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Department of Physics and Lawrence Radiation Laboratory 
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September 23, 1963 

I / In my survey today I am going to borrow freely from an article 

currently being prepareq_in collaboration with Murray Gell-Mann and 

Arthur Rosenfeld. In the title of our article we have used the term 

"particle" but have carefully avoided the adjective "elementary." 

Had the title of my paper here today been of my choosing, I should 

similarly have avoided such a modifier, -because if there is a discernible 
. ' 

trend in current high energy physics it is the decline of the elementary 

particle concept. A major purpose of my report to you is to describe 

this decline of an ancient idea and the beginnings of a new idea that 

may/ fill the void. 

Pa.rticle Proliferation 

One well publicized facet of the present position in subatomic 

physics is the proliferation of nuclear particles. The number of particles 

discovered during the past five years is so large that there is little 

point in an enumeration.here. [Slides 1 and 2.) Those of you not already 

familiar with the list WS~Uld only be bewildered, not enlightened. What 

was the source of the spectacular increase in the rate of particle 

discovery? 

* 
Prepared for delivery at the Centennial of the National Academy of 

Sciences, October 22, 1963, Washington, D. C. 
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There were at least three ingredients. T9 understand these 

you must realize that most nuclear particles are unstable and have rest 

mass energies of the order of a billion electron volts. Some, with 

longer lifetimes, were found in cosmic rays but the majority are so 

short-lived that they must be created in the laboratory if they are to 

be seen. Accelerators in the billion volt range became operative during 

the last ten years; this was a necessary first ingredient for the 

population explosion among established particles. 

A second ingredient was the invention and development of the 

bubble chamber. This marvelous instrument allowed the complete study 

of almost all the particles produced in a given nuclear reaction, under 

conditions where thousands of events could be accumulated in a reasonable 

time. -22 Unstable particles with lifetimes as short as 10 sec. thereby 

revealed themselves through their decay products, which could be followed 

in detail and analyzed on a statistical basis. The third ingredient 

was the development of high speed data analysis systems capable of 
I 

handling tens of thousands of events in individual experiments. Without 

such systems the output from bubble chambers would overwhelm human 

~apacities. (Slide 3] 

By no means all of our information about nuclear particles 

is coming from bubble chambers. Spark chambers and sophisticated 

electronic arrangements continue to be essential in situations where 

the number of events to be analyzed runs in the hundreds of thousands 

or more. A substantial number of the new particles have revealed 

themselves in such experiments. 



-3- UCRL-11076 

What can be said to summarize the vast amount of particle 

information now available? First'of all, proliferation has occurred 

only among "strongly interacting particles." These are particles like 

the neutron and proton that mutually interact through powerful short-

range forces. All particles discovered to date, with the exception of 

the photon, electron, muon and the neutrinos are of this type. The 

latter four particles are called leptons and this lepton family has 

not increased. in number over the past thirty years. Recently it was 

discovered at Brookhaven that there are two kinds of neutrinos, one 

associated with muons and one with electrons,· but this cannot be 

considered proliferation in the sense observed for ~trongly interacting 

particles. 

A second generalization is that there are no strongly 

interacting particles of mass very small compared to the average, 

which is"' 1 billion electron volts in order of magnitude.· The lightest 

is the pion whose mass is - 1/7 Bev. Compare this to the electron 

-4 whose mass is -5 x 10 Bev or.to the neutrino whose mass is believed 

to be zero. · A plausible inference from these two circumstances is that 

st::ongiy interacting particles are in some sense dynamical structures, 

owing their existence to. the same forces through which they mutually 

interact. Such a mechanism can be imagined to produce a spectrum of 

energy levels (i.e., particle masses) of the type observed, with no 

sharp upper bound, and with the ground state not differing qualitatively 

from excited.states. 
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In contrast, the origin of the leptons cannot be dynamical 

. in the same sense. The necessary forces here have never been found ., 
t;;:. 

and the bizarre spectrum of states, beginning with one of zero energy 
~· i 

and terminating sharply at the muon, bears no resemblance to any 

dynamical spectrum seen before. There have been. many discoveries of 

simplicity and regularity in lepton properties in recent years but 

nothing yet to suggest a deep explanation of why these particles exist. 

I shall concentrate the remainder of this report, therefore, on the 

strongly interacting particles--where the accumulated weight of experi-

mental evidence promises soon to produce a major increment of under-

standing. 

It will be easy for you to grasp one reason for the current 

optimism regarding strong interactions. The point is that the very 

magnitude of the particle population is transforming high energy physics 

into something like spectroscopy, as it was at the beginning of the 

century. Regularities are being discovered that allow the particles-­
i 

or energy levels--to be grouped into families. Some of these groupings 

already have been given a dynamical motivation by the theorists, others 

remain at present empirical. But if the current rate of experimental 

.discovery continues it seems inevitable that major aspects of the 

underlying fundamental principles will reveal themselves. 

Yukawa Forces 

A second reason for optimism is that hundreds of painstaking 

measurements over the past 30 years have by now convincingly verified 

the Yukawa hypothesis concerning the forces acting between strongly 
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interacting particles. Expressed in modern language. this hypothesis 

associates nuclear forces with the existence of anti:particles through 

the key concept of "crossing." Consider a reaction leading from the 

two-particle "channel" (a, b) to the .. channel" ( c;d): 

a · + b .+-+ c + d [Slide 1+) 

the probability of' the reaction occurring being given by the absolute 

square of the. reaction amplitude A(Ea' Eb, Ec' Ed) which is a function 

of the four particle-energies. The principle of crossing states that 

this same function also describes two "crossed" reactions that correspond 

to replacing ingo:i.ng particles by outgoingantiparticles and vice versa: 

a + c 4-4· b + d , 

a+d+-+b+c. 

These three-different reactions are distinguished by the signs of the 
I 

. energy variables, which are positive or negative according to whether 

ingoing or outgoing particles are involved, but if' the controlling 

amplitude is known· for one reaction it can be obtained for the two 

others by smooth extrapolation (continuation) in energy. 

An example of crossing is the following pair of reactions 

involving neutrons and protons 

(a) n + p +-+.n + p 

(Slide 51 · 
(b) n+n+-+p+p, 



-6- UCRL-11076 

both .described by the same reaction amplitude, an important part of 

which is represented by Fig. l. The first way Of d.I'!iWing the arrows 

j-~.1 

in this diagram (which physicists w.ill recognize is· related to a Feynman 

diagram, though .it has not quite the same meaning) is appropriate to 

reaction (a) and the ·second to reaction (b). The two figures differ, 

of course, only in the direction we read them, as indicated by the 

arrowheads. 
! 

The secbnd.way of drawing th~ figure cart.be interpreted as 
. . . 

the contribution from the meson "intermediate state" in reaction'(b): 

-n + n ~ meson ~ p + p • 

In general, whenever the·re exists a particle whose quantum numbers 

permit it to ... communicate" with both sides of a reaction the contri­

bution from such a diagram as (b) is necessarily present in the reaction 

amplitude. This contribution is given by the so-called Breit-Wigner 

formula and depends on the mass (or energy) of the intermedia:te state 

·J 
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. . 

indic~tib·n of. pa):'ti'cles subject, like the photon; tO direct emission 

and ab,so:rptlon:~ )or many years it was believed that the 1(-meson might . 

~e s~cha particte,: but.experiments indicate nothing unus~al·about. 
·' . ' . . . . . ' 

tne :forces f~itby the 1C • Suggestio~s have· been ~de that the spiri-1. 

· tnes_tins>~;,Jw.ve '-a'si;>eCial st,atus, but ag~in.:ther~ ·is nothing in ,the 

. . ~~ta;t~;._;,~uppoi;t stl'bh an id~a •. 
. ,.·;·.:' 

• ,.1· . 

.·:Pa.rticle:Democracy . ~ '. 

. ~. . ... .· .. '. :~; . 
t. am led. now to a.. third reason for optimism about strong 

· intercictiotls ;. :, ~is is the success achieved in understanding the 
. ·: ~: , '·,. ·. 

exi~tence·and·prop~rties of certain part~cles, assuming them to be 

. dYnaini~~l ~~~~b~·i tes (bound ~tates) of ~ther particles; h~id together 
,:· • ..... " •• t ... 

by the Yukawa ·.:forces·. . ' . 
. , . . ; . ·, , . . .: . . ~ . : . I , . . . .. 

A well-known example . is the deuteron, ·which ih 

>.a first al?~':r~·~:r:~~ti~m can be considered' a 'neutron-proton composite 
.... ·. ' :.·.·.··:·:· ' .. 

'· .. ; ... :,.· ·.-. . .. - •.;.' . 

he~d:'•~ogethe:r;$Y;:the exch~nge of vatious mesqns. ·.It is 'of great 
• • • . •. :' ·.. ·, • • .• - J• ~ •., . : '::. >~ ·.~· .. : . . . . ' . ,: 

. . . i!J1P8tta~ce·:t()::,reellize, howeyer; that the .deuteron is not .exactly 

·;: "' ·. ?~mpb~~~~ ot _:~h,~;:;P,r.oton ·pl~s. one neutro~~ . t~· qu.antum ~e~ruinics it is 

'.. ' ~~.~~;,a,ccur·~~-e;,:to' s~y that most of the tl.ine ,·the deuteron consists .of 

: these two parti~_:te~. The d~uteron communica~es .with a great variety 

, · ~f clia~eis·f'i{ Eiddition to p + n, and .according to quantum theory 

,. .any st,ate con-si~ts part of the time of each of the channels that 

conul1unicate wi-th it. If one neglects other channels such 

n + J;> +·,;o in ~ .d:dculati~n of deuteron properties, on~ does not 
• ! •• , .. ,., • '. . • 

get an exact result •. Nevertheless there {s ·a: general b~lief that, 

sin~; .. the simpl~st. chann_el .~~~ee.ssfully accounts for the bulk of 'the 

obs~~Y'e!l .d,e~t~~on·propertie~; it .should ~ventua11y be possible to 
:· ·;. : ,', ·. e'': :·· ·:~.i .. :'' . . . 

i, ·•,:','N'" 

·. ·.·: 

·:•· . 

• . j ?./::··· .• .· '.• 
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imp.ro:...e.:,_~e:,predictioris systematically by inclusion pf more::clianfiels~ 
·- ... . ~~> : . . ... . .. ,;· : ... ·: .. :-. :~ "\. -. . . . . . .. -.- ·:.Y · ... ~.~ >. .. . , . . .... 

·;A slmiitar situation holds \ol'.i th respect·to· the. ,t. •. particle 
'. ' • ' ·.~-~-. "-' ,,;<·" • . ' '. : '', ' ,. ', . ~ ·-:: .• ': .~ .,• '·;' • . • • • >' ' 

.. ·.· . ( s6metlme's . caile~ the 3, 3 resonance); whose prop~~tiEis. ha:v~ been · . 
. ·~ .. ' •. . . '·.' . : . ·.' .. ·. :·' .'.;· .. ·.· 

··.~ual:it!i~iveJ.y.~~nd~rstood assuming it to be· a compos~te q(~pion plu,s ' 

··•· .•. nuc~fo~{,~f~,td~ther pri~rHy ~Y eX~~anBe'Cl~'(~ud;~pn. Th~ ' , . 

· pred.t~~idds :;.h~ra are • cruder than for the '<l~ute'rori. becg:u~e' :the· · · '> :· ... '/::· )' ' .. . ·:·. ·.- . 

.. ,.. 

· ·· neg1~q-0~4· Ci1~~e,ts .play a l:~rger. role. ·For l!l~st particles,'. in fa~t, 

.·' a'.si~~~~,;})a~e;.~~proiima~io~ is not ad~qUlite '~;~n ; a~biOve.. ··.· . 

·. · q_\.la)J.;tati;v~l;Y.}cqrrect re·sults. Many channeJ,s: m,us.t· simultaneously be 
' ; : '\ ~ ' ~-. 

,., inc~uc;led, ·.which poses a grave calculationaL·task.~: Th~ ·problem of 

.~' .,. 

' 'inc+uding alJ; ~the significant 
' I~ ,, •., : • - ~ . • ·.' ' . ., ' • ''; : ~· . . ' 

···:;_':· ·:-· ·. •(' ~:·· .. ~-~.-· .. " . ~'f. :.~· .. ,· ·, '·": 

_,: .d'~;rrifc~;~i,::fo_~/~~·~ but suppose ve couid ·~olye ·~t·: · The',':q?~s:t:l6~,· i,~ 
: _· ..... \-:·,::->:·-~ :-·'' ··:····· o- ' • '. <:"' ...... :·. ! f.'.--·. ·.• .. ·''·~· :' ' .,.·· -~-· ... :_;~ 

. · \oi'Ou:J;d: we then',get .a correc'l:;·: description ·of each''particle'l ·.Would the·. 
• _, 1', ' .r ~ •. .. ~- -·~~ ' A '~ :• ' • • ··:'!'.·· :,, ,· .• • ''• 0' 0 ~">-T, 

. . . " • - ) ' -"'i·· ~ ' '":i"·. i ,·\· .. 

',ci~f~~~:·:·~~b~·~s.;~nd·the ~ss come out· right?' Or.'d.o:\re.·ne.ed ·tO. put·.·. 

i\:i,i;;~;~~j~;~Ji~~~£i~~ some ~pedal ext~~ J~r~\e~~: ~~:~~iii~.·tQ ·•• 
certa~n particle$? Until :te,cently there::.~~s ;an ·a·~ost• uriiyet~aj_ :- · .. 

... >~:·.-.·,_:. <T:' ~..,~: ... >-. • ' -· 'o• ,:· ' ' ?.'•'' f ,· '. ', ·,, ..... ~ ',~;.· .... ~:.:-:.>~~-~~·.·.:~:,:>,_,~.·.·.: ...... :··.·,,'. ~~ .. : .. (: ~ ', • •" .· : 
,.:belief '•th.at :a .fe\ol' • strongly interacting particles!: suph ~a( thf'nucleon; 

. . -~ .... -. .- . ·~ - ·, . . ' ' . . ., . . .. .. :. . ..... . .,. ' 

channels is ;in'most· cases "still too . .·.-

r, 

.• ~ou1<:i h:av~.' ·tO' play a special .role;' but durfrig the past, ~wo years : t}?.~ : 
'<·. )/~.':·:·-;,'j{.,;;-::··_;_.·, _· , .. r· 

.·. 
1 

· .• , · .· noti'qrt:q:t democracy among strongly interacting. particles has been· 
.. ·• 

':~,: ,• ~ I 

· gaining aqp.erents, tha~ is to say, the notion: that<~o strongly 
~. ; ' 

h1t'et~cting particle is more elementary thart, aey other •. •· 
. .... · .. ·:~·f) ,,.. ~ ~ > '· ; : '·" • ... • • • • '· ' •• • : 

':·r,o:;';,;-:'!':•', The revolutionary character of nucleaf parti~le demo<:~a'cy ., 
~· · ... ., 

'•·,' 

' is b,e,st appreciated by contrasting the aristocratic structure< of '·• 
. : . ··~ ! . ' . ! • ~- . ' • • . <>. ~ ... '- ·' • ' 

. . atortii'~,:piiys~ds ·~~·.govern~d'by quantum elep:ttodyn~:i.cs.- '·l':{.o,.attempt 

·. , .. 

' ' 

·.·· .· 
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is made there to explain the existence and propertie~ of the electron 

and the· photon; one has always accepted their masse$,., spins, etc., 

together with the fine structure constant, as given parameters. There 

exist atomic particles, such as positronium, whose properties are 

calculable in the sense described above, but. so far one does not see 

. a plausible. basis, even in principle, for computing the properties of 

photon and electron as we compute those of positroniurn. In particular 

the zero photon IT!ass and the small magnitude of' the fine structure 

constant appear most unlikely to emerge from dynamics of the Yukawa 

·type. 
. . 

What has happened to make some of us think that all strongly 

· interacting particles are composite, with properties that are dynamically • 

calculable? I have already mentioned the systematic absence of very 

small masses. For a long time we have known of certain particles, such 

as the deuteron and 6 , for which there has been qualitative success 

in calculating the properties from Yukawa forces; but a presumed·analogy 

with electrodynamics inhibited theorists from attempting similar 

calculations f'or the nucleon--which.from the time of its discovery had 

been accorded a status parallel to that of the electron. Gradually, 

however, it was realized that this select status was dubious--'that no 

observed properties of the nucleon justify the belief that it differs 

in a fundamental way from other strongly interacting particles. And so, 

finally, an attempt was made to calculate nucleon properties from 

Yukawa forces: the same qualitative successwas achieved as for 6. 

The. status of these two particles,. N and 6,. now appears completely 



~ ' : 

' ~ ' 

-11- UCRL-11076 

· parallel'. It seems, furthermore, on the basis of recent theoretic,al 

deveJ.opments, that in all such dynamical calculations no distinction 

need be made on.the basis of the spin or other quantum numbers of the 
. - ·.. · .. ' _. . '. ; .. · ,: ' 

particle involved. To sum ·up, if there is no need for aristocracy ·: 

among strongly interacting particles, may there not be democracy? 
. .. 

One.suggested, the notion of nuclear particle democracy 
' . . . . : . . 

. appears plausible, but one. cannot yet say it 1S established.• Some 

physicists continue to.believe, for example,. that certain spin-one'. 

mesons are not ordinary citizens but play a role like that of the 

; photon. The most promising eXperimental tests of tf1e democracy 

· prirtciple involve careful measurement of nuclear reactions at v~ry . .. -. ' . ., ·, '. ' 

high energies, :but' currently available energies from tlie Brookhaven : 

and CERN accelerators are insufficient to make such>a test decisive •. 

A further ,it?-crease by at least a factor of five. _is ,required, 

necessitating .the construction of still largei- ~chh~es. 

;.; .. : .. 

Even if accepte~, the democracy p~incipie .leaves unanswered 
.. ' . 

.' some major questions. One is 'why the photon';and'.~the leptons are · ··.· · .· 

excluded. Perhaps one should take comforthere'in the historical 
. . . . ' . ' . 

circ:umstance, emphasized recently by Dirac, that up to now nature · 

.. ·has revealed her secrets in a remarkably well:.. separated sequence of 

installments and that human intellect has beenable to grasponly 
. . . 

one installment at a time. Why nature should be so considerate to.· 

scientists no one understands, but she has been so ;ln,the past and at 

the moment she seems to be .inviting.us to uriderstand"strong 'inter­

actions as a more .or less isolated collec:tion of phenomena. .A 

,. ·. 
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unified picture of the entire subatomic world. may not appear until a 

later and quite separate installment. 

Many physicists feel unhappy about the prospect of a . 

separate theory for strong interactions because Yukawa's idea about 

nuclear forces arose in the first place from a presumed analogy "'i th 

electromagnetism, as also did Fermi's picture of the weak interaction. 

By the same token, however, there are many points of analogy between 
' . ' 

electromagnetism and gravitation, and nearly all of us believe it is 

too.soon to invoke general relativity in subatomic physics. Eventually. 

such a step will be taken, but human science proceeds one step at a 

time.. How many separate steps 'W'ill be required it. is impossibie to .. 
predict. 

Bootstrap. Dynamics 

I conclude this report by mentioning a second major question, 

.this. one of immediate concern: the origin of the special symmetries 
. i . 

and the .associated conservation laws that characterize strong, inte·ractions. 

I am thinking here of isotopic spin and strangeness as well as the newly 

discovered eightfold way. For those of you hearing these terms for the 

. first tilne, it is sufficient to say that they describe an empirical · 

classification of the ob.served particies into families, all the members 

of a given family having similar properties. The analogy with the 

atomic periodic table is evident. No explanation has yet been given 

for the synnnetries underlying these subatomic families but rriany 

physicists believe that the secret will emerge from the "bootstrap" 

mechanism. 
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The bootstrap concept is equivalent to th~ notion already 
1 . 

I 
; 

developed of a democracy governed by Yukawa forces. " Each strongly 
J.·: 

interacting particle is. conjectured to be a bound state of those 
~-~: 

channels with which it communicates, owing its .existence entirely 

to forces.associated with the exchange of particles that coinmunicate 

with "crossed'' channels. Each of these latter particles in turn owes 

its existence to a set of forces to which the original particle makes 

a contribution. In other words, each particle helps to generate other 

particles, which in turn generate it. In this circular and violently 
i• 

non-linear situation it is possible to imagine that.no free parameters 

appear and that the only self-consistent set of particles is the one 

we find in nature. ·. Needless to say 1 vigorous efforts are being made 

to investigate this possibility. 

Now if the system is in fact self-determining, perhaps the 

special strong interaction symmetries are not arbitrarily to be imposed 

but willlemerge as necessary components of self-consistency. Perhaps 

their origin is destined to be understood at the same moment we under~ 

stand the pattern of masses and.spins for strongly interacting particles 
'• ., 

·-both aspects of the system flowing.from the dynamics of the boots~rap. 

On this optimistic note I close my survey. Thank you 
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