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I pugt sey I epnroached the ldee of

gtvX,ng thls lecture wlth Sreat dlffC.dence be-

oaus6 betng one who Le neither tralnod nor por-

ttoular3"y ologuent tn the tradttlonal mEdes of

phlJ-oeophlcal" dlsooureer Lt wae not entLrely clear

to ae thet I oould sey anythlng vsry holpful to

thls se$lnsr. But on seoond thoughtr tt gegnsr tt

had seened to me, tnd I hope porheps you w111

egree after tontght, tha! there are deep pht}oecphtoal

leeeone to be learncd j.n the vay tn nhtoh the

praotlolng theorettoal phyetotrat thlnke about tho

foundatlor$of the subJeotl that ts, ths nanncr ln

rhtoh he epproachas the prouLenl ths Seneral

crtterla that he brtnge to bear on what te e reesonab}e

solutlon. m Irerhape you nt6ht say that tho tmpor-

tant thlng then Le to dlspLey the gonerel world vLew'

the worLd ptature that the theorettoal phyelolst

hag,

$or, thls le pertlou]'arly elgnlfLcant

ln oonneotion xLth tho epeoLflo topic of our sonlnar

thls evenlng, quantum physlcs and phllosophy' beoauee
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quantun physi"ee or qu.snturu meehanice, bg whleh

I thlnk w€ m€an ftnally the rstlona.l irrode of

understandlng of mi.croscopio or atomtc phenonerta,

has perhaps had the groatest i.rnpae'b of any cf

the deveS-opnents of phyelcs upCIit^ the node oJ'

thlnklng or tbe r+orld pLcture of the physlslst

and thereby tndlrectly of the generel ctttaen.

Sow, to Lndloate that the toptca ue

want to dtaouss today 6vsr so brtefly nre not

ner*ly a netter of reoorrCtng wirat Ls ftnished and
ln

settled aad a dry eubJect, 1et ne, perhaps Juet

atupl"y lndJ.eete to you that ln the cument ltne

of :ieeearoh Sn *nr"{ol1'}nr*n ,* ooneerned wtth the

attennpt to underetand the properttes of the vast

nunrbers ef so-called eLenentary parttcles whtnh

have been dlsdbsed Ln the course of lnvesttgattons

of htgh Bnersy pliysX.oo - - that tn*"Jilt:rged

v€{y deep phllosopblgal guestions concernlng what

tho purpose of tho theory shouJ-d bs. In other

rords, the claes of theorettcai piqrsLalste sre

spllt along rattier seep llnes of what they oonsj.der
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to be the proper mode of developnent, the proper

meens sf flndtng a logLcal explanatLon. fhese
"{arej' thelr foundatlone c**e phtlosophtcel questtons

end r thtnk ve c&n only underetand evsr so dtuely

hoid these deep phtlosophtoel oleavages emong orrF-

rent preotlctng theoretlaar phyetotste havo some

abouto lf ne try eornshow to stuay the hj"storlcal

}lne of developnent whLch iiae lea theoretleal
q.

phyalc{.e**e up to tts oulrent problens, tts

aumsnt dlLemnn5yhlch muet seen, at the present

point, to be ever nucb mora dlfflault than arly

of the tblnge whlch have prevtoueLy been oonsLdered,

0bvloue1y, 6very egc thought that, but thte ls

agatn the Earne si.tuatlon.

How, Jf we wsnt to understand osreeXftoal.ly

the orlgirrSaf quentum physlee and lte ou:rent llne

of deveLopment cf hlgh enersi physl.ee, I thtnk we

tmrst go baek to see hcu the stage hae been set through

the deve1opnront* ,rf irhat are oailed olaestaal physlos

to aorapare ui.th quantum physlcs , Fl clesal"cal

physlcs r ",rs Frealr eseentlaSly the preci-se f ormulatlon
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of all of the pu'cArertlee sf natter as they ltsre

fins[y expreeeecl Ln their essen[ta]Iy per{ec1;

for:st at tire beglnntng of the z0th eentury and

vhieh are characterlsed by the faet that sh1le the
qre

underlylng aonc€ptlons gr-taeal-leattonsr tt was

no easy Job to be a fielt leo cr to be n Sevtont

neverthel-ess, theee cguceptions st1ll strtke v@lfy

cl-ose te oommon, erdlnary BYeryda$ affatre' to

understand the prlnclples sf physlcsr&s they are

exlireseed wlthtn theee sreat generallsetione of

ttr+ee elaestcs.l" physlce, ie. not very dlff ioult. our

eohool ohLl.dren menags Lt all the ttune. 8ut qu&n'

tr.iru phyeLos ls sonettd.nS dtfferent, rn guantun

physios, and Erren nors so ln the sument f tn{ of

developnent of hLgh snerglr physteer You go far

I
beyond ttre ordLnary sltreatione of overyday J.tfe,

lde strtke at a leve1 of ldeallaatton that ts hsrd

to apnreolats untJ.l you have se€n horr thls hlstortoel

Ltne of development has come abotr't'

\ t l  t  a l

Ht d to begln this hi 's'boricai deveioproent

ftret, tlre fl.rs1; s3'anci phyei*a} tlieoryr oi" courset

ues that of l{ertonian pirysics. frrie ts a iheory
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of $ssslve potnt partlclee ishtch tnterect by

&eans of aotXons at a dletanee. the tmdtttonsl

theory of gravltatton, of oouree, ls the oLaeslo

eranple of thLs. And to oharaoterlae thts theery

Ln a generaS" way tn terne ef Lts phtloeophtoal

foundatLon? let ne nay that Sewtonlan phyelee,

or sewtontan ueohantos ls e ec'ueal, rletermtnlstia

thoory. lfonr, b$ thte I sean the fo11ow{ng thtnge.

By eausaly ooo rroans eeaenttelly that when the

ets.te of the eyntem ts gtven et a deflntte tluo,

end vre srust returrr to prooteel"y whet we me&n

by statse but when a state ie gtven et a pnrtloular

tL&e, thehthe etste Ls conrpletel.y doterurX"ned at

aBJ other tLme. $hLs l,s rhnt re maen by oau.sell.ty.

Caueal"Lty ls tnfersnoe tn tLpe. Olven thc etete

of sffalrn at ono tlne, a etate of aff,elrs ls

uar,queJ.y detemslnad at another ttne. t{het nakee lt

dote:mtrulstlc t,s that the knowledgo of the etnte

alss detoml"nes all posetbl"e phyntea} phenolnsne

Frecleoly.

l$*r,r, tho qekl"ng of thts dtstln*tton

may not sesui \rexlf f"nportant untLl, se coms up to
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the rather rilff,erent eltuatlon thst appeers in

quentun mectranLoe" I heve epoiren of the rteto

althln the framexork of l{estonien phyeies or

Sewtonlan nechanies. ft surely {e fetriLlar ta

you that when you spealfy ths state of the systom

of partlalos xhlch lntsrest wlth eaoh other by

means of Lnstantaneoug foroee as the pavttattonal

foree was conaelvsd at that t lme, that thre full

spectrftcatLon of state te the j.ndleatlng of pre-

clsel-y where the parttoles are et a given tnets.rdh

of timo and hon they are movlnsicrr perheps tn

nore teohnlcal" Langu.age, lt is th6 spoatf lcatlon

of the poettlons anci the momentS crf the partlc3.es,
1\

the moment* boj-n6 thetr rngsses, thsLr: tnertLas and

tlielr yeLoeLtLes. if tt ie poslttone and tbs

**r*Sfo of partX.cl-en are knpwn at a glvon fnetar#*

of ttne, snd lt J.e knoua preolsely under uhat l_arq

of force thcy ars no\rtng, euoh es the 5.:l: I
statenent of the lnvorse Bqnnro law of gravl,tation,

than thte ls theepeclflaatton of the eta'te. sLrren

the knowS.esge of tha stato, the stats of eny other

tt*re ean be predleted and a1eo, stnoe thts ls a
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determlntstlo thecrry, the knowledge of the state

ts the ortgln of the full knowledpe of the snslrer

to all poeelble phyelcal questlons that can tre

esked.

Sovr, bo lndtcsie thqf$ewionlen phyeJ.atst

ts not sorae'r;hl*s thur lfJ.t*t-lr"it*ff,, the irisrorly of
physicn, 1"o t a.e pex'haps rn:riLntj you of the faat that
the *rlunrp of l lew'bonten nhysics ie tndleate,j €v€Tg-

tlraer ox. ehould I ray a-Lmcst everytj_me, ue have an

e.nnounsement frc.nt Cap* ,lane.v+tralr s.nd certat.nly

er'(]ry ttue we iltlve e.n s.nncunc#rnent frora Floscc.rld.

rhat is, lfelrt'nr.an phyeics, ss s^ny generar- thoo::y

of piryslcs mus'r; b*, remalns perfoetly var.td 1n rts
onn rionain and the damalnn of souTse, te the rnotlon

of naterlal bodiee under tira actton of known raws of

foree whleh are tristantaneo\u.s ***-i$ffitton* and
oover, tlrcrefore o fuLty ths motlon of artl.ftcl-*.1

eatel-l l tes ln the perfeetly we"rl known fter-d of

foree tiret tr* pro''rded try the gniit^tl onnr attreotlon

of the earthr orf mors hopefull-y the iroon, the pl.nnete,

anri so on" pl:yutce intnorluces neu thearler: not heeause

the th*orl.es tn a part!.euiar riorna.tn al:e found to

be unsatts:f*etory, although they "nay be so ar^so, lf
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the technlque of experinent becomes finer anci

fLnerr anci new phenoloena are found uhLch pass be-

yonci  the leve1 of  accuracy ln the ear l ler  theor ' lesrL ' , i

primarLly because the <iomalns of physlcs whlch corue

into quest lon are ever extended. For example,

the next -  -  t i rat  ls ,  to fo l }ow our '  l " tne of  h ls-

torlcal devel.opment - the introductton ln tho

17th century of the SewtonJ.an coneepts led to a

steaciy development of  those l"dess, their  appl teat tons

prtmart ly to aetrononleaL phenomena, r , rh leh lasted

for essent la l ly  a fu l l  ?00 yee.ns,  whl1e the technlcal

neens f .or  the lnference, in a preetse sen$e, of  the

irnplicatt 'rn$of these laws lrere ,lrawn untl l one

couki fully car:ry out the ealculations neee$safy tCI

fol low the paths of  the planets* and SO

in partlcular tn the dornaln of electromagnetLsm.

And then ue e&me flnally HglI *nu seeonci ha:lf of

the 19th century to esse.nttally a new physlcal theory

golng beyonr i  anything that had beenr se tc spenk,

concetvec wtthin the frarnework or # !(er*tonLan physics.

on,. ft was, however, during the t9th century that
$.

ner,l areas of physlcal expertence bog{n to be net
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thls le F[axwellts fteld theory of electronagnetlsm.

And let ne eay agalnr that as far ag the brosd
,,: ,- -- ,.r i\ -- .- -

alissefusatlon of these thesrlee ts conoernsd 
'

thet  th le wae aleo a oausal ,  deter:ntnlet te theory.

But what uede Xt so very di.fferent wes what ltes

lnvoLved ln the spectflcatlon qf stete. Let ne reoall
' t , ' , - . t - )"-

agaln thet the SewtonLan bftil*t"ee rere 6ono€rn6d ulth

potnt partlcles and the epecLflos.tlon of state rae

the tndlcatlon of where theeo parttalee fl6ra and

how they rero novlng at any prrtlcular tlne, ft ls

a dleorets doeorlptlon3 e ftnlte nuraber of parttcleeI

a flnlte ntmber of quantltlaa ts ncoded to oherecterlse

everythlng about thls phyrtoal eyotem, Sy oontract,

tho ftel-d thcory, and I havo Ln ntnd of oouree the

\rsry epeal.f le exemple of tbe eleotromngnette fleld,

thts requlres,  for  the spoetf loat ton of  statsr  sB

rnnst Btve not a fi.nlte nurnber of thtngo I where the

partloloe are and how they are lnatpJ.n$, but e,n lnftntte

nurnber, i{e muet tn prtnclp)"er et Leaet, speclfy

shs.t the eleetromagnetLe fteld te do1n61 how the

elestrlc f leld le poLntedS and horu the nagnetlo fleld

1e polnted at every polat of spsoe and thle at a glvon

t1ne. And what naakes thls a ceuaal theory ls that tf
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lre knolr the state, if we knou the dtstrlbutton

th:"oughout spece of the eleetrrc ant! magnetle

f te ld at  a glven t l rne,  then we ean pre<i iet  at  any

Later t tnne what the dlstr ibut lon of  the ef  eet : :Lc

and nognet l -e f i "e lds w1l l  be.  Gtven the stete at

one ttne, i l ie state is uniquely s#"d at another

t lme. That makes i t  a causal  theory.

rt"geLn, uhat makes lt deternilnistlo ls

the knowledge of  the state,  the knoulerrge of  the

electr ic and ma6Snet lc f le l r ls  eompletery determlnesn

supprtes the ceterrninist lc answers to al1 quest lons

that can be ashed abc-rui  the olectromagnet lc f le ld,

And agaln rnay r potnt out to you that wh1le we are

talktng ab'ut  a doneln of  e lassleal  physlcs,  wl th

the lnferenee that th ls rs not the f lnal  word,

noverthelessr $ou have only to look about you at  the

ever exp'andtns development of radio roramunl*ation

systemsr and mlcroweves of  rao"rr , l tof  te levls ion,  to

lndl:ate that evoryday the quanta#ve su.:cess of

l {axwe}l  ts theory ls derronstrateci .  This 1s not,a

past hlstory J.n the development of  physics, ,  H is

soraethi-ng whose vaildlty is conf' lrmed 
".r*tiunr. 

The

polnt, hogever, is that lt refers to a l lmitect doraaln

of exper lence. f t  is  not  aLl  of  the physical  wor lcr .
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So, here then we harre two very different

klnds of  physr la l  theor les,  both eausEJ",  both deter-

nr ln lst lc but wtdely dl f ferent ln tho nature of  what

eharaetertses the specl f t ls t ion of  tS state.  Cne

l1ner Bo to epeak, *  on@ l in i t lng domaln of  the

spectrun, 1t  r -s a r j igerei ;e deser lpt ton.  A f lnt te

number c: i  qu'rnir t t ies is speel f led.  The other,  at  the
o'6her enc, ls a conttnuou.s descr lpt ton.  Fields are

invof i red'  d lstr lbuted th{.cughor i t  a l l -  space. r \nd these,
so to r:peak, are the rcodels of the two llnLts of

c lasslcal  bohavS-or l  the dlscrete,  the oont lnuour i .

And 1t  Ls paf i leular ly lnterest lng to see how these

tu,r entlroly i i l fferent elaEslcar'. morJes of descrlptlon

have I,* 
^ 

sense become unlfled r or perhaps better
I i

trandcerlded l.n the further development$of quanturn

physloo. '
:

,  ,And nowrr,st l l l  cont lnulng wlth our

h1st, , r r leal '  devel .oprrrrent,  (of  course, thts ls al l

fanl l iar  to you),  that  at  the end, or shai l  we $ay

the begi4tnlng of the z0th century, there were further

very i.ray'o:tant developments assoelated with the n&ne

of liins,ri;eln - the clevel'prnents of the speclal and
genera3- theory of relativity. But yet Ln a sense,

these lrere n't radlcally new cleveiopments rn the



senss thet f neen quantun neohenLce to be; they $sr€

roundtng or.lt the franowork of slaestee3. phystes. fhey

lrere the reeognltton, so to epeek, that onca s€ bad

plaeed the flel"d pbenonena, the eLeotronagnetlo fteLd

speetf1ca1Ly, on the sene por,6r - sn tbe sa&e founda-

tlon - as the theox$of partloles, that re hed to

recognlae that there was a llodl,fl,cctlon tn the etriat

f,eutonlan polnt of vl,er. In othor rords, rhlle re

certalnly heve stl1l to deaL rltbln thts franerork

vltb polnt partloJ.es, the polnt parttales no longer

lnteract by tnetantensous foroeg. I{e now reoognlue

rlthtn thle freuework, whlch ts partloul"erLy enpheatred

by the rcl"atlvlty theory, thet the tntcraattonSbc-

treen partlol"ec ar6 propOgated througtr spao6 by neans

of the tntemscltnry of the fteLd. And nsy I lnelclentaLl-y

aLeo enphaelre tbte dtfferenee between the tso olaeatcal

nodee. fhe strtot tewtontan vtewpotnt uas one of

lnstanten€oua tnteraotLon et e dl.stance. fhe fteld

potnt of vtew l"s one of LooeL tnteractton prop{&atea

frora one polnt of opace to the conttguoue polnts.

lhere 1s no Longer wtthln the fteld ooncept any ldea of

tnstantqneoua propflgatlon. It ls proBqgatlon through

I



space and tlne by neans of a nechanlem whleh 1s, tn

fact, lntrlnetoally ltnLted tn epeed. $hla 1s, of

course, the fetaoue eonstanay of the speed of ltgtrt,

whlch ls the starttng polnt for all of the lnvesttfia-

ttons on the epeclal theory of relatLvlty.

And eor what flnally emerges fron all of

thls ts a ttreory tn whtoh there are partlel,es and

flelds, standlng stde by stde, nelther erp}aLned ln

te:ms of the other. A duaLLstlc the ory, but ln whloh

the str!.ot $entonlan potnt of vler has been nodlfted

because lre nor recognlse that the lntEraottorsbetween

partlclee are not lnstantan€ous but are propilgatod

through the meohanlsn of the f tel,d. fhe fteld ls

there to suppl.y the dyneuloaL sgpnoy by whtch partlcloa

tnteraot. $hte, tbon, r", #3J&*Y',15*t"rro potnt

of vtev whLob ts the culnlnatton of elasetoal

phyales; the potnt of vleu 1n shteb we heve slde by

s1de, nelther erpl.alned Ln torrns of the other, the

dlscrete potnt of vtew of parttcle\ the contlnuous

polnt of vlew of f,leld i oad S fnrrUanental duallty,

It was to bo the purpose of firrther

deve3.opments of quantun neohanles thet tbese two



I}

dlsttnet elasetcal coneepter ds I sayl a,f,€ Rerged

encl becone transeended xn sonethlng that has no

olassi.cal counterparb - - Ls a n6H oonceptlon in

1te own, the fa"*{S eoroti}"ls fleld. And we must
try to trace tho deveropnent of qrrantum moohanloe,

startlng from thle olaasroar baokground r ..p to thle
aueh deeper quantun neohenlsal foundatlon snd
erplanatton - - a kr.nd rF#l}t"otng o$ the olasstoar"
dualtty. (f presune hore I an trenpllng eonerhct
on the douctn of t.rrE nert epeaker but he c#f,

Sou, so muotr then for a sumnary uhteh

can bardly do Juettoeto eeveral hundred years of
hard work by uaqy physlelsts 1n attemptlng to lay

the foundatLons of theee laws of vhat r wlll now

oalL e,acroaooplc phenonsne beaause lt rdasr of

course, ln the rnvestrgatron of the nr""oi$&{31/-:
of the atonle phononona*-tlrat an enttrely new rorld
and e new syeten of order uas opened [p. ft wes
her€ that tt wae found that the Laws whleh gerved

80 very relI to range froa ordtnary experlenoe on
the earth to extrateryeettal exper!"ence tn terms of
the notlons of tbe plaaats; r*hsn ue turn nat outuard ,
but tnuarril r !{€ found ne$ laws of nnotton\r nes raws
of physLee, ne$ L's.ys of tbtnktns, new ph1losoBhleal

eoneepttorts.
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Sow, lrow dLd thls come ebout? Ftrst af
t'

all f uuet retrLnd Sorr * - J aen hadly, of oouree, do
f i ,

Juetlc4to th\ treaondous dovelopsrcnt ef phystce Bhtch

occutryed durlng these years s.nd ttre oarly part of

the zoth aentury - - but these developnente began

tn whet may Beem to be a paradox becaus'€ ile hed polnted

out the fsot that tn olaestoal pl4ysios r w6 had two

dlstlnot leus of behavl"or, rnd CIne nevsr tranpled on

the other. t ie elther hed pertlelee, and they wers

dlgorete obJeotsr or ye hed ftelds and there wsre con-

tlnuous obJecte dtetrlbuteri throughout speo6. And

tbe ftelde aould be attenuated es !iluoh .ee you He.nt * *

a radlo naver &s we trnveL out through opace, beeome*

weaher and weakqr and wes,ker tn e pert'e,otly eonttnuous

rray. A parttcle, bn the other hand, hae dlscrete

propertles whloh 1t oatrl.sre rrtth j,t. And eo the

renarkabLe thtng we-e the dtsooverry, lnvestlgattono of

various atonts phenomena, of sn appa,rent poradox,

Objects such as l lght n&rres, for exarapleo whtch Here

knoi,in ffom Var1,ous 6rF
rnf t r f t ,4rar<
e€+ibac'c phenonena, to be essentle,lly ln the neture sf

Hsves, that j.e f tel,d phenonena; there are lrava longthe

5.
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+\s"r
assocle.ted wlth 1* and llght f.s spread out ti:rough

spa.ee Ln a ehnracterletlc f ield rday, One now found

that fronq perfor"mlng euttsble experJ.ments, that

these 11ght rdavoet now appeared to aoqulre, undor estr*

tatn experl,rnentaL conditions, partiele-So proporttee

unLtke the plature whtch the ol-a*qstoal_ notlon of

a Ltght wava whtch suggests that the onereff of ths

Ltght qr&.ve ls stnply dlstrtbutsd aontLnuously

throughout the ares that tt oceuples, 4he light weve

nolr apparently under sone elrcunrstances eNhLbtted

the abl1lty to transfer doflnlte and o"*p+*t" smounts

of energy, actlng then as a partlcle whoee aha:naoterlsttci

of oours6, ls thet a partlcJ_e hae eseoclated t+lth lt,

tn a certain state of uotlon, a deftqlte onorgy, a

dsflnlts monontun. And nou we found, in the early

days of theee devolopnents, that Ught uavesexlslted,

under aertaln olrsunstanooa, deftnlte partlale-l l.ke

behavlor. llhte $aa a paradox. Here we found thc

two gulte dtutlnot ol,asatcaL nottsns, novertheleEs ln

tsons E6naa, botb belng reeLlsed wtthtn ths mloroscopto

donaln. fhle, for exampLe, ts the eLasstc er.perlment
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of the i*r€leii electrLo effoat ln whXch Ueht Haves,

fall"lng upon netarE, would lLbere"te ereetronsr trans-

ferrlng engrgy to the eleci;rone, ln whioh a deftnite

anount of energy was abssrbed svery tirrne, oesBtte

the pioture of a elaesical" fl"eld dlstrlbuted throughout

speo6 ln whloh you nlght absorb &ore or J.ese ener6y,

depentllng upon the acsLdental olrcumsts,nces of that

pertleular e1e otrorr.

I{ow, here then wae l^ight, a eharaetertstlo

example of a uave olr a f1e1d pfrenonef l\ aetfng tn n
pev*lele-ltke na.nner. fhe eonverse sas also true,

al-though tho erperlnentaL proof of thla vould heve

to un.l.t for solse 27 yeers. But at thle dlstanse tn ttne,

r thLnk so ean J"ump eLl these thtngs together and 6ey

that e xperl"nentally r os en Laportent aspe ct of thl.e

s8lp6 devoLopnsnt, tha oonvorse ras true. Hleotrons

uer6 the eharaoterx.etlo exanple of nlorosoopic partloLos.

r]lectron baams oould be produced ln eveauated tubes

and they would Bove 1n etraLght l.tnes, And when expoeed

to eLeatrlo and nagnetlo ftelde, they would ohange

th6tr dLreetlon Juet ae naterlaJ. bodtee usre supposed

to do. Butr neverbheless, under approprlate ei.rcum-

stanees, nanel5l nhen eleetrgn beans are ecettered frour

rrlrr:riq,11@!

\
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oryetaliLne bodles, oifts riow fou-nd inte::fereni:e rlnge

E hlch wculd be chsraot*rtstto cf the type of w:rve length

or fielql phenonena that l"s clrsractqrl.stLes.l-1y assoala-

ted with a dlstrlbuted fLeld. In other wolds, lnetead

of baln6 soattered ae naterlal obJecte would be, you

found that the eloatrons movlng through a orystal

vouLd be scattered ln the way that wou.ld produee a

oharacterlstle Lnterferencs rlng nuch as ltght woul'd

do under condltLone that wonld produoe the sane we.vs

leng:bh. fiero tl:en rrsrs obJeets ortgtnally thought to

be eeeoni;1alLy oLassj.cal parbtcles whtehr under nsv

crlterlmental oonditions, vould exhtblt oonttnu*i" o"

I{a-rs-l-tk'-1 pheilomsna. 't"'je }retl then a. rene.rke.bl-e dualtty

tn -'rht'rh atrrparentl.y the sane obJeete could, under solno

eirsunast&ncesr s.ct as elaesl.eeL par*btclod; under sone

other sJ.rcul*et&nossrtouJ-d aet as eJaenlcal wavss'

And hsre, of courae r r&s eonothlng f or wlti.ch

there nag no. preparatton 1n er\y other phenoorena pf

phystoa ea they hed been known.

$ow, nore then thlsr the further detall-ed

lnveotlgatj.on of the propertiee of etomer &s they Hsre
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reves.l.sd by aetalleC spectroso*pLc experfun*ntss #ou
kncp.r of caur$er hsw ihroughout thls tlne the Fossl-

bllity of' produalng a'taiaic spec?ra Ln ,sc:r"re eu.ttable

*i.r'+umstan+e3of htgh l'aeuff)so that o$,s cq:ld lnveattgete

the beltavlpr of inClvioual atcusr hu'*r thls led to a

aeteLl"ed lnvestlga.tten of atonto spectroscopn;$ tho

aitanpt tr:' understand thls l"n terns of thE urotlon of

eleetrons rithln the ato$s, and ths oonplete fallure

of qlaseloal, pkryelos to aceount far these phenonena)

Bhe ne;re existenae of, atone and thelr ablllty tq radls.te

preelee epectral l1nes J.s a eqnfl-tct wltir oleeeloal.

phyatcs. lPhie trs n of courae, a fanllisr LLluetretlon;.

but tf re take arry plotures of an atcn ae eleotrona

novs around sono central nuoJ.eusr 8e Rutherford dls-

oovered to be tlre eltuetlon i.n Lgl"l, tbat aocordtng

to the oLassLoel laws of eleotronagnetlsun, the

aoeeleratod oharges in thetr nottons around tho nucleun

lrsuld aluaye aontlrure to radiate untlL flnalLy, they

h&d exhnusted all posslblo energy and uour"cr fali lnto

the nuoleus. And Ln the csurse of thts radlatlon,

tshish ftrst of all neant that atoms wer:e not etable n
Jj j I t i

ai flegrr+nt vj.olatJ.pn d slnp3-e eryerinnceg and &ore than
{
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ttre-t, &E they dld ser they wouLd radLste speotral ltnee

who$e frequencle,s would shenge as they got oLoser and

e)-oee:r tc the nuel.eus r anrl you uoulil have nothtnel

ana3 ogous to the omptrte*l el"tuatton of sharj speetraL

l lneE, of deftntte froquenetes, eharaeterlst ie of

lnd J.vldual- atons . So,p
d

S q# the law-+f naoro-

seapLe physLee h** fatled eorrrpl"etely wtthln the nters*

seoplc wor1d.

Sow ln the detailed ar.iaiyslu &s lt was

oemLed out, prlnardly Ln ttre lrands of fie'fle Bohr, and

others of thte iuporteat Coponbo,gon lichool of ]hyslcs,

tt wss found r tn the oours€ of ettmptJ.n6 to underetand

tt, by slmply postulatl"ng nes Laus of phyoloo3 by

atruggllng fron. one phenonenAsto another of what wes

neoessary to lntroducel hor one lred to throw eway the

Laws of olesslsal Bhygtss and clleoover new krypothoses

that sould aooount for theee feotst lt $es Boon found,
4ht

tn tsrnu of*enalynie of these and other expertments,

that the only expLenatton that couLd be gtvsn was by

eupposlng ttrat phyoleal phenoaenar olf physleel quent!.ttee
O.iqrn'\qr

sUch as snergg, reAtho uomentun * * are the tffo i.nportant

exauples, whlch soasrding tc classltaL neshanies eauld

assuns any possLble valuee - * tbeee are sontlnuous

obJects - - a partlale ln erdlnary ll.f,e can be glven
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anJ energy one fllshes by sfuapty pravldlng the

approprlate amount of energy. If, you eet a booy tato

rotatlon, the anguJ"ar nonsentum that thle w111 hevet

to use an approprLate teohnteal te:ru, esn bo glven eny

value. Shore l"e no parttrcular eslccted eet of

values that are natural. But, neverthaleeen the

ana}yele of the fnote of atsnlo epeotroaoopty tn*

dloated that tho ensrgl va).ues that atsus or electrong

1n atoms oould have rere not oontlnuous but assumed

deftntte vulues. PhLs uas the onLy expS.anatlon thet

oould be glven of the dtsoretcnt6s of sp@otrel Llnes.

And the partlsuLnr vn3.ues that these speatrel" f,re*

quenctee had oould c'rrly.:. **rstood by suppouLng

ttxet the angul*r *o**"ti* of the atoria or ths eleotronr

rather ho.d oertain dof tntte valuss r all qf these

val.uon betrng 6tvcn Ln terns of tne nex natural cOnetent

r*hloh le thc eo-ealled PLanok sonetent of acttonr uhloh

wae f[ret dtsoovered tn conneetlsn Elth other at'tenpte

to understand partloularLy etgrlfloant chareotert"stlss

ef atomtc phanoilBna.

+!(
So hers, then, ve hnd flrst of all r maJor
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brelrk :r1th thc pht;r:o*erra cf r.Lanel,:s,i phye ics e eii&ir*

t1tles tihl?h :J_p*st,:al_Il.y 'o'q1y'", suFpcrrci ic b* 3 *

wcli la be gttren ccntlnucus rrelu*s n*rr ?:a"d iJ.:c:: i*be

val-Lres. Tb1s, 1n other lto:.d$, 1s the generaJ. oii-

senratlon of the nlerosc,rpic idorl_d that 'the phenCInen&

of atorslclty ts all prevadln6i, Wat only naust He

account for the very extetenee of atons, wli. lch after

ail is not a cLsrestcal" eonception. 's"aesl_r:al1y, there

sh';ul.-i be nc llrnl"t to the extent to whtch yorl c,euld

eubdlvlde ns,tter, {he fact ths.t thts srzbdlvisl"on

cln:rct be csffitsd. out l_ndelffnttely, but ooesss when wE

resch the etonl* $qnJ.e |s, nf eourse, blre most funila-

nenta.l stntenent that sonethtng nei,r J"s lnrrol_veC, But

here ts the phen.omenon of atorntclty, not nnl.y tn the

nere exlstenre of atoms br"rt aLso tn the lalrs of

neehantce.J- nottein tha.t an e.tonlllty o$ 
""guLs.r 

no!ilentu&,

an aton{etty of a+tl.on, to put lt tn the nost general

welr wo"s a basle phenomsna of ntcr*ecoplc plqrstce.

And Hg *Lnply had - * I e&Xr we * but of eourse I Has not

Lnvolved at ttre tlneg there ls, nevertheleeso the
kin I  h ' i

feellng of fufi:ro here - - that physics sfuapl.y had to

underste.nd tn terns of new lewe shlch imnsoen'ied

anythlng thet was fs,EX.ller before, Thls vae a new

worLd.
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Fowu bayond thts phenemenhnof atomletty,

whteh f na:rk ns th€ one basto faet, the new faot of

nloroscoptc physlen, there ts enother one uhlc?r

apnears at the sane ttne. fhte ts theeesenttaLla

stattsttoal nature of mXcrosootr)tc phenomena. Thls

le anothe:r funf,anentsJ- feature whLeh must be aeaepted

as the way that ttro mlaroscopX.e worLd operateCI. fhe

faet that the nlarooooplc wor].d l"s necoeearlj.y stattstloaL

oan perhape be underetood Lf we thr,nk baok to rhot

$e have Juet satd a.bout the faot ttst, f or oxanple,

an eleetron beam, Xnteraottng wtth a cryntal, wlll

exhLbtt a defraotton pbcnonenom. Sow, letre thlnk

about how thls defraetton phenoulenoh tn faet rouLd

oor?e about' rn other uords, srlppoge we had a eryetaL.

A erystsl 1s a regul.ar srrangement of atome wlth a

ehareetertsti.e dtstanee neparatt*"idia .#i vtrtue of

thLs eharaeterLsttc dJ.rnenslonb-7 ery '*ave phenonenom

'cbet falls upon thts arytal in sther worcis, tf there

ts a chara*tert*t tc dl"stanee assoclated wtth the

erystal", shalL we cali lt g - - &!xd there {s a wave

ulth a characterlstle Hs,ve length, that then, dependnng

upon the rolatlon of thet uave length to thle chem,oter-

tstlo dxetanoer tlwre wtLL be certal.n prefeirred deflnlte
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c.ir '**ti.ons oi' sc*-tte:ring, Thts Lsr ior exo.mpler ttre

pheno*enqyhthr:t llas t;elJ- knel.r.r.i ln tli+ c*'$e of X*rays

wi.i icir, Lli fact, tfre dano;-stratLon iif t":hlcb represanted

aee of the experlnentsl proofs that X*rays tlrs tn

faet \ raave Bhenonena. -1o theit wh$n ?,Ee caffy - - so

tc.i speak - that when we carry out en expertment Ln

whiah a bes:n of sa;i electrcns fell.s upon thLs oryst&l,

ard thr:n mr',ves tn va:rLorin direettans fal3.tng upon e

icrcen, j.t uil.1 then prodr:ee s cr!ru-reetertstl.s lnter-

leren,;e pirenoraenovtr;wltlch t:: r;c sng tnstead o:f the

ejectrons f,sil. ing nl'$re o:: l-ees at random, wtth a

untfor:rn tntenetty n1"1 crv'er thls soreen, yo1-1 wtll ftnd

preferyed pJ-acrse. If I rssy drarq .s sort of an tntenei.t'y

pattern, *here uould be sonothl-ng we '3an $ee thet

loohs l lke thle, It:. partloulart tf thls le not a

elngle crye'hai. but a nurtbsr of suoh ory$tel$ randonl"y

orlenter,l , then '*e ui.ll ftnd ringe r e lrcul&r rlngs t
i *J,v,  l - r .  I

B,c. \  [  e\rn\rforu$ng an Lnterf,erenoa pattsrvl-*--- tldcm
lnt<i

eleotrorrs, lf I make thls bean Eo weak that nne eLestron, r

eo to spoakr ntthtn a,perfectly defi.nlte tlme tnta:nral-

aovss tiir,rugh thls crysta3- ln sone say, tt w111 ftnally

be deteated by landlng ln a perfect ly deftnt te Fl ,so€

a i  i+Ht i  l r  j - ,  - ' , - ,

gT

beon thls sereen, fhts may sor6ent
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f o:r cxa':lplr , anJ l-f ycu \a"re vesk S:+l++,e- 9* el eltron.q

and gou ).o+k e.t th* sfrs*tt, ;r,auti l sriddenl-y see a

f].aslr rf i-ight, nct e.l:l- ove::" ihi: sc.:,.'(ip'rrr b1:.t in crre, pls.ee,
\ .K!

The eieetr+rr ():ihlbits 1"ts pa:ti-c: JEtr'c che,-::e-c'.i;er"i-stle5

by :f j.nr;. l l lr ci*tectt:rE, l ' ' 'B fin"ail-p *:;hltrltJ,nS i:us posi.-

tton by p::oduetng an &pFroprl"a t* chenJ"esl pl^u,lees, the

result of whJ-ch ls a fl-ash of l. lgl:t. And r,"re obererrre

thai the eleotron l* here. Fojr r)rls slee1;:r.,rn, f_i"r othcr

rrorr]$, ther* te *erts-tnly no J.nterje:nrnce pattern. fhe

Lnttrf'::rnce pe.ttecrn does not rrf,p{gn:: ali s.t Gn.ce, you

harre s!-npl-;,t an l.rr*Lvt<iua"l" el-ectr.cn, Sow, o eeeond

elec-t:ron. a::rtves Ln the eouirse of thJ.s ve:r"y vreRll been.

What happens to lt? Dr:es j-t J_and h3,:':e? Ito, trt l^an<ie
.a

at ran<)or:, relatlvely speaktngrr, b{it\r l*o prrtnt. But

now i,re e$ntJ"nue ilore enct norc electrono, eaeh arz'lvtng

lndepr:ndently of -bhe ,:'bhers. jrrll. eornlng unoer the

saner e:q:ertr,rentnl- *oirdl 't loi:e, l-and'apon thls lttr, l i ln{,0"

eore*n an4 ss inore and ilore +orr:.€rfrut *nu photogpaphic
L

pLete perhape to gi.ve 
i1 

f.*,"n"nent reeord i *" nCI:.r]
\J i r i ' \ , { , .  .1! . ' ,

enci nore f i-na*&y come 14 ihe pattern of thLs lnterference

beha.rri+r emerges. fn other uorCs, nany electrons lanci

herery none land there, and $o on untLl- the flnel pi.etwe

of tntenstty Ls one ulrleh gtves thle qveralL pattern.
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" lBlrt nevertlreless, thrte has es$e about ae the result

sf tbe random l-anCtng of these eloctrons s"t vertous

poi.nts an *he screen. ?ut ln s.aother HeSr $uppo$e

ue hs.d earriec through sueh en stssrlnent ten to the
' rn.h. lL

ten"trr elestron Lhi{'flnally lansod on e oertaln 
Yu*t

Brrti tlts plcture of lntenslty of relatlve numberg"'buctr

a-"i tlita. SoHr I repeat the eryerlment' I preparo

sxactly thB san6 olrcusetenoss, and I turn on the

el-ectron gun and see rhat happenu. {p", agatn; ths
hat 1,.*t

flrst eleotron sovos tbrough thle h'6ain. t{t1L tt Land

at thle pLaoet cortalnly not. tr{o begLn all ovar agal'n

but the pattor-n ropoats ttsel"f tn a randorn way. fho

flret eleotran of the ssoond expertrnent rtll" land heraS

ths eeoond eleetron of the repeat erperlment wtll

Land here, rn ather t*ords, the tndtvidual rrttaies

a"rstrvo tn a psdectly randorn etattstJ"cal $&y. fhere

ls no peeelbtl-tty of eontroLltng. fhle tst of oourset

a gsnsrallEetlon from a haif u{ a centr.rry cf attenpts ta

do eo, but, neverbheJ-eee 1 the pJ.*ture uhlch we smst

accept Ls that utthln the dgnaln cf nlcroecople pireno**b,

rda are unable to eontroL wlthln. tire franevor* of thJ's

partloular experlnent whero the tndlvtdual parblolos
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wiii lanalbut ,n-hat le perfectly deterni.nate ranrl

will be l'ep*ateri e'y61.y tll':e $*u rep$et the experLment,

ls -il:e plciure of' the ltrierJ. eren*& patte:'n. flr

athi:rr r+ords, r. i$ haver thergfcrr?, - - L.i& hnv"e to
l . t t " t t l .

acc'rpt F * I rjlve you thie one *tre4*e oxautpl€ r -

tha't sn** ?;s have thie apparent dualtty of enttttee -

electer:nei - tr*lravin6 uncter $CIre ol"roumet&noes llke

dLscletc untlt les * ps,rtLc.i\ is * *, lendtng at

defi"r*ts places +u tlur1; s6.cesn, but tn ,rther respects

a*rtlng as karres, pr'oduetng in tireir uverali tnteneity

eharacicristlss thle lrrter"ierenCIr.l wei.v@ ph@nousnoHr ue

nrrst acoept tho faot that the tnteferenoe pattern ls

not goLng to be repoated ln mlnl"ature every tlmo en

eloctron lande. And, theref crre s there nust bo an

aepect of randon&sss about wl:ere 'bticn eJ.satrons do

land i &nd that the l-nteref'erencs pa btern le rnereLy

f1naL3-.v the stateffinnt of reiatJ.ve probabtl*t$l thqt
't

wtth sndiess repetttlons, you v111. flncl Blany msre

partir:)-es h*re than here d - s,nrl X,n a pezfeetly regnLar

liay. $o that l"t ts ln a s6nse slmoet an autouatLo

lnfereno* of ev,nrSi$hilrg ''chat r{t* irave sald_, lhrt I

uouid nrofcl to take ii as rsaiLy tiic ieore funrianental,

tblngntrr*,t lt 1s'{ a baslc clraracteristj.c qf the Laws
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of mieroecopl.c phenomana that they are etetisticar.

It ie not poeel.ble to predf.ct, ln general, the

outcoup of a epeeLfie event. But what orn cen
predict, and what {c the purpos€ of, nicroecopic

phyeice or quantun nechan{cs to predict, ie the
e'!,erage result, ttre ctat{atrcar. rcgurt, the effect
that the net eituatLon for the repet{tlon of e suffLciently
til:. number of tLneo of rhe a&!ne experLnent. goJrr,r

-8fu-- we havc the bael.c e{tuatlsn of ml.crorcopic
phyeics - - tharo lr. theee tno new phenonona whtrch
we muet Lneorporate {.nto s world p{,cture I the

fect thst phcnonerre are atoniatlc and that they
arG statLetl.cal. gut to be etatlgtl.eal, of coureo,
doae not mcan thst we have faired; in other words,
that our phyrLce r.s fundenentalry di:Efsrent. IdG
r{aply rccogn{.se what ths nature of, thLa new

ul'eroecopic phyefcr cruat be. rt ra not to pred{.ct

the outcme of each {ndiv{duer event. rt ie to
predLct nather whst the qrtoome anrat be on the evera6@;
whot the probable outcoue nuat be. And tn thlg
expcriaent - or rather th{.a aiuprertecc"rptron of
the exper{"ment - rndrcatea that thrr is ao'sthirrg
that w,e neeesaarLly unrat put up with. In faet, af we
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nill pcrtlape suggcst ln discureion, f.f *le

attempt {n ery way to control praef.eely rcherc thle

flrat eleetron ehsll landr sG can Lndosd do that3

!r€ eln produee e nelt experlnental rltuatlon in whieh

with eseentf"eL certa{nty, the el,eetrong wlll" Lrnd
qlw"tJ
{im' her€. But then we ehall heve no interf,erence

patt6rn. In other worda, the tlro cltuatl,ons tbat

rre're telhing aboutr one ln whfeh'# intcrferenc€

patterrn doee oppcer fr one dsfln{tc exporlmntal

ql.tuatLon, anrd ln thrt tt Ls not porslblo to prodlct

or oontroX ln eny wry where the fndlvi.durL slcetrona

vlll eppcar. There ans other experincntrl rLtuatLonc,

hclever, {n uhlch, in f,act, nG oan eontrol, and

predLct where tht eleotrons wit"L appGer Ln the couraG

of mcvLng throtrgh oome apparatul. It wllt bc a

d{ffercnt apparatus ard that epparatuc could novGr

produee an Lnterfsrensc pcttcrrr. In other rlordc' wG

ene dcalirg, ao to sFG.h, wl.th tso dtetlnct acpcete

of tha nicroncopl.o world and {t requlrca I dl.ffemnt

experinontsl sltuctLon to dl.aplsy one or the other.

Let m perhapa ew baek, to oey a littLG Eors rbout

th{s beceuae let'a think now of hqr once havlng

recognlzed thet tre harn thesc tlro baglc fccturcs
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of the Bicroscopic world, the aepectc of atonicf.ty

and of" the statlstlcaL natxrre pf, m{croeoopic €venta,

we esuld ncar proceed to construct a theory that wouLd

fn aom way Lncorporate thla vety bfsrrre situatJ.on.

To indieeto hss th{e coms about, in othqn

rord* we must have a nstherpntlcel theory; .ife uuret

have e 'mathemetLeel theory whlch in sone way w1.1L

r€preoent a su{table ngtheuatf.cal rnodel or fdecl"lsatf.on

and enable ua to prcd{,ct J.n s coherent wayr. ln

mueh the s6mo uannGr ao phyeice hea alwaye done, whet

the outcorne of experLmente wfltr" be lf we arc glven

correetly ell" the condftione that fully ohcacter{ae

what the nature of the exporJ.nent La. To cee what we

hava to do, I thlnk w€ mrat go back and thf.nk a llttlc

more connciouely of BomG of the fundemntaL princ{.pLee,

eall thes philoeoph{cal, lf you like, whf"ctr undortrle
f 'tr,i ,it I r. i: \ , t -

*hs phyalca or Bhsll I now aay ue$croeeopic phyaico

bacouae,thatrs nory the dlct{nation. I non th{nk

epecif{.cally of the theory of naarureuent. And here,

of couree, we tuve to reeognfae e fundemcntal phtlo-

eoph{.cal eoncept{.m thst phye{.ce is on experlmntal

ecl.enee arrd lt ie concerned only with thoee etatenentg

which in eom sena€ can be verifled by an experLment.

And the purpose of th{A theory ic to provide a ua{ficetLon
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I codificetLon, or hotlever you nant to say {.t, of thsec

reaulte whLch can be teeted by reans of sone experiuent.
1'e-,  ; ,  ' "

In a sens€, ttrarefore, nrtrat Ls f,undemntal fr-'e. ttr$ory

M*any*.thee*y. of a epeciflc depertmnt

of nature ie the theory Ef &eaeurerent withln thst

dosrstn.

Now, what wss cheraeterl.atie of the

theory of, meseuremnt in the macrorcopl.c clalafccl

phyeLcol well, tho essentLal thtng that was bacl.c

to it wae the coneeption of a non-disturb{ng tsGasuromnt.

That {c to a&yr of ccuree, lt t s penf,octly obvl.oua

to anyone who hes evsr come neer e phyalcc laboratory

thet in the procs.E of, neaourement, rhLch Ls to

aslr an Lntercctfon bstrseen the phyaieal- obJect of

intereet and a meaeurLng apparatue,(you may take eo

th€ a{.np1eat nodel the Lneertisn of the thersometer

lnto a body of water$: tha obJecto of carree, {a to

deternul.ne ubc t€Fperature of, the water ideally ao {t

would be without any disturbanoe by rnccns of the

therrorreterrbut wlthout the pregenee of the therrnouater,

there io no mans to determine wtrat that temperature I#

In other words, rd€ nuet - to galn lnfcrrmst{on about a

particular obJect - w€ nust {nteract wLttr it phyeically

in eom way but nevertheleaa we would like to be ablc

to rdeotf.ge that interaet{En in sueh a way that we could
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pe rn ' i1$*\11
l.na€dlct€,tJ state uhr.t thet property Houl_d be

ra though thc J.ntera.otlsn dtd not ooour, Fovr Yorr

know, of 6oura6, thet rhenevor the intaraotlon oocure,

ttrcre nust be sono dlsturbenoc as a net effeat of

thet lntcreotlon wLth tha obJeot Ln quoetton. fhc

Lneortlon of a theru.onctcr into a patl of rstcr

changcs the Eess of thc watcr. It wil_L ehangc thc

tenpanture tlrt le to bc Bersured tn sone wey.

But i rhat  Ls character lst lo of  o lassloal  pbysles le

that re etate, and corrootJ-y, that tt ts meanlngful

to talk sf an ldeaLlsatlon tn whteh that lnteraetlon

can be nado as enalr a,s we please wlthont, howevern

tt bosontng sorof bccausc 1f 1t ls E6ror wo heve

no ncl.na of grtalng lnformatl0n. To gnln tnfomstlon,

the lnteractLon nugt be preeent, but uo oan aeenlngfuLl,y

epoek of tht Lntcraotton bclng so enarL tbat it doas

not dleturb thc obJcct of lntorcst. fou, that te

ln fnot not alwryg neocasaryi thrt ts, one fact of

ureeurtucnt that we oen oerl? out ln nh10h, by &oa,n8

of a dLsturbsnoo that ls eo sllght thet tt een bo

ncgLaoted for al-L practteql purposeel thon se havo

ea:rled out a noasuren*rrtnHtthlnlq we want. fhet ls
J

not always posslbLe. For exarapLe, some msasurements,
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shell we selr represent chenlcal ehangss, whLeh

are large alterettsns ln tle nature of the sub-

stence nnd these ars cer*alnly not neglrgr,bre

dleffis-freneas. rt ls here that & seoond eepeot qf

nacroscoplc phyel0s coxoss lnto plsy. l{e say thet
jt nay bo nceesss.ry f or sotsa neaeuremente to nake

lergo dlsturbanco' rn the obJcct of lntere't, but

sLnoe claseloar phyelos Ls oeusel  rnd detcrmlnlat lc,

we cen eel0uletc a8 eoouratel"y aa ue plGaac end

correet for thc cffeot of thle dtsturbano'.

Any of you rho have takan er"aseteel phyelca vtlr knov

thet any Esasurcment hae a thoory e.ssoclated wlth lt.

A theory uhLeb ropresents the rocognltlon wtthi.n

the frameuork of that pr*etroal- expertneut rhnt

the dtsturbanoe hae been and the oeloulatron,rrow

to eo*ect for t lNat dtsturbanoe tn order, therofors,

to cone beek ta whst an tdoallsed n.n-dleturblng

nsasllrement would ba, Xa qther xorda, tha tuo

baslc featurce nre th"t He oan elther ms.he thc

lnteraotlon eo sqsll that thsre ls a negllgi.ble dlg*

tuHbeneer or 1n a parttcular alFerlnental clrcunstencar

by the nature of the cxperi.nent we $ieh to perforn,

He oannot nake the dlsturbanae arbltrerlly euall.r rfc
oen ctt1l calaulatc tho cffeet sf that dteturbanee
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end colnpens&te for tt stth arbttrary preeteton.

fhle 1s,the--* s1npLy stated, #

the theory of  oLaeelcel  \ i  . : . , "  
. l 'srd assoelated

with thet, of coursel oorr@spondlng to thls

ldeallsatton of nondlsturblng rosasrlrenents, elther

bcoauee therc ls no dleturbanes or tW the

effoot of thc dleturbanoo cen bs prootaaly subetractcd

tbat ls aooountcd for, underlylng tir le, of ooursG,

le the ldee that thcre 1s then no Llnlt to thc

Looureey wlth whloh wo oourd nnake ncasu:renents si]uul-

teneousl.y of any nunbcr of phyeLoei properfi.oe ae ln
.J r -.rJ

thoo.sth.tcnent of thc eonoopt of state , for axarnplc,

1n Kewtonlan rrWstes. when r eseert that the steto

4s the speelfloatton of the poslttons of tho nomenta of aL1

these part le les,  of  course, i \ .  "  
' t  I  tn

that Ls the assuroption, eonsl.etent wtth tho whol_e

schener that tn fe.et r can earry out the neesurements

necesaary to glrre the nurrnerloal values that those

quantlt ios have at every tlrue, or the dtstrlbutton of

eleotronagpretlc fteLds throughout ail of spao*.

So, tho polnt ie, t lutsftfo:ra, that tho

olasslcel theory of noaeuranentf says there 1e no rLnlt

to thc aocuraoy rlth whleh xe een agelgn nunGrtcal.
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valucs to eLL the quantlt lcs that are needed to spealfy

tha *tc and elnee a1l of those are deter:n1ntette
\c / '

theor l t r ' thet  &eene tc al l  phyo1ral  propert tee at  once.

For th le reason, stnee physlcal  propert tes,  so to

epeak, oan be es*t6ned uuraerLoal velues, one has

never ln elasslceL physles drawn eqy dlet lnet ton betvoen

the phyeleal proporttee and the nurrlerlcal values

uhlob thcy hsve et ony perti,oular tlne beceusc nc are

elways ln the poeLtlon of b*i.ng able to asstgn to thc

physteaL proport loo consi .dcred, t f  you l lhe,  &s &n

abstraat thtng, a very ooncrcte rcpresentatl^on by

nE&n8 0f nuncrleal velues r*hleh a non-dtgturbtnE

noesli.ram6nt uould asslgn to then at e partleuJ-ar

t tno.

sor hsrc ue have agetn rcstatod thc foundetlons

of eLaseteal  phSrstes r  the 1de al . tsat ton of  non-

dteturblng r$.oegurenente and the eamespondlng fsundattons

of the mathenatlaal rspresentatlon| the ldenttf i"eatton

of physleal propertles wlth nuubers beeauee nothi.ng

staruis 1n tbe wey of the aontlnual assl6nnent of

nunsricel valuas ts theee physLeal propertlos.

Fow, wh*t l"e the sltuation of rcloroseaplo

physlcs ? Irar*lng upon the vast body of experlnent*l



4q

date rblch f1ne11y rceunulated ln the eouree of

severel decades, and whlch r have flnaLly surenartzcd

uader these tyo baslc hoadlngs as tho proporblos

of nlcroscoplc physLes o?r l f  you l lka,  of  ru! .ero-

scoplr moaeurencntS the phcnomana of ntomlelty and

of the stattstlcel neture of thgs0phcnonene.

tdhat Coee thls rnean? Ftrst of u.lL, atomteLtyl

atonletty mes.ns, of cours€, that the rnleroscopto

entlt lee ecme or have marry of thetr properttee

cgrrted ln oerteln basio unlts. There ls no helf

of  an electron. fhe el-eetron is a def int te mass.

rt has a deflnite ohargo, rf the lntoraottons tllat

r aun oonoernod rslth Ere oleotrostetlc ln neture, r

oarrnsx reducs thon rrbltrarlly ln etrcn6th baoeuso

thcre ls no hrlf of e unlt of eharge. thl.s lndi.catcs

to you lncnedlatelyr r thlnk, that tho basxe dx.fforanoo

between tho lawe of nterosoopl-o raaasurouent and

naorosoopta urcssureraent/. r rar.rst take tnto aocount

the fagt that the etrength of the lnteractlon, whlch

must be preaont tf r a-vo to talk of neesurement at a1L

and, therefore, talk meanlngfully cf physteel phenomena,

the strengths of the lnteraetlons thet ere neeesear{ly

present if a measure&ent le to take plaoe at a)_1_,

cannot 1* general be made arbitrarlly smell because

the physlcal phenonena that Lnteraot, the atonsr the
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electrons, ln genoral-

properiies whlch ooale

the crigln of the nart6

have rel-evant phystcel

ln eertaln untts - guautq,,

of the subieet that ndhr"o** ioJ

Fow, that nlght ae6n &s though thls Here 
i
I

st1ll not en lnsupportable dLfflcultl. l ie recogr*s&,

cvcn 1n olaseical  phryetcs,  that  there mtght be

clreurestanecs ln whloh the aot of neasuraursnt produaed

def in l te dlsturbanoes lnwhlch ue oould not mlnlnnlsc

the nature ef the lntoraotlon because of the parttoul.er

klno of ne*$urement we cartlod out. rn elassLesl

physlcs,  ?re sal-d the ei tuat lon may be suoh that

the meiguroment lnters.ctto4g ls lrery strone; eannot

be rnade arbl t rar l ly  weak, but th ls st t l - l  &oeg not

upset the underS-ytng phJ")"osophy of nas"sure&ent beeauee

I can oal-oulate utth arbltrary pr-ee1e1on what tlre

effeet of that Lnteractj"on wae ancr cCImpensste for lt l

oorrect for lt '  can r etl l l" do that nou? fhe snswor

Ls no, beoauge thls ls whoro the seeond fundanantal.

aspeot of nloroeooplc meaeurenoat eCImes lnto pleyi

nanely, the phenoncnoil of statXsttcs. The faot that

He oannot prcdlet tn dete.i l what eaeh tndtvlduaL event

rt111 do but onLy uuake predlotlons on an E-rerege or

stat lst lesl  soala.  In other *old$, $s s&y t f  a
I

nees[rcnent aet invo]-ves a strong - troeassarlLy strong
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on a mtcroscoplo gca]e j.nteraction, beeause we eannot

alt the strengths of the cNrnrges j.n hsl"f r w€ cannot

change the propertles of these fundarnental" parttalest

we prust nccept theru ee they **\ If an aet of

flea-surement hns produced t fog'* dlsturbanf,e r we nlgbt

Eay lre could, neverthsl,essr correet for lt tn eeeh

indivlciuaL lnetalloe. But we ce,nnot produce a eontrol

ovsy what happene tn oeoh lndl.vldual Lnstanco ln any

oetatl. lie can only prodtot or oontrol what happens

on the evoregs; never ln tny lndlvlcluai- tnstaneer whtch

Ls tq sayr thcrcforor thet the progran of oonputtng

what tho cffoot of tho dlsturbanoc was and oorrcottng

for 1t l.e, Ln 6onora1"r lnpoeelble . InpoesLblo bcenuso

116 oennot osntrqL preolsely rhat v111 htppcn tn caoh

lndlvLdual oj.rcunetanoe. fhcnr the two baste tencts,

therefore, of the theory of maeroseoplo measuremont

ere both rlolated. Eltber the lnteraettone oannot

be nade arbttrerlly weak beoause of the plrononeno$1

of atomicll[yr cr lf we $leh to aoeept thJ.s and eorreot

for i.tr rd* canaot do so beoauee re do not have a

detaiied, deternlnlsl;Xc tl ioory of each Lrdlrrldual" aventy

ve have oniy the eblllty to entlcLpate er oontrol uhrt

happens on the avtsre6o. .

r '
$o, hera thsn te;, general Lndlastton frop

thls Bacs of erpcrlpcntaL dete that for nlsroeeopLo
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physlos, 1f wc are to oonetntst e theoryr rr€ n6sd

a uhol-e ner* theorJr of ru{crosooplc msasu:rement. ,4no

to go wtth thte, we need a whole new sehene of nathena-

t tes,  whleh ts to ee.y thnt ' .ss cen no longer,  c l f  course,

speak neanLngful-1y of the nunerleal v.q.lues ths.t physlcal

propert ies have at  a glven t tmeg that i$,  I  wtg6 , . ,

to potnt out that the fal-.I-ure of the,se fundanental.

aesunptlons ne$rns equa)-ly uell a fcl. l-ure of the

abllLty to represent nhyetcal. phenornena ln the mlo:ro*

ecoplc realn by nusrbers whtch change in 'bl-me e,s we

ds J.n the nacroeooSllc or olaeetcal. clo:,:nln, f ionethlng

of nn cntlrely dlfferant mathenattoal nature l.s necdod.

And lt nust bc of such e alfferent nnathem.atleat nature

tbnt lt reprcsents or lt nlmles the baslc feots of ntoro-

seopi.a ![6&surencnt. ,A,nd to emphaelze the re].event potnt,

I uay sey thln. Irfaoroecopteal-)-y, w6 cen Emasure oue

phyexsaL propcrtyt r{s oan essLgn s nrrmber to lt. .hr@ 
ncrgurc

n seoond phyelcal- prop*rtyt ne asstg,n s, nunber to tt i

and, 1n faot , rr€ can now spee-ir of thls palr of nurabers

wh{ch are the values of thls palr' of physleaL propert{es

at a glven t lne.  And there is no contr-edlct lon here.

He c an penfectiy raelr go baek and cheek thet that f irst

property has stl l l  the same value that 1t had if we

cotff, in sn Ldeall,sed HsI r carry out these measur.ements

rapldly enough CIr reganeratc the phystcal clrcunstanoes
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ln sueh a Hay that t*e could repeat that Eeasuroucnt.

By contrast, snppose lre travc lndoed su.cceeded tn

acasuring ln eorce way soutc one physleul property of an

atonlo s;lsten. fow, !{B go an i;o ms.ic.e s neagurement

of the seoond phyeJ.cal property, fhat measurrrnent

neoessarlly wtJ-l tnvol-ve an lnternetlon, the etrength

of Hhleh ls not arbttrartly weak end the effsat of

^*xbleh isneontrol lable,  l "n sur;h s wsy that l t  wt1l" ,  tn

general, produoe ohanges tn the phyeionL elreumstence

that ie lnvoLved, th* phyetca1 resul-te that lrere

brought about by the flrst measurement. In other words,

thc eystem that ls betng measursdr l f  yr iu l lko,  ie dle-

turbcd ln nn unoontrollable way ln such e nanner that

lf we now went baok and aeked f,tr the valuc of the

flrst physlcal property, cheektng to eee that lt etl lL

brd the sane value r wo would now ftrls not st all ihe

same value but a randon s.ssortment of aLl thc possLble

values that it corrl-d #t-d wlth variaue probabtl.Lttos

that dopond ln detaLl upon preotsely what we have done

baceuse i;ha eeeoncl neasu-rement has tntrorluced a. ne'^r

physlcel  st tuat ion;  has disturbed or has lnter.aeted

wlth the phystcal"  syatem of lnterreet in such

e rrs.Jr that ve can in Ro uay be sure, except under .{rery
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sp6els.1 cJ.roumstanoes, that the systom has been left

ln preclsaly ti ie sano physlcal sri;uation that Hould

enable us 'Co say tha"t t ire flrst phyelcal property

stiLl rlae the sgne yalue. In other worde , lf we

onc* reoognlze ths,t 'ttre aet of raeasure&ent lntroducas

Lrr thc obJeet of neasurenent oh&ng6s whtch sre nct

u.rbltrar{.i;r snia}l, und which aannot be preetsely

oonirollod, or shal.l we - - f eay antLoipa,ted n tlren

everyttme rds nske & ne&surernent r \ils introciucs e. nolf

phynJ.e*l- sttuatton and lra c&n no l<lnger be surs that

the new physical sttus,tion oorresponde to the seme

ptryslca.l propertlee Tdhlch we hf,d obtainecj by an

earller &ea$trrenent. rn other words, if you ima,surs

two pilyslcal prapertles ln one order', and therr the

other, whlch elasatcaliyr oi ' colrrse, woulcl mak* absolutoly

no dlfferencen these ln the rnlcroscopic roal.m are

slmply tw-r dlfferont experi.nent$. you have tF olf,ferent
t!.

physlcal sltuatton5vhi.eh cone abou1; deperuling upon

whether you flret neasure prope::ty ttA* arrd tf ien prapcrty
t !B' t ,  two susoessLons of  d lsturbences wl: i* i r  have thls

mLcroscoplo character, or do it tn the ,11t"ff;,ordsrr

r,rhtc h t s sB entlrel y d 1f f erent physl ca1 
-i"ff i. 

A

dl"fferent array of d1.stu::bances heve been broueht to baar
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on the physLcal eysten, In other uords, depencltng

upon the orcer tn wtrlcl: the nl*roscopic ueasnrenents

are performeCn yeru wL11 hsve i"n the final_ resu.lt{

a dl f ferent physleal  st tuat icny that ls,  tn general_

l t  ts no longer possible to sny that propert iee t6t l
! - - t  a.- .  ' , . '

endl *Bo have these valuee because tlrai wculci onl-y

have meantng lf you coulcl sset the s&me nrrriaeribcal

valnes no natter 1n vhteh order the measlr?'enent was

ea:rled out. 0n1y thsn coul.ci you meanlngfully cpeak

of riropertles t'Art a?ld frBt$ p.,s eompa:'ed to flret the

neaFur{:nent of ItA ts and tlieri t}io irirq&gr.:ii:rqrtent rr-B"i

aE eonpared iq ftrst the measur$nent of nBro s:.1d thon

th:: nr:asurenent of ' ,4ft,  These are st,nply r lLfferent

pnystcal  st tuat ton?

So, therefore, the nnathenatleal seheme oan

oertalnly not be tho eselgnraent, the aseoels.tlon, or

the rBpreeentstion of physlcal propertles by numbors

beeauee nunbers do not hc.ve thts property of dopendlng

upon the ordor ln whletr the msss&romsnts are oerrted out,

the asslgnu,ont of a paJ.r of nurabcrs to two phystcal

propertles lntroduees no ssnse of ardsrr Ro senac of

segu€nce' }fe mugt tnstead Look for a new methenstleal
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sehens ln rchleh the order oirrhvsteal operatlons 1s

representei lbyenorderofperfor ln&noeefgatheBat lee}

operattons. sow that-+. i, ' , i '-; to thoee of Jrou uho

ney be rnnthernstloelly eophisttoated but perhaps not

aw&re of the actual oourse of developrmnt{' ney suS8est

toyouthet l .nfact thedevelopwrentofquantunnreehanlogl

wblob wes tho flnsl oulntnatlon tn tba aonso of tha

. ,1 .

ereotlon of' 1o5tce1- Eoeffoldtng to lnoorpornts tt*so

aeu l.ers of alorocoopic physlcst thrt thp nethcnstlosl

sohons tbet nee flnally found to bc nooasoiry end

suooaasful l .gthcrcprascntat tonlnavoryebstraotwny

of phyeLoel' Xlhanomons - 
* ph$cl"oal propcrtl'os *- rrot

by nunbcrs but by clomenta 6 an elgcbrel"c eohemc vhlch

erc non-eownutatj"w Ln the sonsa of multlpJ"toatton'

rnothorwordle, thonul t tp} toat lonoftheseeymbol-s

wasfouldtobettreprsp6raounterpartof thesuooegstve

perfo:rteaee of $easurements' And the faot that the order

of neasurenente tn ooneequenoe of these dleturbenees

lsslgpl f , loastneans' thetcol i rospondtn8l f ' these} lse

ofnul t tp l laat l .onofthcsgoynboS.snrratbestsel fx"cant.

And sCI lro ero lod' to a muoh ECIrs eophlnttoated

anddeepnatbcnattealeohenetnubtehprryetodBroperElesXtf' --*'+-+'i w'

arc sot lnto oorTcspondcnce wlth'E nsn-s6$Iffitetivc

eLanents of an e]'gebra or hyperoonpl'cx numbcr systcm as
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Gonpered to the v6ry elesnntery roproeentatlon of

p$etoal propcrtlee:nurnbere. $o hers thcn, go to

speak, the way ln whtoh the lews of rnteroseopi.o

p$slce l-ed to a deepentng, e nuah nore sophtstlaated

level of nathenatical representetlon ln ter.ns of a

systen of non-oorumrtetlve physloel quanttti.es orr as

they oftetl are referred to, non-eonmutatlve operatore I

booausE tho fuLL dcvol,opncnt of thls scheme of mathe-

natlcal rcpraoentetton ehouod thnt the proper develop-

nent nas to bc done by aseocLetlng to every phyeloel

property en ebetract eynbol or operf,tor, and to

esaoolatc wlth cvcry phyetcal state - - tho l"dee of

stnte rcoeours r - to rssooLata ulth Gv6rT physfod"

state r, vcotor ln r sultebLc abstrect spaoc on $hloh

thcsc oparatore aotcd. fn othcr words, you hvo a ktrd

of gaonctry Rtrr n geonetrLsatton of physles ln whtch

you nolr havo en a.ssoolau.on between vectors tn an abstraet

sps.os end etates, operatora ln thls abetnot veotor spaeo

and phyetoa3. properttes.

And es a reeul-t of al"l, of thle, e vetry beautiful

natbenatl-sel echeme whleh glvee a wonderful- ecaount of
;; ' l  i  I

aLl those eeenlngly bLgarr€ and i#botsprehensiff facts of

qlcroeooplo physlce hae onarged, flrle J,s guantu:n neehanlos
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Jok" rn,r* 'q\

as lt ls known and thls dcvelopncnt took plaoe

essentlelly ln the ycerg L925 to 1927, st1lI lrery

dlstant froa our prcsent peLnt of vl.ew.

Ipt ne deserLbe r ni.thtn the seus general

framavork sbat the neture of quanturc neehsntes ls.

ft 1s stt1l a oaueaL theory. Gtventhe etate at oae

t1me, the stete at any ethsr tLrne le unlquely determlned

but rhat aakse lt dxfferent le that lt ts not a uaueal,

dete:rulnlstlo theory. rt tu a oausal, statiettca)-)-Ly

+ detemlnlstlc theory. Ilr other worde, whLle ttw

knorledge of the etatc at one tlme fixes the

stEte et another ti"ne , whnt Lnfonrretlon te obtatnablc

frora thi.e knorS"ad8c of tho stata ? claestcally, tf

you kncw tho etater Ja[ kner cverythtng, If you knev

uhcre the pertl.cLoc Ecre aad hon they $ere novln6,

you could prodlot nny other phyelcal propcrty you

happencd to bc conocrned uttb rstth arbl,trary proo!.slonn

but ae we hena juet saldr of eourgc, arbLtrery prssLetorr

of lndLvLdual predtottons eennot cxlet tn the mlcroscople

vorld. l rsverthcleesr BS & setencer osr a seteneo of

obserratloa, we nust be able to srale preetee predlotLolls.

But the p:reoteo predi"eti.sns ere of a gtettstteal nature.

The knssledge of the state ennblee you to predi.et the

statLsticaS-, the ayerage outoome of the reeult of
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thc rosult of the noesurescat of any phy6lca1

property, but naver the rasult of eay spcclflc evont.

fn other words, 1f you know tha stater Jetr oen th6n

prcdtot uhct the rasult of rcpeeted trlals of ssasnre-

ncnt of partlouler phyelce3. property vlJ.L be. you

trLlL hrvc perfeotly dcte:mtnstc, stettattcal" pre-

dJ.ottone but no longcr lndtvldual" predtetlone. And

so ln thts ssnaop thanr I say thet the theorg ts stl"ll_

olusal-. lfhe eontrsetl"ons betvcen etates at dtffsre$t

ti.ne ls sttll preeont. fhts apoerentS.y seenu to be

fudenentel Lu any phyetce aa 116 know ttg a,t Least

up ts tH.s pstnt. But vhat hag.changed drestloally te

the feat ths.t the knouledge of the etate docs not

Lnply n dctelled knorlcdgo of overy phyoicel proponty but

ntro).y, tn gcnoralr of vhat tho avarago or statLstxoel

bahsvi.or of p\yrLoal propertLoe nry bo. .A,nd eo thle,

ln e acnsc, hrs bcan ths fLnaL udcrstnndlng sf thcsc

ransrkf,,blo - - whet nppoar to be peradoxes ln thc earltar
r

daveLopnent'of thc theory. lfhoy are uow neolvod in

torns of tht e etqtl"stloel drterntnate rather than

trdlvldua}ly dcterulnata theory.

I$aw, tn partlcul-ar, howevern nLthtn the franework

d these statesr f have sXloken of ststes but have in



46.

no rray tndloeted hov a state 1s to be def lned, T! :e

an,swer to thle can be glven l.f l.e thlnh of klnd of e

nodel  of ,  u phystoal  systen nhlch st1l1 .o,Tus very elose

to claeelcel nodele. For. exempler He begln by thtnklng

thet etose uotrs to bc undoretood slnply by electrons

nlth the ldoa of snall natcr{.al bodles novlng tn a

cartatn dcflntte fteld of foroa; that fteld of forea

to bc ttre q-Ou,iloS,gfaw of ettractton betwecn th

cleotroner &B ne6etlvaly chergod bodLer, and tha nuclaug

ao postttvcLy otmrgod bodles. Eer€ ts a e!.tuatlon

whloh soortrB to ftt thc lfe:rtonlan rooLtl l a dof inLte l-aw

of foroe , a flnltc deflntte nunber of rsatorJ.al" bodtes,

hrhet-falt6d waa not that the dynanteal pLetu:rb was

not oumeat bnt that the Lavs of mieroseopto phystos

wore dLfferent. Ihey were not such ae to permtt e
they

detatl"ed, doternlntsttc predletlon butr/havi thls

ohnreeter of the etatlstleal deternlnlstte thoory. sut

nor bcrcr at leaetr lrs lre.ve a pWslcal modol" whleh ls

clasrloel, tn ploturo. Hhen wc dcecrlba an atom, we

sey how uaany clootrons thu!. erc and what the nuelear

chargc le end thc plos-urs le st11L olassloar, at l,eaet

as far es our mtnds ar6 ooncarned. It Le very d!.fferent,

of eourse, tn how ue go ebout oaleuLatlng. And tlre

dlfferenoc Ls thet vhlle, for exanple, rhore we

talked about the hydrogen aton we woul-cl s&Xr J.n a

yerJr sinpJ.e plcture, here te oue electron and the
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eleetrsrr has aseoor.ated wlth r"t ptrysteal propertx^cs
of posltlon anc physloal pro;:ertiee sr aosen#i .aa
e,-aselsa'1y ue would sey th"t there r.s no llnlt to
ths asouracy r*lth uhlch re eeuld &a*rs*re th6se posLtl0ne
a$d uononte elnrultancousLy. phe net outoomo of thls - -thr dlstll'et{en of uhat ptrystclsts hevs lerrned tbrough-
out thle rlnc of davaLopmnt 1e thrt thls x.s not thr
prop.r doflnrtl'n or tt stato or la claatron ln sn
atoa' gtu bcet wo oan do to spcctfy r ctetc r"s not
to acsl5n nuncrl*al rrer.ucs alnur.tencouely to nr.r. of, thaaa
e]-esetoeJ. propcrttae of poetttsn rnd aclqenta btrt to
onxy hflf of than- u'c o&r1, 1n faot, produoo cea*tucntrl
ettuntt'sne ln rhroh vo knsrr preel,ecly rhcrs en or.eotron
18. It EilCtrt i .-

l ; , t ' . . .  . "  on 8n

Borssn that le eeeenttal"Ly the posltroni+oi"*. 
"*opr'duoe 6x'6rtueata' situetr-ou5ln whlch rre kaqw prsalscJ"y

whet tho nomentun of tho prxtlcle lB. fhatr la fact,
le whet f lnd tn nlnd rhen f started thls boen
cxp'ftnent. fiaro ls tho pertlcle, novlag ln a dofla*tt
dtftctlon rlth s defLnLta epeedr opd hlrlng e deftrnl,ta
Enss. that lurons I kaor the qqtrsatun, but rben I
knou thc noncntun, 1n n 66nsa r ornaot knor rhore thr
posltlon is ad the eppe&rarrec sf thc lnterfercnca
prttorn ad the re'dour fa111n6 0f ttrc parttcr.cs en thc
seraoa is tba etsr otr that tf,fqet. 0n the other hand,



lf I produce t rr6ry dlffcrent rxpcrlraental sltuetlon,

qf sours6, tn whleh I erruengt matters so the sLeetrons

always Lsrd heref so thst I have a posltlon laeaaureaunt,

f ean predlct preetsely what the result of sueh a

neesurenent would be; then we w111 never have an

tnterferopiq F-9!tern whlctr ts sharaeterletLe of a verT

dlfferentrl sltuatLon whora the nomeata are perf uotly

deftntte. In other worde, wtr*t hae chang*d bestcelly

Ls Hhet ls the nature of a etete. If ce heye a

ocrtaln nunber of partioles, eleotnorrs, for oxe.*pfe{n

end ths spootfloatlon of the stato 1s thc upoctfLontX.on

of uhcra thc partiules era nt a glven tlne or al"ternatcly,

hov thcy c.ro morlng rt e glven tlma, but nsver both

togothor. Anfl thle feet -- that ln a s6nae, by comparlson

wlth what would be a full apeeiftoetion of state ln

olasstoal plrystaa, that 1n quantun moehentce, the

,elttoLflostLon of stata 1s the eb111ty to rpcctfy rdtth

arbttrary preelslon what the resul-t of tho moasurement

uould be sf half of those properttes. But then we are

eonpS"etely tneapabl.e {rf predic{.ng the tndlvtduaJ. neLuee

d the othsr half. They rllLL then slnpJ.y have randou

probebll lty dlstrlbutlsne.

Xf you make neasurenents agaln and agaln cn

thls state, ebout uhlch you know preaisely the posltrons,

you w111 elraye flnd tlrst posltlonr of coursc r oonas out

precleeLy as lt shsuld bc. Sat lf, on th*t etater gar

nrks ssaonte nsesur6n6nts, you Etll" flnd nevar c
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deftnlta velua. ?ou uLLL flnd a randos statlstlcal

dl.etrlbutlon rlhloh le the wtdcr vertanee -- at

wtder varlanoc -* ths tsor€ preetsc ts the e,ocuraoy

wtth whtcb ycru spsatfy the posJ.tton.

Sow X.n faet, thts stnplo sLtus.tlon ls

essenttally a statenent of vhat !-s perhaps the wtdest

phllosophtcsl prlnel"plo that has enrerged from these

stuoles of ntoroaoopte physl"*s. Thls ts what J.s

known as Bphrte prtnctple of oour;rlernentarlty. And

by the tdea of eomplenentartty ws nean the flnal

unlfleattsn ulthtn these general prlncLples of what

bcgan by eoenlng to be a peradox, fhe faet that

clsotrono rhLeh, undor oertel,n perfectJ.y deflntte

expcrlaental" uttuetlons, eetad *e pertteles would,

undcr othcr cxperimontel sltunt!,ens, aet as ws\rss + *

thla te nor, uo to spaek, uhat wc have exproesod Ln *

norc prealnc rey by thc fast that the definltlon of

etatc ncvcr rsfcrs to alL af tlreea phystcaS. propertles

but to onLy luLf of them. you have the prtvlS_ego sf

destgnlng o.xpertnente ln whLeh dtfferent ehoJ.ees &rc

made as to vhleb w11.1 be thc physteal propsrtles

whose value ere preetsel-y knoun and .*\
\ ) "

-j\-r.\! 
ws.ves represent the optlon - the

choiee on the p€rt of the ex;rerlnenter to produee an

a
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\rt r
cxparlaentel sltuit lon ln vhLoh the uonentejgelectedt$

heve dafl.nlte val,tree, the posltton ean then not be

oontrolled, trn other uordsr Sohrre prLnelpl_e ls the

etetanent rie have ln mlaroecopte physLee flrst of alL

o n61r vorLd 1 (tfrat rs the lmportant ttr1n6 to reeogniae\ in

rhleh ole.eeloal- analogles fatl but, neverthoLcee,

tr-ere are, so to spoak, certal_n gltuf,t lons tn whLoh

analegS-ee of e eLaestoal nature do trold tn whtuh it te

possttrle to epeek meantngfully of parttolee vlth

fs;6trd to cerbein olroumstanoes nnd oertaln $ca.arlrsuronte'

other ettuetl"one where eleetrons, or Bhet have fonr san

bs spoken of a$ welrcs. In other Hordsr trr vhLch

tbere 6ffs t-p-o cilstlnct elaseloal ptoturee $hl,oh onn hol.d

under dlffersnt phyaleal. eltuattons, noyer slmultnneouelyo

End tn whLoh the rpplloabtl-lty of one ptoturapravante

tha epplleabt-ltty of the othor. If we have an sxperj-nentel

sltuntlon 1lke thle, thle ls tho oxlnri_montal- sLtuatl.on r 
-

the plctnre ls one tn whlch the oLeotrons act e,s Harres

end then the cJ-agsical pleture ls l"napplleable. Tds

cannot predtot prectsely whet the parH^oLes wtJ.J. do"

If we do attenpt to use the oJ_assl.eaL ptcture, the

result le elnpl-y * ststlettcal predi"eti.on of what the

reeul.t of pooltLoa reaearement wll l be. rn other rordan
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we !:re\retr hsve r rf€ neyer !re} hava thls as a resoLuttoa

of' the paradoxr the !{&ve pletsrG bcl"dLng, thls ts
the inter.fersnce patternl and thi pertlele plcture

htrldlng, the predlctlen of a d*ffuttc posttton slxsul-

taneously. we oan produoe oxFrl*sntat eltuatrone rn
which one Flcture le relevant rtd -tne othcr ls not but

. i
both pictures src on thr seqc f",q.gttng. $ie enn produoa

experlnental sltuattone fn wrd,tfh,d'thcr cLaeslcal ptotrnrc

ean be applled, and the ottrer t*' l 'trrcn tnapptlsable.
r , i ' : . '

The idea cf compl-ementarrty, hdm&tor, ts thst a ful)"

understandlng of thle rnteros:uepia norLd coross only' . :
f: 'on the posoLbii lty of a.ppltrtuB bsth plctrres; netthor

1n ltseif j.s r:omplote. tsoth *rut bo present but when

one is apnl-led, ttre othsr ts otrcJ.nded.

fhle 1e, so to speak, th* cutlro]-y new sltuatlon

r*htch h*e no oounterl:art ln eny of the claesteal-

phlS.osophleal modee of thought. r-t x.s eomethlng that

slnply nuat be acoeptod orr *t lsaet au- phyetelste

heve aeoepted Lt - - tt le sLnpr.y thc way xn whlah the

I awe of ntcrosoopl"e p[yslos heve bcon urrderetood anei

aE the reeult of whlcb an enoru,oealy guoaassfuL devolopnent

of quantun neohanlee has aris*n. lfhe net rssuJ.t of

the applLeabtllty of thess undcrstandtngs tn g*crosoople
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pheriomena les reprssented ntthrta the qpace sf a fev

yearc the eonplete srreoplng ewe.y of uhat r+as trai:1t1ona11y

reg;*ri led, at l-eaet ae fa:" as the fj.ne work of furdanental.s

of nll of the olssstca)- pr.ob).eme of physitsl en other

eardsr Brl understandLng of the state of matter tn all

tts 'raricue oo$unon manlfestattons he.s been eornpletely
't {*lr,l !
reprr.ted. A reduction of ohem.letry to phystcs hee been

brought about. the understandx.ng sf ail- of the verious

dlveree propertloe of uettar in sll lts forme unrlor all

orctnary clrcr$netencos i.e rsdused to a few eirnpJ.o facts,

flre laws of quantun nachanl.os and the epd.fLcatlon, if

you l lker cf whlah parhtaular sorrftgurattqn yor.r happen

tc be taJ.ktng about * r $ori rougt glvcr of oours+, sss,

Rl%iq-r uhat the natrue of the nucLel ars and vartoue

other ras.tters. A.nd then the lawe of quantura n*eha.nics,

tn prln:ipls at lesst, aRd to e larga successful ns.nner
th

ttarc+iGn preetlee(, aE tndtsated by the enor!flou$

cievelop:nente of the undorlylng theory cf the sqLl,l

sts.te anrX Kl&rly other applLoatlons.

All ef these are ln
w:^j

understand{ngrr1 Etl sxpressisn
?,{  C.t(r . i . , , ,  r .  ;yt ,* lq. i {+

rerge nea$ure the dlreot

'rf the understandX.ng, of

that have been oodXf,tcd r+the l-eve

h,. J r,^-rli J ln guantum nechnnj.cs.
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8ut nor Ln a fundanental- sonse , thls ltae

conpl€ted by 1927. lfhls ls by no nes,ns the end,

howevern. of ptryslcLste t Lnveeti-gatlou cf the physlcal,
4\e

worid , *, Cevelopurent has gone orb and gone on in

the alreetton of, lookl"ng for enttrory neu rsaL$s of

physi.caS. experlenee urtthln the domsln of htglrer enorgtes,

sualler distances

of the atorn nut wLthln the oenter of tho atclxr ls the

nucslusr and ulthLn the nucl"eus ere the nucreons, and

&E 'els aro now be glnnln8 to undorstand, the nuoleone sro

nade up af other etll"l mors fundanental prLnordlaL

ontLtLes. fhe eoarch goss on" But to understand ,.t

a ]ltt]e btt, I thtnh, in wh*t l.anguage thts developnant

hae eontLnuadl tc' u.nderntand the languago tn whleh

thls Ls asntlnuedr T *rust oorrg haek to an ldea that

r nenttoned vathsr earlrer, the notton of the quanliztJ

s flel"d besause here r., le heve porhaps ttre deepest

expressLon of what hee been learned r tso to spenk, whst

has been Learned wtthtn the framewsr:k of those nloro-

scopie phenomena. Iet nre perhaps lntrcxluee thle Ln

terq,s of another besl-: phlrosophlcal ldea wlrleh 1s gJ.ven

an entirely new turn rqiihtn t he phenoaena of niLcroseopLc

pttyslce.  fh ls ie the , ide&, or the ooncepi ; ,  i f  y*u l i .ke,
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of ifisnttty +r indlsttngufshabtll,ty. fb ie, of

oourseo perfbatly clear to yorr that when we speak

even Ln cLs,ssicsl- phy$tos of electrons that uere

te:rmlnology tndicates that we unt1erstand that orm

electron ls Just ltke another. If we me&sure eny of

the properti-es of "thls electronl oF that electron,

that is the furdanental non-eeoi,clent*.1_ propor-bi.es
rls
b( raaesr i'bs charge, e"nd lrhateyer more eophisticated

propertles you nnay ba eoncsrned rolth, theeo are invarlabty

tbe sEmo. fhLs ls, lf you }i.ro, the furrlanontal con-

ceptl.on of ths unLforntty of aature wtfirout whlch

pbgtstcs cquld agvor bogtn to opernte. lfe must Rseumo

that ona aruaple of s. ps"r'tleuLsr substance ie l.lke

eny other oample lf, no Lrrolevant elrqu$stenoss Rre

lnvolved. $o thet 1f we take any two eloctrons,

desortbing tlrem cl-eseically as we m:ight haye if we had

two beame of el"eotrone aaoring ln eone eveeuated

ch*rnber, then we unclerstand tlrat one electron Ls Just
l ike anothsr bu.t ln elcssieel pirystes, there are lxo

partlcular trapllcations ln thls, beeeuso aesptte the

ldentlty, the LncH.scernabiltty in prtncipie of the

ttio electrons, ln classicaL physics lue are nerrez, in aqy

dlfftaulty etr belng able i;.r epeoi.f ieally dietlaguish

then' He can sqy thls olectr'n erigiaated fron thte
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a

rcglon of sps,ee; thc seoond eleetron fron tbe

gecond rcgton of epeoc" CLesslcallyr Ln thc aellaa of

betng ablc to follow tn detell the proJoctorlcs of
ql

thceo pertlcles, I oan tr: avcry tnetanae say prGclscly

uhrc thts el"octron oen6 fron and treoe lts peth

baek oontlnuously to the potnt d ortgln ed tndtcats

no nnttor hov thrsc eLoetrons nay lntcreet ln sons

oonpl"leetod ury wLthtn r veeuun ehenber or e rsdlo

tubc, for cxanplc, ln prtnclple, et l-eeet, Xf f were

nekt"ng uee of nothtng but the eleeslcel lere of

phyetcer f could aLr*ayo tdenttfy at eny otage proeteoly

rhlch erch olcotron ls"

Uoto, f thlnk you ney e# from thrt thst the

sltuetlon must be vory dJfFcront whcn .H6 rcoogn!,ae the
|*? dl, I '  t '  '1

lnwe - nhon you rccognlac tlrc +*l.tdll*. of tho

ntcroscoplc rodd; that lt ls not governed by thore Leve.

If rc hrvs, for cxanpler a oo3.L1s1on expcrlncnt.

Suppoee f have tro bcene of sLsotrons. I eet tham

i.',*.to oolJ.lelon, Ln cxp@rLaent vh1oh, tnoLdentelly, wtl l

hopefuLly b6 clone tn thc not tso dlstant futurc o o

you eoul,cl meke thcm protons Just ae wsll, Ln Hhteh

caso there le no dlfftculty ln perfor:atlng the expertmant.



56.

\1r

It ls, of coursg, lmportsnt to raallse thet thc

laws of nnture shl,oh f am epoahlng ebout govern

all of thc varlcnre nantfeetettons of netter. If

f ehooeo a partteul,ar exampla { * tf J opcek of

oleetrone, thst ls htetor{.e*l conveatton. f lwec

could be protone, ncutroner hyy:€{'Lz"'rr+ p1,B$gSii't

tha lews of phy tae aro the se.Ro. frotl, tf we

lwragLnc euch a ool l lsLon, t f  l t  te to bc e eo1tr-1eLon,

these parttelcs nugt eone lnto lnttrnate tntere.etLon and,

of coursc, uhet tbey do not do now l"e earry otttr ae thcy

woul.d do alasetoal- ly,  a detal led #tu"tory boeause

for that to be noantngful, I must be able to always,

vlthout dlsturbLng tho nature of tht s expcrlnont,

chcoh praofeely whrt thls partlc3.o ls dolng at every

tnste*a of tlno. fhn,t oaLl,e f or a dogroo of oontrol
a

or 6\'dctcrnl-n1sn rhlch te tm,poeelblc ln the misro-

scoplc uorld. If I hrvc produoed en Gxllari.nental

sltuetton Ln whlotr tho par:ttaleo hcnd townrd eaoh

othcr, thcn thcy have rather dcflnlte asncnte. fhan,

as I hevc trLael to auggcet, thc ooaploncntary physloel

\'\qt^tu'r-*1 no lon,.rcr oan bc apoolftod tn detatL. I

hevs no lray of knowtng, nor ean f glve'any neonlng
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to preclsoly wlere those part le les &ra.

trn other rorde, to dran thle on tbe boerd,

f nuet lrrdLoeto a fr{.;t-.?-;-l" tndi.cetlon, I auet

lndleatc thet I htvo only e fuaay knouledgc of

wbere thoeo perttelo***, t ' lo"n le to oay tlnt r can

no longcr telI what hee heppened hora. And when

ftnalLy these bsame sopereter Bo I no Longer hano

eny doubt rbout nhloh ls whtch, f lreve no rlght or

ebtltty to tclL utrcttrcr thts cl"eetron te that ono o -
or that onc - - boeaugo r harro not becn able to fol"low

ln detetL prcetsely rhat hns happened. In othor

wordsr thcec baelo phyetcaL phononcnn, the atonLetty,

tbc stattsttoal naturo of thLngs, th tnabl.J.lty to

control ln dotall Lndlvtdual cvente, nrapllos corr6s-

pondlngly tho absence of an ebtLlty ln tha fundrncntel

cxperlnentrl sGnaa to tell ln dctrtl vhl-oh partlcrcr

le nhtoh et cvory etego of thc lnteraotion, yhtah m6sas,

thcreforo, that ny dceorlptton nuet take lnto aooouht,

Ln e fuadenentar yax, of thls fundaaental frtlure of

bctng nbJc to pleoe a tag on Gvery parttclc boeeugc

thera te no expcrl.neat r can pcrforn thrt glvcs reall,ty

to that Lebcl- bcceuse to do tso would raprosant thu rJn,.',,
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tnto thls 6xp6rtnent, the performence

of a detalled mLcroseopto locaLtsatton sxperlulent

whlctr rdoul.d chen6e aonpLetel"y the Eeture of tbe

6xl?CIrt's,ent. rt rdoul.d no J.onqer be ,& sleFle eo1,11ston,

thcre trouJ.d ba eonathtn8 else thore ? Ggue].ly l-nport*nt,

lnter:actlng ulth thcee partlclos, It ls a dlffcrcnt

erporlnent. And thle ls the r*hole polntr af ooursG,

the reoognttton thot I uruet {ndl.cate ln dctrl l  prcolscly

every experlment r have tn nq,tnd bcos^uso Gn@ry n6a8ulaG-

ncnt f uteh to perfo:m cbaagas tho oondttlone of tha

e:rpertrnent, produces a etrongl rton-contro]"Lab1o tn-

tsr:fcrenoe ln thc other thtngp thet erlc gotng on.

fhe net reEul"t of all of thls Ls to r*oogntsc thet the

doocrlptlon of the statee of severar perfi.elee neees-

ser11y coul-d only bo donc tn a way wbleh wsul.d tneor-

porate frorn the very beglnntng tho fact thet they

ltero Lndtetlngulehablcg that partleular Labele have

no slgntflcencet eui to slnply state the resulte - - and

se eertaLnly oantt go iato tho detetle hore - thts

slnply &eens thet whcn re hsve soverEr lndlsttn8utehabS.e

partleles, the statos can only be dsserlbod 1n a

way that le parfeat}y eynmetrtcal enons all thc parttaLas

th*t oontrlbuto to lt.
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sov thc word syunotrleal rs to ba understood

1n a aor6 gcnar*l s6nsG. rlhet l.cana tn parttouler

that tf r had eevcral parttelos and r had a spe*tfteetlon

of the stete, 1ot ra€ use whst ts trrdtttonall,{,1 
.

L,.r  ts j  \  j  ,q i .

natter tn whlch ths etate te eneolfred, : $$crt'or

veetors but the vsctors are deecrtbed by aumerieal

quanttites and tts numrLeal quent3.tt@s ers whet le

known es vevg functLons. thcss are the !r&ve functtons

aseoolated ytth theso $&v66, lf you l lko. Hore I

heve savoraL pnrtleleo and here are thelr postttongi

f or cranp3,o, se,y thrt at a partlouJ.er tlne, tho only

dcsorlptlon uhtcb 1s tenabie le ong ln whloh thtr_s

uevo functton Ls otthoer oonpletcly syumotrtcal enor\g

all theeo pos|tlone, $h1ch pute then on eractly tho

aaee foottng. fn othcr worde, tn uhleh thceo

arblt:rary labels ara daprlvod of rny dlettn&uLehln8

stgnlfLoanee by tnelstrng ttut no natter how tha lebcls

are gtven, the $evs functton or the etate i.e the same.

But thts can be dsne etther by making then oompleteS.y

synnetrLcal 0r oompletely antl-8ymretrteal" And 1n

this $ay $s reeogulce the exletence of two very dlettnst

types of eyetane of tdantlcar partj.clee. And, ln faot,

of thc tr{o be,slc examplgs He krave used, tho protonqf end
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tho electronfr thc datallad propcrtlce of phye1ca3.

phenomena show thrt thc proton bsl"ongs to thts

clagn of eynaetrlaal stntfl the eleotron, of oourss,

and tho ottrer partlclcs fslL tnto the framcwork of

antL-syametrtoal etatce.

How, the conccpt of the fteld le souelthlng
.  ̂ Llciso. Ttie concept of tbe quanttrvet f ielc ts souethlng

rather rllfferent. H6ro Xtou Beer porhaps I mtgh'f a -

I havo urttten an 'f" butr of coutr:ser uhat te r"oa11y

tnvolved tn "X*Y*fl" - the poeltlon of tho parbtcS-o

ln thrse-dluensLonal spaoe of partlelc 1.i ttX-Y-Ztt, the

posLtion of partlolo 2. eceoncitn6g to thLs arbltrary

1abe1L5.ng, ereyrurctry of nhloh.ls ronoveC by thesc

requlroments of synnotry. $er€ elmllarIy ls partl"ol.o '5.

Here you nnlght oey thet I ttnve tn a sense a fteld, A

ficld le after n1-1 phyelcal,ly a dlstrlbuted obJoot

tn speco and tlne. Ilov r aay tf I woro tal.ktng about

ono partleJ.e, Hhlch 1n a sGnss ts vhat I an dotn€i
;\f

then tr uould hsve a spcolficatlon of stater or gr wave

funetton*vhtch te1ls me wbst the state ls et a f;lven

ttne \ tn terne of poettion meaeuremsnts on the partlele.
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$lou, ue hevs eornething uhleh is very musb analc''gous,

ns far ag L'ts etruaturs is eonoerned, to say a }&xlraLl

f leki r &n electromagnetl"a fisl"ei , a functian of Eipace

anci time. And lt i:ilght $eem ttrat vkrat we l*ere realJ-y

talklng about here le s fiald. But f tnrst inet pcrhepe

a r,athe:r technj"ea3. r,ray, the fact that I now have ths

funetion{ of severei positions I"n space arul tiue

i.ndtcatee that thts is not a fi,elcl ln the eonventi.onel

sense. fn other wordo, hero I havo rattrer a much

nnore abstreatr iillltl-dLnenslonal eonfl"guratl"on spae@ r -

a xr{iy of lnotcattng uhat soveral partl.clers a.re dolng

at once tn a hlghLy hypothettcal rnathernattaal sl)e.es

rhlch hae nothtng tq do ulth ordl"nary three*dl,monel,onal

speo6 beoause thoro sr6 Btany three*dlnoenslonal speecs

now belng conrldorcd at the s&ns tLme. fhe ldea of
\

r  - r lquantf'*s floLd J.e a decper unlflcatXon sf what

hae been abhteved by the new prlnotpree - - ts eon:ethlns

eJ-ee a6aLn. rt i.e now & nuch Eor6 sotrrhlxtieated notlon,

or at lcs.et et thc ttne tn uhLoh it wee tntroduced it

eppeared to be. rt wae 6ocn gtqen e4parlmental conftrrne-

tlon Ln the s$ns6 that the ldeaLtsatLon that was Lntrodueed

was soon found to be the all-prevedtng pbenoruendllof

hlgh energif physlcs. I speek of the fol1or+tng Ldee.

Suppose, Let ne so to speak, - - say f come beek egatn
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to thl* lrav€ funetion ereopt Lnntead of wrJ.tlng nX-g-Ztt

I wtl1 wrlte n positiorr'{t l thst, bere ere several

pert ic lss at  tho t lurc T.  let 'ne introctuee a neu ccn-
. l

cef, t i  which 1s the fol r .owlng. I f  I  u lsh to apeak of

three rrertLelee; say tn a ocrtatnlS axportnente.l-

sttuattono l.et :rra trasntner tnd qt the moment lt ts

nothlnq but 1ur.agtnl.ng, en ldaeltsed - - 8,n abstraet

physlceS sl" tuat lon ln whleh f  wtLl  ereate e partL:1e.

l^rhat nakes tht s tnportant le thct lf I an eoneerned

r*tth vari-ous expertmentel si.'iurtr.one wtth ve.rytrng

nuinbers of partteles, whatcvcr sltuetlon I an tnterestecl

tn wtth sevsral partiolcs oa,n bc 1nra6lned Bs betng

brought about by en unlforn proo6ss, thc oreatton

abstrnotly of wtilrtcvor parttolos I aln ooncerned wtth"

And iet ne, fat exanple, daaortbe th{s aat of creatlon

1n thie we$. Shis ns$ means somothXng entlrely

siifferent. It i-s a creetlon epGratotr. A.n operator

booeuse tt nynboltaee a physLoal property but eoraethtng

beyond nhat we are aocustonod to thlnklng of r s,nd an

operator beeauee J"t acts on & state , the etate betng

tlu etate tn whtah nothtng {s present, or phyei.eelly

e. vacu.url" A"nd so I w111 lnagtne, fclr exailtp1e , strnply

wrlt lng here the veeuum statel &nd Row I wLll create
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funetion exeapt:lnntead of wrlttng nX-Y*[F

"cc\c{a positiort'-- - that, here are several

the tlrrc f . net,ne i"ntrocluee a new ccn-. .

the follorlng. . If I ulgh to e paak of

three pertlelee! ssy l.n a oc,1{atnff axperlmental-

sttuatton, let :qo tnafiLnc, erd et the nonent tt te

nothlnq but lnagtnl"ngr 8rl tdraltacd - - &o abetraat

physleal  st tur t lon tn whtch f  dLL creato a part t* lo.

What ma.kes thle tnportant 18 thrt lf f an eonectrred

wtth varlous exporlncntel. sL,turt!"ons lrlth varytng

numbere of parttelee, whatcrcr sltuetlon f an tntereeted

ln wtth eevoral pe,rttolcs osn bc tnaglned as belng

brought ebout by en unl,forn proocss, tlrc oreatlon

nbetrrotly of whstcvcr partt$tr"us I an oonoor-nod wlth,

And iet ne, for eraaapJ'e, dcaorl,ba thLs aot of creatlon

in this Hey. X'hia no$ m6anu aourcthtng enttrely

riirferont. It is a creatlon opors,totr. An operetor

bsoause tt rynbollzea r pbyctosl proparty but somcthtng

boyond vhat *e are aocuetonod to thtnkLng of r &Bd an

operator bocauso 1t acts on a etete, ttre state belng

the etate J.n whtoh nothlng ts p:rusent, or phyeleally

e. vecuun. A.nd so I w111 tnagtne , for examp3"e, olraply

wrltlng hore the vreuun statel end rrolr I rs1Il croate
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parilsls 1. at t irs tfusE ti tr w111 then create pertla3.e

2, at the tLne S, or enJr auebsr of edcilt lonel partleles

and in thle HsJ, by the repeated eottren of this operetor,

{here f have urLtten Z.l , I wl.j. l  pr{oduee oonn*thtng

whLeh Le eeecntlally ln thc nature Ef that $ava funottoa

uhlah J.nvolvse both posttlon and the tl.ma 13, And tho

lmporbant thlnq Ls thst thsse requlrcrnente of oynraotry

end afltt-synmetry on thl,s $av6 functton ean now bcr

eonverted lnto al.qebraic etatsnents on thsse opcntore.

ff the sttlretlon Le onc of synmetry, as tn the oese of

photone, then r assort thnt rhethor tlrase aro rnulttprted

in one o:dor qr tbe other, the result Ls the Batns.

fbat prociuccs symnnetry, If it te anti-eynrnctr1 &s Ln

the osae of elcotron$r I aesert that"if they are rnra3.tlpLled

Ln ono order, thc reeu:-t r*'{i$rHii$C"^oi *ir** oeeurs

uhon thoy ero nulti.plled ln tha revorao ord6r. In

othar worde, the proportlos of these two olasses ot'

ldent1ea1 partlcl"ce, or etatlstl.as qs tt usunllp le lre-

ferrcd ton beoonse roplaceil by en algcbrato proporty

of those oporctors. In sbortr lco nolr, l.natoad of

tnlklug about a systen of a deftnlte nuaber of parttolas,

are led to tlrtnk of plryslilaL systenns wtth$ sn 1n*

deftntte nunber of partleles bocause ne oan produee
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uh&tarrcr nunbcr $e are tntercatsd ln by thc appl"l-

catlsn ef thls oraatlon cp6r*tor, 'sJe nsl thenr so

tc spoak, transfsr ou-r a'i;ter:t lon to thle operator

&s " the hnsic Fi :yst : rn i  obje+t.  And this lc what I
.  

- r !nean by the quantdvm f te lC beeausc 1t  ts on the

*n* hand a fLelo, it ls a raathematica] r{uentity whlch

varl-es oontlnuousl"y in tlne suo space, Un the other

he.nen tt i"s aertalnly not a classical f, i .elC beoauge

theser 8s op*rators, ef, '$ not things whi.ch ca.n be

measured sLeultaneousLy &nd tn the opora"bor cfiatrx.ctcr,

ln tho fect thst ths sense of ml}tlpll.cation or

I"n E nuoh dooper uay than I hsve been eble to

dosarLbc tt, te eL6nlftcant, ws have the elemonts of

dlecontlnulty whleh i.s oeecntlally the partX.olo oonoopt.

In facff, I hsve descrlb*d, I have obtatncd,

a fteLei - - &nd f have descrlbed tt to you tn terdre of

phyetcal oporati.ons on Brartl*l"ae; nanaly, thtrs ts

thc oymbol.laed - * the operatJ-on of oroattnE a

partlcle at a coytsln poLnt in tlne but slnee I c&n

rlo thla arufl iher€ ln *pacer at any t1me, a fl.ol-rl eonceptlsr

ls tntrcduced. in other '*oxis, the two entirely

unrelated cLasslJ"ca} conceptione of dlsaretenoss of

pas*8lclcs, of contlnult3 of tire fleld, Eou ar€ uaifled tn
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tn this enttrel"y neil e onceptlcn; lf not untfled,

then transcen,3e,3 bscause the n€tu ceincoptlonr $klLch ts
oe gau.8e

beyoncl elther, /tne t '*o sre sfter all lneolupatlble ln the

clesstoaJ. sense treoause there j.n notirln6 that ls both

dlscrete and continuoue. ?$e polnt tq aomathlng vhloh has

netthor erf thoee propertlea but vhlchr i-n i lnltect

donalns, csn be oharaoterlsod tn torms of olther

of theso oonventLonsL ooncaptg.

So, bere ts, so to speakr tltf fundsrnentaL

unLfLoatlott, the iCles of tha qucntPtls f lelC. fbo

f*r.:t that ue oen sorb of opoair rnoenlngfully ' - thX-nk

of procossss tn whtsh partS.c).es are sreatod and then

v
ooresponCing)"yr u$ must eLso trsvs the invErse pr$costs

irr vh:lch thoy are destroyed at varioue polnte ln

sps,oo and tl"no.

Shle r &$ lt aroee hl.stortca3ly ren etmply I

eoaventant way of gummarla1.n6 the raathernatlesl propertlee

of lndLstlngutehabl.e partlolee but ssolL' througtt tho
.<,f i 'd 

"'.. 
{ i-

erer brgadentn6 developmcats of exporLrasnt*l {i.$or€, what

rds,s hers conoetved of efuryIy es I conYcdtsnt $&thonatlaal

tdoellsatlqn became reali*f. the abtl ityr &s enough

energy !{as evallablL e, to produos the rest €n€rgy of
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parttcLe$ e.t*oldl,ng to the Slnetr:f.n reiatlonr gtven

the eln*rgy tha'b cosTetrp.rniie i'; the aass, a phyeleal

pnr?3.r:lt ean be pi'olrtic6'i. It :rery be nscs{isary f or

other ressons tc Sirociuce t!:en in pair* aiJ Xn faet ls

tho cese of "UhE electrsn *,nd Lts cnuntorpar-b the

poeltron.

Sut by the enrJ.y thir 'ttee, theee experlnents

hrd been perto:moed. In nuoh Etr]r€ reeent years, the

abtJ-tty to orseto patre of protons nnd *tttr1-psotons t

ncutrons and entt-neutrons regardtng vastly rnueh

grcatar anounts of onorgy and hopefully experlnonto

ars now on tho wny to creettng y,atrs of al} tho otbar

pertto).ee known to be ths bu1ldj.ng \Joeks of naturs.

lfh,gse- al-one then glve tirc fteid then - so to apoak
r."

fn'# tnteraretatlon of syrnbcS-tatn6 an ect of

oreetLonr &n eleoent of physi^ca.l" reality.

Fut now ln the ootrrae cf the eiovel-opmentr tt

soon beoerne realLaoC you see thnt the nonent you heve

lntroclueeci tho flsia ln dtrest cis'respondonoo anr] in

dLrect aeeoetetlon wlth partteles es wc know themt

lnevltably thls eituatl-on eouLri not perstd. A new

leveL of abstractton h&d to be reaehsd and was rsaehcd.
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ft osouffed ecsontlaLLy wttbtn the naet L5 yoars j.n

ttie sour€@ erf ettonptlng to undoreterrd 1n mo::e detalln

Igovs rJetatl tiew*ndeo by the refrnement of experimsntaL

dat&, to u.rufler:etend uaiire of the prcpertles of atonte

phenonene than ser6 suaceeufullr aeeounted fcr tn ttie

f,l'r'st flueh of tho devoJ.opnent cf guarrtum ueehailtcg.

fho experlncnte Bd;; gn. Fiorc antl {oors rofinei:

proportlee becamc knoun.u Horo and ul{rrs sharper app}l*

cettons ot' the thcory rrero re qutred. And, f or exampLe n

tn tha e&s6 of  a l .cotrons 1n etoms, ln whleh fro* the

fleld poJ.nt of vi.ew wc s,rs rcally conoernsd wtth thc

dyn*ntcs of two fl.olde. fhorc ls the flold whlch j.s

esaootetsd with the el"octrone end sLeo thslr counteraart

the positronsg thsre ts the fiel<i whteh r.s aescol.ated

wlth t he e.l.eetrsrungnetlc f leid, to uoe its eless1ea1
I

na,ms n tho f leici of ph'otort.
I

fhs pfioton ftoLd r thn
t ,  \
I )  \ '

e.IselrQn' \  ' ; r -n &re 4n J.ntoraotton. Eut now, t he

ldenttf laatten raf each flelci by thoso phynlcal ns.nss

h*s onl"y bsen ell e,pproxfusai'e one. only lf the tntoraotlon

betpeen the tuo flelce l"s wEakr &s to a larg* extent

i.t le ln thst exem;lie, ocrrr 1c6 ti.s€ p$rsical names tn

rel.ation to these nathens,ti ' :al objocte. But tn a mor$
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raf lnedtheor"Ylnelhtghthetr : t l reet tonh*t .weer: then

suet no,"q be i*ken tpto a.ecountr HB hsve to reooentse

that whsrt wc r:nJl phpetc*Jly s'n eJeetron 1e on3'y

per ' t i ' :1- ly " lc,  be e$scclate4 nt th that  e leetron f toLa'  I t

te p" l .so part la l ly  to b* #ss,oi lated wlth the photcn f te l -d,

bce*.usie the tr+o sre an lnterectlon' thyeieml l:t 
'  

HH

alei:'i;r'on can sclrq3ttnen rrrdtnte n thoton' It ean then

re-radiate - - alsu reahgorb lt '  In *thtlr wiJrds' what

uo phystca]}y -call an eLe*tron would 
' 

trt a rJee:rsr levolt

bs deecrlbec] I 's somctinee thc aotion +f the electron

f lc ldonlybutothert l r r resenothorfra.C' t tonof, thetotal

hlstory also lnvorvos the &fli ion of the Fhc'tcr: ::eiri"

oton, PropogetlnglrrAnd eonvereel.yr rrfiat ne oaLl' a pqotont prap.a&?tur..r

tirough ernpty 8pecG, t6 not g}&#f}"'6h@ rceult of ths

craatlon net of *'n analogerrrs pftoton

pfio-**rl. osn oc$astonal1y mu'terin'ltae

beeo:ne replaeed by sn eleetron arui

fLei-d beqls'use that

ttself tn ePace and

a porsltron whteh thonn
I

fu l the4ouvseoft tnerreconhluetorefsr-nthephoton-

In other worCer the pbysi'onl obie*t we call

I

the photon i*r nat what le ereated all the ttme by the

uathematlca]" operntor' ,}he ottror cperators, 
":* 

qr;antttl.es

thet repr,etlent tho greEt;lgrr (}f e}eotrqng and phetons 
'
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alec' cottc into p3ay. Ia other r*crrqlet *noe ysu

reeugnizethle 'younst '6s.ythgtwedrowadlst inet l 'on

between .ter: f,eveie of physical dsecr!'ptJ.on. fhers is

ttre plicncrnerlSrylo8l.onl level , lR wK ch trs rasor'ntse

the p-ronurti-eg cf clectrone and pfiotott* ss wG $6e
6 nJ_ r{

thevr, *"*-**-quj"., af eslr$@, thc Snor!'Ous1y data'tlsd

enalyats of  nb rssecpLo esrer lnents '  Thers Je now

thoattorcpttodeopentheundorstandtnqtntgrngof

$crepr in l t tveobJectgwhlehnrgtheggf lo] .dg,whietr

&rsngiongerp}g.eedlntnrrnedtg. t r rs() f f isspondencebut

ttrx.ori$h * qh&ln of dynnral.cal tleveloproent. /'.nd 
' 

tu

faet, tt iLe progmR rls lt i tae npplLed ep*cLflcally to tbc

;rons and nftotons' vr through tho dovolopnent

of *ohat Le saLiod quantgl*erectr[cynemLes; fopr€s*rtted

aprgdtot lonfornorgfunr jamenta} leveJ-*ofeomcof

the flnor feeturcs of eleetron and p{*ton behavLer'

lihst sere on.ce consldercd to ba I Li'giiLftl.i , thl,ngs

tbst !r6re unerpecttd, now becanre the prctlletod crtrtooso

cftblsdeepentnc}.crre}ofundgrstani l l " r tgofxhatthg

obe*rsred par-b1c1es *f nattua werel thet our level nf

nnseretancltng is not to be found tn terrns of vhat ve

actually res but so,Eethins tt a more fundrwentel" lsvel '

sgl tbgsaiwayasonet|rroughoutthshlstol f fefpbyetce.
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we be,gd"n wtth atons cs fund*reentel obJects anci

thsn we ette:npt to underetand the trropertJ.es of

atons tn terms of areotrone and u nucieue, w?:leh is
/ , i i  t

taken as uia-annLyzable. fhen rve nove/ ,town ts tho leve1

of thc nucloue, and nnatryae lt in rer^rae of the propcrtr.ee

of n'.rcleons aad eo sn and exr. rn'oll , that ts ri vrry

stapl.e eoneeptton of how we ,Eo .*bout i-t ln teirrnE cf

eral ler  *nd ernal l .er  pa,r t lc les,  snal ler  an4 srnnl l*r

rorf4ns cf  snaee.

Here 1s sosrethi.n6 qui"te dlfforent. ?he

analyets of paralclels ss we know thela s.nd Es re assoalate

then r+1th flel-dsr J"n terne of ynt aore fur:dsmentaL flelds

at a deeper l-evel whLsh havs fsver proportLes beeause

thLs attonpt s.t uncorutnnut^ng Le al.uays to etrtvo for

a slaplar levcl, to hrve deoper, Horc aynbirl la l*,re ,
r*lth fawsr orbLtrnry conetonts, tf you ll.lre, 

tn other

wordo, unLi.kc th* oxperi,nental rcttuatxsn i.n whLeh the

ohargo of the eleetron, the iafi"Bs c,f the oJ-ectron, tha

magnett* monent sf tlre eJ-ectr0n, are r.lL unreleted

:cnstant*. fhs deaper undcrstandLng attempta to

explaxn one or vl$re of theee ln te:srs of a fewer number

of fundenental thtngs.



?1..

so Lt has gone l"a tfre c€,se of qu*nt*fibleeitr$

dynanics " Fhle has boen cex'y su,Jc*esfui appJ-t*at1"on
t " \

of tht* tdor thet Lt ls tiie qr.ia-ntff-ne fl"ell'l eoneopl;ior:.

vhkh ls tha etatcnent at the rsaiasnt of uur dtepest

Lcvel- of undarstandlng sf ulcv'cecopic phenointnar bt:t

eB X nonttonad, end it mu.st brl fqrrl l l l"ar to you to

sone sxtcnt, tn tb+ couroe of the deveiopnnont *f

hlsher and hl"gber onerfp na*hlnes 
' 

nor€ end nsre

parttele,q hava baeorne known and these hav* appcared

l"n a hswtldtrLng srr*y of F'ra},ertles, $one of them

&re $tabJ"*. Sose of thnm {irs unstEbJ-e. fhey dseay

lnto es.ryh othor in al, l poesible eonceitvabl"e wnys,

fbey ero produsorl a.E auffLrlsct enerqp ln

avsllnb:Ls \rcry cr.rplouoly as tt're ::anul"t of *bvlc,trsly strong

lnterecttene. They t hen plr;**-*d ver3 elowly to ' i te

succee$relff, mov1n6 Cown to the ftn*,l stalrl-e partloloe

thst uo know.

In sth*r ur' l 'eis, entlrely dlfJ'erent nechanlsfls

&,re in openeti.on, dependLt€ upCIn uhether the crnstlqn

cf theee perticles tn i.npact l lr thetr' successlve deea.$

or cesoacil,n6 dovn to the final etable pnrti.ol+s ws

kns"'r, rohtch are ei;tL1 the e}cotronsr PRotqnsr Flres a

fgr otbara.
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lir:u, ihe tnte:rnc'lj'*ru wlrl'ch are J-n'voJ'ved

c€.
hore; in the'basi.* *-luiles of rlucl'*er ph*ncr$ntl ar,e cf

an enilrely ul.ffe}'ent ir ivi: l ihnir the clectr'&-tnasn'etlc

one$. Ther *:;e*ti:&-nra'3tretic foreen &re eeeenti a]-ly

rethi t i rwenk.: \nctonthebeetapfthturot tshag.boen

gb}ett r*eve-toptechntcal- l tethoc*iof}rand]. tnqthe*e*

Lntsrartl.ons, Hut uhen r;no colrrss to the v€vy m'*Jclt

et:ro:r6;er bonqe t'kut brol"ri * tlst not only hoia tl:e

nuoieug togethor but hr;Lti tugether the perbL*lee

thct sonpose the nuolsons' thnt sr*ho up th nuol'eu'st

bore wa elis e.t a nueh m$rG 'll"f,ftou1t 
lave} tn tho

aense thst ndonfy are tho phonomenu baull"derlngly

conp}toatedhutrea].so}acktbemathogiet l0e. l }noAns

todra. l t tholmpltgat lonsefany; lar t lcul"arhylot ] ragts

ebout unst ls Sotng on' And*ss s rasult qf thls' **fi'-

I thfu}]{ ia.mSel lnetoetopftnn]. lygt thtspol .nt ' thore

has sorl1g ebcrut e very <te*p eehl,sn betr*esn tr*u nctrool$"
I

of th*wtrt about whst ehoulri be the funriaerentn-'l' n*tr'lre

of aa explanatt*n at thts J.evel' Strould tt be tho

coul.ttnurrtton *f thts point 
,of 

v{ow of the nearehiag

forcesperundergtan' ] tndi l* ter ,grsof lc l*ai lsavery

saalr nr$rber of fundarsilnt*l\ fnex,te, who tn th*Lr riyrlanlc

lntcrpls.Y end &s n' result of the eemplextty of that

dynrnloe, fLnelly brLag ebsut tbc nanlfold nEtura sf



tha norld f,s rc E6s ltl or nust nc raalJ-y abandon thls

ettenpt conplctcLy? fn athar fforde, roplactng the

dtffLculttes by the anttetpatton of e fundamantal 6rTf

6f iposstbLLtty. Hust $e &endon thts ettenpt al.together end

slnpl.y deeortbc uature tn te:rue of wlrat hnpnene rshca

re tekc vartsus ntcroocopta partl.oleefperforn expsri.nents

on theS l{e serrd eLeotrons 1n, protons oqual. to tho

verlsue klnds of nucLoorrs, Ln rhloh ue perf ona ct4rertncnta

tn uhloh thcac pertt olee sntar r ccrtaln roglon, W€

nrkc no nttcnpt tcl dcsortbc rhrt Eoos sn t"hcrrr

end el.sply rttcnpt to lnel1y chereetcrtso rhrt 6n6r6cfi

vhcn tha pertloJ.os src scpr.retad ngaln. Is th*a thc

purposo of throrctloal p$gJ.es, to bc no 8016 thnn

a cetelosutng of eL} thc thtngs that onn hrppcn whcn

partt olcs lntaraot utth cs,oh otlrcr ard aoparatc ? 0r ts tt

to bc an undsratandtng rt r dcopcr lcvsl tn whloh thare

arc ttd.nge that are not dlrcotLy obnarweble na the

underl"ytng ftelds aro, but tn te:ms of whtch wo shell

hevo e norc fusdancntel" undcrstntrdtng, Sellr thle

Ldoeltred I frenhly beyond eLl recognttlon, te tn e

sense tho deep phlloeophXeeL preblen that sonfronte
Yi!

tbcerettaeJ. ptryalotets at thLe ou.trent frentter of hlgh

Gnergy physlce, ths attenpt to uaderstand tho etructrr e
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of aettetr es asttcr hes been rcvceled to us ln all

of lte eoryl.oxtty ulth tho 6vtr rlstns levql sf tha

ancrgy that le evatlebLc to create ner ktnde of

amttcr.


