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THE ENERGY OF THE STAR

C.M. BONDI AND H. BONDI

_ THEe shining stars are a familiar and beautiful phenomenon. The
amount of light we receive from them is not impressively large,
but once their enormous distances are appreciated, it becomes
clear that they are radiators of vast power. The nature and con-
stitution of the stars, and particularly the source of their energy,
are problems of great interest.

The interest is heightened when it is appreciated that our sun
is an ordinary star, distinguished only by its proximity. The

. radiation of the sun is the most significant feature of our en-
vironment, and all life would be impossible without it. The
complexity and constant change so characteristic of happenings
on the surface of the earth occur only because conditions here
are so far from thermal equilibrium. This strong thermal dis-
equilibrium is primarily due to the earth’s being embedded in an
environment partly extremely hot (the surface of the sun) and
partly exceedingly cold (the depths of space). .

The theory of stellar structure is an ambitious attempt to
describe the features of the stars in terms of laboratory physics.
Though the masses, temperatures, and pressures are vastly in
excess of what the physicist can experiment with, the theory is
highly successful in correlating astronomical and laboratory
data. A particularly gratifying feature is the excellent agreement
between the properties of the stellar energy sources as inferred
astronomically and the nuclear processes accessible to the
physicist. This article will give an outline of the chain of reason-
ing that leads to this agreement, and will also indicate some of
the unresolved questions remaining.

OBSERVED CHARACTERISTICS OF STARS

~ The number of stars observable in large telescopes is very great
~ indeed, but the characteristics of interest for the theory of stellar
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structure are known only for a limited number of these. The
apparent brightness of a star (that is the intensity of light re-
ceived here) can be measured, and a spectroscopic analysis gives
the colour composition of the light of the star. The distances of
several hundreds of the nearest stars have been measured with
fair accuracy. These distances range from a few up to about 50
light years (one light year is about 6 million million miles).
Once the distance of a star and its apparent brightness are
known, it becomes possible to infer how much light the star
sends out altogether, since the weakening of light with distance
is given by the inverse square law of optics. Other causes of
weakening such as scattering by intersteflar ‘fog’ are almost
certainly quite unimportant for these near stars. The rate at
which the star sends out light (energy) is known as its luminosity,
L. It is a figure that varies very widely between different stars.

Important inferences can also be made from the colour com-
position of a star’s light. It is fairly obv

: ious that a star is a glow-
ing body,

and it is well known experimentally that the colour of
a glowing opaque body depends only on jtg temperature and not
on its composition. A red-hot iron poker, a red-hot piece of coal,
a red-hot fire brick all look alike and are at the same tempera-
ture. At higher temperatures they would all glow yellow, and at
still higher temperatures, white angd even bluish white. Hence the
temperature, T, of a star’s glowing surface can be inferred from
its colour without any assumptions concerning its composition.
The temperatur

r ¢ in turn determings the amount of light emitted
per unit surface area. If therefore the colour of the star is known
as well as its Juminosity,

<sion of I Y, L, then its surface temperature, its

emission o !1ght PET unit area, and the tota] surface area of the

Sat:s:;:;izz ‘tl;]’;ctrfn:d-tMtakmg the plausible and well supported
Ost stars are spherical ; i

of the star follows, P al in shape, the radius, r,
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i ience News 24, p. 46). It must be
be inferred (see Scienc .
entic Cacril however, that the number of stars \ylth known mass
fnef““oneal’ler than tixe number whose luminosity, surface te(;n-
l;erzus: and radius are known, and very few of the mass de-
ati -e of high accuracy. .
termma‘Kmst;'l\t‘i:so L gT(, r, M, form the primary data‘ fc?r th;
thThe q‘;'a;eluar’ st;'-ucture, but some other characteristics o
eory o

stars are also observable. Owing to the fact that the light of a
star

i ar atmosphere with consider-
star comes | 1o thger::!(i?:tssl,v: Zteetl;'\led analysis of th'e.spectrum
a!)le tempcra'm;:)ermation about the chemical compos.mon of the
ylelds.somg tllrml stellar atmosphere. Spectrum analysis may als.o
materla_l ? :tion about the rotation and about the magnetic
P Ontrzlxr Neither of these seems at present to be of much
ﬁr:d (;tfa?:csfor' the. theory of the interior of the stars, though
l .
thel;oprobably affect the course of. eyo!uttllc:n;, iability of certain

bservable characteristic 18 e .

A thon h most stars do not seem £0 have altered potxceably
§tar§. Alt'houg. ‘:s there are some stars whose properties change
. h.xstorlcal tlm'n,crease their luminosity suddenly by a huge
rapldly.‘ Som&‘: 1nd ‘supernovae’), others go through regular fluc-
factf)r \ novlz;e. ahmess with periods anywhere from a few. hours
mal?o:srzgs l(')lé; years.,The theory of these stars is as yet imper-
o i be discussed here.
feCIﬂY ‘;rzl(iifii)s;oti)dtizgevfiﬂdr;sitdual’ properties of stars it is pos-
siblK; fo investigate their ‘social’ properties, such as w?et}.\er thg::

in types tend to occur frequently or rarely, in
Joesn '¥h other stars or far from them, in clouds of inter-
lar \t‘? r or far from such clouds, or to move r.apndly or
Stellir I;n;ateively to their neighbours. These properties are of
:rc::t};nterest for the theory of stellar evolution.

THE TWO DIAGRAMS

The chief concern of the theory of stellar structure ]{s vxixftl:htel;ee
three variables (L, M, r)or the CQ}JIVfllent scft (L, Mih ,)S.talrs ese
three variables were randomly dlstnbut.ed clmolngt eS ar };ow-
task of any theory would be extremely difficuit. It turn
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ever that the variables are strongly correlated with each other.
Consider first the richer material, namely all the stars for
which L and 7, are known, These may be represented in the
diagram first drawn by the Danish astronomer E. Hertzsprung
agd by H. N. Russell of Princeton. In this Hertzsprung-Russell
diagram the horizontal scale shows, in effect, the surface tem-
e_rature, T e and the vertical scaje the Iogarit’hm of the lumin-
osity, L. (Figure 1,)
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Fig. 1. Relationship between luminos;j
1nosit i
type and colour (harizonta} Y aecal scate) and spectral

; scale); surface t, in-
creases from right to left acrosg the ’diagram emperature, Te,

th(()J;; 1stba'rs,d nlx(cluding OUT sun (represented by X), fall into the
ag and known as the majp Sequence stretching from the

right hand bottom corner 1o the left hang top corner. In this
sequence ttfe surface temperatyre increases slowl \;vith the
lum,mosm". The luminosity at the bottom js about 17100 of the
sun’s luminosity (3.8 x 10* kilOWatts) whereas at the top it is
about 1,000 times greater than for the sun. But the surface
tempirature varies only from about 3,000° on.the right through
5,700° for the sun to 20,000° towards the left. It is rather difficult
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to estimate the distribution of main sequence stars in frequency
of occurrence, since bright stars can be observed at large dis-
tances and faint stars only in our neighbourhood or not at all.
It is probably fair to say that we receive about as much light
from stars brighter than the sun as from fainter stars. This
involves a huge disparity in numbers. The region marked ‘Giant
Branch’ is filled by several families of stars of which the most
common type are known as ‘red giants’. They are of the same
luminosity as the brightest main sequence stars but of much
lower surface temperature and hence much greater radius. The
space frequency of these extended stars (of which Capella and
Betelgeuse are well-known examples) appears to be somewhat,
but not much, lower than that of main sequence stars of the same
luminosity.

The dot near the middle of the base represents a type of star
of low luminosity and high surface temperature (and hence
small radius) known as ‘white dwarfs’. Owing to their low Jumin-
osity only a few of these objects are known, although they are
probably very common. The first and most famous example of
this type is the companion of Sirius.*

The second type of diagram that can be drawn using obser-
vational data s the so-called mass-luminosity diagram in which
the luminosity of the star is plotted against its mass (Figure 2).
This diagram shows fewer points than the Hertzsprung-Russell
diagram and the observational uncertainties are appreciably
greater. Nevertheless certain features are clearly apparent. The
representative points of main sequence stars all lie close to a
certain curve, This curve expresses a very sensitive dependence
of luminosity on mass, L, varying approximately like M* for very
faint stars and more like M* for bright stars, The representative
points of the few red giants with known mass are also on or near
this curve, but the luminosities of the white dwarfs are f.ar
below those of main sequence stars of the same mass (white
dwarfs are represented by crosses).

*White dwarfs are an end product of stellar evolution. They do not
have internal energy sources, and hence will not be referred to again.
There is a satisfactory theory of these stars.
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Fig. 2. Mass-luminosity relationship from McCrea, W. H. Physics of

the Sun and Stars, Hutchinson's University Library (by courtesy
of the author and publishers).

The following summary of the observational data character-
izes the features that a theory of stellar structure must explain :

(1) For most stars the luminosity and the radius are definite
functions of the mass. The luminosity increases very Tapidly,
the radius rather slowly, with the mass. The sun (M =2 x 10%®
grammes, r=7 x 10** centimetres; L=13.8 x 10> ergs/sec=10%
kilowatts) belongs to this family, the main sequence stars.

(2) Some bright stars have much larger radii than main
sequence stars of the same luminosity, but probably have much
the same mass.

(3) Some stars, probably of quite com
could be detected, have far lower lumin
radii than main sequence stars of t
Dwarfs’).

mon occurrence if they
osity and much smaller
he same mass (‘White

STELLAR ENERGY

A star constantly loses energy from its surface at a rate equal
to its lumingsity, How is the surface kept hot, i.e. what is the
source of this energy? The answer to this question will clearly
depend on the length of time for which the stars have been
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shining. In the case of the sun there is strong evidence from
geology that the sun must have radiated with roughly co'nstant
luminosity for several hundred million years at least. Evndepce
for other stars is less direct, but taken together one can be fairly
certain that most stars have kept on shining for hundreds qf
millions of years. What source of energy can have kept up this
supply for so long? It is easily worked out that the most power-
ful chemical reaction (burning) could not have kept the sun
going for more than 10,000 years. Even the energy released in
the sun’s gravitational contraction from a diffuse gas t‘O.ltS
present state could keep it shining only for some ten million
years. Hence the energy source must be vastly greater than any
of these, and our present knowledge shows that the only such
possibility is nuclear energy.

Nuclear energy is released in two types of process :

(I) The breaking down of heavy nuclei into nuclei of moder-
ate atomic weight through natural radioactivity or ﬁsgnon. '

(2) The building up of nuclei of moderate atomic weight
from nuclei of small atomic weight. _

Processes of type 1 that are to release sufficient energy for the
required periods of time require the presence of uragium or
thorium in vastly greater quantities than are permissible fror:
spectroscopic data on the constitution of stellz_xr atmospl?eres an
interstellar matter. Also, the stellar prope‘rtxes' following from
such a process of energy generation are quite different from the
Ob"sl'el::e:ncl): e;;ocess of type 2 tha}t liberates sufficient abmounts
of energy is the building up of helium from hy_drogen. T er; ar;
two different ways of doing this, both of. Wthh. seem to eT 1(:
importance for stars, They are described 'm detail latex: on. T E
rate of energy output of these reactions increases rapidly wit
temperature and reaches sufficient amounts for stellar purposes
near fifteen million degrees. As will be seen later these processes
fully account for the general properties of the stars. Also }‘1ydr(?-
gen, the raw material of these means of epergy l‘xberatxon, is
known to be very abundant indeed in the universe, in fact many
times more so than all the other elements put together.
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The temperature sensitivity of these reactions has two impor-
tant consequences :

(1) It implies that most of the energy of the star is generated
near its centre (where it is hottest) so that the bulk of the star
acts merely as a pipeline, transporting energy from the centre
to the surface, which radiates it into space.

(2) Itimplies that the very different rates of energy generation
per unit mass in different stars are due to only slight differences
of central temperature (between 10 and 20 million degrees).

These two characteristics will be found to be the two chief
clues to the theory of stellar structure,

STELLAR STRUCTURE

We have now got some knowledge of the internal temperatures
of main sequence stars and this allows us to infer the state of the
material there. Although the density in stellar cores may range
up to several hundred times the density of water (even the
mean density of the sun somewhat exceeds that of water),
tum theory proves that at these temperatures there are
hesive links between atoms, Accordingly, the material is neither
solid nor liquid, but must be gaseous. The gaseous nature of the
material makes the investigation much easier, since the relations
between pressure, density, and temperature are particularly
simple in gases.

The stars are, then, enormous balls of gas. The powerful
force of gravitation is clearly responsible for holding them to-
gether, and great pressures must be present to prevent a total
collapse due to the gravitational force. Gravity and the pressure
gradients must be accurately balanced throughout the star, for

if the pressure gradients remained less than gravity by only I per
cent, a star like the sun would collapse completely in five hours.
The equality of the forces leads one

guan-
no co-
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(thermal) energy will similarly be an ‘appfwab]f" fraclgo; gg
its value at the centre, which in a gas is just a certain tm(lile 5 ¢ the
the central temperature. Hence thelorder of magni udata ond
central temperature may be ascertame.d from kn_owil " ;o 50
the fact that the result arrived at by this method is a s0 e
million degrees, in agreement with the nuclear physics )
ives great confidence in the theory. .
: Owgi;g to the temperature sensitivity Qf nuclear ';izrcitgnlst,
almost all the energy of a star is generated in the deep l11 urfa;ce
is then transmitted through the bulk of the star to t et’; asture o
(where it is radiated into space). Since the surface temp 3 with a
most stars is only a few thousand -degrees, comé)art’-is e,
central temperature of over ten million degrees, 1260’:3 . ilo.
perature gradient of an average value of about diintleads
metre, to give the value for the sun. A temperature glr(éii enions by
in a familiar way to a flow of encrgy from hot to cold reg "t is not
heat conduction. However, this means of energy transpzratures
of great importance in stars since, at such hlglatelz}:n This is’
radiation transports much more energy than conduc lt of matter
chiefly due to the fact that, whereas the energy contenthe -
increases only like the first power of the temperature, e
content of radiation is proportional to the four i Po‘z eater
temperature. Hence the importance of radiation 1s vastiy g
in stars than on the earth. ) .
Energy transport by radiation may be plctureciinasl (:f:,ll;)::lsd:
Consider a small piece of material in the star. It w ﬁ T on
ing out radiation in all directions. The rz'ldxatlon wi o o
until it is absorbed by similar glowing_ pieces of ma it ;vill be
ever, if we consider radiation travelling outward;:clc ordingly
absorbed by matter at a slightly lower temperatug?;nly than the
the absorbing matter will glow slightly m°r1‘? hlly less energy
original piece. Hence its radiation will carry s _1[513] erefore there is
back to that piece than it received from there. e of radintive
2 net flow of energy outwards. This is the met otward Gou of
transfer of energy. It will be reahz.ed that the ot:n e leakage
heat, that is the luminosity, constitutes only a ot of a Star
from the hot interior. In other words, the heat con
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equals the energy radiated during a considerable period (in the
case of the sun over 10 million years).

In addition te radiation and conduction, there is yet another
mode of energy transfer, namely convection. In convective
transfer (familiar from the motion of waterin a saucepan heated
from below) the material is not at rest, but circulates, hot
currents rising and cold currents flowing down. In this manner,
very large amounts of energy can be carried, but convection will
not set in uniess the temperature gradient exceeds a certain value
(as is familiar from the case of water).

Thirty years ago Eddington tackled the problem of the extent
to which energy transport considerations determined the struc-
ture of a star. Although nuclear physics was then quite unable
to say anything about energy generation, Eddington showed
that, for a homogeneous* star, the ‘pipeline’ condition for trans-
ferring the energy from the centre to the surface implied a
relation between mass, luminosity, and radius. Since the radjus
enters only in a quite secondary way, Eddington’s relation can
be directly compared with the mass-luminosity diagram. The
agreement, which originally was already good, is now, with
improved knowledge, as close as the uncertainties of the obser-
vations will allow. The main change has been the reco
due to F. Hoyle, of the high hydrogen content of the stars,

The central temperature of a homogeneous star can be in-
ferred from its mass and radius by means of the ‘pipeline’
relation, It lurn.s out that the central temperatures of main
sequence stars (if they are supposed to be ho
very uniform, varying from around 10 miljio
stars to 20 million degrees for bright opes,

Conversely,

gnition,

mogeneous) are
n degrees for faint

' knowledge of the conditions required for nuclear

reactions to produce the required energy determines the central

temperature and so leads to a second relation between mass
’

*"Homogeneous’ means that the ¢
material is the same throughout the st
geneity is mathematically highly conve
freshly condensed from uniform diffus
of the assumption will be discussed lat

hemical composition of the
ar. The assumption of homo-
nient and is plausible for a star

¢ matler. The range of validity
er.
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radius, and luminosity. Two such relations imply that, for a
given mass, both the radius and the luminosity of 2 homogene-
ous star are determined. Accordingly such stars should folloyv
one curve in the mass-luminosity diagram and one curve in
the Hertzsprung-Russell diagram. All stars (other than white
dwarfs) appear to follow a line in the mass-lurpmosxty dxagr?m,
and this is adequately accounted for by Eddington’s relation.
Stars in the Hertzsprung-Russell diagram do not all lie on one
line, but the main sequence stars do. From whz}t has been said it
is fairly clear that these will be identified WLFh homogeneous
models, and that the exact shape of the main sequence will
be determined by the details of nuclear energy-generating re-
actions. These will now be discussed.

THERMO-NUCLEAR REACTIONS
o facts about

F i i clear physicist, tw )
rom the point of view of the nu p ily signifi-

the conditions of stellar energy generation are §P€C13 /
cant. First, the rate of energy liberation per unit mass is 1:extra-
ordinarily low by terrestrial standards. The average for the sun
is only one watt for every 5 tons, and even the ceqtral value tgfn;
out to be merely around one watt for every 50 kllograrr?s, w ';;

is barely 1 per cent of the value for human metabolism. The
brightness of the surface is due to the huge depth of energy-
producing matter below each element of surfa.ce.:‘ X

Secondly, at temperatures of around 15 million dggrees, the
average kinetic energy of the nuciei* is far too low to induce any
nuclear reactions.

These two characteristics are of course closely c.onnlected. The
energy released in any one suitable nuclear reaction Is s0 large
that the reaction rates in stars must be exceedingl-y low. On tpe
other hand, the actual kinetic energy of particles in a gas varics
widely about the average. Maxwell’s distribution law shows that
particles much faster than the average occur at any temperz'itur'e,
though particles of more than, say, ten times the average km-etlc
ar, all light

* ist through most of a st :
At temperatures such as exist g sentially of

atoms are completely ionized, so that the gas consists €s
nuclei and electrons.



18 Science News 34

energy are extremely infrequent. Given any such high speed, the
proportion of particles with speeds exceeding it depends, under
equilibrium conditions, very critically on the temperature. The
great temperature sensitivity of stellar thermo
is thereby accounted for.

The need for high Kkinetic energies arises principally be-
cause of the electrostatic repulsion between nuclei, Unless this
‘Coulomb barrier’ is penetrated, nuclear forces cannot possibly
act. As the nuclei of heavier elements carry higher charges, only
light elements are relevant for stellar reactions, Helium does not
partake in any reactions except at substantially higher tempera-
tures, and lithium, beryllium, etc. are very rare. Hence only
hydrogen makes a suitable nuclear fuel, as H. A. Bethe showed
in 1938. He also found that hydrogen was able to participate in
two significant nuclear reactions, as has already been mentioned.

The first of these is the so-called proton-proton (pp) chain.
This starts with two protons uniting to form a deuteron, emitting
a positron and a neutrino.* Next, the deuteron absorbs a proton
and emits a y-ray, thereby changing intg helium-3. The most
common final process in the chain consists of two helium-3
nuclei uniting and emitting two protons, thereby forming a
helium-4 nucleus («-particle). This end tesult also follows from
various other less probable final reactions.

The second series of reactions is the famous Bethe (CN) cycle,
in which 4 protons are successively added to a carbon-12 ny-
cleus, the result of the last reaction being an s-particle and a
carbon-12 nucleus. Carbon therefore acts purely as a catalyst in
this cycle and helps to turn hydrogen into helium without being
used up itself. Thus the low abundance of carbon is not reduced
by the process, hydrogen being the solc fuel used up,
it CN xle o 20 BE overomei fr e
action rate éf the pp chain Ii)spnotm:s’ and pocordingly the re-
sensitive as the rate of the CN cycle, T extremely .tt’imperature-

- In stellar conditions the first

-nuclear reactions

*An uncharged particle, of smalj

OT Zero mags, ostulate -
setve momentum, cnergy, and spin { ¢ d to con

N nuclear transformations.
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varies like the fourth, the second like the eighteenth power of
the temperature.

It wilEl) be evident from the figures given earlier that a repro-
duction of stellar conditions in the laboratory Woulfi lea(} .
unobservably low reaction rates with the compz‘iratxvel'y ng
densities used in accelerators. However, the enereies atiainas @
in accelerators vastly exceed those occurring‘m stellar .c;n-
ditions. Using energies corresponding to Con_gd.erably hlllg ef
temperatures will Jead to observable prqbabnhtxes fo‘r a ::e
actions except the formation of deuterons in the pp Cha;}“v Zst o
low temperature-dependence impties th;; el"en at laboratory
energies the probabilities are still impossibly low.

Ingorder t:get data of astrophysical relevancez the laborato(r};
figures have to be extrapolated to lower energics. The utsoe be
Standard scattering formulae allows this extrap(_>1a110n e
made unambiguously, provided only that there is no rL s
resonance energy level* much below th§ laboratory rigg .Bethe
Possibility introduces a slight ““Cgrt{im.ty even mtl i)bserv-
cycle, although each of the reactions is mdependeq y ot for
able in the laboratory. It is clear that the total reactlop This
the cycle will be determined by the slowest feau:txon(.j e
s probably the reaction in which nitrogen-14 is tumed into
Oxygen-15-—but a low-lying resonance in this reac%xon has o
suspected. If this is present (and the most recent ev;denc;ie Ta ne
it fairly unlikely) then the crucial reaction would be th‘e. rs (;his’
involving the carbon-12 nucleus. In stellar Co?dmons te of
change would make a difference of a factor of 20 in the ra ©
energy generation at a fixed temperature. For a given ’eni gy-f
output (which is the true stellar problem, since Eddington’s ? Ic):f;)
line relation determines the rate of energy leakage to the suroﬂ
the effect on the central temperature would be less tpan 20 per
cent owing to the temperature sensitivity of t}'xe reactxon.f the

In the case of the pp chain, the ﬁrs.t reaction has by u:ed o
smallest probability. Unfortunately this cannot be meas. :

*That is, there is no especially favoured energy for'wt?éf)}x:r;n;
probability of the reaction is markedly greater than for neig
energies.
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the laboratory, but can be inferred from measurements of radio-
active processes in which an electron or positron is emitted (8-
decay) through the theory of such processes, T hough the method
is indjrect, the unceriainty of the result is only abous 20 per cent.
It will be seen that these resuits, due to W. A Fowler, the
Lauritsens, E. E. Salpeter and others, have given remarkably
high accuracy to our knawledge of centraf conditions in stars.
In spite of this, the detailed comparison with astronomical data
is not yet in a completely satisfactory state. Before starting on a
discussion of this, it should be pointed out (as is clear from what
has been said earlier) that homogeneous stellar models con-
structed on the basis of the laboratory data show good agree-
ment with the observed properties of main sequence stars,

COMPLICATIONS AND OBSERVATIONS

The energy released in the processes which convert hydrogen
into helium emerges largely in the form of y-rays, positrons and
kinetic energy of nuclei. All these are immediately absorbed and
turned into maintaining the local temperature, but the neutrinos
produced escape. The effective result is thay abo
149 of the rest mass of hydrogen consumed ap
energy. Taking the sun as example, this would
conversion of its entire mass from hydrogen to
sustain its present luminosity for 1ot
sun js estimated at about 5 x 19° years, only about 5 per cent of its
hydrogen can have been converted into helium. Since the Jumin-
osity of a star depends so critically on itg mass, the proportion
will be much lower for faint (i.e. light) stars and much higher

in bright (i.e. massive) stars. In fact very bright stars cannot
possibly be as old as the sun.

The conversion takes place at 3 f
central regions than in the outer

ut one part in
pears as stellar
imply that the
hetium would
vears. As the age of the

ar higher rate in the hot

once its first youth is over. This again wi ’
bright than for faint stars,

It can be shown that if the highly temperature sensitive (and
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highly concentrated) Bethe cycle produces most of the energy,
then the star has a core in which convection currents transport
the energy. Thanks to these convection currents, tbe stars are
highly stable. This means that gravitational coniraction acts asa
thermostat, ensuring that central energy generation' equals sur-
face energy loss. The same adjustment mech:?nlsm assures
Stability for stars supplied by the pp chain even wxithout convec-
tion currents. Outside the limited convective Feglon the gas is
Probably so much at rest that mixing is negligible. ;

Once the inner part of a star is helium-rich, t}‘le theory o
homogeneous stars no longer applies. The calculations become
more intricate. It appears probable that the first etfects. of a\gel;llg
in a star move its representative point slightly 'to the right 1;! tI e
Hertzsprung-Russell diagram as the radius increases a little.
Later developments presumably remove the star from the main
Sequence and turn it into a red giant (Hoyle ?nd L}fttleton,
Schwarzschild and Sandage). This is satisfactory in that it sgov:/s
that the simplest model, the homogeneous one, cOIrespon sl o
the most common type of star, the main sequence stars.. Ita :10
shows that, by dropping the assumption of homogeneity, the
theory can account for red giant stars. . )

However the developments discussed show a difficulty in th‘:
detailed comparison of theory and observation. One ca.rmoh
infer directly from the observations what stars are young enougb X
to be homogeneous. Many main sequence stars are no dou
slightly reddened by having a small helium-excess 1 the cox:.
Many of the best data (especially those for the sun) must be
Suspect for this reason. A perfect theory and excellent observa-
tional data might indicate the central helium ab}lndance. Intf:r-
esting as this s, it is no test for the theory to predict an otherwm?
Unobservable quantity. Taking the main sequence‘stars appealii
ing furthest to the left in the Hertzsprung-Russell diagram wou
help, but it is doubtful whether the observations are accurate
enough to make this selection valid. .

A further difficulty arises in the case of th’e fainter starl;.
These might be considered specially valuable' since ﬂ'zeY cfouur
have produced scarcely any helium in the estimated life of o
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Galaxy, and so could be assumed to be homogeneous. However,
the surfuce temperature of these stars is so low that hydrogen
is neutral at the surface, though ionized not far below. Since at
the same pressure and temperature, neutral hydrogen is twice as
heavy as ionized hydrogen, this implies that heavy matter lies on
top of light matter. This is ciearly an unstable arrangement and,
in the intense gravitational field of stars, produces powerful
vertical convection currents, penetrating far below the level at
which hydrogen becomes ionized. It is almost impossible to
caleulate just how far these currents will go, as difficult hydro-
dynamical problems arise. Since the structure of the outer layers
is alfected by these currents, the theoretical prediction of central
conditions is affected by this unsolved question, and again a
detailed test of the theory becomes impossible. In order that
central conditions in faint stars should be such that nuclear pro-
cesses produce the known luminosity, the currents must range
down to regions where the temperature is 2 million 1o 3 million
degrees. Though the sun is rather brighter than these stars it is
satisfactory that a remarkable measurement by J. L. Greenstein
indicates that the solar convection currents also reach down to
regions at 3 million degrees. The basis for this statement is that
a detailed spectroscopic examination of the solar surface shows
lithium to be abnormally scarce, while beryllium is there in its
usual, though low, abundance. The clye

) J e to the interpretation of
this observation is that lithium is destroyed in nuclear reactions
at as low a temperature as 3 million degrees, whereas beryllium

is stable up to 4 million degrees. Accordingly it can be inferred
that the outer luyers of the sun are mixed through to a depth
corresponding to between 3 and 4 million degrees.

One of the interesting questions raised by nuclear physics is
that of the switch in the mode of ¢hergy generation, Since by
Eddington’s mass-luminosity relation, massive stars'lose n;ore
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energy. Hence massive stars get their energy from ﬁ“’j CN cycle,
light ones from the pp chain. It turns out that th<? switch occur;
somewhere along the populated part of the main sequence. I
the Jower rate for the CN cycle is the correct one, the syvnch
should occur for stars about 6 times as bright as the sun, while, if
the higher rate applies, the switch occurs for stars very little
brighter than the sun.

Astrophysically the switch should result in a change of the
slope of the main sequence. In the solar region there is almost
certainly no such change, and the change of slope occurring a‘;
1/6 solar luminosity is too far from the switch point 'pred}CtE‘
by theory. At stars 6 times as bright as the sun there is n'o evi-
dence fora change of slope, but also none againstit. ane again,
the agreement between theory and obsen{lation, while good on
the broad outlines, cannot be tested in detail,

An interesting but baffling observation is due to A. Mcléeﬂti;l;;
Carbon exists in two isotopes, carbon-12 and carbon-13. On .
earth carbon-12 is 90 times as abundant as carbon-13.In alrzeg::ﬁg
Where the CN cycle is operating (since both carpon({ by the
carbon-13 partake in the cycle) the ratio is determine tyeme
ratio of two reaction rates and is only about 4. By al!:;,e;(nrable
refinement of spectroscopic technique, McKellar haz : ver
to show that in the surfaces of some'extremely rec (;z" weel};
extended) red giants the ratio of isotopic 3bu",dar.lcesvlsm at first
3 and 4, while in others it is much higher. While it n:‘lg of 3104
sight appear attractive to regard the stars .thh a ratio e
as well mixed stars with the CN cycle active at thi:;: If such
is plainly impossible. A well mixed star is hom(.)g?r too'low for
a star is very extended, its central temperature is ld s the encrgy
the CN cycle to operate. Conversely if the CNeycle ogeneous
source of such an extended star, it must be inhomog "
Hence the excess carbon-13 cannot have come from
to the surface, since any mixing leading 1o this w
destroyed the star’s inhomogeneity. , ion i

A r:ore recondite explanation of McKellar’s obse;v;tmx:a rlz
called for. It must be remembered that the surfaces of the s

. re intermediate
are very exceptional places, with a temperati

the centre
ould have
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between the cold of space and the heat of the stellar centres, and
in these extraordinary circumstances explanations which would
otherwise be far-fetched might apply.

Summing up, one may say that the success of the theory of
stellar structure in accounting for the observational features in
outline shows that the daring extrapolation of nuclear physics,
quantum theory, and gravitational theory to these distant and
strange objects is justified. However, a detailed test of the theory
turns out to be difficult, as complicating factors, hard to
take account of theoretically or obscrvationally, blur the finer
featurcs on which such a test should rest.
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INTERSTELLAR MATERIAL

F.D.KAHN

IT has been known for some thirty years now that the sun
belongs to a system of stars, estimated to number 100,000 million
in all, which together form the Galaxy. The system has, roughly,
the shape of a flat round disk with a spherical bulge at its centre.
The radius of the disk is estimated to be 12,000 parsecs, and the
sun is about 8,000 parsecs from the centre. (To give some idea
of the length of a parsec, the distance from the sun to the earth is
93 million miles = five millionths of a parsec.) The whole system
of stars rotates about the axis of the disk, the centrifugal force
on each one of its members being balanced by the gravitational
attraction of the others. However, the motion is not that of a
rigid body, in which the time of revolution is the same for all
parts. The further a star is from the galactic centre the longer it
takes to complete the circle: the sun, for example, takes some
220 million years to go round once. This type of motion is called
differential rotation.

For some time the differential rotation was investigated by
statistical methods. The motions of the stars in various parts of
the sky were analysed and J. H. Oort, of Leiden, deduced from
them some data about their large-scale motion in the neighbour-
hood of the sun. But a serious obstacle in this study is the inter-
stellar material, which prevents the observation of parts of the
Galaxy which are more distant from us. For instance, a picture
of the sky taken in the direction of the galactic centre does not
show an extremely dense collection of stars like the centre of the
Andromeda nebula, a neighbour of the Galaxy and similar to it
in many ways. Instead it shows a dark lane bordered by a reason-
ably luminous region. This might be so because the centre of our
Galaxy is hollow, but then one should, at least, see the farther
side through the hole. It seems far more plausible that the central
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regions are really bright but that there is some material in the
space between the stars which absorbs or scatters the light
coming from there and prevents it from reaching us. This is one
way in which interstellar material makes itself felt.

A closer look at the Andromeda nebula and at other similar
objects shows that they also contain obscuring material. It
usually lies in a rim round the centre of the nebula and its thi.ck-
nuess is, as a rule, smaller than that of the disk filled by the stars.
It can be seen in a very striking way on a picture of M 104 (the
Sombrero nebula, Inset 1).

A connexion has recently been found between the presence
of dark material and the population of stars in a nebula, or a
given region of a nebula. Thus the outer parts of the Andromeda
nebula contain plenty of durk patches, have an irregular appear-
ance, and the most outstanding stars found there are very bright
and very hot. There is reason to believe that such stars cannot
be more than a few million years old. For comparison, the oldest
exposed rocks on the earth are more than 2,000 miflion years
of age and thercfore must be much older than these young stars
Similar stars also exist in our region of the Galaxy, e g the:
Trapezium group in Orion, and here again there ig plent,y c;f ;jark
material nearby. The picture of the so-called Horsehead nebula
shows some of the dark matter in Orion (Inset 2). Furthe
evidence of the youth of such stars is that they occur i‘n TOuU :
which were discovered and called associations by V. A Agmb' ES,
sumian, of Erevan. The motion of an association in Pe;rse C}i{ .
been z2nalysed by A. Blaauw, of Leiden (now at Yerk b
found that 1,300,000 years ago it was al) contained j = who
smaller volume and probably originated there, A ot g
obscuring material is still found pear the associ;atiorgtreat deal of

On the other hand if a system of stars does not contain any

:rsugl!yt has fa Very regular structure and
S Mt are far less hot and bri

: right. There
;S ;;o reason to believe that any star in such a system %s particu-
arly young. The contrast between the two types of system is

shown by the picture of NG 464
7 -
a globular nebyla in Virgo (Inset 3)and NGC 4649, a spiral and
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THE OBSCURING MATERIAL

The interstellar obscuring material (which we shall from now
on call dust) turns up not only in such striking dark patches as
in the Ophiuchus nebula, which hides the centre of the Galaxy.
It also appears in smaller clouds, none of them opague. If a star
is far away from the earth and is seen through a number of these
clouds it will look rather dimmer than it really is. But how can
one decide whether a star looks dim because there is dust in
front of it? It might just be naturally less bright than some other
stars. This question can be answered. One can investigate
galactic star clusters — these are compact groups of stars found
in the rim of the Gulaxy. They all have about the same linear
diameter and total brightness. The distance of a given cluster can
be judged by its angular diameter. If there were no interstellar
dust between us and a given set of clusters then the apparent
brightness of its members, as seen on the earth, should fall off as
the inverse square of their distance from the earth. In fact, the -
apparent brightness falls off more quickly than this; the differ-
ence is due to the extinction of light by the dust grains.

The grains do not extinguish the light uniformly, but blue
light is removed more easily than red. One can compare, for -
instance, two stars of a certain type, one near the sun and the
other far away. The type of the star can be found by splitting up
its light into a spectrum and finding the most noticeable absorp-
tion lines in it. In this way almost all stars can be assigned to one
of ten classes (O B A F G K M R N S, in order of decreasing
brightness) and each of these can again be subdivided into a
number of subclasses. One can then speak of a B4 star,and m'ean
by this a star, in the spectrum of which the most prominent lines
are those of neutral helium, neutral hydrogen, ionized oxygen,
and doubly ionized silicon.

On observation, one finds in general that in a bright B, star
(or a star of any other type) the blue end of the spectrum con-
tains more energy relative to the red end than it does in a d}m
B, star. This is interpreted as follows. The light from the dim
star has passed through more interstellar dust clouds than the
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light from the bright star. The dust removes blue light more
easily than red light and so the star which has been dimmed has
apparently become redder as well. A similar effect is noticeable
when the sun is seen through mist, The water droplets in the
mist scatter blue light more easily and so the sun appears to be
redder than usual, as well as dimmer,

We may define F()) as the efficie
light of wavelength A. Then obser
mately,

ney of a grain in removing
vation shows that, approxi-

E(A)=constant x (17,000/ x — i§) (Eqn 1)
when A is expressed in dngstrém units (1 A=10% cm)). The
formula holds quite well for visible radiation, i.e. when X lies
between 4,000 A (violet light) and 8,000 A (red light). The
efficiency of the grains in extinguishing starlight is then almost
three times greater in the violet than in the red region of the
spectrum. Equation 1 gives a clue to the size of the grains,

A second clue is the following, The grains cannot absorb an
appreciable fraction of the stellar radiation incident on them;
they must, rather, scatter it out of its original path, for there is
much diffuse light visible in the Milky Way whose presence
cannot be explained otherwise. If the grains were smal] particles
of an electrically conducting su bstance, such as iron, they would
absorb too much of the light. It is more probable that they are
made of some non-conducting (dielectric) substance, such as ice,
which has a refractive index »— 13, or glass with - 1.5.
Optical theory indicates that spherical dielectric particles with
n=1.4 have the extinction efliciency E()), given by equation |
if they have a radius of aboyt 0.4 (1(),000/;. = lcentimetre,) Wit};
much smaller particles one would have gn efficiency E(\)=con-

stant/A‘; with much larger particles the efficiency is independent
of the wavelength.

We can now make a very ro

‘ ugh estimate of the number and
mass of the grains per unit vol

urpe of intersteljar space. Though
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light in the Galaxy amounts to about two magnitudes per 1,000
parsecs. This means that on passing through 500 parsecs of
interstellar space the light of a star is diminjshed by one magni-
tude (i.e. its intensity is cut down by a factor 2.5), in addition to
the diminution caused by the inverse square law. This will
happen if the grains contained in a column 500 parsecs long
have approximately sufficient cross-sectional area to cover the
base of the column. By arranging the grains properly one could
make them cut off all the light, but they are, in reality, less
efficient than this because they distribute themselves at random,

Taking the grains, as before, to be of radius about 0.4, van de
Hulst’s estimate leads to an average abundance of one grain in
about 7.5 x 10" cubic centimetres —or in round figures, say a
cube of sides 200 yards. If the grains consist of a substance
with the density of water, they would contribute to the mass of
the Galaxy about 3.5 x 10-26 gramme per cubic centimetre; this
is about one hundredth of the contribution made by the known
stars near the sun. The dust is only a minor constituent of the
stellar system and yet it seems to have an important influence
onits nature,

The temperature of the grains can be estimated to lie between
10°K and 40°K (ie. between —263°C and -233°C).

INTERSTELLAR GAS
Intersteliar space also co
number of ways,
regions of Space,
of the gas, is alm

ntains gas, which can be detected in a
It becomes luminous near hot stars. In these
the hydrogen, which is the main constituent
0st completely ionized, and they are known
?herefore a3 H 1Y regions; an example is the diffuse bright area
m Inset 2, The remainder of space, where the hydrogen is
Deutral, is cajfed an H region.

® 8as in an H I region can be observed by means of the
absorptiaq lines of neutral sodium (Na I) and ionized calcium
(Ca Iy which j superposes on the light of distant stars. One can
infer from the appearance of the lines that the gas is present in
Separate clouds, just like the grains, and that there is a fair
Correlation between the strengths of the lines on a given star
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and the degree of reddening of that star by the grains. Lately
the properties of the gas have also been studied by means of a
radio telescope working at a wavelength of 21 centimetres,
where there is a very long-wave spectral line of the hydrogen
atom. This method has proved very powerful and has shown
that the gas has a temperature of about 125° K (— 148° C); that,
by and large, it moves round the centre of the Galaxy with the
majority of the stars, and that individual clouds of it have, in
addition, random velocities of about 10 kilometres a second.
The average density of the gas is estimated to be 2 x (24
gramme per cubic centimetre, but much of it is concentrated
into clouds with a mass density twenty times as high. The gas is
then about sixty times more abundant, by mass, than the dust,
and its contribution to the mass of the Galaxy is about half that
of the known stars near the sun.

THE INTERSTELLAR MATERIAL AS A WHOLE

The relative abundances of the more important elements in the
interstellar material are at present thought to be as set out in
Table 1:the data are taken frm L. H, Aller, The Atmospheres
of the Sun and Stars.

TaBLE 1: Relative abundances by mass of the more important
elements in interstellar material (Hydrogen = 1)

—
Relative

Element sbundance | Element asf;qurz‘;‘ncnc
Hydrogen 1 | Carbon 0.001
Helium 0.54 Magnesium 0.001
Neon 0.01 Iron 0.001
Oxygen 0.01 Silicon 0.0005
Nitrogen 0.004 Sulphur 0.00035
Arsenic 0.002 Totl s

-_—

The graips are probably too warm 10 contain hydrogen, helium,
or neon in sohd.form. Even if all the other elements in the list
oceur in the grains it will stil] be hard to concentrate a sixtieth
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part, by mass, of the interstellar material in them. The difficulty
is only slightly eased when we consider that oxygen, carbon, and
nitrogen probably turn up in the grains as the hydrogen com-
pounds H,0, CH,, and NH,, and will therefore contribute more
than their own weight. However, we may have overestimated
the amount of interstellar extinction and underestimated the
efﬁcieucy of the grains in causing it.

Clearly the interstellar material is an important part of our
8alactic system and astronomers are making a serious attempt
o understand it better. In the last twelve months there have
been two important conferences to discuss the subject. The first
was the Symposium on Cosmical Aerodynamics, held at Cam-
bridge in July 195 3, the second the Symposium on Solid Particles
in Astronomical Objects, held at Lizge in July this year (1954).

Both gas and grains were considered at Cambridge. The
general feeling of the conference was that the problems of the
intersteflar material were a lot harder than one had thought.*
One notable new idea, however, was described by J. H. Oortina
Paper outlining a theory to explain the formation of stars, and
the random motion of the interstellar material. The clouds of
gas in the Galaxy collide with one another from time to time and
tend to lose their kinetic energy of motion. The whole system
therefore gradually slows down and its separate parts gather
together into one large cloud, which eventually becomes un-
stable under its gravitational self-attraction. Its central part
F°113Dses first and forms a new star, the radiation from which
lonizes the 8as around it and transfers heat to it. When con-
ditions are suitable, this produces a kind of explosion and then
the gas around the new star is both compressed and pushed
away. The interstellar material regains kinetic energy in this
Way. At the same time the compression in the gas may be high
nough for it to become gravitationally unstable and to con-
dense into ap expanding association of stars. The theory may

*An account of the conference was given by B. J. Bok in the issue
Of Sky and Telescope for December 1953. The full proceedings will
Published in Holland later this year.
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also explain the formation of the small dark globules of inter-
stel'lar dust, which can be seen superposed on many bright H 11
regions, and in which the concentration of grains must have
many thousand times the value which is normal in interstellar
space.

Further study of this new idea shows two results. Firstly. one
finds, even with quite plausible assumptions, that tixe exply(;sion
cannot give a speed much above seven kilometres a second to
la.rge gas masses. One would really like the speed to be twice as
high, and there is some hope that an improvement in the
assumptions will lead to higher speeds. But then A. Blaauw and
W. W. Morgan, of Yerkes, have recently found a pair of st;
which both appear to be members of an expanding associ: fifS
c?ntred on the Orion nebula and to be recedin f; Cld'tl(?n
dnametrical!y .opposed directions at about 130 ﬁiloom -
second. This is far above the limiting speed one cann;ftreS o
reach by means of Oort’s mechanism. There is evideml;ls)gntf;

other process at work whi aiso
ch help < { lati
expand. s also to make the assoclations

Secondly, the gas must be able to radiate away its heat even

?t quite low temperatures, i.e. between 100°K

. an °K, if i
;Slsgontzdssugztmly cqmpressible during the ex(inlzoos?orll( ’é)f .
 nee a 'coolmg mechanism to explaj ermal
equ113br|um of the interstellar gas in general g:) o gt
t}l]:?ttx;egenrizl;:lted.during cqllisions between &iﬁerr:ngt(zcl)gu(:ie
measuremem:ro 1n2;hem Is relatively cool, according t
asurer Symporsliu —c.enm'r‘)etre wavelength quoted aboy
e Sy nazn in Litge the emphasis was placed
e o e ure, role, gnd observable effects of i
partier dealtw.txh\.:s astronomical fields. Only half th -~
postum de herex T}interstellar dust, and some thirty s
- The role of the dust grains in the fgfrizx? Wer‘;

ion o

rmal
al of
s and
o the
e,

almost

€ most promisin ies i
_ g theorie
\l;/l}l]t forward in 1940 by L. Spitzer SJin
ipple, of Harvard, suggested ’tha.t’

astrophysics. The theory
of Princeton, and F. L ’
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interstellar dust clouds are liable to collapse because the radia-
tion pressure of the light from outside them eventually drives
the dust grains together towards the centre. After a while the
grains will begin to drag the gas with them and eventually the
density of the whole mass becomes so large that it can no longer
resist its own gravitational attraction and it contracts to form a
new star. The theory was especially pleasing because it predicted
that the new stars would contajn an abnormally large amount
of material derived from the dust grains, and would therefore
be exceptionally rich in metals.

Since then it has turned out that such a process of star forma-
tion would take at least 100 million years and would require
particularly quiet conditions in interstellar space. This is just
what one does not find. Dr Stromgren also pointed out that even
if new stars are richer in metals than old stars they have about
the same composition as the interstellar gas, and this removes
the raison d étre of the theory.

In fact the dust grains must have a less direct role in the
birth of new stars. Few people were willing to cormmit them-
selves by sending in papers to this section of the symposium.
Most of the contributicns dealt, instead, with the observable
properties of the dust particles, and some interesting new results
were reported.

A. D. Thackeray, of the Radcliffe Observatory, described a
star which has become 21 magnitudes fainter in the last four
years, that is, its light intensity now is only one-tenth of what it
was then. This is due to the obscuration of the star by a smail
dense cloud of dust which has drifted in front of it — or, perhaps,
behind which the star has hidden itself. The diameter of the
cloud is estimated to be 1,000 astronomical units, otherwise 93,000
million miles, very small by interstellar standards. If the grains
in the cloud are of the same type as those in interstellar space,

they must be 250,000 times as abundant here in order to produce
the observed darkening of the star. With a correspondingly
large gas density, the cloud will contain about 5 X 10-19 gramme
of matter per cubic centimetre, and will have a total mass of
about one thousandth part of that of the sun. This is a little

B
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disappointing because the cloud turns out to be too light to be a
new star in the course of formation.

B.J. Bok and his colleagues, of Harvard, described some
measurements made to find the degree of correlation of the
interstellar extinction with the intensity of the 2l-centimetre
line, for particular regions of the sky, The two seem to go hand
in hand in the dark nebulae of Orion and Taurus but not in those
of Ophiuchus. This paper added some new fuel to an argument,
started at Cambridge last year, as to whether the gas and the
grains are always present in space in the same relative propor-
tions or not. But the question was not settled; the data obtained
with the 21-centimetre line can be interpreted in a number of
ways and, even worse, some measurements made in Holland
have suggested that there is no simple relation between the
extent of interstellar absorption and the intensity of the 21-
centimetre line, even in small regions of the sky, i.e. within the
Taurus nebula. The problem needs a really s

Many of the papers discussed intersteflar
effect was discovered and reported about five
Hiltner, of Yerkes, and can be detected in va
sky. It is associated with interstellar extineti
light appears polarized is always reddened
word should be said about its nature,

At any point illuminated by a source
varying electromagnetic field. Both the

ystematic study.
polarization. This
yearsago by W, A.
Tious regions of the
on, for a star whose
as well. Perhaps a

of light there js a rapidly
electric and the magnetic

. no preferential direction -
plane. But when the fight is partially polalre;lzgéretinon in the

electric field tends to be stron

C : 4 gest alon ine i
which glves' the direction of polarizatifno"[‘1e ne |
along the yne perpendicular to jt, The .
strengths gives the degree of polar

e average
n the plane,
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must be responsible. This means that the grains scattef' more
efficiently that component of the starlight whose el;ctrx.c field
lies perpendicular to the eventual direction of polarization, so
that this component is weakened relative 10 the other. Therefore
the grains are not all sphericalty symmetrical, and some at least
of them have an optical axis; further, some physical agency
keeps them so aligned that their optical axes have a certain
preferential direction when seen from us.

Needle-like grains might product this effect. Some calcula-
tions made by H. C. van de Hulst showed, however, that such
particles can, at best, have an absorption ratio 11:10 fox: th_e
two directions of polarization. The required average ratio 18
about 107: 100 if observations are to be explained, and so the
needles would have to be rather well aligned. This might be
very difficult. It was interesting, for this reason, to hear E
Schatzman and R. Cayrel, of Paris, describe a new model grain
of graphite, which they had made in the laboratory. A cloud of
such grains, all held parallel to one anothe.r, produces'very
strong polarization in light passing tl?rough it. Perhaps inter-
stellar space contains many such particles, but probably there
are grains of other types as well. ) .

A magnetic field in space will line up t.he grains, accordmg to
a theory of L. Davis and J. L. Greenstein, of Pasadena, which
the majority of astrophysicists believe to be correct. (There
are other theories as well, notably one by T. Gold, of He_rst-
monceux, who dispenses with magnetic fields and only requires
an interstellar wind.) The direction of the field is the same as that
of the direction of polarization. o

1.S. Hall and A. Behr separately described the polarization of
stars shining through certain filamentary nebulae, and founfi
that the magnetic fields here lie parallel to the filaments. This
may help, one day, to explain the mechanics qf these structur.es.
Interstellar polarization will also help in mapping and measuring
the general magnetic field in the Galaxy. We need a better
knowledge of this to understand the structure of our stellar

system and, possibly, the origin of cosmic rays.' .
Professor vande Hulst summed up everybody’s feelings when
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he said that the grains now seem to be just tracers in the inter-
stellar gas, like smoke in the wind. They are abundant in the
spiral nebulae and near new stars only because the gas is abun-
dant there. A magnetic field sets them in a certain direction but
they have no back action on the field. Possibly their only
physical importance is that their surfaces act as catalysts in the
formation of interstellar molecules, such as H,, H,O, and so on.
Even this was disputed by one author, but on seemingly insuffi-
cient experimental evidence. The H, molecules themselves are
important because they can radiate away the heat of the inter-
stellar gas even at quite low temperatures. They can be destroyed
again by stellar radiation; the grains are therefore needed to
maintain the balance, and resume a little significance in inter-
stellar physics. But they have lost the glory they had in the
heyday of Spitzer and Whipple’s theory.
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THE BOILING OF LIQUIDS

J. W. WESTWATER

ITis a curious fact that some of the most familiar phenomena in
nature are among the least understood. Consider the boiling of
water. Man’s acquaintance with this phenomenon is at least as
old as his discovery of fire, yet until very recent years no one had
ever made a serious study of how and why liquids boil. It has
Furned out that boiling is far more complex than anyone had
imagined.

In 1934 Shiro Nukiyama, a Japanese, carried out a simple
experiment. He submerged a fine platinum wire in water and
heated the wire with an electric current to produce boiling. He
discovered that the rate of heat flow from the wire to the liquid
increased steadily as he raised the temperature of the wire until
its temperature reached 150° C. Then a totally unexpected thing
bappened. When he increased the current slightly at that point,
the wire temperature (calculated from its electrical resistance)
jumped suddenly to about 1,000° C. Either at 150° orat 1,000°C
the wire made the water boil. But it was simply impossible to
raise the wire temperature to just a few degrees beyond 150° C.
Nukiyama now tried wires of nickel and of a nickel-chromium
alloy. When their temperature made the jump beyond 150° C,
the wires melted, these metals having lower melting points than
platinum, The boiling, of course, then came to a halt. This tem-
perature jump was puzzling. Why should it be easy to boil water
with a wire at 150° C, but apparently impossible to boil water
with the same wire at 160° C? Nukiyama went back to the
platinum wire to look more closely into the boiling at high tem-
perature. He was able to reduce the temperature of the wire
gradually down to 300° C. Above that level any rise in the tem-
perature caused an increase in heat flow, and vice versa. This is
the situation represented by the right-hand part of Figure 1,
which shows how heat flow varies with temperature. Here the
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experimental results seemed to be normal and in agreemenf with
intuition. But any attempt to reduce the wire temperature slightly
below 300° C met with faiture. It then dropped suddenly below
150° C, that is to the left-hand part of the curve.
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Fig. 1. Experimental curve showing the rate of transfer of heat from
an electrically heated wire to boiling water. The left-hand part of
the curve was obtained by gradually increasing the current in the
wire: but above 150° C the wire temperature jumped suddenly to
about 1,000° C. The right-hand part of the curve was obtained by
reducing the wire temperature. (After Shiro Nukiyama.)
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Nukiyama concluded that one type of boiling occurred below
150° C and another above 300° C, and he guessed that a third,
abnormal type of boiling might take place in the region between
150° and 300° C. It was clear that, if a middle type did exist, it
would have a peculiar characteristic: any increase in the metal
temperature would cause a decrease in the heat released, as in
the part of the curve shown dotted in Figure 1. This, certainly,
is contrary to intuition.

RECENT EXPERIMENTS

The problem 1.1as rfzcently been pursued further in our labora-
tory at the University of Illinois with support from the National
Science Foundation. It has attracted a lively practical interest
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with the advent of nuclear reactors, jet engines, and rocket
motors. A nuclear reactor, for example, requires the removal of
large amounts of heat from a relatively small reaction zone. The
use of boiling liquids as coolants appeals to engineers because of
the rapid rate at which such a liquid can absorb heat. One square
foot of a hot solid at 145° C can transfer to boiling water as
much as 400,000 British thermal units per hour, enough to
generate about five tons of steam per day. This is about 10 times
the rate at which heat can be transferred to non-boiling water
and about 100 times the rate to circulating air. Progress in the
stu_dy of boiling has been stimulated greatly by the promise of
quick application of new information.
N.ukiyama was quite correct: there are indeed three types of
boflfng. They are usually called nuclear, transition, and film
boiling. To the eye they are distinctly different. An experienced
WC{rker can even distinguish them by ear. In a typical test the
noise rises from 2 to 18 and then to 26 decibels as the boiling
Progresses from nuclear to transition to film boiling. The appear-
ance of these boiling phenomena is shown in the photographs
reproduced as Inset 20 to 22; they were taken by J. G.Santangelo
at the University of Illinois. The exposures were at one millionth
of a second and were obtained by the flash-tube technique.
Methyl alcohol was selected as the boiling liquid so that all three
types of boiling could be obtained within the range of tempera-
ures available with laboratory steam heat (100° to 170° C). The
beating element was a copper steam tube three-eighths of an
inch in diameter. The choice of steam heat was important, be-
cause transition boiling happens to be quite stable with a steam
tube, but is very unstable with an electrically heated element.
The copper tube was 3% in. long and was of bayonet construc-
tion. It was placed horizontally in a flat-sided glass boiler con-
taining about one gallon of methyl alcohol. As the alcohol
boiled, the vapour passed to a water-cooled condenser; from
there the condensed liquid returned continuously to the boiler.
The amount of heat transferred was calculated from measure-
ments of the rate of steam condensation in the boiler tube, and
there were check measurements of the heat absorbed by water
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in the condenser and of the temperature of the alcohol'leavmg
the condenser. The steam temperatyre was calculated gaszlyfrom
the measured steam pressure. The alcoho} bojled at its normal
boiling point, 64.7° C,

Nuclear boiling is the usual boiling that oceurs in a tea-kettle.
Bubbles form on the hot surface of the kettle bottom with great
speed. As soon as one bubble breaks loose, a new one grows at
precisely the same point on the hot solid. The solid seems to be
peppered with active points. Bubbles keep formir?g repeatedly at
these points, even though near-by areas of the sofid may be glean
and free of bubbles. The amount of heat transferred to the liquid
depends on the number of active points. An increase in the metal
temperature activates new ones. A decrease causes some of the
old points to cease functioning, No one knows just what an
active point is. Suggestions have been made that it may be a tiny
impurity on the solid or a microscopic Sharp-point roughness of

(containing adsorbed inert
alcohol, when the tempera-
d the liquid is 39° C each
te of about 17 per second.
unaided eye. The fact was
tures taken at 4,000 frames
mes per second. This tech.
1 by a factor of 250 to 1, The
iolent agitation of the liquid.

ture difference between the solid an
active point emits bubbles at the ra
This, of course, is not evident to the
discovered from close-up motion pic
per second and projected at 16 fra
nique gives a slow-down in the actio
fast emission of bubbles results inv
Undoubtedly the agitation assistg

he hot solid is covered with
20). The active poinls are so
ubbles interfere with one

The Boiling of Liquids 41

When the temperature difference is increaseflrghggg 2?:2:
the critical value, a dramatic change OCCUY;- boeiling becomes
transfer drops considerably (Figure 2), and the b ceries of
noticeably louder, High-speed motion PICF““SSf ce. In mothyl
small explosions occurring along the Soohd SUY; r;ts ocour 84
alcohol at a temperature difference of 74° C thel u e visible,
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42 Science News 34

rise from it to the liquid surface. This is the transition type of
boiling.

The great difference between nuclear boiling and transition
boiling is that the former rapidly generates uniform bubbles
from specific nuclei, while the latter exhibits a random genera-
tion of bubbles by sudden bursts, The reason that the rate of
heat iransfer drops as boiling enters the transition region is be-
cause of the insulating blanket of vapour on the hot solid. The
blanket begins to form when the temperature difference Tises
slightly above the critical point and grows thicker as the tem-
perature is increased.

Eventually the blanket becomes so thick that it smothers all
vapour bursts. Now begins the final phase, that of stable film
boiling. Heat transfer and vapour generation fall to their lowest
vajues. For methyl alcohol the minimum rate of heat transfer
is only 3 per cent of that at the peak of ordinary (nuclear) boil-
ing. In other words, the heat given off from the solid at 122° C
is more than 30 times as great as that at 165° C. It is clear now
why an electrically heated wire submerged in a boiling liquid
may suddenly burn out. When the critical temperature difference
is passed, the heat absorption by the liquid drops swiftly to a

small percentage of its prior valye, Meanwhile the electric cur-
rent continues to generate heat in the wire

before. High heat input and low heat out
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break off simultaneously along the entire tube, and large bubbles
rise side by side in a row. In methyl alcohol at a temperature
difference of 102° C, a vapour rod forms and break§ at intervals
of about six hundredths of a second. The bubble sizes (about' a
third of an inch) and spacings (half an inch apart) are surpris-
ingly uniform. Oddly enough, in every second rank the bubbles
arise at what were spaces in the rank before; the effect 1s that of‘ a
parade in which the even-numbered rows of mgrchers are dis-
placed sideways by a half-space. Film boiling is the type that
occurs when a drop of water falls on a red-hot stove. The drop
rolls about noisily, but it evaporates slowly. A drop on a moder-
ately warm stove boils in nuclear fashion and evaporates much
more rapidly. _

All t}l:reeytypes of boiling occur when a red-hot metal is
quenched in water (Figure 3). The metal first cools slowly, ;}hen
rapidly, then slowly again. The boiling goes th.rf)ugh the tﬁrete
stages in the reverse of the usual order: film boﬂxpg comgs first,
then transition boiling, and finally nuclear boiling, wheq the
solid has been cooled to below the cr%tical temperzft.ure differ-
ence and proceeds to lose heat most rfxpxdly. After boiling ceases,
the last cooling is by natural convection.
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Fig. 3. Cooling curve of I-in. steel bar ql‘xenched in a non-boiling
liquid (solid curve) and in a boiling liquid (dotted curve).
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CONCLUSION

To sum up, nuclear boiling is marked by large rates of heat
transfer and the rapid formation of bubbles from fixed points.
Transition boiling exhibits a poorer heat transfer and random
bursts of vapour. Film boiling shows the poorest heat transfer
and a complete blanketing of the hot solid with a film of vapour.,
The best heat transfer is obtained at the critical temperature
difference, which is the dividing line between nuclear and transi-
tion boiling. At an extremely high temperature difference a solid
can transfer a great deal of heat to a liquid by means of radia-
tion, but that is another story.

This article is reprinted, with minor adaptation, from the
Scientific American by permission of the editor and publishers.

USES OF MASS SPECTROMETERS

M.P.BARNETT

EARLY in the present century, the masses of individual atoms
were first determined. To do this, the atoms were given an
electric charge, usually by removing an electron from them, and
the ratio of charge to mass in the residual particle was then
obtained by measuring its deflexion in magnetic and electric
fields of known strength. The development of this method into
an accurate technique of measurement was due almost entirely
to one man, F. W. Aston; and the immediate consequence was
the discovery, surprising at the time, that all atomic masses are
close to integral multiples of the same basic unit, the mass of
the hydrogen atom. Aston’s instrument was known as a ‘mass
spectrograph’ because the atoms were separated and spread out
according to their masses, much as in an optical spectrograp.h
light waves are separated and spread out according to their
wavelengths. The object at this stage was to measure the mass.es
of the atoms as accurately as possible, as is still of interest in
nuclear physics. The numbers of atoms of different masses were
not counted. In a more recent application, the mass spectrograph
has been used to compare the ratios of mass to charge in the
electron and positron, It has been shown to a higher accuracy
than before that these two particles are, in fact, equal in mass,
and equal but opposite in charge.

Aston’s mass spectrograph has given rise to two further types
of instrument - the uses of one of which, the ‘mass spectro-
meter’, is the main subject of this article. The other, the‘ ‘mass
separator’, was used during the war for the separapon of
uranium atoms on the basis of their masses, and is still used
today for the separation of pure isotopes of many of the.elc-
ments, Here there is no kind of measurement; it is essentially
a sorting-out device. The ‘mass spectrometer’, on the other
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hand, like the mass spectrograph, is an instrument of measure-
ment. But instead of measuring the masses of particles, it takes
these for granted and measures the quantities of each type
of particle present. 1t is primarily an instrument of analysis,
though there are other uses to which it can be put. Its develop-
ment has been linked inseparably with the needs of industry.
Individual applications of the mass spectrometer affect funda-
mental research on chemical reactions in solution and in gases,
including those that take place in flames; technological research
in the petroleum industry and control of the routine operation
of oil refineries; the elucidation of metabolic processes; the
determination of the age of minerals and of the nature of the
upper atmosphere; diagnostic procedures in medicine; the
understanding of the nature of chemicals present in surface
layers and of the forces between molecules in gases; and the
preparation of materials for electronic valves and transistors.
Questions can crop up in almost any branch of science to which
the direct measurement of the relative amounts of particles of
different masses provides the answer; and, b
of subtlety, many other problems can be thro
which the mass spectrometer can help.
. As in the mass spectrograph, the atoms or molecules produced
in one ve§sel are first given an electric charge. They are then
projected into another vessel, in which their paths are controlled
menter. Thse e e s 21 B 51 bY the xper-
particular mass intersect at a s; Pilt i 9f Al particles of one
collected free from particles of :ﬁ e iomt, where they may be
that occur are summarized in Fi o masses. The processes
igure 1. In the vessel A, the

y varying degrees
wn into a form in

be analysed is a solid, it may st
a furnace and to convey its v.
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very involatile materials, such as high boiling metals, the spec'i-
men can be attached to an clectrode inside 4, and an electric
discharge passed between this electrode and another. lons
become detached from the surface of the metal, and can then
be passed directly into the vessel B, where they are separated
from each other. The mass spectrometer is operated at very low
pressures. Only a minute amount of material is therefore needed,
and, if required, the vessel 4 can be connected to another vessel
in which a reaction is occurring in such a way that the contents
of this may be sampled periodically. But to ensure that the
samples are typical is not easy — as will become apparent Jater
when uses are being discussed.

EDF

4

Fig. 1. Simplified diagram of mass spectromete;. A represgn.ts ﬁthet
vessel in which the vapour of the substance 'bemg analysed is rs1
bombarded with electrons, sO producing ions that then tra\;f:
through the focusing vessel B under tt}e influence of a malglneolﬁ
field. The paths of three ions of identical mass, that a-reha} c -
lected at point D, are sketched. E and F are points at which lons

other mass may collect.

The rectangle B is the simplest possible represent.atlon. f(f)f thx;
separating vessel, usually of complicated design V\'Ithh di erst l11 ]
different types of instrument. Part of (‘he .ve.ss?l is betwee; o
poles of a powerful electromagnet ~ Whl'Ch itis 1fnportant sho w
provide a steady field — and in part of it electric fields are pt >
duced between pairs of condenser plates. D denotes thefpoxtl;ree
which particles of a particular mass accumulate; paths or ree
such particles are indicated. They converge to a focus, ju
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light rays starting from a point but proceeding in different
directions are all brought to a focus at another single point by
a lens. Some mass spectrometers are designed so that particles
of different masses are brought to a focus at different points
simultaneously. Thus D, E, and F might be foci for particles of
three different masses. Other instruments are designed so that
particles of just one mass are brought to a focus at a time,
particles of other masses executing paths that bring them into
ultimate collisions with the walls of the vessel, where they are
lost from the experiment,

Originally, the ions were allowed to impinge on a strip of
photographic material, which they fogged. The extent of the
fogging at a particular point is then an indjcation of the number
of particles that have arrived there. With equipment that focuses
a whole range of ions simultaneously onto the photographic
plate, the regions of fogging are very narrow, corresponding to
masses that are practically integral multiples of the weight of the
hydrogen atom, as mentioned earlier. If the intensity of fogging
on such a plate is plotted against the mass corresponding to the
position on the plate, a ‘spectrum’, consisting of very sharp
peaks, separated by nearly horizontal lines, results,

Since the particles collected are necessarily charged, their
arrival constitutes an electric current which can be amplified -
the ion current. With spectrometers that focus particles of just
one mass at a time, the number passing through the focal point
per seconq is measured by placing a meta] plate at the focus, at
which t.he ions collect, and incorporating this plate in an ampli-
fying circuit. Now the mass of the particles which are focused

‘atany one time depends on the electric and magnetic fields in the
separation 'vessel. Alteration of these by a suitable amount
causes particles of a sec‘ond mass to be focused onto the collec-
tor, and furthgr alterations focus particles of other masses in
turn. By allowing the values of the electric and magnetic fields to
pass through a range of values, particles whose masses lie
between any desired limits may be focused and collected, one
after the other. f.’lo‘ttmg the ion current against the focusing field
gives a graph similar to Figure 2; the peaks correspond with
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fields that focus particles whose masses are approximately
multiples of the mass of the hydrogen atom, an.d the trough.s
with fields that would focus particles of intermediate masses, if
any such existed.

Fig. 2. Portion of a typical mass spectrum, as it might be tracetd ona
rotating drum recorder. The mass/charge ratio of .the ions is
measured along the horizontal axis, and the peak ion current
vertically,

Such a graph is usually recorded by a pen on a moving d@m,
at the same time as the information from th? an.alysm is
obtained. But where quick changes are being studied, it can be
arranged that the graph is traced at high spec‘jd on the face of a
cathode-ray tube, and recorded photographlcz.ally at what.ever
intervals are thought suitable for the job. This is a relatively
recent development.

There is also a special type of mass spectrometer that.focuse.s
just two ion beams simultaneously, letting other particles bxt
the vessel walls. These machines are used to compare the relative
amounts of two isotopes in a mixture, or the relative amoupts
of two molecules which are identical except that one cgntams
one isotope of a particular element and the ot}.xer contains an-
other isotope. The difference in mass can be adjusted to .be one
Or two units, and the actual masses to be anywhere within 2
fairly wide range.

The earliest mass spectrometers represented an adventure,
both in jdeas and in laboratory manipulation; tpelr successors
are produced commercially, housed elegantly in paste!, dial-
strewn cases that mask their structural individuality behind the
stylized uniform of modern instrumentation. (Sef:,. for. example,
Inset 14.) Some are robustly designed for mobility in factory
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use. They do not in general provide their owners with the same
diversions that the prototype equipment did, or so the mass
spectrometer builders would prefer us to believe. But their use
is closely related to the development of several new ideas, each
of which, within its own particular ficld, constitutes quite an
adventure in extending the range of what it is possible or prac-
ticable to accomplish and unravel. An essentially simple applica-
tion will be given first.

LEAK DETECTION

The simplest of all uses of the mass spectrometer is to detect the
presence of particles of a single specified mass. A good example
is the use of helium for the location of leaks in high-vacuum
equipment, which is now sometimes of surprisingly large
volume. The concentration of helium in the atmosphere is very
Jow, and only minute amounts are present normally in the
gases pumped out of equipment that is being evacuated. Now if
a piece of equipment leaks and if some helium is introduced into
it, the gas outside soon contains more helium than usual. Con-
versely, if the equipment is pumped out, placed in a vessel
containing helium and pumping continued, helium appears in
the gases that are being removed. In either case detection of a
small amount of helium in excess of the negligible quantity
usually present establishes the presence of a leak. All that is
necessary is to test for the presence of particles of mass 4. Only
small amounts of material are needed, one part in 200,000 of
helium can be detected, and the test can be made quickly. The
mass spectrometer can even be set to ring an alarm bell when a
leak has been found.

The early requirements of atomic energy contributed largely
to the devclopmen_t of the mass spectrometer as a leak de-
tector, a use that it novs{ finds in many industrial processes
where vacuum or hermetlc.ally sealed equipment is employed.
I:;xz:imﬁalzs are the preservation of penicillin and of blood plasma
b hviraton o1y Lo presrs ey f many s
tightness: and th ’k' sting of refngerator trucks for gas

H e making of the relatively new element, titan-
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ium. Not only are leaks detected, their precise location may also
be found by spraying each part of the surface in turn with a fine
jet of helium gas. The gases pumped {rom within the system are
passed into the mass spectrometer until it signals the detection
of helium. -

Sometimes an escape of gas is suspected in the nelghbourh@'d
of buried pipes. If there are several pipes near each 'other, it is
important to know which is leaking. Helium may be introduced
into each in turn at the pumping station, and the gases emerging
from the ground in the region of the leak sampled in a mass
spectrometer. As soon as helium is detected the leaky pipe may
be identified, and sealed off. '

In all applications of the type just described the e}enngnt
detected, helium, is used for the special purpose of testmg'for
leaks. The same principle can be applied also to %(cep a continu-
ous watch for the presence of any element thaF is danger.ous' or
unwanted in any particular plant. An example is the m.omt'ormg
of annealing furnaces for the presence of oxygen, which in the
treatment of some metals must be kept within very low limits.

1SOTOPIC RATIOS

The next simplest use of the mass spectrometer is to measure the
quantity of one isotope of an element compared with another -
the isotopic ratio as it is called.

Age of Minerals

One such use has been in the determination of the time that
has elapsed since different minerals were segregated in the cru.st
of the earth. This method can be applied to rocks that contauz
a radioactive element. Suppose that a specimen of the Uzj'
isotope of uranium was entrapped in a rock when this was lafd
down at a certain point in the earth’s history. This uranium will
ever since have been breaking down slowly and through suc-
Cessive stages into the lead isotope Pb2°t. Provided that wa'ter has
not seeped through the rock and dissolved out the minerals
Present, the total number of uranium atoms, plus lead atoms,
will have remained constant after an initial period of around a
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hundred thousand years. Provided that no lead was introduced
into the rock along with the uranium when it was deposited,
measuring the amount of uranium and jead present today will
give a measure of the amount of uranium originally present.
Knowing this, the amount of lead produced, and the ratelof
decay of U***, the length of time can be calculated during which
the uranium has been decaying, and hence the age of the
mineral. It is possible, however, to do better than this. The uran-
fum isotope U**® always occurs together with a sma}ler amount
of the isotope U, which also decays to form a dntferept lead
isotope, Pb**7, These two lead isotopes are formed at c'hﬁert':nt
rates from their parent uranium isotopes, fmd by measuring with
a mass spectrometer both the ratio of Pb*** to Pb* and that of
U to U, the age of the rock can be esumated.wnh greater
precision. There is also a further check from the existence of yet
another lead isotope, Pb*"*, which cannot be formed from the
radioactive decay of any substance that could have been present
in the rock. Hence, if Pb*** is looked for and found, the amount
of lead that has always been present can be independently
estimated. This is & necessary precaution if only the ratio of
U?** to Pb?°* has been measured — and serveg ip 4ny case as a
check.

Measurements of isotopic ratios have also been used to esti-
mate the time at which the earth’s crust solidified. It is assumed
that when the surface was completely molten,
and diffusion produced a uniform distributio
for every clement. The lead that was deposit
the time when solidification occurreq conta
Pb*** and Pb*7 in a constant ratio, and the
U?** in another definite ratio. The
tions of U*** and U***, which are
carth’s surface, are related in a s

constant mixing
n of the isotopes
ed in minerals at
ined the isotopes
isotopes U** and
present-day relative propor-
more or less constant over the
mple way to the original ratio
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of the crust and the deposition of these later minc.rals determines
the extent to which their isotopic composition d}ﬁers 'from that
of the original lead. By determining isotopic ratios me‘h a rpass,
spectrometer for a number of different minerals, t.hls original
composition can be calculated, providing an est:mate.gf the
time between the solidification of the crust and the deposition of
particular rocks. Independent estimates of the age of these
Minerals relative to the present day, baseﬁi partly'on the argu-
ments of the previous paragraph, permit the time that h?s
elapsed between solidification of the crust and the preseat to
be calculated, o
Afurt:::‘dmethod of estimating age is based on.the radioactive
breakdown of the K*° isotope of potassium. Th1§ breaks dgw‘r:
by two independent processes of decay, one‘ :c.admg to ;he (e)xn
iSotope of calcium, and the other to the A isotope o darglel ;
Assuming the A*° of the atmosphere to have been dernv; S(f) thz
from the decay of K*°, rough estimates have been made 0
age of the present atmosphere of the earth.

Natural Enrichment

In all these examples, the isotopes measured have been
formed as the result of radioactive decay. Differences have befen
found also in the isotopic ratios of certain elements- - (:r
€xample, oxygen, carbon, boron, and sulphur - according to
the conditions of their occurrence. Such varlatxor}s are uncoltll~
nected with radioactivity. They can be explained in paltt as the
Tesult of physico-chemical processes which lead to a slxght fee!‘:
Tichment in one isotope compared with anot}.lext, but in o
Cases, if any, are the causes of these natural vafxat'lons‘ yet Cfothc
Pletely understood. One of them offers a new 1qd1catnon (1) pe
ourse of climatic changes in past ages; there is a co;'re at en
between the temperature of sea-water and the ratio 0 Oxygr -
isotopes found in carbonate deposited in shells at that rn;lx)'ion
ture. Again, the proportion of the lighter i§otope§ of b?tali visin,
and sulphur appears to be higher in material of biologic [ action

t has been said that native sulphur formed by. bacteria oo
€an be distinguished in this way from deposits the orig
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which is volcanic; and that the earliest evidence of life on the
earth may come from the isotopic ratios of carbon in rocks.
Several new lines of research have thus been opened up by the
mass spectrometer which are already of interest to geologists.

Forces between Molecules

A quite different application of isotope measurementsis in con-
nexion with the diffusion properties of gases. If two vessels of
the same gas, say oxygen, are joined together, their contents will
in time mix completely, part of the gas present originally in
each vessel having diffused into the other. To distinguish be-
tween molecules originating from the two vessels, different
isotopes may be used. Thus one vessél might be filled with
oxygen gas the molecules of which contained equal numbers of
normal oxygen atoms, 0'¢, and of O'* atoms, and the other with
normal oxygen gas (O'°,). Then, after the vessels are connected,
the proportion in which the two isotopes are present can be
measured at intervals, and the diffusion rate determined.

Now this rate is related to the forces between the molecules.
As such, it is not only important in principle but has gained a
special significance for the theoretical investigator from the
greater facility of calculation provided by the advent of high-
speed computors. These machines have brought the prediction
of the mechanical properties of gases, using the equations of
statistical mechanics, into the realms of possibility. Essentially
if the force between two molecules in g gas is known as ;;
function of the distance between the molecules, all the static
properties of the gas — that is, the law relating pressure, volume
and temperature (which for a perfect gas would be Boyl’e’s law) B
can be predicted, and the dynamic properties such as viscosity
and diffusion rates calculated. It is possible to suggest a number
?f diffc’:;ent forms for the equation describing the intermolecular

orce. Taking each of these i ; .
that might bge expectecl; forlrtlht;l rgr:st}::: orresponding behaviour
r \ y be calculated, and the
equation corresponding most closely with eXperimental results
et e the bt Once ey o cion s e
) a number of gases, it wil| presumably be
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safe to apply it to others for which the corresponding experi-
ments have not been carried out. The information that such an
equation could provide is needed, for examplf’., in analysing the
processes that occur in flames, some of which may never be
amenable to direct experimental observation, although they are
clearly of practical importance.

TRACER APPLICATIONS

As in these other applications, the use of stable isotopes as
‘tracers’ in bjochemical research involves the measurement of
an isotopic ratio. The ratio to be measured is hEI.'e‘ no longer a
natural one, varied in whatever way by past cpndxtxons, but one
deliberately altered for and during the ex.penmen.t. The under-
lying principle is similar to that involved in labelling mole.cules
with radjoactive atoms. For example, if the fate of a parflcular
ingredient of food in the body is to be found, a sample is pre-
pared in which one of the atoms is replaced by an lsotope that
normally occurs in negligible amount. Then agter fe_:edmg the
ingredient to an animal, its tissues are exammed' in a mass
spectrometer, to detect an abnormal 'conccfntratl.on' of this
isotope. It is assumed that the tissue In w_hlch ‘thlS.lS foupd
represents the destination of the molecule in which it was in-
corporated originally. Radioactive isotopes can be detect'ed
simply by their activity using a Geiger counter. But non-radio-
active isotopes, requiring the use of a mass spectrometer, are
an extremely useful supplement ot alternative. For one thing,
there are no suitable radioactive isotopes of several lmgortant
elements, notably nitrogen; for another, it is convenient at

_times to dispense with all the practical problems associated with

the manipulation of radioactive material. .
The most important outcome of this type of work has beer'l in
connexion with the dynamic equilibrium of the body. Materials
which are present in the body in an amount that does r}ot change
from day to day are nevertheless constantly undergoing bre.ak-
down and reconstruction. This is true, in general, _of_protems,
of which the component units are amino-acids, as it 15 also oc‘;'
other substances in the body. In one experiment, an amino-act
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labelled with a particular nitrogen isotope was fed to rats. The

rate at which it accumulated in the liver, and then disappeared

when feeding was stopped, suggested that as much as ten per
cent of the proteins there were rebuilt every day. The general
impression from a very large number of experiments using
tracer methods is of the widespread fluidity of the body’s
chemistry. There was talk at one time of a ‘metabolic pool’ of
relatively simple components from which the more complex
molecules were continually being built up, and to which their
breakdown products were returned for use elsewhere in the
body. The concept of a pool of materials common to the whole
body, and equivalent in all types of use, has proved to be an
over-simplification; but it remains a partial truth, and its critical
examination and reappraisal is still in progress. In all this work,
the ability to label nitrogen atoms and to follow their distribu-
tion is of key importance.

It is also important at times to know which part of a molecule
breaks off during a metabolic process, or even in a test tube
reaction. For example, if a molecule containing three carbon
atoms in a row gives rise to another molecule in which just
two carbon atoms are left, the question arises as to which
terminal atom was detached. By replacing the atom at one end
by the C** isotop.e not normally present, and testing the product
for C'* content in a mass spectrometer, an immediate answer
is possible. Sometimes the situation becomes a little more
complicated, the product of the isotopically labelled molecule
becoming diluted with material from other sources in the body.
Even t.hen, track can b_e kept of the molecules whose precursors
were mtr(_)dugcd specially, by labelling isotopically a second
atom, which is not 'affecte.d by the metabolic cycle. Thus the
molecule gf th; am;no-amd serine CH,OH.NH,CH.COOH is
convc.rted in the rat into CHuNH:.COOH, which is glycine. The
as T Shet e COO roupaf e e s i
CH.OH group. as conczie\;a(;; whethe;r 1t was derived from the
obtained by fee’dinga 2t it Y it might be. The answer was
eroup and the COOR serine in which both the CHNH,

group were separately labelled. The
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nitrogen of the CHNH, group was N', and the carbon of the
COOH group was C'"*, whereas the carbon of the CH,OH group
was the common C'? isotope. Strictly speaking, the nitrogen and
the carbon used for labelling was ‘enriched’ in the isotopes
mentioned, while the unlabelled carbon consisted of the natural
mixture of isotopes; but this does not affect the principle of the
experiment. Both the N'*/N" ratio and the C'*/C"? ratio in the
glycine were analysed in a mass spectrometer. The fraction of
the molecules containing C'* was found to equal the fraction
containing N'*, Tt was therefore inferred that these C'* atoms
were in the same molecules as the N** atoms, and therefore that
it was the CH,OH group which had been ‘lost’ during the meta-
bolic reactions.

ISOTOPIC DILUTION

A rather spectacular application of isotope-ratio determinations
is in the ‘isotopic dilution’ method for measuring minute con-
centrations of impurities in metals. The impurity — which for
illustration may be magnesium - is assumed to have the same
isotopic composition as has magnesium found in nature, that
is to say, it consists predominantly of Mg*!. The principle of
‘isotopic dilution’ is then as follows. The original material, con-
taining only a very small quantity of magnesium, is dissolved in
solution, and to this the corresponding salt of the pure isotope
Mg®® is added in fair concentration. The magnesium atoms of
this salt will mix with those present as impurities, and they will
travel together in whatever process of chemical separation may
now be used. Finally their combined isotopic composition is
found in a mass spectrometer. Very slight traces of one isotope
can be measured in the presence of the other, and the amount
of the original ‘impurity magnesium’ can then be calculated.

A case for the application of this method arose in connexion
with the development of the transistor as an electronic device,
roughly equivalent to a valve. For this purpose, it became
necessary to prepare specimens of germanium in which the
Concentration of certain other metals was less than one part
0 ten million. Certain impurities can have a profound effect
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on the electrical properties of the material when present .m
greater concentrations. In many cases the amount of impurity
left in a sample is estimated from a comparison of the measured
electrical properties with a theoretical limit derived from other
experiments. The isotopic dilution method may provide a means
not only for detecting such impurities but also for estimating
their concentration.

A similar procedure has been usefully employed in protein
analysis, and may find many further uses in organic chemistry.
One important problem, with both practical and theoretical
implications, is that of measuring the relative rates at which a
molecule is attacked in different positions simultaneously by
the same reagent, or the rates at which a reagent reacts with two
different chemicals at the same time. Considerable difficulty is
experienced in isolating the reaction products for analysis, and
the method of isotope dilution might be used here to good
advantage.

MOLECULAR FRAGMENTS

The mass spectrometer can also be used in purely chemical re-
search to recognize the presence of a particular fragment of a
molecule that is being disrupted, and hence can be employed
further to determine the rate of disruption and even the work
done in effecting it. Most experiments of this type have been
done with organic-free radicals,* that is with uncharged frag-
ments .of organic molecules in which one atom has (?ne of its
valencies unsatisfied; they are therefore highly reactive groups
Such radicals may be produced by the high-temperature decom-.
position of hydrocarbons such as methane CH,, which forms
the mt?thyl radical, CH,, or by the decom’positil(,)n of organo-
metallic compounds, such as lead tetraethyl (the ori inalga ti-
knqck material added to car fuel) which also producge tI;x 1
.ra.dxcals. The material is decomposed in a furnace a (: pas yf
it is allowed to enter the vesse] 4 (referring back nownto I?irgtu?e

*These were diSCUSSCd by P 9
Geo i 1
. title “El » l o rge Porter in Science News 19 under
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1) via a small perforation in a metal diaphragm. Once in 4, the
radicals, say CH,, are bombarded with electrons, which tear
out other electrons to form the corresponding radical ions, such
as CH,+, detectable as a particle of mass 5.

It is also possible, as already mentioned, to measure the work
done in removing the electrons, that is, the ionization potential
of the radicals.

The electrons used to bombard the particles in the vessel A4
derive their energy from an electric field through which they are
first accelerated. When this field is very small, the bombarding
electrons do not travel with sufficient momentum to remove
other electrons from the radicals with which they collide. Ions
corresponding in mass to these radicals are.not then detec?ed
by the mass spectrometer. But when a particular accelerating
potential is applied to the bombarding electrpns, their momen-
tum becomes just sufficient to ionize the radicals and a current
is detected by the collector plate in the spectromeFer. . .

A third type of experiment may be conducted in which entire
molecules are fed into the vessel 4, and are then bombarded
with electrons that are travelling so rapidly that they can both
tear out electrons and also break bonds joining carbon atoms to
hydrogen atoms and to other carbon atoms. The hydrogen atom
which is removed from a molecule of methane, when a CH,
radical is formed from it, was previously held by a C-H bonc.l to
the carbon atom. So by measuring the ‘appearance potentx:al’,
that is the potential that must be applied to the b-ombardmg
electrons to make say the CH,* radical ion appear in the mass
spectrometer when methane is in 4, the energy needed to break
the C-H bond may be calculated. o

Measurements such as these of the bond energies and ioniza-
tion potentials of molecules are important in many directions.
Examples are the ‘cracking’ of hydrocarbons, as is done in ail
refineries to obtain increased yields of petrol, and in the study
of flames and combustion, in which the formation of ffee
radicals is jnvolved. A recent variant is important in studying
the breakdown of the gaseous insulators used in electrical' engin-
eering, Here the molecule ionized gains an extra electron instead
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L. ; med. The g2
of losing onc — that is a negative o }115 x?({uoride, and the
commonly used as an insulator is sulphur NEX4
jon is accordingly SF, ™. ;

is exper .y
The results of this type 0 P nose goal is the prediction
interest to the theoretical chemist, wh Sroma specification
of the properties of chemical systems simply ¢ atoms. This may
of the numbers and types of th?ll’ cons'txt'uex:&m wpproach from
sound rather a tall order, and 1bn] f:::tﬂl)tislz.xtem: that quantum
inciples is, however, possitie ich, if they could be

it D e ovides a set of equations, which, 1f lur}l,atel th
mechdnies plrd ermit of such predictions. Un orl ately, be
solch, wou fl;r 100 complicated for an exa(c]t S0 (;mon to it;

equa.tl()ns are ;l approximaﬁons must be used, and even wl
possnb.le: Instead, to use high-speed computors to get.resu ts
these it is ncges§§rynce In practice there are a host qf different
of any real signi hcat mi-ght be tried. To decide which is the best,
approximations tha expefimental results is necessary. It is not

2 h .
a comparison Wit too much effort on test calculations, so that

. aste i i
advlsabl;;r(;sz)vn between theory and experiment is most profit-
the com

ught with the systems that are the least difficult to handle
ably so fticalb’- It so happens that hydrocarbons and their
mz;lz:;‘;‘ are especially suited to this purpose. One reason for this
;’:ﬂ;e fact that many different fragments can be constructed out
of just a few carbon and hydrogen atoms. 'Fhese could all be
pandled on the Compl;ltor with the same basic instructions and
procedures. Since the programmlpg' of calculations to be done
py computors is lengthy and tedious, this is g very practical
advantage.

iment are also of con51dcra‘o1e

FULL SPECTRUM ANALYSIS

In the applications of the mass spectrometer which have so far
been described the actual measurements have been concerned

with just one or two lines in the Spectrum, and it has also been
quite obvious which element or com

particles that were observed, and wh
some cases interest has been centred
were present of the substances prod

pound was producing the
at these particles were. In
just on the amounts that
ucing these particles. At
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times the problem has been explaining why these amounts were
in fact present.

In the present section we are concerned with some problems
that are rather more complicated, namely the observation and
interpretation of a complete mass spectrum, usually derived
from a mixture of substances. The spectrum of any single sub-
stance is quite characteristic, serving in effect as a finger-print
that may be recognized. This is true not only of elements and
simple molecules that give rise to spectra consisting of just a
few lines, but also of larger molecules that break down into a
dozen or more different fragments, and even of samples of paper
or plastic or photographic film in which the nature of the frag-
ments and their mode of origin is uncertain.

In dealing with the spectrum of a mixture there is a further
difficulty that sometimes must be met. Suppose, for example,
that we are dealing with half a dozen neighbouring elements,
each with its own spectrum of isotopes; and, as is commonly the
case, that there are overlaps between the mass-numbers of
isotopes of one element and those of the next. Merely by looking
at the results of measurement, we shall then be unable to dis-
tinguish by eye the spectrum corresponding with any one
element. We shall find only a single composite spectrum. We
must assume therefore that the spectra of the individual ele-
ments, if we could see them, would be as they usually are — that
the isotopic ratios of each are normal. And the object will be
to arrive, by trial and error or analysis, at the proportions in
which each individual spectrum contributes to the whole. It is
not a very serious problem in practice if dealing only with ions
formed from atoms. For most of the elements there are only
one or two isotopes that matter. It is more of a problem when
dealing with ions formed from molecules which contain several
atoms and which can break up in many ways into particles of
different masses. But the problem can always be solved, and,
while it was at one time a nuisance to deal with mixtures of a
large number of constituents, the difficulty of interpreting such
results has been removed by modern computing machines.

Equipments in which the full mass spectrum is recorded
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simultaneously are not now very common. One was used re;
cently, however, to analyse a mixture of rare earth z.1toms lhfl
had just becn irradiated with neuirons. The different isotopes 111
the mixture were focused on to different positions of a photo-
graphic plate, where they stuck. This plate was then removed
and another placed on top of it. Under the influence of the
irradiation some of the isotopes had become radioactive and
fogging occurred on the second plate immediate.ly above the
deposits of these isotopes. In this way it was possible to decide
which rare earth atoms had become radioactive. The actual rate
of decay of an isotope could also be measured by leaving the two
plates in contact until a certain amount of fogging had occurred
on the second, then replacing this by a third plate, and noting
the time needed for this to fog to the same extent.

Full spectral analyses, however, are effected more usually
with a scanning technique, sweeping through an appropriate
range of strengths of the focusing magnetic or electric fields. The
interpretation of this type of spectrum is simplest for alloys,
since the mixture then is one of elements,

Simple molecules, t0o, such as oceur in the atmosphere merely
give rise to particles of just one or two different masses when
they are bombarded in the ionizing vessel, and the amount of
each ion usually can be related directly to the amount of one
or other component of the gas mixture. For these simple gas
mixtures, a fairly narrow range of masses is covered. The speed
of analysi§ is often of importance. For routine work, analysing
the gases in valves, the spectrum can be displayed on the screen
of an oscilloscope. For use in sampling the gases of the upper
'fitmosphere, compact. mass spectrometers that can be packed
into rockets, and which sweep the entire Spectrum necessary
in a second, have been described.

The gases expelled in human bre

ath are ajso analysed i
by a mass spectrometer. With th ysed rapidly

¢ advent of more and more

properties, medical diggnosis ma
many more dials and gauges than j
a thermometer.
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Fig. 3. (a) represents a portion of the mass spectrum of a substance
A (which might be ethane) measured under standard experimental
conditions, when .0001 gramme has been iatroduced into the mass
spectrometer. (b) represents the same portion of the mass spectrum
of the same substance 4, measured under identical conditions,
when 0002 gramme has been introduced. (c) represents the same
portion of the mass specirum of a second substance B, when .0001
gramme has been introduced.
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*ig. 4. {(a) represents the mass spectrum of a mixture of .0001
gramme of substance A and .0001 gramme of substance B; the
height of each peak is the sum of the heights of the corresponding
peaks in Figures 4 () and (c). Thé curve on the right (b) represents
the mass spectrum of a mixture of .0002 gramme of substance 4
and .0001 gramme of substance B; the heights of peaks are in this
case the sum of those shown in Figure 4 {b) and (c).
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But whilst there are almost l.imilless_pf)ssibilities for the rapid
and accurate analysis of gas mixtures, it is the a11a1y§1s of hydrg-
carbons that has provided the mass speetrometer »\.lxth one of its
most widespread uses, and from the uscrs’ viewpoint one of the
most remunerative. And just as the mass spectromeier has
appeared at an opportune time for the thecretical chemist who
wishes to avail himself of the modern computor, so calculating
machines have been very welcome to the petroleum engineer
using the mass spectrometer to control a refinery.

If a sampie of a single hydrocarbon, say ethane, is introduced
into the ionization chamber of a mass spectrometer, and bom-
barded with electrons, these will remove further electrons from
the molecules, and will also break a number of bonds. A whole
mixture of fragments will be formed, ethane, C,H,, for example
giving different amounts of C,H,+, C,H;*, CH,+, CH,++ and
so on. The relative amounts of these jons depend on .
ditions of o.peration, and on the exact shape of the mass spectro-
meter. But 1‘f these are kept constant, the relative amounts of the
G0 Specrun, v 50 heretoce wil he shape

. use as ger-print has alrecady been men-
i;l(:anzitul;:l(:?ct;, while the shap‘e of the spectrum depends on
e hydrocarbon, its exact height depends on the

theexact con-

'0 the mass spectro-
corded might look like Figure 3
o.f ethane were used, every peak
s Figure 3 (),

* bresent together in the mass spectro-
at 1s observed is simply the sum of the

(@), whilst if .0002 gramme
would be doubled in height, a

If two hydrocarbons are
meter, the spectrum th

gg tthhxz stp‘:(c)n}tll)r’];rdoccpier:;ds, thcreifore, on the shapes of the spectra
aroons, and also on a

g;e)scnt Suppose, for the sake of argumertltt],ethl:g(?g(?(;i ;rfasiaﬂcl};

Thle ;ot;;]aen: wotuld produce the spectrum sketched in Figure 3 (¢)-

e andpe(c)or(;llm produced by a mixture of .0001 gramme of

ctha . gramme of propane would be obtained by

ng logether the peak heights af Fimue-~ » ‘1) and 3 (¢)-

INTERSTELLAR MATERIAL

I An extragalactic object: the Sombrero Nebula. The obscuring
material is concentrated in a thin disk surrounding the central mass of
stars,

2. The Horsehead Nebula in Orion, & well-known dark cloud in inter-
stellar space. (Photographs from Mount Wilson Observatory.)
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THE BOILING OF LIQUIDS

I
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20. Nuclear boiling photographed in a glass tank tilled with methy! alcohol: exposure-time. | microsccond. Running
across the tank is acopper tube heated with steam. Bubbles of alcohol vapour torm repeatedly at the same points on the

surfice of the tube.

21. Transition boiling occurs at temperatures higher than those which cause nuclear boiling. Slugs of alcohol vapour
form explosively. and the surface of the tube is entirely blanketed with vapour. One slug of vapour surges away from the
tube at lower right.
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That produced by a mixture of .0002 gramme of ethane and
0001 gramme of propane would, however, be obtained by
adding together the peak heights of Figures 3 (b) and 3 (¢). The
specira for these two mixtures are drawn in Figures 4 (a) and
4 (b) respectively.

The relative amounts of two hydrocarbons in a mixture can
be calculated simply from the heights of two peaks in the
spectrum. In fact the amount of each hydrocarbon is the sum
of two terms, each term being the product of a peak height in the
spectrum of the mixturc with a number that is constant for the
hydrocarbon and the apparatus. How these constants are found
in detail does not matter here; both calibration experiments and
calculations are needed to get them. But they need not be often
determined.

The same principle can be used in the analysis of a mixture
of twenty hydrocarbons. The observed spectrum is simply the
result of superimposing twenty individual spectra each scaled
according to the amount of the corresponding hydrocarbon
present. The amount of each constituent is now found as the
sam of twenty terms, each term being the product of an observed
peak height with a suitable constant. (The same procedure can
be used also for the analysis of composite spectra of other Kinds,
e.g. infra-red spectra, provided that the individual spectra of the
pure components differ sufficiently; but it does not seem to have
been adopted as extensively as it might.)

Developments in petroleum engineering nccessitated the
introduction of a rapid method of analysis for mixtures of
hydrocarbons that were very similar chemically and physically,
difficult and tedious to separate, and fairly inert as regards re-
actions. The mass spectrometer met this need, and used only
small amounts of material, which is an added advantage. Its
popularity in this field spread rapidly, despite the bulk of
the associated computational work, and the apparatus was
improved until a full spectrum could be recorded in twenty
minutes. But the corresponding calculations became increas-
ingly lengthy, as the number of components in the mixtures was
increased. Calculating staffs began to swell, the time required

c
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for computation becoming the factor determining the rate
and cost of the operation as a whole. But then in the United
States, and now in Great Britain, small digital computors,
designed primarily for accounting work, were introduced to the
field. These machines have altered completely the speed and
economics of the process. For example, the entire calculation
for a twelve component mixiure can be effected on the most
recent small computor in less than a minute. These calculating
machines, some as small as a radiogram, are provided with the
results of the mass spectrometer experiment, and the constants
of the calculation, as patterns of holes on pieces of card that
are sucked through electrical circuits. The results of the calcu-
lation are punched out as patterns of holes on other cards, from
which printed reports may be prepared in a second small
machine. Originally, the calculations were performed at odd
intervals during the day on equipment used mainly for refinery
accounts. The versatility of the machines is such that they can
be switched from one type of problem to another in a matter of
seconds. Since computing has been brought to the attention of
the petroleum engineer, many other arithmetical problems have
been found, for example in connexion with distillation practice.
Now that the speed of calculation has been increased, the
operation of the mass spectrometer itself is being speeded up, by
improving the electronics associated with the measurement of
the ion current.

To facilitate this type of work still further, special equipment
has been designed and marketed that records the peak heights
as a printed table on a sheet of paper, eliminating the operator
needed previously to measure the peaks recorded graphically on
the moving drum. This digitizing equipment that turns graph
peaks into numbers could find many further uses in laboratories
and industry. Still greater efficiency has been achieved by
making the digitizer punch cards that can be fed straight to the
computor which performs the mass spectrometric calculations.

The need for such speed in petroleum calculations springs
partly from the manner of operation of refineries, with several
streams of material of changing composition having constantly
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to be blended according to complicated requirements that also
fluctuate. Much has been achieved in streamiining these pro-
cesses of analysis and computation and plant design, and the
day of the fully automatic operation of a refinery seems to be

" drawing nearer and nearer.

CONCLUSION

In the story of the mass spectrometer there can be‘seen one of
the sources of excitement in contemporary scientific research
and also one of the major problems of science. Both are asso-
ciated with the question of relevance. It is probably no exaggera-
tion to say that developments in any one field of scientific
activity may have repercussions on virtually any otber branch
of science. One development may provide a technique useful
elsewhere, or it may be constructed by a subt.ie manoeuvre
on the part of the experimentalist seeking to c1rc.umvent the
technical obstacles that hinder progress in a pgrtl-cu!ar prac-
tical problem. Whenever some elaborate. cross linking of sub-
jects is announced, one. is left wondering how many other
problems baffling workers at the time mlght' no.t be resol‘{ed
similarly. There is no way of knowing. Thf: sc1enlnst.ficvelog1ng
an experimental technique cannot at'1t1c1pale' all.us possible
applications; its utility in some pz.lrtlcular §11uz'mon may be
apparent only to someone familiar \'mth all the intricate tgchmcal
details of the latter. The review article that presents a picture of
what a technique can do assists; but.the sheer.bull‘c of current
research, the bulk of the review hteratur.e 1tselt., leave the
possibility of serious oversights by experimentalists snowed
under by immediate practical probl.er.ns. Anq th.e u.ncxpected
gambit is still dependent on the indwndl’lal wuh‘ msnght and‘ a
particular turn of mind being involved in the situation at the
appropriate time, o
Thestory has been prescnted, with several necessary omissions,
in an effort to demonstrate the versatility of the mass sp.ectro-
meter, a versatility that may be enhanced by th'e productlgn of
equipment to be used interchangeably for experl‘mems of. differ-
ent types within the same laboratory. By presenting the different
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applicat.ions with cqual weight the historical development of
the equipment’s use has perhaps been ost, a history linked in-
separably with the needs of commerce and industry.

. In.fact the tale of the mass spectrometer follows a cycle that
is befng repeated over and over again, a theme resurgent in the
physico-chemical sciences today. First an apparaius is con-
structed to Fonﬁrm that matter really does bechave in a manner
corresponding to some particular implication of the model that
has‘been’co.nstructed forit. Then, at a certain juncture, the same
basic principle is incorporated into an equipment I;eeded to
mect a pressing technical requircment. The relevance to the
problc'zm may have been known for a long time but never
expl.oncd owing to inertia and concern for its econoniic practic-
fibllny. Then the exigencies of a particular situation make cost
frrelev.am, the development of a working tool to do a particular
job being all that matters. Science finds jtself with an equipment
being producF:d in numbers that permit of economical manu-
facture. Availability breeds applications. The concentration
of effort on further development becomes advantageous to
the c.orppames producing the apparatus, improvements ensue,
specialized variants for particular uses are created, The machine
becomes topical, its use more widespread, perhaps it even
'reaches that mysterious point at which its presence is a necessity
in any la.boratory with a claim to being up to date. Topicality
brings with it the backwash of associated academic problems,
most of which have been gathering dust on university shelves
flnd apparatus for many years owing to a lack of external
mtc.rest and support. Then, to make use of the results that the
Fggxpmcnt provides, further auxiliary apparatus is designed.
I'his in turn finds other uses. Viewed in retrospect, it can be seen
that the basic cquipment merely provided the situation justifying
development of auxiliary equipment of much more general use,
ovc.rcoming the next generation of inertia. As time goes on the
basic equipment, perhaps our mass spectromeler, becomes
embedded deeper and deeper in a network of apparatus and
operational procedures. The final stage may well be the dis-
covery of a new principle, its development and incorporation
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into an apparatus displacing the mass spectrometer from some
of its applications, doing jobs that would not have been thought
of if the mass spectrometer had not been there to do them first.
Perspective in design and development will gradually change,
a new research medium will develop, and the cycle repeated.

FURTHER READING

An excellent monograph, of which considerable use has been made
in the earlier sections of this article, is:
Barnard, G. P. Modern Mass Spectroscopy. London, The Insti-
tute of Physics, 1953.

Other general references are:

Robertson, A.J. B. Mass Spectroscopy. London, Methuen, 1954,
Mayne, K. [. ‘Mass Spectroscopy’. Reports on Progress in Physics,
15, 24 (1952).
Hipple, J. A. ‘Applications of the Mass Spectrometet’. Frontiers in
Chemistry, 1, 183. New York, Interscience Publishers, Inc., 1953.
Wilson, D. Wright and others, Preparation and Measurement of
Isotopic Tracers. Ann Arbor, Michigan, J. W. Edwards, 1947.
Reviews of mass spectrometry by Hipple and others are published
yearly in Analvtical Chemistry. A conference on applied mass
spectrometry was organized by the Institute of Petroleum in Octo-
ber 1953, and its proceedings are due for publication towards the

end of the present year.



BIOLOGICAL INDIVIDUALITY

G. M. WYRURN

TI{E bgginner in biology might well be surprised to find there
1S no dlv.ersity of size and structure of the germ cells to parallel
the manifold patterns of the adult animal form. The qualitative
z_md. quzmtitative differences between the germ cells of different
individuals which must exist and be responsible for the direction
:;egiri(f)iwth and dev:eloprpent d.o not confer on the germ cells any
i ¢ structural identity which can be made directly visible by
e'mf:thods at present available. There are, of course, certain
vam‘ltlons in the size and form of the germ cells of animal
Species, but there is no overt manifestation of the individuality
of any one germ cell.
" dsll\ied ;:la_llpe and .extcr.nal form, i.e. macroscopic features, give
oarte ot t1hy and 1dt-3nt1ty to the adult animal, but the separaté
e Coc:n orgamsm. hfive the gharacteristic (microscopic)
. mon to similar functional units in other organ-
isms; for example, the periodic banding of the muscle fibre, the
typical appearance of a mucous secreting gland, a kidney tut;Ule
or nerve cell (Figure 1). These cannot by obse’rvation alone be’
identified with any one individual or even species. The organs
and t.issues have acquired by differentiation a st;uctm-ol " d
fl.m.ctxon.al individuality, but this is superimposed on 31 i
dividuality of the organism as a whole and they carry th camp
:)_f the orianism of which they form 3 part. Most rlrllan?nsxzﬁzzg
1ssuesa i Vi .
within thne p(;rriir:iiz:igz.smvwe nd be physiologically active
Biologically, indivi ity i i
a mosaic of qualitiegu;llighlsi;c}i]itcl:s tHOt ! Simp.le quality. but
organism of that species, and marks tahe t'he it e onele
s e differentiated functional

components of that organis
m, i
structural basis of this complex The problem is to define the
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Fig. 1. Typical nerve cell from the spinal ganglion of any vertebrate
animal, showing granular cytoplasm, central nucleus with well-
marked nuclear membrane, nucleolus and flakes of heterochroma-
tin, but no visible evidence of chromosomes. (Magnification x
about 2,500.)

Orthodox biology accepts the chromatin of the cell nucleus as
the substance which determines individuality. The male and
female germ cells contribute equal amounts of chromatin to the
nucleus of the fertilized egg, and this chromatin serves as a
model or template for the synthesis of the further quantities of
identical chromatin substance necessary for growth and de-
velopment. Typically, chromatin is present in dividing cells
(normal or mitotic division) as minute paired, rod-like structures
— the chromosomes. The number and form of the chromosomes,
that is, the amount of chromatin in the cells, is constant for the
individuals of any one species. (There are exceptions.) Structur-
ally,chromosomes consist of a number of tightly coiled threads -
chromonemata — embedded in a matrix. There is a transverse
banding along the length of the chromosome. These transverse
bands are the chromomeres — the locus of the hereditary units,
the genes, which are regarded as the self-replicating particles
responsible for the transmission of inherited characteristics.

L 4
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Fig. 2 (a) and (b). Stages in the mitotic division of a cell. The nucleus
has resolved into paired chromosomes.

Genetically the chromosome is considered as an orderly linear

array of these genes, and each gene or group of
lieved to control a particular set of characters, f
height, colour of hair, eyes, etc., and ’
individuality.

Dgring mitotic division of a cell, each chromosome splits
longitudinally, and presumably the genes also split so that each
daughter cell receives half the hereditary substance quantita-
tively and qualitatively (Figurc 2). The daughter chromosomes,
therefore, bring to the new cell only half the chromatin material
of the parent cell, and it will be the task of the new nucleus to
restore the amount of chromatin to normal. This would imply
Fhat each genetic unit would be responsible for the synthesis of
1ts own specific substance, and a corollary of the concept of the
gene is self-replication, each gene acting as a template for the
synthesis and reproduction of its own substance and thus able
to perpetuate hereditary material.

Wl-lt?l’l the cell is not dividing - the interphase - which is the
condition of the cell during most of its life, the substance of the
chro.mosomes form the nucleus of the cel] and they themselves
persist as uncoiled threads or chromonemata, not normally

genes is be-
or example,
thus collectively confer
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visible in the ‘fixed’ cell, but presumably still carrying the genes.*

Certain parts of the chromosomes remain ‘undissolved’ and
are present in the nucleus as dark granules of heterochromatin.

Of particular interest in this connexion is the heterochromatin
of the sex chromosomes. This pair of chromosomes is concerned
with the determination of the sex of the individual and it has
recently been shown that there is a small circular heterochrom-
atic body in the nucleus of the female somatic cell which is
absent from the male somatic cell.

THE CONCEPT OF THE GENE

1t is established that the substance of the chromosomes deter-
mines the properties which give biological individuality, and
that there are specific areas in the chromosomes correlated with
specific characteristics. The question arises, are these areas
functionally independent, self-replicating units? The evidence
for the existence of such units or genes is mainly the result of
genetical experiments or observations with regard to the corre-
lation between a change in the structure or function of an
organism on the one hand and, on the other, some alteration in
a particular region of a chromosome.

The gene is a genetical concept, and although it is customary
to refer to the chromomeres as the locus of the gene (Figure 3),
there is no direct cytological evidence which would justify a
statement of the precise physical relationship between them. The
identity of the gene in the ‘interphase’ chromosome is even more
ambiguous. Whether the nucleus is regarded as distended
chromosomes, as has been suggested, or it is accepted that the
chromosomes are represented in the non-dividing nucleus by
the chromonemata, there has been a quantitative change from
the chromosomes at division, involving some dispersal of their
substance. It is known, for example, that the actual protein mass
of the nucleus is much greater than the total amount in the
chromosomes. The nucleus, therefore, is something more in
terms of volume and mass than the fused chromosomes. If the

*The exception is, of course, the giant salivary gland chromosomes
of Drosophila, visible throughout the interphase.
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Fig. 3. A chromosome showing characteristic banding. The bands of
chromomeres are said to be the loci of the genes. Although the
size of a gene has been determined indirectly by experiment, it can-
not be shown on the chromosome as a structural entity.

genes are material in nature, and occupy space, then any change
in the chromosomes of which they form a part must also affect
both their substance and their immediate environment. The
gene, therefore, still awaits the final award of full status as a
morphological entity.

Functionally, the claim of the genes to act as independent
units is not altogether beyond dispute, There is the argument
for an integrated condition of the chromosomes in function, that
the areas on the chromosome correlated with specific activities
owe their effect in part to their position on the chromosome -
the so-called position eftect. There are, for example, certain
regions of the chromosomes that are distinctive chemically - the
heterochromatic regions, which secem to influence adjacent
areas, and so exert an integrative function. The position effect
does not, of course, invalidate the concept of the gene, but
suggests there is some mechanism for controlling and organizing
its activities.
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CHEMISTRY OF THE CHROMOSOMES

The chromosomes are largely made up of nucleoprotein, one of
the protein carbohydrate complexes found in biological systems.
Nucleoproteins are formed by a salt-like union of a nucleic acid
and a basic protein such as protamine or histone.* The nucleic
acids dre built up from nucleotides — units which yield on
analysis nitrogenous bases (pyrimidines or purines), a pentose
sugar and a phosphate radical. The two chief types of nucleic
acid are ribonucleic acid (RNA) and desoxyribonucleic acid
(DNA), which differ in the nature of the sugar radical. DNA is
the chief nucleic acid of the chromosomes and, as such, can
advance a claim to be the chemical basis of hereditary substance.
The number and form of the chromosomes is the same in the
individuals of any one species. If, however, the genes are respon-
sible not only for species characters, but also for the specific
characters of individual members of the species, there must be
differences in the naiure of the hereditary substance, which, if
they canrot be observed cytologically, exist at molecular level.
To satisfy the concept of gene specificity, DNA would therefore
require to have an infinite range of possibie molecular arrange-
ments, not only with respect to the various species, but also with
respect to the different chromosomes and genes of each in-
dividual, The large molecular weight (10%) makes it possibie to
have innumerable molecular configurations, more than sufficient
to provide one for each gene or group of genes. Recent work
suggests that the DNA molecule is made up of two backbone
chains, coiled round a common axis, each chain consisting of
alternating sugar and phosphate groups.{ The two chains in this
construction are held together by connecting horizontal rods,
representing pairs of bases, one from each chain (a purine and
a pyrimidine), united by a hydrogen bond. (Figure 4.) There are
four bases and innumerable possible sequences of base linkages

*See article, ‘The Chemistry of Cells and Chromosomes’, by D. L.
Woodhouse and H. S. A. Sherratt in Science News 24.
tA note on this work was given in Science News 29, 109-12.
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Fig. 4. Model of the structure of a DNA molecule as suggested by
Watson and Crick. The horizontal connecting rods represent
nuclectide bases joined together by hydrogen bonds. In theory, the
nature of the base linkages can vary in the different connecting
rods and the possible sequences, that is the relative position of
these different types of base linkages throughout the structure pro-
vides a potentially infinite number of isomers.

pro.vide an infinite number of permutations and thus the range
of isomers necessary for gene specificity. It is contended that
such.a structure would also be a ‘model’ mechanism for self-
dup'hcation of the genes, for example, prior to duplication the
chains would separate, and the pattern of bases in each chain
would act as a template for the formation of the complementary
chain necessary to restore pairing.

In' t}}is connexion, an impressive demonstration of the
specxii.c.xty of DNA in cell types is given by the differential
deposition of carbon from Formate, labelled with carbon-14
au}d afiministered by injection. Not only is there a different dis-
tribution of tracer in the DNA of different organs, but there is
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also a characteristic up-take pattern for any one tissue. The
possibility of the existence of specific building-up patterns for
nucleic acid by particular cell types has suggested the idea that
a change in cell individuality, for example, from a healthy cell to
a cancer cell, may involve different requirements for the build-
ing blocks of its nucleic acid. This might be a profitable
approach to the chemotherapeutic treatment of malignant
disease.

The relative stability of the gene would be difficult to account
for in any multimolecular system, but if each genetic unit js
regarded as a single molecule, say of DNA, then the intra-
molecular forces would be sufficient to maintain structural
integrity.

Recent work all converges on DNA as the principal con-
stituent of other known particles which wholly or in part act as
genetic determinants, e.g. viruses and cytoplasmic plasmagenes.
Moreover, it is now well established that a more or less pure
extract of DNA prepared from one strain of bacteria (say a type
A pneumococcus) can transform another strain (say a type B
pheumococcus) iato the type A pneumococcus with regard to
immunological reactions. This is a pragmatic classification,
based on the degree of relationship found in respect of experi-
mentally developed resistance, that is, in interaction between the
surface of the bacterium and antibodies developed by the animal
in response to another strain of bacteria. There has been a
change at least in the surface of the bacterium — beyond this we
cannot say — and this change is transmitted to subsequent gen-
erations of the treated type B pneumococcus. These so-called
bacterial transforming agents, i.e. DNA, thus act as genetic
determinants.

Although the idea that single molecules of DNA function as
self-replicating units, each responsible for a block of characters,
is intriguing and bas considerable indirect evidence to support
it, there is always the temptation, inspired by the symbolic
terms of the geneticist, to construct models as an aid to imagina-
tion and to create a picture of molecules of DNA strung out
along the chromosomes, each independent unit coming forth
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like a metabolic marionetle to preside over a circumscribed
phase of cell activity; such a mode} is probably quite remote
from what actually happens. .

‘There is as yet but an imperfect understanding of the manner
of functioning of the genes in time and space, and a number Qf
very obvious questions have not even acquired an apocalyptic
answer. For example, what is the significance of the organiza-
tion of hereditary substance into the characteristic chromosomes
of mitotic division ~ a phenomenon which is widespread
throughout the animal kingdom, and is known to occur even in
the reproduction of bacteria, Quite obviously it is a fundamental
brocess representing something more than a mere mechanical
device to ensure equal partition of genetic substance.

The development of five-fingered and five-toed appendages
in the individual human being is perpetuated by the hereditary
mechanism inherent in the chromosomes, and presumably
present in ali body cells. Only certain cells, e.g. those of the
tissues of the limb bud, can be directly interested in the for-
mation of fingers and toes, ard it is difficult to conceive that a
liver cell, although it possesses the necessary genes, would be
concerned in any way in the establishment of the digital
formula. Again, the genes which determine the blood group of
an individual some time before birth, are also present in the
nuclei of the nerve cells of the brain, cells which have special-
ized in the reception and transmission of stimuli.

If there are specific units for specific tasks, then it must be
concluded that of the many thousands of genes in each cell
nucleus of an organism, only a select group are active at any
one time or place. For instance, in some insects certain em-
bryonic tissues — the ‘imaginal discs’ - are set aside, i.e. are
genetically determined to form part of the adult insect. They
lie dormant, i.e. the genes remain inactive, until triggered off
by hormones at the pupal stage.

The immediate activity of the hereditary units is probably
conditioned by molecular and intramolecular organization and,
as 4 result of this conditioning, the genes directly or indirectly
coatrol enzyme production within the cell and, therefore,

Biological Individuality 79

cellular metabolism as a whole. There must ip add.iti_or'n, how-
ever, be some integration of the total genetic activity .of an
organism directed towards the common purpose of .achxevmgl
its fina} form and size and the relative proportion of its severa
paf::.present it can be stated with regarq to nucle.ar chromatin
that its chemical basis - the nucleopr‘otems' - p.artlcula.rly thgse
containing DNA, are entitled to conSJdgranon in any discussion
of the ‘stuff of inheritance’, and ggnezxcal expenmepts fgvout
the conception of hereditary material 'parcelled out m' discrete
units, each capable of a measure o.f independent acuqn. Tpe
total endowment of these discrete units or genes co.nfe'rs identity
on the organism as an individual memben" ofa partlculdrfSpemeZ

Preoccupation with cstablished‘geneucz_al tht?Of‘y.hgs .gcu;et
attention on the nucleus as the arbiter of biological in xk:lx uality
and there has been a tendency.to hand over .to tH e gem;s
complete responsibility for heredity and SpeccliﬁCHY- . O\flte‘ll’les,
there is more in a cell than the nuclcu.s,.an recen ty lt tﬁe
become increasingly clear that the. remaining Cgl'l con zx?[,and
cytoplasm, has some claim to conglderatxon in tlxs resp 5 t,.mes
should not be regarded as subservient to the nucleus atall i
and in all places. ] ' )

Exx;erirlr)lental work on unicegular c;ri:ia(\;x:x;}s;) av;:re]:ec er;l:;ia;?o

ion in its simplest form is a binary nssi
?:vlgug:uuglk:\t:rs cclljls without the segregation Qfﬂa gefn:)fctetlll‘;
has disclosed a number of exarr.lpl.es of the influence
: inherited characteristics. ‘ N

Cytvo\’ll)ll:rsxmf:rnig;zance, baker’s yea;t is cultured orf plz;ted (;Z z;
nUtrient’medium, each yeast cell in the'course o ; ;:ve bgrd
forms a colony by a process of budding, whlere };-t bud
receives half of the genetic substance of the nuc euT, i Sc?‘reyof
small segment of cytoplasm. The majority of the co o]rlnco{Onies
the same size but amongst them arc always a few smaf colon S.
The small colonies are a result of decreased' ra’te o 8] N :;i:
due to the Joss of two respiratory enzymes. Itis knowr; ac ne
synthesis of these enzymes requires the presence ort.alesy -
plasmic factor in the form of self-replicating partic
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‘plasmagenes’. These particles have a random distribution
throughout the cytoplasm, and obviously may now and then be
absent from the small cytoplasmic contribution to a bud. On
such occasions small colonies are formed.

Another example of cytoplasmic influence on cell ‘individu-
ality” is found in the unicellular organism ~ paramecium. One
strain of Parameciuin - the *killer’ strain ~ can produce a toxin
which destroys another strain - the ‘sensitive’ strain. The ‘killer’
character requires the presence of self-replicating Kappa
particles in the cytoplasm as well as a special gene in the nucleus.
The gene itself cannot initiate the production of the Kappa
particles, but is necessary for their maintenance.

There are numerous other examples of the so-called ‘cyto-
plasmic inhcritance’, and probably as more knowledge accumu-
lates about the inter-relationship of nucleus and cytoplasm, and
the manner in which replicating particles such as genes and
plasmagenes determine the characteristics of the cell as an inte-
grated unit, the geneticist will come to regard the cell as some-
thing more than the playground of the genes. .

The problem of nucleo-cytoplasmic relations is again promt-
nent in any consideration of development and cell differentia-
tion in multicellular organisms. The single fertilized cell divides
to form cell groups which differentiate and specialize in struc-
ture and function to produce the various tissues and organs.
Thereafter, the differentiated cell reproduces only its own cell
type and thus establishes a cell lineage. The problem of cell
differentiation is not a simple onc and involves consideration of
variations in the structure of the nuclei, changes in the cyto-
plasm and temporal and spatial factors acting on both nucleus
and cytoplasm.

The early developmental processes common to most animals
arc not concerned with the formation of organs and tissues, but
their purpose is to produce the basic plan which defines the form
of the embryo and therefore the type of adult organism. These
early changes and arrangements would seem to be determined
by the organization within the cytoplasm of the fertilized egg
to which the male makes a relatively insignificant contribution.
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The cytoplasm of the egg is, in the first place, of.C(.)urse,l con-
ditioned by the maternal genes, and already before it is fertilized
there is cytoplasmic polarity and an inherent molecuk{r organ-
ization. For example, there is a graded distribution within t_he
cytoplasm of RNA granules; proteins with SH groups, which
make for fibre-like structures; and an enzyme, alkaline phos-
phatase, which may be associated with the phosphate com-
ponent of RNA. That the nucleus has little or no influence on
the course of events at this stage is confirmed by the results of
experimental transplantation of nucflei. Iq the earlier phases of
embryonic development, up to and including .the appearance of
a two-layered arrangement of cells, the nuclei are still undxﬂ”‘er-
entiated and, if transferred to enucleated eggs, a high proportion
of these eggs will segment and develop norma'lly. o
Cellula; differentiation with the form.anon of spec1ahze.d
tissues and organs follows this early planning pha.se: aqd, gt this
time, there is evidence of commencing nuclear activity xndlcateq
by an increase in volume and. the appearance of nluc]eoh
denoting nuclear protein synthesis. Cells without a nucleus do
no;gllg;rzn?l::.basis of quantitative esti.mations of PNA it 15
often maintained that nuclei are genctx‘cally equxva!ept, an
hence that the more specialized cells, which do not dlfvxde,‘are
identical genetically, although they clearly differ in hgn;non.
Until, however, chemical methf)dS are devgloped whic car;
detect qualitative differences in the h?redltary .fljacnon_bc;
nuclear substance within the same oFganlsrq, and it is .plosmA ¢;
to correlate the physiological .a§t1v1ty with the bio og‘lltc]:at
properties of the nucleoproteins, it is reqsonablc to z}z}ssume a
there cannot be equal activity all the time of all the gelnei'm
every cell nucleus of an embryo, and. to postulate a seoec x‘\;e
action of the genes conditioned during the early S;abesleai
cytoplasmic differences. There is cytological evxdenc; k? nuc :
differentiation during the diﬂerentlatlon_of qrganS. . erefls, 0;
example, the large vesicular nucleus, rich in Pdl":{fmc, 1(1)s fSrL:)Cm
synthetically active tissues as glandular ce'lls and the 1 .
which ova will later be produced; and, in contrast, the sma
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puclci, poor in protein, of cells with a low metabolism. Again
in Fhe developing nerve cell, growth of nerve processes, accumu-
fation of cytoplasmic RNA (Nissl's substance) and evidence of
fu'ncnon in the form of spontaneous ejectrical activity coincides
with an increase in nuclear volume and, in one part of the
;L;s):)s, an appearance associated with a rapid turn-over of

.Th§oughout cell differentiation, there is always the ‘critical’
mitotic division when the two daughter cels separate and
go 1}.@11' several ways, e.g. the embryonic cells that line the
primitive neural tube have a critical mitosis when one daughter
ce.H c.ievelops into a nerve cell capable of the reception and trans-
n?nssxon of stimuli and the other becomes a supporting cell.
Similarly a critical mitosis produces on the one hand the female
germ ccll', fznd on the other its attendant nurse cells. Cytologic-
ally, a critical mitosis May be indicated by an unequal division

of the cytoplasm with subsequent effect on nuclear activity, or -

there may. be an asymmetry of the mitotic mechanism itself, or
perhaps differentiation is influenced by the relative orientation
of the 'daughter cells. Duplication of chromosomes without
separ'ano.n of the daughter chromosomes is known to occur in
cerFaxn tissues. More subtle changes within the chromosomes
which escape detection by present techniques may also occur,
suc'h as an unequal multiplication rate of various chromosome
regions, or rearrangements which will be reflected in position
effects. Cytological and cytochemical evidence, for example,
points to the importance of the heterochromatic regions in the
general metabolism of chromosomes, and the transposition of
any part of a chromosome to a ‘heterochromatic’ region might
well impose some modifications on the specific activity of the
part transposed.

Cellulz}r diversity in multicellular organisms is thus not the
prerogative of nucleus or cytoplasm but the result of inter-
relations between them. All parts of the cell contribute to the
development of its individuality.

A'n elegant and convincing demonstration of the individuality
of tissues and organs has been given by the use of radioactive
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tracers. If an animal of species A4 is injected with homogenates
of organs, for example kidney, from an animal of species B, the
serum of the host animal (anti-sera A) will, after an interval,
contain an antibody capable of destroying the kidney tissue of
animal B. This antibody can be separated and labelled with
radioactive iodine. When injected into animal B, the labelled
antibody can be localized and is found in greatest concentration
in the tissue against which it has been prepared, in this case,

_. the kidney. This type of reaction broadly resembles the immune

response to infection where the causal bacteria act as ‘antigens’
and elicit specific ‘antibody’ formation by the host. Here the
antigens may be bacterial toxins or some particular structure,
such as the capsular polysaccharides of the pncumococcus.
With tissues and organs the precise nature of the antigen, or
individuality factor, is less easy to define. The specificity of
antigens resides in the chemical structure of the molecules, and
most good antigens are proteins. The specificity of protein
depends on the combination and arrangement of amino-acids
in the polypeptide chains. Other chemical groupings, such as
side chains or conjugate combines, may also provide specific
determinants. While it is unlikely that all the varieties of protein
found in any one tissue or organ act as separate antigens and
produce their own specific antibodies, the individuality of a
tissue is not a single factor based on any one particular chemical
pattern. It is known that radioactive antibodies are not rigidly
specific for the tissue or organ against which they have been
prepared, and small amounts of the anti-kidney antibodies may,
on injection, be localized in other tissues such as liver or lung,
although less concentrated there than in the kidney. This is
probably due to the formation of antibodies of different
specificity from several different antigens in the injected homo-
genates, some of which are presumably common to other tissues,
hence the cross reaction. There is also evidence that single
antigens may produce a number of antibodies so that some
substance in another organ similar to, but not identical in struc-
ture with, the homologous antigen, may combine strongly with
some of the antibodies and not with others. Animal tissue has
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probably a ‘mosaic’ of antigens which produce a complex of
antibodies representing a type of tissue or organ, the individual
organism of which it forms a part, and the species to which the
organism belongs.

It is now recognized that a number of diseases (for example,
certain types of nephritis, vascular disease and rheumatism) may
b.e due to the evoking of the same defence mechanism by the
tissues themselves. In such cases, following infection or other
abnormal conditions, a tissue becomes antigenic and provokes
specific antibody formation for its own destruction. It is of
interest that the antigenic pattern of tissue is not present in foetal
mammals or chick embryos, and only develops strongly after
birth.

Considered from the view-point of heredity, differentiation,
and serological reaction, the physical basis of biological in-
dividuality would appear to reside in the cell as a unit, not as a
special assignment of a particular cell component, but in the
summation and interaction of the activity of its several parts.
It is, in other words, a property of what has been called the
molecular ecology of the cell. Doubtless in the distant future the
physical chemists will be able to provide molecular maps of
different cell types and give a visual demonstration of individ-
uality differences in terms of chemical structure. To approach
reality, this would require to be a shifting scene and not a static
pattern. Even so, there will remain the major problem,
Fhe control and integration of cellular activity to achieve the
individuality of the organism as a whole, and the still more
formidable difficulty, the anthropomorphic interpretation — in
what way can geometrical arrangements of molecules and atoms
'be translated into those abstract qualities which give the
individual flavour to human personality?

INSECT PIGMENTS AND
COLORATION

B.NICKERSON

T HE appeal of colour to man is well known and was probably
a major stimulus for the development of his aesthetic tastes.
Primitive man, having an economic interest in insects, could
hardly fail to be aware of the diversity of colour and pattern in
the insect world. Some of the earliest scientific literature is
devoted to descriptions of insect colour patterns, and similar
articles continue to appear in the various journals of today. An
understanding of the significance of colour attracted many early
workers to this field of research: Redi, in the seventeenth cen-
tury, suggested that colour as well as behaviour could affect the
survival of an insect species. The advent of the Darwinian theory
of natural selection added further impetus to such descriptive
work, for so many examples of adaptation to the fight for sur-
vival could be found among insects. Wallace described the
brilliant colours displayed by many distasteful insects which he
believed acted as a warning to potential predators (aposematic
coloration), and the camouflage colours which allowed the
insect to merge with its background, and were hence described
as cryptic coloration, provided further examples of the utility
of colour to insects. Extensions of these terms were introduced
by Bates in his theory of mimetic coloration. He supposed that

. an unprotected insect mimics the coloration of a well-protected

species, thus developing false warning colours or pseudoapose-
matic coloration. Miiller showed that a number of butterfly
species, all possessing aposematic coloration, often tend to
resemble one another, thus making their warning, or synapose-
matic coloration, more easily recognized.

From interest in the value of colour for survival it was natural
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to pass to the origin of the colours themselves, The most obvious
case, and the one first recognized, is that of colour caused by
pigments or biochromes. The pigment extracted from female
cochineal insccts was already an article of commerce in Mexico
when the Spanish arrived there, but it was not until 1920 that
its chemical formula was established. It is not, in fact, a very
typical insect pigment; however, the delay which took place is
a fair indication of the dependence of research in this field on
progress in chemical knowledge. In (he same way the recognition
of colour caused by the physical structure of the cuticle de-
pended on recognition of the wave nature of light and, in
Particular, on the pheromenon of interference between waves
reflected or scattered from closely separated surfaces. Thomas
Young, who first established the principle of interference, in-
cluded in his account, given in 1802, a corollary which he headed
‘Of the Colours of Striated Surfaces’. Both systems of coloration
play some part in the final colour scheme of many insects, and
some of the most beautiful effects are due to their occurrence in
combination; but it is with coloration caused by pigments that
this article is primarily concerned,

Studies of the chemical constitution of insect pigments have
shown that they belong to widely divergent groups, but on the
whole are highly complex molecujes. There is to some extent a
divergence of interest between chemist and biologist. The inter-
est of the chemist is in the structure of the molecules as stuch, in
their relation to other known substances, and in his ability to
make them from simpler materials, Work of this kind is labori-
Ous and time-consuming, though now less so than formerly
because of the greater ease with which small quantities of
unknown substances can be separated and distinguished. Also,
an insect is not an ideally convenient source of material, and the
it_lterest of the chemist is necessarily centred on the most produc-
tive source of the substance he wishes to study. Only a minority
of insect pigments have been fully examined; many are still
at the stage when only such simple properties as solubility and
general stability have been used in classification.

Biologists, on the other hand, are more interested in the origin
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of the pigments and their integration to give the final coloration.
When confronted with the origin of the pigments the biologist
is faced with two alternatives: are they ingested with the food
and little changed within the body, or ar_e they synthesizefl from
simple substances within the metabolic cycle of the insect?
Those in the first category, the exogenous pigments, are on the
whole of less interest biologically, apart from identifying the
source of the material in the food eaten by the insect. The
second group, the endogenous pigments,. are of very .great
interest; they are, as it were, in the main stream of insect

metabolism.
PIGMENTS SYNTHESIZED BY THE INSECT

When considering the origin of pigments in this, the er}d‘ogenous
group, it has to be remembered that, as with other ‘living’ syn-
theses, many successive steps are involved, each one brougl.lt
about by an individual enzyme system. The route followec.i is
seldom the same as would be suggested by purely chemical
research. All of these pigments contain nitrogen, Zl[:ld all of th‘em
also are related to chemical groups which are of widespread im-
portance in animal biochemistry. . .
Amongst the endogenous pigmentsfhe melaninshave recexve'd
most attention, for the black coloraflon conferred. by them is
found in practically all groups of am.mals. In n.mn.lt is respon-
sible, to some degree, for hair coloration and Skl.l’l plgn?entatlon.
They are extremely stable molecules and the mtensny'of the
colour which they impart to a tissue is thought to be due, in part,
to their degree of polymerization. It is also probal?ly deter.m.med
by their chemical state, for the molecule can be either oxidized,

- giving the jet black colour seen on gregarious locusts, or re-

duced, forming a tan pigmentation. In Cithel: case the final
criteria of colour will be determined by the mten;xty of the
pigment deposit. Research on the nature of the r'nelanfns preseflt
in black wool has shown that they may.combme thh. prote'm
and the possibility that the insect melamps may combm? with
the proteins of the cuticle in the hardening _and darkepmg of
the cuticle cannot be overlooked. The synthesis of melanin from
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the essential amino-acid tyrosine has been known for a long
time and some insect melanins can be synthesized with better
yield in laboratory experiments by incubating small pieces of the
integument with compounds such as di-hydroxy-phenyl-alanine,
commonly abbreviated to ‘Dopa’ or di-hydroxy-benzoic acid.
The reaction proceeds under the same conditions using tyrosine,
but more slowly. Figure 1 shows the structural relationship
between ‘Dopa’, tyrosine, and melanin. Tyrosine may be the
starting point under natural conditions, but this is not certain.

) CH, © o

/CHCOOH
HO 0
NH,
Tyrosine O
0
5
o) CH>
HO@( \/CHCOOH s
HO NH, s} .
‘Dopd’ Melanin

Fig. 1. Melanin (c) can be built up in laboratory experiments from
either tyrosine (a) or ‘Dopa’ (b); ‘Dopa’ gives the best results.
Melanin is formed by the combination of smaller units (three of
which are shown separated by dashed lines), and the degree of
polymerization is thought to be partly responsible for the final
coloration.

Many workers believe that melanins are deposited in the
cuticle of the insect as waste products which are excreted when
the skin is shed during the growth of certain insects. It is difficult
to reconcile this view with the complexity of the mechanism

concerned in the melanin pattern-formation of many butterflies

and wasps, where a response of the hypodermal tissue seems to
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be necessary if the enzyme reaction is to proceed. In stick insects
a hormone system influences the degree of pigment deposition,
whilst in certain moths the increased melanization of individuals
found in industrial areas suggests that a possible genetical factor
is concerned in the pigmentation process.

There can be little doubt that the melanin pattern of the
Madagascar weevil, Lithinus nigocristatus, provides a protective
coloration amidst the black and white lichen which it habitually
frequents and, similarly, the brown melanins of many moths
render them invisible when resting on tree bark. Apart from
survival value, experimental work has shown that consideration
of melanin solelyasa waste productisnottenablein thecase of the
Desert Locust. In this species the pigmentation is reduced when
the insect is reared at high temperature. If the pigment is purely a
waste product of protein metabolism an increase in production
would be expected at say 40° C compared with that at 30° C,
for in animals whose internal temperature is affected by their
environment the basal metabolic rate increases with an increase
of environmental temperature. Similarly localized temperature
gradients induced on the wing of the butterfly Samia do not
affect the rate of development or form of the melanin pattern. It
would seem that some deeper significance must be attached to
these pigment deposits than simply the removal of waste pro-
ducts from the metabolic system. The effect of the black colora-
tion on absorption of heat could profoundly influence the meta-
bolic rate of the insect. Such a difference has already been
studied in Jocusts where the gregarious insects are highly melan-
ized and have a greater metabolic rate than the non-pigmented
solitary forms.

The insectorubins are a group of endogenous pigments very
similar in chemical properties to the melanins but lacking their
extreme inert nature. As in the former group of pigments they
contain nitrogen, are thought to polymerize and the colour that
they impart to the insects is influenced by their chemical state
and association with proteins. Unlike the melanins their distri-
bution, as far as is known at present, is more limited. The yellow
coloration seen in some dragonflies is due to the presence of
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oxidized insectorubin and the reduced form is responsible for
the red pigmentation of immature adult desert locusts. The
pigment-protein complexes are thought to modify the visual
coloration to a great extent; indeed the brown and buff pigmen-
tation of several species of Orthoptera are thought to be due to
such compounds.

Just as the most likely metabolic precursor of melanin is the
amino-acid tyrosine, so the metabolic precursor of insectorubin
is the amino-acid tryptophan. When one of its oxidation
products, kynurenine, is injected into unpigmented Ephestia a
red insectorubin is deposited in the integument and ommatidia
in direct proportion to the amount of the amino-acid injected.
The biological significance of the pigment, other than as &
breakdown product of tryptophan metabolism, has never been
considered in any detail. The presence of the pigment in the
eyes of Ephestia, Drosophila, and Locusta together with its
strong light absorption properties, especially in the 490 mu
region, tend to suggest that it may play some part in insect vision
as well as coloration. .

The porphyrins and their breakdown products, the bile pig-
ments, are another group of nitrogen-containing endogenous
pigments found in insects, but differ from the melanins and
insectorubins in that they are soluble or dispersible in agueous
media. They are the sources of red, yellow, green, and broyvn
pigments in the integument and blood of dragonflies, butterﬂ1e§,
bugs, beetles, and wasps by virtue of their individual chromatic
properties or by combination with other pigments. Pterobilin, a
green pigment closely related to the bile pigment biliverdin, has
been extracted in small quantities from the wing scales of Pierid
butterflies, though its metabolic source is unknown. In this
work 6,000 individuals were used in the extraction of 8 milli-
grammes of pterobilin, a fact which emphasizes the technical
difficulties encountered by the chemist working with insect
material. The green coloration of many insects feeding on piants
is due to insectoverdin, a combination of a blue bile pigment,
mesobiliverdin, and the yellow carotene obtained from the food.
Such complexes are thought to be associated with protein
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moiety, illustrating the complexity of some of the more simple
colours observed in the insect world and the diversity of method
used in the formation of similarly coloured pigments. The
metabolic significance of porphyrins in cellular oxidative pro-
cesses is well known to biochemists. They probably serve in this
role, as well as a biochrome, in insects — though in the case of
the bile pigments little is understood of their function other
than as excretory products.

The purines and pterines contribute a major source of colour
to the wings of butterflies; the former as a silvery white pigmen-
tation and the latter as white, red, yellow, and orange pigments,
which are also found in the integument of wasps. In some species
two or more pterines are present; in Colias edusa mixtures
of erythropterin (red) and xanthopterin (yellow) have been
separated. As with the pterobilin, these compounds are only
present in small amounts representing in the case of the white
leucopterin of Pierid butterflies about 0.18 milligramme per
Specimen.

Purines are found in the vertebrates as breakdown products
of nucleoprotein metabolism, but in fish there is some evidence
that the production of guanine (a white purine) is influenced
by the visual field of the animal; the biochemical and physio-
logical processes involved are not yet fully understood. The
discovery, in recent years, of the relationship between pterine
metabolism and a growth factor, folic acid, suggest that this
group of compounds may serve other functions besides that of
coloration in the insect metabolism. Similarly the association of
flavines with synthesis of vitamin B, could be connected with the
high concentration of this pigment in the eggs of several grass-
hoppers and caterpillars; but, again, experimental verification
of such a relationship has still to be found.

PIGMENTS FROM FOOD

The second main class of pigments, those of exogenous origin,
are mainly non-nitrogenous compounds. As they are accumu-
lated from the food of the insect it is hardly surprising that plant
pigments should be present in this group. The anthocyanins,
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imparting red, violet, or blue colours to many flowers, fruits, and
leaves, are present in some beetles, aphids, and wasps which
feed on these plants. The pigment of the larva of one beetle is
either bluish-violet or orange, depending on conditions, though
other blue and reddish-brown anthocyanins found in jnsects are
more stable. No physiological function can be attributed to
these compounds which, as suggested previously, may be
accidentally accumulated in the course of feeding.

Little is known either of the metabolic significance of the
walter soluble flavones causing the yellow hues of butterfly wings
or of the anthroquinones found in the Coccidae. The economic
importance of the latter as dyes has already been mentioned.

Amongst the exogenous pigments the carotenoids have re-
ceived much study. They have been found in the integument of
many species of bugs, beetles, butterflies, dragonflies, bees, and
wasps. Together with the melanin pigments they are probably
the most widely distributed pigments in the Insecta. Not only is
the pigment present in species feeding directly on its plant source
but also those preying on carotene-containing insects. In the
latter category the parasite Microgaster obtains its carotenoids
from its host, the Pierid butterflies, and similarly the bug
Perrillus contains a carotenoid obtained from its prey the
Colorado Beetle which, in turn, has obtained it from its plant
source.

The true exogenous nature of these pigments has been shown
by 'Fearing desert locust hoppers on carotene-deficient diets;
their normaj yellow background-colour then fails to develop. A
fUr.Ihcr demonstration is afforded by the caterpillars of Colias
philodoce where two strains are present; one strain is green,
the colour being conferred by the presence of insectoverdin, a
protein-bound complex of endogenous mesobiliverdin and exo-
genous carotene, whilst the other strain is blue because of an
;‘;ﬁ:’;zg{tzélzigelgzv:fd.theT;aterpillar to absorb carotene an_d
of considers bls surrvi\l;zlx.l &la presence of the green corpplex is
attacks of the parasite Ava uel . the’ prerpifiar against the
blue variant ooty o ti]e iptmte es, which usua‘lly feeds on the

. aboratory the parasite fed on green
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caterpillars absorbs carotene and incorporates the pigment in
the silk of its cocoon. When the blue variant is utilized as food
only white cocoons are formed by the parasite because of the
absence of carotene in the prey — an illustration of the indirect
way in which the pigmentation of a species may vary according
to the nature of its food.

Many species are incapable of modifying the basic structure
of their dietary carotenoids, whilst others are capable of produc-
ing minor changes in the molecular structure. The blood of the
silkworm Bombyx mori contains several xanthophylls derived
from a plant source without further modification; other species,
such as the locusts, can undergo the transformation of B-caro-
tene to form pink astaxanthin, a relatively slight change in the
end structures of a long chain molecule. The bug Pyrrocoris is
thought to metabolize lycopene, a compound also present in the
beetle Coccinella.

Much has been written of the significance of carotene in the
synthesis of vitamin A and of its utility in vision, but some
insects can exist without either of these compounds. The cock-
roach, clothes-moth, and the flour beetle have thrived on
artificial diets devoid of both constituents; they cannot be of
universal importance to insect life. The sexual differentiation
of carotenoid distribution, seen in some insects, may eventually
play some part in elucidating the role played by this' pigment in
the insect, but as yet little can be attributed to its function
beyond participation in the overall coloration of the insect.

PIGMENTS AND COLOUR

The complete visual coloration of the insect does nf)t c.ie'pend
rigidly on the presence or absence of one or more 1n§1y1d}1al
pigments, but rather on their relative quantities and positioning
with respect to the rest. The physical colours of the beetles are
often profoundly modified by deposition of melanins. Equally,
one pigment may mask another; for example the pink tints due
to astaxanthin can be completely obscured by carotene deposits.
Similarly the greenish-yellow coloration of some locust hoppers
is due to the relative amounts of green insectoverdin and
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yellow carotene. In this spt.ecies the effect of positiqning of pig-
ments is also seen, for the pink and brown colour of insectorubin
is completely obscured by the melanization of the outer cuticle.
In butterflies the relative amounts of pterines determine the
final shade of their coloration. More striking examples of
this phenomenon can be found amongst the stick insects, where
one variant is capable of changing from green to brown by
movement of pigment granules within the hypodermal cells:
the compcunds lying nearest the cell surface determine the final
coloration.

It is difficult to reconcile the complexity of the various colour
systems with the view that their basic components, the pigments,
are merely by-products of the metabolism or accumulated waste
products. Although many authorities would not accept the
suggestion that the presence of pigments necessarily points to a
specific function for each, their integral effect has been shown
on numerous occasions to have considerable survival value for
the species. Their more intimate participation in the metabolism
of the insect has not been demonstrated to any great extent,
though, by analogy with similar compounds in other animals,
they may play a far more active part than the terms waste
product or by-product suggest. The change of pigmentation
in many species after the final moult suggests further that the
pigmentation mechanismremains in close contact with the general
metabolic stream throughout the life cycle and, in this respect,
may be considered as an index of the physiological state of the
individual. A complete understanding of such changes and
the role of the pigments within the system as a whole must
necessarily await further research into the genetical, physiologi-
cal, and metabolic problems which are involved in insect

coloration as a whole.
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MIND AND MATTER:
A MONIST VIEW

J.A. V.BUTLER

SoME time ago* I discussed the consequences of the idea that

. human beings construct from their sense impressions a ‘picture’

of the outside world, within which they plan and carry out
actions. As I pointed out then, this method of dealing with sense
impressions gives a continuity of past and present (since the
‘picture’ is largely derived from past experience) and a greater
degree of freedom in choosing between possible actions.

I should now like to consider the nature of the ‘picture’ which
we make from our sense impressions. This problem involves the
nature of ‘perception’, which has been much discussed phi.IO-
sophically. My object is merely the scientific one of attempting
to see how perception can be fitted into our existing scientific
outlook. The existence of such a ‘picture’ can hardly be denied.
We say we ‘see’ what is before our eyes. We ‘hear” sounds. These
sensations may cause us to perform some action, and it is pos-
sible and in fact likely that there is a link, or a whole series of
links, between the sensations and the actions. The latter might
be explained as a mechanical result of the stimulation of the
sense organs, allowing for modifications caused by inhibitions,
conditioning, etc. But this is not the whole story. We are also
‘aware’ or ‘conscious’ of the sights and sounds, and it is neces-
sary to ask how this awareness or consciousness can be fitted
into the scientific scheme. How, we might ask, can a collection
of atoms of carbon, hydrogen, oxygen, and so forth, in whatever
complex ways they are organized, be aware of anything? }n
other words, what is the relation of consciousness to the material
apparatus of the brain?

*Science News 22, 26 (1951).
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Let us approach this question by considering what is already
known about what goes on in the brain while mental processes
are taking place. Unfortunatcly we come up against the fact that
very little detailed information is available. We are in the posi-
tion of someone trying to read a difficult book - say, an account
of Einstein’s work on relativity — without knowing the alphabet
with which it is written.

There are good reasons for thinking that all except simple
aspects of brain action may remain inaccessible to scientific
investigation for a long time. The situation is not unlike that
confronting the student of physiology about 1700. He surmised
that living things were made of material not very different from
that of non-living things, but he had no way of testing or even
of stating this belief. It required two centuries of chemical
analysis of simple substances to bring science to the point at
which it was even possible to talk about the chemical nature of
living matter.

The situation within the brain is rather similar. We can follow
rays of light into the eye and see them impinge on the retina; we
can learn how they activate the rods and cones, and measure the
electrical impulses which then travel along the optic nerves into
the brain. To some extent these impulses can be traced within
the brain. When the eye is excited by a square pattern of light,
the pattern of excitement which reaches the surface of the cortex
still retains the shape of the original square stimulus. From these
cells other waves of excitation spread out, but we can no longer
identify the impulses with their origin and it becomes impossible
to trace them to their destination. The impulses are lost among
the innumerable nerve fibres which connect the brain cells, and
no one can tell where the ‘picture’ of the square which I actually
perceive is formed and what physical effects accompany it. This
difficulty of finding out in detail what goes on in the brain cells

is likely to remain for a long time. This is due to the very small

scale of the structures and the extreme complexity of the geo-
graphy of the brain. It also arises from the fact that detailed
information is required. Chemical and physical methods nearly
always give information about the average behaviour or com-
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position of cells. Something of the geography of individual cells
is, of course, known from microscopic studies, but we should
need to know what goes on in them from instant to instant. Any-
thing like a complete static study of the brain would be an
immense task, but to follow its detailed working from second to
second, even if methods were available which could tell one
what was going on in all the myriads of brain cells, is all but
impossible. This is the main reason why the gulf between

.psychology and physiology is so immense. The psychologist

deals with phenomena which, from a physiological point of
view, are fantastically complicated. .

Nevertheless, some progress is being made in learning the
functions of isolated parts of the brain. Dr Wilder Penfield of
Montreal has performed many operations on the exposed brains
of patients. As there is no pain, these operations are carried on

ithout anaesthetics and it is possible for the patients, who are
fully conscious, to describe their experiences. Different acces-
sible spots on the exposed brain are stimulated by electrodes
placed on them and the result of the stimulation is observed.
It has been possible in this way to locate the parts of the brain
which control the muscles of the different parts of the body.
Dr Penfield describes these experiences as follows:

When an electrode is applied to the motor convolution in the central
region of the cortex, movement results in the opposite arm. or leg, or
face. The jaw may move up or down, the throat may swallow, the
mouth may open while the patient vocalizes ina I.ong drawn out tone.
Or the eyelids may open and the eyes turn in unison as though.lools-
ing upwards and across to the opposite side. As far as the patient is
concerned, these movements are irresistible. When the electrode is
applied, for example, to the motor area of the right hemispherez he
cannot, by the exercise of his will, prevent his left hand from moving,
but he can reach over with the other hand and thus hold the moving
member still.

Stimulation of other points produces feelings such as tingling
in the hand or foot and visual and auditory impressions. Patients
4 seeing ‘fickering lights’, ‘dancing lights’, ‘colours’,

reporte oming pink and blue’. Others received

‘radiating grey spots, bec
D
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hallucinations or heard music. The hallucinations are often like
dreams. They consist in the reproduction of some remembered
experience, in which ‘the action goes forward as in a dream and
the patient may become frightened and cry out’.

This is the clearest evidence so far obtained that mental states
have a physical equivalent and that a physical stimulus can
evoke a sensation. It is certainly possible that in time we may
find a physical basis of many kinds of sensations. Can we expect,
then, that all our mental states will be accounted for as physical
happenings in the brain?

However, although we may find a connexion between sensa-
tions and physical happenings in the brain, this does not explain
what the sensation is. In fact, we are completely at a loss to
describe it as a motion of particles of matter, or a vibration, or
indeed in terms of any quantities which are used in describing
the behaviour of matter.

It is difficult to deal objectively with feelings and sensations
because they are absolutely personal and private to each person.
There is no way in which they can be shared with other people.
You cannot see what your friend sees or feel what he feels. If he
tells you he has a pain you can imagine what it feels like, but
there is no conceivable way in which you can feel the pain. You
merely infer from his behaviour that he has feelings like your
own.

My private world of perceptions and feelings is something
entirely different from the outer world which I believe to exist.
1 can look at a scene and interpret my sense impressions of it.
I see trees, houses, and perhaps people. I can analyse this picture
further and notice that the trees belong to a class of things which

I call plants, while the people are in many respects similar to

-another kind called animals. I can go further and remember that
all these objects have been convincingly analysed and shown to
be capable of interpretation as consisting of chemical com-
pounds which are themselves made up of atoms. All this is my
interpretation of the various perceptions
sciousness.

The awareness itself, the mental picture which I am analysing

present in my con-
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and interpreting, cannot be discussed at all in any of the terms
which are used to discuss and interpret the outer world. I cannot
describe my perception as being made up of at_oms, or even of
space. It cannot be measured, it has no dimensions. The dfﬁer-
ence between my inner world and the outer world, vyhxch I m.fer
fromit, is similar to that between what isrepresentedina pa{ntl.ng
and what the painting is made of. When you look at a painting
you find a certain meaning in the colours and §hapes you see.
Perhaps you see shapes which you iqterpret as being a picture of
a person and which convey to you mformaf:on about tha.t per-
son. But this has nothing whatever to do with what thfe picture
is made of — what pigments have been used and what is under-
aint.

ne'a;}l?i:hi‘lalgstration is defective in that we can, if we want to,
examine the nature of the pigme_nts and even look ;_at'the canvz'is.
But in our mental picture there is no way of examining the plg-
ments and looking at the canvas. We can, as 1 hgve shown3 dis-
cover something about the physical equivalents in the brain of
mental states, but there is a great gulf .between‘ the mental state
(a feeling or perception) and }be p.hysxcal equivalent. They are
incapable of even being descpbed in the same ter'ms,.f .

So we find ourselves in a dilemma. Must the scientific glfmre
of the outside world stop short of mental phencz)men§ a(;x deave
us incapable of accounting for what we know ets't (in e’; foulr
only direct kpowledge) ~ namely, our own percepl:jonsh ar;l ' i; .
ings? Must we accept a dual world —an o_utef wor “;, ! ichis ;
subject of science and an inner wo;ld which is incapable even o

i ibed in the same terms ' .
be‘SI:)grnci:ezzl;;l;ltists have met this dilemma by- denymg the exns.t-

ce of the inner world, at any rate as a subject of science. If it

o be approached scientifically, they say, we might as
. It does not exist seientiﬁcglly. If the only th.ings
that we can study are the physicgl equivalents of sensations,
these are the only matters which science can and shoul;ivconclem
itself with. We must be content tc? d.escrlbe the gurge; E 1fmptu ;ei
in the brain. For the scientist this is the senSfmon. e fact tha
omething does not concern him.

can neve
well ignore it.

Iam aware of s
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If we are not willing to ignore the inner world of perception,
but think we must accept it as real - at least as real as the outer
world‘ which we have inferred — we must admit that, although
consciousness cannot be described in the same terms as the
‘matter’ of the outside world, it is curiously associated with it
and all our conscious states seem to have some physical back-
ground or equivalent. This intimate association of the two
worlds (the inner world of experience and the outer world of
n‘laller) suggests that they may only be two distinct aspects of 2
single phenomenon.

We might, then, try to resolve the dilemma as Tyndall did,
from another point of view, in his well-known address to the
Belfast meeting of the British Association, by ascribing to matter
the capability of sensation. He saw that, if life is matter, it was
necessary to endow the atoms of matter with the attributes of
life. ‘Abandoning all disguise,” he said, ‘the confession I feel
bound to make before you is that I prolong the vision back-
ward across the boundary of the experimental evidence and
discern in Matter, which we in our ignorance . .. have hitherto
covered with opprobrium, the promise and potency of every
form and quality of life.” This is, perhaps, less difficult to accept
at the present time when the analysis of matter has led to the
loss of much of its ‘materiality’. The atoms of matter are no
longer thought of as small, hard lumps of substance, but only
as complicated systems of electric forces, describabie only in
mathematical symbols. There is no doubt that many of the
prgpertles of these complex systems remain to be discovered.
¥t is perhaps not too far-fetched to think that matteris not utterly
mcapz.ible of consciousness, although we cannot at present put
conscwusne§s into our description of it. We cannot, for example,
detect any signs of feeling or consciousness in a pound of salt
nor can we observe or study its mental qualities. If they exist’
they are of 2 most rudimentary description. Only when we study
those.a most complicated arrangements called brains, or more
precisely, the behaviour of the animals which have t;rains can
we see any clear evidence of mind. ’

The conclusion we come to is that sensations arereal, although
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they are apparently entirely different in nature from ‘matter’. But
the association between matter and sensation is so intimate that
we cannot avoid the conclusion that the one goes with the other.
As we study the nature of the strange phenomenon called life,
we find that we cannot banish feeling and semsation. Living

"things may from some points of view be described as mechan-

isms and automata, but behind the mechanical and automatic
there is always something else, which in the higher organisms we
describe as consciousness and feeling; in the lower ones perhaps
only just glimmerings of sensation. Just as the mathematicians
and physicists, who in the analysis of matter came, in the end,
to think that their description of the material universe was more
like pure thought than anything else, so in the analysis of living
things, if we pursue it far enough, we find everywhere traces of
feeling and sensation. This capability must be a basic property
of the universe, a potentiality which existed from the start; but at
present we are incapable of describing it further.

The old dualist view of things regarded men at any rate as
made up of two entirely different kinds of things ~ ‘mind’ and
‘matter’, which were able in unknown ways to influence each
other. The progress of science has steadily pushed back the idea
of a special vital principle in living things, as more and more
extensive physico-chemical explanations of living processes
were arrived at, until most scientists feel now that there is no
longer any need for it. Recent tendencies of science have seemed
also to be banishing mind as an unnecessary concept. Yet as 1
have tried to show, there is something which cannot be described
mechanically, or at least at present is totally separate from the
picture which we make of the physical universe, and this has
as much right to be called a basic property as matter. Instead of
rejecting ‘mind’ as an unnecessary excrescence of a material
view, we trace it downwards to the material roots of things. We
find no point-at-% ich we can say, here sensation and feeling
begin. (T,

So we arrive at a new monist view that matter and conscious-

" ness are two aspects of one phenomenon, but we do not say that

be ezl a,

either aspect is unimportant qr insignificant, or to

po -
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away in terms of the other. What the phenomenon is, and how
the two aspects are connected with each other, are questions
which are still a profound mystery.

But it seems to me that the door is left just a little open, and
the time may come when science can make a little progress in
connecting matter and consciousness; but that time has hardly
arrived yet. At least we may regard awareness and sensation -
the whole world of human consciousness — not as a chimera, 2
mere illusion, for which there is no room in a universe of forces
and atoms, but something which has a real existence. We cannot

say where mind and sensation begin because in a rudimentary
way they are everywhere.
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MILK OUT OF AFRICA

C.H. WADDINGTON, F.R.S.

g ther more cattle in Kenya than people.'In the fa'ce
Zfﬂt;l: I;:i:;er; political struggle, and the anguishe_d mter(-lracxal
relations of that country, it may seem mere escapism to devote
much thought tosuch gentle inhabx?ants of tltne land. But through-

t Africa cattle are one of the main recognized fqrms of we?uh
% t merely conventional riches, useful for paying the bride-
i {10 and establishing a standing in society, but real wealth,
prl_ce vides a higher standard of living. And where catt}e
which pro t be kept in quantity, as in the forest belt of Nigeria
Canm;xt aSG):]d Coast, there is an enormous unsatisfied demand
?:f atni;al protein foodstuffs — fc?r milk and beef —_and alscf) fﬁr
draught animals. It is not at all irrelevant to the history cl) 1 e
African continent, and in the long te'rm may t?e of overwhe r?nnlg
i rtance, that the British Colonial Veterinary a‘nd Agricul-
ol 'c’es are putting a great deal of hard work into .the task
tur:a : Seer_ both the cattle themselves and ways in whxc.h they
ox lmpmvi;lglengthy report* on these endeavours, covering all
;:ﬁlzipéolonial Territories in the continen.t, has just been' pro-
duced by D. E. Faulkner, former Deputy Director of Yetermargfy
Services, Kenya, and J. D. Brown, fomer Deppty D;regtol:. ocl
Agricult’ure, Nigeria. It gives one a t.?alrl_y clear'ldea of t ; in !

ctacular but valuable contribution which the technica
:ifd: ILSfP fhe Colonial Service is making to the progress of man-

ki"][q};ere is plenty to do. Only too many African cattle are pretty

i iti lonial Territories in

¢t of Cattle in British Co .
vemAilrz'isZ:;/ Council of Agriculture, Animal Health,
l London, H.M. Stationery Office,

*The Impro
Africa. Colonial Advise
and Forestry, Publication No. 3.
1954, 10s 6d. pp. 144.
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miserable beasts, underfed, slow growing, producing a little bad
quality beef and a trickle of milk. The first simple thought is to
replace them with high-producing ‘improved’ European (mostly
British) breeds, whose value in their own countriesis well known.
The remedy has been tried and does not work. Except in a very
few special areas where the climate is not typical of Africa, such
as the Highlands of Kenya, cattle of British breeds either suc-
cumb to disease or lose condition. Later generations, born in
Africa, seem to get progressively worse. One would like to know
what would happen with cattle from the hotter and drier parts
of Europe — South Italy or Spain, or even the well-known Brown
Swiss, which are inured to high intensities of sunlight, though
usually at considerable altitudes — but, in general, one must
accept the conclusion that importations from non-tropical coun-
tries are not likely to be of much use.

The problem, in fact, cannot be adequately dealt with in the
simple-minded terms in which a beast is considered as something
which has value for itself, in isolation, by the mere fact of be-
longing to an improved breed. It needs an ecological approach,
which sees the cow as one item in a complex setof inter-relations.
The climate, the natural vegetation, the diseases, set a stage
which the cattle must inhabit, and they, by their effect on the
farming practices and social organization of their masters, in
turn affect the cattle-feed available and the standard of hus-
bandry to which they will be subjected. This is a characteristic-
ally biological type of thought (I will forgo considering its
humanistic form, which arises if one substitutes ‘man’ for ‘cow’
above). Its application is the growing point, at the present time,
of our ideas about the most fundamental of biological problems,
that of evolution. Practical agriculturists who deal with the un-
developed parts of the world, such as the Tropics and the Arctic,
have got perhaps a more intimate understanding of the whole
width and depth of such ecological complexes than the academic
field worker who studies wild animals which man does not know
as individuals from birth to death. This’is an example of the way
in which technological studies can be carried to a point where
they become of the greatest importance to pure science.
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Native cattle already fit their environment fairly well. They
can stand the high temperatures, the poor nutfitive quality of
the feed, and are resistant to many of the ‘Iocal dnseasgs. V&_’ester’n
veterinary science has made some magnificent cgntnbunons in
defeating some of the other diseases, spch as rinderpest, ar{d
controlling the ticks which are a scourge in so many areas. (Inci-
dentally, it has been reported, but'not in this work, that the
nomadic Fulani herdsman of Nigeria hzf\d developed for ther‘n- ’
selves a crude form of inoculation against pleuro-pneumonia,
which is surely, if true, one of the most remarkable examples of
preliterate science.) These qualities enable many of the types of
cattle to be good beef animals, if properly managed, without
peed for any further selection. Thus one experiment from Soth-
ern Rhodesia is quoted, in which native stock were fouqd to give
more beef per year per acre than pure or crossbred imported
types; although the native cattle were smaller, they madp up for
it by producing more calves and haxfmg a lower mortality.

But there are some regions in wh_xgh thg local type, altl?ough
adapted to stand the difficult condl.tlons it has to meet, is not
much use for human purposes. For mstz'mce, fh-e cattle resistant
to tsetse-fly attack in West Africa, and mbabxtfng the hot, wet-
forest belt, are very small and slow growing, little use for beef
or draught, and giving almost no surplus milk (Inset 9 B.X'ld 1.2).
These dwarf ‘Muturus’ and Ndamas present many fa.scmat.mg
scientific problems, which seem to call for rpuch bold‘er investiga-
tions than anyone has vet started..Is their small size a:}d llc:w
growth rate (presumably coupled wx'th alow rate of food-mfta e)
essential to their adaptedness, by minimizing th;;m‘no};m}tl of sur-
plus heat they have to get rid of? Dr Norman v ng' t 1 afs sugci
gested this in connexion with the essentially simi ;r cattle 01:1;
in the hot, wet jungles of Ceylon, One can hardly a’;le a sclzsz e
scheme for improving the cattle qf such areas ;lmlt; one{ ;ow;
the answer; getting it would require what mig t be C(:ﬂJT;\'ee
pure, academic experimentation on metabolic rattles, e 12: er!
has not been time, man-power, Or money for S;’; wor z:nopg
theday-to-day commitments of the Agricultura 5 ervwffst. galttl,
these animals seem to have the most remarkable resistance to
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‘Nagana’ - which corresponds to human sleeping-sickness. Now
plant breeders have been very successful in transferring such
desirable qualities from less to more productive strains. Little
such work has been attempled in animal breeding; it requires
several generations of relatively useless animals, the result of
inbreeding the hybrids, before vajuable results can be expected.
But here is a case where it would seem worth while at least to dis-

cover whether the resistance is due to a few genes, which would

be relatively exsy to handle, or many, which would be difficult.
Again the problem demands something which may well be out-
side the capacities of the existing set-up for Colonial Agricul-
tural Research. The continuance of degeneration over several
successive generations, mentioned above, is another problem of
both practical and academic importance to which we do not
know the answer. Is not the time coming to begin at Jeast a little
long-term genetical work on animals in the tropical environ-
ment, perhaps at one of the Universities of the Gold Coast,
Ibadan, Makerere, Ceylon, or Malaya?

The main technological problem, however, is that of produc-
ing cattle which are not merely efficient at living in the country,
but also produce the surplus milk which is the most convenient
product for human use. By far the most important step towards
this is the improvement of the African’s standard of feeding and
husbandry; at present the potential output of the existing cattle
is only very seldom attaired. It might be thought, indeed, that
one need hardly bother about selective breeding at this stage, but
concentrate entirely on improving husbandry. But changesinthe
methods of cattle-raising - for instance, limiting the drastic over-
stocking of the land, or letting the cattle graze for longer periods
and the little boy herdsmen go to school -~ demand radical
changes in African habits and socijal structures, which will not
occur unless the African clearly sees that they are worth his
while. And the best way to persuade him of that is to give him
the chance to see what his cattle can become, and the real income
they could bring him. In a few places, such as the Nandi Reserve
in Kenya and in Uganda, this has already been done successfully
(Inset 11). In many parts of Africa, the local cattle, even when
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well managed, do not seem to be capable of such strikingly
impressive performance that the African is convinced; in such
areas selective breeding is necessary before one can produce
stocks which will really sell the idea of good husbandry, and in
all regions it should be a great help.

A great deal of such work is being done, and has been most
valuable. But to my mind there is some doubt whether enough
emphasis has been put on the paramount aim of raising a small
herd of élite stock. Most Government stock farms seem to have
bought in a number of animals to start off with, and then cop-
tinued to select from among them, without bringing in any new

-ones. Under such a system, the need to keep up numbers makes

it impossible to reject more than a smallish fraction, however
badly they milk. What is nceded is a system which goes all out
for a few generations (say fifteen years) to raise as high as pos-
sible the intensity of selection for yield of milk and readiness to
be milked. This would seem to demand frequently bringing in
new cows to replace the rejects. There are often great difficulties
in doing this, since in many parts the Africans are most unwill-
ing to sell their animals, but it would probably be worth while
making strenuous efforts to overcome their reluctance. If there
were some system of getting an inkling of the quality of the
cattle brought in {for instance by some, even crude testing at
demonstration centres), so much the better. One has to consider
the possibility that whea one is starting to select for milk yield
from scratch, there may be, waiting to be picked up, some genes
with rather large effects, which in improved breeds are so uni-
versal that they no longer enter the picture for the breeder.
Everything possible should be done to produce a n}xcleus of
animals of high breeding value; it cannot be done quickly, but
it might perhaps be done quicker than it is at prese‘nt..When.real
progress has been made, then is the time to staq thinking of issu-
ing bulls to improve the general level of the nanve.stock. o

A recurrent question in breeding for tough climates is t.hISZ
should we try to breed the élite stock in very good conditions,
which will give them a chance to show the best they can do, or
should we concentrate on selecting animals which can do well
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even when conditions are bad? Again a simple question that
lacks a simple answer. High genetical authorities in this country,
confronted with the problem, tend like parturient mountains to
produce a lot of stufl about mice; and indeed a lot of interesting
work on the problem is being done with those convenient little
animals. But one may ask whether one could not get the best of
both worlds. Could not those cows which, in their first lactation
on normal poor diets, do well enough to seem worth selecting,
then be given generous supplementary rations for their second
lactation, to see how far they could benefit?

In conclusion, I would like to put together three points whose
inter-connexions would take too long to discuss in detail. Firstly,
food and health are the foundations of any civilization, in Africa
or elsewhere; it is the constructive, professional, hard work of
the technical officer which really gets to the root of the matter in
the Colonies. Secondly, a quotation from this report on cattle
breeding: “The valuable indirect effects of disease control meas-
ures in gaining confidence of stock-owning tribes is stressed. . ..
In many territories it is often only those Government officials
concerned with the control of animal disease who are in frequent
and continuous contact with the stock-owning populations.” And
lastly the question, how far are technical officers enabled to con-
tribute to the formulation of political policy? Are we nowadays
attaching enough importance, either in the organization of the
Colonial Service or in the discussion of Colonial politics, to the
basic bread-and-butter problems with which the technical ser-
vices deal?

MATHEMATICS IN INDUSTRY

N. W.FOX

IT is probable that a considerable number of Science News
readers are employed in some branch of industry, and it will not
surprise them, therefore, to learn that industry is becoming more
and more specialized. They themselves may, in fact, be special-
ists in one branch or another. This specialization, while unde-
standable, makes life difficult for those wishing to enter industry,
particularly graduates. For science graduates the. way is fairly
simple, since many organizations now operate training §Chemes
of one form or another to fit the gradual.e smoothly into the
different atmosphere of industry. Even \ylthout such schemés
a science graduate usually finds industrial work has certain

similarities to university work, particularly if he is employed in

ialized capacity.

apg)l;?yosfpf;;a;robler:s of present-day industry is what tq dp
with the arts graduate; in spite of numerous conferepces, it is
still a long way from solution. Whether the .mathemancs grafiu-
ate is called arts or science is a matt.er fnamly gf geogfaphlcal
location, but the problem of fitting him mtf) the industrial sceqe
tends to put him into the arts ca-tegory. -It is the purpose of this
article to show that almost all s1des.of industry have problems
which can be solved by mathematical means. $omet1mes the
e complicated and require an expert to
urse not all problems warrant such
use of intuition is no substitute for
a scientific approach, wheo (his can be made rapidly ond
economically. The advantage of' such an approach 1s t gt e
effects of certain courses of action can alm?,st. always © exi
pressed in numerical form, either in probabilities or 1n actua
monetary value.

Many firms, of course,

mathematics used may b
handle it properly, and of co
treatment. Nevertheless, the

already employ mathematicians, and
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some larger organizations have mathematical departments.
Frequently, however, the mathematician is not called in on 2
problem simply because the individual in whose department the
prol?lem arises is unaware of the contribution which mathe-
fmfnca) {reatment can make towards its solution. This lack of
information may be due in part to the fact that most mathema-
ticians tend to lean toward the theoretical, and are not good at
making their subject intelligible to the layman. To assist non-
mathematical readers who have not met many applications of
mf\thematics to industrial problems, it is instructive to consider
a few of the more important fields.

MATHEMATICAL STATISTICS

The use of mathematics per se in industry may be said to have
reall){ started with statistics. Statistical quality control is now
s0 widespread, and the articles on it so numerous, that no
more than a passing mention will be made here. The principle
s to determine the variability of a process when operating under
const.ant conditions and then, using a sampling scheme, to de-
termine when the process variability or average changes. Modifi-
cat.xons to this general outline have been made by various users
to incorporate special features such as automatic sampling, of
to reduce the calculations normally required. The widespread
use by war factories of statistical quality control is sufficient
recommendation in itself and the system does not require the
services of a highly qualified mathematician for jts application.

There.are other very important uses of statistics which are
not so widely known, and for which the mathematician’s assist-
ance is of great value. In particular the chemical engineer, who
1§ frequently asked to perform experiments cn full-scale plant,
;an be sure_o? obtaining the maximum amount of information
rom 'the mintmum number of experiments by using statistical
experimgntal designs. These are equally applicable to laboratory
':\}r]\d to ptlot plant work and are based on the fairly obvious fact
o at the classical _melhod of h{)lding all variables constant except
one, and pbservmg results, is practically impossible to apply
In industrial practice. Statistically designed experiments make
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use of changes in all variables at different levels and the interpre-
tation of results leads both to information on the relations and
the interactions between variables.

The fixing of buyers’ and sellers’ specifications is also given
a scientific basis by the use of statistically designed sample
schemes. These ensure that the risks of buying or selling inferior
goods can be stated as probabilities and the costs of sampling
schemes for any specific risks can be estimated. The British
Standards Institution recommend statistically designed sampling
schemes in their publication on Sampling Clauses (P.D.488).

Analytical laboratories may also use statistics as a useful tool
in determining the significance of results. Tests may be of a
chemical or physical nature such that numerical answers are
obtained as a final result of the tests. Such numerical results
should be evaluated with a knowledge of the experimental and
sampling errors of the particular analytical method employed,
otherwise unnecessary trouble may be caused by assuming two
results to be different when in fact no significant difference
exists. For tests which are purely comparative, such as sensory
tests, i.e. evaluation of odours or tastes, it is essential to employ
statistical significance tests for meaningful results. It must be
admitted here that the ranking of various objects or materials
in order of merit, while requiring statistical tests for full signifi-
cance of results, is still the subject of mathematical arguments.
1t is even more important in cases such as this to have at hand
a trained mathematician who is able to follow and interpret
modern developments in such fields.

Other examples of statistical methods can be found in the
personnel department, where analysis of Jabour turnover may
sometimes produce remarkable conclusions. Again the financial
sections, such as audit, cost accounting, and so on, may use
sampling methods or regression analysis to assist them in their
particular functions. The use of sampling techniques in market
research is widely known.

It is fairly true to say that anyone dealing with the taking of
samples of few objects from a large number of such objects, or
dealing with the examination of such samples, or employing
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information derived from such examinations, stands in need of

statistical methods to give results which have value, and whose
value can be assessed in economic terms.

ELECTRONIC COMPUTORS

These are mentioned here since the services of a trained mathe-
matician are essential to the operation of the larger umits.
Smaller machines, which have been built for specialized puf-
poses, may not require such services, but it should be borne
in mind that even the smaller computors can perform mathe-
matical operations at a fantastic speed, and since they are
unlikely to be in constant use a mathematical specialist could
probably assist other departments to solve their problems by
computing methods, if such solutions are possible. .
Punched-card machines, while much simpler than electronic
computors, nevertheless have applications other than those for
which they are commonly used. Simple computations may be
performed on certain types of punched-card machines, and they
are widely used by statisticians for the sorting of data. Chemists
are also using such machines for classifying infra-red spectra

and their use in chemical compound identification from analyses
has been proposed.

OPERATIONAL RESEARCH

A lot of operational research is probably carried on in industry
by people who may have only a general idea of official defi-
nitions of the subject, but the more advanced applications need
Specialist advice. The mathematician is in a favoured position
here, since a fair amount of advanced mathematics may be
hecessary for certain problems.

One particular application is that of queueing theory. This
Was employed during the design of London Airport and has
also been used for such diverse subjects as omnibus routing, toll
sate staffing, and determining the number of grinding wheels
required by a toolroom. Any problem which involves the use
of “service’ facilities by ‘customers’ may be treated, although in
only certain cases is the treatment straightforward. These usu-

. or ‘plan' as a two-person zero-sum gam

Mathematics in Industry 113

ally involve the assumption of random arrivals at the service
point. An illustration could be the use of an overhead crane to
service a number of machine tools. It may l?e neceszary tto
decide, on introducing several more machines into the depart-

‘ment, whether the existing crane is adequate. Such a decision

would generally be made on the basis of ‘try it ax;d s;e:;tleagtitrlln:
is obviously unsatisfactory. The problem may be orthe orv. on
comparatively simple matter by the use Of. queuelr;,', ati orfy r’nay
making a few assumptions. Another possible apfp 1€ chemical
be to the determination of the number of pumps horr?umber of
plant employing several reaction_xregse]& or t~ees Develop-
storage tanks required to serve differing proces. T OE
ments are taking place in the mathemfitlcal s1de_o o Future

its use will no doubt become more widespread In the X

LINEAR PROGRAMMING

This is one of the newest applications Of_ n}a;hertnat;)cust 2122
Promises to be of great importax.JC.e , not only " md l:[j 1<':3(:nnexion
in many other fields. It was or:gmgl]y conceive e o
with the operations of military aircraft during anizqtiox,ls o
even today certain material produced byh Oég.s clz;ssiﬁ ed as
America working on appﬁcatl.oﬂs of th? et ’ll"he technique
Testricted, and is thus not available for mdu;ltry. the ‘dynamic
may be employed in two basic types of pro gm‘,‘t ic* problom
problem in which time is a variable factor, 01',t ° 5S]ems include
in which no time element is present-'Dynamlc per scheduling
military aircraft strategy, traffic "me.-tablcsblams are usualls:
production planning, and so on. Static pro et ixtures. In
concerned with formulations of m}mmumfcf’s. n:‘(m of .cost
either case the result to be achieved is the mimmizati
10 one form or another.

Two methods of approach have been gsed. 'tl;ht; sztl;;zt;’;’;

eumann, uses the Theory of Games ane. t’;;ae two contestants
may be the planper and nature OF two Opposing lmte::stf, aIrrr’lj’
Problem of minimum cost mixtures, for exampie, toese%l the
would be played between a contestant attempting
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mix ingredients for maximum price, and another contestant
attempting to buy at minimum cost. Apother approach expresses
the problem requirements as linear equations, which are .SUbJe‘:t
to linear inequalities. From these the final solution is derived by
using matrix algebra and n-dimensional geometry. The compu-
tational effort involved in either method may be laboriogs, de-
pending on the problem to be solved, but work is proceeding on
the simplification of such computation, and in specific cases the
use of computers may be possible.

Work is still proceeding on the applications of linea'r pro-
gramming and, already, suggestions have been made for 1t§ us_e
in livestock feed mixing, production planning, product distri-
bution, buying, stock control and optimum stock covers, and
organization theory. It is clear that the potential uses are yery
numerous, but the mathematics, although reasonably straight-
forward, requires expert advice to avoid pitfalls.

The applications of mathematics to industry so far discgs§ed
provide justification for the employment of the mathematxcxa}l
as a specialist. Whatever title he or his department is given,_hls
use in enabling industrial problems to be solved on a logical

basis is so obvious that the only reason for his present lack -

of employment can be lack of mathematical knowledge_ by
industrialists. This state of affairs should be remedied in time,
with the assistance of publications, courses, and symposia; but,
until it is, the mathematician will remain largely outside the
industrial sphere, whereas his knowledge should be one of those
things we cannot afford to be without,
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the cell is proportional to the area of the surrounding mem-
brane, so that there is a limit to the size of cell possible. But
not all cells, even of the same kind, divide at the same size;
and, if cells of different kinds are considered, the range of aver-
age size is bigger. There are thus reasonable grounds, once
stated, for looking first at the energy factor.

As a first approach Professor Swann used carbon monoxide
to interrupt the utilization of oxygen during controlled periods,
and as experimental material he used the eggs of sea-urchins.
Division, if not already begun, was delayed by the same length
of time as that during which the utilization of oxygen had been
interrupted. This led as a rough model to the kind of tank that
fills stowly with water up 1o a pre-set level, and then discharges by
syphon when the level is reached. It might be supposed, there-
fore, that there was a building up of some energy-rich substance
— say, creatine phosphate — and that when enough of it was
available cell division would proceed. But there is a further point
which is put forward by Professor Swann as significant — the
equality between the delay found in division and the duration of
interruption, irrespective of the interval in time between them.
In the extreme case, division, if already begun, proceeds norm-
ally, and the delay, still the same, is then in the following divi-
sion. This has led to the further hypothesis that the energy re-
quired for division is accumulated in a form which serves no
other significant function in cellular metabolism. Recently,
therefore, a search has been made at the marine station, Mill-
port, for a complex phosphate in the eggs of sea-urchins which
varies in quantity according to nearness or otherwise to divi-
sion. The method of separation by filter-paper chromatography
has been used, but the results were not available at the time of
the meeting. At this point, therefore, the matter rests. It can be
said on the one hand that there may be a loophole in the final
reasoning, that other and more complicated factors are likely to
operate in most conditions; on the other, that an experimeatal
case has been made out for the study of the energy factor, with
all the possibilities to which any new line of research may be
expected to lead.
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Terrestrial Magnetism

A symposium on the directions of magnetization of rocks
formed at different epochs included contributions from the De-
partment of Geodesy and Geophysics, Cambridge University,
and the Department of Physics, the Imperial College, London,
the two chief centres which have worked recently on the prob-
lem. Evidence of reversals of direction, and hence probably of
Teversals of the earth’s magnetic field, has been accumulating
over a number of years, and was discussed at the previous year’s
meeting in Liverpool.* There is still some lingering uncertainty;
but at its face value the evidence suggests that there have been
reversals of this kind at about million-year intervals during the
last 30 million years, and that the time occupied in reversal is
short relatively, probably some thousands of years. There are no
intermediate positions; the existing magnetic field scems merely
to have faded out and been replaced by a reversed field.

A more recent line of interest is in the conclusions which can
be drawn as to the apparent direction of the earth’s field during
longer periods of time, if direct reversals are ignored. This ap-
Proach has been followed by the Cambridge workers, as was
described at the Oxford meeting by K. M. Creer. The starting
Point was a finding by J. Hospers from his measurements of
Icelandic javas, reported at last year's meeting. For the last
about 20 million years he found that the average direction of
Magnetization during periods of the order of 10,000 years was
always close to the present geographical axis of the earth. There
Were cyclical changes as in historical times, and direct reversals
Pf field; but if these were smoothed out in the one case and
18nored in the other, then the magnetic and the geographic axes
Seemed to have been roughly constant and the same. Measure-
Ments made of earlier British rocks show, however, that on a
l‘fnger time-scale there have been changes in the time-averaged

Irection of magnetization, the range of variation within shorter
Periods being of the same order as found by Hospers. The inter-

*Science News 30, 115 (1953).
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pretation suggested is that the magnetic axis has, on the average,
been the same in all periods as the axis of rotation of the earth,
notwithstanding appearances (o the contrary. This is equivalent
to assuming that the primary cause of the main magnetic field
of the earth is associated in some way with the rotation of the
earth’s core, as is supposed in most current theories. Changes in
the time-averaged directions of magnetization over longer
periods are therefore attributed to crustal movements, the axis
of rotation of the earth as a whole being dynamically deter-
mined. The results from any one country — Great Britain in the
Cambridge work - are most simply interpreted on the basis that
the movement of the crust has been as 4 whole, 1 slipping, as of
an intact skin, relative to the materia] beneath it. If this is S0,
then the direction of magnetization at any period gives a rough
position for the geographic north pole at that time. Such esti-
mates have been obtained from Great Britain for approximate
ages ranging from about 600 million years (pre-Cambrian) to
70 million years (Eocene). Successive estimated positions of the
north pole, followed by the approximate age in millions of years,
are as follows: Arizona (2600); Marquesas Is, central Pacific
(less than preceding); Marshall Is (450); Japan (350); near Kam-
chatka (200 and 150); New Siberian Is (70). The alternative view,
- Which can be neither favoured nor rejected on the strength of

Measurements made in one area, is that there has been differen-
tial movement between one part of the crust and another (‘con-
tinental drift"), or possibly both types of movement combined.
The beginning of work to test this interpretation was mentioned
by Professor P. M. S. Blackett of the Imperial College.

CHEMICAL RESEARCH LABORATORY

The continuous culture of an anaerabic micro-organism was
shown for the first time during a series of open days held lately
at the Chemical Research Laboratory, Teddington, following
research at the Porton establishment and later at Teddington.
The key to the problem is, rather obviously, the maintenance of
suitable steady-state conditions by continuous monitoring and
controls; but, although a theoretical treatment was given some

ea
 strains must be expected to app

Research Report 119

i he
years a0 by Prosr . Monad of (b Pt I,
successful operation of such a process fat
. : ulture shown was one of su
been previously achieved. The c ; duce sulphate to
pbate-reducing bacteria. These organisms re u P
. : irement in the recovery of sulphur
sulphide, as is the first re.qutrem as the reducing agent.
from industrial wastes, using I;Z:cr ‘:)g:r;glzige scale, it would be
For the process to be econo 4
necessarsEJ that a cheap and plentiful supply ocfully;rrgcgeesl; :Egtﬁg
be available; or, alternatively, that a Coqtmuh drogen and sul-
be worked out for the breaking down l;l tom ts;le culture cham-
phur of the hydrogen sulphide eXtraCtedd y ain. Neither condi-
ber, so that the hydrogen could be use ta:agnd éither may come
tion is immediately satisfied; 9111 _t:; f:slie;f e intous anacrobic
Cue i1 20wy conined (0 thisparilar reaton,on
Whi:f:eitllsnerely happens that research hasdbfglel xll):.ed, probably
cause of the recent shortage qf sulphur an
permanent, to C;),ns:g:hiut?)}:isl;cing reaction is greatest W;‘_;“
The rate of ¢ gf the micro-organisms i_s also gl'eatefsé. t<e
the gr.owth-ra‘te ments are therefore to discover, and :dfztn cf)
ess‘."nu?‘l requre ditions of maximum growth. The FuFbx di ylo
maintain, th.e eon itored optically. Acidity or alkzjthmty is a sg
the culture is mor'lth the medium now being used is mauntamet
m_omtored’ and \lvkx line side of neutrality. )(east extracﬁsfaret: a;
slightly on thez ‘E; the medium to provide a grow;] ) a(;:)sé
et {ncluqe dlcould be added separately. During the c(;) c
Whlch,lfldel:ltlﬁe . the mean generation time has been re Ecee
? . the;jxgenmitfs{rst to about 5 hours, and continuous cuitur
Tom ours

. 2.000 hours. A
; : difficulty for up to 2,000 1
has been maintained WIthgz:litsed in refation to the stability of the

. ; en o
theoretical point has beu ¢ forward as an objection that mutant
culture. It has beent P r. and consequently that con-
’ .
intained i ly. It seems a
tained indefinite ¢
i d not be main ; ximum
tinuous culture coul t, in conditions adjusted to the maxil y
reasonable answer that, this will be automatically

initial strain, : r. In
fmwmﬁati,,g;ai; :vith any mutants which may appea
avoured ¢



120 Science News 34

other words, it is felt that biologically as well as chemically the
system should be self-adjusting.

Several other lines of work were shown which are potentially
of general interest. One of them was a development of the
laboratory’s earlier research on the separation of metals in solu-
tion by the methods of filter-paper chromatography. With en-
couragement from the Royal School of Mines, procedures have
been worked out or adapted for the analysis of soil samples
under field conditions, so that geochemical prospecting can be
done by jeep. The analysis of, say, fifty to sixty samples could
be readily divided in their various stages between evening and
morning, and a rough estimate suggests that, for copper, cobalt,
and nickel, somewhere about 3,000 analyses could be carried
out with twenty pounds weight of materials. Geochemical sur-
veys for these elements have been done in the copper belt of
South Africa using the methods developed, and for niobium in
Uganda and Sierra Leone. Methods are also available for tan-
talum and for lead, as also for uranium - although a portable
Geiger counter remains more convenient in the latter case.

A further recent development, shown for the first time at the
open days, has been the development of semipermeable mem-
branes made of methoxymethyl nylon which can be used in
dialysis for the separation of dissolved substances on the basis
of their molecular weights. Apart from research uses in the
laboratory, there are potential industrial applications, for ex-
ample, in the textile industry and in the purification of glycerol,
as soon as larger films are available.

RADIO TELESCOPES

Two new radio telescopes have lately been brought into use.
With one of them - strictly a large interferometer — M. Ryle at
Cambridge is said already to have discovered hundreds of new.
‘radio stars’. Some preliminary information on this instrument
was given by W. H. Marshall in his article ‘Interferometry in
Astronomy’ in Science News 31. The other, in Australia, was
to have been completed in June of this year, and there has been
no time as yet for operational experience. The emphasis is on
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width for which the Manchester telescope has been designed.
On the other hand it is limited to reception on a fixed wave-
length, and like the Cambridge interferometer, it relies on the
rotation of the earth for control in an east-west direction. The
narrow beam-width is obtained by the use of two long, thin
arrays,disposed in the formof a cross, north-south and east-west.
Either array separately has a fan-shaped beam of reception, but
it can be arranged that the effective direction of reception is that
common to the two beams. Elevation is controlled in a north-
south direction by adjustment to the corresponding array. In this
way much of the advantage is secured of a steerable telescope,
but at a small fraction of the cost; it was built by ten men in
nine months. The principle has becn tested already in a smaller
telescope, and has been found to work. On the other hand, it is
a one-purpose instrument. But even with its limitation to a single
wavelength, it should lead to a rapid advance in sources of radio
emission visible from the southern hemisphere.

Inset 4 and Inset 8 show two further examples of radio-
astronomical instruments built in Australia. Inset 4 is the most
recent version of the radio spectrometer, used at Dapto, New
South Wales, to record the rapidly changing wavelengths found
in radio-emission from the sun during different types of out-
burst. This has been an essentially Australian contribution. Inset
8 shows the Australian version of a steerable radio interfero-
meter.

FASTEST CAMERA

A short account of what is probably the world’s fastest camera
has been given in Physics T'o-day, published by the American
Institute of Physics. It has been developed at the Los Alamos
Scientific Laboratory for the photography of explosions, and
achieves the astonishing speed of 15 million frames per second,
96 consecutive exposures being taken on standard 35-millimetre
film in about 1/150,000th of a second. The camera is of that
class in which a beam of light is directed by a lens of long focal
length on to a rapidly rotating mirror by which it is directed
on to each in turn of a series of small lenses, which form the
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final succession of pictures. The primary source of speed is.the
very high rate of rotation, 23,000 revolutions per second; this is
achieved on oil-pressure lubricated bearings in an atmosp?ere
of helium. A further gain comes from the use of a Fhree-mde.d
steel mirror, which gives usable angles of reflexion in all posi-
tions. The mirror is made of a special steel with a tensile strength
of more than 300,000 pounds per square inch, and is powered
by a small helium-driven turbine. Finally, the high-speed shutter
action needed to prevent double-exposure of. the film is provided
by an electrically detonated explosion which shatters a _glass
block in the light path between the primary lens and the mirror.
The block is so mounted and the explosion arrangefi that t!]e
block is rendered opaque rather than beiqg physically dis-
integrated; and the immediate shutter action is followed by the
closing of a mechanical shutter.

Physics To-day, Vol. 7, No 8, p. 8 (August 1954).



SOME BOOKS RECEIVED

NucLEAR SPECIES by H. E. Huntley (London: Macmillan
& Co. Ltd, 1954), pp. 193, 21s.

Professor Huntley’s book has the great merits that he takes a
general view of his subject, strays from it only in minor respects for
the sake of background, and writes with unusual clarity. The result
is an account of the composition, properties, and, within reasonable
limits, the theory of nuclear species, which justifies his own l}ope of
providing a readable introduction suited to students of chemistry as
well as physics, while offering something to the _more advanced
worker in physics and at the same time bemg ‘intelligible .also to the
layman with scientific training’. With obvious reserv?txons about
future revisions, it should become a well-deserved classic.

RocKET EXPLORATION OF THE UPPER ATMOSPHERE
edited by R. L. F. Boyd and M. J. Seaton in consultation with
H.S. W. Massey, F.R.S. (London : Pergamon Press Ltd, 1954),
pp- 376, 75s.

The ability to make direct observations of the upper atmosphere
at limiting heights which have so far ranged from 75 to about 200
kilometres according to the type of measurement has been the scien-
tific legacy from London’s V2 bombardment. The present hand-
somely produced volume contains the papers presented at a confer-
ence arranged in August 1953 at Oxford by the Upper Atmosphere
Rocket Research Panel of the United States and by the Gassiot Com-
mittee of the Royal Socicty. The combination of technical, experi-
mental, and theoretical interest which are about equally represented
make it of wide appeal, subject to price.

MANAND ENERGY by A. R, Ubbelohde, r.®.S. (London : Hut-

chinson’s Technical and Scientific Publications, 1954), pp.
247, 18s.

It may be said of Professor Ubbelohde’s book that it ‘germinated
out of talks on the B.B.C. Third Programme’; alternatively that it is
about the development of man’s sources and use of energy and the
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problems that these raise, about the unders_tanding of energy con-
tributed by his own subject, thermodynamlc‘s., apd abo,u_t some olf
the consequences of thermodynamics and of‘ Iu‘mts I.aws in general;
But essentially it is Professor Ubbelohde enjoying hlmsif, as muc._
as explaining and pointing or half-suggesting morals, and an experk
ence to be shared.

SCIENCE AND THE COMMON UNDERSTANDING by .
Robert Oppenheimer (London: Oxford University Press,
Geoffrey Cumberlege, 1954), pp. 127, 10s6d. -~ book
The B.B.C. Reith Lectures for 1953 a.re here Publls?leci mr gfoa
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reader the approach to complementarity is slow and it 5151g>f stimu.

difficult, while the proposed extensions of the principle, 1

lating as ideas, are but lightly sketched.

- THE DiSTRIBUTION OF THE HUMAN BrLoob GROUPS by

A.E. Mourant (Oxford: Blackwell Scientific Publications,

1954), pp. 438, 42s.

For the specialist reader Dr Mourant has provided as complete a

Teview as possible of research on the distribution dcff g;:;rzznc:}:(]ﬁ:;i
pooups since the publicatioﬂdOf l')mafrei?;oirn\fe's%l: (g]erse are maps dis-
1n 1939; ¢ interested prim .
Playinz’tfl(;rrgzits of all work to date on three (out of n‘m;') Z);ls(t)in:)sf
The fact that the other six are not s0 displayed is one In 51 t there
the large amount that still remains to be done; another is sas e
is information about only one system in the case of th? uU. '.a[;s .are
relation to Heyerdahl’s (Kon-Tiki) theory that.the Po yn;sxr states
the result of two distinct migrations from p.‘mcrlca', the au'tho Heyer-
that evidence in respect of three systems 1s cqnsmtent ‘\;vx mena}llple
dahl’s theory, and that, even if this were otherwise proved u e rtl;
‘there would still be a strong suggestion that Polynesians find o

erican Indians had in the not very distant past received many
Benes from a common pool’.
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Tue ENGLISH CLIMATE by C. E. P. Brooks (London: Eng-
lish Universities Press, 1954), pp. 214, 12s 6d.

Dr Brooks worked for many years in the Climatology Division of
the Meteorological Office, and was its assistant director. He writes
easily, is sparing in his display of statistics, and discusses climate not
only in terms of those factors which make it ‘bracing’ or ‘relaxing’,
but also in relation to working efficiency, on which he has devised a
provisional marking system, and even the choice of sites for houses.

Pears CYcLOPAEDIA (Isleworth: A & F.Pears Ltd, 63rd

—edn, 1954), pp. 1008, 12s 6d.

Primarily Pears Cyclopaedia is a well-tried source of information
on an extraordinary variety of subjects, backed for some readers by
nostalgic memories of the flags of the world seen together and in
colour at an early age. An innovation in the new edition is a 60,000~
word section on modern science written in plain language. The poiat
of view is that of man in the universe and society, and both selection
and treatment are, by and large, excellent,

ABOUT OUR CONTRIBUTORS

M. P. BARNETT came up to King’s College, London, when he was 16,
took a first in chemistry in 1948, then a Ph.D. in the Theoretical
Physics Department. In 1951 he took part in the Shelter Island
Conference, organized by the U.S. National Academy of Sciences,
| on valence theory, his main subject of research; then became in-
terested in several uses of small digital computors, including mass
spectrometric analyses of petroleum. He has worked with the
British Rayon Research Association, and in August 1953 was
awarded a Senior Government Research Fellowship.

M. BONDI was a student at Newnham College, Cambridge, and
obtained her Ph.D. in 1950. She has worked on the theory of
stellar structure with F. Hoyle and H. Bondi.

BONDI was born in Vienna in 1919 and came to Cambridge in
1937 as an undergraduate at Trinity College. He has been a Fellow
of Trinity College and a Lecturer in Mathematics at Cambridge
University, and is now Professor of Mathematics at King’s College,
[.ondon. His main interests have been in astrophysics, and he has
vorked in this field with T. Gold, F. Hoyle, and R. A. Lyttlcton.

{ V. BUTLER, who has been a lecturer at Edinburgh University, a
Rockefeller and a Courtauld Fellow, is now Professor of Physical
f$hemistry in the Chester Beatty Research Institute, the Royal
Yancer Hospital, London. Among his publications are a text-book
i\ Chemical Thermodynamics, and a popular account of the

ture of life Man is a Microcosm. He is also joint editor of Pro-
bess in Biophysics and Biophysical Chemistry.

L- FOX obtained a degree in physics at Sheffield University, after
fvice in the R.A.F. on radar. He entered Unilever as a produc-
Il Management trainee, and proceeded via chemical engineering
the applications of mathematics in industry. He is now working
Port Sunlight on the production management side.

h(:&HN is a Research Fellow in Astronomy in Manchester Uni-
Fsity. Born in 1926 in Germany, he came to England in 1938. He
d mathematics at Oxford, then worked for two years with Pro-
sor Sydne)" Chapman; became interested in interstellar material
lough reading an account of the 1947 Harvard Symposium; and
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spent the last year working with Professor J. H. Oort in Leiden.
Married, one daughter.

i
B.NICKERSON took a degree in zoology at King's College, Ne“j
castle upon Tyne, and is at present working for the Anti-Locus
Research Centre in London on insect pigmentation. ]’

C.H. WADDINGTON, F.R.S., is one of the best known of present-da
embryologists and geneticists. He is Professor of Genetics an
head of the Institute of Animal Genetics in the University
Edinburgh.

5. W.WESTWATER was born in 1919, obtained 2 B.S. in chemic
engineering from the University of Illinois in 1941, and in 19
received the first Ph.D. granted by the University of Delawa
He became interested in the phenomena of boiling twelve y€
ago at Delaware, and expects to continue with their study
definitely.

G. M. WYBURN graduated at the University of Glasgow in 19
From 1929 onwards he has been in turn demonstrator, seniof )l
turer in anatomy and, since 1948, Professor of Anatomy in
university. He was twice awarded the Struthers Gold Medal 2
Prize — for work on embryclogy and on the repair of periphe:
nerve damage.
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