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EDITORIAL

BoTH from inside science and from industry there come recur-
rent complaints of the inability of specialists to express their
ideas and conclusions in forms intelligible to others. There is
little difference in practice between the requirements of the so-
called layman — who it is sometimes forgotten may be himself
an expert in his own field - and that of the scientist working in
some different branch of science. The difficulties are real to
some extent. There are parts of physics where the language of
_ the specialist seems no longer capable of translation. There is a
gulf in chemistry between those who understand formulae and
those who do not. In the descriptive sciences there is the diffi-
culty that a descriptive term is a form of shorthand which can
be expanded only by repeating the description in full or replac-
ing it by a statement of origin or function, for which evidence
may be lacking. But although the difficulties exist, they are not
insuperable where there is a broad conclusion to be conveyed.
Even in a difficult area it may be possible for a Nobel prize-
winner to present his work in such a way as to make clear to an
outsider what is its general object, the assumptions on which it is
based, the nature of the argument, and the main achievement.
This has been done in a first publication. To do it requires not
only clarity of thinking and expression, but also courage. In
order to say something simply, it is first necessary that one
should, in a real sense, have something to say. Secondly, the
simpler the statement, the more clearly exposed is any weakness
or iqadeguacy. And, thirdly, there must usually be over-simpli-
fication in some deg.ree. The first condition can be met by only
a few people in original publications. The second and third
call for a willingness to withstand the gibes of colleagues who
prefer safety to communication. As was said some years ago by
a newly elected Fe!loyv of the Royal Society, ‘the great thing
about the Fellowship is that one is no longer afraid to make a
fool of oneself’. There is, however, a more serious difficulty than
fear of being laughed at. There is a widespread feeling, ex-
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pressed often in conversation but seldom in print, that popular
or semi-popular writing is an activity which should be indulged
in only when th¢ age of useful work is past. Not surprisingly, it
does so happen that some of the best writing is done by those
whose reputations are already made, who have learnt from
teaching how little can be absorbed in one session, and who
have suffered at meetings from those who proceed remorselessly
with every last detail but omit any clear explanation of the
main point. It is an illusion that there is any clear distinction
between ability to explain at one level and ability to explain at
another. There are merely those who can explain, and will, and
those who cannot, or will not. Members of the second group are
in the majority. They are dependent on the first group for the
means to conduct research; since, unless its scope and purpose
can be conveyed, means for its support will be lacking. And

whatever impact it might have had will be delayed, whether in
university or industry.

A sub-committee of the Royal Socjet
most authors good writing comes only as a result of much prac-
tice. Experience shows that clarity and precision are best
achieved by the use of short words and simple sentences’. More-
over, even for specialized journals, ‘an author should write, not
for the half-dozen people in the world specially intereste’d in
his line of work, but for the hundred or so who may be interested
in some aspect of it if the Paper is well written’. The latter com-
ment may be supposed to refer to the many sub.divisions of
wor_k which exist within most subjects. Of intercha.nge between
su.b]gCtS, 'Dr E.D. Adrian, the President of the Royal Society
said in his recent anniversary address that ‘we still have a fe“;
who can survey the whole field and perhaps we never had more

y wrote in 1950 that ‘to

science. Moreover, it ap-
average specialist will be

Editorial ?

incapable of acting as his own mouthpxecg beyond t‘he 1?525
diate circle of his fellows. The assumption is frlghter}xn%i)at L
probably justified in the form stated..lt follows, if true, ac ot
the framing of decisions, whether in mdl}stx"y or.by govefr men
' artments, only the exceptional specialist will be o icaté
The assumption that the specialist is upable to .corpmu: cate
is probably least true of the small minority of SC}CntIStS those
work is truly creative. Yet there is here a va]fd reasoresent
exceptions. New ideas do not always come easily or pl !
themselves at once in their final form. A mt.antz}l somersau t n:) 3{
have to be turned, and a framework of thmer'xg Whlch l&a‘\:n teo
come a habit may have to be abandone.d. C.larny is not e b
be expected. If we ignore this case — which in the.long rL; e
most interesting — we are left with a more readily a:la clated
group of researches which are seen at the flme tg.otp:: inntc;vators
range of discovery. In this situation the 1mm3 liake novator
are busy people; they are badly plaged to unb er K e,
general reviews which are necessary if qthers eyo e
diate circle are to be interested. But, in fact., it is tr:: e
these men that the attitude already mentioned is m:s e
to be found. Whether from the interest pf what t e)rrl are do ir;
or from appreciation of the need.fc.)r w.1der c.orr_mllu peations
science. such men are usually willing in princip ?r : gdo the
sort of’account which will be helpful to OFhers.. eyt o not
regard it as an activity to be d'efer.red until retlremenb ;:
proaching, and, if writing.of th'lS kind tend§ f)i.ften to be post-
poned, it is from competition W}th other activities.
The’average research worker.ls not an originator in this sense.
He contributes relatively small items to the total pool, and thgse
items are commonly of the same kind as those alreafly supplied
by others and are obtained by the use of previously used
methods. He is saved from being a technician to the extent thz}t
his own contributions are related to problems and knowle.dge in
a wider area. The writing of an article is itself a help to this end.
It encourages a more lively approach to the literature than
would otherwise be made, and compels the sort of questions that
should be asked if new experiments are to be suggested. ‘It all
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seems much clearer to me now’, was the comment of one author
who had lately, and with much pain, completed an article.

An important special case is that of the relatively junior re-
search worker who is discovered to have a talent for explana-
tion, and with it some critical faculty. Neither of these qualitfés
In their own right, useful qualities which should be cultivated.
It is in this context that an attitude of superiority on the part of
others is most strongly to be deprecated. Because a man can
explain, and will, he cannot be worse as a research worker; he
rpay, on the contrary, be better. In any case, he possesses quali-
ties which his critics either do not possess or are unwilling to use.
To the head of his department it should be cause for encourage-
ment that someone has been found to take over part of the work
?f communication. In some departments and laboratories, this
1s 50 already: unfortunately, it is not so in all.

Finally, there is an objection which is often advanced to the
translation of technical terms into others which can be under-
stood with less effort by more people. This is a common require-
ment in Science News in the case of terms which are encoun-
tered only casually in the course of an article, and which it is
thFrefore not worth while to establish. In more acute form it
ar1se§ in almost any Kind of report intended for readers without
previous knowledge of science. The meaning of the correct
terms, it is sometimes said, can be discovered from standard
works, and it can be left to the user to translate. The question is,
then, not whether translation is necessary, but who should do it
whether someone who knows his subject, or someone who does

not. Logically, only one answer seems possible. But it is not
always the answer given.

is connected necessarily with originality in research. They are, -

HOW WE FORM CONCEPTS

W.MAYS

THE picture which the Western adult presents to himself of the
world around him makes use of abstract concepts, which are
also used in science. Some of them go back to the beginnings of
civilization. For example, the concepts of weight, volurpe, num-
ber, and length are necessary for the invention of weights and
measures. So, too, is the concept of causality: .ﬁor, u'nless the
same procedure applied under the same cond.mons is recog-
nized to lead to the same results on all occasions, syst'ematx.c
measurement is meaningless. Other concepts suc'h as an invari-
ant space and time may be thought a priori to imply a hlgh?r
degree of sophistication. The development qf these concepts in
the individual has been studied by Jean Piaget, Professor of
Psychology at the Universities of Paris and Gcnev.a, from abput
1921 onwards. His work is of interest from two different points
of view. From that of the psychologist, a .anleedge. 01? the
normal process of concept formation in the mdmfiual is likely
to be of help in understanding the abnormal adult, in whom that
process has either not been completed or undergone fi devolu-
tion. From the point of view of the philosopher of science, the
origin of concepts which have been so widely used in science is
clearly important. Piaget has, in fact, shown that the space,
time, and causality of physics are all adult conceptions; and that
the conceptual apparatus by means of which the child orders
the world around him is of 2 much more naive variety than had
previously been suspected. From about 1939 onwards Piaget
has introduced new experimental techniques for studying the
development of specific logical, mathematical, and physical
concepts. But until about a year or two ago, this more recent
work was curiously neglected by other psychologists.

In his early work Piaget was largely concerned with investi-
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gating t ; ;
intelliggeﬁf Jflf’;i‘fs kinds of thought activity entering into the
he was not primag'l;r of the chllq. Unlike the intelligence tester
tion of their beh tly concerned in giving a quantitative evalua-
intelligence testj avioural outcome. For Piaget the method of
suffers from twou:ig fas 2 tool for investigating child thought
the conditions unde ects. The first is that the test questions and
character; the se CEWhICh the test is given are stereotyped in
lects the s’pontancon that the use of a fixed questionnaire neg-
the other hand cous answers of the child. Piaget’s method, on
and; resembles that of the clinical psychologist, since

he att .
empts to make the child talk freely, varying the question

accordi : . X
finding rtll%et:e;}sl; situation. He is also much more interested in
test questions Fns why children give the answers they do to the
to about 7 to 8 rom these researches Piaget concluded that up
eeaeoUlt 710 8 years of age,the child tends to think in a frag
children’s drawin . fto argue from particular to particular. In
understand the r gls, for example, where there is an inability to
the same whole niatlgns. of part and whole, pieces of one and
may draw an eye ?y ¢ juxtaposed. In drawing a man the child
to be. He has asl/soad(‘)f:;igSlde a head? or a nose where an ear ought
tic reasoning sinc lifficulty in coping with syllogistic and analy-
Further, chil dren'e 1t assumes the ability to select and eliminate.
and ten(’i o va ; concepts have a certain viscosity about them
Piaget ac wry}: roughout a reasoning process.
work by carrein ave noted has now followed up this earlier
development c)),f . 0;11 t detailed experimental studies on the
volume, time andS:C concepts as quantity, number, weight,
were childrer; agedp;,l ce. The subjects used in these experiments
menter performs in f to 12 observed individually. The experi-
jects, and they ar;n ;ont of them experiments on familiar ob-
find out how they i::: ed to predict their outcome. In order to
are put to them. Pia erpret these experiments further questions
tions into 1hrec; t st groups the answers to the various ques-
recognizes th Ypes according to whether or not the child
€ conservation of the concept concerned; whether

it be quantity, wei
! , weight, number, etc.;
to precise age-levels, They a{'e’-etc” these types are not restricted
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(i) absence of conservation (4-6 years on the average),
(ji) intermediary reactions (6-7 years on the average),
. (iii) necessary conservation (7- years on the average);
(ii) only occurs in some children; in others there is a direct tran-
sition from (i) to (iii).

THE CONCEPT OF QUANTITY

It .Will be of help to describe some of Piaget’s experiments. In
this way we shall obtain some idea of the new kinds of tech-
niques he has introduced into his studies of child thought. We
will start with a discussion of the conservation of quantity.
Two identical vessels A, and 4, are filled to the same level
with a coloured liquid (orangeade). The experimenter then
pours half of the contents of A, into a vessel B, and the other
half into a vessel B, both of these the same shape and size as 4,

Fig.1. (a) ii (b)iD QQ

Al Az AI AZ BI * BZ

()

(i) i‘ @

1 i
- !

G+rGQrG+ G
Fig. 2.

(Figure 1). The child is then asked if the quantity of liquid in A4,

which retains its original level and that in B, and B, (derived
from A,) remain the same. Young children (stage i) assert that
the quantities are now unequal; some note that the levels of B
and B, are lower than that of 4,, whilst others who note that th:’.
liquid is now divided between two containers, believe that B
and B, contain together more than A,. Children thus c:onceni
trate on specific visnal aspects; either on the number of con-
tainers, their level, or cross-section, and do not consider them in
re_la%ion to one another. The quantity of liquid increases or
diminishes for them according to the size or number of the
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COfltainers. They are unable to grasp that an increase in the
height of the liquid is compensated by a diminution in cross-
section, that these two quantities are inversely proportional.

Though children at the second stage affirm conservation, they

do not do so in every case. They may, for example, agree that
the liquid poured from A, into B, and B, conserves its quantity,
but they will hesitate if the same liquid is divided between four
vessels (C,, C,, C,, C,) or if it is poured from a vessel D into &
DBarrower vessel L (Figure 2). The child who accepts conserva-
tion when differences in level, cross-section are slight, begins 0
doubt it when the differences are greater. At the third stage
h°WeV¢_=r, he admits conservation in every case.

It might be objected that in the above examples the child has
Dot understood that the question refers to the liquid as a whole;
that in effect he simply compares one level with another; one
Cross-section with another, etc. But this, the objector may go o,
do?s n9t mean that the child is unable to make accurate quanti-
tative judgements, he merely speaks a different language from
us. He may not have the necessary vocabulary at his disposal to
““?ke this distinction. Nevertheless, Piaget points out, if the
Chd.d gives a correct reply when the variations are slight, but
hesitates when the variations are greater, he would appear t0
understand the question but is unconvinced that the quantity
always remains constant,

At}fli?:: ‘:‘;e:,th; concept of ‘copservation of quantity’ develop?
ticular visual eas;‘evcetssm'n’ such judgements depend only on par-
tainers, level , elthe.r the d{fferenCe in the number of con-
by the ’child '“(,); cross-section. This conception is only arrived at

en he is able to return to the initial state by an

inverse oOperation. For
€ . exam
the original state of the | § by pours wnows how o restore

B, into 4, For Piaget oduid by pouring the contents of B, and
teristic of thought and ;
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at the third stage the child spontaneously ass.erts t.hat §u°h pro-
cedures are always reversible. ‘Conservation’ ;mph.es what
Piaget calls the ‘coordination of differences’ (or proportmns),fc_)r
example, that the diminution in height of the lev.el of the }1quld
poured into B, and B, is compensated by an increase 1o the
number of containers. The child is now able to grasp the con-
cept of an invariant quantity of liquid; which in this experiment
is the logical product of the height and number'of comalnt.:ri,
or of height and cross-section. In other words, he is gble to thm
away the visual qualities and concentrate on the logical relation-
ships involved. Extensive quantification (as opposed to quégta'
tive judgements) begins when the child grasps that these differ-
ences compensate each other.

Similar experiments may be carried O
of modelling clay of equal size are shown
which he regcognyizes as containing the same amount ;)f cla;'f.
One of the balls is then flattened so as to take on the :,:(rilmit
either a pancake or a sausage. At first the child doe; nzomains
‘conservation of quantity’. He may say the pancd © the pan-
more clay than the ball, and the sausage more than tion in
cake, etc. At the second stage he recognizes cor;f'eziv:tage he
some cases and rejects it in others; finally at the thir

always admits conservation. . .
1t may be said that the experiments on liqufds ’a“d ﬂii;;:ﬁ
adapted to suggest the ‘principle of conservation” 0¥ 1 pre-
dren, since the division of continuous quantities int unflu rf; er
Sent a natural difficulty. To test this Piaget carried out 2 le. col-
Sefies of experiments with discrete quantities, for example, ¢
lections of beads. The two vessels 4, and 4: of the precedmg
€Xperiments are filled with beads. When the begdﬁ are poure
as before from A, into different vessels (B, Bs) similar m‘shape
and size, the identity ceases to hold for the younger children.
he experiment may be varied and the child may be‘asked to put
a bead in a narrower vessel L-each time the expenmen.tel‘ puts
one in the wider vessel D, such that two equal FollecthHS are
formed. Even though the child has established this term-tO-fel‘m
correspondence himself, the collections are nevertheless said to

How We Form Concepts

ut with solids; two balls
to the child, both of
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i): unequal when he observes that their levels are different.
1n?.Uy, h? z}fﬁrms conservation and justifies it by the concepts

gf reYersxbllity’ and ‘compensation’. He will say that if the

leeac}s'm Land Dare interchanged, they will retain their original
vels; anq he will at the same time point out that the increase in

level in L is compensated by an increase in width in D.

NUMBER

Z::elz?iybm which the child arrives at the notion of number is
lish a terzlnat new series of experiments; the child has to estab-
tions of ob-- 0t~term correspondence between different collec-
parallel to jects. For example, he has to form a row of glasses
of each bozlmw of regularly spaced bottles (one glass in front
take anothe ¢), or he has to put a flower in front of a vase. To
spread out (1; example, when a child aged 4 to S is asked to
spaced out rn 2 t?bl? as many red counters as there are in a
row of 1he sow ol six blue,cgunters, he begins by making a
criteria How2.\r,ne _;ngth, relying exclgsive]y upon perceptual
are Spa;:ed e er, 11 the counters forming one of the two rows
row with the prest. osed up a little, he will now believe that the
is asked to griater length contains more members. If the child
intervals of ?}I,a e the Tows equal, he may either increase the
new elements tz rto‘; which appears to him as deficient, or add
for him, they f()ll'l';’\ umber and space are as yet undifferentiated
correspondence h abpercelmml. Wwhole. But once the numerical
intervals of the r as been established it remains constant. If the
a heap, he will o g\\;lv are changed, or ?f the counters are put into
other words, the ch assert that there is no change in number. In
is aware tha’t th anges haye now become reversible. The child
tional to the § € increase in the length of the row is propor-

€ increase of the intervals between the counters, and

th t ~ lSlllIl the o Ilal nterv enta l xe-eStathh g
at re eStabl g Tigl
g L alS ntails

SUBSTANCE, WEIGHT, AND VOLUME
Returning to experiments on li

the child at about 7 to § acceptqmds and deformed balls of clay,

s the principle of ‘conservation of
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quantity’, which Piaget terms substance, but he will only agree
to the conservation of such concepts as ‘weight’ and ‘volume’ at
a later date. The first concept which differentiates itself from
that of ‘substance’ is ‘weight’. Children are asked to compare
the clay objects, the ball, the pancake, the sausage, etc., from the
point of view of their weight, i.e. whether they are heavy, light,
etc. Now children who grasp the ‘conservation of substance’,
still deny ‘conservation of weight’; they will say that the pan-
cake contains as much clay as the ball, but it is less heavy. The
notion of weight, Piaget points out, is difficuit to abstract from
its subjective components, since in objects of equal weight the
sensations of pressure are not always the same. Children are
surprised when they discover by means of a balance that. the
ball and the pancake weigh the same. ‘Conservation of weight’
only appears when these apparent variations are held to be
subjective.

Similar difficulties are found in the case of the notion of
volume. Water is put into a glass, and the level of the water is
marked on the outside. The child is then asked to predict what
will happen to the level if a ball is immersed in the .water. Be-
tween S and 8 years he does not expect the level to rise, and he
is surprised when it does, since he is unable to grasp that the
volume of the ball is added to that of the liguid. And this may
be observed among children who already admit the ‘conserva-
tion of substance’ and ‘weight’. It is still more difficult for them
to understand how a piece of sugar dissolved in water can make
the level of the water rise. Piaget points out that the ‘conserva-
tion of volume’ implies something like the concept of a general-
ized atomic structure; in this case, the permanence of little invis-
ible elements which separate out in the solution and retain their
independence, and this is only acquired after the age of 10. Con-
servation of substance normally appears at 7 to 8, conservation
of weight at 9 to 11, and conservation of volume at 11 to 12,

TIME, MOVEMENT, AND SPEED

Philosophers such as Kant have believed that the categories of
space and time were immediate objects of an a priori intuition.
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Piaget proceeds to see whether
these concepts have gone thro
ment. Has the child an immed
Kantians the abstract concep
relatively late stage in the ch
mains confused with space. P
series of experiments,

For example, two dolls on a table are made to move along
two equal parallel lines at different speeds; the slower of the
two continues to move a moment after the faster (which has
Passed it) has stopped. The child will deny that one has taken
longer to travel through the same distance than the other. He
will say they have taken the same time, since the fact that the
distances are equal tends to mislead him. The child is unable to
differentiate distance run through from time. This only becomes
possible when he is able to extrapolate conceptually the move-
ment of the faster object, noting that it would have gone past
the slower one if it had not stopped. Similarly, if equal quanti-
ties of water are allowed to run into two differently shaped
vessels (one pear-shaped and the other spherical), though the
child has observed that the recipient vessels have started and
completed filling at the same time, he will, nevertheless, dis-
believe that their time of filling is the same. If the level of the
water in one vessel appears higher than the other, he will assert
that it has taken longer to fill. The child will only be able to
estimate time objectively when he no longer judges it simply
by the increase in the level of the water, but by the increase in
level in relation to the dimensions of the recipient vessel; in

other words, when he is able to multiply logically these two
variables.

But it may be said, have we nota
independently of our construction
to Piaget, our everyday notion of ti
way. The child at first confuses t
height or other visible signs of a
thought of as constants,
born at a later date tha

this is really the case, or whether
ugh a similar process of develop-
iate intuition of time? Despite the
t of time would seem to arise at a
ild’s thought, since time at first re-
iaget demonstrates this by a further

n immediate intuition of time
of physical time? According
me is constructed in a similar
he notion of age with that of
geing. Age differences are not
the young can overtake the old. A child
1 another may outpace him if he out-
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and a
grows the latter. If the growth of two trees (:l.]ge- :lr:iliipgiiell state
pear tree) is represented by drawings, thenl tree is younger to
that the pear tree planted later than the apple ill become older.
start off with, but that if it grows more 1t wlhildren evaluate
Piaget’s experiments further show that youn%t 0 actions occur
the time of their own actions by work done. 1 r: rapid than the
in two equal periods of time, but one is mo to occur. Older
other, children will say the formc?r ta!ces longeiS by distinguish-
children are able to correct their time ju}igemgl;'ective time also
ing between subjective and objective time. BT (5 wility
assumes the concept of reversil?llnty, since 1t 1
to teverse the course of erenfhl:r;l;?;ggitz;get proceeds to study

ince time has a complex ed, since he
thes nmgre concrete notions of movem.emt : ?:esnp;ﬁons of time
thinks that psychologically they ate BT 0T & 0 0 tuition of
fmd A Conbs'l::tl;nf]z:;eeszgﬁel’to each other, the fastert \:;E
;:se: ctjh;eﬁci::eoroB{Jt since for the child speedt;em;elgisni?n); o
) i sees the
roated to the S}I:acli:tu &;hrl;os?gol;’tl?feh;aths '(which are ur}l]eq?v?/lc:
e ok the piil S’c:ardboard tunnels, he wx_ll say thgt :he -
are made un ; ' ame speed (Figure 3a). Snml!arly, in theOu :
objects l:l%l'Ve t et:S. for example, when one object runs hr ugh
o tw%vxsxfbletg:ngl; whilst the second (faster one)drur::i rt‘ ( :: ‘i .
the othor tura sdes oo that they reach the outal (Fi are 3b). OF
i heir speeds are judged to be equal (Fig ile]
same time, thei ample, if two objects move along two ;f)fa !
to t.a.lke anosber e):j the fz;ster one coming frf)m further off oc\l/e :
praight paths, an d both stop at the same tlme_, he ?galn judge
:;kets the;::;: :: equal. At a later date the child will, however,
e two s :

@ %’ m’

0N ©)

Fig. 3.
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be able to rectify his evaluation of ‘speed’, since he will now
grasp that the faster object would have gone past the slower
one if it had not stopped.

IDEAS ABOUT SPACE

We come now to consider space :
intuition or doeg it, too, arise as a r
ment? Historically,

is it given to us as a simple
esult of a process of develop-
Piaget points out, geometry has developed
in several stages. First there arose classical three-dimensional
Euclidean geometry, later projective geometry, and finally topo-
logy. Piaget finds that the development of the ‘concept of space’
is made ia the child in the reverse order. He starts with purely
topological notions, continues with projective notions, and fin-
ally arrives at those dealing with the shape and size of the object.
At the age of three the child can, for example, distinguish be-
tween open and closed figures. If, however, he is asked to copy
acircle, a triangle, or rectangle, he draws in each case a similar
closed figure (Figure 4). The child can do this before he can
draw a rectangle and express its Euclidean characteristics (num-
ber of sides, angles, etc.). Piaget points out that, curiously
enough, the psychological order of development is much closer
to modern geometry’s order of deductive or axiomatic construc-
tion than the historical order of discovery was.

@O AD maQ

Fig. 4.

In projective space, one is concerned with linear transforma-
tions. At first the child has difficulty in representing a straight
line. Later on, if he is asked to arrange a line of matches (stuck
in little blocks of plasticine) diagonally across a table, he may
start building the line parallel to the table’s edge, and then pro-
ceed to change the direction and form a curve to reach the other
end. After the age of 7 the child grasps that the projective reja-
tionship depends on the angle of vision, and he may actually
sight along the line to see whether itis straight. If a child is asked
to draw a pencil tilted at different angles, as he actually sees it,

21
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; : th,
he asserts at first that he always sees it as hgvmgtﬂ:: s;afm :é:?rgs is
and indeed always draws it thus. A sxmxl.ar s athe adow of
observed when he has to predict what will bi is projected on
the pencil (tilted in these different ways) when 1t1s p
the wall. ; im to

The following experiment is used by ngﬁgléoi: S:at:leii};acing
study the coordination of perspectives. The chi ntains of differ-
a rough model formed by three ca‘rdbogrd rlnoile is required to
ent colours and heights, arranged in a triang e.ntains to the left,
understand how a doll moving round the mo‘; d he has to select
behind, to the right of the model sees them, a different points of
from P’tmtographs of the model (t_aken fr;)m it of view of the
view) that photograph corresponding to t ed}')scover the point of
doll. Or conversely, given a photograph to hl child is incapable
view from which it has been taken. At ﬁhrét ;\:n since he has no
of imagining a perspective Othef t.han o n qt;ility to conceive
conception of perspective, as Ih.lS implies z'i_ ‘tied to their own
other points of view. Small children rem‘;:g have previously
particular point of view, oot t?t?eufgikti s:’ys, the same thing
'walked round (hT.t:ebl:ilinr:\ozit,ains as he sees ﬂ}em are ‘tie
mount 'at ar;ythpe; re’ally are’. He learns little by lltfﬂehtac:'n}?hiz
:;fautli’(:i;?sjidgements, ‘this mountain is x‘n iror:;k(; atccou’nt of
behind that’, etc. Finally, he becomes ?bde rioht and left, etc.)
sgveral relations at a time (before, behin ’*n ff p’?rspectives.
and to coordinate them into a.general SySt'et" n ofispace. In the

This brings us to the metric representa l01 and vertical axes,
adult this results from a system of horizonta To study its de-
which seem to be based on postural .rcﬂexes'ﬁments. After the
velopment Piaget performs the following expe an inclined test
child has been shown the level of the water;] d drawing. For
tube, he is asked to draw its Jevel on a S‘an}' A; arallel to the
quite a lengthy period of time he dl.,aws 2 hre) discovers by
bottom of the tube; and he is surprised Whe;jl the water that it
being made to hold a pencil to 1he.sm"face N ther words, the
remains ‘stationary’ when the tube is tilted. In 0n ndependent
child has not yet constructed conceptually a
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horizonta] plane. Similarly,

H wi : . .
1s made to draw men, trees uh the vertical plane, if the child

tain, he represents them e hoqses, on the slope of a moun-

of the soil. The o as perpendicular to the inclined surface

axes is not therefops eptpal' system of horizontal and vertical

a5 the resalt of a primitive property, but arises once again
a compiex coordination of relationships. ¢

CONCLUSION

A frequent objecti ; ,

Statistics. It i (J) f‘::;ogsf(o :naget s work is the absence from it of
mented on. and ed how many children has Piaget experi-

differont »and on how many different groups and in h
places have his experim od. Pinnat
method is, of course. th periments been repeated. Piaget’s
than the statistiog] | » the intensive study of a few cases, rather
ber of cases. bu, aevlerr!)ve;ngat.xon of a few traits in a large num-
children 11 ;s ot tt en his stu.dles cover many thousands of
his results have wot 1as far as his early studies are concerned,
cates that fumha, always been verified. Obviously this indi-
obiection thar rat.work ne.ed.s to be done on these lines. To the
(han he at o+ (;on'al acm{zty is found at a much earlier stage
telligent activiii. mitted, Piaget now distinguishes between in-
Joung child ooy shas they occur. on a behavioural level in the

As Bt o B the later operations of conceptual thought.

have not. as o r;:ore recent work is concerned, psychologists
having n’xade ¢ have seen, taken much notice of it, let alone
would bo i ﬁa\ny attemgt to rey:)eat his experiments. Piaget
mote e “13 rst to .admlt Ehat his work needs to be regarded
mentati pi c:; ex'per'xmefxt, in V{hlch considerably more experi-
o an th‘mkl'ng is reqqxred. He has at least traced out
ines of investigation on which we should proceed if o
to obtam.a picture of child thought. And Piaget conte “(’; o
:l‘;lic:kiin investigation may help to illuminate not on;1 y :ihat
g but also pathological thought. Some of Pj 'y adult
recent researches have already found an applicati e e
. of .mc’entany deficient children. The degree of et the study
child’s capacity to form such concepts as l?:aar::'r:‘em of the
ity,

volume, etc., gives a measure of his degree of mental d weight,
€

fect.
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FINDING oUuT ABOUT
FUNDAMENTAL PARTICLES

R M. TENNENT

SoME of the m

ost interesting ressarch of the past decade has
been Concerned

with the nature and behaviour of the constity-
ents of atomic nuclei, In the carly 1930s, the cxistence of the
proton, the neutron, and the electron was established and it was
known that an atom was made up of a combination of protons
and neutrons forming the nuelens, with sufficient electrons
circling round the aucleus to balance the electric charge. Pro-
tons, neutrons, and electrons are household words now and may
frequently be met with in the course of popular reading.
Reccmly, new words - ‘meson’ apd ‘hyperon’ - have been added
ta the scientific jargon creeping into common usage. Let us clear
Sur minds as to these diffesont particles and then see how the
hard-won information on the subject of ‘Particle Physics' has
been acquired, .

Table I on page 26 shows a list of the established fun.da‘
mental particles with their characteristics as knmfm at the time
of writing, Ignoring, for the moment, the neutrine, there are
twelve particles with masses ranging from the electron with
mass { unit, throngh the mesons and oucleons to the hyperons
which are about 2,300 times as heavy as the electron, As far as
is knowe, the proton and neutron are the “bricks” with which
nucle are built, while the mesons form the ‘mortar” which holds
them together. There is evidence that the hyperons are excited
aucleons, that is 10 say, nucleons which have more energy than
they can confain for any length of time.

The most fruitful source of fundamental particlas bas been
the cosrpic radiation. The Primary cosmic radiation consists of
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: i Wi hese fast-

energetic protons, and heavier at?mxc nucl;:x. w?t??ythit e
moving particles reach the earth’s atmosp creé hyperons. The
of nitrogen or oxygen and produce mesons z;n 'nifir::! radiation
secondary particles travel on in the pgth 'of the i ition which
and a chain of events is set up resulting in the ra
strikes the earth’s surface, . ; at

then it ivas known, from observations on ;Ds’:;ri\i? yriut:lllei,
fesons were produced when p;‘ot.ons sm;:f awhich wouid
efforts were directed towards bmld!r}g mfaC ,[;:s process. As a
accelerate protons to energies sufficient ?r lable in various
Tesult, artificially produced mesons are ‘zvaof America. The
laboratories ~ mostly in the United St?wsro rtional to the
energy required for meson production lsdpcecpi‘loL-m‘:sons {the
mass of the meson wanted. Artificially prO‘ uears now, and pro-
lighter ones) have been available for several y gssible’ with the
duction of X-mesons has recently become p
latest erators. roton

All zti}?e:eil’und;)menml particles are unstablctex:;;ltﬂi;g:ﬁ%“dy‘
and the electron, This means that they ca‘n;:Oa fnean (ifatime of
but change their natute. The neutron wit articles (apart, of
13 minutes is the longest-lived of these g other end of the
course, from the clectron and proton). AF t fe r about 109 sec.
scale are the K-mesons which can On,xy ex{:t't(i)nust be to gather
before decaying. We see then how difficuit i 1 as 10 be iavisible,
information about particles which are so sma oans 1o impossible
are so light that weighing them by ordinary mf microseconds.
and which exist only for times ofﬁ\e orqi’-; ims of matter can

Fundamental particles being ‘simple ?rh t is, if the five
be described in terms of five constants. Tha the provide
constants of a particular particle are ?mo'wg’haviiur under
sufficient data for a prediction of the particle’s ed easure the
most circumstances. It is meaning{ess 1o try an h“;e concepts
shape, colour, or texture of a particle, becaus"j t :berg uncer-
have no significance in a realm Wher? the Heltseconstams are
tainty principle holds sway. The five 1mpor‘a(? cay, spin, and
Mmass, electric charge, mean lifetime before le : y;,scarch has
Wagnetic moment. A large proportion of physical r



TABLE 1: Characteristics of the Established Fundamental Particles
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been devoted to finding the values of these quantities for the
different particles which exist.

The mass of a particle is akin to its heaviness. It is measured
in grammes or, more commonly (as in Table 1), in multiples
of the mass of the electron. The fundamental particles have
been divided into groups according to their masses. Thus there
are electrons, L-mesons, K-mesons, nucleons, and hyperons.
Within each group there are particles with different masses.
Cosmic-ray particles frequently travel at speeds approaching
that of light so that their masses are increased, as predicted by
the Special Theory of Relativity, because of the great energy
they have. The mass of a particle travelling at speed v is
m,/ vT=v?/¢ where ¢ is the velocity of light and m, is the
mass of the particle at rest, commonly called its ‘rest mass’. On
this account, mass measurements made on particles travelling
through the detector at great speeds are usually converted to
yield rest masses, as the mass of a fast-maving particle has no
meaning unless its velocity is known.

All the fundamental particles have either unit charge or zero
charge. The charged particles can usually exist in both posi-
tively-charged and negatively-charged forms. It has been shown
that the charges carried by the different particles are equal (with
very small limits) to that carried by the electron. The magnitude
of the electronic charge is known very accurately from experi-
ments made by R. A. Millikan in 1917.

The mean lifetime of a given particle is the average time for
which particles of that type exist before decaying. Unstable par-
ticles may be imagined as parcels of matter which have been
insecurely tied up. It is only-a matter of time before the ‘string
will break’ and the parcel burst asunder — or the particle decay.
The time before the decay occurs follows an exponential law;
that is, the probability of the decay occurring between times t
and ¢+ 8t is proportional to 8t.e—#/T.. The average time before
decay is T, which is the mean lifetime of the particle as already
mentioned. Once again, the special theory of relativity tells us
to be careful if the particle is moving quickly. At a velocity v,
the mean lifetime of a particle is increased to T,/ 1—v*/c.
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The lifetime of a particle is thus increased in the same ratio as its

mass, and as with mas ifetj i
oS, ses, lifetimes are quoted fop the particle at

des?ribe how these measurements have been
plain the principles which are involved.

The two pieces of apparatus which have proved most helpful

cloud chamber and

in favourable cases, yield information ab
produced the tracks,

Recently great interest
made on particles which d i
type, measurements can he
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two parts, The total mass of the two parts will equal that of the
original part and their total energies and momenta will also add
up to those of the original body. It almost seems a matter of
common sense! In the case of a fundamental particle decaying,
the laws are slightly complicated because the laws of mass and
energy are not individually true. A fundamental particle always
decays into particles whose total mass 1s less than that of the
parent particle. The mass which is ‘lost’ is converted into energy
which is imparted to the decay products, causing them to fly
apart. The total amount of energy-plus-mass is thus conserved
although mass may be lost and energy gained. The most con-
venient unit of energy is the electron-volt (eV); that of momen-
tum can be expressed as electron-volt/ velocity of light (eV/ c).
For particles of high energy, momentum and energy are, in these
units, nearly equal numerically.

The law of conservation of momentum has interesting con-
sequences. Suppaose a particle decays at rest into two other par-
ticles which move away from the scene of the decay with energy
provided by the ‘lost mass’. The tracks of the two decay products
must lie in a straight line, because if they did not they would
have a residual resultant momentum and the conservation law
would be disobeyed. Similarly, if a particle decays at rest into
three other particles, the tracks of the three decay products must
lie in one plane. Where there are only two decay products, they
must have a given total energy (equal to the lost mass) and yet
their momenta must balance. There can be only one solution to
this problem, and so if only (wo decay products are produced
they must each have a unique energy.

The laws of conservation of charge and angular momenta are
complicated by the existence of negative charges and spin. The
total charge or spin after decay must equal that before decay.
Thus a positive r-meson which carries + 1 unit of charge decays
into three z-mesons each carrying a single unit of charge, but as
one of the decay products is negatively-charged, the total charge
of the decay products is +1 +1 —1= -+ 1 which is the same as
that of the parent particle. The magnitude of the r-meson’s spin
is not known, but spin of the 7-meson is one unit, so it is possible
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that the spin of the r-meson is three units if all the decay pro-
ducts are spinning in the same direction; though it is more likely
to be one unit, in which case one of the decay products would
have to spin in the opposite direction to the others,

The assumption of the conservation laws has led to the postu-
lation of a fundamental particle called the neutrino, which is a
?article having zero rest-mass, and a half unit of spin’. It was first
introduced to provide spin and momentum balance in the cases
where nuclei decayed radioactively with the emission of elec-
trons. It has also been useful in reconciling the decay of =- and
p-mesons with the conservation laws. As an example, consider
the decay of the y-meson. The electron, which is the 01,11y visible
product, can have any energy between zero and 55 MeV. This
spows_ us that there must be at least two other decay products,
since if there were only one the decay electron would always
have the same energy. The maximum energy which the electron
can ta!(e also shows that the combined mass of the neutral pro-
duct‘s 18 very small. The only known particle having these pro-
perties is .the neutrino, and accordingly the decay scheme of the
p-meson is written as follows :

i pE—>etpugy,

It fmght have been argued that an alternative to the two
neutrinos would have been two photons (i.e. v-rays). This possi-
bility has been investigated experimentally by searching for
electron pairs caused by the materialization of the y-rays. None,
however, have been found.

From the above discussion it should be clear that the decay
scheme of a fundamental particle is of great interest, and that
a knowledge of it often leads to a better understanding of the
properties of the parent particle. To find out about the particles
concerned in a reaction, measurements must be made on the
tracks observed in the cloud chamber or nuclear emulsion in
which the reaction tock place. If suitable measurements are
made, it is possible to determine the momentum, energy, velo-
city, and rest mass of the particles which caused the track,s
. A charged particle travelling through a medium ma;I be
likened to an iron cannon ball fired through a forest of mag-
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netic trees with magnetic leaves. As the cannon ball passes near
a tree it will attract the leaves and some of them may be broken
off their parent tree so that the path of the cannon ball is marked
by a trail of falling leaves. If the cannon ball passes particularly
close 10 a tree, it will be attracted to the tree and be deflected
from its course so that the path of the cannon ball will not be
straight, but sinuous. If the cannon ball actually hits a tree, the
tree will be split up into fragments.

All these effects happen when a charged fundamental particle
is travelling through a medium containing atoms; their results
can be seen in cloud chambers and emulsions, The trees are the
atomic nuclei which are relatively heavy, while the leaves are the
electrons which are travelling in orbits round the nuclei. A trail
of free electrons is left in the path of the particle, which is not
straight because the particle is ‘scattered’ by nuclei. Occasion-
ally a particle registers a direct hit on a nucleus, causing it to dis-
integrate as discussed by P. E. Hodgson in Science News 33.

It is the trail of free electrons which render the path of a
charged particle visible in a cloud chamber or photographic

-emulsion. In a cloud chamber, the electrons and the ionized

atoms (atoms with one or more electrons missing) form centres
on which water drops can condense when the chamber is ex-
panded. The number of ions formed by the particle in its passage
through the chamber can be determined by counting the water
drops produced in track. In a photographic emulsion, the elec-
trons, set free from their atomic orbits, form centres for the
growth of grains of silver, which can be developed. The process
is more complex than that which takes place in a cloud chamber,
but the number of grains produced in a track is related to the
number of ions produced by the particle in the emulsion.
Returning to the cannon-ball analogy, we can see that if the
cannon ball is travelling very fast, it will hardly have time to
affect the leaves or be deflected by the pull of the trees, and we
must expect the trail of falling leaves to be sparse and the course
of the cannon ball to be nearly straight. This is true of particles,
and it is found that the ionization produced by a particle, and
its degree of scattering, both depend greatly on the speed of the
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partxcle. The act of ionization slows the particle down so that
it eventually stops. The range of a particle in a given medium
depends on 'lhe energy it had when it first entered the medium
An.exammation of a track-in a cloud chamber or photol
grap}nc emulsion can sometimes tell us something about the
partlcle which produced it. The research worker is Tike od t
tive examining footprints in the snow: he may be able toz:i ; oo,
from tl}e trail of footprints, how fast the person who mad: tl;f::l’
was going aqd how much he weighed. The ionization produced
b_y a paxtucle is a function of its velocity, while its ran eli)s fu ¥
Flon of its energy and its mass, and its scattering is agfunc{tii UHCE
{ts energy. Measurements of any two of the three qu :)'rt)'o
ionization, range, and scattering, enable one to deduc:el I;m : 1’35’
of tl:e ?atrtlcle which produced the track. A further m]eea;jl‘::s
ment of importance in cloud cham ok i i ¢
the path of a charged particle in a rr?:gfn‘::vgél;i:dm;hbe‘?(?‘g °§
curv.ature of the path is proportional to the mor.r\ente o uflsi(l)
particle, and may be used in conjunction with on;a ofutrkr: ¥ ltl ;
m(;vsus;rements mentioned above to yield mass values s omer
diﬁer;?c en:)eez::lereme}xllts are to be made on tracks, the great
o otence bel ev;adn t -e cloud chamber and photographic emul-
R lare domes V€ e(r;l. The cloud chamber is generally speaking
S0 orecto i’n il the tracks obs;rved in it may be as much as
donsity. Thee Whingth. Thg gas in the chamber is of very low
takearelative’l 101 ca particle entering a cloud chamber will
(0 Stop in the c)}') ng time to traverse the chamber, it is not likely
it and for & o arln er becau§e there are so few atoms to retard
ozher }’\and Whml ar reason, its scatter_ing will be slight. On the
el the 10;1g u::; kthe d]?u‘d charpber Is operated in a magnetic
o measurement‘s s make it possible to perform accurate curva-
The photographic emulsion h i
time§ greater than that of the g:ss ; (ziiegls:uydacbhom " (housand
particles Fraversing an enlsion will be scatt g S that
down noticeably. Emulsions are usually ver e nd sloweFl
son, and especially are thin, so that the trac}l;sS rcr)]l?“ o ompart
dom more than 1 centimetre in length and meassz‘t::n?sr ?nsi;
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be made with the aid of a high-powered microscope. The small
size of an emulsion means that in spite of its great stopping
power particles are still likely to escape before coming to rest in
the emulsion and take a much shorter time to traverse it than a
cloud chamber. Magnetic curvature measurements are not
usually profitable because, in such a short distance, the change
in the direction of the particle caused by magnetic curvature is
often less than that due to scattering.

The different characteristics of the two detectors have led to
two broadly different lines of research taken by their respective
advocates. Cloud-chamber workers have concentrated on in-
vestigating lifetimes and decay schemes of the shorter-lived
particles, especially the neutral ones, while emulsion workers
have concentrated on finding the accurate masses and the decay
schemes of the longer-lived mesons.

A particle travelling at half the speed of light will take about
7 % 10~ second to travel one centimetre, so that a particle is
unlikely to decay during its passage through a nuclear emul-
sion unless its lifetime is of this order. On the other hand the
same particle will take about 3.5 x 109 second to traverse a
50-centimetre cloud chamber. The heavy mesons and hyperons
have mean lifetimes of about 10~ 10 second so that their decays
are commonly met in cloud chambers. On the other hand, par-
ticles such as #- and u-mesons with lifetimes of 10-8 to 10~
second will pass right through a normal cloud chamber before
decaying, so that the only chance of observing the decay of such
particles is by slowing them until they stop in the detector. As
the density of a cloud-chamber gas is so small, it is difficult to
slow particles sufficiently to stop them, and L-meson decays
have been studied most by arranging for them to come to rest
in nuclear emulsions. Recent developments have made cloud-
chamber and emulsion techniques overlap in a most satisfactory
way.

MASS MEASUREMENTS

The masses of the electron and proton have been known a long
time. The mass of the electron was originally found by 1. 1.
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Thomson, who used a piece of apparatus similar to the cathode
ray tube in a television set. A stream of clectrons was directed
on to the screen and the beam could be deflected by an electric
field and by a magnetic field. A measurement of the two deflec-
tions could be used to determine the specific charge (i.e. the
ratio, charge/mass) of the electron. An independent me‘a;ure—
ment of the charge was made by R. A. Millikan and the results
were combined to give the mass of the electron, Refinements of
the technique have resulted in a greater accuracy
is found to be (9.1085 +.0006) x 10~ g, ’

A similar method was developed by Aston for measuring the
masses of the proton and other atomic nuclei. A description of
Aston’s mass spectrograph was given in Science News 2. Re-
cently the masses of the proton and neutron have been found
very accurately from a measurement of the energies released in

_ certainnuclear reactions. A recentreview of the atomic constants
quotes the mass of the proton with an estimated error of one
part in 40,000. The accuracy of proton and electron masses en-
ables them to be used as standards of comparison for other
particles.

The masses of 7- and yu-mesons were first determined from
range and ionization measurements made on cosmic-ray mesons
observed in cloud chambers and emulsions. When z-mesons
were first produced artificially in the Berkeley accelerator
accurate mass measurements on the mesons produced were con-,
sidered a vital part of the research programme. The z-mesons
were produced by bombarding a target with fast protons; and
mesons of a given momentum were selected by defining ’their
trajectory in a known magnetic field (Figure 1). Slits were
arranged in such positions that mesons which passed through
them could enter a photographic plate. The slits lay on a circu-
lar path of known radius and so the momentum of a meson
which would take up a path of the right radius in the field which
was applied could be determined very accurately. The detector
was a photographic plate which the =-mesons entered at a glanc-
ing angle so that they came to rest in the emulsion. When the
plate was developed, the mean range of the mesons in emulsion

and the mass
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could be formed and compared with that of protons of known
momentum. In this way, the mass of the =-meson was compared
with that of the proton. In a later experiment, the z-meson was
used as a standard of comparison for the y-meson. The accurate
mass values so obtained have been useful in determining the
masses of heavier mesons.

Proton Target

beam %
Meson
beam

~i&—Slits
’I
I’

Detector 34 %

Fig. 1. Diagram to illustrate the production of m-mesons in the
Berkeley accelerator.

When a heavy meson decays into known secondary particles,
the sum of their energies and their masses is the mass of the
parent particle. This fact has been used with great effect in deter-
mining the mass of the r-meson, the #-meson and the A° par-
ticle. Once the nature of the decay particles had been estab-
lished, it was merely a question of finding a suitable event and
measuring the energies of the decay particles. This method of
finding masses has come into particular prominence since the
use of stacked emulsions has become widespread.

An ‘emulsion stack’ consists of about twenty or more sheets
of unsupported photographic emulsion, which are clamped to-

- gether and exposed to the cosmic radiation usually on a balloon

flight. After exposure, the emulsions are fixed to glass plates,
and developed and inspected separately. If a meson decay is
observed in one of the emulsions, the track of a secondary par-
ticle can be traced through from one emulsion to the next until
its end is reached, or it leaves the last emulsion. In this way the
disadvantage of the ordinary emulsion’s thinness is overcome
and the detector has the advantage of a fairly large size coupled
with the stopping power of the ordinary emulision.
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Undoubtedly, the most accurate way of measuring the energy
of a particle is from its range in a known absorber. Previously
a number of heavy meson decays have been discovered in
photographic emulsions and the masses of the primary particles
estimated by adding the masses of the secondary particles to
their energies as measured by ionization or scattering measure-
ments. Now that stacked emulsions are in use, however, the
secondary particles can be traced through from emulsion to
emulsion, and there is a much greater probability of finding the
ends of the tracks and measuring the ranges of the particles. This
has resulted in greatly increased accuracy, so that for instance
the mass of the A® particle has been found to one part in a
thousand. '

In an attempt to obtain stopping power when using a cloud
chamber, Professor Leprince-Ringuet’s group at Paris have de-
veloped a double cloud-chamber system. Two cloud chambers
are placed one above the other; the upper chamber is in a power-
ful magnetic field while the lower chamber contains a series of
metal plates. A charged particle which travels through the upper
chamber takes up a curved path in the magnetic field and its
momentum may be measured. If it comes to rest in one of the
horizontal plates in the lower chamber, its range in the material
of the plates is then known, and iis energy may be deduced.
From the combined measurements, the mass of the particle can
be found fairly accurately. The results obtained so far are very
interesting and may indicate the existence of yet another meson.

When it is required to measure the mass of a particle which
does not come to rest in the detector, use must be made of ion-
ization measurements combined with curvature measurements
(in a cloud chamber) or scattering measurements (in a photo-
graph.ic emulsion). Ionization is measured in cloud chambers by
counting the number of drops of water which condense to form
the track of the ionizing particle. It is a tedious job though, and
unless very special precautions are taken,does not yield accurate
results. In an emulsion the number of developed silver grains in
the track are counted and great accuracy is attainable, A typical
track would have 300 grains per millimetre of track, so that the
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error due to random fluctuations can be reduced to a few per
cent by counting, say, 3 millimetres of track.

Errors due to uneven development are very much more
serious, and it is usual to make measurements only on plates
which have very low distortion and are evenly developed. Even
then, careful calibration is necessary if results of grain counts
are to be significant.

Curvature measurements are made on tracks recorded in
photographs of the cloud chamber. An image of the track may
be projected on to a screen through a special prism which can
be adjusted to compensate the curvature of the track. The degree
of adjustment required gives the curvature of the track. Alterna-
tively the photograph is examined under a low-powered micro-
scope and measurements of the coordinates of the track are
made from which it is possible to calculate the curvature. In a
well-adjusted cloud chamber measurements of momentum may
be made on tracks with momenta as high as 2 x 10"°eV/c.

In photographic emulsions, scattering measurements may be
made with great precision by plotting the coordinates of the
track. The track is first aligned with the direction of the stage
motion and then it is measured by moving it across the field of
view in steps of say a millimetre and making successive measure-
ments of the displacement in a direction at right angles to the
direction of motion. If a straight line parallel to the motion were
examined in this way, the displacement would not change; or
if the line were inclined to the direction of motion the displace-
ments would increase or decrease uniformly. Scattering of a
track has the effect of causing variations of the displacements
which can be determined from the second differences of the
readings taken.

For tracks which are so energetic as to be very slightly scat-
tered, the ‘scattering’ of the microscope stage motion must be
taken into account. This effect is known as the ‘noise-level’” of
the stage. Several microscopes have been produced recently in
which the noise-level is greatly reduced by the use of kinematic
stages of special design. Even so, some cosmic rays produce
tracks so straight that po scattering can be observed. These
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tracks caused by particles of tremendous energies are probably
th; closest approximations to a perfectly straight line which
exist. ,

Measurements on tracks radiating from nuclear disintegra-
tions by ionization-scattering methods have established that
both light and beavy mesons are created in these minjature
explosions. It is likely that the increasing use of emulsion stacks
will permit more accurate measurements on the longer tracks
available, and will lead to further discoveries. The main problem
in this work is the great time and patience required to produce
results. The measurements take a long time and require skilled
personnel; even the labour of finding events to measure is crip-
pling unless a large team of trained scanners is available.

LIFETIME MEASUREMENTS

The mean lifetimes of fundamental particles are very short, so
that measuring the time before the particle decays is very diffi-
cult. Straightforward timing techniques are now capable of
measuring times of the order of a few millimicroseconds
(10~ sec.), but even this is not short enough for some funda-
mental particles. Physicists have got over this difficulty in some
cases by measuring the distances travelled by particles before
they decay. In this case, while the time is very short, the particle
is travelling so fast that it can cover a measurable distance
before it decays.

The mean lifetime of 7-mesons has been measured by allow-
ing a beam of artificially-produced mesons to pass through three
fixed counters and a fourth which could be moved (Figure 2).
When the fourth counter is near to the other three, mesons pass-
ing through them are likely to pass through the fourth counter.
As the scintillator is moved farther away, the mesons have more
time in which to decay while travelling between the third and
fourth counters, and the number of mesons detected decreases.
From the rate of decrease with the distance between the third
and fourth counter, the lifetime of the m-mesons could be found.

Recer.ltly, the mean lifetimes of 7- and u-mesons have been
found simultaneously by allowing positive 7-mesons to decay in
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Fig. 2. Arrangement of counters (C,, C,, C, C,) used to determine
the mean lifetime of #-mesons.

a large liquid scintillator. The passage of a charged particle in
a scintillator produces a flash of light which is converted into an
electrical impulse by means of a photomultiplier. With suitable
liquids these pulses can be made very short so that accurate
timing is possible. In the experiment, the pulses from the photo-
multiplier caused by the z-meson as it entered the scintillator
produced a flash of light which was followed after a time equal
to its lifetime by another due to the secondary u-meson which in
turn was followed by a third due to the u-meson’s decay elec-
tron. The average time between the first and second pulses gave
the mean lifetime of the z-meson and that between the second
and third pulses the mean lifetime of the u-meson. Direct tim-
ings of such short intervals have only become possible during
the past three years with the introduction of rapid-response
photomultipliers and liquid scintillators.

The general technique of lifetime measurements in cloud
chambers has been difficult because the interesting particles are
so rare and so difficult to identify with certainty, The clarifica-
tion of ideas which arose from the Bagneres conference has led
to the establishment of the decay schemes of the A° particle and
the f-meson and analyses of these events observed in the Man-
chester University cloud chambers have been carried out.

The decay of a neutral particle in a cloud chamber is observed
as a pair of tracks originating from the point where the parent
particle decayed. The track of the parent particle is of course
invisible, so that the event usually looks like an inverted V. For
this reason the parent particles were often described as V-par-
ticles in the early literature. From the measured momenta of the
decay products, the momentum and line-of-flight of the parent
particle can be calculated if its nature is known. The momentum
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and line-of-flight can be translated into the time between enter-
ing the chamber and decaying. In this way, a series of photo-
graphs of decays can be used to determine the mean lifetime of
the particle. Two precautions must be taken in measurements of
this sort. First, the time dilation due to the velocity of the par-
ticle must be taken into account. As already mentioned, the life-
time of a particle increases with its velocity, so that the proper
lifetime of the particle must be calculated in each case before
averaging the results. The second precaution concerns the finite
size of the chamber. A particle will take a finite time to traverse
the chamber, and so the particles which take longer than this
time to decay will not be observed in the chamber. This means
that lifetimes measured by the method outlined above will be
shorter than the true value because of the long-lived examples
which have escaped from the chamber and have therefore been
omitted from the analysis. This effect can be allowed for
theoretically if the distance that each of the particles could have
travelled in the chamber, had it not decayed, is measured as
well as the distance it did travel before decay.

The lifetime of the neutral m-meson has presented a difficult
problem because it is so extremely short. Cases where a 7°-meson
has been emitted from a nuclear disintegration and has de-
cayed directly into an electron pair and a y-ray have been
measure_d. in nuclear emulsions. The distance between the centre
of the disintegration and the start of the electron pair is usually
very short _(abO}lt 10 microns), so that observations of this so:t
are 1m'p0531b1e in a cloud chamber and only just possible in an
emulsion when the #°-meson emerges at great velocit th
the time dilation is noticeable 1y so that

One final measurement of great interest is that of the mean

lifetime of the free neutron. The neutron deca i

the scheme 71— lecays according to
P+e+v. Robson working in Canada has

counted the number of decay electrons in an intense beam of

neutrons from a nuclear reactor pile. From a study of the varia-

tion of the number of electrons with the intensity of

beam he has found the mean lifeti feiey of the neutron

ime of neutrons.
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When negatively-charged particles are brought to rest in mat-
ter, they may be attracted into the nucleus of an atom before
they decay. When this happens, the nucleus becomes greatly
excited and usually disintegrates. In Hodgson’s article (in
Science News 33) a photograph was shown of a negatively-
charged z-meson which came to rest and was absorbed by a
nitrogen nucleus. The effect of this alternative method of ter-
minating the existence of a negatively-charged particle is that
the mean lifetime is reduced. For z-mesons, the capture prob-
ability is so high that they hardly ever have time to decay. For
u-mesons the capture probability is lower, and may be found
by measuring the way the lifetime is modified by the capture
process. Work of this sort is likely to lead to interesting informa-
tion on the structure of the nucleus.

The results of a great number of measurements have been
summarized in the table of fundamental particles. It is almost
certain that this table will be in some respects out of date in a
year's time as further evidence is collected. It is to be hoped that
a clearer picture of the fundamental particles will lead to a
theoretical interpretation which will explain the present known
facts and predict new phenomena with accuracy. In the mean-
time, experimental results are yielding facts of great interest and
importance to physicists everywhere.



MESON THEORY
OF NUCLEAR FORCES

G. FELDMAN

ONE of the most interesting chapters of physics has been man’s

discovery of the forces of nature. We are all familiar with the

gravitational force which holds us down on the earth and which
keeps the planets revolving in their orbits. A little less familiar
is the electromagnetic force which manifests itself in the attrac-
tion of two unlike charges. The law of attraction is Coulomb’s
inverse square law. Early in the present century we became
aware of a new force —~ the force inside an atomic nucleus. We
discovered that the nucleus consisted of nucleons (neutrons and
protons) bound tightly together. Electromagnetism could not
account for this force since protons would repel rather than
attract one another. It was also evident that gravitational forces
were much too weak. Thus we had discovered the existence of
a new force, the nuclear force. The progress that has been made
in understanding the nature of these nuclear forces has been
reported in earlier issues of Science News,* and some of the dis-
cussion in this article may be in part a repetition.

Of the three forces, gravitational, electromagnetic, and
nuclear, it seems that the electromagnetic force is the one whose
properties are best understood by physicists, and in order to
discover the nature of nuclear forces we often use electromag-
netism as an analogy.

It is interesting to look back for comparison to an earlier
problem of physics, that of the relation between the nucleus as
a vsfhole and th.e electrons which surround it. This we may de-
scribe as atomic physics. The comparison is then between the

fEspc?cially in Science News 2, and in articles by Professor R. E.
Peierls in SN6, by T. Price in SN16, and by J. Little in SN23.
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position of atomic physics before the discovery of quantum
mechanics and the position of nuclear physics today.

At the beginning of the century we knew the force which held
the atom together (simply the electromagnetic force), but we did
not have the proper theory to explain the relative motion of the
electrons and nucleus under the influence of this force. The
invention of quantum theory (or more precisely the discovery of
Schrodinger’s equation and Dirac’s equation) led to a very satis-
factory explanation of this motion. The position in nuclear
physics today is that we probably have the correct theory, and
if we could solve the equations involved, we would know the
force (or in other words the interaction) between nucleons. Thus
it seems that the problem is simply one of mathematical com-
plexity. Of course, it is possible that our present theory is wrong
and that a new approach is needed, but more of this later.

THE INTRODUCTION OF MESONS

In trying to discover the nature of the interaction inside the
nucleus, H. Yukawa, in 1935, used as an analogy the interaction
inside the atom. As I have stated above, this latter interaction
is purely electromagnetic. More precisely, we mean that two
particles situated at a distance r from each other with charges of
opposite sign attract according to the inverse square law of
Coulomb (that is, the force of attraction is proportional to 1/r%).
However, it is difficult to conceive of two particles separated by
some distance affecting one another, and we like to think of
this force or disturbance as being transmitted by some means.
This we do by associating with each particle an entity called a
field which pervades all space and whose behaviour is de-
scribed mathematically by Maxwell’s equations of the electro-
magnetic field. Quantum theory tells us that we may look upon
this electromagnetic field, or radiation field, in terms of an
equivalent picture involving photons. These photons or light
quanta are the smallest units of radiation energy and behave in
many ways like particles, except that they travel with the velo-
city of light and have zero mass. In terms of this photon picture
we find that we may look upon the interaction between two
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ché.rged particles as pictured in Figore 1. Charged particle @
emits a photon at P, which charged particie b absorbs at &, of

/
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Fig. 1. Electron-electron or nucleon-nucicon interaction.

vice versa, and thus both ¢ and b go off in different states of
motion; that is, they have interacted. It is important to realize
that the photon emitted is a ‘virtual' photon. This means that 2
charged particle (e.g. an electron) moving freely cannot emit (0¥
absorb) a photon without violating the firmly estabtished laws
of conservation of energy and momentum. Accordingly, this
process of a single electron emitting a photon is unobservable
and we call the photon virtual. This virtual photon has an exist-
ence in so far as the uncertainty principle allows the law of con-
servation of energy to be violated by an amount 3E provided
it is ‘paid back’ in a time §f where the product 3£.3¢ is of the
order of  {Planck’s constant), In the process shown ia Figure 1
we do not observe any photon but simply two charged particles
which undergo a change in their states of motion,

It is this picture of the electromagnetic interaction which we
use in order to try to explain the interaction between nucleons.
There are also itwo experimental facts at our disposal: (1) the
interaction between nucleons is much stronger (about 1300 times
stronger) than that between charged particles, and (2) the
range of the nuclear interaction (that is, the distance over
which the interaction is effective) is much shorter than the
range of the electromagnetic interaction (1.5x 10-1!* centi-
metres compared to infinity). The meaning of range is ciear:
when two nucleons are within a distance of 1.5 x 10~ 13 centi-
metres, they attract each other with a considerable force, but
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outside this distance they have no effect. Of course, the fact that
protons are charged means that there always exists an clectro-
magnetic repulsion between them, but inside the range 1.5%
10~ 13 ceptimetres the nuclear atiraction completely swamps ?he
electromagnetic repulsion. Returning to Figure I we now think
of a and b as two nucleons rather than two electrons. The par-
ticle emitted at P and absorbed at @, which is analogous to the
photon, is called a meson. The fact that the range of the inter-
action is finite implies that the meson has a non-zero Mass. Itis
as if @ and b are throwing balls to each other. If one set of bal'ls
is lighter than another set, the former will travel farther, or in
other words the range of interaction should be inversely propor-
tional to the mass of the particle emitted. For the range gquoted
above it turns out that the mass of the meson should be about
275 times the mass of an electron. Just as the photon cmittec} and
absorbed in the electromagnetic interaction is virtual, so is th'e
meson which takes part in the nuclear interactjon. However, this
does not exclude the possibility of observing rea} mesoqs (oxj real
photons for that matter), Consider the progess pictured in Figure
2. Nucicon a emits a meson at P, which nucleon b absorbs at O
and then nucleon z emits another meson (1) at R. This latter
raeson (1) can be real since it is now possible to satisfy thelaws of
conservation of energy-momentum. That is, provided nucleons
a and b have sufficient energy available to create the mass of a
meson (from Einstein’s relation, the energy needed i's E=mc®,
where m is the meson niass and ¢ is the velocity of light) these

Fig. 2. Pion production: two nucleons {a and b) interact, and, if
enough energy is available, a real meson (1) is farmed.



46 Science News 35

two nucleons can turn into two nucleons plus a meson. What we
qb§erve is that two nucleons collide and coming out of the col-
lision are two nucleons plus a meson. (These are not necessarily
the same nucleons, because if a proton and neutron collide to
produce a meson of positive charge, the two nucleons coming
out must. be neutrons in order to conserve charge.) It is just this
process involving the collision of two nucleons which we use
10 order to produce mesons artificially in the laboratory. These
mesons which we believe are responsible for nuclear forces are
callec.i x-mesons or pions. They were first discovered in cosmic
rays in 1947 by G. P. S. Occhialini and C. F. Powell.

Pursuing this picture of Yukawa’s still further we can see
what other pion processes are possible. For example, the exist-
ence of multiple pion production in nucleon-nucleon collisions
is po_ssible. The meaning of this is that, rather than a single pion
coming off as in Figure 2, there can be any number of pions pro-
duced, provided only that there is sufficient energy to produce
the rest masses of the pions. Other possible processes are pion-
nucleon collisions and ‘photomeson production’. The latter pro-
cess can be pictured as in Figure 3; a photon collides with a
nucleon to produce a pion plus a nucleon. All of these processes
have been confirmed experimentally in the laboratory since we

s

Fig. 3. Photo-me'son production: a photon collides with a nucleon
to produce a pion plus a nucleon,

Meson Theory of Nuclear Forces 47

now have machines in operation which can produce nucleons
and photons of sufficiently high energy.

PROPERTIES OF P1ONS

The simple picture of Yukawa’s outlined above is not the whole
story. It accounts qualitatively for the existence of pions and
for reactions involving them. It also estimates the pion mass,
But, in particular, it shows us that the interaction amongst
nucleons is intimately connected with the interaction between
nucleons and pions. Once we have discovered the latter inter-
action, we have discovered the former (provided only that we
can solve the mathematical equations involved). Before we can
begin to establish the detailed mathematical form of the pion-
nucleon interaction we must determine experimentally certain
properties of the pion. These are its mass, charge, spin, and
‘intrinsic parity’. 1 shall attempt to define this last concept later,
We know the values of these quantities for the photon. They are
zero mass, zero charge, spin one, and positive parity. The fact
that the photon has spin one is just another way of saying that
the specification of the electric and magnetic fields associated
with a charged particle involves direction as well as magnitude;
that they are vectors rather than scalars. In the present state of
theories these properties of pions are the minimum we need in
order to explain what will happen when they interact with other
forms of matter. One may hope that in the not too distant future
some more extensive theory will be produced which will explain
not only the effects of interaction but also these properties of
the fundamental particles.

The mass of the pion is 273 electron masses. This can be
determined in many ways, one being to measure the pion
momentum and total energy when a pion passes through a cloud
chamber which is placed in a strong magnetic field. We then
use a form of Einstein’s relation which is equivalent to E =mc?
but is expressed in terms of the total energy, momentum, and
rest mass of the pion.

The pion exists in three charge states. That is, the charge of
a pion is either positive, negative, or neutral. At first only the
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positive and negative pions were found, but later on the neutral
one was found also. The neutral pion was suspected to exist
because of the reasonably weil confirmed experimental fact that
nuclear forces are ‘charge independent’. Charge independence
means that the neutron-neutron, proton-proton, and neutron-
proton forces are the same when these pairs of particles are in
the same state of motion. This is true, of course, only after we
have subtracted out the specifically electromagnetic force that
exists between proton and proton. To see why this fact of charge
independence implies the existence of a neutral pion we resort
again to some simple pictures as shown in Figure 4. The picture
for the neutron-proton force would be either Figure 4(a) or 4(b).
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Fig. 4. (a) and (), neutron-proton interactions; (c),

proton-proton
interaction; (d) neutron-neutron interaction.

In Figure 4(a) a proton P emits a positive pion
changes into a neutron n. The #+ is then abso
which changes into a proton p. In Figure 4(b) a

, 7%, at Q and
rbed at R by n
negative pion is
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exchanged. However, in order to explainA the Qrotontpf0t0f1c e(:
neutron-neutron force by means of a similar picture 1t 1s ne ”
$ary to assume that a neutral pion, #°, is exchanged, because
either a 7+ or =~ were exchanged we could nqt conserve chargstz
at either Q or R. The conservation of cha)'ge is one of thfe n:: !
firmly established laws of nature. Thus, it seemed that . rtoJust
strictly theoretical point of view neutral pions should exis .mer
how to include them in the theory was shown by N. K;m use:

The spin of the pion is zero, and this was four}d by ma clinlge o
of a principle of statistical mechanlf:s called ‘the pzm mr;d o
detailed balance’. Two similar experiments were é)el;l 0:'“ may
1. Steinberger, W. F. Cartwright, and others whic

symbolize by (1) p+p—>at+d

Q) =t +d—>p+p

d
Wwhere pis a proton, d a deuteron.(a proton plusa r;:u;;ol(lj;zlﬁzd
together) and =+ a positive pion. The princip s (1) and (2)
balance states that the probabilities for the prf)Ces'sneto the result
are the same at any given total energy. Entering 12‘+ 1 where s
for the number of events of type (2) is the facu()ir -‘ sufficiently
is the spin of the pion. The experiments were done
accurat etermine that s is zero. e -
1 sr}a::j:ynt:wd try to explain the concept of mtr'm:c foa;;tr:{;
which thus far has been mentioned only by name di{ Ifmay be
of the pion which must be experimentall_y delerml?‘:ie's are con-
useful at this point to recall that physical qU:I{r‘S ~cification
veniently distinguished according to whether thet ple i< inde-
does or does not involve direction. Energyf foF exampee. ibed as
pendent of direction, and a quantity of d.“s kind is deS;“ hand
a ‘scalar’. The momentum of a moving object, on the other ¢ this
involves direction as well as magnitude, and a quantty o ther
kind is described as a ‘vector’. However, there b‘?ﬁﬁttiocr’ls of
quantities (not observable physically although com land to de-
them may be) which are neither scalars nor vectors,d Fatemsic
scribe them we must introduce a new concept called 't
arity’. 5
! Ini more sophisticated way we may suppose that we have an
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entity which is expressed in terms of the usual three spatial co-
ordinates x, y, z. If the entity is a scalar - energy in the above
example ~ it is unaffected by any change in the coordinate axes,
and hence by the change known as ‘reflection’ in which X, ¥,
are changed into —x, ~y, —z. However, there exists another
entiy calied a ‘pseudoscalar’ which, like a scalar, is unaffected
by all other changes of coordinate axes. But when the coordin-
ate change is a reflection, it changes sign keeping its numeral
value the same. A scalar (changed in neither sign nor numerical
value} is sgid to have ‘positive intrinsic parity’; a pseudoscalar
SCha“$3d in sign but not in numerical value) is said to have
negative intrinsic parity’,

Associated with each fundamental particle (e.g. neutron, pro-
ton, e}ectron, pion, etc.) is a mathematical entity called a ‘wave
amplitude’ or ‘wave function’. This amplitude, say ¢, depends on
the fhree spatial coordinates. The total energy of a system of
Partlcles is a scalar, as we have seen. However, this does not
lmply that our wave function ¢ must be a scalar. It turns out that
provided ¢ is always multiplied by some other amplitude, the
product behaving as a scalar, ¢, may be either a scalar or a
?Se‘_‘dffscalal‘; that is, it may have either positive or negative
Intrinsic parity.

I have somewhatsimplified thesituation by implicitly assuming
that all Wave amplituder are scalars or pseudoscalars. Thisistrue
for pgrtlclgs of spin zero. If a particle has spin one, the wave
amlphtude IS a vector ¢; and there are two kinds of vectors,
zg;rgzzt‘: s and pseudo (or axial) vectors which do or do not
way men%i orr‘:;?e;zvely on fe.ﬁechr‘lg the coordinate axes in the
thow o . Those famxllar' with classical electromagnetic

Ty wi recall that the electric field is a polar vector and the
magnetic field a pseudovector. (A polar vector e.g. force or
velocity, is represented by a straight line with a;1 arrow on it
and a pseudovector, e.g. circulatidn, simply by a line.) W. K H,
Panofsky has discovered by means of an experimer;t v;hic;h I
shall not describe here, that the pion has negative par;ty. Since

we also know that the pion h i
_ as zero spin, the pio i
tude is thus a pseudoscalar, P plon wave ampl
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THE PION-NUCLEON INTERACTION

Having established all of the intrinsic properties of the pion
(and since we know them also for the nucleon) we shall attempt
to discover the nature of the pion-nucleon interaction. Once
again, we turn to electromagnetic theory for a clue. However,
we do not turn to classical (i.e. non-quantum mechanical) elec-
tromagnetic theory described either by Maxwell’s equations or
by the laws of Coulomb, Faraday, Qersted, etc., but we look
to the quantum electromagnetic theory cailed ‘quantum electro-
dynamics’. This latter is the theory of systems of electrons (both
positive and negative) and photons, and it is also consistent with
Einstein's theory of special relativity. Quantum electrodynamics
had been in existence almost since the birth of quantum
mechanics; however, it always gave rise to certain infinite quan-
tities which could not be readily interpreted. Soon after the war,
in about 1948, the theoretical physicists, F.J. Dyson, R.P.Feyn-
man, J. Schwinger, and S. I. Tomonoga developed a procedure
called ‘Renormalization’ (a mathematical procedure with a
physical basis) which effectively resolved the difficulty over the
infinities. In fact, we can now predict to almost any degree of
accuracy the results of experiments on processes which are
entirely electromagnetic in nature. One of the most accurate
tests at present is certain extremely smail splittings of hydrogen
spectral lines called the Lamb-Retherford shift.

The complete success of modern quantum electrodynamics
has greatly encouraged the attempt to construct the theory of
pions and nucleons which we call ‘meson field theory’. 1 shal} go
into some detail as to the types of theory possible, making use
of our knowledge of the properties of pions. Appearing in the
photon-electron interaction of quantum electrodynamics is the
wave amplitude of the photon. This function is a polar vector
since the photon has spin one and positive intrinsic parity. (As

_stated above, this is implicitly connected with the fact that the

electric and magnetic fields are vectors.) The photon amplitude
is multiplied by a known quantity which makes the expression
for the total energy of the photon-electron systema scalar. When
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we come to meson field theory we use the fact that the pion is a
pseudoscalar. It turns out that the pion wave amplitude (appear-
ing in the total energy expression) can be multiplied by two
possible quantities. Both of these quantities contain the nucleon
wave amplitude and in the jargon of field theory we say that the
pion is ‘coupled’ to the nucleon. This term which arises from the
‘coupling’ is called the pion-nucleon interaction term. The two
possible methods of coupling are called pseudoscalar and
pseudovector. (They are analogous to the cases of a particle
having either an intrinsic charge or an intrinsic dipole moment.)

The procedure of renormalization has been extended to
meson field theory by P. T. Matthews and A. Salam. They find
that the pseudoscalar coupling theory can be renormalized, but
that the pseudovector theory cannot. In other words, we know
how to handle pseudoscalar coupling, but not pseudovector
coupling. Accordingly, we assume that the pion-nucleon coup-
ling is indeed pseudoscalar.

By this process of reasoning and analogy we have deduced
the form of the interaction between pions and nucleons. We

might think that all that was now necessary was to proceed along -

the same lines as in electrodynamics to solve any problems in-
volving pions and nucleons. Unfortunately, this is not the case.
In electrodynamics the constant multiplying the photon-elec-
tron interaction term is e the charge of an electron. In the theory
itis called the photon-electron coupling constant. We find it use-
ful to introduce a dimensionless quantity «, known as the fine
structure constant. «=2re*/ic=1/137, where 4 is Planck’s con-
stant and c is the velocity of light. The fact that « has this com-
paratively small numerical value is practically helpful, since we
can solve the equations of electrodynamics only as a series of
terms each containing a higher power of a; i.e. as a power series
in a. Thus each term is about 137 times smaller than the previous
one, and so by the time we have calculated, say, three terms, the
next term will contribute only a negligible amount. In meson
theory, on the other hand, this helpful situation does not exist.
The quantity analogous to the photon-electron coupling con-
stant e is the pion-nucleon coupling constant g; and the dimen-
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sionless quantity, analogous to the fine structure constant, is
25¢°{ hic. The numerical value of this constant, instead o‘f bex.ng
a small fraction, lies between | and 40, Physically, this 1mphgs
that nuclear forces are about 100 times stronger than atomic
forces. Mathematically, it implies that any auerppt tp solve the
equations of meson theory as a power series 0 thzs. constant
is quite hopeless. It is indeed probable that successive terms
get larger rather than smaller as the series proceeds. We may
sum up the situation in meson field theory today by saying
that we have a set of complicated equations wl?lch we m'ust
solve by some means that does not involve 2 series expansion
in 2rg*/ he.

SOME RECENT CXPERIMENTAL RESULTS

Originally we had set out to explain the fo;ces t?et\yeen nuclleon‘s.
We discovered that this can be explained (in principle at least} fn
terms of the interaction between pions and nuclcons. The equa-
tions involving the interaction between a pion and a nudco)n a;e
perhaps easier (but not much) to solve than those for nucleo a
nucleon interactions, and so theorists lgok forward to experf-
ments performed on pion-nucicon collisxops. Of course, exgcr
ments on nucleon-nucleon collisions and pion ?roducinon resy t-
ing from such collisions are also of immense mlerejst. With Fhe
new proton synchrotrons (Science News 22 and 26) mdoperl;x‘trxglrt
at Berkeley and Brookhaven in the United States an 'at i !

ingham in England we can now reach proton energies up 10
about 5 BeV (five thousand million eiectr(?n volts) and pion
energies up to about 4 BeV. Alre:ld¥ 'consndergb!e data hgve
been accumulated on pion-proton collision expeniments for pion
Kinetic energies from © to 1.5 BeV. The curves for t'h_e cross-
sections (effectively probabilities) of pion-proton collisions ex-
hibit one and possibly two ‘resonances’. (These resonances
are simply peaks in the curves.) T his implies the existence,
in some sense, of an excited nucleon which may be doubly
charged. Such an excited state is consistent with other expert-
ments done at Brookhaven on single and double pion produc-
tion in nucleon-nucleon collisions. The experimental results
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keep flowing in and they all must b i
et e explained wh
tician solves the equations of meson field theory e the theore-

CONCLUSIONS

Even i‘f the exgerimental results of pion physics could be sati
factorily explained there remain many other problems Oni lo;

6's) found first in cosmic rays and now produced artifici
(See P. E. Hodgson’s article in Science News 31 for an el CIla o
survey of their properties, and that by R. M 'I'e:nnemx'ce ler'lt
numbfar for methods of measurement.) Thus we. see that al?vhthllS
new vista is opening up and a much broader theory is neededo ;
account not only for the pion-nucleon system but f "
other systems of particles. or all the
As far as the pion-nucleon s stem al i
are, .at present, two schools of fhoughi.ogiclss:;: ig::e'd"th'ere
possible to explain the results of pion-nucleon experi s th,
out first broadening the theory to include soml:.hozen;s et
cosmic ray particles. The other school say,s that it is’ et ity
necessary to have a much wider theory in order to e Cin’amly
the facts known at present. Nevertheless, as far as fll: am‘ o
qucleon results alone are concerned, the p;esent theo ot
lined in this article, is a good enough approximation lry’ :]15 trne
theor.y and we must try to solve the existing equati iy
ever is right we shall perhaps know in the near future szsr' X;:-
) i-

cists the world over are relentless] i
¥ probin i
most fundamental processes of nature, § the workings of the

POLAROGRAPHY

D.J. FERRETT

A WELL-KNoWN and perhaps apocryphal story attributes to
the Chinese a method of torture in which drops of water fall
constantly on to the forehead of the victim; and many Western
ears must have been irritated by the periodic noise from a leak-
ing tap. It is not only the period of such drops that is constant,
however; their size and rate of growth do not vary, and each
new drop has as clean and new a surface as its predecessor.
A leaking mercury tap would be an eccentric addition to any
home, but such a device is used by many analysts today. Mer-
cury is used in this manner because, having metallic con-
ductivity, it can be used as an electrode in an electrolytic
cell in which a difference of potential is maintained across a
solution of a salt (the electrolyte). Moreover, its ability to form
liquid alloys (amalgams) with other metals enables the drop-
like character of the electrode to be maintained even after
electro-deposition of metals from solutions. All these properties
- regularity of drop formation, the periodic establishment of a
clean surface, metallic conduction, and the formation of liquid
alloys — are of importance in the formation of the unique type
of electrode used in polarography, the dropping mercury
electrode.

Polarography, first discovered and explained by the Czech
worker Heyrovsky in 1922, is one of the most versatile of all
analytical techniques. Its uses include the analysis of small
quantities of metals and the determination of the amount of
cystine in a single hair. Its growing importance is shown by the
3,000 papers that have been published on the method; more than
half of these have been published in the last ten years, while the
present rate of publication is over 250 papers a year. But it may
still be asked, why should any such a wide interest be taken in
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polarography? Are there not conventional methods which
suffice?

The answer to these questions is partly a general one. The fact
that analytical chemistry is essential to all scientific investigation
is often forgotten by many people to whom ‘analysis’ means the
determination of a single known substance, or the spotting of
one that is unknown and not too difficult, with the labels on the
bottles taken for granted. The elaborate equipment and exact
techniques of measurement used in many branches of science
are useless if the composition and purity of the materials being
examined are uncertain, and any explanation of the reactions
that may occur must be preceded by a complete analysis of the
products formed at all stages of these reactions. The second
part of the answer is that polarography is a quick and sensitive
method. of analysis, which needs only small quantities of
materials.

The dropping mercury electrode, which is the basis of the
method, consists (Figure 1) of a thin glass capillary (0.03 to
0.05 millimetres in diameter) attached to a reservoir of mercury.
From the tip of the capillary, drops of mercury issue, grow, and
fall at the rate of one every three to six seconds, These drops are
made the cathode of an electrolytic cell, the anode being a large
pool of mercury into which the drops fall.

Galvanometer

Mercury
reservoir -

Glass
capitlary
Cell

solution

Mercury
anode

Dropping
mercur
[ electrode

®
Fig. 1. The dropping mercury electrode.
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When this cathode is immersed in a dilute solution of.‘a m'etal
ion, e.g. a solution of 6 milligrammes of copper chloride in a
litte of water, and its potential adjusted to —1.0 volt, copper
ions are ‘reduced’ to copper metal at the cathode, and dissolve
in the mercury to form copper amalgam: i.e.

Cut+ +2e¢~—>Cu/Hg ' .

The reaction occurs only above a certain potential; tlys, the
‘reduction potential’, is a measure of the energy required to

ali arge on the ion. o .
ne};tl::lzlizrz;llza::?o%n1ed is sufficiently dilute to be liquid ar}dlis,
therefore, removed from the electrode surface as the d;op a ;
The new drop as a consequence hasa fresh'm.ercury surt aﬁesa?he,
if the height of the mercury in the reservoir is cons'tan ,f iz(aiemi-
same size and shape as the previous dfop. A succession 0 Jeenit
cal drops therefore falls from the caplllfiry, prosiu?m.g ac ode
whose surface is completely reprgdumble. This is in corlnp1
contrast, of course, to the behaviour of any solid dmfftfa tetehct;
trode, w,here the initial deposit;i)ndof copper would affec

erties of the cathode. .
Sh?l"l;;xee acrtl)?agro ?ons in the solution.behave cxactlhy gs thsze?ot lllll:
any type of electrolytic cell, moving to th.e. cat }c: eu et 1he
electrostatic attraction between.thexr pos'mv'e ¢ arghe o the
negatively charged cathode. Their n'eutrahzatlc.)n at th eca 3
causes a decrease in the concentration of. the ions (; ere, anl a
gradient is formed, therefore, betwc?en this deplete cf:or;lcen ;a-
tion and the unchanged concentr'anon of the bulk’ of the solu-
tion. This concentration gradien}t1 1ilan additional factor causing
i ards the cathode.

thi:‘o;(ilt—;zzgkt@fvconditions are established under which thf,
movement of ions towards the catbode 1s governed by this
second factor alone. In order .to pulhfy the effect o’f.the poten-
tial gradient, an excess of an ‘indifferent elec(r.o]yte is added to
the solution. This indifferent electrolyte consists of a salt, e.g.
potassium chloride, which is notfec?uccd at'thc pplentml a}ppllcd
to the cell. The action of these indifferent ions in removing the
attractive force on the metal ion.reduced may be explained
by assuming that the indifferent ions move to the electrode
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under the. influence of the potential gradient and accumulate
.there until the total potential produced by their interaction
is eqpél and opposite to that applied to the cell, Under these
conc.imons the copper jons diffuse to the electrode only under
Fhe.mﬂuence of a concentration gradient. The concentration of
indifferent electrolyte is generally at least a hundred times
greater than that of the metal ion being reduced, being of the
order of 0.1 gramme molecular weight per litre (0.1M).

If we consider the effect of slowly increasing the potential
applied to such a system, we can see that, at potentials below
th'e reduction potential of the copper ion, no current flows (see
Figure 2). As the potential of the cathode is made more negative,
reduction of the ions begins, and other ions will diffuse towards
the cathode to replace those which have been reduced. On stil]
further increasing the potential, both the current and the rate
of diffusion of copper ions towards the cathode increase. This
cannot continue indefinitely, however, and eventually a poten-
tial is reached at which all the ions arriving at the cathode are
reduced. The effective concentration of these jons at this elec-
trode is then zero, and the rate of diffusion of jons is a maxi-
mum. Further increases in potential have no effect upon the
current, which is known therefore as the limiting or diffusion
current, /s, and the current-voltage relationship described can
be represented as in Figure 2.

For any point on the graph we can write :

i=k N (Eqn 1)

Reduction porentia]
Half-wave
potential (Ey,)

]
(
1

Current (microamperes)-»
\S

Porential (volrs)

Fig. 2. Idealized current-voltage curve,
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where i is the current and N is a measure of the number of ions
diftusing to the cathode. And also:

N=k(C.—C,%)/d (Eqn 2)
where C, is the concentration of reducible ions in the bulk of
solution, C,° is their concentration at the electrode surface, and
d the thickness of the layer through which the ions diffuse.

When all the ions reaching the electrode are reduced, C,° =0
and i;=kC,. The limiting current is therefore proportional to
the concentration of reducible metal ion. This is the basic condi-
tion for all quantitative polarographic analysis.

The limiting currents normally obtained in polarography
vary between 0.1 and 100 microamperes. These currents corre-
spond to the reduction of only a very small proportion of the
reducible metal ion in solution. 1t can thus be seen that polaro-
graphy has the additional advantage of leav§ng the solut?on
practically unchanged after analysis. Information of a qualita-
tive nature can also be obtained from these current-voltage
graphs, because the value of potential (E; in Figure 2), where Fhe
current is one-half of the limiting current, is unique, depending
only on the particular ion being reduced; it is independent °_f
concentration, cathode area, time between drops, etc. This
potential is known as the ‘half-wave potential’ ('E*). Because it
is unique, the ions which give rise to it can be identified, sub-
ject to the accuracy of measurement attainable.

THE INTERPRETATION OF POLAROGRAMS

Current-voltage traces, or ‘polarograms’, as~in Figgre 2, are
normally obtained automatically, the pptenual apphed to the
cell being slowly increased by a motor-driven potentiometer and
the current being recorded photographically or by a pen-
recorder. A typical polarogram obtained in this way, for a solu-
tion of cadmium ions in 0.1M potassium chloride solution, is
shown in Inset 11. It will be seen that this differs in two ways
from the ideal form discussed above:

(1) The polarogram is not steady, but shows periodic fluctua-
tions in current. These are due to the growth and fall of the mer-
cury drops, for the limiting current is proportional not only to
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the concentration of the solution but also to the area of the
electrode. The current does not decrease to zero when the drop
falls, however, for the type of galvanometer normally used to
record the current does not respond rapidly enough to the cur-
rent changes, and the polarogram shown is therefore obtained.
This is very nearly the true average current.

(2) The base-line is not constant in value but increases
steadily. This slowly increasing current is known as the residual
current, and is due to the reduction of very small quantities of
impurities and also to the fact that the interface between the
mercury drop and the solution behaves as a condenser. The
mercury drop, because of its negative charge, is surrounded by
a layer of positively charged ions; this double-layer of charges
acts as a condenser. A growth in the size of the drop will cause
an increase in the area of the double-layer and will be accom-
panied therefore by a ‘charging current’. Hence, in order to
know the limiting current accurately, it is necessary to subtract
the value of the residual current. This is normally estimated by
extrapolation as shown in Figure 3. The existence of this resi-
dual current restricts the sensitivity of the polarographic tech-
nique, for when it is equal to or greater than the diffusion cur-
rent, it is difficult to estimate the extrapolation accurately. As
the residual current is about 0.5 microampere at — 0.5 volt—i.e.
equivalent to the diffusion current froma solution of 10-4M metal
jons, it is possible to measure concentrations of these ions of
10~2 to 10~*M with an accuracy of +2 per cent, while concen-
trations of 10-4to 10-5M can be measured to + 5 per cent.

current —»

Residual
current

L=

. Potential—-—»
Fig. 3. To show the method of correction for residual current.
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As the potential at which hydrogen ions are reduced at the
dropping mercury electrode is approached and reached, the
residual current begins to increase more rapidly. This factor
becomes significant in neutral solutions at potentials more nega-
tive than — 1.6 volts, although in alkaline solutions it is possible
to work at even higher potentials. In regions of more positive
potential, however, the dropping mercury electrode cannot be
used above +0.1 volt, for at these potentials dissolution of the
mercury begins to take place

2Hg —> Hg,t+ +2¢
Because the half-wave potential is a characteristic of the ion-
species present in solution, it is possible to identify metal ions
by this method. This is the basis of qualitative polarographic
analysis. Values of half-wave -potentials for some metals are
given in Table L.

TABLE 1: Half-wave Potentials of some Metals (volts)

copper +0.02 zinc —1.01 !
lead ~0.40 nickel —-1.09 )
thallium ~0.46 cobalt —-120 |
cadmium -0.59 manganesc -1.50 ]

These values follow the normal electrochemical series of the
elements and, provided that the half-wave potentials of two
metal ions in a particular solution differ by more than 0.20 volt,
the waves due to the reduction of these ions are clearly separ-
ated and both metal ions can be estimated. Inset 12 shows a
polarogram for a mixture of copper, lead, cadmium, and zinc
ions in 0.IM potassium chloride solution. All four steps are
clearly separated and can be easily measured.

Maxima

The interpretation of polarograms is sometimes made diffi-
cult by the appearance of maxima. These occur generally in the
form of sharp peaks at the beginning of the appearance of the
limiting current. This effect is illustrated in Inset 13, for a solu-
tion of copper in 0.1M potassium chloride solution. These
maxima are perfectly reproducible phenomena whose origin is
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still the subject of controversy. Heyrovsky attributes their occur-
rence to absorption of the reducible ion on the mercury drop.
This increases the concentration of this ion at the electrode sur-
face above that in the bulk of the solution. Other workers, how-
ever, have shown that maxima are associated with rapid move-
ment of the solution around the mercury drop. Such movement
would also cause an increase in the concentration of the ion at
the electrode surface.
Although the occurrence of these maxima makes the measure-
ment of limiting currents and haif-wave potentials difficult or
-impossible, they can readily be eliminated by the addition of
small quantities of surface-active materials (e.g. detergents) to
the solution. These ‘maximum-suppressors’ are presumably ab-
sorbed at the mercury-solution interface. Some of these are
highly specific in their action, but a solution of 0.005 per cent
gelatin has been found to eliminate all types of maxima, and
this substance is widely used in polarography.

THE USE OF POLAROGRAPHY IN ANALYTICAL
CHEMISTRY

Although polarography has been applied to many chemical
investigations, it has been most extensively used as an analytical
tool. The sensitivity of the method and the ease and simplicity of
operation make it especially valuable for the rapid analysis of
small quantities of material.

The Determination of Oxygen

Oxygen is readily reduced at the dropping mercury electrode
and produces two waves of equal height. The height of the first
wave is directly proportional to the concentration of dissolved
oxygen in solution. This is one of the most satisfactory methods
for the determination of such dissolved oxygen. This type of
polarographic determination has been extensively used in bio-
chemistry for the study of such processes as the photosynthesis
and respiration of green algae,* and for the determination of the

*Science News 20 (1951), ‘Photosynthesis’; Se;
‘Mass Culture of Chiorella’, s Sctence News 32 (1954),
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Oxygen content of blood plasma and lymph. In the latter ex-
ample, the oxygen content of samples as small as 1 millilitre
has been successfully determined.

As the half-wave potential for the first oxygen wave is at
—0.1 volt, and the concentration of oxygen in most aqueous
solutions is about 10-4 M, it is necessary to remove dissolved
oxygen from solution before other substances can be estimated.
This can be readily carried out by bubbling nitrogen or hydro-
gen through the solution, or, if the solution is alkaline, by the
addition of a few drops of saturated sodium sulphite solution.

Metal Alloy Analysis

Mixtures of metal ions that are present in roughly equal
quantities may, as we have seen, be estimated, if their half-wave
potentials are separated by 0.2 volt or more. The lack of a suffi-
cient separation need not, however, be accepted as final. The
half-wave potential of an ion can be altered by changing its
charge, or by adding to the solution a reagent, e.g. ammonia or
a cyanide, which forms a complex compound with the ion*; so
that, even if two metals are inseparable under one set of condi-
tions, they may often be estimated under another. Thedata given
in Table I refer to hydrated ions. )

Many elegant methods exist that use such techniques. For
example, in the determination of the lead and copper contents
of steels the wave for the reduction of ferric iron (Fe+++) pre-
cedes, and is very much larger than, those due to the small
amounts of copper and lead present. These elements cannot
therefore be determined polarographically,unless the iron is first
reduced to the ferrous (Fe+t *) state. The ferrous wave occurs at
a more negative potential than those due to the copper and lead,
and these two elements may therefore both be determined.

The determination of lead and nickel in brasses is similarly
impossible in chloride solution, both because of the large wave
due to the reduction of the copper and because the nickel and
zZinc waves coalesce in this medium. If the solution is made alka-

*See, for example, ‘Shape of Inorganic Molecules’ by R.S.
Nyholm in Science News 20 (1951).
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line, however, and cyanide ions added, the copper and zinc are
both so strongly complexed that no reduction waves oceur in the
range studied, and the lead and nickel may be determined.

The polarographic technique is not necessarily limited 1o the
determination of those ions that are reduced at the dropping
mercury electrode. Thus, although aluminium has so high a
half-wave poiential that its waves cannot readily be measured,
H. H. Willard and J. A. Dean, at the University of Michigan,
found that the wave due to the reduction of an organic dye
Solochrome Violet RS is split into two waves by the addition of
aluminium ions to the solution. The height of the second wave
is directly proportional to the aluminium concentration and has
been used as a method for the determination of aluminium. A
further ingenious use of this system has also been made, for it
was discovered that small quantities of fluoride ions decrease the
height of the second wave. G. F. Reynolds has shown that this
decrease is quantitative and that fluoride ions can be determined
in this way.

The same difficulty arises with calcium as with aluminium. It
has been overcome lately by R. Pribil and Z. Roubal, who have
devised a polarographic mcthod for the determination of cal-
cium in urine and blood. In this method, the complex compound
formed between zinc and ethylene diamine tetra-acetic acid
(EDTA) is added to the sample being analysed for calcium. The
zinc-EDTA complex, like the zinc-cyanide complex, is so stable
that the zinc in this compound is not reduced at the dropping
mercury glectrode. In the presence of the blood or urine sample
the reaction

zinc-EDTA + Cat* —- calcium-EDTA + Zn++
oceurs, for the calcnum-EDTA complex is more stable than the
zinc-EDTA complex. Zinc ions arc liberated, and these will be
rt?duced at the c'athode. The current that flows will therefore be
directly proportional to the calcium concentration in the sample.

POLAROGRAPHY AS AN INDICATOR

Polarography can be used also as ap adjunct 1o the classical
method of volumetric analysis, in which one measures the

ADAPTATIONS IN DIVING MAMMALS

1. Photograph of a new-born Common Seal showing the main exter-
nal features and the cylindrical form of the body.

2. Under-water photograph of female Bottle-nosed Dolphin (Tursiops
truncatus) and suckling calf. (By courtesy of Marine Studios, Marine-
land, Florida,)
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5. Photograph of a cast of the abdominal arterjes and veins (black) of 6. Photograph on a larger scale of part of the same cast as Inset 3,
a young seal. There can be seen, f0p, the hepatic (liver) sinus; lower h wing the multiple structure of the kidney. Note the cup-shaped
right, the renal stellate plexus shown from the outside in Inset 3; and, :eggp‘aclcs (calyces) into which the many small units of the kidneys
centre, the divided inferior veng cava, - {4, drain by separate openings. Nearly life size.
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: adural spi 1 32-cm foetal Dolphin.
i i tograph of the extradural spinal vein ofa
ided inferior vena cava of %h: tsugin:‘ cord has been removed and the photograph taken from the

back, X 4.

7. Photograph of the kidneys and div
a 92-cm foetal Finner Whale. » 1/2,



. . imulati { the right phrenic nerve and
9. X-ray picture of the hepatic sinus and thoracic inferior vena cava 10. The same seal after stimulation ¢ e
outlined after injection of radio-

OPaque material into one of the right contraction of the sphincter.
renal veins of a seal pup. x 172,
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11, Polarogram for solution of cadmium in po-
tassiumn chloride; the concentration of cadmium
ions is {04 M gramme-molecylar weight per Jitre}
in B} M potassium chloride,

e
]
g,
> LTI ISP .l \.»u~
" :
i
.i’nm;
MU
Ture .‘f}t‘ 2
n»}
i
3
‘
|
Camren ks | .
(N"OW) "

¥
o4
Cadniua ‘}‘MNJJJ\} N '
Y

L)
AETRRPEEE!
Lead AN NN, ”

'*

-
“u
(d ’ ha TXY Y

1 -
3 -y -1 ~ak % - [
‘l. * ;° 3 1 \ 1

Ao Bt Lw&)g

b

yamn, and zinc ions
12. Polarogram for mixture of copper, 3_“)"* ?‘;f’g'?::c rsed.
M 8.1 M potassium chioride; the potential sca



FREEZE-DRYING

ca.

' T ke SO i
‘ .:!} ,,,,,,
. N S YTRIE

et )

-
v

i ining small vials
i ing loaded with racks containing
l‘:' D'rg.lntg d;ir:j‘tt))f)rult:";% plasma. (By courtesy of Dr E. W, Flosdorf.)
| of antibiotics s
v o

’ 2
o

PEE U LT
Anndion L setls)

13. Polarogram showing the maxinmum dye o copper ions :
in 0.1 M potassium chloride i




~—

15. Single centrifuge head of centri-
fugal freeze-drier showing wedges of
frozen material, ( By courtesy of W. Ey.
wards and Company (London), Lid)

16. Manifold type of unit with *dry-ice’ condenser. (By
Dr E. W. Flosdorf)

. -dri f pilot-plant size. The following essential
7. Centrifugal frc;:esgcr::r zrsir(,le (Igwer part of unit), extreme left
Tac cancemre foreground refrigerated condenser for removing
water v pumrp?;om the vacuum system, botrom right refrigerator unit
for o6 Vlt'mo‘:he condenser, middle right drying chamber showing centri-
gor c%‘:ilvncg-motor beneath: instrument panel, lefr to righr, refrigeral.or
d“i‘:le thermometer, Pirani-type vacuum gauge, drying Fhamber dl:"
thermometer. (This and the rwo following photographs are by courtesy
of W. Edwards and Company (London), Lid.)



»

18. Twin-head tissue drier: the drying tubes (rop centre) are inside
enclosures which can be held at any pre-selected temperature between
—15°C and --50°C. The silvered-glass vacuum storage vessel (partly
seen, left) contains a mixture of solid ‘dry ice' and alcohol at -78°C,
in which the drying tubes are immersed during drying.

19. Desiccators, vacuum pump, and vacuum gauge equipment for
blood plasma freeze-drying plant having a weekly capacity of 500 litres.
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volume of Some reagent needed to complete the reaction with a
known volume of the material to be determined. However care-
fully the critical last few drops may be added, the accuracy of
the titration depends ultimately on the accuracy of the method
Used to determine the end-point. Such methods rely on following
the acidity of the solution, its colour, conductivity, etc. In the
Mmethod to be descriped one follows the limiting currents of one
or both of the reagents that are reacting together in the solu-
Hon. It cun be most suceessfully used when the two reagents
formg highly insoluble precipitate which is completely removed
from solution. This is precisely the kind of reaction that is used
in the more time-consuming procedure of gravimetric analysis,
with all the nuisance of filtering off, drying, and eventually
Weighing. Polarography offers in principle the possibility of
substituting the relatively quicker method of titration.

A titration between a lead solution and a dichromate solu-
tion can ke carried out in 8 polarographic cell, the cathode of
Which js at ~ 1.0 volts; both the lead and the dichromate ions
then yield diffusion currents. An initial pure solution of lead will
therefore yield a limiting current as we have seen in Figure 2.
Successive additions of dichromatc ions to the lead solution will
Precipitate insoluble lead dichromate, sa decreasing the concen-
Iration of lead jons in the solution, and the diffusion current will
fall, as shown in Figure 4. This decrease in current will continue
until all the Jead has been precipitated. Further addition of di-
chromate solution will now produce an increase in the current

Diffusion current

| —Endpoinr

Vol dichremare solrion adiled
Fig. 4. Titration plot for lead-dichromate system,
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flowing, because of the reduction of the dichromate to chromic
jons at the dropping mercury electrode. A simple extrapolation
of these two lines gives an accurate result for the end-point.

As with ordinary polarographic studies, metals can be esti-
mated even if they are not reduced at the cathode. Thus I. M.
Kolthoff and Johnson have devised an ingenious titration
technique for the estimation of zirconium, a metal that does
not yield a diffusion current. This method is based on the
precipitation reaction between zirconium and phenylarsonic
acid, C,H;.AsO,H,. This has been used for some years as a
gravimetric method of estimating zirconium. These workers

found that phenylarsonic acid does not give polarographic

waves that are sufficiently reliable to use in this type of titration.’

If, however, a nitro group (NQ,) is introduced into the phenyl
group, the resulting compound, m-nitro-phenylarsonic acid,
gives well-defined polarograms. Successive additions of zircon-
ium to this soludon will precipitate the zirconium m-nitro-
phenylarsonate, and its limiting current wij] decrease. From the
graph obtained (see Figure 5) the end-point

and the concentra-
tion of zirconium can be estimated.

—~Endpoint

L s 9 -

Diffission current

vol. zirconinem added

Fig. 5. Titration plot for zirconium-m-phenylarsonic acid system.

ORGANIC POLAROGRAPHY

Polarography may be applied to organic
systems, and many reducible organic co
defined polarographic waves, Half-wave
compounds vary very considerably with {
tion, and all work has to be carried out in

as well as inorganic
mpounds yield well-
potentials for organic
he acidity of the solu-
solutions in which the
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hYdmgen ion concentration is rigidly controlled. This effect may
be seen with nitrobenzene, a compound which in etbyl alcohol-
water systems gives two waves, when the hydrogen ion concen-
tration is greater than 10 -3 (Table 11).

TABLE 11: Variation of Half-wave Potentials of Nitrobenzene
with Acidity

e e e
Concentration of E, First Wave Ey Second Wave \

Hydrogen lons (volts) | {voitsr
T U TTom 0675
10-4 ~0.415 —0.975

o 12 ~083 =

Oune of the most inicresting polarographic cffects is that
shown by proteins. Thus R. Brdicka, another c:(’rly“Czed;
worker in polarography, found that when smalf qqan’lxtxes '0
solutions containing protein were added toan a'mmomacal.cobdlt
solution, the wave corresponding to the reduction .of the divalent
Cobalt ion was followed by two protein waves (Figure 6). Thgse
are due, not to the reduction of the protein, but to the e_volunon
of ‘h)’drogcn, catalyzed by the presence of the protel_n at the
cathode surface. The height of these duuple waves mcrea'ses
with the protein concentration, though not in dnject proport.\on
10 it, This has been used as a basis for the analytical dgterm:qa-
tion of proteins, e.g. in small volumes of cerebrospinal fluid,
ur ‘ '

l'?;::i\t;ino-acids cystine and cysteine also show this reaction

Caralytic
PI'DIL‘IH Wuves
€ e

crent

Divalent cobalt wave
e

= patential

Fig. 6. Catalytic protein waves in ammoniacal cobalt solution.
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and it is possible to determine the cystine content of a single
hair in this way. The effect is thought to be due to a direct reduc-
tion of any sulphydryl groups (— SH) present in the molecule,
liberating hydrogen. The reduced ions react immediately with
any acid present to re-form the SH group. This theory is con-
firmed by studies on denatured proteins from which it is known
that the sulphydry! groups have been liverated. These denatured
proteins give catalytic waves that are larger than and diffcrent
in shape from normal catalytic protein waves. The clfect of de-
natured protein in cow and mouse milk scra has been found 10
be similar to that in blood sera.

Brdicka has shown also that a correlation can be drawn, in
many cases, between the height of the catalytic protein wave
obtained from treated human sera and the occurrence of cancer
in the patient concerned. Much investigation has been carried
out into the value of the polarographic technique as a possible
diagnostic test for cancer. The growth, surgical removal, and
regrowth of cancers can certainly be followed, but the technique
is not 100 per cent positive.

RECENT ADVANCES IN POLAROGRAPHY

During the past few ycars, considerable advances in the tech-
nique and instrumentation of polarography have been made. In
particular, various techniques have been employed in order (o
obtain derivative polarograms: that is, the quantity plotied is
the slope of the original or normal polarogram. Since the slope
is greatest at the half-wave potential, a peak appears at the haif-
wave potential on the derivative curve (Figure 7). Such polaro-
grams are especially uscful in the analysis of mixures of metals
whose half-wave potentials are so close together that their waves
coalesce.

Two French workers, M. P, Leveque and F. Roth, have de-
veloped a simple circuit that gives derivative polurograms. This
consists essentially of a high-capacity condenser in series with
the recording galvanometer. In the regions A8 and CD of the
polarogram, where the current in the cell is nearly constaat, little
current flows through the condenser, During the rise in current
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c D

Normat
rolerogram

perivarive
pularogram

i ivative tech-
Fig. 7. Resolution of two coalesced waves using 1hcfd:};;\2riginal -
nique. in which the quantity plotted is the slope o

normal polarogram.

. ondenser
associated with the polarographic wave, however, the ¢

will pass curreat and the galvanometer will be deflected.

A.C. Polarography .
Derivative-type polarograms are also °b*°‘.’“°do:$e?:§oimt§:

alternating voltage (0-30 milliyolts) 1s'supcrn;1hpc acc“ PO the

stowly-changing direct potential 'aPPh‘ed ‘0' d ccor;led Here

alternating component of the cellis rectified and r o v'vill o
again, no deflexion of the galvanometer Of pen reco currents
noticed during the time that the r.csx.dual'and hr'nmngver o
alone arc flowing, for small varations in vo}ta.gc o o

portions of the polarograms produce littie variation “therc wili
During the rising portion of the polarogram,however;cs‘ e e
be an alternating component, and this will be gr;a o pplied
half-wave potential. This technique has' reccml)’h ccnalysis of
by B. Breyer and his Australian co-woOr&ers \(341 c"?h sc‘tcCh-
n;ixtures of metal ions at concentrations of 10 .M- har: -~ emal
niques, however, although giving greater rc.soluthn tthe double-
polarography, do not reduce the contribution from

layer which also has an alternating component.
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This problem of the condenser current has been successfully
overcome in the square-wave polarograph designed by G.C.
Barker and 1. L. Jenkins at the Atomic Energy Research Estab-
lishment, Harwell. In this instrument a square-wave instead of 2
sine-wave alternating voltage is superimposed u pon the cell (see
Figure 8) and the current flowing is measured only at each
change of the applied voltage. During the time of application of
voltage, although the diffusion current remains practically con-
stant, the residual current decays exponentjally, almost (o zero.

Record

Square wave

Diffusion current

W Restdual current

Fig. 8. To show the mode of operation of the square-wave polaro-
graph.

No interference is therefore experienced from the residual cur-
rent, and the current that flows can be amplified, permitting
much smaller concentrations of reversibly reducible ions to be
determined. This techaique may be used to determine concen-
trations of ions as low as 2 x 10~7M; it is thus 100 times as sensi-
tive as conventional polarography. The square-wave polaro-
gram reproduced as Figure 9 shows the sensitivity and resolu-
tion of the technique. The minor constituents of an aluminium
alloy are seen clearly separated and the alloy can be readily
analysed, even for the trace of cadmium which would be inde-
tectable by normal polarographic techniques,

The Rotating Platinum Electrode

Although 99 per cent of alf polarographic research has been

Fig. 9. Square-wave polarogram for solution of aluminium alloy in
dilute hydrochloric acid; note that the potential scale is here reversed.

Zn=0-08%

0-02%

cus=

Cd trace

-030

~0'50

=070

Potential (volts)

-0-90
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carried out with the dropping mercury clectrode, H. A, Laitenen
and Kolthoff and later workers in this field have been able
to show that a rotating platinum electrode can also be used asd
polarographic electrode. This clectrode, as can be seen from
Figure 10, consists essentially of a stecl shaft to which tbe
cathode connexion is made. At right angles to this is connected
a piece of bright platinum wire, 0.5 millimetres in diameter and

o

—Motor drive

-0
— Steel shaft

wax

insulation <Brighr {p!urmum
T

'S clecrrode

Fig. 10. Schematic representation of rotating platinum clectrode.

3.5 millimetres long, which serves as the electrode. The steel
shaft is insulated by a protective coating of wax, and is rotated at
600 revolutions per minute in the solution. This electrode be-
haves as a polarographic electrode, with some additional advan-
tages. Its sensitivity is some 20 times as great as the dropping
mercury electrode, since rotation of the electrode decreases the
thickness of the diffusion layer,d in Equation 2; the polarograms
are smooth and therefore more easily measured; and the elec-
trode can be used in regions of positive potential where the
dropping mercury electrode cannot be used. It suffers, however,
from two disadvantages. Because of the Jow reduction potential
of hydrogen on a platinum surface it cannot be used
tials greater than — 1.0 volt, and therefore for the analysis of
many metals. Secondly, its surface cannot be renewed ~ which
was the attraction, in the beginning, of the dropping mercury

electrode, and which is still the main reason for the uscfulness of
this electrode.

at poten-

Polarography n

FURTHER READING

This review has been able to sketch only in broad outline the man}
features of polarographic technique and apP“C{“:‘O“S'_The most com
prehensive text-book in English at present avaifable is the American
monograph
Kolthoff, I. M.. and Lingane, 1. J. Polarography. New York. Inter-
science Publishers, Inc. 1952.
The above covers extremely well all polarographic m_“?‘“re up tc{
1951, G. W. C. Milner and J. E. B. Randles are publishing a text
boak Tiie Principles and Apptications of Polarography (London:
Longmans, Green & Co.) in the spring. o
The review article by Brdicka, mentioned in the text, is i
Rescarch, 1, 1 (1947).



ADAPTATIONS
IN DIVING MAMMALS

R.J. HARRISON

MamMmaLs which have become adapted to spending the whole
or the greater part of their lives in the oceans swim for longer
periods under water and dive to greater depths than do Jand-
living mammals. Anatomists have therefore frequently been
fascinated by the various modifications in the structure of
marine mammals, and by the problem of relating these to per-
formance. The duration of a dive raises questions about oxygen
supply and consumption. Dives of long duration might, on first
thoughts, be expected to be favoured by a greater initial supply
of oxygen; certainly by economy in its consumption while sub-
merged, and - up to a point - by ability 10 withstand a low con-
centration. Such considerations suggest that the answer to these
problems may be concerned primarily with modifications in the
circulation of the blood, although there are other factors which
may arise. For example, economy in the use of oxygen is helped
incidentally by a high mechanical efficiency in swimming, and
this is, in fact, found in diving mammals. But it could also be
helped by a curtailment of metabolic activity which is inessen-
tial during the period of diving. The second type of perform-
ance, the ability to dive deep, implics an immunity from troubles
caused by the reduced pressure of dissolved gases when coming
to the surface ~ the cause of the caisson sickness experienced by
divers.

Two major obstacles are encountered in working on the great
majority of marine mammals; the frequently large size of the
specimens renders dissection somewhat of a labour and almost
precludes experimentation except on the smaller species, and
the difficulties of collecting dead material or catching live speci-
mens usually mean at feast a small expedition to obtain them.
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Itis not therefore surprising that many of the previous accounts
of the anatomy of Cetacea have been made from dissection of
foetuses of the large species or of adult dolphins and porpoises
(and even they are difticult to come by in any number), and that

- Most of the recorded physiological facts have been obtained

from experiments mainly on the Common or Harbour Seal
(P_hOCa Vitulina) from among the seals, sea-lions, and walruses
(Pinnipedia). Limited observations have also been made on
€avers and otters, the manatee and the hippopotamus.

As might be expected, John Hunter's Observations on the
ructure gnd Occonomy of Whales (1787) may perhaps be con-
Sidered to be the first serious description of the anatomy of
Whales, whilst Burow's Uber duas Gefassystem der Robben

(1833) is the carliest account of vascular modifications in seals.

unter’s physiological ohscrvations are naturally somewhat
limited and one reads only of speculations such as his state-
ment that ‘ten or fifteen gallons of blood are thrown out of the
heart at a siroke, with immense velocity'. Reading the early
writers in scarch of quantitative observations is only likely to
Tesult in finding such remarks as: ‘the aorta of a whale is larger
in the bore than the main pipe of the water-works at London
Bridge, and the water roaring in its passage through that pipe is
inferior in impetus and velocity to the blood gushing from the
Wwhale's heart.’
" There are not many accurate observations of the submarine
habits of whales and seals, of how deep they usually dive, of
how long they normally stay submerged, or of how far they can
SWim beneath the surface of the water during a dive. It is at any
Tate fairly clear that many early estimates, such as some of those
Quoted by Herman Melville, were, as he suspected, somewhat
exaggerated or were based on exceptional performances made
by animals terrified by hunting. The full-grown bull sperm
Whale, which occasionally can grow to over 60 ft in length,' Te-
mains on the surface for about 10 minutes, during which time
it makes sixty or so respiratory excursions, and then submerges
for about an hour. Rorquals,or Finner Whales, proceed through
the water in a series of shallow dives in more or less rapid
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are voluminous retia in the chest, spinal column, and head; inci-
d.entally one of }he few places, if not the only on’e‘ whc: d’i;:ec-
ii?&i’ﬁﬁf (e;e o may be scen is in the Whale Hail of the British
ful dissecti . .Hlsmry)' There the late R, H. Burne's beauti-
issections, made between 1935 and 1941, of th - of
pO;iolseSh and other toothed whales are carcfull,y pres:rvr:sld °
thesee::tiaasabzlrc:soK}Slder"‘b’e discussion as to the function of
with the p;mcuxafi‘fé‘ifﬁf'iﬂy ! clated to their association
foun.d ip marine mammals, but al}slodil:[:v];rlili:; ;: nly are retis
plexity in representatives of nearly all mammali grees of com-
::: particularly deye,lol""d in the extremities of 2?0%;12”535%322
charza::tteerrsi,z:gdblortl;m'e temurs, a'll being arboreal un’imals :nd
over a century tiilesc v CX(raordu.m,ily slow movements. For
with this st vascular modifications have been associated
i sm)lrs‘ s1 range slo.wness of movement, but, as D, W. Fawcett
s kno%vi e;}%hﬁsued, the pqrp_oise is one of the fustést‘swim-
Suggestior;s hat ﬁ:)ssessgs similar vascular structures.
proved wrong, and ¢ retia act as oxygen stores have been
8, and R. Walmsley has put forward the considera-

tion
that they are vascular adaptations to changing lung volume

at i
hi;}; :fner:txir;i p;eifrslutr;s encoume‘red during diving. He supports
Jeloped in the whales fhat e despen oy pro A€ MOS! de-
. . est, yet they are ider-
:;el:gceig\;zlflp:: in porpoises, that do not dive dezp or z?an; l::;-
merged f Otherg sznod:s. The pf-c?blem will be further considered
aer the omer scular I:nodmcatlons encountere
All the veir‘;: 'nefl? de;gﬂbed
S in the abdomen of scals arc considers i
3;1;11’ o:gtei :::);}rtl;?gly. thm:walled: Figure | s;scﬁfesr‘::::y trllate(i
vena cava is du lircm:"cll Tnal ar}d ripocin oy o oits. The iifc:'rar
o o grofaese in all Pinnipedia and iy shown in InseltoB
s late Profe sor F. Wood Jones once remarked that the
s of the In lerlorl .\;(ena ca\./a of a full-grown walrus could
over. mumerous o 2s like 2 pair of trousers. There are. h
Thoumerous 08s-connexions between the two limb o
ys in Cetacea and Pinnipedia are multipl:.organs

d in diving
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Extradural spinalvein -y

2" Hepatic sinus Renal veins

Caval Sphincter
Fig. 1. Diagram to show the disposition of the main venous channels
and reservoirs in the seal. (R.A. =right atrium of the heart;
L.V.C.=inferior vcna cava; S.V.C.=superior vena cava.)

(in whales up to many hundreds) smail units
raining by separate openings into numerous
cup-shaped receptacies (calyces) and then by short channels into
the typical mammalian single ureter. Insct 6 shows the form of
the calyces. In Pinnipedia the venous drainage of the Kidney
is to a stellate plexus of veins on the surface of the organs (Inset
3). This plexus communicates widely with the posterior abdo-
minal veins, a system of veins in front of the spinal column (the
azygos system), the pelvic veins, as well as draining by three
main renal vessels into the respective limb of the double inferior
vena cava. The renal plexus also communicates by three or more
large channels with a large vein lying within the spinal canal at
the back of the spinal cord. This interesting vein will be de-
scribed fully later. The Cetacean kidney is also built up on the
compound pattern (Inset 7), and although there is a less de-
veloped stellate plexus of veins on the surface of the organ, it
appears that the typical mammalian renal vein leaving the root
of the organ is also present and that the stellate plexus drains
into the renal vein and does not have the widespread com-
munication of the seal. At least such is the conclusion from
examining foetal specimens, and it may well be that the stellate
plexus and its communications become enlarged and more im-
portant in the adult,
It has occasionally been asked wh

consisting of many
or renunculi, each d

ether the multiple nature of
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the kidney and its stellate plexus are associated with any adapta-
tions in renal function. The opportunities for drinking fr§Sh
water must be limited unless the whales or seals enter estuaries,
and it has been argued that the total water intake must be de-
rived from sea-waler and the water contained in the food
material, be it fish, squid, or plankton. Scals, at lcast, are known
to like drinking fresh water and will drink a bucketful rapidly.
Investigations of the blood biochemistry have so far only re-
vealed results which fall within the known mammalian range.
There is, however, evidence that the urinary concentrating
mechanism is highly developed in seals and that the filtration
rate is markedly elevated by feeding and is greatly reduced on
diving or on excitation of the diving reflex.

The main veins of the liver in the Pinnipedia are considerably
dilated and are fused together to form a large sinus in the part of
the liver below the diaphragm,; it is known as the hepatic sinus
(Figure 1 and Inset 5). This isrefatively thick -walled because of the
presence of muscle fibres, and can hold nearly a litre of blood in
anadult Common Seal. The abdominal inferior vena cava enters
this sinus on the right and blood from this vessel is joined by that
passing through the hepatic veins. The end of the inferior vena
cava leaves the apex of the sinus and at once passes through the
diaphragm. Immediately above the diaphragm a band of muscle
about 2 to 3 centimetres in length and 0.5 centimetre thick sur-
rounds the first part of the thoracic inferior vena cava in the
form of a distinct contractile muscle girdie or sphincter. It is
innervated by the same nerve that supplies the diaphragm, the
phrenic nerve, and is composed of striated voluntary muscle
fibres arranged circumferentially. It is known as the caval
sphincter (Figure 2) and is present in alt species of Pinnipedia
examined; it is also found in the otter and the hippopotamus,
and although said to be present only in the porpoise among
Cetacea, the author has seen a sphincter in foetuses of some
other species of whale. The credit for its discovery is often attri-
buted to R. H. Burne, but in fact it was described nearly eighty
years earlier by Burow in 1838. The sphincter can be seen in an
Antarctic seal embryo in Inset 4.
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Fig. 2. Diagram showing the muscular girdle or sphincter on the

nfecior vena cava of the seal and she venous plexuses draining
LG

Immediarely above the fres edge of the caval sphincter in
the seal, and in the otler, one or more veins are given off and
Baler a plexus of vessels succounding the heasrt. This plexus
forms a serics of fringe Jike projections into the cavities contain.
ing the fungs, and were it to be dilaled with blood it could re.
duce the volume of these cavitics, The plexuses surrounding the
heart cantajn brasches from the phrenic nerve and also small
arteries. The veins of this plexus have muscuiar walls, with the
mascle fibres arranged in a spira} fashion ang supported by
coifed fibrous strands arranged circumierentially, Ut thus ap-
Pears that this plexus is capahbie of considerable dilatation and 1t
$5 quite easy to inject over 200 mitiilitres of fluid into part of the
plexus after death, Preliminary investigations have not proved
that this plexus can {unction as 4 barareceptor, j.c. that it is
Sensitive 1o changes ta pressure and ca pable of transmitting such
information,

Some excellent casts of the vascutur system of the seal have
fecently been prepared by I D. W, Tomiiason, using various
plastics. These preparations, besides Hiustrating the vascular
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modifications already described, have shown very clearly the
presence of a large vein lying within the spinal canal external to
the spinal cord and its surrounding membranes, and extending
Fhe ‘thOIe length of the vertebral column: its position is shown
in Figure 1. This vein lies outside the dura mater and has pumer-
ous connexions with other venous systems. There are two main
vessels passing from this extradural vein, which is usually
dc.mble in the neck, through a bony canal to join the sinuses
within the skull. Numerous vessels connect the extradural vein
to a large plexus of veins below the skull, and also to the other
lfnportant veins in the chest. Three or more large communiéa-
tions pass between the vertebrae of the lumbar region to join
the renal plexuses and Jumbar veins on each side. As a result of

the existence of this extradural vein and its connexions, it is’

anatomically possible for blood to pass from inside the skull to
the renal plexus, and perhaps vice versa. Experiments have
proved that there is wide and free communication along this
pathway in both directions.

In the whales no such enlargement of the veins of the liver
into a hepatic sinus has yet been described, and, as has been
seen, a number of species at least do not possess a muscular
girdle around the inferior vena cava. The arrangement of the
veins in the spinal canal in the four species of whale examined
by ourselves and others is quite different from that found in the
seals. In the whale there are two longitudinal venous channels
(Inset 8), relatively small in calibre in the foetus but perhaps
Iarger in the adult, lying beneath the spinal cord and extending
only as far headwards as the upper part of the chest. They are
linked by cross-channels, one to each vertebra, and they also
communicate with an extensive capillary plexus extending
throughout the dura mater, the membrane surrounding the ner-
vous system. In the whale foetuses examined no large extradural
vein comparable to that in the seals has been found. In the Blue
Whale, Balaenoptera, the intravertebral veins are connected to
the lumbar and intercostal veins, and in the chest region these
f:ommumcations drain into a large, longitudinal vein, which lies
in front of the vertebrae. Headwards from the termination of
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the intravertebral vein into this posterior thoracic vein there is
a complicated vascular plexus surrounding the spinal cord. This
_fOTms a ‘rete mirabile’ which is in comnunication with the large,
Intracrania] rete in this animal.

It must not be thought that the extradural veins, well marked
and enlarged as they are in the seals, are restricted to those mam-
mals, or even to marine mammals. Such a venous system can be
found, more or less well developed, either as a single vein or as
a plexus, in the sloths, the slow loris, and the otter, as well as in
Mmany Cetacea, manatees, and seals. In these animals the inferior
vena cava is usually duplicated, and the two limbs have large
connexions with the intra-spinal veins. Furthermore, it has re-
cently been emphasized that in monkeys and in man there is a
plexiform network about the vertebral column having numer-
Ous connexions with the extradural veins in the spinal canal and
with veins of the thoraco-abdominal wall. Batson hasconsidered
the function of this system in man and strongly suggests that it
is a system used for storage and also as an effective by-pass for
the main caval system during any act of straining, particularly
of the thoraco-abdominal wall. It is perhaps not surprising that
these connexions are particularly lacge in the human child, thus
avoiding over-embarrassing the heart when the child throws a
prolonged fit of tantrums and muscular contortions on the floor
whea objecting to the demands of parental authority. Later in
life, when the vertebrae have hardened and these communicat-
ing channels are probably narrower, it becomes too exhausting,
and perhaps dangerous, to indulge in such tantrums. These ob-
servations are relevant to the problem of diving in that submer-
gence must involve muscular exertion with the airway closed.
There will also be the additional factor of hydrostatic pressure,
increasing as the animal dives deeper and compressing more and
more the contained air. But it should be clear that in seals, at
least, which dive after expiration, once the residual air has been
expelled from the lungs into the more rigidly protected part of
the respiratory tract, the effect of hydrostatic pressure will be
considerably reduced and perhaps even be negligible. Harrison
Matthews has argued that, if a diving mammal is able to expel
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air from its lungs into the rigid air passages so that it can vir-
tually allow those organs 10 collapse and become solid, there i$
no reason why it should not dive to any depth. The animal be-
comes, as it were, like a submarine nearly flilled with water (and
water is virlually incompressible) with the air inside the sub-
marine compressed within a small and rigid container.

G. B. Wislocki and his collaborators have also made a study
of the mucroscopic structure of the lungs of whales of various
sizes. They find the large air passages in all Cetacea to be en-
closed throughout by fused links of cartilage. The air sacs aré
excessively large and each air sac has a capillary network of its
OWH;'lhus the lung septa are lined by capillaries on each side.
Elastic muscular bundles of varying size and heaviness aré
found in the septa projecting into the air sacs, and an elaborate
system of elastic muscular sphincter around the smaller air pas-
sages is a characteristic of the smaller whales. It is probable that
the muscular component of these bundles provides, in the larger
whales, a powerful mechanism for closure of the air sacs, and
that the elastic component contributes to rapid evacuation of
air during expiration. Several observers have commented on the
high etficiency of the ventilation of the lungs during spouting.
Some of these anatomical characteristics are found also in the
lobulated lungs of seals; another characteristic of the latier is
the presence of numerous multiple mucous glands, found in
relation to the air passages. These glands are large and are
placed outside the cartilages, and they pour their secretions into
the air passages by ducts passing between the cartilages. The
lungs of seals are also interesting in that there is a marked net-
work of thick-walled arteries and thin-walled veins lining the
cavities containing the lungs; injection experiments have shown
that these vessels send their branches extensively throughout the

lung.and are obviously refated in function to the bronchial
arteries.

During the last 15
been obtained on the
diving, and some obse
haviour of beavers an

years much interesting information has
physiological behaviour of seals during
rvations have also been made on the be-
d the porpoise. This is known as the resuit
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Particularly of the work of Laurence Irving, P. F. Scholander,
a_nd their collaborators; some experiments have also been car-
Tied out personally in collaboration with J. D. W. Tomlinson
and L. Bernstein. .

Irving and his collaborators carried out experiments in which
Seals were fixed to a board with the head and hind-flippers
slightly elevated. The board was suspended in a bath-tub with
the nostrils and the hind-flippers of the animals above the water.
In this position the seal would lie quictly for many hours and
Would apparently go to sleep. To produce an experimental dive
the head end of the board was simply tipped below the surface
of the water. By such methods it could be shown on an electro-
cardiograph that there is an immediate drop in heart rate on
diving from 150 beats per minute to 10 beats per minute. This
slowing of heart rate persists during the whole of the dive and
is apparently unaffected by any activity on the part of the
animal, Despite it, the arterial pressure, as recorded in the leg
artery, remains unchanged, and is maintained by the continued
constriction of the small arteries, apparently under reflex con-
trol. The vessels of the gut also contract and thus, together with
that vascular adjustment, the reduction in blood flow to the peri-
phery makes possible the continuity of circulation of impertant
tissues, such as the brain, during the period of heart-slowing.
Immediately after the dive the heart rate returns to normal dur-
ing the period of recovery.

It is not known for certain if the heart rate in diving whales
shows the marked slowing known to occur in diving seals; in-
conclusive experiments on porpoises did not show any such
slowing, and in any event such experiments would be difficult to
carry out conclusively on larger whales. In seals, however, it is
fairly certain that slowing occurs during any type of dive, and
in view of the time spent submerged it is not surprising that a
number of workers should have been puzzled by the apparent
continued functioning of the brain over such long periods.

The oxygen content of the arterial blood of the seal was found
to drop at a fairly constant rate during diving; at the beginning
of the dive oxygen content is about 20 per cent, and when it has
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fallen to about 2 per cent the seal has to return to the surface of

it will die. The fact that there is a pronounced slowing of the

heart and narrowing of small arteries will retard oxygen con

sumption and thus prolong the dive.

It is known that before seals embark on a deep dive they blow
a large quantity of air from their lungs; on shooting at a seal in
water a near-miss results in forcible expulsion of ajr and bubbles
mark its precipitate ‘blowing-off’. As a seal submerges deepef
the residual air left in the lungs will be compressed, owing
to the increased water pressure. The diaphragm in the seal is
arranged in a particularly oblique manner, and will be pushed

headwards and backwards by the abdominal contents, so that

residual air in the lungs will be forced into the respiratory pas-
sages. It has been suggested that the muscular elastic valves
already described prevent escape of air during diving, enabling
the animal to modify its buoyancy by retaining or releasing air.
However, it appears much more likely that these valves con-
tract after the air has been expired into the upper part of the
respiratory passages and thus provide a further mechanism for
preventing the absorption of nitrogen into the blood. Any ani-
mal or human being diving to a depth of 45 ft or over is liable to
suffer from caisson disease, or the ‘bends’, on returning to the
surface. At that depth the pressure is sufficient to cause nitrogen
to pass into solution in the blood and fat, and pefhaps other
tissues, and then on return to the surface to cause gas to come
out of solution, forming bubbles in the blood vessels and thus
be the cause of their obstruction.

A number of experiments have recently been performed in
seals by t.he author and his collaborators in order to investigate
the. functional significance of some of the anatomica} facts de-

, scribed above. In one experiment a seal pup was anaesthetized
and thﬁ: lung and abdominal cavities were opened, and the right
phrenic nerve and the contractable girdle on the’inferior vena
o.:ava, the caval sphincter, were found. An opening was made
into the apterior wall of the large sinus of the liver and a cuffed
tube was inserted through the sinus and passed up the inferior
vena cava so that the cuff lay within the sphincter. On stimula-
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tfon of the phrenic nerve it was possible to record the contrac-
tion of the sphincter about the cuffed tube. The sphincter con-
tracted whenever the phrenic nerve was stimulated, and the dia-
Phragm contracted at the same time. On cutting the branches
to the diaphragm the sphincter alone contracted. After cutling
the left phrenic nerve and stimulating the central end of the
ferve, no contraction of the sphincter was recorded. During
Normal respiration under anaesthesia no marked contraction of
the sphincter was observed or recorded.

In another experiment on an anaesthetized animal radio-
Obaque material was introduced into one of the renal veins and
allowed to pass towards the heart. The phrenic nerve was then
stimufated and it was shown radiologically that the sphincter is
Capable of shutting off the venous return from the liver sinus to
the right side of the heart. X-ray films taken during the process
of this experiment are illustrated in Inset 9 and 10. It is interest-
ing to note that in this experiment the plexuses round the beart,
supplied from the inferjor vena cava by vessels Jeaving it head-
wards from the sphincter, were not filled. This perhaps implies
that they are only filled during diving. It was also possible to
introduce a needle into the large extradural vein and after intro-
ducing some radio-opaque material it was shown radiologically
that this material passes into the venous sinuses of the skull and
into the abdomen very easily and at almost the same time.
Further experiments were carried out in which radio-opaque
material was injected into the arterial and venous systems of the
head and neck of the seal, and from these experiments, and also
from injection preparations, it is clear that the jugular system of
veins is not well developed; thus it appears that the main venous
return from the skull is by the extradural vein, and that during a
dive blood passes from the heart, through the head and neck,
and returns to the abdomen mainly via the extradural vein. The
large veins and venous plexuses in the abdomen provide ample
space in which blood can accumulate.

As long ago as 1884 Professor J. Cleland, of Glasgow Uni-
versity, wrote that it seemed to him that the amount of blood in
seals and whales was enormous in proportion to their size, It
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appears that his belief was not unfounded, since recent estima-
tions of the blood volume in seals, albeit in pups, gave a figure of
about 120 millilitres of blood per kilogramme of body weight,
by the Evans Blue method, and this in a newborn pup which }?ad
not put on the precocious deposition of fat which occurs during
the period of lactation. (The adult human blood volume is about
80 millilitres per kilogramme.)

L. Irving and P. F. Scholander with their collaborators have
made further valuable observations on the physiological be-
haviour of seals during diving. Their work is too extensive to
review here apart from its general conclusions. The seal s
apparently relatively insensitive to increased carbon dioxide in
the blood; the oxygen consumption during diving is lowered t0
about one third of the normal level and remains thus lowt:l‘e.d
until the animal is practically exhausted. It is not yet known if
there is a reduction in metabolic processes during diving, but it
is apparently clear that when the oxygen tension has fallen to
about 2 per cent, the seal must return to the surface or drown.
Blood removed from veins in the hind-flippers was found to be
nearly arterial in oxygen content, suggesting that when not
diving there may be a high degree of arterialization of the large
amount of venous blood. It should thus.be clear that there are
numerous anatomical and physiological adaptations enabling
marine mammals to remain submerged at considerable depths,
but for limited, though relatively long, periods of time; yet there
are still many unsolved problems connected with how they do it.

Both whales and seals have an acute sense of hearing, and
since it is known that whales, at least, emit noise under water,
the auditory mechanisms are at present the subject of much
investigation. It has been suggested that the noise is produced by
small quantities of air being allowed to escape through the blow-
hole. F.C. Fraser and P.E. Purves of the British Museum
(Natural History) are engaged in proving that whales hear in
the normal mammalian manner with certain anatomical modi-
fications necessary to receive water-borne sounds. They have
made plastic injection preparations to show that the pharyngo-
tympanic (Eustachian) tube connecting the ear and throat com-

-
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municates with a system' of pneumatic sinuses peculiar to the
whales. In the rorquals a large air sinus fills a fossa beneath the
skull and in beaked whales and dolphins this sinus is so enlarged
that it covers most of the base of the skull as well. Extensive
venous plexuses are also associated with the air sinuses and there
is apparently some evidence of a reciprocal degree of filling of
the air sinus and the venous plexus. The plexus is also associated
with fatty tissue and it is suggested that the fat and the mucous
membrane of the sinuses may have a gas-secreting function and
may play a part in absorbing nitrogen. The air sinus may more
certainly play a part in accommodating the pressure on the in-
side of the ear drum to that experienced on the external surface.

A consideration of reproduction and pregnancy in whales and
seals is not without its problems; for example, does the foetus
suffer anoxia should the pregnant cow dive deep and for a pro-
fonged period? Several years’ observation of pregn.am s;als
does not lead to a belief that their diving powers are {mpgxrgd,
although it is impossible to assess if pregnancy prohibits diving
to any great depth. Should a cow be disturbed on a beach or
sandbank in the very short first stage of [abour she can appar-
ently interrupt the process at will, take to sea and swim to an-
other bank or return later when the danger has passcq. Itis npt
known if whales possess this power, since they give birth while
swimming,

Some specimens of pregnant uteri and recently shed placemac
of seals have been examined in collaboration with E.C.
Amoroso and L. H. Matthews. Although the early development
of the placenta is interesting, particularly in regard to the fate
of the yolk sac, there appear to be no modifications during early
Pregnancy which can be clearly correlated with diving. In_ the
full-term placenta, however, there are numerous small vesxgles
on the foetal surface of the placental band, into many of which
enlarged maternal sinusoids have erupted, giving rise to numer-
ous pockets of maternal blood. Such occurrences are not un-
known in the placentae of other mammals, but the fact that
the maternal sinusoids near the foetal surface of the placenta
appear excessively enlarged may be associated with the general
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‘ciated with diving.

Itisa
Siderab[;lso [l:lr;c;;ver(li thatd seal pups are born with the gonads con-
Showing et s ofa}[: with the reproductive tract generall‘y
vity. Such precocio aving been stimulated to precocious acti.
NN o Ocus agthnty In the foetal reproductive organs
P dovetoni © cur in t.he Mare, but at a different stage of
210 e ent, .allld xt. 1S not yet certain that these changes
1ated with living in a marine environment.

FURTHER READING

Man igi
¥y references to oniginal work will be found in the following:
Franklin, K. J. 4 M

Thomes, 1oy onograph on Veins, Springfield, Illinois, C. C.

Harri
arrison, R. J., Matthews, L. H., and Roberts, J. M. ‘Reproduc-

S m Plnl“pedla. Tr A C[O()lo ical
otlou In Some ( ) ansactions ()f‘h 8

Howell, A. B {
Thoma. l9.30‘.4quanc Mammaly, Springfield, lllinois, C.C.
M .
Ngrtrt:;;vs} Ll.{H. British Mammaly, London, Collins, 1952.

man, IR, and Fraser, F. C. Gigny Fishes, Whales and Dol-
Scﬁ z;ns,dLondon and New York, Putnam

olander, P. F. ‘Experimenta] Investigations on the Respiratory

Function in Dijyj i
22, 1 (1940). ving Mammals and Birds,’ Hvalradets Skrifter,

FREEZE-DRYING

R.J. C. HARRIS

THE fact that proteins are more stable when dry than wet has
been recognized from early times in the practice of drying fish
and meat to provide reserve stores of food. Moisture is indeed
one of the two chief enemies of chemical stability, the other
being heat. Drying by any process involves the removal of
water from solutions, and to effect this there must be an input of
energy, usually as heat. There is therefore a risk that, in drying
for long-term stability, one may in the process bring about
those very changes which one hopes to prevent. But although
energy must be expended to remove water from solutions, this
can be done at low temperatures as well as at high ones. Water
may be removed from a frozen solution or suspension by suffi-
ciently reducing the pressure above it. The ice then sublimes
without thawing. This effect was applied to the preservation of
biological materials as long ago as 1909, and the method was
developed for large-scale use shortly before and during the
second world war. It is still finding new uses, two of the most
recent being the preservation of tissues for use in surgical graft-
ing and the preparation of specimens for electron microscopy.
It is known as drying by vacuum sublimation or, more com-
monly, as freeze-drying.

Freeze-drying is an expensive method of desiccation, but it
is the best method for preserving such protein-containing
materials as blood sera or plasma, some hormone preparations,
bacteria, viruses and moulds, vaccines, human milk, and drugs,
such as the antibiotics, which tend to be unstable to more simple
but drastic drying procedures. In most of these examples, the
Primary cost of the product is high, and it is therefore worth
while to choose the optimum method of desiccation irrespective
of cost. On the other hand protein-containing materials can be
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dried satisfactorily enough for some purposes by other met hods.
For example, roller or film driers have been used to produfe
dried milk, and spray-drying, where very fine drops of the liqyl
are sprayed into a hot, dry air current, has been used for arying
milk, coffee extract, and even human blood sera and plasma for
transfusion. In these processes, the relatively high temperatures
used are compensated by the short time for which the materials
treated are exposed to them.

Since freeze-drying involves the freczing of the solution of
suspension, it may legitimately be asked : Why trouble to re-
mave the water? Are not frozen materials effectivel y ‘dry’? Itss
true that at fairly low temperatures bacteria, viruses, and evet
larger organisms may be preserved under conditions in which it
is certain that all water is in the solid state. All metabaolic pro-
cesses, and those which at higher temperatures tend to caus®
deterioration, are then at a standstill, However, storage under
these conditions requires adequate, and carefully maintained;
refrigeration, and it is one of the great advantages of freeze

drying that properly dried substances may be stored at normal
temperatures in sealed containers,

TABLE 1. Relationship between the Temperature of Ice

and Vapour Pressure

Temperature Vapour Pressure
. 'c mm. Hg. .

0 4.58

—-10 1.96

~20 0.78

-~30 0.29

—40 0.1

-50 0.03

-~ 60 0.007

—70 0.001

—80 0.0004

It is not generally known how readily water vapour can be
pumped off ice even when this ice is at a low temperature. Table
I shows the relationship between the temperature of ice and the
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Vapour pressure of water in equilibrium with it. If the pressure
Over ice at 0° C is reduced below 4 millimetres of mercury, the
Water will be removed from the ice as vapour without passing
through a liquid phase (i.e. it will sublime).

Proteins in solution, such as blood plasma, tend to be unstable
to heau’ng, as has been said. This destructive process is known as
‘denaluration’, and is best and most frequently illustrated by
the Coagulation by boiling of the solubie proteins of egg white.
‘Denatured’ proteins are usuaily insoluble and have lost some or
all of their specific properties, retcntion of which is often essen-
tial. When a protein solution is dried by sublimation, the protein
and salt molecules are left in a sponge-like skeleton occupying a
volume equal to that of the original liquid. The forces which
tend to produce ‘denaturation’ are minimal, and the dry product
rapidly and completely dissolves when water is added.

THE DEVELOIPMENT OF FREEZE-DRYING

The development of freeze-drying as a technical process has fol-
lowed a rather complicated course, essentially because both
freezing and the removal of water vapour can be effected in a
number of ways. Freezing may be brought about either by direct
¢ooling or by making use of the latent heat of evaporation of the
water first extracted. Water vapour may be removed either by
pumping or by chemical or physical absorption. Further, it is
necessary, if working on a large scale, to provide for heating as
well as cooling — heating to compensate for the cooling which
accompanies drying. For work on a small scale there is a choice
between simplicity and cheapness on the one hand, and greater
reliability and elaboration on the other.

L. F. Shackell in the United States was the first in 1909 to
describe the freeze-drying process and to extend it to cover a
wide variety of materials. He froze the protein solution in a
Suitable container and transferred it ra pidly to a desiccator con-
taining concentrated sulphuric acid as a drying agent. The desic-
cator was connected to a Geryk vacuum pump (giving a pressure
of about 1 millimetre of mercury), and the rate of transfer of
the water vapour from the frozen material to the concentrated
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acid was great enough to ensure that the specimen l'f‘-m'fli“ed
-frozen; that is, the latent heat of evaporation was provided 1?3
the specimen itself. Drying took place from the frozen, sol
state and no liquid water was present. The dry product wal
readily dispersed in water and the reconstituted material had th¢
properties of the original. Shackell was primarily interested i0
preserving sera, and rabies virus from the brains of infected rab
bits, but he also applied the method to the drying of meat, frui€
and vegetables.

It was not until 1935 that Dr E. W. Flosdorf and his col*
laborators developed procedures which stimulated not onl¥
laboratory but also commercial interest in the technique. Blood
serurp was dispensed in individual ampoules and frozen by im-
rr‘xers.lon of the ampoules in a bath cooled by solid carbon
dioxide to —78° C. These sinall containers were then attach
to a manifold constructed either of glass or metal. A condenser
cooled to —78° C by a similar bath was interposed between the
vacuum pump and the manifold, and the water vapour Was
trapped there on its journey from the frozen serum to the pump-
When all the ice had thus sublimed the little ampoules of dry
serum were sealed off individually without breaking the vacuum
(I['ISf:t 16). At —78°C, ice has a vapour pressure of 0.00056
millimetre of mercury. The dried sample, therefore, in its sealed
amp(?ule at room temperature, is in contact with water-vapour
at this pressure which gives a residual moisture content of less
than 0.1 per cent.

It is possible to dispense with initial freezing in a low temp-
'per.ature bath and to freeze the solution in situ by evaporatjon.
This procedure, which was first investigated by Dr R. L N.
Gre.av'e's at Cambridge, uses the latent heat of evaporation of
the mma_l liquid water to cool, and freeze, the bulk of the pro-
duct. This opgration is complicated by frothing of the liquid 2§
the_pressure Is reduced, but the frothing, which is due to the
rapid escape of dissolved gas, can be controlled by reducing the
pressure slowly, and as the pressure is further reduced the gas-
free liquid tends to freeze completely and suddenly.

Subsequently, in 1938, Flosdorf published a method using 3
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chemical desiccant instead of a cooled condenser. The dessic-
cant ‘Drierite’ removed the water vapour by forming a chemical
hydrate (actually calcium sulphate hemi-hydrate, CaSO,.3H,0).
Spent desiccant could be regencrated by heating, giving an
equipment which could be taken to places where solid carbon
dioxide was pot available. The original unit has been in use in

- Kenya since 1938 for the production of dry rinderpest vaccine.

Obviously, prefreczing is precluded in such a method and
‘vacuum-degassing — self-freezing’, as introduced by Greaves
was, therefore, adopted.

Other chemical desiccants which have been used include
phosphorus pentoxide, which is far too expensive commercially
but is frequently used in laboratory-scale driers, and silica gel.
This is a regenerable desiccant, but at normal temperatures it
has a Jow absorptive capacity and large containers are required.
However, if the gel is cooled to —20° C, its efficiency is much
increased. Silica gel cooled by mechanical refrigeration has, in
fact, the same water-removing efficiency as a cooled condenser
coil operating at a much lower temperature.

Attempts have also been made to introduce continuous con-
densers to overcome the difficulties which arise in batch process-
ing, whether from the need to ‘defrost’ a cooled condenser or to
renew the charge of a chemical desiccant. One form of con-
tinuous condenser employed a large metal tube cooled on the
outside. Ice condensing on the inner surface was detached by
scraper blades, and fell into a cold collecting chamber. An in-
genious liquid condenser has also been designed for use with a
moving-belt type of frecze-drier. A cooled salt solution is
sprayed into the vacuum chamber and the water vapour con-
denses in it. The dilute salt flows out of the vacuum chamber, is
reconcentrated by heating, cooled again, and recirculated into
the chamber.

Historically the next development was a digression into the
difficult technique of direct pumping both to remove water
vapour and to bring about freezing. Most vacuum pumps are
oil-sealed and, as all those who have ever got water into the oil

will know, they lose their efficiency when the oil is thus con-
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taminated. In Flosdorf’s equipment the water vapour was act
ally condensed in the pump oil, but the oil was continuot y
clarified in a centrifuge so that water-frec oil was returned 10 th:
intake side of the pump. Mulitiple steam cjection pumps haV
also been used for direct water vapour pumping. These work 08
the same principle as the laboratory water pump, but US®
steam instead of water., Where, but only where, high pressur®
steam and large amounts of condenser water are very cheaP
such steam pumps are still used. Both these systems have 00W
largely been superseded by mechanically-refrigerated conded”
sers, and these are now used both on the laboratory and on the
commercial scale, ]
As soon as freeze-drying began to be used in the production
of large numbers of single-size containers having the same pro-
duct, manifolds on the ‘sow and piglet’ system (Inset 16) becamé
so complex as to be both expensive and prone to leak. They wete
then replaced by vacuum chambers (Inset 14) which brought
their own problems. The difficulty was that on the manifolds the
drying product received heat from the atmosphere, but in the
chambers the product was heat-insulated. The latent heat Of
evaporation of ice is about 700 calories per gramme betwee
—25°Cand -30° C. This is a theoretical figure, and Greaves
and Adair obtained a *practical’ figure of about 900 calorics Pef
gramme from a freeze-drying apparatus. Each gramme of watef
requires this amount of heat for evaporation and the rate al
which the heat is supplied determines the speed of drying. Theré
are obviously limits to the rate at which the heat can be applied:
One of them is imposed by the safe, limiting temperature of the
drying material, which nog only must not thaw but should nof
even get within twenty or so degrees of thawing. Another is the
capacity of a mechanically-refrigerated condenser for dealing
with large amounts of relatively hot water vapour.

The heating problem was subsequently overcome by winding
resistance wire round the tins in which the individual containert
were placed and passing an electric current through the wire
{\ recording thermocouple or resistance thermometer embedded
in the frozen contents of one of the containers enabled the pro-
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gress of the heating to be followed and controlled. Such control
€an now be made automatic by allowing the actual drying tem-
Perature to influence the heating on a ‘feed-back’ principie.

The introduction of mechanically-refrigerated condensers de-
bended upon the development of reliable compressors. Such
ondensers usually operate at about —40° C, which corre-
SPonds to an equilibrium vapour pressure of 0.1 millimetre of
Mercury. This pressure is well within the range of modern oil-
sealed single-stage rotary vacuum pumps although they must be
of large capacity since, at this pressure, | gramme of water occu-
pies a volume of 9,500 hitres. When the condenser temperature
is ~78° C, the dry product has a water content of about 0.1 per
cent. However, with a condenser temperature of only —40° C
the residual moisture may be as high as 4 per cent. It is often
hecessary, therefore, to give such materials a secondary drying
over a chemical desiccant such as phosphorus pentoxide to
reduce the water content to an acceptable amount.

During the war years very large amounts of dried human
Serum and plasma were required for transfusion purposes, and
this requirement, closely followed by plans for freeze-drying
penicillin, led to rapid progress. In Great Britain, in the three
years 1943-5, the plant designed by R.I. N. Greaves sup-
plied 318,700 bottles each containing the dry equivalent of 400
millilitres of blood products. A new prefreczing method was
developed in which the transfusion bottles were spun on their
vertical axes at high speed in an air-draught at — 18° C. The
liquid froze round the inside periphery of the botile, so present-
ing a large surface area from which sublimation took place. The
bottles of frozen plasma were then rapidly transferred 1o the
drying chamber. Subsequently Greaves incorporated a centri-
fuge unit in the vacuum chamber. Frothing was avoided, the
liquid froze by evaporation, and the freezing process thus

became the first stage of the drying process itself. Centrifuging
Dot only completely suppresses the foaming of the liquid during
the early stages of evacuation of the drying chamber and con-

dgnser but also distributes the material in a wedge in the con-
tainer (Inset 19).
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The choice of freeze-drying equipment at the present time i
depends on the scale, frequency, and conditions of use, a8 well
on the particular application which is in question. The simplest
m.ethod is still, of course, to use a standard laboratory Jesiccatof .
with phosphorus pentoxide as the desiccant and to reduce tho
pressure slowly over the liquid material so that ‘degassing’ 3
controlled. Finally it will snap-freeze, and pumping, with 8
small rotary vacuum pump connected to the desiccator with.
?rryge bore rubber tubing, may be continued until the product 8,

More elaborate, more reliable, but, alas, more expensive
apparatus is available, which in this country incorporates the
essential features of Greaves's large scale plasma-drying plant.
suchasa mechanically-refrigerated condenser operating atatem:
perature of at least —40° C, centrifugal spin-freezing, and coB”
trolled heat input to the drying material. Such an apparatus is
lllgstrated in Inset 17. The centrifuge head is housed in the
primary drying chamber which has a thermostatically-con”
trolled radiant heater in the wall. The chamber is connected bY
a very wide metal tube to the refrigerated condenser chamber.
The vacuum pump connexion is taken up into the centre O
the cold coil so that all the water-vapour is condensed without
tisk of contaminating the pump oil.

As a final example, we may take a British, commercially pro-
c%uced, blood plasma freeze-drying unit with a capacity of 50
litres per week. Such a unit is shown diagrammatically in Figuré
1: The primary drying units (1) have the condenser (cooled bY
circulating alcohol at —40° C) in the same chamber as the
bottles of frozen plasma. At the end of the primary drying cycle
when the water content of the plasma has been reduced to about
3 per cent the bottles are transferred to secondary vacuum
dryers (11) where the water content is further reduced to Jess
thar} 1 per cent, Heat input to the drying plasma in the primary
<.irymg cycle is thermostatically controlled and a safety switch i8.
incorporated which cuts out the heating circuit if the vacuum in:
the chamber is not maintained. Recording thermometers and”
pressure gauges are used to follow the whole processing cycle.
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Fig. 1. Diagrammatic flow-sheet of an Edwards plasma frecze-drying
anit for 500 litres per week: (1) primary desiccators and (2) the
pumping unit for them, (3) refrigerated tank from which cold
brine (or alcohol) is circulated to cool the condenser coils within
the primary desiccators, (4) low-temperature mechanical refrigera-
tor, (5) and (13) ;measuring heads for vacuum gauges, (6) vacuum
switches to protect plasma in the event of failure of refrigeration
or vacuum, (7) and (8) hot-water storage tanks and valves for melt-
ing ice off condenser coils after drying is completed, (9) water-drain
valves for removing melted ice and hot de-frosting water from
the desiccators, (10) electrical recording instruments for vacuum
measurement and control, (11) secondary drying desiccators and
{12) the pumping unit for them, (14) dry nitrogen or other inert
gas for filling the dried bottles. A photograph of this unit is repro-
duced as Inset 19.

The secondary driers employ 2 chemicaldesiccant and,vyhen this
final drying cycle is completed, the bottles are filled with pure,
dry nitrogen before sealing. The primary drying condensers ar¢
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rapidly defrosted by flooding with hot water from a storag®
tank (7),a procedure which ensures their maximum utilization-
A photograph of this cquipment is reproduced as Inset 19.

APPLICATIONS IN BIOLOGY AND MEDICINE

'ljhe development of freeze-drying as a techmnique has beed
linked closely, as has been seen, with requirements for the pre-
Zg;ﬁ;ﬁ?o?\f :\vuma.n blood sera and plasma, and the first clinical
applicals hum;'ls’ in fact, the production by Flosdorf of con-
valescen an sera for injection. The dried sera, from cases
o ;:as es, scarl;t fever, chicken pox, and mumps were distri-
t;:f:prev);ntt};e P'hﬂadelphia Serum Exchange and were used iR
e prevent :11(1) l;lsndlcontrol of epidemics. This work gave place
e enor” Unitgja;ma-drymg programmes of the war years
100,000 tiis ot ;(ates alone production reached a level of
plas’ma un preier WZQ . Most of the essential properties of the
D e P t\{e in the freeze-drlgd material for at least five
S ; " Is '1me the prothrpmbm actlivity drops progres-
yearz, ut the plasma is otherwise satisfactory for at least tenl

Antibiotics

The large-scale production of penicillin became an urgent

negessity in 1943 and, at that time, the experience with plant
designed for dry blood-plasma production was available to
meet the new problems. Penicillin is now isolated in ér stalliné
form, but tpe scale of the original freeze-drying in smal); indivi-
dual containers, each containing only 1 or 2 millilitres, made it
one of the largest industrial applications of the r’o s to
pharmaceutical products. With such small quzmtitip 'cnes ach
vial, spin-freezing to distribute the material in the conetsaii\erewas
not necessary and he freczing was usualy crried aut by sand;
coil brazed gr (ive‘ﬁia cslon plain metal shelves with a refrigerated
with their frozen ed to the undersurface. The trays of vials
shelves in the va contents were then transferred to similaf
tion of the i crom Ch?mbe"s' The heat required for sublima-

€ ice was supplied to the shelves either by circulatios
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F}fehlfr:dwatgr through them or by electrical heaters attached to
erside.
tioi‘sfePIOl'h‘yc'in products are obtained injtially as aqueous solu-
com antammg about 40 per cent of solids, and these are more
eniently treated in stainless-steel trays filled to a depth of
about 2 centimetres. The trays are filled in situ on the metal
sbelves of the drying chamber, and the solution is frozen by
circulating refrigerant through the shelf-coils. When the tem-
Perature has fallen to —30° C the pressure in the vacuum
chamber is rapidly reduced. When the equilibrium pressure is
reached (0.2 millimetre of mercury for —30° C), circulation of
refrigerant to the shelves is stopped and the electric heaters are
switched on. The heat input is adjusted to give an initial drying
temperature of —28° C, but at the end of the drying cycle, to
remove the last traces of water, the temperature of the almost-
dry solid is allowed to rise to 40° C.

Food Products

Freeze-drying is an expensive process, and, for freeze-dried
food to be economic, the final product must be superior to that
obtained either by quick-freezing aloune or by dehydration at a
higher temperature. So far as the freezing part of the freeze-
drying process i8 concerned, the material starts on the same level
as quick-frozen food. The advantages of a subsequent dehydra-
tion may be not in superior quality but in low bulk, ease of
handling, and storage at higher temperatures.

In general, liquids such as milk, orange juice, and soup will
tend to give more acceptable products than fruit and vegetable
tissues, since the soluble constituents of the latter tend to come
out on soaking and the tissues do not regain their original firm-
ness. Flosdorf records the application of freeze-drying to the
preservation of orange juice, meat, oysters, clams, fish fillets,
goat’s milk, coffee and tea extracts, peas, carrots, beets, and
soups. Dr R. Gane, however, concludes a recent review of the

subject : »
. P - ool
The high wath{on-zz’andﬂaﬁve cheapness of mg eloads ey

preclude the economic uske of freeze-drying as a
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tion. . .. It may be that the process could better be used as one stageé
in the dehydration process, either as a preliminary treatment to ren
der tissue porous so that subsequent drying by heated air could pro-
ceed vapidly, or, alternatively, as a final stage to achieve the required
water content safely.*

There is, however, one special food, human milk, for which
preservation by freeze-drying has been practised with great suc-
cess. In Holland, the Netherlands Red Cross collects surplus
milk from voluntary donors, pools, pasteurizes, and frecze-dries
it in units of 100 milllitres in apparatus closely similar to that
used for freeze-drying blood plasma. The product is suppiied on

a medical prescription only and in five years 100,000 units have
been distributed.

Micro-organisms

Unless methods of preservation are available, the mainten-
ance of ‘virus, bacterial, and mould collections at, for example,
tpc National Collection of Type Cultures, necessitates the con-
tinued passage of the micro-organisms in virro or in vivo with
all that is thus entailed in labour and expense. Preservation by
freeze-drying offers an alternative. It is, of course, an essential
proviso that the desiccates so obtained should retain quantita-
tively the characters of the original organisms.

So far as viruses are concerned, simple freezing and mainten-
anceat —25°C or less frequently suffices for their preservation it
infected fluids, organs, or tissues, and such materials may also
be straightforwardly dried from the frozen state, conditions
which viruses will usually survive. Large quantiti’es of living
viru.s vaccines are now being produced to immunize cattle it
Africa against rinderpest, fowls against Newcastle disease and
plagl'le, and man against yellow fever. It is essential that these
vaccines should not lose potency so rapidly that their employ-
ment in the field becomes difficult, and should not be so expen-

sive that their use is thereby restricted. Dr R Daubney bas said
of rinderpest :

*In Biological Applications of Freezi ] i
. zing and D b
R. 1. C. Harris. Academic Press, 1954, 5. roing. edled B
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At once it became possible and practicable to plan for the com-
plete eradication of the discase — by mass immunization — from vast
areas of Africa, where it had remained enzootic since the closing
decade of the nineteenth century; and in very large measure these
new possibilities had been opened up by the development of prac-
tical apparatus for the freeze-drying of tissues containing the virus.
The new method enabied us to give life-lang protection to millions
of native cattle of such low economic value that they did not warrant
the expense of immunization by the older methods.*

However, once viruses are separated from the tissues and
‘purified’, they become increasingly difficult to preserve even in
frozen suspension. It then becomes necessary to include protec-
tive agents in the suspending media. Such materials as proteins,
peptones, and carbohydrates have been found to protect viruses
in this way, but the mode of action of such substances is un-
known. Moreaver, media which protect viruses against freezing
and thawing may not confer equal protection against freeze-
drying. On the other hand, labile viruses have been successfully
freeze-dried in such unpromising media as saline, buffers, or
water, by lowering the temperature of the frozen suspension and
prolonging the drying cycle.

Many bacteria have some degree of resistance to drying, even
at room temperatures and pressures, but the very careful work
of Dr R. M. Fry and Dr R.I. N. Greaves at Cambridge has
shown that the nature of the medium in which bacteria are dried
has a very great effect on the survival rate and is possibly the
most important single factor in the whole drying process. Many
other factors in the freeze-drying and storage procedures were
investigated, such as the conditions of growth and age of the
culture, the cell concentration of the bacterial suspension, the
degree of vacuum and the drying temperature, the atmosphere
of storage, the temperature of storage, residual moisture, and
water absorption during storage.

The problem has two aspects. Some organisms may not sur-

" Vive the drying procedure and others which may survive drying

fairly well may not survive for long in the dried state. So far as

*Io Freezing and Drying. London, Institute of Biology, 1951.
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the ‘former are concerned, there can be no doubt that the com”
position of the suspending medium is all important. Colloid
suspensioas seem to be the best, but some crystalline substancess
such as glucose, also appear to protect, and their action may be
related initially to the residual water content of the dried
material and later to possible redistribution of this water during
storage, So far as storage is concerned, there can be no doubt
that oxygen is harmful, and sealing in evacuated containers i
the best method.

Tissues for Transplantation

Whereas, until a few years ago, research in the trzn'lsplantation
qf tissues had been of primary interest to a few biologists, today
tissue grafts, and the problems of their preservation and be-
haviour in the host, are of direct interest to surgeons. Skin grafts
are only permanently successful when the skin is taken from an-
other area of the patient’s own body — an autograft. Skin from
another individual (a homograft) may be accepted for a timé
but, sooner or fater, the graft is rejected. However, for someé
tissues such as bone, cartilage, and blood vessels, grafts ob-
tained from another individual, either post mortem or in the
operating theatre, may give a perfectly satisfactory repair.

‘Tissue-banks’ have been formed where such tissue ‘spare
parts’ may be stored in assorted lengths and sizes ready for
immediate use. Bone and cartilage grafts do not appear to be
incorporated as such into the recipient. They act, instead, as 3
framework within which new bone or cartilage is formed and,
ultimately, the framework itself may disappear much as the
scaffolding is removed from a newly-completed building. So
long as these grafts are not infected, therefore, it is of no con-
sequence whether they are ‘alive’ or ‘dead’, and storage presents
little difficulty. Cartilage grafts are often stored in a preserva-
tive, antiseptic solution at ordinary refrigerator temperatures.
Bone grafts may be banked at lower temperatures of —20° t0
—30° C (‘deep-freeze’). Other tissues are not so readily pre-
served,and it is for these that the methods of freezing and freeze-
drying have been investigated. :
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Nerve injuries may, for example, be successfully repaired by
autografts, but peripheral nerve homografts in man have always
failed. Claims have been made, however, that frozen-dried
homografis could be used to repair short gaps in peripheral
nerves in monkeys, cats, and rats. The extension of such studies
to man does not appear to have been attempted.

Blood vessel homografts are now being used on an ever-
increasing scale. As with cartilage and bone, such grafts do not
have to be ‘alive’ to produce a functional repair. Most ‘banks’
at the present time freeze the grafts in a solid carbon dioxide
bath (at —78° C) and store them at this temperature. However,
it is possible to preserve arterial segments by freeze-drying, and
Dr Charles Hufnagel, of Georgetown University Medical Cen-
ter, Washington, has stated that the results obtained with fresh,
frozen, or freeze-dried homografts are practically indistinguish-
able. He has also employed freeze-dried heterografts (i.e. from
other species) from a calf and from a young pig with successful
results.

The Tissue Bank of the Naval Medical School at Bethesda,
Maryland, freeze-dries and stores bone, blood vessels and skin
(although homograft skin does not form a permanent graft) and
claims that preservation by frecze-drying has the great advan-
tages over simple freezing of simplicity and ease of storage and
transport, and of increased storage time, which allows tissue
reserves to be accumulated. Bacteria and viruses withstand
freeze-drying, but there is, as yet, no evidence that mammalian
cells can survive dehydration to such a degree. Where a graft
depends for its value upon the functioning of the cells, as for
example in the grafting of thyroid tissue into a thyroid-deficient
individual, then the preservation of such a graft presents prob-
lems which freeze-drying has yet to solve. It is nevertheless
amazing that so much effective surgical use can be made today
of dead bone, cartilage, and artery.

Tissue Dehydration and Fixation

Histologists and cytologists who study the morphology of
cells, tissues, and organs are concerned with techniques for
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g‘:::}r;aat;onowh'xbc}h will requ.t ?n preparations approximating a8
methods W}I)’icsslh ¢ to the living state. Most of the chemi
Bouin’s solutio ave beef} U§ed for fixation, e.g. formol-saling,
distort. disso] ns :'md theu‘vhke, have disadvantages in that the¥
Constit;z ente ‘;6, denature’, or attack chemically some of t.hc
are OVercOmobme cells anq tissues. Many of these difficulties
ing substance:e y’~f r_eeze-drymg fhe'tissucs, Even rapigdly-diffus-
is taken o lhcs w{n;hm cells are rctfuned in this way, and, if car¢
preservation Sg. sequent embedding and staining, the degree of
One serions ac tfewed is far greager‘than by any other method.
icecrysialy a!'tlﬁ ;ct that may be introduced is the tormation of
tissues Thé Ny fafter drying will appear as vacuofes in the
on the size of these vacuoles will depend to a large extent
) te rate? °§ initial f.reezmg of the specimen, A very low tem-
f:o?egrfollx.mli f'reezmg bath (usually isopentane or propane
tenths of a‘qu.‘“.a” temperatures) and thin tissue sections (a few
reduond icem‘ imetre) combine to give very rapid freezing and
dry the s -ftrysta{ artcfact, It is not convenient, however, {0
would bep:;: tmens at this temperature since the rate of drying
ing h ry small. The specitens are transferred to the dry-
g “ead'of the tissue drier unit (Figure 2), which is cooled t0
~78° C in large Thermos flasks containing a bath of solid car-
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Fig. 2. Diagram of tissue-dryer drying tube; see Inset 18
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bon dioxide in acetone or alcohol. The outer glass wall of the
bead thus acts as the condenser and receives the water vapout
sublimed from the specimens. A smal} heater is incorporated in
the drying head so that the temperature of the specimens may
be controfled at the required figure (usually —~30° to —40° Q.
When the tissues arc quite dry the flask is removed a‘nd the ice
revaporized from the walls and absorbed 1a a chemical desic-

cant. A photograph of this unit is reproduced as Inset 18.
Freeze-drying has also been successfully applied to ibe' pre-
paration of specimens for electron microscopy- Conventional
air-drying methods tend ta produce flattened objects as a result
of the action of surface tension forces during the process. Pro-
fessor Robley Williams, of the Untversity of Cz?lifo.mia, .Berke-
ley, has devised a new technique for freeze-drying in which ex-
ecimen matetial are frozen rapidly

tremely small droplets of sp .
on impinging upon a very cold copper surface. The ice may be
quickly sublimed in vacuo and the results which he has obtained

in the retention of three-dimensional structure for bacteria,
fibres, and viruses show that the method is a great tmprovement.
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COLONY FORMATION IN ALGAE

THE control of growth and reproduction in colony-forming
species of single-celled organisms presents problems which are
of interest to others besides the specialist. They have beefl
studied in the green alga Pediastrum duplex by J. G. Monef,
working in the Department of Biology, Princeton University-
He has shown that, under suitable conditions of culture, ther®
are two distinct phases of development — one in which the
colonies grow, the other the phase of ‘swarming’ in which new
colonies are produced from them. The transition from the first
phase to the second is probably brought about by a substanc®
secreted by the organisms.

The Pediastrum used by Moner came in the first place from
Malham, and was provided by Dr E.G. Pringsheim of the
Department of Botany, Cambridge University. Quoting more
or less directly from Moner's description, the colonies are com-
monly found in fresh water and are disk-shaped. The cells which
compose them are arranged in a single layer, and the outside
ones differ usually from the rest in having one or more prongs
or processes which extend radially outwards. The number of
cells in a colony is, in general, such as would result from succes-
sive doublings starting from one; the common range is from 8
to 64. The formation of colonies depends on the formation of
motile cells, zoospores, those from a single cell of the original
colony becoming the new one. These motile cells are formed by
successive divisions of the cell nucleus, followed by progressive
cleavage of that part of the mother cell which contains the
chlorophyll necessary for photosynthesis. The cells acquire two
flagella each. They are discharged through a crescent-shaped
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slit in the cell wall of the mother cell, and are enclosed in a thin,
transparent sac. At first they form an irregularly shaped mass,
within which the individual cells move actively. After three or
four minutes, they slow down and form 2 flat plate of cell.s.
Movement then ceases, and prong formation begins; Ipis is
completed in a matter of minutes. The colony, now established,

grows by cleavage of its cells. . '
The culture as received from Cambridge contained only the

one strain of alga, but was not necessarily free from bacteria.
Further cultures were grown under sterile conditions in a stan-
dard solution of mineral nutrients, to which 10 per cent of soil
extract was added. The initial observation - that the phases of
growth and colony formation could be separated ~ came about
from the wish to obtain many swarming colonies quickly. With
this object relatively large additions of culture were made to
fresh culture medium (5 ml into 50 ml). Under these conditions,
it was noticed that swarming occurred at a definite time after
inoculation and seemed to last for only a few days. In one
quantitative experiment there was no production of colonies up
to 173 hours, but there was then a sudden burst of activity; this
began at 197 hours, lasted for 78 hours, and thereafter levelled
off.

The next move was to replace the new medium, either at once
or after 2 or 4 days, by ‘aged medium’ obtained from a 19-day-
old culture from which the colonies had been removed. The
effect was, in all cases, to accelerate colony production com-
pared with a control culturc in new medium. Colonies began
to be produced, at the latest, after 73 hours. A second effect was
connected with the length of time during which the culture had
been left to grow in fresh medium; the longer this time, the
greater was the level of colony production after transfer to
‘aged medium’. Thirdly, the size of the colonies was reduced,
Compared with control cultures.

It was supposed therefore that a change took place in the
Mmedium which affected both the timing and level of colony
Production, and also the size of the colonies. The medium
¢hanges during culture from being slightly acid to slightly alka-
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line, and this was thought to be one possibility. An experiment
was therefore performed in which fresh medium was adjusted
to the same degree of alkalinity as that in the ‘aged medium’.
The time of colony production was not affected. Other experi-
ments were done to test the effect of heat on any substance that
might have been released into the medium by the organisms
previously grown in it. ‘Aged medium’ was heated for 30
minutes under pressure at a temperature of 121° C. So far from
its activity being destroyed, there was a 3 times greater produc-
tion of colonies in medium so treated than in untreated ‘aged
medium’. Previous research on other species of algae had shown
them to produce inhibitors. It is therefore suggested that Pedias-
trum produces both stimulating and inhibitory substances, and
that the former are more resistant to heat. The conclusion that
substances of both types are produced is reminiscent of the
present situation in research on plant hormones, and indeed in
relation to the control of physiological processes in general.

Moner, J. G. The Biological Bulletin, 107,236 (1954).

ENERGY OF MUSCULAR CONTRACTION

For several years past, the immediate source of the energy used
in the contraction of muscle has been widely assumed to be
the breakdown of adenosine triphosphate. According to a 1950
text-book : ‘Whatever view is finally adopted to account for the
initial step, it is clear that the breakdown of adenosine triphos-
phate is the fundamental chemical process which supplies the
energy’. The evidence, though considerable, was indirect; it
was difficuit to reconcile on some points with the physical evi-
dence obtained by Professor A. V. Hill, who in 1949 called for
a straightforward demonstration of the chemical changes which
accompany a single muscular twitch. Evidence has lately been
published from three different laboratories, one of them work-
ing independently of the other two, which suggests that ‘muscle
can in fact do work under well-defined conditions without the
decomposition of an energetically equivalent amount of adeno-
sine triphosphate. . . .’

]

Research Report 111

The previous evidence was of the kind described in lawcourts
as circumstantial, Processes such as respiration and the break-
down of glycogen in muscles, which indirectly support muscu-
lar activity, had been shown to do so through the synthesis of
adenosine triphosphate. In 1939, myosin, thought to be the con-
tractile element of muscle, had been found to be associated with
an enzyme by which adenosine triphosphate is broken down.
More spectacularly, Professor A. Szent-Gyorgyi had, in 1946,
reported that ‘reconstituted’ fibres could be prepared from acto-
myosin, extracted from muscle, and that these fibres could be
induced to contract by adenosine triphosphate, also extracted
from muscle, although they could not mimic the work done by
muscle during contraction. It may still therefore be doubted
whether adenosine triphosphate should be removed entirely
from the story.

The first of the two new reports comes jointly from Professor
A. Fleckenstein and Dr J. Janke of the Pharmocological Insti-
tute, Heidelberg University, and Dr R. E. Davies and Professor
H. A. Krebs of the Medical Research Council Unit for Re-
search in Cell Metabolism at the University of Sheffield. The
crucial experiments were carried out on slow-responding frog’s
muscle at a temperature of 0° C. Pairs of corresponding muscles
from the same animal were respectively stimulated and kept as
controls. By various procedures, including paper chromato-
graphy, estimates were made of the quantities present in each
not only of adenosine triphosphate but also of other possibly
relevant substances. These included creatine phosphate (from
which adenosine triphosphate might be regencrated) and in-
organic phosphate. When the stimulus to contraction was
chemical, there was indeed some reduction in either adenosine
triphosphate and creatine phosphate, or in creatine phosphate
alone, according to the stimulating substance. But with electrical
stimulation there was no reduction in either, although there
was a liberation of inorganic phosphate in just sufficient quanti-
ties to supply the energy needed for contraction. It follows,
these authors conclude, that there is a source of energy in living
muscle which either (like creatine phosphate) can synthesize
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adenosine tri .
cess of cor:g:g(s,ﬂhaﬁe rapidly, or which ‘is closer to the pro-
phate’. than the breakdown of adenosine triphos®
The sec ,
Departme(r)::d(:'fep;;rit lshfm‘f‘ Dr W. F. H. M. Mommaerts of t'he
Schol of Medicine élc emistry, Western Reserve University
on pairs of |eg mu;cl eveland, Ohio. His experiments were don®
and the other used es of turtles — one, again, being stimulated,
late in contractio as a control. At a chosen moment, early of
liquid propane, ¢ "’l the muscles were immersed suddenly i9
tion was at once Oto ed to a temperature of — [85° C. Contrac
confirmed by teSmOpped, and rapid cooling of the muscle was
muscle. Subseque tpehratu're measurements made inside e
for probable bqrea‘[:dc emical procedures were designed (0 look
creatine phosphate own products of adenosine triphosphate oF
these substances o8 Opposcd to changes in the quantities ©
breakdown prod present in the muscles. No evidence of such
physiology’ (a t'tllICIS was found; and a new ‘revolution in musclé
to be clearly discer used 22 years ago by Professor Hil) is stated
ernible.

Fleckenstein, A, J i
M174’ o “9.5,4)?nke, J., Davies, R. E., and Krebs, H. A. Naturé,
ommaerts, W. F. H. M. Natrure, 174, 1083 (1954).

INTERNATIONAL GEOPHYSICAL YEAR

;F:?nlrflat‘zl;ni;:tl‘)opa.l Geophysical Year 1957-8 is best regarded -
et ;g;nat:;i ~ as a repetition and extension of the
repetition and olar Year of 1932-3, just as this latter was a
et extension ,O_f the first polar year of 1882-3. Com-
pared Wi off;??;s:c;r;jl;?o::rof observation, the most impor-
w .
vation,yvhich,in the main,hz)i,d bee:;1 Scézafitn‘;aclinbzl;iz fes e
or tropxc:al conditions, were extended to the Arcti C;t_emperate
outs'tandmg result was the picture which emergelc;: orf":ﬁe' o
2§:;<33i:$twée£ c?sturbances on the sun, the effects of thzszo:r;
o tmoa ation and cbarged particles reaching the earth’
phere, observations of electron-density in the ionof
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8
ni?iirfj,i;?j ifopagation of radio waves over long distances, mag-
this list ; rbances, and displays of aurora. The mere recital of
Servatio S‘sumc;c'nt mdlcatlo'n that, to’auam their full value, ob-
ofa wo fl\; made in pola’r regions require (0 be considered a§ part
situati rld programme. There are also many ne‘w elements in the
ion. Among them are a more hopeful attitude to the study
of the general circulation of the atmosphere; interest in the
Present climatic fluctuation, especially in the northern hemi-
Sphere; greater knowledge of ice-flow and a desire in conse-
Quence to make a more extended study of the ice-sheets of
Greenland and Antarctica than has yet been possible; and many
new methods of observation, including the use of rockets 10

make direct measuremen(s of conditions in the upper atmo-
rveys and of seisniic obser-

sphere. The techniques of gravity su
f ice sheets, have also been

vations, for example of the depth © .
much extended; and the development both of air transport and

of mechanized ground transport under polar conditions has
made it possible to envisage the use of instrumental equipment

which could not before have been considered.
A meeting of the Special Committee for the International

Geophysical Year (C.S.A.G.L), held in Rome during last
autumn, made it clear that a substantial effort can be counted
on from the United States, that support is to be expected also
from the US.S.R. —as clearly is necessary for success = and that
many of the smaller countries are anxious to contribute effec-
tively to the arrangements. So far, 35 countries have agreed to
take part.

Because of the world-wide character of the intended pro-
gramme, it is proposed that special observations should be made
during selected days and periods. The ‘year’ will extend from
July 1957 to December 1958. There will be two “world days’,
already provisionally designated, in each month, one at new
moon, the other at about quarter moon, with the exact day
adjusted to coincide with major meteor showers. There are also
to be special ‘world intervals’, periods which unusual solar
activity is expected, with a system of broadcast and other warn-
ings to bring the observers to the alert. Thirdly, there are to be
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‘world meteorological intervals’ — six periods of 10 consecutive
days in each quarter at solstices and equinoxes, which will in-
clude the regular world days of the same month. As well as the
Antarctic and Arctic, there is to be a concentration of effort
geographically; the other selected regions will be the equatorial
belt, which is of special magnetic interest, and three meridional
lines from North to South Pole.

Plans for rocket soundings of the upper atmosphere have
been put forward by the United States and by France. For re-
search on the ionosphere, 86 stations in the northern hemispher®
and 30 in the southern have been listed as likely to participate,
and the creation of 24 more stations is recommended. For the
observation of solar activity, a continuous patrol by a world
network of stations is proposed, and recommendations about
instruments and procedure have been made in detail. A
thoroughly organized cosmic-ray programme will, it is sug-
gested, help in conjunction with other data in arriving at physi-
cal concepts of the electro-magnetic system of the sun, earth,
and interplanetary space; it is hoped that some 70 stations, 34
already existing, will participate. Again, standard measuring
instruments are proposed. Other programmes which have been
planned include a series of observations related to latitudes and
longitudes. This will serve many objects: the improvement of
time determinations, the study of irregularities in the earth's
rotation, star catalogues, redetermination of the relative posi-
tions of the continents, and knowledge of the practical propaga-
tion of radio waves. Widely spread as the whole programme
must appear, it seems likely that a large part of it will be
executed. Many who came to Rome doubtful were convinced
by the detailed discussions which then took place: and the extent
of support already assured from the United States may, in
effect, compel other governments to make proportionate efforts,
especially in the more geographical parts of the programme.

COMPARISONS OF FREQUENCY AND TIME

The' situation has existed for many years that standards of
radio-frequency, based on the mechanical vibration of quartz

Research Report 115

crystals, can be compared in the laboratory with a higher stap-
dard of precision than that with which the unit of astronomical
time can be predicted. Recent experiments, jointly reported by
British and American radio physicists, show this to be true also
of frequency comparisons made by radio transmission across
the Atlantic. A new order of accuracy in the comparison of
time-intervals on a world-wide basis is thus made possible, and
the need underlined for a laboratory standard of time indepen-

dent of the rotation of the earth. '
The weakness of the rotating earth as a time standard is that

there is both a slow increase in the length of the day, caused by
the braking effect of the tides, and, superimposed on this, larger,
short-term variations attributed to movements of a few feet in
the earth’s crust, and also seasonal changes. The evidence is in
part astronomical and in part from comparisons between astro-
nomical time and that kept by batteries of crystal-controlled
clocks. The astronomical evidence is obtained by comparing the
rate of rotation of the earth with the movement of the moon
round the earth, that of the innermost of four large satellites of
Jupiter round that planet, and the movement of both the earth
and Mercury round the sun. Since the rotation of the earth is
taken as the standard of time, the comparison is in effect be-
tween the tendency of these other time-keepers to gain or lose
at the same rale, judged by the earth’s rotation. Both the annual
slow increase, estimated in this way, and the seasonal changes,
estimated from crystal-controlled clocks, are of the order of 1
part in 108, and this is the accuracy with which the unit of
astronomical time is commonly stated to be predictable. There
is, however, some evidence that the cffects of short-term changes,
unpredictable and continuing over a number of years, may be
8reater than this.

Radio frequencies can be compared in the laboratory with a
Precision of 100 times as great (1 part in 10'?). If measurements
are continued for a month, the attainable stability falls to a few
Parts in 10°, and during longer periods of time there tends to be
& drift in the frequency of the crystals. Quartz crystals would,
for this reason, be unsuitable for use as standards.
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The new precision attained in comparisons by broadcast
signal has been reported jointly by J. A, Pierce of the Cf“.ﬁ
Laboratory, Harvard University, H. T. Mitchell of the Radio
Experimental and Development Laboratory, British Post Office,
and Dr L. Essen of the National Physical Laboratory, Teddirlg"
ton. It has been made possible by the introduction of an addi-
tional frequency as an experiment when the broadcasting ©
standard frequencies for reference and comparison was resume
in 1950. The official frequencies are 2.5, S, 10, 15, 20, and 25
megacycles per second. These are reflected for the most part i
the F, region of the ionosphere, which varies markedly in h"-i8¥lt
(from about 200 to 1,000 kilometres). The rate of variation 10
height, and therefore in path-length from transmitterto receiver,
is great enough to introduce significant changes in the received
frequency. For this reason the accuracy of comparison at these
frequencies is limited to about 2 parts in 10,

It was because of this limitation that experimental transmis-
sions were introduced at a frequency of 60kilocycles per second.
At this much lower frequency, reflection is in the D region of
the ionosphere which remains comparatively stable in height at
around 50 to 65 kilometres. Transmissions are from the Post
Office Radio Station at Rugby, and are at low power (10 kilo-
watts). Despite this they have been received and measured at
Harvard with a precision of 1 part in 10°; this is the same order
of accuracy as that attained in more or less local measurements
at Teddington. The authors comment that this result is clearly
of significance in problems of frequency control, international
frc?quency and time standardization, and also in relation to cer-
tain types of navigational aid. The possibility of making such
measurements absolute instead of comparative depends on the
development of laboratory standard of time, based possibly on
the natlfral f.requ.ency of vibration of an atom in a molecule.
Work with this object was reported by the U.S. National Bureau
of Standards in 1949 and is still proceeding.

Pierce, J. A., Mitchell, H. T., and Essen, L. Nature, 174, 922 (1954).
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SEA-BED HISTORY

Two examples have been published of the use of the carbon-14
method of dating to elucidate the past history of relatively shal-
low areas of sea-bed. They are included in a summary of results
obtained with an apparatus recently developed by Professor HI.
de Vries and G. W. Barendsen, of the Physical Laboratory of
the State University of Groningen in Holland. There is a depar-
ture in method compared with the original technique of
measurement, as developed by Professor W. F.Libby of Chicago
University. Whereas in the Chicago apparatus the radioactivity
of samples is measured with the carbon in solid form, in the
Groningen apparatus the counts of radioactivity are made from
gaseous carbon dioxide.

The first of the sea-bed problems is that of the past history
of the Guif of Paria which lies between the mainland of South
America and Trinidad. An arm of the river Orinoco discharges
into the gulf on its southern side, and from geological evidence
it was expected that this would be found to have broken into
the gulf in more or less recent times. By this ‘catastrophe’, shell-
beds containing marine species were killed by the inrush of
fresh water. Sample shells were therefore obtained from eight
sites round the edge of the gulf, two samples being included
from diffcrent depths at one site. Those from an appreciable
depth (50 to 150 centimetres) below the sea bed were found to
be of older age than the others. Another two were cxpected to
be of recent origin and were found to be. The remaining four
samples gave ages which were mutually consistent and averaged
about 800 years.

The second problem is to determine the rate of lowering of the
Dutch coast relative to sea-level. An extensive programme is
being carried out with this object on behalf of a committee
which is concerned with the possible closure of the estuaries
of south-west Holland. Up to now, about forty samples of peat
and shells have been dated, and dating of the peat is being
carried out also by the method of pollen analysis. Details of the
geological argument are not included in the present summary;
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but the broad conclusion is given that the rate of sinking of the
bottom was about 35 centimetres per century some 7,000 years
ago, and is about 10 centimetres per second at the present time.

de Vries, HI., and Barendsen. G. W. Nature, 174, 1138 (1954).

SOLAR ENERGY

With nearly a million square miles of arid land in the USSR,
one tenth of which is sandy desert, the use of solar energy for
heating, distillation, and cooling has been seriously examined.
An account of this work was given by Professor V. A. Baum,
Director of the Heliotechnical Laboratory at the G. M. Krzhi-
zansky Power Institute, Tashkent, at a symposium on 5013‘:
energy and wind power which was held recently at New Dethi
under the joint auspices of Unesco and the National Institute of
Sciences of India. The following notes are from a report issued
by Unesco. It should be remembered that the work described
was done in a dry, continental climate in about the latitude of
Rome.

Solar heating units have been developed which use paraboloid
reflectors 10 metres in diameter that can be turned to face the
sun all day, and which produce 100 pounds (60 kilogrammes)
of steam per hour at a pressure of 100 pounds per square inch
(7 kilogrammes per square centimetre). The efficiency of utiliza-
tion of the mirrors is about 70 per cent. Such units have been
used for the operation of canneries, refrigerators, and for
laboratory heating. Another application is in the distillation of
fresh water from salt for livestock on remote pastures; 75,000
tons of distilled water have been produced by one still in a year.
This }}3.5 proved the cheapest method of supply in the conditions
Pprevailing; but the emphasis is, in general, more on the social

im : S
tio:: rtance of using solar energy than on economic considera-

Various other t
developed. An ind
hour, or 33,000 to

Ypes of unit have been built or are being
ustrial heater produces 18 tons of steam per
NS per year, the latter figure being equivalent
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to an average of some § hours’ operation at maximum output
per day. Two sizes of domestic unit have been developed. Tpe
smaller one has an aluminium mirror about 1.2 metres in
diameter; the larger one has a surface area of about 12 square
Metres. Development work is proceeding on a steam generator
which can be used both as a heating plant in wmtq and for
cooling in summer; this is intended for cinemas, hf)spnals, and
larger houses. The problem of electricity generation h:.lS not,
however, been solved, because of the difﬁculty‘of storing the
energy collected, as would be necessary to cope with ﬂu_ctuahon.s
in sunshine, time of day, and seasonal chgnge_s. In~ s_p:lg of this
Professor Baum envisages a great expansion 1n utilization.



CORRESPONDENCE

CELTIC PATTERNS AND TOPOLOGY

THE topological theorem proved by Mr Thurston in his interest-
ing article on Celtic weaves (Scicnce News 33) can be proved
more shortly as follows.

Suppose the pieces into which the pattern curves divide the
p!ane to be coloured black and white, so that a black and a white
piece meet along each arc. (Assume for the moment that this can
be done.) At each crossing (‘node’), c, one of the two strands has
black on the left as it approaches c in either direction. Let this
strand go over, the other under, at c. Each arc from node to node
goes over (O) at one end, under (U) at the other, since the left
side going towards one end is the right going towards the other.
Therefore over and under alternate along each loop, and all is

proved., //q /////
//%f O %

The ‘black-and-white’ theorem here used is used also by Mr
Thurston when he says that every curve (even if self-intersect-
mg) has an ‘inside’ (his Figure 15): the ‘inside’ is just the black
regions. He assumes the theorem only for a single loop, but the
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proof to which he refers based on cutting up into curves with
no nodes (p. 56) works just as well in the general case. The
black-and-white theorem can also be proved directly by colour-
ing a region black if you have to cross the pattern-curves an
odd number of times in walking out of it to the distant part of
the plane. It is not hard to see that, for a given region, the num-
ber of crossings is always odd, or always even.
M. H. A. NEWMAN, F.R.S.
Department of Mathematics,
Manchester University



SOME BOOKS RECEIVED

THE SCIENTIFIC REVOLUTION by A.R.Hall (London,
Longmans, Green & Co., 1954), pp. 390, 21s.

Writings about the formative period of science have suffered from
the weakness that those whose approach has been from the side of
science have for the most part either been ignorant that probjems pf
origins exist or have recognized only one solution, while general his-
torians have only newly discovered science. Mr Hall's ‘character
study’ may be in some danger of being dismissed as a rather length}(
prolegomenon to a statement of how little is really known. In fact, it
is probably as good a general review as has yet been written, and pro-
vides also a much-needed backcloth on which further ‘case studies’
can be painted in - by the author among others, as one may hope.

THE PHYSIOLOGY OF INSECT METAMORPHOSIS by V. B.
Wigglesworth, F.R.s. (Cambridge University Press, 1954),
pp. 152,125 6d.

This is the first of a new series of ‘Cambridge monographs on
experimental biology’ which are to be authoritative, quickly pub-
lished, and of about 40,000 words length. Professor Wigglesworth’s
authority is beyond question; and there is interest in his argnment
that insect metamorphosis is to be regarded merely as an especially
striking example of the occurrence of differences in form between
different individuals of a species. and as an introduction, too, to
differentiation. But he would probably have done better to have
given more complete rein to his own work, confining his main

chapters to the insect — the Hemipteron, Rhodnius prolixus — on’

which he made his own discoveries about hormonal control, and
thence worked outwards, through metamorphosis in other insects, to
the argument already mentioned.

THE GENETICS OF PARAMECIUM AURELIA by G. H. Beale

{Cambridge University Press, 1954), pp. 179, 12s 6d.

In Science News 34 (p. 80) Professor Wyburn referred briefly to
work on a single-celled organism, Paramecium, which showed the
dependence of the ‘killer’ character on self-replicating particles in the
cytoplasm as well as on a gene, and to the possible interest of this
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fact. Dr Beale’s book ~ published in the same series of Cambridge
monographs — gives the evidence and discusses it.

TrAcH YOURSELF BioCHEMISTRY by P. H. Jellinck (Lon-
don, English Universities Press Ltd, 19543, pp. 199, 6s.

For those with some knowledge of chemistry this can be recom-
mended as a short and simply written introduction to biochemistry.
There are general chapters on cells, methods, and enzymes, and an
account of blood and biological oxidation in which enzymes are
presented in a functional context. For the rest, the emphas:§ is on
metabolic pathways, vitamins, and hor_mone;, and a surpr@ngly
wide range of information is given. The mclus19n of a further intro-
ductory chapter which attempts to cover chemistry from the begin-
ning seems over-optimistic.

CHROMATOGRAPRY (British Medical Bulletin, Vol. 10,No. 3:

London, British Council, 1954), pp. 252, 15s.

A symposium on chromatography planned by a committee um?er
the chairmanship of Dr A.J. P. Martin, who shared a Nobel Prize
for its development, makes a worthy addition to the British Medical
Bulletin series. He comments in his introduction on the fact that it
has proved possible to apply chromatographic methods of separa-
tion and analysis ‘to almost all classes of substances with which bio-
chemistry is concerned’; those here represented include amino-acids,
proteins, organic acids, carbohydrates and phosphoric esters. nucleo-
tides and related substances, thyroid hormones. antibiotics and vita-
mins, and inorganic materials, There are contributions also on prin-
ciples and practical aspects, including the relatively new method of
gas-liquid chromatography (Science News 33, p. 114).

Rapioisortore CONFERENCE 1954: VoL. I, MEDicaL
AND INDUSTRIAL APPLICATIONS, VOL. 11, PuysicaLr
SCIENCES AND INDUSTRIAL APPLICATIONS {London,
Butterworths Scientific Publications, 1954), pp. 418 and 223,
65s and 45s respectively; set of two vols., 100s.

The value of the first conference, sponsored by the Atomic Energy
Research Establishment, Harwell, on the uscs of radioisotopes in
fesearch, medicine. and industry was shown by the holding of a
Second conference in July, 1954; the usefulness of its proceedings for
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reference i§ increased greatly by their quick publication, on which
both organizers and publishers are to be congratulated.

BioLoGY OF DESERTS 1954 edited by J.L.Cloudsley-
Thompson (London, Institute of Biology, 1954), p. 224, 14s-

A conference on the biology and productivity of hot and cold
deserts was held by the Institute of Biology in the autumn of 1952,
and, with support from Unesco, was attended by speakers from
France, Istael, East Africa, the United States, and Australia. The
published proceedings make a useful compendium, from which the
Yvork of Dr B. Schmidt-Nielsen on the attainment of water-balance
in small desert-living rodents may perhaps excusably be picked out
as of special interest.

" PHYSICS OF THE PLANET M ARS by Gérard de Vaucouleurs
(Faber & Faber, 1954), pp. 365, 50s.

Dr de Vaucouleurs has already written an excellent summary of
knowledge of The Planet Mars. His new book, with acknowledge-
ment to Mrs G. Simonow for help in ensuring correctness of transla-
tion from the original French, differs from the old in giving a fuller
indication both of the evidence available from observation and of
the theoretical arguments used in interpreting it. An outline for 3
research programme is included.

MAITI AND THE PLANETS by R. Richardson (London, Fred-
erick Muller Ltd, 1954), pp. 188, 15s.

Th.is is an essentially ‘popular’ book on the planets, with roughly
half its length given to Mars. The author combines knowledge and
enthusiasm, but the latter wins sometimes over logic: cf. the argu-
ment ~ only slightly abbreviated — that animal ljfe is so adaptable

that it would be foolish to deny its possibility on Mars, therefore
there must be plaat life too.

Power Topay AND ToMORROW by F. Sherwood Taylor
(London, Frederick Muller Ltd, 1954), pp. 192, 15s.

Dr Sherwood Taylor, the Director of the Science Museum, here
provides a straightforward and good account of the sources of energy
which are available to man, the uses made of them, and foreseeable
prospects.
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