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European Window

In Western Europe there are thousands of young people who, on their own initiative,
identify a particular scientific problem and undertake independent research on it. They
are fascinated by the many natural phenomena that are not yet fully understood or are
still unknown. They investigate flora and fauna in their natural surroundings, going as
far as into the high mountains. They measure the pollution of rivers. They scan the
night sky in search of interesting phenomena. They do archaeological or geological ex-
cavations and make surprising discoveries. They also do mathematical, physical and
chemical research. '

The young scientists do their research as a school project or in their own time. In
some cases they work on a topic as a team, in others alone. All are impelled by the desire
to bring their work to a successful conclusion. This is evident from the contests for young
scientists and inventors that are held every year in fifteen West European countries,
where the contestants put their projects on show and have them judged by a jury of
experts. The work displayed is often of a high scientific standard, and earns the ad-
miration of the jury members.

Since 1968 Philips have organized an annual European contest, at which the partici-
pants are the winners of the national contests. In the first few years this European
Philips Contest for Young Scientists and Inventors was held in Eindhoven, and subsequent-
ly in London, Aachen, Madrid and Paris. In the past ten years some 400 young scientists
have taken part in this international event.

To mark the tenth anniversary of the European Philips Contest, which was held from
29 May to 3 June 1978 in the Evoluon at Eindhoven, a two-day symposium called
‘European window’ was organized. Young scientists and distinguished representatives of
the world of science and education exchanged experiences and views at this symposium
on three topics: Science and Education, Science and Society, and Science and World
Problems.

Preparatory to the symposium all former participants in the European Contest were
sent a questionnaire dealing with these three topics in the Autumn of 1977. Nearly 70%,
of the ‘veterans’ returned the questionnaire with their answers, ofien together with an
extensive commentary. Partly on the basis of these answers three professional scientists
presented their views on these topics: they were Dr Bernard Dixon, Editor-in-Chief of
‘New Scientist’ (Science and Education), Prof. W. Martienssen of the Physikalisches
Institut der Goethe-Universitit, Frankfurt am Main (Science and Society), and Dr
A. E. Pannenborg, Vice-President of Philips (Science and World Problems). The par-
ticipants were able to join in the discussions that followed the presentation of the results
of the enquiry and the lectures. )

The present issue of Philips Technical Review — on this occasion we are departing
Jor once from the well-worn paths — is mainly devoted to the talks given on that
occasion by Dr Dixon, Prof. Martienssen and Dr Pannenborg. They are prefaced by a
brief discussion of the nature and results of the inquiry and by a brief account of the

- nature, judgement and contents of each of the five entries that won an award.
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The inquiry

The questionnaire used for the inquiry comprised
five to ten questions per topic, some of which were sub-
divided. The questions were based on a number of
‘hypotheses’, which are printed on the adjoining page.

Although recognized opinion-polling methods were
used to draw up the questionnaire and for processing
the results, this does not imply that conclusions may
be drawn from the outcome about ‘the opinion’ of
‘European youth’. The findings relate only to tendencies
apparent in the views of a subgroup — the prize-
winners — out of the group of young scientists.

Education

A small majority of the young scientists questioned
(62 %) said they were happy with the quality of their
education. About one third were not. It also appeared
that the young scientists living in Western Europe
(Benelux, Great Britain and Ireland) were the most
satisfied. Those from Southern Europe (France, Spain,
Italy and Greece) were the least positive about their
educational systems.

Young scientists have a preference for education in
the physical sciences, which is not so surprising judging

by their entries for the finals. To the question concern-
ing the most ideal time-table for lessons, they replied:
twelve hours for chemistry, physics and mathematics,
three hours for biology, six hours for languages and
four hours for social studies. On this matter there was
hardly any difference between the nationalities.

In general it was felt that the knowledge acquired at
school was not sufficient for the work of young scientists
(66 %,). This criticism came especially from those living
in Southern Europe. It was also stated that the school
gave little encouragement to young scientists.

From their comments it is evident that young scien-
tists set high standards for their schooling. ‘There is
no such thing as the ideal school. I would have liked
to go to a school that offered me more opportunity for
individual work and more freedom to develop my
creativity’, wrote one young scientist. Another added:
‘I would have liked to do more practical work instead
of all the theory I have had to wade through.” And
another: ‘My ideal is a free Waldorff school, where
mainly the physical sciences and languages are taught’.

Other young scientists had more specific wishes with
regard to the educational system. One of them wrote
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The questions were formulated on the basis of the
Sfollowing working hypotheses

Science and Education

1. Young scientists have very positive attitudes
towards their education.

2. The research activities of young scientists are
stimulated from all sides.

3. Young scientists have a great interest in
natural sciences during their education.

Science and Society

1. The young scientists consider that the scientist

himself and no one else should choose this
research activities.

2. The scientist is not responsible for the abuse
of his scientific work.

3. Young scientists are seeking technical solu-
tions to social problems.

Science and World problems
1. Young scientists pay more attention to
problems in the developing countries than

those in the Western industrialized countries.

2. Very little attention was paid to world prob-
lems at school.

that more attention should be paid to the technique of Young scientists’ work demands a lot from young
learning. ‘As for example how I should use a library, people. This appears from the fact that three quarters of
and how to handle modern information storage sys- them do little or nothing about other forms of spending
tems’. leisure time, such as sport, music or watching television.




Social responsibility

Is a scientist free in his choice of subject, and can he
be held responsible for the results of his work ? These
were questions that provoked a great deal of comment
from the young scientists. The group which con-
sidered that the scientist should be free to decide on his
own field of research was almost as large as the group
that was opposed to it (about 45%).

It was noticeable that young scientists who had ear-
lier done fundamental work were prominent among
those in favour of a free choice of research topic. ‘If a
scientist is not free to choose his field of research, he
cannot put much effort and interest into the subjects
he is required to study.” Another young scientist wrote:
‘Only the man of science can best identify the problems
that need to be studied.’

Another question related to the direction of scientific
research. Half the young scientists questioned con-
sidered that scientific research should always be direct-
ed at finding solutions to social problems (38 % dis-
agreed with this view). In particular young scientists
from Central Europe (West Germany, Austria and
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Switzerland) showed a preference for socially oriented
topics of research.

More than three quarters of the young scientists felt
themselves responsible for the results of their research.
Some of them, however, added that it is difficult to de-
termine in advance what use is going to be made of the
results of scientific research. Most results can be used
either for good or evil. ‘It is a fallacy to believe that one
can deliberately avoid a particular scientific field because
of its negative consequences, and that such a policy would
make the world safe.

Some young scientists placed the responsibility for
the use made of scientific results on society itself.
‘Progress is not the work of one man but the property
of us all, and therefore each one of us bears responsi-
bility for it.” For this reason some of them considered
that scientists do have a duty to be more open about
their work. ‘There is a an overwhelming need for
proper communication between scientists and the rest
of the community.’
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World problems

The third set of questions related to the major world
problems. Some young scientists emphasized in their
comments that they considered the major world
problems to be very closely interwoven. There was also
a feeling that current world problems were only symp-
toms of even deeper ones.

In general the young scientists attached more impor-
tance to problems in the industrialized West than to
those in the developing countries. There was also a
distinct difference between those whose preference was
for one of the two problem areas. Y oung scientists who
were more interested in the problems of the West
generally considered that not enough attention was
paid at school to the major problems of the world.

In.general the majority of the young scientists wished
they had been taught more about these problems, even if
it had been at the expense of a number of basic subjects
at school. Others considered it was too late for that. The
line they took was: ‘Let us stop all this theorizing about
world problems. The time has come to do something
practical about them.’

Subgroups

There are marked individual differences between
young scientists. As appeared from the inquiry, it is
not easy to answer the question: ‘What is a young
scientist?” Nevertheless the computer succeeded in
distilling from all the material submitted three sub-
groups of young scientists, each of which had the
closest affinities.

Briefly, there is a group that is more socially oriented,
a group that is oriented more towards the physical
sciences, and g small group that shows a marked pref-
erence for th#’exact sciences. From all the comments
written on f teir questionnaires, it is evident that young
scientists ‘Cel a great sense of responsibility for the
world. ‘I feel myself responsible for the environment
I leave behind,” wrote one of the young scientists,
‘and at the same time I owe a debt to my fellow men,
and also to those who will come after me.’

Or, as another young scientist put it: ‘As an individual
I am insignificant. That is why I call urgently upon all
scientists to do everything in their power to save the
Earth from heading towards its own destruction.’
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Pollution of the River Shannon in Limerick

When excessive amounts of untreated waste water
are discharged into a river, a situation may be reached
when the natural purifying mechanisms are no longer
able to cope; the river will then become polluted. Plant
life and animal life both suffer the consequences. As a
rule, pollution has the effect of diminishing both the
number of individuals of a species and the actual
number of species. To determine the degree of pollu-
tion a lengthy and fairly comprehensive programme of
measurements is needed. By means of chemical
analysis the content of nitrogen compounds and phos-
phates in the water is determined and also the concen-
tration of various metals and anions, detergents,
pesticides and oil. In addition the quantity of oxidiz-
able substances and dissolved oxygen have to be de-
termined. A bacteriological analysis is also necessary
to ascertain the nature and amount of pathogens
present.

Donald McDonnel (Limerick, Ireland) has under-
taken independent research in this field, on which he
reported in his entry entitled: “The impact which dis-
charge has on the biota of the Shannon River at
Limerick’. This research won the special praise of the
jury. McDonnel did not confine his work to chemical
and bacteriological analyses, but also investigated,
with success, methods of using the plant and animal
life in the river as a means of determining the degree
of pollution.

Chemical research

The river Shannon enters the town of Limerick in
a fairly unpolluted state; in the town itself, however,
so much waste water is discharged that the river is
no longer able to cope with it. At some places there
is very intensive algal growth, and mud banks are
found that are distinctly anaerobic. To determine
the seriousness of this pollution, analyses were made
at regular time intervals of the river water during a
period of five months. Every week during this period
water samples were taken at six places along the
approximately 3 mile long stretch of the river in the
town. From these analyses, which were performed
by standard methods, McDonnel determined the
oxygen content, the biochemical oxygen demand
(BOD), the carbon-dioxide content, the content of
nitrates and phosphates, the amount of oil and
grease, the concentrations of various metals, the pH
and the quantities of suspended particles.

These analyses confirmed the initial impression
that the water was seriously polluted. The oxygen
content at many places is low and the BOD high;
often only anaerobic forms of life are possible. The
nitrate and phosphate concentrations are high, which
can give rise sometimes to very strong growth of
algae. In the summer this leads during the day to
high local oxygen concentrations due to photosyn-

MecDonnel in conversation with Mr H. A. C. van Riemsdijk, Chairman of the Supervisory Board of N.V. Philips.
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thesis; during the night there is no oxygen produc-
tion, and a shortage of oxygen results from the
metabolism of the plants. In the winter the rotting
of the algae reduces the oxygen content to an ex-
tremely low level, while the nitrates and phosphates
released make the water unfit for animal life.
Together with the waste water various metals are
also discharged into the river. Analysis showed that
metals are concentrated in plants and sludge de-
posits. As a result some plants along the river can be
harmful to the life of animals living on the banks.
The removal of the sewage discharged into the
river has been delayed because a hydroelectric power
station upstream of the town has reduced the out-
flow of the river. The discharged water may remain
stagnant for a time between the mud banks at the
side of the river, and reach the main stream only
very slowly. It was also found that the discharge
points are so close together that the river is not al-
ways able to recover sufficiently after each discharge.

Bacteriological research

The bacteriological research revealed the presence
of Escherichia coli. Very high concentrations were
found, indicating the faecal origin of part of the pol-
lution. It therefore seems likely that other pathogenic
bacteria of faecal origin will also be present in the
river water. From the amounts of E. coli found in
freshwater shrimps and snails it was evident that the
concentration of coli bacteria in these animals was

connected with the concentration of the water. An
increase of E. coli in the water was immediately fol-
lowed by an increase in these animals. A decrease of
E. coli in the water was followed by a decrease in the
number of these bacteria found in shrimps and snails,
though with some delay.

Conclusions from the chemical and bacteriological
research are that the river is decidedly unsuitable for
the discharge of large quantities of untreated waste
water, and that the concentration of pollutants is so
high that the river water downstream of the town is
unfit for the production of drinking water for human
or animals.

Biological methods

McDonnel looked for methods that could give
some indication of the water pollution without
the need to use the always tedious method of taking
water samples for chemical analysis. He found that
the growth rate of particular algae in the river was
a good measure of the content of nitrates and phos-
phates. Atvarious places along theriver-bank healso
immersed gauze cages containing freshwater shrimps
and snails. He found that the chance of survival for
these animals differed considerably from one place
to another. The survival time for 509, of the num-
bers so exposed varied from 50 to 400 days, and was
directly correlated with the degree of pollution. In this
way he attempted by relatively simple means to gain
an indication of the trend of the harmful pollution.

|
|
|

McDonnel discussing his work with one of the members of the international jury.
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Lichens

Lichens are found in nearly all parts of the world
where the temperature is not too high and the air is not
dry for long unbroken periods. They are not ‘self-sup-
porting plants’ but consist of algae and fungi growing
in symbiotic association. Lichens are very interesting
forms of life; for amateurs, however, they are difficult
to study because the available literature is often highly
specialized and rather dry. Sophie Valtat (Paris,
France) has written a treatise on lichens, entitled
‘Tentative d’approche méthodologique des critéres
biologiques pour une systematique des lichens’. The
treatise, which eamed the admiration of the jury, gives
a very readable account of the structure of lichens and
of their propagation. It ends with a description of a
number of places where lichens are to be found in the
mountains of the Greek mainland. The author names
some species found there whose occurrence in Greece
has not been recorded in the literature earlier. She also
describes a lichen which contains a second, parasitic
fungus.

Forms of lichens

Lichens occur in widely different forms. Often
they are green or greyish crusts or small shrub-like
growths adhering more or less firmly to the barks of
trees, dead wood, stones or to the bare ground. They
are also found as large or small patches on rocks,
varying in colour from yellowish-green to brown or
black. In all cases they are combinations of algae and
fungi living in symbiotic association. The forms they
take differ as a rule quite considerably from the
separate fungi and algae. Various types are distin-
guished on the grounds of their appearance, such as
foliaceous, crustose, fruticose, etc. The internal
structure of lichens, which can only be seen under a
microscope, may be just as widely different as the
macroscopic form. In general, the alga and the
fungus which together form a lichen can clearly be
distinguished.

Metabolism

Most licherns obtain the water they need by storing
rain water. The necessary nutrient salts are usually
drawn from the substructure on which the lichens
grow, in the same way as with mushrooms and toad-
stools. There are species, however, that live ‘from
the air’ or from what they receive from rain water.

Below: the lichen Cladonia coccifera. Right: Cladonia pyxidata. Both lichens were found in the Vosges ( France).
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The fungoid contribution to the symbiosis con-
sists of proteins and vitamin C, while the alga sup-
plies sugars and various other vitamins. The rela-
tionship is not always completely symmetrical ; there
are cases in which one of the two partners is a para-
site, although this is not always so clear.

Propagation

Propagation may be cither vegetative or non-
vegetative. In the simplest case vegetative propaga-
tion takes place by means of detached pieces of
lichen that are carried by the wind or disseminated
in some other way. A lichen may also grow special
organs from which minuscule particles readily break
off and are carried away by the wind to grow into
complete lichens elsewhere. In non-vegetative propa-
gation the fungoid partner of a lichen forms sporo-
genic organs. The spores have to come into the
proximity of the appropriate algae in order for a
lichen to grow from them.

Finds in Greece

Sophie Valtat gathered many species of lichens at
four locations in the mountains of the Greek main-
land. The places where she found them were mostly
at a height of 1000 metres or more, and of the 20
to 30 species found at each location there were some
that were obviously specific to a particular height

The Chairman of the Jury handing the Award to Sophie Valtat.

above sea level. Most of the lichens, in keeping with
the ground on which they grew, were more or less
calciphile (calcicolous), i.e. they showed an affinity
for calcareous matter, or limestone. On rocks con-
taining only moderate amounts of calcium she found
calciphile and calcifuge species growing side by side.
Species with an affinity for nitrate were only found
at places where animal life can supply the nitrates.
Species that have to take up nitrates from the air
were found only in the vicinity of tracks or roadways
with occasional motor traffic; it is conjectured that
the exhaust gases might supply the necessary nitro-
gen compounds. On a peninsula near Mount Athos
a number of calcifuge species were found close to the
sea. One of these species, which is not mentioned in
the available literature, proved to be a host for a
second, parasitic fungus.

Some meridional species were found in Greece
that do not reach full development in the South of
France.

A conclusion drawn from these field observations
is that it is very important when classifying species
of lichens to mention the characteristics of the ter-
rain, such as type of rock, height, amount of sun-
light, the presence of animal life, etc. Only in this
way will it be possible in the long run to gain a better
insight into the growth conditions of the various
lichen species and associations.




Philips tech. Rev. 38, No. 1

A hovercraft sprayer

It may happen that crops have to be sprayed at
a time when the ground is so wet that conventional
sprayers, which are drawn by tractors, would cause
too much damage to soil and crops. It occurred to Paul
Brown and Alistair Wolf (Newcastle upon Tyne, Eng-
land) that a small hovercraft, which they had built
together with some fellow pupils as a practical exer-
cise in mechanical engineering, would be much better
suited for this purpose. The total weight of a hover-
craft, a vehicle which can travel over land just as easily
as over water, is distributed by an air cushion over a
so much larger surface than in the case of vehicles on
wheels that damage to soil or crops in wet periods
would be ruled out. To be used as a sprayer the hover-
craft, which was originally built to take part in races,
had to be modified in some points. The modification
involved a number of problems, and the jury was most
impressed by the manner in which Brown and Wolf
succeeded in solving them with the means they had at
their disposal. The result of this work is described in
their entry entitled ‘The hovercraft sprayer’. In its
first trials their hovercraft fully proved its usefulness
as an agricultural spraying machine.

A hovercraft in its present form can only be used
as a light transport vehicle and for racing. Its load-
carrying capacity is relatively small. At first sight,
therefore, a hovercraft would not seem to be so
suitable as a spraying machine, because in order to
spread pesticides homogeneously it is necessary to
spray large quantities of dilute solutions. Moreover
a hovercraft is not sufficiently manoeuvrable to be
able to reach all corners of a field with the same ease.
The great advantage of the hovercraft, however, is
that, even in adverse conditions, it can still travel
over crops without causing any appreciable damage.

Nowadays there are atomizing installations avail-
able that need much less liquid per hectare than con-
ventional sprayers — about 10 litres of liquid per
hectare against several hundred litres. The use of
such atomizers enabled Brown and Wolf to over-
come the difficulties presented by the load-carrying
capacity of the hovercraft.

A hovercraft is normally steered with the aid of
rudders that are fitted behind the propellors. Since
there is no direct contact with the ground, however,
it tends to drift sideways in the bends, like a sailing
ship without a keel, and there is also the risk that it
may spin around on its axis. The young scientists
overcame this steering disability by providing the

WS e g

Front wheel of the hovercraft sprayer showing the extended spokes that grip the ground.
- - -
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hovercraft with three light wheels with extended
spokes which grip the ground and thus give the
necessary stability. Two of these wheels are steer-
able. They are coupled with the rudders in such a
way as to minimize the lateral forces on the wheels.
There is one front wheel, which is provided with a
tachometer so that the driver, by selecting speed,
spray-fluid pressure and atomizer setting, can give
the correct dosage of pesticide. All wheels are free to
move vertically, and they are held on the ground by
slight spring pressure.

Trials were set up to check the evenness of atom-
ization. This was necessary because there was a pos-
sibility that air escaping from the air cushion could
disturb the uniformity of atomization.

At a later stage, to ensure proper dosage of the
atomized liquid, a peristaltic pump was used, coup-
led to the front wheel, so that the stream of liquid is
directly affected by the forward speed. The front
wheel was also fitted with a brake, to keep the hover-
craft under better control on slopes.

Minor improvement of some features, together
with various other planned improvements, mean that
this hovercraft may be regarded as a prototype of a
new sprayer, which has distinct advantages over con-
ventional sprayers in difficult conditions.

The hovercraft sprayer.

Test plots laid out to check the evenness of atomization.
Marker poles at the edges of the field and moles buried in
the ground are used to mark the position of the plots.
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Local functional equations

The entry sent in by Norbert Brunner (third-semester
student of mathematics at Vienna University), en-
titled ‘Lokale Funktionalgleichungen’, treats a very
specialized topic of mathematics. In such a short ac-
count as this it is therefore not possible to do justice
to the contents. It is hoped, however, that the following
exposé will give some idea of the nature of this entry
which, in the jury’s opinion, is a good contribution in
this specialized field and certainly goes far beyond
what one would normally expect from a third-
semester student.

Norbert Brunner’s entry is a study that may be
counted as a contribution to topology in modern
mathematical set theory. Very briefly, it is concerned
with the word ‘local’. In many areas of mathematics
the properties of classes of functions, of spaces and
the like are modified by formulating them as ‘local’.
A simple example of this usage is the term ‘locally
bounded’. A given function f for all real values of x
is said to be ‘bounded’ if there is a number M such
that — M < f(x) < M for all x. The function is
said to be ‘locally bounded’ if for every point a an
interval / can be found that contains a and on which
f is bounded. Thus, for example, all continuous
functions are locally bounded.

In this example of the term ‘bounded’ the scope
of the concept is extended by local formulation.

There are many more functions that are locally
bounded than are bounded without any further
qualification. The converse is the case of ‘surjectiv-
ity’, to which the young scientist has devoted a great
deal of attention; here the scope of the concept is
on the contrary diminished by local formulation. A
function f is said to be surjective when it can take
any value, that is to say when for any number y
there exists an x with f(x) = y. Surjectivity without
any limitation is a well-nigh trivial concept: for
example, the function f(x) = x is surjective, and
many other instances could be mentioned.

Remarkably enough there are also locally sur-
jective functions: these have the properties that for
any interval I and for any number y an x is to be
found in I'with f(x) = y. Examples of local-surjective
functions are fairly complicated and to a non-
mathematician seem rather far-fetched.

Brunner makes a systematic study of the local
formulation of surjectivity and of various other
mathematical concepts. He deals with examples
from and connections with a large number of mod-
ern mathematical theories. It is not of course pos-
sible to review these here, because any treatment
would have to be prefaced by a long and intricate
introduction to the many mathematical concepts
which Brunner uses and evidently masters so well.

i

—

The Contest Director with some of the young scientists; first from left: Paul Brown, third from left: Norbert Brunner.
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An instrument for determining the cross-section of a cave

In noting the results of spelaeological research, one
of the things that has to be recorded is the cross-
section of the cave. Accurate determination of cave
cross-sections is no simple matter and requires a great
deal of measurement work.

A chance finding when photographing the interior of
a cave prompted the brothers Clemens and Martin
Triissel (Rheinfelden, Switzerland) to embark upon a
closer investigation, which finally led to a photographic
method for measuring the cross-section of caves. They
report on this method in their entry ‘Fotographische
Hohlenquerschnittsvermessung’.

In working out the method, so we find stated in the
jury’s report, the brothers made such a meticulous
analysis of their method of measurement and of the
errors it involves that a standard method for speleol-
ogy could certainly evolve from it.

Speleological surveying

Apart from the polygon, the lime that closely ap-
proximates to the centre-line of a cave, the cross-
sectional profiles can also contain important infor-
mation on the history of a cave’s origin. Both of
them, polygon and cross-sections, should therefore
be recorded so that the results of such a survey can
serve as the basis for further studies. For the polygon
survey the young scientists submitted a theodolite,
combined with a compass and a clinometer.

By dint of careful construction the brothers were
able to produce an instrument capable of sufficiently
high accuracy. The accuracy of the instrument was
determined by measuring the position of a number
of points in the free field and comparing the results
with the directions and elevation differences on a
topographical map.

Determining cross-sections is a much more com-
plicated problem. The element of chance and the
alertness needed to perceive the usefulness of coinci-
dences both played a role here.

When the beam from a pocket torch is moved
around in a dark cave, the places where the beam
strikes the wall will be recorded as a bright line
on a photographic film in a camera, whose shutter
is left open during this movement. This was first
observed quite fortuitously; further work on the ob-

Martin Triissel explaining his instrument to fellow young scientists at the Contest.
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servation led to an instrument with which cross-
sections of caves can be quantitatively recorded.

A small spotlight is fixed to a horizontal axis in
such a way that the light beam describes a vertical
plane when the axis rotates. A camera with open
shutter placed some distance away records the inter-
section of this plane and the cave wall, giving the
required cross-section.

The stands for the spotlight and the camera both
carry a geological compass, so that it is possible to
locate the film in the camera parallel to the plane
described by the light beam. Also fixed to the spot-
light stand are two reflectors, at a distance of one
metre apart. After a cross-section has been recorded.
both reflectors are illuminated by means of a flash-
bulb, thus recording on the film a measure of dis-
tance, and at the same time making details of the
cave wall visible on the photograph.

In very high or very wide subterranean spaces it
can be a drawback that the camera has to be situated
rather a long way from the spotlight stand if the
whole cross-section is to fall within the aperture
angle of the objective lens of the camera. A fish-eye
lens may provide a solution here.

To ascertain the accuracy of the instrument the
young scientists took photographs in a room. The
dimensions of the room as determined from the
photographs were compared with direct measure-
ments. The greatest deviations proved to be approx-
imately 3 9.

!

Below: a cave cross-section as photographically recorded; above: numerical data obtained from the Pphotograph.
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Dr Bernard Dixon, Editor-in-chief of ‘New Scientist’.
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Science and Education

Bernard Dixon

I want to begin by thanking Philips, not only for their
invitation to speak at this event and for their generous

hospitality, but also for their enterprise in sponsoring

the European Contest for Young Scientists and Inven-
tors. This annual competition, now celebrating its 10th
anniversary, has become a major force in European
science, and has helped to stimulate interest among
young scientists and future scientists in the wider im-
plications of their work. I wish it well, and trust that
the competition will go from strength to strength.

It is, of course, the broad social and political
relations of science that have brought us here today.
I have been asked to speak about one aspect of the

. subject: science and education. I propose to do so in
three separate sections. First, I shall look at the place
of science and scientific ideas in education generally.
Then I shall consider specifically the education and
training of scientists. Thirdly, I will say a few words
about the relationship between scientists and technol-
ogists on the one hand, and the media — the press,
television and radio. Although science journalism is in
no sense a formal part of education, it can genuinely
be considered part of what we in Britan call ‘further
education’. It is, of course, my own particular interest
and the organisers have asked me to include the subject
in my talk.

*

Let us begin, with the education we all receive — with
teaching at school which acquaints us with the history,
geography and culture of the world in which we live.
Nearly two decades ago, the distinguished English
novelist C. P. Snow (now Lord Snow) caused a national
furore by delivering a lecture, the Rede lecture, in
which he defined what he called ‘the two cultures’. In
doing so, he categorized (and some believe encouraged)
the tendency to see the domain of the scientist and
artist as distinctly separate. He spoke of ‘literary in-
tellectuals at one pole — at the other scientists, and as
the most representative, the physical scientists. Between
the two a gulf of mutual incomprehension, sometimes
(particularly among the young) hostility and dislike,
but most of all lack of understanding.” Snow’s analysis
was certainly exaggerated, as one might expect from a
novelist. But from the strength of reaction it provoked,
if from nothing else, we must conclude that it contained

an unpalatable truth. The part of his lecture which
interested me especially, and the one I want to highlight
today, is that in which he cited as an example of cul-
tural poverty the person who could not state the second
law of thermodynamics.

‘A good many times’, Lord Snow said, ‘I kave been
present at gatherings of people who, by the standards
of the traditional culture, are thought highly educated
and who have with considerable gusto been expressing
their incredulity at the illiteracy of scientists. Once or
twice I have been provoked and have asked the com-
pany how many of them could describe the second law
of thermodynamics. The response was cold: it was also
negative. Yet I was asking something which is about the
scientific equivalent of: Have you read a work of
Shakespeare’s 7’

I believe that Lord Snow was right in this comment,
which might easily be seen as a prime example of the
arrogance of the scientist. Indeed, one could go further.
The significance of the second law is so pervasive, far- -
reaching, and fundamental to our understanding of the
natural and physical world, that an appreciation of its
general sense is surely as important as a knowledge of
the work of the world’s great creative artists — Tolstoy,
Mozart, Rembrandt.

A word of warning. I do not mean to argue that we
should all, scientists and non-scientists, butchers, ac-
countants and oboe players, be capable of sitting down
and producing a rigorous mathematical treatment of
the second law of thermodynamics. That would be ab-
surd, the equivalent of expecting similar detailed know-
ledge of the score of Beethoven’s ninth symphony.
What is important is that we should all have a grasp
of the fundamental concept, the idea, that is enshrined
in the second law. And here we come to the role of
education. Whatever else a general education may
provide in factual terms about the world, I believe that
it is failing if it does not convey a sound and persistent
awareness of the major principles, laws, and concepts
of science. The second law of thermodynamics is just
one example.

Another is that of probability. Let us consider for a
moment the significance of this idea in the modern
world. We live at a time of public concern about the
hazards associated with man-made chemicals in the
environment, at a time when more and more of us are
concerned about our chances of avoiding coronary
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heart discase — whether by curbing our consumption
of animal fats or by gentle morning jogging. None of
these issues can be even remotely understood without
an appreciation of the concept of probability. Yet time
and time again, we hear them being discussed, in bars,
on television, and in parliament, in the most mindless
way by people who manifestly cannot think in proba-
bilistic terms.

Take another example. The concept of causality is the
key to our understanding of a whole range of different
diseases. The best example is lung cancer. Two or three
decades ago it became strikingly clear that there was a
relationship between heavy smoking and this form of
malignant disease. People who smoked a large number
of cigarettes appeared more likely to contract lung can-
cer than those who smoked very little or not at all.
The common sense conclusion was that smoking did
indeed cause the condition. But at that stage, at least,
the evidence was far from complete. All we knew was
that there was a link or association between two
phenomena: tobacco smoking and carcinoma of the
lung. Although health propagandists tried to use the
relevant figures to dissuade people from the habit, there
were other experts who were only too anxious to point
out that the relationship may not be a causal one. It
could be, for example, that 4 (heavy smoking) did not
cause B (lung cancer), but that both 4 and B were the
result of a third factor, C. Perhaps people with a pro-
pensity to develop this particular disease are also likely
to become smokers, both phenomena being determined
by heredity.

It took many years of diligent research, including
studies on different populations, on the same popula-
tion over period of time when smoking habits were
changing, and on the altered prevalence of lung cancer
among groups of smokers who gave up the habit com-
pared with those who did not, before we came as near
to the truth as we are today. What I would like to
emphasize is that the essential tools for producing our
current understanding include ideas such as probability
and causality. These same ideas are central to any
sensible discussion of climatic change, of the relation-
ship betweén intelligence and heredity, and of the
significance of changes in the ozone layer to life on
Earth. They are beguilingly simple notions, habits of
thought to scientists, but often appallingly neglected
in other spheres of life. It is ideas of this sort, rather
than catalogues of facts and figures, which should come
from science education at school. Yet to this day, many
people are able to leave school without being intro-
duced to this conceptual approach to problems and
evidence.

Some years ago, Dr Michael Bassey carried out a
survey among arts undergraduates at University Col-
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lege London. He circulated questionnaires to some
200 people, all of whom had passed either chemistry,
physics with chemistry, or general science at GCE ‘0’
level, but not studied science subsequently. He was
trying to find out how much of what they had been
taught the arts undergraduates had learned and remem-
bered. Dr Bassey received 115 replies, and the following
are some examples of the comments they contained.

‘T didn’t like school chemistry because, at the time,
it seemed to consist of a number of unrelated facts with
a very limited relevance to everyday life, or indeed to
anything but the general science text book.’

‘1l am vague about atoms and electrons. No such
questions, even in the simplest form, were dealt with
in the chemistry or physics I did at school.’

“There was little scope for straying outside the syl-
labus, which is somewhat antiquated. This I assume to
be because our text books followed the same line as the
examination. Looking back, chemistry seems to me to
have been much more of a game with beakers and
bunsen burners than a utilitarian proposition. Atomic
structure was simply out for non-specialists. I have
learned far more since from two or three television
programmes.’

‘The chemistry presented to us was purely for
examination purposes: there was little attempt to
stimulate any interest outside the immediate syllabus.
Taking general science we were considered as poor
relations, and so possibly not worth worrying about.’

“The only impression I retain is how much I disliked
school chemistry. If they had taught me in what direct
ways chemistry impinges upon the daily fortune of
living, I might be better disposed.’

‘T preferred physics to chemistry as it seemed to me
to be much more practical and applicable to daily life,
e.g. the working of batteries, electric bells, etc. as com-
pared with a mixing of various chemicals in test tubes,
which, although entertaining, seemed completely un-
necessary to anyone but a professional chemist.’

‘School chemistry was generally rather dull and
seemed to have very little relation to everyday life.’

Dr Bassey used his findings to support the point
made in this last example — that school science is of
little help in illuminating our understanding of the
world. He cited DDT and aspirin as important sub-
stances, both of which have had a major effect no
human welfare, but about which many of his respond-
ents were totally ignorant. I take the point. Know-
ledge of these chemicals and how they are used is cer-
tainly more significant for most of us than the scholastic
junk which we still carry around from our school
chemistry lessons — details of how to prepare a pure,
dry sample of chlorine gas, for example. But even Dr
Bassey has got the emphasis slightly wrong. Even he
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seems largely concerned with the facts, rather than
ideas, of science. His nearest approach to a criticism of
school teaching for its failure to convey the conceptual
framework of science is in a question put to his subjects
about which of four materials — water, clay, air and
wood — contained atoms. One in five could not answer
correctly. The undergraduates concerned had studied
chemistry at school for three, four, or five years. They
had passed an examination in the subject. They were
sufficiently intelligent to enter a university. Yet one in
five had failed to appreciate the most fundamental dis-
covery of chemical science — that all matter is atomic.

I do not believe that science education has changed
radically since Michael Bassey carried out his survey.
Most European countries have seen moves in recent
years towards a more ‘open-minded’, investigative ap-
proach, in contrast to the rote learning of data required
to answer exam questions. In Britain, this approach has
been promoted in particular by the Nuffield Founda-
tion. But much science teaching today still apparently
fails to convey those precious ideas that form the real
guts of science and scientific research. It certainly does
not do so with any persuasive potency. How otherwise
can we explain repeated failures — during public argu-
ments over the safety of whooping cough vaccine or the
hazards of nuclear power, for example — to appreciate
elementary patterns of scientific thinking? Of course,
we would all like to have black-or-white answers to
questions of this sort. But where they are not possible,
the meticulous, cautious scientific method gives us the
nearest achievable approach to what we can call ‘the
truth’. It is a tragedy that the unique power of this
method is so frequently unrecognized, and that anec-
dote, hunch, or prejudice are preferred in reaching an
opinion. The underlying failing here, I believe, comes
from conceptually inadequate, fact-dominated teaching
about science,

I shall argue later that this state of affairs obliges
both scientists and science writers to, in a sense, com-
pensate for the manifest failings of formal education.
We should, I believe, strive to proselytize on behalf of
the simple elegance of the scientific method.

* *
*

" For the moment, though, let me turn to my second
subject: the education of scientists. Here I want to
argue that training in science, whatever its excellence,
is seriously deficient if it presents science in isolation
from the real world. By the same token, it is strong
where it does portray science in its social and inter-
national context. It is particularly interesting to find
that well over half of the respondents to the Young
Scientists Inquiry, sponsored by Philips, said they felt
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that too little attention was paid at school to important
world problems. Almost 70 per cent, moreover, would
have liked to have been told more about this kind of
problem, even if this had been done at the cost of ‘basic
subjects’. I am convinced that this narrow focus carries
over, and indeed is often intensified, during higher
education at college and university. Despite the debate
and clamour that has surrounded science in recent
years, it is still all too easy to take a first degree or
equivalent qualification in, say, chemistry, physics,

‘botany, without being made to concentrate one’s mind

on the social and political ramifications of the subject.

Of course, many technologists receive a somewhat
broader training than that of pure research scientists.
Civil engineers, for example, learn economics and
management techniques, because these are essential for
their future work. Building a new motorway is not
simply an engineering exercise. Such a project is in-
trinsically complex, requiring skills other than tech-
nical ones and has to be planned with sensitive regard
for its social consequences and acceptability. But even
such self-interested breadth of training as engineers
receive is lacking in the education of many of tomor-
row’s scientists. Yet again, an increasing proportion of
the most far-reaching developments nowadays are
initiated and brought to practical realization by scien-
tists, not technologists.

An excellent example of this is to be found in the
newly emerging field of genetic manipulation, Based on
the use of what have been termed recombinant DNA
techniques, this new science will bring together here-
ditary material from disparate creatures, such as
animals and bacteria, thereby creating novel organisms
that may not have existed previously in nature, It is
being conducted with such laudable aims as facilitating
the industrial production of insulin, incorporating
nitrogen-fixing genes into crop plants, and increasing
our understanding of cellular metabolism (both normal
and abnormal, as in cancer). We could, therefore, aptly
describe it as applied science. But the molecular biol-
ogists who are pursuing this seminal line of inquiry are
for the most part pure scientists. They are pure scientists
whose discoveries are likely to spawn practical applica-
tions very quickly. I say this mindful of the growing
constraints and controls surrounding their activities
which so irritate many biomedical companies — but
mindful of the enormous practical repercussions which
are expected to follow from the new discipline.

I would not for one moment argue that exponents of
genetic manipulation are behaving irresponsibly. In-
deed, a small number of them have achieved historical
fame by going out of their way to draw attention to
potential dangers in their new field of research. They
did so notably during a conference held at PacificGrove,
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California, in February 1975 which has since led to
guidelines and regulations in several countries for the
conduct of recombinant DNA work. Nonetheless, the
fact remains that the ‘whistle blowers’ in this area have
formed a numerically tiny proportion of people in-
volved in this research, most of whom have bitterly
resented public exposure and criticism of their activi-
ties. Distinguished medical microbiologists have even
argued that a major failing has been the narrowness of
the training received by this new brand of specialist.

Most, if not all, of the potential hazards of genetic’

manipulation, they argue, could be contained simply
by adopting the practical techniques used routinely in
medical laboratories. But molecular biologists tend to
treat their materials as chemicals, rather than living
organisms. A more telling illustration of the folly of
narrow specialization in science education would be
more difficult to imagine.

For this sort of reason I find very striking the replies
to another of the questions posed in the Young Scien-
tists Inquiry. Those who characterized their research
projects as ‘pure’ were in general less satisfied with the
quality of the education they received than were
researchers with projects in the‘applied’ area. Assuming
that this reflects a dissatisfaction with a blinkered stance
in education, this is surely a very heartening sign. And
of course those who have been able to recognize this
deficiency have clearly gone at least part of the way
towards overcoming it.

Before turning to the question of science in the
media, I would like to explore one other aspect of
science education, which is directly related to the con-
duct of scientific research — the need for flexibility.
A number of factors, ranging from the sheer pace of
research in some sectors of science to the practical
effects of technology on patterns of employment, are
making it obligatory that we reconsider the traditional
pattern by which scientists are educated. That pattern
is, of course, based upon the idea that an individual
takes a first degree, perhaps followed by a higher
degree, which provides the basic specialization upon
which he or she can build an entire career in science.
This is the system which, in the past, has led to the
great scientific teams, their researches revolving around
one or two talented individuals who have made a life’s
work of developing a particular speciality. Is this pat-
tern likely to continue? I was very struck recently to
read the following comments in ‘Nature’ by a dis-
tinguished British physicist, Professor John Polking-
horne, who has decided to leave science and take up a
totally different career in the Church:

‘T’'ve had a good run for my money for 25 years. I've
played a small but useful role. But the subject is con-
tinually changing and enriching itself. I admire the way
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my younger colleagues can move into this sort of game.
Partly through time, but more through a question of
mental flexibility, I don’t think I can make that sort of
move. I could therefore tick over for a few more years,
but 1 don’t think that would be tremendously useful
use of my time. I’ve done most of what I can do. If I
felt I was going to stick in it and make reasonably use-
ful contributions I would probably stay with it, and
regard it as being a vocation to do so. When you’re
young you like to learn new things — that’s part of the
fun — but if I’'m honest it gets slightly wearisome as
you get older, particularly in a subject like particle
physics where genuinely new things do come along at
quite a surprising rate. Most people in my subject do
their best work early, and they tend to do the same
tricks later on. There are some subjects in which these
tricks remain very important, subjects whose basis is
well understood, but elementary particle physics,
relativistic quantum mechanics, is continually chang-
ing. There’s less room for the wise old man. I think his
wisdom is limited.’

Aside from Dr Polkinghorne’s positive reasons for
entering the church, I find this an unusually honest
statement from someone who, at the age of 48, has
decided that he is no longer able to contribute to his
own specialist field of science with the same originality
that was possible 20 or even 10 years ago. I certainly
cannot name names, but it is not too difficult to think
of other scientists — and indeed whole research depart-
ments — continuing under their own momentum along
a particular research avenue long after it has been
effectively exhausted. This state of affairs, which in
times of financial hardship is becoming less tolerable,
has obvious implications for careers in science. It
means, at the outset, that science education should seek
to engender flexibility of mind rather than rigid speciali-
zation, so that people can-change direction relatively
painlessly later in life, and even be invigorated by the
process. Secondly, it means that our educational
machinery should be such that retraining and redeploy-
ment are commoner and easier to achieve than in the
past.

One idea which has been mooted from time to time
in Britain is that we should all, when we normally finish
secondary schooling, receive a certain number of
‘tickets’, each representing, say, a year’s higher educa-
tion, that can be taken at any time. One would there-
fore have a choice between on the one hand ‘cashing
in’ all of the tickets at once — taking perhaps two
substantial degree courses — or on the other hand
training to become an ecologist or botanist with the
firm intention of retraining in middle age to do some-
thing entirely different. The idea as expressed in this
form may appear fanciful, but I believe that it is in this
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The jury during the announcement of the result of the European Contest.
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general direction that education (and not only, of
course, in science) will have to move in future.

Some years ago, when the present director was ap-
pointed to the Imperial Cancer Research Fund Labora-
tories in London, he made a particular point of saying
that he intended to exercise an unusual degree of
flexibility in organising the institute’s research work.
Departments would not necessarily continue to exist
simply because they had always existed. Instead, the
research and technical staff would find themselves
changing their research goals and their groupings with-
in the institute as the pattern of-science itself evolved.
Rather than have the institute’s research programme
shaped solely by tradition (and even by the physical
structure of the building) it would be allowed to alter
as and when necessary. In my experience, such ruthless
but productive flexibility is rather commoner in in-
dustrial laboratories, with their commercial impera-
tives, than in the academic world. More’s the pity.

The problem, of course, is that it is very much easier
to demolish and repartition a research laboratory than
to persuade a skilled researcher that he or she should
abandon a line of inquiry upon which a substantial
reputation has been built. That is why I have raised the
subject under the heading of ‘education’, because if such
adaptability is to be achieved, this will depend upon
corresponding adjustments in the pattern of education.
It has almost become a cliché to argue that a degree in,
say, electrical engineering or biochemistry, followed by
three years of research training, should not be seen as a
‘meal ticket’ for a lifetime of work in that particular
specialism. Yet (human nature aside) it can still be
extraordinarily difficult for someone who wishes or
needs to change direction in later life, to actually do so.
At the moment, the appropriate machinery to help such
individuals is not available. But moves are now afoot
in most European countries to improve prospects of
this sort. The extent to which they are developed more
fully does, of course, depend in part upon the degree to
which people take advantage of those facilities.

* *
*

The last section of my talk I want to devote to that
often thorny subject of science in the media. Earlier,
I quoted one of Dr Michael Bassey’s respondents who
claimed to have learned more from two or three tele-
vision programmes than from chemistry at school. One
of my predecessors as editor of ‘New Scientist’, Nigel
Calder, has used the phrase ‘intellectual entertainment’
to refer to a particular type of television programme
which presented the discoveries and ideas of science to
non-scientists. That, clearly, is the competent and re-
sponsible end of science in the media. At the other ex-
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treme, we are all uncomfortably aware of the trashy,
sensational and inaccurate coverage of scientific de-
velopments as purveyed by certain newspapers. There
is much that needs to be done to improve the presenta-
tion of science to the public, and science journalists
themselves — most of them, at any rate — are very
conscious of this need. The question I have been asked
to consider today is: what should be the attitude of
laboratory scientists to the world of the media ? Let me
make just four basic points.

First, I believe that research workers must expect that

_-newspaper reporters and television producers are likely

to be interested in what they are doing. Inevitably, the
more glamorous or spectacular the research appears to
be, the greater is likely to be that interest. But we should
also remember that, whether in the realm of industrial
research or that funded from government agencies, the
public at large feels that it has a right to know about
work that may have considerable implications for their
lives. What I am saying, therefore, is that there is no
longer a place for the monastic attitude, still to be found
in some laboratories, which resents intrusions and in-
quiries from journalists. I have little sympathy with the
physiologist studying in vitro fertilization of the human
egg cell, for example, who refuses to speak to science or
medical correspondents. Just as the first surgeons to
carry through a human heart transplant must have
anticipated immense public curiosity about their work,
so anyone entering a sensitive field of scientific research
really must expect that there will be corresponding
public concern that will have to be satisfied. Inevitably,
this will mean giving up some time to handle inquiries,
to give interviews perhaps, and sometimes to write for
the press. Any young person contémplating a career in
science, particularly in a field that is or is likely to be-
come controversial, must reckon with this obligation.
I use the word obligation very consciously, and believe
that a young scientist who is unwilling to spend a small
proportion of time in this way should seriously re-con-
sider their choice of career.

My second point may sound surprising. Always be
honest when dealing with the press. Most people, most
companies, most research institutes, are indeed scrupu-
lous. Others.are less straightforward. There are organi-
sations that are content to issue press releases which
are, shall we say, misleading. One example I have in my
possession is a statement put out a few years back by an
internationally famous hospital strongly denying news-
paper reports that preparations were in hand at the
hospital to proceed with a human heart transplant. In
fact, this type of operation was being planned, and was
indeed carried out shortly afterwards. And the publicity
which the hospital had tried to stave off by issuing its
erroneous statement proved all the more inconvenient.

-1
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The lesson for the press here (alas) is that one should
never automatically trust the contents of a press release.
The lesson for scientists is that, in the long term, it
always pays to be honest with journalists. The risks of
not doing so can be seen very clearly in American press
coverage of nuclear power during the 1950s and 60s.
In the 50s, nuclear reactors were portrayed as the daz-
zling, new, clean source of future energy, contrasting
splendidly with the filth, grime and heavy social costs
of using fossil fuels. This picture was presented by an
alliance of press officers working for the US Atomic
Energy Commission, and journalists who believed
everything the AEC told them. Little or nothing was

heard about hazards associated with the operation of"

nuclear power stations. Then, almost overnight, the
tone of reportage changed radically. Journalists began
to suspect that they had been misled into an inordinate
admiration for nuclear power, and suddenly began to
disbelieve all that they were told. Thus the tendentious,
slanted press releases of a decade earlier rebounded
on to the nuclear industry, which found itself plunged
into the role of public villain. As I said earlier, it pays
to be honest — even, and perhaps most of all, with
those sections of the press which begin by being most
suspicious of what you have to say.

A third observation is that scientists who come to
deal with the press could benefit by learning how it
works, by appreciating the problems faced by science
correspondents in their battles with deadlines, and the
phrenetic machinery of a newspaper office. I often meet
research workers who have felt unhappy about reports
of their work but who, on close questioning/, turn out
to expect newspapers to report science with the same
detailed, qualified precision that is achievable in learned
journals. This is unrealistic. Science writers, like any
other journalists, should seek the highest standards of
accuracy in their work. But it is simply impossible to
expect them to distil the extensive discussion and fine
nuances of a research paper into a story of 400 words.

Finally, as well as urging the scientists here to be
positive in their relations with the media, let me argue
too that more of them should take opportunities for
writing themselves for the general public. It has always
seemed to me a fallacy to say that scientists cannot
write. Some of the most beautiful, economical prose

I have ever encountered has been written by scientists -

— by people such as Sir Peter Medawar, Dr Lewis
Thomas and Dr Jacob Bronowski.
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The reason why non-scientists have a generally pitiful
opinion of scientists as writers is because of the dread-
ful, unnecessary syntax which research workers slip
into so easily when writing learned papers. Let me give
you one example. A few years ago, 1 was editing a
manuscript for publication and came across the follow-
ing words: ‘The mode of action of anti-lymphocytic
serum has not yet been elucidated’. I changed this to:
‘We don’t yet know how ALS works’. On reading his
edited manuscript, the author complained. I had altered
his meaning, he said. Not so, I replied — and after dis-
cussing the matter for a quarter of an hour I convinced
him quite firmly that my version was clearer and meant
precisely the same as his. I could repeat this story many
times over. Often, one can improve the readability of
an article dramatically merely by moving sentences out
of the passive and into the active voice. ‘We modified
the reaction’ rather than ‘Modification of the reaction
was effected’. ‘The plant can also produce methanol’
rather than ‘Production of methanol may in addition
be achieved at the plant concerned’. Effective writing
is rarely if ever easily achieved. It is always hard work.
But a simple change of mental approach can work
miracles. Forget the straigjacket of the research
report, and imagine instead that you are telling your
story to a friend who is not a scientist. Above all, try
not to seek profundity behind a smokescreen of jargon
and tortuous syntax.

Writing well, as I have said, is never easy. But the
person who sits down to write about science has one
enormous advantage. The discoveries and ideas of
science are intrinsically exciting. No other field of
endeavour yields such a rich fund of marvels and in-
sights. Sadly, though, many people who would, and
indeed do, find this material fascinating are apparently
inhibited by the very word ‘science’. It is, I believe, no
accident that the two television programmes that are
most successful in Britain in putting across science do
not use that word in their titles. They are called ‘Hori-
zon’ and ‘Tomorrow’s World’. For many, education
has turned ‘science’ into a bogey word. To some degree,

-scientists and science writers have to overcome the

intellectual unease over their subject that ‘education’
has instilled in those who are not scientists. At a time
when political decisions or scientific and technical mat-
ters are increasingly being resolved by emotion un-
informed by logic, it is surely our joint responsibility
to crusade for the spirit of science.
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Science and Society

Research aspects of science in present-day society

W. Martienssen

Imagine that somebody asks you: ‘What are the most’

important and the most exciting results of the natural
sciences 7’ Personally, I would specify three items. My
first point — I am a physicist, so I shall start with
physics — my first point is the fact that there is only
one universal physics: the entire universe, macroscop-
ically and microscopically, is controlled by only one set
of natural laws. They are in operation in the reactions
of elementary particles as well as in nuclear and atomic
physics; they are effective in our laboratory experiment
and they finally also determine the origin and the fading
of stars in the huge dimensions of our sky. The details
of all these reactions and events are multifold. It seems
as if nature uses, with the greatest of ease, all the
various possibilities which-are considerable in this inter-
" play. But all these variations are in accordance with the
few rules governing the game. These rules, we are con-
vinced, have always been there and have always been
the same, even a thousand million years ago, and we
are fairly certain that they will also be there a thousand
million years from now. Fortunately, they are com-
pletely protected from any human intervention,

In physics, I feel, this uniformity is the most exciting
result. In chemistry — that is my second point — it is
more the opposite, it is the multiplicity of matter which
strikes us. To put it into an allegory: take three caskets,
fill them up with small balls, the balls in each casket
will be all the same, but different in the three caskets.
Now, create the world out of it, out of just those three
species, which may be called protons, neutrons and
electrons; create a variety out of them, which is com-
parable to our world. Is not that phenomenal? You
simply find it almost impossible to believe that the
flower of a rose, the influenza virus and the semicon-
ductor in an integrated circuit are all made out of the
same particles, just three species, protons, neutrons and
electrons. Different substances are produced when they
are differently arranged. . .

Coming to my third point: it concerns the discovery
that all living beings on Earth have the same genetic
code, that they are all governed by the same computer
and are all programmed in the same language. This is
perhaps the most fantastic fact which has ever been

revealed in nature. It not only strikes our intelligence,
but also arouses our feelings. Are we — the trees, the
birds, the mushrooms, and us ourselves — all inter-
twined together? You see, mankind is not alone; rather
he exists in harmony with the other inhabitants of the
Earth. Certainly, then, man is no longer the pre-eminent
creature on Earth. Perhaps, however, this global com-
munity of seemingly infinite entities could comprise the
supreme creature — die Krone der Schipfung — in the
universe ?

But, you may ask, what has all that to do with science
and society? To put it briefly, what I mean to say is
that science is always, first and foremost, a spiritual
adventure. The driving force in this adventure is
enthusiasm. There is no scientific progress without
enthusiasm. Please take a look at the EVOLUON; you
will recognize how much enthusiasm helps, even if the
available facilities may be limited.

Motivation of scientists and progress of science

Research is what keeps science young. A researcher
is a man who raises, investigates and eventually answers
new scientific questions, who interpretes scientific
results and who unveils new applications of scientific
findings. Most rewarding to a scientist are the moments
when he:

— observes what has never been seen before,
— discovers what has never been dwelt upon before,
— invents what has never been conceived before.

It seems to me that understanding of the world
around us and recognizing the role man plays in this
world — the old questions about the nature of the
world and about the purpose of life — are really the
most obvious aims which engage the intellectual capac-
ity of man. Along with our task of surviving, we are
free to think. The imagination that each one of us bears
within ourselves, about the world and mankind in it, is
the most real expression of our existence and of the
intellectual freedom which characterizes the individual
human being.

Progress in science is approached in numerous ways.
Sometimes the discovery of only one fact or the under-
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standing of only one interrelation demands centuries
of research. Take for example, the never-ending research
towards the discovery and the unification of the six dif-
ferent forces which serve to keep our world together
and which prevent it from collapsing, namely celestial
and terrestrial gravity, electricity and magnetism, the
weak forces and the strong forces. The discovery and
unification of these forces started at the historial
moment when Isaac Newton, sitting in the shadow of
an apple tree in his garden, noticed a falling apple. It
was at this very moment that the Goddess Athene told
him that celestial and terrestrial gravity were one and
the same thing. But research on this subject has been
continuing for over 300 years and the unification of the
four non-gravitational forces with gravity to produce
the most general type of interaction, recently named
supergravity, is one of the hot subjects of theoretical
physics nowadays, with a large number of scientists
working on it.

There are scientific results, on the other hand, which
have been discovered in the glance of a moment, which
seem to have fallen from the sky. For example, I should
like to remind you of the way in which August Kekulé
discovered the valency of the carbon atom, thereby
establishing structural analysis in organic chemistry. He
relates 111 that on a nice, warm summer evening in 1854
he was sitting on the roof of a horse-drawn bus, driving
through the rather empty city of London. Inarevealing
dream, carbon and hydrogen atoms appeared, first
forming sets of pairs, then groups, and finally linking
together to constitute long chains. Then all the atoms
started to turn around in a whirling dance. This dream
was the dawning of the carbon chain and carbon ring
molecular structure in organic chemistry. It was a very
fertile and effective dream indeed.

Not only do the time scales in which scientific results
are revealed tend to be different, but the level at which
progress is achieved, can also vary considerably. The
majority of today’s scientists work in a fairly continu-
ous fashion, dealing with problems which have already
been dealt with by others, but which, due to lack of
experience or lack of equipment, could not be solved.
Only very few scientists are truly able to penetrate the
boundary in order to forge ahead and to establish a
new research field in a previously unknown realm.

Three of the most famous names in this context are
Albert Einstein, who in the first decades of this century
established the modern understanding of our physical
world; Charles Robert Darwin, who in the middle of
the last century published his book °The origin of
species by means of natural selection’, in which he de-
veloped the hypothesis that natural selection is the key
to evolution, and last but notleast, we have Pythagoras,
who established mathematics two and a half thousand
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years ago. We also owe a great deal of the conceptual
basis of our philosophy of science to him. (It is said that
Plato concluded from Pythagoras’ work that God must
be a mathematician.)

For the most part, scientists, as I mentioned before,
have always been quite eager to bridge the gap between
the newly established fields and the more traditional
ones. Rather than breaking through, they cause a
gradual shift with regards to the boundary of know-
ledge and experience: they apply, generalize and inter-
pret scientific results. When I talk about scientists in the
following, I mean scientists within this majority.

The scientist’s place in society

Let me now turn to the second part of my talk.
Scientists are not alone, they are members of a society.
Like other people, the scientist is a {@ov moAiTuxdy as
Aristotle put it — a political being. Scientists serve
society; society supports scientists.

Scientists enjoy a fairly high degree of social esteem.
It is felt that scientists are educated to cope with both
technological and other daily issues by using their
critical judgement. From there, it is sometimes de-
duced, that they should also have a clear judgement
about problems concerning social life. This belief, I
think, is dangerous. Nature’s behaviour is quite differ-
ent from that of social groups. Consequently scientists
may not reach their goal in this new field. Continuing
along this same line, it is believed that scientists could
be of assistance in time of need. That is, chemists may
be able to purify the gases pouring out of a smoke stack
which pollute the environment. Biologists may be
capable of growing bacteria able to absorb oil which
covers the sea and the beaches in the wake of a super-
tanker disaster. Physicists may eventually find new
means of uncovering new sources of energy. Scientists,
on the whole, may be able to contribute to solving the
unemployment problem. Last not least, it is felt that
the scientist’s role in society is to do something new,
something of interest.

Although they enjoy this esteem, academic scientists
are frequently criticized for their self-centred interests;
because they offer little in the way of viable solutions to
the everyday dilemmas of ordinary citizens. Further-
more, scientists are reproached for their remoteness
from reality. This is sometimes a strong accusation, but
sometimes the criticism surfaces in a less direct manner.
As a matter of fact, it happened to the very first scientist
of whom we know: Thales of Miletus. Legend [2] has
it that he was rebuked for his state of poverty. If he
could not meet his own basic needs, then how could
science and philosophy be of any use? Through his
skill in reading the stars, however, he knew that there
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would be an abundant harvest of olives in the coming
season. (This was more likely the result of his know-
ledge of weather forecasting, of course.) So, having a
little money, he put down deposits for the use of all
the olive presses in Chios and Miletus, and hired
them at a low price, because no one bid against him.
When harvest time came, and many were wanted all at
once, he hired them out again at any price he chose and
made a great deal of money. Thus he showed the world
that scientists and philosophers can easily acquire
wealth if they choose, but their ambition is of another
sort. Such is the legend told by Aristotle in his work
‘Politics’.

Let us turn to more pressing problems: ‘what factors

exert the greatest influence on the research activities
being carried out today? Should the scientist himself
and no-one else determine the choice of his research
subjects?” You have answered these questions in the
inquiry. I was pleased that nearly half of you gave a
positive answer to the last question: only the scientist
himself and no-one else should determine the choice
of his research subjects. Nevertheless, I am rather sur-
prised that nearly 509 of you disagree with this state-
ment. I am with the first group. My reasons are as fol-
lows.
1. Only the scientist himself can decide whether his
interest, ability and experience will be sufficient for a
successful approach. Also, the scientist himself must be
" the one to judge the limits of his laboratory facilities.
2. Ishould like to repeat a statement which one of you
added at the end of the inquiry: ‘if the scientist is not
free in the choice of his subject, he cannot generate
enthusiasm and interest’. This is quite in line with my
way of thinking. Since research is a manifestation of
intellectual freedom, the scientist should make full use
of it from the very beginning, even in selecting his
subject.

To make myself understood, I wish to emphasize that
free choice of the subject would by no means call for
exempting it from control. There is a natural and very
effective control on research activities by the authorities
which grant financial support. Very few scientists are
sufficiently financially independent to bear the costs of
their research themselves. They have to apply for finan-
cial aid and then, of course, they have to give an
account of their progress. Besides this ‘official’ one
there is yet another kind of control: scientists are eager
to communicate. At least, they want to publish their
results, but most scientists want to discuss their work
before publishing or even before they actually start. A
scientist isolated from everybody and not communicat-
ing with anybody is a contradiction in himself. Who or
what is he working for ? So it is also the scientific com-
munity which automatically controls the research acti-
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vities, not so much on a legal basis, but on a moral and
human basis which in the end would be even more
effective. Again, I should like to stress: scientists’serve
society and society supports scientists.

In connection with the free choice of the subject of
research it might be worthwhile to draw attention to
another aspect of great importance in the daily lives of
researchers. Most scientists no longer work alone, they
work in a group and cooperate in a group. That is
especially true in the experimental sciences. Moreover,
groups have to cooperate in such a manner as to fulfil
common aims of the research institution that they be-
long to. This co-operation, of course, restricts the free-
dom of the individual to some extent. In reality, it is the
subject matter. What I would like to emphasize, how-
ever, is that each member of the institution who is
actively contributing to the research programme should
also participate in discussing the choice of subjects.

Another interesting issue in the inquiry is raised by
the statement: ‘scientists should feel responsible for the
use and abuse of their research results’. More than 75 %
of the Young Scientists have reacted favourably to this
statement. Personally, I would check the double plus
block too. I feel that this attitude is a ‘must’ after
having voted for the free choice of the scientist’s
research subject. Greater freedom automatically entails
greater responsibility — at least this is my under-
standing of liberalism.-

Again, however, the statement, as it has been given,
needs some interpretation. We have to keep in mind
that nearly every scientific result — even in the field of
fundamental research — will sooner or later lead to
various applications, beneficial ones as well as hazard-
ous ones. ‘Feeling responsible’ in the above statement
does not mean that a scientist who discovered some-
thing twenty years ago should be persecuted because
somebody else starts to misuse his earlier results. What
is meant here is that scientists who choose their research
subject should always keep in mind the possibility that
their results might be put to harmful use. If that were
the case, they should diffuse as much information as
possible on the potential risks which are involved. If
large-scale dangers are to be suspected they should do
everything in their power to eliminate them.

There are only few questions in the inquiry which
have been answered so unanimously. This reflects a
general attitude of today’s scientists: most of them are
quite aware of the dangers of applying scientific results
without reflecting on the consequences. Let us hope
that this attitude will be effective in the future as well.
The same demand, of course, holds true for the other

11 Richard Anschiitz: ‘August Kekulé’, Berlin 1929.
2] Bertrand Russell: ‘History of Western philosophy’, George
Allen and Unwin Ltd., London 1961.
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branches of human intellectual activities, outside the
natural sciences, as well. It is especially relevant in the
domain of the social sciences, where the object of
scientific research is man himself and his behaviour in
society. We can only hope that such an inquiry amongst
young social scientists would result in a similar un-
animous accord.

Coming back to the general quesiion, as to which
factors exert the greatest influence on the research
activities that are carried out, I should like to mention
two additional factors whose importance is frequently
underestimated. On the one hand, we have what is
called tradition. Tradition and continuity certainly play
an important role in the choice of research subjects.
Predicting what the scientist will do is much the same
as making a weather forecast: if you say that tomorrow
the weather will be the same as today, you will be,
roughly speaking, 809 right. If you say that next year
the scientist will still work on the same problem as he is
now working on, you may be even more accurate.

On the other hand, we have what is called fashion.
Fashion plays quite a big part in the scientific com-
munity. There seems to be a strong tendency to focus
one’s research along the same lines as one’s colleagues.
If you need to apply for financial support, don’t forget
to mention that scientists in other countries — for
example in the United States or in the Soviet Union —
are planning to do work in the same area. It will help
a lot. Scientists, in doing their research today, are not
as self-confident as they might have been during the
19th century. They are searching for moral justification.
The most elementary one, of course, is the statement:
other people do it, so why can’t 1?

A look into the future

We live in an industrial and technological age. Scien-
tists have acted as instigators in bringing about the
enormous technological developments of the last few
decades. Since the Second World War the total in-
dustrial production has been increasing at a breath-
taking rate. It has been estimated that the industrial
production of the entire world within a period of four
or five years is now larger than the total industrial
production of mankind during the period dating from
Adam and Eve until 1945.

Butitis not only the quantity of the production which
impresses us, it is the level of sophistication which
draws our attention even more. For example
— man invented the computer,

— man developed the synthetics industry,
— man learned how to handle antibiotics.

We have every reason to be proud. Science and tech-

nology have enabled us to understand our physical
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world and to control nature. Science and technology
are at the roots of our economic well-being, thereby
determining life’s wealth and versatility. In short:
science and technology have made our lives comfort-
able.

Yet there are serious doubts as to whether techno-
logical progress has always been for the good of society.
Three reasons for these doubts have been analysed
extensively by the British economist Ernst Friedrich
Schumacher 3] in his book ‘Small is beautiful’. In
short, they are.

1. The enormous increase in manufactured goods en-
tails an enormous waste of raw materials. However, as
you know, the supply of raw materials is limited. It is
diminishing much faster now than had been expected.
Our economic well-being is based on exploiting the
Earth’s resources. We take the raw materials without
paying for them. Continuing to do so at such an alarm-
ing rate will leave our children deprived of necessities
which we, in this century, have taken for granted.
Furthermore, if we live from the resources, would it
then not be fair to share them with the world’s popula-
tion?

2. We are able to control nature, but at the same time
we are spoiling it. The enormous industrial production
is overshadowed by an alarming increase of pollutants.
Our means of coping with it are limited. The most com-
mon procedure is to dilute and to distribute them over
such large volumes that people no longer perceive them.
Although this procedure does work on a small-scale
basis, since nature has a way of purifying itself, it no
longer works when the quantity of refuse becomes
too great. One thing is certain: the disposable volume
of clean air and water is limited. Of course, there is
again the additional question of whether this procedure
is fair to our fellow-citizens; let us confess, it is nothing
else than the age-old practice of throwing the junk over
the hedge into the neighbour’s garden.

3. We feel that our economic system and our way of
life not only spoil our environment, but spoil our basic
human values as well. We no longer understand our-
selves as an intrinsic part of nature. We have come to
the point where we are able to govern nature. As a
result, we presume that it is our right to consume nat-
ure. Man has never been so unrestrictedly convinced that
he is the pre-eminent creature in the world as he is
today. This pretentious attitude against nature goes
hand in hand with the decline of values in today’s
civilization. Modern people tend to disgard nearly all
values, religious and political ones as well as ethical
and educational ones. Our philosophy has become very

131 Ernst Friedrich Schumacher: ‘Small is beautiful. A study of
economics as if people mattered’, Blond and Briggs, London
1973.
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restrained. The only generally accepted aims in life
seem to concern:

— more money,

— more social advancement,

— less work.

What can be done, and how can scientists help over-
come this situation ? The two first-mentioned problems
belong to the domain of world problems, which will be
studied extensively this afternoon in the talk by Dr
Pannenborg. The third one is part of the education
problem, on which Dr Dixon gave his talk this morn-
ing. But all three problems are interdependent. I am
not at all in a position to give an exhaustive answer,
but I should like to contribute to the discussion by
specifying two aspects which in a way are in between

‘education’ and ‘world problems’.

My first point is to criticize the belief that economic
expansion is absolutely necessary. In the past techno-
logical progress has mainly been measured in relation
to its contribution to the increase in the gross national
product. Economic growth has been a sort of a magic
formula for our way of life. This inbred belief is in fact
the basic stumbling-block separating us from a more
realistic outlook on the world around us. It must be
clear to each scientist that the idea of an unlimited
economic growth is very short-sighted. As specified be-
fore — it is neither possible nor desirable to change
the whole Earth’s surface into a great industrial maze.
In long-range terms, the only economic system which
guarantees lasting stability is a system which ap-
proaches self-consistency. This is a system which to
the greatest possible extent makes use of recycling pro-
cesses such that the waste of raw materials on the one
hand and the pollution of the environment on the other
are reduced to the lowest level possible. ,

Politicians claim that economic expansion is neces-
sary in order to maintain political stability and full em-
ployment. It is obvious that the recycling practice
would initially be unwelcome, because it entails higher
production costs which in turn will make all products
more expensive. On the other hand, it is not necessarily
true that restriction of economic growth would ag-
gravate unemployment. On the contrary, recycling
would tend to increase the work force as a whole, since
new tasks will require new jobs.

It will take a lot of persuasion to change the overall
outlook of people in this respect. For the time being,
people think along quite different lines. Let me give
you one example. When you visit an automobile dealer
and observe people buying cars you can see that they
are quite willing to pay out an extra 1000 guilders for
some extra gadgets. But have you ever heard a pur-
chaser arguing that he wants a special engine which
would be less damaging to the environment and that
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he would be willing to pay an extra 1000 guilders for
it ? Or have you ever heard of a purchaser buying a new
car and leaving the old one at the dealer’s with an ex-
tra amount of money for its dismantling and recycling?

This leads me to the second aspect I wish to mention.
Technological progress has made us prosperous. In a
way, however, it has also made us poor. We have con-
centrated so much on all the fascinating avenues which
have been opened up by it that we have lost track of
what we are doing. In order to illustrate what I mean,
1 will give only one example: go to an international air-
port during the holiday season and ask people why they
are planning to fly such a long distance for their holi-
days. Most of them will answer that they have already
been to all the nearer places, therefore they want to go
elsewhere this time. No more. It is really necessary to
spend so much precious fuel for that purpose?

So, beyond all the technological innovations, we have
lost touch with the essentials: what is our life good for,
what is the purpose of our being? All over the world
there is nowadays a strong tendency to do everything
in a more scientific manner. School teaching, for
example, is supposed to be much more scientific than
it was before. A much larger percentage of the popula-
tion has the opportunity to participate in high-school
education. But it seems that the growing scientific
education is paralleled by a growing helplessness in the
most central branch of knowledge, philosophy, which
formed the true beginnings of science. During the
last meeting of the Nobel prize winners at Lindau/Lake
Constance the physician and biochemist Sir Hans
Krebs, talking on juvenile delinquency and unwilling-
ness to work, referred to the fact that antisocial
behaviour grew worse during the very period in which
the social sciences were being heavily promoted. One
could continue by saying that the assurance on what
to do and what not to do got lost during the very
period in which scientific education was being in-
tensely promoted.

A solution to the technological crisis cannot be

‘ordered by law. It demands a change of consciousness.

That will take a long time. What we really nced is a
philosophy of work, a philosophy which brings home
to us that work actually has an importance attached to
it, that we do have an obligation to work. In the long
run the essential goods on this Earth cannot be taken
free of charge, we have to work for them. Work is not
only a burden, work has a meaning of its own. It is the
basis of our material and also of our spiritual well-
being. Work will help us to combat the widespread
social diseases of insecurity, loneliness and frustration.

The loss of a proper relation to work has been
strengthened by far-reaching centralization and specia-
lization: children cannot see nor can they understand
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what their parents do professionally; industrial workers
do not know what the end-product is for which they
prepare specialized components; physicians lose their
goal when they concentrate entirely on single organs.
So it might be necessary to reconsider the organization
of work. Besides the specialized work in large organiza-
tions we need a renaissance of the ‘home-made’ type
of work. One concept is that of ‘Eigenwork’, a term
introduced by Christine and Ernst.von Weiszicker [4],
Eigenwork is meant as work for oneself; it allows for
full self-expression. Work and success go together and
are experienced as one unit. It can be work in the
family, in the community, in clubs; it can be manual
work, agricultural work, education and training. Scien-
tific research, for example, even in the second half of
the 20th century, is still very close to the concept of
Eigenwork, inasmuch as it is planned and executed
by one and the same person, bringing to light his
freedom of initiation and his satisfaction in accom-
plishment. . '
There are fields where Eigenwork has been the usual
form of work at all times; house-keeping is a typical
example, but it should be possible to transfer the con-
cept to industrial manufacturing as well. It then will
need a special technology, a human technology, which

{49 Christine and Ernst von Weizsdcker: ‘Fiir ein Recht auf
Eigenarbeit’, Technologie und Politik, Bd. 10, Rowohlt 1978.
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does not alienate the worker from his own product. It
should be a technology which is oriented towards
human satisfaction rather than economic expansion.

Whatever the future development of science and
technology may be, it has to be judged on a human
scale and it should be able to bring man back into har-
monious relation with nature. The longing of scientists
for this type of awareness was demonstrated most im-
pressively to me during a Young Scientist’s Fair in
Mainz in 1972, when Neil Armstrong, who together
with Edwin Aldrin in July 1969 was one of the first men
to walk on the Moon, reported on their trips. Neil Arm-
strong did not give a scientific talk, nor did he give a
technological report, but he told a beautiful fairy-tale
about man and the Moon, sublimating all his scientific,
technblogical and psychological experience into this
very human form of poetry. I have rarely at any time
seen an audience so fascinated. The report was per-
ceived as a look into an unscathed world, where science
and humanities again form a unit,

Ladies and gentlemen, please allow me to express my
gratitude to the Philips Company for the kind invitation
to attend the 10th Anniversary of the Philips European
Contest for Young Scientists and Inventors. This has
enabled me to enjoy with you a glimpse through the
European Window, tracing the path of science and
society in their evolution from the past into a distant
future. ' :
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Science and World Problems

A.E. Pannenborg

From a distance of two hundred thousand kilometres
the Earth is a coloured globe. The oceans, the conti-
nents, the ‘mountain chains and the deserts appear as
separately coloured patches. I regard it as a privilege
that we can see our Earth in this way. For many cen-
turies, people thought that they lived on a flat disc
from which they could easily fall off. Later, navigators
proved that the Earth was a globe. These explorers also
showed that unheard-of possibilities existed in distant
parts of the world. But now that man — continuing the
human adventure — has left the confines of the globe
we are seeing for the first time the finiteness of the
dimensions and the possibilities.

From a distance, nothing can be seen of human
activity on Earth. It is only when you are standing with
both feet on the ground that you see the silent forests,
the village squares covered in flowers, our mechanized,
agriculture, the industrial complexes, the urban areas,
the chequered landscape, the soil and water pollution,
the slums, the exhaustion of our natural resources, the
hunger, the poverty and the massive mortality of men,
women and children.

Classification of world problems

Poverty, hunger and death are as old as mankind.
A new element in human history is that in the last half
century many problems have imperceptibility become
interwoven with each other. That is why it is also in-
creasingly difficult to solve big problems like the popu-

. lation explosion, environmental pollution, the shortage

of food or energy and the social issues linked with these.
The problems have become world-wide.

The expression ‘world problem’ is relatively new and
does indeed reflect a new notion. A precursor of this
notion can be found in the term ‘world war’, which has
been used to describe two major international conflicts
in this century. It implies that these wars affected the
majority, if not all, of the world’s population. Accord-
ingly, a world war — or to be more precise at this
moment the prevention of the next one — certainly is a
world problem. If there was any doubt about this in
the past, that doubt has completely vanished since
nuclear weapons became available. In discussing a
notion such as world problems, it seems proper to de-
fine or classify its content. This is not difficult. In the
first place the term ‘world problem’ should only be
used of an issue which is the concern of everyone or

almost everyone who is alive at the present day. The
definition could then be extended to cover those
problems which will concern evei'yone at some time in
the future.

The second criterion for classifying something as a
world problem is the effect of the finite size of the Earth
on its existence. This finite size makes itself felt in two
main ways. One is the limitation it imposes on the
physical resources available to man, a limitation of
which man has recently become extremely conscious
in the case of fossil fuels. The other is the interdepend-
ence between different problems which in former
times could be considered in isolation.

Man’s reaction to.yorld problems

Now that I have outlined my definition of what are
nowadays termed world problems we can examine what
motives there are for man to consider these as real
problems, and to apply himself, through study and
analyses, to trying to understand them and to finding
answers that will enable him to solve them. Here we
find that this motivation is more fundamental and
universal than in the case of questions of a more limited
nature. It is clear that world problems are recognized as
being potentially so threatening that the urge to pre-
serve mankind as a species comes into play. This is
quite distinct from ‘amour propre’ which applies to an
individual or even the motive of self-preservation which
inspires a nation.

A world problem also brings out the natural urge to
conserve what man has achieved up to now. From the
outset it is clear that we cannot be completely successful
in this respect and in discussing any world problem one
is always confronted with the question of how to set
priorities in order to conserve at least the major part
and the essence of what man has already attained.

The technological background of world problems

Much is at stake, both on the positive side of the
balance sheet and, unfortunately, also on the negative
side. Man has subordinated the world to his will, but
he has paid a high price for this in the form of world
problems. Unmistakably, the driving force behind these
developments is man’s technical genius. Before giving
you a review of the world problems of today, I would .
first like to take you on a trip into history in search of
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the use of technology. I shall go through it touching
only on the major milestones. I am mainly concerned
with showing you how the availability of energy has
affected — and is still affecting — all kinds of techno-
logical developments. The threat of surrounding nature
was a primary stimulus for man to escape from this.
In this sense, man is a technical being. In the dawn of
human existence, that was already shown by his skill
in working materials: stone, bronze and iron, which
are even characteristic of successive ages. But in using
these simple materials, the human being of those times
already reached great heights. In the period of half a
million years the shapes of, for example, flint hand axes
evolved in such a way that they are still characteristic of
the subdivisions of the Stone Age. With only five flint
tools such as the hand axe, the knife, the plane, the drill
and the spear, paleolithic man succeeded in conquering
almost the entire Earth.

With the transition from the hunter’s and collector’s
existence to an agricultural economy, in which the
population lived in one fixed place, man’s technical
genius made further important contributions — for
example to improving food supplies and facilities for
shelter. Up to the end of the Roman empire the most
important sources of energy were animals and human
beings. Thanks to the great wars of conquest, the
Romans had an abundance of cheap labour, so that
there was little or no stimulus to apply the inventions
of Roman manufacturing technology on a large scale,
though these inventions did exist. As early as one cen-
tury before Christ, Vitruvius invented the water-wheel,
but it was only in the latter days of the empire that it
was used on a very modest scale for grinding corn and
sawing blocks of stone. This last fact is known from the
poem ‘Mosella’ by Ausonius (370 A.D.) who speaks of
‘screeching saws which the water (of the River Ruwe)
draws through the smooth marble blocks’. In those
days the great wars of conquest were past and the
Romans no longer had large numbers of slaves avail-
able to do the (manual) work. In this respect, the power
supplied by men and animals, which was used for cen-
turies, restricted possible technical development which
perhaps might still have saved the Roman empire.

As against this, the watermill won an early and rapid
success in Western, Europe as a prime mover. For
example, it is striking to note the large number of
watermills of the Vitruvian type which are mentioned in
the English Domesday Book of 1086. In it, the com-
pilers arrive at a count of around six thousand. This
source of energy had a great influence on mediaeval
society.

It is likely that the introduction of the water-wheel
took place so easily and rapidly because there were no
longer any — or only very few — slave workers. The
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main difference between this early Anglo-Norman
society and that of Roman times was the greater free-
dom enjoyed by its members, although compulsory
services to the lord of the manor remained customary
for a long time.

Some time later, the use of windmills also had a
stimulating effect on the early industrial development
of society. Particularly in the flat country in the west of
the Netherlands, thousands of windmills were built. In
the sixteenth and seventeenth centuries the Netherlands
even had a technological lead in comparison to other
European countries. This was undoubtedly partly due
to the availability of this well-developed prime mover,
the windmill, which formed the basis for developments
in shipbuilding, food-processing, cable-making and of
course drainage and the reclamation of land. Technical
progress was by and large based on an experimental
approach, but the first contributions from science to
technology became visible in the work of Christiaan
Huygens and Simon Stevin.

Thus man, in confrontation with nature, attempted
to conquer everyday problems. In fact, nowadays we
can scarcely conceive what privations were formerly
suffered and the abuses to which that gave rise. From
the summary made by the nineteenth-century physician
Dr Coronel, it can be seen how Middelburg, a small
town on an island in the South-West of the Nether-
lands, was devastated by disasters in the past and
similar facts are known about a large number of other
towns. For example, in 1348, the plague reduced the
population in Europe to two-thirds of its size in a period
of three years. ,

This disease struck at various places at intervals of
ten years and even in 1720, half of the total population
of 90 000 died in Marseilles.

But even if there were no eutbreaks of disease, there
were worries. To keep the population growth within
bounds, recourse was had to birth-control practices
which now sound incredible to us. As recently as the
middle of last century infanticide was used on a large
scale in Europe as a method of regulating the birth rate.
Abandoning a child also virtually always meant its
certain death, even if the infant was taken into a found-
ling hospital.

But let us continue with the development of man’s
technical progress. The middle of the eighteenth century
saw the discovery of the steam engine, which was to
resultin a tremendous expansion of technical potential,
an expansion which went for a long time. Its first ap-
plication was in mining where water had to be removed
from the pit. That was a problem that could scarcely
be solved in any other way. Initially, the steam engine
was regarded as an addition to existing energy sources
such as the water-wheel. If, for example, a rotary
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movement was needed for hoisting loads out of the
mine (which prior to that time were carried up on the
workers’ shoulders) that was still done by a water-wheel
using the water which had been pumped up. Even when
the crank and crankshaft were already in use, the com-
bination of steam engine and water-wheel was still
employed — for example, in the textile industry, be-
cause a regular speed of rotation was required there.
However, in a short time the steam engine won its own
firm position as a supplier of mechanical energy. As is
well known — I need not go into this in detail — its
use in this respect had great consequences for the con-
tours of Western society. Centralized industrial pro-
duction grew up. The expansion of transport facilities
(the train and the steamship) made it easy to convey
raw materials over great distances and later to carry the
finished products away again. An extensive network of
lines of communication gave an extra dimension to
society. And so, gradually, our present industrialized
world came into being, with an exponential growth of
human activities as an answer to the increasing demand

for products for an increasing population. This develop-.

ment was continually accompanied by a series of peaks
and troughs, the phenomenon of the economic cycle.
Independently, the pursuit of science also expanded
enormously, Even in the 19th century scientific in-
vestigation was in most cases carried out by highly
gifted individuals working alone. Around the middle
of last century research as an organized activity was
taken up. The first subject area was organic chemistry
in general and dye stuffs in-particular. These investiga-
tions might be called the first example of industrial
research insofar as they were carried out on behalf of
and to the direct benefit of an emergent chemical in-
dustry. The electrical industry was soon to follow.
The Philips Research Laboratories were founded in
1914, first for research on problems posed by the in-
candescent lamp and later expanding into large physical
and chemical laboratories, exploring a broad field.
Thanks to this fundamental and applied scientific
research, numerous inventions could be industrialized.
It was the start of science-based industry. Large in-
dustrial areas grew up in the countries of the West and
prosperity rose — as can be seen, for example, from the
great increase in the goods consumed per person. And
all this was possible thanks to the availability of abun-
dant and cheap energy: coal, followed later by oil and
gas and electricity generated from them. It should be
added, however that the interaction between science
and technology is not one-sided. Professor Casimir has
pointed to the ‘science-technology spiral’ in order to
describe the use of the latest technological results and
products in scientific investigations. This two-sided
interaction has been a major accelerator in the un-
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precedented advance of natural science over the last
100 years. This relates not only to physics and chem-
istry, but also to biomedical research.

It is the widespread use of technology on a mass_ive
scale which, as a side-effect, creates problems and it is
necessary to seek ways of eliminating these. As the
Greeks pointed out, it is the old case of ‘Panta rhei’
— everything flows and is constantly changing. The
people who lived before us were perhaps unable to fore-
see clearly the harmful influence of the side-effects. One
reason might be that in the two centuries which have
passed since the start of the industrial revolution, tech-
nology has created a tightly woven network of relation-
ships on the Earth. Life on Earth has become one large
coherent system. A disturbance at one place in the
world can bring about a reaction somewhere else, which
still takes us by surprise. There are no longer any
simple solutions. Often the problems are interlinked
and can therefore no longer be solved individually. We
must tackle them all simultaneously to prevent fatal
reactions.

By and large, in most parts of the Western world the
problem of protecting ourselves against nature has been
solved and true poverty has been banished. The new
challenge which faces us consists in preserving the many
desirable effects achieved, whilst eliminating the un-
desirable side-effects that have now become so clearly
evident. A good illustration is provided by the car. We
all enjoy the tremendous mobility which it has given to
the individual. On the other hand, we are angry or de-
pressed (depending on one’s temperament) by the
fumes it creates, the noise, the amount of valuable
mineral fuel used and the seemingly ever-increasing
amount of land that is converted into highways. We
want to get rid of all these inconveniences, but for the
time being we are not prepared to give up our recently
won freedom of movement.

What is a world problem?

So far we have discussed world problems in a very
general and abstract way. It seems useful at this point
to indicate the complex questions which have been
recognized as world problems in more concrete terms.
As is clear from my introduction, the threat of war and
the prevention of its outbreak rank high on the list. In
a way it forms a world problem apart from the rest,
though in common with several other international
issues war — always a lethal threat — has only become
a world problem since man, through the application of
technology, has created tools so powerful as to im-
plicate the whole of mankind.

Surveying world problems as a whole I would divide
them into two categories.
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The first category is a direct consequence of the finite
dimension of the globe and the limitations which this
places on the resources available in our physical world.
The resources meant here aire not confined to those
which command a price in the world economy, but they
include such physical entities as three-dimensional
space, water and air. The fact that the limitation of
these resources has only recently given rise to world
problems is a result of their vastly increased use by
man. This increase is due to the phenomenal success of
Western man in building up his wealth, and equally to
the sharp growth which has lately taken place in the
number of inhabitants of this Earth.

The second category of world problems seems from
the very uneven distribution of most resources over the
Earth. This should be compared with the distribution of
mankind over the surface of the Earth — also quite un-
even, but in a different way from the resources. These
facts have led to a strong interdependence right across
the world. The autarchy of kingdoms in the Middle
Ages is far behind us.

From the multiplicity of world problems I shall select
a number for brief discussion in order to try to draw up
a balance sheet reflecting the situation on Earth. For
this purpose I have selected the world population and
the food supply, environmental pollution and the
shortage of energy.

There is probably no Western technology which has
affected the world situation so deeply as the develop-
ment of medical know-how. Fairly abruptly in the 19th
century a situation was reached in which the mortality
figures in the European countries could be reduced
drastically. This in turn gave rise to a sharp increase in
the population of the continent, because the birth-rate
remained at the traditional high level for at least a
century. In step with the colonial expansion of the
European nation-states, Western medical technology
became available to vast regions of the world, including
those which today we call ‘less-developed countries’.
This is one of the main underlying causes for the popu-
lation explosion which we observe in these countries
today.

It is estimated that there are at present more than
- four thousand million people living on Earth. Shortly
after the end of the century that number will have risen
to eight thousand million. In order to cope with this,
the number of provisions for living and for working
will have to be at least doubled, which also means an
increasing demand for food, capital, and all kinds of
materials and energy. An additional problem is con-
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stituted by the fact that many of the countries which are
growing rapidly are already overpopulated now.

The countries of the West take a more respectful view
of the value of any human life than they did a hundred
years ago. In many respects, we feel responsible for the
fate of the countless people living in conditions which
the West itself knew until not so long ago. But at the
same time we also see the problems which will arise if
the developing countries achieve a significant increase
in their standard of living. In spite of the gloomy pros-
pects, there are nevertheless some brighter features.
There are official figures which show that in some of the
emerging countries the population growth is levelling

" out. This is a result of intensive information campaigns

about birth control.

‘What will be the number of people at which a state of
equilibrium will be reached on Earth? There are cal-
culations which work out at around fifteen thousand
million people. Will the Earth be able to support this
number ? A great deal of work will still have to be done
on this. Highly developed agricultural areas will not be
able to raise their production much further. The total
area in the world devoted to food production can be
further extended by only a modest fraction. The pro-
duction per hectare in underdeveloped countries has to
increase. In thisconnection theimprovement of varieties
of grain — an activity carried out under the auspices of
the FAO under the very promising name of ‘The Green
Revolution’ is very important, but will lose its value if
steps are not taken to combat pests at the same time.
Rats alone eat up twenty per cent of the world’s harvest
each year. '

The increase in agricultural output is counteracted by
the loss of good land. Deserts are still expanding. This
isatypical example of a world problem. It is beyond the
power of an underdeveloped country to try to hold
back the advancing desert. If the neighbouring coun-
tries do nothing, the work would in any case have little
effect. An international- approach is essential in this
respect. But many deserts are situated in those coun-
tries which have an underdeveloped economy and by
and large lack the political power, organization and
capital to tackle the problems. The interwoven nature
of these problems again emerges here when it is re-
membered that deserts interact strongly with the
climate well beyond their own geographical limits.
Other than saying that great changes will occur, it is
completely impossible to predict with certainty what
exactly the consequences for the Earth’s climate will be
if deserts are cultivated and irrigated on a large scale.

The prosperity of the West is best characterized by
the level and growth in industrial production per head
of the population. There are two negative aspects to
this: the environmental pollution which occurs in the
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large-scale production of goods and later in the use and
destruction of the product, and, secondly, the vast in-
crease in the raw materials and energy required for the
production of the desired product.

As far as environmental pollution is concerned, I
would make a distinction between the local pollution
resulting from industrial or agricultural production
(think, for example, of fertilizing the fields) and the
world-wide impairment of the living environment — for
example by the burning of coal, oil and gas resulting in
an increase in the amount of carbon dioxide in the
atmosphere. The first type of pollution is at present
being combated by all kinds of actions in conjunction
with legal regulations. These can achieve a great deal in
preventing the pollution that can be observed every day.
A question of mentality is also involved here. The
second kind of attack on the environment — i.e. on a
world-wide scale — is more difficult. Here again, inter-
national agreements should be made which of course
will only be effective if they are observed. In this re-
spect, there are still many uncertainties about the in-
fluence of human activities on the environment.

The most important raw material for human use is at
present fossil fuel. We have seen how, in the course of
the centuries, the available energy determined the level
and scope of technology..This in turn has led to a close
correlation between economic growth and the growth
of energy consumption. If this correlation were to con-
tinue, we would in the not too distant future be forced
to an economic stand still by the depletion of mineral
energy resources. It therefore seems that one of the
great challenges that faces mankind is to develop pat-
terns of economic growth which are not concurrent
with an increase of energy consumption. Even if this
can be done the existing sources of energy will be in-
sufficient within a few decades to meet the demand. We
shall therefore have to do specific research on new
energy sources, whose freedom from pollution must be
a prime consideration. One of these sources is of course
the Sun, which can be used both for the direct con-
version of light into electricity (solar cells) and for
heating (solar collectors). We are still only at the start
of these technological developments. At present, it is
still not possible to foresee what part they will ulti-
mately play in the energy supply, though it is certain
that in this century their role will be modest.

Simultaneously with the search for new forms of
energy we will therefore have to realize that we must
make use of the existing energy sources more carefully.
Three-quarters of the energy required in a household in
Western Europe, for example, is used for heating. This
can be reduced appreciably. The solutions for this
reduction, however, require appreciable investment and

“will come gradually.
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The role of science

We shall now come back to the role of science in the
study of, and approach to, world problems. The major
portion of today’s technology is science-based. As far as
world problems are linked with the widespread use of
the results of technology, part of their solution will -
again be technological in nature. Accordingly, progress
in the pure sciences will make a broader spectrum of
technological possibilities available to man. In this way
science, through the intermediary of technology, is
visibly linked to world problems and their possible
solutions.

Quite a different contribution of a scientific nature is
provided by the recently developed disciplines of sys-
tems dynamics. As was pointed out above, the majority
— if not all — of the problems which face the world
today are interlinked. The interdependence and inter-
action between the various problem segments is com-
plex and manifold.

Even before the Second World War a general control
theory had been developed in which the concept of
feedback has introduced. After the war, this was de-
veloped further into cybernetics. Under the direction of
Professor Forrester, a group at MIT in the United
States has played a decisive role in the consolidation of
this new field, particularly by applying these scientific
methods to urban and world dynamics.

The complexity of world problems easily surpasses
the limit of what man can grasp through intuitive
reasoning. One way to approach this complexity is to
describe the situation — i.e. the problem — in a sim-
plified way. This is a method which has been used by
science for centuries, in the sense that the behaviour of
physical reality is described by mathematical equations
which connect a limited number of parameters which
we consider to be relevant. The equations always re-
present an idealized picture that leaves out the non-
essential qualities. When there is a high degree of sim-
plification, which is usually necessary to permit a de-
scription of a complex situation like a world problem,
we tend to call that simplified description a model. The
model should contain the main parameters and their
interrelationships, expressed in quantitative or semi-
quantitative terms. The model as such — which is often
not easy to create — brings order into the complex
problem but does not necessarily provide deep insight,
and certainly does not as yet indicate any solutions to
the problem described. For this we have to study how
changes in certain parameters will affect all the others.
In present-day electronic computers man has created
a tool which can carry out the multitude of calculations
this requires. It is this method of systems dynamics
which allows man to study the consequences of his own
possible future decisions.
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It will be clear that not all the problems which face
the world today can be described in a model which is
sufficiently quantitative in its relations between the
relevant parameters to enable computer calculations to
contribute to a solution. It has, however, been a great

victory for human intelligence to demonstrate what @
surprisingly large variety of problems is open to the
methods of systems dynamics.

It is interesting at this point to look at the opinions
of young scientists about the relative importance of
research on world problems of a different nature. The
questionnaire offered a choice of eight different world
problems to be studied. The young scientists selected
pollution in industrialized countries and the supply of
raw materials and energy to these countries as the best
problems to study. The population explosion in South
Asia and the related problem of the food supply there
came next, whereas they considered that the threats
resulting from over-intensive urbanization and the
question of rising unemployment were less interesting
subjects for research. I think that what becomes clear
from these results of the questionnaire is the fact that
young scientists have a keen perception of the limita-
tions of present-day science. They favour doing research
on those problems for which the available scientific
knowledge and methods give a fair likelihood of ob-
taining results. This is probably quite contrary to the
opinions prevailing among the uninformed public, who
today all too readily assume that in view of the un-
precedented success of the natural sciences during this
century the social sciences have also developed to a
similar extent.

If we look again at the various categories of world
problems and their component parts and try to envisage
which disciplines from the realms of science can be
applied, we find that they can broadly be divided into
two parts.

One part consists of all those problems which are
related to the physical environment of man on Earth.
These can largely be dealt with in terms of natural
sciences and systems dynamics. This can be supplement-
ed by notions and relations from economic theory. A
number of studies published as reports to the Club of
Rome have been carried out on this basis. Of course,
the limitations of man’s present-day knowledge of
natural phenomena again become evident here. A
chapter which, in comparison to pure physics and
chemistry, seems to have been somewhat neglected is
climatology. Because all life is confined within a thin
layer on the surface of the Earth, climatology plays a
dominant role in several world problems with pollution
in its various aspects as the conspicuous example.
Climatology is also connected with the possibilities of
recycling resources, for which nature provides us with
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the splendid example of the water cycle through evapo-
ration and precipitation.

The second broad part of world problems as de-
scribed above could be called ‘man and his behaviour’.
To study these we draw on emerging disciplines such as

sociology, anthropology, political science and of coures
economics, which are much less firmly rooted in his-
torical development than the natural sciences. At pres-
ent, with the exception of economics, these disciplines
have notyet developed the basic theories and parameters
that allow the construction of models and the derived
conditional predictions which are possible with models
for the physical world.

As yet, too little is understood, a priori, about the
reactions of communities to physical or social changes
in their environment. Anthropology, however, provides
us with numerous indications that human communities
react conservatively to innovations. And that is certain-
ly the case when the change does not stem from a com-
munity’s own culture. Ideas or techniques foreign to
them are certainly copied, but not necessarily readily
integrated into their traditional socio-cultural pattern
of life. This leads to great tensions in assimilating such
innovations. We looked briefly at an example in con-
nection with the drop in the mortality rate in the de-
veloping countries as a result of Western medical know-
ledge.

With regard to man as a member of an organized
community it is clear that scientific theories about de-
cision processes and their mechanisms are lacking.
Human decisions can, however, be taken into account
in the models describing the physical parts of world
problems in an interactive way, so that the consequen-
ces of an assumed decision can be studied in some
detail.

Conclusion

In the above I have tried to give a description of what
we nowadays call world problems and the tools which
man has developed for their analysis and potential
solution so far. The role of science, both in its possibili-
ties and its limitations, is quite clear. Science provides
the framework of concepts and laws which enables us to
describe a fair number of world problems in the sim-
plified form which is also customary in scientific in-
vestigations. Because of the overwhelming complexity
of true world situations the degree of abstraction and
aggregation is, however, considerably larger than is
customary in scientific investigation and thus introdu-
ces a corresponding degree of inaccuracy. The creation
of systems dynamics as a systematic method has be-
come important in conjunction with computers as a
tool for calculations which are so extensive that they
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could not be carried out previously.

Let us come back to the Earth. Some of the older
professional scientists and other invited guests present
here today have found a task there. A great task still
awaits the young scientists. I hope — and now I am
addressing the young scientists — that I have scared
you sufficiently to make you realize that never before
in human history has such a call been made on human
creativity as it has in our time. Perhaps you might say
that the Earth has to be conquered all over again. The
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tools available to you for this are considerably more
powerful than what primitive man had when he started
his journey over the surface of the Earth. You also
know what can go wrong. Whatever the direction in
which your lives may develop, either in science or along
some other course, I hope that you will have the op-
portunity always to take the decisions which can pre-
vent negative consequences for the Earth and its in-
habitants. I have complete confidence in your efforts
to achieve this goal.
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Influence of crystal defects on the luminescence of GaP

C. Werkhoven, C. van Opdorp and A.T. Vink

Light-emitting diodes (LEDs) are nowadays widely used in such devices as pocket cal-
culators and digital watches, and as indicator lamps. In recent times there has been a
growing demand for green LEDs, for which single-crystal GaP is the usual basic material.
Although the control of this material has been greatly improved, crystal defects in GaP
still cause so much non-radiative recombination that they seriously limit the efficiency
with which electrical energy is converted into green light. The research described in the
article below has yielded a greater understanding of the individual contribution of the
various types of crystal defect to the non-radiative recombination in GaP.

Introduction

Single crystals of the III-V semiconductor gallium
phosphide can be used for making diodes that emit red,
yellow or green light when an electric current is passed
through them [1). In the fabrication of a GaP diode
an N-type layer (about 30 pm thick) is grown epi-
taxially on a substrate (about 350 pum thick), which
likewise consists of single-crystal N-type GaP. Next a
P-type layer is added, either by epitaxial growth (about
30 wm) or by zinc diffusion in a part (about 5 pm) of
the epitaxial N-type layer. Epitaxial growth may be
performed by liquid-phase epitaxy (LPE) or by vapour-
phase epitaxy (VPE).

The luminescence of a light-emitting diode is caused
by recombination of electrons injected into the P-type
layer and holes injected into the N-type layer by means
of an externally applied voltage. Electrons and holes
can also recombine without generating the desired
visible radiation. In GaP diodes the luminescence
efficiency is limited to a great extent by non-radiative
recombination near or at crystal defects, which are
always present in the N- and P-type layers and in the
substrate.

The most important crystal defects that occur in an
epitaxial GaP layer are shown schematically in fig. 1.
The defects are classified by their spatial extent. Point
defects may consist, for example, of foreign atoms in
the GaP lattice, of vacant lattice sites (vacancies) or of

' Dr C. Werkhoven, Dr Ir C. van Opdorp and Dr Ir A. T. Vink are
with Philips Research Laboratories, Eindhoven.

Ga or P atoms that occupy interstitial sites in the lat-
tice. Complexes of two or more point defects also be-
long to this category. Linear defects such as line dis-
locations usually originate in the substrate and extend
up to the surface of the epitaxial layer. Planar ‘defects’
are formed by boundary surfaces such as the surface
of the epitaxial layer and the interface between the
epitaxial layer and the substrate. Three-dimensional
defects include precipitates and also very small dis-
location loops. When their dimensions are of the order

Fig. 1. Diagram representing an epitaxial GaP layer with the
three main types of crystal defect. S surface of the layer. ! inter-
face with the GaP substrate. P point defects. L line dislocations.
M microdefects. :

1) The luminescence of GaP has been described earlier in this
journal by H. G. Grimmeiss and H. Koelmans, Philips tech.
Rev. 22, 360, 1960/61, by H. G. Grimmeiss, W. Kischio and
H. Scholz, Philips tech. Rev. 26, 136, 1965, and by R. N.
Bhargava, Philips tech. Rev. 32, 261, 1971. General infor-
mation on light-emitting diodes can be found in the book
by A. A. Bergh and P. J. Dean, Light emitting diodes,
Clarendon Press, Oxford 1976, and in the book by J. I.
Pankove (ed.), Electroluminescence, Springer, Berlin 1977.
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of 1 um or less, these imperfections are also referred to
as microdefects. They often occur when the solubility
limit of point defects is exceeded during cooling of the
crystal from the preparation temperature down to
room temperature.

The nature and amount of crystal defects depend to
a great extent on the conditions during the growth of
the N- and P-type layers. The aim will be to choose
these conditions in such a way as to minimize the in-
fluence of crystal defects on the luminescence efficiency
of a GaP diode. To make a suitable choice it is neces-
sary to have an understanding of the recombination
processes that take place at crystal defects.

A study of these processes in diodes is complicated
by the presence of the P-N junction. Our investigation
was therefore directed at determining the ways in
which the various types of crystal defect contribute to
the non-radiative recombination in epitaxial N-type
layers. By applying theoretical considerations the
results thus obtained can be used for determining the
influence of crystal defects on the luminescence effi-
ciency of GaP diodes.

To ascertain the nature, concentration and distribu-
tion of the crystal defects [2] the defects were as far
as possible made visible with the aid of X-ray diffrac-
tion, electron microscopy and chemical etching. The
next step was the optical excitation of a large number
of different layers so as to be able to measure the
luminescence intensity as a function of time after the
excitation was ended. The luminescence decays faster
the more a particular type of crystal defect contributes
to the non-radiative recombination, the influence of
the other crystal defects remaining unchanged. From
a careful analysis of the data we were able to find in
broad outline the various contributions made to the
total non-radiative recombination. It was found that
line dislocations generally gave the largest contribution.
By means of a special method of preparation the forma-
tion of line dislocations could largely be avoided. In a
layer with relatively few line dislocations point defects
play an important role.

The experiments were mainly carried out on LPE
layers, but the results are also applicable to other GaP
layers. Presumably the understanding gained can partly
be carried over to other widely used III-V semicon-
ductors, such as GaAs. The radiative recombination in
this material gives rise to infrared luminescence, which
is many times more efficient than the luminescence of
GaP. Owing to the smaller influence of crystal defects
on the efficiency, a study of the non-radiative recombi-
nation in GaAs is rather difficult.

In this article we shall first deal with the preparation
of GaP and the characterization of the crystal defects.
We shall then consider the recombination that takes
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Fig. 2. Cross-section of a ‘boat’ for the preparation of epitaxial
GaP layers by liquid-phase epitaxy (LPE). GB graphite boat.
Sub GaP substrate, thickness about 350 pm. M gallium melt,
thickness about 2 mm. GP graphite plate with perforations
through which dopant can be supplied via the gas phase.

100nm

Fig. 3. Image produced with a transmission electron microscope
(by A. J. R. de Kock and H. B. Haanstra) of a dislocation loop
in a GaP substrate. The substrate contains no line dislocations.

place at the various defects. Finally, we shall discuss
the reduction of the non-radiative recombination that
can be obtained when the number of line dislocations
is reduced without at the same time increasing the
number of point defects.

Preparation of GaP

The GaP substrates were obtained from wafers cut
from a large single crystal, which was made by pulling
from a stoichiometric melt. This pulling is done at such
a high temperature (about 1473 °C) that a relatively
large number of point defects are incorporated in the
lattice during the preparation process. The material
obtained in this way consequently shows little or no
luminescence and is not suitable for use as an N-
or P-type layer in a diode.

The preparation of epitaxial layers by the VPE or
LPE method takes place at lower temperatures
(750-1100 °C). In a widely used VPE method hydrogen-
chloride gas is passed over gallium metal, to produce
GaCls. This is allowed to react at a suitable tempera-
ture with phosphine (PHg), so that GaP can be de-
posited on the substrate.

In the LPE method of preparation that we used, a
GaP substrate is covered with liquid gallium; see fig. 2.
Part of the substrate is dissolved during heating. For
a gallium layer 2 mm thick on a substrate 350 wm thick
a final temperature of 1000 °C is suitable. After cooling



Philips tech. Rev. 38, No. 2

again an epitaxial GaP layer is obtained with a thick-
ness of between 50 and 75 pm.

The experiments described in this article were mainly
carried out on N-type LPE layers with a net donor
concentration of about 1017/cm3. The layers give green
luminescence upon optical excitation or under cathode-
ray bombardment.

Characterization of crystal defects

Points defects are too small to be made individually
visible. There are various methods of characterizing
spatially extensive defects, such as X-ray diffraction,
electron microscopy and selective etching. The X-ray-
diffraction methods have a limited resolution (about
2 wm), and microdefects are often too small to give
sufficient contrast. The transmission electron micro-
scope (TEM) has a very high resolving power (about
I nm) and also a large focal depth. With this instru-
ment it is therefore possible to identify even very small
defects. As an example, fig. 3 shows a TEM image of
a small dislocation loop in a GaP substrate. A draw-
back of this method is that the crystals first have to be
made very thin so that they are transparent to the
electron beam. The crystals of GaP have to be thinner
than 1 pm. This requires a complicated preparative
technique, and also means that only crystal defects
with a sufficiently high density (> 108/cm?) have any
great chance of falling within the transparent region.
Added to this is the fact that the defect density may
depend to a great extent on the location in the crystal,
which limits the information that can be obtained with
this method.

A rapid and simple method of making spatially ex-
tensive crystal defects visible is scanning electron

Fig. 4. Cathodoluminescence image, obtained with a scanning
electron microscope, of an epitaxial GaP layer on a GaP sub-
strate. The dark lines in the lighter part of the image indicate
the presence of line dislocations in the epitaxial layer. This
photograph was made by J. H. T. Hengst.
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Fig. 5. Comparison of an etch-pit image (right) with a cathodo-
luminescence image, obtained before etching, of the same part
of an epitaxial GaP layer (/eft). The etch pits show a clear one-
to-one relation with the dark spots in the luminescence image.

microscopy (SEM) using cathodoluminescence [31. In
this method the surface of the crystal is scanned by the
electron beam and the luminescence generated by the
electron beam is detected. Non-radiative recombina-
tion occurs at the crystal defects, so that the intensity
of the luminescence there is lower and the defects show
up as dark spots in the cathodoluminescence image;
see fig. 4. The resolution is limited to about 1 wm owing
to the diffusion length of the minority carriers.

A particularly fast method of making spatially ex-
tensive crystal defects visible is selective etching, using
for example an aqueous solution of hydrochloric acid,
nitric acid and silver nitrate. This method is based on
the effect that at the location of a crystal defect the
material dissolves faster in the etchant than at places
without crystal defects. The appearance of an etch pit
then indicates the presence of a crystal defect. In fig. 5
it can be seen that each etch pit does indeed correspond
toa dark spot in the cathodoluminescence image, which
was obtained before etching. With the aid of the etching
method large areas can be studied, so that even defects
with a relatively low density can be found. In addition,
information can be obtained about the nature of the
defects if the correct etching time and an optical micro-
scope of high magnification (about 2500 x ) are used.
The resolution that can be achieved in this way is about
0.5 pm.

Line dislocations and microdefects can easily be dis-
tinguished by following the image of the etch pits with
increasing etching times. This is because microdefects,
unlike line dislocations, give rise to etch pits that dis-

(21 'We shall henceforth refer to this as the ‘characterization’ of
the crystal defects.

3] D. B. Wittry and D. F. Kyser, J. appl. Phys. 35, 2439, 1964.
This method has also been described by C. Schiller and
M. Boulou, Philips tech. Rev. 35, 239, 1975,
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appear again after a number of etching steps. We were
thus able to establish that epitaxial GaP layers that
are not too strongly doped contain hardly any micro-
defects. Substrates of GaP, on the other hand, always
contain large numbers of microdefects. As an example
of microdefects in a substrate fig. 6 shows a photo-
micrograph of a substrate with dislocation loops after
about 4.5 minutes of etching. The etch behaviour of a
dislocation loop depends on the etching time. This is
illustrated schematically in fig. 7. In the first instance
a dislocation loop manifests itself as a pair of pits.
After prolonged etching the dislocation loop vanishes
from the material and the pair changes into a single
saucer-like etch pit, which steadily becomes shallower
and finally disappears. On the other hand, after longer
etching new etch-pit pairs keep on appearing as a result
of deeper-lying dislocation loops. The different stages
can clearly be distinguished in a ‘snapshot’ as in fig. 6.

The line dislocations in epitaxial GaP layers are
found to appear not only singly but also as pairs of
closelyadjacent dislocations called ‘dislocation dipoles’.
The etching behaviour of a dislocation dipole, like that
of a dislocation loop, depends on the etching time; see
fig. 8. After a short period of etching an etch-pit pair
appears. Fig. 9 shows a photomicrograph of an epi-
taxial layer with dislocation dipoles after an etching
time of one minute. The etch pits clearly occur in pairs,
each pair corresponding to a dislocation dipole. After
a longer period of etching each pair becomes a single
etch pit, which becomes steadily deeper and broader.
By comparing photomicrographs of dislocation dipoles

Fig. 6. Etch-pit image of dislocation loops in a GaP substrate
after 4.5 minutes of etching. Various stages can be distinguished
in the development of the etch-pit pairs as a result of the dis-
location loops present: / small, well-separated pair of etch pits.
2 larger etch-pit pair. 3 combined etch pit. 4 shallow etch pit.
5 new, unresolved etch-pit pair.
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Fig. 7. Schematic representation of the etching behaviour of dis-
location loops DL in a GaP substrate sub. The dislocation loop
DL is intersected by the surface S (a). After a short period of etch-
ing, DLs appears as an etch-pit pair EPP (b). After longer etching
this pair changes into a single shallow pit EP (c¢). In addition,
a new etch-pit pair arises from another dislocation loop DL.
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Fig. 8. Schematic representation of the etching behaviour of a
dislocation dipole DD in an epitaxial GaP layer E with surface
S (a). After a short period of etching, DD changes into the etch-
pit pair EPP (b). After longer etching, EPP becomes a single
pit EP (c), which becomes increasingly deeper and broader.

in epitaxial layers with those of dislocation loops in
substrates we discovered that a dislocation dipole arises
from a dislocation loop that is intersected at two places
by the interface. This is illustrated schematically in
fig. 10. The average distance between the two dis-
locations of a dipole is about 0.5 um, which corres-
ponds to the average diameter of the dislocation loops
in the substrate.

Recombination at crystal defects

In epitaxial GaP layers we are mainly concerned with
recombination at point defects, at line dislocations, at
the surface and at the interface between epitaxial layer
and substrate (4], We shall now show first of all how
it is possible, through the decay of the green lumines-
cence after the excitation has been stopped, to obtain
information about the contribution of each of these
kinds of defect to the non-radiative recombination.

The mathematical basis of our approach is the con-
tinuity equation of the excess Ap of the minority charge
carriers generated by the excitation. This differential
equation states how Ap changes at every point in the
layer during the course of time when the spatial pattern
and duration of the excitation as well as all the recom-
bination processes are given. In general the solutionisa
very complicated function of place and time. The param-
eters in this solution are the absorption coefficient o of
the material for the light causing the excitation, the dif-
fusion coefficient D of the minority carriers, the layer
thickness W and the recombination parameters of the
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Fig. 9. Etch-pit image of part of an epitaxial GaP layer after one
minute of etching. The clearly separated etch-pit pairs corres-

pond to dislocation dipoles.
5
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Fig. 10. Schematic representation of the formation of line dis-
locations and dislocation dipoles in an epitaxial GaP layer. A
line dislocation L in the substrate Sub continues in the epitaxial
layer E as a line dislocation. A dislocation loop DL;, which is
intersected at two places by the interface /, changes into a dis-
location dipole DD, which extends up to the surface S of the
epitaxial layer.

crystal defects. We shall first consider, as a simple case,
alarge thin plane-parallel layer with no dislocations but
containing point defects. The light producing the exci-
tation is uniformly incident on one of the surfaces
(x = 0), and irradiates it long enough for a steady-state
distribution Ap(x) to occur in the layer. The excitation
is then stopped. The minority carriers disappear mainly
by two processes: recombination at point defects that
are present in the layer in a high concentration and
homogeneous distribution, and recombination at the
two surfaces. A feature of the first process is that the
rate of recombination at every point is proportional to
the local excess concentration itself, and can thus be
written as Ap(x,t)/to, where 79 is a constant with the
dimension of time. It can easily be demonstrated that
7o is equal to the average lifetime of a minority carrier
in an infinitely thick layer (W — o). For the second
process we make the realistic assumption that the
recombination process at both surfaces is very much
faster than the supply of minority carriers to the sur-
face, which has to take place by diffusion 51,
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Fig. 11a presents the calculated curves of Ap as a
function of x at various times ¢ after ending the excita-
tion. The calculations were carried out for the case of
an absorption coefficient o of 2000 cm~! (for GaP this
corresponds to an excitation wavelength of 458 nm) and
for a layer thickness W of 75 um. For the diffusion
coefficient D we took a value of 3 cm?/s; it will presently
be shown that this corresponds to the true value. It can
be seen that the strongly asymmetrical initial steady-
state profile gradually changes during the decay to a
symmetrical shape. From the moment when #/7¢ has
become equal to about 2.0, the profile continues to col-
lapse while maintaining this symmetrical shape. The
quantity measured during the decay is not Ap(x,?) but
the total intensity of the luminescence L(f). Because the
contribution of each volume element to the lumines-
cence is directly proportional to Ap(x,t), the value of
L(t) is proportional to the area under the curve of Ap(x)
in fig. 11a at the time ¢. The curve of L(z)/L(0) as a
function of t/7o calculated in this way is shown in
fig. 115. Owing to the asymmetrical initial profile of
Ap(x), the light at first decays faster than exponentially.
The deviation from exponential behaviour is much less
pronounced than the deviation from the symmetrical
shape of Ap(x). From a t/1¢ value of only about 1.0
the decrease of L(¢) is virtually exponential, and can
therefore be characterized by an effective decay time
Tett, given by the equation

L(t > 1) = L(t)) exp [— (t — t1)/7en], (1)

where 1 is the time at which the decay curve becomes
a straight line; see fig. 115.

It also follows from the calculations that 7er can be
expressed very simply in the parameters involved [61:

I/Tef[ = ﬂzD/ w2 + l/To. (2)

The contributions of 1/7err of the point defects and of
the two surfaces together are thus given by two separate
terms. The first term in eq. (2) is sometimes given in
abbreviated form as 1/1s, so that

1/7etr = 1/ts + 1/70. 3

This equation has a simple physical significance. Dif-
ferentiation of eq. (1) gives

dL/dt (t > t1) = —L|7es. )

Recalling that L is proportional to the total excess of
minority carriers, we can then express eq. (3) as follows:
the decrease of the total number of minority carriers

141 C. Werkhoven, C. van Opdorp and A. T. Vink, in: Gallium
arsenide and related compounds (Edinburgh), 1976 (Inst.
Phys. Conf. Ser. No. 33a), p. 317, 1977.

t51  C. van Opdorp, Philips Res. Repts 32, 192, 1977.

(6] W, Shockley, Electrons and holes in semiconductors, Van
Nostrand, New York 1956, p. 323.
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via point defects and via both surfaces can be described
during the final phase of the decay as a removal through
two parallel channels operating entirely independently
of each other. '

10°°
0 75 30 45 60  75um
a — X
1
\\
Loyl
107+
-2 1 L
075 70 20 30
Q —>t/To

Fig. 11. Some calculated concentration profiles of the minority
carriers (a), and a calculated decay curve of the luminescence
in a plane-parallel GaP layer (b), after the excitation has been
stopped. In (a) the excess Ap of minority carriers is plotted on
a logarithmic scale as a function of the distance x from the sur-
face. This has been done for different values of #/tg, where ¢ is
the time that has elapsed after the ending of the excitation and
To is the characteristic decay time for the recombination at point
defects. It has been assumed that the recombination at the two
surfaces takes place very much faster than the minority-carrier
diffusion. It has also been assumed that the distribution of Ap
had reached the steady state before the excitation was stopped.
The calculations relate to a GaP layer of 75 um with an absorp-
tion coefficient & of 2000 cm~1, in which the diffusion coefficient
D of the minority carriers is 3 cm2/s and 7o has a value of 0.75 ys.
Values are normalized to Apg, the excess of minority carriers that
would prevail under homogeneous excitation at the time t = 0
in a layer without surface recombination. As can be seen, as ¢
increases, the distribution of Ap becomes more and more sym-
metrical. In () the calculated ratio of the luminescence intensity
L(t) at the time ¢ to that at the time ¢ = 0 is plotted on a log-
arithmic scale as a function of #/To. The deviation from exponential
behaviour arising because of the asymmetrical initial profile of
Ap(x) is relatively small and has practically vanished at a t/7o
value of about 1.0.
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Now let us look at the case where there are also line
dislocations present in the layer. The decay curve is
then different, of course. In this case there is again an
exponential decrease in the intensity of the luminescence
after a certain time. It can be proved mathematically
that, given regularly distributed dislocations that are
perpendicular to the surfaces (a fairly reasonable ap-
proximation to the actual situation), equation (3)
should be extended as follows [": '

1zt = 1/7s + 1/70 + 1/7a, ®

where 74 is the characteristic decay time for the recom-
bination at line dislocations. Equation (5) implies that
this recombination occurs in the form of a third inde-
pendently operating channel during the final phase of
the luminescence decay. -

The contribution of microdefects to the recombina-
tion is negligible, since until now these have hardly been
observed in not too heavily doped epitaxial GaP layers.
From this it follows that eq. (5) can find general appli-
cation in the analysis of the experimental decay curves.

It is possible to obtain information about the various
processes more rapidly by measuring the decay times
than by measuring the luminescence efficiencies, since
the interpretation of the measured results is much
easier. In fig. 11a the area under the curve for #/70 = 0
is a very complicated function of 7o, D, W and «. This
means that the emission intensity L and the lumines-
cence efficiency during steady-state excitation are also
very complicated functions of those parameters. The
effective decay time for this case, on the other hand,
can be expressed simply in terms of the parameters zo,
D and W; see eq. (2). In addition it is often difficult to
determine the internal luminescence efficiency from
luminescence measurements.

For the excitation of the layers we used the 488 nm
radiation from an argon-ion laser. Fig. 12 shows by way
of example the experimental decay curve for an arbi-
trary GaP layer. This curve has the same shape as the
theoretical curve in fig: 11b, calculated for a special
case. A curve of this type is representative of the GaP
layers investigated. We shall now deal with the deter-
mination of the three separate terms in eq. (5) by means
of Tetr measurements.

Contribution from surface and interface

The recombination at the interface between the epi-
taxial layer and the substrate closely resembles the
recombination at the surface of the epitaxial layer [81.
Even without additional crystal defects, the interface
behaves like a plane on which the recombination rate is
almost as high as at the surface. The high effective
recombination rate at the interface is due to the great
difference in concentration of crystal defects between
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Fig. 12. Experimental decay curve of the luminescence of an epi-

taxial GaP layer after steady-state excitation with an argon-ion
laser. After about 0.5 s the curve is practically straight. From
the slope of the straight part the value of the effective decay time
Tett can be calculated with the aid of eq. (1). The dashed line is
an extrapolation to ¢+ = 0 of the straight part of the decay curve.
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Fig. 13. Reciprocal value of the effective decay time zesr of the
luminescence of an epitaxial GaP layer, as a function of the
reciprocal value of the square of the layer thickness W.

epitaxial layer and substrate. Because of this the recom-
bination rate in the substrate is many times higher than
that in the epitaxial layer. Consequently the charge
carriers are hardly able.to penetrate into the substrate,
and the interface may be formally regarded as a plane
with very fast recombination. In the total process of
the diffusion of charge carriers and the subsequent
recombination at the surface or interface, the diffusion
is therefore the rate-determining step. As we have just
seen, the effective decay time is then given by

1/Tett = 1/75 + 1/70 + 1/7a = 72D/W? + 1/7o + 1/7a.
©

Tt follows from this that the contribution 1/7s can be
determined by measuring the effective decay time of
epitaxial layers that have different thicknesses W but
otherwise the same properties. A convenient way of

CRYSTAL DEFECTS IN GaP 47

varying the layer thickness without at the same time
changing the other properties too much is to dissolve
a part of the same layer in successive steps. Inthiswaywe
reduced the layer thickness from about 75 um to about
20 pm. The layers chosen for these experiments con-
tained relatively few dislocations (about 4 x 10¢/cm?),
Fig. 13 gives the results of a series of measurements on
a particular layer, where 1/zes is plotted against 1/ W2,
It can be seen that a linear relation exists between these
two quantities, in agreement with eq. (6). By extra-
polating the straight line in fig. 13 to 1/W?2 = 0 (in-
finitely thick layer), the collective contribution of point
defects and line dislocations can be estimated. For the
layer under consideration this gives a value of about
1.8 x 108 s-1. The contribution 1/75 from the recom-
bination at surface and interface predominates as soon
as the layer thickness is less'than about 40 pm. For a
layer thickness of 20 pm the value of 1/zg is in fact
nearly a factor of four greater than the sum of the other
contributions. From the slope of the straight line ob-
tained the value of the diffusion coefficient D can be
derived. This is found to be about 3 cm?/s, which agrees
well with the value obtained from Hall measurements
of hole mobility in P-type GaP 9], It appears that the
type and amount of crystal defects in the layer do not
greatly affect the value of 1/7s, and hence of D; in all
cases we found a value for D of about 3 cm2/s.

Contribution from line dislocations

In the past the recombination at line dislocations has
received much less attention than the recombination at
the surface and at point defects. Partly because of this,
relatively little is known about the influence of line
dislocations on the luminescence. As in the case of
recombination at the surface and interface, the recom-
bination at a line dislocation is determined by the dif-

- fusion to the defect and by the recombination at or near

the defect. In this case, however, it is much more diffi-
cult to determine which of these two is the rate-deter-
mining step of the whole process.

A useful expression for the decay time zq4, charac-
teristic of the recombination at line dislocations, can
only be obtained after introducing a number of sim-
plifications. These consist in assuming that the dis-
locations are perpendicular to the surface and that they

.are equally spaced from each other with a density Ng.

It is assumed that each dislocation is surrounded by a
cylinder of radius r4q, on the surface of which the

71 C