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SOLID LUBRICANTS

E.R.BRAITHWAITE

THE term ‘fubricant’ brings to mind the seizure of car engines,
squeaking door hinges, stubborn lawn mowers, and many other
frictional nuisances in our everyday mechanical environment.
However, it is well to remember friction is both.a nuisance and
a blessing, and that life would be rather difficult and peculiar
without it. The absence of friction would mean that we should
be unable to climb hills or utilize any form of transport. Nature
has provided cheap and plentiful lubricants such as air, water,
‘grease, and so on, for an easy-going life, but has not legislated
for the high speed unnatura! mechanical age in which we find
ourselves today.
Friction

The concept of friction and its general behaviour was first
introduced in the fifteenth century by Leonardo da Vinei, who
found that friction is proportional to load and independent of
the area of the sliding surfaces. Later, in the seventeenth century,
the laws were rediscovered by Amontons. Coulomb, probably
better known for his discovery of the fundamental law of elec-
trostatics, verified the laws experimentally, and distinguished
between static friction (the force required to start sliding) and
kinetic friction (the force required to maintain sliding). In more
recent times the late Sir William Hardy put the study of lubrica-
tion on to a firm scientific basis, and still more recently the field
has been broadened and soundly established as a new funda-
mental branch of science, the physics and chemistry of rubbing
surfaces, by Dr F. P. Bowden of the University of Cambridge,

In recent years new tools, such as electron diffraction and
electron microscopy, have made possible a detailed study of sut-
faces. Bowden has shown that the friction properties of moving
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surfaces depend largely on the contours and profiles of the sur-
faces. The initial topography of a metal surface does not deter-
mine the ultimate contact area because local pressures on the
asperities is sufficiently great to cause extensive elastic deforma-
tion. Local welding, and hence wear, will therefore occur during
the deformation process unless there is adequate protection be-
tween the deforming junctions.

Lubrication

At a very early stage in his development man learned to appre-
ciate the value of lubricants, but up to this century their mechan-
ism was not properly understood since it is so intimately con-
nected with the nature of surfaces, and the necessary tools were
not available for microsurface studies till quite recently. Under
normal running conditions liquid lubricants are effective and
we refer to their action as hydrodynamic lubrication. In such
conditions the moving surfaces are kept apart by an oil fitm of
finite thickness whose flow is governed by the laws of hydro-
dynamics. As bearing pressures are increased or the viscosity of
the flnid lubricant lowered by an increase in temperature, the
lubricant is squeezed from between the surfaces until only a
monomolecular film remains. This limiting condition, known
. as ‘boundary lubrication’, can be upset by a shock 10 the running
system which may rupture the thin protective film and cause
seizure of the surfaces. Under such conditions solid lubricants

can be used to advantage as there is no danger of naked surfaces
being cxposed due to film breakdown,

MECHANISM OF SOLID LUBRICATION

Solid tubricants are materials that will separate two moving
metallic surfaces under boundary conditions and decrease the
rate of wear. They are usually applied in the dispersed state
when their particle size is so small that they pass through filters,
and the choice of carrier liquid is aimost uniimited. Graphite
and molybdenum disulphide, which are the best-known solid
lubricants, have also the advantage of being able to form
oriented layers on metal surfaces during rubbing which not only
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rotect the rubbing surfaces if an oil failure occurs, but al?
fowcr the surface tension of the metal surface and encourage ofl-
sp?al‘ii& lubricants function sacrificially in that they cut dow-n
mel(;l wear by wearing away themselves, and their ei’ﬁ.cxencti ::
ed largely by the presence oF absgnce of contaminan
goveml ous fashion to their own action between two metal
islxl:rfaz::;:,so %Fiéure 1). A solid that has to provide a measure of

Metal Layers of
' Lide . golid lube P
=

——f—*’__f i
—_— —_—

Metal

ha.
Befora theat After shaar

Slip occurs within the solid jube

Fig. 1. Diagram illustrating the slip that takes place within a solid
1g8. 4.
Jubricant.

lubricity must, therefore, be strongly attached to a1 1:}1?3:;32’1:;:
d at the same time possess & »regular crystallin .
i an be deformed by a shearing force not greater than t e
\f’VthC: l?\‘;rll binds it to the metal (FA>Fs). The 1ubncat1r.\g acf;%n
Oofr raphite is @ typical example of sgch a r'nech?.msm. e
g bon exists in three aliotropic modifications, amor-
e Cﬂ; n. graphite, and diamond. Graphite is the most
DS e gand it is made up of parallel platelets of carbon
stable a[lolroped in hexagons. These polyhexagonal platelets,
atoms Arrens top of the other, are held together by the residual
stacked ofne oer; of the carbon atoms (Fs) and thesc intertayer
vatent oc;c sily to the external shear force transmitted by the
forcgs yiel c;x urfaces. Such an action can be represented by a
n-.;ovmg r.ncta r: such as Figure 2 where the moving surfaces are
simple dmiﬁ;s flat. The mechanics of the movement of lhe.sc
n:p{ cls elr;tien a vacuu}rl is, however, more complicated, and a satis-
‘f)a:::tt):y mechanism has not yet been estabh-shed‘;\ e over one
Solids that have been exposed to the air ca
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Fig. 2. Forces involved in lubrication.

another owing to the "ball-bearing’ action of the natural impuri-
ties adsorbed on 1o their surfaces, but if the surfaces are chemi-
cally clean, i.e., prepared in vacuum, the irregular molecular
forces cause adhesion to take place at any points that are in
sufficiently goad contact. Such surfaces are unable 10 slip over
one another without damage, which is caused by the interlock-
ing of surface asperities; the resistance to easy motion is called
friction. It was shown experimentally by Gregory! that whilst
the welding of surface asperities still takes place in the presence
of boundary lubricants, it is not so marked as with unlubricated
surfaces. More recently Pratt and Bailey® have prepared mole-
cularly flat surfaces on mica and have shown that under those
conditions the classical laws of friction do not apply. This is, in
fact, good confirmation of the classical laws of friction which
are based on the fact that rubbing surfaces are very uneven. The
magnitude of the asperities normally present on highly machined
surfaces is quite large as will be seen from Table 1.

It is not generally appreciated that extremely high tempera-
tures are reached during the rubbing together of metal surfaces.

TABLE 1*

r Nature of Surface Height of Asperities 1

Polished material

0.1 micron
Honed material 10
Milled or turned material 100
Cast material 100.0

sErom Zwikker: Physical Properties of Solid Materials (Pergam-
mon Press, 1954, 267).
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For einmple it has been reported that a gramox_:honc needle
rubbing against a wax record may reach at the pont of contact

. atemperature of 1,200°C. Bowden and Ridler demonstrated this

temperature effect by rubbing together two r_nelals whichvfunc-
tioned as thermocouples.* They found that m‘nld steel rubb-.pg on
constantan under a load of 170 lb per square inch and rotann§ at
32 ft per second showed a rise in surfa‘ce temperature of 600 ' C
or more (Inset 9). Various combinations of metals were tried
and it was subsequently shown (hat the surface terperatures
were inversely proportional to the square roqt of the heat con-
ductivities of the metals. Temperatures of ﬂ?lS orde.r can (:,ubw-
ously have a deleterious ecffect on mineral oils (which begin to
coke at ¢. 200° C) and also have a marked effect on the surface
e metals.
Slr"l{z:-ﬁ;?:tg:’e is an important factor iln cylinder lubrication
whether the engine is driven by pe.n"o], 0ll|, or ste'am, aqd al cer-
tain parts of the heat cycle condmon's in certain engines may
exceed the optimum temperature for cils. Far examplc,_m a two-
stroke engine the coincidence of maximum prgssure wnhl ma.yu-
mum expansion temperature makes convgnnonal l\fbncan.on
difficult and one should therefore use colloidal graphite, which
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Fig. 3. Effect of colloidal graphite on piston ring wear,
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will resist oxidation up to about 500° C and will give adequate
Inbrication at the top of a cylinder in 1.C. engines where boun-
dary conditions predominate. Tests carried out by the Institu-
tion of Automobile Engineers* have shown that sump oil con-

mously, depending on whether the surface is neutral or whether
it has hydrogen or oxygen adsorbed on it, The hydrogeAn and
oxygen surfaces display a minimum {rictional force, while !he
gas-free surface hasa high coefficient of friction. When studying

taining colloidal graphite reduces the cylinder wear by a half on (ke behaviour of solid lubricants Ihcmsel\{es it is not surprising
a new engine on which repeated cold starts have been made thercfore that research workers have given a great deal of
(Figure 3).

thought 1o the effect of impurities on their lubricity.

The first real attempt to investigate the effect of gaseous sur-
{ace films on friction properties was made by.R. H.. Savage
using graphite, boron nitride, and molybéengm d;sulph@e.’ He
showed that the friction of clean graphite in vacuum is very
high, but that Jubrication is effected instanlly vfrhen any one of

a number of polar gases is admitted to the fncuqn appargtus at
speed steel hammer that had been made radjoactive. The ran- low pressure. Water vapour is particularly effective in this con-
dom orientation of the metal transferred during this operation nection, its function probably being 1o agt asa ‘boundary ]ubll‘l-
shows that transfer occurred only at the asperities or high spots cant’ between the graphite layers, thus increasing the ¢—¢ dis-
o e tance and decreasing the shear. It would appear that many

Not only is there a rise in temperature wheun shearing occurs,
but at the same time metal! fragments are transferred from one
metal surface to the other as for example with engineering tools.
Bowden, Williamson, and Lang demonstrated this qualitatively
using a radioactive tracer techrique. Inset 10 shows un auto-
radiograph of a sheet of copper which has been hit with a high-

Earlier it had been shown that adsorbed films of gas may act
as natural lubricants, and this is also true of natural oxides,

though the friction of rubbing surfaces contaminated with sur- * x
face oxide depends largely on the relative hardnesses of the /.
oxide and the metal. For example, with a hard oxide film on a e AN
soft metal substrate, the slightest load will deform the metal ./ Edge of demnte P

rubbing against rotating wurface

3/

through the oxide, its behaviour being analogous to an eggshell
when cracked. When, on the other hand, the mechanical pro-
perties of both metal and oxide are similar, as with copper and
copper oxide, the surface film will deform with the underlying
metal, thus promoting damage to the metal surfaces, Recently,
workers in the United States have studied the effect of the oxides
of lead and cadmium on the lubricating qualities of graphite at
temperatures up to 1,000° F provided the oxides do not react o4
with the graphite. These tests showed that under particular ex-

perimental conditions mixtures of graphite and metallic oxides

[

Wear in mm
o
@

.

e N

TSN

Cleavage plane paraliel to rotating surface

———————¢— - - —&——— %
are effective lubricants even at temperatures above that at which o 40 80 120 540 580 520
R - xe al whic Time in minutes
graphite oxidizes.
Adsorbed layers markedly influence the coefficient of friction. Fig. 4. Graphs showing wear against 1ime in graphite brushes cut
For example, the coefficient of friction of platinum varies enor- from a specimen of highly orientated natural graphite.
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* people have read Savage’s excellent introduction on the effect of
contaminant films on graphite and have ignored the later work
arising out of it. It is a fact that when a piece of graphite is
rubbed in vacuum, the dust particles liberated are abrasive and
this is not surprising when we take into account the fact that
these fine particles are chemically clean and possess very
strongly adhesive forces which cause them to aggregate in a dis-
oriented fashion. Disorientated graphite is not a lubricant, 1f,
however, graphite is first applied 1o a surface in air, it orientates
itself with basal planes parallel to the rubbing surfaces and

. forms a graphoid layer which allows lubrication even under
high vacuum conditions. These orientated layers of graphite are
so firmly attached to the rubbing metal surfaces that repeated
solvent washes and abrasion with emery paper will not remove
them. Their lubricating action is iHustrated in Figure 4.*

It appears that molybdenum disulphide acts differently from
graphite since its lubricity increases with decreasing v
pressure, and it has been suggested that this may be due either
to the removal of water vapour or to the continuous evaporation

of some contaminant such as sulphur which will lubricate the
laminae.

apour

The Choice of a Lubricant

Before passing to a consideration of specific solid lubricants
and their use in industry it would be well

tions: what are the characteristics of a sol
use a solid lubricant? The answer to this firsy question is given
by the following list of the characteristics of a sohid labricant
from which it can be seen that a solid lubricant must fulfit man);
conditions:

Hardness/softness; particle size; chemical stability; heat
stability; ability to withstand high pressures:; physic.';] and
chemical nature of surface; presence of adsorbed films on sur-
face; adsorbed internal films; porosity; retation to type of metal
which is being lubricated; crystalline form,

The second question is more straightforward and can be
divided into four headings.

to consider two ques-
id lubricant, and why

Solid Lubricants C1s

'Why use a solid lubricant?

(@) Lubricating oils containing solid lubricants show im-
proved lubricating qualities. .

(b) Chemical stability of lubricant molecules up to high tem-
peratures is of vital importance. The extremes of temperature
met in various running parts of modern aircrz'ift .demaqd an
almost impossible degree of elasticity from any liquid lubricant.
We have already seen that high local temperatures are produced
by rubbing surfaces and, therefore, oils must be stable up to
600° C or more. Silicones and various fluorinated hydrogarbo_n
oils have, of course, been developed to try and cope with this
inherent weakness of hydrocarbon oils. Thgse, however, have
not yet met with much success ft_)r economic reasons, lack of
inherent Jubricity, and chemical fnst_ablhty.on prolonged use.
Failing a marked advance in the liquid lubricant field, w; must
continue to treat solid surfaces in _such a way that they will pre-
vent the latent surface forces binding logelhgr at lhe' momept of
breakdown of boundary films. Not cnl}r will a solid lubricant
step into the breach when a liqguid hfbncarln' film brgaks. down
owing to chemical and temperature instability, but it will g[so
prevent seizure if, for some reason or Othcr, the §upply’ of oil to
the system is temporarily or perrnanenlly.dlsi:ontmued. .

(c) Solid lubricants in the form of "paints’ are often desirable

s acid Pennsyleznian _ Silicona Fluid >
-g 06; Oleic aci ] 0il 65 ¢5. 100 ¢5 f
‘-‘\\"?»,4 S + o

; o!‘?//:'ﬁﬁ)" ‘.3 o """ N ")‘;:/.
2ol T a0 &
° . S -y
s f/ { ,_//k W e |
I 2 . eV V4
;E g /"ﬂ e d
w02t LT S -/
§ /o’ M

i ) S § : - - L - ; 4.. a i

2 4 2 4 i
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Rate of radial spread of IMLU pools over polished mild steel

Fig. 5. Rate of radiai spread of IML pools over pohshed niild steel.
(Reproduced by permission of R.A.E., Farnhorough.)
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on surfaces where a liquid lubricant cannot be tolerated. Such
difficult conditions include extremes of temperature, or systems
that do not allow easy entry or flow of liquid or which may be
exposed to dusty atmospheres where a liquid lubricant would
pick up dust and work it into a grinding paste.

(d) Solid lubricants like graphite or molybdenum disu!phide,
when adhering to a metal surface, display a lower surface ten-
sion towards oil than does the metal surface jtself. This, of
course, enables the oil film to spread more easily and gives added
protection if the film is ever in danger of excessive overloading
(Figure 5).

TYPES OF SOLID LUBRICANT
Graphite

The first synthetic solid lubricant was made by DrF. G. Ache-
son who in 1896 invented electric furnace graphite of ver
purity and introduced it into the engineering world
{colloidal graphite in oil) and ‘Aquadag

y high
as "Qildag’*
* (colloidal graphite in

9 v 2 3 4 sa
®  Carhon atorg
Fig. 6. Structure of graphite,

*Registered trade-mark {Acheson Colloids Limited),

Solid Lubricants 17

water).’” Qur concept of the structure of graphite ha;scil;?er;gcocz
little since 1924 when J. D. Bernal showed n;.:n it sc;d sied of
hexagonal rings of carbon atoms arranged in ?“Zi;’ {(Figure 6)
so that repetition occurs after every 1wo biscbd)ad sm:naglh the
Interatomic distances are an indication of tj eﬂ:)t o c—c,dis-
shorter the distance the sironger the bon y ci{hin the layer
tance of 1.42A indicates very strong bonflmg. “d‘f*at’s that the
The large distance of 3.35A between layers 'F 1w reLadil Jlide
layers are héld together loosely and can therefore re. h_s; de
: her. This is one of the reasons why gruphite is
over one a_r}ol Also, these sirong binding forees in grrfphllc
good lubricant. "e[’mly non-volatile character of graphite. In
aceonnt for' lhhe z;rbon atom within the layer operates three
graphite, cac s so that three o bonds are present it each car-
valenCt': eleclror‘l:a;bon atom possesses two 2s and two 2p elec-
:)::,r:,';sg‘nc: (:lfw(he s electrons is pror.notcd and as a r_esa.lxlt olf t;;:
subs.e’qucnt hybridization a bonding - electron 1s availa

TABLE Il
- o Brinell
Polvmer Chemical farmuda i Characteristics hardmoss
e 7?_» L "'Wﬂ-q
Teflon [CF,—€ F.-la H1.C.Ly 1-2

“H -—-CH,—-]» !Alkathenegrade 1-2
Polythene | [ CH,CHln A AERACS

NMolecular

waight
C.H, T e 130000
- rHy 9n.0n0 20-25
Polystyrene

~CH.-CH - TR NE F 4

CH, 4 fuyphasticized

i trunplusticized

. S araini 25-30
-CH . C - comtaining 23

Perspex T tranium

COOMed, oncde filler

F Bowden and Tabor Friction and Lubrication (Lf Solids,
rom s,
(Clarendon Press, Oxfordy
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which gives graphite its conductivity, metallic lustre, and
opacity.

The problem of providing lubrication for jet engine bearings
bas become a critical factor in the development of the turbojet
engine. Liquid lubricants limit the operating temperatures of
these engines 2nd the design of efficient coolant systerns is often
difficult. It has been shown that at such high temperatures
graphite is superior, in either air or nitrogen, both to normal
hydrocarban lubricants, and to silicon-diester blends. Graphite
also shows superior lubricating qualities in die stamping, forg-
ing, and wire drawing, It is a tribute to the efficiency of colloidal
graphite as a lubricant that after thirty years all the tungsten
filament wire used for electric light bulbs is still drawn through
dies lubricated with colloida] graphite. Prof. Thompson® has re-

.

Molybdenum atoms ®

m~s

Fig. 7. (a) Structure of Molybdeny
ing layer of Mo atoms covered

@ Sulphur atoms. O

m Sulphide, and (b) section show-
on each plane side by S atoms.

'
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poried favourably on the use of collok}al graphite fqr ‘;vf‘;: ::::
ing with other metals. Numerous lubricanis weredtr;\ea‘ for dra.-
ing mild stee] wire up to 625° C and it was fop:; czo lub%icam
loidal graphite in white spirit was the most satis af broyul brican
and that it could be used even al Iemperglu;c's:seg out T fom.;
Colloidal graphite lubricants are alsp “"’di {)ricams the form
of *paints’ to give dry films where liquid lu

tolerated.

Molybdenum disulphide

Molybdenum disulphide (MoS;) has a hexa?cil;ﬂ:&;ll';:ﬁ:'[:’e:

i d cleavage of the L

lar to graphite with a pronounced ¢ i simi-

(Figure 7). I s rather like graphite in .“ppféqucee:r?g i'J'uiiL of

larity together with its greasy properies was rdinary conditions

confusion between the two materials, Under ordin: b hers to a
it is quite stable, but is subject 10 oxidation and weat

TABLE 111
r >Ivmc‘r sliding { Polvmer sliding| Steel 5’“‘1""8
Polymer ((:;1 polymer on stecl on polymer
= e T e 0.10
Teflon 0.04 g?'; 02
Polythene 0-1' 0:3 0.38
Polystyrene 0.5 0.5% 0.45*
Perspex (a) 0.8* -

LIRSS e

*|ntermittent motion.

From Bowden and Tabor, op. cit.

. face chemical
hydrated molybdenum oxide. Apart from sur

e uing i ek o T
layer of the compeound is compos - 1

atims with a Sh:cl of sulphur atoms on each s‘de['a—‘n;;;?ﬁg
Mo-S bonds hold the layer strongly to‘ ‘h-e men ship easil

whilst the weaker S-S bondsaliow the -hmmc(\} | 'Edcnileb;
over one another. The na!urall‘\i peeurning o :-) scapes
cannot be used because of 1he sitica contamnant that escape
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the first flotation process. This silica has to be removed by a
second flotation, followed by heating to 600° C with either
hydrofiuoric acid or sodium bifluoride. Like graphite, molyb-
denum disulphide forms an orientated layer when rubbed on a
metal surface either as a dry powder or in the dispersed siate.
In some applications such as metal cutting, molybdenum
disulphide is most effective as a lubricant when finely dispersed
in an oil and it has been found that the stability of the dispersion
is affected by the extent of the surface oxidation which causes
fiocculation of the primary particles, since the oxidized particles
are hydrophilic. In ail, colloidal molyhdenum disulphide pro-

vides unusual characteristics under extreme pressure conditions
at low or moderate temperatures,

Plastics

The frictional properties of plastics depend markedly on the
type of plastic selected as illustrated by Tables 2, 3 and 4. It can
be seen that the coefficient of friction for polystyrene and
‘Perspex’™ are of the same order as for metals, while the value
for “Teflon™ (polytetrafluoraethylene) and polyethylene is much
lower. ‘Perspex’ and polystyrene soften below 80" C, but with
Teflon there is little sign of thermal softening even at 200° C
and the friction remains low throughout. It has been suggested
that the relatively large fiuorine atoms in the Teflon shicld the
smaller carbon atoms, Teflon fibres are stiff and do not inter-
penetrate, and this allows the long molecules to roll over one
another. The fluorine balance in the molecule is important as the
substitution of only one of the fluorine atoms by chlorine is
sufficient to lower the lubricating efficiency. A dispersion of
Teflan will not act as a boundary lubricant, while a Teflon coat-
ing on metal suffers from low mechanical strength and low
thermal conductivity.

Recently, experiments have been cacried out by Bowden and
his school on the use of Teflon for ski-runners. The good per-
formance of Teflon on ice is due not only to its low coeflicient

*Registered trade-mark (Imperial Chemical Industries Limited).
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TABLE IV

-

.20 ¢ 80 C100C
Stiding surfaces t20°C | SO°C

e

ol |
Thge L 065 065-
Polystyrene on poly- “ 0-5° . 06

e
styrene s . . O-85* .. ..
Perspex on Perspex .- | o8 0_'(;4 ¢0d4 | 004 | 004-] 004
Teflon on Teflon .. i 0:0% : 005 | 005
| ad oot 004 | 004
Teflon on steel . 004 OO 004 | 9

\ : 3 0']
tecl eflon ‘\ 009 009 010 \ 010 | 011
eclon T o) 4

¢ [ntermittent mouon. .
From Bowden and Tabor, op. cit.

ctivity but also to the fact
of ﬁ?c{.i on ancf lov; :;e:;?l:(;:dt:e neayr future an impqrta;m
that it 15 not V.el"eht be its incorporation imp axrc_raft fkls ox:
use of Teflon n?lg,ﬂrﬁclds_ So far a mechanical dlfﬁcul:y gOmﬂ
landing on arcélc-c'a[ion of Teflon on metal has be;q t :obllem
cerning the f2 -nw metal firmly without heat, but this p o
culty of fixing ¥ of being sotved since, on 2 labormon{ scers.
" last szaw;:f:;cd o metal by grafting witb other polymers.
itcann

Glass

. : ar curious,
The idea of using glass s 3 lubricant might aiﬁirglass e
. Wev!
for g\isls r qohard brittle abrasive subsl.a l:,chHs?eets at’ tempera-
N T exirusio .
i cteristics for the e ably wide
the ng};l ;hm:ﬂ)mg ¢, where it softens overa rea‘stoncha:’actcr
; ; . . s .
:‘:Tes iy ;lur(?:urqnge and retains the required {Iqscﬁe:\yglass < the
' mpera . .\;o a good (hermal insulator. > (0 o e el
ﬁx‘!‘)crs\ca:x ‘js:d in the Usine Sejournet p,oces; (::nturc where 1t
under conditions of high Pressire and 1€ dpcf(;rmed
A n .
facilitates flow on the metal which is being

. .
*

unds are being investigated
' jes many other SOMEC : iscussed
In lab‘:faszg‘ud {ubricants. but they have no.tbl])ccncdel cussed
‘;S polii:a‘gse as yet they have not (with the possiole excep
ere
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indium) achieved industrial importance, Such compounds in:
cIuQe the. cadmium halides, silver nitrate, boron hitride n';er-
curic halides, and camphor. In the future, however, w; may
eXxpect to see some of these being used as solid lubricants
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THE LOCUST PROBLEM

P. T.HASEKELL

M ANY scientists have subscribed to the idea that a fitting label
for the present era would be the ‘Age of the Insects’. This is
because insects, despite the great disparity between their evolu-
tionary development and that of man, sull dispute with bim for
control of vast areas of the earth. In number of species insects
surpass ali other animals put together, and in ecological adapta-
tion probably cover a larger area of the world than any other
group. For his livelihood and sometimes even for his life man
is forced to wage incessant war on insects such as mosquitoes,
tsetse flies, and locusts. Of these great plagues the Jocust has great
claims to be considered both the worst and the oldest. Certainly
since the beginnings of agriculture, locust plagues have been
known to man; the eariiest known pictures of locusts are those
on an Egyptian tomb of the 12th Dynasty, about 2400 B.c., and
many references to locusts and their depredations can be found
in ancient Egyptian, Greek, and Chinese literature. The best
known reference is prabably that in the Bible, where locusts
appear as one of the plagues of Egypt. This particular locust
was the Desert Locust (Schistocerca gregaria Forsk.), and this
insect is probably still the greatest menace, and presents the most
difficult problem of all the plague locusts.

Locusts are members of the order Orthoptera, which includes
crickets and grasshoppers. Locusts and grasshoppers are closely
related in one group, the Acrididae, and there is no scientific
basis for the use of the general term ‘focusts’. But it is a very use-
ful name for the Acrididae which have developed gregarious
habits, and which migrate in compact groups or swarms, as
opposed to the solitary and sedentary habits of other members
of the family. Although locusts are the most harmful of the
Orthoptera, it must nol be imagined tbat their lesser relatives,
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the grasshoppers, are completely innocuous. Although their
menace is less spectacular because they do not form swarms that
migrate over large distances, nevertheless they are capable of
causing enormous damage to crops. Qutbreaks of grasshoppers
on a large scale are of common occurrence in America and
Australia, In fact these pests can be found in all the five con-
tinents, and are only absent from the cold northern forests, the
equatorial rain forest, and from high mountainous areas, Figure

1 shows the enormous area of the world subject to attack apd
invasion by locusts and grasshoppers.

In Europe we tend to think of aurs
yet its southern countries, particularl
Balkan States, are still sub
locust species to deal w
Moroccan locust and it

elves as safe from locusts,
¥ Spain and Italy and the
ject to locust plagues. Africa has five
ith. North Africa has the endemic
also comes within the vast invasion
ust; then in the valley of the Niger is

Valley in Tanganyika is the breeding
ground of the Red Locust (Nomadacris septemfasciata), Finally,

South Africa one finds the Brown Locust

,but grass.

icas, the United
States and Canada suffer mainly from grasshoppers. Numerous
species of the genus Melanoplus abound, and do enormous
damage; for example, in 1952 in the State of Utah alone, prass-
hoppers did an estim

ated million dollarg’ worth of damage to
crops. In Central and South America is found the locust Schisro-
cerca paranensis, and the larger countries, such as Mexico and

Argentina, suffer great crop losses due to its depredations. In the
East, the Oriental Migratory Locust (Locusta migratoria man;.
lensis) devastates crops in vast areas of China, Borneo, and the
Philippine Islands, while in Pakistan and India Wwe return once
again to the easternmost part of the zone of the Desert Locust,
which also covers Arabia, and indeed most of (he African con-
tinent north of the Equator.

In this survey there is only space to mention the most pro-
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minent of these pests; there are many other species that cause
damage to crops, but their depredations are not on such a vast or
dramatic scale as those of the species just given. It is very diffi-
cult to collect any reliable estimates of damage done by locusts
throughout the world, but statistics gathered by the Anti-Locust

Research Centre in London for the years 1925-34 indicated an

annual loss of the order of £15 million. Today a conservative
estimate would be double this figure; it should be noted that this
estimate is an average figure for crop damage over the whole

world, and that it does not take into account the e

xtraordinary
losses that may occur

in particular areas invaded by locust
swarms. Such a situation developed in Morocco where in a
single season of 1954-5 the Desert Locust caused damage

estimated at £4.5 million. The measure of the locust menace

may be taken in another way, by noting that nearly every coun-

try in which crops are damaged by locusts or grasshoppers has
found it necessary to set up an organization for research on and
control of the pests. The lead in this respect was given by Great
Britain, which in 1929 get up a Locust Sub-Committee of the
Committee of Civil Research, and from this beginning has
developed the present Anti-Locust Research Centre in London.
The principal purpose of the organization is to act as a centre

for collecting and exchanging information, and to co-ordinate -

research on locusts which is undertaken by various regional
organizations. It has long been realized that efficient control
measures against locusts can only be based on accurate informa-
tion about the occurrence and biology of the various species,
and one of the first results accruing from the setting up of the
Centre was that of sending entomologists into the field to ex-
plore regions where locusts abounded and to study their biology.

Locust Life History

Locusts and grasshoppers have the same so
female lays a2 number of egg-pods in the soil, each one of which
may contain up to 100 eggs. According to the climatic conditions
of the country, the eggs may lie dormant for the winter, and
hatch in the spring; in tropical countries they may lie dormani

rt of life cycle: the
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era
in a dry period or hatch in two to three ‘:"CCKS- 1;:; t?:]:l?f; o
belong to the so-called hemimelabolous insects, beeucs, e e
not undergo a metamerphosis as in butterflies orl e Ehey e
young on hatching resemble the adults, excep mphs of grass-
wingless and of course very much smalier. T:° n;alch and they
hopper species settle down and live where t ;Y oy 'in 2 small
move about very little. Although there ma)’h € t'“nd <how little
area, they live independently of one another If's country by
gregarious behaviour. Recent research in thi ot of ol
Richards and Waloff indicates that what movem¢ N eamtation
tion occurs is in the main dependent on the char;iesb s of
in the habitat.! The nymphs grow to adultho ha’;c (o pairs
moults, and when full grown most grasshoppers ¢ often seen
of wings, and are capable of flight. This actvily 1s T} o2 means
in nature however, since most species use flight onreyd e small.
of escape from predators, and the dls‘f‘nccs covﬁmtes the main
perhaps up to fifty yards. All this behaviour cor:‘s ln s of the
difference between grasshoppers and locusts. The r}iousncss and
latter, as soon as they hatch, show marke: STc.i';zcy e called.
collect together in groups, or hopper bands ﬁ may be several
These bands, one of which is shown in l.nscl , ! bt them
square miles in area and the most striking featur; E hoppors,
is their marching behaviour. The rclcmless- marcr o o
undeterred by natural obstacles such as ravines od morc,wi“ b
of the fascinating problems of locust researchl.]ar;’ sppere march
said later about this aspect of the work. As the . prasshopper
on, they undergo growth by mouiting just acdgaduhs. The
ny;nphs do, until at last they become fully w:ingow he locusts
urge for movement still persists, howcvcr: an [:i migration by
form the vast swarms typical of the species, an iz up 10 200
flying occurs. The swarms may reach cnorn.wus e & million
square miles have been recorded) and comal?dpxeotalpmany rons.
million locusts, whose collective weight wou! istances of up
The flights of these swarms are no less aman:&m Sf course, in
to 2,000 miles having been recorded, although not,
a single continucus flight.
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ANTI-LOCUST RESEARCH CENTRE

It is obvious that these bare facts conceal dozens of biological
problems of the first magnitude, and although there are many
" scientists throughout the world working on locusts, only some of
these problems have been tackled. But of basic importance to
all locust research is the Phase Theory, enunciated by B. P,
Uvarov, now Director of the Anti-Locust Research Centre, as
far back as 1921. This theory gave an answer to the question
*What happens to locusts when there are no swarms?® Now it
was known that the Orthopteron called Locusta migratoria
formed swarms; when these plagues died down, or even during
them, it was possible to find what was apparently another species
of locust, Locusta danica, living in the solitary fashion of grass-
hoppers as described above. These two insects were so different
in morphology and behaviour that most specialists agreed that
they were different species, as their names indicate. Uvarov,
however, suggested that these two species were in fact one, but
that this one was capable of existing in two forms, or phases as
they came to be known. In the ‘solitary phase’, the insects behave
like ordinary grasshoppers, taking no notice of neighbouring
locusts and being sedentary in habit; but, if the numbers of these
‘solitaria’ insects increase in a restricted area, the locusts acquire
strong gregarious tendencies, form swarms, and exhibit the
marching and flying behaviour mentioned above. Such locusts
are then called the ‘gregarious phase’. The change from one
phase to another is not of course rapid, and intermediate forms
occur called the ‘transiens’ phase. The verification of this theory
led to a radical change of policy in connexion with anti-locust
measures. Previously, money for research and control would
be willingly voted by the various governments concerned during
a ‘plague period’, but during the so-called ‘inter-plague years'
little money was made available and so continuous observation
and research was impossible. When it became evident however
that the locusts were always present, and that the control of
swarm outbreaks depended on a knowledge of the non-swarm-
ing populations present in various areas, permanent research
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organizations began to be sct up. and as has :centgmdl:o(‘]ﬂ?;:
Britain took a leading part in this new appraac to the p .

Cartographic Research

The necd for accurate knowledge of the wh.crea:)i?:tza:::)od‘
occurrence of locust populnl'ions Jed naturally fme ¢ caro.
graphical research that is an lmporlath fe:xture of {he work of
the Anii-Locust Research Centre today. RupocirF%o \ Cou.mries
tics reach the Centre daily from some forty di vci:e:,"l rangmg_
The information refers to all stages of locus(; ;c ivi f,bands s
from the location and extent of cgg-ﬁe]dys an A?lpt[:is bands to
the sizes and directon of moveent ol SRR Ly com.
lion. is E’Lo{::\i Sseia;;zltigreocz:pbcc formed of ;hc ge‘ner;?l situ:uicér;,
%E;lri;"%foerm:u?on is used for two purpo_scs.' Th:t :;:l 1:0 101;:;;”:
the Centre, by study of the dynami¢ sllul‘_k ! . lo prepure

f(;rccasls of the changes that are likely .
?ocn:rl:‘ls;mm past experience, and if necessary o issue \;1;g;n§:
t: countries of areas likely to be ln\'gdcd by ﬁzipsjerm dcomml

ic service is, of course, directly rel: -
swarms. Th e will be said later about this. The second_ pur
Dose of m anq mO_rS 1o provide a basis for research. The qumaA(e
pose off T]arop;:fl lresearch is to investigate the occurrence, (:llls;
:lirlirgu(l)io:, and migration of the harmf{ul species: 1o hive maps

is i 1 man
ing many years which record this information for y
covering ni:

id bast investigations.

Sp?;;\es . 0*:“;’;‘::;: oll:nbgrsalli'fionrdicale where and w:cn the
maps, . , the
locus:s h‘.wpc moved; they do nqt reveal the c:zzzz ‘:}f;uj n;nn?bzr
ment. and it is in the jnvestigation of th;stescmc.)rphomgists. pber
o SP;CialislS ey ¢ t?dc?c‘g:!g?o(i:xm‘ists — the services of
ists, physiologists, Physie:sis, e servises o
::;lgll:eszsf;p;lr)c required In locust research .‘Tzzgroog!:llzltswork, or.
hologists provide the basis for :\cc_um e gical work, 4
ore gcsscnlial to all rescarch. Workers mu“\b‘: a ;( o idenif
arc an s S ' » | v
lhz specics they find in the ficld, Iand ? )f.:lo; emfimg e rera

tionship to other stmilar insects 15 help

tive studies of behaviour. The provision of keys 10 identify the
ve s
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various species in the field is also an essential requircment of
ecology.

Locust Populations

Ecological work on locust populations is of great importance,
and is one of the most promising lines of research now being
carried out. Its purpose is to investigate the fiuctuations in the
size of populations and relate this if possible to climatic, topo-
graphical, faunistic, and botanical features of the environment.
An essential part of ecology is the estimation of the numbers
of insects present in a given area; this is a difficuit enough rask
even with small populations of relatively static insects, but with
locusts, special difficulties arise in dealing with the marching
hopper bands and more especially with flying swarms. With
hopper bands one method applicabie to small bands which cover
only a few thousand square yards is to kil] the band with insecti-
cide and then count the corpses. This gives a good estimate of
numbers but of course prevents further study of the population.
Other methods depend on random sampling combined with sur-
vey methods to estimate the size of the band during sampling.
Yet another method which has been used with much success, ig
to capture a number of hoppers from a band, mark them with
paint and return them to the band. Later, the band is re-
sampled, and the number of marked locusts recaptured is noted.,
A statistical method based on this data can then be used to
evaluate the size of the total population. The estimation of num-

bers of locusts in a flying swarm presents a most difficut

t prob-
lem. For one thing,

accurate estimates of the area or volume of
a swarm are practically impossible; even if these figures could
be obtained, the further figure of locust densi
required to enable an estimate of absolute gy
is even more difficult to assess with an
because of the continuous changes in density that occur during
flight. The difficulties can be appreciated by looking at the pic-
ture in Inset 12 of dense low-flying locusts. One method which
gives reasonable estimates is to catch the swarm i
morning before it begins flying,

ly in the swarm,
mbers to be made,
y reasonable accuracy

n the early
and to drench a part of jt with
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insecticide. Sampling of the dead and cstimatpon of thc‘lol:tlez;r:;
covered by the swarm then allows approximate ilstm; s
numbers (o be made. These methods may seem crude, 1.;1 hey
represent a first quantitative approach to the probiem, wh his
complicated by the often inaccessible nature of the lzrersa:;:d e
the migratory habits of the insects. The accur;;yh jesited o
population estimates also depends on the use (o wl ic or':h:gm o
are to be put; for control operations, ﬁgures rela!mg to orders of
magnitude of populations are sufficient, enabling qua{ ﬁpums
tical methods to be used, but for research, more accutf':lj 'i %hesc
are required and investigations into methods of providing
co?:;l:;-er most interesting aspect of ecology is the ;cl::t:r; ;f
the fluctuations of population with the vegetation cJl tusts an;
known 1o pamcularl;i :npe%mmgr:::;es I:aggg;d ::ample is
known to have restrict reeding | nds. A § o e
the Red Locust, which breeds mainly in restrict areas near

wa in Tanganyika and the marsh known as .
Il?t:(]:akiﬁkNonhem Rhodes’?. Investigation of Zhg::og:; hltn ;:;
vegetative cover of the Rukwa, caused by fire a: drow iulérest-
fluctuations in populations of the Red Locust, sho v on inetest
ing correlation, and raise hopes l?at] \lr;glelts::;ton co

helping to control -

so?ﬁewg:ct&:?irois of gopilations. pow'ever, is causc:.lbyoTatxz
factors, which range from clin?a'nc control, fec.unt t:eyﬁc]d he
insccts’and the degree of parasitism they suffer in : el ,t o
the red'uczion in numbers due to preda_(om_ Theseda:g: s of the
problem concern the zoologist, physiologist, an il amermies
logist. A start has been made to the s‘tudy of the na ral encmies
of the locust: these include such diverse aB;ﬂtS f; e
organism Empiroa grylli, and the fly, Slorrfor ina lumon.a“w "
parasitizes the eggs of locusts. Then again, grca e of
caused by birds both in hopper bands and s;\:ll’(n;s. reauently
locusts always have their attendant flock o ir .h i
storks. which eat enormous numbers of the msecx_s.mcomes o
know; for a stork to gorge so many locusts thafl 1:5 e hafone
heavy for flight, and has to regurgitate some ol 1
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being able to take off. All these manifold faciors affect the size
of the populations studied, and form an imporiant factor in the
control of the pests. But in order to take every advantage of

these ‘natural’ controls, we must know more about how they
operate.

The March of the Hoppers

We must now consider the chief characteristic of populations
of locusts—their mobility. As mentioned above, both hopper
bands and swarms of adults show this pattern of movement by
day and resting by night, and of course it is this characteristic
that makes the locust an international danger. The relentless
marching of hopper bands often gives the observer the impres-
sion of high purpose, but closer investigation reveals a number
of puzzling features. A reasonable expectation would be that
the insects were seeking food, and that they move away from
areas of scarcity because of competition for food. Nothing could
be further from the truth, and hopper bands have been observed
to march from fertile regions into the desert, One of the carliest
findings on the marching of hoppers was that it depended largely
on temperature, and would not take place when the weather was
too hot or too cold. Problems of this sort are best tackled by
combining work in the laboratory with work in the field and
Dr P. E. Ellis, of the Anti-Locust Research Centre, has for some
years been carrying out studies on hoppers on this basis. She
early discovered that it was possible to make hoppers ‘march’
in the laboratory by putting them in a circular arena with a
single light source overhead. In this situation, if environmental
conditions such as temperature were correctly adjusted, they
would march round and round the cage. In this way the various
stimuli that initiate and maintain movement in the insects have
been studied. It has been found that one of the principal causes
of continued movement in hopper bands is due to the rexctions
of an individual to the sight of one of his companions; the
insects tend to move so as o try to keep the images of their
neighbours in a stationary position on the teting of the com-
pound eve. This means that if one hopper maves forward, those
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energy output from cach locust. Then by bio-chemical tests they
were ablc to show 1hat this energy was derived mainly from the

- metabolism of fat, which locusts stored in a large organ in the
abdomen called the fat-bady’,

The Maintenance of the Swarm

One of the most puzzling aspects of locust behaviour is that
of gregariousness - the ability shown both by hoppers and adults
to keep together in compact bands and swarms. This ability is
underlined in a striking way when one considers the light of
swarms. The paths of particular swarms have been fellowed by
aircraft for hundreds of miles, and estimates of the area of the
swarm taken at intervals during the journey; these measure-
ments show thut the swarm remains approximutely the sume size
throughout its journey, & most remarkable fact. What is it that
enables millions of locusts in 4 swarm to keep together in a rela-
tively compact group, lunding together ut night and wking off
together in the morning?} One explanation may be that each
individuallocust is reacting to the series of exiernal stimuli, such
as light, temperature, and humidity, in exactly
its neighbour, and thus the whole mass of insects acls jike one.
Observation, however, encourages us to reject this explanation
and substitute one based op a gregurious reaction between
locusts; this is to say that onc jocust does sowething because
other locusts are doing it. ‘This simple statement conceals mani-
fold problems, and in fact represents one of the most Lreresting
and difficult lines of investigation in tacust reseurch, The sort of
difficulties encountered may be tlusirited by describing in
greater detail the movement of locuss in swurms. This know-
ledge was gained by the use of specizl photographic techniques,
involving the taking of phatogriphs of swarmg both from the air
and from the pround:

» in this way the fine stiruciure of flying
swarms could be studied. A picture of a swarm seen from the
air is shown in Inset 13, 1t was discovered that swurms had what
could be described as an ‘edee’ or Boundary, whi
defined as an are

the same way as

: ch could be
# outside which the density of Jocusts dropped
sharply. Inside this boundary, the locusts were separated into

»
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aumbers of small groups: within gach grou:,ltgztf::;t;\gj;:
flying in approximately the same du’leamp, uA cussen roups
there was a complele diversity of onemmf)rt. A further featare
; forced movement of misses of locusts 1n .
o lheiivc turbuleuce, which is severcin the hot countnes wher;
232:25 are found; this lurbulc,;lcc1:;:d;;*!:r.‘:kfllicﬁ,‘::ﬁ?z;o(;
¢ ! cusls in a swartm. A n ent’ 1 will §
tm::eizscl:‘ilgurrenccs in a swarm, those of rjaf1don1¥3uc1)31i2;‘ai:ji3
y s and locust movements due tolcon‘v‘e»uon, w rapidly
Lty he dispersal of a swarin and s uitimaie dissolution; ye
1;;‘;; l;)blseiva::’i[;n, as reported abovef show that on the contrary
ibi arkabl esion,
e c-xmt'm itll-;mr::x;:!ley ccirl‘tluai\e facts led the scientisis
. he?e‘;\?c?rderj them, Dr R. C. Rainey ;mc_1 Mr L. Sa)e.rlf)f (hse[
et st Survey, and Miss Z. Walell of the Anu- ocu
Dot LUL}M e 10 41’mduce a hypothesis on locust behaviour
&“iﬁl‘:i:lé cr[::cr;;cile} them. There was, they sugg:‘slchd‘.:l(;:;
. f 1he swarnmn, which ¢
.nism operating at the edge ot the w.i ] b cuused
?r:?j??i:l::ils of groups of locusts Lha[_h:u{ ‘:{"}::L:{];::m:ccg o
change direction and re-enter the s‘\\am..f e Locust,
suggested in relation 10 swarm mmmrev (31 ! s,:}-uk;d o,
and recent observations S;;vc m\'lg‘l“(:;(d;r:: :,1:e}é;l i on.
a behaviour mechanism does exist. ereat Ll
nexion is the recent discov:;ry l‘h:xt ﬂu;‘gu;;: 1;;}1;;\;311 decuwhed
ai ists in hopper bands, since g ; Ppees | d
;;:::T&tshfnd c‘;il:)crimcmull}'. SO mangvre :»i:?,::der;::r”i
Such behaviour wau-ld Obmou:lcir};: ,:;:dbfh;”;;fv o in
: ecls ¢ L y
?3“35 Orcidr“fbl(fol;]:elcnc:\cfibni: stimuli over the necessary ru?ge ls
e § pi; 4 mechanism to work are the compound eyes an
nable SU'C 'Lll or auditory organs. It is possible that the insects
e s ht ;f their neighbours or 10 the sight of the swa.rm
T lth o it has been suggested. they may react 10 the wing
s whow Or: ]’ 1 ; iduat locusts or the swarni as u.\‘.hole‘ The
noise made by 1 i wated this Iatter possibiity, and the
scentl author has investigate s latter DY O e
presen ed that probably the winz beal noise play ‘
mhuu's qrL:t,):‘f\fi()u;' but rhat it was a combination of sensory
part in beh: '
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factors, including vision, that mediated these complex behaviour
patterns. These factors call for laboratory investigation into the
sensory physiology of the insects, another indication of the need
for the dual approach of field and laboratory work,

Swarm Movement

Leaving now the particular reactions in a swarm, let us con-
sider the problem of the movements of swarms as a whole. Here,
call is made on yet another science, that of metecrology, to help
to clucidate the field observations. These latter show that, by and
large, swarms move with the wind; the larger the swarm, the
truer this becomes. A large swarm, say of ten square miles in
area and upwards, moves in the direction of, and with the mean
speed of, the prevailing wind. Smaller swarms, although moving
in the direction of the wind, tend to move at a speed below that
of the wind. These facts have been verified by following swarms
from the ground, and in the air, and observing their displace-
ment from day to day in relation to the wind speed and direction
which prevailed at the heights between which the Jocusts were
flying. The results of these experiments, coupled with data on
the general movement of swarms derived from the swarm maps,
led R. C. Rainey to advance a most interesting hypothesis relat-
ing to the general movement of swarms.* He pointed out that
since, in general, winds within a few thousand feet of the ground
may be considered as blowing from what meteorologists cail
‘zones of divergence’ to what are called ‘zones of convergence’,
then it is to be expected that majoc displacements of locust
swarms will tuke place towards such areas of convergence. These
‘zones of convergence’ are, of course, thousands of miles in
extent but they are characterized by two factors. One is that
winds tend to blow into them, and the second, a corollary of this,
is that such areas tend to have a higher rainfall than zoncs of
divergence. In other words, Rainey's hypothesis means that if
locusts do drift with the wind then it is likely they will end up
in an area with a higher average rainfall than that from which
they came. Now it is known from research on the oviposition of
locusts that damp soil is favoured by mature females for egg-
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laying purposes, and also that it is the bes,t m;q:::l:\wfc:;oil:
devtopmen of e s> Thusan P LT e
f the locusts, that of dniting W inc. 3

';:f?r:i?c survival value. As Ruiney rcmu.rks. this rncchan;sm::;);
well be of vital importance to the continued ‘exmence‘ o TD o
such as the Desert Locust, inhabiting regions (_’f sean y"smre
erratic rainfall with an egg stage almost aquatic m 1tsA$‘01"’v‘lue
requirements, and moreover SUgEests a possible S"’::;ctq’ %‘his
of flight without consistent arientation for oth‘er i d diqlplace»
hypothesis has the merit of explaining the o@sét\fe ‘;'clc :
ments of flying swarms and the general rrpgrmor.\ h‘mrally
demonstrated by swarm mapping: modifications are n;: other
to be expected, particularly when s relalefl l? !L;LUS ,ulamd
than the Desert Locust for whose movements it was i:'m ' iri:
but it represents a most important step away f“"’“ ‘he ¢ mpthe
cism that has perforce matked s0 much_iocust researc usﬂed e
present time. Such empiricism was p::rucul:?rh' tC: bf C"? o gel
the field of locust control, where the main object wis g
results in the form of very high percentige kills,

LOCUST CONTROL

The administrative problems of focust canﬂ_&\l are of “’“t:"l
enormous, and it must be remembered in dlscpasmg Cfm_ nt
measures that these do not simply involve the choice of lhfgar:agqsl
method and its application. This comes right at the "A“rdno aﬁe::ts
chain of orgunization, and the functiomng of ﬂ“‘S ‘}’:Imw}e’ver ot
the efficiency of the actual control opcmnor:;. r: iy ;hat
recent years control development has Pmcced? ECRE Fhods has
research to increase the efficiency of the various me
become essential. L . -
A good example of this isscenin the appllc‘al}ﬂf;‘)fl{‘nze:‘zzf:t
dusts against hoppers. In controlling hoppers of t ew;er - was
by the use of a 6 per cent benzene hexachloride pof ol ,owder
found that an application of about 3 1b per }lc?é Oh frs but
gave a very satisfactory kill of the sccoqd m*_mf “F:ll:en 1even
that if the hoppers were larger, about sixth lmm{"} e
amounts between 50 and 701b of dust per acre [ane
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more than 85 per cent of the insects. Since the powder costs
about a shilling per 1b, it will be seen that the cost of control in
this case varies greatly with the instar attacked. This in turn
depends on the efliciency of the scouting service, that indispens-
able adjunct of control, whose job it is to detect and warn con-
trol teams of the presence of locusts; if the scouts can early
detect small bands of younger hoppers, then control is cheaper
and more efficient. Research can help here, and waork is in fact
being undertaken on the causes of the differential susceptibility
of the various instars; this may be owing to increased imperme-
ahility of the cuticle, or a more rapid metabolic rate which
oxidizes the insecticide rapidly into harmless by-products. But
once {he reasons are known, then there is a chance of devising a
method of overcoming the difficulties, and this is & typical ex-

ample of how fundamental Jaboratory research can have direct
results in the field.

Use of Aircrafr

The most spectacular advance in control methods has been
in the use of light aircraft, both for reconnaissance and for the
application of insecticides. The advantage of an aircraft for
scouting work, especially one equipped with radio communica-
tion to the ground control teams, is obvious. and although the
high capital cost and need for maintenance are drawbacks, in
many instances aircraft have proved not only more efficient but
cheaper than large native scouting forces. The application of
insecticide by aircraft to locusts on the ground (air-to-ground)
or in fiight (air-to-air) has been the focus of much research.
Inset 14 is a picture of ‘air-to-ground’ spraying. Development of
reliable spray gear was first necessary; then work on the form-
ulation of insecticides, and on the spraving nozzles to give the
correct drop spectrum in the spray, were necessary to make the
new method workable. And this method brings us full circle
back to the ecological problems connccted with the estimation
of numbers. The success of spraying operations can only be
assessed by estimating the locusis killed per gallon of spray
applied, and the problem turns out (o be the old one of counting
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the locusts. However, methods have been devised Whlc'?lg::ctz
sufficiently satisfactory answer and snable the Opefr‘a'rcraft
assess the relative eficiency of the 1‘w‘o mc'.hodsll.cie u‘m s
spraying, ‘air-to-ground' and ;1ir~lo-a1r‘, and lo' TC};\ E e hads
obtaincd by these methods to those produced by othe + airsirips
of control. Of caurse aircrft can only be weed W hcr: Jllr's it[c:-
and maintenance facilities ¢an be provided. and thzse M
tions at present restrict their \\k’-L“FTC“}l e { control apera-
One most important factor in the ethcieney © LGF T ms geo-
tions of any type is in the dep[gymcnzgf the cop}lro ru.\mo.mmy
graphically and temporally, und in this Com,wfmkm ! lethe map-
forecasts of probuble locust movements dcmft:d from o
ping research at the Anti-Locust Research Centre ;reneasures-
previously, are invaluable 10 these planming COF‘}‘TO(" ) "un da.
This is just another example of the useiul dO\'L".A.I ne o .‘msec-
mental research and practical control. Research mmrncx‘f e
ticides and into more eflicient ways of using the o!der "mfclso
cides will also have its eifect an control mc!hods(.j It ‘iv:ich
possible that the ecological research .1lrc;»jd}' referre t(:i, e
showed the inter-relation between vegetauon pattert ,:m o, in-
ing in the Red Locust, may usher in 4 now NP2 Of. Loiuf:n‘tion
volving land busbandry methods for mainiaining 1 vegen
in which locusts will not produce swarms. he major
These few considerations have mdicated some of l4 c‘_n ‘ Jno
problems facing those working against focusts. The:v"b“:':r be
ground for any fucile helief that the locust -probledm.“ lo\‘:d ot
conquered in the sense that these pests m!l‘be m‘lrd" .1; the
even that scicntists 2re at present in a position 1010 ;C‘l But
best methods of dealing with any particular locu%l.pmh ?S‘.more;
because of the research described - and there 1s n‘Jl'l-Lf- ble to
besides that could not be mentioned — 1115 pffhaps }.""“{";m its
claim that anti-locust work and rcac:nrch. is emelrglzgedrexperi.»
empirical, trial-and-error stage into 3 P"nf)d _Of P 3'n far greater
ment, the results of which will one hgpcx lead to @ ..ecm o
understanding of the life and bebaviour of \hcsc ‘:\mcr .“«105‘
which will lead ultimately to the formutation ©
¢fiicient methods for their destruction and control,
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VAPOUR CHROMATOGRAPHY

A.F. TROTMAN-DICKENSON

THE history of some branches of chemistry may be s‘?msfa;—
torily described in terms of the improvement of :malynu.l tech-
niques, und in the chemica] industry analysis is ro .lcss impor-
tant than in the university laboratory. Modern chemical !cchpo-
logy is based upan the ability to control complex prepar;ﬂwi
processes. This control is achieved by the conunuaus anal_vs_xs o
batches and streams of material. The plantoperator thfn adjusli
the equipment so that any deviations in the composmop of t}}:;
material are speedily rectified. In the more modern pl.a'nls t ::
adjustments arc made automitically by c!cclrg\‘nlc cquipment.
Recent improvements in such well-established i\g]di as electro-
plating have been based upon improved anaiysis of the com;
position of the electrolytic hath. Similarly, the development ©
new metals and alloys depends upon new methods of dclcrmm-
ing the composition of melts. very often it is the concentrations
of constituents present in only a few parts per thousand or even
parts per million that are of averriding importance.
Because analysis comes into all branches of chemlstry, the
development of u completely new technique is of great impor-
tance. Vapour chromatography is an analytical method of very
general application since it may readily be used for the analysis
of almost all substances that boil at temperatures less lhén
200° C under atmospheric pressore. It is. lhercf.ore, not surpris-
ing that vapour chromatography is often described as the. mo}ft
important analytical technigue to have beer? developed 1n _t ;
last thirty years. It is a technique that is pam.c.ul:lrly wel.l suite
to the analysis of hydrocarbons and low boiling organic C'OT;-
pounds which are becoming increasingly in.mor!a‘nl mdustr}a' Iy
owing to the development of petrochemiculs. 1.€.. chemlca‘s
made from oil, which include poltythene, styrene. and synthetic
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rubber. Similar organic compounds are used in modern oil re-
fineries and catalytic cracking plants engaged in the production
of high octane petrol. The following example shows the power
of vapour chromatography. A typical problem confronting a
chemist in a petrochemical plant might be the analysis of a mix-
ture of six organic compounds containing four or five carbon
atoms each and boiling in the range —20° to +30° C. There are
four types of analyticul equipment that can be used for this sort
of job. The first is the automatic distillation column. This is a
complex piece of equipment costing £4,000 to £5,000. It would
require probably 50 cc. of liguid sample and would take about a
day to complete the analysis, during which time it would require
intermittent attention, Alternatively an infra-red spectrometer,
which costs approximately the same, might be used. though a
mixture of six compounds is rather 0o complex. Only about
1 cc. of liquid sample would be required and the machine would
need little attention during the hour that it takes to trace out
the spectrum. However a skilled worker would probably take
several hours to deduce the concentration of components in the
mixture from the spectrum. A mixture of this complexity could
be analysed on a mass-spectrometer, the basic cost of which is
about £15,000. The mass-spectrum of a few cubic centimetres of
gas could be recorded in half an hour, during which time the
machine would need little antention, thoueh it must be remem-
bered that mass-spectrometers require fairly constant expert
attention to keep them ‘well-behaved’. Again the snag comes in
the interpretation of the spectrum. It would take a skilled worker
several hours to work out the concentration of companents to
an accuracy of plus or minus two per cent, even with the help of
a desk calculating machine. It is now possible to buy electroaic
computers lo do this part of the job fairly quickly, hut they cost
about as much as the spectrometer itself. A commercial vapour
chromatography apparatus, such as that shown in Inset 18, costs
about £650. It is a straightforward piece of equipment which
most people could be taught to use in a few hours. Three cubic
centimetres of gas of the six-component mixture could be
analysed with it in a matter of twenty minutes, during which
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time the apparatus could be left unatiended. The mtefpret:t;)]r;
of the record would probuably tuke 4 further I\\_CmY m‘{‘U[C .th s
can see therefore that vapour chronuatographyis the best mef 1?|e
for analysing such a mixture on account.of the low c?(sll 0f e
equipment, the very small sample required, the Spe; : ol
analysis, and the fact that the operalor need not be highly
skilled. . .

Gas-liquid partition chromatography. which is the mofzj l?;
portant 1ype of vapour chrOmdlt‘SWPhy- AURARN d?\‘cl&??L si
A.1.P. Martin and A. T James. working at the Medical Rck
search Council laboratories at Milt Hitl, 1-0“d‘m'. Their WO;
was published in 1952, They develaped a suggc\nqn npde( 1)’
Martin and R. L. M. Synge. who shared a Naobel prize.in .l 941.
Many modifications o'f the basic technigue bave been intro-
duced by workers in Furope and America. Already (he.re 3“;"-
seven different commercial apparatuses manufactured n the
United States of America.

THE APPARATUS AND ITS OPERAIL 1ON

The operation of gas phase partition chromatographyvis \‘[ffil!ih;
forward. The key part of the apparatus is a column Sac ‘ih
with an absorptive powder, such as kieseleuhr, wellc v;;lcn
an involatile liquid. A stream of carner gzm. \;hlch is o -
nitrogen, is passed through the column. The rmmu‘rc 10 e
analysed is introduced nto the stream of Cﬁ‘”ler gas. As nds
mixture passes through the column the constituent Cf)mp‘ou
move at ditlerent rates. 1 the conditions have been “.c‘ll ;hoj::
each compound emerges from the column lsep:!rutcd -‘m olf) ﬂ“;
The presence of the separated compound in the S”&;nzleviccw
carrier gas may be detected by one °_f a number O duc:
katharometers, which detect changes in the lhermlal i:;
tivity of the stream of carrier gas, are most mm.m}on Y} un;e i;1 the

The way in which the separation of vapours takes p:: that we
column may be indicated by an analogy. Letus sf!m‘(; ‘hree
have a number of similar brick-shaped bFlocks made from cd
kinds of wood of different densitics. !f these blocks a‘:c &?\?tbc
on a pool of water different proporiions of the blocks
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above and below the surface of the water, according to the
density of the wood from which they are made. These blocks
may be set in a line at right angles to the direction of a steady
wind as shown in Figure 1. If they are then released the wind

—_— . ]
/M Direction of wind ()

. [ -
£ H
FI= M=
i - S
|- [

m =

272 1)

Least dense Medium density  Most dense

Fig. 1. Diagram showing how a steady wind will separate blocks of
wood of different density floating on the surface of a pool of water
—an analogy to vapour chromatography.

will blow them across the surface of the water, The blocks made
of the least dense wood will travel fasiest since they both pre-
sent the greatest surface to the wind and, because of their shal-
low draught, pass most readily through the water. The densest
blocks sunk deep in the water encounter the greatest resistance
to movement while the area of their ‘sails’ is also least. After,say,
ten minutes the blocks will be travelling in groups as shown in
Figure 1. It is clear that in eleven or twelve minutes the least
dense blocks will cross the finishing line. If the number of blocks
crossing the finishing line at this time is counted, the number of
light blocks originally present may be determined. The denser
and densest blocks will cross the line after about 25 and 40
minutes respectively. Thus a separation has been achieved and a
quantitative analysis may simply be made by counting the blocks
in each group.

In the chromatographic column, the involatile liquid corre-
sponds to the pool. It is spread on the kieselguhr so that the
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greatest possible liquid surface may be _prescmcd 1o ;he g;séelrr:
the analogy the blocks of different dcnsny'correspon ﬂto !swnh
ent types of molecules. A block of wopd is found to4| o: N
a definite proportion of its volume, which depends on \ sde .
below the surface of the water. Similarly a vapour in tk'u: 'prl;:-
sence of a liquid will partially dissolve in tbe liquid Iandlparttl‘a“ﬁe(
remain in the gas phase. The proportion of}hcl molecu c:js 0 the
vapour which at equilibrium are in the liquid phasc‘ epe_t s
upon the nature of the liquid and the temperature. How.e\;)er, 1the
a rough working rule that at any temperature th-e hlgfero]e_
boiling point of the vapour the higher thg proportion o! r:mve
cules in the liquid phase. The wind of carrier gas can only ;
the molecules which are in the vapour so, 11 general, the mc;ls
volatile substances move fastest down the colump. f_leaders' w lo
are familiar with the operation of distillat%on will |mmedlal§ y
see the similarity of (hat operation 10 panigop ch_romﬂatlograph;f;
They will know that only an exceptionat dnsullauo_n <o }mu:n e
an cfficiency of 100 theoretical plates, whereas. it is a sl p
matter to construct a chromatographiccolumn with an efficiency
cortesponding to 2,000 theoretical plates. . )
A siFr)nple ffrm of gas chromatographic apparatus is s;hm;':‘;:
Figure 2. Commercial apparatus costs many hupdredso Pol and,
but most of this cost is made up of the expensive eleclnca\de o
recording cquipment. An adequate instrument may be r(;mn Ay
a few pounds, in fact, the basic paris could be foug; nl o
reasonably well-equipped school laboratory. Ac§orl.nl§u¥'ly e
various parts of the apparatus will be described fair Lct e
the hope that some readers may be encouraged to cons
own equipment.

The Carricr Gas

The most convenient carrier gas is nitrogen wttln'c?egc:lr:ug;
obtained in cylinders. Its flow may.be convenien ye regulated
with a needle valve in conjunction wqh the usual l);;l)lem redue
ing valve on the cylinder. Hydrogen 18 also an ¢x¢ e T goe
gas, but hydrogen cylinders are not usuall'_j' 50':3?13 o usod »
in cylinders is not available solid carbon dioxide may
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Fig. 2. Simple vapour chromatographic apparatus.

a source of gas. The crushed ‘dry ice' should be placed in a

COl'ked COntainel‘ dnd .lllsu a €5 atl a con-
" l‘ ed SO 1n; i > '
h.lt i bub“n]

The Flow Control § ystem

beltfa;{l;i z:vp;:;;rz;ltus is to function satisfactorily great care must
be ith the system for coutrolling the flow of carrier gas.
ten the troubles that beget home-made cquipment can be

traced to this system. It is co i
$ . nvenient (o have : - ic
after the needle valve to maintain the he i ow-oll device

constant. A simple form of blaw-off is i
It is a water bubbler made of glass t
bu'bbles form when the pressure exceeds about six fect of water
It is also convenient to have a mercury manorﬁeter as sh o t :
record the pressure, The carrier 2as should then f:;:uﬁ:ﬁ g
two or more “flow stabilizers’ of about 40 ce, vghmi; ﬁmde wﬁh
a fine capillary wbe down the middie. The stabilizer should be

lh_mmted in the figure.
ubing so urranged that

ad of pressure roughly -
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placed in a large lagged vessel containing waler. These simple
devices are very effective in ironing out any surges.

The Injection System

Some device must be incorporated by which the vapour to be
analysed can be introduced into the stream of carrier gas. A
simple and effective arrangement is to intraduce the samples
through a medical serum-cap placed, as shown, over a small side
tube. The sample, either gas or liquid. should be taken in a
hypodermic syringe and injected into the system by pushing the
needle through the serum-cap. The cap seals itself when the
needle is withdrawn; it remains effective for many analyses.

The Column

The mixture of vapour and carrier gas then enters the column.
The column is usually made of glass tubing of quarter-inch bore.
It may be straight or coiled. but the hzirpin shape shown in the
figure is generally most convenient. The column is packed with
a mixture of kieseleuhr and an involatile liquid such as a di-
butyl phthalate, a silicone, or hydrocarbon oil. A readily avail-
able packing is the detergent ‘Fide' which is a liquid detergent
thinly spread over a powder; probably other detcrgents of the
same type would also prove satisfaciory provided they are also
thoroughly dried. It is imporiant that the column should be
evenly packed. This can best be uchieved by tapping the ¢colurmn
while the packing is being introduced. For most purposes the
column must be heated. This may be done by placing it in a
vapour bath, but an evenly wound electric heater is quite satis-

factory.

The Detecior
Many types of detector have been used and it is in this respect
that the various commercial apparatuses ditfer from each other.
The simplest form of the detector is that due to the Czech
worker Janak. It is very suitable for the anzlysis of low-boiling
hydrocarbon mixtures such as ‘Calor’ gas. Carbon dioxide is
used as the carrier. As the stream emerges from the column it
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passes through a fine bubbler into a container of caustic soda
as shown in Figure 3.

Fine bubbler

Yol. of gas collected

Time

Fig. 3. Simple gas burette detector, and the record produced.

The carbon dioxide is rapidly absorbed by the caustic soda,
but when a volalile hydrocarbon emerges from the column
through the bubbler it does not dissolve and collects in the
simple gas burette. It is then only necessary to note the quantity
of gas in the burette at regular intervals to obtain a record as
shown in the figure. The time after the vapour has been intro-
duced 10 the column at which a step occurs in the volume curve
is characteristic of the gas emerging. The height of the step (in
cubic centimetres) is equal to the volume af the constituent gas.

Anather simple type of detector is the titration unit shown in
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Burette

Vol. of alkali introduced

Time

Fig. 4. Titration unit used for detection.

Figure 4, though unfortunately this is only suitable for a limited
range of vapours, that is, vapours of acids and bases that are
soluble in water. In use the carrier gas emerges from the column
and is bubbled through water containing an indicator. When the
acid, say, emerges in the stream of carrier gas it dissolves in the
water and the colour of the indicator changes. The operator
then introduces sufficient aikali to restare the solution to its
original colour. He strives 1o keep the solution at the desired
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colour and makes a record of the amount of alkali added after
convenient intervals of time. He thus obtains a ‘stepped’ graph
of alkali added versus time as shown in the figure. Again the
position of the steps are characteristic of the constituent acids
and their heights are proportionul to the quantities present. The
titration detector has been made fully automatic by using a
photocell to detect the change in the colour of the solution. The
output of the photocell operates a relay driving the motorized
plunger of a microburetie. The position of the plunger is con-
tinuously recorded by a pen writing on a rotating drum.

Both these detectors yield an ‘integrated” chromatogram. The
detectors in most commercial instruments do not give this type
of trace, but one in which the emergence of a constituent is
represented by a peak. This, as we shall see, is not particularly
desirable but the detectors have 1wo overwhelming advantages.
First, they may be used with an ualimited variety of gases;
secondly, they are suitable for use with electrical recording
systems. The most widely used detcctor is the thermal con-
ductivity gauge. A simple version of this instrument is shown
in Figurc 5. It consists of a heated filament suspended in the
stream of carrier gas. The surrounding tubing muy be made of
glass and immersed in a liquid or it may be drilled out of 2 metal

lock. The filament is hecated by the upplication of a constant
voltage so that its temperiture remains constant. When a vapour
emerges {rom the column the thermal conductivity of the
ambient gas rises, because alnsost all substances have thermal
conductivities higher than thut of nitrogen, As a result the rate
of heat foss from the filament increases and its temperature falls.
The fiiament is made of a metal such as platinum or tungsten
whose electrical resistance varies with temperature. Accordingly
the fall in temperature is accompanicd by a change in the resis-
tance of the filament. This change is recorded by making the
filament one arm of a Wheatstone bridge circuit, Then the emer-
gence of a vapour {rom the column throws the bridge out of
balance and produces 4 potential that may be fed into a sensi-
tive galvanometer or electronic recorder. The usual practice is
1o place a twin thermal conductivity gauge in an opposing arm of
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record produced.

the Whextstone bridge and to flow the carrier gas :::?;JE'(‘)JE
before i1 enters the column. This :irr‘msﬂ“em Scr.w) he vollage
random fluctuations in the flow of the carvier gfdsll :d that is
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the proportionality constants differ slightly from gas to gas. The
width of the peak for a vapour is nearly independent of the
amount of the vapour emerging. Accordingly the peak height is
also_ approximately proportional to the amount of vapour, and
use is often made of this approximation since it is much simpler
to measure a height than an area. A thermal conductivity detec-

— Flame

c?".*\ Thermocougle

ter gas
+ hydrogen

Potential

Time
Fig. 6. Microflame detector.,

Vapour Chromatography 5 3»

tor is used in the commercial apparatus shown in Inset 18, which
gives a general idea of the layout and dimensions of gas chroma-
tography apparatus. .

The microflame detector yields a similar sort of record. Its
construction is shown in Figure 6. When the carrier gas emerges
from the column it is mixed with a steady stream of hydrogen
sufficient to sustain a flame about one centimetre long as a tiny
jet. The jet is placed in a suitably baffled chimney to reduce the
effect of strong draughts. The emergence of an organic vapour
in the stream of carrier gas results in a change {usually a rise) in
the temperature of a thermocouple placed in the flame. A typical
quantity of vapour may cause the thermocouple temperature to
change from 600° C to 610° C. As it is not practical to record
such a small percentage change directly, a potentiometer is used
to balance off the thermo-electric potential when the carrier gas
alone is passing. Then the ‘off balance’ potential_ consequent
upon the temperature change of 10° C may be readily recorded.

The microflame detector has sorme definite advantages over
the thermal conductivity detector which offset the disadvantages
of having two streams of gas. In the first place it tends to be_le‘ss
temperamental than most home-made thermal . ccnduct‘lvuy
gauges. In the second, the area of peak obtained with the micro-
flame detector for an orgamnic compound is rou ghly proportional
to the weight of the substance emerging from the. c‘olumn,wher?-
as the area of peak obtained with the conductivity detector 1s
roughly proportional to the number of molecules ?merglng. 'It
can be seen, therefore, that the microflame detector 1s more suit-
able for the analysis of mixtures of compounds of high mole-

cular weight.
SOME APPLICATIONS

The remarkable analytical power and the speed of vapour
chromatography is clearly demonstrated by the two tyPlcal
chromatograms shown in Figores 7 apnd 8. Anyone acquainted
with conventional analytical procedures will immediately recog-
nize that the analysis of such complex mixtures of related com-
pounds could only be accomplished by enarmous labour, and
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Fig. 7. Typical chromatogram. (Courtesy Perkin-Elmer Corporation.)

with large samples, if indeed it could be achieved at all. The
most important limitation of vapour chromatography is that
hitherto it has not been possible to adapt it to the continuous
analysis of a stream vapour. This problem is not often met in the
laboratory but it is the principal analytical problem in industrial
plants. It would, however, not seem impossible to develop a con-
tinuously recording chromatographic apparatus with a packing
that is pushed steadily along the column in the direction oppo-
site to the flow of carrier gas.

The development of vapour chromatography is primarily of
importance because it provides a quick and simple method of
analysis of enormous versatility. In 2 few years it will be used
generally in every sizeable laboratory concerned with work on
organic compounds, There are some fields of chemistry in which

~ its impact will probably be particularly great. The chemistry of

organic compounds containing large numbers of fluorine atoms
has been held up by the difficulties of analysing mixtures of
these compounds. It is a peculiarity of fluorocarbons that the

Vapour Chromatography 5s
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lar compounds. Vapour phase chromatography has p

i i arative
successful in such analyses that it has been used in prep
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work as well. It has been found possible, with a column some
four inches in diameter, to isolate samples of as much as 20 or 30
grammes of a pure compound.

The rapidity and ease of chromatographic analysis will result
in its widespread use in the production of the less common
organic compounds. This industry has an importance which is
out of all proportion to the volume of its turnover because its
products are very widely used in research laboratories. These
rarer compounds are usually made by laboratory-type tech-
niques which, though they should yield a satisfactory product,
are not subject to the degree of control normal in full-scale pro-
duction. Now it should be possible to provide at very small cost
a reasonably detailed analysis of the majority of the products.
This will be a great boon to the research worker and will often
save annoyance and frustration.

Martin and James developed vapour phase chromatography
to analyse the very complex mixtures of arganic acids found in
nature. The ability to analyse mixtures of such complexity easily
is bound to have very far-reaching effects on the development of
biechemistry. It has often proved possible to adjust chemical
systems so that the products are not too embarrassingly diverse
and thus to make progress. Unfortunately biological systems can
rarely be made to behave in such an obliging fashion. Moreover
it is often the compounds present in smallest quantities that
are of greatest significance. The development of solid-liquid
chromatography resulted in a great acceleration of biochemical
research. Vapour phase chromatography may well prove to be
of equal importance.

FURTHER READING
C. Phillips: Gas Chromatography (Londor, 1956).

WORLD’S FIRST MAJOR
NUCLEAR POWER STATION

ARCHIE CLOW

ON the authority of Sir Christopher Hinton it can be_ said that
at the end of the war no one would have dared tp pred:ctlwhhen a
major nuclear energy power station would be in operation; yt?:
little more than a decade later, in October 1956, the basic uni
of Great Britain's nuclear power programsme, ‘f‘e puclear pow:r
station at Calder Hall, Cumberland, was feeding power 1o the
nagg]nda:rg;;:l'l cannot claim 1o be the Wor!d-'s ﬁrs-t nuclearbpo'-tv::
station: Russia opened hers to western visiors in 1_953, (;nlder
scale of the two stations is Zast}l.‘y diﬂsﬂeig:;allns;’;laiiz';‘;;ng’;um
Hall takes its place alongside the tradition: .
by lthe, k;:itishpCenlral Electricity Au?horlty. [.n pan’ir‘lh:c:z:l
trical part, it is conventional; the rest ts revo!ul(;onarYS[rates the
respects — it tames a new source of_encrgy; i ;monual elabor-
possibility of setting up a power station w:lhout.the :S thousands
ate rail-heads or access waterways through which the m station
of tons of fuel have normally to be .broug"_lt - ads:)cfathousands.
Such is the potency of the new *fuel’ that, m:tea' ium canisters
of wagons of coal, an occasional lorry-load of ura
is all that will be required. i

Public knowledge that Britain was 0 embark on % programte
of nuclear power production dates from Apnf ’ m’mons bt
Minister of Supply announced in the HOUS_C o :i)on adjacent
the preparation of a site for a nuclear mchr s;a wa’s to start
to the plutonium producing plant at Windsca e’mem in the
immediately. Three months after 1h‘c announce P
House the building and civil engineering contracts doN s
half of the unit, so-called Calder Hall A, were placed. No
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unit is in production and the greater part of the civil engineering
work associated with the second unit, Calder Hall B, is com-
plete. The programme for Calder Hall A included the follow-
ing: two nuclear reactors, with each of which is associated four
heat exchangers, and four Parsons steam turbo-alternators ser-
viced by the usual condensers and cooling towers. A unique ST
feature of the generating side is the provision of two ‘dump’ con- =
densers, which can absorb the full energy output of the reactors -

World's First Major Nuclear Power Station

[ |
I
|
1
/,
e

F R,
should, for any reason, the turbines be unable to do so. ;3 - ,J
The main features of Calder Hall and the adjacent Windscale ’; > _,l/ Z i ~ -
plutonium factory can be seen from the low hills between them A L

and the mass of Scafell in the Lake District (Inset 1). Calder
Hall A, with its cooling towers three hundred feet high and
nuclear reactors, lies to the south, the most notable feature of
the skyline to the north being the plutonium producing plant at
Windscale with the prominent stack rising from the primary
separation plant.

A more detailed impression of Calder Hall is given in Insets 2
and 3. The large structures are the 200-feet high reactor build-
ings, each containing one reactor. External to the buildings are
eight heat exchangers (four to each reactor) in which the hot gas
from the reactor gives up its heat energy with the production of
steam to feed the turbines. It is in the reactors, which take the
place of coal-fired boilers, and the heat exchangers that the
" novelty of Calder Hall iies. From the point at which the steam
leaves the heat exchangers the station may be regarded as con-
ventional, with the exception of the ‘dump’ condenser referred
to above. This is necessitated by the power generating properties

and characteristics peculiar to a nuclear reactor, which behaves
differently from a steam source,

The Nuclear Reactor

The heart of a nuclear power station and the source of its
energy is the nuclear reactor in which matter is transformed
into encrgy in terms of the often quoted Einstein relation,
E =mc*®. The matter in the case of Calder Hall is natural uran-
jum which consists of a mixture of (he isotopes, U-235 and

CAS iMLET

Fig. 1. Calder Hall Reactor: carbon dioxide circulation through reactor and heat exchangers.

GAS I LT
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U-238, in the ratio of about 1:140. In nuclear reactions involv-
ing natural uranjum and slow neutrons it is the U-235 atoms that
areimportant, When one of these is bombarded with a neutron,
o', 0ne of a large number of possible reactions takes place, e g.,

'2U255+nnl_).2UlS‘_>5,Lal(!+.‘Br‘l_’_3“nl

The reaction is accompanied by the disappearance of roughly
a two-thousandth of the matter and the release of an equivalent
amount of radiation and kinetic energy. If all the atoms in
one 1b. of U-235 were fissioned (an ideal still far from being
attained) the energy released would be equivalent o some 1,500
tons of coal, hence the simplification in raw material supplies,
From the above it will be seeq that physical
the principles of a nuclear POwer station as simple
difficulties lie is in the technology of the process.

In designing a nuclear power station the problem is how to get
the encrgy released into 4 form suitable for use in a conven-
tional turbo-aiternator, A large number of systems are theoreti-
cally possible, and of these, that selected for Calder Halj was to
Pass carbon dioxide 8as, at a pressure of g hundred
Square inch, through the reactor where it
energy and conveys it to heat exchangers,

The Calder Hall reactors consist of matrices of graphite
blocks, the ‘moderator’, some 20 feet high and 30 feet across,

; Where the

pounds per
picks up the heat

and the fuel elements are stacked in the vertical channels. Other
holes accommodate control rods of horgn steel,

The fuel elements are rods of natyra] uranium over a yard
long and just aver an inch in diameter. Thesc are contained in
magnesium alloy ‘cans’ specially designed (o facilitate the trans.
fer of the heat generated in the uranium to the passing carhon
dioxide. Since this gas works more efficiently at increased pres-
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2. 2. Calder Hall Heat Exchanger: flow diagram llf]usl:?::cghisger
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sure, the graphite matrix is contained in a pressure vessel, a
cylinder of two-inch steel piates 37 feet in diameter and 71 feet
high, with domed ends, set with its axis vertical. It was fabricated
from prepared sections brought to the site ready for welding.
Some of the welds took over 24 hours to complete, groups of
welders working continuously in shifts,

The carbon dioxide enters the bottom dome through four
ducts, flows up through the fuel channels and passes out of the
is re-

turned to the reactor by a ceatrifugal blower. When the reactor

is working, the carbon dioxide leaves the top at 336° C, heat is
absorbed from it in the heat exchanger, and it returns to the

pressure vessel at 140° C,

Were the production of heat all that wen( on in the reactor it
would present technical problems enough, but it is, at the same
time, the seat of the generation of intense und lethal radiation.
This being so it has to be encased in a ‘biological shield’ of high
density concrete (150 1b/ cubic foot). The shields at Calder Hall
are between seven and eight feet thick, octagonal in shape (for
constructional reasons) and 90 feet high. Between the ‘biological
shield' and the reactor there is also a massive ‘thermal shield’
built from hundreds of six-inch-thick steel plates. .

Such massive structures, with the additional weight of the
heat exchangers, presented difficuit civil engineering problems
which were resolved by placing the whole reactor building on
a concrete rafl eleven feet thick, with separate rafts for the heat
exchangers. The total weight of concrete required in the con-
struction of Calder Hall A and B will run o a quarter of a mil-

- lion tons, reinforced by 6,000 tons of steel bar.,

Weight was not however the only problem. Tolerances to
within plus or minus a tenth of an inch on both vertical and
plan true dimensions were required, und great care had to be
taken in placing the concrete in the confined spaces around the
large number of charging and other tubes that pass through the
‘biological shield’.

Now that everything is in place all that can be seen of the
reactor must be viewed from the charge-discharge deck (Inset §).

World's First Major Nuclear Power Station
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Charging the fuel elements and the remova] of the used canisters
is carried out from machines tha

t run on rails on top of the
TRassive concrete ‘bialogical shield’.

4

The Heat Exchangers

The most easily examined feature of the whole station s the
heat exchangers immediately outside the reactor buildings.
These intricate pieces of equipment, in which the hot carbon
dioxide gives up its heat to a water circuit forming steam, con-
tain high and low bressure evaporators, super-heaters, and

economizers, and present a total of nearly 106,000 square feet
to the live gas (Inset 4).

The fabricatien of the heat exchangers, much of which had to
be carried out on site, was one of the largest, if not the largest,
operation of its kind ever txeculed, each vesse] being 80 feet
high by 18 feet in diameter and weighing 200 tons, Sections
brought by road from Scatland were welded together on the site;
each weld was X-rayed to detect possible flaws, stresses were
relieved, and the finished vessel tested to a pressure consider-
at at which it will be required to work,
External fittings and internal piping and water bring the tofal
weight of each unit up 10 450 tons. But these figures are hardly
surprising when one realizes that the eight heat exchangers of
Calder Hall A conuj

n between them 230 miles of E.R.W. tube

on to which no less than £20 million studs were welded to extend
the heating surface,

Electrical G enerating Plant

AssoGiated with each reactor there are (wo turbo-alternators
of maximum continuous rating 23,000 KW cach (Insets 6 apd
7} built on traditional lines, but as a civil ene

2incering operation
meticulously planned and executed. Steam at two pressures is
supplied, a low pressure supply coming directly from the heat
exchangers as well as that derived by expunsion from the high
pressure blades. The power station is served by two cooling
towers - the most prominent feature of ¢

he Seascale scene. Fach
tower is 200 feet in diameter at the base and all but 300 feet high.

ION
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4. The energy released tn the reactor s hrought out by
high-pressure carbon dioxide, This pusses down through the heat

@ streamn of

exchiangers. two of which are seen in the centre of the picture. E
exchanger 1s some eighty feet high and cightee
and weighs 200 tons.

-ach
n feet in duameter.

The charge-discharge deck of Ne 1 reactor at Calder Hall Nuclear
Power Station. 1he large structure at the rear-leftis a tightly shielded
charging machine and at 1he renr-centie there s i heavilv shielded
discharging machine. These are nsed 1o insert new fuel cartridges and
remove highly radio-active spent cartridges trom the reactor,
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hbouring Windscule Plutonium Works. in this picture can be scen the

on A in commission. the second station, Calder B,
foundations of the sceond station being prepated.
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SEMI-CONDUCTORS

15. C_ross~sc<_:tiop of a germanium p n junction made by the alloy
le-chmque using indium. The p-layer is shown as 2 black line. Actual
diameter of junction 4 mm.

16. Plan view of a germanium p-n junction with the indium
bead removed to show the crystal structure of the recrystal-
iced p-layer. (Insets 15, 16, and 17 by courtesy of The
General Electric Company Lrd))

17. Semi-conductor devices. In the foreground, various low and medium power junction diodes and transistors;
middle, stack of medium power silicon junction diodes with cooling fins; rear water-cooled germanium junc-

tion power diode.



V{\POUR CHROMATOGRAPHY

18. Vapour chromatography apparatus. On the lett the
recorder with the flow control panel beneath. and on
the right the column with the serum cap and katharo-
meter above. (By couriesy of Griffin & George Lid.)
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By planning their construction carefully a three feet concrete
lift per day was reached and maintained. The capacity of each
tower is 3 million gallons an hour and five pumps are available
to deliver water to the condensers of the two reactors,

With Calder Hall A in commission, the second unit of the
scheme, Calder Hall B is already well ahead. Against a back-
ground of the neighbouring Windscale plutonium factory Inset
8 shows the foundations of the second station being prepared.
These were three-quarters complete when Calder Hall A was
opened. Work began on Calder Hali B in July 1955 and with the
experience gained in the construction of the sister station, it
should be completed in appreciably less time - probably by the
middle of 1958.

With the opening of Calder Hall, something that only a few
years ago seemed remote and conjectural has become a working
reality. But great though the technical achievement may be, it is
no more than a promise of greater things to come, Already a vast
programme of research and development to make this type of
station more cificient and to point the way to the reactors of
the future is in hand. Speaking at the British Association Meet-
ing in Sheffield in September, Sir John Cockcroft expressed his
belief that power reactors of the Calder Hall type were capable
of a great deal of engineering development. One example that
he gave was that the use of new alloys based on beryllium to
sheath the fuel rods might lead to still higher temperatures to
provide a correspondingly greater heat-extraction rate from
each ton of uranium fuel.

Under the Government’s ten-year ‘Programme for Nuclear
Energy’ private industry is to build a dozen nuclear power
stations for the Central Electricity Authority which between
them should yield some one to two million kilowatts by 1965.
The first half-dozen stations will have graphite-moderated gas-
cooled reactors based on Calder Hall experience and they will
be designed to produce fissile material for military purposes as
well as electricity.

The system selected for Calder Hall is however only one of
many and research on alternative reactor systems is being

o
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prosecuted vigorously, and there is every indication that the
next stations will show a very substantial advance on Calder
Hall. It is expected that they will be able to make more economic
use of the various nuclear fuels and so will be able to produce
electricity more cheaply than was estimated for the first com-
mercial nuclear power stations. These later stations may be the
first in the world to produce electricity from nuclear power on a
truly economic basis.

So is Britain responding to the challenge to keep in the fore-
front of nuclear power development so that she may lead in the
application of the power of the atom for the benefit of mankind,
just as, in the past, she has led in the fundamental chemistry
and physics on which the new technology depends.

DEVELOPMENTS IN
INTELLIGENCE TESTING

J.D.NISBRET

S1R GODFREY THOMSON, commenting in 1947 on certain
conflicting results on the relation of inteliigence and family size,
suggested optimistically that a period of confusion and con-
troversy often is an indication of an imminent advance in theory.
Such in fact seems to have occurred in the field of intelligence
testing, because, though the last ten years have produced many
conflicting findings, recent modifications of intelligence theory
have not only succeeded in resolving the more serious conflicts
but have also opened up a new prospect of development in
research. A review of some of the recent findings in this field will
show why such modifications became necessary.

FOLLOW-UP STUDIES

For various reasons, the post-war years produced a substantial
increase in the amount of evidence available on intelligence and
intelligence tests. This was partly owing to the post-war expan-
sion of research in the social sciences, and also to the evidence
derived from the war-time use of testing and its adoption on a
national scale in the education system, particularly in selection
for secondary education. Perhaps most important of all, the
mere passing of the years has been of special value : because an
essential feature of testing is the establishing of the reliability
and validity of test scores, and this is a process that cannot be
hurried. To know whether a child's test score 1s a measure of a
quality permanent and important in his life, it is necessary to
follow up his career through school and preferably into adult
life, in order to compare the early score with later test results
and with his mature achievement. Since a {ollow-up may need as
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long as twenty years (a recent American study covered a thirty-
year interval between two applications of the same test to the
same group), it is only recently that results have begun to be
available from such long-term studies. The results that have
_ been obtained by this method have been most valuable in their
contribution to developments in theory.

Oane study of this nature was begun in California in 1921 by
Terman, and a description of the follow-up after twenty-five
years was published in 1947. Terman sifted the school popula-
tion of California by means of tests and traced in this way some
1,500 children with IQs above 135, that is, scoring in the top one
per cent of the population. The careers of these children were
followed, information being gathered on their education,
physique, personalities, and personal histories. The results pro-
vided clear evidence that the ability measured in tests has rele-
vance for success in education and in adult life, though there
were exceptions, the group in maturity ranging ‘all the way from
international eminence to semi-skilled labour’. Over 90 per cent
of the group went to college, and nearly 30 per cent of these took
post-graduate degrees. By 1947, several were already profes-
sorial heads of departments; athers were directors of research
institutes; one was director of an atomic research plant, another
a psychiatrist at the Nuremberg war triais, and others included
an artist on Walt Disney's staff, a famous sculptor, a film dirge-
tor, a writer of detective stories, a distinguished composer, and a
brigadier-general. Three members of the group were among the
specialists invited to attend the atom-homb tests at Bikini. By
1945, the group as a whole had published some 1,500 journal
articles and 90 books, and had taken out patents for over 100
inventions. There were other findings too: their physical de-
velopment and marriage rate were above average, and their
mortality, insanity, delinquency, divorce, and fertility all below
average.

Other long-term studies, though perhaps less dramatic in their
aim and scope, have produced equally important results. Inves-
tigations such as the Harvard Growth Study of Dearborn and
Rothney and the Berkeley Growth Study of Jones and Bayley,
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have tested and examined children at regular intervals from
birth or an early age through to maturity. These studies showed
considerable variation in 1Q on different occasions of testing,
even more than might reasonably be attributed to chance errors
or differences in test content. The early literature on testing
recognized such uareliability in individual scores; but since re-
testing over short intervals gives correlations of +0.9, there
grew up a widely held belief in the constancy of the 1Q.
Evidence from long-term follow-up was needed to shake this
assumption. Thus, the Berkeley Growth Study, which in 1953
completed a twenty-five-year follow-up, reported zero correla-
tions between developmental assessments in the first year of life
and tested IQ at age eighteen. By age four, test results showed
a correlation of +0.6 with IQ at eighteen; and assessments dur-
ing the period of compulsory schooling agree with each other
to a correlation of at least +0.7. Such agreement is high, but
permits a large fluctuation in individual cases.

EDUCATIONAL GUIDANCE AND SELECTION

The increasing use of intelligence tests in schools for educationa]
guidance has also brought out clearly the considerabie propor-
tion of children whose test scores show marked fluctuations, and
this has unfortunately contributed to the scepticism of many
teachers about the value of the tests. Some of the differences in
individual scores, however, are due merely to differences in
standardization, and would be eliminated if (as is not the case)
all tests were by agreement constructed to give a standard devia-
tion of 15. A further important source of variation is the differ-
ence in the test content, the medium of words or pictures or
symbols through which the general factor of intelligence is
measured : this naturally affects scores, though only 1o a limited
cxtent.

Although teachers and those concerned with the practical
application of tests tend to notice and remember the exceptions,
there is substantial evidence to show that tests perform the task
of assessment for guidance and selection at least as efficiently
as any other known method. The widespread use of tests in
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selection for secondary education and with National Service
recruits has been accompanied by regular and careful investiga-
tions to check their validity for such selection and screening.
The extent to which tests are used is now so large that extensive
information on their accuracy is available. The instruction
manuals of the Moray House Test series, for example, of which
two new tests are issued each year, commeoenly report data on
40,000 or 50,000 results from each test. A number of reports on
this topic have been published, and other inquiries, unpublished,
are carried out regularly by Education Authorities. The results
agree fairly closely in showing that the tests make an important
contribution to the selection procedure.

‘The particular value of the intelligence test in this matter is
that it helps to discount the influence of less relevant factors,
such as inequalities in the standard of teaching at the primary
stage. An able child who comes from a small rural school or
who has suffered through absence from school or from poor
teaching, is less at a disadvantage on the intelligence test than
on examinations of atfainment in primary school subjects.
Intelligence tests also help to reduce the handicap of poor home
background (though the tests are themselves influenced to a cer-
tain extent by this). An awkward problem of policy is involved
here. Some forms of intelligence test, for example, those relying
heavily on verbal problems, are more susceptible to the influ-
ence of home environment than others, and tend to favour chil-
dren from superior homes. Because of this, attempts have been
made to develop tests without such *social bias’, as it is called.
Generally, these tests employ patterns or abstract symbols rather
than words, and in the process of construction, in addition to
the usual statistical criteria by which the acceptability of items
in a test is judged, problems showing discrimination between
children from different social classes are rejected. A number of
these ‘culture-free’ or ‘culture-fair’ tests have been developed:
but though they are of value for psychological research, their
practical use in educational selection is limited. For it seems that,
the more ‘culture-free’ a test is, the less efficient it is in identify-
ing those best suited for higher education; the tests with bias
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predict subsequent success more accurately. Presumably good
home background aids success not only in the verbal test but
also in the course of higher education. Thus the educational
administrator may have to choose between equality of oppor-
tunity and efficiency of selection.

Mention should perhaps also be made of the recent contro-
versy over the effect of coaching for intelligence tests. Coaching
in the technique of solving test problems can artificially boost IQ
by five to fifteen points; two or three hours is sufficient and
coaching beyond this time has little effect. This is obviously an
important administrative problem, but it has little relevance to
research on intelligence, since such coaching is highly specific to
the test situation, presumably gaining its effect through the
saving of time and effort in considering how best to tackle a
particular type of problem.

The successful use of intelligence tests in secondary school
selection has encouraged experiments to measure their efficiency
for selection at other ages. High-grade intelligence tests have
been included in university entrance procedures io see if sub-
sequent academic performance can be predicted accurately; and
tests have also been used experimentally in selection for higher
posts in the Civil Service. But attempts (o extend the scope of
testing in these ways have generally been disappointing. It is not
that the tests are not reasonably efficient with adult groups, for
in fact they have proved uscful in Army and Air Force selection,
as has been mentioned above. But in groups who are receiving
advanced education and who are already highly selected for
intelligence, testing gives no better estimate than the existing
(and publicly more acceptable) measures of academic attain-
ment.

At the opposite extreme, it would be useful if the present’
crude developmental assessments of young children below the
age of three could be improved into accurate estimates of later
mental ability. This would assist in the early diagnosis of general
mental handicap and specific defects such as deafness, and it
would make easier the work of adoption societies which try to
gauge the child's probable future capacity in order to match it
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with the level of the home into which he is adopted. Scales have
in fact been constructed for assessing precocity or backwardness
in infants, and such measures show reasonable consistency over
short intervals of up to one or even two years. However, as has
been shown by the long-term follow-up studies mentioned
above, these infant assessments bear disappointingly little rela-
tion to test results in adolescence and maturity.

DISTRIBUTION OF INTELLIGENCE

Post-war interest in population trends focused attention on the
alleped danger of a decline in the level of national intelligence.
The tendency for intelligent parents to have smaller than aver-
age families would seem to imply, in so far as intelligence is
inherited, a gradvual decrease in average intelligence in the
nation. This topic was widely reported and discussed when the
Scottish 1947 Mental Survey set out to apply to the entire eleven-
year-old population in Scotland a group test that had been given
to an equivalent population in 1932, The average score in 1947
was in fact slightly higher than the average score in 1932, though
the tendency for children from small families to obtain higher
average scores than those from large families was confirmed.
Subsequent analysis of the results of the 1947 Survey has pro-
duced some important information on the distribution of ability,
as measured by the test, in the population. Certain sociological
data were obtained for a random sample of the eleven-year-olds,
and though test score is certainly related to occupational status
of the parent, the relation is not close. In a :zst where the maxi-
mum score was 76, 30 per cent of the children whose fathers
were professional men scored 60 or over, whereas only 6 per cent
of the children of skilled manual workers and 2 per cent of the
children of unskilled manual workers reached this high level of
score. Yet, because of the relative smallness of the professional
group in the population, children from professional homes
represented only one-sixth of the total number of children scor-
ing 60 or more. The actual figures may make this point clear, Of
the 6,627 children in the sample, 221 were from professional
homes, 2,392 were children of skilled manual workers and 1,132
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of unskilled manual werkers. The numbers scoring 60 or more
were: professional, 66; skilled manual, 133; unskilled, 24. Thus
the small proportion of skilled manual workers’ children who
were high scorers actually numbered twice as many as the large
proportion of children from professional homes. It should be
remembered, however, that this refers 1o lest score at age eleven,
and superiority at age eleven is not necessarily maintained into
maturity,

An example of how test scores may be influenced after the age
of eleven is provided by results reported from a recent experi-
ment in Southampton. The test scores of 865 boys aged fourteen
were compared with their scores in a previous test on entry to
secondary school: after allowing for regression cifects, there
was an average gain of five points among the grammar school
pupils and an average loss of two points among the secondary
modern pupils. A single experiment like this is not enough to
establish that such changes occur generally, though a similar
result has been reported from Nottingham. Also the result may
be due to the heavily verbal type of test used, or to the influence
of the pupils’ homes, rather than of the schools they attend.
Nevertheless, such findings emphasize the need for caution in
applying conclusions from the testing of children to the distribu-
tion of adult intelligence.

In adolescence, the rate of development slows, and intelli-
gence reaches a maximum in early adulthood. After this peak,
evidence suggests that there is a gradual decline in intelligence
with increasing age. The war-time use of tests in the Services
provided abundant confirmation of earlier investigations on this
relation between age and ability to score on an inteiligence test.
Wechsler (The Measurement of Aduit Intelligence, 1944) had
summarized the results:

Every human capacity after attaining a maximum begins an imme-
diate decline. . .. The age at which this maximum is attained varies
from ability to ability but seldom occurs beyond 30 and in most cases
somewhere in the eatly 20's. (p. 59)

Certain abilities decline more slowly with age than others. Thus the
abilities calied for by the General Information and General Com-
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prehension Tests hold up much better than do the abilities called for
by the Substitution and the Memory Span for Digits Tests. (p. 63)

This conclusion and the supporting army data were based on
the testing of ‘cross-sections’ of the population ~ equivalent

representative sampies of different ages all tested about the same

time, This method is open to objection mainly on the grounds
that it is impossible to be sure of the exact equivalence of the
samples, particularly in the later age-groups. An alternative
method is to test the same group twice, with a long interval be-
tween the tests. Such an experiment is difficult and time-
consuming, but the last few years have seen the publication of
five such studies, one with an interval of thirty years between
tests. In each of these studies, the average score showed a sub-
stantial increase with age and not a decline. Certainly some of
the tests used were verbal, and vocabulary is known to be
strongly resistant to any decline with age, and factors of test
sophistication and motivation confuse the picture. Pechaps most
important, all five studies dealt with adults of higher education
and superior ability; and it may well be that prolonged educa-
tion in adolescence or stimulating intellectual activity in matur-
ity fosters a resistance to the slow decline in intelligence that
seems to occur in the general population,

THEORETICAL IMPLICATIONS

This review of recent work helps to bring out the main paradox
to be resolved. The general validity of intelligence testing, its
value in educational selection and guidance, as well as the rele-
vance to adult achievement of the ability measured by tests have
been confirmed not merely on experimental groups but on very
large numbers and in well established practice. Yet evidence
accumulates of this and that environmental influence on test
score, until the idea that tests measure innate potentiality has
become quite untenable. It is not, however, possible to dismiss
intelligence test scores as merely the product of learning and
environment, for even individual members of a single family
usually show a considerable range of intelligence, which would
be expected for an inherited trait but could hardly be explained
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away in terms of unequal opportunity. The correlation between
the test scores of identical twins is higher than the correlation
between the scores of fraternal twins, and it is difficult to explain
this except by reference to a genetical basis for intelligence. Per-
haps the bitterness of the controversy over this issue might be
reduced if P. E. Vernon's suggestion were adopted, that the
present tests should be renamed ‘academic aptitude tests’; for
verbal tests of intelligence this would be a sounder, though un-
duly restricted, description of their function. The emphasis in
research on intelligence, however, has tended to move away
from the old quarrel about the relative importance of heredity
and environment towards identifying the precise manner in
which environment affects intelligence test score.

The influence of environment on humaa growth and develop-
ment is, of course, a notoriously difficult problem, and it is only
through a clearer understanding of the nature of development
that we can hope to identify and evaluale the environmental
influences. The present theory of intelligence owes much to
recent developments in learning theory in psychology as well
as to borrowings from related sciences. Hebb (The Organization
of Behaviour, 1949) and Piaget (The Psvcholagy of [nrelligence,
1950) have developed closely similar theories from quite differ-
ent angles of approach. Piaget’s work is based on the observa-
tion of children and a linguistic or almost philosophical method
of analysis; he is concerned not with quantitative assessments of
the differences between individuals, but with the qualitative
analysis of children’s methods of thinking. Hebb approached
the problem first from the puzzling effects of brain damage on
intelligence. Brain injury in adults (outside the speech area)
often has surprisingly little effect on their ability to solve prob-
lems of the type in the Binet Scale of Intelligence, problems that
sample widely different aspects of common everyday experience
(e.g., explaining the meanings of words and the differences be-
tween words, understanding and reproducing a passage of
prose, perceiving analogies and opposites, reproducing digits
from memory forwards and backwards, detecting absucdities
in statemeats, etc.). Yet similar injury in infancy or at birth may
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cause permanent retardation in intelligence, including inability
to score on Binet-type problems. Hebb suggests an explanation
by showing the extent to which mature intelligent behaviour is
built up through learning, through the establishment of ‘phase
sequences’ in cortical activity.

An analogy is to be found in the development of perception.
Bernard Shaw once remarked that he could only assume that he
had been born with the gift of language, as he could not remem-
ber ever acquiring it. This kind of assumption seems to underlie
our beliefs about other so-called inborn abilities. Even the per-
ception of the world around us, apparently sa obvious an ex-
ample of an inborn power, is now recognized as a complex skill
developed during the first year of life. When an adult, blind from
birth, is given sight in maturity by surgical operation, he has
extreme difficulty in learning to distinguish shapes and size and
spatial position among the bewildering confusion of visnal
stimuli, and he sometimes even fails altogether. To state this is
not to underrate the importance of maluration : in perception, as
in other behaviour, maturation and experience contribute
jointly to development.

Hebb's theory is neuro-psychological, and attempts to explain
intelligent behaviour in terms of the building up of assemblies
or phase sequences in the cortical cells, The important part of
his argument for intelligence is his demonstration of the way in
which early thinking in infancy develaps from sensori-motor
experience. From crude eye-movements and touch experience
come the first ideas of shape and space; and these in turn, sup-
ported by the slow acquisition of vocabulary, tead on to primi-
tive concepts whose rapidly increasing complexity begin to pet-
mit, even in early childhood, of the emergence of intelligent
problem-solving of a low order. From this, the crucial impor-
tance of rich visual and kinaesthetic experience in infancy is
clear: fortunately, the ordinary experience of most infants in
this country is adequate to pravide the means of development at
least in this elementary stage of intelligence. Later the acquisi-
tion of more abstract concepts, often embodied in words, aids
higher development in thinking. Sequences of cortical activity
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which are necessary for the initial learning may function in the
adult independently of the steps by which they were built up,
by-passing the neural connexions that were necessary for their
initial establishment. Thus a certain degree of brain injury may
be tolerated by an adult in the performance of relatively fami-
liar tasks or the solving of ‘common-sense’ problems, whereas
similar injury in infancy would have prevented the acquiring of
the necessary concepts or (Hebb) phase sequences.

An example may help to make this point clear. One item from
the Stanford-Binet Scale of Intelligence suggests that since in

" train accidents the last carriage is often damaged, the last car-

riage ought to be taken off before the train starts. Of course, the
child who has never seen a train or does not know what a car-
riage is, is unable to recognize the absurdity in this statement.
But most children are familiar with trains and carriages by at
least age five, yet it is not until the age of eleven that the average
child is able to see through the absurdity. The difficulty is in the
grasp of the sequence of ideas and particularly in the key word
‘last’, which involves a relativelv complex idea of positional
relationship. To the adult who has long ago forgotten that he
once had to learn such concepts, there is no problem to solve. It
is often difficult for the adult, so familiar with his extensive
equipment of adaptive behaviour and verbal shorthand of
thought, to appreciate the magnitude of the child’s achievement
in acquiring such concepts as are compressed into words like
‘cause’, ‘somewhere’, ‘square’, or ‘in case’. At an elementary
level, it takes time to acquire an understanding of ‘more’ and
‘less’, or “under’ or ‘inside’.

The mature level of intelligence does not depend merely on
this factor of experience. There would also appear to be differ-
ences in ability to profit by experience in the sense of ability to
build vp concepts of increasing complexity, some children being
able to do this rapidly under suitable environmental stimulation,
and others only slowly. Such differences appear to be genetical.
This aspect, more remote from everyday experience but in some
respects more fundamental, is what some people mean when
they speak of ‘intelligence’; and Hebb's solution (now widely
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accepted by psychologists) is to speak of two meanings of the
word ‘intelligence’, Intelligence A and Intelligence B. Intelli-
gence A is the capacity for developing methods of thinking and
perception, ‘an innate potentiality for forming, retaining, and
recombining schemata, which is presumably dependent on the
genes’ (Vernon), or ‘the capacity for development, a fully innate
property that amounts to the possession of a good brain and a
good neural metabolism’ (Hebb). Intelligence B is the extent to
which this development has in fact occurred, ‘the intelligent
thinking capacities that have been acquired during infancy and
childhood, which also do not develop fully in the absence of
suitable environmental stimulation” (Vernon). This is the intelli-
gence that shows itself in behaviour, not Intelligence A, which
is hypothetical and cannot be measured directly. Intelligence
tests which present a wide range of problems from different
aspects of everyday life are sampling Intelligence B, and assess-
ing it with an accuracy proportional to the efficiency and extent
of the sampling. Vernon, in fact, suggests that we should also
recognize an Intelligence C, the test score, which cannot hope to
represent Intelligence B perfectly but is always only an approxi-
mation to it or summary of it. However, the important point is
that test score is more closely related to Intelligence B than to
Intelligence A.

This explains the low correlations between assessments of
very voung children and later test performance: in infancy chil-
dren are still in the process of acquiring the basic concepts that
underlie the subsequent level of their Intelligence B. Since men-
tal development is cumulative in nature, the more complex be-
havioural sequences being built on previously mastered simpler
ones, assessments improve steadily with age in their accuracy of
predicting the mature level of ability. Even by age five, test
scores show a fair agreement with scores at age eighteen, pre-
sumably because by age five the child has acquired the essential
vocabulury structure and the basic concepts of his thinking.
After about age seven, the 1Q shows relative constancy: con-
sidering the differences between tests, in content, in method of
administration, and in standardization, it is surprising how
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stable test scores are in this period of childhood. This constancy
of 1Q is partly the result of the relatively standard environment
shared by children in this country. Where the environment
differs hugely from normal, for example among gipsy or canal-
boat children, the assumption of a standard environment breaks
down and tests show a steady decline in the ability of these de-
prived children relative to that of their contemporaries from

‘conventional homes.

Among the main body of children, however, during this
period of compulsory schooling the influence of environment
appears comparatively slight. The reason for this is that IQ isa
measure of relative differences between children at a certain
age, and therefore, within any one cultural group where environ-
ment does not vary widely, IQ mainly reflects heredity. It would
seem that, for the basic development up to the age of ten or
eleven, the ordinary home and the normal contact with adults
provides a growing child with adequale environmental stimulus.
Where differences in home background and cultural training are
extreme, as for example in the comparison of different races, of
negro and white, or even perhaps in comparing upper and lower
socio-economic classes in our own culture, the influence of
environment appears greater in producing the obscrved differ-
ences between individuals. Thus i1 is impossible 1o separate the
influences of nature and nurture : in a group where environment
is fairly standard for all, as among the children in a single family,
the differences are largely due to differences in Intelligence A,
the genetical differences. When canal-boat children or Kentucky
mountain children are compared with cily school pupils, the
contribution of environment appears much larger.

At a later stage, in adolescence and adulthood, environment
would seem 1o play a more important role once again in that the
range of differences in environment increases, both in the form
of higher education and the mental stimulus (or lack of it) in
oue’s job and leisure interests. In fact, the correlation between
intelligence test score and educational attainment rises during
adolescence, until in student selection, as has been mentioned
above, there is close agreement between them.
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The effect of age would appear to be more on Intelligence A
than on Intelligence B. The falling off is in ability to master new
material or elaborate new concepts, rather than in any loss of
well established and regularly practised abilities. The numerous
" ‘phase-sequences’ described by Hebb become autonomous or
independent of the means by which they were originally built up,
so that a decline in the ability to establish new neural bonds,
resulting either from age or from brain damage, has little effect
on the established level of Intelligence B. Thus performance in
vocabulary tests or in every-day problems of the Binet type is
less influenced by age than is performance in tests employing
unfamiliar symbols or patterns. An analogous observation is the
commonly reported experience of mathematical theorists, that
their best original ideas occur in their early work as young men,
and though later they retain their mathematical abilities appar-
ently 1o the full, their rich inventive vears are past. If this proves
indeed to apply also to fields ontside mathematics, the current
tendency to lengthen courses of instruction must become a

matter of concern in the training of research specialists in
science and medicine.

RESERVE OF INTELLIGENCE

This view of intelligence and attainment marks a radical depat-
ture from the old distinction between inborn ability and
acquired information. Such a distinction was implicit in the
attempts to measure ‘pure’ intelligence by ‘culture-free' tests,
and the present theory explains the relative inefficiency of these
tests in predicting school and occupational success. The fact that
intelligence tests are not pure measures of inborn ability but
involve acquired modes of thinking, is not the weakness it might
be thought: for the intelligence we apply to work and studies
and everyday problems is not innate potential but depends on
the conceptual development that has occurred, and this the
intelligence test measures rather well. The really important
questions now are: in what way and at what ages do the various
environmental factors affect the development of the potential
ability determined by Intelligence A, and are these environ-
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mental factors under our control or might they be brought under
control?

About this extremely little is known. The first five years of life
seem to be of crucial importance, and preliminary evidence sug-
gests as influential such general factors as the nature of the home
and family environment, the child's relationship with his
parents, the harmony of his emotional development, the amount
of contact with adults and the extent to which the home stimu-
lates the child's acquisition of vocabulary and his familiarity
with the basic concepts embodied in language. These factors,
together with formal education, seem to be important also in
adolescence, but nothing definite can be said of this stage either.
Nor do we know how far we can improve on the present realiza-
tion of potential ability, or whether existing child-rearing prac-
tices already achieve something near the practicable maximum.
Hebb poes so far as 1o suggest that ‘the country may be full of
potential geniuses, for all we know, and it should be a pressing
concern for psychology to discover the conditions that wil
develop whatever potentialities a child may have’. This sounds
rather over-optimistic, and is reminiscent of the exaggerated
claims of the early behaviourist, Watson. Nevertheless, it should
be remembered that the distribution of ability among eleven-
year-old children revealed by the Scottish Mental Survey is
rather different from the distribution of ability that we see
among adults, and this discrepancy may well be due to the selec-
tive influence of environment on adolescent development.

With the present scarcity of trained intelligence, it is increas-
ingly important to be able to assess the size of the untapped
reserve of intelligence in the nation. It is already known that
early leaving from secondary schools, which deprives the coun-
try of much talent, is also linked to home environment. The
report on Early Leaving (H.M.S.0., 1954) states that ‘from the
grammar school intake of 1946, in addition to about 10,000 boys
and 7,000 girls who took advanced sixth form courses, there
were about 5000 boys and 5,000 girls who had the capacity to
do so if they had stayed longer at school. Of these about 2,900
boys and 1,300 girls would have been suited for courses in
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mathematics and science’ (p. 59). Ten years ago there was con-
troversy about the danger of a decline in national intelligence.
Differential fertility may in fact still be causing a genetical loss
of high intelligence, and from the very long-term point of view
this is not unimportant. But the theory of intelligence that is
described here has opened up new lines of thought and experi-
ment. Like the problem of differential fertility, the problem of
the full exploitation of intellectual ability in the nation is basic-
ally a social problem, and as such not an easy one to solve.

It would be unfortunate if the development of this new
approach to intelligence testing interfered in any way with the
increasing use of intelligence tests in education. Consequently,
it should be emphasized that the earlier evidence has not been
disproved and that there is substantial evidence of the value of
intelligence tests as instruments of streaming and selection. Per-
haps the new approach may help to correct unduly fatalistic
ideas about the unchangeableness of the 1Q: but owing to the
presumably great differences between individuals in Intelligence
A, it would be wrong to build up false hopes, for example, of
raising severely mentally handicapped children 1o anything like
normal standards.

In research, it seems likely that the use of a single assessment
such as 1Q is likely to be replaced by a variety of tests each con-
cerned with separate aspects of intelligence. An individual test
constructed by Wechsler, which is already widely used, gives ten
separate scores which can be combined to provide a single 1Q
but which also provides information on specific aspects. The
difficulty in this is that the reliability of a section of a test is
closely related 1o its length, and {rom ten short sub-tests at least
one of the assessments is likely to be inaccurate. Therefore com-
parison of scores on the separate sections of a test, as is done in
differential aptitude test batteries, has to be made with caution.
Lengthening the tests increases the burden on both the tester and
his subjects.

The next ten years of research on intellipence thus promise to
be fruitful, though the magnitude of the tasks should not be
underestimated.
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TENSION REDUCTION AND
TENSION SEEKING

J.C.ROWAN

THE idea of negative feedback has become firmly established

during the past ten or fifteen years. It is now common knowledge -

that the governor of a steam engine, the thermostat on an elec-
tric iron, and the latest marvels of automation ali work by the
same means — a closed circuit in which negative feedback
operates. And it is further understood, by those who have pur-
sued the matter further, that the mechanism by which the pupil
of the eye expands and contracts, and all the other self-regulat-
ing mechanisms of the body operate, is exactly similar. All these
mechanisms are error-controlled. That is, the measures taken to
restore stability are adjusted in accordance with the distance
from a set norm, and action persists until the norm is reached
and stability restored. Figure 1 illustrates the principle involved.

This frame of reference has been found to be of very wide
application. Sluckin quotes the use of this general concept
{(which he describes as ‘the basic concept of cybernetics’) in the

System
stable
Instability o Action
introduced taken
System
stable | o —
again

Fig. I. Diagrammatic representation of error-controlled action.
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fields of physics, biology, physiology, servomechanisms, psycho-
logy, ecology, and communications.’ ‘The query one may raise’,
he says, ‘is why this way of picturing natural processes is tending
to become so popular.’ Whatever the reason may be, this con-
cept of homeostasis, as it is often called, has become a dominant .
scientific model. We find men like Sir Geoffrey Vickers applying -
it even te human social affairs, and asking ‘Have we, teo, no
goal but stability, no activity but adjustment?™

There is a special form of negative feedback called ‘tension
reduction’, which we shall consider here. It is that form of feed-
back where more than one type of action can be taken to restore
stability.

A good example of this type of feedback is given in Jennings’
description of the single-celled pond creature Stentor.* This
little animalcule lives in a tube attached to the sides of a pond
and spends most of its time eating. If a stream of fine particles is
fed into the water currents coming towards it, it takes avoiding
action by bending to one side. In most cases this is sufficient to
avoid the irritating particles. If this reaction is not successful, it
is usually repeated one or more times.

If the first reaction does not work, the second is used. This
consisted in reversing the movernent that draws ncurishment
into the mouth of the animal, so that the water current is driven
away from it instead of towards it, and the particles are in con-
sequence thrown off. But if the particles continue to come, this
reversal is repeated two or three times in rapid succession.

If this too does not work, the third reaction is tried. This
is to withdraw completely into the tube. All opportunity to
obtain food is lost in this position, however, and the reaction
is only maintained for about half a minute. Stentor then ex-
tends again: its ciliary disc begins to unfold and the cilia to
draw water currents in once again. But now the first contact of
the irritant particles causes it to retreat into the tube at once.
This third reaction may be repeated for ten to fifteen minutes
if the grains keep on coming, and after each confraction the
animal stays a little longer in the tube than it did before.

At the end of this time, the fourth reaction will take over.
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Stentor ceases to extend, but contracts repeatedly and violently
while still enclosed in the tube. In this way the attachment of its
foot to the object to which it is attached is broken and the animal
is free. Now it leaves its tube and swims away, to form a new
tube elsewhere.

This is an elegant example of tension reduction, because it is
simple and yet illustrates the essential principle very well, As
Ashby puts it, ‘the animal is maintaining its essential variables
within the normal Jimits’.* This is just what a thermostat does,
but Szentor has four reactions to the thermostat's one. Whereas
the thermostat merely has negative feedback, Srenror hassecond-
order negative feedback, or tension reduction. Both are goal-
directed,

The biologist and zoologist E. S. Russell has analysed a great
deal of animal behaviour in terms of tension reduction.® He
sums up his findings in this way : ‘The same goal may be reached
in different ways, and from different beginnings; the end-
state is more constant than the method of reaching it." This
emphasis on the variety of ways in which action may be taken
to restore the stability of an organism makes easy the transition
from animal to human behaviour.

Before taking this step, however, it is important to emphasize
that both in the example cited and in the general principles just
outlined, the organism and its environment form a single system
which acts as a whole. If we call behaviour B, the organism O,
and the environment E, we may express this fact in the formula
B=f(0, E), that is, behaviour is a function of the organism and
its environment. This is only rigorously true, however, if we
define the environment in this formula as the effective environ-
ment: as Ashby puts it ‘those variables whose changes affect the
organism, and those variables which are changed by the organ-
ism’s behaviour’. If we take his example of a bird chasing a
butterfly, this is clear at once. The bird’s environment while the
chase continues consists of the air and the buiterfly, and the
butterfly’s of the air and the bird.

Lewin was one of the first to apply this concept in a systematic
way to human behaviour! He showed that the formula
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B=f(0, E) could be applied to human behaviour, and recog-
nized that the effective environment in this instance would have
to be the psychological environment, if it were to satisfy Ashby’s
criterion, With a human being, it is not so much the real world
as it might appear to a perfectly objective observer, but rather
his private world, or the world as it appears to him, that enters
into his behaviour.

We must restate our basic concept, then, by puttiog it in this
psychological setting, if we want 1o apply it (o human behaviour,
This has been done in various ways by workers in this field, A
good general formulation has been made in terms of human
behavijour in the well-known proposition of Krech and Crutch-
field which states that ‘Instabilities in the psychological field pro-
duce “tensions” whose effects on perception, cognition and
action are such as to change the field in the direction of a more
stable structure.”

It is important to remember that the word ‘tension’ as unsed
here does not mean nervous tension, or have any neurotic con-
notation. What we are doing is to use the construct of a system
in tension to represent a need, or anything that functions as a
need, such as a demand or imposition. We can then correlate
‘release of tension’ with ‘satisfaction of need’. Tensions of this
kind usually operate by setling up a goal, and the reaching of
this goal will relcase the tension, while action that stops short of
reaching the goal will leave it still unresolved. For example, if 1
smell burning 1 shall start looking for some explanation, and
shall not be able to forget the matter until either I find the answer
or the smell disappears.

In tension reduction the need 1o regain stability is not alter-
able, but the particular goals that may be set up and may be
seen as answers 1o a specific problem are alterable. Stentor has
four reactions with which to avoid the fine grains, but it cannot
avoid avoidance,

A RIGOROUS TEST

When we are presented with a general concept of this kind, it is
necessary to find some way of discovering if it is meaningful.
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Sometimes, with general concepts, one finds that something
that seems helpful and illuminatiog is in fact really meaningless
and untestable. It is difficult not to feel this about such concepts
as ‘the instinct of self-preservation’, ‘the super-ego’, ‘suggesti-
bility’ and many others, for example, One of the best ways of
testing the meaningfulness of a general concept is to see whether
a machine can be constructed that will exhibit the behaviour
postulated. Another good test is to see whether the system can
be described in mathematical terms.

Where tension reduction is concerned, both these procedures
are somewhat difficult. For example, to construct a machine
that exhibits tension reduction involves giving it that *persistence
with varied effort’ which characterizes the animal! world, and
which has often been held to distinguish it absolutely from the
world of machines.

Nevertheless, the task has been attempted. Sommerhof, in his
Analytical Biology (1950) made some progress, but the most
successful attempt so far is Ashby’s work already mentioned.
He has constructed machines, the first of which was the homeo-
stat, which seem to fulfil what is required, and he has also
carried out the basic mathematical analysis. This work is of the
utmost importance, because if it is successful it means that
psychology, the science of behaviour, has a rigorous mathe-
matical basis for further action and research. Nowhere more
than in psychology has the lack of such a basis been more
damaging, because it left a wide field open for quacks and cranks
of many types. If we can on such a basis build a machine that
exhibits tension reductive behaviour, using various means to
restore stability, retaining those that prove successful, persisting
with different methods if success is not reached by the first, and
s0 on, then we can try out on it all those perplexing problems of
poal-seeking and mechanism, free-will and determinism, which
often prove so intractable when living things are in question.

Let us compare the homeostat with Srenior. In both, the unit
of behaviour will be the molar unit. This is the unit we have been
using all along so far; it is the complete cycle of behaviour as
shown in Figure 2,
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System
stable

Instabili Action
Need >“—— in“t:o.duc':: taken
\—— Molar unit

Fig. 2. Diagrammatic representation of molar unit.

The homeostat has four magnetic units, each with a pivoted
arm which droops into a curved trough of water. When an arm
points to the middle of the trough, all is normal in that unit. A
deviation to either side represents some departure from normal,
and a deviation of more than 45° causes magnetic action to be
taken to restore the arm to its central position.

The feedback circuit passes through three uni-selector
switches. These switches have several positions, and each posi-
tion contains components whose values have been given at ran-
dom. The whole is so arranged that the uni-selectors will change
from one random value to another as long as the magnet de-
viates from normal; as soon as they select a value that restores
the magnetic arm to normal, they stop.

Suppose we start off a cycle of behaviour by changing the
input 1o one of these units. The unit will respond; the arm will be
deflected past its critical position of 45° and this will bring about
a uni-selector change, If the new value fails to restore the
stability of the circuit, a second value is tried. This is 2 random
change, so is no better than the previous one; it is merely
different. If stability is still not reached, a third value will be
tried, and then a {ourth. Let us suppose that the fourth value
restores stability, and the magnetic arm returns to its central
position. The molar unit is now completed.
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Compare this with the description of Srentor. In both a dis-
turbance is introduced by the experimenter. In both different
responses are used, and in both action ceases with the first
response found to be successful. In both the responses are of
step-function type, that is, one type of behaviour is changed to
a quite different type of behaviour. In both the succeeding trial is
not specially related to the preceding, nor is it better than it, but
only different. For example, in Stentor the first and second re-
actions may be reversed. And in neither experiment do we know
precisely how the successful reaction has been reached, though
we do know that action will persist until such a reaction is
attained.

This Jast point is particularly significant. With a homeostat,
the experimenter does not know what values will be hit upon
by the uni-selectors, though he does know that they will keep
on changing until a suitable value is found. When the molar
unit is completed, the only way he can find out how the homeo-
stat reached stability is by examining the inside of the machine,
much in the manner of a dissection. The homeostat, too, cannot
avoid avoidance.

THE BASIC ASSUMPTIONS

Those who have used this approach to the study of machines
and organisms have tried to achieve thereby increased rigour in
the description of behaviour. In doing so, they have found it
possible to be extremely rigorous provided that they held to
cerlain basic assumptions: (a) the organism and its effective
environment form a single dynamic system: (b) this system ex-
hibits tension reduction; and (c) in analysing its behaviour, the
molar unit must be used.

This approach has led to some of the most interesting and
rewarding work being done at present in the ficld of psychology.
The most adequate statement of the approach is probably that
found in the work of Krech and Crutchfield already quoted;
their account of perception, for cxample. is one of the best
expositions to be found in the literature. If we abandon any of
these three assumptions, we shall lose our rigour, and, in particu-
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» lar, any possibility of retaining our mathematical description.
For example, if a molar unit has not reached its end-phase, we
cannot yet call it a molar vnit. it only becomes a unit, and hence
a tool of analysis, if it is completed.

Difficulties

‘In every case what is happening is essentially an attempt to
restore equilibrium to a system of activities which has beea dis-
turbed.” That is the position. We have given one or iwo ex-
amples already. But let us look at a rather different example.

Men will often work extremely hard to aftain positions of
greater responsibility. Such men are obviously moving in the
direction of tension increase rather than tension reduction. It
may be true that as each new problem presents itself it is dealt
with along tension reductive lines, but it seems difficult to regard
the seeking after such problems in the same light. And this type
of activity, which we may call tension seeking behaviour, is very
common. The young man going alone to a dance, the young
woman enrolling for a difficult course, the scientist seeking for
instances that would disprove his hypothesis, the man setting
O_ut to climb a mountain, are all, in their various ways, choosing
Situations in which their tensions will be increased.

Can we get over this difficulty by making a distinction be-
tween different orders of molar units? Can we retain our rigour
by Postulating a hierarchy of molar uaits, in which the smaller
units find their places within a structure of larger units? Muen-
zinger thinks that we can,’ and indecd it does seem that in cer-
tain instances this distinction will serve well enough. If we lake
the first of the examples just given — the man seeking greater
responsibility could be described as having the goal of an ade-
quate salary. Such a salary would be an answer to the major ten-
sions now bothering him, and the reaching of this goal would
mean to him an overall decrease in tension. In this context the
tension seeking behaviour would be understandable and would
fall into its place within the more comprehensive unit,

But supposing that he never does reach an adequale salary?
Much of human behaviour is dominated by goals that are never
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reached, and even some that are in principle unreachable, such »
as those sought by some saints, scientists, athletes, artists, poli-
ticians, and reformers. It seems that introducing larger units is
no way out.

More Difficulties

Whether or not we introduce larger units, we are still left with
a set of problems by no means peculiar to human beings. These
problems are well illustrated by the work of Beach, James,
Thompson, Heron, and Melzack on early environment.'®
Scottie dogs were kept in closed boxes from the time they were
weaned (4 weeks) to the age of 7-10 months. Each box had two
compartments and one dog. The box was opaque and the dog
could not see outside. Figure 3 shows the experimental set-up.

Compartment A ! Compartment &

Sliding door

Fig. 3. Representation of arrangement used in rearing dogs.

Each day food was put into the compartment B, the sliding door
opened, and the dog went in to eat; the sliding door was closed
again, and compartment A cleaned out. Afterwards the sliding
door was opened again, the dog came back into its living-room,
the sliding door was closed, food-pans removed and all was
ready for the next meal-time. Thus for six to nine months the
dog never saw or smelled the outside world, or another dog, or
its own keepers.

At the end of this time the experimental dogs were et out and
given various tests, the results of which were compared with
those of another group of dogs (the other halves of the same
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litters) which had been reared in the ordinary way by Montreal
families,

In common with most dogs Scotties are normally fairly
sociable animals under certain conditions. To test what differ-
ence the experiment had made on this attitude, the experimen-
te'rs put in a large room two dogs, enclosed in separate chicken-
wire pens, They then released into the room one of the normal
dogs. It would usually approach one of the pens, stare at the
ot'her dog inside, bark and wag its tail. Then the experimenters
trled. letting in one of the restricted dogs instead. But the
festricted animal would usvally ignore the pens, and would
spend his time exploring the room. This type of behaviour,
amounting to a lack of interest in companionship, did not dis-
appear rapidly, but persisted for years after the termination of
the experiment.

ere was no lack of vitality in the experimental dogs - in
fact, when visitors were asked to point out which were the
HO.rmal and which the experimental dogs, they would usually
point to them in reverse, because the formerly restricted dogs
were so much more lively and playful.

YeF their behaviour was far from normal. They were more
emotional, less intelligent, more curious, less able to avoid pain,
more submissive, and generally more immature than normal
dogs, and many of these effects were persistent.

Now the main difference between the normal and the experi-
mental dogs was the variety of different tension situations that
the dogs experienced. The normal dogs had a rich and stimulat-
Ing early environment, and experienced a multitude of tensions
of various kinds, while the experimental dogs had a bare and
uneventful life, with a far more restricted range of tensions. It
looks as though animals actively nced tensions, if they are to
become reasonably normatl adults.

'Not only is there this general need for tensions, but at a cer-
tain stage in the life of an animal a particular source of tension
may be vitally necessary, and if it is not provided at that stage its
loss may be irreparable. For example, Scott, Fredericson, and
Fuller report how a lamb has only to be removed from the
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society of other sheep for the ten days immediately foliowing
birth, and it will never afterwards follow the flock or become
strongly associated with it."" Both in the general and in the par-
ticular ways mentioned animals need tensions, and higher
animals need them more than any others.

TENSION SEEKING

Itis by resolving tensions that a man develops his life capacities.
Krech and Crutchfield recognize this when they say ‘Most block-
ages can, as a matter of fact, be regarded as beneficial and adap-
tive, for they energize the individual's efforts toward achieve-
ment of his goals and cause him to reorient, learn and grow.’
If an individual has various reliable mechanisms for actively
seeking out tensions, his abilities will develop so much the faster,

Muenzinger’s findings with rats are also relevant here. He
made rats choose between two alternative paths to get food,
using the ordinary discrimination-box technique. He used hun-
ger as the motive, and noted the number of trials before the
correct path was consistently chosen, and the average number
of errors. Then he added a further element in that the rats were
punished, by a mild electric shock, whenever they made an in-
correct choice. And then he made a third series of experiments
in which the rats were punished instead each time they made a
correct choice.

Now on the basis of the tension-reduction theorem we should
expect, it is fair to say, that the rats would do best on the second
experiment, less well on the first, and least well on the third. Yet
here are the results actually obtained :®

Test Al;c;r:rg;e Trials
Hunger-food motivated 30 114
Hunger-food plus shock for wrong
choice 11 39
Hunger-food plus shock for correct
choice 14 43

It seems here that increased tension, far from creating a block-
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age, actually made learning easier, whether it was applied for
wrong choices or for right. Once again tensions seem to be play-
ing much more than a merely negative part.

With all we have said so far, it does seem as though tension
seeking is as important as tension reduction in accounting for
behaviour, particularly in the higher animals, and most of all in
man, Yet the scientists who have done so much to clarify our
ideas by means of the concept of tension reduction have not
always treated this side of the matter adequately. They have
tended to treat the tension as given, by some limitation arising
internally or externally, and 1o devote their main energies to
describing how it is dealt with.

It is certainly true that Krech and Crutchfield do try not to
leave tension seeking out of account when they say that ‘the
Successive states of equilibrium in the psychological field are
not static but constantly changing, often towards progressively
higher levels’, Snygg and Combs, of the so-called ‘phenomeno-
logical school, try ta escape from the difficulty by introducing
the concept of ‘self-enhancement’,’® but neither of these ap-
Proaches seems to be reconcilable with Ashby’s rigour. Both
Suggest an afterthought grafting on something that ought not to
be left out of account, rather than treating tension seeking and
tension reduction as equal in importance. Yet advance in this
field seems to depend on this problem being solved.

The Problem

What approaches are being made towards its solution? We
have already mentioned two lines of rescarch that have pro-
duced interesting results, in the Canadian work on dogs, and
Muenzinger‘s work with rats; work similar to the latter has also
been done with human beings both by Muenzinger himself and
by H.F, Wright,'* who showed that under certain conditions the
presence of a barrier 1o a goal intensified effort.

In the ficld of cybernetics proper we may remember W. Grey
Walter's Maching specularrix, the litde tin tortoise that runs
about actively exploring its environment by means of a photo-
electric cell receptor so arranged as to be constantly scanning
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the whole horizon.'* The receptor is on top of the machine, and
rotates continually. When this machine sees a light, it goes
straight towards it, but otherwise it explores the environment
looking for light. Here at least, then, is 2 machine that does
go out and look for experience and does not simply react to
incoming stimuli.

Curiosity is a type of behaviour which is itself worthy of
further investigation. The work of Butler and Harlow at the
University of Wisconsin and of Welker at the Yerkes Labora-
tory'® show that curiosity in rhesus monkeys and in chimpan-
zees is as reliable 2 motive as hunger, thirst, or the avoidance of
pain. Curiosity in these animals varies somewhat with the object
involved. Experiments in discrimination were made using as a
reward not food, as with the rats mentioned earlier, but simply
the opening of a shutter so that the monkeys could see what was
on the other side. The discrimination was learned quickest when
another monkey was seen through the shutter, and only slightly
less quickly when an electric train running on a curved track
was seerl. A bowl of fruit was less potent, and an empty room
less still, though it was still effective.

In this and other tests, young monkeys and young chimpan-
zees consistently showed more curiosity than older ones, per-
sistence sometimes being remarkable: in one test where the
taking apart of a mechanical puzzle was the only reward for
solving it, the experimenters reassembled it every six minutes,
and the monkey went on taking it apart again for ten hours ‘at
which point the experimenters, rather than the subjects, had had
enough’. It seems that spontaneous curiosity is a stronger motive
than has sometimes been thought.

Tension seeking behaviour is not to be identified with curi-
osity, of course. Light is thrown on it, too, by other types of
behaviour, of which one example is to be found in the water
flea, Daphnia. ). L. Brooks in experiments in America showed
that those species of Daphnia which under normal conditions
grow large helmets fail to grow them in the laboratory tank
unless a random turbulence is imparted to the water.** And s0
we are back to Ashby’s suggestion that the concept of random
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stimulation and activity has a leading part to play in the under-
standing of adaplation and development.

CONCLUSION

It is not sufficient merely to collect information about tension
reduction and separate information about tension s.eekmg and
then try 1o put the two logether. What is needeq is a model.
or a set of concepts, in which both forms of behaviour can ﬁnd
an honoured place. The insight which the concept of tension
reduction has given us is a permanent addition to our equip-
ment, and no one could wish to throw it overboard. What the
present writer has tried to do is to exhibil some iypes of be-
baviour that will have to be adequately explained by the more
comprehensive theory that we are awaiting. The work continues.
When it succeeds, or rather in that measure to which it succgi{dS.
we shall be able to build a machine that behaves like a living
organism. More important, we shall be able to understand better
what makes an individual or a group function in a h.eaﬂh_y and
well-adjusted way, and we shall be better able to help individuals
and groups who are sick or disordered.
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SEMI-CONDUCTOR
P-N JUNCTION DEVICES

R.D. KNOTT AND J.1. MISSEN

SEMi-conDuCTORS are solids which are insulators_ at a tem-
Perature of absolute zero but which conduct clectncny by the
Passage of electrons at normal temperatures. Germanium and

- ilicon are the two semi-conductors of major practical impor-

tance in p-n junction devices.*

ELECTRICAL CONDUCTION BY SEMI-CONDUCTORS

An understanding of electrical conduction in semi-cpnd}xct-t')rs
¢omes from g knowledge of the form of inter-atomic binding
in perfect crystals. Both silicon and germanium are tetravalent
el':l’m.-.nlS, with four electrons in the outer shell; these valepcy
electrons are the important units in electronic and chemical
Processes, The remaining inner electrons are bgund Io' the
Ducleus giving a siable, positively charged atomic ‘core’. At
absolute zero in the lattice structure of a perfect semi-con-
ductor crystal every atom is bound to its four neighbours, each
bond comprising two electrons, one from each of the two
atoms that are bound together. All the valency e.lectrons are
Used up in these stable covalent, or electron-pair bonds; in
fact the clectrons in them can be considered as lhe.stmgtural
Units that hold the crystal together. This conc?ilion is sa.t:sﬁed
in the diamond crystal lattice, in which a typical atom is sur-
founded by four neighbours placed at the corners of a regular
tetrahedron, as shown in Figure 1.

As the temperature is raised, sufficient energy transfn.ar occurs
to break some of the covalent bonds and under the mﬂuenc_e
of thermal agitation the electrons that are ejected from their

* For definition of a p-D junction see p. 101,
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Fig. 1. The crystal structure of a semi-conductor showing how it
forms four covalent bonds with its ncarest neighbours.

sites in the lattice migrate in a random manner in the crystal.
Further, the ‘holes’ that are left in the bonds by the removal
of the electrons behave as positive charges. They also can
move about in the cryslal as a result of the reciprocal motion
of electrons in the valency bonds. The number of ‘electron-
hole’ pairs produced increases exponentially with temperature,
their density at any particular temperature depending on the
semi-conductor under consideration. It is greater for german-
tum than for silicon.

When an electric field is applied ta a semi-conductor, the
ejected electrons drift in opposition to the field and the positive
holes in the direction of the field: that is, they add together
to give a conventional electric current in the same direction
as the field, as shown in Figure 2. On reducing the temperatlure
once more, electrical conductivity decreases. This is brought
about by recombination of electrons and holes because, if an
electron drops into a hole, both the electron and the hole dis-
appear and the bond is completed. Other processes may pro-
duce clectron-hole pairs, For example, a light photon falling
on the crystal can give up its energy to an clectron which is
then ejected from its boand.
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Electsic bicld

— Hole current
— Eloctron current

4+ e Dritt of holes
- Dritt of electrens
Fig. 2. Drift of holes and excess electrons in an clectric field (the
figure is a plane diagram of the diamond lattice with the covalent
bonds represented by lines).

Conduction by equal numbers of electrons aad holes is
termed intrinsic conduction. In practice this effect is usually
Outweighed by a second process known as exrrinsic, or im-
purity, conduction. The latter can arise as a result of the
deliberate introduction of small numbers of either pentavalent,
or trivalent, impurity atoms into the crystal lattice of the semi-
conductor. In the first case each impurity atom displaces a
semi-conductor atom from its site and uses four of its five
valency electrons to complete covalent bonds with its neigh-
bours. The fifth electron is free to act as a current carrier at
hormal temperatures, while the impurity atom remains as an
immobile positive charge. Conduction due to pentavalent, or
‘donor’ impurities, for example, arsenic, is thus due to excess
electrons and is termed n-type conduction. In a similar way, a
trivalent atom is unable 1o compiele the covalent siructure
around it. The vacancy, or hole, can be filled by an electron
from an adjacent bond 1o give a ‘hole current’ at normal
temperatures. Conduction in this case is ref :
Conduction agg the ympurity atoms as ‘acosf

this tym& - ‘f." r e N ‘.
s

NSoo — LA
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N- and p-type conductivity is illustrated in Figure 3 and °

the various terms already discussed summarized in Table 1.
Eloctric field

notype P-type

Fig. 3. Extrinsic or impurity conduction in n- and p-type semi-
conductor.

THE P-N JUNCTION

An intimate juaction between p- and n-type semi-conductors
forms a rectifying barrier. Such junctions occur when a piece
of semi-conductor has a variable concentration of donor and
acceptor centres so thal a transition from p- to n-type takes
place in a continuous single crystal. Merely placing two pieces
of semi-conductor of opposite conductivity together does not
constitute a p-n junction since layers of surface oxide, rough-
ness, and other factors prevent its formation.

Figure 4 shows a p-n junction under thermal equilibrium
and bias conditions. Since the ‘hole density’ is greater in the
p- than in the n-region, holes tend to diffuse to the n-region; a
tendency that is prevented by an electrostatic field so arranged
as to make the potential more positive in the n-region. Some
holes will acquire sufficient energy to climb this potential hill
and diffuse into the n-region where they recombine with elec-
trons. This hole current is exactly balanced by the rate at
which thermally generated holes diffuse from the n- to the
p-region. A similar situation holds for electrons. When a nega-
tive potential is applied to the p-region, the height of the
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potential barrier increases so that a negligible number Of. holgs
surmount it. Hence, the hole current into the _n-region i
practically zero. The hole current from the n-region is, hqw-
ever, substantially the same as in the unbiased state, dcpend%ng
only on the thermal rate of generation of elcclron-h_ole pairs.
Hence the reverse hole current reaches a small limiting value,
that is, it saturates. Precisely similar comments apply to the
electron flow under reverse bias.

TABLE 1

Conductivity type: n-type p-type

Conduction by: Excess eiectrons | Holes

Full or valency
band

v ——

Energy band in which

. Conduction band
carrier moves:

Sign of carrier: Negative Positive
o —
Valency of impurity 5 3
atom :
Name —of  impurity Donor Acceptor
atom;
Typical impurities: Phosphorus P Boron B
Arsenic As | Aluminium Al
Antimony Sb Indium In
Gallium Ga

In the forward biased condition, positive potential is applied
to the p-region, the hill is diminished in height, so a large hole
current flows over it into the n-region, and a large electron
qurrent into the p-region. ) o

The current-voltage characteristic of a typical p-n ju_ncuon is
shown in Figure 4. To complete the discussion of its form,
mention must be made of the ‘breakdown' that takes place at &
critical reverse bias. This occurs when charge carriers reach
sufficiently high energies in the barrier region to eject further
electrons from the valency bonds. The result is an avalanche
effect similar to ionization in a gas discharge tube.
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Fig. 4. The p-a junction under equilibrium and bus conditions, and
a typical characteristic.

THE JUNCTION TRANSISTOR

In the junction transistor two p-n junctions, the ‘emitter’ and
the ‘collector’, are formed in a piece of semi-conductor. The
centre region between the two junctions, or ‘base’ region, may
be of either conductivity type, giving rise to a p-n-p and n-p-n
transistor structure depending on whether the base is n- or
p-type. We shall discuss the p-n-p unit, which is shown diagram-
matically in Figure 5, together with the bias supplies which
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activate it as an amplifying device. Bearing in mind the duality
of electrons and holes, a similar treatment can be applied to the
n-p-n transistor.

Base
Emitter Coltector

« BlE o

L

Fig. 5. The p-n-p transistor biased to act as an amphilying device.

When the collector is negatively biased it has a high impe-
dance so that only a small electron current flows to the base.
If the emitter is now biased slightly positive it injects holes into
the base region. Under the influence of the collector field these
Migrate towards the collector and, provided that the base region
is suitably narrow, substantially all of these holes will reach,
and be swept through, the field, to be collected as an increment
of controlied collector current.

The variation of collector current in response to a change in
emitter current at a fixed collector bias is called z the current
gain. In the junction transistor 2 approaches unity but, generally,
does not exceed it. Because of the finite time taken by the charge
carriers to travel from the emitter to the collector, the value of
a decreases as the frequency of the signal being amplified is in-
creased. It is customary to use the term alpha cut-off frequency,
or fa, for the frequency at which a has decreased to 0.7 of its
value at low frequency.

As an amplifying device, the transistor may be connected in
the three basic configurations shown in Figure 6. These are
designated the common base, common emitter, and common
collector configuration, and correspond approximately to
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Emitter Collsctoe -
Base .

Transistor symbol
{a} Common base (b) Common emitt
connexion connezio:l oo« Cnml:::n::::::m
b= 1'2mA
70
I = 1+
0 b = 10 mA
50 Ib = 08 mA
40- / b = 06 mA
(mA}
304 I
zo_/——— = 04 mA
10- Ib=02mA
/] T 1 1
10 20 30
Volts
(d) Collactor current/collector voltage "

characteristics for Incr ts of base

Fig. 6. Transistor circuit configurations and characteristics.

grounded grid, the conventional grounded cathode, and cathode
follower circuits in thermionic valve terminology.

In discussing transistor action, the common base circuit con-
figuration was described. If now the common emitter circuit is
considered, the signal current (i) into the base can be regarded
as the difference between the emitter current (j,) and the coi-
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lector current (ic). Then the ratio of collector to emitter current
ic/l':= a and b= (ig-fc)
oL iy=al(l—2) =2

Typically « may have a value 0.98 whence ax=49. 'l:hus, it
a transistor is operated with emitter earthed, and'a s1gnal is
applied between base and earth, a current amplification of
nearly 50 is possible for a typical « of 0.9.8.

The input resistance of a mmsisto;: in common ba§e and
common emitter connection is low, while the m{tput resistance
is relatively high. Power gain occurs in the transistor due to the
effective transfer of current from the input' to the output. Hence
we get a considerable power gain even in tt?e common base
amplifier where s is approximately one. meg to the much
higher current gain of the common emitter amplifier the _overall
power gain is greater than that of the common t.>as_e am'pllﬁer. In
the common collector amplifier th'e voltage gain is umty-or less
although a current gain of approxlma.lcly aes can be obtal_ned S0
that considerable power gain is possible. In common with the
cathode follower, it presents a relatively high !nput impedance
and low output impedance. At low frgquencms the common
emilter arrangement is used when mz?xlmum power a‘mphﬁca.
lion is required. At higher rreq.uenmgs the position is not so
clear because a., varies more rapidly with f!'equencfy th_an doe.s a.
The seriousness of this depends on ihc p.amcula.r circuit apphf:a-
tion and the exlent to which such circuit tgchmgues as negative
feedback are applied. However at frequencies hlgher thaq a‘bout
0.3 fe, it is often found that greater and more reliable amplifica-
tion can be obtained by using the common base arrangeme.n?_

In Figure 6(d), transistor characteristics are .shown smns
collector current/collector voltage characteristics for 11:|c|:e-
ments of base current. A,similarity 1 pentode characteristics
may be noted. Transistor characteristics have the advantage of
high linearity and of permitting operation to low col]ectqr volt-
ages. Transistors can be used at supply voltages of as ht't]e as
0.15 volts although it is general practice to_use a volt:?ge in the
range 1.5 to 24 volts, depending on the particular application.
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PRACTICAL P-N JUNCTION DEVICES

In order to produce a p-n junction device, the piece of semi-
conductor that is used must be part of a high quality single
crystal which has an accurately controlled impurity content. It
cannot be perfect in the sense described earlier, but it must be
free from major defects of the type that are found in many
natural crystals. Conductivities of from 0.02 to 2 reciprocal
ohms per centimetre are used in devices and these correspond,
in n-type germanium for example, to a ratio of impurity element
to germanium atoms ranging from about one in 1,000,000,000
to one in 10,000,000.

The key process used in achieving these very high states of
purity is zone refining. In this process, a narrow moltea zone is
made to traverse the length of the ingot as a result of which
the impurities are segregated at one end. This contaminated end
portion can then be cut away leaving an ingot of high purity,
polycrystalline material, This is re-melted in a crystal growing
unit and the correct quantity of p- or n-type impurity added. A
seed crystal is then dipped into the melt and withdrawn slowly
so that a large single crystal grows from it. In this way crystals
weighing more than a kilogramme have been made.

The three most important methods that have been developed
for producing p-n junctions and transistors are as follows:
(a) changing the impurity type during the growth of the single
crystal, which may then be sawn up into units of the desired
size; () the alloy method, in which a layer of opposite condue-
tivity type is redeposited on a wafer of semi-conductor from an
alloy of the semi-conductor and impurity element produced in
situ; and (c) by solid state diffusion techniques, in which the
semi-conductor is exposed 1o the vapour of an impurity of the
opposite conductivity type.

An example of a junction made on n-type germanium by the
alloy method, using indium as the p-type impurity, is shown in
Insets 15 and 16, To form this junction the germanium wafer and
indium were heated in a hydrogen atmosphere to S00° C and
then cooled slowly. As the temperature increased the indium
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melted and formed a liquid indium-geqqanium al}oy ‘.wh{ch, on
cooling,redeposited a thin layer, containing _sufﬁcnent 1;1d1um to
make it p-type, as a conlinuation pf th? ong}l?al cry_sta . i
To complete a p-n junction rectifier, ohmrf: , that :is r;\on-; o
fying, contacts are made to the p- and n-regions and the :e n‘tial
hermetically sealed in a container. H_ermeuc_sealmg is els fial
with all crystal devices because theul' elect;{cal pro};:er ies wre
impaired even by minute traces fof impurities, such as wate
i-conductor surface. o
WIT:;;::': ;‘;‘;ﬂconductor rectifiersis now availal_ﬂe “{lth r]lunc-_
tions of 'up to one inch in diameter. A range of devl;;:es ;s shown
inInset17. Atthereara waler—cqoled rectifier capable o paszm'g
currents of some 100 amperes !s shown. In the _foregrogré is
shown a selection of smaller silicon and germamur: rc;tl gl?,
and transistors capable of olxlnput po?':;s of hundreds of miili-
s in push-pull connection.
Walt: Itl(::el‘:a::i‘:tor ge!d there are three imerdependent design
criteria, namecly: maximum power raling, upper freguency
limit. and maximum operating temperature. Power rating dei-
pcnd's primarily on the rate of.ﬁow of heat away fl:ot:n the col-
lector junction. In power Lransistors that l'fave to dissipate heat
equivalent to several walls, thevcolleclor is usually cguplgd to
a heat sink by way of the container that holds'lhe c.lewce. Heat
flow then depends on the area of the c_ollector ]Ul‘lCthn.:maﬂ;r
transistors rely for cooling ogd conduction of heat along the leads
hree electrodes.
cowﬁfﬁﬁc‘fe?;;g frequency the v_alge of the curreql gain de_.
creases, thus giving a frequency limit for the tranmsfor, Thls
frequency limit is affected by lhg area of the co_llectf)r junction,
the base wfdth, and the mobitity of the carriers in ?he base
region. To achieve a high cut-off 'frequcngy, small junction area, -
narrow base width, and high carrier mobility must be cpmbm;d.
The last is a property of the semi-conductor, germanium being
preferred to silicon in this respect. As an examp_le of the other
two variables, germanium p-n-p trqnsxstors w1th_a collector
diameter of 0.005 inch and a basg width of 0.001 mc_h can be
used up fo about 1 Mc/s. Toachieve 500 Mc/s, the highest yet
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claimed, 2 collector diameter of 0.0015 inch and a base width
of 0.00006 inch are necessary. This is outside the scope of all but
‘the solid state diffusion techniques.

With regard to maximum operating temperature, silicon has
a marked advantage over germanium, 150° C being possible
compared with 85° C for germanium.

APPLICATION OF SEMI-CONDUCTOR P-N JUNCTION
DEVICES

A tree showing some applications of p-n junction devices is
shown in Figure 7. Point contact devices have not been included

since they were the subject of an earlier article in Science News.

The p-n Junction Diode

The junction diode forms a very large branch of the semi-
conductor tree. It possesses a number of very desirable features.
Reference to the characteristic of a germanium junction diode
in Figure 4 shows that it approaches closely 1o the ideal rectifier
in behaving like a switch with very low resistance in the forward
direction, and very high resistance in the reverse direction, and
that it is capable of withstanding a high reverse voltage. Com-
pared with germanium, a typical silicon junction diode would
exhibit a slightly higher forward resistance, but would possess
a reverse resistance of many megohms and would withstand 400
volts or more in the reverse direction, It would also be capable
of operation at higher temperatures. As a result of the low for-
ward voltage drop, particularly in germanium, p-n junction
diodes are very efficient as rectifiers for converting

; ' ta alternating
into direct curreat. This is particularly marked in low voltage
high current supplies, where in the past, using selenium or

. mercury-arc rectifiers, the forward voltage drop across the recti-
fier circuit was an appreciable fraction of the D.C. voltage across
the load. However, for rectifying at higher voltages, p-n diodes
show considerable advantages over selenium rectifiers, since
they will withstand higher reverse voltages, so that fewer are
required in series, thus permitting higher efficiency.

Finally, one very desirable feature of P-n junction diodes is
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the fact that they do not ‘age’. Ageing normally presents itself
as an increase in forward resistance with time, which causes
efficiency to drop and ultimately results in diode failure due to
overheating. Hence p-n junction diodes should operate for many
thousands of hours without failure,

Such devices will in future be used in a large number of
applications as replacements for thermionic and selenium
diodes. Thus the average domestic TV receiver uses approxi-
mately ten diodes for general circuit use and as power supply
rectifiers. Up to the present, these diodes have been small thermi-
onic types with point-contact germanium diodes as detectars,
and selenium rectifiers for the H.T. supply. It is expected that
replacement of the thermionic diodes by p-n diodes will ulti-
mately reduce assembly costs, and result in greater reliability.
Replacement of the selenium rectifier should provide greater
efficiency and result in fewer faults, since the p-n junction recti-
fier is not subject to ageing. More complicated telecommunica-
tion equipment and computers require p-n junction diodes in
large numbers.

High current applications for rectifiers are possible in such
processes as plating, battery charging, and various electro-

chemical techniques. However a number of problems in the use

of semi-conductor rectifiers still present themselves, such as their
operation in series and parallel and the protection of the diodes
against short circuit and overloading. Protection against exces-
sive currents is more difficult in circuits using p-n junction
diodes for two reasons. First, owing to their lower forward
resistance, less current limitation is provided and a higher
current can flow under short circuit conditions. Secondly, as a
resutt of their smaller junction area, and hence smaller size, their
thermal capacity is very much less than comparable selenium
rectifiers. Hence if the output from a p-n junction rectifier is
short-circuited, the rectifiers may be destroyed due to excessive
temperature rise in a time of the order of twenty milliseconds or
less. This conligency can be guarded against by the use of suit-
able fuscs and other circuit breakers and, possibly, also by re-
design of the supply transformer.
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. Before leaving the topic of junction diodes, some of their

other properties may befmlc]ntionet.il.1 ;)Cl:ieo :f itsh;;n;);to 121-2:::::::
idi ies of the p-n J . :
;l:g;l:‘.i:ig. l‘;'l::i‘:e:as briefly mentioned ear!icr; nli-esult‘st in the
junction acting as a source of e.m.f. when l.xght fal s gn it. -

The phenomenon may be used as thi:::ssiz fr(: :yl:;g; : :g::;jﬁln;

i re the resulting current operd

?::r:xcm‘?r::. if the device is suixably.deSI‘gncd anf::i of la:;g:r::e:f,
it may be utilized as 2 ‘solar ba;tcry which p_rov1 es aCh arce of
power when sunlight shines on it. In suony c}:mates I:'u devices
offer great possibilities and ‘solar batteries have em;t psed §
the U.S.A. as HT. supply for telephone repeatel_'s, pab! i y
in isolated locations where power costs are cons.ldera e. They
i 30 watts per square metre of junction area, at an
oy _PrOdUCtt‘: ver ten per cent. The nuclear battery utilizes_ the
eﬂimency: oed in a p-n junction when radio-active paruc_:les
N huc'unction. These particles produce an effect similar
g ?lxhal they cause holes and electrons to surmou_nt
;gcp::::::ial]nbarricr. Potentially a battery with a very long life
should be p0s51bll:- -products of nuclear fission, such as stront-
i Fu“hermo:: u:ed as a source of the radio-active particles so
a9 mayuld be kept smali. Atthe present time, however, such
th;l ey ‘l:so not a practical proposition since the bo'mbardment
:)f :l:;cj?nction causes dislocations in the crystal Jattice.

The Transistor . ]
The other jmportant branch of thc.scmx-cond'uclor tree is tt;at
of the junction transistor, Some of its progertles have alrea_ y
idered. Other advantages of transistors are small size,
Seen c;onsn and instant operation on switching on. Probably
el nests'anractive feature, however, is their high reliability.
the";;“msesmt time the main limitations of transistors are their
g; :’ ﬂcit;;rto operate at very high frequencies, and _trhhe rather
limited amount of output power they can pand]e. 'ere are,
however, a large number of important situations 10 which satis-

factory performance can be obtained. At high ambient tempera-
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tures the life of transistors is reduced, but the safe maximum tem-
" perature for continuous operation is being increased gradually.
Although there is some variation of electrical characteristics
with temperature, this can be overcome by fairly simple citcuit
techniques. In order to overcome the limitation on output power,
considerable interest has been taken in the design of Class B

push-pull amplifiers. These are more efficicnt than Class A

amplifiers and enable larger output powers to be handled; the
reason for this is that power limitation is really set by the
amount of power actually dissipated in the transistor. If the
present-day difficulties of frequency and temperature are con-
sidered, germanium transistors are limited in application to
lower and medium frequencies in reasonably cool locations.
They are already finding considerable application in hearing-aid
amplifiers and broadcast receivers. It is believed that all present-
day hearing-aids produced in the U.S.A. use transistors. In the
field of radio they are likely to be used initially in portable re-
ceivers, and in automobile receivers, where the 12-volt accumu-
lator may be used as a direct H.T. supply.

Another big field of application for transistors is in electronic
computers, and for industrial control where advantage is gained
from their reliability and circuit mancevrability. Also, their low
power consumplion is an advantage when a large number of
devices have to be operated. The photo-effect in semi-condue-
tors may also offer possibilities in the shape of a photo-transis-
tor. This is a variation on the photo-diode and makes use of the
change in current of a p-n diode, which is biased in the reverse
direction, when light is incident on it.

The advent of the transistor has provided science with an
amplifying device that has the mechanical simplicity and
ruggedness of a resistor or capacitor, and without the complica-
tion of auxiliary power supplies such as are required in the
magnetic amplifier and the thermionic valve. As a consequence
a number of new applications may be found for it, where previ-
ously other devices were considered unsuitable on account of
their bulk, expense, ot inadequate reliability,

THE PREDICTION AND

‘DISCOVERY OF THE NEUTRINO

" A.W.HASLETT

ini status of a hypothetical, but
AFTER reltlam:::%ufiﬂ';f‘ iﬁ:ﬁ;r :geutrino seems at last to have
e o gZdu The ‘ﬁrst suggestion of its existence was made by
wai de'ecPaL'nli in 1931 in order to explain the observed facts
s f radioactivity, that in which electrons are emnte.d.
of one f'o e 1 the neutrino has become one of the :sscn.ual
In the mlen:dem physics. Yet its detection as a free particle
entitics of m mained impossible but for the developme_nt of
woulc} have re' even to devise and carry out an cxper_:m_ent
atomic cne];gy.:eld evidence not dependent on wishful thinking
which wou ylrican physicists three vears. Those responstble
hasFLa );:;;n‘:smé L. Cowan,and others of the Los Alamos Scien-
areF. , L. L. |
tific La‘?omw?’l;:t:::::n;r;dg:g[oe: and confirmation can Pe
Th?’ s lained by the largely nebulous quahnes' 'W'lth
suﬂ.‘memly b tical neutrino was endowed. Notonly wasit, like
which the theare sed (0 have n¢ electric charge — the properly
the.neutron, sutlr::l::racks of most nuclear particles to be foltowed
which enalﬂc; here uplike the neutron, it was supposed to have a
- butalso, a0 :uhen at rest. No other properties were assigned
negllglble mos eeded 1o balance the equations written by physi-
to ltt bui:,ttl;oeszrns: place in terms of energy, but later also in terms
cists — i .
of spin. L';ﬁ“ M:tg Ul:l;:::::l:: tby radioactivity and referred to
b'l‘he j;s iﬁaty whereas alpha particies .and beta rays, when
: qvc £ ;; nucleus, are emitted with a definite energy
emiited ‘:::;1 of the emitting nucleus, beta particles (electro_us)
:l:z:ﬁti:t:d with a!l energies less than a certain maximum, which
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maximumalone is a characleristic of the nucleus. The mostdirect
explanation would have been that, either in the nucleus that
breaks down, or in the daughter nucleus formed from it, there
was a continuous range of possible energy levels, so that the bal-
ance of energyreleased would then also have a continuous range.
This, however, would have been at variance, not only with the
basic idea of quantum mechanics, butalso with all other evidence
of nuclear properties. Hence the introduction of the neutrino as
a way out: because, if a neutrino were formed in the disintegra-
tion as well as an electron, the neutrino cou'd be supposed to
carry away whatever energy the electron did not. At the time
when Pauli’s suggestion was made, the neutron had not been dis-
covered by Chadwick; and, because it had no electric charge,
Pauli’s hypothetical particle was described at first as a ‘neutron’.
Three years later, when both the neutron and positive electron
had been discovered, and the invention of further new particles
seemed therefore more plausible, Pauli’s ideas were elaborated
into a quantitative theory by Enrico Fermi; and it was Fermi,
the Italian-speaking €migré, who gave ‘il neutrino’ its name, the
‘little neutral one’,
There was one earlier piece of evidence
problem. In 1927, C. D. Ellis and W. A. Wooster, working in the
Cavendish Laboratory, Cambridge, had measured the heat
given out by beta particles in the predominant mode of break-
down of radium-e. They discovered that the heat given out
corresponded not with the maximum but with the average
energy of.the beta particles. This showed that, if neutrinos were
emitted, as was later suggested, they must have had so slight an
interaction with matter that they had escaped from the appara-
tus with virtually no loss of energy - in other words it showed
that they were highly penetrating particles.
During the next twenty years the theoretical
neutrino gained progressively in strength. Except
ticles of the lowest energies, the neutrina theory
did no other, for most observations made of beta activity; and
the more accurate the measurements, the better, on the whole,
was the agreement. When mesons were discovered the neutrino

which bore on the

status of the
for beta par-
accounled, as
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had again to be invoked to account for the b;e:dow:n:ft:ll:c:
particles — in particular gor lh;::;:tg:::-:do An:'i ’;;1 and the r-
meson, the two first kinds to .
was needed again to cxplali:il ;l;e bre:::‘ic::mcac;iy th;v 1;;u:::1:é?:;
neutrino coul invo
::;hlg:ﬂl, t::d to conserve auguh'xr momentun;, the tioi;xlb‘bii l:h
mained that it *had no act’ - ?;oung W.F.G. Swann
i ht and detected.
t ‘E;l‘:)lda:tc‘ ci:::i exaggeration, al@ough only_ a smzfxl! ct)n:c’tri:;
postulated neutrino has a very slxg}:t probablll::y ;: in :trrino o
with protons, and so with matter in general. f the [::1 rino is
regarded for simplicity as a point, the lhiore:;c;: ﬁ;u :,C[ ;ﬁ?er
i in round figures, one chan .
tal:::‘itolrln \:'?tl:i:;‘:;c:&; whichgit might encoun@er. The resu!t.of
i ion. when it occurs, is the formation of a posxt_lve
e lmerac‘cllon;'leutmn. The positive electron will, after slqwgng
e e ater a negative electron, and yield gamma radiation
bown, ?E":Io?'l:m The neutron, also after slowing down, can bc
by s.uitable nucleus, in practice cadm:_um, and again
a‘?sor‘bed o ama radiation. There are thus two primary require-
e gz;‘m detection of neutrinos: first, that there should be
e e ible source of beta activity to produce them; aqd,
izo]ﬁ;gl;ﬂtt{::ts stlhe:n: should be a low level of background radia-
includi ons.
ﬁo';l';iln?c:ﬂll'ifnmi:tliuzst: :c:(t)rmplete, high-power, nuclear re-
actoreas the soufce of neutrinos. Tbc fission products _fo.rm‘ed g}
i king provide the necessary high level of beta activity; aud,
;ti; :veo:h::se are formed con!inuqusly and rpan;tfhof v:}l:g;: :::cf;;
tremely short-lived, there is a gain fromt using the ole !
opposed to fuel elements taken from it. In meet-
in - 50'-‘1'“.: i‘ uirement — that of low background radiation
e li ;‘tl interaction between neutrinos and rpatter
~ the vy Srigingly as an advantage. The normal shield.mg of
appears,ls:rgesigned'to absorb neutrons and gﬂmma-l:ﬂdlfitl(n},
:: epz;aeir?xt;d readily by neutrinos; in fact, extra shielding is

ne‘:S:iig.experimcnt was carried out in 1953 by Reines and
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. Cowan at the Hanford plant of the United States Atomic Energy

Commission. Although a high background was experienced, ‘it
was felt that an identification of the free neutrino had probably
been made’. To get a more definite result, a new experiment was

designed with further colleagues, and the equipment for it was .

taken to the Savannah River plant, Here, in the reactor building,
there is an underground room which gives ‘excellent shielding
from both the reactor neutrons and gamma rays’. For shielding
from cosmic radiation, the whole mass of the reactor building is
available, and for good measure the detecting apparatus was
enclosed in a paraffin and lead shield.

The detecting apparatus was in the form of a S-layer sand.
wich. The outer and middie layers were liquid scintillation de-
tectors in steel tanks 2 ft thick, 6 ft 3 in, long, and 4 ft 6 in. wide,
Really enormous detectors were thus used. The target layers be-
tween them were 3in. thick, and consisted of polyethylene
boxes containing a solution of cadmium chloride in water. The
scintillation detectors were ‘viewed’ by several dozen photo-

multiplier tubes, connected in parallel, and the outputs from

these were fed through pre-amplifier units to an electronic
analyser. This was in a trailer parked outside the building.
The problem of analysis was to pick out pairs of associated
gamma-ray pulses - first, one from the annihilation of the posi-
tive electron, then one from the absorption of the neutron — and
to do this with good enough discrimination in time and energy
todistinguish the wanted signals from background effects. Many
different counts under different conditions were therefore made.
The two main results were clear-cut and impressive. First, the
frequency of pairs of gamma-rays attributed to the interaction
of neutrinos with protons was within five per cent of the fre-
quency calculated from theory, the uncertainty of the theoretical
prediction being in fact greater than that of the measurements.
Secondly, the frequency of Bamma-rays associated with neu-
trinos was twenty times greater than that of gamma-rays attri.
buted to background effects. Errors in identification were thus
unlikely to be important, but for all that a number of checks
were also applied. One was to vary the power output of the re-
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actor, to the extent of shutting it down altogether. Because of

 the high contribution made to total radioactivity by short-lived

B B e o the someateation of pro
trinos. Another check was lo reduce _ i
tous i the tacget boxes by Bl e et frequency of
with heavy water. This, clearly, s
i ions; i fect found. Yet another factor
%:ht?c:cc::’nl};,b?gar?; m tl;m: ceonccntration_of neugro'n-absorb-
ing cadmium ions present in the water. t;ﬁe’ir.hm lh; lu:sus :): :;::;
i d have been — and was —
the wvera us:d, :l-]l;;ﬁl:::::eo:]the annihilation pulse anq the
(he nveragb:o mtlim: pulse, but not the frequency of assoc;:ated
ﬂefltro?“ lsesrpFinally the original shielding already mentioned
s 1 o era ed .by stack'ing the delector shield with bags of saw-
dusi mcreasled with water, When this was done the fFequ"cy of
it ate0 iated with peutrigos was not affected significantly;
Pmﬁ::»s ot.‘l:llses originated in particles coming from outside the
::t.ﬂl(, th:sl: particles were highly pgnetram:]g.t‘ R
It is in the nature of such experiments that it 1 A p ible to
meet all possible criticisms in an entlirely watertight way. A po
sible criterion is to assume for the sake of argument that th;
theory of the neutring had been clftborated, as it had I;;eet;! ; a:,
its interaction with the proton predlc_led, b';‘lt] to fo_x"sl: c(e af o|r \:fhc
also a theoretically necessary particle. ; e-.vlmat : Lor e
neutrino then appeats as good or bette.r t anth for many
recent discoveries in nuclear ppys:cs. Wn}; theth ?g:miﬁcaﬁon
fulness of the neutrino thrown into the scales, the entificatio
nly probable, but close to conclusive. The finding
ey ovidenca would have been highly disturbing to
o c")qtmr"}; evidence found is in fact a tribute, not only to
PbY_SlClStS- it :f the experimenters, but the insight behlpd what
tpe 193) 9 Zs one of the bolder speculations in physq:s. The
G 19'31) ws and remains, a most unlikely kind of particle.
ﬂeu".mou“:s‘ti,on arises whetber there may exist also a secpnd
ki:;lh :)fqneulrino still awaiting detection. Just as the ne\i:nnzs
already detected are emitted in those foyms of nuclea:'l reak-
down in which negative electrons are emitted, so also, the emis-
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sion of positive electrons should be accompanied by the emis-
sion of neutrinos, not necessarily of the same kind. The most
likely source of the sun’s energy is a nuclear cycle which begins
with the interaction of two protons, and leads at this stage to
the formation of positive electrons and neutrinos.? In spite of its
great distance, the sun should still, on the earth, provide the
most plentiful source of these neutrinos, and the possibility of
detecting them, and of distinguishing them (if different) from

‘ordinary’ neutrinos, has been discussed lately by Professor O.R.
Frisch in a broadeast ta]i.*

! Cowan, C.L., Reines, F., Harrison, F. B., Kruse, H. W., and
McGuire, A. D.: Science, 1956, 124, 103,

% See, for example, the artic
Science News 1954 34 18 el seq.

* Science Survey, 18 Oct. 1956,

le by C. M. Bondi and H. Bondi in

CORRESPONDENCE

Bernard Mayo's articles on ‘Theoretical Entities’ in volumes
32 and 39 have stimulated a number of writers to express
their views. One of these letters is printed: it is hoped to
print otherslater.

BERNARD MaAYo’'s article on theoretical enti_ties (Scie:’nce
News 39) seems to perpetrate some elementary mlsconcept;oﬁs
on the subject. As an unabashed supporter of the. anatogy.o the
concepts of the chair and the he!ectron, I sl:ould like to point out
ing weaknesses in his argument. )
m;if:tll‘;:v:]eg speaks of a lhcorelic_al entity as something ‘un-
observed and unobservable’, and cites the gene and the super-
ego as similar concepts, logically, to that of the eled'mni;:n'd
the unobservability of the electron ‘follows fr.or.'n chsc?n_ rg's
principle’. What this principle actgally statcs.@. That it ;s 'fn'
possible simultaneously to determl.ne'the' position and v‘e ocflty
of an electron so that the uncertax_nues in each dekt?rmmano:x
multiplied together are less in magnitude than Planc \ S c:l)r-lls:ian .
A. This principle applies to chai-rs as w&_:ll as clectrons; and it does
not postulate the unobservabilfiy of either, s only evtolosicall
Likewise, the theoretical entity, the gene, is only cy (l)hg; d.ty
‘unobservable’ while it is part of a purely mathemahuca eredi );'
theory. In the study of cylogenetics it is part of; ;leqmp;'lenf
of a cell, situated upon a chromosome, and pro s; y m::‘ ero‘
desoxyribonucleic acid. Its role in heredity theory does not pre
i i istence. )
duS?:i::dlis,y :‘e:ai\::l:es to speak of ‘non-empiric:'al con‘cepts.' 1:1
the theories of physics, and inc]udf:s ‘th.e elcc.tron and_lgrav:;y .
Surely this is the essential coni.'usmz‘l, in Wh-lCh he fai shto 115-
tinguish the electron of Schr‘ddmgcr S equa{non_s from the elec-
trons that comprise matter, gravily of gravitation theory frorr;
individual gravity ficlds, and would.also confuse the conceptual
chair of the carpentry text-book with the oaken one owned by

Mr Jones.
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Of course, gravitational fields are empirical. One can demon- B
Strate that of the earth by releasing a heavy object in mid.alr

as readily as one can demonstrate an oaken chair by si

He claims that ‘an electron has precisely those properties
which are postulated of it, and no others’, Indeed it has such
properties, in order to be considered an electron; so have chairs
such properties, or they are not considered chairs. He then
admits that electrons have two variable properties (position and
velocity), whose particular values cannot be a part of the theory;
and does not realize that a similar state of affairs occurs with
all physical objects. Of course the variable properties of most
of them number more than two; the electron is essentially the
simplest.

To the objection that we ‘see’ an electran hitting a fluorescent
screen, he replies with the phenomenological argument that
‘what we see is a flash of light’. One can only assume by this that
his criterion of physical observability is the reflection of light,
unfortunately not a property of electrons, or gravilational fields,
A similar argument is advanced against cloud-chamber tracks;
‘the interpretation as the track of an a-particle depends upon a
certain theory’, Assuming that Mr Mayo accepts this theory, one
must suppose his explanation would be : “This is the track of an
alpha-particle (but of course alpha-particles are only parts of a
theory about tracks on photographic plates).’

Finally, he contends that flour is not ‘made of” atoms, A long
time ago the Greeks wondercd whether matter was infinitely
divisible or not. Modern science has decided, I feel conclusively,
that it is not. In other words, matter is made of atoms; which
statement is an empirical fact. And the fact that atoms form
part of Dalton’s theory of chemical action, or that they are not
small objects reflecting light, has nothing whatever to do with it.

P.NICHOLLS
St John's College

Cambridge
22 April 1956

;v‘
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SOME BOOKS RECEIVED

* INTRODUCTION TO ASTRONOMY by Cecilia Payne-Gaposch-

kin (London : Eyre and Spottiswoode, 1956), pp- 508, 50s.

The author of this atiractive volume was born anc: ettil;.]cm
Eagland. For, the past twenty-five years ah_e has tarutg:e ;c “tmem,
where she is Phillips Astronomer and Chairman o p
M‘l‘?ml"#cl':l::vm?i;moductiou' to astronomy is no child’s guide to the
heavens, it is a well balanced account of current fmtlouk va.hzlabic_to

i nsiders it worth while to make himself .famnlm' with
the mid bl ‘t’ioeth century view of the universe. It admirably rfﬂects
.the mld.t?e;;bcml outlook and sense of the unity of s?ience. history,
hdarsh Astronomy, it cannot be denied, plays an important paft
'an‘:hthe :lrt:;ral development of the human race. Not only was this
:n o Jassical and mediacval times, it is equally true .today when

nom bas d his giant instruments to search the t'ronu:lrs of space
e B afines of the solar system. This advance in ?uuook.
o o the - hasis. is reflected in Dr Payne-Gaposchkin's book.
™ cbm!e Th:uﬁ“:u hal‘f of it keeps within the terms of reference qf
'Ihua'. while d part breaks through into stellar astronomy. T_lm
e it th? piael the more uscful: it includes a general out!me
atter par 8 pe_rh:::: an introduction to astrophysi(_:s. and a detailed
o lhq “'e"" ? lt]ll::: stel‘lar systems, For those who wish to ponfiqr on
fhe:clﬁlli,::z;xy of the subject there is a final chapter ou the origin of
the universe. i is is the ‘best and most up-to-date

The Plfbiti,s]hc;;t;l?::t;:astu:ihcl:tl:nt:for the general reader_‘. With-
o a\.ralla lezh thers one cannot judge of the truth of lh!s st_ate-
ot oy '81 : 'onl makes a considerable number o.f publications
Ee&l; ::::;::ti;edgan:ulyof date. The illustrations are particularly pleas-

ing and there is an adequate index.

Guipge To THE HEAVENS by H. P. Wilkins (London: Fred-

i r, 1956), pp. 107, 125 6d.

;;:-;l:rl:dol;l::r;utrial guides may always h'ave thci.r works fendcrsd
obsolete by fire, tempest, flood, the Quecp s encmics, or sztu;ply y
changes that pass for human progress. Wn_tcrs of guides to the stars
are on surer ground: they look for a relative degree of permanence
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in the objects they describe: and Dr Wilkins displays a touching
faith in the longevity of his readers (and the usefulness of his guide)
for he includes diagrams of the Eclipses of the Sun visible in Great
Britain up to A.D. 2056 and the positions of the Planets up to 4.p. 2000.
One hopes however that by that date there will have been a
demand for a second edition which will enable some improvements
in the arrangements to be made. The star maps for the first three
months of the year are first given without any identification of the
stars, only then is there an index map for one month. This is work-
able no doubt, but the tire may have lost interest by that time, There
is no index to the Southern Circumpolar map, though one might
have been more useful than the views of Mars through a 6-inch
telescope, equipment of the kind not possessed by the readers for
whom the book is intended. Nevertheless this is an interesting short
compilation, though unfortunately the price is rather high.

GUIDE To MaRS by Patrick Moore (London: Frederick
Muller, 1956), pp. 124, 10s 6d.

The author of this little book, having already produced guides to
the Moon and to the Planets, narrows his field to the red planet,
which, at the present time, is particularly well placed for observation.
Very few amateur astronomers will however have equipment that
will enable them to take advantage of the present approach of Mars
to the Earth. In spite of this limitation Mr Moore’s guide supplies
a background of information concerning the problem of Mars
against which any new information coming from the great Ielescopes
can be placed,

And for those who need a little fantasy to go with the more
serious science, there is a concluding chapter on voyages (future not
past, presumably) to Mars.

Tae LirFe or LUDWIG Monp by . M. Cohen (Landon:
Methuen, 1956), pp. 295, 225 6d.

The avid devourers of biography will almost certainly find the
technical detail in this book heavy going. while the scientific and
technical historians will be impatient with the goings on at "The
Poplars’ and at the ‘Palazzo Zuccari', This is not to say that it falls
between two stools. The rise of the British chemical industry, in
which Ludwig Mond played a leading role, is an important part of
the social history of the 19th century. Unhappily it has hardly begun
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to be written; witness this, the ﬁmafbio;;gp:y :)hf a key figure, which
ed half a century after his death, )
h‘;'l(::‘i\:fr::ious omission is the neglect of the eco.nfomltc backi:
ground of Mond's life. Ludwig Mond, a German Jew‘,i i v\?":h pen:lo-
less certainly not well off, comes to Vnct.orlan Eugl::ml?’.c1 i E rl:, o
cess far manufacturing soda made pm':ucahl.e‘by the Belgian
Solvay he decides to entera field in which British entreprineeurs w:x;e
the pioneers and in which several fortunes had alrfcady '::b::asitg'
He scours the country in a pony a.ud trap looking for a sx;; ble site
for a factory, raises capital with dlﬂiculty. and -bef(')re srl:c cess comes
his way, passcs through a very uphill penod_ whnc_h 1; cet atl— ! zOKS de-
quately described in this biography. Ml}mmnﬁc_:d in t‘ c.te_x ks the
sons of the process look deceptively simple: it is a pity
::‘;::lso little of the trials and anguish that accom panied the develop-
ment of (he technology that is based on tl-!cm. tiom 1o afflucnce
Almost unnoticed by the reader therc s a tram'lf e OE
h in London, 2 palace in Rome, French chel s, a collection
old M nd so on. All this and never a mention, so far as Ehe
OId. Mas:crs’lj see. that it must have been achieved by selling washing
sods ot c?u l‘on, of a penny a pound cheaper than his eslabl}shed
o at'a l’a'cl'll'uis is not to depreciate Mr Cohen's eﬁor-t; the Lnfg af
comp;tmors. 4 can be read with great pleasure and interest; it is
L"d"]”g MONH for more and fuller social, scientific, anc.l economic
:}:{:rz,c:z)fcfhe period of Britain’s great industrial expansion.

CHINA by Joseph Need-
AND CIVILISATION IN .
Scl::r: ?s!sistcd by Wang Ling, Volume II (Cambridge: at the
University Press, 1956), pp. 696, 80s. " ) d
e of Dr Needham's vast pro]-ectc work was de-
T:"dﬁ“t :o‘l:::fOUﬂdly original and disturbing contribution to
;cn ; ::owledge’. and in volume II, pursuing his great scheme of
h‘-‘ft“a'.' | synthesis, he continues to tear the scale§ from our exces-
s ;)r'::est:rnized eyes. Volume II deals with the history of smcnti!ic
:;‘::usg,hl from ancient times 10 the middle ages and adds to the dis-
sed by its predecessor. )
tur(l;a:c:a;a:ut speculate how profound will be the effect of such a
. “er bridge between distant cultures, particularly when one
pm;li;cs that we can expect similar studies to come withix-\ the fore-
::ablc future from the southern and eastern republics of the
USSR



126 Science News 42

ENGINEERING IN HisTory by R. S. Kirby, S. Withington,
A, B, Darling, and F. G. Kilgour (New York, Toronto, Lon-
don, McGraw-Hill Book Co. Inc., 1956), pp. 530, 64s.

The title of this excellent volume is significant. It is not just a
history of engineering: that is included, naturally, though the reader
is not overburdened with an excess of detail, but the main purport
of the authors is to discuss the interplay between the development of
engineering and the society that has been its miljen throughout
history. To quote the publishers: “The authors of this book present
the history of engineering as one of many human activities and show
how various factors in the physical and cultural environment condi-
tioned engineering advance and how, in turn, engineering has had its
impact on the rest of society.’ And the authors have had considerable
success in achieving their objective.

Empbhasis is, as might be expected, on civil, mechanical, and elec-
trical developments, but there is just enough correlative metallurgy
to satisfy those who see much of the advance of enginecring as the
utilization of materials (cheap steel, concrete, glass) made available
by other technologists. Chemical engineering is not included although,
as the supplier of materials used both for power production and for
construction, it can be argued that it might with advantage have been
discussed. To do so might well have made the volume too large, and
with this one successfully launched the authors might well explore
the apparently narrower but very profound subject of the influence
of available materials on social and technological developments.

Many of the illustrations, particularly the earlier ones, can be
commended, and there are useful general and special bibliographies,
and an index.

Professor Kirby and his fellow authors may not explain Agincourt

solely in terms of economic and technological history but they go
some way towards doing so.

ABOUT OUR CONTRIBUTORS

. AW AITE graduated in Chemistry at Manchester _Umv_er-
N :it; :1: ;;42 and lalg:arcccivcd the M.Sc. degree of that mevemtyf.
During the war he was commissioned in the lastructor branch of
the Roya! Navy and was on the staff of the Royal Naval College,
Devonport. On demobilization he was clected Fellow of the Royal
Institute of Chemistry and became C'hICf Research Chemlsg of
Acheson Colloids Limited. His main interest, other than surr al:e
chemistry, is philosophy, and he was a_wardcd a Fcllqwshnp‘ of the
Philosophical Society of Great Britain for his thesis on ‘Retro-

spect’.

egree in Zoology at the Imperial College of

r ;;;Q::;f,"fﬁ;::ggysfand on grac!ualion in 1951 was appointed
Assistant Lecturer in Entomology in that Department. !_-lelwas
made Lecturer in Entomology in 1953 and gained a Ph.D. in 1955
for research on jnsect sounds. The same year he was invited by llze
Anti-Locust Research Centre in London to undertake field work in
Africa connected with sound and behaviour in locust swarms, He is
now in charge of physiological research at the Centre.

ted from the University of_ London ,1948' fol-

" f;;;obrrmggfﬂdathcmntics) 1951. Is a physicist working on the

dgveloprylr—\ent' of semi-conductor devices at the Research Labora-
tories of The General Electric Company Limited, Wembley.

ted from Imperial Collcge 1949; M Se. (Physics)

1 ’i;?ssss?urgrfgfga has been working on the application of semi-

conductor devices at the Research Laboratories of The General
Electric Comnpany Limited, Wembley.

.A., B.ED., PH.D., is Lecturer in Education in the
ml!}:j‘l,:r:ilt:nol?}\:erdeen. He is a Fellow qf the British Psycho-
logical Society and zuthor of Family Environment. He first en-
countered intelligence tests al the age of eleven; subsequently
studied at Moray House, home of the well-known test series; and
for the last eight years has done research on the topic in Aberdeen.
His wife, a protozoologist, is among contributors to Penguin New
Biology.
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" War when he was on telecommunications work in the Royal Signals.

’

His main interests are philosophy, psychology, and cyberaetics,
and his hobby talking about them : otber interests include painting
and poetry, and he has published articles, stories, and poems. Says
that bis dearest wish is that scientists would stop being barbariana,
and that artists would stop being scientific illiterates! ;

A;F. TROTMAN-DICKENSON was born in 1926 and educated at
. Winchester and Balliol College, Oxford, where he represented the
“university as a long-distance runner. He has worked at the National

Résearch Laboratories, Ottawa, Manchester Umvcrsny, and with
E.1 du Pont de Nemours & Co. At present he is a lecturer at Edin-
bargh University. He has published some thirty papers on chemical
kinetics and a book Gas Kinerics. He is now writing one on Free
Radicals. He is married to a Polish economist and has one son.
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