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Transistors
t was just over ten years ago, on June 30th 1948, that the Bell Telephone
1Jaboratories announced the invention of the transistor. Bardeen and
3rattain, in the course of fundamental research into the electrical proper-
,,ies of solids, discovered that a metal point upon a germanium crystal
when carrying forward current could influence the reverse current in a
imilar point contact nearby. As a result of this observation, Shockley,
vho had initiated and directed the research programme which led to the
/ransistor, developed a new theory of conduction in semiconductors, in
wvhich he postulated the junction transistor many months before the first
me was made. In recognition of their work in this field these three shared

the 1956 Nobel Prize in Physics.
Semiconductors, which have electrical properties intermediate between

those of metals and insulators, rely for their conductivity on the presence
A current carrying electrons or holes, the density of which may be less
than one current carrier for every 109 atoms. The number of current
3arriers can be controlled by varying the number of impurity atoms in the
semiconductor, using metallurgical techniques. More important, the
current flowing through a semiconductor can be controlled by changing its
3lectronic structure, e.g. by the application of a potential which may cause
;he injection or extraction of carriers, or by the generation of carriers by

nfra-red radiation.
All device development is dependent on the properties of the starting

naterials which are available, and it was for this reason that nearly all the
;ransistors up until 1955 used germanium as the basic material. It was not

mtil the silicon metallurgical techniques improved that silicon devices,
with their potentially higher power handling ability and higher operating

r
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temperature, were produced. The metallurgy of the Group III -V com-
pounds (e.g., gallium arsenide, indium antimonide) is still under develop-
ment, and for this reason very few devices using these compounds are
available. The high quality of the semiconducting crystals, associated with
the techniques of solid state diffusion, has made it possible to increase the
cut off frequency of germanium diffused base transistors to 1,000 mega-
cycles, and the power handling ability of silicon transistors to greater than
70 watts.

A new electronic era started with the invention of the transistor and
many different types of semiconductor devices (e.g. high frequency tran-
sistors, power transistors, switching transistors and diodes, photo tran-
sistors, power rectifiers, microwave mixers) have been developed having'
some advantages over vacuum tubes, such as conservation of space,
weight and power, with possibly greater reliability. Originally it was
thought that transistors might replace vacuum tubes; this has not been
the case so far, but they have made it possible for us to go beyond some
of the practical limits set by vacuum tubes; in fact they have been used
for the development of new equipments, and computors, data handling,
equipment and electronic telephone exchanges account for a large propor-
tion of the transistors used to -day. The production of transistors in the
U.K is less than 10% of that in the U.S.A, which was 29 million units in
1957, and it is forecast that it will exceed 250 million units by 1965.

With the development of very high frequency transistors and microwave
diodes for use in parametric amplifiers, it is expected that semiconductor!,
devices will play an important role in the communications of the future.

W E. COPSEY



METALLURGY OF
SEMICONDUCTORS, IN PARTICULAR

GERMANIUM AND SILICON

By A. J. GOSS, Ph.D, B.Sc.

state devices are becoming of increasing importance in the world of
!tronics, augmenting, and to some extent replacing, valves, with which the
lineer has become relatively conversant. New techniques are involved in the
paration of semiconductors, not the least important of which may be termed
miconductor metallurgy." These processes of material preparation such as
ting, alloying, polishing, etching, surface examination and crystallo-
phic control are metallurgical methods applied and extended to semi-
ductors, and, as such, are considerably removed from normal electronic
tponent technology. The purpose of this article, therefore, is to give the
rs of semiconductor devices some insight into the many problems and rare
sures of dealing with the basic semiconductor material and at the same

e providing sufficient references for more detailed examination of particular
ects of the work.

.TERIALS
o semiconductor materials at present dominating the scene are
uranium (Ge) and silicon (Si), although there are many other potentially
ful semiconducting elements and compounds which have been investi-
ed. An indication of the scale of commercial semiconductor activity is
l'en by the current annual production, which is of the order of 100,000 lbs.
14ermanium(1) and 20,000 lbs. of silicon(2). As far as is known, no signifi-
it quantity of any of the complex semiconductors is being used, but it
uld be unwise, however, to disregard completely consideration of these.

example, the Group III -Group V materials, in particular indium
inionide (InSb), gallium arsenide (GaAs) and other combinations such
-silicon carbide (SiC) and Ge-Si alloys, possess unique properties, but the
acuities associated with the preparation of these materials are
Lerently so much greater than for the pure elements, that their investiga-
n has been limited, to a large extent, to research work. A brief, readable
iew of intermetallic semiconductors by Minden(3), and more compre-
ssive studies by Pincherle and Radcliffe(4), and Cunnell and Saker(5) are
diable. As a result, of course, of the demand for germanium and silicon,
rge scale commercial effort has gone into the problems of producing
;in in semiconductor grade, while the complex semiconductors are, in
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many cases, only available in the chemically pure elemental state, because
of the small requirements. The present review will, therefore, deal mainly
with germanium and silicon.

The solid of the semiconductor may be considered in some respects as
analogous to the vacuum(6) or gas(7) of the valve. Electrons can move
freely in a vacuum or in a highly perfect crystal. Hence the basic require-
ment for high purity and perfection of semiconductor single crystals. It
should be pointed out that the term single crystal has a scientific con.nota-
tion. distinct from the popular one. A crystal might be visualized as having;
distinct and regular faces but in fact the macroscopic surface is unim-
portant and in metals and semiconductors the single crystal surface is
often apparently curved. A single crystal is defined as a volume in which
the atoms of the crystal are on one regular network throughout, oriented
in one particular crystalline direction. In practice, deviations from absolute
perfection occur which are of the order of seconds of arc for the best
crystals(8). When a specific crystal face is of importance in semiconductor
metallurgy, the external specimen face may be made to coincide with the
crystal plane by suitable specimen preparation.

PREPARATION OF PURE SEMICONDUCTORS
Basic material for the semiconductor, using the term now to apply to
germanium and silicon by chemical and metallur-
gical manufacturers in various parts of the world. In the United Kingdom,
Johnson Matthey have prepared large quantities of germanium dioxide
from flue dusts. Germanium originating in the Belgian Congo is refined for
Union Miniere in Belgium with an output(9) of the order of 50,000 lbs.
per annum. The final product is specified in terms of its electrical resistivity
(50 ohm cm. or 30 ohm cm.) to indicate its purity to the purchaser. I
the United States the Eagle Picher Co. and Sylvania Electric Products Inc.
are large producers of germanium. Silicon of semiconductor grade, i.e.
the very highest purity, was at one time available only from Du Pon
(U.S.A) and they are still producing very large quantities, but alternativ
supplies are now available, e.g. from Pechiney in France and, mor
recently, from I.C.I in England. The difficulties in preparing semiconducto
grade materials make the costs high. At present germanium sells at 3s.
per grm. (density 5.3, 16s. per c.c.) and silicon sells at 5s. 3d. per grm.
(density 2.3, 12s. 9d. per c.c.).

Elements required for preparation of other semiconductors are pur-
chased, in as pure state as possible, from the usual manufacturers or agents
Johnson Matthey of London, for example, can provide a wide range o
pure elements. In general such elements have to be further purified befor
they can be used to prepare crystals.

Purity is certainly one key to the semiconductor problem. This may b
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-emphasized by a calculation in terms of the electrical resistivity of the
micondu-ctor. Free electrical carriers are generated in the form of electron -

)le pairs by the heat vibration in the semiconductor lattice so that the
'rest germanium would be 55 ohm cm. and the purest silicon would be
10,000 ohm cm. resistivity at room temperature. In addition it has been
;monstrated(11) that, for group IV elements (Ge and Si in particular),
,ch atom of a group V impurity (e.g. Sb, As, or P) can contribute an
ectron and each atom of a group III impurity (e.g. B, Al or Ga) a hole
 absence of an electron. Each hole or electron can behave as a free
Large carrier. Then such free carriers from impurities give extrinsic
aiduction, in addition to the intrinsic conduction brought about by
Lermal generation. It is possible to calculate the approximate purities
ith respect to group III and V elements which must be achieved in order

have control over the extrinsic (impurity) conduction. Taking a
mplified picture,

-1 csn = nep.. for n -type (electron) (1)

ld -1 = ap = pep.p for p -type (hole) (2)
Pp

here p = resistivity ohm cm.

a = conductivity ohm -1 cm. -1

n, p = number of free carriers cm.-3

e = electronic charge = 1.6 x 10-19 coulombs

= mobility cm.2 volt -1 sec-1

id the subscript n refers to n -type and p to p -type

hen for example
5 ohm cm. n -type germanium, to calculate n, using Equation (1).

1= 0.2 = n x 1.6 x 10-19 x 3600 ohm -1 cm. -1
5

. . n = 3 X 1014 Electrons cm. -3

nce there are 4 x 1022 germanium atoms per c.c. it can be seen that an
'purity of one part in 108 of group V element will be detectable. For
10 ohm cm. p -type silicon, to calculate p, using Equation (2).

1 -
100

0.01 = p x 1.6 x 10-18 x 480 ohm -1 cm. -1

. . p = 1.3 x 1014 holes cm. -3
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number (approximately 1 015 cm. -3) of free carriers present at roo
temperature.

Before leaving the subject of preparation of pure semiconductors ii
should be pointed out that an inescapable problem associated with semi.
conductors is that of impurity determination. While the final assessment
of material may be made on grown crystals, a need arises for earlie
measurement to check on the purification processes, and then all the mosi
refined tests for trace impurities are called for. Some discussion of thes
problems has been given by James(12).

PREPARATION OF
THE SINGLE CRYSTAL SEMICONDUCTOR
Having purified the semiconductor it is now necessary to prepare the pure
material in an ideal form, i.e. in the single crystal state for experimental
or device use. There are many methods of growing single crystals: the
most comprehensive published reviews (26, 27) deal with non metals as
well as metals. A summary on crystals growing of metals by Holden(28)
is more directly applicable to semiconductor work. The method used for
preparation of semiconductor single crystals is, almost invariably, that of
solidification of the molten material. In effect, temperature conditions
are controlled to allow the melt to solidify slowly on to a seed of single
crystal. Of the classic methods, the ones in use are the horizontal tech
nique after Goetz(29), and the vertical pulling technique after Czochralski
(30). The horizontal method is preferred for bulk material preparation,.
because, in the author's opinion, of one overwhelming advantage-that its
can provide large ingots of uniform resistivity along the length(15, 18).
This, coupled with fully automatic growth procedure, makes for high.
quality semiconductor available at low cost. The vertical pulling technique
does have some advantages and is at present largely used for silicon
because no satisfactory crucible is available for horizontal silicon crysta
growing. The advantages of these two techniques have been discussed
elsewhere (18) .

The horizontal technique used in the Marconi Research Laboratories fo
germanium will be briefly described. In this type of apparatus, Fig. 1
the quartz furnace tube is heated by a temperature -controlled platinu
furnace, and most favourable growth conditions are achieved by water-
cooled muffles at the ends of the furnace. Close control of the temperatures
is essential for production of high quality ingots. Zone refined germanium,
ideal in shape and size of course, fits into carbonized quartz boats, together
with a seed crystal. With the tube filled with inert gas, the furnace is
brought into position to melt part of the seed and join it on to the zone
refined ingot. An automatic traverse then passes the liquid zone throug
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e whole length of the ingot resulting in one single crystal. It may be

en in Fig-. 1 that the quartz tube, crucible and germanium are all tilted

a slight angle (about 5°) which is necessary to keep a constant ingot
.oss-section(34). In the simplest case, when high purity crystals are
quired, no impurity (so-called "dope") is added. When a particular
sistivity of germanium is required a suitable weight of germanium-
ipurity alloy can be conveniently placed so that it becomes part of the

olten zone, and hence dopes the whole ingot as the molten zone is swept

'ong. Very uniform resistivities, ± 5%, are obtained for 85% of the
rystal length, as discussed in detail by Cressell and Powell(18).

Fig. 1. Single crystal furnace for germanium

The vertical technique, correctly called crystal pulling, is advantageous

in that the crystal solidifies without contact to the crucible holding the

melt, and hence silicon crystals are successfully pulled. (The method is

b,lso used for germanium and other semiconductors, e.g. InSb.) Other

Fdvantages of crystal pulling are the symmetrical shape, the large cross-
section and the convenience of single and double doping, i.e. the prepara-
tion of pin and multiple p/n structures in the crystal. But the inherent
disadvantage remains, in that as the melt is progressively solidified the

impurity in the semiconductor steadily concentrates and a normal freezing

distribution occurs(n). Hence, except for boron doped silicon in which
segregation is negligible, there will be a variation of approximately 50% in
,the resistivity for the first half of the crystal and then even more rapid

changes towards the tip. Some compensation for this increasing concentra-
tion of impurity along the crystal length may be obtained, for example
by changing the growth rate (ref. 32, p.101), or by diluting the melt(33' 34), or

by vacuum reduction of impurity(35). The crystal pulling technique appears

to lack the beautiful simplicity which characterizes the horizontal method.
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The type of apparatus used for silicon crystal pulling in this laboratory
is shown in Fig. 2 and the crystal growing operation may be briefly
described as follows. The high purity silicon is placed in a pure quartz
crucible which fits into a graphite susceptor. This assembly is surrounded
by an inert gas atmosphere in a quartz envelope (Fig. 2) while RF power
at 400 kc/s heats the graphite susceptor and thus melts the silicon.
Temperature in the system is adjusted so that a single crystal seed, about

Fig. 2. Single crystal furnace for silicon

0.5 x 0.5 cm., can be dipped into the melt, brought into thermal equi-
librium and then pulled out at about 10 cm/h, so growing a silicon crystal
75 g. in weight. Crystal dimensions can be controlled by adjustment of
temperature, or pull rate, or rotation rate of the seed crystal (the seed
and growing crystal are rotated about the growth axis to homogenize
growth conditions)(36). Dope can be conveniently added by dropping it into
the melt before or during the crystal growth. By successive doping, say
n- and then p -type added to a p -type melt, it is possible to grow crystals
with a p -n -p structure suitable for transistors. A most comprehensive
review of germanium crystal pulling, theory and practice is given inref. 32.
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Crystals of germanium grown in the horizontal apparatus may be several
logramm-es in weight, those grown in the crystal puller are, in general,
aller although crystals of germanium 6 inches and of silicon 4 inches in

ameter have been grown(37). Silicon crystal pullers similar in performance

I' that shown in Fig. 2 may have direct heating(38) or vacuum(35) enclosures
stead of RF heating and gas ambient. The relative merits of these
ethods are still under discussion. A major problem associated with
e choice of a crystal puller is that of the reactivity of liquid silicon.

he silica (Si02) crucible surface is dissolved by molten silicon and hence
xygen is detected in the silicon crystal(39). Not only is this oxygen itself

3leterious but it is indicative of other impurities so dissolved. To over-
)me such problems there is now available very high purity silica synthe-

zed from semiconductor grade materials(40), and even better, there is
ie use of the floating zone technique with wider application to crystal
rowing. It is possible by this method to prepare long single crystals of

 mogeneous high resistivity silicon(22) without contamination from silica.

. great deal of this work is in the experimental stage, so that its impact
n silicon technology cannot yet be assessed.
Other methods of producing single crystals are mainly of academic

iterest. For some semiconductor compounds, e.g. lead selenide (Pb Se),
rowth from the vapour can be used to prepare very fine crystals with

cm. dimensions(41). Great experimental care is necessary to produce

uch large crystals from the vapour and similar precautions would appear

o be necessary to grow semiconductor crystals from solution in a metal.

`do recrystallization processes occur in germanium or silicon nor can
a pour or electrolytic deposition provide significant single crystals.

Hence, to summarize, semiconductor single crystals are usually prepared
rom the melt with elements added as necessary to provide the electrical
.onductivity required. This is most readily accomplished for germanium

,137 the horizontal technique and, for silicon, with greater difficulty and

xpense, by the vertical technique.
i

VALUATION OF THE SINGLE CRYSTAL
1.h1hye isci laendecrystalle ipc roondpeu c ti hast

Firstly,
o be v

the
e sailtnuo.alee d in t

crystal
er ms crf certainaithen

got has to be verified and subsequently checked for microscopic imperfec-
ions by measurement of the dislocation density in the crystal, as described

elow. Then the electrical characteristics of the semiconductor, namely
0.e conductivity type (n or p), the resistivity, the concentrations of free

farriers and the lifetime of injected carriers should also be examined (ref.

U, chapter 20). The evaluation of material will, needless to say, depend

bn time, tests available and final material use.
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The orientation of a single crystal is the relationship between the
crystallographic axes and the specimen. It is usual to grow crystals with
axial symmetry, e.g. [100] or [111]. Pulled single crystals then have growth
faces indicative of this symmetry("). In most cases a visual examination
of the exterior of the ingot will reveal imperfections in the crystal struc-
ture, which can be confirmed by chemical etching or X-ray methods, if
necessary. Assuming the crystal to be free of major flaws such as twins or
lineage (see ref. 42 for definitions) then microscopic defects in the crystal
lattice known as dislocations can be quantitatively revealed. These
dislocations are discontinuities in the atomic arrangement of the crystal
and, therefore, on a very fine scale. They can be made visible because the
strained region associated with a dislocation is thousands of lattice cells in
extent. This strained region can be shown up by its differential chemical
etching-hence etch pits (Fig. 3)-or by special X-ray study of crystal,

Fig. 3. Dislocation etch pits on germanium

perfection( 44) or by "decoration" with impurity (45). A fairly consistent
picture of dislocations, in particular edge dislocations, is obtained by these
methods and a density of dislocations (p) can be stated. For example, in
the specimen of Fig. 3, p =102 cm. -2. Germanium crystals with densities of T.

dislocations 106 to 104 cm. -2 were common(44), but improved methods tl

have produced material with approximately 10 cm. -2 while a special
technique for producing silicon crystals a few grammes in weight without
dislocations has recently been published(46). It must be stated, however,
that correlation between electrical properties of semiconductors and the
density of dislocations has been disappointing. Nevertheless, the observa-
tion of a very rapid movement of impurities along edge dislocations(4J)
makes them of increased importance in devices prepared by diffusion in _

the solid state.
The electrical measurements on the single crystal semiconductor are

obviously of importance but it would be inappropriate to refer to them in '

any detail in the present metallurgical context. The thermo-electric effect i



TALLURGY OF SEMICONDUCTORS 13

used to check the n- or p -type predominance in the material. Hot and
ld probes, connected in series with a galvanometer, are pressed on to
ke specimen. The positive or negative nature of the majority carriers is
Uicated by the corresponding galvanometer deflection. Precise data are
rtained from resistivity measurements, made with a combination of
trrent and voltage probes by one of a number of available methods(36).
rom these resistivity measurements the number of uncompensated
ajority carriers can be calculated. However, for a complete determination
the numbers of donors and acceptors, a low temperature Hall effect

6asurement has to be made (34, 47). Finally, a most important parameter
ithe minority carrier lifetime. Lifetime is a measure of the time for which
pent carriers injected by electrical contacts or by incident light remain
1?e in the semiconductor, and lifetime is, therefore, vital for particular
vice applications. Details of measurement of lifetimes are given in
anter(34).
Other measurements on semiconductors can, of course, give further
formation about the material, e.g. infra -red absorption has been shown
') to indicate the presence of oxygen in silicon, which can play an
iiportant part in its electrical characteristics. But such other measure -
tents are seldom used on routine basis and the performance of the device
1;elf provides the final material check.

;ETALLURGY OF DEVICES
ihile a homogeneous single crystal semiconductor is essential for funda-
ental measurements and also for some device fabrication, semiconductor
,vices in general consist of single crystal material of more than one con -
rctivity type. The simplest example is the p -n (or n -p) junction, i.e.
,ode. The next stage is the three layer transistor structure, the n -p -n
r p -n -p), and more recently four layer structures, e.g. n -p -n -p with
!yratron characteristics, have been developed. This further stage of
miconductor metallurgy may be called device metallurgy in which
gions of single crystal are controlled in conductivity type and in resis-
wity. An account of the principles, metallurgy and applications of p -n
!notions has been given ( 48) (also in ref. 34, chapter 7) and a recent
R.E publication (49) gives comprehensive up-to-date surveys and many
'ferences. A few examples are described below to typify the metallurgy.
he number of ways of forming localized regions of controlled resistivity
almost as numerous as the types of devices so made but three broad
assifications can be given.

) DEVICES FORMED DURING CRYSTAL GROWTH
he first and most obvious method of junction preparation is by addition
dope to the melt, and hence to the crystal, in the crystal puller. Con-
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siderable theory and some experimental results that are obtained with ,

such transient changes in impurity concentration are dealt with in Tran-
sistor Technology, Volume 1(32). Doping a p -type melt with n -type
impurity can thus produce a p -n junction and by double doping, a p -n -p
junction. Only one such junction can normally be so prepared in one
pulled crystal, unless evaporation of the impurity (35) can be used to re-
cover the original p -type melt. An alternative technique has been tried (5°)
in which two melts, one p -type and one n -type, are used sequentially.

The grown junction can be sliced into many sections, each section being
an individual device. These devices have to be mounted, with electrical
contacts, surfaces prepared and the whole suitably encapsulated. Needless
to say many problems have to be overcome in these processes, but the final
product can be a silicon grown junction (n -p -n) transistor with 150 m1V
dissipation. In grown junction transistors the thickness of the base region,
i.e. the p -region in an n -p -n, cannot be readily controlled below 0.0005
inches thickness, thus setting an upper limit of about 10 MO to the
operating frequency. The lack of control of base thickness is largely due to
the time constants involved in mixing the dope in the melt.

Other variations in the crystal -growing procedure may be used to
produce junctions in a crystal. By changing growth rate(51) or seed
rotation rate(52) the relative segregation of two impurities can be modified
so that the crystal changes conductivity type while a short length of
crystal is grown. However, the control of base width would appear to be
even more difficult than in double doping. Finally a crystal growing trick
which can be used to give more abrupt junctions is sometimes used. This
is "melt -back" in which a layer of crystal is melted off while the added s'
impurity is being mixed in the melt and then crystal growth is continues
from the doped melt.

(b) DEVICES FORMED AFTER CRYSTAL GROWTH BY ALLOYING
After the single crystal has been grown and cut into sections, regions o
p- and n -type may be conveniently formed by local melting and solidifica-
tion in contact with a suitable alloying material. For example, a thi
layer of indium metal placed on an n -type germanium crystal will, whe
heated, melt and then dissolve some germanium. On cooling, germaniu
heavily doped with indium is frozen out and grows as a p -type layer o
single crystal on the original germanium. In this way very large area p -
junction germanium rectifiers are made such as the English Electric
Valve Co. VA710, 120 amp rating, which was developed from a researc
design prepared at Marconi Research Laboratories. Alloying to silico
presents much greater difficulties. For example, on cooling alloyed silico
differences in thermal expansion are greater than those for the correspond
ing germanium unit, so that greater stresses are set up and cracking
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ccurs. However, such difficulties can be overcome and large area silicon
iodes such as the Siemens-Schukert Si 150 handling 200 amps have been

By duplicating the alloying it is apparent that n -p -n or p -n -p structures
an be made. Close control of the alloying temperatures will be necessary
o give control of the base layer thickness and even so the ultimate
requency of alloyed devices is not appreciably higher than grown junction

vices. A significant improvement is made by the newer technique of
liffusion.

IC) DEVICES FORMED AFTER CRYSTAL GROWTH BY DIFFUSION

rn the last few years significant gains have been achieved by application
r f another solid state phenomenon, namely diffusion, to device prepara-
Aon. The resistivity regions are obtained by diffusion of the impurity into
the solid single crystal, as has been summarized by Smits (53). Thus from
n atmosphere of arsenic vapour, arsenic will diffuse into p -type germa-
gium, the penetration of the arsenic depending on temperatures and
pressures used. For example, on 1 ohm cm. germanium the p -n junction
lue to arsenic would be approximately 10-4 cm. (i.e. 4 x 10-5 inches)
below the surface after one hour at 700°C in a closed system. It is obvious,
Lherefore, that thin layers may be better controlled by diffusion than by
alloying, and hence transistors operating to 1000 Mcis appear possible(54).
Naturally, these gains are not made without some disadvantages arising.
The high temperatures necessary to get finite diffusion distances in
reasonable intervals of time are responsible for degradation of other
semiconductor properties, e.g. lifetime is shortened. If the effective base
thickness is reduced to produce a high frequency device, then the dimen-
sions of other parts of the device must also be reduced, so that, for
,example, emitter and base connections of area 0.002 inches x 0.0005
inches have to be prepared. However, the techniques necessary to deal
with these problems are being found and high frequency devices, such as
the germanium high -frequency transistor being developed at Marconi
,Research Laboratories, are becoming available.
1

(d) OTHER DEVICE TECHNIQUES
',Combinations of the three methods given above are sometimes advan-
tageous and in fact it is difficult to specify for some methods of device
preparation the relative importance of individual effects. There are a few
other rather specialized devices, in particular the surface barrier transistor.
In this high frequency transistor small electroplated contacts are used to
provide the junction regions. Refs. 34 and 49 refer to the whole range of
device production methods.

It would be unfair to give any impression that the device is completed
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when three or more resistivity layers have been prepared. The subsequent
treatment is equally if not more difficult if first grade transistors are to be
produced.

SUMMARY
The metallurgical processes used on the raw semiconductor through to the
working device are briefly outlined. Some of the difficulties which arise have
been pointed out and some of the new techniques which have been used
to overcome these difficulties have been described. In order to give an
overall picture of the metallurgy some oversimplification has been
necessary and therefore references have been provided, to standard works
as far as possible, which give detailed descriptions.
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BOOK REVIEW
FIRST COURSE IN TELEVISION by "Decibel," pp. 149

iir Isaac Pitman and Sons, Ltd. Price 15s.

ntroductory books on television published
n recent years are sufficiently numerous to
rovide a very wide choice to the prospec-
ive reader. One book that is likely to stand
Ugh in order of merit is that now under
.eview, written by an author who is respon-
ible for an ever -popular volume of similar
tandard on wireless.

"Decibel" has an attractive style for the
)eginner and introduces each subject with

direct approach that dispenses with
`padding" and is adequately explicit. The
tandpoint adopted is distinctly contem-
orary, although the scanning disc and
irror drum have been imported to aid in

he explanation of scanning systems.
The main subjects for which this book
ill be read are each dealt with in a separate

hapter; namely, the vision signal, basic
ircuits and principles, video frequency

amplifiers, wave -form generators, and pic-
ure tubes with their associated circuits.
ithin the limit set by the size of the book,

hese chapters are well done. Chapter VIII
n the reception of television signals is
ikely to prove disappointing as containing

4'ar too little information on actual receiver

circuits. This position is not retrieved by the
insertion, at the end of the chapter, of a
diagram and eleven lines of description of
the cascode r.f. amplifier. The outline of the
picture noise limiter, although correct so far
as it goes, fails to have much meaning unless
there is an indication to the reader that the
noise diode is in series with the signal
channel.

Television cameras are, on the whole, well
treated, the iconoscope being described in
sufficient detail to provide an example of
general principles. The description of the
image orthicon, however, could well have
included a note on the nature of the return-
ing amplitude modulated beam to the first
dynode. This essential feature of the image
orthicon tube is not illustrated in the
diagrams and can only be deduced from the
description. Incidentally, the sensitivity of
the image orthicon is not merely "compar-
able to that of the human eye," but is much
greater.

These minor shortcomings do not obscure
the merit of this volume: it is a valuable and
up-to-date contribution to the elementary
literature on the television art.



THE EFFECTS OF SEED ROTATION
ON SILICON CRYSTALS

By A. J. GOSS, Ph.D, B.Sc, and R. E. ADLINGTON, B.Sc, A.Inst.P

Single crystals of silicon have been pulled in an argon atmosphere from (
quartz crucible using seed rotation rates from 0 to 200 r.p.m. The effect o
rotation on crystal pulling, the growth interface, dislocations, etching
resistivity, 9o, absorption data and heat treatment of the crystal, are given.
mechanical model of stirring in the melt is described and the results are
discussed in relation to the model.

INTRODUCTION
The technique of pulling metal crystals from a melt dates from a 191'
publication by Czochralski(1). There are, however, several other methods(2
which have many advantages over crystal pulling for the preparation o
most metal crystals. Crystal pulling, therefore, has been of minor scientific
interest until the last decade and the advent of new semicon.ducto
devices. At the present time a considerable quantity, i.e. thousands o
kilogrammes, of germanium is being prepared in single crystal form b
crystal pulling, although the horizontal technique of zone melting (3, 4' 5
would seem preferable. However, for silicon, crystal pulling is of very
considerable importance since the horizontal technique is complicated b
the reaction between molten silicon and crucible materials(6). Since th,
properties of the semiconductor silicon are, to a degree, governed by th,
growth process, the study of growth parameters is important. Th
rotation of the seed and crystal, which is normally employed durin
crystal pulling, is dealt with in detail in the present paper.

Little general discussion of the effects of seed rotation has been pub
lished. Some of the important features have been emphasized, in particula.
by Burton et al. (7, 8). Their theory is built on a picture of a narrow laye
(,--10-2 cm.) of melt immediately adjacent to the growing interface throug
which impurity diffuses, with a thoroughly mixed melt beyond the narroN
layer. The experimental results obtained by Burton et al.(8) for germaniu
confirmed the expected effects on the segregation of impurities during th
growth process of (a) change of growth rate and (b) change of rotatio
rate. Thus in a slowly stirred melt an increase in growth rate results in
considerable increase in K (K = the effective segregation coefficien
K < 1), and in a rapidly stirred homogenized melt increase in K wit
growth rate is small. Hall (1953)(9) has suggested that K is changed as we
as the mixing in the melt. He observed that a change in rotation rate fro
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0 to 360 r.p.m. did not appear to have much effect compared with a
,hange a growth rate. More recently, experimental work has been
escribed by Bridgers(10) in which the change in K was successfully used
o make multiple p -n structures.

In silicon the effects of stirring have raised other problems. Rotation was
eported by Hannay et al.(n) to give trapping in silicon crystals and
ubsequently Fuller et al. ('2) reported heat treatment effects. The work of
iaiser and his associates has now given a clear picture of oxygen entering
the rotated silicon crystal, resulting in optical absorption (e.g. at 9.05p.)
ilnd also in heat treatment properties of the silicon. In particular Kaiser
Ind Keck (1957)(") have stated that the 9p. absorption decreases with the

,. Jiameter of the silicon crystal and similarly with the rotation rate. Fuller
And Logan 1957(14) have reported the corresponding changes for heat
Treatment. Finally the oxygen content of the silicon has been demon-
ztrated(15) to be a controlling agent in silicon etch pit formation.

In the experiments reported in this paper, the rate of seed rotation has
)een varied from zero to 200 r.p.m. and the effects on five crystal charac-
:eristics have been examined and correlated. The results obtained are
lown to fit a proposed model of stirring in the melt.

RYSTAL GROWING APPARATUS
The silicon crystals have been grown in crystal pullers designed and built
n these laboratories. The essential features of the crystal pullers will be
lescribed in order that, where relevant, these features may be taken into
account. The pulling chamber is a 10 cm. diameter quartz tube, 45 cm.
n height, the upper half transparent and the lower half translucent. The
ube is sealed to water-cooled stainless -steel ends, by silicone and neoprene

0 -rings. Inside the quartz chamber, quartz shields and supports are used
to hold a stationary graphite (Atomic Energy grade) susceptor, 5.2 cm. in
liameter, at the centre of the system. The high purity quartz crucible
Thermal Syndicate C2 type) fits inside the graphite susceptor. Argon of

°99.95% purity has been used for most of the experiments, flowing through
the chamber at about 2 litres/min.

The susceptor is heated by RF power at 400 kc/s from a 25 kW English
lectric generator. Through the lower stainless -steel end plate a thermo-
ouple (Pt/PtRh) is fitted which measures a susceptor temperature.
anual or servo mechanism (Honeywell Brown: Integra, Leeds and

Northrup equipment) may then be used for temperature control. The
crystal pulling shaft, made of stainless -steel, passes through a Wilson -seal

the upper stainless -steel end plate. A molybdenum reflector is fitted in
the top of the pulling chamber to protect the upper end plate from
radiation. The crystal pulling motion is obtained from a 16 thread per cm.
screw driven through a gearbox by a Velodyne(") motor -generator.
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Rotation of the pulling shaft is either by a small A.0 motor or another
Velodyne unit, the latter being used for wide ranges of rotation rate. No
crucible rotation has been used. Dope is added to the melt from tilting
pans feeding into quartz guide tubes.

As far as possible investigations involving change of the seed rotation
rate have been made with the minimum number of changes of other
variables in the system. In critical experiments, e.g. to compare rotation
and non -rotation, the changes in rotation rate have been made during
the growth of one crystal.

GROWTH PROCEDURE AND EFFECTS OF STIRRING
The silicon is placed in a clean quartz crucible in the graphite susceptor,
and the system is flushed with argon. The susceptor is heated by RF
power to about 200°C above its temperature for crystal pulling, melting
being completed in twelve minutes. The power is reduced and five minutes

Fig. 1. Silicon crystal showing wide (fast rotation) and narrow (slow rotation) growth flats

allowed for temperatures to steady. The seed, heated by juxtaposition to
the melt, is dipped in. Observation of the appearance of the pulling inter-
face (similar in nature to that reported by Marshall and Wickham, 1958)(17)
enables the temperature to be adjusted to give smooth seeding on.
According to the rate of stirring with the usual pulling rates of 0.0025 to
0.0006 cm./sec., the temperature is then adjusted to give the required
ingot, normally 1.5 to 2.0 cm. diameter with 35 to 50 gm. melts.

The effects of fast stirring are immediately apparent during crystal
growing and emphasize that several parameters are inevitably changed
by increasing the rotation rate. Thus an increase of rotation rate, while a
uniform crystal is being grown, results in the crystal diameter increasing
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nd, conversely, a decrease in rotation rate results in the crystal diameter
decreasing. Marked effects are observed for changes of from 10 to 80 r.p.m.
'hanges of rotation rate from 3 to 30 r.p.m. or from 80 to 160 r.p.m. have
ess effect. The external surface of the crystal is also modified by the
stirring rate. Wide growth flats (11111 facets) appear for fast rotation and,
subsequently, narrow growth flats appear for slow rotation. An example is
hown in Fig. 1. Various sizes of growth flats have been obtained in other

pulling systems, i.e. wide growth flats have been obtained in a thermally
insulated growing chamber and very narrow growth flats have been
obtained in a crystal puller with reduced heat insulation. It is felt therefore,
that wide growth flats correspond to a low temperature gradient in the
melt, adjacent to the growth interface. This would confirm the increase of
crystal diameter with stirring, and is in agreement, as shown below, with
interface shapes. It should be pointed out that with fast rotation a slightly
higher susceptor temperature (approximately 5°C) has to be used and it
must be assumed therefore that greater heat loss from the melt then occurs.

EXPERIMENTS ON ROTATION
!GROWTH INTERFACE SHAPE
Crystals were grown, as described above, with uniform pulling and seed
rotation rates. The size, shape and weight, etc., of crystals were stan-
dardized as far as possible. After approximately one third of the length
of each crystal had been pulled, dope was added to the melt to delineate
the junction. It was known from doping successively at short time intervals
that the time constant for dope to reach the complete growth face was of
the order of seconds. Hence the p -n junction made by doping the melt

Fig. 2. Growth interface. Mag. x 3
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did give a true macroscopic picture of the interface shape. After the
crystal had been pulled it was sectioned longitudinally and the p -n junction
stained(18), photographed (Fig. 2) and measured.

Results are shown in Figs. 3 and 4. With a crystal pulling rate of 0.0012
cm./sec., rotation rates of 3 to 80 r.p.m. were used, while with a crystal
pulling rate of 0.0006 cm./sec. the rotation rates were 3 to 200 r.p.m.
The interface deflection is the distance, in mm., of the maximum depression
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Fig. 3. The effect of seed rotation on the interface shape for 1.2 x 10-3 cm./sec. pull rate

of the centre of the growing interface below the periphery (Fig. 2). Figs.
3 and 4 giving rotation rate versus interface deflection show data for
crystals of average diameter 19 mm. It may be seen that for rotation
rates above 50 r.p.m. the interface is appreciably flattened. The same
effect has been confirmed for other pulling rates in the range 0.002 to
0.003 cm./sec. With a pulling rate of 0.0025 cm./sec. and slow seed
rotation the interface was almost flat while fast rotation caused a reverse
curvature.

DISLOCATIONS AND ETCHING
The distribution and density of edge type dislocations as revealed by
chemical etching have been studied on (111) cross sections of crystals
pulled at various rotation rates. The size and shape of the crystals were
kept as uniform as possible. The specimens were ground with alumina
A.0 grade 303, and then etched in one part hydrofluoric acid (40%) with
five parts nitric acid (95%) to give a polished surface. They were then
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Ached in SD] (19) for a few minutes when etch pits, usually very small in
ize, formed at the edge dislocations. To enlarge these pits the specimens
ere left for sixteen hours in the Dash (1956)(20) etch and to confirm that

hese large etch pits developed at the termination of edge dislocations
ith the surface, the copper decoration techniques of Dash were also

followed.
After etching, the specimens were photographed and a typical etch pit

PULL RATE 0.6 x 10-3 cm./s.

0 50 100 150 200

ROTATION RATE r.p.m.

Fig. 4. The effect of seed rotation on the interface shape for 0.6 x 10-3 cm.lsec. pull rate

pattern on a (111) cross-section is shown in Fig. 5, where the edge disloca-
tions have been caused by slip on the three symmetrical (111) planes.
Due to the non -uniform distribution of the etch pits, there was a large
range of dislocation densities, in some cases 10-103/cm.2 on each cross
section and this made the correlation with rotation rate somewhat
difficult. However, when the photographs of the etched specimens were
arranged in order of decreasing etch pit density as judged by several
observers, the faster rotation rate crystals were seen to have the lower
density.

The effects of rotation rate, resistivity value and conductivity type on
the background and etch pit etching rate of (111) cross sections of single
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crystal silicon have been studied. Fast and slow rotated specimens of high
(> 10 ohm cm.) and low (< 1 ohm cm.) resistivity, p- and n -type, were
etched together, using the etch described above. With regard to the back-
ground it was found that p -type silicon etched faster than n -type, and
p -type appeared dull whereas the n -type remained brightly polished.'
Etch pit sizes were obtained ranging from 6 x 10-2 mm. for slow rotation,
low resistivity p -type to 1.5 x 10-2 mm. for high rotation, low resistivity

Fig. 5. Edge dislocation etch pits on a (111) silicon cross section. Mag. x 4

n -type silicon. Although there was some variation in pit size over each
cross section, a comparison between the specimens gave some general
results which can be summarized as follows.

1. Etch pits on slow rotated silicon etch faster than those on fast
rotated material of similar resistivity and conductivity type as stated
by Logan and Peters (1957)(15).

2. Etch pits on p -type silicon etch faster than those on n -type of
similar resistivity and rotation rate.

3. Etch pits on low resistivity p -type silicon etch faster than those onhigh resistivity p -type of similar rotation rate.

RESISTIVITY
The resistivity in a pulled silicon crystal containing a dominant added
impurity follows the segregation relationship of a normal freeze(4). This
segregation, considering K < 1, involves a build up of impurity in a layer,of melt adjacent to the interface, as considered by Burton et al. (1953)(7, 8).
Effective segregation will be influenced by sweeping the melt over thishigh concentration region, i.e. K will depend on melt mixing. Hence
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irring can be expected to affect K and also possibly to redistribute
purity. Changes of K for longitudinal sections, resulting from changes
rotation rate, have been given by Burton et al. (1953)(8) and Bridgers

956)(10) but transverse variations in resistivity do not appear to have
en reported. Crystals have therefore been grown with various rotation
tes and the distribution of gallium impurity has been followed by
sistivity measurements.
Crystals were pulled as described above. After a uniform 1 cm. length

ad been grown without rotation a pellet of tin-gallium dope was added.
he crystal was grown a further 1 cm. without rotation and then subse-
uently rotated at 10, 30 or 80 r.p.m. Tin -gallium alloy dope was used to
nsure that the dope sank immediately. The doped crystal was about
ohm cm. resistivity, and no effects of the tin could be observed in

eparate experiments. A central longitudinal section was cut from the
rystal and then separate longitudinal strips, 2 to 3 mm. in width, cut from
his section. Resistivity measurements were made with a two probe unit
Pith 3 mm. probe spacing. Five or more curves were obtained for each
rystal and have been checked with single probe measurements. Fig. 6
hows two sample curves of resistivity along the length of crystals for
-30 r.p.m. and for 0-80 r.p.m.
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08 0 0
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Fig. 6. The effect of seed rotation on the resistivity of gallium doped silicon
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Quite a sharp interface was formed where dope was added without
stirring. In the unstirred region the impurity concentration varied con-
siderably. Slow stirring appeared to reduce the variation in concentration,
but the outside of the crystal was always of higher resistivity. The effect
of stirring at 80 r.p.m. was very marked (Fig. 6). The centre of the crystal
increased in resistivity from 1.2 to 1.4 ohm cm., but sections 1 to 3 mm.
from the edge of the crystal did not. A change in segregation coefficient

4

3

125 r.p.m.

I I

10 r  p m .

10 20 30 40 50 60

DISTANCE ALONG SPECIMEN
(m.m.)

Fig. 7. The effect of seed rotation on the 9p. absorption in a silicon crystal along the growth axis

corresponding to a resistivity change of 20% might be anticipated from
the curves given by Burton et al. (1953)(8). Having established fast rotation,
the crystal grew with more uniform transverse resistivity, approximately
± 5% across the interface, within the limits of experimental measurement.

9[1. ABSORPTION

From the recent work of Kaiser, Keck and Lange (1956) (21) it is now well
established that oxygen is introduced into pulled silicon crystals due tothe reduction of quartz crucibles by the silicon melt. The concentrationand distribution of the oxygen in the silicon depends upon various growth 't

parameters including the crystal diameter and rotation rate, the tempera-
ture distribution in the melt and the gaseous ambient or vacuum in the
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ystem. The concentration of oxygen is determined by measuring its 91/
fra-red absorption coefficient. This absorption band has been related by
rostowski (1957)(22) to a silicon -oxygen molecular vibration from
bservations of isotopic shifts on the substitution of 018 for 016, and cali-
rated by vacuum fusion gas analysis(13).
In the present experiments 9..t, absorption data were obtained from

ransmission measurements using an S3A Grubb -Parsons infra -red
ectrometer. Strain free specimens, with carrier concentrations less than

016 CM. -3 from mole than twenty (111) grown silicon crystals, were used.

rieasurements

were made every 2 mm. along the length on longitudinal
entre sections, with faces ground parallel and optically polished. A range

diameters were studied for crystals, grown as described above, with
arious crystal rotation rates, up to 160 r.p.m.
The effect of seed rotation rate is illustrated in Fig. 7. The rotation rate

vas changed from 10 to 125 r.p.m. and then after 3 cm. had been grown,
lecreased to 10 r.p.m. The 9µ absorption coefficient can be seen to change
rom 2 cm. -1 to 5.7 cm. -1 over the region in which the rotation rate was
ncreased, and to revert to 2 cm. -1 when the rate was reduced. By taking
nto account the diameters of the crystals, the relationship between the
)p, absorption and the rotation rate up to 160 r.p.m. can be accurately
ihown. Fig. 8 shows data for three diameters, in which absorption rises

2
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B

A -POINTS FROM INGOTS OF DIA. 2.0 c.m.

B -POINTS FROM INGOTS OF DIA. 1.75 c.m.

C -POINTS FROM INGOTS OF DIA. 1.5 c.m.

40 80 120 160

ROTATION RATE r.p.m.

200

Fig. 8. The effect of seed rotation on the 94 absorption for three crystal diameters
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from about 2 cm. -1 at low rotation rates to 6 cm. -1 at 160 r.p.m. As shown
by Kaiser and Keck (1957)(13) this corresponds to a range of oxygen
content of four to sixteen parts in 106 by weight. Slow rotation, 10 r.p.m.,
is seen to reduce the 9p. absorption below that for zero rotation for crystal
diameters less than 2 cm. A linear relationship is shown to exist (Fig. 9)
between the 9µ absorption at the centre of a crystal and the diameter over
the range considered, for both slow and fast rotation rates.

7
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40 r.p.m.

1-0 1.5 2.0

CRYSTAL DIAMETER c.m.

Fig. 9. The effect of crystal diameter on the 94 absorption for three rotation rates

Measurements have also been made of the variation of 9p, absorption
perpendicular to the length of the crystal, for fast and slow rotation rates.
9p. absorption is a maximum at the centre and decreases outwards, being
about 5% less for silicon 1 mm. from the edge, and considerably reduced

!

in the skin. Kaiser and Keck (1957)(13) suggest that this lack of oxygen is
due to evaporation of SiO from the surface of the melt.

These observations on 9p. absorption do no apply to the last few cm. of
the silicon crystal, where growth conditions, melt size, etc., are rapidly
changing.
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IEAT TREATMENT
eat treatment of rotated silicon crystals was pointed out by Fuller

.,t al. (1935)(12) and a comprehensive study of heat treatment was
mblished by Fuller and Logan in 1957(14). They have stated that heat
reatment at low temperatures which gives rise to donors in the silicon is
elated to the rotation rate and to the crystal diameter. An increasing
umber of donors, ND, was found with increasing rotation rate and crystal

In the present experiments the principal effort has been made

o study the results of change of rotation rate and in so doing the impor-

tance of crystal diameter had become apparent. The extremely close

correlation between 9p. absorption and heat treatment measurements has
provided valuable confirmation of results.

Heat treatment has been carried out on specimens from crystals prepared
by the standard techniques described earlier. The range 400-500°C has
been explored and the maximum increase in ND was found at 450°C.
Experiments have been carried out in chemically clean conditions, using
uartz apparatus and argon atmosphere. Two probe resistivity measure-
ents at room temperature have been used to evaluate ND with a back-

ground acceptor level of 5 X 1013/cm.3. Results were estimated to be
accurate to ± 10%.

The increase in donors, ND, for various rotation rates as a result of a
tandard heat treatment of 24 h. at 450°C are given in Table 1. The results

lhave been taken for specimens of 1.5 to 2.0 cm. in diameter.

TABLE I

Rotation Rate
r.p.m.

Donor increase/cm.3
(24 h. at 450°C)

0-10 0.5 X 1013 to 3 X 1013

40 1.0 X 1014 to 15 X 1014

80-160 0.8 X 1015 to 15 X 1015

For ranges 0-10 and 80-160 r.p.m. any systematic change of ND is masked

by other variables. Fig. 10 shows the relationship between ND and the
crystal diameter for seven crystals grown with rotation rates > 80 r.p.m.
For any one crystal a single line of points is frequently obtained and an
exponential function of crystal diameter can be made to fit the correspond-
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ing values of ND. However, due to variation from melt to melt, the overall
average data is as represented in Fig. 10.

A set of curves for ND, 9p, absorption and crystal diameter for a typical
crystal is shown in Fig. U. The increase in ND, and in absorption at the
large cross section is interrupted by a non -rotated section of crystal, with
immediate reduction in both parameters. But the curves also contain an
anomaly in the reduction of ND and absorption over the length 3-4 cm.,

ROTATION RATE
>80 r.p.m.

0

(r) 0
cc
0
0

101'

05 1.0

0

0
(80 z006

8 0 0
0 00 00 °80
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1.5

O
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Fig. 10. The effect of crystal diameter on the donor production for a heat treatment of 24 hours
at 450°C for rotation rates > 80 r.p.m.

in which the crystal diameter is increasing. Such anomalies are probably
due to random instabilities in the system.

From consistent measurements in several ingots with slow and fast
rotation rates it is estimated that for fast rotated material ND during the
growth process, i.e. heat treatment in growth, is about 2 x 1014/cm.3.
All fast rotated crystals of normal diameter, 1.5-2 cm., must have had this
treatment.

A MODEL OF ROTATION IN THE MELT
The results of experiments, as given above, may be more readily appreciated
by first discussing the flow movements in the melt. A mechanical model
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as been of particular assistance in giving visual evidence of these move-
ents. For the model an actual quartz crucible has been used, with bottom
eat. Wafer in the crucible has been "doped" with drops of potassium
ermanganate solution while the crystal has been simulated by brass rods,
f various diameters, rotated with a Velodyne motor -generator. The
ovements of the dye could be observed with and without crystal rotation.
ince the viscosity of liquid silicon is not known, glycerine and water -

10'

20

c.m

1.0

ROTATION RATE 80 r.p.m.

9p ABSORPTION

2-0 3.0 4 0 5 0

CRYSTAL LENGTH c.m.

).Fig. 11. 9g. absorption, heat treatment, and crystal diameter for a silicon crystal grown at
i

!

glycerine mixtures were also tried to provide a range of viscosities for the
model. The essential features of the melt circulation remained the same,
(although with changed time constants. The water model is felt to be a
very reasonable one and the glycerine experiments confirm the results.

With no seed rotation, thermal effects in the melt are observed. The
elt rises at the edge, the hottest part of the system, and the introductionm

;of a cold crystal gives an immediate downward flow in the centre of the
melt, which continues even with a warm crystal. If slow stirring say
10 r.p.m. is switched on, then there are no marked changes in the flow
isystem. The edge of the melt is not rotated and downward central flow
continues. Without thermal stirring, dope dropped into a water "melt"
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with crystal rotation at 20 r.p.m. is incompletely mixed even in one
minute. Thus thermal stirring is important with slow rotation rates. With
fast rotation rates a marked change in stirring occurs. At 60 r.p.m. a
central vortex forms which is very stable, rising rapidly and continuously
underneath the crystal. Dope is swept rapidly up from the bottom of the
melt to the underside of the crystal and then out sideways. Fig. 12 shows
potassium permanganate "dope" rising under the "crystal" a few seconds

Fig. 12. Model showing central vortex at a "seed.' rotation rate of 70 r.p.m.

after doping the (water) melt. Vortex action is introduced in the range
30-60 r.p.m. and, naturally, is enhanced by larger crystals.

Flow due to a rotating disc has been the subject of several mathematical
treatments. The case of rotation of an infinite flat disc has been calculated
by Cochran (1934)(23). Streamlines of flow bounded by a single disc for
the conditions in which the angular velocity of the fluid is a maximum at
the disc have been given by Batchelor (1951)(24). He shows the disc
acting as a centrifugal fan, throwing fluid out in a radial direction and
drawing it up axially, as observed in the present model.

It should be noted that crucible rotation, from evidence of the model,
gives quite different modes of liquid flow from those described here for
seed rotation.

RESULTS COMPARED WITH THE MODEL
(a) GROWTH INTERFACE SHAPE AND DISLOCATIONS
In the model slow stirring was seen to have little effect on the circulation
of the liquid. Thermal stirring thus predominates and the associated

it

to
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raperature gradients in the melt give rise to a curved growth interface,
observed for slow growth rates. Rosi (1958)(25) has made temperature

easuremehts in silicon melts and found temperature differences of
0°C vertically and 40°C radially. The curved interface and curved
thermals must result in thermal stresses in the pulled crystal. Higher

slocation densities, as have been observed, would therefore be anticipated
ith slow seed rotation and curved interfaces.
Since at rotation rates in excess of 60 r.p.m. mechanical stirring of the
elt takes over, temperature gradients are reduced. This reduction in

radient is shown in crystal pulling effects (e.g. Fig. 2 growth facets) and
terface flattening (Figs. 3 and 4) with the same crystal pulling rate,
3. 0.0012 cm./sec. Fewer dislocations are therefore observed with fast

ttation. A similar modification in the growth interface shape and associated
Muction in the dislocation density may be made by increasing the pulling
tte from 0.0006 to 0.0025 cm./sec. With a pulling rate of 0.0025 cm./sec.
e effect of fast seed rotation on interface shape is in the same sense as
iat described in Figs. 3 and 4. Since the slow rotated interface is almost
t the fast rotated interface is now curved in the reverse direction to

iat shown in Fig. 1.
Silicon crystals with edge dislocation densities of approximately

0/cm.2 have been obtained by using flat interfaces, coincident with (111)
lanes. This is analogous to the growth of low dislocation density ger-
ianium crystals using controlled growth on (111) planes in a horizontal
,.:pparatus by Cressell and Powell (1957)(5) in this laboratory.

)) RESISTIVITY
llermal stirring alone has been responsible for the movement of gallium
i,.ope into the non -rotated crystals, and hence resistivity variations across
he growth interface are to he expected. Fig. 6 is indicative of such
ariations and very large random changes in resistivity in separate
"lements have also been observed. While some improvement may occur
'-ith rotation rates of 10 and 30 r.p.m. there is still a considerable radial
'pread in resistivity with gallium concentrated in the centre of the inter-

':. ce. The immediate effect of fast rotation (80 r.p.m.) seen in Fig. 6 can
e related to the vortex sweeping up under the crystal and then out side-
- ays, levelling out the impurity concentration as it sweeps over the
'ffusion layer. Hence the impurity level is modified, K changing from
hat for static to that for dynamic conditions and a marked increase of

iformity in resistivity is obtained. The effects of rotation rate on
egregation along crystals of germanium, have been discussed in detail
y Burton et al. (1953)(7,8) and by Bridgers (1956)(10).

) Data in Fig. 6 show that, for fast rotation, while the centre changes
.esistivity, the edge of the crystal (1-3 mm. depth) is not affected. It might
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be suggested that heat treatment could be responsible for the change in
resistivity. However, measurements of 91/ absorption 1 mm. from the edge
of the crystal show only a small change in oxygen concentration as com-
pared with the centre of the crystal. In addition the change in resistivity
observed corresponds to a decrease of approximately 2 x 1015 acceptors
cm.3 whereas careful measurements in several crystals indicate an increase
of only approximately 2 x 10'4 donors/cm.3 during growth of fast
rotated silicon crystals of normal diameter.

(C) 9p, ABSORPTION AND HEAT TREATMENT
The effects of seed rotation on the oxygen concentration, and hence the
heat treatment effects in silicon crystals, can be partly explained in terms
of the results seen in the model. At zero rotation the melt is circulated b\
thermal stirring and oxygen rich silicon is supplied from the walls of the
crucible to the crystal interface giving an oxygen concentration of four
parts in 106 by weight in the crystal, and a donor increase of the order of
1013/cm.3 for a twenty-four hour heat treatment at 450°C.

A minimum oxygen concentration occurs at 10 r.p.m. for crystal
diameters below 2 cm. (Fig. 8). At this rotation rate, the oxygen is still
being transported by thermal stirring, the slow rotation of the seed only
stirring the melt in the immediate vicinity of the crystal. This small
mechanical stirring allows more oxygen to evaporate from the surface
than with zero rotation and so the melt is diluted at the growth interface.
This minimum in the oxygen concentration is not substantiated by the
heat treatment measurements since other variables in the apparatus mask
the results and limit them to an accuracy of ± 10%. However, Domenicali
et al. (1957)(28) reported a greater donor increase in a 3-4 r.p.m. rotated
crystal than in 12-20 r.p.m. rotated crystals.

For seed rotations between 20 and 80 r.p.m. the mechanical stirring of
the melt becomes increasingly important as seen by the rising vortex
under the "crystal" in the model. Hence melt containing higher oxygen
concentration reaches the growth interface and a rapid rise occurs in the
oxygen content in the crystal (Fig. 8). The increase in donors from 1013 to
1016/cm.3 emphasizes further the effects of seed rotation in the range
20-80 r.p.m.

Between 80 r.p.m. and 160 r.p.m. the 9µ absorption curve begins to
flatten out (Fig. 8) and little change is seen in the production of donors
by heat treatment (Table 1). Over this range, the melt and the crystal
are becoming saturated with oxygen and due to the rapid stirring there is
probably a large increase in the surface evaporation of oxygen.

With the increasing crystal diameter both 911 absorption and donor
production increase for both slow and fast rotation rates (Figs. 9 and 10).
These effects are chiefly due to the decreasing influence which the evapora-

fl
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ion of SiO from the melt surface has on the oxygen concentration at the
rowth interface (13). Above 30 r.p.m. these effects also depend upon the
ortex action which increases with crystal diameter, as shown in the model,
upplying more oxygen to the interface.

ONCLUSION
hree ranges of rotation rate, namely 0 to approximately 20 r.p.m., 20 to

'0 r.p.m. and 60 to 200 r.p.m., have been found to be of importance in the

resent experimental arrangement.
(a) With seed rotation rate less than approximately 20 r.p.m., the fluid

novement in the molten silicon appears to be largely due to thermal
stirring. The resultant conditions, in particular the temperature gradients,
ire such that the growth interface is curved and dislocations ranging in

ensity from 102-104/cm.2 are formed, with the growth rate of 0.0012
1n./sec.1. The resistivity varies considerably in a radial direction and
-)xygen reaches the growth interface in appreciable concentrations, as

' would be expected in view of the thermal stirring.
(b) Transition from thermal to mechanical stirring in the melt takes

place in the range from approximately 20 to 60 r.p.m., giving rise to
changes in the various measured parameters. In particular the oxygen
concentration increases by a factor three and donors due to heat treatment
lincrease by about three orders of magnitude.

(c) With fast rotation rates, i.e. approximately 60 r.p.m. and above,
rapid mechanical stirring dominates the liquid flow pattern. The tempera-
tures in the melt are modified so that the growth interface is flattened and
dislocations appear in reduced numbers, of the order of 10-103/cm.2 with

the same growth rate, i.e. 0.0012 cm./sec. Melt mixing results in a more
uniform radial resistivity but at the same time oxygen rich melt is brought

up to the interface and considerable 9p. absorption is therefore observed.

Heat treatment data support the optical absorption data in every detail.
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BOOK REVIEW
BIBLIOGRAFIA MARCONIANA (In Italian)
Compiled by Giovanni Di Benedetto. Published as a supplement to "La Ricerca Scientifica,
1958, by the Italian National Council of Research. Price 2,000 Lire (approx. 24s.)

This unique bibliography comprises two
main sections. The first deals with publica-
tions in the form of scientific papers, articles,
letters, interviews, etc., for which Guglielmo
Marconi himself was primarily responsible.
The second section deals with papers, books
and articles written about Marconi; these
range from "Keeping House for a Genius"
by his beautiful wife, Marchesa Cristina
Marconi, to "A Caustic Summary of Wire-
less Telegraphy Invention" by Professor
Sylvanus P. Thompson. In addition, more
than twenty pages are devoted to a brief
but very useful personal history of Marconi.

The most striking thing about this biblio-
graphy is the care with which every piece of
information has been numbered and placed
in chronological order and, from the

historical point of view, it is a real joy to use.
The publication concludes with an Alpha-
betical Index of names of authors and
organizations as well as pseudonyms; Signor
Di Benedetto achieves the spectacular feat
of finding a reference under every letter of
the alphabet -yes X for Ximenes.

The foreword is written by General Prof.
Luigi Sacco, well known in international
radio affairs and Trustee of the Marconi
Foundation. One must be tolerant of the
flowery language he uses when he writes of
a fellow Italian who achieved world-wide
fame but one boggles at his suggestion that
Marconi discovered the ionospheric medium
in 1901 and the tropospheric medium in
1930; it would be more correct to say that
Marconi demonstrated that radio waves
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lould be propagated to distances which
rere thought to be impossible at the time,
ut left the scientists and physicists to

beorize upon the propagation medium.
General Sacco writes of the three great

loads taken by radio but the reader is left
n doubt whether he refers to ground -wave,
.ropospheric and ionospheric propagation -
ong, medium and short wavelengths -or
possibly communication, broadcast and
Ei.dar.

There are always better ways of doing a
lob and Signor Di Benedetto's work is no
xception but credit must be freely given to

girn for the masterly manner in which he has
i,ackled a vast subject and achieved such a
great measure of success. Historians of the
Cuture will have cause to be grateful to the
talian National Council of Research for

1i;ponsoring the work and it is a pity that
uch a monumental publication should not

Iinave been given a suitable stiff cover to
krace the shelves of Technical Libraries.

A few statistics will serve to demonstrate
IGIuglielmo Marconi's status and, at the same
'time, give an idea of the magnitude of
Signor Di Benedetto's task. The references
number in all 2,662, of which Marconi

Of the 2,439 references relating to Marconi,
S65, many in the form of obituaries, were
'written after his death in July 1937. Many
[of the references have useful informative
motes appended, and some of the titles in
'lesser known languages are translated into
Italian. A list of the honours, decorations
and awards bestowed upon Marconi occupies
three pages. Lastly, Signor Di Benedetto
personally scrutinized the relevant literature
in 31 libraries in Italy.

Now for the inevitable criticisms. How
annoying it is to find oneself reading a page
in the middle of the book (243 pages in all)
without the section to which the page refers
being indicated on one side of the page or
the other! The Contents page states that
the Alphabetical Index includes "persons
referred to" and "the more important
subjects," but these have in fact not been

included-Kemp, Paget and the like, in-
separable from the history of Marconi, are not
listed in the index, neither is a reference given
to the Yacht Elettra on board which much
radio history was made; surely this gallant
but ill-fated vessel deserved special mention.

Mistakes? Yes, there are a few mistakes
not all of which are typographical. In two
places entries should read " Wireless Tele-
graph and Signal Co. Ltd." (the first name
of Marconi's Wireless Telegraph Co. Ltd.)
and not " Wireless Telegraph Trading
Signal Co. Ltd." On page 35 the entry
for March 26th, 1930, says the distance from
Genova to Sydney is 14,000 miles and
that impulses transmitted by Marconi from
the Yacht Elettra to Sydney travelled at
a speed of 180 miles per second-the
statement would seem to need slight
revision. The Irish will probably take
exception to the spelling of Ballycastle and,
of course, the name Davis Jameson on
page 14 should read Jameson Davis.

One last complaint-the brief history of
Marconi is confused in one particular respect
after 1931. The words " short-wave " are
used in places where " microwave " would
have been more correct; in other places the

word " microwave " has been omitted.
Both General Sacco and Signor Di

Benedetto are careful to point out that all
available literature, whether it be adverse
criticism or not, has been included. In the
main this declared policy has been well
executed but there are a few minor omissions.

A well-informed reader will have no
difficulty in discerning that Solari's "Storia
della Radio" is quoted verbatim in some
parts of Signor Di Benedetto's personal
history of Marconi, but nevertheless it
serves a very useful purpose and makes
interesting reading.

As a final summing up of the Bibliografia
Marconiana it can be said that it is a most
important contribution to the history of
radio and the Italian National Council of
Research and Signor Di Benedetto are both
to be congratulated upon its publication.



TRANSISTOR LINE DEFLECTION
CIRCUITS FOR TELEVISION

By P. B. HELSDON, A.M.Brit.I.R.E, M.I.R.E.

The conventional shunt diode energy recovery system used for transistor line
scan generators is very efficient, but due to the hole -storage effect it is often,
difficult to obtain the required small flyback time. Retrace driven circuits avoid
this problem but require about twice the transistor volt-ampere rating for a
given scanning energy. The use of automatic phase control and reverse base
current drive applied to the shunt diode circuit allows the production of saw-

tooth currents sufficient to scan a full sized picture tube to normal television
standards.

The generation of a saw -tooth current in deflector coils involves the
repeated storage and removal of a large amount of energy. For example,
in the case of a 70° tube operating at an anode potential of 14 kV, the
energy required to deflect the beam from its central position to one side
amounts to about 950 micro -Joules. If this energy were to be removed by
dissipating it in a resistance the power required would be 19 watts. By
making use of a principle disclosed by A. D. Blumlein(1) in 1932 the stored
energy can be recovered and recirculated at each cycle. With circuits using
this method the power source has only to supply the small amount of
energy lost in the deflector coil resistance and other unavoidable circuit
losses.

These energy recovery systems fall into two main types. Conventional
valve circuits generally use a "series efficiency diode," whereas transistor
scan generators usually take the form having a "shunt efficiency diode."
Valves work well at high voltages and medium currents. transistors how-
ever have limited voltage ratings, but operate at comparatively high
currents. The series diode returns energy to the valve circuit in the form of
extra or "boosted" HT voltage, which suits valves. A shunt diode returns
current directly to the supply, i.e. it recharges the battery or reservoir
capacitor, so that the mean supply current is much less than the peak
current passed by the transistor.

THE TRANSISTOR AS A SWITCH
In these high efficiency circuits the valve or transistor is usually operated
in a manner simulating a switch. A perfect switch of course dissipates no
power. Within its ratings a transistor makes a very good switch, so long
Rs the operating speed is not too high. A p -n -p transistor in the grounded

it
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mitter connection can be switched off by driving the base a fraction of a
olt positive. At collector voltages below the breakdown point only the
_,akage and saturation currents then flow. These are small at room
imperature but can be expected to double for every 9°C rise.

If the transistor is switched on by the application of a negative base
as current of sufficient magnitude, the collector will conduct fully for

1oltages of the order of one volt. In comparison, most valves have a
`bottoming" voltage about fifty times greater.

FHE SHUNT EFFICIENCY DIODE CIRCUIT
N transistor version of the Blumlein energy recovery system was first
described by G. C. Sziklai(2) in 1953. This circuit is intrinsically very
[fficient, but as will be shown, certain practical difficulties are encountered.
A ig. 1 shows the basic circuit and waveforms. The transistor IT1 acts as a
witch closed for' the scan period T2 and open for the flyback period T1
during T2 a nearly linear current builds up in the scanning coils L1. At
.he beginning of T1 this current continues to flow into the flyback capacitor

(a)

(b)

0

V2

roam

_ci
Ll

BASE DRIVE
VOLTAGE

EMITTER CURRENT

COLLECTOR
VOLTAGE

DIODE CURRENT

COIL CURRENT

0

0

0 --

0

VCC

T2
I

["INTERNAL FEEDBACK

HOLE STORAGE

Fig. 1. (a) Basic energy recovery system using a shunt diode and (b) characteristic waveforms
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C1. Now C1 is chosen to resonate with L1 so that the current goes through
half a cycle of oscillation in the period T1. This ensures that the current
in L1 at the end of T1 is equal but opposite in direction to its value at the
end of T2. During T1 the voltage across C1 rises to a maximum negative
value, as the current in L1 passes through zero, and then falls to zero
sinusoidally.

If the transistor were a good bi-directional device the shunt diode would
not be necessary, but in practice transistors are only poorly bi-directional.
At the beginning of T2 the decaying current in L1 generates a positive
voltage which when it equals the battery voltage causes the diode to
conduct. The constant battery voltage then causes the current to decay
in a near linear manner until the diode cuts off as the current passes
through zero at the middle of T2. The current builds up again in the
opposite direction through V1 as before. It will be noticed that the battery
is charged during the first half of T2 by the diode current, and discharged
through V1 in the latter half of T2, the mean battery current being zero.
In practice, resistive losses in the components cause the mean diode
current to be reduced so that the battery has to supply a small nett
current, and the diode ceases to conduct before the middle of T2. A
derivation of the necessary circuit constants can be found in Appendix A
on page 63.

LOW ENERGY EXPERIMENTAL CIRCUIT
A simple experimental circuit is shown in Fig. 2. This, like the others that
follow, is intended only to illustrate the basic operation and does not
represent a finished design. All the low energy experimental circuits

V6/R8 0077 045

0

Fig. 2. Experimental shunt diode circuit for low level operation

described were adjusted to give a saw -tooth current of 150 mA p.p into
a 1m1-1 coil, with a flyback time of 8p.S on the 405 line system. Perform-
ance figures are shown in the Table on page 48. Line drive pulses switch
the V6/R8 from saturation to cut-off. Inverted pulses at the base of the
0077 drive it to saturation during the scan period T2, and cut-off for the
flyback period T1. It is fully bottomed so that collector dissipation is
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Minimized. Collector current of the 0077 rises to a maximum at the end
If T2 and the base region accumulates a large store of holes. The flyback
roper cannot start until most of these holes have been abstracted since
he collector continues to conduct while holes are stored in the base
gion. Holes are rapidly removed by driving the base positive. Even so

bbout 31/S is lost from the available flyback time, and necessitates the use
)f a smaller value for the flyback capacitor so that the resonant flyback is
lompleted within the available time T1. This results in a proportionate
ncrease in the peak flyback voltage. An improved technique for dealing
with the hole -storage problem is described below in regard to the design
if higher energy scanning circuits.

RETRACE DRIVEN CIRCUITS
Circuits have also been proposed which overcome the problem of hole-
ftorage by making the transistor conduct during the flyback period. Due

a self -commutating action, a rapid fall in collector current is no longer

necessary.
A scanning system of this type was described by W. B. Guggi(3) in 1956.

\o complete analysis of this circuit appears to have been published, so
,here follows below a short description of the circuit action, and a deriva-
ion of the necessary circuit constants. The latter can be found in Appendix
13 on page 64.

BASIC OPERATION OF THE GUGGI CIRCUIT
.9'ig. 3 shows the basic circuit and waveforms. V1 is a transistor which acts
Ls a switch, closed throughout both T1 the flyback period and Tp the
?ositive scan period but open during the negative scan period T0. As
;hown. in Appendix B, the period Tp must be roughly four times T.
During T1 and Tp the battery and the charge on the large reservoir
3apacitor C2 cause a current to flow in the large storage inductor L2.
En the off period T. this current continues to flow through L2, but is
;witched via the diode V2 into the flyback capacitor C1. This almost
3onstant current charges C1 to a high voltage by the end of T.. The
liode is cut off and the scan current in the deflector coils L1 is reversed
luickly during T1 when the transistor switches the highly charged C1
tcross L1. The value of C1 is chosen so that its charge drops to zero in the
lyback period. At the beginning of Tp the decaying current in L1 develops

I reverse voltage which when it equals the voltage maintained by the
'eservoir capacitor C2 causes the diode V2 to conduct. The positive
3urrent in L1 then decays in a near linear manner until it reaches zero,
'echarging C2 in the process. At this instant the transistor must be
;witched off. The circulating current in the storage inductor L2 switches
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itself through V2 and recharges C1 as before. The substantially constant
voltage on the reservoir capacitor can now build up a negative going
linear rise of current in L1, this current passing through the diode V2
backwards by subtraction from the L2 current. Obviously the current in
L2 must be at least equal to the peak value of the negative current in Li
at the end of T, otherwise the diode would cut-off before the end of the
scan.

(a)

BASE DRIVE VOLTAGE

EMITTER CURRENT

(b) COLLECTOR VOLTAGE

VOLTAGE ACROSS LI

CURRENT IN LI

0

Vcc

°
vco

0

To

CI

T-

INTERNAL FEEDBACK

1

0 -I -

Fig. 3. (a) Basic retrace driven system by W. B. Guggi and (b) relevant waveforms

The energy stored by L1 at the end of T. is recovered and added to that
provided by the flyback capacitor C1. Consequently C1 does not have to
store all the energy required per scan, i.e. the peak voltage required is
reduced.

The initial collector current at the beginning of T1 is the sum of the
circulating current in L2 and the peak negative scan current /. These

yi

VE
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krrents are in opposition so if they are equal their sum is zero. Since the
111ector current starts at zero it is obvious that its peak value at the end

T1 must be equal to the peak to peak value of the scanning current in
Alternatively, the peak collector current at the end of T1 is the sum

the circulating current /2 and the peak positive scan current In, which
/2= In gives the same result, since /2 cannot change much in the short

yback period T1.
i The simplified analysis in Appendix B shows that the nett result is a
duction of about 14% in the necessary transistor peak volt -amps for a
iven scanning power. This advantage tends to be offset by the necessary
11,ctor of safety which requires the circulating current in the storage
i ductor to be somewhat larger than the peak negative scanning current.

tlso
the analysis here neglects the fact that the flyback period encom-

rf

sses more than a quarter cycle of oscillation, which would necessitate
reduced value for C1 and consequently a higher voltage for the required
ergy.

1 The mean battery supply current is a function only of the transistor
?ak current rating and the television standards. The battery voltage,
Dwever, is a function of circuit losses. A resistance free circuit would
;quire zero battery volts once the reservoir capacitor were charged.

XPERIMENTAL GUGGI CIRCUIT
le circuit is shown in Fig. 4. The first transistor is driven by line drive
u1ses and produces a negative going saw -tooth at the collector; it is

1 47k

U-
Jpp L D

V6 R8

J-
Fig. 4. Simple experimental retrace circuit (after W. B. Guggi)

X A101

100

0077 0A5

C2

22mH 3 711 lo°P F

LO U9

-11--/ 0 0 0
CI L1

20

0-02'F 1mH 1.a+

160

0 9V

0

ottomed during the flyback and cut-off during the saw-tooth run-down.
n adjustable auto -bias network in the base circuit of the second transistor
eeps it cut-off for both the flyback period and a large predetermined part
f the run-down period. Once in conduction it soon bottoms. The resulting
Tetched line drive pulse at the second collector, in conjunction with the
ext auto -bias network in the following base circuit, provides the specially
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timed driving waveform for the output transistor. The output transisto
is bottomed during the flyback period and about 80% of the scan period
it is then cut off for the remainder of the time (Tn). The theoretical valu
for T. is 181.).S and the measured value was 15p.S. This discrepancy ma
be an experimental error. Hole -storage in the output stage is not
problem so it was unnecessary to pulse the base heavily positive. Th
negative swing had to be increased to give the double collector current,;
required in comparison with the shunt diode circuit.

Comparison of equation (11) in Appendix B and equation (4) in Appendi
A (neglecting hole -storage) shows that the Guggi circuit requires
collector peak volt-ampere rating of nearly twice that for the shunt diode
circuit. The Guggi system gains an advantage in this respect, however
when the hole -storage delay in the shunt diode circuit exceeds half the
allowable flyback period in simple circuits not using automatic phase
control.

The Guggi circuit is intrinsically efficient and it does avoid the hole-

storage problem. The power supply required, however, is a low voltage,
high current one.

The simple experimental circuit described above was unsatisfactory in
that the switch -off transition was slow, since it was derived from a slowly
falling saw -tooth waveform.

A scanning current saw -tooth with a sinusoidal component for flat -face
correction can be obtained by giving the reservoir capacitor C2 a suitable
value. Linearity otherwise is a function of the deflector coil time constant
included in which is the diode forward resistance. The diode resistance is
a function of current and rises to a maximum as the current passes through
a minimum at the juncture of Tp and Tn. This rise in diode resistance can
cause an inflection in the saw -tooth at this juncture. Reduction of the
inflection can be obtained by switching the transistor off a little before
the deflector coil current reaches zero, and by using a high conductance
diode.

A NEW FLYBACK DRIVEN CIRCUIT
This circuit(4) was devised to obtain a more useful ratio between the
required battery voltage and the peak collector voltage rating. It also
eliminates the hole -storage problem while at the same time utilizing the
normal line drive pulse timings.

The circuit can be designed to operate directly from the normal tran-
sistor HT supply voltage. The supply current is typically about one
quarter that for the Guggi circuit for the same scanning current. Energy
recovery is not inherent, as in the previous circuits, but can be incorporated
if required.
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SIC OPERATION OF THE NEW CIRCUIT
lie basic circuit and associated waveforms are shown in Fig. 5. It will be

en that the transistor V1 acts as a switch which is closed for the flyback

Hod T1 (or slightly more) and open throughout the remainder of the
b: n period T2. The values of L1 and C1 are chosen so that C1 is discharged
pmpletely through L1 in the period T1, so that all the energy acquired
,r Cl during the previous period is transferred to the deflection coils L1.

the end of period T1 the decreasing current in L1 generates a negative
)1tage which when it equals the steady D.C. voltage maintained by the
rge reservoir capacitor C2, causes the diode V2 to conduct. Now the
tlues of C2 and R2 are chosen so that the voltage developed across C2,

(a)

(b)

BASE DRIVE VOLTAGE

EMITTER CURRENT

COLLECTOR VOLTAGE

CURRENT IN L2

(EXAGGERATED)

VOLTAGE ACROSS Ll

CURRENT IN Ll

0

0

V
2V

0

0

L2

T2

HOLE STORAGE
I

Fig. 5. (a) Elementary form of a flyback driven system and (b) associated waveforms
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by the pulsating current from V2, is substantially constant. This constant
voltage causes the current in L1 to decay in an exponential manner. If
the deflection coils have negligible resistive losses, the exponential decay
becomes a substantially linear saw -tooth suitable for television applications.
The value of R2 is chosen so that the current in L1 decays to nearly zero
at the end of the scan period T2.

The capacitor C1 is completely discharged at the end of period T1 so that
the inductance L2 has the full battery voltage V impressed across it
throughout the period T1 and the beginning of T2. This causes an increasing
current to build up in L2. Now the value of L2 is chosen to resonate with
C1 at half the frequency given by the reciprocal of T1 + T2. This causes
the voltage across C1 to build up in a sinusoidal manner which reaches a
peak value, equal to twice the battery voltage, at the end of period T2.
Thus the flyback voltage applied to the deflection coils L1 at the beginning
of T1 is equal to twice the battery voltage (neglecting losses). The current
in L2 varies sinusoidally, reaching a peak about half way through T2 and
decaying to nearly zero at the end of T2. It is possible to make L2 much
larger. The build up of voltage across C1 during T2 is then more linear
and the current in L2 approximates to a parabolic waveform. The sinusoidal
mode of operation is believed to be the most efficient.

The end of period T1 can be delayed slightly, by hole -storage for
example, without materially affecting the operation of the circuit.

The experimental circuit is shown in Fig. 8. Corresponding performance
figures are given in the Table. Hole -storage in the output stage is not a
problem so it was not necessary to pulse the base heavily positive.

The switching transient losses often associated with transistors are
minimized in this circuit, since the build up of collector voltage after the
switch -off point at the beginning of T2 is slow. The build up of current
during T1 is also fairly slow.

Comparison of equation (3) in Appendix C and equation (4) in Appendix
A, shows that the new circuit requires a peak collector current twice as
great as for the shunt diode circuit, other things being equal. The new
circuit gains an advantage in this respect, however, when the hole -storage
delay in simple circuits exceeds half the allowable flyback period. Another
point in favour of the new circuit is that the peak collector current is
required only for the short flyback period so that the mean dissipation is
reduced.

The battery voltage required is half the peak collector voltage rating
and corresponds to normal practice for other transistor circuits. The value
of C2 can be reduced so that the current in L1 during period T2 has a
sinusoidal component superimposed on the saw -tooth, and is suitable for
"flat -face" correction.

In a practical circuit the deflection coils would need to be connected



UNSISTOR LINE DEFLECTION CIRCUITS FOR TELEVISION 47

ca a transformer to eliminate the DC component of the saw -tooth
tirent and allow the injection of the conventional centring current.
'Improved circuits, not yet engineered, are shown in Figs. 6 and 7. In
tese the power previously wasted in the resistance R2 is added to the HT
pply, thus improving the efficiency. Alternatively, the resistance R2
m be replaced by some other circuit that requires a low voltage, high
urent supply.
i In the proposed circuit of Fig. 6 the transformer TR,. is chosen to have
ratio so that the average current passed by V2 equals that required by

2. In the circuit of Fig. 7 the transformer TR, is chosen to have a ratio

L2 L2

6. Voltage saving version of the flyback Fig. 7. Current economizing form of the
driven system

V6R8 XA101

flyback driven system

0077 0A5
9V

- 20V

Fig. 8. Low energy experimental flyback driven scanning generator

C

3 that the voltage across the secondary connected to V2 during the period
12 is equal to the battery voltage V. This should result in a considerable
wing of current.
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Performance of experimental circuits designed to produce 150mA p.p. in 1m11 deflector coils
and adjusted to have a flyback time of 8µS on the 405 line system.

HIGHER ENERGY SCANNING
The experimental circuits described so far operate at a low level, produc-
ing only sufficient energy to scan a 1 inch Vidicon camera tube. These
low energy circuits can of course be used in conjunction with scan magnifica-
tion(5' 6) to provide normal line deflection in a full sized picture tube. It
is doubtful if scan magnification can be applied to camera tubes, such as
the image -orthicon which requires scanning energy at about the same level
as a conventional picture tube.

The choice of which basic circuit to use for the production of higher
energy scanning depends upon the rating of available transistors and the
effect of hole storage. We have seen that when hole storage can be
neglected the shunt diode circuit demands a transistor peak volt-ampere
rating of only about half that required by the retrace driven type of
circuit. Hole storage delay can be eliminated by a method described by
H. C. Goodrich(?). This uses an automatic phase -lock system which
allows one to adjust the timing of the flyback, so that it falls within the
blanking period as required.

The deflection of a 70° picture tube operating at 14 kV was the design
aim for the experimental circuit to be described. Under these conditions
and with standard deflector coils this tube was known to require a half -
angle deflection energy of 945 micro -Joules.
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lom Appendix A the necessary transistor volt-ampere rating is given by
27c JV Icp cp =
Tl

(neglecting losses)

iThis can be made a minimum by allowing the flyback time T1 to equal
e blanking interval of 14p,S less the time taken for hole storage decay.
lowing an estimated 3t1S for hole storage decay, T1 becomes 110. The
juired collector V.A rating is then 560 V.A. Now a 2N174 power transis-
r is rated at 80 Volts and 13 Amps giving 1040 V.A which is ample.
iere are numerous germanium power rectifiers with similar ratings which
ti be used as the shunt diode.
:Samples of the 2N174 were not at the time available so some 006
'tnsistors were tested as substitutes, for experimental purposes only.
,trmal ratings for an 0016 are 32 Vp and 3Ap giving 96 V.A which is
adequate. Out of fourteen samples tested, ten were found to have a
Rector break -down voltage greater than 80V. Collector cut-off current
lotted against collector voltage for temperatures of 20°C and 70°C
I' sample No. 5 are shown in Fig. 9. It will be seen that the breakdown

15
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11
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9

8

IC. mA
7
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5

4

20°C 70c -

0C16 SAMPLE
Vb +1.5 VOLT

GROUNDED EMITTER

3

2

1

00-

I

70"C

20°C

10 20 30 40 50 60 70

V0 VOLTS

Fig. 9. Collector breakdown characteristics of a sample 0C16 power transistor
(not necessarily typical)

80 90 100 1 0 120
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voltage increases with temperature and above 95 V the collector current
falls as the temperature rises. This unexpected result can be explained
by the fact that the mean free distance of a current carrier within the
depletion layer falls as the temperature rises. Consequently it has less
time to gather the momentum required to initiate current multiplication
by collision ionization.

The normal doubling of the saturation component of the current every
9°C can be seen at the lower collector voltages, but this is swamped by
the large leakage current above 50 V, and by the even larger ionization
current above 90 V.

Base driving voltage and current required to obtain collector currents
up to 9 A are shown in Fig. 10. It will be seen that the current gain

10

9

8

7

6

5

AMPS

4

3

2

° 0

lb

Vb

0C16 SAMPLE
V, = -1 VOLT

AMB. TEMP 17-C
GROUNDED EMITTER

0.25 0 5 I, 0.75 AMPS 1 0 1.25 15
0 05 1-0 Vb 15 VOLTS 2-0 2.5 3.0

Fig. 10. Transfer characteristics of a sample 0C16 power transistor (not necessarily typical)
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racteristic up to the normal 3 A is very linear, but to obtain 8.5 A,
se driving voltage of -3 V at 11 A is required. A 2N174 at the same

ector current would require only- 9 Vat 34 A. If we choose a working
k current of 8 A at 70 V, the required 560 V.A will be obtained. A
able shunt diode is the GEX541 which is rated at 80 V and 8 A with
ropriate cooling. Both transistor and diode must be mounted on a
stantial heat -sink. The diode stud is connected to the cathode so that
an be directly connected to the chassis heat sink, but the transistor
st be insulated with the usual mica washers. The measured total

gsipation in the output transistor was 11 W, but a lower value should be
ained using a 2N174. A theoretical calculation of transistor dissipation
ine scan service has been given by G. Schiess and W. Palmer(9).

,T,FLECTOR COIL CIRCUIT CONSTANTS
e inductance required for the deflector coil is given by

L - VcP1
IpT
70 . 11L=

106 . 8 . TC

;
= 305g1

Tback capacitance is given by

C =IePT1
Veer.

8 . 11
106 . 707c

= 0411F

kttery voltage less the bottoming voltage is
2 T1 V

PYee -T2
2 . 11 . 70

77 87

5.7 Volts

0 the collector bottoms at -07 V the required battery voltage will be
64V.
to ready made deflector coil was available with an inductance of 114µH

the coils in series. By reconnecting these in parallel an inductance of
 541 was obtained. To minimize losses a 0.511Fmica heavy duty capacitor

11

11
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was used connected across the coils as the energy storage flyback capacitor
Power was obtained from a 6 V lead -acid accumulator, by-passed by
bank of electrolytic capacitors totalling .024F. This large value wa
required to obtain the necessary low internal series resistance and t
keep the ripple current per section within reason, because some 16 Amy
p.p. of saw -tooth current at 10 kc/s was to circulate. The use of 6 V instea
of the estimated 6.4 V partly explains the failure to fully scan the 70° tub
while operating at 14 kV. Fig. 11 is a photograph of the screen showin
the system working at 10 kV. Linearity was corrected by the use of th
Mullard shorted turn method(8).

Fig. 11. Raster obtained using the high energy experimental circuit to
scan a 70° tube operating at 10 kV

BASE DRIVING CONDITIONS
The complete circuit diagram is shown in Fig. 12 and the relevant wave
form of each stage in Fig. 13. It will be seen that the output stage need
only be switched on for the latter 544S of the scan since the shunt diod
carries the current for the first 3011S and both are off for the flyback period
of 14p.S.

Transformer coupling is used to obtain the conditions necessary fo
fast switching and to save driver current, also to ensure that the transisto
is cut off if the drive should fail. It was found under dynamic condition
that just over -2.5V forward base drive was sufficient to keep the outpu
collector bottomed up to the end of the scan. Allowing -1 volt for th
driver collector there remains 5 V for the primary, so that a step dow
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io of 2/1 is required. This calls for a driver load current of 0.55 A plus
primary magnetizing current. This is well within the rating of the

,16 driver transistor.
nergy built up in the core of the driver transformer due to the flow of

gnetizing current must be removed during the off period. There are a
tuber of ways in which this stored energy can be dealt with. For
mple, a storage capacitor and shunt diode as in the deflector coil case
I return the energy to the battery. Or a capacitor -resistance network
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q. 12. High energy experimental circuit using the shunt diode system and incorporating
automatic phase -lock

n be made to dissipate the energy. In either case the capacitor has to
ild up sinusoidally a peak voltage which, referred to the secondary,

Ives a base peak positive voltage of

INow since this peak positive base voltage is effectively added to the
pak negative collector voltage, it is an advantage to minimize it by
iaking the off period Toff as long as possible. By switching the base on
st before the diode ceases conduction the ratio of on to off times of the

river can be made 2/1 instead of the usual 10/1.
Another way to deal with the stored energy is to use a catching diode

Too

T7b°ff- b°' 2 Toff

GEX541

 +
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connected between the driver collector and a reference voltage which
larger than the battery voltage by a suitable amount.

When the catching voltage is three times the battery voltage the catct
ing diode will conduct automatically for a time equal to half the on perioc
Referred to the secondary this will give a square positive off -pulse with
peak amplitude of only twice the negative on -pulse. It will be seen tha
this reduces the off -pulse by a factor of 2/Tc. If the catching voltage is bui]
up by a C.R network there is the possibility of a dangerous transien
condition while switching on, and a second battery is not always con
venient. A neat solution is to use Zener diodes to provide the catchin,
voltage with another diode connected back to back as the catching diode
In the case of the driver, Fig. 12 shows that two 6 V Zener diodes are use'
in series aiding with a third silicon diode in reverse, giving a total referent
voltage (including the battery) of nominally 18.7 Volts. The actual voltag
was 21 V so the base is held positive for only 201.1,S, but remains cut-oi

LINE DRIVE

0

-20V (a)

V, SHAPER

0

-21V

0

-72V

(0)
V, DRIVER

-(I)
V, OUTPUT

-16V .-e-' (e)
-8 5A

' (k)V, OSC
' IE OUTPUT

Fig. 13. Waveforms occurring in the high energy scanning generator
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we there is no forward bias until the start of the on -period as shown in
. 13. The use of a catching diode instead of the usual driver flyback
acitor is of vital importance when the problem of hole storage is

r nsidere d as shown below.

7c

/Where /el, is the peak collector current and Tsc, is the large signal current
in. Complete cut-off is ensured also if the base is driven a volt or two
tsitive.
The transition from on to off is characterized by an initial delay(n)
fore the collector current starts to fall. This delay is caused by holes
'bred in the base region due to any excess of the previous base current
er the minimum value required for bottoming as given above. This
cess base current is necessary as a factor of safety. The hole storage delay
this and previous stages is completely taken up by the automatic phase
ntrol system and can therefore be neglected.
After the initial delay the collector current decays in a way determined
7 the transistor high frequency response, the base driving waveform and
e external circuit constants. Transient dissipation will be minimized if
e collector current decays to a low value before the voltage across the
7back capacitor has had time to build up to a significant value. In this
se, the flyback capacitor is effectively a short circuit during the collector
rrent decay time so that Miller effect will not be significant. Collector

irrent decay is then determined only by the transistor high -frequency
sponse and the base driving conditions.
The short-circuit current transfer characteristic of a grounded emitter
ansistor is given by

ANSISTOR TRANSIENT RESPONSE
minimize dissipation the transistor should be fully bottomed through -

t the on period. Under static conditions this can be obtained by
plying a forward bias current equal to

ib =
/,

13

e

[1 + i
Le

here fcce is the frequency at which the grounded
rrent gain a, is reduced 3 dB.

)1 For a step of base current Aib the
Mange according to

4

)

a,
Zc

= ib

= Ai 0: [b e

emitter low frequency

collector current will therefore

r.
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where Tae the grounded emitter time constant, is
1

Tae
2.7c f.e

and the time t is considered to start after the initial hole -storage dela:
which as mentioned above can be neglected.

If the step reduces the base current to zero the time taken for th
collector current to fall to 10% of its initial value will be 2.3 Tae. NON
Lc, of the 0C16 at the high current levels used is about 19 kc/s, so the time
taken by the collector current to fall to 10% for a reduction of base bia
to zero will be about 200. Since we require the collector current to deca:
in less than 31.1S it would seem impractical to employ audio-frequenc:
transistors such as the 0C16. During the collector current decay period
however, it is possible to draw a positive base current so that the stet
in base current can be larger than the previous steady negative value
Under these conditions the collector current can be made to decay to zero
in a nearly linear manner in a time much shorter than Tae. When tilt
decay time td is made less than 10% of Tae in this way the required base
current step approximates to

A ib =
Tae

OCe td
Now Le oce =fe
which is the grounded emitter current gain bandwidth factor.

Taetherefore - - = T
a,

the equivalent time constant, and so
I

td = T
e approx. (assuming a

b

consequently, if the base current step were made equal to the initia
collector current, the decay time would approximate to the grounded
emitter current gain -bandwidth factor time constant.

T
1 A

e 27c 2Tc Lb ab

Where A is the diffusion constant equal to 1-22.
For an 0C16 the grounded base cut-off frequency Lb is 200 kc/s and a

the high current levels used ab = 0.9, so that the collector current deca,
time would be 1.11.1S. This probably represents a lower limit for practice
circuits since it is difficult to generate the high positive drive curren
demanded.
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Ile driver stage was designed to give a negative base current of 1.5 A
1 a positive base current of 2 A, giving a step change of 3.5 A. Large
al current gain of the output transistor at the peak collector current
.5 A was Tce = 7.7 so that the decay time can be calculated from

8-5 = 3-5 . 7-7 [
td

1 - e 84

ince Te 8.40
olving for the decay time td gives

td = 3.24S

The decay time measured was 30, which with the resonant flyback
ae of 110, gives the required total time of 140 to fit into the normal
Inking interval.

n examination of the driver stage circuit will show that during the
period a constant base driving voltage is produced, whereas during the

cay time a constant base current is maintained. The time constant of
decay is almost independent of any time variables as shown above,

t the time "constant" applicable during the build up of collector current
.der the influence of the constant base voltage is a function of the
tantaneous emitter current. This non linear behaviour under constant
se driving voltage conditions makes the calculation of the collector
rrent build up time difficult.

;For equivalent ultimate steady state conditions a constant voltage
itch -on step will produce a faster rise of collector current than the
uivalent switch -on constant current step. With a constant switch -on

1

)1tage step the initial base current will exceed the final base current in
e ratio of

-r?b,e + Rbb,
Rbb,

cause Rb,e (the large signal value of R),) is short circuited by the
ffusion capacitance Cb at the instant of switching. Whereas of course
6 equivalent constant base current step has the same value as the final

rent continuously. This initial kick of base current causes the collector
rent to rise faster than under constant base current conditions for

1

Tae = Ohichthe rise time is 2-3 2 p.S. This is sufficiently fast to follow

he required linear rise of collector current during the latter 54p.S of the

(an.

RIVER STAGE
he driver stage is required to give a constant voltage pulse of -2.5 V at
1.5 A for the latter 5411.S and a constant current of +2 A during the

laS decay period, followed by a small positive voltage for the remaining



58 THE MARCONI REVIEW, FIRST QUARTER 195't

410 of the scan. These are all referred to the secondary of the transform"'
connected to the output stage base.

To obtain fast clean transitions it was found essential to wind th
coupling transformer in a multifilar manner on a ferrite core. Leakag
inductance was then a minimum. In addition the driver base circui
includes an equalizer C.R network to speed up the switch-on since th
natural collector current rise time was too slow to achieve bottomin
from the start of the on period. Also the techniques of constant voltag
on -drive and constant positive current off -drive are used to obtain fas
transitions for minimum transient dissipation.

The constant current switching off -drive of 2 A to the output stage bas
is derived from the continuing transformer magnetizing current built u
during the previous on period. Referred to the primary of the 2 '1 rati
transformer this calls for a peak magnetizing current of 1 A. The o
period of the driver stage is 58p,S, and the battery voltage less the bottomin
voltage, i.e. the primary voltage, is 5 V, so the required primary inductanc
is given by

Vpri. Ton 5.58L . on

ip. mag. 106.1
therefore Lpri. = 29011H

The value used was 300p.H.

The fact that the continuing magnetizing current is required as th
positive base switching current explains the necessity of using the Zen
and catching diode de -magnetizing combination. If a capacitor -diode
capacitor -resistance network were used a part of the circulating magneti
ing current would flow into the capacitor instead of the transistor base
thus prolonging the decay time of the collector current. The circulatin
magnetizing current does not flow into the catching diode until the end
the decay period. During the decay period the base input impedance is a
low as in the normal on and bottomed condition and the input voltage doe
not rise to the level corresponding to the Zener diode breakdown voltag
until the collector current has practically ceased.

BLOCKING OSCILLATOR
The blocking oscillator is designed to use the same fast switching tee
niques to drive itself and the base of the driver stage. In addition a
equalizing network is used in each base circuit and the emitter circuit t
speed up the rise in collector current. The 3/1 blocking oscillator trans
former has a primary voltage during the 63p.S on period of 5 volts an
therefore provides a secondary forward driving voltage of -1.66 V
This is larger than the ultimate forward base bias of -0.9 V required b
the driver and the excess is dropped across the 10 ohm base circuit resisto
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uring the switch -on transition, however, the full secondary voltage is
pplied through the 11.1,F capacitor shunting the resistor so the rise time of
he drivei-collector current is reduced to a few microseconds. The equalizer
ime constant of 100 was chosen to be longer than the switching time but
thorter than the on period for optimum results. The 220 ohm resistor
hunted by a 0.1p.,F capacitor in the base circuit of the 0072 blocking
scillator serves the same purposes, but here the value of the capacitor

must lie between special limits.
I

If the capacitor is too large the driver base becomes negative and
`conducts before the oscillator base at the time when the voltage main-
tained by the Zener diode collapses and overshoots due to stray capacity.
The driver base then catches the overshoot before it can again switch on
the oscillator. This condition will cause a slow switch -on. Alternatively,
IV the capacitor is too small the oscillator base voltage will decay from
positive to negative before the end of the Zener controlled period. This

will result in a premature and slow switch -on. The optimum value of

capacitor allows the base voltage during the off period to decay by an
amount slightly more than the normal forward base bias. This decay
towards a less positive voltage is assisted by the 1,000 ohm resistor which

his returned to an adjustable negative voltage provided by the potentio-
meter chain from the 6 Volt supply.

The on period of the oscillator is determined by the time taken for the
emitter voltage to rise to the base voltage. The base voltage during the on
period is set by the primary voltage and transformer ratio in conjunction
with the potentiometer voltage and the associated resistance network.
Emitter voltage is developed across the 10 ohm resistance by the flow of
emitter current. This current consists of a steady component due to the
transformer secondary load and a rising component which is the primary
magnetizing current. When the rising magnetizing current causes the
emitter voltage to nearly equal the base voltage the transistor cuts off.
The collector voltage then increases until it is caught at the level at which

the Zener diode breaks down. The catching diode continues to conduct
until the circulating magnetizing current has decayed to zero. During this

time the secondary voltage is positive and all transistors cut off. When

the Zener voltage collapses the stray capacity causes an overshoot which

rapidly switches the oscillator on. It will be noticed that the on period is

controlled by the potentiometer. The peak value of the magnetizing
current is also directly proportional to the on period. Now since the off

period is also directly proportional to the peak value of the magnetizing
current the ratio of on to off will be independent of the potentiometer
voltage and hence the frequency. In other words the potentiometer
controls the frequency but the on/off ratio is almost constant. This is

another advantage obtained by the use of the Zener reference diodes.
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It will be noticed that the operation of the blocking oscillator is sub
stantially independent of the transistor characteristics. The on/off ratio y
and output are mainly determined by circuit constants, but the frequency
is dependent on the loading to some degree.

The 4.7K resistance also connected to the oscillator base is returned to
the automatic phase lock circuit. Under locked conditions the blocking k
oscillator phase is maintained just sufficiently in advance of the output
stage flyback pulse to compensate for the overall delay due to hole-storage. i

The operation of the phase lock circuit is assisted by designing the blocking
oscillator circuit so that the mean base voltage over the cycle is sub-
stantially zero.

11:

11,AUTOMATIC PHASE LOCK
Automatic phase lock systems comprise a phase comparitor stage in which
the phase of the output of the controlled oscillator system is compared ;1
with the phase of an external reference signal. Any difference in phase.
lagging or leading, produces a D.C. control voltage the polarity and
amplitude of which change accordingly. If the phase is correct, the D.('. )t
output is ideally zero. An incorrect phase produces a polarity of D.C. in 1
the direction necessary to momentarily change the frequency of the
oscillator until it is in phase.

These A.P.L. systems can take many forms. The best form for a
particular application depends upon the required operating conditions,
such as noise on the reference signal. A television camera channel is driven
from noise free and uniform line drive pulses, so that the usual receiver
problems of noise and double frequency frame synchronizing pulses do not
arise. The only requirements left are that the flyback pulse should fall
within the blanking period, the pull -in range be sufficient for normal
mains frequency variations and that the circuit should be safe in the event
of failure of the line drive pulses.

The fail safe requirement can be met by using the deflector coil flyback
voltage as the gating pulse and by selecting a circuit which gives zero

1

output when the phase is right. The oscillator then operates close to the
correct frequency in the absence of line drive pulses.

Basically the comparitor consists of a switch which is closed by the
tip of the flyback pulse and which samples the instantaneous value of the ',

reference waveform. The samples are integrated in a storage capacitor to
give the D.C. used to control the oscillator. To obtain good phase control
in the locked condition the rate of change of the reference waveform
should be a maximum and its amplitude pass through zero near the centre_ I

of the blanking interval. In the locked condition the shape of the rest of the
reference signal is immaterial.

Pull -in range is determined by the peak value of the low difference
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3quency signal developed by the integrating capacitor. For a given
erence frequency out of lock the peak value of the integrated samples

11 be greatest for a small capacitor and a full square waveform reference
,nal. A minimum value for the capacitor is set by the necessity to filter
t the waveform fed back from the blocking oscillator and to smooth out
ght phase modulation effects in the line drive pulses.
An approximation to the ideal reference waveform is produced by the
aping circuit used. So that the deflector coil flyback pulse shall be
,ntred in blanking the line drive reference pulse is delayed by partial
4egration. This operation is performed by the complementary network

ich also acts as the normal 75 ohm termination. The shaping amplifier
thereby switched into the conducting state for about 7p,S at the centre
the blanking interval.
The poor rise time resulting from this method of delay necessitates the
e of a high frequency transistor type 0C44 as the amplifier. If the delay
,,re produced by a delay line so that the rise times were preserved, an
tdio frequency transistor type 0072 could be used.
During the conduction period the 0.01p.F capacitor in the collector
rcuit is discharged through the 5001111 inductance. Energy gained by the
ductance recharges the capacitor again with an equal but opposite
Large. Reversal of the current flow in the inductance is prevented by the
ocking diode in series with the collector.
The collector is bottomed throughout the conduction period and cut off
r the rest of the cycle. Neglecting for the moment the 680 ohm resistor,
e voltage across the primary of the transformer is now the battery
)ltage plus the capacitor voltage. Current in the primary builds up
nusoidally and decays to zero again during the off period, and in so
Ding again reverses the charge on the capacitor leaving it charged to

ce the battery voltage. At the end of the second cycle the capacitor
left with a charge of three times the battery voltage. This building up
rocess continues until the energy lost per cycle due to flow of current
trough the 680 ohm resistor and other circuit losses equals the energy
ained per cycle from the battery. In this circuit the peak to peak voltage
veloped across the capacitor is about six times the battery voltage.
my the negative half cycle appears at the collector because the diode
ocks for the positive half cycle.
If it were not for the 680 ohm resistor, the waveform across the primary
ould consist of a fast half cosine during the conduction period and a

kw half cosine of appropriate phase during the remaining part of the
ycle. The resistor adds a small exponential component during the longer
eriod. Its presence limits the current that could flow under fault conditions
id the peak collector voltage during normal operation to safe values.
Sampling of the voltage at the secondary of the 7/1 step down trans-

)

)

1
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former is carried out by a symmetrical transistor type XS101. A step down
transformer is used to provide a low impedance source and so the sampling
transistor can have its emitter at earth potential. This simplifies the base
drive circuit which consists of a ten to one capacitor potentiometer
connected to the deflector coil. A transistor used in this way can provide
an efficient switch for voltages of either polarity, but the base must be
driven more positive than the most positive collector voltage to ensure
cut off. The collector waveform has a peak to peak value of 5 Volts and the
base is therefore driven with one eleventh of the flyback voltage, i.e., about
6.5 Volts peak. After rectification at the base this provides the necessary
+ 6 Volts of hold -off bias.

Integration of the sampled reference waveform is accomplished by the
0.1p.F capacitor. An anti -hunt network consisting of a 2p.F capacitor in
series with a 1,500 ohm resistor is connected across the main integrating;;
capacitor. The best anti -hunt circuit values were determined experimen-
tally by driving the reference waveform generator with blanking instead
of line drive pulses. The long frame blanking pulse set up a transient
disturbance in the phase of the oscillator. Without the anti -hunt network
the disturbance took the form of a damped oscillatory wave which con-
tinued for about forty lines. The values chosen reduced the visible effect
in the picture to a small initial displacement of about 1% of the line width,
which died out exponentially in a few lines.

With standard 405 line drive pulses the pull in range was + 220 c/s and
- 320 c/s. When locked in, the potentiometer in the base circuit of the
oscillator can control the phase of the flyback pulse so it can be made to
appear on either side of the blanking pulse or be properly coinsident at ;I'
will.will. There is a phase drift for a few minutes while the transistors warm
up after first switching on. This is probably due to the heavy dissipation 1.
in the output stage reflecting a changing load back to the oscillator. This
effect could probably be minimized by the use of the more efficient 2N174
transistors which also require less driving power.

This A.P.L circuit is not designed to operate from combined synchroniz-
ing pulses, but nevertheless, while doing so, the visible disturbance after
the frame pulses is well within domestic receiver standards.

ACKNOWLEDGMENTS
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APPENDIX B

ANALYSIS OF THE GUGGI CIRCUIT
Keeping the symbols as used in Appendix A and introducing:

L2

R2
C2

Tp
Tn
V2

IP
In
/2

PP
T2

= inductance of charging inductor
= resistance of charging inductor
= reservoir capacitor
= positive scan period
= negative scan period
= voltage maintained by C2
= peak current in L1 at beginning of Tp
= peak current in L, at the end of Tn
= current in L2
= Ip + In
= Tp Tn = 1 1 Ti

This analysis assumed that
Li.

and
L2

are each much greater than T2.
R2

During T1 the current in L1 passes through slightly more than a quarter 11
cycle of oscillation, since it starts off from a negative value. This, however,
can be neglected and T1 assumed to be a quarter of a cycle exactly.

Let 4 T1 = 27A/L1C1

L C = 4 T12
1 1 72

Now /2 can be assumed to be constant and equal to In.
The charge accumulated by C1 in the period Tn is given by:

Vep = In Tn (2)

At the end of T1 the voltage across C/ has fallen to zero so that the
energy in L1 at that instant is equal to the sum of the energies acquired
by both L1 and C1 during T11.

(3)

Now /1) =1P1, In

and In = IppTn
() II

T2

SO

1 L y 22 ln I

2 1 "P 2
L1IP2

I1'= /pp ( 1 - T"
112

I 2 T 2
From (2) C1 VCp2 = " "

(5)
II
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I 2 Tn 4
III (4) C1 Vep2 '= PP

T<,2

(3) (4) (5) and (6)
L1 2772 277 4

-pp -` pp n II 12

T22 T22 Cl

Tn4 2 T 1 = 0
T22 L1 C1± T2

(1
Tn \

T2

2

(6)

T.472

22 24 Ti T2

ifhis quartic has to be solved to find T
17 television applications where T2 = 11 T1 a reasonable approximation
ii equation (7) is given by

T = 2
(8)

5

.1rp 2

Now J 1 2

or Ipp
/8../

-,\,/L1

(3) (4) and (5)
L1 II

P2
Tn2

22

± C1 -17c p2 = LI. /pp2

C1 1 7 ep2 = L1 I pp2 (1 - ,7T

(8) and (9)

Cl v 2 94
' cp

om (2) (4) and (8)

IPP y cP
= 120

T2

Now /el) =I2TIP In + Ip /pp

suming that /2 = In is a constant during T1.

V -rep = 120
2

(1 - Tn 2

(9)

(10)
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former is carried out by a symmetrical transistor type XS101. A step down
transformer is used to provide a low impedance source and so the sampling
transistor can have its emitter at earth potential. This simplifies the base
drive circuit which consists of a ten to one capacitor potentiometer
connected to the deflector coil. A transistor used in this way can provide
an efficient switch for voltages of either polarity, but the base must be
driven more positive than the most positive collector voltage to ensure
cut off. The collector waveform has a peak to peak value of 5 Volts and the
base is therefore driven with one eleventh of the flyback voltage, i.e., about
6.5 Volts peak. After rectification at the base this provides the necessary
± 6 Volts of hold -off bias.

Integration of the sampled reference waveform is accomplished by the
0.1p,F capacitor. An anti -hunt network consisting of a 2p.F capacitor in
series with a 1,500 ohm resistor is connected across the main integrating
capacitor. The best anti -hunt circuit values were determined experimen-
tally by driving the reference waveform generator with blanking instead
of line drive pulses. The long frame blanking pulse set up a transient
disturbance in the phase of the oscillator. Without the anti -hunt network
the disturbance took the form of a damped oscillatory wave which con-
tinued for about forty lines. The values chosen reduced the visible effect
in the picture to a small initial displacement of about 1°A of the line width,
which died out exponentially a few lines.

With standard 405 line drive pulses the pull in range was ± 220 c/s ands
- 320 c/s. When locked in, the potentiometer in the base circuit of the
oscillator can control the phase of the flyback pulse so it can be made to
appear on either side of the blanking pulse or be properly coinsident at
will. There is a phase drift for a few minutes while the transistors warm
up after first switching on. This is probably due to the heavy dissipation
in the output stage reflecting a changing load back to the oscillator. This
effect could probably be minimized by the use of the more efficient 2N174
transistors which also require less driving power.

This A.P.L circuit is not designed to operate from combined synchroniz-
ing pulses, but nevertheless, while doing so, the visible disturbance after
the frame pulses is well within domestic receiver standards.
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transistor behaviour with Mr. I. G. Cressel and his staff, especially,
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APPENDIX A
LYSIS -OF THE SHUNT EFFICIENCY DIODE CIRCUIT
sing the symbols as follows:

r,

1
,letting hole storage and assuming that L --R-1 is much greater than T2, let:

1 1

i

1
= inductance of deflection coils

1

= resistance of deflection coils
= capacitance of flyback capacitor

1
= flyback period

2
= forward scan period
= battery voltagelec

Tcp = peak collector voltage
1)
= peak collector current
= energy in Joules for half deflection angle
= mean battery current
= W = power input or dissipation in R1

T12

hat C1=
2_ T

77 I-11

)1

V`1) = -

I T
7C C

1

refore/ 7C

Vep = CPT, L1

L1 2
Fee = 77 P

2

2T1 27c 1/L1

OT
/0,

--
Vep 7C

or Ll = V
T1

Icp 7C

tsequently V =
2 Vep

'TC T2

L, in television
T1 = - approx.1

T2 10

(1)

(2)

(3)

Wherefore the required battery voltage is less than one fifteenth of the
k collector voltage rating, when T1 is reduced to allow for hole storage.

'w
L1 /cp2 = J

Vith (2) Vep _rep = 2.77J (4)

Chis determines the required transistor peak ratings when T1 is a
used value to allow for hole storage.



64 THE MARCONI REVIEW, FIRST QUARTER I

APPENDIX B

ANALYSIS OF THE GUGGI CIRCUIT
Keeping the symbols as used in Appendix A and introducing:

L2 = inductance of charging inductor
resistance of charging inductor

C2 = reservoir capacitor
Tp = positive scan period
Tn - negative scan period
V2 = voltage maintained by C2
fp = peak current in L1 at beginning of Tp
In = peak current in L, at the end of T.
12 = current in L2
Ipp = Ip + In
T2 = Tp =1111,_

5

This analysis assumed that 1 and 2 are each much greater than T2.

During T1 the current in L1 passes through slightly more than a quart
cycle of oscillation, since it starts off from a negative value. This, howeve
can be neglected and T1 assumed to be a quarter of a cycle exactly.

Let 4 T1 = 21r \/L1C1

L1C1 =
4 T12

Now /2 can be assumed to be constant and equal to In.
The charge accumulated by C1 in the period Tn is given by:

C1 Vep = In T.' (2)

At the end of T1 the voltage across C1 has fallen to zero so that the
energy in L1 at that instant is equal to the sum of the energies acquirec
by both L1 and C1 during T,1.

1 1 1
- L1 1

n2
2 + C1 V01,2 = 2L11p2 (3).')

Now -11) =Iii In

I IPP 7'nand

T2

SO = IPP TnT2)
in2 T2

From (2) C1 Fel)2 =
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(4) Cl vep2
./pp2 T114

T22 Cl

(3) (4) (5) and (6)
LlITpp22 Tn2

± 2T2 C

Ipp 2 = /pp 2
2

Tn4 2 T
+

T22 L1 C1 T2

(1 T2T:)

(6)

T 4 TC2 T
(1) n

2 n - 1 = 0 (7)
T22 4 T12 T2

This quartic has to be solved to find Ili,

it television applications where T2 = 11 T1 a reasonable approximation
equation (7) is given by

Tn - 2 (8)5

2

2
Now J = L, (1.

21313)

or /pp =
8J

1.o (3) (4) and (5)
LlIpp 2 Tn2 Ll T2)

T22

Cl V,p2 = _ipp2 (1 2TT2n)

'om (8) and (9)

tom (2) (4) and (8)

Cl -v,p2

Ipp Vep = 120
J

Now /cp = /2 + /p = in + ip = ip

ssuming that /2 = I. is a constant during T1.

V Iep = 120 -
T2

(9)

(10)
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or Vcpe - 3.5 7J
l)

approx.
Ti (11

From (2) (4) and (8) Ci =
L., T2

(12)25 Vcp

10 Ti2 VepFrom (1) Li = approx. (13)T2 /el,

If the natural period of L2 C1 were four times T, the current in L
would fall to zero at the end of Tn. But we require this current to be equ.
to In at the end of T, without having an excessive value at the enel
of Tp. This calls for a large value for L2. If we make the natural period
eight times Tn, the current will drop to 0.707 of its peak value.

Let 8 T = 27C \/L2 C1

16 T.2or L2 =

1.6 T2 VepFrom (8) and (12) L2 = approx. (14)
/el)

In the absence of resistive losses the sawtooth current in L1 is the linear
part of a sine wave, the period of which is determined by L1 C2. For the
sinusoidal component to be less than 1% the period should be greater
than 12 times T2 or 132 times Ti. Now the period of Ci L1 is 4 times T1
so that C2 is given by:

or C2 = 1000 Ci approx.

2 TNow /ce = / InPP 7 Ti2

(1:2)2

( T2 71,1

T2

TiTFrom (4) and (8) /, = /pp

T
T2

From (10) /cc

When T2 = 11 Ti

IeC6= I
approx.

4.

A sawtooth linearity of 5% will be obtained when = 10 T2. It seems
1

(
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- amble to make R2 such a value that the power lost in R1 and R2 are
l. The total power lost must be supplied by the battery.

i f i)l- I ' I,
2 1;,p2 I?,

(neglecting In)
:3

/, L,
( 10) I

10 7'.2

:31' 7',2
ni ( I:3) I',,

7'22

SII1 (1:3) 1.2

marizing:

Li /pp

712

10 7',2

12

When 7'2 11 7'1

approx.
40

approx.

V1p'ep

T,
approx.

35 7,7.J
120 = approx.

7'

1 'V, /ep
approx.

25 1-,p 2.27 1'

11) 71,2 91 T1 1'
apinox.

7'2 I, Cp

(; T2 V,,p
_= 19 Li approx.

1000 CI approx.

4.11
approx. (for 5";, linearity)

(17)

(18)
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Vec =
y
40

approx.

V
V2 = 12

approx.

APPENDIX C

ANALYSIS OF THE NEW FLYBACK DRIVEN CIRCUIT
Using the same symbols as in Appendices A and B, excepting
following redefinitions.

L2

R2
02
V,

= inductance of charging inductor
= diode load resistance
= reservoir capacitor R2
= mean voltage maintained by C2

Assuming that is much greater than T2, let:
I

4 T12
Or C1 -

4 T1 27c A/Li. CI

Now due to the D.C. component produced by this circuit,
stored in the deflector coils at the end of T1 is four times that
deflect the beam from its central rest position to one side, i
half the full deflection angle.

14J =
2
- L1 Icl) 2

Also 4J = C1 Vc"2 neglecting the small loss in R1

4J TCFrom (1 and 2) V / = -cp dp T1

This determines the required transistor ratings.
1

Now -12 Cl Vcp 22 = -L1 Icp 2

2
Therefore L = ClVCP12

cp

for the

(1)

the energy
required to
.e., through

(2)

(3)

(4)
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rom (1) L1 =
2 T1 Vci,

Ian

1

rom (4) Ci = jr';
2T1

Vep 7-'

S shown in Appendix B, for 1°,0 sinusoidal non -linearity the value of
s given by

C2 = 1000 C1 approx.

(39

(5)

(6)

his neglects the effect of the continuous discharge current through
which tends to increase the non linearity. The value of t."2 is best,

fermined experimentally.

Jet
1 = 1 assuming T1< < 712

2T2 27 L2C1

T,2 V
(6) L, = el'

27:T1 Icp

L I
1-

,p
-=

T2

(7)

tanning that current in L1 = 0 at end of T2 and neglecting I flowing

R2 and the small loss in R1.

he mean current flowing in 112 is hr

2 L1
terefore R2 =

1

T2

4
bm (5) R2 = eT p

7: T2 /cp

Now J = (1.

/
peak current in L2 is given by

7 /e l' 2 T2
Now =

2 2: L2
mming that T1 is much less than T2.

.erefore = 2 T"-
7:2 L2



68 THE MARCONI REVIEW, FIRST QUARTER I95t

V
V, "

40
approx.

V,V2 =
12P

approx.

APPENDIX C

ANALYSIS OF THE NEW FLYBACK DRIVEN CIRCUIT
Using the same symbols as in Appendices A and B, excepting for th
following redefinitions.

L2

R2
C2
Vr

= inductance of charging inductor
= diode load resistance
= reservoir capacitor R2
= mean voltage maintained by C2

Assuming that - is much greater than T2, let:

1 1

4 T1 27c VLI

or C1 =
7r2 L1

4 T12

Now due to the D.C. component produced by this circuit,
stored in the deflector coils at the end of T1 is four times that
deflect the beam from its central rest position to one side, i
half the full deflection angle.

4J = L11-cP2

1
Also 4J =

2
- C1 V(.P 2 neglecting the small loss in R1

4,/
From (1 and 2) Vep Id)

This determines the required transistor ratings.

1 1
Now C1 V,p2 = L1 Icp2

V 2
Therefore L1C1 CP= 2

cp

the energy
required to

.e., through 1,

(2)

(3)

(4)
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2 T 1'el,
From (1) L1 = (5)

7 /el,

From (4) C1 =
I" 2 T1

(6)

As shown in Appendix B, for I %, sinusoidal non -linearity the value of
t, is given by

1000 CI approx.

This neglects the effect of the continuous discharge current through
which tends to increase the non linearity. The value of is best

.rtermined experimentally.
1 1

Let = assuming T1 << 7'2
2 T2 217 N. L2C1

T'
om (6) L, '"

27: Ti I

how - LT
1

assuming that current in L1 = 0 at end of T2 and neglecting fr,. flowing

R2 and the small loss in 111.

The mean current flowing in ft, is
/er,

2L
herefore R2 = 1

T2

4 T1
rom (5) R2 =

7 2 LI.,

Now I' =

The peak current in L2 is given by

Now
7 I" = re

2 T2

2 27 L2

ssuming that T1 is much less than T2.

V 2 T,'herefore / - 7:2 L2

(7)
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From (7) I = 2 Ti ICn

Summarizing:

From (7) and (5)

From (10)

TC T2

T7cp -1-c1,

Cl

L1

L2

C2

R2

VCC

47-r J

T1

2 T1 _rep

Tc Vep

2T1 Vep

TC /cp

L1 2T 2

4 T12

= 10000 C1 approx. (empirical)

4 T1 Vel)
7-c T2 Icp

-17 c p

2

(10'

Ice =
17

/el)
approximately, when T2 =11T
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BOOK REVIEWS
EQUENCY MODULATION by L. B. Arguimban and R. D. Stuart

huen and Co. London. Price 8s. 6d.

authors of this very readable mono -
h have stressed the value of the concept

nstantaneous frequency in dealing with
blems arising in the application of
uency modulation; indeed the alterna-
approach by way of time and phase

ives scant mention. Followers of the
er school should not be deterred, for the
ors handle their theme with skill and

ity, and we cannot but be stimulated by
insight gained from a different approach.
s applies particularly when considering
effects of interfering signals, especially in
tion to bandwidth.
.practical outlook is maintained through-

,

out; detailed descriptions of the modes of
operation of limiters and of several discrimi-
nators, including the locked -oscillator, are
given, whilst the longest chapter, that on
interference, is particularly recommended.
A final short chapter deals with problems
peculiar to television signals when trans-
mitted by frequency modulation, and con-
cludes that though improvement relative to
amplitude modulation is possible, the cost in
terms of channel bandwidth is too high for a
broadcasting service.

The figures are excellent and full use is
made of vector diagrams to clarify points
under discussion.

LECOM1VIUNICATIONS PRINCIPLES by R. N. Renton, pp. 446

Isaac Pitman and Sons, Ltd. Price 45s.

3 always an advantage for a student of a
mical subject to have as a source of study
!omprehensive book covering all the

ticiples of his subject. The aim of the
hor of the volume under review is to
sent in a single volume all the "principles"
ired by a student of telecommunications

to the level required to pass Grade III
he City and Guilds Examinations.
n the new edition the rationalized system
I.K.S. units is used exclusively. No corn-

ises with the older C.G.S. electro-
netic and electrostatic units has been

de and it is refreshing to note that neither
iparisons nor conversions are considered
ween the two systems.
'hroughout the text, large numbers of
ked examples are given, these being

luded at the end of each appropriate
ion. A feature that is helpful to the
entary student is the appendix contain -

mathematical notes relating to calculus
ation, trigonometry and vectors to which
an refer for revision purposes.

.he treatment is adequate and effective
covers not only principles but also

Mications. Although the d.c. circuit is well
r ,lt with, the notes could with advantage
0 included information on commercial
istors having a negative temperature
fficient, such as thermistors. These are,

of course, finding increasing use in telecom-
munications equipment. The description of
the series connection of electrolytic con-
densers when the operating voltage is higher
than the individual rated voltages of the
condensers, does not include a note on the
use of a shunt resistance across each to carry
the respective leakage currents which may
be quite different.

The statement that in diversity reception
the aerials are spaced from one another by
500 feet or more needs qualification. In
practice, a spacing of 3X - 7X is found to be
sufficient in most cases to prevent fading
synchronization at the two aerials.

Chapter XIII on electronics is a valuable
introduction to the subject but shows in
Fig. 13.11 the triode electrodes mounted with
their axes perpendicular to the stem and
having connections from each end of the
grid joined together and to the base in such
a manner that they could be in contact with
the anode cylinder. Other illustrations
showing sectional views of valves are,
however, sufficiently clear to correct any
false impression that might be created. The
part of this chapter dealing with the valve
under dynamic conditions is admirable and
presents an extremely clear picture of a
valve in operation. Although the simple

continued
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Beam Aerials for Long Distance
Telecommunications

n the mid 1920s significant changes were made in the technique of long
istance point to point communication systems. Due to the new beam
erial designs, pioneered largely by C. S. Franklin, systems hitherto
nfined to long wave working were able to operate successfully in the

IF spectrum (or so-called short waves) giving increased reliability and
hannel capacity. Any doubts about the improvements brought in by the
ew short wave beam systems were soon swamped in the flood of traffic
hat followed the change over, and communications in the HF band
I 0 MO to 30 Mcis has continued to be a very important and active feature
f world wide systems to the present time.
The beam aerials which supplied the impetus for this departure in

echnique were designed to concentrate a high proportion of the available
ransmitter power into a beam aligned at a fairly low angle to the horizon
a the direction of the co-operating station. Receiving aerials were likewise
;reamed and made capable of discriminating against unwanted signals.

hese aerials, operating at wavelengths between 3 metres and 100 metres,
re in general either the standing wave type such as the dipole curtain
rrays and the uniform current arrays, which radiate the beam in a

ection approximately normal to the plane of the array (hence they are
sometimes called broadside arrays), or the travelling wave type of aerial
uch as the rhombic or the H.A.D (Horizontal Array of Dipoles) which
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equivalent circuit of the resistance capaci-
tance amplifier is given, no mention is made
of the important modifications that have to
be made when the higher frequencies are
considered.

These criticisms are very minor, the book

being well written and well produced. AIL
Renton has succeeded in his task, and ll
compiled a book which students in the lows
technical grades will find a valuable guid, i

long after they have passed their exam
inations.

BASIC MATHEMATICS FOR RADIO AND ELECTRONICS

by F. M. Colebrook and J. W. Head. Iliffe and Sons, Ltd. Price 17s. 6d.

This book is really based on the assumption
that most people, including radio engineers,
do not always appreciate what they are
doing when applying mathematics to prac-
tical problems. The late Mr. Colebrook there-
fore went to great lengths to vitalize and
humanize (to use his own words) an appar-
ently academic subject. In so doing he
Produced a most stimulating and entertain-
ing book. The style is so individualistic that
Mr. Head was wise in revising the book not
to attempt to rewrite it but rather to extend
its scope.

It is doubtful, however, whether anyone
who has reached the status of a radio
engineer without gaining a reasonable idea
of the physical reality behind his use of the
symbols and rules of elementary algebra,
will be able to make up for lost time by
reading this novel presentation of what is
largely schoolboy knowledge. It is true that
many people would have got further had
they been taught by someone with the genius
for anticipating and illuminating their
difficulties that is displayed in these pages,
but, when all is said and done, mathematics
remains an art which some can be taught to
understand formally but few to apply with
confindence and originality.

The scope of the book is much narrower
than the title suggests, as the relatively
short chapter on the application of mathe-
matical ideas to radio is concerned solely
with alternating current theory with which
Mr. Colebrook was primarily concerned,
while there is no reference whatever in the
book to electronics. The title is therefore
somewhat misleading and would be better
replaced by "Basic mathematics with
applications to alternating current theory."

Apart from two very brief sections of
numerical computations and random yam
tions, the two chapters added by Mr. H'+
are also directed towards circuit anal
The description of Heaviside's techniq e
is quite different in approach from the
original part of the book, as the reader hay
to accept a set of rules and learn how to
apply them without necessarily understand;
ing how they are derived. This is in effect au
admission that the science of mathematioi
is much more difficult than the main tiesi
of the book suggests, and that the radii
engineer who has to apply mathematical
methods to solve his problems may have to'
take a good deal for granted, unless he i '-

prepared to master far more basic mathe
matics than this book even hints at.

The engineer concerned with aerial,
theory, wave propagation or circuit syn.
thesis would need to know, for install
something about vector analysis, comp
variable theory and partial different
equations. It is a pity that Mr. Head did
take the opportunity to give some guid
in these directions. It would have made
more difficult reading than his treatmen
matrices with its introduction - with
proof - of an elegant theorem taken fro
recently published paper.

However, although this book, like
many others that have been written w6t,
the same aim, will probably not succeed.
turning the non -mathematically minded i
competent users of mathematics, it ne
theless makes refreshing reading. It
certainly, a salutary reminder that it 4i j

good thing to know, if possible, the re
behind the techniques which the engin
applies to his practical problems if he iS
avoid misusing them on occasion.


