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SOLVABLE AND UNSOLVABLE
PROBLEMS

A. M. TURING, E.R.S.

IF one is given a puzzle to solve one will usually, if it proves to
be ditficult, ask the owner whether it can be done. Such a ques-
tion should have a quite definite answer, yes or no, at any rate
provided the rules describing what you are allowed to do are
perfectly clear. Of course the owner of the puzzle may not
know the answer. One might equally ask, ‘How can one tell
whether a puzzle is solvable?’, but this cannot be answered so
straightforwardly. The fact of the matter is that there is no
systematic method of testing puzzles to see whether theyare solv-
able or not. If by this one meant merely that nobody had ever

"yet found a test which could be applied to any puzzle, there
would be nothing at all remarkable in the statement. It would
have been a great achievement to have invented such a test, so
we can hardly be surprised that it has never been done. But it is
not merely that the test has never been found. It has been proved
that no such test ever can be found.

Let us get away from generalities a little and consider a par-
ticular puzzle. One which has been on sale during the last few
years and has probably been seen by most of the readers of this
article illustrates a number of the points involved quite well. The
puzzle consists of a large square within which are some smaller
movable squares numbered 1 to 15, and one empty space, into
which any of the neighbouring squares can be slid leaving a new
empty space behind it. One may be asked to transform a given
arrangement of the squares into another by a succession of such
movements of a square into an empty space. For this puzzle
there is a fairly simple and quite practicable rule by which one
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can tell whether the transformation required is possible or not.
One first imagines the transformation carried out according to a
different set of rules. As well as sliding the squares into the empty
space one is allowed to make moves each consisting of two inter-
changes, each of one pair of squares. One would, for instance,
be allowed as one move to interchange the squares numbered
4 and 7, and also the squares numbered 3 and 5. One is permitted
to use the same number in both pairs. Thus one may replace
1 by 2,2 by 3, and 3 by 1. as a move because this is the same
as interchanging first (1, 2) and then (1, 3). The original puzzle
is solvable by sliding if it is solvable according to the new rules.
It is not solvable by sliding if the required position can be
reached by the new rules, together with a ‘cheat’ consisting of
one single interchange of a pair of squares.* Suppose, for in-
stance, that one is asked to get back to the standard position -

1
5 8

— from the position
9110{11] 12
13

14 | 15 % 13| 14

5
N
s
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|
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One may, according to the modified rules, first get the empty
square into the correct position by moving the squares 15 and 12,
and then get the squares 1, 2,3, .. .successively into their correct
positions by the interchanges (1,10), (2, 10), (3, 4), (4, 5), (5, 9),
(6, 10),

15 are found to be already in their correct positions when their
turns are reached. Since the number of interchanges required is

*It would take us too far from our main purpose to give the proof
of th.is rule: the reader should have little difficulty in proving it by
me‘tkmg use of the fact that an odd number of interchanges can never
bring a set of objects back to the position it started from.

(7,10), 9, 11), (10, 11), (11, 15). The squares §, 12, 13, 14,
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even, this transformation is possible by sliding.t If one were
required after this to interchange say square 14 and 15 it could
not be done.

This explanation of the theory of the. puzzle can be regard‘ed
as entirely satisfactory. It gives one a simple rule for determin-
ing for any two positions whether one can get from one to the
other or not. That the rule is so satisfactory depends very largely
on the fact that it does not take very long to apply. No mathe-
matical method can be useful for any problem if 1.t involves
much calculation. It is nevertheless someiimes interfestmg to con-
sider whether something is possible at all or not, without worry-
ing whether, in case it is possible, the amot'mt of .lab9ur or calcu-
lation is economically prohibitive. These investigations .that are
not concerned with the amount of work ir}volved are in some
ways easier to carry out, and they certainly ha\fe a greater
aesthetic appeal. The results are not altogether vy:thout val}le,
for if one has proved that there is no method of doing something
it follows a fortiori that there is no practicable met'hod. On t'he
other hand, if one method has been proved to exist by which
the decision can be made, it gives some encouragement to any-
one who wishes to find a workable method. '

From this point of view, in which one is only interested in the
question, ‘Is there a systematic way of deciding whether puz'zles
of this kind are solvable?’, the rules which have been described
for the sliding-squares puzzle are much more special and de-
tailed than is really necessary. It would be qu.ite enough to say:
‘Certainly one can find out whether one position can be reach?d
from another by a systematic procedure. There are only a finite
number of positions in which the numbered squares can be
arranged (viz. 20922789888000) and only a_ﬁnite r}umber 2,3,
or 4) of moves in each position. By making a list of all the

+It can in fact be done by sliding successively the squares num-
bered 7, 14,13, 11,9,10,1,2,3,7,15,8,5,4,6,3,10, 1, 2, 6, 3, 10, 6,
2,1,6,7,15,8,5,10,8,5,10,8,7,6,9, 15,5, 10,8, 7,6, 5. 15,9, 5, 6,
7, 8, 12, 14, 13, 15, 10, 13, 15, 11, 9, 10, 11, 15, 13, 12, 14, 13, 15,9,
10, 11, 12, 14, 13, 15, 14, 13, 15, 14, 13, 12, 11, 10, 9, 13, 14, 15, 12,
11,10,9, 13, 14, 13,
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positions and working through all the moves, one can divide the
positions into classes, such that sliding the squares allows one to
get to any position which is in the same class as the one started
from. By looking up which classes the two positions belong to
one can tell whether one can get from one to the other or not.'
This is all, of course, perfectly true, but one would hardly find
such remarks helpful if they were made in reply to a request for
an explanation of how the puzzle should be done. In fact they
are so obvious that under such circumstances one might find
them somehow rather insulting, But the fact of the matter is,
that if one is interested in the question as put, ‘Can one tell by
a systematic method in which cases the puzzle is solvable?’, this
answer is entirely appropriate, because one wants to know if
there is a systematic method, rather than to know of a good one.

The same kind of argument will apply for any puzzle where
one is allowed to move certain ‘pieces’ around in a specified
manner, provided that the total number of essentially different
positions which the pieces can take up is finite. A slight variation
on the argument is necessary in general to allow for the fact that
in many puzzles some moves are allowed which one is not per-
mitted to reverse. But one can still make a list of the positions,
and list against these first the positions which can be reached
from them in one move. One then adds the positions which are
reached by two moves and so on until an increase in the number
of moves does not give rise to any further entries, For instance,
We can say at once that there is a method of deciding whether a
patience can be got out with a given order of the cards in the
pack: it is to be understood that there is only a finite number of
places in which a card is ever to be placed on the table, It may
be argued that one js permitted to put the cards down in a
manner which is not perfectly regular, but one can still say that
there is only a finite number of ‘essentially different’ positions.
A more interesting example is provided by those puzzles made
(apparently at least) of two Or more pieces of very thick twisted
wire which one is required to separate. It is understood that one
is not allowed to bend the wires at all, and when one makes the
right movement there ig always plenty of room to get the pieces
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apart without them ever touching, i'f one wishe§ to d; so.SOrE:
may describe the positions of the pieces by saying where so ne
three definite points of each piece are. Becau;e of the spare spald
it is not necessary to give these positions qmtg ?xactiy. It w:;ues
be enough to give them to, say, a tenth of a millimetre. Or;e o

not need to take any notice of movements of‘ the puzz eﬁasda
whole : in fact one could suppose one of the pieces quite 1?: .
The second piece can be supposed to be not very far' away, glr,
if it is, the puzzle is already solved..These.consxd?ratlc.)r‘xs enable
us to reduce the number of ‘essentially dll_i”efent positions to ;;
finite number, probably a few hundred millions, and tl.le usua
argument will then apply. There are s'on?e further comphcatll(l)ns,
which we will not consider in detail, if we do not know how
much clearance to allow for, It is necessary to repeat the process
again and again allowing successively smaller 'fmd smaller clear-
ances. Eventually one will ﬁnd.that e1the1: it can be solvedd,
allowing a small clearance margin, or ?Isc’: 1t. cannc:t be.sozve

even allowing a small margin of fche_atmg (ie. of' for;mg , or
having the pieces slightly overlapping 1p space). It will, c? cours<?,
be understood that this process of tryxpg out the Poss1ble posi-
tions is not to be done with the'physmal puzzle xts.elif, but on
paper, with mathematical desgrlptlons of the p?sxtxons,‘afnd
mathematical criteria for deciding whether in a given position

i erlap, etc. N '

th;ELZZ€;3:ZILS Iv)vhere one is ask.ed to separate rigid bodies are
in a way like the ‘puzzle’ of trymg. to undo a tar.xgle, or more
generally of trying to turn one knot into another without cutting
the string. The difference is that' one is al'lowed to bend the string,
but not the wire forming the rigid bodies. In elthe:r case, if one
wants to treat the problem seriously and sys'tematmajllly one has
to replace the physical puzzle by a mz?thematlcal. equxvalenf. Tbe
knot puzzle lends itself quite conveniently to thlS..A k.not is just
a closed curve in three dimensions n.owhere crossing itself; put,
for the purpose we are interested in, any .knot can be? given
accurately enough as a series of segn}ents in the dlrecn’ons of
the three coordinate axes. Thus, for m;ta_nce, the trefoil knot
(Figure la) may be regarded as consisting of a number of
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- segments joining the points given, in the usual (x, y, 7) system of
- coordinates, as (1, 1, 1), (4, 1, 1), (4, 2,1,4,2, ~1),2,2, -1,
2,2,2),(2,0,2), 3,0, 21,43,0,0),(3,3,0),(1,3,0), (1, 3, and
feturning again with a twelfth segment to the starting point
(1,1, 1). This representation of the knot is shown in perspective
in Figure 15, There is no special virtue in the representation
which has been chosen. If it is desired to follow the original
curve more closely a greater number of segments must be used.
Now let gand ¢ fepresent unit steps in the positive and negative
X-directions Yespectively, b and e in the Y-directions, and ¢ and
f in the Z-directions: then this knot may be described as
aaabftddceceeaffbbbddeee. One can then, if one wishes, deal
eatirely with such sequences of letters. In order that such a
sequence should represent a knot it is necessary and sufficient
that the numbers of ¢’s and d’s should be equal, and Jikewise the
number of b’s equal to the number of ¢’s and the number of c's
equal 1o the number of £3, and it must not be possible 10 obtain
another sequence of letters with these properties by omitting a
number of consecutive fetters at the beginning or the end of

both. One can turn a kaot into an equivalent one by operations
of the following kinds—

() One maymove s letter
(i) One may interchange
stiff gives a knot.

(ii) One may introduce a letter a in one place in the row, and
d somewhere else, or b and ¢, or ¢ and £, or take such pairs
out, provided it stifi gives a knat,

(iv) One may replace a everywhere by ag and 4 by dd or replace
each b and e by bb and ee oreach cand f by cc and ff. One
may alsa reverse any such Operation,

~-and these are all the moves that are necessary,

It is also possible 1o give a simitar symbolic equivalent for the

probiem of separating rigid bodies, but it is jess Straightforward
than in the case of knots.

These knots provide an example of a puzzle where one cannot
tell in advance how man

Y arrangements of pieces may be in-

volved (in this case the pieces are the letters a,b,¢,d. e, f),so that

from one end of the row to the other.
two consecutive letters provided this
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(@)

Fig. 1. (a} The trefoil knot (b) a possible representation of thie knot
as a number of segments joining points.

the usual method of determining whether the puzzie is sofvable
cannot be applied. Because of rules (iii) and {1v) the lengihs of
the sequeaces describing the knots may become indefinitely
great. No systematic method is yet known by which one can te]j
whether two knots are the same,

Amnother type of puzzle which we shall find very important is
the ‘substitution puzzle’. In such a pnzzie one s supposed to he
supplied with a finite number of ditfereat kinfis of counters, per-
haps just black (B) and white (W). Bach kind is ia untimited
supply. Initially a number of counters are arranged in a yow and
one is asked to transform it inte another pattern by substitations.
A finite list of the substitutions altowed is given, Thus, for in.
stance, one might be allowed the substitutions

(i WBW > B
(il BW - WBBW
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- and be agked to tra
done as follows

ilis (_?')WWBBW -> WWBWBBW -> WBBBW

i) 7T/ e ———.

Here the substi . i
fhe arrows, and thejr e
if one were asked to t

done, for the
> Ie ar
of B, ¢no

sugfzﬁltizz S¢en that with this puzzle, and with the majority of
Positions thalz‘ﬁlzles’ one cannot set any bound to the number ©
Ttwin have & e orlglqal position might give rise to. .
thing rather ¢en realized by now that a puzzle can be sor:lhe
task of prOVimOI‘e 1.mp0rtant than just a toy. For instance o
matic system, 02 a given mathematical theorem within an axi
It woulq blS:\. Very good example of a puzzle. ,
Or ‘standarq f‘ e%p ful if one had some kind of ‘normal fol'f‘;
a Teasonab] orm’ for describing puzzles. There is, in fact, 3% .
will be ﬂece}; Simple one which I shall attempt to d<:se:nbe.f o
Branted by, tSha‘ry for reasons of space to take a good deal .
may S“I;pose 1§ need not obscure the main ideas. First of auhe-
Matical form that the puzzle is somehow reduced to @ m?thc
knots, The nt he sort of way that was used in the case 0 "
in that casepc‘;smon of the puzzie may be described, as -was dou
very little d’iﬂiy S€quences of symbols in a row. There is usul:o l)s'
(e.g. the squa culty in reducing other arrangements of symThe
question Whir}e)s in th; sliding squares puzzle) to this form. o5
should one bc Temains to be answered s, ‘What sort of U ’
counterg?® ¢ allowed to have for rearranging the symbols ©
i $* In order to answer this one needs to think about what
88¢s ever do occur in such rules, and, in ordef to

umber, to break them up into simpler processes:

nsform WBW into WBBBW , which could be

—

ffects by underlinings. On the other han
ransform WBB into BW it could not b
admissible steps which reduce the number

Inds of proce
reduce thejr
Typical of g

¢ : : g, .
substituting, Wh Processes are counting, copying, compariné

hen one is doing such processes, it is necessarys

eT€ are many symbols involved, and if one wishes
'Ying t00 much information in one's head, either 1
mber of jottings elsewhere or to use a number ©

®specially if 1,
o aVQid‘ car
make a nu

tutions used are indicated by the numbers belo¥-
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marker objects as well as the pieces of the puzzle itself. For
instance, if one were making a copy of a row of counters con-
cerned in the puzzle it would be as well tq have a marker wh%ch
divided the pieces which have been copied from thgse which
have not and another showing the end of the portion t_o be
copied. Now there is no reason why the rules of the puzzle itself
should not be expressed in such a way as to taf(e account of these
markers. If one does express the rules in this way they can be
made to be just substitutions. This means to say that the normal
form for puzzles is the substitution type of puzzle. More defin-
negitveencc::zja;’uzzle we can find a correspondin‘g substitut{on
puzzle which is equivalent to it in the sense tlz'at given a solution
of the one we can casily use it to find a solution 'of the other. .I f
the original puzzle is concerned with rows f)f pieces of a ﬁn.ue
number of different kinds, then the substitutions m{zy' be applied
as an alternative set of rules to the pieces of the original pz‘zz_zle.
A transformation can be carried out by the rules of the <.)r1g‘mal
puzzle if and only if it can be carried out by the substitutions
and leads to a final position from which all marker symbols have
dl{i"‘fxipse:tr:t‘iment is still somewhat lacking in definiteness, fand
will remain so. I do not propose, for instance, to t':nt’er here into
the question as to what I mean by the word ‘easily’. The state-
ment is moreover one which one does not attempt. to prove.
Propaganda is more appropriate to it than .p.roof, for its status is
something between a theorem and a def}mtxon. In so far as we
know a priori what is a puzzle and what is not, the statementisa
theorem. In so far as we do not know what puzzles are, the state-
ment is a definition which tells us something about what t.hey
are. One can of course define a puzzle by some p_hr?se beginning,
for instance, ‘A set of definite rules ...’, but this just throws us
back on the definition of ‘definite rules’. Equally one can .reduce
it to the definition of ‘computable function’ or ‘systematic pro-
cedure’. A definition of any one of these would define all the rest.
Since 1935 a number of definitions have been given, explaining
in detail the meaning of one or other of these terms, and these
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have all been proved equivalent to one another and also equiva-
lent to the above statement. In effect there is no opposition to
the view that every puzzie is equivalent to a substitution puzzle.
After these preliminaries let us think again about puzzles as
a whole. First let us recapitulate. There are 2 number of ques-
tions to which a puzzle may give rise. When given a particular
task one may ask quite simply
. {8) Can this be done?
Such a straightforward question admits only the straight-
forward answers, ‘Yes’ or *No’, or perhaps ‘I don’t know'. In
. the ‘case that the answer is ‘“Yes' the answerer need only have
done the puzzle himself beforehand to be sure. If the answer is
to be ‘No’, some rather more subtle kind of argument, more or
less mathematical, is necessary. For instance, in the case of the
sliding squares one can state that the impossible cases gre im-
possible because of the mathematical fact that an odd number of
imple interchanges of a number of objects can never bring one
ack to where one started. One may also be asked '

(b) What is the best way of doing this?

Such a question does not admit of a straightforward answer,
It depends partly on individual differences in people’s ideas as
to what they find easy. If it is put in the form, ‘What is the solu-
tion which involves the smaliest number of steps?’, we again
have a straightforward question, but now it is one which is
somehow of remarkably little interest. In any particular case
where the answer to (a} is “Yes’ one can find the smaliest possible
number of steps by a tedious and usually impracticable process
of enumeration, but the result hardly justifies the labour,

When one has been asked a number of times whether a num-
ber of different puzzies of similar nature can be solved one is
naturally led to ask oneself

(c) Is there a systematic procedure by which 1 can answer
these questions, for puzzles of this type?

If one were feeling rather more ambitious one might even ask

(d) Is there a systematic procedure by which one can tell
whether a puzzle is solvable?

I hope to show that the answer to this last question is ‘No".
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There are in fact certain types of puzzle for which the answer to
(c) is ‘No”.

Before we can consider this question properly we shall need
to be quite clear what we mean by a ‘systematic procedure’ for
deciding a question. But this need not now give us any particular
difficulty. A ‘systematic procedure’ was one of the phrases which
we mentioned as being equivalent to the idea of a puzzle, because
either could be reduced to the other. If we are now clear as to
what a puzzle is, then we should be equally clear al?out ‘system-
atic procedures’. In fact a systematic procedure is just a puzzle
in which there is never more than one possible move in any of
the positions which arise and in which some significance is
attached to the final result,

Now that we have explained the meaning both of the term
‘puzzle’ and of ‘systematic procedure’, we are in a position to
prove the assertion made in the first paragraph of this article,
that there cannot be any systematic procedure for determining
whether a puzzle be solvable or not. The proof does not really
require the detailed definition of either of the terms, but only
the relation between them which we have just explained. Any
systematic procedure for deciding whether a puzzle were solv-
able could certainly be put in the form of a puzzle, with un-
ambiguous moves (i.e. only one move frorr} any one position),
and having for its starting position a combination of the rules,
the starting position and the final position of the puzzle under
investigation. . )

The puzzle under investigation is also to be described by its
rules and starting position. Each of these is to be just a row of

. symbols, As we are only considering substitution puzzles, the

rules need only be a list of all the substitution pairs appropriately
punctuated. One possible form of punctuation would be to
separate the first member of a pair from the second by an arrow,
and to separate the different substitution pairs with colons. In
this case the rules

B may be replaced by BC

W BW may be deleted
would be represented by * : B—>BC : WBW - :* . For the
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purposes of the argument which follows, however, these arrows
and colons are a

n embarrassment, We shall need the rules to

be expressed without the use of any symbols which are barred
from appearing i

by the following simple

er than the punctuation symbols, thus

BWW - > _ We then replace each
" arrow by a single symbol, which must be di

» and the rules above could then be

represented as, for instance, ‘CCCBBWBBCCBBBWWBBWW

BWwWw’. of course accordi

We now consider the pr

oblem of clagsify;
into two classes, I and 11,

as follows :
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. B, or else R does
t with the end result B,
not come out, or comes ou biguous moves. We may also,
t a puzzle with unambig such as
?fo\t,v:;elv)vrizileninclﬁde in this class sequence; of :z;?bOIS
BBBBB WI;iCh g o T ta S:hteofhr:o:ri tha‘t we wish to
that, contrary to Lo hether
rzzowvile]plf:\?: a systematic procedure‘ for dtficsld‘r[:)gce:ivure e
Il;uzzlec;s come out or not. Then with the alc} of t thol:e e s 11
shall be able to distinguish rules of class I ;;)Teally represents a
There is no difficulty in deciding Whethe{ uous. If there is any
set of rules, and whether they arf1 unaulﬁbilf the c.:ases where the
i it lies in finding the end res ; ctually
dlﬁ'lcllﬂ?:’ l:;il\:zsnltno come out: but this can be deil.i;d; 3; aalr eady
?vizriienlg the puzzle through. By 2 prmmpfle v;isltinguishing the
been explained, this systematic procedure for of a substitution
two classes car’l itself be put into the ffDrmthese rules K, the
puzzle (with rules K, say). When aggglfr:)grm the starting posi-
zzle under investiga ) f the test.
:iuolﬁs :ﬁugilt'nt;eeﬁti‘ result of the puzzle gl:‘::etrhetifzsgllxtz(zjle P(K,R)
§ i an ’ .
i dure always gives an nounce its
:i\r:::/;lleogr:scgut. The puzze Kdmlghltn:' rlr;:d:e:n?tl:ed to sup-
i iety of ways, and we d W for
ress::lttsh:: ?hzacrrlnii yresult is B for Fules x ‘c)lfbil:::ssui’lli'npossible,
fl(;les of class I1. The opposite choice woul of fu,es K’, which
and would hold for a slightly cfilffe:erniv Tte}: our attention. The
do not choose to iavo to have un-
;3;T:e;i:¥lerules K may without dltﬁc.uny bet:;?gfeore;
ambiguous moves. Its essential properties are
K has unambiguous moves. tever R.
P(K,R) always comes out Wha: s end result B.
If R is in class L, then P(K,R) ha nd result W.
If R is in class I1, then P(K fs)l S‘:zf,te with the definitions
ties are however inco ; belongs to,
'3‘ f;: tpv:giel;slsees. If we ask ourselves WhlIthc)lzilsS Sb(1)<und to iome
we find that neither will do. The puzzle P( r,nUSt get end result B
out, but the properties of K tell usl t:sailw:/hereas the definitions
if K is in class I and W if it is in class 0, the other way
gflfht i'l’asses tell us that the end results must be
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round. The assumption that there was a systematic procedure
for telling whether puzzles come out has thus been reduced to
an absurdity.

Thus in connexion with question {c) above we can say that
there are some types of puzzle for which no systematic method
of deciding the question exists. This is often expressed in the
form, “There is no decision procedure for this type of puzzle’,
or again, ‘The decision problem for this type of puzzle is unsolv-
able’, and so one comes to speak (as in the title of this article)
about ‘unsolvable problems’ meaning in effect puzzles for which
there is no decision procedure. This is the technical meaning
which the words are now given by mathematical logicians. It
would seem more natural to use the phrase ‘unsolvable problem’
to mean just an unsolvable puzzle, as for example ‘to transform
1, 2, 3 into 2, 1, 3 by cyclic permutation of the symbols’, but
this is not the meaning it now has. However, to minimize con-
fusion I shall here always speak of ‘unsolvable decision prob-
lems’, rather than just ‘unsolvable problems’, and also speak of

puzzles rather than problems where it is puzzies and not decision
problems that are concerned.

It should be noticed that a decision probjem only arises when .

one has an infinity of questions to ask. If you ask, 'Is this apple
good to eat?’, or ‘Is this number prime?’, or ‘Is this puzzle solv-
able?’ the question can be settled with a single ‘Yes® or ‘No”.
A finite number of answers will deal with aquestionaboutafinite
'number of objects, such as the apples in a basket. When the
number is infinite, or in some way not yet completed concerning
say all the apples one may ever be offered, or all whole numbers
or puzzles, a list of answers will not suffice. Some kind of rule
or systematic procedure must be given. Even if the number con-
cerned is finite one may still prefer 1o have a rule rather thana
list: it may be easier to remember, But there certainly cannot
be an unsolvable decision problem in such cases, because of the
. possibility of using finite list.

Regarding decision problems as being concerned with classes
of puzzles, we see that if we have a decision method for one
class it will apply also for any subclass. Likewise, if we have
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proved that there is no decision procedure for the subclass, it
fotlows that there is none for the whole class. The most interest-
ing and valuable results about unsolvable decision problems
concern the smaller classes of puzzle. _ _

Another poiat which is worth noticing is quite w_ell Jllusntated
by the puzzle which we considered first of all in which the pieces
were sliding squares. If one wants to know whether the 'puzzle
is solvable with a given starting position, one can try movmlg‘the
Pieces abaut in the hope of reaching the required end-position,
If one succeeds, then one will have solved the puz{zle and con:
sequently will be able to answer the question, ‘Is. it solvable?
In the case that the puzzle is solvable one will eventually
come on 1he right set of moves. If one has also a procedure ‘by
which, if the puzzle is unsolvable, one would evemually establish
the fact that it was so, then one would have 2 solution of the
decision problem for the puzzle. For it is ogly necessary to apply
both processes, a bit of one alternating with a bit of the other,
in order eventuaily to reach a conclusion by one or the other.
Actually, in the case of the sliding squares pro?al_em, we have
got such a procedure, for we know that if, by sliding, one ever

‘reaches the required final position, with squares 14 and 15 inter-
changed, then the puzzle is impossible. -

Itis clear then that the difficulty in finding decision px_‘ocedures
for types of puzzle lies in establishing that ghe puzzle is u:}solv-
able in those cases where it is unsolvable. This, as was mentioned
on page (6, requires some sort of mathematical argument,
This suggests that we might try expressing the statement that the
puzzle comes out in a mathematical form and thep try an§ prove
it by some systematic process. There is po pgmcular dlﬁiculty
in the first part of this project, the mathematical expression of
the statement about the puzzie. But the second half of 1hg ‘pmJect
is bound fo fail, because by a famous theorem of Go.del no
systematic method of proving mathematical theorer_ns is suffi-
ciently complete to settle every mathematiC?l quesfxon, yes or
no. In any case we are now in a position to give an mdependg;nt
proof of this. If there were such a systematic method of proving
mathematical theorems we could apply it to our puzzles and for
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each one eventually either prove that it was solvable or unsolv-
able; this would provide 2 systematic method of determining

whether the puzzle was solvable or not, contrary to what we
have already proved.

This result about the decision problem for puzzles, or, more
accurately speaking,

a number of others very similar to it, was

(1) It is not possible to solve the decisio

substitution processes applied to rows of bl
ters only,

(g)_ There are certain particular puzzles for which there is no
decision procedure, the ruleg being fixed and the only variable
element being the starting positiop,

(3) There is no procedure for decidin
axioms leads to a Contradiction or not.

(4) The ‘word problem
not solvable.

g Whether a given set of

n semi-groups with cancellation’ is
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-

whether another given matrix is or is not expressible as a product
of matrices from the given set.

These are, of course, only a selection from the results,
Although quite a number of decision problems are now known
to be unsolvable, we are still very far from being in a position to
say of a given decision problem, whether it is solvable or not.
Indeed, we shall never be quite in that position, for the question
whether a given decision problem is solvable is itseif one of the
undecidable decision problems. The results which have been
found are on the whole ones which have fallen into our laps
rather than ones which have positively been searched for. Con-
siderable efforts have however been made over the word prob.-
lem in groups (see (5) above). Another problem which mathe-
maticians are very anxious to settle is known as ‘the decision
problem of the equivalence of manifolds’. This is something like
one of the problems we have already mentioned, that concern-
ing the twisted wire puzzles. But whereas with the twisted wire
puzzles the pieces are quite rigid, the ‘equivalence of manifolds’
problem concerns pieces which one is allowed to bend, stretch,
twist, or compress as much as one likes, without ever actually
breaking them or making new junctions or filling in holes. Given
a number of interlacing pieces of plasticine one may be asked to
transform them in this way into another given form. The decj-
sion problem for this class of problem is the ‘decision problem
for the equivalence of manifolds’. It is probably unsolvable, but
has never been proved to be 0. A similar decision problem
which might well be unsolvable is the one concerning knots
which has already been mentioned,

The results which have been described in this article are
mainly of a negative character, setting certain bounds to what
We can hope to achieve purely by reasoning. These, and some
other results of mathematical logic may be regarded as going
Some way towards a demonstration, within mathematics itself,
of the inadequacy of ‘reason’ unsupported by common sense.

FURTHER READING

Kleene, s. C. {ntroduction 1o Metamathematics, Amsterdam, 1952



WHY CHEMICAL ENGINEERING?

J.F.PEARSON

ONE answer to the question posed above is to glance rapidly
at some pictures. Inset 2 shows the use for industrial produc-
tion of equipment which, in form, material, and even in size,
Was essentially of laboratory type. The datc of this picture is
1820. Inset 3 shows a bench of early petroleum stilis. Such
a design was obtained by taking the methods and apparatus of
tl.xe laboratory chemist and handing them to mechanical and
civil engineers for enlargement to industrial scale. Each of
these stills held some thousands of gallons of oil. Inset 4 — and
also Inset 1 and 7 — show the change which results when the
carrying out of chemical operations efficiently and on a large
scale is approached as a problem in its own right, that, by
chemical engineers,

More Systematically, we may begin by considering briefly
the nature of en

gineering, and how its subdivision into
branghes has arisen; and, from the industrial background of
chemical engineering, proceed to single example of a com-
plete chemical process, This wil] give us the background neces-
Sary to appreciate wh

at are the usual stages in adapting &
laboratory brocess to | Y "

The word ‘engineer’ h
original use as meanin
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with the function of engineers (or, to use another term, applied

scientists) at a professional level. We imagine an engineer to be
responsible for the design, manufacture, and erection of some
kind of equipment or structure, and this is often regarded as
the feature which distinguishes his province from that of an
applied scientist. But as the various facets of industrial tech-
nology have developed, this distinction has become increas-
ingly nebulous, and it will not be emphasized. .

Conventional history tells us that engincers were at one time
either ‘military’ or ‘civil’. During the last hundred years,
specialization, occasioned by gradually increasing wealth of
knowledge and experience, has resulted in the creation of new
branches of engineering. Frequently each branch is built up
round a particular kind of engineering appliance designed for
a specific purpose; hence the existence of automobile, marine,
and aeronautical engineering. Sometimes also the application
of knowledge of a certain sort of physical phenomena may give
rise to separate branches of engineering, for example electrical
engineering. Yet there is an underlying unity of thought which
every type of engineer has in common, and which guides his
mental approach to the everyday problems of engineering
practice.

This conformity results largely from the fact that engineers
are invariably concerned with unique problems to which an
answer of some kind must be foynd; for example, a bridge has
to be designed for a particular river, to withstand a definite
loading, or an engine to develop a certain power, when its
weight and cost are kept below fixed limits. The selection of
the problem is generally outside the control of the engineer,
but in its solution he can use whatever methods and knowledge
he pleases (science, mathematics, instinct, experience, econ-
omics, etc.). Although nowadays the engineer makes a growing
use of physical science, his outlook is nevertheless substantially
different from that of the pure scientist, who enjoys freedom
of investigation over a wide field, poses his own problems in
any part of that field, and is bound by economic considerations
only as to the means used to solve them, not in his solutions as
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such. If the scientist’

s choi .
free to modify his oice of problem proves wrong, he is

original statement of the i
‘ problem, or, if
:;;:::zryl’l to turn t_° an entirely new section of his field. '1"h°
howeve; in?d::; ;?xs freedom; he must always find a solution,
. € on occasions, to the probl
o ; s problem as stated. He
o rI:xucsetncled always with t.he particular rather than the general;
oncentrate all his resources on a single problem, the

solution to which is all-j X
. -important, irres s . ..
merits of the method of solution, pective of the intrinsic

Whi i
le the various branches of engineering have arisen for-

tuitously and the special problems wj X
s
often been tackled in an empiric:a;wft:t1 which they deal have

e'conomic competition in modern ind
higher standard of efficiency, based on greater insight, wh
qew products and processes are introduced, Advancgin o
tific knowledge has, in fact, begun to place more : scwfm
methods at the disposal of the engineer, but to make tfll):va:ﬁ "
use of them he must frequently look beyond the confines of Iﬁ:
own ‘particular branch. Obvious instances, involving electron
physu':s and combustion theory respectively, are those of the
electflcal engineer who uses electronic methods for controlling
rotating .machi_nery and of the automobile engineer who de-
::lgeii ;: }Il:x;l/esngate an improveq fuel for internal combustion
forefro' € contemporary engineer who wishes to be in the
r.n of progress should possess a background of funda-
mental ideas based on scientific principles, as well as a detailed

:(igﬁwz:re:gf otfhhis peculiar technology. The principles in ques-
; , in ‘ ¢ main, those commonly (but inadequately) re-
erred to as ‘nineteenth

: century physics’, though the chemical
engine . : s g e chemtca
beigng f;t:;::s d°“ ‘he‘P 1n 2 different light from the physicist,
lems. Differe i ﬁonly In their application to his special prob-
offer for usi: elds of engineering vary in the scope that they
article to sho“gr ;glvin::gc methods, and it is one object of this

€ a range of : . . saps
thf{;co;;e of chemical enginee r%ng physical science lies within
e -~
has hap:e;eelgpc?m of chemical engincering as a profession
neurrently with expansion in the chemical in-

shion, the pressure of
ustry calls often for a
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dustry during the last fifty or sbfty years. In thg years becf;)er?
1914, the predominant chemical industry was built up in N ;
many, whose achievements in the fields of dyestuffs, synthetic
nitrates, and coal hydrogenation were 'tl}e wor'k of chemists
collaborating with mechanical and cml. engineers. Confse-
quently German chemical plant .of‘ that time, and even of z;
Jater period, tended to take a similar form to the chemlca
laboratory apparatus used in research, except _for' an mcFelz:sF
in size. (This is the point, mentioned at thg beginning, Wth. it
has been sought to make in pictures.) During t.he.same pen.od,
the foundations of the new profession were la}ld in the United
States, a major past in the educational field being plfxyed by the
Massachusetts Institute of Technology, whose presxdel_n, A.D.
Little, was one of the first to introduce the idea of ‘ur‘nt opera-
tions”— to which we shall return later - and the application of
this to plant design.

During the period between the two world wars, the profes-
sion developed rapidly in the United States, owing largely to
increasing competition for world markets, and the ensuing
need for more efficient methods in the chemical industry. An-
other stimulating factor was the demand for chemical engin-
eers created by the growth of the petroleum refining industry,
and the introduction of chemical products derived from the
crude petroleum of American oil fields. At the present time,

- the United States is rightly regarded as the principal world

centre of chemical engineering training and research.

England possessed one of the pioneers of the new profession
in G. E. Davis, who recognized the need for more systematic
methods of chemical plant design late in the nineteenth cen-
tury, and published his Handbook of Chemical Engineering in
1901. After the first world war, however, despite the formation
of an Institution of Chemical Engineers in 1922, this country
has failed to keep pace with the American development of
gi}:;n:rﬁﬁf;":ﬁ;?ﬁ; ;r;:,t;]n particular, the output of univer-

e subject has been low.
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THE CHEMICAL ENGINEER IN INDUSTRY

The chemical industry is dependent for its existence on the pro-
duction at a competitive cost of chemical products for which
there is a demand, either for bulk industrial use or from small
individual consumers. Conditions in the industry are far from
static, and new products, with actual or potential markets, are
developed in the laboratory by chemists and other workers in
natural science, who are employed in industrial organizations.
As a result of his Tesearches, the pure scientist establishes the
conditions required to bring about, on a small scale, the physi-
cal and chemical phenomena involved in making the proposed
new product. The function of the engineer is then to consider
the results obtained by the laboratory scientist, with whom he
1is often in close personal contact, and to visualize what will

happen when the same product, with accompanyirg pheno-

mena, is obtained on a much larger scale. The primary problem

of the chemical engineer is thus one of ‘scale-up’. And his
primary justification is the difference in methods, approach,
and background knowledge which the process of ‘scale-up’
requires. .

After he has imagined a production process on an industrial
scale, and set down on paper his conclusions, both qualitative

and quantitative, the chemica] engineer often passes on the

resulting mformation to other workers—for €xample, meehani-

pure scientific research to a sgheable commodity, and it is
naturally desirable that a chemical engineer should have some
familiarity with the other links in the chain; that is, his interests
should embrace chemistry, mechanical and civil engineering,
and even architecture and economics. For this reason, it is
emical engineer is g ‘jack of all
trades’, and possibly even a master of none. He has in any case

his special province: the qualitative and quantitative analysis
of large-scale chemical phenomena,
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It follows that chemical engineering principle§ find apph,.cla-
tion in any industry which, though not proc}ucmg chemicals,
makes use of chemical change. Examples whnch_ suggest them-
selves are iron and steel producnc_)n, the carbonization :f coal,
atomic power generation, ceramxcs,.and the p}:lp an p;zper
industries. Although a chemical engineer working u; suc 1 an
industry might never be asked tp carry out a c_omlp eite.p alxln
design, his knowledge would l:ie mvah‘;:lr):, particularly in the

new ideas and proce . ‘

de;‘:;l:;::: ntthgf chemical industry is expanding rapzc.ily, the
initiation and design of new processes for manufacturldngl neIw
products has been emphasized, though perhaps not un gﬁy. 1:
addition, the chemical engineer can, and.does,'ma!(e s1gri§xf Calttl
contributions in other ways, such asvth? investigations of aut i
in operating plant (‘trouble-shooting’), or by' experxrgeq a
ork on semi-scale (‘pilot’) plant set up as a trial step during
h development of a new process. Alternatively, he may en-
tg}allege ier:l ihepmanagement, or engineering r.naintenal}ce, of a pro-
i lant or of a factory manufacturing chemlcal_s. Inthes.e
g‘:f;lro?uﬁctions, however, he iqevitably loses sqnethmg of his
identity as an engineer, and des:gn.may be‘conSfdered the finest

;’loewering of the practice of chemical engineering.

THE COMPLETE CHEMICAL PROCESS

We shall now describe in more detail some charac?eristics of an
industrial chemical process, in order to emphasize the pecu-
arities of the chemical engineering outlook. Untll. recent years,
¥1arltxes o tomary to assume that large-scale chemical processes
it was cus obdivide d, for purposes of analysis, into a number of
could pc su accordif;g to the kinds of industrial equipment in
ope:ram;]nS,r eactions, and ancillary treatments and separations,
which the L out Th,us the chemical engineer thought in terms of
?ver.e carrrl:tions’. as they are called, such as distillation, evapora-
oper’ations, from combinations of which all chemical prO(‘iuc-
tion plants are made up, led fo the development of generalized
methods of considerable value for the design of equipment.
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While the idea-of a ‘unit operation’ is stili retained because it
leads to a useful system of classification, the modern tendency is
tp concentr:ate on the more basic features which most unit opera-
tlons_ have in common, in an effort to evolve design procedures
of still greater generality and power.

To _make the ‘relevant ideas more concrete, let us consider the
steps' in the design of a complete chemical process for the pro-
duction o'f phenol, a white solid compound with a variety of
uses, partxcu.larly for pharmaceutical purposes, and as an inter-
mediate during the manufacture of dyestuffs. "i‘he raw material
is coal tar,.from which benzene is separated by distillation, and
then chlorinated to produce chlorobenzene. For simpliCit)”, we
shall assume that a supply of chlorobenzene is already available,
fmd that a p}ant 1s required for its conversion to phenol by
hydrolysis’, In which the chlorine atom is replaced by the
I?ydxjoxyl‘g}'oup, —~OH. The chlorobenzene, which is a colourless
liquid boiling gt about 132° C., may be hy:irolysed in a number
9f wa_ys, of which the commonest, in industrial practice, is heat-
ing with aqueous sodium hydroxide : ’

C.H,Cl + NaOH — C.H,0H + Nacl
(chlorobenzene) {phenol)
Subsidiary reactions also

verting chlorobenzene to phenol, f
> IOr : :
water vapour in the gaseous state ; example by reaction with
C;H,Cl + H,0— C,H.O
iti . «r1,OH + HCl
lI'nha:idl'uon’ when the information cannot be found in the pub-
1shed literature, the chemist will establish values for the physical
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Properties (such as melting point, boiling point, density, and
viscosity) of the appropriate chemicals, and make experimental
determinations of the equilibrium concentrations of the react-
ants and products at varying degrees of dilution with water.
Such data are valuable, or essential, at a later stage of the pro-
ject; for instance, equilibrium data for the mixture containing
the product are required since, after cooling, it separates into
two liquid layers, each of which can be run off to separate par-
tially the phenol from the other compounds present.

At this point, the work of the chemist (unless he is also some-
thing of a chemical engineer) is, in a sense, finished, and the
chemical engineer can use the information already obtained for
calculations during design of the full-size plant. For the reaction
producing phenol from chlorobenzene and sodium hydroxide,
laboratory data, obtained from a small steel reaction vessel, or
‘autoclave’, indicate optimum conditions of about 300° C. tem-
perature, 4,000 pounds per square inch pressure, and 10 per cent
sodium hydroxide concentration. The reaction rate appears to
be independent of the sodium hydroxide concentration, and to
be proportional directly to the chlorobenzene concentration, so
that it is an example of a ‘first order’ reaction.*

When the same chemical reaction is carried out on an indus-
trial scale, it will be the means of producing perhaps five tons of
phenol a day. The central feature of the plant will be the reaction
vessel, operating continuously, with a steady flow of partially
vaporized liquid through it, in contrast to the small laboratory
reactor, which contained a static batch of reacting mixture.
Through the continuous reactor passes a turbulent two-phase
mixture, in which the various kinds of molecules are moving to
and fro under the combined influence of temperature and pres-
sure gradients, while some are being removed and others created
owing to chemical action. Most of these phenomena the chemist
was inclined to take for granted, and just to measure the over-all

*A first-order reaction is one of which the rate is determined by
the concentration of only one constituent and is directly proportional
to this concentration. See, for example, ‘Mechanisms of Chemical
Change’ by K. D, Wadsworth in Science News 26.
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Fig. 1. Simplified diagram of a process plant for the production of
phenol from chlorobenzene. As well as the main reaction vessel

equipment is required for the following opera-

(bottam centre),
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hydroxide, and re-circulated diphen
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ting of the mixed reactants by

sel, {d) cooling of the product

n vessel, (¢) decanting of the.

Why Chemical Engineering? 33

yield of product, but the chemical engineer must pay a greater
attention to detail if his design is to have the maximum chance

- of commercial success. For economic reasons, if for no other,
he must be able to analyse as quantitatively as possible the com-
Plex state of affairs in the reactor in order to make a reasonably
accurate prediction of the necessary size of equipment for pro-
duction of the desired concentration of phenol, and to estimate
the energy required both to heat the flowing mixture and to
pump it through the reaction vessel.

As well as the reactor, any process plant also includes equip-

ment for various anxiliary operations, such as preparation of
reactants in the appropriate concentrations and at the necessary
temperature, and separation of the product mixture into its con-
stituents after it Jeaves the reactor. Indeed, the majority of the
so-calfed unit operations are separations of this nature. It is con-
venient to distinguish clearly between unit (physical) ‘opera-
tions” and unit (chemical) ‘processes’, or types of reaction.
Figure 1 shows a simplified arrangement of a complete plant for
the conversion of chlorobenzene to pheaal. Here there is only
one ‘unit process’ ~ hydrolysis ~ but nine ‘unit operations’ are
performed (see caption).

CHEMICAL ENGINEERING DESIGN

Figure 2 shows diagrammatically a simplified version of the
stages involved in adapting a laboratory process to large-scale
production. The darker lines distinguish functions which are
primarily the concern of the chemical engineer, although natur-

liquid product mixture to remove dipbenyl, which sipks to the
bottom and is run off, (f) addition of hydrochloric acid to neutral-
ize the caustic mixture, which then forms two layers, (g) separa-
tion of the lower layer {maialy brine and phenol} into its com-
ponents by distillation, (k) separation of the upper layer (mainly
water and phenol) into its components by distillation, and ()

further purification of the phenol by another distillation. The

letters {a), (b), etc. in the diagram cortespond with the apetations
here listed,
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ally the number of such steps will depend largely on the size of
the organization undertaking the work; in a small firm one
individual may be responsible for the whole project from the
results of laboratory research to plant erection. ‘

The first step is the preparation of a flow-sheet, or balance of
materials and energy quantities flowing in and out of every part
of the suggested process. It may not be possible to make a clear-
cut decision as to the types of equipment required in the plant,
but at least the kind of operations which will be used are not
usually in doubt.

When the flow-sheet is completed, the individual unit opera-
tions and processes which will make up the entire plant are con-
sidered. Three groups of unit operations exist,
tively with size reduction, mixing,
materials. Size reduction involves
solids, while mixing refers to blen
which may,

concerned respec-
and physical separation of
crushing and grinding of
ding of liquids and pastes,
Or may not, contain suspended solids. In Table I (on
page 36) a number of examples of commeon unit operations of
the third, and most important, group are classified according to
the phase or phases (solid, liquid, or gas) taking part in the
separation.

As a result of experience and experiment during the last half.
century, quantitative methods have been developed for calcula-
tion of the performance of equipment used for carrying out uqit
operations, but it must be admitted that at the present time such
methods are often of a semi-empirical nature, and a great deg]
of scope for fundamental investigation remains. :

Stages in a chemical plant which involve chemical reaction
can, to some extent, be systematically treated according to the
nature of the reaction. As yet, however, the classification and
analysis of various types of reaction, or ‘unit processes’
not been developed to the same extent as in the case
operations. It is generally true that, while a particular
equipment is reserved for a certain unit operation, seve.
processes may be carried out in one kind of equipment,

*Typical unit processes are: hydrolysis,
tion, nitration, fermentation, hydrogenation

,* have
of unit
kind of
ral unit
so that,
sulphonation, esterifica-
s polymerization.
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operate a small pilot plant from which experimental observa-
tions can be collected to form the basis of design for a larger
plant; such a pilot plant is also a convenient source of product
samples which can be supplied, for purposes of trial, to possible
future consumers.

Consideration must also be given to storage facilities, and
transport of materials to and from the plant, and to the moving
of solids, liquids, and gases within the plant during its operation,
by the conventional procedures of conveying, elevating, pump-
ing, etc. Economy in the use of constructional materials and the
consumption of energy is naturally essential, and to a large ex-
tent governs the over-all disposition of the plant which now
begins to appear. Outline requirements as to capacities, flow
rates, and heights are usually formulated at this stage, while the
details are decided later by the mechanica] engineering designer.

The next step is the drawing up of an equipment schedule,

TABLEL: Operations for the Physical Separation of Materials

Phases to be separated Possible operations

Solids from solids Leaching

Magnetic separation
Sieving

Solids from liquids Evaporation

Drying
Filtration

Solids from gases Dust filtration

Electrostatic precipitation
Liquids from liquids Distillation

Solvent extraction
Centrifuging

Liquids from gases Settling

Gas washing

Gases from gases Adsorption on to solids

Absorption fn liquids
Fractional condensation
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including the essentinl details as to ca_pacmes, sx?::i, ;:i
materials of construction, with Phe appr(?prlate ga;, we;) ,assed
tricity and steam services. This.mform.atxon may then be t;:mSive
on to mechanical and civil design engmegrs_ for more Fx ensiv
detailing in a drawing office. The remaining st;ps, 1lnc; o g
workshop construction and plant erection, are se l-e):p a hiChrgi(s.
An important feature of most moc?ern ‘chemlcal plants, ;v.nstw-
considered at an early stage in desxgn', is the provfxszc;]n 0 11 s
ments for measurement and automatic control of p )(r!sncja a;he
ables, such as temperature, pressure, and humidity, during

plant operation.
SCIENTIFIC ASPECTS OF CHEMICAL ENGINEERING

Let us now consider the sciemiﬁc. approach made byfth; chem;—
cal enginecr to some of the I:nore x.mportant aspects of t lt; work.
As indicated in the above dxscussan of a pheqol plant, 1 e Far;
dinal task of the chemical engineer 1s.the quantitative analysis od
various phenomena which involve interchange qf r_natte;" ag

energy. He can do a great deal tow?rd§ accomplxshmg]t g y
deduction from his knowledge of. scientific fundame.nt:? s. c;n-
sequently, he relies less on exPerlment and a posteriori lc:onc': ui
sions than does the pure scientist; naturally a full-scale chemica

: plant cannot be erected to decide its possibilities, for the same

reason that a bridge cannot be built to decide if it will be strong
h. ‘

en%lcf' analysis, it is convenient to classify the relevant pheno-
in two main groups: .

miz;l Dynamic phenomena, involving the transfer of matter by

diffusion, eddying, or bulk flowing; the removal and introduc-

tion of n’"natter by chemical reaction; and the transfer of heat.

The necessary calculations are often simplified by the existence

of ‘steady-state’ conditions which will therefore be separately

discussed. So also will be the use of dimensional methods for the

alysis of transfer phenomena. o ‘

al‘l(b;l Static phenomena at a state of equilibrium, without net

transfer of matter or energy. .

' Sometimes several of these phenomena occur simultaneously
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in one part of a chemical plant; for example, in the phenol're-
action vessel, matter interchanges take place owing to chemical
reaction, diffusion, and eddying, also heat is supplied to the
reacting mass, which itself gives out a small quantity of heat as
a consequence of the reaction. The mixture in the phenol reactor
is maintained in the liquid state owing to the high pressure, but
in many other cases of frequent occurrence in chemical plant
more than one physical phase is present, transfer and equili-

brium between phases being a problem of paramount impor-
tance.

Dynamic phenomena

Most of the basic scientific theories used by chemical engin-
eers derive from classical physics. During dynamic phenomena,
the rate of transfer, Q, is normally proportional to a driving
force, F, and inversely proportional to a resistance, R, so that
an equation of the following form may be written :

Q=kF/R
A familiar transfer process giving rise to such an equation is the
flow of an electric current, which obeys Ohm’s law, F being the
electromotive force, and R the electrical resistance. The value of
the constant, k, has to be determined from experiment, and the
units of measurement are usually such that k=1,

For the other types of transfer processes,a quantity,
as a transfer coefficient, and numerically equal to the
of the resistance, is normally used in place of the resist
Since the transfer rate depends on the cross-sectional
pendicular to the direction of flow) which is consid
convenient to evaluate transfer coeflicients per unit
driving forces causing transfer fro
another, for the three cases of t
fluids), diffusional transfer of ma
the respective differences in tem
conc_entration (C), measured between any two points in the
med.num concerned. Thus, using the symbol 4 to denote cross-
sectional area, the equtations f

or these three phenomena, giving
the rate of transfer between the two points considered, are :

K, known
Teciprocal
ance itself,
area (per-
ered, it is
area. The
m one part of a medjum to
ransfer of heat (in solids and
tter in gases, and in liquids, are
perature (T), pressure (P), and
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Ql = K}AlT
Q, = K,4,P
Qa = KJA’C .

i i fer
ions of this nature are the bas1§ on which most. trans r
f:l::lzlt;tions are carried out. In %'af}::efatctietﬁ;?rgzizfsll Effh
o, Ofmt:w 1::1 l:)lcr::lr:f‘tr'li'r:,ga;limultzu.neously, can make th‘is
I{henomena :ceedingly difficult to apply, or at least result in
e theo;yaied mathematics. It is interesting to note that the
30{11? COfm ’ lco rating in the case of any particular transf'er.pro-
dﬂVlflg Ol"cde dpfrom experience or experiment. Indegd, it is an
opon deCl. ; s to whether or not concentration-difference is
e rcenrate m Zsure of the driving force for matter transfer by
ai ac?ura't: I?::Jids Nothing about the intrinsic character of the
?;f:sst};n rlnechanisms is re\fealed l?y the alf)ove r:lesf,o :::lhizg
analysis based on first principles EX.lSt.S only o'r gasf s for which
Maxwell’s kinetic theory leads to similar relations for
fer ot het?ttnae?ii; i:ﬁ:gas of the various transfer coefficients can
be’It;t)l:arslured directly, and tabulated, for .the transferYOf l;xe;t ::;jt
matter within solids, where the problem is no; comp! 10:; :nt, st
is for transfer in fluids, by freedom of molecu' ar movement, a
;38 the existence of an enormous range of t'mxu_lres. of differing
cc})lm osition and transfer properties. For diffusion in gases, the
et heory leads to an expression for the appropriate transfer
kmeth‘t : For diffusion in liquids, less direct methods must .be
fl;):gi ;z;?::s;timation of the K values from the physical properties
i ideration, :
o e ml;(\tutr:aﬁrsl?eircc:e?’fsigent has been found, the final step in
O'ncet' . calculation is to determine the cross-sectional area,
;ng\:;ll'neizgli]sg required to maintain the desired rate of flow, Q. This
is given by the relatflio: Q/K < (riving forco) |
i is numerical value of A4, the size or capacity o
gicgiggli:g gc;lljipmen; is choset11,tand the primary part of the
i ineer’s work is complete.
Ch;ftil”e:sg :iI;ffus'ional transfer, caused by kinetic movement of
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molecules, transfer of matter and energy in fluids often takes
place as a result of bulk motion, or edd ying, during which lumps
of fluid, of much larger than molecuiar size, move coherentl}’
under the influence of concentration differences. Only a rudi-
mentary physical theory, suggested by Osborne Reynolds, and
developed by L. Prandt! and Th. von Kdrman, exists as a basis
for analysis of this sort of transfer phenomenon. The theory
- employs an analogy between molecular motion of gas molecules

and the bulk movement of eddying fluid masses, and hinges
largely on the definition of a quantity known as the ‘mixing
length’, which plays a part in this theory of eddying similar to
the ‘mean free path’, or mean distance between molecular col-
lisions, in the kinetic theory of gases,

Changes in the spatial distribution of matter may also be
caused by chemical reactions between the molecules of a mix-
ture, and the rate of reaction is dependent on both the concen-
trations of the reéactants and the number of different kinds of
molecules which take part. The determination of quantitative
relations for reaction rates is,however, still largely empirical, and
no comprehensive method of analysis exists, except for simple
cases, so that direct resort to experiment is often necessary.

A notable exception to the generalized transfer law described
- above is energy transfer by thermal radiation. For radiation

from one surface at a high temperature to another at a much
lower temperature, however, the same relation (transfer rate =
driving force x transfer coefficient) is approximately true, the

transfer coefficient being proportional to the cube of the higher
temperature.

Steady-state transfer

A circumstance which often simplifies transfer calculations is
the existence of many items of chemical plant which Operate
steadily, so that while the composition, pressure, temperature,
and other properties vary at different positions in the equipment
concerned, those same quantities are independent of time., In
order to assign a physical meaning to the driving force, transfer
is presumed to occur only across certain limited regions, or films,
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in the fluid mixture, which is tantamount to supposing all the
transfer resistance to be concentrated in such films. I.n fact, most
of the transfer resistance generally exists near a fluid boundary
of somé kind, either at the containing wall of the vessel, or at an
interface between two phases, so that films may be‘pqstulated to
occur at, or near, these boundaries. To clarify this ’d':f*» leI: us
take an example of an interchanger usefi for transferring el:\t
from a hot gas to a liquid; a case in point is th_e prg—heater for the
mixed chlorobenzene and sodium hydroxxfie in the phcnc;)l
manufacturing plant. The liquid to be heatgd is pumped throug

one or more tubes, and the hot gas flows in the annu!ar space
outside the tubes, in the opposite directiog to the liquid, as
shown in Figure 3. There is a gradual fall in gas tem};:er‘atture
and rise in liquid temperature as each passes thr‘ough the mt_ep
changer, so that at any point along a tube length,.lf the operatlor;
is carried out with steady rates of flow, there will be a constan

difference between the average gas temperature and thevaverage
liquid temperature at that point. As aconsequence of themh.erf:nt
nature of the flow, most of the resistance to heat transmission
is concentrated in films on either side' of the tube wall, where,
owing to the calming effect of this sta'tlonary boundary, tranﬁfer
is predominantly by molecular diffusion rather than by edd.ym_g.
Thus most of the temperature drop between the gas and liquid
at any given point along the length of the tube occurs across
these films, as might be expected from the analogous ﬂ(.)w prob-
lem of a series electrical circuit in which the glectromotwe force
across any section is proportional tp the resistance of that sec-
tion. Figure 3 shows the decrease in average 'gas temperature
along the length of the interchanger fr'om_T; at inlet to T, at out-
let, and also the increase in average »llqllld temperature from r;
to7,. Since the temperature diﬂerenc{es are largely cqnﬁned to the
films, the main bodies of gas and liquid at a.ny point along the
interchanger are assumed to be at average uniform temperatures
of ¢, and ¢, respectively, so that the dnvm'g force for heat trans-
mission perpendicular to the tube wall is (r, —t,). If the heat
transfer coefficient, K, is estimated, either from a knowledge: of
the film thicknesses, or by calculation from known physical
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characteristics of the flowing fluids, then the surface area of the
tube, and hence the appropriate size of heat interchanger for
any given rate of heat exchange, 0, may be determined from
our general formula :

A=0Q/K(t,—1t,)

" In practice K and (f, — 1,) vary along the length of the tube, and
mean values are normally used.

Gas
i
| «— = =
Liquid | L — | o
i — L ¢ ! —r
| I _ i l_

Tem perature —s

Distance — -

Fig. 3. Diagram_of 3 counter-flow heat interchanger (above) with a
temperature-distribution sraph (below) for the gas and liquid
streams. i

Maiter transfer is treated in a similar way to the above heat-
transfer problem, and when transfer of both heat and matter
occurs simultaneously, the two phenomena are sometimes
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assumed to be superimposed. Recent study of such m}llti-trans-
fer systems, by L. Onsager and others, has led to an important
extension of thermodynamic theory.

Dimensional methods

The procedure of dimensional analysis, although it does not
spring from any real understanding of the phenomena, has
nevertheless considerable power to solve transfe}' and ot}.1er
chemical engineering problems. Provided the \(arlables which
influence the phenomenon concerned can be picked out, then
any relation between them can be formulatc?d as an equation,
either side of which has the same physical dlme'nsnons (gxpr_es-
sible, for example, in terms of mass, lepg_th, and time), This prin-
ciple of dimensional homogeneity, as itis c'alled, amour‘lts to the
statement that it would be nonsense to write, on one side of an
equation, the mass of a tender full of coal, and, on t_h.e otk.mer, the
speed of a train, and then to relate these two quantities directly;
they have different dimensions and cannot be tequated. On the
other hand, if a number of further factors werg introduced ~ for
example, the distance which the traip was required to run befc_>re
refuelling, and the dependence of air-resistance on §peed wh}ch
would affect its consumption of coal — then a possible relation
could be found. o .

The further application of this principle leads to rel.atxons
involving ‘dimensionless groups’, each of yvhi.ch contains an
arrangement of some of the relevant quantities in the form of a
ratio with dimensions of unity. A classical example of such a
group is the celebrated ‘Reynolds number’ (written Re), which
occurs in the analysis of fluid flow, and equals ud{/», where u
represents the velocity, d the ‘characteristic length’, { the density,
and p the viscosity of the fluid. Expressions can also be ded_uced
by dimensional analysis for the various transfer coefficients.
For instance, the heat transfer coefficient, K, is found to depend
on the two following dimensionless groups: K,d/k, called the
‘Nusselt number’, where k is the thermal conductivity of the
fluid concerned; and Cyu/k, the ‘Prandtl number’, where C, is
the specific heat of the fluid.
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~F 1'1'1aUy, the equilibrium states associated with electrochemical
reactions have also been tackled extensively by thermodynamics.

CHEMICAL ENGINEERING EDUCATION

Since the second world war there has been, in Great Britain,
some resurgence of interest in chemical engineering, and several
small schools for its teaching now exist. Nevertheless, the num-
ber of qualified chemical engineers practising in Britain, €x-
Pfes§ed as a percentage of the total number of professionally
qualified engineers, is still small compared with that in the
United States.

_The chemical industry employs people with widely different
kmds. of knowledge and expericnce. An academic study of
chemical engineering, however, is generally (and correctly) con-
fined to the application of scientific principles, not because other
a§pects, such as production planning, economics, etc., are con-
sidered unimportant, but rather because to make the most use of
the time available academic bodies concentrate on the sort of
knowledge they can best impart.

Comparison of formal courses of study at university level in
chemical engineering with those in the older academic dis-
ciplines of chemistry, physics, and engineering leads to three
principal conclusions. Firstly, since chemical engineering pre-
sents particular methods of attacking problems, for which an
extensive factual background is not essential, it places a greater
emphasis on a student’s power of reasoning and logical analysis
and less on his memory, than does a study of chemistry, or even’
physics. Secondly, as the prime objective always in vie\’v during
the study of chemical engineering is operation of industrial pro-
cesses, the practical needs of society may be stressed to better
advantage than perhaps is the case in the study of pure science
Thi?dly, 'compared with other branches of engineering chemicai
engineering offers a wider choice of specific problems’for study,
e vl e, st oy i

. e justification for regarding chemi-
cal engmeermg as a valuable educational field. One danger, how-
ever, is the possibility that a chemical engineering cours; may
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become too diffuse because it attempts to cover too wide a field,
rather than concentrating on scientific principles, and applying
them to a small number of well-chosen examples from industrial
practice. For comparison, it may be noted that this article has
consisted essentially of one main example, with such illustra-
tions of principle as were relevant to it, and that many other pos-
sible topics have been therefore omitted, It is the essence of
chemical engineering that applications of its principles can be
made in the entire range of chemical industries : this fact may
easily be lost sight of by introducing an excessive wealth of tech-
nical detail at the expense of an adequate scientific background
for the student.

FURTHER READING

A number of previous issues of Science News contain articles of
chemical enginecring interest. The first four of the following are
mainly descriptive accounts of chemical production processes; the
others are on relevant scientific topics. Issues not in print are
starred.

Taylor, E. Sherwood. ‘A Century of British Chemistry’. SN 5.
Smith, E. L., and Crammer, J. L. ‘Making Penicillin’. SN 6.
Moncrieff, R. W. ‘Synthetic Fibres’, SN 14.*

Gilbert, C. G. ‘Making Chemicals from Petroleum’. SN /6.
Sutton, O. G. ‘The Restless Wind'. SN 11.*

Standing, B. ‘Hydraulic Models’. SN 17.*

Burton, W. K. ‘Theory of Crystal Growth'. SN 21.
Wadsworth, K. D. ‘Mechanisms of Chemical Change’. SN 26.
Davics, R. O. ‘Irreversible Thermodynamics’. SN 28.

Standard technical works, with a reasonably modern outlook, are:

Brown, G. C. (and associates). Unit Operations. New York, Wiley,
1950.

Dodge, B. F. Chemical Engineering Thermodynamics. New York,
McGraw-Hill, 1944.

Hougen, O. A, and Watson, K. M. Chemical Process Principles (3
vols.). New York, Wiley, 1943-7.

For an account of the scientific ideas underlying chemical engineer-
ing, se¢:

Bosworth, R.C. L. Physics in the Chemical Industry. London,
Macmillan, 1950.
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An e)scellent account of current ideas and trends in chemical engin-
eering is given in:

Gilliland, E.R. ‘Problems in

. Chemical Engineering Research’.
Chenical Engineering Progress,

‘ : ‘ 47, 1 (January 1951).

The engineering viewpoint is adequately explained in the following
two references (both reprints of addresses):
Southwell, R.V. ‘Changing Outlook of Engineering Science’.

g;;;g;t of the Annual Meeting British Association 1938, 163

Inglis, C. E. ‘Presidential Addre.

ss’. Journal th itution o,
Civil Engineers, 11, 1 (1941), of the Institution of

FUNDAMENTAL PARTICLES:
THE PRESENT SITUATION

P.E. HODGSON

READERS of Science News have been given the earlier chapters
of the still unfolding story of the ‘fundamental particles’ of
physics. Terence Price wrote in Science News 16 that ‘one of
the characteristics of present-day nuclear physics is that the
world no longer seems explicable, as it did to our grandfathers,
in terms of a few fundamental units; if we are to make sense of
it we have to believe in the existence of a much larger number of
constituents of matter than had once been hoped’. Within two
issues it was necessary to add a supplement to his article in
‘Research Report’, and by Science News 21, Professor Bhabha
was suggesting that ‘the circumstance that there are a dozen
different types of elementary particles in nature would lead us to
expect that they may be many more’. Most of these discoveries,
as well as others still more recent, have been made in the first
instance as a result of studies of the cosmic radiation, although
in a few cases they have been confirmed and extended by the use
of particles accelerated to high energies in the laboratory.

Part of the history of the subject was recounted by Professor
Bhabha in his article. He recalled that it might have been thought
about 1930 that ‘when one knew the mathematical laws govern-
ing the behaviour of . . . protons, electrons, photons, and gravita-
tion, one would know everything of a fundamental nature that
there was to know of the physical world, and physics in prin-
ciple would be a subject which had reached its destination’. But,
as has happened before in physics, just as scientists thought
that their knowledge was nearing completion, a flood of new dis- -
coveries came to upset their simple schemes. One of these was
the discovery of the neutron by Chadwick in 1932. This enabled
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some difficulties connected with the structure of the atomic
nucleus to be solved by assuming that it is composed of protons
and neutrons in place of the old idea that it is composed of pro-
tons and electrons. But, at the same time, as Professor Bhabha
pointed out, this introduced ‘the possibility that, while the
elementary particles are not composite and that as long as they
exist they are immutable with absolutely constant properties,
nevertheless there are occasions when one or more such par-
ticles can disappear altogether with the simultaneous creation
of another set’. A neutron in the free state changes into a proton,
an electron, and a neutrino, the last-named being an unobserv-
able particle introduced so that the conservation laws are satis-
fied in the transformation. The probability of this happening is
such that the rate of transformation follows the well-known
exponential law, characteristic of all radioactive processes, with
a half-life of about 14 minutes. This feature of instability is
found even more markedly in the newly discovered fundamental
particles. Some of them exist for a mere 10-'4 seconds before
undergoing a transformation.

The discovery of the neutron introduced a second new feature,
the possibility that charged and neutral particles may exist
which differ but little in mass. This feature also has been re-
peated, although on the basis of the present evidence it does not
appear to be general. This may well be because the neutral par-
ticles, being more difficult to detect than their charged counter-
parts, have not yet been found.

Another discovery of fundamental importance was made by
C.D. Anderson who, in 1931, reported the observation in a
cloud chamber of the track of a particle having all the charac-
teristics of an electron, but positively charged. It was therefore
called the positron. This brought to light the occurrence of
particles similar in all respects but of opposite electrical charge,
and this feature has been found also in subsequent discoveries.

In 1936 Anderson and S. H. Neddermeyer observed a track
in their cloud chamber which could not be ascribed to any par-
ticle known at that time. It appeared to be caused by a particle
having a mass intermediate between that of the electron and
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that of the proton, and was accordingly called a meson. It was
soon identified with a particle of similar properties that had been
envisaged by the theoretician H. Yukawa in an attempt to
account for the short-range nature of nuclear forces.

Work on fundamental particles was interrupted during the
war years, but after the war a large number of researches soon
provided a wealth of new data. As Mr. Price mentioned in his
article, an experiment of Conversi, Pancini, and Piccioni in
Rome showed in 1946 that the meson discovered by Anderson
was not the same as that postulated by Yukawa, as it had an
insufficiently strong interaction with nuclei. This difficulty was
soon resolved by the discovery by Lattes, Occhialini, and Powell,
at Bristol, of the transformation or decay of one type of meson,
called the »-meson, into a lighter type of meson, called the
u-meson. Yukawa's meson could then be identified with the
7-meson, and Anderson’s with the #-meson,.

In the years
which suggested
about a thousan

that followed many observations were made
the existence of heavy mesons having a mass

d times that of the clectron, These observations

nsistent with each other, and it soon became clear

hat has been un
) cove
In these circumsta iti red.
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the field of heavy mesons, and so more detailed discussions took
place than would have been possible if other aspects of the
cosmic radiation had been included as wel].*

The purpose of this article is to summarize the present state
of our knowledge of fundamental particles as it emerged from
the discussions of the congress. It is clearly impossible to refer
here to each of the seventy individual papers that were pre-
§ented, or the critical discussions which followed. This sumnﬁir
is preceded by a short discussion of the diﬂicultie; of the methog
Pf rest_earch, so that the results which follow can be a iated
in their proper perspective. ppreciate

THE METHOD OF RESEARCH

Since maay of the results described here are of a tentative
nature, '1t is perhaps useful to indicate briefly the philosophy
underlymg this branch of research. The situation at presens. is
that the dxs_covery of the nature and properties of the funda-
mental particles is almost entirely a matter of pure experimental
research. There are no comprehensive theories which could aid
the experlmentalist in his investigations. Practically the onl]

theoretical laws which can be used with a high degree of co ¢
fidence are such fundamental ones as the conservation of "
energy, charge and spin. A
. It is accordingly up to the experimentalist to exercis hi

u¥genu|ty and make as many measurements as possible . thls
high energy phenomena in which the fundamenta] partic;)rl ‘
often found. His results may suggest that a new unstable " 'ml'e
be postu!ated which decays according to a certajn sch e, 10
formulating this scheme he is guided by his physical i etm'e: o
by a few fundamental theoretica} considerations ang1 tl:mol:l,
;-:cxl‘ulresment tthat no more complexity must be intl"oducedytl:a:

ecessary to cover the facts. He wi i

as a tc?ntative hypothesis and see ief ;v;:ldt:tzn ;:c(l) xt)ltl o Sf'::heme
investigators, can be consistently interpreted’ by it I?‘?fzenol::;r

*See, for example, the artj
7 p article by Dr E, p. George in Science News

Fundamental Particles: The Present Situation 53

pens that further work brings to light new evidence which is
inconsistent with the hypothesis he has made. Then he has no
alterhative but to modify it so as to bring it into accord with the
new facts as well as the old. In this way our knowledge of
fundamental particles is built up. It follows that our theories
at any given time are provisional, and we may at any time be
forced to revise them — as, indeed, is the case with scientific
theories in general.

The situation is made more difficult by the fact that experi-
mental results are rarely certain and can be relied upon only
with a variable degree of confidence. This is particularly so in
the experimental field under discussion, where the measure-
ments are often exceedingly difficult and are subject to a host of
disturbing influences which cannot easily be evaluated. Further-
more, it is nearly always possible to interpret a result indicating a
new type of phenomena by means of exceedingly improbable
interactions of particles that are already known. As a result it
is necessary to collect a large number of results before any cer-
tain conclusions can be drawn. This makes it desirable that
many groups of investigators should study similar phenomena
with similar apparatus and that they should meet frequently to
discuss their findings. Such an opportunity for discussion was
admirably provided by the Congress of Bagndres-de-Bigorre.

The situation is made even more complicated by the lack of
one-to-one correspondence between the events which are ob-
served in the various types of experimental apparatus and the
fundamental particles by which they can be interpreted. it often
happens on the one hand that two very similar events are pro-
duced by two different particles while on the other hand a par-
ticular type of fundamental particle can produce dissimilar
events, For these reasons it is sometimes convenient to use tem-
porarily a ‘phenomenological’ classification — one in terms of
appearances—so that these difficulties, if not removed, are at least
minimized. Great care and skill are thus necessary in interpreting
the results of experiments in this field, and it must be emphasized
again that the results outlined below are in many respects pro-
visional, and subject to revision in the light of future experience.
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As some of the cosmic ray particles have an cxtremely high
energy, much higher than can be produced by the most powerf
cyclotrons or synchrotrons that exist at present or are likely 10
be built in the near future, the cosmic radiation is indispensa})le
for high-energy nuclear physics. But since the cosmic radiation
consists of a mixture of different types of particles going 1n
different directions with a wide range of energies, it is difficult,
in general, to make any precise and detailed investigations of afly
individual phenomenon occurring in it. In addition, the intensnt}’
of the cosmic radiation, especially that of the very energetic
particles, is extremely small, and prolonged experiments are
necessary to obtain a significant number of any particular type
of event. Consequently, as soon as the particle accelerators can
produce an intense, well-defined and nearly monoenergetic beam
of any type of particle, it becomes much more economical to use
them rather than the cosmic radiation to study the phenomena
that can be produced by that particle. Thus with every advance
in accelerator performance, a field of study is effectively re-
moved from cosmic rays and given to nuclear physics.

The cosmic radiation is therefore usually responsible fox" c?is-
covering a new type of fundamental particle and for o'btammg
a qualitative survey of its properties. Then, as soon as it can ‘be
produced by accelerators, these are used to study its properties
in a detailed and quantitative manner.

An excellent example of this is the =-meson, which was dis-
covered by Professor Powell and his colleagues by exposing
photographic emulsions to the cosmic radiation. They obtained
an approximate value of its mass, and established its decay
scheme. Now, however, the r-meson can be produced in large
numbers by particle accelerators, and it is almost exclusively
studied in this way. Detailed investigation of its mode of produc-
tion and its nuclear interactions are being made in many labora-
tories in Europe and in the United States.

The cosmic-ray physicists can be thought of as explorers who
first penetrate into an unknown land and make rough maps of
the more prominent landmarks. Behind them come those who
use particle accelerators to make an Ordnance Survey map of
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the new territory. It was the explorers who met at Bagneres-de-
Bigorre, and it is their rough maps that are presented here.

IMPROVEMENTS IN TECHNIQUE

Before summarizing the present state of our knowledge of
fundamental particles, it is convenient to describe two recent
improvements in experimental technique which enable more
accurate measurements to be made. The first of these is the use
of stacks of stripped photographic emulsion by the Bristol
group led by Professor C. F. Powell and the Bombay group led
by Professor B. Peters.

The early researches using the photographic emulsion tech-
nique were made with plates tonsisting of a thin layer of emul-
sion coated on glass. The typical thickness of emulsion was
about a hundred microns, and so a considerable proportion of
the particles associated with any nuclear event left it before
coming to rest. This is a severe limitation on the method, as
grain-density and scattering measurements on short tracks do
not give accurate results. Attempts were made to overcome this
disadvantage by using thicker emulsions, but the thicker the
emulsion the more difficuit it is to process it so that the grain
density of a track does not vary with depth in the emulsion.
Uniformity of development is essential if accurate measure-
ments are to be made, and in practice it is not possible to use
emulsions much more than a thousand microns thick.

The new technique enables these difficulties to be overcome,
and allows exposures to be made with emulsions of any desired
thickness, To achieve this, the photographic emulsion is initially
poured on to glass in the usual way but, after it has dried, it is
stripped off the glass and assembled in stacks. A typical stack,
as described by Professor Pefers, contains twenty-four 6 in. x
4 in. sheets of stripped emulision, each 600 microns thick. This
stack is exposed in the normal way to the radiation under
investigation. Professor Peters sent his stack to a height of about
80,000 feet by attaching it to a balloon.* After exposure, the

] *See, for example, the article by A.J. Herz and R. M. Tennent
in Science News 27.
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stack is di
glass a:dd:,rg‘?:sﬂeg and each sheet of emulsion is stuck on
is found in one Ste‘ in the usual way. If now an interesting evetd
can be f°”0wedoththe emulsions, the particles associated with it
plate 1o plate. 1 r(})‘l‘lgh the emulsion for a great distance from
interesting Ob.sen this way ‘Professor Peters has made many,
Th rvations which were not possible previously:
gr?l:em importance in the future.
sevﬂ:‘ S;::l:‘ds improvement in technique has been made bY
in France Prl:,,'us‘"g ClOud. chambers in the United States and
the disad;;am 1ous work with cloud chambers has suffered from
made on the i:ge that of the two measurements that have to be
energy onl rack of a particle to establish its nature and its
accurately yv?l?‘f of these, that of the curvature, could be made
general, by s the other, that of i ionization, could n, i#
°Vercor:1es th'abe accurately. The new technical development
above the of }IIS y placing two cloud chambers one immediately
enables the er. A magnetic field applied to the top chamber
curvature fm:rpentum (?f the pamcle_s to be found from the
chamber c° t eir tracks in the magnetic field. The lower cloud
ticle o ontains a large number of thin lead plates. If the par-
mes to rest in one of these plates after passing through
the upper chamber, its residual range can be found with an up-
c{:qamty corresponding to the thickness of the plates. By co
bining the measurements of momentum and residual rap txll:.
nature and energy of the particle when it passed thro ge, the
upper chamber can be found to a higher accuracy th ugh this
sible previously. This technique is particulariy val an w.
vestigating particles which decay in the y uable
secondaries many of which come to rest in
lower chamber.

as pos-
AN for in-

T chamber giving
the lead plates of the

NEW NOMENCLATURE

The use of the words ‘f

undamental icles’
place for some discussion. Clearly e
Etxental particles increases, it bcco,
‘0 use the term. The complexity o

calls in the first
as the number of ‘funda-
;nes less and less justifiable

our present knowledge of

ere i .
€ 13 no doubt that this technique will lead to results of the;

Fundamental Particles: The Present Situation 57

them suggests that the particles we call “fundamental’ are in
d of even more subtle

fact some kinds of structures compose
eatities. Nevertheless the word ‘fundamental’ is retained for the
present.

A similar objection could be made to the use here of the word
‘particle’, with all-its Newtonian bittiard-ball associations. in
fact, as we know, <undamental particles’ are entities which we
cannot imagine, but which behave in some circumstances like
the particles and in others Jike the waves we encounter in our
everyday experience. In reality they are neither particles nof
waves, but entities to which our crude concepts apply solely in
an analogous way. We have for so long been accustomed to call
thern ‘fundamentat particles’ that this usage is continued here.
But its defects must not be forgotten, and it must not be taken as
implying any finality in onr present knowledge.

in order to provide a more systematic classification of the
bewildering variety of fundamental’ particles, several improve-
ments in nomenclature were decided upon at Bagnéres-de-
Bigorre. Although these cannot be considered ‘official’, as they
have vet to be internationally accepted, they have nevertheless
considerable authority behind them on account of the large
number of leading specialists who attended the Bagneres
congress. ‘

The nomenclature can be conveniently considered in three
sections : Firstly, all particles are divided into groups according
10 the range in which their mass lies. Secondly, different types
of events are classified phenomojogically. Thirdly, each different

particle is given its symbol.

(1) Groups of Particles

L-mesons. Particles with mass greater than that of the elec-
tron and up o, and including, that of the r-meson.

K-mesons. Particles with mass intermediate between that of
the 7-meson and that of the neutron. These are
often referred to as ‘beavy mesans’.

Hyperons. Particles with mass intermediate between that of
the proton 2nd that of the deuteron. (This defini-
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tion may have to be revised if ‘fundamental’ par-
ticles heavier than the deuteron are four.ld.) .
Small Greek letters are used for mesons and capital Gree

letters for hyperons.
(2) Phenomenological Description

V-event. Phenomena which can be interpreted as the decay
in flight of a K-meson or hyperon. These events were
first observed in a cloud chamber and consist of two
tracks in the form of a ‘V’, V-events are subclassified

as V° and V£ according as the decaying particle is
neutral or charged.

S-event. Phenomena which can be interpreted as the decay or
nuclear capture of a K-meson or hyperon that has
stopped in the cloud chamber or photographic
emulsion.

(3) Names of individual types of particles

These are considered in the next section.

THE PRESENT STATE OF KNOWLEDGE

A list is given below of the fundamental particles that are known
at present, together with their properties. The more well known
among these are included for completeness, although they were
not discussed at Bagneres. All masses are expressed as multnples
of the electronic mass. The limits of error that are given are
intended as indications of the degree of accuracy obtama'ble fxt
present rather than as precise standard deviations, w%uch in
many cases cannot be given as the results have been.obtalped by
combining the observations of different groups of mvestng'ators
using different apparatus of more or less precision. Thf: kinetic
energies released in the decay of the fundamental particles are
known as Q-values; they are usually calculated on the assump-
tion of a particular decay-scheme, which is often partly hypo-
thetical. If future work necessitates the modification of these
decay schemes, the corresponding Q-values will have to be re-
calculated. These Q-values are in million electron-volts (MeV).
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Gamma ray (7). Electromagnetic radiation. The frequency of

& y-ray can have any value and, the higher the Frequescy, the
more energatic is the v-ray. If its eneryy is hi

gh enough, a 13y
can interact with a nuclens to give a nuclear disintegration or a
pair of electrons.

Neutrino (). An uncharged pacticle postulated to conserve
momentum, energy and spin in nuclear transformations {see
eactier in this article). Mass, very small or zero.

Electron {ef). e+ is alsa called the positran. Stable, but an e -
and ap e~ iateract to give a pair of v¥aYys, Mass, 1.

LaMESONS

#t-mesan. Mass,

23852, Lifatime, 2,2 x 106 secqnds. Posidve
O¢ nhegative,

Devay scheme : nt ~y ot + ¥ {Q,about 105 MeV)

The amitted electeon has 2 variable energy ug lo o aXivum

of 53 MeV, with a mezn of about 36 Mev, This vatiation in
energy shows that al least two other particle

$ st be emitted
for energy and mowmentum to be conserved, The negative
2-meson has a weak intecaction with nuclei and £3% produce 3
low-snergy nuclear Qusimegsation {ohe wirp an exciation energy

of not mote than about 15 MeVy, if it daes not decay first,
H-meSOns are produced by decay of the ~-meson or by that of
the «-mreson (see Jates).

=*umeson. Mass, 266 33, Lifetime, about 104 seconds, Neutral,
Decay scheme: 7° —p 2y (Q, about 133 Mey

N G R 3 A e {very rarely)
Neuteal ~-mesans are praduced in high-energy sollistons be-

tween mucleans {protons or neutrons).

rtomes0n. Mass, 276 12, Lifetime, 2.6 x 40
or negative,

Decay scheme: »4 yRE g
“-meson, gbout 4 Mevy

H nuclei are present, the negative =

¥ Seconds, Positive

(Q. about 33 Mey; energy of

meson can be captured,
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giving a nuclear disintegration of excitation energy about
100 MeV. Chargefi w-mesons are produced in collisions between
nucleons along with the neutral #-Mesons.

K-~-MESONS

{°-meson. Mass, about 550, Lifetime, less than 104 seconds.
Neutral. ' .

Decay scheme: {® —> n+ 4 7 (Q, about 2 MeV)

The existence of this particle is suggested by the observation .

of corre:lated ;?airs of m-mesons emitted from high-energy
nuclear interactions. Since it is almost certain that this can be

accou:_ﬂed for by a strong mutual interaction between =-mesons
the evidence for the {°-meson is very weak

{:t-r_n.eson. Mass, about 530, Lifetime, greater than 10! seconds.
Positive or negative, Decay scheme, unknown.

The existence qf this particle is suggested by some measure-
ments on the multiple scattering of a few tracks in photographic

err}u1s10ns. Owipg to the difficulties of such measurements, the
evidence for this particle is extremely weak.

T°-meson. Mass, about 1000, Lifetime, ?
Decay scheme: 7° — n+ 4. 71— 4 #° (Q, less than 75 MeV)

There are two or three cloud-chamber photographs which

suggl:st this decay scheme, but the evidence at present is very
weak.

rE-meson. Mass, 970+2. Lifetime, 108 to 1010 seconds, Prob-
ably positive and negative.
Decay scheme: v+ —>nt + 7% + 7= (0=7612 MeV)
These properties of the 7-meson are well established b

. ) : h -
graphic plate and bv cloud-chamber measurements, Y photo
6°-meson. Mass 971 + 10, Lifetime, about 10-10 seconds. Neutral
Decay scheme: 6° —> 7+ + n~ (Q=21445 MeV) .

The 6°-meson has so far been indicate

d onl -
ber measurements. It was first described ¥y cloud-cham-

asthe V,° particle, and
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later as the V,° particle, when it was realized that more than one
kind of particle had been included in the first of these descrip-
tions. The possibility of the decay scheme, 6° ~—>a* + =~ +n,
where # represents a peutron, cannot be completely ruled out. i
the #°-meson decays in this way, its mass is greater than that of
the proton, and so it should then be classed as a hyperon.
xt-meson. Mass, 990 + 30, Lifetime, about 10 seconds. Prob-
ably positive and negative.

Decay scheme: x* ~—> pt 4 2v (Q, about 400 MeV)

The emitted x-meson has a variable epergy up to a maximum
of about 180 MeV. There is some evidence in favour of one of
the secondaries being a y-ray. This particle was first indicated
by measurements made in photographic plates. It is likely that
most of the charged V-particles that are observed in cloud
chambers are x-mesons.

xt-meson. Mass, abont 1000. Lifetime, ?. Probably positive and
negative.
Decay scheme: xt —> 7t + v (Q, about 720 MeV; energy of
r-meson, 116 + 10 MeV)
1t is assumed that the x-meson decays into two particles be-
cause measurements on the secondaries found so far are con-
sistent with a constant energy of emission of the z-meson. The
evidence for the secondary particles being z-mesons is strong
but not conclusive. There is no evidence as to the nature of the
neutral secondary; it may well be a v-ray or a =°-meson. The
existence of the x-meson has been established by measurements
in photographic emulsion, but it is likely that some of the
charged V-particles observed in cloud chambers are also
X-mesons.
n-meson. Mass, 7 (depends on the exact decay scheme; see
below, where the two secondaries are allocated only to the K and
L groups of particles). Neutral.
Decay scheme: n—> K + L (@, very approximately, 60 MeV)
This particle is indicated by some cloud-chamber observa-
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tions made by R. B. Lcighton of the California Institute of Tech-
pology group. It has sometimes been called the V,° particle. The
identification of the secondaries of this decay is extremely weak.

NUCLEONS

Proton (p). Mass, 1836. Stable. Positively charged.
Neutron (n). Mass, 1838, Lifetime, about 14 minutes. Neutral.
HYPERONS

Qe. , o
N &?:Kde‘ Mass, 2184 1 7. Lifetime, (3.3 + 1) x 1019 seconds.
Decay scheme: Q° —> p+ 4 n- (Q.3713 MeV)

The existence of this particle was first indicated by the obs
vation of V,° tracks in cloud chambers. Considerable evid oo
for their observation in photographic plates as well e
sented at the Congress. °F Was pre-

Up to the time of the Congress, it had been an open questi
whether the 2° particle was an ‘excited state’ of a nuclgons o
duced by exciting a pre-existing nucleon or whether it WPTO'
‘fundamental’ particle which could be produced com latsla
from the kinetic energy of colliding nucleons. At the Corl: er "
however, Dr N. Kaplon reported that a V°-particle of kign:ts's,
energy 7144150 MeV had been produced by protons li
2,300 MeV from the Brookhaven synchrotron. This su C:
Fhat the former of the two alternatives takes place, as thgeizsis
1gsuﬂi01ent energy available for the second. It is, of ;ourse osS
sible that the second process takes place at high’er energie; pbu;
:}t present there is no evidence for the production of nucl’
in high-energy collisions. Fon

Qx-particle. Mass ?
Decay schemes: Q+ —> p+ 4 (?27°)
Qf—>n° + (277%) (Q, about 130 MeV)

Neith?r of these decay schemes is established beyond doubt, but
the evidence for the second is rather better than that for the }irst.

V*~_particle. Mass ?
Decay scheme: V*- -~ Q 4 [~
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The existence of this particle was first indicated when the Man-
chester group observed two V-decays in a cloud chamber, one
above the other. The lower, a ¥ °-decay, was almost in line with
the primary of the upper, which was a Vit-decay. Since, how-
ever, such an isolated event could be due to the chance coin-
cidence of two V-decays not related by the above scheme, no
definite conclusions could be drawn from it. At the Bagneres
congress, however, Dr Leighton reported the ohservation of
three more examples of these ‘cascade decays’, as they are called.
This greatly increases the likelihood that the V* ~-particle exists,
although, of course, it is by no means established.

In addition to the phenomena which can be interpreted by the
particles listed above, there are other phenomena whose exist-
ence is quite well established, but whose interpretation is uncer-
tain.

Among these is the disintegration of a nucleus by a heavy
meson. Four examples were reported by Professor Peters at the
congress, and two or three others have been published in the
past few years. The nature of the primary particle cannot be
established, but it seems plausible to attribute most of these
events to negative 7-mesons. This interpretation will be streng-
thened if it is found, by experiments like that of Professor Peters,
that all the 7-mesons decaying into three m-mesons are positive.
The r-meson will then be analogous to the 7-meson, in that when
negative it interacts with a nucleus causing it to disintegrate and
when positive it decays into three particles. Negative «- and
x-mesons may also cause some of these events.

Another type of phenomena in which the existence of heavy
mesons is established is in the very high energy nuclear inter-
actions known as ‘jets’, which have been extensively studied by
the Bristol group under Professor Powell and by others. When
two nucleons collide at extremely high energies (upwards of a
million MeV) a number of mesons, which may be as high as ten
or twenty, is produced. These are emitted in a very narrow
stream or jet.* These mesons are mostly 7-mesons, but the Bristol

*An example was reproduced as Inset 29 in Science News 27.
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’ 8roup has shown by Mmeasurements of the multiple scatteringand%

 lonization of these particles in photographic emulsion that some 3
of them are heavy mesons, The proportion of heavy mesons i

. these jets increases with the energy of the collision. It has not.’
Yyet, however, been established which types of heavy mesons are §
Present in jets. It seems likely, of course, that all types of heavy ;

- Inesons are present in’ proportions that vary with energy. AB
alternative possibility is that some of the types of heavy mesons.
sre produced only by the decay of still heavier particles which
are themselves produced in nucleon-nucleon colfisions.

DISCUSSION OF THESE RESULTS

The brief summary given above of the properties of the funda-
mental particles that are at present known to us gives little idea
either of the complexity of the problems which arise in estab-
lishing them or of the wealth and variety of the experimental .
data. Many long and critical discussions on the various possi-
bilities took place at the congress. It is not possible to do more
than briefly indicate a few of them here.

It was pointed out that the two heavy mesons whose existence
is most securely established, namely the - and the 6°-mesons,
have masses which only differ by less than about 10 electron
‘fonsses. This suggests that perhaps the masses are identical, and
that the - and 6°-mesons represent alternative modes of decay -

';thg same fundamental particle. This was discussed, at the
‘congress, but no firm conclusion was reached., B A
_jAnbther possibility is that the r-, X-, and x-mesons are simi-
‘uly different modes of decay of the same fundamental particle,
_gfg;(;sidérable discussion took place on the problem of whether

i £

}@&mass of the y-meson could be identical with ‘that of the

&amegon. The situation at present is that all measurements on

AR

.particles coming to rest and decaying give an average mass of

) . istillation unit, Shell
s - 8 T jonating towers on the distillation unit, Shel
990430, which is consistent with that of the r-meson. Unfor- :ﬁe%;:;l:a;;;’gt; é{::ifga(bggw,mesy of the Shell Petroleum Com-

_tunately, however, the accurate measurements of Perkins and any, Ltd). The evolution from laboratory-type equipment t_otccms.
his colleagues. on the heavy mesons in jets, which probably ﬁnu}gus,large-scak operation is shown in the three following pictures.
include a considerable proportion of y-mesons, indicate a mass
-of about 1200, It is most unlikely that this value is congistent.

-



2. Distillation: use of laboratory-type equipment (two distillatic
units at back) in chemical preparations for bleachers and Turkey Re

dyers, 1820. (From The Chemical Revolution by Archibald and Ne
Clow, Batchworth Press, by courtesy of the authors and publisher:

3. Distillation : a bench of stil
the distillation of petroleum.
gallons. The earliest continu
stills of this type.

Is used early in the present century fo
Each still held some thousands o
ously operating plant was evolved fron

istillati i eration. Fractionating tower of single-
llation : continuous operation.
4t. lzzlsllllnit for the fractional distillation of crude petroleum at the
ilssgo refinery, Fawley. (By courtesy of the Esso Petroleum Company,
Lid.)



5. Ni i

unit (f:stetVl;)waf ﬂ;?_ESSO refinery, Fawley. The catalytic cracking
is near the lc;ftyozvt};('-h (-h‘c yield of the lighter fractions is increased.
Company, Ltd.) ¢ picture. (By courtesy of the Esso Petroleun

Koves U
S8 50 g
‘“L Ploney

™ ™

6. i ;

Ththe(:l‘:]lt;al Vfle}vlv of the'Shell ‘ch.emlcal plant, Stanlow, taken at dusk.

ing tower; ?Bt e‘crackmg unit is on the left; on the right, fractionat-
- (By courtesy of the Shell Petroleum Company, Ltd.)

7. Catalytic cracking unit. Esso refinery, Fawley. (By courtesy of i
Esso Petroleum Company, Ltd.) ’



INTERFEROMETRY IN ASTRONOMY

S FASL &

10. To show limb-darkening tow
effect must be allowed for in stell
tory, Greemwich.)

ards the edge of the sun’s disc: the
ar interferometry. (Roval Observa-

0 ]
8. Hydro i !

Stati({n.né::car::‘?.zh‘)r. coal: replica, erected at the Fuel Research X e
Mﬂnnhcim) for tlhc.l;n‘ .("‘IIC ‘Ialc 19205, of the ()]‘iginnl P“Ol—plant (at g : oo
copyright) ergius process. (Fuel Research Station, Crown
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9. Hydrosemation c i
stallsy:tr:)lf:rl]?ai:llionnvt?qf coal: general arrangement of hydrogenation
cal Industries. Lnllb.)‘ m petrol plant. (By courtesy of Imperial Chemi-

11. Spaced-acrial radio interferometer constructed at Cambridge for
the accurate location of radio stars: the acriad separation is about
1.350 ft. (M. Ryle, F.R.S.. Cuavendish Laboratory, Cambridge)



HELICOPTERS IN THE FIELD

14. The facility of the helicopter for close (lying in difficult moun-
tain country crossed in many places by overhead cables led to s use

12. Because of the sm: ace which the for landing ¢ - fon |

12 Bec of fhL smgll space wl].cll [hgylnccd for I.ltndmg and m!\c . by Pest Control in a plant-spraying operation jn the Canton Valais.
off elicopters are being intensively used in geophysical prospecting Rhone Valley

or oil in Netherlands New Guinea. A helicopter and its hangar are '
shown arrowed at a riverside base-camp.

15. Showing the clearly defined ‘swarth’ delivered by the helicopter,
by courtesy of the Shell Petroleum Company.) (Photographs by courtesy of Pest Control, Lid)

13. Unloading by Papuans at a jungle landing-ground. (Photographs



CHEMICAL RADIOMIMETIC AGENTS

' 18. A cell from a bean-root grown in a solution
16. A normal cell in division. The chromosomes of radiqmimellc agent. As in Inset 17. chromo-
are seen as two separate clumps. some bridges and fragments are shown.

5

19. A rat bearing an experimental Walker tumour as used to measure
the effect of radiomimetic chemicals in inhibiting tumour-growth,

17. A cell from a tumour in the rat after treat-
ment with a nitrogen mustard. Chromosome
bridges and fragments are shown.



PLATINUM METALS EXHIBITION

The 150th anniversar
! 'y of the announcement, through an anony-
g}ﬁl;;flyb;/sss\?ﬁl’handgllg of the discovery of the new metal, palla- ) ’ : - -
m, iam Hyde Wollaston, later President of the Royal \ .
Society. was the occasion of an exhibition arranged by the Institution PA t LA D o h"

of Metallurgists to illustrate the history and uses of the platinum OR,

metals. The photograph i ] i A v

aphs on this and the following four pages are . ]

reproduced, by permission of the Institution, from the handbook of . NEW: SI‘ VER,
the exhibition. o

Has ti;esc Fropcrties.amoﬂgst othcrs that shew it to be
' _A NEW NOBLE METAL.

' * 1. It dissolves in pure Spirit of Nitre, and makes 2 dark
. ved solution. - .
N w17y $peen Vitriol throws it down in the state of a yegulus
from this solution, as it abways docs Gold from Agua Regia.
3. Ir you evaporate the solution you get a red calx that - 3
dissolves in Spirit of Salv.or other acides
4, T s thrown down by quicksifver and by all the metals
put Gold, Platina, :0d Stkers NN
5. I7s Specific Gravity by hammering was only 11.3, but
by flatting as much as 11.8. .
6. In a common fire the face of it tarnishes a liwie aad 5
. turns blue, but comes bright again, like other noble metals on :
being stronger heated. s
. 7. Thg gitaeit ieat of a blacksmith’s §re would hardly
melt it; ’ )
8. Bur if you touch it while hot with a amall bit of Sal~
pﬁur it runs as easily as Zinc.

[ , IT 15 SOLD ONLY RY :
..Me;FORSTER, & No.06, GERRARD SFREET, SOHD, -
' LONDON, s o

In Samples of Five Shillings, Halfa Guinea, & Ove Guinea each,

s .
. J. Muave, Printes, Drury Lame
v

20. The obverse of the Wol . o 21. One of the handbills distributed anonymously by Wollaston ir
ollaston Medal of the Geological Society; 1803 to announce his discovery of palladium. (Department o;

it is awarded annually for i i
. outstanding rese e ng the . ersi
mineral structure of the earth. g arches concerning Mineralogy and Petrology, the University of Cambridge.)
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22. Ornaments of native platinum and gold. about half an inch long

gla(]iie by South American Indians before the discovery of Americe
Yy Buropeans. (Muscum of the American Indian, Heye Foundation
New York.) ’
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23‘, Assembly of counterfeit ‘gold’ coins, in fact of gilded platinum,
which were put into circulation in various European countries
around the middle of the 19th century. (Royal Belgian Mint.)

24. Rolling pure platinum strip.



§5- A platinum-rhodium gauze for a 3-metre diameter ammor
urner.

26. A platinum-rhodium thernﬁocoﬁ‘p]é being used to determine th
temperature of liquid steel.
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with a mass of 990. It is conceivable that particles of mass about

1200 are produced in jets, and that these decay in flight into

particles of mass about 990 which in turn come to rest before

they decay. There is, however, no evidence to support this hypo-

thesis. The solution of this problem must await further accurate

experimental determinations of the masses of these particles,”
but it was generally considered that the identification of the

masses of the x- and 7-mesons was quite plausible, while the

further identification of this mass with that of the »-meson was

considerably less likely.

A number of subsidiary considerations, of varying weight,
which bear on these problems can be derived from the fre-
quencies with which these particles are observed to decay in
flight and at rest in photographic emulsions and in cloud cham-
bers. But as the data at present available refer to particles of a

“wide range of energies and to apparatus exposed to the cosmic

radiation at different heights above sea level and, in the case of
the cloud chambers, triggered by different arrangements of
counters, it is difficult to draw any firm conclusions from it.
These discussions on the possible identity of some of the types
of heavy mesons underlined the need for more experiments of
a high degree of accuracy. As long as the experiments give results
with rather wide limits of error the discussions will continue to
be inconclusive. This was emphasized by Professor P. M. S.
Blackett, the President of the Congress, in his address. The new
types of apparatus which were described by several speakers
give great promise that new measurements of a high degree of
accuracy will be made in the near future, and we can therefore
confidently look forward to an early solution of these problems.

THE OUTLOOK FOR THE FUTURE

In his concluding address to the Congress, Professor L. Leprince
Ringuet, its Scientific Secretary, illustrated with characteristic
felicity and humour the present position of workers in the field
of cosmic radiation. Referring to the fact that more and more of
their work is being taken over by physicists using accelerators,
he thought of them as mountaineers climbing the precipitous
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slopes of the energy spectrum. As they struggle upwards towards
peaks still shrouded in mist, every step is more painful than the
last as the experimental difficulties multiply. Furthermore, an
angry sea surrounding the mountain continually rises as their
territory is reduced by accelerators producing particles of still
higher energy. The plight of the cosmic-ray physicists is indeed
a desperate one, with the howling gales of experimental errors
lashing them from above and the bitin g waves of the accelerators
eating away their foothold from below.

In spite of these difficult circumstances, however, there is still
a vast field of investigation open to the cosmic-ray physicists.
Nuclear interactions of the very highest energy can only be
studied by using the particles found in the cosmic radiation.
Professor Schein, for example, has reported a collision of a
proton of about thirty million MeV with another proton in a
photographic emulsion in which some fifteen mesons were pro-
duced. It will be a very long time before such energies can be
attained by atom-smashing machines.

But while the cosmic-ray physicists will always have a field
of study beyond the reach of the accelerators, much of their
present domain will soon be taken over by a number of large
machines that have just been completed or are under construc-
tion. The proton synchrotron, or ‘Cosmotron’, at Brookhaven
in the United States has already produced protons of 2,300 MeV,
and these are being used to study the production of V-particles
and other high-energy phenomena. A similar machine is almost
complete at Berkeley, California, and this should accelerate pro-
tons to about 6,400 MeV, and the Birmingham protron synchro-
tron has recently come into operation. Several accelerators will
be built at the European Nuclear Physics Centre at Geneva,
These include a synchrocyclotron to accelerate protons to
600 MeV and a proton synchrotron for energies from 10,000 to
30,000 MeV. The cost of these machines is very high, and if
becomes prohibitively so for proton energies above about
30,000 MeV. Recently, however, members of the Brookhaven
le'zboratory have suggested a new method of focusing the par-
ticles which should permit accelerating tubes of much smaller
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diameter to be used, thus greatly reducing their cost. The new
focusing system has many complex problems of its own, but if
they are successfully solved, it may permit energies as high as
100,000 MeV to be attained.*

These machines will allow many types of mesons and
hyperons to be produced in large numbers under accurately
controlled experimental conditions. It is likely that many new
types of unstable particles will be discovered, and that it will
be possible in time to determine their properties to a high degree
of accuracy.

It should be emphasized that the detection of these unstable
particles of very short lifetime is a matter of extreme difficulty,
and that we have so far found oaly those particles which our
apparatus can detect. There probably exist very many more
particles whose detection is not possible at present. Suppose, for
example, that there is a neutral u-meson which decays into two
neutrinos. Such a particle would be almost impossible to detect.

It is clear that at the present time experiments on high-energy
particles, in spite of their difficulty, are opening up a field of
very great complexity and interest. It is probable that the situa-
tion will become even more complex before it can be simplified
into a unified scheme.

If the difficulties of the experimentalist are very great, those of
the theoreticians are even greater. At present it appears a hope-
less task to attempt to provide a theoretical framework for the
heavy mesons when such a scheme has not yet been satisfactorily
formulated even for the 7- and p-mesons, whose properties are
known in considerable detail to a high degree of accuracy. It
seems likely that a great many more accurate experimental
results will have to be collected before some regularities become
evident, which may suggest the beginnings of such a theoretical
scheme,

*Plans for the construction of proton synchrotrons (up to the
Berkeley machine) were summarized by Dr L. L. Green in his article
‘The Acceleration of Charged Particles to High Energies’ in Science
News 22; a preliminary note on the new focusing principle was given
in Science News 27, 115-16.
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It is probable that such a scheme will not be formulated for
many years. It will no doubt be of a more profound nature than
the rather crude extrapolations along semi-classical lines which
have served up till now. It will link into a unified whole all
the properties of the particles that are at present called ‘funda-
mental’ and will enable their interactions to be calculated. Such
is the goal towards which the experiments and calculations of

physicists are aimed, but many centuries may well pass before
is achieved.

CHEMICAL RADIOMIMETIC
AGENTS AND CANCER

R. F. HOMER

WHEN living cells are subjected to irradiation with x rays or
other short-wave radiation such as the gamma-radiation from
radioactive substances certain characteristic abnormalities are
produced inside the cell nucleus. These abnormalities, which are
probably caused during the resting stage of the life cycle of the
cell, and which have come to be known as ‘specific chromosome
effects’, only become evident during division, or mitosis, of the
affected cells, when observation under the microscope reveals
far-reaching disorganization of the chromosomes. When a
normal cell divides, each of the several chromosomes splits along
its length and the identical halves of each (called chromatids)
migrate to opposite ends of the cell, there forming two new
chromosome systems which are exact replicas of the parent sys-
tem, and which make up the nuclei of the two new cells resulting
from the subsequent division of the protoplasm. The chromo-
somes of irradiated cells on the other hand, in their attempt at
division, either break up into several fragments which scatter at
random, or else ‘bridges’ are formed between adjacent chroma-
tids which prevent their separation towards the opposite ends of
the cell (Inset 16-18). As a result of this damage the cell usually
dies, or in a small proportion of cases where damage is less
severe, division is accomplished and leads to two mutated cells
with deficient or abnormal chromosome structures. These latter
cells may survive and give rise to progeny carrying replicas of
the original deficient chromosome system through many divi-
sions, or may die after a few generations. The killing effect of
the severe damage to chromosome structure caused by intensive
x-irradiation has led to the use of x rays in conjunction with
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surgery, in the control of malignant cancers. It is probably the
mutating effect of exposure of normal cells to a low dose of
x rays over a long period which gives risé to a higher proportion
of less-badly damaged viable cells, which may eventually pro-
duce, by chance, a malignant mutant. This abnormal cell divides
rapidly and unchecked causing radiation cancer.

This characteristic type of cell damage was until recently
known to be produced only by short wave-length high energy
radiation and it was quite accidental that it was discovered dur-
ing World War I that certain chemical compounds, christened
radiomimetic agents from the way in which their effect on the
cell mimicked that caused by radiation, could produce effects in
the cell almost indistinguishable from those caused by radiation.
During a search for potential vesicant war gases a class of com-
pounds known by the general name of nitrogen mustards came
to be investigated. The compounds are related chemically to the
well-known ‘mustard gas’ of World War I (Fig. 1). In this, a cen-
tral sulphur atom links two chlorethyt groups (Cl—CH,CH;—)
the complete compound being described as B:#’-dichlorodi-
cthylsulphide, The nitrogen mustards differ from mustard gas in
having a nitrogen atom in place of the central sulphur atom, and
a further group R (Fig. 2) which in the original compounds
examined was'either hydrogen, methyl, or a third B-chloroethy!
group.

Cl—CH,CH,—$—CH,CH;—C1

Cl*CHzCHz-—III—CHZCHZ—-Cl
R

Fig. 1. ‘Mustard gas.’ Fig. 2. The nitrogen mustards.
Intensive subsequent chemical work has led to the synthesis of
many related compounds in which R has been varied, and all
have been found to possess radiomimetic activity to a greater or
less extent, according to the effect of the group R on the re-
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activity of the chlorine atoms. To these atoms was also attri-
buted the vesicant action of the mustards, both nitrogen and
sulphur. It had indeed been long believed that the action of sul-
phur mustard was due solely to hydrochloric acid, released
beneath the skin by the splitting off of the chlorine atoms as ions
from the mustard through reaction with the water of tissue
fluids. It soon became clear, however, that the cell damage in-
flicted was far greater than could be accounted for by the very
small amount of hydrochloric acid liberated from the quantity
of mustard required to produce the damage. During a search for
effective antidotes to the nitrogen mustards it was discovered
that they had, in addition to a local vesicant action, a far-reach-
ing general systemic effect at a high dose-level which was most
marked on the rapidly dividing cells of the body, for example
the blood-forming organs, and the intestinal mucosa. The celis
of the latter ceased to divide and suffered extensive gross damage
leading to destruction and necrosis of the tissue. Also at a much
lower, relatively non-toxic, dose-level the mustards caused the
characteristic chromosome damage described above, previously
associated only with radiation.

Intensive work carried out semi-secretly during the later years
of the war, in this country and in the United States, revealed that
the nitrogen mustards considerably slowed down the growth of
experimental cancers in animals and in some cases led to their
complete eradication (Inset 19). This effect was caused by the
drug preventing division of the malignant cells, thereby leading
to their death. The growth-inhibiting effect was unfortunately
not confined exclusively to the cancerous tissue but was general
throughout the body of the animal; however it appeared that by
choice of a suitable dose level generalized damage could be
minimized and useful effects still obtained on the tumour, This
was explained in part by the greater proportion of dividing cells
relative to the rest of the body in the rapidly growing malignant
tissue, with the added postulation of a more efficient ‘repair
mechanism’ in normal cells compared with malignant cells. With
the lifting of security precautions and the return to free publica-
tion after the war, a widespread examination of the effects of
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these compounds in malignant diseuses in higher experimental
animals and in humans was curried out. It was soon apparent
that any hope that nitrogen mustards might be a cure for cancer
was groundless, though the compounds showed a considerable
palliative effect in cases of leukaemia, a malignant disorder of
the blood characterized by a rapid and unchecked rise in the
number of leucocvies, and also in Hodgkin's disease, a cancer
of the lymphatic system, both sites where it had been previously
shown that the mustards exerted their greatest toxic effects.
Unfortunately the palliative effect was only temporary and
though remissions of the symptoms of the disease of up to two
or three years were obtained in favourable cases the condition
eventually became resistant to treatment, as it ssmitarly becomes
resistant to treatment with x rays. and the patients finally suc-
cumbed. Nevertheless nitrogen mustards have become estab-
lished as one of the treatments of choice for these 1wo com-
plaints. Though possibly more convenient than x-ray therapy
the chemical reactivity of these compounds is such thata special
injection technique has to be used and very close control of
dosage routine maintained, necessitating hospitalization of the
patient. The mustards have not so far been shown to have any
effect on solid tumours in humans, where radiation is more effica-
cious since it can be applied in high intensity locally to the
tumour, while nitrogen mustards can only be administered in
such a way that they become gencrally distributed through the
body, and so do not attain a higher concentration in the tumour
than elsewhere. The encouraging results obtained in animal ex-
periments, in which it is possible to give much higher relative
doses of drugs than in humans, were therefore not reproduced in
clinical usage.

The mode of action of these radiomimetic compounds was the
subject of much early speculation, and it was believed that the
drug reacted with some cell component containing in its mole-
cules chemical groups with a replaccable hydrogen atom such
as an amino group (—NH.,), hydroxyl (—OH) or sulphydryl
(—SH) group, thereby blocking an essential metabolic system
aecessary for orderly mitosis. An example of such a reaction,
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involving combination of a mustard with an amino compound
is shown below:

-N— CH.UCHT- HNR
This type of reaction is described as alkvlation. lts effect is to
join an alkyl group, for exampic methy! or ethyl, or a substituted
alkyl group on to the nitrogen, sulphur, or oxygen atom in place
of the hydrogen atom. It will be noticed that only one of the
chloroethyl groups of the mustard is included in the diagram:
the other one, or posubly two, could react similarly.

With the idea of producing further types of compound which
would re:ct with active hydrogen atoms in biological molecules
a whole range of chemicaliy reactive substances was synthe-
sized . * Eventually, after many materials had been made, which
were biologic.lly nactive, an active type was discovered in the
methyiolaimides. these are compounds containing one or more
~NHCH.OH groups which, like the chloroethyl groups of the
mustards, can react, for exampice with -~-NH., giving in this case
—NHCH-NH - by elimination of water, and 1t was found that
for acnivity 1o be obtuned at Jeast three - NHCH,OH groups
were necessary in the drug molecule. The methylolamides were
found to be in gencral of very fow toxicity, but massive doses
were required to produce any useful biological effects. In addi-
tion they were very unstable, giving tise readily to water-
insoluble partialiv polsmerized forms which were difficult to
admunister and aiso on storage they tended to liberate the very
toxic formaldehyde. The highest degree of activity encountered
in this type of compound was found in trimethylol melamine
(Figure 3. overlcaf) and in several closely related substances.

The onginal idea of examining the methylolamides arose
from a studv of the apparcntly unrelated field of textile and
paper technology in which 1t had been shown that these sub-
stances were capable of combining with cellulosic --OH groups
in co'ton or paper and --NH, or — SH groups in waol protein to
confer certain properties such as crease resistance and anti-
shrink properties in texaule fabrics, and increased wet-strength in

*Such as isocyanates, halogen compounds, ketones, ete

N— CH,CILNHR 11T
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The designation ‘imire’, like ‘immonium®, denotes the cyclic
structure shown in the diagram at foot of page 75. Each of these
types of chemically reactive compound will combine with the
same type of reactive centre, in particular an acid ion, as is
attacked by the 3-chloroethyl moiety. thus an cthylene oxide will
react with a carboxylic acid ion to give the ester —COOCH,CH
(OH)R. Tt was, in fact, found that these classes of compound
possessed a high degree of radiomimetic activity and that again
at least two groups were necessary for activity.

Among the ethylene oxides were found water-soluble com-
pounds of high activity, but unfortunately biological etfects were
produced only with doses near to the maximum toicrated dose
and this fact precluded their clinical use. It was among the ethy-
lene imines, hundreds of which have been examined, that the
most valuable effects were finally discovered simultanecusly and
independently by workers in Great Britain and the United
States. The compounds were water-soluble, and had a high
activity at a moderately low fraction of the maximum tolerated
dose. They had a fairly high stability, so that it was found pos-
sible to give ethylene imines by mouth in the form of tablets.
Chief among these compounds was rris-ethyleneimino-s-triazine,
also known as 9500, and triethylene melamine (Figure 5).

CH,— CH,

N N

CH~N N N—CH,
N I~
CH, CH,
Fig. 5. Tricthylene melamine.

T'his drug has a palliative effect in leukaemia and Hodgkin's
disease at least equal to that of any of the nitrogen mustards and
has the advantage of causing less unpleasant toxic effects, and it

is rapidly being accepted as one of the standard treatments for
these diseases.
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As a rosult of iniensive work n this country a modified hypo-
thesis for which there 1s expernimential evidence has been ad-
vanced regarding the mode of action of all four types of radio-
mimetic compound <0 far mentioned. In order o understand
this a return must be made to textile chemistry, where it is found
that in addition to the simpic cross-hinhing previously described,
the mecthyviolanndes, the ethyviene ovdes, und cthylene imines
also polymernize 1n the fabric to give coherent polymer chains in
the interstices of the {ibre which impart a further nigidity to the
whole, as these mterstitial polymers are linked by pendent re-
active groups 1o the 1dre chains. Furthermore, this property of
polymeriz.aiion s gt jeast as charactenistic of these three chemi-
Cai groups us s ther resctiviny as alkvlating agenis, to which
attenuon wos cust directed. The moditied brological theory pos-
tulates that, for radiomimetic effects to be produced, 4 similar
state of atluirs must take place in the ccll and the drug must not
only be capable of cross-iinking nucleoprotein chains: it must
also have the capav.ty of peing absorbed nto the cell as a rela-
tively simple single molecule. and there polymenzing to give a
hinear polymer huving the necessary reactive groups spaced at
intervals along i< Jength In Figure o foverleaf) are shown the
polvmers derived from

(a) aniirogen mustard CloCHAOH, N CHAH, Ul
B R .
CH, vul,\

(b} anethyvicne imine CH, N R - N--OH,

0. o
(¢) anethylenc onide CHy - CH - R CH O UH,

(d) a methylol anmude R{NHCH,0M),

Figure 6 (a) while a possible structure is hypothetical, no such
polymer having been isolated in the luboratory, but polymers of
types (b), (c), and (d) can be made in the laboratory and their
structures are established.
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Fi;. 6 Polymers derived from (a) nitrogen mustard, (b) an ethylene
imine, (c) an ethylene oxide, and (/) a2 methylol amide.

The resemblance in general form between these polymeric
structures is quite marked. The most important feature which
they have in common is that the distance between two adjacent
reactive groups along the ‘backbone’ is in all cases about 3.7A,
though in the case of (d) a molecular model is required to see this
clearly as it is caused by a three-dimensional spiral arrangement
of reactive groups. There is considerable evidence in favour of
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this theory; thus 1t explains why many chemical compounds
which are undoubiedly ethcient cross-linking agents such as
di-isocvanates are not radiomimetic agents since they cannot
polymerize. and it explains why the nature of R has so little
effect on acuvity as. as1s evident from Figure 6, the size of R has
no effect on the ‘step distance’ of 3.7A. But the chief cvidence in
its favour comes from a study of the methyviolamides, where it is
found that no compound having less than three —NHCH,OH
groups is active. Now while 1t 1s clear that a compound of the
type HOCH,NH—R NHCH,OH is a cross-linking agent and
should on the carlier theory be active, reference to Figure 6 (d)
will show that when a compound of this type is polymerized no
free -—~NHCH.OH group< remain. Hence the polymer produced
ts chemucally inert and naturally inactive. Three or more
methylol groups are required to give a polymer with freereactive
groups along its length such as is given by di-functional com-
pounds of the other three classes. Figure 7 1s a simplified picture
of a polvpeptide chain. such as make up all proteins, and the
similanty between this structure and the structures of Figure 6 is
immediately apparent; again also a step distance of about 3.7A
separates the pendent groups R which carry the acidic groups
believed to react with the active moieties of the radiomimetic
polymers.

COOH |
R

N o
O NH CH

l
R
|
: COOH
4“— 1 7 A,_.o‘ J"

L
Fig. 7. Simplified picture of polypeptide chain (cf. Fig. 6).

A similar regular spacing of acidic groups, in this case phos-
phoric acid residues, occurs in the nucleic acids. The picture
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which results from this hypothesis is therefore of two adjacent
nucleoprotein chains, in between which is a polymer chain, each
pendent group of the polvmer being bound to esch pendent
group of the nucleic acid or protein along its whole length,
thereby giving a much stronger cross-link than would be given
by the isolated single-molecule links of Figure 3.

Recently, however, a fucther class of radiomimetic agents of
general structure CH,S0,0CH,—R ~CH,0S0.CH, has bees
discovered. These compounds are cross-linking alkylatingagents
capable of the same type of reaction as the other types of acive
compound. It is difficult to see bow any polymerization of these
compounds can occur and a second school of thought believes
that all that is required for radiomimetic activity is that the drug
shall give rise to a reactive positive ion, sometimes so unstable 38
to be formed only at the moment of reaction, similar to the
immonium ion in the mustards. In the case of the last class of
compound, the intermediate ion is of the type

*CH,RCH,*

formed transitorily by displacement of the mcthylsulph"“yl
(CH,30,0—) groups by the groups in the nucleoprotein (.8
—C0OO ), with which the drug then combines to form the struc-
ture —COOCH,RCH,0QC—. Similar pasitive ions, called car-
bonium ions, are formed by the methylolamides, the ethylene
oxides, and the ethylene imines, and all react rapidly with carb-
oxylic or phosphoric acid ions.

The ionic form of an ethylene oxide, formed by opening ,the
fing, may be written *CH,—CH(R)—O -, which by reaction
with —COQ - gives the ester —COOCH,—CH(R)—0- which
simultaneously forms the neutral molecule —COOCH;—
CH(R)OH by picking up a positive hydrogen ion, H+, from the
cell fluid. The existence of such carbonium ions as intermediates
in organic reactions is well established, and their reactivity can
be readily measured by the rate at which they react with power-
ful acidic (negative) ions such as the thiosulphate ion, to form an
ester. It has been shown that there is some correlation betweea
radiomimetic potency and the rapidity with which radiomimetic
drugs react with thiosulphate ions in aqueous solution, thus lead-
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g 1o the condiusian that bological activity is directly eelated to
the case with whick th: drug can assume an tonic form. Yt is clear
that there is evidence n favour of both thecries, the active
methanesulphonyloxy compounds falling outside the 'poly-
mernization hypothests’, and the mactive di-functional methylol-
amides falling outude the ‘carbonium ion” hvpothesis. Neither
theory explains all the facts, and both are probably very much
over-simplified pictures of what actually occurs in the body,

In the jntroductory paragraph 1t has been remarked that
Wwheteas massive doses of rads stion kil celis, weaker prolonged
doscs may give rise to malignant mutants. It is therefare of con-
siderable interest that the chemical radiomimetic agents are
also mutagenic and can be made 1o cause cancer. Repeated duily
painting of the shins of ratc with very small amounts of the
compound shown in Figure 8 causes malignhant tumours, and it
has also been shown that prolonged injechion of minute doses of
mitrogen mustard will give rise fo cancers in mice. A large pro-
portion of the celly 1n tumours <o induced show *specific chromo-
some effects * duning their division, and these abnormalities
appear to persist during the whole hfe of the tumour, long after
admiaistration of the causative agent has ceased. In respect of
their cancer-producing properiics these compounds rescinble
the older carcinogenic hydrocarbons such us dibenzanthracene,
though apparentls n no way chemucadly related ta them, and
furthermore the caraimogenic hvdrocarbons do exert an inhibit-
ing effect, sibeit somewhat smuller. on the growth of experi-
mental animual tumours. The mode of action of the hydrocarbons
is obscure and may or may not be related to the mode of

action
of the compounds under conaderation.

CHCHAL
"N
CHAOH

Fig. 8 This substance. N N-#

hieroctha ly ag hthylami
\ ; amin
bas been shown 1o produce mu, e e

Enant tumoiirs in rats,
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grml:aiz f;,r only compounds having more than one reactin
been aroused cen considered, considerable interest has
have beer; shm compounds carrying a single such group, W . .
ethylene imineowrr.l to be P?‘CHt carcinogens. The long-cha¥l
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Fig. 9. Long-chain (N
\ -stearoyl) ethylene imine f Iso to product
tumours in experimental animals. ne foundalke

co::‘ is cl:‘ar that the effects caused by these mono~t'|.mct.iolﬂl
cor riz‘:i:es cannot be due to any form of cross-linkage, and a8
that they dexplana.non of their relatively very weak effects B
‘plate’ the sofnot link together the nucleoprotein chains, but
molecule, ::‘reﬂcg of each chain separately with a layer of drug
It is evid cm"; y inhibiting enzymic action on its surface.
and produce r(;m the work described that control of cancef
chemical un ('jon ot cancer are closely allied, and that the same
a cancer or her dlﬂeren? conditions of dosage may either causé
the degre fave an inhibiting effect on its growth according t0
oo ocBree of cell-damage produced. The problem which con-
compounijea\:;}" l:vorkers is now to synthesize a radiomimeti¢
will be pref. ich, because of some peculiarity in its structure,
. preferentially absorbed by the tumour, so concentrating
ity destructive cffect where it is needed. This'has not yet been
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achieved. The many hundreds of compounds so far investigated
have an overall toxic effect on all the cells of the body, and, while
their effect on the malignant cells 18 more marked than on
normal celis, this 15 because of the much greater rate of division
of the former. Although clinical evaluation of a number of these
compounds has shown that a certain degree of control of malig-
nant processcs, especially of the blood and lymphatic systems,
can be effected by chemotherapy, without undue interference
with normal bodily function, hittle further progress is likely ex-
cept by chance discoveries. until there is found some difference
in the chemical structure or functioning of malignant cells com-
pared with normal cells, which will enable chemists to produce
drugs with structures capable of 1aking advantage of this differ-
ence and so concentrate in the mahignant cell.
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INTERFEROMETRY IN
ASTRONOMY

WoOH MARSHALL

lN.TERFEROME TRY is old and respectable as a branch of
science. As an addition to the methods of ¢lassical astronomy,
it is past its first youth, though still capable of new ideas. In the
new branch of radio-astronomy, it has become an essential
means of observation, and is at the stage of vigorous adoles-
cence, passing rapidly into manhood.

The science of interferometry began in 1807, when Thomas
Young performed his famous experiment, the principle of which
is shown in Figure 1. Light from a source L passes through two

D

A
‘ (@) (b)
Fig. 1. To show the principle of Thomas Young's experiment : where

the two beams in (a) overlap, in the region X ¥, bands of light and
shade are produced, as shown in ().
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slits S, and §,. Fach of these slits becomes a4 secondary source,
from which a beam spreads out. to fall ultimately on a screen A4,
In the region XY, where the beams overlap, we find bands of
light and shade. as in Figure 1h. These bands are called inter-
ference fringes.

The ability of two (or more) beams of light to add together
to make both light and shade anses from the nature of light,
A ray of light 1s accompanied by a vanable clectromagnetic
field. whosce electric and magnetic components are perpendicu-
lar 1o each other and to the direction of the ray. These com-
ponents vary simultancously in a way which may be represented
by a wave such as that shownn Figure 2. This wave may repre-
sent cither the field strength at neighbouring points at the same
instant, or the strength at one point at successive instants. In any
case, the distance between successive crests (or troughs) is the
wavelength A, the height of a maximum above the mean level 15
the ampiitude a. and the intensity of the hight is proportional
toa’.

Fig 2 The intenuty of the wave is proportional to a®.

Evervday experience shows that when two beams of light
cross each other. neither s« affected 1n any noticeable way. If this
were not <o, it would be impuossible for two boys to watch a foot-
ball match through one hole in a fence; indeed. it would be im-
possible for us to sce anything clearly at all. because of the con-
fusion produced by crisc-crossing beams of hight from all around
us. Thus it is clear that when two light-waves are at the same
point, the strength of the electromagnetic field at that point is the
algebraic sum of the individual strengths. Figure 3 shows the
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s:fuation at such a point, (a) when the two waves are in phase
»w(xih ;agh other, and (#) when they differ in phase by 4, For
simplicity, the waves are taken 1o be equal both in wavelength

and in amplitude,
(—wv‘we/\‘
T \ resuftant o S
wine) /4‘“2\/

i N—>

{a) (0

Fig. 3. The additicn of light wave ; s
N in
phase by {1, g s: (a} in phase, (h) differing

In.the first case, the waves reinforce each other, and the resul-
1ant is a wave of the same wavelength and double the amplitude
of either componeat. The intensity of the light is thus four times
that of the uniform illumination from either beam alone. In the
secon_d case, each positive amplitude is opposed by an equal
negative one, the resultant being zero amplitude, and 3o also
zero intensity,

It will be clear that, if the phase difference between the two
waves ?s not constant, the resultant will be continuously chang-
ing in intensity at every point. The fringes will osciilate across
‘the screen at such a speed that the visible result will be uniform
illamination. It should be noted that changes of phase do not
matter, 5o long as both of the overlapping beams change by the
same amount and at the same time. The two beams musi, in
other words, be coherent. Now, the light from any so&;rcc
chgnges phase frequently and abrupty, and two independent
ermiters could be in phase with each other only very rarely and
foravery {hort time. In fact, the only way to obtain two coherent
beams .of. light is to derive them both from one original source;
and this is the reason for the arrangement shown in Figure la’
apd for th; large number of differeat ways adopted by the de:
signers of interferometers for splitting a single beam of light.
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We have seen that two coherent beams of light, when they
overlap, will produce hght if they ditlerin phase by an integral
number of wavelengihs, and darkness »f they duler by an odd
number of half-wavelengths. fa most interferometers, the phase-
difference 1s produced by a difference i the length of path tra-
versed by the beams, Thus, taking the dimensions shown in
Figure 1. we can calculate the positions of the bright and dark
fringes. The central fninge & bright, and eguidistant from the
slits, and the distance belween SUCCesuIve bright fringes is
x=DArd. where A 15 the wavelength of the light. It should be
noted that the separation of the fringes can he changed by
changing that of the slits.

The chief astrononucal applications of interferometry, atleast
until recent vears, were achieved by A A, Michelson's stelfar
interferometer. This instrument has been used both for the
study of close double stars,* and for the direct incasurement of
the diameters of single stars.

For the first of these apphcations, the instrument is used in the
modification due 10 J. A. Anderson. It then conunts essentially
of a plate, capable of rotation. and carrying a pax of shity whose
separation can be vanied. This plate s placed 1in the converging
bearnt of hght from the objective of a tefescope, and so provides
the required pair of coherent beams, which overlap and form
an interference pattern in the focal plane. When the tclescope is
directed towards a close double star, each star produces its own
system of fringes, thair central bright bands occupying the posi-
tions where the images of the stars would beaf the telescope were
used without the interferometer.

Now, a telescope objective of focal length £, when directed
towards two stars separated by an angular distance #, will form
in its focal plane two images with a linear separanion v FR
With the interferometer in position, therefore, the central fringes
of the two systems are separated by this same distance Ft; and
we know that the distance between the centre of a bright fringe
and that of a neighbouring dark fringe is x - FA/2d, where A i3

*See article on ‘Double Stary’ in Science News 24.
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in this case the ‘effective wavelength' of the light from the doublt
star. Thus, if we can make x =y, the bright bands of one systen
will fall on the dark bands of the other, and the interference pat
tern will disappear. When this happens, we have Fé=FA/2d
Le. f={A/d,, where d, is the critical separation of the slits. TH¢
separation d, can be measured, and A can be determined froff
the colour or spectrum of the star. so we can calculate 6, the
angular separation of the stars. Since the fringes are most dis-
ch; when the line joining the two stars is parallel to the line
Jowning the slits, it is possible at the same time to determine the
Position angle, i.c. the angle between the north direction and the
line joining the two stars.

The advantage of the interferometer for this kind of work is
Fh:xt it doubles the resolving power of the telescope, and makes
1t possible to measure stars iwice as close together in the sky a8
the lim?z possible with the telescope alune. And this advantage
can be increased by observing not the total dissppearance of the
fringes but their decrease in visibility as the slits are moved
apart. B)’ extrapolating the visibility-ctirve. d, can be found even
When it is far bevond the actual physical separation possible
wnh any given instrument. The Chicf-disadvantagcs are loss of
light (which it shares with most other interferometers) and slow-
ness and clumsiness in use.

The first disadvantage can be overcame only by attaching
the instrument to a larger telescope. The second has recently
bfen overcome by W.S. Finsen at Johannesburg, whose eye-
piece interferometer is only a few inches long and is attached
externally to the telescope as its name suggests. This instrument
enables observations to be made much more quickly than
before, and it may well give the stellar interferometer a new lease
of life among observers of double stars.

However important the interferometric study of double stars
May yet be, it remains true that the second application of the
stellar interferometer has becn the more important. The stars
are so far away that, in spite of their great diameiers, they are
effectively point sources beyond (in most cases very far beyond)
the resolving power of even the biggest telescope. We have seen.
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however, that 1n double-star work the interferometer ¢an
greatly increase the resolving power of any tclcs;opc; and the
diameters calculated from the physical characteristics of some
of the red giants suggested that they might well be measurable
with a big instrument of this sort. 4 .

The principle of the methed was suggested b\ Mnchchfm in
1890, but it was not until 1920 that he and F. G. Pease designed
and built the instrument with which the first measures were
made. It consists of a 20-ft girder, carrying four' 12-in. mirrors,
and sttached to the end of the tube of the 100-1n. tclg\copc at
\ount Wilson, as shown in Frgure 4. The twoiancr mirrors are
fixed, the two outer ones are mod able. Thus, the beam of. si:\f-
light is split by the two outer nurrorsanto two beams, which in
turn are reflected by the inner Mrrors down the (clgscopc tube,
After reflevion from the primary and secondary mirrors of lhc
telescope, the beams combine 10 the focal planc to form a disc
crossed by interference fringes The outer nnrryrs are gct fairly
close together, and moved apart unul the fringes disappear,
when the critical distance can he measured, and the angular
scparation of the two sources calculated.

\
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Fig. 4 Principle of the heam interfesometer built for the 100-inch
telescope at Mount Wilsen

But where are the twa sources, when we are observing a single
star? In this case we regard the disc of the star as consisting of
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two semi-circles. Then the light from each of these may be o8
sidered as coming from the centre of area of the half-disc, &
that we have in effect two sources 0.412 apart, where 2 iS th
angular diameter of the star. When this value is substituted B
the formula 0=3r/d, given above, we get 1=1.221/d, for
angular diameter. This, however, assumes that the disc is
formly illuminated, which is unlikely to be the case. The bright
ness of a stellar disc probably falls off towards the edge in ™

the same way as does that of the sun, as shown in Inset 10. Whea
allowance is made for this ‘darkening towards the limb', the
angular diameter becomes z=1.431/d,.

The diameters measured with this instrument range from
07.020 for Arcturus to 0”.047 for Mira and Betelgeuse; ?md'
corresponding linear diameters, taking their distances into
account, range from 27 times that of the sun for Arcturus to4
fimes for Antares. Another interesting ‘result obtained is,
the diameter of Beiclgeuse varies between 210 and 300 sofaf
diameters, which may explain the well-known fact that the light
of ‘this star is subject to irregular fluctuations. The impofw“
point about the results, however, is that they all agree quite
closely with the values calculated from theory, so that they cop-
firm the theory and give us confidence in its other results.

In 1925, a 50-ft interferometer was designed by Hale anfl
Pease. As erected at Mount Wilson, this took the form of a canti-
Jever bridge with a somewhat limited range of movement. But
even this bigger instrument was limited in its application, $inc®
it could reach no stars fainter than about fourth magnitude. 1t
seems, in fact, unlikely that these large optical interferometers
will add much more to our knowledge of the stars; but we must
remember that they have done work of the highest importancé,
which could not have been done in any other way.

The next interferometer to interest us is also due 1o Michelsoft
=~ the one used in the famous Michelson-Morlcy experiment 08
:13;- reality or otherwise of aether drift. The experiment is not
f!u'ecdy a part of astronomy; but it played a very important part
in the development of the theory of relativity, and this theory
has bad 50 much influence on cosmology that it is almost 88
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h a part of astronomy as of physics. Also, the three crucial

3 of the theory are all astronarmeal v natuse, and asro-
mers are still busy from ume to time wveshiguting (hese tests
wd disagreemg about then

[y

z

Fig. 5. Simpie form of the Stichelwn snterfureaneter,

In the simple form of the Michelson mierfesoeter, as shown
in Figure S, the Light from an exiended source S falls firston a
ralf~ihvered smurror M (A halfsiveted nutror o one on whuch
the sfver voaning i just thiek enough to reflect half the hiaht
falling oo i, the other balf passing through it Thi splits the
beam into s parts, one of ahich i reflected tomards M, the
other passag ot to 3 From these purears, the habt s reflected
back 10 3., w huh sgan divides cach brats mio two purts. The
wansmmatted haf of one and the refiested hatt of the other now
travel together 1o J, where they fovaumierieronce {ringes, whivh
may be eithey exnarmined with s telewope of reconded on a photo-
@raphic plate. The ghass plaiz € ~eves 1o squalie the aptical
paths of the twa bearm to cashie fringes to be observed with
white light. 1t is cleas that one bearh passes hroagh the murror
M. threc himes, the other only once. The Grst therefore suflers
more dispervan thaa the ather, and the ot is fo destroy the
interfergnce pattern. The siab €. from the same plate of
glass as A1, restores the balanee.



92 Science News 31

Now, we have seen that in any interferometer, a bright band
appears where the paths of the beams are equal or differ by a8
iniegral number of wavelengths, while a dark band appears
where the path-difference, which we may now write as D, is a0
odd number of half-wavelengths. Let us take two such fringes,
from which A=nA, and (n~ H\ respectively. If now the path of
one beam is increased by }, the path-differences for these points
become (n+ 1A and a\. In other words, we now have dark
where we had light, and light where we had dark; in effect, the
pattern has moved half a fringe to one side. As the path is
further increased, say by moving M in the Michelson interfero-
meter, the fringes will move across the screen, the displacement
being one fringe for every wavelength of path change. This
makes it possible to measure small displacements by counting
fringes.

in the original form of the instrument, the path of one beam
is changed by moving M, by means of a micrometer screw; and
the instrument was used in this form for comparing the standard
metre with the wavelength of a spectral line. In the application
which interests us here, the change was not in the linear path,
but in the optical path.

If light is transmitted by a medium, the aether, which is at rest
in space while the earth moves through it, we shouid expect the
velocity of light relative to the earth to depend on the direction
in which the earth is moving. There would then be a difference
in optical path according to the orientation of the instrument,
and this would produce a difference in phase, just as if the two
waves had covered paths of different jengths,

In the relativity experiment, the two beams produced by the
dividing mirror were reflected back and forth several times to
increase the path-length. The whole instrument was mounted on
a sandstone block which floated in mercury to reduce the danger
of distortion and vibration. This block rotated slowly so that the
beams were constantly changing their orientations relative to the
direction of the earth’s motion. Thus, if the velocity of light were
in any way affected by the motion of the earth through a lumini-
ferous acther, the relative optical lengths of the two paths should
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have been constantly changing. and the fringes changing posi-
tion. To detect any such chunge, the pesition of the central
bright band was noted evers wvicenth of a revolution. No signi-
ficant displacement was found.

This experiment has been repeated many times since Michel-
son and Morley's first attempt, and wuh one exception the
investigators have ail confirmed the null result. Tt has therefore
been concluded that the veloaity of hght s independent of any
movement of its source, and that no umform monen of any
material body through space ¢an be detected by observations on
the body iself. Einstesn took these two conclusions as the funda-
mental postulates of the theory of relatinty, whose ymportance
i modern physics and cosmoiogy can scarcely be over-rated. In
cosmology. 1 fact, relatvity has occumed such a dominant
place that H. Bondi, 1n bis recent book Covnology, found it
necessary o protest aganst a tendency to regard theoretical
cosmology as a braach of relativity.

So far, the interferometers described have been nstruments
using two beams coming from the same source. But one of the
most important, and one which huas mportant astronomical
uses, depends on the interference of multipte beams, This is the
Fabry-Perot interferometer (Figure o1 In the middie are two
glass plates. Lightly oivered on their fauing surfaces, and set
accurately parallel to esch other. The source, at Jeft, s an ex-
tended one. Light from a point P on the sourie falls on the inter-
ferometer at an angle » and by repeated reflexions within the
air-space between the plates 1t 1s transformed nto a bundle of
paraliel rays. These arc then focused by a lens, and since they
come from the same source. they produce an interference pat-
tern. If the distance between the plates 1 d. and the wavelength
of the light is &, then the rays will remnforce one another where
2d cos b= mA (m- 1,2, 2, ... Ths condition is satistied by all
points on a circle centred on the point where the axis of the lens
Meets the screen, and so the fringes take the form of bright
circles on a dark ground. This interferometer is very well
adapted to the accurate comparison of the wavelengths of lines
m a spectrum.
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uaus

Interferometer

Fig. 6. The Fabry-Perot interferometer.

In the form described, the Fabry-Perot interferometer is best
adapted for the production of fringes in monochromatic light.
With white light containing many different wavelengths, each
wavelength produces its own system of fringes, and so the result
is confusion. To overcome this ditficulty, the interferometer is
used in conjunction with a spectroscope, so that the ring systems
of the various lines in the spectrum are separated. Then, by the
use of a slit over the source of light. a narrow band is isolated
from each system, giving the sort of result shown diagrammatic-
ally in Figure 74. Here. 4. B. and C represent three lines ina
spectrum, each line showing a set of Fabry-Perot fringes. It is
possible to make very accurate comparisons of the wavelengths
of the lines by measuring the radii of the rings.

The astronomical application of this method of measuring
wavelength is complicated by the fact that the spectra concerned
are absorption spectra, that is, they consist of a bright continu-
ous background crossed by dark absorption lines. Now, if we
think of the continuous background as composed of many nar-
row adjacent lines, we see that the appearance of the pattern will
be something like Figure 75. The lines are now so narrow that
the rings are reduced to bright spots, and so close together that
the spots form continuous bright channels on a dark back-
ground. Since the radii of the interference rings change from
wavelength to wavelength, the channels are curved, their actual
form being parabolic.
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Fig. 7. To show the adaptation of the Fabry-Perot interferometer for
astronomical use (s¢e text).

Now suppose this hright spectrum to be crossed by dark
lines. as in the cases of astroponucal interest. Then the bright
spots for the wavelengths of these hnes will be mussing, and the
channels will be crossed by dark hines, as in Figure 7c. The
measurement of these gaps n the parabolic channels yiclds very
accurate values of the wavelengths of the absorption lines. For
the most accurate results, the shit of the spectroscope 1s opened,
so0 broadening the channels until they just coalesce, leaving a
pattern of dark markings on a bnight background.

A very important apphcation of this method to the study of
the sun’s spectrum has recentiy been made by Miss M. G. Adam
at Oxford. Fourteen lines 1n the solar spectrum were chosen, and
their absolute wavelengths found by comparison with seventecn
standard lines, ten due to oxygen in the atmosphere, and seven
from a standard neon source. This determnation was made for
each line at thirteen points along the polar diameter of the sun's
disc. A further refinement, suggested by P.J. Treanor, has made
it possible to measure the solar lines and those of the sources at
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the same time, and in this way exceplionally accurate measures
of wavelength have been made.

The wavelength of any line in the spectrum of the sun differs
from that of the same line in a laboratory spectrum for three
reasons. Firstly, it is shifted (o the red by the influence of the
sun’s intense gravitational field ~ an effect predicted by the
theory of relativity. Then it is shifted, cither to the red or {0
the blue, by collisions among the atoms emitiing the light. And
finally, it is affected by Doppler shifts arising from the move-
ment of the emitting atoms towards or away from the observer.
Unfortunately, it is difficult to reconcile the observed wave-
lengths with values for all three of these effects, which will
satisfy present theories of the solar atmosphere. The only way
out of this difficulty appears to be the accumulation of more,
and more accurate, measures of solar wavelengths; and at
present Adam and Treanor's method of using the Fabry-Perot
interferometer is the best means of obtaining them. The final
result of this application of interferometry to astronomy will
probably be a considerable refinement in our knowledge of the
physics of the sun.

One of the difficulties which dogs all ustronomers, except per-
haps those who study the sun, is the fack of light. Much of
modern astrophysics depends on spectroscopy, and in order to
8et spectra with a fair amount of detail in them the light from
a star has to be spread out as fur as possible without becoming
too faint. The impossibility of using spectrographs of really high
dispersion limits the study of the lines and bands in the stellar
spectra, which mighy tell us much about the physics of the
stars. Since the Fabry-Perot interferometer is such a powerful
tool in this kind of work, it would seem that the use of this
instrument would bring considerable advances here. But, unfor-
tunately, the interferometer seldom passes more than about 8
thirtieth of the light which falls on it Even the biggest telescope
€an scarcely collect enough light from even the brightest star to
make such a loss of light tolerable.

It is only within the last few years that a way out of this
difficulty has been suggested. . Tolansky and J. Ranade have
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described o4 Fabry-Peratetslongnung fringes by reflexion mnstend
of by trunsmuisyion. which iniroduees very hitle loss of Light, and
S0 Makes it possbie 1o pphy the mstrument 1o the study of such
faint sources us are found 1n astronomy. This is achieved by a
very hight Gilvering of the irst piate. and a very heavy, opague
stivering of the second The tirst cout then absorbs very hitle of
the Iight pasang through 11, and the second gives a very bright
reflected bean. The Lght lost s only « few per cent of the ingi-
dent hight, ,nd oo this 1nstrument may well give valwahle results
1N the spectroscopy of Guite fant st

T abvo werth remarnng thetnierferometers are used nowa-
davsin the testing of jenses and mirrors, so that astronomy may
also owe to interferometny some of the mprovement in 1y
fundamental instruments.

Interferometry is contributing much, too, 1o the development
of the youngest branch of astronemn, namehy redio-astronomy,
The traditional only link between the ssironomer and his subject
Matter is fight. Towards the end of the war, however, 1 became
necessary (0 substitute for the word Tight' the wider term
‘electromagnetic radiation’ for 1t was found that the radiation
from the sun and stars s not contined 10 that range of fre-
quencies which attecis the human eve In addition 1o those radia-
tons, which runge in wavelength from o twentv-five-thowsandih
to about a tweise-thousandth of 4 cenbmetre, we ean now detect
radiations of warveiength from about cright millimetres (o
eighteen metre« * Now these wavclengthe are from ten thousand
to ten mulhon times those of visibie Tight, and the ditliculty of
pin-pomung theiwr source is aivo correspondmngly increased. I
wasremarked by H (. vande Huist, in hisrecent Halley lecture,
that “The shurpness of ordinary eyeught could be equilled only
by an instrument more than a nule in diameter” at radio wave-
lengths.

In these circumstunces. the mapp.ng of the sources of radio
wavesfromthe «ky obvicady demunds the use ohinterferometry,
4nd two types of interferometer huve in fact been used in this

*See. for example. the article by A J Higgs in Science Newy 27,
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Fig. 8. To show the analogy between Lloyd's mirrot (a). an €Al
oplical interferometer, and the type of radio interferometer |
using sca reflexion. (In practice, the source. §. in (b) would
effectively at an infinite distance.)

work. The first s analogous to an early optical interfer
known as Lloyd’s mirror. This was first described in 1834.
shown in Figure 84 this consists of a mirror, on which a beam O
light falls at a very small angle, so that after reflexion it ap, !
to come from /, the image of the slit L. The direct and reﬂwﬁd'
beams interfere, but instead of the full pattern of fringes like
those in Figure 15, the mirror gives only a half-system, with the
‘central’ bright band at one end. In the radio analogue, we havé
an aerial set on a cfiff overlooking the sea (Figure 8b), so that
once more, two coherent beams are produced, one direct '
one reflected. As in the optical case, the interference patternis 8
half-system, which may be represented by a sensitivity diagrash
(Figurc 9), whose lobes correspond to the bright bands, while the
spaces between the lobes represent the dark bands. The interfef-
eNCE pallern thus takes the form of a set of favoured directionss
the receiver 81ving a stronger signal when the source is in on¢
these directions thap when it is between them.

Fig.9. Polar diagram of sca-reflexion radio intcrferomeiﬂ.-
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The Lloyd's mirror type of apparatus was introduced by J. G.
Bolton and G. ). Stanley in Austraha, and some very good work
was done with it. [t has, however, severa) disadvaniages. It can-
not be adjusted to cover the whole sky, observations being
clearly restricted to a few degrecs above the horizon. lts scope
is thus rather imuited. and at the small altitudes accessible o it,
the radiation passes through the greatest possible thickness of
almosphere, and so the inaccuracies due 10 refraction are at their
Breatest. And finudly, the dimensions of the instrument are
‘imited by the availability of sustable cliffs. This limuts also the
¢salving power, which is about four times that of a telescope of

Perture equal to the height of the oliff.

These disadvantages are overcome in the spaced-acrial type
Finstrument, which corresponds 10 the beam nterferometer in
he optical case. The instrument consists of two acrials some
istance apart, and capable of being rotated about an east-west
Xis to cover different regions of the sky. Thus. as the earth
dtates, we may picture the sensitivity pattern of the acrial SYs-
MM sweeping across the sky at any desired height above the
orizon. The ouipuis from the 1wo acrials are fed into one
mplifier, just as the optical tass from two sUts are brought to
e focul plane of the telescope. The sensiivity diagram in thys
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8- 10. Polar diagram of spaced-aerial radio interferometer; the
weaker ‘jobes’ near the bottom of the diagram are not shown.
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case looks like Figure 10, the central lobe corresponding t0 the
Central bright band with visible light,

After amplification, the output from the aerials operates 8
recorder, giving a trace which fluctuates in phase with the powet
of the received signal. So long as the source of the signal is 1aT8¢
compared with the dimensions of the sensitivity pattern, t
fluctuation is slow and of small amplitude. But a source Whl_d’
is smaller than the separation of the lobes of the patiern will give
a distinct peak as it crosses each lobe. Figure 11 shows a part of
the pattern which led to the important identifications descrit
below. From the time of the central peak. the Right AscenSlfm
(corresponding to longitude on the earth) of the source or ‘radio-
star’ is found; and its Declination (latitude) can be derived from
the periodicity of the pattern.

IJJL i

oo ur

1600 1700 1800 1900

Fig. 11. Section of record obtained at Cambrnidge with spaced-aernial.
radio interferometer. showing the mtense radio-stars 1n the con-
stellation of Cygnus (16.20) and Cassiopeia (19300 (Copied from
Ryle, Smnith, and Elsmore, Monthiy Notcey of the Royal Astro-
nomical Socicty, 110, SUB (19501 pyv (uirtyey of the authors and
of the socicty.)

This work was done by M. Ryle, F. G. Smith, and B. Elsmore
at Cambridge, with an instrument in which the aerials were
spaced about 450 yards apart. This instrument is shown in Inset
1. Later, they used a special type of recording system, which
evens out the background signal, and so makes it possible to
fecord the patterns for radio-stars which would otherwise be t00
faint to be recorded. With this apparatus, they made a survey of

Interferometry in Astronomy 101

the Northern Hemisphere of the skv, as a result of which a pre-
liminary catalogue of fifty rudio-stars has been published. The
Positions of these fifty stars are deternmined to within about half
a minute of arc in Right Ascension. and five minutes of arc in
Declination. These measures reduced the uncertainties in the
position of the sources suificiently to make it worth while look-
ing for their visual counterparts; and the results have been
extremely interesting.

The search was mude both at Cambridge and at Palomar, and
several objects were 1dentified as occupying the positions of
sources of radio waves. The radio-star in Cygnus was found to
coincide with an extragalactic nebula of unusual appearance
and peculiar spectrum. It has been suggested that this object i
really a pair of galaxies in collision, and two further examples
of the same type of cosmic catastrophe have been found. The
Intense source in Cassiopeia has been idenufied with a region
filled with nebulous matter in streaming filiments moving at
speeds of about thirty m:les per second. Thic, and ancther objeet
of the same kind, are located ins:de our own galuxy. Another of
the radio-stars agrees in position with the Crab Nebula, which
1s an cxpanding shell of gas ezeeted by the explosion of a star in
our own galaxy,

It 1s significant that where an identfication has been pos.
sible, the <ources of radio waves have been found to be assa-
ciated with gases 1n wioleni, turkulent moton. The further
understanding of the rad:o em.ssson recesved from the sky wiil
obvigusly be aided by further dentifications of the objects
which produce st. To add 1o these, the Cambnidge workers have
built a new and bigger mterferometer. the following details of
which have been hindly suppiied by Mr Ryle. The aerial system
consists of four samilar units, arranged at the corners of a rect-
angle, 1o produce interference patierns in both Right Ascension
and Dechnation. The east-west spacing 1s about six hundred
Yards, and the north-sauth spacing about fifty-five yvards. Each
Unit consists of a cylindrical parabolie refiector, which focuses
the radiation on to an ‘aerial’ along its axis. The lowta
lecting the radiation isadek’Lsix thousand sgég

-~
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We may well say that the advent of the radio-interfero
marks the coming-of-age of interferometry in astronomy-
viously, the interferometer was an interesting supplement t0
really important instruments in the observatory — and 18
few working astronomers probably have ever seen one, and ¥
fewer have used one. No matter how important the res:)l:‘:ﬁ

which have been obtained with them, the only interfe

which could ever hope to become an essential part of :
observatory's equipment is Finsen's eyepiece instmmcn!f ﬁ
attempt has been made to improve on the fifty-foot beam i
ferometer at Mount Wilson, and even it is very little h,card
It may perhaps be felt that the number of stellar dia .
already measured have given sufficient confirmation © ¥
theory which enables them to be calculated. On the other dis-
it is at least conceivable that further measures might reveal €57
crepancies leading to improvements of the theory. Yet W€
admit that, so long as men, money, and materials are so Urg ©
required for other work, the interferometer will just have
wait,

In radio astronomy, the position is quite different. Heré the
interferometer is not a frill, or an occasional resort f"_r.
unusual problem - it is an everyday necessity, because it 15
only instrument which can give sufficient resolving pOWe
determine accurately the positions of the radio-stars. Thus |'n.W"
ferometry may be expected to play a vital part in a new, “cmuf
and important branch of astronomy.

WEED CONTROL

R.N.HIGINBOTHAM

IN all Britam's crops some 10 per cent by area is weeds, and they
cost at Jeast £30 million a vexr. The average loss of corn is
Buessed at 3 ¢t the acre and it ts thought that from 20 per cent
10 25 per cent more could be got as a result of weed suppression
by itself, regardless of ather factors. In pastore there is the possi-
bility of nearly daubling the production per scason of desirable
dry matter by optimum weed control. The competition of weeds
with crops for hight, air. warter, and root-space is greater thaa is
generally supposed, even with minor infestations. They have
also technical disadvantages. Where there is rotation of crops,
designed to check pests and diseases by sharp block-changes of
habitat (a5 from cercals 1o brassicas), weeds persisting un-
changed from crop to crop hurbour them over and cancel the
200d effecs. They greatly complicate mechanical harvesting of
any type of crop by getting the mechanisms mixed up with for-
Witous masses of vegetation which the designs cannot provide
for. Finally weed-sceds spoil samples, Would vou like wild
radish in your porridge? Probably not, and millers reject many
$amples of oats because they contain wild radish seeds. On one
acre a farmer will sow 3ppr6xlm;ne\y 11 million sceds of wheat,
oats, or baricy. but that acre may contain up to 160 milhion weed
3eeds and it is usual for cereal seeds ta be outnumbered by 100 to
L. The 8Tass mixture the farmer sows wifl seldam have more than
2 million sceds to the acre. but individual species of the wild
Brasses he intends to repluce can produce up fo five times that
amount. This potential weed population has 1o be prevented
Tom becoming a real one, while the potential crop population

to be realized fully.
TOps ought 1o be grown in rotation, which rings the changes
and time of cultivation from year to vear and so controls
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a wide range of weeds. A fixed rotation has the merit of system-
atizing weed-killing cultivations, But some aspects of the tech-
nique are uncommercial. It cannot stand up to a depressed,
capital-starved, or greedy agricultural situation, nor will it toler-
ate violent fluctuations in the values of particular crops- Its
trump card, the bare fallow employed when weeds really
threaten to get on top, is often a failure in wet seasons, and
involves the loss of a vear's cropping. Much of the manual work
which was an important part of the old rotations has been abag-
doned because of high cost. It has gone completely in corm
crops; and root crops, the so-called ‘cleaning crops’, which have
to be hoed, are unpopular for the same reason. Weceds, therefore,
could easily get life insurance were it not for the modern tech-
nique of chemical weed-Kkilling, in particular by selective he}'bf‘
cides.* They are outstandingly successful and cheap, and it i$
not surprising that, with the greatly increased tillage area we
now have, the chemical industry has been able to build them up
into a formidable sideline with astounding rapidity. The dis-
covery of these substances has been empirical and there is often
little knowledge of just how they kill weeds. Therefore only
laborious testing of the many ditferent ways of formulating and
applying any weedkiller can show which is best - and it is neces-
sary for instructions to be definite when complex techniques are
sold to farmers. A Iot of this work goes on, and somebody has.
to keep on tep of it. Hence the *Weed Control Joint Committee
- of the Ministry of Agriculture, the Agriculiural Research
Council, the National Farmers' Union. the Association of
British Insecticide Manufacturers and the British Agl'icu"ura!
Contractors’ Association. In November of last vear this com-
Mittee got together the First National Weed Control Conference,
the papers and discussions at which typified very interestingly
the present stage in chemical weed control. .

In wheat, barley, and oat crops the use of selective herbicides
is now standard:zed an u wide range of weeds is controlled by
the correct chemical applied at the correct stage of weed and

*Noted in Science News 3. 56.
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CTop growth. There are, however. still certain recalcitrant weeds.
id Outs are very prevalent and there is no way of dealing with
them. Their appearunce and charactenistics are indistinguish-
able from the cereals they infest, which means they cannot be
Cultivated oyt or selectively spraved. Couch Grass, again, can-
ot be controlled in the crop and bare fallow is still the usual
answer. There is, however. the possibility of applying sodium
Shlorate 1o the stubbles of couch-infested ficlds after harvest.
This chemical will kill the couch and everything else, but the
effect wears off in time ta drill corn the following spring. Unfor-
tunately it i expensive. Similar nan-selective use can be made
of trichloroacetic acid (T.C.AL1 Ttis a grass killer and has been
known 4 such since 1947, Commercial use is made of T.C.A. in
the United States, but British use is still exploratory, It scems
less letha} than sodium chlorate, but possibly cheaper. For the
control of a wide range of weeds in beans. peas, and lucerne the
fewer Spray 2: 4-dinitro-6-secondary butyl-phenol (D.N.B.P.) is
:Zced. This " 4 more ﬁqc])‘ 3dJuslcd technique, which can ﬁn prac-
re €omprise balancing a possible crop damage against the
'mom‘ of the weeds. For lucerne. chloro-isopropyl phenylcar-
tiigla‘: (C'P.’(i" i_‘ now on the stocks, but is not yet at the prac-
and :l age. Q?m is often undersown in the spring with the grass
OVer mixture which i intended to occupy the ground after
ti:nc;reafl CTOp s harvested ~ thus making one seed-bed pr.cp‘ara—
hot loz Or two crops. In the past farmers hav«; been enjoined
throy hpr:y such undersown cercals after the mixture hns com\c
of lhegh t :. Nground. because of the supposed damaging ci?cu
ignored ‘c; teide on the clovers. Naturally many of them have
¢ recommendation and have found far less damage to
Cloycrs than was expected. Speakers at the conference had
Otdingly looked again ut the guestion and the conclusion is
bu:vi:l;]igeyed that sPraying is practical. There will be damage,
Will kee s4b°e" possible to indicate methods of spraying which
p it l‘_’“‘- The same technigue can also be used in grass
clover mixtures sown alone.
tion inusz Per ‘feﬂ_t of the space contributing to human nutri-
reat Britain js grassland of one sort or another and
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weeds are estimated to cover 30 per cent of that space. e
weeds, of course, reduce the nutritive product and sometl®

poison the grazing animal. The physical fact of their SPre
wastes a lot of good herbage, because the animal will not $8%3
grass mixed with unpalatable weeds into its moush. In this 8
land connotation ‘weeds’ can include certain species of grass
there are productive and unproductive grasses. Probably
than 70 per cent of British grassland production comes fro :
inferior plants. The problem is to eliminate them in favour 0%
the productive grasses. This major alteration cannot be cffect® ]
by the use of sciective herbicides. Good management will estab™
lish a vigorous sward of the better grasses which will lartdf!
maintain itself against undesirable invasion. Sclective killers, 94
knocking the non-grass weeds, assist this process of cstablish!“j
and maintaining the better grasses. Previously all one could' o
with a weedy sward was to mow it, and that was not effective:
against prostrate weeds. There are various particular weeds o8
grassland to which attention is being paid. Rushes have alwﬂ'j
been mown or scythed and can be reduced provided the treat:
ment is done annually. Heavy grazing of young rushes can h'”i
good effects if the cattle can be kept on them long enough it
break up the clumps. Sait used sometimes to be broadcast °°‘
rushes to make them palatable for this purpose. Spraying wﬂh4
2:4~di-chloro-phenoxy-acetic acid (*2:4-D"), one of the smndﬁd{
hormone weedkillers, combined with cutting a month before OF

ﬂ.ﬁel‘. gives a much better kill of common rush than these u'adl"‘,
tional processes. 4

Ragwort is widespread and poisonous, and accounts f .
many cattle and horses. It does not poison sheep, and grazinéd
by sheep and taking a hay crop are the traditional methods o%
control. Experiments are in progress to determine the effect 0%
spraying with *2:4-D"and 2-methyl-4-chioro-phenoxy-acetic a€ .
(M.C.P.A), the other standard hormone weedkiller. Existinig
plants can be killed. But ragwort land contains viable
which, to a depth of seven inches of soil, may amount to 5
lion per acre. Their length of life in the soil seems to be abo 4
eight years. Unless, therefore, the sward is strong enough Y
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prevent their gernunating, the chinunation of ragwort b)’l-‘ipflllle);
ing will not be done in one season. Brgcken may bc‘c.olll‘;)is(ic
by ploughing and cultivation, but 1t 1s a weed charac c]v b
mainly of unploughable fand. It spreads almost enuircly :bli
extension of rhizomes underground, which throw up the vist
fronds. Mechanical treztments - cutting. crushing, and so 0: N
can affect only the fronds. Continued for several vears l t)l'
cause some death of rhizomes by weakening, but ‘“ﬂ;“c“
always remain for regencraiion. Thus thgrc is scope ’oyrla
chemical herbicide if 1t will poison the rhizomes cxtfq:(\c y;
Unfortunately neither selective herbicides nor total “"] er:‘ I
sodium chlorate and the newer 3-(p-chiorophenyl)-1, 1-dimeity
Urea (C.M.U.) - give better results than mgchnmcul trm-‘t‘;:?“‘
excep: where the tota} hillers are used st quite unc‘w‘nnm‘ltln‘ lhc‘
Selective spraving of vegetable crops 18 carticd f\u B‘rihin
United States, but only to a limited extent in (-r‘c.ati hu‘ﬂvc.
Vegetable crops hold the ground for <hort periods :mc' xd'g e
frequent and varying cultivations, which only a few \wc- Id
Survive: in annuals. chickweed. annual nettle. [;.1}h¢3 cacn .
annual meadowgrass: in perennials, couch. hlf?dwffd-;“ '?r-nc?d
ing thistle. Onion secd-beds are sprayed with sulp u”‘. o
just before the onions emerge. and they cap be sprayed dg',"?
when the onions have emerged and straightened up. This Spr”)'
unfortunately. does not kill annual meadowgrass. Wh'_"h o u:;
infests onion beds. Leeks can be treated similarly wuﬁ gO«r
Tesults. Specially blended aromatic oils are uscd{ ('wn f{lzrrg \:
Parnips, and parsley as selective sprays at various 5(‘.‘.“: of crop
growth. Weeding the carrot crop by hand on one's Rnces 1% a
dreadful labour ;md redoubtably expensive. S0 this 1cchmql;c 18
a considerable advance. Parsnips grow slowly and therelore
requite a clcan habitat, which spraying may achicve more
cheaply than mechanical cultivation. Asparagusin the fern :smgc
may be sprayed with M.C.P.A., and potatocs before the h"f’"'l‘n
is fully grow}l, but these procedures :l(jc nqt aurhcnnc;:-lcd. kale
a3a farm crop is sprayed with sulphuric acid. At carly stages the

*Pronounced fat hen'.
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leaves are waxy enough to reject the acid which kills the sur-
rounding weeds. Sugar-beet does not have a well-develo.
cuticle in the early stages and cannot be treated with anything
that it does not tolerate physiologically. The beet crop isab
crop: it ought to be harvested mechanically: it must therefore be
clean. Between the rows mechanical weeding is performed, but
in the rows hand-weeding is necessary. The crop also has to be
singled out to spaced individual plants. and the expense of that
can be cut either by very thin continuous seeding or by spa
individual seeding. The highly refined brairds which result arf
vulnerable to weeds and can easily disappear altogether. Chemi®
cal weed-killing in this crop would thus be the completion of an
over-all rationalization, but it again seems to be a question
balancing the check to the crop (in final terms of sugar per acre
against the effect on the weeds. Of the treatments repoﬂe.d on,
for. instance, D.N.B.P. wiped out the crop. while others did not
kill enough weeds. However some of the experiments were d€-
scribed as encouraging.

A frec growth of weeds and grass swards is accepted as part
of the cultural cycle for archard ruits, and there is no CVide.noe
of unrecognized loss to growers as a result of weeds. POSS.lblc
uses for herbicides would still be to reduce summer cultivatios$
and gang-mowing under the trees and to check undue gro
round the trunks. Selective herbicides could be valuable ity §O
fruits, provided they did not affect quality. There is, h°“j’°v°f'
reluctance to initiate their use in fruit culture before fuller inves-
tigation of the ecological effects. The crop depends on nati
pollinating insects (as distinct from the hive bee), which might
suffer from any drastic alteration of the herbage. .

In forest work, on the other hand, there have been interesting
and profitable applications of herbicides. Tree scedlings ar
sown broadcast and grow slowly. When they are drilled in rows,
establishment per acre is less and mechanical cultivations
tween the rows are deleterious because of the soil disturbadc®
they cause. Hand weeding in nurseries comes to over £100 P&
acre per annum and may cost up to £250. Up to one-fifth of the
seedlings are unavoidably removed by the manual work. Fallo®
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every third or fourth veur 1s necessary and sooner or luter weeds
€ause the ubandenment of the nursery. These big costs arc a
powerful inditicement to chemical methods, which need accord-
ingly not he o chease-paning as i ordinary farming. To destroy
weed seeds 1 the i before the tree sceds are broadeast, allyl
alcohol, methyvl Fromide and ferrie dimethylthiocarbimate are
used. They uvcesd in stronghy reducing weed growth without
damage 1o subdseqguent ¢reps of some tree seedhings and their
effects on oiher species are under trial. The method 1s expensive
and troublesome :nd the chemicals are unpleasant. Lightmineral
oils are used s contact «prays on weeds growing after the tree-
seeds are broadeast hut before they emerge. This is standard
treatment 1n many Forestry Comnussion nurserics and reduces
hand-chdmg conts by between 40 and 70 per cent - a formid-
able saving at these ranges of expenditure. The ols can be
applied to most hardwood and conifer scedbeds. After the tree
seedhings emerge. mineral white spinits can be sprayed and
Breatly reduce weeding, Most hardwoods and some conifers are
100 sensitive for regular treatment with white spirits. “”_d the
Xtent of dumuage can sometimes be serious even in resistant
SPecies. The reasons are not vet understood. and therefore the
technique iy not gencrally adopted. Other sprays being tested on
seedling-beds are : - ferrous sulphate. polychlor-aryl-alkyl-car-
bamate (P.A.C). potassium cyanate: sodium 2, 4 dichlorophen-
OX¥ethyl sulphate (S E.S.), and undecylenic acid. From the seed-
the tree goes 1o the transplant lines, and here it has de-
veloped resistance to white spint sprays, which are therefore
EXtensively ysed. They can be restricted to the soil surface and
the siem bases of the t‘mn\pl.mrs by hoods on the sprayer, which
Make any dam.ge neghgible. Finaliy the transplant 1s sct out in
u,.’e forest, and here there 1s little scope for chemical methods,
Y0ce weeding cosis are already low, varying from nil to £30 per
Acte. The muain problem s ling heather, since ling-covered land
'S often naturally suitable for conifers and birch. If dumped
$traight into heather the voung tree will not die, but it will not
lr_ow_ The practice therefore is to plant on the upturned furrow
tlice of 4 deep ploughing and so give it a good start. Often the
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heather is burnt off first. But it is always apt to re-establish it
and the trees then get a check several years after being put out3
To avoid this, many chemical killers of ling have been tried. "'1--
most successful are sodium chlorate, ammonium sulphamaté:
sodium arsenite, M.C.P.A., and the isobutyl and ethyl esters 0%
‘2:4-D’. These treatments have to be applied in large V°l'm,'“
of oil or water and are impracticable on most of the terrains i
volved. Means of rctaining the toxicity while.reducing the g
volume are being sought. Ultimately the forest is felled, and th 3
site may be let go for many years. The rehabilitation of su
derelict and scrub woodland can cost up to £50 per acre spent 0 '
initial cleaning and dealing with the subsequent woody rea
growth. Ammonium sulphamate and sodium arsenite are belﬂ‘g_,
tried on this scrub. Unfortunately, severe damage is of no valuevﬂ
because regeneration occurs from the roots. Complete killers arﬁa
required and there is as yet no technique for getting at the roots.,
Rhododendron ponticum (the common purple) is a particulaf

bugbear, since its waxy surfaces reject herbicides. Application Of,
sprays is difficult in these rough sites, and they are usually 100

small for aerial cover. Nor can the question of amenity be
ignored when poisoning woodlands.

- Finally, problems of application occupied the confercn.“"
Spraying as a mechanical operation originated in the applicatioll

of various chemicals to crops expensive enough to pay for it. To ,
obtain adequate cover and penctration, large volumes of watef”
were used at high pressures. As the range of chemicals and crops,
grew and the whole affair became cheaper, the question al’f’-"’o

whether these volumes were really necessary for distributing"
a few pints of weedkiller. As a result, reccommended volumes,
now range from 1 to 120 gallons per acre. Morcover many types

of machinery are used and nozzles and pressures are multi=:
, farious. The net result is that the sizes of the droplets at Whiclhf
sprays are applied vary widely. Does droplet size affect herbl~
cidal properties? In practice it does not seem to, and laboratory..
results rather agree. However, the selective effect is very much

a matter of differing retention of the chemical by the leaves of
different plants, and in addition the spray may have to penetraté.
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foliage. Both retention and penetration are connected with drop-
let size. Spray nozzles, except for special types, do not give
sprays of uniform droplet size. Any nozzle gives a range of sizes
known as its ‘droplet spectrum’ and this always includes a num-
ber of fine droplets which will drift. A spray emitted 10 feet
from the ground into a ten-mile-an-hour wind will drift coarse
droplets 25 feet, fine droplets 150 feet, and ‘fog’ over a mile. It is
this drift which kills neighbouring crops, gets round operators
and poisons them, and stains the washing in villages. The booms
of the sprayers can be covered in, which will cut out most of the
drift if done properly, but makes it hard to see when nozzles
get blocked. The nicer solution would be to impart an electro-
static charge to each droplet, but that is as yet a dream.



RESEARCH REPORT

A. W HASLETT

COMPARATIVE BIOCHEMISTRY

RESEARCH on biochemical differences between species en-
counters one obvious difficulty in interpretation. The statemeflt
that ‘whatever Miss T. eats turns into Miss T." presents the main
fact with almost startling simplicity. But it leaves it to be
assumed either that cells of all forms of life are so completely
alike that the conversion of one into another presents no prol?-
lem; or alternatively that this facility on the part of Miss T. 8
wholly inherent, and that she would still remain chemically the
same even though her feeding habits were those of tiger or seal.
Tht'i extent of dietary influence can be determined only by obser-
vation, but it is at least (o be expected that the molecular com-

position of any animal will be affected to some extent by that’

of raw materials absorbed as food, as well as by what it makes
of its food when eaten. '

Concentration on the second of these factors leads to the
study of the enzyme systems of different organisms. The assump-
tion is that enzyme systems are rather deeply embedded in here-
ditary make-up, so that any differences which are found will be
avalid indication of evolutionary separation. Comparison of the
protein-digesting enzymes of three species of amoebae, in fact,
enabled N. Andresen and H. Holter of the Carlsberg LaboratorY,
(;openhagen, some years ago to resolve a problem in classifica-
tion with at least as much plausibility as can be claimed from
more usual lines of evidence. More obvious examples aré

afforded by various specialized groups of free-living bacteria

which have beco(“"— adapted to the use of other sources of
energy than the oxidation of carbon compounds. But the general

impression from the study of enzyme processes is rather of
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underlying similarity than of gross differences,* and such com-
Parative work as has been done on higher animals has been
Mainly on chemical constituents, the over-all result of the food
eaten, the modification of this by intestinal micro-organisms
especially in mammals, and the enzyme systems of the animal.
In the following notes, some recent examples are quoted, though
without claim to completeness.

A new approach to the problem of chemical comparison has
been described lately by J.J. Connell of the Torry Research
Station, Aberdeen, of the Department of Scientific and Indus-
trial Research. He has applied to the extractable proteins of fish
Mmuscle the method of separation known as electrophoresis, in
which large molecules in solution are separated on the basis of
their rates of migration in an electric field. The result is a succes-
sion of peaks of concentration which can be made visible and
may partly overlap. In this way the patterns have been compared
which are yielded by the muscle proteins of twenty species of
fish representing several biological types, including bottom-
living and free-swimming sea fish, and also four freshwater
species. From six to twelve components have been found in
different preparations, and ‘the most striking fact emerging from
this work is that considerable differences . . . occur from species
to species, and that these differences are so characteristic as to
fingerprint any one species’. On the other hand, merely from the
appearance of the patterns it does not appear that there is neces-
sarily any close relation between the patterns of closely related
fish - for example cod, haddock, whiting, and coalfish (genus,
Gadus), compared with plaice, lemon sole, and witch (genus,
Pleuronectes) — although two species of skate show some resem.-
blance,

Compared with this detailed but so far meaningless specificity,
there is a broad appeal in the study of the means by which the

*Compare, for example, the general lack of success in the search
for substances designed to have a blocking effect on metabolic pro-
Cesses essential to bacterial cells but inessential to the cells of the
humap body.
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energy-yielding substance adenosine triphosphate is reforme
after use in muscles. This was discussed by Professor E. Bald

of University College, London, in his contribution to a SYB¥
posium on evolution held by the Society for Experimeatal Bl
logy and lately published. In general, the part in resynthest
?vhich in vertebrates is played by creatine phosphate is pla}’ 3
in invertebrates by arginine phosphate. But various complicd

tions have been found, some interesting, and others disturbi?ﬁ
and Professor J. B. S. Haldane, summing up, suggested that ©9%
distinction may yet prove ‘as inadequate a label’ in classiﬁcatwf!‘%

as has haemoglobin.

Possible connexions between chemical composition on the.
one hand and both systematic classification and, more doubt'-?
fully, with feeding habits on the other are suggested by a 10n8%
series of investigations on fatty acids by Professor T. P. Hilditeh :
and his colleagues at Liverpool University. The seed fats °‘;

plants have been studied in enough species to support the Id”t
of a connexion between chemical classification and botar.ufal:j‘:
and the same is true to a lesser extent of fishes and sea-living’

animals. Less work has been done on land-living animals. A

primary classification in terms of ‘high’ and ‘low’ proportions ot. i
stearic acid turns out to be not very satisfying; the ‘high steari® .
group including not only the flesh-eating felines and the rumif-

ants, but also certain non-ruminants such as the camel and

!(angaroo. The most suggestive indication in the present context :
is ,Perhaps the finding that various unsaturated fatty acids con- .
tained in badger fat ‘are those found on the one hand in vege- ;

table-fruit fats, and on the other in the fats of frogs and small
amphibia, both of these sources being among the reputed com-

mon foods of the badger’. Although there is no general evidenc®
for the effects from feeding habits which might be expected, they

are at least a possible factor.,

'An interesting but more specialized example of a chemical 2
difference between species has been brought to light lately :

through the work of Professor V.du Vigneaud and his col-

- leagges in the Department of Biochemistry, Cornell University,
Medical College, on the hormones produced by the posteriof -

L

et e AL
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lobe of the pituitary gland.* Two of these hormones have latel:
been synthesized: oxytocin, which makes the u.terus contrac
in childbirth and stimulates the ejection of milk, and vaso
pressin, which constricts blood vessels and increases the re.
absorption of water by the tubules of the kidney. Bpth of these
hormones are built up from amino-acids — being in fact. poly-
peptides — and both contain a total of 8 amipo-ac1ds, 6 in tk'le
form of a closed ring and 2 in a branched chain. The-y are built
on the same plan, and the difference between them is tha't one
each of the ring and side-chain amino-acids a.re d}ﬁerem in th’e
two cases. The position in the closed ring W}:leh in .oxytomq is
occupied by isoleucine is filled in vasopressio by elther. lysine
or arginine. It is here that the diﬁerence.between species h.as
been found. Vasopressin obtained from pigs (hog vasopressm)
contains lysine, and that from bullocks (beef vasopressin) con-
tains arginine. y

The risr;::'ch at Cornell is still in progress. The position as so
far reported is that the structures assigned to these three sub-
stances are based on the same arguments: the pbreak-down pro-
ducts and reactions obtained from purified natural products, ar!d
the usual over-all analysis. In the case of two of them, oxytgcx‘n
and hog vasopressin, these structures have b.een conﬁ;mc in
the sense that syntheses based on them have 'ylelded Suhstance:
which apparently are homogeneous and which show the sfamt
biological effects as the natural hormones. (There has, in fact,
been uncertainty whether the same hormon_e, Vaso,pressm,
affected both blood vessels and kidneys; du Vlgnez‘u}d‘s wl?r::
confirms incidentally that this is the case.).The remaining lin
to complete the argument will be to synthesize beef vaso}?restsm,
with arginine in place of lysine, and to confirm that t 1s,t 00,
shows activity as a hormone. But with two Of. the three st;uc :e;
confirmed already by synthesis, and the evidence for the thir
Structure of the same kind, the case appears near enough-to
being established. It is the more interesting that the compara.txvc
biochemistry of polypeptides is still a little-explored subject,

*See article by Bernard Donovan in Science News 30.
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although it may well prove relevant to the search for more speci-
fic antibiotics than those already available.

Connell, J. J. Biochemical Journal, 85,378 (1953). .

Baldwin, E. ‘Biochemistry and Evolution’. Symposium of the Society
for Experimental Biology: No. Vil, Evolution. Cambridge Uni-
versity Press, 1953. .

Gupta, S., Hilditch, T. P., and Meara, M. L. Journal of the Chemical
Society, 3145 (1950). i

du Vigneaud, V., and others. Journal of the American Chemical
Society, 15, 4879 and 4880 (1953).

RATE OF PLANT EVOLUTION

The frequency with which plant species show chromosom?
multiplication, otherwise polypioidy, compared with the basi¢
chromosome-number of their genus — that found in reproduc-
tive cells of the simplest species - is generally taken to be an
indication of past activity in evolutionary development. A com-
parison on these lines has been made lately by Professor Irene
Manton of the University of Leeds, between the fern flora of
Ceylon, as representing a tropical climate, and those of Europe
and Madeira. The preliminary results are summarized in the
symposium on evolution mentioned in the previous paragfap,h'
They are of interest in relation to earlier work showing that in
western Europe the frequency of polyploidy increases from tem-
perate latitudes northwards. This has been taken to suggest 2
connexion between polyploidy and cold, and especially with the
last Ice Age. In the ferns of Ceylon, on the other hand, Professo!
Manton and her colleagues found that the percentage of poly:
ploidy is higher than in Britain (60 per cent in some 130 species
compared with 53 per cent). The degree or grade of polypmd!
is also higher, and this is illustrated in a detailed comparison 97
species of three genera. Professor Manton’s interpretation
that ‘evolution is proceeding (and has in general always pro
ceeded) faster in the tropics than in temperate latitudes’, and tha
‘the stimulu; to species formation commonl y associated with th
Ice Age in Europe was a local and temporary one and was pos
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sibly more influenced by the recession of glacial condit.ions
(giving unusual opportunities for recolonizatioq of new pfxbxtats
by new forms) than by the introduction of glacial ?on§1txons as
such’. While the data presented are at least suggestive, it should
perhaps be repeated that they relate only to ferns, and that com-
parisons between more countries and ranges of climate are
clearly desirable — as indeed Professor Manton has herseif
recognized.

Manton, 1. “The Fern Flora of Ceylon’. Symposia of .the Soc{ety for
Experimental Biology: No. VII, Evolution. Cambridge University
Press, 1953,

PILTDOWN MAN

The disappearance of ‘Piltdown man’ as a problem 1n hu'man
evolution will be already familiar to most readers of Sqeftce
News. It should be said, therefore, that from the ﬁr§t descrxpltllon
of these remains by Sir Arthur Smith Woodward in 1913 t ert:
has been uncertainty about their dating, and that Fhe ap}fare:n
association of an ape-like jaw with an ejssentlally ur}rllt
cranium was the main reason which caused Sir Artpur Keit ho
Propose that the material as a whole should .bc asmgr}ed 1to }: ;
earlier of two periods from which fossil remam§ of anima sdaS
been found in the Piltdown gravel. This period is now c.lasse bat
Upper Pleistocene — surprisingly early for the cx'?mutr:ua l;_
necessary in the view of Sir Arthur Keith to account o;' }1 edig .
like jaw. The association was a real one in respect of fin 8;
Sir Arthur Smith Woodward himself dug out a smal} pomor(x1 i:.
the skull from ‘within a yard of the poi;lt where the jaw was
covered, and at precisely the same level'. .
The diﬁicultyp of associating jaw and crapium ya: fr:szciilz
8reater by the discovery from 1927 onwards of succe;sxv fossile
of Peking man (Pithecanthropus), 3 user of fire and mal )
tools, but primitive in skull shape and yet roughly ;ontem;{o I('lY
With the earlier of the dates suggested for Piltdown man; an f,
if their approach to humanity was accepted, by the near-men o
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South Africa, most conveniently lumped together as australo-
lplthecmeg, It was made greater again when, in 1950 K. P. Oak-
éﬁ’sogft?lf B{;“'Sh Museum (Natural History), and C. R. Hos-
oo ’resultse ofcpﬂrtTFnt of the Go‘vcrnmcnt Chemist, reported
method for the :(?rﬁ y’mg.to the. Piltdown fossils the fluorine
of this method o “:);imtwc dat-lng of bones and teeth. The basis
stituent of bone. h dL PTOgresﬁlve.convcrxion of the chief con-
pendent on the » hydroxyapatite, into fluorapatite at a rate de-
becatse of (his dcorxcentrauon of fuorine in the soil water. It is
not bt w.‘c}?er}:dence that the method is comparative, and
thought Pfoz;er: the quantities of material which it was then
those on bther f: lTe'fthese mensuremens, in comparison Wi
decisively of the SSl; rom the same beds and district, disposed
man'. They did neiitr(jl_ef .of thc two dates suggested for ‘Piltdown
hand and the ma:d.b;-%llng.uxsh between the cranium on the oné
tooth on the other ible (with two molars) and an isolated canine
the remains as s w‘horl give any more precise indication than that
cene. The ce;\t‘re ofqe could not be earlicr than Middle Pleisto-
South African aust 'llme'resI ?1 this time was the status of fhe
Piltdown rcmainss r‘t‘to.mthecmes’ and the revised dating of the

have. attracted less attention than it once wovl
m;?agegiiﬁd [;ro.b ably final stage resulted from a suggestion
ment of Amm discussion by Dr J. 5. Weiner of the Depatt”

an isolated cm";'y' University of Oxford, that the mandible an
ported his su(g e:f' tooth had l?ecn deliberately faked. He sup
abrasion of lhge t IOT;' by showing experimentally that ‘artificial
priate staining rgce{t of a chimpanzee combined with appro”
the Piltdown mapans (o 2PPeaTance astonishingly similar "
obvious personal que ta}nd canine’. At the time of writing the,
But since Pidonns a1 did €2 has not been answerel
study of human evo;::}n was already an embarrassment in the,
‘physical and chemicall(r):’ e ChIEf.scicmiﬁc interest lies in ‘M
firm this suspicion, ethods which have been used to €O
Ful i ; 2
pmse;t?:)alymal details have yet to be published. But in ‘
proved form the fluorine method is shown to be C‘%
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able of detecting a minimum of 0.0 per cent in a necessarily
small sample taken from an isolated tooth. On the question of
age, the fluorine method was reinforced by measurements of
nitrogen, shown by S. F. Cook and R. F. Heizer in the United
States to be lost by bones preserved under broadly the same
conditions at a relatively slow and, on an average, ajmost uni-
formly declining rate. The nitrogen content of samples from the
Piltdown material and selected controls was estimated by a
method devised by J. D. H. Wiseman and Mrs A. Foster in the
Department of Minerals of the British Museum. The lowest per-
centage reported from these tests was 0.3 per cent for an Upper
Pleistocene human molar, and the results for the Piltdown man-
dible and teeth (from 3.9 to 5.1 per cent) confirm that they are
modern.

Chemical and physical tests were carried out also to elucidate
the iron and chromate staining of the Piltdown jaw. This is now
thought ‘to be explicable only as a necessary part of the deliber- .
ate matching of the jaw of a modern ape with the mineralized
cranial fragments’, The examination for chromate is of further
As well as the direct method of chemical analysis, car-
ried out in the museum by M. H. Hey and A. A. Moss, use was
made of the non-destructive, x-ray spectrographic method de-
vised by E. T. Hall of the Clarendon Laboratory, Oxford, and
mentioned in Science News 29 (p. 115). Other pieces of evidence
came from a careful study of the teeth themselves, supported
by deeper boring than would probably have been undertaken
had not suspicion been already aroused. But the chemical and
physical methods used carry an altogether higher order of con-
viction than could be obtained by subjective examination, how-
ever thorough. Still another method has, in fact, been tried, and

the results obtained with it are now in course of publication.

interest.

Weiner, J. S., Oakley, K. P., and Le Gros Clark, W. E. *The Solution
of the Piltdown Problem’. Bulletin of The British Museum (Natural

History), Vol 2, No. 3 (1953).
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OCEAN-BED PROSPECTING

IN the article under the above heading in Science News 29, the
authors state (p. 8) that only survey and research ships are fitted
with deep-sea echo sounders. 1 fcel that they overlooked the
cable ships, which of course are vitally concerned with the topo-
graphy of the sea-bed both in laying and repairing cables. I
should like to suggest that the topographical side, at least, of
ocean-bed prospecting would gain from a close co-operatiod
between pure and applied science at an insignificant extra cost.

P.R. BRAY
Kenton, Middlesex

SUPERSONIC FLIGHT

DR LANCE in his recent article on supersonic flight appears to
draw a clear distinction between air disturbances of a purely
aerodynamic origin and those from other acoustic sources. He
states that ‘unless the aircraft was capable of sustained flight at
about Mach 1.0, the sound of its engines, etc., would not
accumulate’,

Though it may well be true that, at supersonic speeds and
above, the major source of noise is acrodynamic, it must be
remembered that all disturbances are propagated in an identical
fashion, be they of acrodynamic origin or otherwise. lndecq'
were it possible to exclude aerodynamic noise altogether, I fail
to see any objection to expecting a bang from a pure source 0
noise travelling at supersonic speed by exactly that explanation
which Dr Lance appears to limit to acrodynamic sources alone.

Later in his article, the writer describes how a double bangmay
be expected from a typical flight curve at supecsonic velocity; be
here states that *. . . the bang heard first will have been caused by
the aircraft whilst at A,, and that heard second will have beeft
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caused whilst at 4,"; 4, being subsequent to 4, on the flight
curve. If 1he times taken for the bang to reach the observer from
A, and A4, are respectively & and t,, it would appear that, should
the pilot be sufficiently energetic ta deviate, still at supersanic
speed, so as to arrive at A, after a time greater than (t, ~ {,) has
elapsed since he was at 4, ihen the converse of the above state-
ment will hold; if the elapsed time is less than (¢, ~ ¢,), the state-
ment will of course be true, and if equal to {r, - 1.), the bangs
will arrive stmultaneously. It is assumed that the velocities of the
aircraft at A, and 4, are unaltered ia each case, so that the
observer’s position remains fixed.

H.A. HOPKINS
Chelienham

Dr Lance writes:

The difference between ‘acrodynamic’ and ‘acoustic’ disturb-
ances can be quite easily explained. A shell projected with a
supersonic muzzle velocity causes bangs, during that part of its
trajectory which is supersonic, in the manner described in my
article. The shell causes acrodynamic but no acoustic disturb-
ances since it has no engine to genevate sound. The engines of an
aeroplane, however, do generate souad, and if the aircraft is
flying supersonically the sound will certainly accumulate, as Mr
Hopkins rightly suggests. The point, which may not have been
made sufficiently clear before, is that the acoustic noises do not
accumulate sufliciently to cause bangs unless the aeroplane is
travelling transsonically. This has been shown in one of the refer-
ences given previousfy. Since the article was written my atlen-
tion kas been drawn o an almost complete account of ‘Super-
sonic Bangs' written as long agoe as 1925: L’ Acoustique des
canons et des projectiles by E. Esclangon. The whole book of
some 380 pages is devoted to a subject which I attempted to con-
dense into 12 pages; for this reason a great deal had to be left
unsaid, and I can only belatedly apologize for any important
Omissions.

With reference to the last point raised by Mr Hopkins. It is
Perfectly true that my statement with regard to Figure 3 is only
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true if the plane reaches 4, before the bang generated at A,
there. As the diagram was drawn there should have beer
doubt about it, but had the plane looped the loop betweer
‘and A4, the statement would have required qualification.

‘t

SOME BOOKS RECEIVED

THE LANGUAGE OF SCIENCE by T.H. Savory (London:
Andre Deutsch, Ltd, 1953), pp. }84, 10s 6d.

Mr Savory's book is described as the first ‘broad study’ of the
language of science : its words, prose, origins and growth, and ‘litera-
ture’. Tt is directed at philologists as well as scientists. The author’s
qualifications include a specialized knowledge of one branch of bio-
logy (broadened by teaching), acquaintance with Latin and Greek.
and ability to write. For scientific readers the most useful chapters are
on the history of their language. Here there is little room for argu-

" ment, unless by a more extended study of origins. There is a sub-

sidiary interest in Mr Savory's defence, primarily for philologists, of
the use made of their language by scientists. The case for using
specialized terms to convey specialized meanings is validly presented.
But it would give a different impression if accompanied by some dis-
cussion of the need for review articles, written for not quite the most
narrowly defined specialist, and by the advice of the Royal Society
that an author should write ‘not for the half-dozen people in the
world specially interested in his line of work. but for the hundred or
$o who may be interested in some aspect of it if the paper is well
written',

CHEMISTRY AND MAN by Sir Cyril Hinshelwood, R. P. Lin-
Stead, the late Sir Jack Drummond, and J. W. Cook (London :
E.&F. N. Spon, Ltd, and the Chemical Council), pp. 88, 7s 6d.

) These four lectures on chemistry and modern thought. the ameni-
ties of life, food, and the conquest of disease make an interesting
Symposium; but although the book is said to be ‘based” on the lec-
ures, adaptation to printed form appears to have been slight, and
Some large 8aps (e.g. metals) are not at all indicated by the title,

True ART OF SCIENTIFIC INVESTIGATION by W.I B,

Beveridge (London : William Heinemann, Ltd, 2nd edn 1953),
PP. 176, 105 6d.

b In the three years since its first publication, Professor Beveridge's
_°°k has become already established as one of the classics of science.
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There is no other which discusses research, as such, from the point
of view of those doing it, and there can hardly be another so We
illustrated with first-hand and relevant anecdotes. Although writted
primarily for the young working scientist, it conveys incidentally 10
the outsider a more accurate impression of science as practised than
could many volumes devoted to summaries of results. It should be 3
‘must’ for administrators whose. decisions may affect research.

GAS TURBINES AND THEIR PROBLEMS by Hayne Constant
(London : Todd Publishing Group, Ltd, 1953), pp. 160, 17s 64-

As Director of the National Gas Turbine Establishment, Mr Hayne
Constant is well placed to write an authoritative review of the .Sa‘
turbine, which he points out should be regarded, not as any one kind
of engine, but as a system comprising at least a compressor, heately
and turbine, and possibly several of each, as well as heat exchangers.
He writes simply and dircctly, primarily for engineers; and, although
a multiplicity of actual and possible designs makes the material to be
discussed complicated, demands on special knowledge are slight. Per-
sonal judgements and opinions are freely expressed, but the generd
impression is of a ‘down to earth’ book. *For some years to come the
crying need will be for operating expericnce on components.’

NEw CoNcEPTs IN FLOWERING-PrLANT TAXONOMY bY
J. Heslop-Harrison (London : William Hcinemann, Ltd,
1953), pp. 135, Gs.

Although the classification of plants, for the purposes of Pl"“:tical
identification and the exchange of observations, and the study of
their evolutionary relationships and present plasticity as a contriby”
tion to biology, should ideally go hand in hand, there is likely to b 3
difference in emphasis and approach, at least for a fong time to comeé:

Dr Heslop-Harrison's introduction to experimental methods an¢

their interpretation should do much to encourage interest; this shoul
Pc a useful book, provided that the gap between present and futur®
is borne clearly in mind.

FRESHWATER Microscopy by W.J. Garnett (London:
Constable and Co., Ltd, 1953), pp. 300, 30s.

Mr Garnett’s introduction to the microscopy of freshwater ponds ,
would be notable alone for its 50 well-produced plates. It has the
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further merits that it is based on personal observation, and includes
all forms of life from algae and protozoa to higher plants and insects.
It is so written as to be of value both to university students and
amateurs,

VIRUSES IN MEDICINE (British Medical Bulletin, Vol. 9, No.

3: London, British Council, 1953), pp. 56, 15s.

Edited by Dr Forrest Fulton, of the London School of Hygiene
and Tropical Medicine, and with contributions by Dr C. H. Andrewes,
Sir Macfarlane Burnet, and Professor A.J. Rhodes of Toronto
among others, this is a particularly well-planned symposium. Five
articles on some of the more general aspects of human viruses should
be intelligible to most readers of Science News, and include a sam-
mary, by Dr Fulton, of techniques of research. These are followed by
accounts (which on the whole are more technical) of work on ten or
so particular diseases, including smallpox, poliomyelitis, epidemic
influenza, and the common cold, with a final contribution on veterin-
ary diseases of medical interest.
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