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I must say I aprroached the idea of
giving this lecture with great diffidence be~
cause being one who is neither trained nor par-
tiocularly eloguent in the traditional modes of
philosophical discourse, it was not entirely clear
to me that I could say anything very helpful to
this seminar. But on second thought, it seems, it
hed seemed to me, and I hope perheps you will
agree after tonight, that there\ara deep philoscnhical
lessons to be learned in the way in which the
practicing theoretical physicist thinks about the
foundationdof the subject; that is, the manner in
which he approachas the problem% the general
criteria that he brings to bear on what is a reasonable
solution. Or perhaps you might say that the impor-
tant thing then is to display the general world view,
the world picture that the theoretical physicist

has,

Fow, this is partiocularly signiflcant
in connection with the specific topic of our saminer

this evening, quantum physics and philosophy, because




quantum physics or quentum mechanics, by whieh

I think we mean finslly the raticnal iode of
understanding of microscopic or atomic phenomensa,
has perhaps had the greatest impact of any of
the developments of physics upon the mode of
thinking or the world picture of the physicist
and thereby indirectly of the general citigzen.

Now, to indicate that the topics we
want to discuss today ever so briefly are not
meraly & matter of recording what is finished and
settled éad a dry subject, let me, perhaps just
simply indicate to you that in the current line
of research &n thié“;‘;‘;hich is concerned with the
attempt to understand the properties of the vast
nurnbers of so~-called elementary particles whionh
have been discbsed in the course of investigations

have

of high energy physics - =~ that therebemerged
very deep philosophical questions concerning what
the purpose of ths thecry should be. In other
words, the class of theoretical physicists are

split along rather deep lines of what they conaider



to be the proper mode of development, the proper
meéns of finding a loglecal explanstion. These
are:+thair Tfoundations ame philosophical questions
and I think we can only understand ever so dimly
how these deep philoscphical cleavages among ocur-
rent precticing theoretical physicistes have come
about, 1f we try somehow to study the historical
line of development which has led theoreticel
physiciei#s vp to 1ts current problems, its
ourrent dilemmaSwhich must seem, at the present
point, to be ever much more difficult than any

of the things which have previously been considered.
Obviously, every age thought that, but this i=

again the same situation.

Now, if we want tc undexrstand specifically
the origindSof guantum physice and its ourrent line
of development of high energy physics, I think we
must go Back to see how the stage has been set through
the developments of what are callad classical physics
to compare with quentun physics. By classical

physics, we¢ mean essentially the precise formuletion




of all of the properties of matter as they were

finally expressed in their essentially perfect
form at the beginning of the 20th century and
which are charscteriged by the fact that while the
underlying conceptions g;eidaalizations, it was

no easy job to be s Halileo or to be a Tewtons
nevertheless, these conceptions still strike very
close to common, ordinary everyday affeirs. To
understand the principles éf physics,as they ere
sxpressed within these great generalizetions of
Thege cl&ssiéal physics, is'not very difficult., OQur
school children manage it all the time. But quen-
tum physios is something different. In guantum
physics, and even more so in the ourrent 1iné§kof
development of.high anergy physics, you go far
beyond the ordinary situations of everyday lifs.

e strike at a lovel of idealigation that 13 hard

to appreciate until you have seen how this historicel

1ine of development has come about.

gut to begin this nistorical develiopment
§~ firet, the first grana physical theory, of course,

was that of Newtonian physics. [is is a theory




of massive point particles which interaoct by

meahs of actions at a disteance. The traditionsl
theory of gravitation, of ocourse, is the classic
example of this. And to oharscoterize this theory
in a general way in terms of its philosophical
foundation? let me ssy that Newtonisn physics,

or Fewtonien mechanics is & ceusel, deterministic
theory. Now, by this I mean the Tollowing thinegs.
By causal, one means essentially that when the
stete of the system is given at a definite time,
and we must return to precisely whet we mean

by stste, but when a state is given at a partioular
time, thehthe state iz completely determined at

any other time. This is what we mean by causality.
Causelity is inference in time. @iven the state

of affairs at one time, a state of affairs is
uniquely determined et another time. What makes it
deterministic is that the khowledgu of the state
also determines all possible physicel phenomene

rrecisely.

¥ow, the meking of this distinotion

may not seem very important until we come up to




the rather different situation thet appears in
quantum mechanics. I have spoken of the state
within the framework of Newtonian physics or
Newtonian mechanics. It surely is familiar %o

you that when you spscify the state of the systenm
of particles which intereot with each other by
means of instantanecus forces as the gravitational
force was coﬁceived at that time, that the full
specification of state is the indicating of pre=-
clsely where the partioles are at a given instanié
of time and how they are movingjor perhsps in

more technlcal languege, it is the specificaetion
of the positions and the mcm&ntéé of the particles,
the momﬁntgh being theilyr masses, Lheir inertias and
thelr velocities. If the positions and the
mass§§k of particles are known &t a given instané;
of time, and it is known precisely under what law
of force they are moving, such as the ﬂv“”‘a
statement of the inverse square law of gravitation,
then this is thespecification of the state. Given
the knowledge of the state, the state of any other
time can bs predicted and slsc, since this is a




deterministic thesory, the knowledge of the state
i3 the origin of the full knowledes of the answer
to 8l) possible physical qusestions that csn be

asked .,

Now, to indisste th@fNewtonien physicist
1s not scmething that 1§ég:ggg?g§:fh the history of
rhysics, let me perhaps remind you of tha Tact that
the triump of Newtonian physziss ia indicated everyw
tire, or should I say almest evervtime, we have an
anncuncement from Cape Jensveral, snd certainly
every vime we have an anncuncement fron Moscow,

That is, FHewtonian physics, a5 any genersl thaory

of pnysics muet be, remains rexrfectly valid in ite

own domain and the domsin, of course, ies the motion

of meterisl bodies under the msction ofAknown laws of
force which are ilustantanecus in«%héggﬁgbtions and
cover, therefore, Fuvlly the motion of artificiel
satellites in the perfectly well known field of

Torce that is provided by the gratitational attrection
of the earth, or more hopetully the moon, the plenets,
and so on. Physics introduces new theories not becsuse

the thsories in a perticular domain are found to

be unsatisfactory, although they may be so slso, if




the technique of experiment becomes finer and

finer and new phenomena are found which pass be-
yond the level of accuracy in the earlier theorieslgu+
primarily because the domains of physics which come
into question are ever extended. For example,
the next - - that is, to follow our line of his-
torical development - - the introduction in the

17th centuxry of the Newtonian concepts led to a
steady development of these idess, their sapplications
primarily to astronomical phenomena, wvhicsh lasted
for essentially a full 200 years, while the technical
means for the inference, in & precise sense, of the
implicationSof these laws were drawn until one

could fully carry out the calculations necessary to
follow the paths of the planets, ggéggl;igiggwghé 80
on. It was, however, during the 13th century that
new areas of physicel experience beg%h to be met
in particular in the domain of electromagnetism.
And then we came finally Zgggéé the second half of
the 19th century to essantially a new physical theory
going beyond anything that had been, sc¢ to spesk,

O
conceived within the framework of tke Newtonian physics.




This is Maxwell's field theory of electromagnetism.
And let me say ageain, that as far as the broad
gﬁé;;;%g%ization of these theories is concerned,

that this was also & caussl, deterministic theory.

But what made it so very different was what was
involved in the speeifica?ion of state. Iet me recall
again that the Newtonian\¥géélésw§ere concerned with
point particles and the specification of stete was

the indicetion of where these particles were and

how they were noving at any particular time. It is

a discrete description; a finite number of particles;
& finite number of quantitias iz needed to characterize
everything about this physical system. By contrast,
the field theory, &and I have in mind of course the
very specific example of the electromagnetic field,
this requires, for the spscification of stats, we

must give not & finite number of things; where the
perticles are and how they are moving, but an infinite
numbey, We must in principle, at least, specify

what the electromagnetic field is doing; how the
electric field is pointed; and how the magnetic field
is pointed et every point of space and this at s given
time. And what makes this a causal theory is that if




10,

we know the state, if we know the distribubion
throughout space of the electrie and magnetic

field at a given time, then we cen prediect at any
later time what the distribution of the electriz
and megnetic fields will be. Giﬁgn Fhe state at
one time, the state is uniquely é§§g3§g@ at another

time. That mekes it a causal theory.

Agein, what makes it deterministio is
the knowledge of the state, the knowledge of the
electric and wagnetic fields completely determines,
supplies the deterministic answers to all guestions
that can be asked about the electromagnetic field.
And again may I point out to you that while we are
talking about a domein of classical physies, with
the inference that this is not the final word,
nevertheless, you have only to look sbout you at the
ever expanding development of radio communiration
systems, and misrowaves of raéar;;of television, to
indicate that everyday the quantati;ewsuecess of
Maxwell's theory is demonstrated. This is not a
rast histery in the development of physicsj i% is
something whose validity is confirmed everyday. The

point, however, is that it refers to a limited domain

of experience. It is not all of the physical world.
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30, here then we have two very different
kinde of physical theories, both causal, both deter-
ministic but widely different in the nature of what
characterizes the specifiﬂation of %Qg state. One
line, sc to speak, agé onm limiting domain of the
spectrum, it is g OLjﬁlbpe description, 4 finite

numoer of quantities is specified. The other, at the

[T

other end, is =a continuous description. Fields are
involved, distributed th#oughout all space. And these,
so to spesk, are the modéis of the two limits of
classical bebavior: the éiscrete, the continuous.

And i% is particularly ih@eresting to see how these
two entir@ly ﬁifferent clébsica) modes of description
have in a sense become unifieo, or perhaps better
transcended in the further developmentsorF guantum

pnysios. f

‘ i
And now, still continving with our

historical development, (of course, this is all
familiar to you), that at the end, or shall we say
the beglmning of the 20th century, there were further
very imp%rtant developments associated with the name
of Einsﬁ%in - the developments of the special and
genergi_theory of relativity. But yet in a sense,

theSe were not radically new developments in the



sense that I mean quantum mechanics to be; they were
rounding out the framework of classical physics. They
were the recognition, so to spesk, that once we had
placed the field phenomens, the electromsgnetic field
specifically, on the same power = on the same founda-
tion - as the theoz:g' of particles, that we had to
recognize that there was a modification in the strict
Newtonian point of view. In other words, while we
certainly have étill to deal within this frameyork

with point particles, the point psrticles no longer
interact by instantaneous forces. We now recognige
within this framework, which is particularly emphasiged
by the relativity theory, that the interactionSbe-
tween particles are propégated through space by means
of the intgrmediary of the fleld. And may I incidentslly
also emphasige this difference between the two olassical
modes. The strioct ﬁ6wtonian viewpoint was one of
instantanecus interaction at a distance. The field
point of view is one of local interaction propdgated
from one point of space to the contiguous points,

There is no longer within the field concept any idea of
instantaneous prop@gation. It is propégation through




space and time by means of & mechanism which is, in
fact, intrinsically limited in speed. This is, of

course, the famous constaricy of the speed of light,
which is the starting point for all of the investiga=-
tions on the special theory of relativity.

And so, what finally emerges from all of
this is a theory in which there are particles and
fields, standing side by side, nelther explained in
terms of the other. A dualistic theory, but in which
the strict Newtonian point of view has been modified
because we now recognize that the interactionsbetween
particles are not instantaneous but are propagated

through the mechanism of the field. The field is

there to supply the dynamical agenoy by which particles

§oto SpeaRiile
interact. This, then, is,the—sorgmef duslistic point

of view which is the culmination of classical
physics; the point of view in which we have side by
side, neither expleined in terms of the other, the
discrete polnt of view of particleév the continuous
point of view of field, and g? fgndamental duality.

It was to be the purpose of further

developments of quantum mechanics that these two




distinet classical concepts, as I say, are merged
and become transcended in something that hes no
classical counterpart « = is g new gonception in
its own, the idea*g} quant&ﬁéa field. And we must
try to trace the development of quantum mechanics,
staerting from this classical background, up to this
much deeper quantum mechan%cal foundation and
explanation - = g kind ogxglglacing of the classical
duality. (I presume here I am trampling somewhat
on the domain of the next speaker but he staply
must suffer %hen~£e¥~this‘tntrusion Yyt

Now, so much then for s summary which
can hardly do justiceto several hundred years of
hard work by maeny physicists in attempting to lay
the foundations of these laws of what T will now
call macroscopic phenomena because it was, of
course, in the investigation of the micro §€6pigs/
of the atomic phenomena, that an entirely new woxrld
and a new system of order was opened up. It was
here that it was found that the laws which served
80 very well to range from ordinary experience on
the earth to extraterrest:ial experience in terms of
the motions of the planets; when we turn not outward,

but inward, we found new laws of motiong, new laws

of physics, new ways of thinking, new philosophical

cenceptions.,
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Now, how d1d this come sbout? First of
all I wust remind you = = I can h;rdly, of course, do
Justicl to thig tremendous development of physics which
occurred during these years and the early part of
the 20th century - - but these developments began
in whet may seem to be a paradox because we had pointed
out the fact that in olessical physics, we had two
distinet laws of behavior, and one never trampled on
the other. We eitﬁer had particles, and they were
disorete objects, or we had fields end there were con-
tinuous objects distributed throughout space. 4na
the fields could be attenuated as muoh as you went - =
a radic wave, as we travel out fhroggh space, becomes
weaker and wesker and weaker in a perfébtly continuous
way. A particlé, on the other hend, has discrete
propexrties whioﬁ it cearries with it. And so the
remarkable thing wes the discovery, investigations of
various atomic phenomena, of an apparent parsdox.

Objects such as light waves, for example, which were

known frem—the—vrarious—phenomens— from various exs
w\l-&r{»(vv.m(
pexrience phenomensa, to be essentially in the nature of

waves, that is field phenomensa; there are wave lengths
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th v
assoclated with % and light is spread out through

space in a2 characteristic field way. One now found
that from pesrforming suitable experiments, that

these light waves now appeared to amcquire, under cer=-
tain experimental conditions, particle»ggéht properties
unliks the ploturs which the olsssical notion of

a light wave which suggests that the energy of the
light wave is simply distributed continuousiy
throughout the area that it occupies} he light wave
now apparently under some circumstaﬂees exhibited

the ability to transfer definite and ¢omplebe amounts
of energy, acting then as a particle whose charscteristic,
of oourse, 18 that & particle has associated with it,
in a certain state of motion, a definite energy, a
definite momentum. And now we found, in the early

days of these developments, that light waveSexhbited,
under certain circumstences, definite particle-like
behavior. This was s paradox. Here we found the

two quite distinot classical motions, nevertheless in
some sense, both being realized within the microscopic

domain. This, for example, is the classic experiment




17.

of the-ggigf?électric effect in which light waves,
falling upon metals, would liberate electrons, transe
ferring energy to the electrons, in whioch a definite
smount of energy was absorbed every time, dJespite

the picture of & classical field distributed throughout
space in which you might absorbt more or less energy,
depending upon the accidentel circumstsnces of that

particular electron.

Now, here then was light, & charscteristic
example of a wave or a field phenomen&?’acting in a
particle~like manner. The converse was also true,
although the experimental proof of this would have
to walt for some 27 years. But at this distance in time,
I think we can lump all these things together and say
thet experimentally, a2 an important aspect of this
same development, the oonverse was true. Eleotrons
were the charscteristic example of microscopic particles.
Flectron beams could be produced in evacuated tubes
and they would move in straight lines. And when exposed
to eleoctric and magnetic fiélds, they would change
thelr direction just as materiasl bodies were supposed
to do. But, nevertheless, under appropriate circum-

stances, namely when electron beams are scattered from




crystalline bodies, one now found interference rines
which weuld be characstsristic of the type of wave length
or field phenomena that is charascteristically assccla=-
ted with a distributed field. In other words, instead
of being scattered as materisl objects would be, you
found that the electrons moving through a crystal
would be scattered in the way that would produce a
characteristic interference ring much as light would
do under conditions that would produce the same wave
length, Here then ware cbjects originelly thousht to
be easenitially olassizal particles which, under new
experimental eonditions, would exhibitvoantinugiwur
wave-1ike phenomena. We had then s remerksble duality
in which apparently the same objecte could, under some
eircumstances, sct as classicel particles; under some

other circumetances,zould act as classical waves.

And here, of course, was something for which
there was no preparation in eny other phenomena of

physics as they had been known.

Now, more than this, the further detailled

investigation of the properties of atoms, as they were




revesled by detailled spectroscoplc axperimentse fjbu
¥now, of course, how throughout this time ths possi-
bility of produsing atoumis speostra in some suitable
clircumstancesof high vacuosso that one could investigate
tha behavior of individual atoms, how this led to a
detailed investigation of atomic spectroscophy) the
attempt t¢ understand this in terms of the motion of
electrons within the atoums, and the complets failure

of classical physics to account for these phencmena)
The mere existence of atoms and their ability to radiate
preclse spectral lines is s conflict with classical
physics. This is, of course, a familiar 1llustration,
but if we take any pictures of an atom as eleotrons
move around some central nucleus, as Rutherford dise-
covered to be the situation in 1911, that according

to the olassical laws of eleotromsgnetism, the
accelerated charges in their motions around the nucleus
would always continue to radiste until finally, they
had exhausted all possible energy and would fall into
the nucleus. And in the course of this radiation,
whioh first of all meant that atoms wers not stable,

8 flagrant violation of simple experience} and more than

/
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thet, as they dld so, they would radiate spsotral lines
whose frequencles would change as they gzot closer and
cloger te the nucleuns, and yov would have nothing
analogous to the empirical situation of sharp spsctral
lines, of definite ffeguencis%, charaoteristic of
individual stoms, ;;;‘tgéiiﬁénﬁ§ of the law of macro=
scople physies ked falled completely within the micro-

gcopic world.,

Now in the detailed analysis as it was
carried out, primarily in the hands of Nels Bohr, and
others of this important Copenhagen Schocl of Physics,
it was found, in the course of attempting to understand
1t, by simply postulating new laws of physicsj by
struggling from one phenomenf®to another of what was
‘necessary to introduce; how one had to throw away the
laws of classical physics and discover new hypotheses
thet could account for these facts; it was soon found,
in terms of?gnalysis of these and other experiments,
that the only explanation that could be given was by
supposing that physical phenomensa, or physical quantities
such as anergy)GW\A“r momentum « - are the two lmportant
examples, which according to classizal mechanies oould
assume any possible values - =~ these are continuous

objects = « a particle in ordinary life can be given
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any energy one wishes by simply providing the
appropriate emount of energy. If you set a body into
rotetion, the angular momentum thet this will have,

to use an appropriate technical texrm, can be given any
value. There is no perticular selected set of

velues that are natural. But, nevertheless, the
snalysis of the faots of atomic spectroscopfy ine~
dicated that the energy values fhat atems or electrons
in atoms oould have were not aonﬁinuousAbut assumed
definita values. This was the only explanation that
could be gliven of the discreteness of speotral lines.
and the perticular values that these spectral fre-
quencies had could cnly be understood by supposing
that the angular momantﬁm of the ator’ or the electrons
rather had certein definite values, all of these

values being given in terms of tne new natural constant
which 18 the so-called Planck constent of action, which
wes Pirst discovered in connection with other attempts
to understand particularly significant characteristics

of atomic phenomena.

he
so here, then, we had first of all & major
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brack ulth the phencmens of claseicsl physics, quen-

titize whish 2lassicglly were suppesed to be = -

L

¢

wculd te glven continucus valuves now hed discrate

+3

valuves, his, in other woxrds, is the general ob-
servation of the microsgopic woxld that the phencmena

of atomicity 418 31l prevading. Wot only must we

sccount for the very existence of etoms, which after

&1]1 is not & classicel concepition. lassically, there
should be no lirilt te the extent to which you could
gubdivide matter, The fact thet thiz subdivision
cannot be carried out indefintitely, but ossses when we
resch the atomic sasle 13, of course, ths most funda~
mentel statement that somethinz new is involved., RBuk
here is the phenomen@m of stomisity, not only in the
mere existense of atoms but also in the laws of
mechanicel motion that an atominity ﬂ& angular momentum,
en atomicity of action, to put it in the most general
way, was a haslc phenomena of microscopic physics.

And ve simply had - = I say, we ~ but of course I was not
involved at the time; there is, nevertheless, the
feeling of 2;%;;; here =~ ~ that physies simply had o
understand in terms of new laws which trenscended

enything that was familiar before. This was a new

world.
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RNow, beyond this prhencmena"of atomioity,
which I mark as the one basic faoct, the new faot of
microscopis physics, there is enother one whinh
avnears at the same time. This is the essentially
statistical nature of microscopic phenomena. This
is enother fundamental festure which must be accepted
as the way that the microscopic world oﬁerates. The
fact that the mieroscopic world 1s necessarily statistiocel
can perhaps be understood if we think beck to what
we have Just said sbout the fact that, for example,
an electron beam, interscting with a crystal, will
exhibit a defrsction phenomenom. ¥ow, let's think
ebout how this defraction phenomenol in fact would
come gbout, In other words, suppose we had a crystal.
A crystal is a regular arrangement‘af a?oms with a
cheracteristic distance separatinﬁ}éﬁé ﬁ%; virtue of
this characteristic dimensionswﬁ pr wave phenomenowm
thet fells upon this orytal - - in ether words, if there
ig a cherasteristic distance aessoclated with the
crystal, shall we call it g = = and there is a wave
with a characteristic wave length, that then, depending
upon the relation of that wave length to this charactere

istioc distance, there will be certain preferred definite



24,

w3

ir

3B

ationg of scatbtering, This is, for exsmple, ths
vhenonsn@ that was well Znown in the case of X-rays
which, in fact, the damume tration of which represented
vne of the experimental proofs that Y-~rays srse in
Tsaot h\wave pnenomena, So thet when we cayry = = 50
to spesk ~ that when we cerry ovut an experiment in

vhioh a beam of ssy electrons felle upon this oxrystal,

3

avid then meves in various directions falline upon s

5

seroen, it will then produce & charecteristic inter-
Zercence phenonencyiwhich 15 tce say instead of the
electrons Talling more or less at random, with a
uniform intensity &ll over this soreen, you will find-
preferred places. If I may draw 2 sort of an intensity
pattern, there would be something we can see that

looks like thi=. In particﬁlar, if this is not =&

single crystal but z numbsr of such orystals rendomly

oriented, then we will find rings, ¢ irculsr rings,

forming an interference patternr~(::‘ﬁ2§$é%%§¥ﬁj Q,(A~h ot
electrons, if I maks this beam so wesk that one electron, #a‘<s
so to spesk, within a‘perfectly definite time interval
moves through thils cr§sta1 in sone way, it will finally
re detaocted by lending in a verfectly definite place

on this screen. This may be a & (Nt 12+ >  soreen,
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for example, and if vyo %ave\@eak

and you look et the screen, youtll suidenly s=ce a

flash of light, not 11 over the Sqiiqn but in ore place.
\+

The elecgtron exhibits its particle Aifght cherecteristics

by Ffinslly detecting, by finally exhiditing its posie

tlon by producing an sppropriate chemlcal process, the

result of whigh iz a flash of light. And we observe

that the electron 1z here. PRor one slectron, in other

words, there 1ls cexrtelnly no interfersnce pattern. The

interforrnee pettern does not srpes: all o1 once. You

have =imply an individual electron. Fow, & second

electron arrives in the course of this very weal beam,

What happens to it7? Does it 1and here“ No, it lande

at random, relatively speal inn* té/thi point, But

now we continue more and more elactrons, each arriving

Independently of shs others. 212 coming under the

same experimental conditions land upon this stmdilation

soresn end &s more and mors come,(%pr the photographic

plete perhnape to givega rermanent record} as uore

L .
g VN »yﬁ

and nore ﬁ&ﬂﬁi&ﬂ~00me,&uh9 pattern of this interference
behavior emerges. In other words, many electrons land
herey none land there, and so on until the Finel pictwre

of intensity is one which gives this overall psttern.
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But nevertheless, thislhas come about &8 the result

of the rendom 1anding of these electrons at various
points on the screen., Put in sncther way, Ssuppose

we had cerried through such san experiment ten to the
tenth electron\ggggifinally landed on & certain sarea,
and the picture of inmtensity of relative nnmbexﬂwﬁuch

as this. Now, I vrepeat the experiment. I prepare
exactly the ssme circumstances, and I turn on the
electron gun and see whet happens, Now, again, the
first eleotron moves through this g;;;r1‘will it land

at this plece; certainly not. We begin all over again
but the vattern repeats itself in a random way. The
first elsotron of the second experiment will land herej
the second electron of the repeat experiment will

lend here. TIn other words, the lndividusl paxticies
srrive in a perfectly random statistical way. There

is no possibility of controlling. This is, of course,

e generalization from a half of & century of attempts to
dc so, bubt, nevertheless, the pictuxe which we must
gocept is that within the domain of microscopic phanomengn.

we are unable to control within the framework of this

particular experiment where the individual particles
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will 1apq}but what is pexfecily determinate,and
will e repeated every time you repest the experiment,
i the plcture of the interierence pattern. In
other words, we have, %therefore, = - we nave 1o

§imyle
accere = = I plve you this one singte example - -
thet onece we have this apparent éuality of entities « =
electrong - -~ bshaving under some olrcumstances like
8iscrete entities ~ ~ particies - =, landing at
definlts places on thal scieen, but in othexr respects
aoting as waves, prouucing in their overall intensity
characteristios this iﬁtezfexenu@ wuve phenomenod, we
wust acoept the faol that the inteference pattern is
not going to be repeated in ministure every time an
electron lands. And, therefore, there must be an
aspect of randomness sbout where the electrons do
land; and thet the intereference pattern is Qerely
finally the statement of relative ;orobabilitg: that
with endless repetitions, you will find many more
particles here than here ~ - and in a perfectly regular
way. 3¢ that it is 1In a sense slmost an auvtomatio
inference of gverythiag that w: have saidj ,éut I

R

would prefer to tage it a3 rsally tioe amore fundamental

thing, that it isg a basic characteristic of the laws
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of microscopic phenomena that they are statistical.
It is not possible to predict, in general, the
outcome of & specific event. But what one can
predict, and what is the purpose of microscopic
physics or quantum mechanics to predict, is the
average result, the statistical result, the effect
that the net situation for the repetition of a sufficiently
large number of times of the same experiment. SOohere
Py we have the basic situation of microacopic
physics -~ - there are these two new phenomena which
we must Incorporate into a world picture: the

fact that phenomena are atomistic and that they

ére statistical. But to be statistical, of course,
does not mean that we have failed; in other words,
that our physics is fundamentally different. We
simply recognize what the nature of this new
microscopic physics must be. It is not to predict
the outcome of each individual event. It is to
predict rather what the outcome must be on the average;
what the probable outcome must be. Andr;q,this
experiment - - or rather this simplefa;;;fiption of
the experiment - - indicates that this is something

that we necessarily must put up with. 1In fact, as we
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will perhaps suggest in 6 discussion, if we
attempt in any way to control precisely where this
first electron shall land, we can indeed do that;

we can produce a new experimental situation in which
with essential certainty, the electrons will land
ghzgﬁhere. But then we sghall have no interference
pattern. In other words, the two situations that
we're talking about: one in whichf!%; interference
pattern does appear is one definite experimental
situation, and in that it is not possible to predict
or control in any way where the individual electrons
will eppear. There are other experimental situations,
however, in which, in fact, we can control and
predict where the electrons will appear in the course
of moving through some apparatus. It will be a
different apparatus and that apparatus could never
produce an interference pattern. In other words, we
are dealing, so to speak, with two distinct aspects
of the microscopic world and it requires a different
experimental situation to display one ox the other.
Let me perhaps come back to say a little more about
this because let's think now of how once having

recognized that we have these two basic features
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of the microscopic world, the aspects of atomicity
and of the statistical nature of mieroscopic events,
we could now proceed to construct a theory that would
in some way incorporate this very bizarre situation.
To indicate how this comes about, in other
words we must have a mathematical theory, We must
have a mathematical theory which in some way will
represent a suitable mathematical model or idealization
and enable us to predict in a coherent way, in
much the same manner as physice has always done, what
the outcome of experiments will be if we are given
correctly all the conditions that fully characterize
what the nature of the experiment is. To see what we
have to do, I think we must go back and think a little
more consciously of some of the fundamental principles,
gall them philosophical, if you llke, which underlie
Q;geréﬂfﬁics - = or shall I now say mgcroncopic physics -~ -
because that's now the distinction. I now think
specifically of the theory of measurement. And here,
of course, we have to recognize a fundamental philo-
sophical conception that physics is an experimental
science and it is concerned only with those statements
which In some sense can be verified by an experiment.

And the purpose of tﬁi@ theory is to provide a unification.
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a codification, or however you want to say it, of those
results which can be tested by means of some experiment.
In a sense, therefore, what is fundamental ih~a-thiory
48 the-theeremof-any theory of a specific department
of nature is the theory of measurement within that
domain.

Now, what was characteristic of the
theory of measurement in the macroscopic classical
physica? Well, the essential thing that was basic
to it was the conception of a non-disturbing measurement.
That is to say, qf course, it's perfectly obvious
to anyone who has ever come near a physics laboratory
that in the process of measurement, which is to
say an interaction between the physical object of
interest and a measuriﬁg apparatus, (you may take as
the simpleat model the insertion of the thermometer
into a body of water} the object, of course, is to
determine the termperature of the water ideally as it
would be without any disturbance by means of the
thermometer,but without the presence of the thermometer,
there is no means to determine what that temperature {g}
In other words, we must - - to gain information about a
particular object - - we must interact with it physically
in some way but nevertheless we would like to be able

toidealize that interaction in such a way that we could
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Ynemn:ypa\\
i state what that property would be

nsvthough the interaction did not ocecur. How, you
know, of course, that whenever the intersction occurs,
there must be some disturbance as s net effect of
that interaction with the object in question. The
insertion of & thermometer into a pail of wester
changes the mass of the water. It will change the
temperature tmt is to be messured in some way.

But what is characteristic of oclassical physics is
that we state, and correctly, that it is meaningful
to talk of an idealization in which that interaction
can be mede as small as we please without, however,
it becoming zero; because if it is zero, we have

no means of gaining information. To gain information,

the interaction must be present, but we can meaningfully

speak of that interaction being so small that it does
not disturb the object of interest. Now, that is

in fact not always necessary; that is, one fact of
measurement thet we can carry out in which, by means
of a disturbance that is so slight that 1t can be
neglected for all practical purposes; then we have
carried out a measuremengﬁ;zkthinﬂ we want, That is

not always possible. For example, some measurements,
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shall we say, represent chemical changes, which
are large alterations in the nature of the sub-
stance and these are certainly not negligible

distyxbences. It is here that & second aspect of

(e

mecroscopic physios comes into Play. We say that

it may be necessary for some measuremsnts to mske
large disturbances in the object of interest, but
since classical physiocs is causal and deterministic,
we can cslculate as acourately as we please snd
correct for the effeot of this disturbance.

Any of you whc have taken classical physics will know
that any measursment has a theory associated with it,
A theory which represents the recognition within

the framework of that practical experiment whst

the disturbance hes been and the celoulation; how

to correct for that disturbsnce in order, therefore,
to come back tc what an idealized non-disturbing
mesasuremnent would be. Inlother words, the two

bagic features are that we can either make the
interaction so small that there is a negligible dis~
tu¥vbance; or in a particular experimental ocircumstance,
by the nature of the experiment we wish to perform,
We cannot make the disturbance arblitrarily smell, we

can 8till calculate the effect of that disturbance
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and compensate for it with arbitrary precision.

This 1s,the-—~ simply stated‘-aNit,ts
the theory of classical m%ngpdvfuﬁdﬁﬁnd essociated

with that, of course, corresponding to this
lideslization of non-disturbing measurements, either
because there is no disturbance or that the

effect of the disturbance can be precisely substracted
that 1s accounted for, underlying this, of course,

is the ides that there is then no limit to the
acour&cy with which we could meke measurements simule
taneously of any number of physical properties as in
thésgzatement of the concept bf state, for example,

in NWewtonian physics. When I assert that the state

és the specification of the positions of the momenta of all

thece particles, of course, v , ’a;f in

that 1s the assumption, consistent with the whole
scheme, that in fact I can carry out the measurements
necessary to give the numericel values that those
quantities have at every time, or the distribution of

electromagnetic fields throughout all of space.

So, the point is, they#fore, that the
classical theory of maasuremcnté says there is no limit

to the accuracy with which we can a8s8ign numeriocel
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values to all thea quantities that are needed to specify
the sate and since all of these are deterministic
theoﬁ;j)that meane te all physical properties at once.
For this reason, sinee physical properties, so to
spesk, cen be mssigned numerical values, one has

never in classical physics drswn any distinction between
the physical properties and the numericel values

which they have at any particular time because we are
always in the position of baing asble to assign to the
physical properties considered, if you like, as an
abstract thing, a very concrete reprcsentetion by

means of numericsl values which s non-disturbing

neasurement would assign to them at a particular

time.

So, here we have again restated the foundations
of classical physics: the ideslization of non-
disturbing measurements and the correspvonding foundations
of the mathematical representstion; the identification
of physicel properties with numbers because nothing
stands in the way of the continual assignment of

numerical values to these physicel properties.

How, what is the situstion of microscopic

physics? Drawing upon the vaest body of experimental
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data which finally eccumulated in the course of
Several decades, and which I have finally summarized
under these two basic headings as the properties

of microscopic physics or, if you like, of micro-
€copic messurement; the phenomena of stomlicity and

of the statistical nature of this'phenomena.

What does this mean? Pirst of all, atomicity:
atomicity means, of course, that the microscopioc
entities come or have many of their properties
carried in eertain‘basio units., There is no half
o ankelectron. The electron is s definite mass.

It has a deflnite charge. If the interactions thet

I am oconcerned with are electrostatic in nsture, I
cennot reduce them erbitrarily in strength because
there is no half of a unit of charge. This indicates
to you immediately, I think, that the basie difference
between the laws of microscopic messurement and
macrogcoplc measurement#) I must take into scaount
the faot that the strength of the interaction, which
must be present 1f I am to talk of measurement at s&ll
and, therefore, talk meaningfully of physicel phenomena,
the strengths of the interactions that are necessarily
present 1f a measurement is to take place at all,
cannot in genersl be msde arbitrarily small becsuse

the physical phenomena that intersct, the atoms, the
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electrons, in general have relevant physical
properties which come in certain units - guanta,

§it .
the crigin of the name of the subject that we,discussﬂ%

How, thet might seem a&s though this were

i
|

still not an insupportable difficulty. Ve recognizai
even in classical physics, thet there might be
circumstences in which the act of measurement produced
definite disturbances inwhich we could not minimize
the nature of the interaotion because of the particular
kiné of measurement we carried out. In classiesl
physics, we sald the situstion may be such that

the mesasurement interactieg is very strong; cannot

be mede arbitrarily weak, but this still &oces not
upset the ﬁnﬁerlying philosophy of measurement because
I can osloulate with arbitrary precision what the
effect of that interaction was and compensste for it,
correct for it. Can I still do thet now? The answer
is no, because this 1s where the second fundamental
aspeot of microscopic measurement comes into play;
namely, the phenomenoln of statistics. The fact thet
we cennot predict in deteil what each individual event
will do but only mske predictions on an average or
statistical scele. In other words, we say if a

"
measurement act involves a strong = ﬁinecessarily strong = =
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on a microscoplc scale interaction, beceuse we cannot
art the strengths of the charges in half, we cannot
change the properties of these fundeamental particles,

W

D

must accept them as they aré} If an s=ct of
measurement has produced e large disturbance, we might
sey we could, nevertheless, correct for it in each
individual instance. But we cannot produce a control
over what happens in each individuel instence in any
detell. We can only predioct or control what happens

on the average; never in any individuel instance, which
is to say, therefore, that the program of computing
whet the effect of the disturbance wes and correcting
for it is, ir general, impossible, Impossible becauss
we cannot ocontrol precisely what will happen in esch
individueal circumstance. Then, the two basic tenets,
therefore, of tThe theory of macrosecoplc measurement

are both viclated. Either the interactions cannot

be made srbitrarily weak becmuse of the phenomenoi

of stomicity, or if we wish to mccept this and correct
Tor it, we cannot do so because we do not have a
detailled, deterministic theory of each individual event;
we neve only the abllity to anticipate or control what

happens on the averags.

So, here then iéégeneral indication from

this mass of experimental dats that for mioroscopic
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physios, if we are to construct a theory, we need

a ﬁhole new theory of microscoplc measurement. inpd

to go with this, we need a whole new scheme of mathemae
tics, which is to say thet we ean no longer, of course,
speak meeningfully of the numerical wvalues thst rhysical
properties have et a given timej that is, I wish now

to point out that the failure of these fundamental
assumptions means equally well a failure of the

abllity to represent physical phenomena in the micro=-
scopic realm by numbers which change in time as we

do in the macroscopic or classical dowain, Something

of an entirely different mathemsticel nsture is needed.
And it must be of such a different mathemsticsl nsture
that it represents or i1t mimics the basic facts of mioro=-
scopic measurement., And to emphasize the relevent point,
I may say this. Macroscopically, we can measure one
physical property; we can assign a number to it. We measure
a second physical property; we assign a number to 1it;
and, in fact, we can now spegk of this rair of numbers
which are the values of this pair of vhysical properties
at a given time. And there is no contradiction here.

We can perfectly well go back and check that that First
property has still the same value that 1t had if we

coud, in an idealized wsay, carry out these messurements

rapidly enough or regenerate the physical circumstances
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in such & way that we could repest that measurement.

By contrast, suppose we have indeed succeeded in
meesuring in some way some one physical property of an
atomioc system. Now, we go on o meske s measurement

of the seoond physical proverty. That measvrement
necessarily will involve an interaction, the strength
of which is not srbitrarily wesk and the effaot of
which isztontrollable,in such & way that it will, in
general, produce changes Iin the physicel cilrcumstance
that is involved, the physical results that were
brought about by the first measurement. In other words,
the system thet is being measured, if you like, is dise
turbed in an unoontrollabléfway in such & manner that
if we now went baock and asked for the value of the
first physicel property, checking to see that it still
had the same value, we would now find not at all the
same value but 2 random sgsoritment of all the possible
values thet it could-ggggz%&é wlth veriocus probabilities
thaet depend in detail upon precisely what we have done
becsuse the second measurement has introduced a new
physical situasticn; has disturbed or has interacted
with the physicsl system of interest in such

a way that we can in no way be sure, except under very
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special circumstances, that the system has been left

in preclsely the same physical situation that would
enable us to say thset the first physical property

%11l hag the same valus. In other words, if we

once recognize that the act of measurement introduces

in the object of measursment changes which sre not
sxrbitrarily smell, snd which cannot be precisely
controlied, or shall we = = T say anticipsted, then
everytime we make a measurement, we introduce a new
physical situation and we can no longer be sure that

the new physical situation corresponds to the same
physical properties which we had obtained by an

esrlier measurement. In other words, if you measure

two pnysical properties in one order, and then the
other, which classically, of course, would make absolutely
no difference, these in the microscopic realm gre

simply two different experiments. You have g; different
rhysical situatioﬁiwhich come sboud depenﬁing upon
whether you first measure property "A"™ and then property
"B", two successions of disturbances which have thig
wicroscopia charscter, or do it in the ra&giEE&?rder,
which 1s sn entlrely different physicel situstian., A

different array of disturbances have been broueht to bear
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on the physicel system. In other words, depending
updn the order in which the microscopic measurements
are performed, you will have in the finsl result¥

a different physical situation; that is, in general

it is no longer possible to say that properties "a%

s
=4
g B

andA“ﬁ" h;ve these values because that would only
have meaning 1f you could g8t the ssme numerieal
values no matter 1n which order the messurement wes -
carriad out. Only then could you mesningfully speak
of vroperties "A" and "B" us compared to first the
measvrerent of "AM and then the measvrament "m'j

as compared to first the measurement of "B" anéd then
the mensurenent of "A". These are simply different

physical situationt

Se, therefore, the mathematical scheme ocan
certainly not be the assignment, the asgocistion, or
the reprasentation of physical properties by numbers
because numbers do not have this property of depending
upon the order in which the measurements ars csrried out.
The assignment of s pair of numbers to two physiocal
properties introduces no sense of order, no sense of

seguence., We must instead look for a2 new msthematiocal
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scheme 1n which the order of’physical operations is

represehted by an order of performance of mathematical
operations. Wov that¢;5iiaui 4o those of you who

may be mathematioally sophistioated vut perhaps not
aware of the actual course of developmenté, may sugges®t
to you that in fact the development of quantum mechanics,
whioch was the f£ipal culmination in the sense of the
erection of?logioal scaffolding to incorporate these

pevw laws of microscopic physics} that the methematical
scheme that was £inelly found to be neoessary and
sucoessful 1is the representation in a very abstract way
of physical phenomena = = physical properties == not

by numbers bux by elements of an slgebraic soheme which
are non=commutative in the sense of pultiplication.

In other words, the multiplication of these symbols

was found to be the proper counterpart of the successive
performance of measurements. And the fact that the order
of measurements in consequence of these disturbances

is significant means . that correspondingly, the sense

of multiplication of these symbols must be gignificant.

And so we 8I¢ led to a much more sophisticated
and deep mathemstical soheme in which physice properties
are set into gorrespondence with%r'non~oommntative

elements of an algebra oI hypercomplex numbey system as
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compared to the very elementary representation of
phjsical properties-numbers. So here theﬁ;>so to

speak, the way in which the laws of microscopie

rhysics led to a deepening, a much more sophistiocated
level of mathematical representation in terms of s

system of non-commutetive physical quantities or, as

they often are referred to, non-commutative operators
because the full development of this scheme of mathe=
matical representation showed that the proper develop=-
ment was to be done by assoclating to every physical
property an abstrect symbol or operator, and to

associate with every physical state = =~ the idea of

statg reocours - - to associate with every physical

state a veotor in a suitable abstract space on which
these operators acted. In other words, you have s kind
of geometry now, & geometrigzation of physics in which
you now have an assoclation between vectors in an abstract
space and states, operators in this sbstrmot veotor space

and physical properties,

And as a result of all of this, a very beautiful
mathematical scheme which gives a wonderful account of
aliUthese seeningly bigarre and ﬁﬁbomprehensiiz facts of

microscopic physics has emerged. This is quantum mechanics
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as it is known and this development took place
essentially in the years 1925 to 1927, still very

distant from our present point of view,

Iet me describe, within the same general
framework what the nature of quantum mechanics is,
It 1s still a causal theory. @Giventhe state at one
time, the state at any other time is uniquely determined
but what makes it different is that it is not a causal,
deterministic theory. It is s causal)statisticallly
deterministic theory. In other words, while the
knowledge of the state at one time fixes the
stete et another time, what information is obtainable
from this knowledge of the state? Classically, if
you knew the state, you knew everything. If you knew
where the particles were and how they were noving,
Jou could prediect any other physical property you
happened to be concerned with with arbitrary precision,
but as we have just said, of ocourse, arbitrary precision
of individual predictions cannot exist in the mieroscopic
world. Nevertheless, as a science, as s science of
observation, we must be able to make precise predictions.
But the precise predictions are of s statistical nature.

The knowledge of the state enables you to predict the

statistical, the average outcome of the result of
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the result of the measurement of any physical
property, but never the result of any specific event.
In other words, if you know the state, you can then
predict what the result of repeated trials of measure=-
ment of particular physical property will be. You
will have perfectly determinate, statistical pre=
dictions but no longer individual predictions, And

8o in this sense, then, I say that the theory is still
causal. The connections between states st different

time is still present. This apparently seems to be

fundsmental in any physles as we know it; at least

up to this point. But what has changed drastically is
the fact that the knowledge of the state does not

imply a detailed knowledge of every physical property but

merely, in general, of what the average or statistical

behavior of physical properties may be. And so this,

in a sense, has been the final understanding of these
remarkable - - what appear to be paradoxes in the earlier
developmenfaaf the theory. They are now resolved in
terms of this statistical determinate rather than
individually determinate theory.

¥ow, in particular, however, within the framework

of these states, I have spoken of states but have in
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no'way indicated how a state is to be defined. The
answer to this can be given if we think of kind of a
model of a physical system which still comes very close
to claseical models. For example, we beéﬁh by thinking
that atoms were to be understocd simply by electrons
with the idea of small material bodies moving in a
certain definite fisld of force; that field of force

to be the £ Ou lowklaw of attraction between the
electrons, as negatively chniged bodies, and the nucleus
as positively oharged bodies, Here iz a zituation
which seems to fit the Newtonian mold; & definite law

of force, a finite definite number of materisl bodies.

“What Ta11Ed wes not thet the dynéﬁicél”pic%uréwﬁgs

not carreset but that the laws of microscopic physies
were different. They were not such as to permit a
detalled, deterministic prediction but/ﬁﬁii this
character of the stetistical deterministic theory. But
now here, at least, we have a physical model which is
classical in pioture. When we describe ean atom, we

say how many electrons th&&fare and what the nuclear
charge 1s and the pleture is still classical, at least
as far as our minds are concerned., It is very different,
of course, in how we go about ocalculsting. And the
difference 1s that while, Tor exsmple, where we

talked asbout the hydrogen atom we would say, in a

very simple plcture, here is one electron and the
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electron has assoclated with 1t physical Properties

of position and physical Properties of momenté;‘ané
classicaily we would say that there is no limit to

the accuracy with whioh we could measure thése positicns
and momenta simultaneously. The net outcome of this « =
the distillstion of what physicists have learned throughe
out this line of development 1is that this is not the

atom. The best we oan do to specify a state is not

to essign numerical values gimultanscusly to &1l of these
oclassioal pProperties of position and momenta but to

only halr of them. We can, in Tect, produce experimental
situntiena in which we know brecisely where asn eleotron
8. Ttmmnt o . onan Zosuwti Lat o,

1 : DE on
sereen that is essentially the position; or we osn

produce experimental situationSin which we know Precisely
what the momentum of the particle is, That, in faet,

ie what T hed in ming when I started this bean
éxpeximent. Here is the particle, moving in a definite
direction with a definite speed, and having a definite
Rass. That meens I kgaw the momentum, but when I

know tha‘momdntum, in & sense ] cannot know where the
position is and the appearance of the interference
pattern and the rendom felling of the particles on the
Screen is the sign of that sffect. On the other hand,



if I produce a very different experimental situation,

of course, in which I arrange matters so the elecffgns
always land herej so that I have a position measuregéﬁt,
I can predict precisely what the result of such a
measurement would be; then we will never have an
1nterfere§qg:g§§tern which i3 oharacteristic of a very
differen;;éi%ﬁation where the momenta are perfeotly
definite. In other words, what has changed basically
is what is the nature of & state. If we have a

certain number of particles, electrons, for axampla%t
and the speocification of the state is the specification
of where the particles are at & given time or alternately,
how they are moving &t & given time, but never both
together. And this fact ~=- that in e sense, by comparison
with whet would be & full apecification of state in
classical physics, that in quantum mechanics, the
specification of state is the ability to specify with
arbitrary precision what the result of the measurenment
would be of half of those properties. But then we are
completely incapsble of predioing the individual vslues
of the other half. They will then simply have random
probebility distributions.

If you make measurements again and again on
this state, about which you know precisely the positions,
you will always find that position, of course, comes out
pPrecisely as it should be. But if, on that state, you

make momenta measurements, you will find never a
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definite value. You will find a random statistical
distribution whioh is the wider varisnce =~ st
wider varience «- the more precise is the acouracy

with which you specify the position.

Now in fact, this simple situstion is
essenticlly a statement of what is perhaps the widest
rhilosophical principle thet has emerged from these
studies of microseopic phyzics., This 1s what is
known as Bohr's principle of complementarity. And
by the idea of complementarity we mean the final
unification within these genersl principles of what
began by seeming to be & psradox. The fact that
electrons which, under certain perfectly definite
experimental situations, scted ss particles would,
under other experimentsl sltuaticnz, act a8 waves « =
this is now, so to speak, what we have expressed in a
more precise way by the fact that the definition of
state never refers to all of these physical proparties
but to only half of them. You have the privilege of
designing experiments in which different choleces sre
made as to which will be the physisal properties

whose values are precisely known and\yé$

—~STSy Waves represent the option ~ the

choice on the part of the experimenter to produce an
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experimental situation in which the momentaﬁselected*g
have definite values, the position can then not be
controlled. In other words, Bohr's principle is the
statenent we have in microscopic physics first of all
& new Werd,(Fhat's the important thing to reoognizé§ in
which clessical analogles faill but, nevertheless,
there ere, so to speak, certain situstions in whieh
analogles of a classical nature do hold in which it is
rossible to spesk meaningfully of particles with
regar? to certain clroumstences and certain mﬁasuremants;
other situations where electrons, or what have you, can
be gpoken of as waves. In other words, in which
there are two distinct classical pictures which can hold
under different physical situations, never simnltanaousl{)
End in which the applicability of one picturs mevente
the applicability of the other. If we have an experimental
situation like this, this is the experimental aitvation ~ =
the picture is one in which the electrons act as waves
and then the classical picture is inspplicable. We
cannot predict precisely what the perticles will do.
If we do attempt to use the classical plcture, the
result is simply a statistical prediction of what the

result of position measurement will be. In other words,




51.

we never have, we never can have this as a reselution
of the paradox: the wave pictﬁf&?ﬁbldimg, this is

the interference pattern; and'§§§7particle picture
holding, the prediction of a dafinite position simule
taneously. We can produce axparinantal situations in
which one picture is relevant unﬁ'the other is not but
both pictures are on the same 2¢qt1ng. ¥e can produce
experimental situations in whiﬁhﬁ&ther classical plcture
can be applied, and the othery 1a,then inapplicable.

The idea of complementarity, hﬁwﬁver, is that a full
understanding of this mivroacapie world comes only

from the possibility of applying both pictures; neither
in itself is complete. Roth must be present but when

one is applied, the other is exalnded.

This is, so to speak, thﬁ'eutirely ﬁew situation
which has no counterpart in anysdf the classicsal
philosophical modes of thought,‘li is something that
simply must be accepted or, at léast all physicists
have accepted it ~ -« it is simply the way in which the
laws of microscopic physies hn§s §een understood and
a8 the result of which an enormomwsly successful development
of quantum mechanics has arisen‘  The net result of

the appliesbility of these understandings in microscopie
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phenomena has represented within the space of a few

yeary the complete swesping away of what was traiitionslly
regarded, at least as far as the fine work of fundamentsals
of all of the olassical problems of physics; in cther
words, an understanding of the state of matter in all

its varicus common manifestations has been completely
é%@%ﬁié. A reduction of chemistry to physics hes been
brought about. The understanding of all of the various
diverse properties of metter in ell its forms under all
ordinery clrcumstances is reduced to a few simple facts.
The laws of quantum mechanios and the speification, if

you like, of which particular configuration you happen

to be talking about -~ - you must give, of course, sema
Tr=¥ss == what the nature of the nuclei are and various
other metters. And then the laws of quantunm mechanies,

in prip?iple at least, and to a largs successful manner
'huve—bggn practice@ﬂ ac indicated by the encrmous
Gevelopments of the underlying theory of the solid

state and many other applications.

All of these are in large measure the direct

s

understandingi%an.axp;essign of the understanding., of

o & JC \f\.’f‘)‘x' Lo
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or =« that have been codified =
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amd o fued in guantum mechanics.
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But now in a fundemental sense, this was
completed by 1927. This is by no means the end,
however, of physicists! investigation of the physical
world, gadevelopment has gone one end gone on in
the direction of looking for entirely new realms of
physical experience within the domain of higher energies,
smeller distances ~ =, We have spoken again and agaln
of the atom but within the center of the atom is the
nucelus, and within the nucleus are the nucleons, and
a8 w3 are now beginning to understand, the nucleons are
made up of other still more fundamental primordial
entities. The search goés on. PRut to understand it
a little bit, I think, in what lsngusge this development
has continued; to understend the language in which
this is continued, I must come hack to an idea *hat
I mentioned ruther earlier, the notion of the quantazed
& field because here we have perhaps the deepest
expression of what has been learned, so %o speak, what
has been learned within the framework of theses micro-
Scoplc phenomena. Iet me perhaps introduece this in
terms of another basi: philosophical idea which is given

an entirely new turn within the phenomena of microscopic

physics. This is the idea, or the concept, if you like,
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of identity or indistinguishsbility. Tt is, orf
couise, verféetly clear to you that when we speak

even in olassical physics of electrons thet were
terminology Indlcates thet we understand that one
electron is just like encther. If we measure any of
the properties of this electron, or thaet electron,
that is the fundamental non-scoidental propsrties

Q% mass, its charge, and whatever more sophisticated
properties you may be concerned with, these are invariably
the same. This is, if you like, the fundamentzl cone
ception of the uniformity of nature without which
physics could never begin to oparate. We must assume
that one ssmple of & particular substance is like

any other sample if no irrelevant circumstances ere
involved. 8o that if we take &ny two electrons,
describing them classically as we might have if we had
two beeme of electrons moving in some evacuated
chamber, then we understand that one electron is Just
like another but in classicel physics, there ars no
particular implications in this, because desplite the
identity, the indiscernability in principle of the
two electrons, in claessical physics we are never in any
difficulty of being able to specifically distinguish

them. We can say this electron originated from this
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region of space; the second electron from the

second region of space. Classically, in the sense of
being aeble to follow in detail the projectories of
these particles, I can im every instance say precisely
where this electron came from and frnce its path

back continuously to the point of origin end indicate
no metter how these electrons may intersct in some
complicated way within a vacuum chamber or a radio.
tube, for example, in principle, st least, if I were .
making use of nothing but the classical laws of
physics, I could always identify at any stage precisely

which each electron is.

Now, I think you may 3&? from that that the
situation must be very different when we recognize the
laws - - when you recognize the ;§££E££& of the
microscopic wonl; that it is not governed by those laws.
If we have, for example, a collision experiment.

Suprose I have two beams of electrons. I set them
~to collision, an experiment which, incidentslly, will
hopefully be done in the not too distant future - =

you could meke them protons just as well, in which

case there is no difficulty in performing the experiment.
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It is, of course, important to realize that the
laws of nature which I am speaking about govern
ell of the various manifestetions of matter., If
I choose & particuler example - - if I speak of

electrons, that is historical convention. Those

could be protons, neutrons, hy¥)éw*@qu piwwb%@#ﬂ

the laws of physics are the same. Now, if we

imagine such a collision, if it is to be a collision,
these particles must come into intimete interaction and,
of course, what they do not do now is carry eut; ag they
would do claessically, = detailed‘%ﬁ}jactory because

for that to be meaningful, I must be able to always,
without disturbing the nsture of this experiment,

check prebisely what this particle is doing et every
instanbe of time. That calls for s degree of control
or d%detorminism which is impossible in the micro-
scoplc world. If I have produced sn experimental
situation in which the particles hesd toward each
other, then they have rather definite momenta. Then,

a8 I have tried to suggest, the complementary physical
Muwame} no longer cen be specified in detail. I |

have no way of knowing, nor can I giVé’gny meaning
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to precisely where these particles arxe.

In other words, to draw this on the board,

I must indicate a %gu;afax{ 1ndieation) I must

indicate that I have only a fugey knowledge of
FET AT ¥ X
where these psrticles are, éh&ch is to say that I can

no longer fell what haé happened hers. And when
finally these beams separste, so I nc longer have

any doubt about which is which, I have no right or
ability to tell whether this slectron is that one - -
or that one =~ - because I have not been able to follow
in detail precisely what has happened. In other
words, these basic physical phenomensa, the atomicity,
the statistical nature of things, the inability to
control in detail individual events, implies corres-
pondingly the absence of an ability in the fundamental
experimental sense to tell in detail which particle.
is which at every stage of the interaction, which mesns,
therefore, thet my description must teke into account,
in & fundemental way, of this fundementsl failure of
being able to place e tag on every particle becsuse

there is no experiment I can perform that gives reality

to that label because to do so would represent the o'
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o~ _vation  into this expsriment, the performance

of & detalled microscopic localigation experiment

which would change completely the nature of the
experiment. It would no longer be a =2imple collision,
there would be something else there, equally important,
interacting with these particles. It is a different
experiment. And this is the whole point, of course,

the recognition that I must indicate in detail precisely
every experiment I have in mind becsuse every messure-
ment I wish to perform changes the conditions of the
experiment, produces a strong, non-controllable in-
terference in the other things that are going on.

The net result of all of this is to recognize that the
description of the states of several psarticles neces=-
sarily could only be done in a way which would incor-
porate from the very beginning the fact that they

were indistinguishable; that particular labels have

no significance; and to simply state the results -~ - and
we certainly can't go into the details here - - this
simply means that when we have several indistinguishable
particles, the states can only be described in a

way that is perfectly symmetrical among ell the particles

that contribute to it.
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Now the word symmetrical is to be understood
in a more general sense. That means in particuler
that if I had seversl particles and I hed a specification
of the state, let me use what is tr&ditionallyla
matter in which the state is speoifieép I,g;ggi{of
vectors but the vectors are desceribed by numerical
quantities and the numerical quantities are what is
known as wave functions. These are the wave functions
assoclated with these waves, if you like. Here I
have several particles and here ere their positions;
for example, say that at & partioular time, the only
description which is tenable is one in which this
wave function is either completely symmetrical among
@ll these positions, which puts them on exactly the
gsame footing. 1In other words, in which these
arbitrary labals are deprived of any distinguishing
significance by insisting that no matter how the labels
are given, the wave function or the state is the sanme.
But this can be done either by meking them completely
symmetrical or complktely anti-symmetrical. and in
this way we rescognize the existence of two very distinct
types of systems of identical particles. And, in fact,

of the two basic examples we have used, the protond and
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the electron?, the detailed properties of physical
phenomena show that the proton belongs to this

clésa of symmetrical staté% the electron, of oourse,
and the other particles fall into the framework of

anti-symmetrical states.

Now, the concept of the field 1s something
else., The concept of the quantiviﬂ field 1is something
rather different. Here you see, perhsps I might - -

I have written an "¢" but, of course, what is reslly
involved in "Y-Y~Z" - the position of the particle

in three-dimensional space of particle 1.; "X-Y=-Z", the
position of particle 2. according tc this arbitrery
labelling, a’symmetry of which is removed by these
requirements of symmetry. Here similarly i1s particle 3.
Here you might say that I have in & sense a field. A
field is after all physically a distridbuted object

in space and time. Now, say if I were talking about
one particle, which in a sense is what I am aoing;

then I would have a specification of stsate, or‘ifwave
function®Swhich tells me what ths state is at & given

time 38 _in terms of position measurements on the particle.




Now, we have something which is very much analogous,

as far as 1ts struoture is concerned, to say s Maxwell
field, an electromagnetic field, a function of speace

and time. And 1t might seem that what we were realliy
taiking about here is a field., But I trust that perhaps
& rather technlsoal way, the fascot that Ivncw have the
functicnﬁ;of sevéral positions in space and time
indicates that this is not a field in the conventional
sense. In other words, here I have rather a much

more abstract, multi-dimensional conTiguration space « -
a way of lndicating what ssveral particles are doing

at once in & highly hypotheticsl mathematical space
which has nothing to do with ordinary three~dimensicnal
space because there are many three-dimsnsionsl spaces
now being considered at the same time. The idea of
quant@uia field is a deeper unification of what

hee been achieved by the new principles - - ies something
else mgain. It 1s now a much more sophisticated notion,
or at lesst at the time in which it was introduced it
eppreared to be. IV was sooh given experimentel confirme-
tion in the sense that the ideslization that wes introduced
was soon found to be the all-preveding phenomeng'of

high energy physics. I speak of the following idea.

Suppose, let me so to speak, - - may I come back again
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to this wave functicn except ineteed of writing "X-Y=-2"
I will write = position“gai thet, here sre several
rarticles st the time T. iet me introduce a new ccn-
ceptf;hich is the following;1‘If I wish to speak of
three rarticles; say in s certainkj experimentsl
situvetion, let me imagine,';nq et the moment it is
nothing but imagining, an i1dealized - - an sbstract
physicsl situation in whioch I will creste o partisle.
wWhat makes this 1mportant'is'ﬁhat if T am concerned
with various experimental situutions with verying
numbers of particles, whatever situation I am interested
in with sasveral partioles.ogh be imagined as being
brought about by an uniform process, the creation
abstractly of whatever particles I am occncerned with.:
And let me, for exampls, deascoribe this aect of creation
in this way. 7This now means something entirely
Gifferent. It is a creation ¢pQrat¢r. An operator
becsuse it symbolizes a physical property but sonething
bayond what we are accustomed to thinking of, snd an
operstor becausa it acts on a state, the state being
the gtate in which nothing is present, or physicslly

e vacuum., And so I will imagine, for example, simply

writing here the vacuum state, and now I vwill create
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to this wave function except insteed of writing "X-Y-z"
I will write a positionﬁgai thet, here sre several
rerticles at the time 7. Let;me introduce a new ccn~
cept’which 1s the following. If I wish tospeak of
three rarticles; say in awperﬁai@}y experimentsl
sitvetion, let me 1magine;;§n§ at the moment it is
nothing but imsgining, an idealized - - an sbstrect
physical situstion in which I will create a partisle.
what makes this 1mporfan§’is'ﬁhnt if I am concerned
with various experimental siﬁﬁ;tions with verying
numbers of particles, whatgf%f'situation I am interested
in with several partieles-d§ﬁibe imagined as being
brought sbout by an unifniﬁ yiooess, the creation
abstractly of whatever parti&iﬁs I am concerned with.:'
And let me, for example, dekdribe this act of creation-
in this way. This now means'homething entirely
Gifferent. It is a oreatibn;épgratér. An operator
becsuse it symboliges a phy#idal propexrty but something
beyond what we are accustomad to thinking of, and an
operator because it acts on s state, the state being
the state in which nothing is present, or physically

e vacuum. 4nd so I will imagine, for example, simply

writing here the vacuum state, and now I will create
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particle 1. at the time T; I will then create particle

2. &t the time T, or any number of additional particles
and in this way, by the repeated action of this operator,
{(here I have written 2.), I will prdoduce something
which is essentially in the nature of that wave function
which involves both position and the time T, and the
important thing is that these requiremants of symmetry
and snti-symmetry on this wave Ffunction can now be
converted into algebraio statements on these operntors.
If the situstion is one of symmetry, as in the case of
pkotons, then I assert that whether these are multiplied
in one order or the othexr, the result is the same.

That produces symmetry. If it is anti-symmetry, as in
the case of electrons, I assert that if they are multiplied
in one order, the result is indingiiQQJ;f what oceurs
when they are multiplied in the reverse order. In

other words, the properties of these two oglasses or
identical particles, or statistics as it usually is re-
ferred to, becomes replaced by an algzebraio property

of these operators. In short, we now, instead of
talking about a system of a definite number of particles,
are led to think of physical systems withig an in-

definite number of particles because we can produce
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whatever number we are interested in by the appli~
cation of this orestion operator. We now then, so

to gpeask, transfer our attention to this operator

a8 the bagic physical objest. And this is what I
nean by the quantﬁ&%s fi2134 hecause it is on the

ons hand a fileld, it 1s a mathemstical gquantity which
varies contlnuously in time andé space. Un the other
hand, it 1s certainly not & classical field because
these, as operators, are not things which can be
measured simultaneously and in the opsrator character,
in the fact thst the sense of multiplication or

in a much deeper wey than I have been able to

describe it, is significant, we have the slements of
discontinuity which is essentially the particle concept.

In fac&ﬁ I have described, I bhave cbtained,
8 fleld - « and I have described it to you in terms of
physical operations on particles; namely, this is
the symbolized ~ = the operation of ereating a
particle at a certsin point in time dut since I can
do this anywhere in space, at any time, a fisld nonception
is introduced. 1In other words, the two entirely
unrelated classical conceptions of discreteness of

particles, of continulty of the field, now are unified in
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in this entirely new concepticn; if not unified,

then transcended because the new conception, which is
beyond eithar,/gg:aggz are after all incompatible in the
olassiocel) sense because there is nothing that is both
discrete and continuous. We point to something which has
neither of those properties but which, in iimited

domains, can be characterized in terms of either

of these conventlional conceptis.

So, here is, so to speak, the fundamental
unification, the ides of ths quanté’as field. The
fant that we can sort of spseak meaningfully - -~ think
of processes in which particles are oreated and then
goraspondingly, we must also have the inverse process
in which they are destroyed at various points in

space and tine,

This, a3 it arose historically was simply a
convenient way of summarizing the mathematical propexties
of indistinguishable particles but soon, throug_kithq~
ever broadening developments of experimental~§§;;;tﬁ:hat
was here conceived of simply as a convenient mathematical
ideglization became reality. The ability, as enough

energy was availstl e, to produce the rest energy of ’
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particles according to the Binstein reistion: glven
the ensrgy that correcpunde Lo the nass, a physical
particle can be producsd. It msy be necassary for
other reascons o produce them in pairs as in fact is
the case of the electron and its counterpart the

poeitron.

But by the early thirties, these experiments
had been performed. In much more recent years, the
abllity to create pairs of protons and anti-protons,
neutrons and anti-neutrons regarding vastly much
grester amounts of energy and hopefully experimerﬁ;s
are now on the way to creeting pairs of ail the other
particles known to bte the building blocks of nature.
Theze alone then give the field then - 50 to spesk -~
1n‘$4;-interpretatiom of symbolizing an act of

greation, an selement of physicsl reality.

But now in the course of the development, it
soon became reslized you see that the mcment you have
introduced the fisld in direct carrespondence and in
direct assocliation with particles ss we know thenm,

inevitably this situstion could not persist. A new

level of abstraction had to be reached and was reached.



It occurred ementially within the vast 15 vearz in
the course of attempiing to understand in more detail,
moré deteil demended by the refinement of experimental
data, to understand mnore of the properties of atomic
phenomena than were successfully accounted for in the
first flush of the develcpmant ¢f quentum mechanics.
The experiments Yers on. Kore and more refined
properties becanes known, More and more sharper applile
cations of the theory w;;e r2 quired. And, for sxsmple,
in the case of eleotrons in atoms, in which from the
field point of view we are really consernsd with the
dynamics of two fields, There is the field which is
assoclated with the electrons and also their counterpsrt
the peositronsy thers i3 the field which is associatad
with { he electromagnetic fielid, to use its classical
name, the figl@’of pkoton. The pbotan field, the

el&ctx@n~£5¢§éaf are én interastion. But now, t he

ldentification of each fiald by these physical nanmes
has only been an approximate one. Only if the interaction
between the two fislds is weak,; as to a large extent
it is in that example, can we use physical names in

relation to these methematical objecta. Butb in a mors




refined theory l1n wﬁicb the interaction between them
must new bve tsken ipto nocount, we have to recognige
that what we ~all phy=iscelly an electron ig only
particlly to be saszociated with that electron fielg, It
is glso partially te be essosisted with the pkotom field,
becsusse the two sre &l interection. Thysically, en
electron can sometimes radlate a pyoton. It cen then
re-radiate = - also reagbsord it. In other words, whaet
we phyaically,call sn eleatron would, st & deaver level,
be Gescribed as sometimes the sotion of the electron
f161d only but other times snother fraction of the total
history also invoives the scsion of the phetan roeid.
And convercgely, what we esll a phgton, propogating

& ,\\,L.).
'y the result of the

\

through empty space, iz not )
creation act of sn analogous pﬁdton ield because that
photcn oan ocoasionally meterialize {tself in spesce and
become revlaced by an alectron snd a positron whieh then,

in the course of time, reaombine to reform the pfpton,

Tn other words, the physical object we call
the photon i3 not what is created gll the time by the
mathematical operator. The other operastors, the quantities

that represent the oreation of electrons and pﬁetons,
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algo come into play. In othex words, onoe you
recogaize this, you now say that we draw a distinction
bhetween two levels of physicel 6$sériptian. There is
the phsnomqul}ogical level, in wt ch we recognize

the proverties of slectrons and pﬁotams a8 wa gee
then, aﬁ&S;;thé¥s, of sourse, the anormously doteilad
analysis of mb rosgcepic getrariments., There is now

the attempt to deepan the understanding in terme of
mors primitive objeots which are these fields, which
are no ionger placed in immedirte ocorrBspondence but
ttrough & chain of dynamical developuent. ind, in
fect, this program as il was spplied spacifically to tho
casa of alectrons end pbctons, or through the development
of what is called quantgmelectfhkﬁynamies. represented
a prediction for mbre rundaments]l levels of some of
the Tiner festures of electron and pHuton behavior.
what were once considered to be sygmplicg., things
that were unexpected, now becane the predicted ocutcone
of this deepeninz level of vndergtending of what the
ohzerved particles of nature werey +thet ovuy level of
understandine is not to be found in terms of whet we
aotually ses but something at a more fundamental lavel.

So 1t has always gone throughout the history of physics.



e beg&n with atoms as fundamental objects and

then we attempt to understand the properties of

atomg in terms of electrons and o nuclieus, which is
taken as nég:;nalyzﬂble. Then we movef down to the level
of the nuclaus, and analyze it in terms of the rroperties
of nucleons and 80 on and on. well, that is a vary
simple conception of how we z0 abtout it in toarms of

emaller and emallex rarticles, smaller and smgller

resions of space.

Here is something quite different. The
snelysle of particles as we know them and as ve associate
then with fields in terms of yet more fundamental fields
at a deeper level which have Fewer propexties beczuse
this attempt at undarstanding ie always to strive for
& simpler lesvel, to have deeper, more 8ymbolic laws,
with fewer srbitrsry constants, if you like. In other
words, unlike the experimentsl gltuation in which the
chiargs of the electron, the mass of the electron, the
megnetic moment of the electron, ere gll unrelsted
constants., The deeper understending attempts to
explsin one or wmore of these in tezmé of a fewer number

of fundanental things.
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So it has gone in the csse of quanth™aleostred

dynsmics. This has been very sugcessful application
of this ider that 1t is the quant® es f1eld conception
which is the stetement at the momsnt of ouxr deepest
level of undsrstanding oi micrescopic phencmena, but
ag I montioned, and it must be familiar ¥to you to

some extent, in the course of the devel opmeni of
higher and higher energy nachirnes, mors and mere
particles heve become known and these have eppeared

in & bvewildering erray cf properties. Some of thenm
are stable. Some of them ars uﬁ&table‘ They decsay
into esnh other in sll posaible conceivable ways,

They are rtroduced as sufficispt eneregy is

aveileble very coplously es the result of ebviously strong
interactions. They ¢ nen proceed very slowly to die
svcoeeadvely, moving down to the finel =table particles
that we know.

In other words, entirely different mechanlsms
gre in operstion, depending upen whether the crastion
of these pexticles in impact or their successive deoay
or casoading down to the final stable particles we
know, which are gtill the electrons, pRotons, plus a

few cthers.
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Tew, the interacticus which sre involved
here in T j%aS" studies of nucleaYy phencnens are of
an entirely different jeval then the &1ectré%¢maﬁnetic
ones. The glooty i4_mazmetic forces &are assentially
rathar weak. &nd on the basis of this, one has been
able to develop technical methocs of hanéling these
intera~tions. But when ons comes to the very muoh
stronger vonds that huld =~ that not only hoid the
nucieus together bud hola togethsxy the paxrticles
that compose the nucleons, thet make up the nucleus,
nere we sre &t a much more diffioult level in the
sense that néfonly are th2 phenomensa bewilderingly
complicated but we also lack the methematical means
to draw tus implications of any particular hypothesis
about what is golngZ on. And &8s 8 result of this, anﬁ_
T think I sm going %o gtop finally at this polint, there
has come sbout a very deep schlsm betwesn two wchaolq
of thought about what stould be the fundamentel nabure
of sn explanation st this 1svel. Should it be ths
continuation of thls poLnt of view of the sesrohing
for deeper understandin§5iﬁtezmn of ideally a very
aall number of fundam3n‘al\ rields, who in thelr dynamic
interplay and as & result of the complexity of that
dynamics, finally bring about the manifold nature of
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the world as we see it; or must we really absndon this

attempt completely? 1In other words, replacing the
diffioulties by the anticipation of a fundamental end

ppossibility. Must vwe sbandon this attempt altogether and

simply desoribe nature in terms of what happens when

we teke variocus microscopic particlesy perform experiments
on them7 We send electrons in, protons equal to the
various kinds of nucleons, in which we perform experiments
in which these particles enter a cexrtain reglon. We

make no attempt to desoribe what goes on there

and simply attemp?t to finally charscterize what emerges
when the particles are separated again. Is Hhie the
purpose of theoretical physics, to be no more than

a cataloguing of all the things that can happen when
particles interact with each cther and separate? OQr is 1t
to be an understanding at a deeper level in which there
are things that are not directly observable as the
underlying flelds are, but in terms of which we shall

have a more fundamentel understanding. VWell, this
idealized, frankly beyond all recognition, is in a

sense the deep philosophicael problem that confronts
theoretical physic%%%s at this current frontier of high

energy physics, The attempt to understand the structwe
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of matter as metter has been revesled to us in sll
of 1ts complexity with the ever rising level of the

energy that 1s available to creats new kinda of

natter.



