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for interconnecting
electronic equipment

BICC make Coaxial Radio Frequency Connectors with
moulded-on terminations for use with—
Ground and airborne radar equipment
Ground and airborne radio
transmitters and receivers
Terminations include a standard range
(with appropriate panel mounting units)
designed to Ministry of Supply requiremeqts.
In addition, there are a number of

BICC designs for other applications.

sicc O
R.F. GONNEGTORS

Further information is freely available
on request.
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BRITISH INSULATED CALLENDER’S CABLES LIMITED,

21 Bloomsbury Street, London, W.C.1

Electronic & Radio Engineer, March 1959



!

& U.H.F. MEASURING EQUIPMENT

With basic measuring instruments, such as the Slotted Line or Admittance Meter,
generators, detectors, and a wide range of inter-related coaxial elements, all linked
through the ingenious Type 874 connector, ‘GENERAL RADIOQO’ offer the scientist
and engineer a 50-ohm U.H.F. measuring system that is

Complete - Integrated - Accurate - Versatile

Micrometer Vernier
shown attached.

TYPE 874-LBA SLOTTED LINE:

Basic measuring instrument for examination of the standing-wave-pattern
of the electric field in a coaxial line, from which VSWR, impedance of
load, phase or reflected wave, losses in attached elements, degree of
mis-match between line and load, etc. can be determined. Accurate and -
straightforward in use. Frequency range 300-5000 Mc/s (with some loss
in accuracy : 150-7000 Mc/s). Also available : Type 874-LV Micrometer
Vernier (for measurement of high VSWR). Type 874-MD Motor Drive
for oscillographic display of standing-wave pattern.

THE <€P SYSTEM

Keystone of the entire system is the unique Type 874 coaxial
connector, fitted to all elements (see illustration below); this low-loss
connector, any two of which, although identical, can be plugged
together gives the system versatility and ease in setting-up for any
measurement, and is characteristic.of G-R’s clear-sighted engineering
philosophy. Low-loss adaptors are obtainable to link up with other
systems,

Around this connector G-R have developed a wide range of coaxial
elements :— lines, stubs, filters, attenuators, capacitors, inductors,
insertion units, ells, tees, terminations, etc., of excellent electrical
characteristics. These coaxial elements, together with generators,
measuring gear, detectors, ‘Balun’ (balanced-to-unbalanced trans-
former) and other instruments form a complete and integrated line of
high-frequency measuring equipment, designed for highest accuracy,
dependability and convenience in use ... in keeping with the G-R
tradition of supplying only the finest in laboratory equipment.

: TYPE 1602-B
ADMITTANCE METER :

A compact and versatile instrument, accurate
and rapid-in use, for determining the compon-
ents of an unknown admittance in the VHF-
UHF range. Scales read directly in conductance
and susceptance, independrnt of frequency. With
-unknown connected through quarter-wave-
length line, scales read in resistance and
reactance. Can be used for measurement of
VSWR and reflection coefficient, matching or
comparison of impedances, and measurements
on balanced line circuits (with the Type 874-UB
‘Balun’). Frequency range 41-1500 Mc/s. (Down
to 10 Mc/s, with correction). Includes conduc—
tance and susceptance standards,

/

Identical Typr 874 tors,
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For complete information on G-k U.}.F. measuring
equipment, and of the entire range of G-R Iabora-
tory gear, apply for Catalogue ‘0’,

laude flpons ftd.

76 OLDHALL STREET, LIVERPOOL 3, LANCS. TELEPHONE: CENtral 4641-2
VALLEY WORKS, HODDESDON, HERTS. TELEPHONE: HODdesdon 3007-8-9.
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Ingrained
Efficiency

Now that grain oriented steel
is readily available, we can de-
sign and manufacture trans-
formers on laminations of this
material. These are smaller,
lighter and cost much less than
their C-core equivalents.

We make our own lamina-
tions. and can, therefore, en-
sure that the maximum advan-
tage is gained from this greatly
improved core material. By having all the manufacturing processes together
and by rigid quality control, we have established our reputation as the leading
transformer manufacturers to the Electrical, Radio and Television Industries.

Our technical service is immediately at your call, Why not make
use of it ?

TRANSFORMERS

& o

HINCHLEY ENGINEERING CO. LTD., DEVIZES, WILTSHIRE TEL: DEVIZES 573/5s
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The AV O Valve Characteristic Meter Mark III offers the Radio
Engineer far more than is generally implied by the words “a
valve tester’’.

This compact and most comprehensive Meter sets a new high
standard for instruments of its type. It will quickly test any
standard receiving or small transmitting valve on any of its normal
characteristics under conditions corresponding to a wide range
of D.C. electrode voltages.

A new method of measuring mutual conductance ensures that
the instrument can deal adequately with modern valves of high slope
and short grid-base such as are commonly used in T.V. receivers.

List Price

£80

A comprehensive Instruction Book and
detailed Yalve Data Manual are provided.

METER v« 7

PROVIDES all necessary data to enable Ia/Va,
Ia/Vg, Ia/Vs, etc., curves to be drawn.

MEASURES mutual co.nductance upto 30mA/[V.

DETERMINES inter-electrode insulation with
heater both hot and cold.

GIVES direct measurement of *“gas™ current.

TESTS rectifying and signal diodes under reser-
voir load conditions..

COVERS all norma! heater voltagesup to 117V.

CIRCUIT improvements provide accurate set-
ting and discrimination of grid voltage over the
full range to 100V negative.

A relay protects the instrument against damage
through overloading the H.T. circuits and alse
affords a high measure of protection to the
valve under test.

The instrument is fitted with a hinged
fold-over lid which protects the valve
holders when not in use.

Regd. Trade Mark Write for illustrated Brochure

FANVADEL I &

AVOCET HOUSE - 92.96 VAUXHALL BRIDGE ROAD - LONDON - S.W.I Telephone: VICtoria 3404 (/2 lmes)

Electronic & Radio Engineer, March 1959



LF.51 Still the world’s best

SES——

low frequency waveform generator!

Still the most flexible supply of test signals for
testing servo mechanisms and automatic controllers

This unique instrument is being used by discriminating control engineers all over the world
for measuring the dynamic response of automatic control systems.

With it, one can carry out measurements of the frequency response to sinusoidal input; the
step-function response ; the response to ramp functions ; the response to sine-squared.pulses ;
and many other special tests.

* Sine waves from 500 cycles[sec. down to one cycle millisecond to 1,000 seconds
every 2,000 secs. (33 minutes) * Quer 30 different waveforms available

* Pulses and square waves with rise time of 10 % Voltage variable berween 100 microvolts and 150
microseconds 3 volts peak-peak

% Ramp functions with a linear rise variable from 1 % Load current up to 5 milliamps peak

[. Selector switch at CONTINUOUS” _[1IML AW ANV NN LT U U \Ao
2. Selector switch at SINGLE™ - a ste pl
r Veoalm ey

with continuously variable sfope

3. Selector switch at “DOUBLE™ - a single JUn™ ATy A 7 . il AN

isolated pulse in TEN different forms

SERVOMEX CONTROLS LIMITED, CROWBOROUGH SUSSEX. CROWBOROUGH 1247
Electronic & Radio Engineer, March 1959



R120 and RI130 laminated
series.

FERRANTI

The new range of Ferranti Resin Cast Transformers and
Chokes has been named after this famous Scottish
landmark which represented a remarkable advance in
engineering dcéign when it was constructed over 60 years

ago. To-day, the new techniques in manufacture and
construction of ‘C’ Core Transformers have enabled
Ferranti Ltd. to make a significant contribution to
Electronic Engincering.

The Forth scries components will have particular appeal
to designers of airborne equipment since savings in weight
and volume of up to one-third can be achieved over the
resin cast and oil-filled units now available. Moreover, the
quality rcquirements of the Joint Service Specification
RCS.214 arc met in cvery respect. Please write for a
catalogue which gives full rating information.

FERRANTI! LTD - FERRY ROAD -+ EDINBURGH 3

ES/T44
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’ "*He_r_metic Sealing /

~. STEATITE & PORCELAIN
NICKEL METALLISING

Quality Approved (Joint Service R.C.S.C.) 2 :
WILL MEET THE MOST EXACTING REQUIREMENTS METALLISED

. BUSHES

/

- Perfect Terminations

—made readily without special precautions by
semi-skilléd labour, employing simple hand
soldering methods, R.F. Heating,

Hot Plate, Tunnel Oven or similar
mass production methods

/STANDARD RANGE

Shouldered, Tubular, Conical, Disc
and multi seals are included, assembled
with stems if preferred. 1
SEND FOR CATALOGUE No. 47 |

TECHNICAL SERVICE

Always available, do not hesitate to
consult us. Samples for test will be
supplied on request.

STEATITE & PORCELAIN PRODUCTS LTD.

S‘TQ.URPORT ON SEVERN, WORCS. Telephone: Stourport 2271.  Telegrams: Steatain, Stourport;

SPio0
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Marconi in Broadcasting

80 countries of the world
rely on Marconi
broadcasting equipment

MAR‘ ONI COMPLETE SOUND BROADCASTING SYSTEMS

MARCONI’S WIRELESS TELEGRAPH COMPANY LIMITED, CHELMSFORD, ESSEX, ENGLAND
' M3
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VALVES

for reliability and power at audio frequencies

The KT 66 — still leading the world after 21 years

When the KT 66 was introduced in 1937, it was far
ahead of its time. So far ahead that it still leads the
world today. Over the years that have passed,
many millions of these valves have been manufac-
tured and the excellent design plus the quality of
materials used have won a phenomenal reputation
for long-lasting reliability. 12 valves, recently in-
stalled in multi-channel radio equipment, each
completed 32,600 hours without failure. The KT 66
has been used in a number of well-known high
quality audioamplifiersincluding the ‘Williamson’
and the ‘Leak Point 1°, designed for outputs of up
to 50 watts.

| | KT 66 KT8 |
| Va(max) .. . o 500 600 volts |
Va2 (max) 400 600 volts
l» pi(maa 25 35 watts
T o = 6.3 I mAY
" Pout (AB! push-pull fixe
. bias, U.L.) 50 100 watts
Vh oo e e 6.3 | 63 volts
l_ Ih ... L . 1.27 1.8 amps
TPrice v e e 17s. 6d. £1 2. 6d.
SRR S és. 10d. )

The KT 88 — for even higher powers

As the need for higher powers of audio frequencies
increased, the G.E.C. used the basic design of the
KT 66 and experience gained in its manufacture to
develop the KT 88. This valve has a maximum
anode dissipation of 356 watts as opposed to 2b watts
for the KT 66, has a higher gm and a cathode of
larger emissive area. Physically the valve uses &
smaller envelope and a pressed glass base and two
valves in push-pull can provide 100 watts of audio
power. The KT 88 is therefore ideal for high power
public address systems in addition to many in-
dustrial applications.

For Data Sheets giving full technical deseriptions
of the KT 66 and KT 88 together with ‘circuit
supplement’ sheets giving typical application
details, write to the Valve and ZElectronics
Department.

Publication No. OV4403 lists the G.E.C. rarfge of valves,
TV tubes and Semi Conductor Devices and in a new and
ingenious_way presents full data (including cemparative

tablesfand prices grouped under convenientyheadings.

TH§ GENERAL ELECTRIC €O LTD, MAGNET HOUSE, KINGSWAY, LONDON, W.C.2

8
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From |C| AMMON'A—

Nitrogen and Hydrogen

A
\L
V[

HYDRQOGEN
NITROGEN

Liquefied Ammonia (/ndustrial Quality),
a cheaper grade, is available in bulk and in

for Industry

I.C.I. Ammonia provides industry with a cheap
and reliable source of pure nitrogen and
hydrogen. And I.C.I. gas generating plants are
available to convert ammonia into a wide range
of nitrogen/hydrogen gas mixtures.

Anhydrous Ammonia

with a guaranteed minimum purity of 99.989,
to meet more exacting requirements, is
offered in bulk and in a wide range of cylinder
sizes.

two-ton containers for the larger consumer,
and makes possible substantial economies in
gas costs.

A bulk delivery of 10 tons of ammonia
provides over 13 million cu. ft of nitrogen.

Full information on request.
IMPERIAL CHEMICAL INDUSTRIES LIMITED, @

LONDON, S.W.1.

=L ‘
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We have concentrated for many years on the design anc.i consiruc“;ion of communica-
tions receivers and it naturally follows we X-‘Eﬁve— acgu?rcd a wéalth of knowledge,
covering the theoretical, practical and operational aspects. 1t'is significant that, over
the years, our total production of communic:eytiéns yeceivers exceeds 30,000, The
advantage of our specialised experience is at your service. =

Your attention is drawn particularly fo the model 730{4 whlch combines a first-
class performance with robustngss of construcuon

It is used extensively by the British Govemment and in professmnal communications
Il systems throughout the world.

The following important features apply: i

% Excellent all-round technical performance.

Y Ease of tuning:  minimum operator fatigue.

% High reliability under all conditions. ;

% Peak performance well maintained thh the mxmmum of attention, over
a long period.

v Intended for 24 hours-a-day operation. °

v Excellent frequency stability - erystal control avallable where extremely
high stability is required. : 5

Y Robustly constructed and capable of -standing up to hard usage anywhere.
Y CV valves in all positions, :
v Easy to service — Spares readily available.

8

Please write for complete specification, price and Qelivery dertails,

Fl

ll Distributors in all parts of the World —“
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Captured on the screen for leisurely
examination or for photography
—that’s the way the new Solartron
Infinite Persistence Oscilloscope

tackles a transient.

Two channels for correlation of interdependent
phenomena, full-screen sweep in a few micro-
seconds or a hundred seconds, push - button
erasing and stabilised brilliance of display—these
are just a few reasons why the Solartron IPO is
quickly taking the lead in visual instrumentation
of ‘once-in-a-lifetime’ and transient phenomena.

No need now to waste film waiting for non-
recurrent signals, every frame exposed to your
IPO screen will be significant —a certain step
forward in your investigations.

st

Thames Ditton, Surrey, England

\\ //
S~

~ -
— e - ~——

-
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From the specification, here are salient j'et;tures which at once
denote high sensitivity and an extremely wide field of application.

% D.C. to 1 Mc/s bandwidth (3 db)

Y Maximum sensitivity 10 mV/centimetre

v T.B. delay continuously variable to 100 Sec.
v Identical ‘X’ and‘Y’ input channels

v Direct time and voltage calibration

% Triggering in these modes:

(a) Repetitive operation

(b) Single-shot with ‘rock-out®

(c) Push-button with * lock-out?

(d) Delayed, using internal generator

(e) From signal, after adjustable delay period.

MRH RUN Write now for literature.

) THE SOLARTRON ELECTRONIC GROUP LTD.

Telephone: Emberbrook 5522 + Telegrams and Cablgs: Solartron, Thames Ditton « International Telex : 23842 (Solartron T.Dit.)

11
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You can now specify S.T.C.
Transistors for Entertainment

and Industrial Applications

ENTERTAINMENT TYPES

(@) TS.7 TS.8 ... ...small signal amplifiers and frequency changers
(b) TS.9 TS.17 ... ...higher power amplifiers up to several hundred milliwatts
(c) TS13 TS.4 ... ...low frequency applications

INDUSTRIAL TYPES

(a) TK.23A ... ...low frequency telephone and telegraph carrier systems
(b) TK.20B ... ...switching circuits (computers)
TK.25B ... ...switching circuits 8 Mc/s and above
(c) TK21B TK.24B
TK.26B TK.27B ...switching circuits and/or small signal amplification
(d) TK.40A ... ...amplifier and oscillator. Audio frequencies for power of

several hundred milliwatts

First in Europe to produce transistors, S.T.C. are now making
available to industry a range previously only used in their own
equipment. Their long experience of components manufacture
coupled with the latest production techniques has resulted

in yet another high-quality product.

Send for literature on the available types.

Srandard Telephones and Cables Limired

Registered Office : Connaught House, Aldwych, London, W.C.2
TRANSISTOR DIVISION: FOOTSCRAY * SIDCUP - . KENT

Electronic & Radio Engineer, March 1959



The type D1/D is a V.H.F. Signal Generator
of rugged construction designed for both
laboratory use and also the severe conditions
of “the field”. This instrument is widely
used by communication engineers throughout
the world, and has the following outstanding
features:

@ Wide frequency range—|0 to 300Mc/s.

Reliable Attenuator; Output variable over
100 dB from | pV to 100mV.

[ J
@ Negligible stray field.
[

Sine and Squara Wave Modulation.

Net Price in U.K.

£97

Full technical details in leaflet R43.

GD 7|
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The v.v.r. TYPE DI/D

SIGNAL GENERATOR

— 4o be sure!

THE ADVANCE TYPE DIP/2 V.HF. SIGNAL GENERATOR

This model is a special version of the DI1/D designed
for the alignment of narrow band communication receivers,
and incorporates:

Crystal Modulator, eliminating spurious Frequency
modulation.

2Mc/s Crystal Reference Oscillator.

‘Buffer stage, eliminating attenuator reaction on

the oscillator frequency.
Net Price in U.K,

£110

Full technical details in Leaflet R37

Admnce COMPONENTS LIMITED - ROEBUCK ROAD : HAINAULT . ILFORD . ESSEX - TELEPHONE: HAINAULT 4444

13



ADCOLRN

( Regd. Trade Mark )

Soldering Instruments
and Equipment

Comprehensive
Range of Models

P.V.C. Cable Strippers
Solder Dipping Pots

Supplied in
ALL VOLT RANGES

A PRODUCT
FOR
PRODUCTION

RADIO, TY
RADAR
ELECTRONICS
TELECOMMUNICATIOLS
ETC.

(Hllustrated)

Protective Shield
List No. 68

%" Detachable
Bit Model
List No. 64

Traditional British Quality and Workmanship

ADCGOLA PRODUCTS LIMITED

Head Office, Sales and Service: .
GAUDEN ROAD, CLAPHAM HIGH STREET
LONDON, S.W.4 Telephones MACAULAY 301 & 4272

14

Today’s rapid increase in the speeds of b
Guided Missiles, Aircraft and various
b types of machinery has made the

} Engineer acutely aware of vibration.

Full scale testing is often expensive,

though ultimately necessary, yet it is
possible to assimilate the conditions
under which parts will work by inducing
controlled vibration and modifications
can then be made at the design stage.

In this field, W. Bryan Savage Ltd. 1
¢ have been actively engaged for the past

twenty years and are one of the

leaders in the manufacture of Power
Amplifiers and Vibrators.

* If you have any problems regarding vibration, consult <}
our Technical Dept.

W. BRYAN SAVAGE LTD.

designers and manufacturers of vibrators for industry

17 STRATTON STREET, LONDON, W.I.

Telephone: Grosvenor 1926

4
4
4
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Hollerith plus Powers-Samas plus

equals I o C T

30084
Sl -
et

On 30th January, International Computers and Tabulators Limited (I-C-T

for short) became Britain’s largest manufacturer and distributor of data-
processing machinery.

In this Company, Hollerith has been strengthened by its association
with Powers-Samas —and Powers-Samas similarly strengthened by its
association with Hollerith. These two Companies established the punched
card industry in the United Kingdom and have remained in the forefront of
world development in the data-processing field.

What advantages can I-C-T fairly claim? Among others:

The ability to make available a wider range of punched card and
computing equipment.

A pooling of the wide variety of experience — 50 years for Hollerith,
43 years for Powers-Samas — in mechanising statistical and accounting
procedures and in contributing to scientific management at home and
overseas.

The more effective deployment of research and development resources.

On the formation of I-C-T, The British Tabulating Machine Company
Limited and Powers-Samas Accounting Machines Limited pay tribute to
the very large number of users of their equipment in Government, Local
Authority, Industry and Commerce, at home and overseas, with whose
support the Goodwill of both Companies has been firmly established. I-C-T
is proud to take over this Goodwi/l, and assures both present and prospective
users that it will be as strenuously guarded as in the past and strengthened
in the future,

INTERNATIONAL
IC'T ) comMPUTERS AND
TABULATORS LTD

| REGD. OFFICE: 17 PARK LANE, LONDON, W.I (HYDE PARK 8155)
OFFICES THROUGHOUT THE UNITED KINGDOM AND OVERSEAS

All the resources of Hollerith and Powers-Samas

Electronic & Radio Engineer, March 1959 15




COMPUTER SERVO-COMPONENTS

AGS and AlIS Computer Pots
(No. 15 and |l Synchro head)

Millisecond Electro-
Low inertia Servo-Motor Magnetic Clutch
Type: Messmotor Dmalke

ALSO: Full range of Servo-Pots and Self-contained Pot-Drive Assemblies
OTHER PRODUCTS: @ [uW Environment-free Relay @ Sub-miniature Germanium Diodes
(— 100°C to + 150°C) @ Liquid and Gas Pressure Transducers
® Narrow Bandwidth Frequency Relays

KYNMORE ENGINEERING CO LTD 1 suckinchan st., LONDON, W.c2

Telegrams and Cables KYNMORE LONDON Telephone TRAfalgar 2371 (3 lines)

AUTOMAT.
Weoh-Stasitiey; RECTIFIERS -

TRANSFORMERS - D.C. EQUIPMENT

S)/w/eéa,éf/y cfe.siqneo( to youn WMML&S/

Send now for your free copy of Technical Bulletin 58/1

o
AUTOMAT ¢ MOORSIDE ROAD . SWINTON . MANCHESTER

TEL. SWINTON 4242/4

Issued by Northworks Ltd.

16 Electronic & Radio Engineer, March 1959
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Plessey J

In its various factories throughout the Country,
Plessey produces an immense range of Type Approved
electronic components. The Company supplies much
of the material for vital communications equipment
and major research projects, which can range from
human voice synthesis to rockets.

Trimmers

Modern electronics technique demands a degree of

precision and accuracy rivalled in few other fields—

with brains and manufacturing facilities to match. All

Variable - - 5 this is aimed at utter reliability; no component must

C?ipamtors - sins Ak ; = fail in service. Plessey are proud to be making such a
B 3 contribution to an exacting science.

Turret Lugs

Plessey Type Approved components are available to
Industry in many forms. Some are illustrated here.
To give more detailed information a series of publi-
cations exists, and will gladly be sent on receipt of a
letter stating your interests.

Encapsumted Sealed Lam

F.
N Chokes

r
1

TRY
L

e TEE R

anlimat 1 (111

.
e -~

COMPONENTS GROUP THE PLESSEY COMPANY LIMITED - ILFORD - ESSEX
TELEPHONE: ILFORD 3040
Overseas Sales Organisotion : Plessey International Limited - llford - Essex - Telephone: lliford 3040

@ cP2
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GENERAL PURPOSE 5' SCREEN OSCILLOSCOPE KIT
; FOR LABORATORY, PRODUCTION OR SERVICE USE X
- SPECIAL FEATURES
v

t ’,
5” flat-face C.R. tube

Gol;:l-plated printed-circuit board
‘Y’ bandwidth: 3 c/s to 5 “Ic/s 2
‘Y’ sensitivity: 10 mV per cm

¢X’ bandwidth: | c/s to 400 kc/s
¢«X’ input impeda’nce: '30‘ MQ, shunted 31 pF
Time base: 10 c/s to 500 kc/s .

X 6 OF % % X ot

Using only components of the highest possible: quality, the
versatile model 0-12U Oscilloscope has many features hitherto
exclusive to very much more expensive instruments . . . wide
bandwidth, stabilised power supply, automatic lock-in syn-
\ chronising circuit, unusually large, eésy-to-read, flat-face screen,
exceptionally wide range time base . . . etc. The use of printed
circuit boards, together with preformed cable harness greatly
simplifies wiring and assembly and guarantees consistency.
The extremely comprehensive manual gives clear ‘*‘step-by-
step’’ instructions together with large pictorial diagrams.

/ . - \
MODEL 0-12U OSCILLOSCOPE KIT

£34.15.0

DELIVERED FREE, U.K.

You get an excellent instrument for much less money when
you buy a Heathkit and the simple ‘step-by-step’ instructions
make it so easy for anyone to build. Deferred terms available.

Because of its accuracy, reliability and overall quality, this instrument is outselling all other valve voltmeters, The precision
and quality of the :;mponents used in this VVM cannot be duplicated at this price elsewhere. Its attractive appearance and
performance will make you proud to own it. A large 41” pane! meter, clearly calibrated for all ranges, is used for indication.
Front panel controls comprise a rotary func\tion switch, a rotary range selector switch, zero-adjust and ohms-adjust controls,
The voltage divider circuit uses | % pre:i;ion resistors. A printed-circuit board is employed for mdst of the circuitry, cutting

assembly timeand eliminating the possibility of wiring errors. Italso ensures duplication of [aboratory instrument performance.

This multi-function YVM will measure AC voltage (RMS) AC voltage (Peak-to-Peak) DC voltage and resistance. There
are 7 AC (RMS) and DC voltage ranges of 1.5, 5, I5, 50, 150, 500 and 1,500, In addition there are 7 Peak-to-Peak AC ranges of
0-4, |4, 40, 140, 400, 1,400 and 4,000. Input impedance is || megohms. Seven ohm-meter ranges provide multiplying factors
of X1, X10, X100, X1,000, XI0K, XI00K, and X| megohm. Centre scale resistance readings are [0, iOO, 1,000, 10K, 100K
ohms, | megohm and 10 megohms., A centre-zero scale dB range is also provided, The battery and test leads are in:l\uded

in the kit. Shipping weight is 7 1b. 7
) : MODEL V-7TA l delivery free
. OTHER MODELS INCLUDE : . U.K.
VALVE VOLTMETER KIT DX-40U Amateur Transmitter, 40w. to aerial £29.10.0
£ I 5 I 4 0 . S-88 Hi-Fi Stereo Amplifier, 8w. per channel 25. 5.6
e L4 ~ S-33 Junior Stereo Amplifier, 3w. per channel Il. 8.0 _
DELIVERED FREE, U.K. §s-1 Hi.Fi Bookcase/Pedestal Speaker System i0. 9.0

UXR-l  Transistor Portable Receiver (in leather case) 17.17.0 -

FOR FURTHER DETAILS, PLEASE WRITE TO: ' !
- DAYSTROM LTD., °f 0 O e ND

THE LARGEST-SELLING ELECTRONIC KITS IN THE WORLD

-
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Semiconductors Limited

Yoplicatione Laboratory

making new equipment possible—existing equipment better . . .

The Semiconductors Limited Transistor Applications
Laboratory, with greatly improved facilities, is now in-
stalled in a new building adjacent to the Swindon
factory. This will considerably increase its capacity to
assist manufacturers in the correct selection and use of
Semiconductors transistors. You are invited to take
advantage of this service, either directly or through
your Semiconductors representative.

In addition to providing direct assistance to manu-
facturers, the Applications Laboratory is continuously
investigating new approaches to existing problems.

or immediate aggistance on your transistor
blems telephon e Applications Laboratory
lezl t 0 I

s &

2 S 8 BN D T

The evaluation of transistor high-frequency parameters is a
continuing study in this specially-equipped section of the
Transistor Applications Laboratory.

SERMANY,

.t ol
Pesrasi SURKACE Banpygy
RANSISTO

THE sB240 AS 13 HIGH—SPEED

CMPUTER ELEMENT

6emicona’ucfor5 Limited

CHENEY MANOR - SWINDON - WILTSHIRE

Telephone: Swindon 6421/4 Telegrams: Semicon, Swindon

sk NEW APPLICATION NOTES AND DATA SHEETS ARE CONSTANTLY BEING ISSUED
ARE YOU ON THE MAILING LIST?

sC.12
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Striking success

Electrical tool upon the remarkable mechanical as well as electrical properties of Araldite

€poxy resins the success of this Kango H Type Breaker which must combine toughness

(.
with durabi conditions of use.

used for potting the armature of this breaker, and a special system of winding

was eyolvec - m peBetration land so produce an armature able to withstand vibration, high temperatures
|

n othéf applications, Araldite offers the advantages of outstanding adhesion to metals,

ing, eXecellent electrical properties

9 \

; \
descriptive literature on Araldite . )
4 L= Araldite epoxy resins are used

* for bonding metals, ceramics etc.

for casting high grade solid insulation

for impregnating, potting or sealing electrical
windings and components

for producing glass fibre laminates
for making patterns, models, jigs and tools
as fillers for sheet metal work

as protective coatings for metals, wood and
ceramic surfaces

*

*

Araldite EBRORER

See us on Stand T.8
at the A.S.E.E. Exhibition Araldite is a registered trade name

C I B A (A . R 5 L .) LT D Duxford, Cambridge. Telephone: Sawston 212i

AP338
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The best 75 volt

stabilisers in the world

BRITISH SERVIGES PREFERRED TYPE
M8225/CV4080

The high performance of the Mullard stabiliser
75Cr has led to the recent adoption of its
Special Quality equivalent M8225/CV4080 by
the British Services as their Preferred 75-volt
stabiliser. The M8225/CV4080 is tested for
specialised applications in which conditions of

® Wide Current Range . . .

2 to 60 milliamps

. extreme shock and vibration are encountered.
® Small Regulation Voltage . . .

Less than 9 volts

@ High Stability . . .
Typical variation in burning voltage
less than 3 29, inany 10,000 hours
of operation.

GENERAL PURPOSE TYPE

The 75Cr is the best 75 volt stabiliser available
in the world for general purpose use in industry
and communications. It has the same electrical
characteristics as the M8225/CV4080 and like
this British Services Preferred valve provides
an exceptional combination of long life, stability

and good regulation.
Full data is readily available

from the address below.

MULLARD LIMITED

MULLARD HOUSE Mullard

TORRINGTON PLACE
INDUSTRIAL VALVE DIVISION

TEL: LANGHAM 6633

@MvTis5a
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INTRODUCING THE NEW
SULLIVAN & GRIFFITHS
PRECISION BEAT TONE OSCILLATOR

TYPE 10A
0-16,000 c/s
Frequency Accuracy 0.29 4+ 0.5 ¢/s; considerably better below 100 c/s

MAINS OPERATED

A NEW VERSION OF THE WELL-PROVED RYALL-SULLIVAN OSCILLATOR IN WHICH THE BEST FEATURES
OF THE ORIGINAL DESIGN HAVE BEEN RETAINED, VIZ. HIGH STABILITY OSCILLATORS, PERFECTION OF C.C.I
CALIBRATED SCALE, ETC.

In this redesigned oscillator the high-frequency circuits are contained in a single small unit. Similarly the output amplifier
and power supply are contained in a second unit.

These units are easily removable for servicing and, furthermore, interchangeable units are readily available if required.

FREQUENCY RANGE 0-16,000 ¢/s

The frequency calibrated scale of this oscillator has been

designed to follow the internationally adopted C.C.l. law:
Linear between 0 and 100 cycles per second.
Logarithmic between 100 c/s and 10 kc/s.
Linear between 10 ke/s and 16 ke/s.

FREQUENCY INTERPOLATING SCALE

Provision is made to vary the frequency of the fixed oscillator
-+ 50 c/s by means of a separate control calibrated every
cycle per sec.

ALTERNATIVE OUTPUTS ARE PROVIDED:

OUTPUT NO. |
This should be terminated with a resistive load of not less
than 10%* ohms. When thus loaded an output voltage of
approximately 300 mV will be obtained with a harmonic
content of less than — 60 dB over a frequency range of
30 ¢fs to 16 kefs.

OUTPUT NO. 2

This is the main output from the oscillator and is, in effect,
a constant voltage source with respect to load, the internal
impedance being approximately 1.2 ohms. An adjustable
output up to 12 volts with a |5-ohm load is obtainable.

OUTPUT LEVEL
Constant to + 0.1 dB over full’ requency range 20 c/s to 16 kc/s at any given constant load.
This feature is common to both Outputs Nos. | and 2.

HARMONIC CONTENT

Output No. 1: — 60 dB total harmonic over whole frequency range.

Output No. 2: The harmonic content will vary somewhat according to the load, e.g. with a load resistance of 50 ohms or
greater, and the output adjusted to 8 volts, the harmonic content will be less than — 50 dB over a
frequency range 100 c/s—10 kc/s.

MAINS HUM (50 ¢fs and 100 ¢fs) ... ... — 70 dB for all output voltages above 4 V.
700 wV with output controls at zero.

NOISE ... — 70 dB for all output voltages above 4 V.
700 uV with output controls at zero.

HIGH FREQUENCY (leakage from oscillators) ... — 70 dB for all output voltages above 4V.

10 uV with output controls at zero.
PRICE £532.16.0

IMMEDIATE DELIVERY

H. W. SULLIVAN LTD

LONDON, S.E.15 TELEPHONE NEW CROSS 3225
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Advisory

Service

The earliest known effect of permanent magnets is
their ability to attract ferrous objects.

The attraction or holding power of a magnet under
ideal conditions can be calculated from the basic
formula :—

R B2A
Force in dynes = B

. B2A
Force in 1b. = 11,263,000
where A = area of magnetic pole faces in cm2
and B = corresponding flux density in gauss.

or

Under normal conditions joints, tolerances, mis-
alignments and leakage flux rapidly reduce the
theoretical pull; therefore the calculated value
should only be used as a guide. One factor which
must always be observed is that the magnet under
the most severe conditions of open circuit should be
of sufficient length to prevent self-demagnetisation
—i.e. the maximum value of H should not exceed Ha.

This advertisement deals briefly with some of the
many industrial applications using magnetic at-
traction, such as Machine Tool Chucks, Relays,
Industrial Filtration, Door Catches, etc.

Magnetic Machine Tool Chuck

Machine Tool Chucks

One of the most useful applications of permanent
magnets is in machine tool chucks where steel
articles of a form extremely difficult to clamp, are
held firmly in position for machining operations.
There are many types of magnetic chuck designed
for various purposes but generally with relatively
wide pole pitch spacing. The chuck illustrated has

-

r
« 1 No. 12
w

1
1
——————-)

Magnetic Attraction
Applications —1

Advertisements in this series deal with general
design considerations. If you require more specific
information on the use of permanent magnets,
please send your ehquiry to the address below,
mentioning the Design Advisory Service.

the advantage of small pole spacing and is particu-
larly suitable for small or thin articles. It consists
of thin ‘Magnadur’ blocks with mild steel pole
plates assembled in sandwich form giving alternate
poles 1/8" apart.

The attractive force to iron and steel objects of not
less than 1/16” in thickness is approximately
130 1b./sq. in. The objects are released by moving the
lower section of the chuck one pole pitch to short

-circuit or cancel the flux in the whole chuck.

Industrial Filtration Equipment

It is well known that one of the principal causes of
wear in machinery is the presence of abrasive matter
in the lubricating oil. A certain amount of the con-
tamination to the oil can be prevented by careful
design and dust covers but minute particles of steel
can only be removed by the use of permanent
magnets.

Relays and Thermostats

For current carrying relays and thermostats,
contacts should open and close with a snap action
and contact pressure must be sufficient to prevent
chatter and arcing. It is in applications such as
these that the attractive force of a magnet can be
used to supply the necessary minimum contact
pressure and also the desired degree of snap action.

Magnetic Fishing

Tool

The tool shown is
used for recover-
ing broken rock
drillsorbits of iron
orsteelwhichacci-
dentally get into
deep boreholes.
Theoneillustrated

is of 14” diameter,
andusesa‘Ticonal’
magnet capable of
lifting over two
tons. Photograph

by courtesy of D. F.

J. Burns Co., Ltd.
Magnetic Door Gatches
Magnetic door catches can be designed to be ex-
tremely small, efficient and inexpensive. As an
example, a ‘Magnadur’ magnet 0.89” x 0.59” x
0.18", when fitted between mild steel pole plates,
is capable of holding an armature with a force of
between four and flve pounds.

If you wish to receive reprints of this advertisement
and others in this series write to the address below.

‘“TICONAL’ PERMANENT MAGNETS
‘MAGNADUR’ CERAMIC MAGNETS
FERROXCUBE MAGNETIC CORES

MULLARD LIMITED, COMPONENT DIVISION, MULLARD HOUSE, TORRINGTON PLACE, W.C.l. LANgham 6633

MC273
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Transistors Again

LSEWHERE in this issue we include a letter criticizing our Editorial

of November 1958 together with our comments upon it. OQur critics’
view appears to be that a competent transistor-circuit designer, who is
able to tackle all classes of work, must have a good knowledge of semi-
conductor theory, and we agree with them. -

Where we differ is about the proper way for the valve-circuit designer
to make a start with transistors. Qur critics consider he should start with
semiconductor theory. We hold that he should ignore this for the time
being and start right away designing transistor circuits. We think that
the paper referred to in our November Editorial will be of enormous.
help to him in this. We also think that, with his valve-circuit experience, he
will find no serious difficulty in designing a great many satisfactory
transistor circuits. These circuits will not necessarily be like valve circuits.
The application of proper design methods to transistor, or any other,
characteristics will lead to appropriate circuits.

We do not say that he'will never encounter difficulty. He will certainly
do so when he becomes ambitious and it is then that he will need semi-
conductor theory to help him. He will realize it and be ready to undertake
the quite considerable task of acquiring an understanding of it. He will
be greatly helped in this, however, by the knowledge of transistor char-
acteristics which he has gained in his simple design work.

It seems to us illogical to make semiconductor.theor'y the starting point.
A theory is an explanation of observed phenomena in terms of more
fundamental concepts and both explanation and concepts are invented
by man.

It%seems to us unreasonable to expect anyone to grasp and understand
concepts which have been invented to explain phenomena without first
being familiar, not necessarily with all, but at least with some of the
phenomena themselves. -

Electronic & Radio Engineer, March 1959
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Saturable-Transformer Switches

APPLICATION TO MAGNETIC-DRUM HEAD SELECTION

By Brian D. Simmons, AM.I.E.E., A M.Brit.I.R.E., M.I.LR.E.*

’

SUMMARY . Saturable magnetic cores may be used for non-linear switching. A switch which uses cores in a balanced saturable
transformer is considered. The on-off impedance ratio obtained by suitable design is adequate to switch magnetic-recording heads
Sor reading and writing operations. Details are given of the design and construction of a saturable transformer used in a selection
system, in which a large number of magnetic-drum heads share common read and write amplifiers. Circuits are described for the
operation of a matrix selection system and, in particular, a simple arrangement using transistors which switches heads in a few tens

of microseconds.

Magnetic drums are widely used for the storage of
digital information in data-processing systems. They
‘are able to store a large quantity of information in a
permanent form by means of magnetized cells which
occupy a relatively small space on the surface of the
drum. Access time to any bit written on a track is the
time taken for the drum to make one revolution and
this is usually several tens of milliseconds. As relatively
few magnetic cells are inspected or have their magnet-
ized state changed at any one instant of time, it is
common practice to share a number of heads, associated
with the magnetic tracks, with a few common amplifiers.
When this is done, a means must be found of switching
a particular head to the amplifier. The period during
which switching is taking place represents lost processing
time and it is esscntial therefore that, in all systems
which handle a mass of data at a high rate, the switching
time must be minimized. In all but the simplest uses
of a drum (e.g., as a permanent library) it is necessary
to be able not only to read information from the tracks,

but to write new information and modify that already

recorded. The switches used to select heads must be
capable of connecting them to either reading or writing
amplifiers. The levels of the writing and reading signals
may differ by as much as 60-80 dB.

Several methods of achieving a head-switching
network have been described and are in common use.
Relay and cross-bar selectorsl,2 can provide economic
switch networks and give:very good on-to-off ratios. A
low-resistance metallic connection is provided in the
selected path and all other heads are well isolated.
They are relatively slow in operation, however, and
contacts are not as reliable as one would wish. Selection
systems using diode gates and thermionic valves or
transistors, although fast, still suffer from limitations of
impedance matching and reliability. Separate selection
systems are frequently required to connect heads for
the reading and writing operations3. This article

~ describes a simple method of selection, based on a

* Siemens Edison Swan Research Laboratory.
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switch using a saturable transformer constructed from
tape-wound cores of high-permeability material. The
advantages associated with using iron-cored switches for
this application are largely self-evident.

(a) They can be made faster in operation than relay
switches

(b) are inherently robust and reliable

(c) can be designed to match almost any impedances

(d) provide complete electrical isolation between
head and amplifier

(e) should handle both read and write signals
adequately

(f) require only the one control circuit for both
operations

(g) are modest in power consumption.

22}

Magnetic-drum heads and core circuits are compatible
and the overall advantages weigh heavily in favour of
the adoption of such a system of head selection, provided
the design is realizable.

An investigation was made of the available types of
core materials, which could be used as the basis for
design of a magnetic switch, capable of giving sufficient
change in on-to-off impedance ratio to permit its use
for the selection of magnetic-drum heads. This imped-
ance ratio determines the change in output voltage
from a correctly-terminated saturable transformer as it
is switched, and is referred to as the switching ratio.
Having obtained a satisfactory design, a switching
network was then considered which would be capable of
selecting one of a large number of heads for connection
to common read or write amplifiers, using a minimum
amount of control apparatus.

Principle of Operation

The simplest type of saturable-transformer switch
shown in Fig. 1 (a) consists of a closed core with windings
for control, excitation and output. It should be noted
that where a switch is used as a both-way device, the
functions of the excitation and output windings can be

Electromec & Radio Engineer, March 1959
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interchanged. An idealized hysteresis curve of a typical
core of high initial permeability is shown in Fig. 1 (b).
Switching is accomplished by passing through the
control winding a direct current of sufficient magnitude
to take the core into saturation beyond point B. When
the control winding current is zero, the core has no
residual flux and is at point A. If an alternating voltage
is applied to the excitation winding, normal transformer
action takes place and a voltage appears at the output
winding. If a direct current is passed through the
control winding, a constant magnetizing force is super-
imposed on the alternating one and provided the
resultant current always maintains the magnetizing
force beyond point B, then the core is kept saturated.
In this state the core permeability is essentially unity,
negligible coupling exists between excitation and output
windings and zero output voltage appears across the
output winding.

In practice, the ideal cannot be obtained and reference
to Fig. 2, which shows a typical hysteresis loop, indicates
- that the switched voltage ratio must be a finite quantity.
For many applications, however, ratios of between 10
and 100 are tolerable, so making the practical design
realizable. If a signal consisting of unipolar pulses is
applied to the excitation winding; they will trace out a

EXCITATION% @ é OUTPUT

| CONTROL |

Fig. 1. Basic saturable-transformer switch (a) and idealized
B-H characteristics (b)

(2)

minor hysteresis loop originating from the flux reman-
ence point Bg. The size of the minor loop will depend
on the amplitude of the input pulses (which will be
small for reading and large for writing) and the degree
of loading on the output winding, which gives rise to
an opposing flux. When the core is saturated at B, the
same change in H now produces hardly any change in
B. The switching ratio of the transformer is governed
by the ratio of the permeabilities of the core at By and
B, given by ABo/AHy and AB;/AH;, which is simply
pofus. The design problem largely resolves itself into
finding a suitable core material which :

(a) has high incremental permeability at remanence

(b) saturates effectively at low levels of magnetizing

force '
(c) does not introduce significant hysteresis or eddy-
current losses.

Before considering suitable types of core materials,
however, a, further important aspect of the saturable
transformer must be examined.

The simple circuit consisting of one core and three
windings permits interaction between control flux and

Electronic & Radio Engineer, March 1959

NORMAL
MAGNETIZATION CURVE

Fig. 2. Typical hysteresis loop for core

excitation flux. Rapid switching of control current is
liable to introduce large transients into the control
winding, which can cause spurious signals at the output
and excitation windings. These signals may be of an
amplitude sufficient to cause a change of state in the
magnetic flux on a drum track and block or damage
the read amplifiers. By choosing a balanced construction
for the switch, as shown in Fig. 3, the control and
excitation windings are adequately decoupled and no
significant transients are produced in other windings.

However, to eliminate cross coupling completely, a
very careful control of winding must be exercised during
manufacture although, in practice, this extreme has not
been found necessary as a small amount of break-
through can be tolerated. A balanced construction is
commonly employed in magnetic-amplifier design? and
consists of winding the control turns on the centre limb
of a three-legged core and splitting the excitation and
output windings each into two halves, which are then
wound on the two outer limbs and connected in series-
aiding. The signal flux produced by the two halves of

Fig. 3.
transients; 1.
into a.c. windings on unbalanced switch; 3.

balanced switch

Balanced  saturable-transformer switch minimizes switching
Control current swilching waveform; 2. Break-through

Reduced break-through on

OUTPUT

————» AL.FLUX PATH
~—— D.C. FLUX PATH
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the excitation winding links round the outer core path
and cancels in the centre leg, while the control flux
divides and produces equal and opposite voltages in the
two halves of the excitation and output windings. The
excitation flux in practice aids the control flux in one
outer limb, while opposing it in the other, and this
inherently causes a slight difference voltage in the two
halves of the split windings. When using toroidal cores
the excitation and output windings are divided in a
similar manner, one half wound on one core, and one
half on the other. The cores are then placed together
before the control winding is added to link both cores.
The halves of the split windings are so arranged that the
direction of induced flux in the two cores is different.
As in the case of the three-limhed core construction,
decoupling between control and other windings is
thereby achieved.

Applications

Before investigating the choice of a suitable core
material and the design of a saturable-transformer
switch, the likely application of such a device in the
design of systems is considered. As a both-way switch for
the selection of recording heads, the saturable transformer
is attractive, especially if it can be arranged so that a
relatively small amount of control apparatus is required
to effect switching.

Whenever a number of switches must be controlled,
it is possible usually to arrange them in a matrix, so that
control is effected by the coincidence of signals on both
ordinates of a uniplanar array. A considerable economy
in control circuits is possible using this technique,
especially as the number of switches in the matrix
group increases. Systems have been described, which
use elementary magnetic amplifiers as switches for
decoding signals and provide a means of controlling
read-out information to a visual display$:6.

By doubling the bias ampere-turns and winding two
control coils on the transformer cores a half-current
selection system can be constructed using a matrix, in
which only 2n control circuits are required to control 72
switches. An arrangement is shown in Fig. 4, where
100 drum-heads share common read and write amplifiers,
one at a time. Two additional saturable-transformer
switches, controlled from a bistable trigger, change over
the common lead from one amplifier to the other. In
this example, all the 100 output windings are connected
in series and the 99 windings of the unswitched saturable-
transformer output windings present an impedance that
is several times that of the load. However, if the selection
is done in groups of 10 switches and each output from
the 10 groups is combined in another group of 10, then
for the addition of another 10 switches, the attenuation
of a wanted signal is reduced to 6 dB. The array of
switches then resembles the familiar relay contact tree
as shown in Fig. 5. A group switch is wired in series
with the output windings of each group of 10 drum-head
switches and is opened by a Y-ordinate control signal.
The switch in whose control windings both the X- and
Y-ordinate control currents coincide is the one which
closes and connects its associated drum head to the
common lead. Attenuation through the network is
minimized by designing each switching stage approach-
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ing the common lead, for a progressively higher imped-
ance match. Unwanted signals from all groups, except
that in which the selected head is located, are suppressed
considerably more by having two open switches in
tandem in their paths to the common lead. A further
reduction in the number of control elements is possible
if a system of coding is adopted for the matrix selection

“leads, so that the presence and absence of signals

coincident on a number of leads is used to define every
one of the selection states which can be expressed using
the code. For example, a 15x 15 switch matrix is
controlled by 8 leads only in groups of 4 on both
ordinates, using binary coding and the additive-current
selection principle.

Error checking is a valuable feature of an information
processing system and often results in overall economies,
because less reliable apparatus and signals of inferior
definition may be used, provided that errors can be
detected when they occur, and that the detection
apparatus itself is unlikely to introduce errors. The
saturable transformer is inherently reliable and can be
used as the error-detection device. In systems dealing
with numbers in the radix of ten, a ‘two markings out
of five’ code identifies each one of ten by unique code
combinations. If an error-detecting saturable trans-
former has five control windings, one on each control
lead, and the common output lead from a one-out-of-ten
selector is taken via this transformer, it can be arranged
that only when current is present in two windings is the
switch closed. Current in more or less than 2 coils
maintains the cores in one or other of the two possible
saturated states and inhibits transmission. The function
of checking the X- and Y-ordinate control signals may
be included by design into the action of the group
selector switch. Only 10 control circuits are necessary
for this arrangement.

A model translator for telephone exchange codes has
been constructed and exhibited using saturable-trans-
former switches and the techniques described?. It has
been functioning satisfactorily for a number of years and
the selection system is quite reliable.

Core Materials

The digit rate of typical magnetic-drum systems is
50 to 100 kc/s, and it was thought that this consideration
would largely govern the choice of core material.
Ferrite cores were readily available, having high

Fig. 4. Application of magnetic switches to magnetic-drum system. One
drum head is selected for connection to a common read or write amplifier
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resistivity and giving useful permeabilities at these
frequencies. However, it was found difficult to saturate
them adequately, and their advantages were very much
off-set by the problem of providing the very large
magnetizing force needed to reduce the permeability
of the material and give desired switching ratios.

Typical ferrite-core material has an initial permeability
of 1,200, which falls to 200 at a magnetizing force of
2 ampere-turns/cm and is reduced only to about 120
for a magnetizing force of 10 ampere-turns/cm. A
further reduction in permeability moreover, necessitates
a much greater increase in ampere-turns and the
requirements are somewhat excessive. Their use has
been described, however, in a switch system, which
imposes rather severe restrictions on the number of
switches which can be grouped together?.

An alternative is to use nickel-iron alloys which are
available in the form of thin tape8. This tape has very
high permeability and can be wound into toroids. The
effective resistance of the material, although not as high
as for ferrite, can be improved by coating the tape with
a powder which insulates each turn from the next
without reducing the permeability significantly. Cores
wound with tape of 0-001-in. thickness or less exhibit
properties of high permeability, low eddy-current loss,
and a tendency to saturate at low magnetizing fields,
due to the orientation of grain along the strip. They
are thus superior to ferrite materials or laminated cores.
A typical nickel-iron alloy tape core has an initial
permeability of 30,000, which falls to 300 for a mag-
netizing force of only 2 ampere-turns/cm. A switching
ratio of 100, therefore, places a relatively modest demand
for current on the control bearing in mind that, in order
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to minimize the switching time of a core, the control
turns must be kept as small as possible. The perme-
abilities quoted are for direct-current magnetization
only. When an appreciable alternating current is
superimposed, the ratio of permeabilities is reduced as
the frequency increases.

Design Considerations

Experimental saturable transformers have been
designed and constructed using two types of tape-wound
toroidal cores and these switches formed the basis of
investigation work on a drum-head selector. Full design
and constructional information of these two switches is
to be found in the Appendix. The drum heads are of
low impedance and transistor read and write amplifiers
also have relatively low input and output impedances.
All wiring from the heads to common amplifiers through
the switching network is therefore made with unscreened
conductors, and the saturable transformers are designed
to match these impedances.

In order that the same switch may be used for both
read and write operations, it must be capable of handling
a wide range of excitation voltages. A typical output
from the low-impedance head is an almost sinusoidal
waveform with an amplitude of 1 mV peak and a
fundamental component of 50 kc/s, this being the digit
rate. The writing signal, however, is squarer in shape
and contains appreciable components up to 500 kc/s.
A write signal of some 2 V peak must be applied to the
head in order to establish sufficient current to record
on the drum surface. In practice, about 10 ampere-
turns gives a good writing flux in a head, of the type
employed. The saturable transformer must therefore be
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Fig. 6. One-out-of-ten selector

capable of handling a wide range of excitation voltages.
A satisfactory design covering this range is possible with
core materials which have high permeability extending
throughout the useful B-H characteristic up to satura-
tion.

A number of saturable transformers may be connected
together as shown in Fig. 6 to form an N : 1 switch,
N being 10 in this example. By this means, any one of
ten heads can be connected to a common output lead.
The arrangement is reversible so that the switch can act
as 2 1: N device. A drum head is connected to each
excitation winding on the ten switches and the output
windings of all switches are wired in series. A group of
ten switches was considered to be of about optimum size.
Larger switching groups can be formed by connecting
basic groups of ten switches in series-parallel combina-
tions.

Contacts C1-C10 switch current through associated
control windings of magnitude defined by a close-
tolerance resistor R. Each switch has another winding
called a bias winding. These windings are connected in
series with a close-tolerance resistor R to the common
supply. Bias and control windings are conveniently
wound with equal numbers of turns so that R has the
same resistance in both circuits. When all contacts
C1-C10 are open, every magnetic switch is maintained
open by current in the bias windings holding the
transformer cores saturated. Any contact which closes
switches current through a control ‘winding and the
ampere-turns cancel exactly those produced by the bias
current. The saturable transformer is switched to its
closed state, and connects the drum head to the common
path. Without a bias winding, current would have to
flow in every control winding to maintain the switches
in their open state. This involves using more current
and may be less reliable in operation. It is also possible
to switch cores more rapidly when using the bias-current
technique as explained later.
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The degree to which cores must be saturated is
determined by the proportion of output signal from the
closed switch which may be dropped across the combined
impedance of the nine other windings in series with the
load and the degree of attenuation required of disturbing
voltages from other heads at the common output.
Provided an acceptable signal-to-noise ratio can be
achieved, any loss in signal level can be restored by
the amplifier. A switching ratio of 100 has been found
more than adequate for this discrimination and gives
about 3-dB attenuation of the wanted signal through
the switch network. Fig. 7 shows the variation of
switching ratio with control ampere-turns for two types
of core. From these curves the required amount of
current was determined to provide the desired switching
ratio. ’

Measurements

A circuit was devised for obtaining the optimum
ampere-turns for the control of cores of two types of
material (A and B). Using this value of control ampere-
turns, circuits were then investigated in order to achieve
fast switching times using junction transistors in the
control. A group of ten switches was constructed and
measurements made of the insertion loss of the switch
network and the attenuation of unwanted signals.

The cores were obtained from two suppliers and
consisted of nickel-alloy tape, wound like a clock spring.
Sample A, which was constructed from 1 mil tape, has
a mean path length of 5-23 cm and a cross-sectional area
of 0-226 square cm. Sample B, which was constructed
from 2 mil tape, has a mean path length of 4-5 cm and a

Fig. 7. Variation of switching ratio with control ampere-turnsjcm
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cross-sectional area of 0-04 square cm. Both types of
core were protected by polystyrene cases.

A 50-kcfs sinusoidal waveform, supplied from a
constant-current source, was applied to the excitation
winding of a saturable transformer. A 2-ohm resistor
was placed in shunt across this winding. This generator
network closely simulates a drum head, having an
impedance of 2 ohms at 50 kcfs. The control ampere-
turns were adjusted until the voltage from the correctly-
terminated output winding was a Taximum; this
indicates complete cancellation of the opposing fluxes.
The peak output voltage was set at 10 mV. Control
current was then reduced in increments and the ampli-
tude of the output voltage plotted against the out-of-
balance current. The ratio of output voltage to 10 mV
is referred to as the switching ratio. For core types
A and B, a switching ratio of 100 requires 4-4 and 2-0
ampere-turns/cm of core path length respectively and
ratios of 1,000 are possible with ampere-turnsfcm of the
order of 10.

These preliminary tests on the saturable transformer
using core type B indicated that, although it was very
suitable for switching read signals, it was unsuitable for
handling the higher level write signals. The core cross-
sectional area is insufficient to switch write signals
without introducing excessive losses. Because a large
number of turns are needed to keep the flux density in
the core from reaching saturation during writing pulses,
a leakage reactance is produced which gives the trans-
former a low-pass filter characteristic, with a cut-off
frequency which severely attenuates a write pulse.
Only core type\A was used, therefore, in the read-write
saturable-transformer switch in the final circuits.

The next problem to be solved is how to reduce the
switching time of a saturable transformer so that a
minimum of time is lost between read and write opera-
tions' on a group of heads sharing amplifiers. Current
must be established in the control winding against the
back e.m.f. of its inductance. Initially, the inductance
is very low and becomes greater as the core is taken out
of saturation. The time taken to switch the core from
its saturated to unsaturated state is a function of the
voltage which causes the flux excursion between these
two states. The relationship V = N d¢/dt can be
integrated between the limits of flux excursion to give
an expression for the switching time. If ¢ is the flux
change in lines, V the applied voltage, and N the
.number of turns on the core, then

o] V= Ngj108 (1)

Therefore T =

> d

W secondas.

Ideally, therefore, the most rapid switching is produced
when N is very small and V large. There is a lower
limit to N governed by the available current in the
control circuit. Likewise, there is an upper limit to V
in a practical circuit, especially critical when transistors
are used.

An additional requirement is introduced, because the
current in the control winding must be well defined,
once the core has fully switched, so that it cancels
exactly that flux produced by the bias current. An
ideal drive is a combination of constant-voltage and
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Fig. 8. Different forms of circuil and the control-current waveforms. These

are the middle waveforms in all oscillograms, the upper being the switching

and the lower the 40-kc[s timing waveforms. In (a) and (b) I,,,, is 160 m4;

in (¢) it is 350 mA and the current scale in this oscillogram is one-third of
that in the others

constant-current sources. A constant-voltage source
should persist until the core has switched, after which it
should become a constant-current source. An indication
of when a core has fully switched is given by the increase
of the inductance of its windings. However, it is not
easy to use this as a means of switching the supply-
source impedance from a low to high value without
introducing more expense in circuit components. A
simplified approach to this- problem has resulted in a
practical compromise.

A circuit which comprises a resistor and capacitor in
shunt gives an approximation to the desired sequence of
voltage and current generators. The charging of the
capacitor is determined by the time constant formed by
the control winding impedance and the capacitor value.
Optimum values of capacitance have been found
empirically and no great accuracy has been found
necessary. Time constants greater or smaller than
nominal increase the time taken in switching the core
to a steady state. Any slight overshoot or undershoot
causes only a small degree of attenuation during this
extended switching time, as the core is substantially in a
region of high permeability.

Three types of circuit shown in Fig. 8 were con-
structed to measure and compare the switching time of
cores in the saturable transformers. All circuits use
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X (G101 transistors to switch current through the control
windings, and the value of current was set to provide a
switching ratio .of 100. Waveforms shown are for
saturable transformers using cores type A. A square
wave is applied to the base of the transistor, which is
connected in common-emitter configuration.  The
transistor is switched alternately in and out of conduction
and connects the battery voltage across the control
circuit. The simplest circuit is that of Fig. 8(a). When
the transistor conducts, current rises to a value V/R and
its rise time is shown in the accompanying oscillogram.

The circuit of Fig. 8(b) derives its control current
from a much higher voltage and R’ is correspondingly
higher to limit the current to 160 mA. A diode clamps
the voltage at the control common to — 24 V, when the
transistor is switched off. When the transistor conducts,
the voltage across the coil remains constant until
Vi—V

R
applied voltage produces a current of V'/R. In this
way, a constant voltage is maintained across the coil
until the current has reached about 759, of its final
value. Because the current rapidly reaches this value in
a winding on the saturated core, little improvement in
switching time is gained, as may be seen from the
oscillogram. It should be noted, however, that if the
core were initially unsaturated and control current
were established to bias it into saturation, a much
improved switching time would result because, due to
the high injtial impedance of the winding, a constant
voltage would appear across the coil for a longer period,
reaching 759, of its final value relatively late in the
current switching period.

I= , after which the potential falls until the

TABLE |

Saturable Transformer Switching Times

! Switch- | Switch- | [
Core | Excita- on | off Circuit | Resistor | Capacitor
Type | tion Time | Time | Figure | Value Value
Yolts (esec) | (usec) (Q) (uF)
J |
A | 01 | 250 59 8 (a) 150 —
’ 0-1 200 | 45 8(b) | 625 ==
0-1 100 50 | 8(c) 150 | 0-3
2-0 200 65 | 8(a) 150 | —
2:0 150 60 8 (b) 625 —
2-0 60 | 65 | 8(c) | 150 | 03
B | 01 250 50 | 8(a) & 400 —
[ 01 200 45 ‘ 8 (b) . 1670 —
0-1 25 50 8 (c) 400 0-1
2-0 150 60 | 8(a) 400 —
2-0 130 55 8 (b) 1670 |  —
[ 20 I5 60 8 (c) 400 0-1
| | |

Fig. 8(c) shows the circuit adopted. When the tran-
sistor is switched, current builds up to greater than the
final value as defined by V/R. Until the capacitor has
become substantially charged, a large proportion of the
voltage appears across the coil and produces this
increased current. A higher mean value of voltage is
maintained across the winding than in the two previous
circuits, hence a more rapid switching time is achieved.
An optimum value of capacitance has been determined
for both types of saturable transformer, by observing
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the rise times of a 50-kc/s sine wave at the output, when
the transformers are switched. They are compared with
the rise times obtained from a circuit without a capacitor
across the resistor, and these waveforms, which also
show the f(all times as the transistors are cut-off, are
given in Fig. 9. Tabulated results of the switching times
of all three circuits, using both high and low level
excitation voltages, are given in Table 1. These times
represent the period which elapses in switching the
output between 109, and 909, of its final amplitude.

The times taken in restoring cores to their saturated
states do not vary greatly from one circuit to another.
The rise of flux in each core is controlled by the applied
voltage and current-limiting resistor of the bias circuit,
which is the same in each case. No appreciable reverse
voltage is produced at the collector when the control
transistor is switched off, because the bias circuit always
loads the transformer adequately and no precautions
were {ound necessary to protect the transistor.

The oscillograms in Fig. 9 clearly illustrate that,
whereas the current in all three circuits rises to 160 mA
in less than 10 microseconds, the complete switching of
the core takes a considerably longer time. Current
rise-time was measured as the voltage produced across
a 1-ohm non-inductive resistor in series with the control
winding. Inserting values into the expression T =
N¢s/V, the theoretical time taken to switch using cores
type A under voltage-drive conditions is

150 x 8,000 x 2 x 0-226

T= 92 % 108 seconds
= 226 microseconds, and for cores type B
150 x 8,000 x 2 x 0-0403
gt s S e e e o

24 x 108

seconds, where V = 24 volts, ¢s is 8,000 lines/cm?2
multiplied by the core cross-sectional area. The meas-
ured period for switching type A under current-drive
conditions is only 200 microseconds. We must conclude
therefore that (a) the flux excursion is probably less
than 8,000 lines/cm? due to remanence and (b) that the
final 109, rise in output voltage takes a long time to be
established. The oscillogram Fig. 9D confirms this to
be the case. Another point of interest is that when
handling a small excitation voltage, a transformer need
not be fully switched before a full level output voltage
is produced.

When ten saturable transformers are connected as
shown 1in Fig. 6, and only one is taken out of saturation,
the optimum load termination for maximum power
transfer increases from 25 to 42 ohms. The impedance
of the 9 output windings in series with the selected
transformer output winding, reduces the voltage into the
load by about 3 dB. Switching times remain substanti-
ally the same as those measured when only one isolated
transformer is switched. No discernable break-through
of noise from unswitched saturable transformers con-
nected to the excitation voltage source appears at the
common output.

Conclusions

Considerable economies in amplifier and switching
control equipment can be achieved by using head-
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selector circuits of the types
described.  These possess
most of the advantages of
a simple relay-contact tree
but with greatly increased
speed and the avoidance of

CORE TYPE A

mechanical contacts. The

matching  problems en-

countered when using diode- A
gate selectors are avoided, ciReult ()
because excitation and out- A = 01V

put windings of a switch can
be designed to match
correctly the impedances
into which they work. The
higher speeds of working
made possible by tape-
wound cores have opened ‘
up new fields for the investi- ; :
gation and application of
saturable - transformer
switches. Core circuits are
inherently more robust and
stable than many other
electronic devices and can
be considered, therefore, as
more reliable.  Although
initial cost may be higher,
the long and trouble-free
life of this component offers
considerable economies in
subsequent maintenance
and replacement. However,
in many cases, a head-
matching transformer is
necessary anyway, so that
the cost of extra windings
is small. Selectors can be
made, not only for working
with magnetic-drum heads,
but for any application
which requires annto 1 orn

CIRCUIT (a)
AL = 01V

cirewIT (b) CIRCUIT (c)
AC = 04V {EXPANDED TRACE)
AL = 0¥

—_—

NIXEEEETE SR ERAL
2! 13334 N
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CireutT {¢) CifcutT (c)
Al = 20V {EXPANDED TRACE)
AL = 20V
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CIRCUIT (¢} cireuiT (c)
AL, = 01V (EXPANDED TRACE)
AL, = 0V

CIRCUIT (c) cireutt (c)
(EXPANDED TRACE) SHOWING TRANSIENT
AL, = 20V - BREAK-THROUGH

) CIREUT (¢)
to m switch and values of n
and m can be made large, g A
without introducing eéxces-
sive attenuation of a
switched signal, by adopting Fig. 9.

the grouping technique. It Notes: 1.
is expected that as circuit

designers become more

aware of the potentialities of

this useful component, it will be used increasingly for
the solution of switching problems.
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Oscillograms of saturable transformer switching times for the circuits of Fig. 8.
Switching waveform; 2. Switched waveform (50 kefs); 3. Timing waveform (10 kcfs)

APPENDIX

Design
The design of saturable transformer was based on the following
specification :

Excitation winding to match drum-head impedance, (which
is 2 ohms) at 50 kcfs. Output winding to match transistor read
amplifier input impedance of 25 ohms.

Transmission loss through a ‘closed switch when correctly
terminated to be not greater than 1 dB.

Attenuation of signal by an open switch to be not less than
40 dB.

The shunt inductance of the excitation winding must produce
a reactance of 20 ohms at 50 kc/s to give a transmission loss of 1 dB.
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20 )
Inductance L =“2—"f = 63-6 microhenrys
Lo VA )
= Tx 1ov henrys .. .. - 50 © oo (2)

where [ is the mean magnetic path length in cm, A is the number
of turns wound on the core, 4 is the cross-sectional area of the
core in square cm and y is the initial permeability of the core
at the frequency of operation.
L x1x 109>é
4mpd

Details of core type A. 4 = 0-226 cm?, [ =
Therefore N = 2-5 turns approximately.

The transformer comprises two cores, each one having no mutual
coupling with its partner. Each winding requires an inductance of
Lj2 or N% turns, which is about 1:75. The method of joining
together the windings is to have a whole number of turns wound on
each core and then to connect the two windings in opposition;
i.c., the inner of one to the inner of the other. It is necessary,
therefore, to choose the next highest whole number, with is 2, and
there will be a total of 4 turns on the excitation winding. Trans-

. (/ 25N\

former ratio = \7
turns per core = 7, giving a total of 14. The number of ampere
turns required to give the degree of attenuation to the transformer
in its saturated state is now determined by experiment as described
in the sectioh on Measurements. It was found that 150 turns on
the control and bias windings did not call for currents of greater
magnitude than could be handled by an XCI10! transistor. With
this relatively small number of turns, the inductance of the control
winding was 0-5 H, measured at 3 kefs, with 0-1 V a.c. applied.

In a similar manner, the turns required for core type B were 7
and 25 respectively for excitation and output windings. Control

Therefore N =
5-23 cm, p = 20,000.

= 3-5 approximately. Qutput winding

- Fig. 10.  Construction of a saturable-
transformer switch

and bias winding turns were 150 each as before. Mean path length
was 4-5 cm and the cross-sectional area was 0-0403 cm?.

Coastruction

Each toroidal core was enclosed in a polystyrene box, constructed
of two halves fitted together, for the protection of the tape. Excita-
tion and output windings consisted of single-layer coils of 34 s.w.g.
enamelled conductor, wound on opposite sides of the cores to
minimize mutual coupling when the cores are saturated. Two
cores were then placed together and wound with 150 turns of
38 s.w.g. enamelled conductor, which comprised the control winding.
Anether 150 turns was then wound opposite and became the bias
winding. Coils were located, therefore, in the four quadrants of the
core as shown in Fig. 10. Any inductive and capacitive coupling
between windings is minimized by adopting this arrangement.
The completed transformer was then taped and connected to the
sockets of an octal valve base, to which was added an aluminium
cover for complete protection. ~The final assembly could be
conveniently in the form of a packaged module unit containing
a number of switches.
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Electronics, May

SEMICONDUCTOR

Recent research® on the properties of semiconductors has shown
that certain materials (such as germanium and silicon} possess a
number of remarkable properties when used in gauges for the
measurement of such quantities as tension, compression, acceleration,
pressure, shear force and torque. Results have shown that the piezo-
resistive effect in these materials is so pronounced that strain gauges
can be constructed which are about two orders of magnitude more
sensitive than existing types. It was also noted that semiconductors
permit the measurement of static and low-frequency stresses, as well
as hlgher—frequency stresses up to the resonant frequency of' the
material.

The sensitivity of a strain gauge is denoted by its gauge factor
(dR/RS) where R is the resistance ‘of the unstrained piezoresistive
element and dR is the change of resistance with strain §. If, for

1 W. P, Mason “Semiconductors in Strain Gauges’, Bell Laboratories Record,
© January 1959,
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STRAIN GAUGE

instance, the piezoresistive material in the unstrained state has a
resistance of 50 Q but increases in resistance by 0-01 Q at a strain
of 0-0001 unitfunit lerigth, then the gauge factor would be
0-01;(50 x 0-0001) = 2. Now most metal-wire strain gauges have
gauge factors between 2 and 4, although values up to 20 are noted
for nickel. Using semiconductors, however, gauge factors up to 150
with germanium and 175 with silicon are obtained.

A torsional transducer has been constructed at the Bell Labor-
atories which, besides having a high sensitivity, responds to both
steady-state and alternating torques, and has the added advantage
that the angular displacement is negligible. This device employs a
germanium cylinder (0-13 in. diameter X 0-5 in. long).

As crystals can be prepared and cut so that their unstrained
resistance is the same as that of a common wire-type element (i.e.,
55 Q}, the same strain-gauge bridge circuit could be used by merely
substituting the new semiconductor gauges.
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The Fringe of the Field

by Quantum

MAGNETIC REFRIGERATION

a Never-never” had its heyday as a catchword some
three generations before its rapturous adoption as a
watchword, and its canonization as a device for gracious
living in ungracious times. It was, you will remember,
the signature tune and gimmick of the Captain of the
“Pinafore”. What he was never-never going to do,
amongst other things, was to utter a mildly naughty
word; a situation of such imperishable; ageless, gormless,
and generally irresistible dramatic appeal that the
reconditioned Mark II model (“My Pretty Pinnace”—
a few 10-guinea seats for 1970 still available) will be
floated before long. Meanwhile, humbly and in sackcloth
and ashes, I crave the use of the expression for myself.
I will never, never again inflict on you the Quantum
quip, the ponderous wisecrack, the bogus literary
allusion. Itjustisn’tsafe. For while I am dotting the 7’s
and crossing the £’s of some frivolity I fail to mind my
p’s and ¢’s, and the scientific content slips. So it is never-
never from now onwards—-or, hardly ever. I shall keep
silence, yea, even from good words: but it will be pain
and grief to me. I will not be entreated even to finish
that limerick that you started; still less will I be bribed;
my muse is not for sale. In any case, it would be wicked
to clutter up a topic such as magnetic cooling; for this
is very simple and straightforward in its general principles
and main ideas, and you are safe so long as you don’t
lose sight of them. I think it could be difficult if you let
yourself be distracted by matters of detail, whether
relevant or irrelevant; so I shall try for once to avoid
both kinds.

The last article dealt with the principles of the gas
refrigerator. This month I want to examine briefly the
way in which these principles are taken over bodily and
used in magnetic-cooling devices. I shall not attempt
an exhaustive survey. The article “Magnetic Cooling”’
by E. Ambler and R. P. Hudson, in Vol. XVIII of
Reports on Progress in Physics (1956), and Chapter 16 of
the 1957 edition of Zemansky, between them cover most

“of the important experimental work. The theory of the

magnetocaloric effect, and the specific heat anomalies
associated with it, is given, for example, in L. F. Bates’s
“Modern Magnetism” (Cambridge University Press).
What is, I feel, more interesting than the details is the
general way in which the whole topic ties up with
electron paramagnetism and nuclear paramagnetism,
and the properties of spin energy levels. The electron-
spin levels, operative in microwave spectroscopy and
optical fine-structure, give just about the right sort of
energy differences to cover the range I °K down to
10-3 °K. The nuclear-spin levels, associated with radio-
frequency spectroscopy and hyperfine structure, cover
the range from 10-3 to 106 °K. 1In each case the
temperature range, regarded as a ratio, is large—much
greater than the range that ordinary forms of matter
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usually have to survive. Now, in the appropriate range,
the energy-effect of either kind of spin can be isolated;
the substance containing the spins can be disregarded,
and the system considered solely as an assembly of spins,
a sort of ‘magnetic plasma’ which is virtually a new
form of matter. And by the time we have gone so far,
we are left with something that is in many ways more
like an ideal gas than any actual gaseous substance.
Indeed, it will be necessary to distinguish between a
‘magnetic’ gas and a ‘mechanical’ gas.

Paramagnetics

Paramagnetic materials in bulk show no external
magnetic effect in the absence of an external magnetic
field. When placed in such a field they are magnetized
in the direction of the field, the induced magnetic-
moment-per-unit-mass (which we will here call the
specific magnetization o) being directly proportional to
the magnetizing field H, and inversely proportional to
the absolute temperature 7 °K. The constant ratio of H
is called the susceptibility y of the material. The state-
ment ¥ = C/T, where (' is a property of the material, is
known as Curie’s law. -

The first notable point about Curie’s law is that any
substance obeying it can be used for magnetic refriger-
ation. The second point is, that provided we assume that
the paramagnetic contains particles with permanent
magnetic moments of their own which are lined up by
the field, and provided that the magnetic fields of these
particles do not interfere with one another, then Curie’s
law can be deduced as simply and readily as the p, V, T
relation for an ideal mechanical gas. The analogy is
very close; for all we assume about the particles of a
mechanical gas is that they possess inertia and don’t
interfere mechanically with one another. Now, a
substance does not have to be a mechanical gas in order
to behave like an ideal gas; many of the materials to
which the ideal-gas equation is applied are in fact dilute
solutions.  All this business of vapour-pressure and
osmotic pressure that you meet with in physical
chemistry treats the solute as an ideal gas—and can do
so because the particles are so far apart that they do not
interact mechanically with one another.

Many of the calculations involving electrolytes, such
as finding the e.m.f. of a concentration cell, treat the ions
as an electrical ideal gas, in which the ions are so widely
spaced that the electrical forces between them are
negligible. You can probably see where all this is
leading. A substance need not do very much in order
to be an ideal gas. We only. require of it that it shall
have a large number of elementary particles, which can
exchange energy with the surroundings by some method
—-mechanical, electrical, or magnetic—and which do
not interact with one another by this method. And so,
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whether the gross physical state of a material is gaseous,
liquid, or solid, it will act as a magnetic ideal gas
provided that it contains elementary magnets, and that
these are so well spaced that they do not interfere with
one another magnetically. It must be added that this
status only persists over the range of temperatures at
which the elementary magnets are an important vehicle
for exchanging energy with the surroundings. The third
very useful point about Curie’s law is that, when we do
get the right sort of paramagnetic, it is obeyed very
closely indeed down to extremely low temperatures.

Taking the crudest view, and considering a para-
magnetic gas which is also a mechanical ideal gas of little
magnets, in which the marshalling of the magnetic
moments p of the N particles per gram is in competition
with random thermal agitation, the Langevin expression
for the susceptibility at 7" °K is

Nu?
X = 3T

where £ is Boltzmann’s constant. A weak field is assumed,
since it is certain that a great enough H could lead to
magnetic interaction for any given spacing. The simplest
general consideration shows that with a material that
followed the above equation, and had no snags or
anomalies, it would be just as easy to get very close to
absolute zero by magnetic means as it is to approach
absolute zero using an ideal mechanical gas in an
expansion engine; that is, on paper.

Now consider a material with N paramagnetic ions
per gram, for each of which the angular momentum
vector is J. This means that there are (2J-+1) possible
orientations of the magnetic axis of the ion with respect
to an external magnetic field. In the ‘term’ expression
for the state of an ion, this information is really given
twice, both as superscript and suffix to the S, P, D, F. . ..
letter that indicates the value of the resultant orbital
momentum, (2J-1) appearing above, and J below,
Thus, for the free ferric Fe*+++ ion, the term is 8S5s,
with J=5/2 and six possible orientations; for the
chromic Cr+++ jon, when free, the term is 4F3;, with
J=23/2 and four possible orientations. But all this doesn’t
really say what the value of J turns out to be when the
ion is buried deep in a crystal lattice, surrounded by the
electric field gradient due to all the other kinds of ion.
The truth is that J can be determined by resonance
methods, and all that matters is to know its experimental
value. In any case, in this article we shall only want to
discuss the simplest possible case, J=1, in order to
explain the kind of thing that happens.

The ‘molecule of magnetism’ concerned in the
resultant magnetic moment of a paramagnetic ion is the
spin magnetic moment of one (or possibly more than
one) electron that has escaped exclusion-principle
cancellation, but the whole ionic set-up is involved in
finding J. If there is no external field, the (2J4-1) states
are not separated, but form a set of degenerate energy
levels. In an external field they acquire their full status
as separate energy levels, and are equally spaced from
one another. The energy difference between adjacent
levels is gupH ergs, where g is the splitting factor which
is very nearly 2, and pp is the Bohr magneton, about
9x 10-21 erg per gauss.

It will be noted that the absolute c.g.s. system of
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electromagnetic units is being used and, in this particular
work, there always seems to be some confusing identi-
fication of B and H, and of gauss and oersteds. In the
usual derivation of the value of u g, the magnetic space
constant turns out to be a part of up; it looks, then, as
if H above really does mean H, and as if gauss ought to
be oersteds. They will be from now on; but I was just
deferring to Kaye and Laby here over the units for pp.
This more detailed picture does not alter the weak-field
Langevin expression very much; it simply means that

an average value for u, namely gupy/J (J+1) is needed,
giving
Ng2up?J(J + 1)
o 3kT

Let us now start all over again, with N paramagnetic
nuclei per gram, supposing that the only ‘molecules of
magnetism’ are those due to nuclear spin. The effective
nuclear magnetic moment is in many cases very close to
that of a single nucleon, and its disposition in an external
magnetic field is specified by the nuclear angular
momentum vector I. The energy difference between
adjacent nuclear-spin levels is gmurH, where g, is the
nuclear splitting factor, and p, the nuclear magneton,
value 1-4x 10-24 erg per gauss, the ratio py/up being the
same as the electron/proton mass ratio. The energy
difference is about a thousandth of that for electron
paramagnetism.  Once again, the only difference
appearing in the expression for y is that yu is replaced by

I+1
an average value gnan %— , S0 that

_ Nega?ue2(I 4 1)
_ kT I :

It is relatively easy to obtain magnetic-ideal-gas
conditions, using heavily hydrated crystals like ferric
ammonium alum Fes (SO4)3 (NHyg)s SO,4, 24 HoO and
chromic methylammonium alum Crg (8O4)3 (CH3NH3)s
SOy, 24 HyO, in which the paramagnetic ions are out-
numbered by more than 50 to 1 and are three or four
times as far away from one another as you would expect
ions to be in a simple rock-salt crystal type. Indeed,
there is the prospect of being a bit too ideal for the task
in hand; in the end, you have to have a real substance
to do a real job.

A mechanical gas can interchange internal energy and
external work by direct action; you can almost see the
molecules battering on the receding piston and rebound-
ing with reduced kinetic energy. A mechanical ideal
gas couldn’t do this, of course, because the piston would
have zero collision cross-section for infinitely small pro-
jectiles, and they would just shoot through it unimpeded;
we must allow an ideal gas to fall from grace sufficiently
to make contact with its surroundings. But the magnetic
gas starts at a disadvantage anyhow; the ions cannot
move about, and the only way in which energy from the
spin-levels can be exchanged with the surroundings is by
magnetic interaction with the spins of neighbouring ions
(spin-spin interaction), or by interaction with the
thermal vibrations of the crystal lattice (spin-lattice
interaction). The latter is the important stage, corres-
ponding to bombardment of a piston. Weak spin-lattice
interaction means that the substance will obey the
Curie law closely; it also means that the spin-lattice
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relaxation time will be long, and that any thermal cycle
may have to be a leisurely business. Strong spin-lattice
and spin-spin interactions modify the Curie law to the
Curie-Weiss law y = C/(T—8,), where 6. is a character-
istic temperature, the Curie point; this is, if you like,
the analogue of the real-gas Van der Waals’ equation—
but we don’t want anything quite so real just yet.

Thermodynamics and the Ideal Magnetic Gas

For an ideal mechanical gas, the equation involving
2, V, and T, for unit mass is

)14 R
T T M

where M is the molecular weight,

For an ideal magnetic gas, the corresponding equation
is

H 1
oT — C

Before going further, there is a point about temperature
to be taken up. We know that the ‘7" in the ideal-gas
(mechanical) equation is the temperature on the Kelvin
scale; and if by any chiance we have a gas departing
slightly from ideal behaviour we know how to correct
for this. If Curie’s law is accurately obeyed, then ‘7" in
the magnetic ideal-gas equation is also the Kelvin-scale
temperature; but in the absence of any independent
check, this is a matter of assumption. What is usually
done, recognizing that there will be slight departures
even with the most favourable materials from Curie’s
law, is to say that T represents a temperature on the
Curie scale, or on the magnetic scale; and the difference
between this and the Kelvin scale is not enough to
matter for the purpose of the present article.

Comparing the two equations above, the corresponding
pairs of symbols are p and H, and V and o. It would
look neater if we were able to say that 1/V goes with o;
but this would not fit in with the external work calcu-
lation. '

The external work done by unit mass of gas increasing
its volume by dV c.c. at pressure p dynes/sq.cm. is pdV
ergs; that done by unit mass of paramagnetic when o
increases by do units at constant H is —Hdo ergs. All
the argument that follows is stock ‘ideal gas’ algebra
worked in magnetic symbols!’

In the first-law equation, with the usual symbols for
heat d@Q supplied, increase in internal energy dU, and
external work dW,

dQ = dU + dW.

Writing 7dS (where dS is the entropy change) for

dQ, and — Hdo for the external work dW,
TdS = dU — Hdo,

the whole being expressed in energy units.

So, g
TdS = dU+o0dH—odH— Hdo = d(U—Ho)+0dH,
and

d(U — Ho) = TdS — odH.

The left-hand side of this equation is the change in
enthalpy of the system; this must be an exact differential,
so that d7T/dH at constant entropy equals 0o/dS at

i (3= (3
constant f1, an SH S— 35
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Writing Cy for

the specific heat at constant field-strength, which is
(3Q/dT) g and therefore T(dS/0T )y, and cancelling, we

get
(D) - Z(=
0VH. S__CH DT /g’

Now, for a substance obeying Curie’s law do/37T is
proportional to —1/72 and is always negative; hence
dT/OH at constant entropy is always positive. That is,
adiabatic magnetization is always accompanied by a rise in
temperature; adiabatic demagnetization leads always to a fall
in temperature.

The general application of this to cooling, by magnet-
izing a paramagnetic, removing the heat generated by
magnetization, isolating the material thermally, and
then removing the magnetizing field, has been a standard .
procedure for the past quarter-century or so. Also, it
looks very promising in that the lower the value of T,
the greater is the value of d6/0T and the smaller the
value of Cy. With just one great difficulty; every para-
magnetic has a certain characteristic temperature at
which the value of Cy becomes enormous, and it can
only be used successfully for cooling in the range above
this temperature, which we will call 8y,.

The Entropy of a Spin System

High-multiplicity values of J for an ion, or of I for
a nucleus, affect the actual value of y, but from the
general point of view can simply be thought of as the
J=1} or I=%} case several times over. In this case, we
have a doublet (Fig. 1) with energy separation in a field
H units which is H multiplied by the appropriate gu.
One has to be a little careful here (not that it matters
much in the end) about the way signs are used, bearing
in mind first that the electron is a spinning negative charge,
and second that the potential energy of a magnetic
dipole lined up with a magnetic field is usually written
as —MH, where M is the moment of the dipole. What-
ever the rights and wrongs of this, in the figure the spin
quantum-number m=-+$% denotes the higher of the two
levels, and m= —} the lower. This is correct.

Next, how have we changed the entropy and the
magnetic potential energy of the system by the appli-
cation and subsequent increasing of H? The entropy

m=+"%

POPULATION 7,

£

m=+'2 & m=-12
COINCIDE AS DEGENERATE

SEPARATION gpgh’

I/ POPULATION 7
m==12

(a) (b)

Fig. 1. Electron-spin levels for the J = } doublet, where the only possible
values of the spin quantum number m are + % and — 4. (a) In the absence
of an external field they are degenerate, and equally populated; (b) In an
external field H, the levels, separated by gupH, are respectively 3 gu g H above
and ygupH below the original common energy E. But as the number n, in
the lower state exceeds the number ny in the higher state, the total energy of
the system has been lowered. An exactly similar figure, with the substitution
of gnunH for gupH, represents the I = % nuclear-spin doublet
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has been reduced; so has the magnetic energy. For
entropy is the Representation of Chaos and, in aligning
spins, one is introducing some ordering into thermal
chaos; and the magnetic potential energy of a dipole
is of course a maximum when its axis lies at right angles
to H; the —MH above really takes this maximum
position as an arbitrary zero.

But we can, assuming the usual Boltzmann distri-
bution, see that the energy has in fact been reduced;
for, calling nz the number of ions in the higher state, and
n1 the number in the lower state, then

ngfn; = exp ( — gupH[kT).

More spins populate the lower state than the higher
one, so the total energy is lower than it was without
the field.

The entropy-of a system with given J in a given field
H can be calculated, and all this is explained in the
review article by Ambler and Hudson, and in the other
references. The expression is

2/ ¢
S=Rloge (2J—|-1) +f (ﬁ, . dH.
0 H

As we have seen, (30/3T')y is negative, and this expression
fits in, as it must do, with the elementary reasoning that
shows that increasing H for a paramagnetic at constant
temperature gives a decrease in the entropy S. Fig. 2
shows the entropy-temperature-field curves for ferric
ammonium alum, with a possible continuous cycle out-
lined thereon.

The Cyclic Refrigerator

I hope I have got the idea of adiabatic demagnet-
ization on its own in satisfactorily. The next point is the
use of this in a magnetic Carnot-cycle as a continuously
operated cyclical heat-pump. The difficulty with all
these things is the realization of isothermal conditions
when they are needed, and of adiabatic conditions in
their turn when they are wanted. Fig. 3 shows the
scheme of the magnetic refrigerator of Heer, Barnes, and
Daunt (1954) for producing and maintaining tempera-
tures below 1 °K. Here, A is a 15-gram specimen of
ferric ammonium alum; at the lower end is the ‘hot
reservoir’, liquid helium at 1-1 °K; above the working
substance is the ‘cold reservoir’ R, of chromie potassium
alum. Magnet 2, which gives up to 7,000 oersteds, is the
main magnetizer. Magnets | and 3 serve to open and
close communications to the reservoirs by means of the
strips of lead V; and V3. Lead at these temperatures is
a superconductor in the absence of a magnetic field,
which means that its thermal conductivity is very high
indeed. Switching on the fields I and 3 at the appropriate
stages in the cycle destroys the superconductivity and
effectively insulates the reservoirs for the adiabatic
strokes of the cycle. Referring back to Fig. 2, let us trace
out the cycle ABCD. Fig. 2 is a ‘tephigram’, that is, a
graph of entropy against temperature; the usual shapely
Carnot-cycle kind of thing appears on this as a rectangle.
It must do, for every isothermal step is a vertical line,
and every adiabatic step a horizontal one. The pattern
.of equal-H lines is there just to help us to follow what is
happening, and also to emphasize that the entropy is
reduced by increasing H, which I am sure none of you
really believes.

In the figure, AB and CD are the isothermals, and
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BC and DA the adiabatics. Along AB the salt is
magnetized isothermally at about 1 °K, in contact with
the liquid helium bath, to which it can reject heat. It
is then isolated by manipulating switches V; and Vi,
and demagnetized to the point C. Heat is then taken in
from the cold reservoir at 0-2 °K along CD, the magnetic
field being reduced during this process so as to keep the
temperature constant. Finally, the working substance is
magnetized adiabatically along DA until the tempera-
ture reaches 1 °K, wh/en thermal contact with the helium
bath is opened, and the magnetization is completed
isothermally. The shaded area, CDEF, represents the
heat extracted from the cold reservoir during one cycle.
This arrangement does not produce any spectacularly
low temperature; its interest lies in the fact that it is
a heat-pump that reproduces completely in the range
below 1 °K the physical behaviour of the gas-cycle
refrigerator, and does so with a fidelity to the idealized
Carnot-cycle that no mechanical gas could ever achieve!

A fascinating extension of the method has been used
for anisotropic paramagnetic salts, which have different
susceptibilities in different directions. Magnetized at
1 °K along an axis of high susceptibility, the specimen
is demagnetized adiabatically simply by rotating it until
an axis of low susceptibility lies parallel to H.

Orders of Magnitude

The entropy-reduction process: of magnetization can
be regarded as a tug-of-war between the organization of
magnetic potential energy ‘gufH’ and the chaos of
random thermal energy represented by A7. As k is
1-38 x 10-16 erg/degree, up is 9 x 10-21, and u, is
14 x 10-24 unit, we are in a position to compare the
two contestants for any given H, say 104 oersteds. In
such a case, since g is about 2, gupH is about 2 x 10-16
erg; this is the value of kT at about 1-5 °K, and far
outweighs kT at temperatures in the | degree to 10-3
degree range. The only way of making any significant
changes of internal energy or entropy is by the opera-

2R -
H=0
H=1,500
£ D ~ A__H=3,000
/ /
% \ \
“ . / =7,000
= =
s RI C h B
z
H=15000
/ H =20,000
/
0 05 10
TEMPERATURE (°K)

Fig. 2. Temperature-entropy curves for a paramagnetic plotted for different

values of the external magnetic field H oersted. Entropy is plotted in units

of R, and temperature in degrees K. The rectangle ABCD, comprising two

isothermal stages, AB at 1-0 °K and CD at 0-2 °K, and two adiabatics,

BC demagnetizing and DA magnetizing, is the magnetic counterpart of the

Carnot cycle. It is achieved in the magnetic heat-pump shown in Fig. 3.
The working substance is iron ammonium alum
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tion of a change in H on tne electron spins. It is
not just an elegant and rather fancy technique; no
other method is available, or even conceivable, for
getting at ‘magnetic matter’.

Two other points should be dealt with here. The first
is the tie-up with spectroscopy. Putting in the values of
k, Planck’s constant 4, and the velocity of light ¢ into the
expression AcX! = kT = gupH, you can see that a
temperature of 1-5 °K is equivalent to a wave-number
of about 1-5 cm1, which is the level-separation in a field
of 104 oersteds. This represents a microwave-frequency
quantum; your elders who still imagine that spectro-
scopy means looking at spectra may perhaps prefer to
think of it as an optical fine-structure.

The second is this business of the characteristic
temperature 6, and the specific heat anomaly. This was
worked out many years ago by Schottky, and all the
books can quote you the formulae for the variation of
Cy with temperature. J. K. Roberts and L. F. Bates
between them supply the simple physical picture that we
really want. Roberts, citing the distribution function
that takes the place of the Maxwell distribution in this
sort of calculation, says that we get the anomalously
large specific heat because the heat energy has to be
distributed among (2J41) degrees of freedom; Bates
shows that the energy of interaction between the ions,
Uy, is related to the characteristic temperature 8, by
the expression U; = kfp. It seems, then, that the
specific-heat maximum must be a sort of resonance
effect, occurring at the wave-number corresponding to
6m; a matter of microwave spectroscopy, but with the
crystal lattice itself furnishing the incident radiation that
is usually piped in through the plumbing. As I men-
tioned earlier, this is a very large effect indeed; the
authorities differ by the odd ton more or less, but all
agree that, at its 6y, one gram of paramagnetic has a
thermal capacity exceeding that of several tons of copper
or lead at the same temperature.

So far these have been electron-spin calculations.
Putting in the value g,=1, and pu, for p, the guu,H
figure for nuclear-spin level-splitting is about 10-3 of
that for electron-spin splitting in the same field, and the
corresponding T about 10-3 °K. Quite clearly, with any
electron-paramagnetic atom, the nuclear-spin effect will
be swamped by the electron-spin effect at temperatures
like 1 °K. But once you get down to the appropriate
region below 10-3 °K, nuclear-spin energy changes
become large compared with £7, and are also the only
kind of energy change that can be effected. Nuclear-
spin-lattice interactions are so weak, and the correspond-
ing relaxation times so long, that temperature reduction
by nuclear demagnetization takes some time to observe.
Just as 6y, sets a lower limit to cooling by an electron
paramagnetic, interaction between nuclear spins gives a
comparable anomaly at a temperature 6,, of the order
of 2 10-6 °K. Itwould seem that this is then somewhere
near the lowest temperature attainable. An account of
experiments using a copper specimen, initially magnet-
jzed in a field of 2:8 x 104 oersteds at 0-01 °K, which
cooled to about 2 X 10-5 °K on adiabatic demagnetization,
is given in an article by N. Kurti, F. N. H. Robinson,
Sir Francis Simon, and D. A. Spohr in Nature for lst
September 1956.

This seems the appropriate point at which to stop.
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CHROM{C
POTASSIUM
ALUM

Fig. 3. Scheme of the magnetic
refrigerator, or heat-pump, of
Heer, Barnes, and Daunt; R is
the cold heat source, at 0-2°K;
the hot heat sink is liguid helium
at 1-1 °K. The magnet 2
operates on the working substance
A. Switching off magnet 3 puts
A into contact with R by allow-
ing Vs to be superconducting ;
similarly, switching off magnet 1
puts A into communication with
the liquid helium through V..
When both magnet 1 and magnet
3 are on, then A is thermally
isolated from both reservoirs and
50 can be magnetized or demagnet-
ized adiabatically. The container
C is a German silver tube, and
the whole of this is surrounded
by liguid helium. Appropriate
Dewar wvessels occupy the space
between C and the magnets, but are
not shown. Both Fig.2 and Fig. 3
are adapted from diagrams in r \

FERRIC
AMMONIUM
ALUM

the article by Ambler and Hudson #ﬁ%&
referred to in the text 1-1°K

What we have been doing is to look at a new kind of
matter, an ideal gas composed not of material molecules
but of spins, a world of magnetic interactions which
replace crude mechanical bombardment as a means of
energy transferences. At least two interesting fields open
for later discussion, namely the properties of materials
at very low temperatures, and the place of low-
temperature experiments in fundamental research; and
now that we have seen how they get there, we may be
able to explore this region before long.

RADIO INDUSTRY COUNCIL

The Radio Industry Council has announced that Air Marshal
Sir Raymund George Hart, K.B.E., C.B., M.C., has been appointed
a director in succession to Vice-Admiral J. W. 8. Dorling, who
retired in October 1958.

It has also been announced that the Electronic Engineering
Association (E.E.A.) will take full responsibility for the capital goods
side of the industry. This means that E.E.A. will no longer be
represented on the R.I.C., leaving B.R.E.M.A., B.R.V.C.M.A. and
R.E.C.M.F. to devote their attention to the affairs of the domestic
broadcast industry.

CORRECTIONS

In the article “Hall Effect in Semiconductor Compounds” in
the January issue, the following corrections should be made:—

In the author’s degrees, “Lond.” should be ‘“Hon.”.

In Equ. (11), &, should be kj,.

The last sentence in column 1, p. 6, should read “The reduction
of K is due to several causes, . . . ”

On p. 7, column 1, in line 11, substitute, “In this case, . . .
for “As a result of this . . .”.

In the first sentence on p. 9, column 2, ““dB” should be inserted
after “—8-5".

In the caption to Fig. 17, the frequency should be 10 kc/s, not
10 Mcfs.

In the ariicle “Lens Aerial Design”, on p. 73 of the February
issue, the name of one of the authors was unfortunately given
incorrectly. It should be P. Foldes.
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High-Power Tré\nsistor D.C. Converters

DESIGNS FOR SILICON

SUMMARY.
are reviewed. The transformer-coupled push-pull circuit is examined in some
detail, and examples are given of designs using both silicon and germanium

By T. R. Pye, B.Sc.*

AND GERMANIUM TRANSISTORS

Transistor circuits for converting from d.c. to d.c. (or a.c.) -

power transistors.

Radio and electronic equipment in aircraft, missiles
and vehicles must usually operate from low voltage d.c.
supplies. To provide the higher voltages required by
thermionic valves, rotary converters or vibrator power
units have generally been used.

Rotary converters and vibrators have the disadvantage
of depending upon moving parts. The vibrator reed
may fracture, the contacts may fuse together, and con-
verter bearings and brushes become worn. In addition,
sparking at brushes and contacts will occur, particularly
at high altitudes, and may cause serious interference.

The transistor converter ¢an replace the rotary con-
verter and vibrator unit in most applications, and will
generally show a worthwhile improvement of efficiency.
As no moving parts are involved, reliability will be
greatly enhanced, and the service life should extend to
many tens of thousands of hours.

With transistors at present available, converters can
give output powers between about one milliwatt and one
hundred watts, at efficiencies of 70-909,. Input voltages
may range from about 1% to 50 volts. Series or parallel
connection of the transistors permits still higher output
powers and input voltages.

Possible Converter Circuits

To achieve high efficiency in a transistor converter
it is necessary to ensure that the transistors are either
bottomed (i.e., passing a high current with a low voltage
drop) or cut-off (passing only a small leakage current) :
in each case power dissipation is low. During switching
between these states, hole storage may allow conduction
with a high applied voltage, and consequent high
dissipation; for low average dissipation it is, therefore,
necessary for the switching time to be short compared
with the conduction time.

These considerations exclude a sinusoidal oscillator,
but suggest the generation of a pulse or square wave-
form; this can be transformed to any desired voltage and
rectified if necessary. The ringing-choke and transformer-
coupled circuits both use this broad principle, and they
will now be compared.

The Ringing-Choke Converter

In this circuit (Fig. 1) a current, I, flowing through
the bottomed transistor rises linearly in the transformer
primary P, storing inductive energy in the core. A
constant voltage is induced across the feedback winding

* Texas Instrumenis Limited, Bedford.
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Fig. 1. Basic circuit of ringing-choke converter

F, and a constant current J flows into the base through
resistor R. When I, reaches 81, (where B is the common-
emitter current gain) the transistor comes out of bottom-
ing and the rise of I, can no longer be maintained, the
base drive falls, and the transistor is cut-off. The resonant
circuit forthed by the inductance with its self and other
capacitances now ‘rings’ and a voltage, of a polarity
allowing the diode to conduct, is induced in the trans-
former secondary. While this voltage exceeds the
potential to which the capacitor C is charged, current
will flow to the capacitor; when it falls below this the
circuit continues its ringing and the reverse half-cycle
switches the transistor on again. Some of the energy
stored in the inductance is thus delivered to the load.

The power delivered to the load depends on the base
drive, and is largely independent of the load. The
voltage regulation of the basic converter is therefore very
poor, although stabilizing circuits can effect considerable
improvement. If the transistor conduction period is
short compared with the ‘ringing’ period (and this is
desirable for low ripple) the transistors and diode will
experience high inverse voltages, especially under light
or no load conditions.

The circuit has however proved useful for low powers
(from a few milliwatts to a few watts) particularly with
low supply voltages; further details have been published?.

The Transformer-Coupled Converter

In this circuit, transistors are used to switch the
polarity of the supply across the primary of a trans-
former: a square-wave voltage is induced in the
secondary winding and full-wave rectification then gives
d.c. with little ripple. The circuit can be self-oscillating;
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. alternatively, the switching transistors may be driven by
a square-wave oscillator, perhaps similar to that
described below, but supplying little power. In this
driven converter the output transformer must handle the
full output power without saturation. This arrangement,
though complicated, may score for the highest powers
(as long as the large transformer is acceptable). More-
over, a single oscillator may drive more than one con-
verter: this scheme may -be attractive if wide load
variations are expected, as converters may then be
switched in or out according to load variations. In the
self-oscillating converter, windings on the output trans-
-former drive the switching transistors, and switching
occurs when the core saturates. Although inefficient
when underloaded, this circuit gives good efficiency at
optimum load; regulation is also good. The self-
oscillating converter is of most general application for
medium and high powers, and to this type the remainder
of this article is largely devoted.

Transformer-Coupled Self-Oscillating Converter

Fig. 2 illustrates the basic circuit, devoid of starting
and rectification components. The transistors are seen
to be in the common-emitter configuration; although
the n-p-n type is shown, the operation of the circuit
using p-n-p types is exactly the same, except that all
polarities are reversed.

Suppose that transistor T is conductlng, and that no
load is connected to the transformer secondary. The
primary inductance will at first be practically constant,
and the primary current will rise linearly according to
dlldt = V|L, as shown at point A in Fig. 3. A constant
voltage will be induced in F; and Fy; the polarity of the
voltage at F; will be such as to maintain conduction of
Ti, and that at Fs, will ensure that Ty is completely
cut-off.

When the core material begins to saturate, the primary
inductance will fall and the rise of collector current will
accelerate, until it reaches a value of BI, (where I is the
constant base current provided by F1). Then dljdt will
become zero (point B) and the base voltage will fall to

Fig. 2. Push-pull self-oscillating converter

LOAD
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Fig. 3. Voltage and current waveforms for the two transistors of Fig. 2

zero. The collector current will also begin to fall,
although it will be prolonged as a result of hole storage.
This reduction of current will reverse the polarity of
F; and Fp and initiate the conduction of Ty. The
process will continue as an oscillation; Fig. 3 shows
waveforms over two complete cycles.

If the secondary winding S has a fixed resistive load,
a constant load current will be imposed on the rising
inductive current, as shown by the dotted line in Fig. 3.
The load imposed on F; and Fp by the transistor base
circuits will also result in a small constant collector
current.

An expression will now be derived for the oscillation
frequency.

If a voltage V is applied to an inductance having n
turns, the core flux rise will be given by

ndé = Vdt .. .. (1)
If the saturation flux ¢mer undergoes complete
reversal in a time ¢, we can integrate (1) as follows : -

+ ¢MZ
e
Hence ¢t = L;xﬁ

If we apply this result to the converter and assume
that the two primary windings have equal turns n (this
need not necessarily be so—see the section describing
the asymmetrical push-pull circuit) and that the
transistor voltage drop is neglible, for a supply voltage
of 7, the oscillation frequency will be given by :

Vs
= .. aa 2o 2
f 4 ¢m¢z n . ( )
Starting Circuits

If the supply voltage is connected to the basic con-
verter of Fig. 2, oscillations are unlikely unless the flow
of tramsistor leakage current is sufficient to give a base
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current which will ensure a loop gain greater than
unity.

If a capacitor (of a few microfarads) is connected
momentarily between’ the collector and emitter of one
transistor, oscillations will probably commence. Although
this procedure is useful for experimental work, it is
hardly suitable for normal use.

A practical alternative is shown in Fig. 4; on
connecting the supply a voltage pulse will be applied
to the transistor base. However, the converter may not
start if the supply voltage is increased gradually from

Fig. 4. One transistor of Fig. 2
g with a starting resistor added

zero instead of being applied suddenly; also, resistor R
is in series with the base drive and will result in a loss
of efficiency.

A better method is shown in Fig. 5. The diode D will
not conduct initially, but a current will flow via resistor
R into the bases of both transistors, causing the transistor
with higher B to conduct first. _

It will be seen that when the converter has started,
base current for the conducting transistor can flow
through D; a small voltage drop will of course result.

The transistor current necessary to initiate oscillations
may be considerably less than the full load current.
The simplified treatment following, due to Stephenson?,
allows a rough assessment of this current (and hence
of R in Fig. 5), although other considerations (notably
the nature of the load, the transformer leakage inductance
and the low-current B of the transistor) make experiment
advisable for a final choice.

If 7, and 7, in Fig. 6 represent the transistor internal
base and emitter resistances (this of course is only an
approximation) then

Vo = 1pdly + 181,

= (r/B) 8Ic + 16 (31c + 81p)
Vs Ty 1 T
8—Ic'=§+re<l+ﬁ>r\zﬁ+rg 00 00 (3)

Now, if the secondary load reflected across the primary
1s Ry, and g, denotes the change of collector current for
a small change of base voltage, then the transistor gain
G is given by
3V, 81,
G=—=8—I:870b=ngL. .o . (4‘)

Taking N as the turns ratio of the primary and
feedback windings (i.e., N = 8V.[8V}), the loop gain
of the stage will exceed unity (and oscillation will occur)
if gnRL/N >1 or, from (3), if RpL/N > ro+n/B
The approximate value of 7, is given by 25/I, where I,
is the emitter current in milliamperes.
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Hence, for oscillation I, > mA oo (9

This enables the minimum /. and (from B) I, per
transistor to be calculated; R of Fig. 5 can then be
chosen.

Rectification and Smoo-thing

The converter secondary voltage has a square wave-
form, and can be used as it is in some applications, such
as driving small synchronous or induction motors;
rectification will generally be needed, however.

For maximum overall efficiency a bridge rectifier- is
preferable. Each rectifier must withstand a peak-inverse
voltage equal to the d.c. output voltage.

If economy is preferable to efficiency, a conventional
full-wave circuit with centre-tapped transformer second-
ary may be used. Each rectifier must withstand twice
the d.c. output voltage; for low output voltages, recti-
fication with only two rectifiers may now be possible.
Efficiency will be lower since twice as many secondary
turns as in the bridge circuit will be required.

In either arrangement the peak-inverse rating of the
diodes should provide an adequate safety margin to
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Fig. 5. Circuit of Fig. 2 with starting resistor R and diode D

cope with any transient voltage peaks which may be
present in the secondary waveform.

Silicon diodes are compact and efficient, and are
available in ratings -to cover all normal requirements.
Fig. 7 illustrates typical forward characteristics of the
Texas Instruments 1S001-5 (750 mA) and 1S111-5 -
(400 mA) types, both of which are available for peak-
inverse voltages up to 600 V and can operate in ambient
temperatures up to 150 °C. It will be seen that the
forward voltage drop at 25 °C is approximately 0-8 V
over the normal working current range.

The rectified, but unsmoothed, output waveform will
contain deep ‘troughs’, representing the rise- and fall-
times of the transformer waveform. As the width of the
voltage ‘troughs’ depends.on many factors (such as the core
saturation characteristics, the transformer leakage induc-
tance and the transistor cut-off frequency), smoothing
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Fig. 6. Circuit used to describe Equ. (5)

components are best chosen by experiment. As a very
rough guide, a converter operating at 200400 cfs and
delivering a few hundred milliamps might require 1 or
2 uF to give ripple of a few per cent. A smoothing choke
will often be unnecessary.

Converter Power Capabilities

For a fixed input voltage, the maximum output of a
converter will depend on the permissible peak collector
current, the allowable dissipation at the prevailing
ambient temperature, and the minimum tolerable
efficiency.

Power losses in the circuit, which together will decide
the overall efficiency, may be split up as follows :
Transformer Core Losses. Since the core material must
traverse the hysteresis loop every cycle, hysteresis losses
are independent of load and are decided by the volume
of core material, the core hysteresis characteristics, and
the operating frequency. Eddy-current losses will be
relatively small.

Transformer Copper Losses. These will increase as the
square of the current and hence also (approximately) of
the output power.

Rectification Losses. Since the rectifier voltage drop is

500 /
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Fig, 7. Typical static forward characteristics of 1S001-5 and 1S111-5
stlicon diodes

practically constant (see last section) the losses will be
proportional to power output. ,
Starting Circuit Losses. R of Fig. 5 will cause a constant
loss, so that it should have the highest resistance con-
sistent with reliable starting. D of Fig. 5 will also cause
a constant loss, because the base current is independent
of load. _

Transistor losses. These will include leakage current,
transient, forward and input losses.

The open-circuit emitter leakage current, Iy, for a
transistor (whether silicon or germanium) doubles for
roughly 10 °C rise. At high ambient temperatures the
converter transistor which is cut-off may pass appreciable
current and, in this condition, will experience a voltage
equal to twice the supply; the dissipation may become
appreciable. The effect is likely to be small with silicon
transistors, as they have a comparatively low initial
value of I,.

During switching, hole storage may allow current to
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flow when there is appreciable applied voltage; peak
dissipation may then be high. The resulting mean
dissipation can be assessed by observing current and
voltage waveforms or subtracting other known losses
from the total losses. .

During conduction, the transistor will ‘bottom’ at a
voltage almost proportional to the collector current, as
if it contained a resistor in series with the collector. This
resistance, the collector saturation resistance Rg, is
represented by the slope of the line A in the typical
output characteristics for silicon and germanium power
transistors shown in Fig. 8. Forward loss is therefore
approximately proportional to collector current (or
power output) squared.

The transformer drive winding will provide a constant
base current sufficient for the maximum collector
current: this will result in a constant input loss.

It will be seen that core losses and input loss cause
efficiency to rise with output; the other losses cause it
to fall. Efficiency will in fact rise from zero to an
optimum value, and then fall away: the maximum
efficiency reached and the rate of fall after the optimum

Fig. 9. Equivalent circuit of
transistor in the bottomed condition

poin‘t will largely depend on Rg. This resistance is of
particular significance with silicon transistors, and the
following analysis considers the converter output and
efficiency when other sources of loss are neglected (see
Fig. 9). The supply, voltage Vs, passes a current I,
through R to the load Ry’ (the secondary load Ry,
reflected across the primary)

Power Supplied P; = VI,

Load Power P, = Ps—I.2Re = I,(Vs — ILRs) (6)
dpP
L L Ve — 2I,R;s = O for maximum Py,
dl,
Hence for maximum output

= V3/2R¢ (7)
Efficiency

PL PS —_ Icchg IcRcs

il 7o)10%  ®

This shows that, for maximum output, 5 = 50%;
this result could anyway be anticipated since, for
maximum power transfer, the impedance of a generator
must equal that of the load. )

From (6) and (7) this maximum output

VS VSRCS Vsz

Pines = 72 (Ve =520 = 12 )

The current for any output can be found from (6),

since Resle? — Vsl, 4- Pf, = 0
—V V2 —4PLRes
Hence I, = v 2 =<t (10)
: 2Rcs

Only the negative sign for the square root is admissible.
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The way in which these equations and considerations
are used will be clarified when typical designs are
discussed later in this article.

’

Transistor Requirements A

The maximum collector current of a transistor is
decided on considerations of instantaneous dissipation
and of linearity (8 will fall with high collector currents).

Typical voltage breakdown characteristics for silicon
and germanium transistors are shown in Fig. 10. It will
be seen that current multiplication causes the ‘turnover ~
voltage’ to be higher with the emitter open-circuit (or -
with base and emitter connected) than with the base
open-circuit.

During the half cycle when a converter transistor is

cut-off, it will experience a collector voltage equal to
twice that of the supply, and a small base voltage tending
to cut it off still further. From this it would appear that
a safe supply voltage would be half the open-circuit
emitter breakdown voltage.
" Unfortunately, at the end of the conduction cycle hole
storage may allow current to continue when the transistor
voltage has risen to the supply voltage or even higher.
Under these conditions the transistor open-circuit base
turnover voltage is relevant, and should preferably also
cqual twice the supply voltage if avalanche breakdown
is to be avoided.

Transistor dissipation is likely to limit power output
only at high ambient temperatures; this is best illus-
trated by examples : >

The 25012 silicon transistor has a maximum rated
dissipation of 15 W at 100 °C. With the maximum value -
of Rgs of 5 ohms and a total supply current of 1 amp,
the mean dissipation will be only 24 W in each transistor;
this is well within the rating.

The corresponding figures for the 2N457 germanium
transistor are 50 W at 25 °C and 30 W at 60 °C. For a
typical Re of 005 ohm, 5 amps will give a mean
dissipation. of less than one watt. )

L)

Fig. 10. Voltage breakdown characteristics of 25012 and 2N457
transistors
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These figures ignore leakage current, transient and
input dissipations, as these will normally be small. They
show that heat-sink requirements are usually modest.
General information on heat sinks has been given3,
although the converter designs which follow suggest
suitable sizes.

It is important that the peak collector currents of the
two transistors should be practically the same, otherwise
the lower current will limit the output prematurely.
The fall of 8 at high currents tends to equalize these
peaks; however, transistors with widely differing B
should not be used.

Since the feedback winding provides an almost
constant voltage, variations of transistor input impedance
will affect base (and hence collector) currents. Input
characteristics for a selection of silicon and germanium
transistors are shown in Fig. 11; the variations, par-
ticularly with germanium, are considerable. The
addition of a small base series resistor, of the same order
as the input impedance, will tend to-give constant-
current drive. The minimum resistance possible must
be used otherwise drive power will be lost and hole-
extraction efficiency on switch-off impaired (although
this may be restored by a bypassing capacitor). The
base resistor can be common to the transistors and in
series with the diode.

The precise operation of any converter design should
be carefully investigated, particularly with respect to
transistor treatment, as the transistor and transformer
parameters involved make exact behaviour hard to
predict. Transistor voltage and current waveforms can
be observed on an oscilloscope, and the application of
these waveforms to the oscilloscope X and Y plates gives
a useful display of collector dissipation throughout the
complete cycle.

Transformer Design

The transformer core material must have low hysteresis
loss when taken to complete saturation and, preferably,
ahigh saturation flux density. A high permeability should
be maintained until saturation, in order that the
inductive current shall be small compared with the load
current. All this suggests the use of a material with a
square hysteresis loop.

Ferrites with this characteristic are available for use
in magnetic shifting registers and memory matrices.
Unfortunately, they show a comparatively high hysteresis
loss when taken to complete saturation and, in common
with most ferrites, have a low saturating flux density
(about 3,000 gauss).

Certain nickel-iron materials, such as H.C.R. alloy
(made by Magnetic and Electrical Alloys Ltd.) also
show this square loop characteristic, and have a high
saturating flux density (15,000 gauss) with alow saturation
hysteresis loss (650 ergs per cycle per c.c.).

The choice of core material and of operating frequency
(unless this is decided by other gonsiderations, such as
ripple frequency) will depend on the power output
required. In accordance with normal transformer-
design practice, the most efficient transformer will result
when core and copper-wire resistive losses are made
roughly equal.

At power levels of less than a watt, the maximum
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Fig. 11. " Input characteristics of 28012 (a) and 2N457 (b) transistors

nickel-iron core volume for reasonable efficiency will
become very small. A ferrite core may then be preferable,
and high-frequency operation (at several kilocycles) will
counteract the low saturation flux density and give
reasonable copper losses.

For higher powers a nickel-iron core is essential, and
a comparatively low operating frequency will be
necessary. Core hysteresis losses are directly proportional
to frequency; eddy-current and residual losses increase
according to a square law. With H.C.R. this causes
the losses at 5 kcfs to be about fifty times greater than
at 400 cfs: the optimum frequency will generally be
from 200-500 c/s. :

Low transformer leakage inductance is necessary for
rapid switching, and this can best be achieved with a
toroidal winding on a strip core. This is an expensive
form of construction; by careful design; satisfactory
results can, however, be achieved with square-loop
laminations of a type often used in transductors. A
range of such laminations is obtainable in H.C.R.
material; the choice of lamination pattern and stack
thickness is best decided by a ‘cut and try’ method,
along the following lines :—

A possible lamination stack is chosen for the power to
be handled (suggested sizes are given later). An
operating frequency is chosen, and with expression (2)
this gives the number of primary turns. By allocating
roughly balf the winding space to the primary, the
primary resistance, and that of the secondary reflected
into the primary may be estimated: the copper loss
can then be compared with the core loss, obtained from
the core volume and the operating frequency. A high
proportion. of copper loss will suggest raising the fre-
quency or increasing the core volume (and vice versa) :
the effect on the total loss of these alternative measures
can then be compared.

The feedback turns are chosen to give the full load
collector current, aliowing for the starting diode and
added base resistance voltage drop.
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The secondary winding is chosen to give the required
output voltage, bearing in mind that the primary
voltage is less than the supply as a result of Ry. Slight
readjustment of the secondary turns may be necessary
to cover the resistive drop in the winding.

Typical Designs

Silicon Transistor Converter

This converter was designed to give 15 watts output
from a 24-volt supply; it uses two Texas 28012 Silicon
Power Transistors and can operate in ambient tempera-
tures up to about 130 °C. The circuit is shown in Fig. 12.
" The 25012 has a maximum collector-to-emitter
voltage of 60 V. The collector-to-base breakdown
voltage will exceed this, so that operation will be safe
with supply voltages up to 30 V.

The maximum Res for transistors currently available
is 5 ohms. Taking the worst possible case, if other losses
are ignored, expression (9) gives the maximum output
as Vi?[4Re; = 28 watts, for 509, efficiency. For 709,
actual efficiency, which might be the minimum tolerable,
the maximum output will be at least 15 watts.

As a rough guide, lamination patterns may be
chosen from Table 1. For 15 watts, pattern 226 is
indicated. A square stack of these laminations will
have a volume of 19-8 c.c.

TABLE |
Power Output, Watts Pattern
Il — 3. 224 -
3 — 10 225
N 10 — 30 226
30 —100 227

The hysteresis loss of H.C.R. to the saturation flux
density of 15,000 gauss is stated by the makers as
650 ergs/c.c./cycle.

For a typical operating frequency of 400 c/s, loss
= 650 X 400 x 19-8 ergs/second = 0-515 joule/second
or 515 mW.

For an output of 15 watts this corresponds to a loss of
34%, and is therefore acceptable.

Expression (10) gives the collector current for Py =
15 watts as 0-76 A. If all losses apart from R are
assessed at 3 W, the actual I, will be 0-87 A; and the
voltage appearing across the primary will -be 24 —
(0-87 x 5) = 19:6 volts.

In expression (2) ¢mar must be measured in webers.
Since 1 weber = 108 lines and 1 gauss = | line per
sq. cm., the expression can be rearranged as

Vs
T Bandf
where By is in gauss, a isin sq. cm. For a square stack
of 226 laminations, ¢ = 1-61 cm2.
19-6 x 108
4 x 15,000 x 1-61 x 400

Taking into account the thickness of the bobbin, the
area of the winding space is approximately 0-4 sq. in.
Allowing 0-1 sq. in. for each primary and a suitable
space factor, 20 s.w.g. wire is indicated. Two layers

x 108

Hence n, = = 50-5 turns.
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- SILICON CONVERTER GERMANIUM’ CONVERTER
. T 25012 2N4ST

D iSI 1500!

R ’ 3-3kf) 8-2k)
R R, 10} 3-300

D4 1S13 :S003

IN THE GERMANIUM CONVERTER,D AND THE SUPPLY VOLTAGE
ARE REVERSED. THE TRANSISTORS ARE P-n-p.NOT n-p-n
7

Fig. 12.  Practical converter circuit with full-wave rectifier. The core sym-
bol is suggestive of a rectangular hysteresis loop and is used to indicate a
saturating core

will give 45 turns, involving a change of frequency to
450 c/s.

For a full load output voltage of 200 (rising to about
240 V on no load), allowing for secondary and rectifier
voltage drop, the secondary = 204/19-7 x 45 = 460
turns. This should be of 28 s.w.g. in order to fill the
remainder of the bobbin. The copper losses in primary
and secondary are roughly the same as the core hysteresis
loss and both are small compared with Ry loss: the
lamination pattern and operating frequency are there-
fore suitable.

The feedback turns can be calculated from the
Vve/l. characteristic shown in the 25012 data, and
reproduced in Fig. 13: 2-8 volts will be required for an
I; of 0-9 amp. Allowing 1V drop across the starting
diode and 0-7 V across the base resistor, 4-5 V will be
required, giving 11 turns for each base winding; ‘28
s.w.g. is suitable.

To give low leakage inductance it is preferable to
sandwich the feedback windings between the primaries,
which in turn should be placed in the middle of the -
secondary, wound in two equal sections.

The input resistance of the 25012 at high currents is
about 30 ohms, and varies little between transistors.
Series base resistors of 10 ohms will drop just less than-
the 0-7V allowed and give sufficient current equaliza-
tion throughout the cycle.

The emitter current required for starting may now
be calculated from expression (5). Here, Ry = 24/0-9
= 266 ohms and N = 45/11 = 4:1. For low currents,
rp will be higher than usual—say 40—and the effective
value will be increased by the added base resistors, giving
a total of.50 ohms; B will also be lower—say 10. Hence
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25
~ 266 50

41 10
The total I, required will be 3-8 mA, so that R = 6-2 kQ.
In fact, 3-3 kQ were found to be necessary : this differ-
ence can be explained by the rather arbitrary choice
of ry and B, both of which affect the result considerably,
and the fact that the transistors oppose each other until
one establishes a higher collector current.

Fig. 14 (a) and (b) show, respectively, the variation
of efficiency with load, and the output-voltage regulation
curve.

At full load the dissipation is less than 4 watts per
transistor. At temperatures up to 100 °C, a copper or
aluminium' heat sink of about 3 inches square will be
sufficient; at higher temperatures a larger one (prefer-

“ably of copper) may be necessary.

7 = 19 mA

Germanium Transistor Converter

The circuit of this is exactly the same as that of the
silicon version; the changed component values are also
in Fig. 12. Two Texas 2N457 germanium power
transistors are used, and over 100 watts may be obtained
from a 24-volt supply at about 909, efficiency.

The Res of the 2N457 is typically 0-05 ohm, with a
maximum of 02 ohm. The maximum current of
5 amps will give a maximum bottoming voltage of 1 V.

In this case, Iomaz and not Rg limits the output; the
arguments above concerning Rg may be ignored,
although an allowance must be made for the bottoming
voltage when considering the actual transformer primary
voltage.,

Table 1 suggests using type 227 laminations and, to
reduce hvsteresis losses, a rather lower frequency, say
300 cfs, is preferable.

By a similar process to that used for the silicon
converter, the windings are calculated as follows : —

Primaries : Each 54 turns 18 s.w.g.

Secondary : 588 turns 26 s.w.g. (for 250 volts)

Feedback windings : 10 turns each, 26 s.w.g.

The input resistance of the 2N457 is about 10 ohms,
and base resistors of 3-3 ohms give adequate current
sharing.

The total effective r, is now 13:3 ohms, N = 54,
Ry = 4-8 ohms and B at least 30. This requires I, of

Fig. 13. Base-voltage—collector-current characteristics of 28012 transistor
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Fig. 14. The converter efficiency and regulation are shown at (a) and (b)
Sfor a silicon transistor and at (c) and (d) for a germanium type

55:5 mA, and R = 6-5kQ. The experimental converter
actually started with 8-2 kQ, showing that the B of one
transistor was higher than supposed.

The mean R, dissipation at full load will be less than
2% watts per transistor, and a small heat sink (say 4 or 5
inches square) will allow operation in ambient tempera-
tures up to about 65 °C (assuming a maximum junction
temperature of 80 °C): this is half the temperature
permissible with the silicon’ version.

In neither design is smoothing shown, as ripple
specifications may vary widely. As a rough guide,
however, a single capacitor of 2 uF gave 4 V peak ripple
(2%2) on full load with the silicon converter, and
necessitated changing the starting resistor to 3-3 kQ
in order to start on full load. For the same percentage
ripple, the germanium converter required 4 uF.

Fig. 14 (c) and (d) show efficiency and regulation
characteristics for the germanium converter. The first
graph shows that considerably higher power and
efficiency can be obtained with germanium transistors.
than with the silicon ones at present available (but, of
course, at much lower ambient temperatures).

It is anticipated that silicon transistors will soon be
available with Rg as low as 2 ohms; this improvement
should be accompanied by an increase of the maximum
collector voltage. The silicon transistor will then rival
the germanium type for use in converters, particularly
with high supply voltages, and even at lower tempera-
tures where germanium could be used. For example,
a 2-amp silicon transistor with 100-volt collector rating

‘and Rgs of 2 ohms could give at least 80 watts from a

50-volt supply.

Using selected 2S012 transistors having an Rg of
2% ohms, the circuit of Fig. 5 has given 30 watts at 759,
efficiency when operated from a 24-volt supply.

Alternative Circuits \

Load in Transistor Emitters

The case of a power transistor is usually connected
electrically to the collector. When it is desirable to
have the converter transistor cases connected (when,
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i’ig. 15. Circuit permitting the collectors to be joined together and to a
heat sink

for example, they are on the same heat sink) the trans-
former primaries may be placed in the emitter circuits,
as shown in Fig. 15. Rj is larger than R, to compensate
for the diode voltage drop. C is intended to bypass the
high initial forward resistance of D.

1

Parallel Connection of Transistors

In order to increase the power output of a converter,
transistors may be connected in parallel. This will
reduce Rg; (relevant for silicon transistors) and increase
the allowable primary current (relevant for germanium).

Precautions will be necessary to ensure equal current
sharing; for example, by providing separate base series
resistors, or very low resistances in each emitter. It is
desirable also that the values of Rgs should be similar.

Series Connection of Transistors

When the supply voltage is too high for the conven-
tional circuit Fig. 16 may be adopted2. The senses of
the feedback windings cause diagonal transistors to
conduct together; the transistors, when cut off, experi-
ence only the supply voltage. R; serves to bypass the
top transistors when starting: R; and Ry together need
only provide a collector voltage for the two lower
transistors well above their bottoming voltage.

The two lower feedback windings must provide a
higher voltage than those above, to offset the diode
voltage drop. '

A converter using four 28012 or 2N457 transistors
could operate from a 50-volt supply and deliver,
respectively, about 30 or 200 watts.

Unsaturated Output Transformer Circuit

. Where wide load variations are likely, higher efficiency
and kinder treatment of transistors may result from
using an output transformer which does not saturate,
with a saturating drive transformer. The basic form of
this circuit is shown in Fig. 17. The significant effect of
this arrangement is that the collector currents do not
rise to a peak value, determined by the available drive
and regardless of load (as at point B in Fig. 3), but to
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Fig. 16. Series-connected transistors for high supply voltages; diagonal
transistors conduct together. All windings are on the same core

only a little more than the load-currents. This occurs
because switching does not happen as a result of the
increase of load caused by output-transformer core
saturation (as in the normal saturating converter), but
because the increase of magnetizing current of Tyg at
saturation causes an increasing voltage. drop across R,
until the transistor drive is insufficient for the particular
load on the output circuit.

This circuit is described elsewhere4, together with
variations which permit close frequency control with
varying input voltage and load.

Asymmetrical Push-Pull Circuit

If the numbers of turns on the two primaries in the
basic circuit of Fig. 2 are made unequal, one transistor
can be made to handle most of the power; the other
transistor can be a small-signal type as it need only reset
the core.

The rectification will be half-wave, for only the power
transistor is loaded, and ‘therefore the ratio of the
power-transistor conduction time to that of the reset
transistor should be high; the higher this is, however,
the greater will be the voltage across the power transistor
during the reset period.

The performance of this circuit can approach that of
the symmetrical version when supply voltages much less

Fig. 17. For high efficiency an unsaturating output transformer Tr, may be
used with a saturating drive transformer Tr,
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than the power transistor breakdown voltage are used,
and it will be more economical.

This arrangement has been analysed elsewhereb; the
symmetrical circuit is of course a particular version of
this general case.

Voltage Multiplication

The square output waveform of the symmetrical
converter is particularly adaptable to voltage multipli-
cation.

For economy and good regulation the transformer
secondary winding should give the highest possible
output voltage, requiring the minimum of voltage
multiplication.

The maximum output voltage will depend on the
leakage reactance and self-capacitance of the trans-
former, as these increase the rise and fall times of the
output waveform. Insulation problems may also limit
the output voltage, in view of the comparatively small
size of the transformer.

When this is within the control of the designer, the
highest possible supply voltage should be chosen, to
reduce the step-up ratio and hence the leakage induct-
ance.

Standard voltage-multiplication circuits may be
used; several have been described in a report on
silicon-rectifier circuits®.

A useful technique, to ensure reliable starting of a

converter feeding into the capacitative load of a voltage
multiplier, is to place a double-anode power zener
diode between the transformer and the multiplier; this
may -have a zener voltage of 20-90 V and, until oscilla-
tions provide that voltage, the converter will effectively
be unloaded.

A voltage-doubling converter to give about 2 kV has
been constructed; the primary side is identical with
Fig. 5 and the secondary side feeds a single-ended
voltage doubler-circuit. Performance figures are :—

Input voltage: 24V

No load output voltage :

Full load output voltage :

an efficiency of 65%,.

It will be seen that power output and efficiency are
little inferior to the earlier 250-volt version.

It appears that, with this size of transformer, insulation
and wire gauge will limit secondary voltage, perhaps to
about 4 kV (peak).

26 kV
1-9 kV for 12-4 watts, with
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SCAN MAGNIFICATION

A new system of scan magnification, developed by
the Mullard Research Laboratories, was demonstrated
recently at the Physical Society Exhibition. Two
radar tubes were used, each supplied with identical
scanning currents and final anode voltages. The tube
in the right photograph was scanned conventionally
while the tube in the left photograph employed scan
magnification by means of a static magnetic field
between the deflection yoke and the screen. The
magnification obtained was about twelve times linear.

The outstanding feature
of this system, however,
is power economy. In
a recent article (J. Telev.
Soc., November 1958) on
transistorized television
receivers, it was stated
that a power saving of
100: 1 for the line time-
base and approximately
4:1 for the field time-
base could be achieved
by using such a tech-
nique.

The fundamental basis
of the system is to pass the
normally-deflected elec-
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tron beam through a magnetic field, the intensity of
which increases away from the centre of the tube. This
field produces an additional deflection which increases
as the beam moves off centre, because the more the
beam is initially deflected the stronger the additional
deflecting field into which it moves. Considerable d