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To God Through Self

(or St. Augustine’s proof for the existence of God)

BY

Rev. A, Dt Menponca S.J., Pu.D,, D.D.

Professor of Philosophy
St, Xavier’s College, Bombay

I may know me,
That I may know Thee;
Augustine: Sol. IT, 1, 1

Though St. Augustine’s mind is multifarious, and his many-
sided intellect embraced all branches of learning, and practically
controlled the western mind for thirteen centuries and so,! we
cannot deny that there is a point in his writings to which the great
African doctor seems to give particular prominence, namely, the
knowledge of God.

Augustine’s chief work ‘On the Trinity’ is not a mere specu-
lative treatise, a dry exposition of Theological doctrines; on the
~ontrary, it is a practical effort to know God ‘inwardly’? by
following an original method. Almost 7 of the 15 books which
make up the whole of this treatise, for the composition of which
Augustine spent 15 years, are consecrated to this ‘interior’ way
of knowing God, not to say anything about his discourses, his letters,
his commentaries and his earlier treatises. “My whole desire is
to know myself and to know God”, Augustine writes in his
‘Soliloquia®’,  “ Nothing else ?  Absolutely nothing”? This



SOLVABLE AND UNSOLVABLE
PROBLEMS

A. M. TURING, FE.R.S.

IF one is given a puzzle to solve one will usually, if it proves to
be difficult, 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 theyaresolv-
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 em pty
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

4and 7, and also the squares numbered 3 and 5. One is permitted
to use the same number in both pairs.

I1by2,2by3,and3byiasa move b
as interchanging first (1, 2) and then (1,
is solvable by sliding if it is solvable acc
It is not solvable by sliding if the re
reached by the new rules, together wit
one single interchange of a pair of sq
stance, that one is asked to getback to t

Thus one may replace
ecause this is the same
3). The original puzzle
ording to the new rules.
quired position can be
h a ‘cheat’ consisting of
uares.* Suppose, for in-
he standard position —

from the position

EIREIE

3)Y147 7112
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),(7,10), (9, 11), (10, 1, (11,

15 are found to be already in thei
turns are reached. Since the num

15). The squares 8, 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
no’i‘ﬁfsiiﬁanation 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 .probl'em if 1.t involves
much calculation. It is nevertheless someiimes mterfestmg to con-
sider whether something is possible at all or not, without worry-
ing whether, in case it is possible, the amot'mt of .labgur or calcu-
lation is economically prohibitive. These lpvestlgatxons .that are
not concerned with the amount of work 1r}volved are in some
ways easier to carry out, and they certainly ha\fe a greater
aesthetic appeal. The results are not altogether vyxthout 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 ?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 methf)d. ' '
From this point of view, in which one 1s.0511y interested in the
question, ‘Is there a systematic way of deciding whether puz'zles
of this kind are solvable?’, the rules which have beer.x described
for the sliding-squares puzzle are much mo;e special and de-
tailed than is really necessary. It would be q.u.nte enough to say:
‘Certainly one can find out whether one position can be reachgd
from another by a systematic procedure. There are only a finite
number of positions in which the numbercd_ squares can be
arranged (viz. 20922789888000) and only a.ﬁmte r}umber 2,3,
or 4) of moves in each position. By making a list of all the

tIt 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,
2,1,6,7,158,5,10,8,5,10,8,7,6,9, 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, }5, 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, 135,
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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

Solvable and Unsolvable Problems I

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 positions, ‘a_nd
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, v, z} system of
. toordinates, as (1, 1, 1), (4, L1)L,4,2,1,4,2, -1), 2,2, -1,
(2,2,2),(2,9,2),(3,0,2),(3,0, 0}, (3,3,0),(1,3,0,(1,3, 1) and
returning again with 2 twelfth segment to the starting point

(1,1, 1). This representation of the knot is shown in perspective

in Figure 1. There is 10 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 letaand 4 fepresent unit steps in the positive and negative
X-directions respectively, b and e in the Y-ditections, and ¢ and
f in the Z-directions: then this knot may be described as
waabffddccceeaffbbbddeee. One can then, if one wishes, deal
entirely 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 likewise the
number of b’s equal to the number of s and the number of ¢’y
tqual 1o the number of £5, and it must not be possible 1o obtain
another sequence of letters with these properties by omitting a
number of consecutive letters at the beginning or the end or

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

() One may move g leiter fr

(i) One may interchange t
still gives a knot.

(it}) One may introduce a letter 4 in one place in the row, and
d somewhere else, or b and ¢, or ¢ and f, or take such pairs
out, provided it s1ifl gives 2 knot,

(iv) One may replace a everywhere by ag and 4 by dd or replace

each b and ¢ by b and ee or each cand f by cc and ff.One
may also reverse any such Operation,

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

It is also possible 1o give a simifar symbolic equivalent for the
problem 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 many arrangements of pieces may be in-

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

om one end of the row to the other.
WO consecutive letters provided this

Solvable and Unsolvable Prqblems 13

(@)

Fig. 1. (@) 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 solyable
cannot be applied. Because of rules {iii) and (iv) the lengihs of
the sequences describing the knots may become indefinitely
great, No systematic method is yet known by which one cap teli
whether two knots are the same,

Amnother type of puzzle which we shall find very important is
the ‘substittion puzzle’. In such a puzzie one is supposed to be
supplied with a finite number of ditferent kinfis of counters, per-
haps just black (8) and white (W). Each kind is in untimited
supply. Initially a number of counters are arranged in a row and
one is asked to transform it into another pattern by substitations.
A finite list of the substitutions alfowed is given. Thus, for in-
stance, one might be allowed the substitutions

(h WBW > p
(i) BW > WEBBW
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- and be agked to tra

. . be
done as follows asform WBW into WBBBW, which could

WE’Z‘? WWBBW - WWBWBBW - WBBBW
H @ = (j) —=——) -
ere the substit

the arrows, 5 :
. »and their effects b L ther hand
if one were asked to t Y underlinings. On the 0

. . t be
don ransform WBB into BW it could no
of B%; for there are no admissible steps which reduce the number

It wi . '
subst“:;ltiltizz S€en that with this puzzle, and with the majority of
Positions thalﬁilzles’ one cannot set any bound to the number ©
- Xt will have 1, : original position might give rise to. .
thing rather een realized by now that a puzzie can be somhe
task of provimore Important than just a toy. For instance ¢ i
matic system 12 a given mathematical theorem within an axio

It woulq blS a very g?od example of a puzzle. ,
or ‘Standasg fc he{pful if one had some kind of ‘normal forfl;
a Teasonap) orm’ for describing puzzles. There s, in fact, ql“n
Wil be p Y simple one which I shall attempt to deseribe.

€cessary for reasons of space to take a good deal for

granted by p; .
Mmay suppo this need not obscure the main ideas. First of all ¢

Maticay forf;: ithz:}t] the puzzle is somehow reduced to a ma}t:l:;
knots, The 1 the sort of way that was used in the case © i
in that casepc‘;smon of the puzzle may be described, as -was dou

very little d’iﬂiy S€quences of symbols in a row. There is usud )s'
{e.g. the squa Cul.ty n req‘fciﬂg other arrangements of Sym’f’r‘;e
Question whir}e,s o th.e sliding squares puzzle) to this form. ot
should one bc remains to be answered is, ‘What sort of ru ’
counterg?® Ine allowed to have for rearranging the symbc’lsh"t
kinds of proc order to answer this one needs to think about W :o
reduce thejr :\i:; o oy occur in such rules, and, in ordel;es

Ypical of suqy o 1 Dreak them up into simpler proces

¢ : : g, .
ubstituting, vvh Processes are counting, copying, comparing;

®specially if the}rwn one is doing such processes, it 'is neCeS§8‘1r:’s’
10 avoid carpyi € are many symbols involved, and if one wis| o
Make 4 p Yoy {00 much information in one’s head, eithet °

umber of jottings elsewhere or to use a number ©

utions used are indicated by the numbers below.
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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 to have a marker wh_xch
divided the pieces which have been copied from thgse which
have not and another showing the end of the portion t_° 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 substituwtion type of puzzle. More defin-
Itegi:)veencc::zja;luzzle we can find a correspondin‘g substituti.on
puzzle which is equivalent to it in the sense t/z'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 may 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 (.)ng‘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
dls'gfxil;e:traei'ment is still somewhat lacking in definiteness, .and
will remain so. I do not propose, for instance, to c':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 'w¢
know a priori what is a puzzle and what is not, the statement isa
theorem. In so far as we do not know what puzzles are, the state-
ment is a definition which tells us something about wh:fu they
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 Feduce
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 afso eguiva-
leat to the above statement. In effect there is no opposition to
the view that every puzzle 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

. () 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 ‘Yey' the answerer need only have
done the puzzle himself beforehand to be sure. If the answer ig
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
jmple interchanges of a humber of objects can never bring one
ck to where one started. One may also be asked '

(b) What is the best way of daing 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 smallest number of steps?’, we again
have a straightforward Question, but now it is one which is
somehaw of remarkably hittle interest, In any particular case
where the answer to (@) is*Yes' ope can find the smaliest possible
number of steps by a tedious and usually impracticable process
of enumeration, but the result hardly justifies the labaur,

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

©) Is there q systematic procedure by which | can answer
these questions, for puzzles of this typer

If one were feeling rather more ambitious one might even ask

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

I hope to show that the answer to this last question is ‘No".

Solvable and Unsolvable Problems 17

There are in fact certain types of puzzle for which the answer to
is ‘Na’. .
s v i s s e
to be quite clear what we mean by a ‘systen -
doeci:igg a question. But this need ot now ngfe 1‘:5 agiaz:?\‘:;‘;’g
difficulty. A ‘systematic procedure’ was one o tf : pzzle because
we mentioned as being equivalent to the idea of a pu l’ar as 1o
either could be reduced to the other. If we a}re H;‘)‘;\‘i:‘system-
what a puzzle is, then we should be .equally ; earis ot  pustle
atic procedures’. In fact a systematic proce .u[re o’ve in ansy of
in which there is never more than one 'posszb € me ificance £
the positions which arise and in which some sig
the final result. )

a“lc\lic::rdﬂ’w(;t /:veﬁhave explained the n‘meanmg b?th o ts}ixteiot::r::
‘puzzle’ and of ‘systematic procedure’, we are t:“ ?tll:?s aricle
prove the assertion made in the ficst paragrap f ° determinin g’
that there cannot be any systematic pr ocedurei g:;es not really
whether a puzzle be solvable or no.t. The Prc;lo corms, but only
require the detailed deﬁnition'of either of the la;ned Ay
the relation between them W%“.Ch we have JuStuez):‘r.ll:’e were. solv-
systematic procedure for degtdmg whetherfa P wrzde. with u
able could cersainly be put in the for of & puzze, sition)
ambiguous moves (i.e. ouly one move frorr'z any e i’:e rules,
and having for its starting posttion a gqmbmia:;;n e unde;
the starting-position and the final position o p
m"/re;:%:z(:; under investigation is also tf’ be ges‘z:tb:dr:\z 1;;
rules and starting position. Each of these is to be j

symbols, As we are only considering substitution puzzles, the

rules need only be a list of all the substitution p?il‘s appro prli)ately
punctuated. One possible form of punctuation Zould r:o ‘tvo
separate the first member of a pair frorr} the sefconq hy ax; ans In,
and to separate the different substitution pairs with colons.
this case the rules

B may be replaced by BC

W BW may be deleted

) : ' . For th

would be represented by ‘' : B->BC : WBW > F e
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purposes of the argument which follows, however, these arrows
and colons are ap embarrassment. We shall need the rules to
be expressed without the use of any symbols which are barred
from appearing in the starting positions. This can be achieved
by the following simple, though slightly artificial trick. We first
double all the symbols other than the punctuation symbols, thus
‘: BB— BBCC : WWBBWW - * W then replace each
- arrow by a single symbol, which must be different from those on
either side of it, and each colon by three similar symbols, also
chosen to avoid clashes. This can always be done if we have at
least three symbols available, and the rules above could then be
represented as, for instance, ‘CCCBBWBBCCBBBWWBBWW
BWwWw’. of course according to these conventions a great
i mbols will describe essentially the

m the arbitrary choice of the punc-
tuating symbols the substitution pairs can be given in an

y order,
and the same pair can be repeated again and again,.
Now Jet P(R,S) stand for ‘the puzzle whose rules are described
by the row of symbols R an

result B and with the end result W,
We now consider the pr

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

as follows :

with unambiguoug moves, and such thy
the end result W,

Class I is to inelude all other cases, i.c. either P(R,R) does

Solvable and Unsolvable Problems 19

does
ith the end resuit B, or else R
e out, or comes out with the also,
gg: :::;esent a puzzle with unambiguous mo;/ CS-Ile?iZCh as
if we wish, include in this class sequences o tSZII
BBEBB wl;ich do not represent ta thteofhr:;:ri tha‘t we wish to
e that, contrary to e her
rz/(::wvzlelplf:\?e a systematic procedure for d;'md‘r[:)gce:iv::et v:e
Il;uzzlc;s come out or not. Then with the aid of t tl}fol;e of class II.
shall be able to distinguish rules of class I f;:r:eally represents a
There is no difficulty in deciding whether us. If there is any
set of rules, and whether they ar; unali]tbilflige <.=ases where the
i it lies in finding the end resu : tuall
d:xﬁzizclmitsy klltul)l\:zsn lto come out: but this can be de(}?'d;dh?; a:lr‘;zd;:
?vorkieng the puzzle thmugh'-By : ig::;pflzrv:iisltcingmsm“g the
ined, this systematic proc titution
?@anlﬁil:smcan itself be put into the for mt;)efsea :ﬁ:: K, the
puzzle (with rules K, say). When applying the starting posi-
rules R of the puzzle under investigation form result of the test.
tion, and the end result of the puzzle gl:svsetrhethe puzzle P(K,R)
N lWaYS giveS an an ’ .
Slmce ihe Sqr:scgi;lr;‘}?e puzzle K might be made to 'fltr:::l:gC:ul:
:e::'i{: f:a variety of ways, afnd w?elsn;yobfecll):;smll, and W for
. nd result is B for ru ssible,
uleg i)hfd:l:lfs]: IL The opposite choice would befex(-luL;:ll)}([’)ow;)ich
and would hold for 2 slightly ?iﬁe:iniviste}: gur attenti(;n. The
do not choose to favo have un:
;Szel:e;i&erules K may without difficulty beﬂg:feotr(e)-
ambiguous moves, Its essential properties are
K has unambiguous moves. R
P(K,R) always comes out whatever nd. cesult B,
If R is in class I, then P(K,R) hase dresult W.
If R isin class IT, then {’(K ;2::2:: r\I;Vith the definitions
rties are however inco . longs to,
El f;: tr\::glzclasses. If we ask ourselves whxchKc)l ?ssignl:z ?o iome
we find that neither will do. The puzzle P(Kr,nust got end result B
out, but the properties of X tell us that we eas the definitions
if K’ is in class I and W if it is in class II, whel; be the other way
of the classes tell us that the end results mus
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round. The assumption that there was a systematic provedure
for telling whether puzzles come aut 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 puzzies for which
there is no decision procedure. This is the technical meaning
which the words are now given by mat

hematical logicians. Tt
would seem more natural to use the phrase ‘unsolvable problem’
1o mean just an unsolvable puzzle, as for exampile ‘to transform

1,2,3into 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 aiso speak of

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

It should be noticed that o
one has an infinity of Questions to ask, If you ask,
good to eat?’, or “Is this number prime?’, or
able?’ the question can be settled with

‘Is this apple
‘Is this puzzle solv-
a single ‘Yes’ or ‘No°.

Regarding decision problems as being cancerned 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

decision problem only arises when
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subclass, #
proved that there 1s ao decision ?focm?r:sf%léht:o; interest-
follows that there is none for the whole c;e 'decision problems
ing and valuable results about unsolva
concern the smalfer classes of pUZZ‘F: is guite well illustrated
Avother poiat which is worth noucmgf’sg o which the pieces
by the puzzle which we considered firsto i; whether the puzzle
were sliding squares. If one wanls 10 kn?me can try moving the
is solvable with a given starting position, squired end-position.
pieces about in the hope of reaching the i}(:lhe puzzle and con-
If one succeeds, thea one will have solve tion, ‘Is it solvable?’
sequently will be able to agswiesr ;vazgf: on; will eventually
e that the puzzie rocedure by
ign:: ‘on the right set of moves. If one hazsda;i:niuiny establish
which, if the puzzle is unsoivable, one wm;7 e alution of the
the fact that it was so, then one wafllfi zly necessary 1o apply
Secision problem for tbfe p“ul;'efnfti!:l;zith a bit of the other,
both processes, a bit of one 2 ion by one or the other.
. reach a conclusion .
f:cto\‘x-ifl; eiV: nt:}eagzsicof the sliding iq‘:é;esb)gr;g;g’ ;V:e}-‘;zr
g0t such a procedure, for we know that i%,

Rt , nd 15 inter-
“reaches the required final position, with sguares 143

chianged, then the puzzie£§ﬁ;ﬂ:]1;f; Si:lbéiiding decision procedures
is clear then that the difficulty I zzle is unsolv-
fo:tt;:z: of puzzle lies in establishing tha; };&;e;:\; . mentioned
able in those cases where i i unsotlvafb ):Iathez‘natical argument,
equires some sort Of i ent that the
?rii::i:g:g; trh:}t we might try exp;;ss;\::‘ga?; tst:::ne:y and prove
. ical fo
s out in a mathematical 107 ; difficulty
iuglzgf?i?zy:wmmc process. ‘There 1 PO }?z;x;‘- ﬁgression of
in the ficst part of this project, the mazhemi Jhalf of the project
the statement about the puzzie. But the scc%norem of Gadel no
is bonnd to fail, because by a famous :i ZI theorems is suffi-
systematic method of proving mathema tcica} question, yes or
ciently comgplete to settle every ma.tt?il;"" ?0 give an independent
i 0si :
Ll case we are now (n a p p 4 of proving
;(r’oéf :t? tyhi& If there were such 4 5Y Sm}: :;Cor?x:tgsmes l:md for
mathematical theorems we could apply § -
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each one eventually either Prove that it was solvable or unsolv-

able; this would provide a systematic method of determining
whether the puzzle was solv.

able 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
proved i1 1936-7. Since thep 2 considerable number of further
decision problems have been shown to be unsolvable, They are
all proved to be unsolvable by showing that if they were solvable
one could use the solution to pravide a solution of the original
one. They could all without difficulty be reduced to the same
unsolvable problem. A number of these results are mentioned
very shortly below. No attempt is made to explain the technical
terms used, as most readers will be familiar with some of them,
and the space required for the ex planation would be quite out of
proportion to its usefuiness in this context.

(1) It is not possible to solv.
substitution processes applied
ters only,

e the decision problem even for
to rows of black ang white coun-

(2) There are certain particular puzzles for which there is no

decision procedure, the rules being fixed and the only variable
element being the starting position,

(3) There is no procedure for deciding whether a given set of
axioms leads to a contradiction or not.

(4) The ‘word problem in Semi-groups with cancellation’ is
not solvable.

(5) It has recently been announced from Russia that the

‘word problem in &roups’ is not solvable. This is a decision prob-
lem not unlike the ¢

(6) There is a set of 102

. Matrices of order 4, with integra}
coefficients such that there is

no decision method for determining
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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 pot,
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 an 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-
fem 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 puzzies. But whereas with ihe twisted wire
puzzles the pieces are quite rigid, the ‘equivalence of manifolds’
problem concerns pieces which one is altowed to bend, stretch,
twist, or compress as much as one likes, without ever actually
breaking them or making new junctions or filing 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 dec;-
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 so. A similar decision problem
which might well be unsolvable is the on¢ concerning knots
which hag already been mentioned.

The results which have been described in this article are
mainly of a negative character, setting cestain 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, 8. C. {ntroduction to0 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 Wwhich, 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
the laboratory chemist and handing them to mechanical and

civil en.gineers 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,

hMore Systematically, we may begin by considering briefly
Le nature of engineering, and how its subdivision into
ranches has arisen; and, from the industrial background of

chemical engineering, proceed to a single example of a com-
plete chemical

process. This will give us the background neces-
sary 1o appreciate what are the usual stages in adapting a
aboratory process to large-scate production. By this time, the
original question May be presumed to have already been

The word ‘engineer’ h
original use ag 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 fognd; 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 choice of problem proves wrong, he is
free to modify his original statement of the problem 'or, if
nectassary, to turn to an entirely new section of his ﬁel’d. The
engineer pas not this freedom; he must always find a solution,
powever inadequate on occasions, to the problem as stated. He
:s concerned always with the particular rather than the general;
© must concentrate all his Tesources on a single problem, the

solution to which is all-important. i i i
_ nt, irrespective of the intrinsic
merits of the method of solution, e

While the various branches of engineering have arisen for-

: d hion, the pressure of
economic competition in modern industry calls often for a

higher standard of efficiency, based on greater insight, when
new products and processes are introduced, Advancing’ scien-
tific knowledge has, in fact, begun to place more powerful
methods at the disposal of the engineer, but to make the fullest
use of them he must frequently look beyond the confines of his
own particular branch. Obvious instances, involving electron
physics and combustion theory respectively, are those of the
electlfical engineer who uses electronic methods for controlling
rotating machinery and of the automobile engineer who de-
cldqs to investigate an improved fuel for internal combustion
engines. The contemporary engineer who wishes to be in the
forefror'n of progress should possess a background of funda-
Mental ideas based on scientific principles, as well as a detailed
k_nowledgg of his peculiar technology. The principles in ques-
?e(::egrf, in t‘hg main, those commonly (but inadequately) re-
o olas nineteenth gentury physics’, though the chemical

gineer looks on them in a different light from the physicist,

lbeel;r;g Ii)n':;rested only in their application to his special prob-
. Different fields of engineering vary in the scope that they

offer for using scientific methods, and it is one object of this

artic i
" le to show hov_v wide a range of physical science lies within
€ scope of chemical engineering,

ha‘s[‘i: ditleelgpment of chem.ical engineering as a profession
pp concurrently with expansion in the chemical in-
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dustry during the last fifty or sixty years. In thg years before
1914, the predominant chemical industry was built up in Ge.r-
many, whose achievements in the fields of dyestuffs, synthgtxc
nitrates, and coal hydrogenation were the wor'k of chemists
collaborating with mechanical and civil_ engineers. Conse-
quently German chemical plant of that time, and even of a
Jater period, tended to take a similar form to the ghemlcal
laboratory apparatus used in research, except .for' an increase
in size. (This is the point, mentioned at the beginning, Wth.h it
has been sought to make in pictures.) During the same pen.od,
the foundations of the new profession were laid in the United
States, a major part in the educational field being played by the
Massachusetts Institute of Technology, whose president, A. D.
Little, was one of the first to introduce the idea of ‘unit 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 f_ailed to keep pace with the American development of
i et o e 1
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
s often in close personal contact, and to visualize what will

happen when the same product, with accompanying 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 chemical engineer often passes on the
resulting mformation to other worke

cal and civil engineers, draughtsmen,
the completion of detailed
of chemical engineering s
pure scientific research t

ts—for example, meehani-
architects, and so on ~ for
plant design. Hence the profession
upplies a link in the chain joining
0 a syleable commodity, and it is
naturally desirable that a chemica] 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

trades’, and possibly even a
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,.ca-
tion in any industry which, though not proc}ucmg chemicals,
makes use of chemical change. Examples whnch_ suggest them-
selves are iron and steel production, the carbonization :f coal,
atomic power generation, ce.ramxcs,.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 al;n
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 manufactundng neIw
products has been emphasized, though perhaps not un u}iy l‘:
addition, the chemical engineer can, and.does,'ma!(e s1gri§xf calrtl
contributions in other ways, such asvth? investigations o! aut ;
in operating plant (‘trouble-shooting’), or by' expenrgeq a

rk on semi-scale (‘pilot’) plant set up as a trial step during
the development of a new process. Alternatively, he may en-
thee ie[;l ihepmanagement, or engineering rpaintenagce, of a pro-
duett lant or of a factory manufacturing chemicals. Inthese
ducno? . a:S‘ons however, he inevitably loses something of his
!attetr't U:: aln ex;gineer, and design may be considered the finest
;"lj:\:rlelri);xg 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 empha§1ze the pecu-
iarities of the chemical engineering outlook. Untlll recent years,
}larltles . tomary to assume that large-scale chemical processes
o s 0bdivided for purposes of analysis, into a number of
coud t')e . accordir;g to the kinds of industrial equipment in
OPe:l'athl’ls, actions, and ancillary treatments and separations,
whic th‘? ;eout Th,us the chemical engineer thought in terms of
‘Wef_e carrrl:tions’. as they are called, such as distillation, evapora-
tlilc;‘)lxit Orﬁfxing, an’d grinding: The sepa'rate study oﬁ individual
ope;ations, from combinations of which all chemical proquc-
tion plants are made up, led to the developm.ent of gem?rahzed
methods of considerable value for the design of equipment.
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While the idea-of a ‘unit operation’ is still 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-
t10n§ 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 of phenol, a white solid compound with a variety of
uses, partxcu.larly for pharmaceutical purposes, and as an inter-
medxate during the manufacture of dyestuffs. "i‘he raw material
18 coal tar, from which benzene is separated by distillation, and
then chlorinated to produce chlorobenzenpe, For simpliCit)” we
shall assume that a.supply of chlorobenzene is already availa’ble
fmd that a p}ant Is required for jts conversion to phenol b);
hydrolysis’, In which the chlorine atom is replaced by the
h.ydx'-oxyl‘g'roup, —OH. The chlorobenzene, which is a colourless

of ways, of which the commonest, in industrj i
ing with aqueous sodium hydroxide : ’

CH,Cl + NaOH —s ¢ H,0
(chlorobenzene) (l;tze:lol})1 + el

Subsidiary reactions also i
y oceur, causin i
small quantities of other products, : B formathI;;;f
The above reaction has been the sub; laboratory

verting chlorobenzene to phenol, f
, for i i
water vapour in the gaseous state : FXamPle by reaction with
CHCl + H,0 —> C,H,0
. : «1,0H + HCI
llphalec(iidlyon, when the information cannot be found in the pub-
1shed literature, the chemist wii] 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.



32 : Science News 31
Production of Phenol from Chiorabenzene
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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),

tions: (a) Miking and emulsif
hydroxide, and re-circulated diphen
of the resulting mixture, (©) pre-hea
bot products from the reaction ves

mixture after it

ying of chlorobenzene, sodium
1, (b) high-pressure pumping
ting of the mixed reactants by
sel, (d) cooling of the product
leaves the reaction vessel, {e) decanting of the:
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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 auxiliary 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 jt Jeaves the reactor. Indeed, the majority of the
so-calfed unit operations are separations of this nature, It is con-
venient {o 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 chtorobenzene to pheaol. 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 whick are
primarily the concern of the chemical engineer, although natur-

liquid product mixture to remove dipbenyl, wbich‘sinks 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, (h) 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 aperations
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, concerned respec-
tively with size reduction, mixing, and physical separation of
materials. Size reduction involves crushing and grinding of
solids, while mixing refers to blending of liquids and pastes,
which may, 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 unit
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’,* have
not been developed to the same extent as in the case of unit
operations. It is generally true that, while a particujar kind of
equipment is reserved for a certain unit operation, seve
processes may be carried out in one kind of equipment,

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

ral unit
so that,
sulphonation, esterifica-
, polymerization.
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Fig. 2. Stages in the design of a chemical plant. Those in darker lines
are normally performed by the chemical engineer.

from a practical viewpoint, the idea of a unit process does not
provide so convenient a grouping as that of a unit operation,

A preliminary analysis of the probable cost of the plant and
the selling price of the product is carried out after Preparation
of the flow-sheet, in order to determine marketing potentia}
and to decide whether ar not to continue with the project.

The methods of physical chemistry (including thermo-.
dynamics, reaction kinetics, and electrochemistry) are of great
value in elucidating the phenomena involved, and in providing
data for calculations. In some cases, where the process is new,
or data are difficult to obtain, it may be desirable to erect and

ities,
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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 mechanical engineering designer.

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

TABLE1: 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 caPacitnes, sizes, Tnd
materials of construction, with Phe appr(?prlate gas, we;)ter, e ec;
tricity and steam services. This.mform.atxon may then be tpass_e:

on to mechanical and civil design engmegrs_ for more Fx ler:.lve
detailing in a drawing office. The rer_nammg steps, 1lnc ut ing
workshop construction and plant erection, are self-exp ax;la: ?]ry
An important feature of most moc?em ‘chemlcal le}nts, ;v ich is
considered at an early stage in desxgn', is the provision o xlnstrq-
ments for measurement and automatic control of physncz.i valrll-
ables, such as temperature, pressure, and humidity, during the

plant operation.
SCIENTIFIC ASPECTS OF CHEMICAL ENGINEERING

Let us now consider the sciemiﬁc. approach made by thg chem;—
cal enginecr to some of the more x.mportant aspects of this work.
As indicated in the above discussmp of a pheqol plant, the Far;
dinal task of the chemical engineer 1s.the quantitative analysis o

various phenomena which involve interchange qf r-natter' and
energy. He can do a great deal tow?rd§ accomplishing this by
deduction from his knowledge of. scientific fundame.ntz?ls. Con-
sequently, he relies less on exPerlment and a posteriori conc':lu-
sions than does the pure scientist; naturally a full-scale chemical

. 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
ough. ‘
enFo?‘ analysis, it is convenient to classify the relevant pheno-
na in two main groups: .
m‘Zar) 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
analysis of transfer phenomena. o ‘
(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 coe
driving forces causing transfer fro
another, for the three cases of t
fluids), diffusional transfer of ma
the respective differences in tem

K, known
Teciprocal
ance itself,
area (per-
ered, it is
fficients per unijt 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

. etween any two points in the
medium concerned. Thus. yg;

: » using the symbol 4 to denote cross-
sectional area, the equationg f.

or these three phenomena, giving
the rate of transfer between the two points considered, are :
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Q, = K, A,T
Q, = K,4,P
Q, = K,4,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,
,e‘ing\:;;::?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, an'd
developed by L. Prandt! and Th. von Kd4rman, 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
steadily, so that while the composition, p
and other properties vary at different posit
concerned, those same quantities are ind
order to assign a physical meaning to the
is presumed to occur only across certain li

plant which operate
ressure, temperature,
ions in the equipment
ependent of time. In
driving force, transfer
mited 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*» le;e‘;:
take an example of an interchanger usefi for transfernnfg oat
from a hot gas to a liquid; a case in point is th_e prg—heater t;r e
mixed chlorobenzene and sodium hydroxxfie in the }f’ en )
manufacturing plant. The liquid to be heatgd is pumpedl t rox;i
one or more tubes, and the hot gas flows in the annu.ar sdp ae
outside the tubes, in the opposite direCIIOfl to the liqui t,ur:
shown in Figure 3. There is a gradual fall in gas t;rrt\};:er; ure
and rise in liquid temperature1 as ezu;}:l tials:;; tt}llmri(;\:tgle Op:ration
changer, so that at any point along a , tion
i ied out with steady rates of flow, there will be a consta
:isif;:::; ?:ettween the average gas temperature anc; t}l:e'a;']eraget
liquid temperature at that point. As aconsequence o thein leren
nature of the flow, most of the reszstance to heat transmission
is concentrated in films on either sxde' 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 expecteq 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 \!{all is (t,—t,). If the heat
transfer coefficient, K, is estimated; e}ther froma 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, Q, may be determined from
our general formula :

. A=Q/K(t1—r2)
In practice K and (1, - 1,) vary along the length of the tube, and
mean values are normally used.

Gas
A
| —— =
Liquid | L — ] T
_ri—:-\ L ] —
—— M

Tem perature —s

Distance — -

Fig. 3. Diagram of a counter-flow h
temperature-distribution graph (
streams.

eat interchanger (above) with a
below) for the gas and liquid

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 otper
chemical engineering problems. Provided the Yanab]es which
influence the phenomenon concerned can be picked out, then
any relation between them can be formulated as 'an equation,
either side of which has the same physical dimensions (gxpr_es-
sible, for example, in terms of mass, length, and time). This prin-
ciple of dimensional homogeneity, as in is called, 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 otper, the
speed of a train, and then to relate these two quantities directly;
they have different dimensions and cannot be equated. On the
other hand, if a number of further factors were introduced ~ for
example, the distance which the train was required to run befc_>re
refuelling, and the dependence of air-resistance on §peed which
would affect its consumption of coal ~ then a possible relation
could be found.

The further application of this principle leads to relations
involving ‘dimensionless groups’, each of which 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{/p, where u
represents the velocity, d the ‘characteristic length’, { the density,
and p the viscosity of the fluid. Expressions can also be deduced
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 fiuid.
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~ Finally, 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, ex-
Pres§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 experience. An academic study of
chemical engineering, however, is generally (and correctly) con-
fined to the application of scientific principles, not because other
aspects, 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 leve] 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 lo
and less on his memory, than does a study of che
physics. Secondly, as the prime objective alwa
the study of chemical engineering is o
cesses, the practical needs of society
advantage than perhaps is the case in
Thirdly, compared with other branche
engineering offers a wider choice of s
sn};; ;:;r:lel::ls,ea; “s/e;ld z;z E:tyc:Sl'cal" phegomena may b:f involved.

> ther justification for regarding chemi-
cal engineering as a valuable educational field. One danger, how-
ever, is the possibility that a chemical engineering course may

gical analysis,
mistry, or even
ys in view during
peration of industrial pro-
may be stressed to better
the study of pure science.
s of engineering, chemical
pecific problems for study,
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become too diffuse because it attempts to cover toa 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 iilustra-
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 engineering 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, F. Sherwaod. ‘A Century of British Chemistry’. SN 5.
Smith, E. L., and Crammer, J. L, ‘Making Penicillin’, SN 6.
Moncrieff, R. W. ‘Synthetic Fibres’, SN ]4.*

Gilbert, C. G. *Making Chemicals from Petroleum’. SN 76.*
Sutton, O. G. “The Restless Wind’. SN 11.*

Standing, B. ‘Hydraulic Models’. SN 7 .*

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. Cheniical 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, see:
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 well.*

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-
sented, or the critical discussions which followed. This summary
is preceded by a short discussion of the difficulties of the method
of research, so that the results which follow can be appreciated
in their proper perspective.

THE METHOD OF RESEARCH

Since many of the results described here are of a tentative
nature, it is perhaps useful to indjcate briefly .the philosophy
underlying this branch of research. The situation at present is
that the discovery of the nature and properties of the funda-
mental particles is almost entirely a matter of pure experimental
rescarch. There are no comprehensive theories which could aid
the experimentalist in his investigations. Practically the only
theoretical laws which can be used with a high degree of con-
fidence are such fundamental ones as the conservation of mass-
energy, charge and spin.

It is accordingly up to the experimentalist to exercise his
ingenuity and make as many measurements ag possible on the
high energy phenomena in which the fundamentaj particles are
often found. His results may suggest that a new unstable particle
be postulated which decays according to a certain scheme, In
formulating this scheme he is guided by his physical intuition,
by a few fundamental theoretica} considerations, and by the
requirement that no more complexity must be introduced than
is necessary to cover the facts. He will then adopt this scheme
as a tentative hypothesis and see if his data, and those of other
investigators, can be consistently interpreted by it. It often hap-

27‘Sce, for example, the article by Dr E. P. George in Science News
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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 difficuit 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 Bagneéres-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 necessaryin 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 t0
be built in the near future, the cosmic radiation is indispensa.ble
for high-energy nuclear physics. But since the cosmic radiation
consists of a mixture of different types of particles going i
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 enesgetic
particles, is extremely small, and profonged 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 1€~
moved from cosmic rays and given to nuclear physics.

The cosmic radiation is therefore usually responsible for dis-
covering a new type of fundamental particle and for o})tainmg
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 7-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 dismantled and each sheet of emulsion is stuck on
glass and processed in the usual way. If now an interesting eV°°.‘.
is found in one of the emulsions, the particles associated with l!
can be followed through the emulsion for a great distance frof
plate to plate. In this way Professor Peters has made mm‘Yi
Interesting observations which were not possible previously-

There is no doubt that this technique will lead to results of the:

8reatest importance in the future,

The second improvement in technique has been made by
Several groups using cloud chambers in the United States and
in France. Previous work with cloud chambers has suffered from
the disadvantage that of the two measurements that have to be
made on the track of a particle to establish its nature and its
energy only one of these, that of the curvature, could be made
accurately, while the other, that of its ionization, could not, in
general, be made accurately. The new technical development
overcomes this by placing two cloud chambers one immediately
above the other. A magnetic field applied to the top chamber
cnables the momentum of the particles to be found from the
curvature of their tracks in the magnetic field. The lower cloud
chamber contains a large number of thin lead piates. If the par-
ticle comes to rest in one of these plates after passing through
the upper chamber, its residual range can be found with an up-
certainty corresponding to the thickness o{ the plates. By com-
bining the measurements of momentum and residual range, the
nature and energy of the particle when it passed through this
upper chamber can be found to a higher accuracy than wag pos-
sible previously. This technique is particulariy valuable for in-
vestigating particles whi.ch decay in the upper chamber giving
secondaries many of which come to rest in the lead plates of the
lower chamber.

NEW NOMENCLATURE

The use of the words ‘fundamenta] particles’
place for some discussion. Clearly,
mental’ particles increases, it beco
‘0 use the term. The complexity o

calls in the first
as the number of ‘funda-
mes less and less justifiable
f our present knowledge of
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them suggests that the parsticles we call ‘fundamental’ are in
fact some kinds of structures composed of even more subtle
entities, Nevertheless the word ‘fundamental’ is retained for the
present,

A similar gbjection could be made o the nse here of the word
‘particle’, with all its Newtonian biffiard-ball associations. In
fact, as we know, ‘fundamental particles® are entitics which we
cannot imagine, but which bebave in some circumsiances like
the particles and in others like the waves we encounter in our
everyday cxperience. In reality they are neither particles nor
waves, but entities to which our crude concepts apply solely in
an analogous way. We have for so long been accustomed to call
them “fundamental 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 our present knowledge,

In order to provide a mote systematic classification of the
bewildering variety of ‘fundatental” particles, several improve-
ments in pomenclature were decided upon at Bagnéres-de.
Bigorre. Although these cannot be considered ‘afficial’, ag they
have yet to be internationally accepted, they have nevertheless
considerable authority behind them on account of the large
number of leading specialists who attended the Bagnéres
congress. ‘

The nomenclature can be conveniently considerad in three
sectious : Firstly, all particles are divided into groups according
to the range in which their mass lies. Secondly, different types
of events are classified phenomojogicatly. Thirdly, each different
particle is given its symbol.

(1) Groups of Particles

L-mesons. Particles with mass greater than that of the elec-
tron atd up 1o, and including, that of the ~-meson.

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

Hyperons. Pasticles with mass intermediate between that of
the proton and 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 found.)
Small Greek letters are used for mesons and capital Greek
letters for hyperons.

(2) Phenomenological Description

V-event. Phenomena which can be interpreted as the decay
in flight of 2 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 Bagnéres. All masses are expressed as multiples
of the electronic mass. The limits of error that are given are
intended as indications of the degree of accuracy obtainable at
present rather than as precise standard deviations, which in
many cases cannot be given as the results have been obtained by
combining the observations of different groups
using different apparatus of more or less precis
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),

of investigators
ion. The kinetic
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Gamma ray (¥). Bleciromaguetic radiation. The frequency of
a y-fa¥y van have any value and, the higher the requescy, the
mOTe energatic is the v-ray. If its enerey is high gﬁ‘;}ugﬁi & v-ray
can fnferact with a nuclens (o give a nuclear disintegration or &
pair of electrons.

Neutrino ). An upcharged patticle postelated fo conserve
momentuss, eaergy and spip in auclear transtormations {see
cachier in this article). Mass, very small or zero.

Electron [e). e¥ is alse called the posifron. Siable, but an e
and an e~ tateradt 1o give s pair of yyays, Mass, 1

LIMESONS

stomeson. Mass, 21042, Lifstime, 2,2 x 1S secands, Positive
a¢ hegative,

Devay soheme : nk ~3 et 4 2»  {Q,about 105 MeV)

The amitted electron has a variable energy ufy (o 2 maxitvium
of 55 MeV, with a mear of about 36 MeV. This variation in
energy shows that a1 least two other particies qust be emitted
for encrgy and motentpm o be conserved. The negative
s-meson has & weak intecaction with nuclel and can produce a
{ow-ctergy nuelear Quiniegsation fohe with an excitation ertergy
of not more then about 15 MeVy, if it daes not decay first.
pemesons age produced by decay of the »mesop or by that of
the x-mreson (see [ates).

= omeson. Mass, 285 .3, Lifetime, about 10 seconds. Neytral,
Decay schette: n° ~» 2y {2, abosst 133 Mey)
ore’ ~ay 4 ¥ 4 e~ [very rarely)
Neuteal »-mesons ave praduced in high-energy vollisions be-
tween mucleons {protoas or srulrons).

rmesan, Mass, 276 32, Lifetime, 2.6 x 1079 seconds. Positive
ar negative,

Decay scheme: 7% 3 b 5 v (0, about 33 MeV; energy of
A-mesan, about 4 MeV)

If nuclei are present, the negative ~meson can be capturad,
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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

Fundamental Particles: The Present Situation 61

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-



62 Science News 31

tions made by R. B. Lcighton of the California Institute of Tech-
pology grqup. It has sometimes been called the ¥,° 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

Q°-particle. Mass, 21844+ 7. Lifetime
A . , (33 10 S
Nepan (3.3%1) x 1010 seconds.
Decay scheme: Q° —> pt+ 4 n= (@, 3743 MeV)
The existence of this particle was first indi
[ n i icated by the obser-
;/atxolr: of V,° tracks in cloud chambers. Considerab);e evidence
or their observation in photographic
plates as -
sented at the Congress. well was pre
Up to the time of the Congress, it had been an open question
whether the Q.°'particle was an ‘excited state’ of a nucleon pro-
fiuced by exciting a pre-existing nucleon or whether it was a
fundament_al’ ‘particle which could be produced completely
from the kinetic energy of colliding nucleons. At the Congress
however, Dr N. Kaplon reported that a ¥ °-particle of kinetic,
energy 714+£150 MeV had been produced by protons of
2,300 MeV from the Brookhaven synchrotron. This suggests
‘that th? former of the two alternatives takes place, as there is
1gsuﬂi01ent energy available for the second. It is, of course pos-
sible that the second process takes place at higher energie; but
:}t p_resent there is no evidence for the production of nucl’eons
in high-energy collisions.

Qx-particle. Mass ?
Decay schemes: Q+ ~—> p+ 4+ (27°)
Qf—>n° + (77%) (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¥~ -5 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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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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the same time, and in this way exceptionally 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 to 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 1o 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
physies of the sun.

One of the difficulties which dogs all aslronomers, except per-
haps those who study the sun, is the fack of light. Much of
modern astrophysics depends on spectroscopy, and in order to
Bet spectra with a fair amount of detail in them the light from
a star has to be spread out as fur 4 possible without becoming
too faint. The impossibility of using specirographs of really high
dispersion limits the study of the lines and bands in the stellar
spectra, which might 1ell 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 logs of light tolerable.

'It is only within the last few years that a way out of this
difficulty has been suggested. S. Tolansky and J. Ranade bave
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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 ris¢ 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 II that certain chemical compounds, christened
radiomimetic agents from the way in which their effect on the
céll 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 chiorethyl groups (Cl—CH,CH,—)
the complete compound being described as 8: 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;—Cl

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 cells
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



72 Science News 31

these compounds in malignant diseuses in higher experimental
animals and in humans was cuarried out. It was soon apparent
that any hope that nitrogen mustards might be a cure for cancer
was groundiess, 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 leucocyies, 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 cobtained in favourable cases the condition
eventually became resistant to treatment, as it ssimitarly 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 that a special
injection technique has to be used and very close control ot
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 eﬂjca-
cious since it can be applied in high intensity locally to tl'le
tumour, while nitrogen mustards can only be administered 10
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.CHE - HNR

N— CH,CILNHR 11T

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 tyvpes 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 study of the apparcatly 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 texile fabrics, and increased wet-strength in

*Such as isocyanates, halogen compounds, ketones, ete
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The discipline of selj-liberation

After firmly establishing the six fundamental philosophical
truths about the Atman, namely its existence, eternity, power of
origination and enjoyment of activities and the fruits thereof, its
liberation and the right religion as the path of liberation, Shrimad
Rajchandra proceeds to elaborate the method of self-liberation.
He says that it is no use wasting one’s time after the theoretical
discussions as to which of the many philosophical systems is the
best and most logically exact. What one should do is to remove
ignorance by knowledge, anger by piety and kindness, {alse sense
of honour by humility, attachment to sense-pleasures and sense-
objects by developing an intense spirit of non-attachment to bodily
and mental activities; to quell in one’s being the waves of emo-
tional thoughts and activities, and to fix one’s mind on the nature
of eternal Atman as pure endless unchanging conscious and bliss-
ful existence. No particular sex nor a definite code of external
manners need be considered [avourable for liberation. No reli-
gion should monopolise the exclusive right to speak for liberation.
One who removes all coverings thin or thick, good or bad, right
or wrong, from his self is a liberated soul. One who pines for
liberation is in a mood to approach and appreciate the teachings
of a right Guru. The right Guru will enkindle in the aspirant for
liberation a search for happiness and peace in his own internal
being, and with his help the aspirant will succeed. When the soul
is freed from its bodily attachment, it realizes its real nature and
attains everlasting knowledge, peace and bliss. By this method
one in the end realizes that the pure self is neither the author of
bodily actions nor the enjoyer of the fruits thereof, and so the
bondage and the liberation were the dual facts within the limits
of the worldly existence of the Atman. Srimad Rajchandra says
that one who is an aspirant for liberation must cultivate in him-
self seven virtues, i.e., Dayi, Santi, Samatd, Kshama, Satya, Tydga.
Vairdgya ; sympathy and piety, peace, equanimity, forgiveness,
truthfulness, ‘a spirit of renunciation and self-resignation.

Knowing in the human life that one is only pure self, one
should constantly search for its liberation from worldly entangle-
ments and bodily associations. One should be non-violent and
sympathetic towards all fellow-travellers on the path of liberation.
Then one should find peace in the advice of the right Guru, who
will guide him to his liberation. One should feel tired of feverish
activities and endless pursuits in the external world. With gradual
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development of peace, one can maintain equanimity of mind and
be a Sthitaprajna.

When the equanimity of mind is disturbed by adventitious
anger, the aspirant should quell anger by forgiveness. Then such
an aspirant will speak and act upto truth and nothing but truth,
Truth in life is difficult to practise. Mahatmaji has rightly insisted
on truth and non-violence as the fundamental virtues a man
should practise both as an individual and as a member of society.

By constantly retiring to one’s own nature as Atman, it will
be easy to be free from worldly deceptions, and find peace and
bliss where they really are,
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