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Transistors

t was just over ten years ago, on June 30th 1948, that the Bell Telephone
aboratories announced the invention of the transistor. Bardeen and
3ratbain, in the course of fundamental research into the electrical proper-
Hes of solids, discovered that a metal point upon a germanium crystal
vhen carrying forward current could influence the reverse current na
E;imilar point contact nearby. As a result of this observation, Shockley,
ho had initiated and directed the research programme which led to the
ransistor, developed a new theory of conduction in semiconductors, in
vhich he postulated the junction transistor many months before the first
ne was made. In recognition of their work in this field these three shared
she 1956 Nobel Prize in Physics.
" Semiconductors, which have electrical properties intermediate between
hose of metals and insulators, rely for their conductivity on the presence
»f current carrying electrons or holes, the density of which may be less
than one current carrier for every 109 atoms. The number of current
parriers can be controlled by varying the number of impurity atoms in the
?3611110011(1110’001‘, using metallurgical techniques. More important, the
purrent flowing through a semiconductor can be controlled by changing its
slectronic structure, e.g. by the application of a potential which may cause
the injection or extraction of carriers, or by the generation of carriers by
infra-red raciation.
~ All device development is dependent on the properties of the starting
materials which are available, and it was for this reason that nearly all the
}bmnsistors up until 1955 used germanium as the basic material. It was not
until the silicon metallurgical techniques improved that silicon devices,
Wwith their potentially higher power handling ability and higher operating
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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 focw devices using these compounds are|
available. The high quality of the semiconducting crystals, associated Wi‘ﬁhF
the techniques of solid state diffusion, has made it possible to increase th
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 cra started with the invention of the transistor andj
many different types of semiconductor devices (e.g. high frequency tran-|
sistors, power transistors, switching transistors and diodes, photo trang|
sistors, power rectifiers, microwave mixers) have been developed havmg,‘
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 clectronic 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 109, of that in the U.S.A, which was 29 million units in ?i
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 futurefi’}
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SEMICONDUCTORS, IN PARTICULAR
GERMANIUM AND SILICON
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;rd state devices are becoming of increasing tmportance in the world of
tronics, augmenting, and lo some extent replacing, valves, with which the
i? neer 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, elching, surface examination and crystallo-
phic control are metallurgical methods applied and extended to semu-
ductors, and, as such, are considerably removed from normal electronic
wponent lechnology. The purpose of this article, therefore, is to gwe the
?rs of semiconductor devices some insight into the many problems and rare
stes of dealing with the basic semiconductor material and at the same
e pr oviding sufficient references for more detailed examination of particular
:eris of the work.

\'l ERTALS

5 semiconductor materials at present dominating the scene are
manium (Ge) and silicon (Si), although there are many other potentially
Hul semiconducting elements and compounds which have been investi-
e, An indication of the scale of commercial semiconductor activity is
!on by the current annual production, which is of the order of 100,000 Ibs.

yermanium(!) and 20,000 lbs. of silicon(2). As far as is known, no signifi-
Lt (quantity of any of the complex semiconductors is being used, but it
uld be unwise, however, to disregard completely consideration of these.

v example, the Group IIT-Group V materials, in particular indium
(“lhl()lll(l(‘ (InSh), gallium arsenide ((rads) and other combinations such
silicon carbide (SiC) and Ge-Si alloys, possess unique properties, but the
{multlcq associated with the preparation of these materials are
erently so much greater than for the pure elements, that their investiga-
n has been hmlted to a large extent, to rescarch work. A brief, readable
riew of intermetallic semiconductors by Minden(®), and more compre-
hqwo studies by Pincherle and Radecliffe(?), and Cunnell and Saker(®) are
Qula ble. As a result, of course, of the demand for germanium and silicon,

e scale commercial effort has gone into the pIoblems of producing
m in semiconductor grade, while the complex semiconductors are, in
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many cases, only available in the chemically pure elemental state, because b

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(®) or gas(”) 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. T4},
should be pointed out that the term single crystal has a scientific connota.- |
tion distinet from the popular one. A erystal might be visualized as having
distinct and regular faces but in fact the macroscopic surface is unims|
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, onentedl
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(®). When a specific crystal face is of importance in semiconductor |

metallurgy, the external specimen face may be made to coincide with the ||
v > |

crystal plane by suitable specimen preparation. |
I

PREPARATION OF PURE SEMICONDUCTORS
Basic material for the semiconductor, using the term now to apply to |
germanium and silicon in particular, is prepared by chemical and metallur- i
gical manufacturers in various parts of the world. In the United Kingdom, [
Johnson Matthey have prepared large quantities of germanium d1o>x1deI
from flue dusts. Germanium originating in the Belgian Congo is refined for|
Union Miniere in Belgium with an output(®) of the order of 50,000 lbs. I
per annum. The final product is specified in terms of its electrical resistivity |
(50 ohm cm. or 30 ohm ecm.) to indicate its purity to the purchaser. In| ‘:
the United States the Kagle Picher Co. and Sylvania Electric Products Ine.

are large producers of germanium. Silicon of semiconductor grade, i.e. |
the very highest purity, was at one time available only from Du Pont |
(U.S.A) and they are still producing very large quantities, but alternative |
supplies are now available, e.g. from Pechiney in France and, more |
recently, from I.C.I in England. The difficulties in preparing semiconductor
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-|f
chased, in as pure state as possible, from the usual manufacturers or agents. y

2
i

Johnson Matthey of London, for example, can provide a wide range of
pure elements. In general such elements have to be further puritied betoreE
they can be used to prepare crystals.

Purity is certainly one kev to the semiconductor problem. This may be
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-emphasized by a calculation in terms of the electrical resistivity of the
miconductor. Free electrical carriers are generated in the form of electron-
le pairs by the heat vibration in the semiconductor lattice so that the
irest germanium would be 55 ohm cm. and the purest silicon would be
0,000 ohm cm. resistivity at room temperature. In addition it has been
;monstrated(1!) 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
sctron and each atom of a group IIT impurity (e.g. B, Al or Ga) a hole
absence of an electron. Each hole or electron can behave as a free
arge carrier. Then such free carriers from impurities give extrinsic
nduction, in addition to the intrinsic conduction brought about by
ermal generation. It is possible to calculate the approximate purities
ith respect to group I1I and V elements which must be achieved in order
. have control .over the extrinsic (impurity) conduction. Taking a
mplified picture,

1

— = o, = ney, for n-type (electron) (1)
1
1d - = ¢, = pey, for p-type (hole) (2)
Pp
here o = resistivity ohm cm.
¢ = conductivity ohm™ em.™?

n, p = number of free carriers cm.™3
¢ = electronic charge = 1-6 x 1071° coulombs
w = mobility cm.? volt~! sec™?

1d the subscript » 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
g: 0:2=mn x 16 x 10719 x 3600 ohm™! cm.7?

.-.n = 3 x 10 Electrons cm.™3

nce there are 4 X 1022 germanium atoms per c.c. it can be seen that an
npurity of one part in 108 of group V element will be detectable. For
)0 ohm cm. p-type silicon, to calculate p, using Equation (2).
—1—: 001 =p x 1:6 x 1071% x 480 ohm~! cm.™?!
100
.-.p =13 X 1014 holes cm.™3
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number (approximately 10'® cm.”®) of free carriers present at room r{
temperature.

Before leaving the subject of preparation of pure semiconductors if
should be pointed out that an inescapable problem associated with semi-
conductors is that of impurity determination. While the final assessment [L
of material may be made on grown crystals, a need arises for earlieltl‘\
measurement to check on the purification processes, and then all the most l
refined tests for trace impurities are called for. Some discussion of these é

it
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A

problems has been given by James(!2).

i
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(2¢ 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 i
preparation of semiconductor single crystals is, almost invariably, that of l‘
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 |
(39). The horizontal method is preferred for bulk material preparation |
because, in the author’s opinion, of one overwhelming advantage—that it |
can provide large ingots of uniform resistivity along the length(1% 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 crystal |
growing. The advantages of these two techniques have been discusseds
elsewhere(18).

The horizontal technique used in the Marconi Rescarch Laboratories for |
germanium will be briefly described. In this type of apparatus, Fig. 1,
the quartz furnace tube is heated by a temperature-controlled platinum
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, togethen §
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- é
refined ingot. An automatic traverse then passes the liquid zone through ﬁ

i.\
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he whole length of the ingot resulting in one single crystal. It may be
ben in Fig. 1 that the quartz tube, crucible and germanium are all tilted
b a slight angle (about 5°) which is necessary to keep a constant ingot
Jﬁ'oss—section(?’l). In the simplest case, when high purity crystals are
"?}quired, no impurity (so-called “dope’) is added. When a particular
esistivity of germanium is required a suitable weight of germanium-
?npurity alloy can be conveniently placed so that it becomes part of the
nolten zone, and hence dopes the whole ingot as the molten zone is swept
long. Very uniform resistivities, - 5%, are obtained for 85% of the

?,rystal length, as discussed in detail by (ressell and Powell(*").

B

Fig. 1. Single crystal furnace for germanium

A

The vertical techniqué, correctly called erystal pulling, is advantageous
i that the crystal solidifies without contact to the crucible holding the
melt, and hence silicon crystals are successfully pulled. (The method is
also used for germanium and other semiconductors, e.g. InSh.) Other

advantages of crystal pulling are the symmetrical shape, the large cross-
‘section and the convenience of single and double doping. i.c. the prepara-
htion of p/n and multiple p/n structures in the crystal. But the inherent
fdisadvantage remains, in that as the melt is progressively solidified the
gimpurity in the semiconductor steadily concentrates and a normal freezing
fdistribution occurs(1%). Hence, except for boron doped silicon in which
fisegregation is negligible, there will be a variation of approximately 50%, in
 the resistivity for the first half of the crystal and then even more rapicd
| 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(3%31) or
| by vacuum reduction of impurity(*). The crystal pulling technigue appears
£ t0 lack the beautiful simplicity which characterizes the horizontal method.
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e

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 kec/s heats the graphite susceptor and thus melts the silicon.
Temperature in the system is adjusted so that a single crystal seed, about

=

-

e

W

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 em/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)(*®). Dope can be conveniently added by dropping it into t 3
the melt before or during the crystal growth. By successive doping, sa}; §
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 4
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
llogrammes in weight, those grown in the crystal puller are, in general,
taller although crystals of germanium 6 inches and of silicon 4 inches in
Jameter have been grown(®7). Silicon crystal pullers similar in performance
) that shown in Fig. 2 may have direct heating(*®) or vacuum(3?) enclosures
stead of RF heating and gas ambient. The relative merits of these
\Eethods 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 (SiO,) crucible surface is dissolved by molten silicon and hence
xygen is detected in the silicon crystal(39). Not only is this oxygen itself
isleterious 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(4%), and even better, there is
e use of the floating zone technique with wider application to crystal
rowing. It is possible by this method to prepare long single crystals of
omogeneous high resistivity silicon(*?) 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
tterest. For some semiconductor compounds, e.g. lead selenide (Pb Se),
lrowth from the vapour can be used to prepare very fine crystals with
rj cm. dimensions(41). Great experimental care is necessary to produce
‘}uch large crystals from the vapour and similar precautions would appear
0 be necessary to grow semiconductor crystals from solution in a metal.
Vo recrystallization processes occur in germanium or silicon nor can
rapour 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
vy the horizontal technique and, for silicon, with greater difficulty and
txpense, by the vertical technique.

3

BVALUATION OF THE SINGLE CRYSTAL

bl'he single crystal semiconductor has to be evaluated in terms of certain
Ihhysical and electrical properties. Firstly, the single crystal nature of the
agot has to be verified and subsequently checked for microscopic imperfec-
bhions by measurement of the dislocation density in the crystal, as described
Ihelow. Then the electrical characteristics of the semiconductor, namely
he conductivity type (n or p), the resistivity, the concentrations of free
3a1'riers and the lifetime of injected carriers should also be examined (ref.
34, 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
axlal 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-

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. Theyv 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

ture, which can be confirmed by chemical etching or X-ray methods, if ff

Fag. 3. Dislocation etch pits on germnanium

perfection(*4) or by “decoration” with impurity (4%). A fairly consistent |
picture of dislocations, in particular edge dislocations, is obtained by these |
methods and a density of dislocations (o) can be stated. For example, in

the specimen of Fig. 3, o —102c¢m. 2. Germanium crystals with densities of |
dislocations 10® to 10% em. % were common(44), but improved methods |

4
x

have produced material with approximately 10 em. 2 while a special ||
technique for producing silicon crystals a few grammes in weight without }!
dislocations has recently been published(#¢). It must be stated, however, !

. . . r - {
that correlation between electrical properties of semiconductors and the i

density of dislocations has been disappointing. Nevertheless, the observa- |

tion of a very rapid movement of impurities along edge dislocations(45)
makes them of increased importance in devices prepared by diffusion in_
the solid state. ]
obviously of importance but it would be inappropriate to refer to then: in
any detail in the present metallurgical context. The thermo-clectric effect

The clectrical measurements on the single crystal semiconductor are E

|
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?used to check the n- or p-tvpe predominance in the material. Hot and
ld probes, connected in series with a galvanometer, are pressed on to
e specimen. The positive or negative nature of the majority carriers is
dicated by the corresponding galvanometer deflection. Precise data aie
tained from resistivity measurements, made with a combination of
rrent and voltage probes by one of a number of available methods(?¢).
yom 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 cffect
sasurement has to be made (3% 7). Finally, a most important parameter
the minority carrier lifetime. Lifetime is a measure of the time for which
irrent carriers injected by electrical contacts or by incident light remain
e in the semiconductor, and lifetime is, therefore, vital for particular
"\'ice applications. Details of measurement of lifetimes are given in
!nnter( )

Other measurements on semiconductors can. of course, give further
formation about the material, e.g. infra-red ahsorption has been shown
") to indicate the presence of oxygen in silicon. which can play an
iportant part in its electrical characteristics. But such other measure-
ents are seldom used on routine basis and the performance of the device
self provides the final material check.

ETALLURGY OF DEVICES
‘hile a homogeneous single crystal semiconductor is essential for funda-
ental measurements and also for some device fabrication, semiconductor
'\'1ce\ in general consist of single crystal material of more than one con-
hctn ity type. The simplest example is the p-n (or n-p) junction. i.c.
ode. The next stage is the three layer transistor structurc, the n-p-n
r p-n-p), and more recently four layer structures, e.g. n-p-n-p with
vratron 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-
vitv. An account of the principles, metallurgy and applications of p-n
nctions has been given (%) (also in ref. 34, chapter 7) and a recent
R.E publication () gives comprehensive up-to-date surveys and many
ferences. A few examples are described below to typify the metallurgy.
e number of ways of forming localized regions of controlled resistivity
almost as numerous as the types of devices so made hut three broad
assifications can be given.

) DEVICES FORMED DURING CRYSTAL GROWTH

|
he first and most obvious method of junction preparation is hy 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- I
sistor Technology, Volume 1(32). Doping a p-type melt with n-type ’t
|

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 (*°) can be used to re- |
cover the original p-type melt. An alternative technique has been tried (°%) ‘(
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 mW '
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 Mc/s 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(!) or seed
rotation rate(%2) 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
impurity is being mixed in the melt and then crystal growth is continued
from the doped melt.

= T~

(b) DEVICES FORMED AFTER CRYSTAL GROWTH BY ALLOYING

After the single crystal has been grown and cut into sections, regions of ¢
p- and n-type may be conveniently formed by local melting and solidifica- |
tion in contact with a suitable alloying material. For example, a thin
layer of indium metal placed on an n-type germanium crystal will, when |
heated, melt and then dissolve some germanium. On cooling, germanium |
heavily doped with indium is frozen out and grows as a p-type laver of |
single crystal on the original germanium. In this way very large area p-ni
junction germanium rectifiers are made such as the English Electric
Valve Co. VA710, 120 amp rating, which was developed from a research r]
design prepared at Marconi Research Laboratories. Alloving to silicon q!
presents much greater difficulties. For example, on cooling alloved silicon
differences in thermal expansion are greater than those for the correspond-
ing germanium unit, so that greater stresses are set up and cracking“{i

4|
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hecurs. However, such difficulties can be overcome and large area silicon
Jliodes such as the Siemens-Schukert Si 150 handling 200 amps have been
nade.

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

evices. A significant improvement is made by the newer technique of

Hiffusion.

S

e

LC) DEVICES FORMED AFTER CRYSTAL GROWTH BY DIFFUSION

n the last few years significant gains have been achieved by application
of another solid state phenomenon, namely diffusion, to device prepara-
sion. The resistivity regions are obtained by diffusion of the impurity into
l,;;he solid single crystal, as has been summarized by Smits (*?). Thus from
an atmosphere of arsenic vapour, arsenic will diffuse into p-type germa-
hium, the penetration of the arsenic depending on temperatures and
§pressures used. For example, on 1 ohm c¢m. germanium the p-n junction
due to arsenic would be approximately 10~* cm. (i.e. 4 X 10—% inches)
ﬁbelow the surface after one hour at 700°C in a closed system. It is obvious,
E«‘Jherefore, that thin layers may be better controlled by diffusion than by
;:“,alloying, and hence transistors operating to 1000 Mc/s appear possible(4).
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
isemiconductor 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, emiiter and base connections of area 0-002 inches X 0-0005
inches have to be prepared. However, the techniques necessary to deal
3With these problems are being found and high frequency devices, such as
the germanium high-frequency transistor being developed at Marconi
gResearch Laboratories, are becoming available.

i(d) OTHER DEVICE TECHNIQUES

|Comnbinations of the three methods given above are sometimes advan-
itageous 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

|
|
B
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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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;ligh in order of merit is that now under
Steview, written by an author who is respon-
iible for an ever-popular volume of similar
Zstandard on wireless.

| “Decibel’” has an attractive style for the
ibeginner and introduces each subject with
LL dircet approach that dispenses with
4( ‘padding” and is adequatel} explicit. The
istandpoint adopted is distinctly contem-
shorary, although the scanning disc and
{murm drum have been imported to aid in
g-he explanation of scanning systems.
The main subjects for which this book
iwill be read are each dealt with in a separate
Ebhapter; namely, the vision signal, basic
jicircuits and principles, video frequency

g + associated circuits.
FWithin the limit set by the size of the book,
ithese chapters are well done. Chapter VIIT
fon the reception of television signals is
hkely to prove disappointing as containing

far too little information on actual receiver
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L FIRST COURSE IN TELEVISION by ““Decibel,” pp. 149

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 v
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By A. J. GOSS, Ph.D, B.Sc, and R. E. ADLINGTON, B.Sc, AInst.Pl
Single crystals of stlicon have been pulled in an argon atmosphere from a
quartz crucible using seed rolation rates from 0 to 200 r.p.m. The effect of.
rotation on crystal pulling, the growth interface, dislocations, etchingi!
resistivity, 9u absorption data and heat treatment of the crystal, are given. A
mechanical model of stirring in the melt is described and the results arg
discussed in relation to the model. )

INTRODUCTION

u
The technique of pulling metal crystals from a melt dates from a 191’3}"1
publication by Czochralski(!). 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 scientifig}
interest until the last decade and the advent of new semiconducto:fé'v
devices. At the present time a considerable quantity, i.e. thousands of
kilogrammes, of germanium is being prepared in single crystal form by
crystal pulling, although the horizontal technique of zone melting (3 4 3
would seem preferable. However, for silicon, crystal pulling is of very .
considerable importance since the horizontal technique is complicated by,
the reaction between molten silicon and crucible materials(®). Since thg
properties of the semiconductor silicon are, to a degree, governed by thy |
growth process, the study of growth parameters is important. The
rotation of the seed and crystal, which is normally employed during
crystal pulling, is dealt with in detail in the present paper.

Little general discussion of the effects of seed rotation has been pubt
lished. Some of the important features have been emphasized, in particulai |
by Burton et al. (% ). Their theory is built on a picture of a narrow l@ye ‘
(~1072cm.) of melt immediately adjacent to the growing interface thr oug]
which impurity diffuses, with a thoroughly mixed melt beyond the narrov |
layer. The experimental results obtained by Burton ef al.(#) for germamun{
confirmed the expected effects on the segregation of impurities during th,
growth process of (a) change of growth rate and (b) change of rotatlo 9
rate. Thus in a slowly stirred melt an increase in growth rate results in § |
considerable increase in K (K = the effective %gxegatlon coefhment |
K < 1), and in a rapidly stirred homogenized melt increase in K w113‘ é
growth rate is small. Hall (1953)(°) has suggested that K is changed as Weh
as the mixing in the melt. He observed that a change in rotation rate frorf |
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50 to 360 r.p.m. did not appear to have much effect compared with a
Lhange i growth rate. More recently, experimental work has been
*Mescribed by Bridgers(?) in which the change in A was successfully used
o make multiple p-n structures.

In silicon the effects of stirring have raised other problems. Rotation was
wreported by Hannay et al.(1') to give trapping in silicon erystals and
ubsequently Fuller et al.(*?) reported heat treatment effects. The work of
“Kaiser and his associates has now given a clear picture of oxygen entering
the rotated silicon crystal, resulting in optical absorption (e.g. at 9:05u)
and also in heat treatment properties of the silicon. In particular Kaiser
wind Keck (1957)(1%) have stated that the 9u absorption decreases with the
#liameter of the silicon crystal and similarly with the rotation rate. Fuller
tnd Logan 1957(*%) have reported the corresponding changes for heat
lreatment. Finally the oxygen content of the silicon has been demon-

strated(1?) to be a controlling agent in silicon etch pit formation.

In the experiments reported in this paper, the rate of seed rotation has
heen 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
E‘qshovm to fit a proposed model of stirring in the melt.

CRYSTAL GROWING APPARATUS
The silicon crystals have been grown in crystal pullers designed and built
in these laboratories. The essential features of the erystal pullers will be
iilescribed in order that, where relevant, these features may he taken into
hccount. The pulling chamber is a 10 em. diameter quartz tube, 45 em.
“in height, the upper half transparent and the lower half translucent. The
gJOube is sealed to water-cooled stainless-steel ends, by silicone and neoprene
,O-rings. Inside the quartz chamber, quartz shields and supports are used
o hold a stationary graphite (Atomic Energy grade) susceptor, 5-2 cm. in
Hiameter, at the centre of the system. The high purity quartz crucible
“{Thermal Syndicate (2 type) fits inside the graphite susceptor. Argon of
/99-95%, purity has been used for most of the experiments, flowing through
“ithe chamber at about 2 litres/min.
The susceptor is heated by RF power at 400 ke/s from a 25 kW English
tElectric generator. Through the lower stainless-steel end plate a thermo-
fficouple (Pt/PtRh) is fitted which measures a susceptor temperature.
¢Manual or servo mechanism (Honeywell Brown: Integra, Leeds and
{Northrup equipment) may then be used for temperature control. The
erystal pulling shaft, made of stainless-steel, passes through a Wilson-seal
Hin 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
fradiation. 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.C 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.

N e,

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. Stlicon 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 Crystalﬂ |

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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5

hnd, 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.
Changes of rotation rate from 3 to 30 r.p.m. or from 80 to 160 r.p.m. have
oss effect. The external surface of the crystal is also modified by the
stirring rate. Wide growth flats ({111} facets) appear for fast rotation and,
isubsequently, narrow growth flats appear for slow rotation. An example is
shown 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
iinsulated 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
Imelt, adjacent to the growth interface. This would confirm the increase of
!'ékcrystal 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.

[

IEXPERIMENTS ON ROTATION

{GROWTH INTERFACE SHAFPE

};Crystals were grown, as described above, with uniform pulling and seed
%rotation rates. The size, shape and weight, etc., of crystals were stan-
f}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
i 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

l’\

|

|IH|‘HH‘HH‘H

| ’ .
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 (1), photographed (Fig. 2) and measured.

Results are shown in Figs. 3 and 4. With a crystal pulling rate of 0-0012
em. /[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

PULL RATE 1-:2x10-3cm./s.

INTERFACE DEFLECTION &6 m.m.

| [ 1 §
0 20 40 60 0
ROTATION RATE r.p.m.

Iig. 3. The effect of seed rotation on the interface shape for 1-2 x 1073 em.[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 (409,) with
five parts nitric acid (95%) to give a polished surface. They were then

i
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stehed in SD1(19) for a few minutes when etch pits, usually very small in
Lize, formed at the edge dislocations. To enlarge these pits the specimens
were left for sixteen hours in the Dash (1956)(2°) etch and to confirm that
these large etch pits developed at the termination of edge dislocations
bwith the surface, the copper decoration techniques of Dash were also

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

2:5¢

PULL RATE 0-6 x 10-3 cm./s.

DS
o

S SR R TR TN IIES Mo B IR T s

—_
w

INTERFACE DEFLECTION é m.m.
=)

=

0-5

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 1073 cm.[sec. pull rate

R A L e T AT e

" pattern on a (111) cross-section is shown in Fig. 5, where the edge disloca-
;2 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
5; range of dislocation densities, in some cases 10-10%/cm.? on each cross
isection 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

Rt B N ™l
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!
crystal silicon have been studied. Fast and slow rotated specimens of high
(>10 ohm c¢m.) and low (< 1 ohm cm.) resistivity, p- and n-type, weres
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’h
p-type appeared dull whereas the n-type remained brightly polished."|
Etch pit sizes were obtained ranging from 6 X 1072 mm. for slow rotation, !

low resistivity p-type to 1-5 X 10~2 mm. for high rotation, low resistivity {

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

i
n-type silicon. Although there was some variation in pit size over cach
cross section, a comparison between the specimens gave some general i

i

|

results which can be summarized as follows. “
L. Etch pits on slow rotated silicon etch faster than those on fast ,'1
rotated material of similar resistivity and conductivity type as stated
by Logan and Peters (1957)(15). i

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 on
high 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( ). 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 #).
Effective segregation will be influenced by sweeping the melt over this |
high concentration region, i.e. K will depend on melt mixing. Hence
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jirring can be expected to affect K and also possibly to redistribute
mpurity. Changes of K for longitudinal sections, resulting from changes
h rotation rate, have been given by Burton ef al. (1953)(®) and Bridgers
1956)(1°) but transverse variations in resistivity do not appear to have
en reported. Crystals have therefore been grown with various rotation
htes and the distribution of gallium impurity has been followed by
lesistivity measurements.

5 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.
fhe crystal was grown a further 1 em. 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 Jongitudinal strips, 2 to 3 mm. in width, cut from
'his section. Resistivity measurements were made with a two probe unit
/ith 3 mm. probe spacing. Five or more curves were obtained for each
irystal and have been checked with single probe measurements. Fig. 6
lhows two sample curves of resistivity along the length of crystals for
1-30 r.p.m. and for 0-80 r.p.m.

i

; | | bore ADDED | STIRRING
i'i :‘__/ | e
s ] R e® O—+>30rpm

—X———X- CENTRAL RESISTIVITY

T
0 —®—@-EDGE RESISTIVITY

06—

S SEE e

05+

cm.

’ 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 i
increased in resistivity from 1-2 to 1-4 ohm em., but sections 1 to 3 mm. !
from the edge of the crystal did not. A change in segregation coefficient

ABSORPTION COEFFICIENT (c.m.-1)
w
I

—10 r.p.m. —~ 125 rpM ———ete—— 10 r.p.m.—=
1 I 1 I | i
0 10 20 30 40 50 60 i3
DISTANCE ALONG SPECIMEN
(m.m.)

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

}
corresponding to a resistivity change of 209, might be anticipated from |
the curves given by Burtonet al. (1953)(8). Having established fast rotation,
the crystal grew with more uniform transverse resistivity, approximately (
+ 59 across the interface, within the limits of experimental measurement. |

94 ABSORPTION

From the recent work of Kaiser, Keck and Lange (1956) (2!) it is now well
established that oxygen is introduced into pulled silicon crystals due to i
the reduction of quartz crucibles by the silicon melt. The concentration !
and distribution of the oxygen in the silicon depends upon various growth

parameters including the crystal diameter and rotation rate, the tempera-
ture distribution in the melt and the gaseous ambient or vacuum in the "

i
1§
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wstem. The concentration of oxygen is determined by measuring its 9
hfra-red absorption coefficient. This absorption band has been related by
i"Iros‘uowslﬁ (1957)(%2) to a silicon-oxygen molecular vibration from
hservations of isotopic shifts on the substitution of 0!8 for 016, and cali-
brated by vacuum fusion gas analysis('3).
i In the present experiments 9u absorption data were obtained from
fransmission measurements using an S3A Grubb-Parsons infra-red
t-{pec’crometer. Strain free specimens, with carrier concentrations less than
015 cm.—3 from more than twenty (111) grown silicon crystals, were used.
Weasurements were made every 2 mm. along the length on longitudinal
entre sections, with faces ground parallel and optically polished. A range
f 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 9y absorption coefficient can be seen to change
irom 2 ¢cm."! to 5-7 cm.™! over the region in which the rotation rate was
Increased, and to revert to 2 cm.”! when the rate was reduced. By taking
into account the diameters of the crystals, the relationship between the
e absorption and the rotation rate up to 160 r.p.m. can be accurately
own. Fig. 8 shows data for three diameters, in which absorption rises

!
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{ Fig. 8. The effect of seed rotation on the 9u absorption for three crystal diameters
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from about 2 ¢cm.™! at low rotation rates to 6 cm.~at 160 r.p.m. As shown i
by Kaiser and Keck (1957)(*) 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 9y absorption below that for zero rotation for crystal |
diameters less than 2 cm. A linear relationship is shown to exist (Fig. 9) |
between the 9u absorption at the centre of a crystal and the diameter over i
the range considered, for both slow and fast rotation rates. |

T g

ABSORPTION COEFFICIENT c.m.-1

1-0 15 2:0
CRYSTAL DIAMETER c.m

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

Measurements have also been made of the variation of 9u absorption
perpendicular to the length of the crystal, for fast and slow rotation rates.
9u 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 9u absorption do no apply to the last few cm. of
the silicon crystal, where growth conditions, melt size. ete., are rapidly
changing.

{
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IEAT TREATMENT
Teat treatment of rotated silicon crystals was pointed out by Fuller
bt al. (1955)(*2) and a comprehensive study of heat treatment was
published 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
related to the rotation rate and to the crystal diameter. An increasing
mumber of donors, N, was found with increasing rotation rate and crystal
th'ameter. 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-
ance of crystal diameter had become apparent. The extremely close
sorrelation between 9y absorption and heat treatment measurements has
Irovided 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 N, was found at 450°C.
Experiments have been carried out in chemically clean conditions, using
juartz apparatus and argon atmosphere. Two probe resistivity measure-
nents at room temperature have been used to evaluate N, with a back-
fzround acceptor level of 5 X 10%/cm.3. Results were estimated to be
accurate to 4 10%,.

K The increase in donors, .V, for various rotation rates as a result of a
standard heat treatment of 24 h. at 450°C are given in Table 1. The results
have been taken for specimens of 1-5 to 2-0 cm. in diameter.

j

: TABLE I
Rotation Rate Donor increase/cm.?
! r.p.m. (24 h. at 450°C)
0-10 0-5 X 10133 t0 3 x 10
,;_ 40 1-0 X 10 to 15 x 10
)
‘; 80-160 0-8 x 1035 to 15 x 10%°

, For ranges 0-10 and 80-160 r.p.m. any systematic change of N, is masked
| by other variables. Fig. 10 shows the relationship between N and the
| erystal 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
f’ exponential function of crystal diameter can be made to fit the correspond-
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ing values of .V . However, due to variation from melt to melt, the overall
average data is as represented in Fig. 10.

A set of curves for N, 9u absorption and crystal diameter for a typical
crystal is shown in Fig. 11. The increase in N, 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 N and absorption over the length 3-4 cm.,
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Pig. 10. The effect of crystal diameter on the donor production for a heat treatinent of 24 hours
at 450°C for rotation rates = 80 r.p.m.

in which the crystal diameter is mcreasing. 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 & during the
growth process, i.e. heat treatment in growth, is about 2 x 1014/em 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 givenabove, 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-
hents. For the model an actual quartz crucible has been used, with bottom
leat. Water in the crucible has been “‘doped” with drops of potassium
bermanganate solution while the erystal has been simulated by brass rods,
£ varjous diameters, rotated with a Velodyne motor-generator. The
ovements of the dye could be observed with and without crystal rotation.

Pince the viscosity of liquid silicon is not known, glycerine and water-

ROTATION RATE 80 r.p.m. <60
g —50
k -1
% e 9p ABSORPTION cm
5 =40
if Z
: ©
Np =
—1 | ol
c.c. OO:
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0% l
1
; 2.0=
é c.m.l— CRYSTAL DiA.
4 10 —
| l | | l
2-0 3-0 40 5-0 6-0 7-0
CRYSTAL LENGTH c.m.
EFz'g. 11. 9y absorption. heat treatment. and crystal diameter for a silicon crystal grown at
80 r.p.m.
f P

?glycerine mixtures were also tried to provide a range of viscosities for the
imodel. The essential features of the melt circulation remained the same,
%:{though 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
imelt rises at the edge, the hottest part of the system, and the introduction
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 arc no marked changes in the flow
bsystem. 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

(@) 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
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4
jmperature gradients in the melt give rise to a curved growth interface,
) observed for slow growth rates. Rosi (1958)(?°) has made temperature
leasurements in silicon melts and found temperature differences of
90°C vertically and 40°C radially. The curved interface and curved
bthermals must result in thermal stresses in the pulled crystal. Higher
f‘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
lelt takes over, temperature gradients are reduced. This reduction in
radient is shown in erystal pulling effects (e.g. Fig. 2 growth facets) and
dterface flattening (Figs. 3 and 4) with the same ervstal pulling rate.
5. 0:0012 cm./sec. Fewer dislocations are therefore observed with faxst
i)tation. A similar modification in the growth interface shape and associated
Rduction in the dislocation density may be made by increasing the pulling
ite from 0-0006 to 0-0025 em./sec. With a pulling rate of 0-0025 em. /sec.
1e effect of fast seed rotation on interface shape is in the same sense as
1at described in Figs. 3 and 4. Since the slow rotated interface is almost
Wt the fast rotated interface is now curved in the reverse direction to
E1a’t shown in Fig. 1.

Silicon crystals with edge dislocation densities of approximately
D/em.2 have been obtained by using flat interfaces, coincident with (111)
Janes. This is analogous to the growth of low dislocation density ger-
hanium crystals using controlled growth on (111) planes in a horizontal
pparatus by Cressell and Powell (1957)(%) in this laboratory.

P 2o C 5 oot
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7)) RESISTIVITY

thermal stirring alone has been responsible for the movement of gallium
ope into the non-rotated crystals. and hence resistivity variations across
e growth interface are to be 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
fith rotation rates of 10 and 30 r.p.m. there ix 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.) scen in Fig. 6 can
e related to the vortex sweeping up under the crystal and then out side-
f-ovs, levelling out the impurity concentration as it sweeps over the
liffusion layer. Hence the impurity level is moditied, A changing from
ghat for static to that for dynamic conditions and a marked increase of
iniformity in resistivity is obtained. The cffects of rotation rate on
egregation along crystals of germanium, have been discussed in detail
by Burton ef al. (1953)("#) and by Bridgers (1956)(}°).

¥ Data in Fig. 6 show that, for fast rotation, while the centre changes
Fesistivity, 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 9y absorption I 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 101° acceptors/
cm.? whereas careful measurements in several crystals indicate an increase
of only approximately 2 x 10** donors/em.?® during growth of fast
rotated silicon crystals of normal diameter.

(¢) 9w 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 by
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 10® by weight in the crystal, and a donor increase of the order of
10%3/cm 2 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. Thissmall
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)(%) 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
101%/cm.® 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 9y 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 Yu 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-
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A,ion of SiO from the melt surface has on the oxygen concentration at the
yrowth interface (*2). Above 30 r.p.m. these effects also depend upon the
Jrortex action which increases with crystal diameter, as shown in the model,
supplying more oxygen to the interface.

ONCLUSION

{Three 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
Jovement in the molten silicon appears to be largely due to thermal
stirring. The resultant conditions, in particular the temperature gradients,
are such that the growth interface is curved and dislocations ranging in
iensity from 102-10%/cm.> are formed, with the growth rate of 0-0012
t>m./sec.!. The resistivity varies considerably in a radial direction and
Hxygen 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
Iplace 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
increase by about three orders of magnitude.

. (c) With fast rotation rates. l.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 10-10%/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
fup to the interface and considerable 9u 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 Genjus”
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 j oy to use.
The publication concludes with an Alpha-
betical Index of names of authors and
organizations as well as pseudonyins; 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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ould be propagated to distances which
sere thought to be impossible at the time,
ut left the scientists and physicists to
heorize upon the propagation medium.

, General Sacco writes of the three great
oads talen 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
ossibly communication, broadcast and
-adar.

There are always better ways of doing a
ob and Signor Di Benedetto’s work 1S no
»xception but eredit must be freely given to
1im for the masterly manner in which he has
!,ackled a vast subject and achieved such a
rreat measure of success. Historians of the
“uture will have cause to be grateful to the
{talian National Council of Research for
sponsoring the work and it is & pity that
Luch a monumental publication should not
nave been given a suitable stiff cover to
srace the shelves of Technical Libraries.

A few statistics will serve to demonstrate
E'Gugliolmo 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
himself was primarily responsible for 223.
Of the 2,439 references relating to Marconi,
865, many in the form of obituaries, were
written after his death in July 1937. Many
of the references have useful informative
notes appended, and some of the titles in
lesser known languages are translated into
él't.alian. A list of the honours, decorations
land awards bestowed upon Marconi occupies
three pages. Lastly, Signor Di Benedetto
personally scrutinized the relevant literature
in 31 libraries in Italy.

l 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
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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
significance of the note is lost because 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
eriticism 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, AM.Brit.I.R.E, M.[.R.E.

The conventional shunt diode energy recovery system wsed for transistor line
scan generators is very efficient, but due to the hole-storage effect it is often
dufficult to obtain the required small flyback time. Retrace driven circuits avoid
this problem bul require about twice the transistor volt-ampere rating for a
giren scanning enerqy. The use of automatic phase control and reverse base
current drive applied to the shunt diode circuit allows the production of sauw-
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(!) in 1932 the stored
cnergy can be recovered and recirculated at each cycle. With circuits using
this method the power source has only to supply the small amount of
cnergy lost in the deflector coil resistance and other unavoidabic circuit
losses.

These energy recovery systems fall into two main tyvpes. 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
crrrents. The servies 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.c. 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 cirenits the valve or transistor is usually operated
I a manner simulating a switch. A perfect switeh of course dissipates no
power. Within its ratings a transistor makes a very good switch, so long
as the operating speed is not too high, A p-n-p transistor in the grounded
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Lmi’oter connection can be switched off by driving the base a fraction of a

Lolt positive. At collector voltages below the breakdown point only the
akage and saturation currents then flow. These are small at room
mperature but can be expected to double for every 9°C rise.

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

roltages of the order of one volt. In comparison, most valves have a

fbottoming” voltage about fifty times greater.

_\I,‘HE SHUNT EFFICIENCY DIODE CIRCUIT

\ transistor version of the Blumlein energy recovery system was first

lescribed by C. C. Sziklai(?) in 1953. This circuit is intrinsically very

ficient, but as will be shown, certain practical difficulties are encountered.

Tig. 1 shows the basic circuit and waveforms. The transistor V, acts as a

witch closed for the scan period T, and open for the flyback period a5

Juring 7, a nearly linear current builds up in the scanning coils Lq. At

he beginning of 7'; this current continues to flow into the flvback capacitor

~or

BASE DRIVE
VOLTAGE

EMITTER CURRENT

—_
o
~

COLLECTOR
VOLTAGE

DIODE CURRENT ~
[ S -

COIL CURRENT

Fig. 1. (a) Basic energy recovery syslem using a shunt diode and (D) characteristic waveforms
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C;. Now C, is chosen to resonate with L; so that the current goes through
half a cycle of oscillation in the period T';. This ensures that the current
in L, at the end of 7', is equal but opposite in direction to its value at the
end of T,. During 7', the voltage across C, rises to a maximum negative
value, as the current in L, 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 T, the decaying current in L, 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 T,. The current builds up again in the
opposite direction through V, as before. It will be noticed that the battery
is charged during the first half of 7, by the diode current, and discharged
through V, in the latter half of T, 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 7, 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 ocr7 OAS5

270k

tmH 1n

1 y Ci 20
& S 0 c & 2l

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

described were adjusted to give a saw-tooth current of 150 mA p.p into
a ImH coil, with a flyback time of 8uS on the 405 line system. Perform-

it

A e e

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
OC77 drive it to saturation during the scan period 7', and cut-off for the
flyback period 7. It is fully bottomed so that collector dissipation is
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Zinimized. Collector current of the OC77 rises to a maximum at the end
f T, 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
}agion. Holes are rapidly removed by driving the base positive. Even so
bout 3uS is lost from the available flyback time, and necessitates the use
£ a smaller value for the flyback capacitor so that the resonant flyback is
ompleted within the available time 7';. This results in a proportionate
ncrease in the peak flyback voltage. An improved technique for dealing
vith the hole-storage problem is described below in regard to the design

] . . - .
f higher energy scanning circuits.

RETRACE DRIVEN CIRCUITS

Vircuits have also been proposed which overcome the problem of hole-
torage by making the transistor conduct during the flyback period. Due
o a self-commutating action, a rapid fall in collector current is no longer
Elecessary.

A scanning system of this type was described by W. B. Guggi(3) in 1956.
No 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
B on page 64.

E3ASIC OPERATION OF THE GUGGI CIRCUIT

Fig. 3 shows the basic circuit and waveforms. V, is a transistor which acts
s a switch, closed throughout both 7T the flyback period and 7', the
bositive scan period but open during the negative scan period 7. As
shown in Appendix B, the period T, must be roughly four times T',.
During 7, and 7T, the battery and the charge on the large reservoir
rapacitor C, cause a current to flow in the large storage inductor L.
n the off period 7', this current continues to flow through L,, but is
switched via the diode V, into the flyback capacitor C;. This almost
constant current charges C, to a high voltage by the end of T',. The
diode is cut off and the scan current in the deflector coils L, is reversed
quickly during 7', when the transistor switches the highly charged C,
heross L. The value of C, is chosen so that its charge drops to zero in the
flyback period. At the beginning of 7', the decaying current in L, develops
a reverse voltage which when it equals the voltage maintained by the
reservoir capacitor C, causes the diode V, to conduct. The positive
current in L, then decays in a near linear manner until it reaches zero,
recharging C, in the process. At this instant the transistor must be
;SWitched off. The circulating current in the storage inductor L, switches
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itself through V, and recharges C, as before. The substantially constz_mnt
voltage on the reservoir capacitor can now build up a negative going
linear rise of current in L,, this current passing through the diode V,
backwards by subtraction from the L, current. Obviously the current in
L, must be at least equal to the peak value of the negative current in L,
at the end of 7', otherwise the diode would cut-off before the end of the

n?
scan.

c
" L2
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(@)
ce T P
s ifufaj—
VCC
—-iT,i T, I' T,
BASE DRIVE VOLTAGE
0 _L _____________ { fff ][--
INTERNAL FEEDBACK
0—p-m ——m-— b SN
EMITTER CURRENT { ( f
ICD
{b) COLLECTOR VOLTAGE

VOLTAGE ACROSS L1

| \_

CURRENT IN Lt

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

The energy stored by L, at the end of 7', is recovered and added to that
provided by the flyback capacitor €. Consequently C; 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 T, is the sum of the
circulating current in L, and the peak negative scan current I,. These
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|

\rrents are in opposition so if they are equal their sum is zero. Since the
lllector current starts at zero it is obvious that its peak value at the end
7', must be equal to the peak to peak value of the scanning current in
. Alternatively, the peak collector current at the end of 7', is the sum
| the circulating current 7, and the peak positive scan current 7, which
[,= I gives the same result, since J, cannot change much in the short
yback period T}.

 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
ven scanning power. This advantage tends to be offset by the necessary
ctor of safety which requires the circulating current in the storage
;,ductor to be somewhat larger than the peak negative scanning current.
lso the analysis here neglects the fact that the flyback period encom-
;’asses more than a quarter cycle of oscillation, which would necessitate
reduced value for (y and consequently a higher voltage for the required
[;ergy.

%The mean battery supply current is a function only of the transistor
bak current rating and the television standards. The battery voltage,
!DWGVE}I‘, is a function of circuit losses. A resistance free circuit would
squire zero battery volts once the reservoir capacitor were charged.

?XPERIMENTAL GUGGI CIRCUIT

he circuit is shown in Fig. 4. The first transistor is driven by line drive
ulses and produces a negative going saw-tooth at the collector; it is
|

1
)
i
' V6,R8 XA101 ocC77 QA5

Fig. 4. Simple experimental retrace circuit (after W. B. Guggt)

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
tretched line drive pulse at the second collector, in conjunction with the
ext auto-bias network in the following base circuit, provides the specially
i

J
|
.
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timed driving waveform for the output transistor. The output transistor o
is bottomed during the flyback period and about 80% of the scan period;
it is then cut off for the remainder of the time (7',). The theoretical value |
for 7, is 18uS and the measured value was 15uS. This discrepancy may [:
be an experimental error. Hole-storage in the output stage is not a |
problem so it was unnecessary to pulse the base heavily positive. The !
negative swing had to be increased to give the double collector current
required in comparison with the shunt diode circuit. u

Comparison of equation (11)in Appendix B and equation (4) in Appendix |
A (neglecting hole-storage) shows that the Guggi circuit requires a t;
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 unsatistactory 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 (, 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 i
a minimum at the juncture of 7 and 7',. 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 2
diode.

e i

[
i

A NEW FLYBACK DRIVEN CIRCUIT ‘,
This circuit(?) 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. y
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ASTC OPERATION OF THE NEW CIRCUIT

\e basic circuit and associated waveforms are shown in Fig. 5. It will be
en that the transistor V, acts as a switch which is closed for the flyback
;-.riod T, (or slightly more) and open throughout the remainder of the
an period 7T',. The values of L and C, are chosen so that C; is discharged
mpletely through L, in the period T,, so that all the energy acquired
7 C; during the previous period is transferred to the deflection coils Ly,
b the end of period T the decreasing current in L, generates a negative
ltage which when it equals the steady D.C. voltage maintained by the
rge reservoir capacitor C,, causes the diode V, to conduct. Now the
Jlues of C, and R, are chosen so that the voltage developed across Cs,

-
-
Vi c2 T+
R Ra T

BASE DRIVE VOLTAGE

EMITTER CURRENT

COLLECTOR VOLTAGE

(b)

I CURRENT IN L2
(EXAGGERATED)

i
! L
! VOLTAGE ACROSS L1 0 - __J.l _____________________

CURRENT IN L1

Fig. 5. (a) Elementary form of a Slyback driven system and (b) ussociated waveforms
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by the pulsating current from V,, is substantially constant. This constant
voltage causes the current in L, to decay in an exponential manner. If
the deflection coils have negligible resistive losses, the exponential decay
becomes a substantially linearsaw-tooth suitable for television applications.
The value of R, is chosen so that the current in L, decays to nearly zero
at the end of the scan period 7',.

The capacitor C, is completely discharged at the end of period 7 so that
the inductance L., has the full battery voltage V., impressed across i
throughout the period 7, and the beginning of 7',. This causes an Increasing
current to build up in L,. Now the value of L, is chosen to resonate with
C, at half the frequency given by the reciprocal of 7', - 7',. This causes
the voltage across C; to build up in a sinusoidal manner which reaches a
peak value, equal to twice the battery voltage, at the end of period T',.
Thus the flyback voltage applied to the deflection coils L, at the beginning
of 7' is equal to twice the battery voltage (neglecting losses). The current
in L, varies sinusoidally, reaching a peak about half way through 7, and
decaying to nearly zero at the end of 7',. It is possible to make 1., much
larger. The build up of voltage across C, during 7, is then more linear
and the current in L, approximates to a parabolic waveform. The sinusoidal
mode of operation is believed to be the most efficient.

The end of period 7, 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 7, is slow. The build up of current
during 7, 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 C, can be reduced so that the current in L, during period 7, 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

e
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o a transformer to eliminate the DC component of the saw-tooth
rrent and allow the injection of the conventional centring current.
‘Improvéd circuits, not yet engineered, are shown in Figs. 6 and 7. In
ose the power previously wasted in the resistance R, is added to the HT
}pply, thus improving the efficiency. Alternatively, the resistance R,
n be replaced by some other circuit that requires a low voltage, high
rrent supply.

In the proposed circuit of Fig. 6 the transformer TR, is chosen to have
ratio so that the average current passed by V, equals that required by

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

C1 C1

V1 TR Vi TR1 L_
= v
L - ' cc
| I
'1 o— &
ig. 6. Voltage saving version of the flyback Fig. 7. Current economizing form of the
! driven system Syback driven system
i
|
3
% V6:R8 XA101 oc QA5
? -0—~9V

- 20V

Fig. 8. Low energy experimental flyback driven scanning generator

o that the voltage across the secondary connected to V, during the period
I, is equal to the battery voltage V.. This should result in a considerable

aving of current.
i
]

|
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Emit- | Collec- | Collec- | Diode | Input | Input | Power | Power| Hole | Power
ter tor tor current | voltage | current | Input | Out- | stor- | input
Circuit |current|voltage| V.A peak D.C. D.C. D.C. put age | from
peak | peak | peak D.C. | delay | 24V
supply
. mA ’ vV ‘ V.A ’ mA 1 V 1 mA 1 mW | mW uS ‘ mW
Shunt-
diode +18 50 3-5 + 68 1-8 115 21 e 3 277
Fig. 2 —70
Guggi
Fig. 4 | —190 31 59 +120 1-3 48-5 63 — — 1,160
New \
Fly- —180 40 /o2 +150 20 9 180 110
back mW
Fig. 8 (1-4V
T8mA)  — 216

Performance of experimental circuits designed to produce 150mA p.p. in 1mH deflector coils
and adjusted to have a flyback time of 8 uS 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(*> ) 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 flvback, 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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bm Appendix A the necessary transistor volt-ampere rating is given by

2 J
’ - Vg o = i

(neglecting losses)

. 1
]

This can be made a minimum by allowing the flyback time 7', to equal
e blanking interval of 14uS less the time taken for hole storage decay.
lowing an estimated 3p.S for hole storage decay, T becomes 11uS. The
yuired 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.
\ere are numerous germanium power rectifiers with similar ratings which
n be used as the shunt diode.

Samples of the 2N174 were not at the time available so some OC16
msistors were tested as substitutes, for experimental purposes only.
»rmal ratings for an OC16 are 32 V, and 3A  giving 96 V.A which is
iLdequate. Out of fourteen samples tested, ten were found to have a
llector break-down voltage greater than 80V. Collector cut-off current
btted against collector voltage for temperatures of 20°C and 70°C
> sample No. 5 are shown in Fig. 9. Tt will be seen that the breakdown

15

]
<
: o 20°c-._T7o c

.
, 12 0OC16 SAMPLE
: Vy +15 VOLT
|
|

" GROUNDED EMITTER

70°C
1 [ —— /{/
. // 2? ©
0 10 20 30 40 50 60 70 80 90 100 110 120
Ve VOLTS

i Fig. 9. Collector breakdown characteristics of a sample OC16 power transistor
(not necessarily typical)




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 50V, 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

50 THE MARCONI REVIEW, FIRST QUARTER
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ransfer characteristics of a sample OCI6 power transistor (not necessarily typical)
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4
.F,racteristic up to the normal 3 A is very linear, but to obtain 8-5 A,
lase driving voltage of —3 V at 1-1 A is required. A 2N174 at the same
llector current would require only —-9 V at -34 A. If we choose a working
k current of 8 A at 70V, 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
bropriate cooling. Both transistor and diode must be mounted on a
bstantial heat-sink. The diode stud is connected to the cathode so that
ban be directly connected to the chassis heat sink, but the transistor
st be insulated with the usual mica washers. The measured total
isipation in the output transistor was 11 W, but a lower value should be
sained using a 2N174. A theoretical calculation of transistor dissipation
line scan service has been given by G. Schiess and W. Palmer(®).
SFLECTOR COIL CIRCUIT CONSTANTS
le inductance required for the deflector coil is given by

Vo Th
L_]-c

70 .11
T 105.8. 7

= 30-5uH

4

iback capacitance is given by

ttery voltage less the bottoming voltage is

2TV,
V. =
cc TCTz

2.11.70
7 87

= 57 Volts

f the collector bottoms at —0-7 V the required battery voltage will be
64 V.
A ready made deflector coil was available with an inductance of 114uH
d the coils in series. By reconnecting these in parallel an inductance of
-5y H wasobtained. To minimize losses a 0 -5uF mica heavy duty capacitor
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was used connected across the coils as the energy storage flyback capacito
Power was obtained from a 6 V lead-acid accumulator, by-passed by
bank of electrolytic capacitors totalling -024F. This large value we
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 ke/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 k1"

BASE DRIVING CONDITIONS

The complete circuit diagram is shown in Fig. 12 and the relevant wave
form of each stage in Fig. 13. 1t will be seen that the output stage neec
only be switched on for the latter 54uS of the scan since the shunt diods
carries the current for the first 30uS and both ave off for the flyback perioc
of 14u8S.

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. 1t was found under dynamic conditions
that just over —2-5V forward base drive was sufficient to keep the output
collector bottomed up to the end of the scan. Allowing —1 volt for the
driver collector there remains 5V for the primary, so that a step dowr
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Jio 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.

Energy built up in the core of the driver transformer due to the flow of
lonetizing current must be removed during the off period. There are a
dmber 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

A1 return the energy to the battery. Or a capacitor-resistance network

DRIVER QUTPUT

SAMPLER OSCILLATOR

—% -6V

SJDX8AS
ZENER
6V

100 47k 1k

g REFERENCE SHAPER
1 i

SJDX8AS
ZENER
v

8071/8
ZENER
8V

220 g

8071/8 SJDX8AS.

X$101

§ 22k

ol

2:6A

-024F

GEX541

g. 12. High energy experimental circuit using the shunt diode system and incorporating
; automatic phase-lock

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

Q‘ves a base peak positive voltage of
™ Ton
bon 2 Toff

‘{) -
J Now since this peak positive base voltage is effectively added to the
ieak negative collector voltage, it is an advantage to minimize it by
;f;laking the off period 7' as long as possible. By switching the base on
list 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.

i{; Another way to deal with the stored energy is to use a catching diode

.

boff

‘)
)
]

w;’l
/
)
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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 catck
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/r. If the catching voltage is buil
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 cor
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 referenc
voltage (including the battery) of nominally 18-7 Volts. The actual voltag
was 21 V' so the base is held positive for only 20uS, but remains cut-of

LINE DRive U U I U
' ! 1 '
ol ' +33v I‘
I
0 |
\ VAR p— g
_oovY (@ —1.4v 1o

|
i
| V. SHAPER X i Vg DRIVER
|
|
b
|

(e)
V. 0SC

—85A
"le OUTPUT

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

ANSISTOR TRANSIENT RESPONSE

b minimize dissipation the transistor should be fully bottomed through-
i t the on period. Under static conditions this can be obtained by
plying a forward bias current equal to

p 1

F‘ I b — =

e

' W here I, is the peak collector current and %, is the large signal current
din. Complete cut-off is ensured also if the base is driven a volt or two
sitive.

iThe transition from on to off is characterized by an initial delay(19)
ifore the collector current starts to fall. This delay is caused by holes
sred 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
I 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
- 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
Iback 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
irrent decay time so that Miller effect will not be significant. Collector
irent 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
jansistor is given by

%

\ i =y |

| 143

J

et

ihere f., is the frequency at which the grounded emitter low frequency
lirrent gain «, is reduced 3 dB.

! For a step of base current Aj, the collector current will therefore
*hange according to

4 t

d 1, = Ay, & [ _U]

!:/ © b¥el]1 ¢ (o
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where 7' the grounded emitter time constant, is
)

= o]

and the time / 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 109, of its initial value will be 2-3 T,. No

[+ of the OC16 at the high current levels used is about 19 ke/s, so the tim

taken by the collector current to fall to 109 for a reduction of base bia
to zero will be about 20uS. Since we require the collector current to deca;
in less than 3uS it would seem impractical to employ audio-frequenc:
transistors such as the OC16. During the collector current decay period
however, it is possible to draw a positive base current so that the ste
in base current can be larger than the previous steady negative value
Under these conditions the collector current can be made to decay to zer:
In a nearly linear manner in a time much shorter than T,, When th
decay time ¢; is made less than 109, of T',. in this way the required bas
current step approximates to
71

o cp ap
ii 1 fom — —
b -

X l‘d

Now f, o, =f,

which is the grounded emitter current gain bandwidth factor.

,
o 3
therefore — =T,
X
e
the equivalent time constant, and so

]cp Te : -
by = — o Approx. (assuming %, = «)
b
consequently, if the base current step were made equal to the initia
collector current, the decay time would approximate to the grounde
emitter current gain-bandwidth factor time constant,
7 1 A

- :Zthe 27tf1b %,

Where 4 is the diffusion constant equal to 1-22,

For an OC'16 the grounded base cut-oft frequency Jx, 18 200 ke/s and a
the high current levels used a, = 0-9, so that the collector current decay
time would be 1-1uS. This probably represents a lower limit for practica

circuits since it is difficult to generate the high positive drive curren
demanded.
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[he 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 35 A. Large
al currént gain of the output transistor at the peak collector current
R-5 A wasa, = 7780 that the decay time can be caleulated from

!
Sols} == 86§ o FT [1 B 6—51]

ince 7, = 8-4uS
1 €
Solving for the decay time #; gives
— 3.9
Iy = 3-2uS

\
gI‘he decay time measured was 3uS, which with the resonant fiyvback
ae of 11uS, gives the required total time of 14uS to fit into the normal
%{-nking interval.
*An examination of the driver stage circuit will show that during the
{ period a constant base driving voltage is produced. whereas during the
jcay 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
stantaneous emitter current. This non linear behaviour under constant
se driving voltage conditions makes the calculation of the collector
wrent 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
Juivalent switch-on constant current step. With a constant switch-on
Itage step the initial base current will exceed the final base cuirent in
e ratio of

Rye + Ruy

>
]lbb’

peause R,,. (the large signal value of R,,) is short circuited by the
flusion capacitance (', at the instant of switching. Whereas of course
ie equivalent constant base current step has the same value as the final
rrent continuously. This initial kick of base current causes the collector
rrent to rise faster than under constant base current conditions for
hich the rise time is 2-3 T, = 20pS. This is sufficiently fast to follow
he required linear rise of collector current during the latter 54uS of the

b’e

i
i

parL.

RIVER STAGE

'he driver stage is required to give a constant voltage pulse of —2-5V at
3—1-5 A for the latter 54uS and a constant current of 42 A during the
.S decay period, followed by a small positive voltage for the remaining

e Wy = AR
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41uS of the scan. These are all referred to the secondary of the transforme;
connected to the output stage base. /
To obtain fast clean transitions it was found essential to wind thi
coupling transformer in a multifilar manner on a ferrite core. Leakag,
inductance was then a minimum. In addition the driver base cireuy|
includes an equalizer C.R network to speed up the switch-on since thy
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 ol
periodof the driver stage is 58S, and the battery voltage less the botto1niné§
voltage, i.e. the primary voltage, is 5 V, so the required primary inductanc
is given by
Lpri. - _V]DF1~ jwon = i)oﬁ:jél;
p. mag. o
therefore L ; = 290uH &
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 Zeneg,
and catching diode de-magnetizing combination. If a capacitor-diode ¢
capacitor-resistance network were used a part of the circulating magnetiz*
ing current would flow into the capacitor instead of the transistor base
thus prolonging the decay time of the collector current. The circulating
magnetizing current does not flow into the catching diode until the end of
the decay period. During the decay period the base input impedance is af
low as in the normal on and bottomed condition and the mput 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 techy
niques to drive itself and the base of the driver stage. In addition aif

. 3 . 3 . 3 . . |
equalizing network is used in each base circuit and the emitter circuit %‘f
speed up the rise in collector current. The 3/1 blocking oscillator trans

former has a primary voltage during the 63uS on period of 5 volts ang
therefore provides a secondary forward driving voltage of —1-66 :
This is larger than the ultimate forward base bias of —0-9 V required by

[
4
X

the driver and the excess is dropped across the 10 ohm base circuit resistors
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uring the switch-on transition, however, the full secondary voltage is
pplied through the 1uF capacitor shunting the resistor so the rise time of
he driver collector current is reduced to a few microseconds. The equalizer
ime constant of 10uS was chosen to be longer than the switching time but
horter than the on period for optimum results. The 220 ohm resistor
khunted by a 0-1uF capacitor in the base circuit of the OC72 blocking
scillator serves the same purposes, but here the value of the capacitor
ust lie between special limits.

1f the capacitor is too large the driver base becomes mnegative 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,
if 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
is 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.
i Emitter voltage 1is 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. Tt 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.

's
J
|
.’
|
1
.’
i
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J
It will be noticed that the operation of the blocking oscillator is sub-

)

stantially independent of the transistor characteristics. The on/off ratio
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
oscillator phase is maintained just sufficiently in advance of the output
stage flyback pulse to compensate for the overall delay due to hole-storage.
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.

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 |
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.(.
output is ideally zero. An incorrect phase produces a polarity of D.C. in |
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 b
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 |
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 il
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_
of the blanking interval. In the locked condition the shape of the rest of the ‘i‘
reference signal is immaterial.

Pull-in range is determined by the peak value of the low difference

J

{
|
f!

i
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4

hquency signal developed by the integrating capacitor. For a given
fference frequency out of lock the peak value of the integrated samples
111 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
:x{t the waveform fed back from the blocking oscillator and to smooth out
toht phase modulation effects in the line drive pulses.
) An approximation to the ideal reference waveform is produced by the
faping circuit used. So that the deflector coil flyback pulse shall be
Intred in blanking the line drive reference pulse is delayed by partial
itegration. This operation is performed by the complementary network
fhich also acts as the normal 75 ohm termination. The shaping amplifier
‘thereby switched into the conducting state for about 7uS at the centre
{ the blanking interval.
' The poor rise time resulting from this method of delay necessitates the
ve of a high frequency transistor type OC44 as the amplifier. If the delay
re produced by a delay line so that the rise times were preserved, an
udlo frequency transistor type OC72 could be used.

Dunng the conduction period the 0-01pF capacitor in the collector
‘reuit is discharged through the 500uH inductance. Energy gained by the
\ductance recharges the capacitor again with an equal but opposite
\arge. 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,
fie voltage across the primary of the transformer is now the battery
oltage plus the capacitor voltage. Current in the primary builds up
nusoidally and decays to zero again during the off period, and in so
bing again reverses the charge on the capacitor leaving it charged to
wice 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
ocess continues until the energy lost per cycle due to flow of current
irough 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
leveloped across the capacitor is about six times the battery voltage.
inly the negative half cycle appears at the collector because the diode
locks for the positive half cycle.
| If it were not for the 680 ohm resistor, the waveform across the primary
jould consist of a fast half cosine during the conduction period and a
low half cosine of appropriate phase during the remaining part of the
iele. The resistor adds a small exponential component during the longer
»/erlod Its presence limits the current that could flow under fault conditions
hd the peak collector voltage during normal operation to safe values.
Samphng of the voltage at the secondary of the 7/1 step down trans-

— e S
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fz
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
0-1uF capacitor. An anti-hunt network consisting of a 2uF 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 19, of the line width,
which died out exponentially in a few lines. |

With standard 405 line drive pulses the pull in range was -+ 220 ¢/s and |
— 320 ¢/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 2N 174 |
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.

U i, o e
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APPENDIX B

ANALYSIS OF THE GUGGI CIRCUIT 1

Keeping the symbols as used in Appendix A and introducing: i
L, = inductance of charging inductor i
R, = resistance of charging inductor !
C, = reservoir capacitor g
T, = positive scan period
T, = negative scan period
V', = voltage maintained by C, f
I, = peak current in L, at beginning of 7' |
I, = peak current in L, at the end of 7' i
1, = current in I, |
Ly, =1, + 1, |

T, =T,+7T,=1T,

. . L L
This analysis assumed that —! and % are each much greater than 7,

1 2
g ] . I
During 7', the current in L, passes through slightly more than a quarte
cycle of oscillation, since it starts off from a negative value. This, howeve
can be neglected and 7', assumed to be a quarter of a cyvele exactly. !
Let 4 T, = 2xV L, (|

|

L1 01 - 2 (H'[\»
Now [, can be assumed to be constant and equal to 7. h
The charge accumulated by €| in the period 7' is given by: 3,?
eV =1I,T, B

At the end of 7 the voltage across € has fallen to zero =o that the
energy in L, at that instant is equal to the sum of the energies acquireﬂ%ﬁ
by both L, and €| during 7.

i L 12+ écl Vot = ; Ly I? (3

Now I, =1 -1 5
50 I, = IW<1 —~ %) (4}
|
From (2) €y V2 = 1(]7 §
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A. ) 2
:,)m (4) CLI o = JQLZ—-,—C: (G)
| m (3) (4) (5) and (6)
Ly [1’1‘2zn,z 1 !,131‘2 Tt L. 1 < — 7&)*
s Ty? L TG L T,
) T L2y
: T2LC '~ T,
.
m (1) T“tt“‘ -+ E TE —1=0 (7)

gfhis quartic has to be solved to find T,
i- television applications where T, = 11 T’ a reasonable approximation
! equation (7) is given by
T
T =2 (%)

" 5

Now J = - L, <{gf’>"

; 8.J
; or I, =\/ ("
§ P ¥ Ll

2)111 (3) (4) and (3)

i et
POl -

! ) .
; LII))271\2 i v s o [n\‘2
B O Vgt = L] (1-,7)

% 2 I
? C’l V(-p2 - Ll ]pp2 <I - 772 )
om (8) and (9)
’ 24

V= _J
} 5]
ﬁom (2) (4) and (8)

J
5 I, Ve, =120 T,
Now Icp:I2+]p:]n+]1»:/m: (10)
suming that I, = I is a constant during T;.
, Jf
Vep Loy = 120 7

pedi A e e i e D
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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
0-1pF capacitor. An anti-hunt network consisting of a 2pF 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 \Vldth
which died out exponentially in a few lines.

With standard 405 line drive pulses the pull in range was -+ 220 ¢/s andl
— 320 ¢/s. When locked in, the potentiometer in the base circuit of the I
oscillator can control the phase of the flyback pulse so it can be made to= t

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 sw 1tch1ng on. lhls Is pr obabl\ due to the heavy dl\slpatlon

effect could probably be munmued by the use of the more efholent 2\*1 74
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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APPENDIX A

\LYSIS ©F THE SHUNT EFFICIENCY DIODE CIRCUIT
Tsing the symbols as follows:

— inductance of deflection coils

— resistance of deflection coils

= capacitance of flyback capacitor
, = flyback period

, = forward scan period

\r . = battery voltage

gcp — peak collector voltage

ep

= peak collector current

— energy in Joules for half deflection angle
. = mean battery current
gi’r = TV, = power input or dissipation in R,

63

i L
rlecting hole storage and assuming that :Rl is much greater than 7, let:

1i 1

(1)

| 1 1
li 2T, 2xV L, C;
i T2
that C; = —
gb o m* Ly
h
” I, T I T
. p 41 1
w T, =" Oy = ¢
! v e 7t Oy o™ Ve m
ﬁ L Ve, T
refore V, =~ L, =21
T e T or Ly 1=

Li21
W Ve L= Zep

T,
2T,V
isequently 7, = —"1_¢
) T T
‘vs in television Gk !
i vision —— = — approx.

: T, 10°FP
'f_‘herefore the required battery voltage is less than one fifteenth of the
ik collector voltage rating, when 7 is reduced to allow for hole storage.
1
w5 Ly L =7

l
s 2
Vith (2) Vo, Iy = )

! 1

(4)

;Chis determines the required transistor peak ratings when 7, is a

luced value to allow for hole storage.
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APPENDIX B

ANALYSIS OF THE GUGGI CIRCUIT

Keeping the symbols as used in Appendix A and introducing: 4
L, = inductance of charging inductor i
R, = resistance of charging inductor i
(', = reservoir capacitor J
T, = positive scan period i‘
T, = negative scan period %
Iy, = voltage maintained by C, ,‘
I, = peak current in L, at beginning of 7', !
I, = peak current in L, at the end of 71", '
I, = cuwrentin L, A
ID]) - II) -J[— IU “‘

T, =T, +1T,=11T,

L, L,
This analysis assumed that —! and =2 are each much greater than 7\, !"

1 2
- 0 s T - 4
During 7' the current in L, passes through slightly more than a quarter]

cycele of oscillation, since it starts off from a negative value. This, however,

can be neglected and 7'; assumed to be a quarter of a cvcle exactly.

" {
Let 4 7, = 2=\ L, C, {
Ty l
L.C, - Al
7T

#

Now [, can be assumed to be constant and equal to /. I
The charge accumulated by €| in the period 7, is given by:

Ol 'Cp - In Tn‘ (‘2;
At the end of 7, the \oltage across ('] has fallen to zero so that thé|

energy in L, at that instant is equal to the sum of the energies Mquue( ‘
by both L, and eh dunng T,.

5 1 L 1 N b

2 Ll ]nk + 2 Cl 1 (‘[)2 - _) I‘/l Ip_ (3)

= I

Now [1) — [PD o [n [‘

L T |

and Tl e (4

7, i

77“ .(j

o n=r(- D) b

¢

1272

From (2) ¢, V * = “(1 Ly {
]
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4

i IZT4
lom (4) Cy Vit = g 5 (6)
| -

1

T,2C,

m (3) (4) (5) and (6)

LI, 2T2 | 1,2T,° ( T,\?
Tl7pp TR Tn o _ g7 ] 2(1 2.2
T,2 + T,2C, i-pp T2>
T, 2Ty _ | _,
TEL,C, ' T, N
b
T, 4=? 2T

L n_1=0 7

om () gege T T, @)

IThis quartic has to be solved to find 7',
r television applications where Ty, = 11 T} a reasonable approximation

i+ equation (7) is given by

T
/i 8
a = (8)
1 I \?
S P v
Now J 5 1<2>
8J
| orl = [— (9)
jut Ll

rom (3) (4) and (5)

4 LI, 272 T,\2
; 2T,
' Cy V2 = L 1,° (1 — 4T2>
fom (8) and (9)
24
C,V,t=—J
[9]

1,‘

rom (2) (4) and (8)

44 J

| I V., =120_-

é pp " ¢p T2

FJ Now ICD = I2 + Ip - In + ID = IDD

‘u

issuming that I, = I, is a constant during T;.

(10)

J
( Vep Loy = 1207
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, 3-5md i
or Vo Loy = — T approx. (11
I.,T
From (2) (4) and (8) ¢} — ~» "2 (12
25 I/(:p ! za
l() T2V
From (1) L; = — Y approx. (13)pk
) Icp
If the natural period of L, C; were four times 7', the current in
would fall to zero at the end of 7'. But we require this current to be equalfh
to I, at the end of 7, without having an excessive value at the end

42l

of T This calls for a large value for L,. If we make the natural per iod§
elght times 7', the current will drop to 0-707 of its peak value.

Let 8T, =2nVL,C,
l() Tz
. ) o
or : =7 01
16T,V ¢
From (8) and (12) L, ’ 7 ~P approx. (14)§

p

In the absence of resistive losses the sawtooth current in Ly is the hnear i
part of a sine wave, the period of which is determined by L C,. For theg
sinusoidal component to be less than 19, the period should be greaterfy
than 12 times 7, or 132 times 7. Now the period of C; Ly is 4 times Tl

so that C, is given by:
132

4 £
or ', = 1000 (| approx. (15)

2 Tl ]72 - Tn
NOW Icc = I])pm + In < **“*)

2T 4]

When 7, =11 T,

I
I, = ﬁ approx. (16):

A sawtooth linearity of 5% will be obtained when % = 10 7,. It seem§ |
1
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conable to make Jty such a value that the power lost in Ry and R, are
Ja) The total power lost must be supplied by the hattery.

i
) 21 PR )
pe cfore /1 ”; ] (neglecting /)
. 6y b 311,
i)
% e 7,
) S0 TR
{m(li . w
When 7, - 11T
i o N
, = APProx. 7
ac 1) Ul
» e e
2 B T,
{
¢ vo 7
TR I I !
| I,
I
P S T "
1 [ Joapprox. )
knm:nixing:
e 2 R
. I, - o A[PPUOS:
r Vg o0 g 307t
= 120 — APpProx.
@ 1 ] I2 [1
5 1T, AR
v " approx.
2ol 227 |
L “p
1o 7.2 1 TR AN A
). oo U approx.
§ ! 1,1
2 Top ep
4
i 16 7,1
fq / - 19 L, approx.
j o
;2"2 1000 €7 approx.
!
d.. P oapprox. (for 5, inecarity)
; 46
4
Y
4
]
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v |
V, = - 8" approx. 3
‘

= approx. i

2 12 !

APPENDIX C

ANALYSIS OF THE NEW FLYBACK DRIVEN CIRCUIT

}
Using the same symbols as in Appendices A and B, excepting for the |/
following redefinitions.

L, = inductance of charging inductor
R, = diode load resistance

(, = reservoir capacitor R,

V. = mean voltage maintained by C,

L
Assuming that Fl is much greater than 7, let: I
1

1 1 !
4T, 2nVIC |
i
4 T2

or C, = 1
Lo g2 L, o) ‘
Now due to the D.C. component produced by this circuit, the energy 'j
stored in the deflector coils at the end of T, is four times that required to |
deflect the beam from its central rest position to one side, i.e., through

half the full deflection angle.

1 ol
W = L1t (2)
1 fh
Also 4J = > Oy V2 neglecting the small loss in R,
. 4J n
From (land 2) VI, = TT (3)
)

This determines the required transistor ratings. |

1 1
Now 5 Cr Ve, = 5 L, 1,2

2
Veo

Therefore L, = C, 73 (4) |
cp
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i

‘ 27, T

‘;'rom (Y Ly = _}—*C“ (5)
i CD

3' I, 2T

E‘rom (#)C, = }1:7_1 (6)
op T

;Ss shown in Appendix B. for 1°, sinusoidal non-linearity the value of

ks given by
? 'y = 1000 (' approx.

his neglects the effect of the continuous discharge current through
which tends to inerease the non linearity. The vahie of 'y is hest

bermined experimentally.
| ! .
S S ) assuming Ty— < 7
ooty o LG
?
i T2 1
m6) Ly=_ "~ 7
%’ ) 2= Ty 1, {9
v, = Bl
[T

P . . .
fuming that current in L; = 0 at end of T, and neglecting [ flowing

R, and the small loxz in R

ifhe mean current flowing in R, iz )’

) X

5 ) ]

§ 2 L

terefore Ry, = !

| o

; $T, 1. )

om (3) Ry = ' ™ (8)

! =T, 1,

Now |7 = Fen (9)

N o =, |
=

The peak current in L, iz given by _)“'

o=l 12T,
INow = -
2 D= 142
suming that 77, is much less than 7.
V.2T,

o

L

erefore /. =
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14
V., =—2 approx. }
ce 40 pp %
v {.
V, =-2 approx. )
2 12 PP |
(
{
APPENDIX C i
|
ANALYSIS OF THE NEW FLYBACK DRIVEN CIRCUIT /

Using the same symbols as in Appendices A and B, excepting for the _;*
following redefinitions.

L, = inductance of charging inductor

R, = diode load resistance i
. g l

Cy, = reservoir capacitor R, ﬁ;

V., = mean voltage maintained by C,

L
Assuming that fl is much greater than 7', let: i
1 i

1 1

4T, 2:4LC,

472 i

_ 41y 1 !
1 TC2 Ll ( 9

or

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

W = L1t (2) )

, 1 . . . 1

Also 4J = 5 Cy V.2 neglecting the small loss in R,

4J

From (L and 2) V, I, = - " 3) |
I ; Tl

This determines the required transistor ratings.

1 ) 1 ‘
Now 5 C, Vo2 = Iy I8

e

- i
ﬂmmmg:q;g (4 {
cp
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27, V., _
\“FIOII] (1Y L = 7111:,, ! (5)
i _
1..2T
From (4) €, = ;‘1 - (6)
ep '

As shown in Appendix B. for 19 sinuzoidal non-linearity the value of

| is given by
f 'y = 1000 (' approx.

!Th]\ neglects the effect of the continnous discharge current through
which tends to increase the non lincarity. The value of €y is hest

2+

termined experimentally.

1 1 - g
;Let = , assuming T,— = T,
L, ZTZ .27: \’ [/2( 1
|
T, 1
com (G) Ly = _ - " (7)
e 1 Ny
L1
A 1 “ep
ow | = T,
'*uming that current in L, = ¢ at end of 7, and neglecting 1 flowing

+ R, and the small loss in R,.

i
] The mean current flowing in R, iz ;"
‘ 2
: 2L
‘herefore R, = !
r4 72
17,7, .
?10111 (5) R, = iy ‘ (5)
('p
!
i T, ‘
i Now |, _)' (9)
S . =
The peak current in L, is given by
: 2
! Now ™ ]‘(_ IR
’ o - o 27: ]Jq

?Ssuxilillg that 7 is much less than 7',

I

’ V.2T

;herefore [,= “" "%
) 7 [/2

)

|

3

|

1

1
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22,

cc T T2

From (7) I

Summarizing:

From (7) and (5)

From (10)

THE MARCONI REVIEW, FIRST QUARTER Igsgf

[

!i
(10}
;
4 J E
ch Zrcp = Tl t:
27, 1, }
e T ch Z’
27,V
L - 1 cp
! w1, |
L, Ty |
14
L, 4Ty 1
C, — 10000 ('} approx. (empirical)
47,V I
R - 1 7 ep :
2 Ty 1, k

v — o

cC 2
I
1, = 1“7" approximately, when 7', =117,
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*T BOOK REVIEWS

!},EQUENCY MODULATION by L. B. Arguimban and E. D. Stuart

éhuen and Eo. London. Price 8s. 6d.

authors of this very readable mono-
bh have stressed the value of the concept
nstantaneous frequency in dealing with
blems arising in the application of
fuency modulation; indeed the alterna-
> approach by way of time and phase
bives scant mention. Followers of the
ser school should not be deterred, for the
‘hors handle their theme with skill and
“ity, and we cannot but be stimulated by
‘insight gained from a different approach.
is applies particularly when considering
cffects of interfering signals, especially in
jtion to bandwidth.
I.practical outlook is maintained through-

iLECO)I)IUNICATIONS PRINCIPLES

/Isaac Pitman and Sons, Ltd. Price 45s.

is alwayvs an advantage for a student of a
anical subject to have as a source of study
romprehensive book covering all the
1eiples of his subject. The aim of the
hor of the volume under review is to
sent in asingle volume all the “principles™
aired by a student of telecommunications
to the level required to pass Grade III
yhe City and Guilds Examinations.
n the new edition the rationalized system
1.K.S. units is used exclusively. No com-
miscs with the older C.G.S. electro-
gnetic and electrostatic units has been
de and it is refreshing to note that neither
1parisons nor conversions are considered
ween the two systems.
l'llroughout the text, large numbers of
tked examples are given, thesc being
;[uded at the end of each appropriate
&tion. A featurc that is helpful to the
mentary student is the appendix contain-
. mathematical notes relating to calculus
ation, trigonometry and véctors to which
can refer for revision purposes.
'he treatment is adequate and effective
covers not only principles but also
lications. Although the d.c. circuit is well
It with, the notes could with advantage
e Included information on commercial
stors having a negative temperature
icient, such as thermistors. These are,

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.

by R. N. Renton, pp. 446

of course, finding increasing use in telecomn-
munications equipment. The description of
the series connection of clectrolytic 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 3% — 7Txis 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 elcctrodes mounted with
their axes perpendicular to the stemn 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 cxtremely clear picture of a
valve in operation. Although the simple

continued
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equivalent circuit of the resstance capaci
tanee awplifier is given, no meution is wade
of the important modifications that have w
be nmade when the higher frequencies are
eonsidered.

These critleisims are very minor, the book

BASIC MATHEMATICOS
by F. M. Colebrook ard J. W.

This book iz really based on the assumption
that most people, including redio enginecrs,
do unot alwavs appreciate what they are
doing when applying mathematics (0 prac
tical problems. The late Mr. Colebrook there
fore went to great lengths to vitalhize and
hwinaatze (to use his own words) an appar-
ently academic subject. In so doing he
produced a most stimulating and entertaiu-
ing book. The style s so individuahistue that

r. Head was wise tn revising the book not
to attenpl 1o rewrite it but rather 1o extend

s BEOpE.
It 18 doubtful. however, whether anvone
who has reached the status of a radio

engineer without gaining a reasonable ides
of the physical reality behind hus use of the
svimbols and rules of elementary algebra,
will be able to make up for lost time by
readig this novel presentation of what s
largely schoolboy knowledpe It i true that
many people would have got further had
they been taught by someone with the gelaus
for anticipating thewr
difficulties that s displayved 1n these pages,
but. when all 18 said and done, mathematics

and dlwnmating

remainsg an art which some can be taught 1o
understand tormally but few to apply with
contindence snd originality

The scope of the book 1= much narrower
than the ttle suggests. as the relatnely
short chapter on the apphlication of mathe-
matical deas o radio s concerned sulely
with alternaling current theory with which
Mr. Colebrook was
while there s no reference whatever u the

prinandy  concerned
The title 15 therefore
wsornewhat mpsleading snd would be better
replaced by "Basie  mathematios with
apphcations to alternating current theory

book 1o electromes.

FOR RADIO AND ELECTRONICN
Head. [hffe and

FIRST QUARTER 14

being well wntten and well produced
Renton has sucoveded w0 tos task. and
compiled a book winch students i the ke
techncal grades will ind a v aluable guil
long after they hane passed thenr oxuag
matons.

Sons, Ltd. Prise 178, 6d.

Apart from two very briet
nuinerical computations and randomn vacs
frous, the two chapters added Dy Mo Heosd
are also directed towands cirvwt anady a b
{The description of Heaviside s tochnogs
13 gute differeat frovn i
original part of the book, as the reader o |
to aceept a st of rules and fearn how §

medc Lo

i approsch

apply thein without necessarily \Uldt"!‘hl&.ﬂé’
g how they are derived. This s i effect g |
adintsxion that the science of umthvnmlm"
is tauch nmwore diicult than the 1aain sl
of the book suggesta, and that th w“’
engineer Who has o apph mathematied |
methods 1o solve s problenis sy have f§
take a goud deal for pranted, unless he &
l)l\"})al‘t*d to taster tar more basic math
maties than this book even bunts at.

The
theory, wave
thesis would

awd'
CrEewt NVl !
MBETE 3
surnething about vector apalysis, vuuip&‘,‘
ey dittervatg |
equations. 1o a gty that Mro Head didy
take the opportunity to wive sobse gudaus |
i these divections. 1 would have ade @

engineer  concerned  with
propagation or
need o hnow, to

varable and  partial

more ditficult reading than b treatment @
with 1ta  introduction uu.hu“
of un elogant theorein takoen Humk
recentiv publisbied pagser
However,

nad rices
proof
althvugh this book. hike Nl"
many others that have been written l
the satne ann, will puobably not m.“wig
turning the non - mathematicully imjaded ol
competent users of muthemabies, 11 ey

takes pefrestung  reading. 1t

certandyv, a salutary rernnder that it 18
good thing to know,

theless

i possble, the reas
behond the tecliques which the eng
apphivs to his practical problems of he s
syoid nususing themn on oceasion.

R




? THE MARCONI REVIEW

‘ " Volume XXII Number 133  Second Quarter 1959

| The Marconi Review is published four times a year
{ Annual subscription £1. Single copies 5s. Postage paid to any part of the world
! Copyright reserved by Marconi’s Wireless Telegraph Company Limited, Chelmsford, Essex, England

EDITOR L. E. Q. WALKER A.R.C.S.

Marconi’s Wireless Telegraph Company Limited, Baddow Research Laboratories
West Hanningfield Road, Great Baddow, Essex, England

;QBeam 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
erlal designs, pioneered largely by C. S. Franklin, systems hitherto
‘onfined to long wave working were able to operate successfully in the
IF spectrum (or so-called short waves) giving increased reliability and
thannel capacity. Any doubts about the improvements brought in by the
tew short wave beam systems were soon swamped in the flood of traffic
hat followed the change over, and communications in the HF band
10 Mc/s to 30 Mc/s has continued to be a very important and active feature
it world wide systems to the present time.

. The beam aerials which supplied the impetus for this departure in
iechnique were designed to concentrate a high proportion of the available
Jransmitter power into a beam aligned at a fairly low angle to the horizon
1 the direction of the co-operating station. Receiving aerials were likewise
eamed and made capable of discriminating against unwanted signals.
[hese aerials, operating at wavelengths between 3 metres and 100 metres,
are in general either the standing wave type such as the dipole curtain
‘v&rrays and the uniform current arrays, which radiate the beam in a
‘jfjirection approximately normal to the plane of the array (hence they are
sometimes called broadside arrays), or the travelling wave type of aerial
such ag the rhombic or the H.A.D (Horizontal Array of Dipoles) which

it
)
i
i
/
|
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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

BASIC MATHEMATICS FOR RADIO AND ELECTRONICS
1W. Head. Iliffe and Sons, Ltd. Price 17s. 6d.

by F. M. Colebrook and J.

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. 1t 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.”

¥
being well written and well produced. \h(
Renton has succeeded in his task, and hg

compiled a book which students in the lowelg
technical grades will find a valuable guid

long after they have passed their examt
inations.

= p—

Apart from two very briel sections o
numerical computations and random varia |
tions, the two chapters added by Mr. Heag!
are also directed towards circuit analysig
The description of Heaviside's technique:
is quite different in approach from th
original part of the book, as the reader ha
to accept a set of rules and learn how {
apply them without necessarily understand;
ing how they are derived. This is in effect ax/
admission that the science of mathematic
is much more difficult than the main thesi
of the book suggests, and that the radi
engineerr who has to apply mathematics!
methods to solve his probleins may have
take a good deal for granted, unless he &
prepared to master far more basic maths
maties than this book even hints at. a

The engineer concerned with aerig
theory, wave propagation or circuit syn
thesis would need to know, for instanet}:
something about vector analysis, comple]
variable theory and partial ditferentis
equations. It is a pity that Mr. Head did ngj
take the opportunity to give some guidanet
in these directions. It would have made 1
more difficult reading than his treatment o
matrices with its introduction — withou
proof —of an elegant theorem taken from
recently published paper.

However, altheugh this book, like i
many others that have been written witi|
the saine aim. will probably not succeed i!
turning the non-mathematically minded inf
competent users of mathematics, it nevervh
theless makes refreshing reading. It
certainly, a salutary reminder that it is:
good thing to know, if possible, the reaso
behind the techniques which the engmee”.
applies to his practical problems if he is t("
avoid misusing them on occasion. ]




