending on the thickness
of material and assuming that the two pieces to be
welded are of the same thickness.
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C. R. Bates (in reply): Automatic current and
voltage controls have been briefly mentioned in
the paper, which has, however, restricted its scope
to single-phase controls. It is fairly safe to say
that three-phase controls have not yet been in use
for sufficiently long a time for any of the methods
to be considered permanent. Systems which were
in use 10 years ago are now obsolete, whereas
single-phase controls have varied only in detail over
the last 25 years.

There is a modern tendency to consider the use
of dekatrons for timing controls, but for welding
use they are perhaps superfluous. Their advantage
is in the extreme accuracy in counting the cyclic
pulses of weld current. But where long times are
involved, which is the only case where the capacitor
discharge type of timer cannot provide sufficient
accuracy, the accuracy is not required.

If it were considered possible to produce a
computer to adjust the settings of a welder auto-
matically to suit the work, then 1 fancy that the
problem would have been tackled a long while ago.
It does not seem to be a practical proposition, or an
economical one, even for mild steel welding. For
other metals the problem is even more acute. An
engineer of one company bewailed in a recent article
that he had 12 adjustment controls on his welders.
If you can imagine the problems involved in setting
up a machine like that, then it can be appreciated
how popular an automatic computer would be.

N. Armitage: At first sight, there is no immediate
relationship between my problem—I am interested
in magnetizing permanent magnets—and resistance
welding. Does Mr. Bates know of any particular
control circuit which is suitable for producing
pulses for magnetization?

C. R. Bates (in reply): The basic welding control
circuits are suitable for application to magnetization
circuits, and it is in fact standard practice to make
use of them.
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MATERIALS USED IN RADIO AND ELECTRONIC ENGINEERING

A Survey by the Technical Committee of the Institution

PREFACE

One of the problems which often confronts the engineer and designer is the correct specification of
materials for a particular purpose. The radio and electronic engineer cannot be expected to be conversant
with the properties of all materials which are used in the design of equipment. He is thus required to search
reference books and other publications for the information regarding properties of these materials.

Rarely is the information collected together in one comprehensive publication, and it is for this purpose
that the Technical Committee has, during the course of the last two years, collected together the required
information on certain of the materials with which the engineer comes in contact and which are often
critical in their specification.

The first two materials covered in the following review are aluminium and its alloys, and piezo-electric
crystals. The information given is not exhaustive, and for those engineers who require more detailed
information, a selected bibliography is given where appropriate. In the case of aluminium and its alloys,
it is attempted to relate the various types of materials to British specifications which are applicable to them.

It is not intended that the series of reviews will cover an infinite range of materials, but will be limited
to those materials most commonly related to equipment design. Component applications of the materials
where a unique functional property is often of prime consideration will not be considered.

Generally, because of the difference in the types and properties of the materials considered, the individual
treatment cannot follow a standard pattern. The form is determined solely by the need to present in a concise
manner the primary information needed to form a useful practical guide.

With all reviews of this type, it is necessary to point out that the information is common knowledge to
experts in the subject, and such readers will, no doubt, feel that the treatment of a particular subject could
be more exhaustive. It is, however, the aim of the Committee to keep these reviews within reasonable
bounds since their usefulness would be reduced by a superfluity of information.

1. Aluminium and Aluminium Alloys*

TABLE OF CONTENTS

1. Introduction. 4.  Aluminium Alloys.
2. Nomenclatureused in B.S.I. Specifications 4.1. B.S.I. and M. of S. Specifications.
for Aluminium and Aluminium Alloys. Table 4. Non-heat-treatable Alloys I.
.. Table 5. Non-heat-treatable Alloys I1.
b A, .. . . Table 6. Non-heat-treatable AlloysIII.
3.1. B.S.I. Aluminium Specifications. Table 7. Heat-treatable Alloys I.
Table 1. Aluminium not less than 99-89 Table 8. Heat-treatable Alloys T1.
pure., Table 9. Heat-treatable All I1.
Table 2. Aluminium not less than 99-59, szé 10. ngt-tzZthlg A"OO;'SS V.
pure. Table 11. Non-heat-treatable Casting Alloys.
Table 3. Algl‘:}'em“m not less than 999 Table 12. Heat-treatable Casting Alloys.
3.2. Other Specifications for Aluminium. s (O A5
" * Report approved by the General Council for 5. Index of Proprietary Alloys and Suppliers.
publication on November 12th, 1954. (Report No. 8.) e . .
Prepared for the Committee by Mr. S. J. Stevens, 6. Availability of Specifications,
B.Sc.(Eng.) (Associate Member).
U.D.C. No. 669.71.002.3 : 621.37/9. 7. Acknowledgments.

47



JOURNAL OF THE BRITISH

INSTITUTION OF RADIO ENGINEERS

1. Introduction

The most widely used structural metals in
radio and electronic equipment are aluminium
and aluminium alloys. It is important that the
most suitable choice of material is made for any
specific purpose, and for this reason this section
of the review has attempted to bring together
details and specifications of aluminium and
aluminium alloys which are available.

The material has been presented in tabular
form showing all the important characteristics
for the convenient use of designers and
manufacturers. Wherever possible, irade names
of proprietary alloys have been given and the
manufacturers identified in the final section.

The review is limited to those alloys used for
structural purposes. No attempt has been made
to indicate their possible use in component
manufacture which usually calls for other
characteristics.

2. Nomenclature used in B.S.I. Specifications for
Aluminivm and Aluminium Alloys

PREFIXES

E Bars, rods and sections.
S Sheet not greater than 0.252 in. thick and
strip not greater than 0-192 in. thick.

C Clad sheet and strip.
P Plate.

PC Clad plate.

T Tube.

F Forgings.

Wire for rivets.
Welding wire.
General-purpose wire,
M Ingots.

Castings.

Non-heat treatable.
Heat-treatable.

b

TZCoco
Z
=

SUFFIXES

0 Soft annealed.

1H Quarter hard.

iH Half hard.

#H Three-quarter hard.

H Hard.

M As manufactured.

T Naturally ageing. Solution heat-treated.
No precipitation treatment required.

w Solution heat-treated.
precipitation treatment.

P Precipitation treatment only (castings).

WP  Fully heat-treatable.

Responds to

An example of the use of the above nomencla-
ture is: B.S. 1470.S.1A.4H, which refers to a
sheet produced to B.S. 1470/1A having a temper
“half-hard.” (The prefix and suffix are printed
here in bold face for emphasis.)

3. Aluminium

3.1. B.S.I. Aluminium Specifications

The nomenclature used in the B.S.I. Specifica-
tions is as given above in Section 2. Tables 1-3
summarize the most useful items.

Table 1-—Aluminium not less than 99-89, pure

British Standards

Institution Description Temper
Designation of Material
0
B.S.1470 S.1A Sheet & Strip 3H
H
Plate 0-253”"—1-00” inc. M
B.S.1477 P.IA Plate 0-253"—0-5” inc. IH
B.S.1476 E.1A Bars, Rods, Sections, M
Extrusions
Tubes, General 0
B.S.1471 T.1A v up to 3” dia. H
' over 3” dia. H

Mechanical Properties

<

/0
Ultimate Elon-
Tensile ga- Bend Usage in
Strength tion Test Radio Industry
(tons/in?) on 2”
45 35 flat
6—7-5 8 iTh
8 5 Th
35 30 Used only for very
6—7-5 8 high corrosion
» resistance or for
3-5 30 components requiring
exceptional ductility,
45
7 |
65 J
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Table 2—Aluminium not less than 99-59% pure

Mechanical Properties
L)

British Standards Ultimate  Elon-
Institution Description Temper Tensile ga- Bend Usage in
Designation of Material Strength tion Test Radio Industry
(tons/in?) on 2"
) 0 4:5—6 30 Flat )
B.S.1470 S.1B Sheet & Strip %IH 6.55;.5-8 553 %;R sealin appgcations
, 517 1.00 : where good ductility
B.S.1477 P.1B g:g:g 8%;; (])(S)QH:EC ‘];lH 6‘54 8 3g anddgood electrical
: tivity are
>con luc
B.S.1476 E.1B Bars, Rods, Sections, M 4 25 : required.
Extrusions .
Tubes, General 0 4-5-6 grorg eGCp?nsn_'lg tbhlar;
B.S.1471 T.1B . Up to 3” dia. H 75 AESRGEST L3 )
. Over 3”7 dia. H 7 —
All specifications are available under the proprietary name of Kynal P5.
Table 3— Aluminium not less than 992, pure
0 5—6-5 30 Flat )
iH 6—7-5 12 Flat
B.S.1470 S.1C Sheet & Strip iH 7—8'5 7 4+ Th
iH 8—9-5 S 4+ Th
H 9 3 Th
B.S.S. 3L.16 Sheet & Strip iH 7—8:-5 4 Th
B.S.S. 3L.17 = . 0 5—