
The Strongest Force 
This article by one of the co-discoverers of 'the 
eightfold way' of classifying strongly interacting 
particles, first appeared in 'Science Year 1968' 
and is reproduced here by kind permission 
of the publishers. 

by K. Unser. It has two channels, one for 
h igh and one for low f requencies, each 
wi th its own beam current t ransformer, 
and the channels are coupled in such a 
way that there is an automat ic and con­
t inuous transi t ion between the two to cover 
the whole range. 

Beam current t ransformers for moni ­
tor ing fast e jected beams have been 
developed by S. Batt ist i and R. Bertolot to. 
(At the synchro-cyc lot ron, R. Hohbach and 
S. Mango have achieved moni tors of high 
sensit ivi ty — down to about 0.5 L I A — for 
the extracted proton beam.) The part icular 
problem wi th e jected beams is the low 
beam current and an accurate device for 
s low ejected beams with a long spi l l - t ime 
has not yet been operated. 

More di f f icul t ies come in when faced 
wi th the problem of moni tor ing the beam 
in storage rings. The aim is to provide a 
moni tor for the ISR wh ich wi l l be capable 
both of measuring the total s tacked beam 
current (with values up to 20 A c i rcu lat ing 
for many hours) and wh ich wi l l also be 
sensit ive to small changes, so that the 
addi t ion of an extra pulse (say 50 mA) 
f rom the PS dur ing the stack ing process 
can be moni tored, and so that any beam 
losses can be detected. A paper on this 
work by Unser ent i t led 'Beam Current 
Transformer wi th D.C. to 200 MHz Range' 
was read at the 1969 Part icle Accelerator 
Conference at Washington on 7 March. 

The response of the moni tor is extended 
to the d.c. condi t ion (to measure the 
steady stacked beam in the ISR) by adding 
a magnet ic modulator to the system 
already used on the PS (which measures 
the rapid changes). It consists of a pair 
of toro ids which are exci ted by an aux­
i l iary osci l la tor in opposi te senses so that 
their signals, in a w ind ing around both 
toro ids, cancel . When a beam passes 
through, it introduces an asymmetry giv ing 
an output signal proport ional to the current. 

A prototype has given very encouraging 
results. It has been tested up to currents 
of 20 A and over a wide f requency range 
down to d.c. The accuracy was about 
0.01 %>. 

When that visionary, Jules Verne, descr ibed 
the launching of the first manned space 
f l ight in his science f ict ion novel 'From 
the Earth to the Moon' in 1865, he ca lcu­
lated the height of Captain Barbicane's 
monstrous gun, the 'Columbiad ' , at 880 
feet. When the gunpowder that f i l led a 
quarter of this gun was igni ted, the space 
capsule, in an earth-shatter ing blast, shot 
instantly to the 36 000 foot-per-second 
veloci ty required to escape the earth's 
gravity. It was a jo l t ing beginning to a 
remarkable lunar voyage. 

In 1968, Verne's prophecy has become 
reality. Men of another century were con­
struct ing the Saturn V moon rocket, the 
most powerful machine ever built, to send 
an Apol lo spacecraf t soaring to the moon. 
To overpower gravity's enormous re­
sistance, the Saturn's engines burn almost 
4 000 gal lons of fuel and oxidizer every 
second. 

Man has thus learned how to overcome 
gravity — the gross force of afl the earth's 
atoms. But wi th in each small atom, there 
is a much larger force — elect romagnet-
ism. Imagine that t iny rocketeers l iving 
wi th in an atom wished to launch a nega­
t ively charged electron against the e lectro­
magnet ic pull of its posit ively charged 
atomic nucleus. They would need 10 000 
t imes more fuel than the amount needed 
to lift a s ingle electron f rom the earth to 
the moon. To further i l lustrate the strength 
of this force, imagine that a Space Age 
imp had removed all the electrons f rom 
only one-tenth of a cubic mi l l imeter of the 
Apol lo capsule 's metal skin and had 
carr ied them down to the launch pad. 
The e lect romagnet ic force now at t ract ing 
the posit ively charged capsule to the 
electrons on the ground would be so 
overwhelming that, at blast-off, the 
7 500 000 pound thrust of the Saturn's 
f iery engines could not budge the space­
craft. The imp, to the bewi lderment of the 
astronauts, would have matched the grav i ­
tat ional force of the whole earth wi th 
only a mi l l ionth of a gram of e lectrons. 

Within the nucleus of the atom there 
is a force even stronger than e lect ro-
magnet ism. Scientists have known of this 
force for just over 30 years, and, today, 

Yuval Ne'eman 
the search for an understanding of it is 
the greatest chal lenge in physics. 

At Serpukhov, Russia, on the other side 
of the earth f rom the Saturn's base on 
Merr i t t Is land, Flor ida, is the wor ld 's largest 
proton accelerator . Its proton beam acts 
l ike the f irst stage in a mult i -stage rocket. 
But each proton in the beam is boosted 
to 50 mi l l ion t imes the energy it wou ld 
take to lift i t # t o the moon. It has 76 000 
mi l l ion e lectronvol ts (76 000 MeV) of 
k inet ic energy. Remember ing the Saturn's 
energy needs, it is obvious that physic ists 
studying this st ronger force, needing so 
much more energy, must sett le for an 
extremely smal l payload. When a smal l 
bunch of protons str ikes a metal target, 
the col l is ion produces a mult i tude of t iny 
new part ic les cal led pions, kaons, and 
ant iprotons. These are separated and 
col lected in secondary beams, wh ich are 
sent to dest inat ions located deep wi th in 
the nucleus of the atom. 

Even as man explores the moon, so 
wi l l part ic les in those secondary beams 
explore a new wor ld — the wor ld of the 
strong nuclear force. Physicists cal l it 
the strong interact ion. It binds together 
neutrons and protons in atomic nuclei . Its 
pul l , part ic le for part ic le, is more than a 
hundred t imes stronger than e lect ro-
magnet ism, and a hundred fo l lowed by 
35 zeros t imes stronger than gravity. 

These forces — gravi tat ion, e lect ro-
magnet ism, and the strong nuclear fo rce 
(plus a l i t t le-understood weak nuclear 
force) — cause all of the variety, change, 
and beauty in the universe. Without them, 
ob jects wou ld never be aware of one 
another. They would never attract or repel, 
and they wou ld not col l ide, but wou ld 
effort lessly pass through each other. How 
do forces, wh ich somehow act through 
what seems to be empty space, account 
for this ? One of the great theoret ica l 
achievements in physics tel ls us the 
answer, and al lows us to see how the 
strong nuclear force — the strongest 
force — behaves. 

When electrons violent ly col l ide, as they 
do in the sun or in the hot f i lament of 
a l ight bulb, smal l bundles of k inet ic 
energy are knocked free. The electrons 
s low down, due to dispersion of some 
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of their kinet ic energy. These energy 
bundles, cal led photons, carry the e lect ro­
magnet ic force that moves electrons in 
your eye — and you can see. 

Photons, then, should also carry the 
force that exists between two charged 
part ic les even when neither is moving. 
A l though the stat ic charge on a too-easy-
to-charge nylon shirt often is a nuisance, 
it is sc ient i f ical ly i l luminat ing. For the 
charge is not moving and can have no 
kinet ic energy, yet it does emit photons. I 
know of them because they make the hair 
on my arm stand up. I cannot see these 
photons, however, even when I am using 
the f inest laboratory instruments. 

A powerful pr inc ip le of physics, the 
pr inc ip le of uncertainty, explains why we 
can observe some photons as lumps of 
energy but not detect the energy of other 
photons at al l . A photon is the smal lest 
amount of energy that we can measure. 
We must wai t for all its energy to pass 
by us or see none of it. A def in i te amount 
of t ime, then, depending on the energy of 
the photon, is needed to detect it. The 
pr inc ip le says, for example, that a single 

l/l/e can detect a proton only through its forces. 
It is the sum of four effects. The gravitation force, 
surrounding all matter in all directions to infinity, 
controls the stars and galaxies. The much 
stronger electromagnetic force cancels out at 
long range, since there are equal numbers of 
positive and negative charges in the universe. 
It controls the world of atoms and molecules. 
The weak nuclear force is known to exist, but its 
carrier has not yet been detected. The strongest 
force — the strong nuclear force — controls 
most effects in the compacted nuclear and sub-
nuclear world. 

photon of green light, 2 x 1CT6 MeV of 
energy, can -be observed only if it exists 
longer than a mi l l ion-bi l l ionth (10 - 1 5 ) of 
a second of t ime. When this photon exists 
for a shorter t ime, it cannot be detected. 

No photon having measurable energy 
can be emit ted by a static charge on my 
shirt, but unobservable photons can freely 
emerge from it at the speed of l ight and 
act on a hair. Thus, a stream of 'v i r tual ' 
photons — so cal led to dist inguish them 
from the 'physical ' photons that we can 
observe — carr ies the charges' at t ract ion 
or repulsion. The less energy a vir tual 
photon has, the longer the t ime it can act. 
Thus the farther apart two charges are, 
the longer the vir tual photons take to leap 
between them, the smaller the energy the 
photons can possess, and the weaker the 
force they transmit . The electromagnet ic 
force has an inf ini te range ; inf initely weak 
vir tual photons reach out f rom each charge 
to the very horizon of the universe. 

This also holds for the gravi tat ional 
force. Its act ion is t ransmit ted, also at 
the speed of l ight, by part icles of energy 
cal led gravi tons. Though virtual when 
simply binding the earth to its orbit around 
the sun, they are, accord ing to theory, 
emit ted physical ly whenever matter is 
accelerated. Gravitons must be exceedingly 
feeble. They have never been observed. 

The pr inc ip le of uncertainty neatly 
explains the repulsions and at t ract ions 
between charged part ic les and the grav i ­
tat ional at t ract ion between all masses. But 
when the neutron was discovered in 
1932, it soon became clear that sti l l 
another force must bind them to other 
neutrons and protons in the nucleus. The 
neutron carr ies no electr ic charge, and 
gravity is far too weak. In 1935, Japanese 
physicist Hideki Yukawa suggested the 
new force, based upon the observat ion 
that its range is extremely short. Indeed, 
the pull of the nuclear force comes to 
an abrupt end at a distance of only 1 
fermi (a 10-tr i l l ionth of a centimeter) f rom 
the centre of both neutrons and protons — 
the two variet ies of the nucléon (the heavy 
part ic le that makes up all atomic nuclei) . 

Recal l ing that virtual photons carry 
e lectr ical forces, Yukawa conjectured that 
the nuclear force carr ier should be a 

massive part ic le. He first assumed that 
the new force could not spread faster than 
light, wh ich was not proved exper imental ly 
until 1967 by Seymour Lindenbaum at 
Brookhaven National Laboratory. A pho­
ton moves 1 fermi in 10-tri I Months of a 
t r i l l ionth (10~2 3) of a second. Yukawa then 
used the uncertainty pr inc ip le to calculate 
the min imum energy of a vir tual part ic le 
that can act only tjpis very short amount 
of t ime. He found it to be about 100 MeV, 
roughly one-ninth of the energy — and 
thus one-ninth of the mass — of a 
nucléon. This hypothet ical force-carry ing 
part ic le was cal led a meson. 

Scient ists could hope to check Yukawa's 
theory by produc ing physical , rather than 
vi r tual , mesons in v iolent col l is ions be­
tween nucléons, just as physical photons 
emerge f rom col l is ions of electrons. With 
their sizable mass, the new mesons 
should, in fact, be easier to observe. 
Further, when scient ists had bombarded 
nuclei wi th neutrons, they found the force 
that scat tered the neutrons had turned 
some of them into protons, leaving the 
corresponding nuclei wi th one less posit ive 
charge. Yukawa's force-carry ing meson, it 
seemed, could carry an electr ic charge 
as we l l . A charged meson would expose 
a photographic emuls ion, leaving a charac­
ter ist ic t rack, or it wou ld leave a trai l of 
droplets behind it as it passed through 
a c loud chamber. Physicists hurr ied to 
study cosmic ray col l is ions, s ince protons 
arr iv ing f rom outer space would have 
enough kinet ic energy to material ize 
mesons. 

It took 14 years, though, to conf i rm 
Yukawa's pred ic t ion. First, a part ic le was 
d iscovered that had very nearly the 
predic ted mass, 106 MeV. This part ic le, 
cal led a mu-meson, or 'muon' , was 
thought to be Yukawa's part ic le for a 
number of years. But in 1949, Soicho 
Sakata and Tokuzo Inoue in Japan and 
Hans Bethe at Cornel l University and 
Robert Marshak at the University of 
Rochester expla ined that the muon simply 
d id not have anything to do wi th the strong 
force. It was not really a meson. Short ly 
af terwards, the r ight part ic le, the pi-meson, 
was found. This 'p ion ' had a mass of 
140 MeV, somewhat heavier than Yukawa's 
pred ic t ion. Further, the pion material ized 
in three states — posit ively charged, 
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When a high-speed pion strikes a proton, many 
new particles emerge. Since the K+ meson, for 
instance, physically exists longer than its expected 
life of 10~23 second, it must possess a new 
property, called strangeness, that prevents its 
strong-force decay into two nonstrange pions. 
The weak interaction permits the decay, but 
takes 100 trillion times as long. 

Strange K-mesons can bond strange baryons in 
ordinary nuclei to make hypernuclear atoms. 
In tritium, scientists have replaced a neutron with 
a lambda particle. 

negatively charged, and neutral . Three 
states were necessary to explain why the 
strong forces between two protons, be­
tween two neutrons, and between a neu­
t ron and a proton are equal . The l ight (in 
weight) part ic les, cal led leptons (electrons, 
muons, neutr inos, and photons) do not 
' feel ' the pion's strong force. The pion 
and all heavier part ic les, wh ich sense its 
strong force and interact through it, have 
been named hadrons. 

The pion story d id not develop wi thout 
inf l ict ing a few wounds. It is said that 
Baron Ernest C. G. Stueckelberg Bre iden-
bach, a Swiss physicist, had had the same 
idea as Yukawa in 1935. He checked it, 
however, wi th the renowned Austr ian 
physicist Wol fgang Pauli, who r id iculed it. 
Pauli apparent ly tended to be too cr i t ica l 
of ideas that were not his own. In any 
case, Stueckelberg did not publ ish his 
idea — and thus d id not share the Nobel 
prize in physics that was awarded to 
Yukawa in 1949. 

Another sequel relates to the muon-
pion error. Because of Wor ld War II and 
the lack of scient i f ic communicat ions that 
fo l lowed it, the West had not not iced the 
Sakata- lnoue paper, and s ingled out Bethe 
and Marshak as the scient ists who pointed 
out the mistaken identi ty. This created 
bi t terness in Japan where it mixed wi th 
pro-Communist leanings and resentment 
over the war t ime defeat. The bi t terness 
exploded at a conference held in 1965 at 
Kyoto, Japan, to commemorate the 30th 
anniversary of Yukawa's theory. Mitsuo 
Taketani , one of the most respected of 
Japanese physicists, nursing personal and 
pol i t ical grudges against the United States 

and its scient ists, came out openly wi th 
an accusat ion of p lagiar ism. This was 
countered by Marshak in an intel l igent and 
touching answer. The entire exchange was 
publ ished in the conference proceedings. 
Hopeful ly, this f reeing of inner tensions in 
the scient i f ic body wi l l have c leared the 
atmosphere. 

One might have thought that wi th the 
discovery of the pion, the strong force 
had y ie lded its secret. But the uncertainty 
pr inc ip le tel ls us that other mesons having 
higher masses may lurk unobserved deep 
wi th in the nucléon. The pion turned out to 
be just a beginning, in keeping wi th a ' law' 
of nature. Each t ime a major advance is 
made and a mystery solved, we are qu ick ly 
confronted by a new mystery. Thus, short ly 
after the discovery of the three pions 
seemed to completely explain the strong 
nuclear force, scientists were shocked to 
discover four heavier mesons. These K-
mesons, or kaons, at 500 MeV, were also 
produced by cosmic rays. 

At about the same t ime, other new 
part ic les, s imi lar to protons and neutrons, 
were d iscovered in cosmic ray t racks. 
Cal led baryons, they were heavier than 
the nucléon, and decayed into nucléons 
and pions, or nucléons and leptons. 
Strong-force decays always occur in 
roughly the l i fet ime of vir tual pions, about 
10~ 2 3 second. Kaons carr ied the strong 
force just l ike pions, gluing nucléons to 
the new baryons but not to nucléons. But 
these new part ic les all l ived 1 0 - 1 0 second, 
more than a t r i l l ion t imes longer than the 
strong force would take to decay them. 

This was a real puzzle. Why were kaons, 
rather than pions, vir tual ly emit ted by the 

new baryons ? And why do they live so 
long ? The behaviour of these part ic les, 
matter that seemed to have no reason to 
exist, was expla ined in 1953 by Murray 
Gel l -Mann, then at the University of 
Chicago, and, independent ly, by Kazuhiko 
Nishi j ima in Japan. 

The new part ic les must have a new 
character is t ic that is not affected by the 
strong force. Gel l -Mann cal led it s t range­
ness. The new baryons, he said, each had 
one unit of strangeness, and were thus 
unable to v i r tual ly emit, or decay into, 
fami l iar nonstrange part ic les in 10~ 2 3 

second. The weak nuclear force apparent ly 
a l lowed strangeness to change by one 
unit at a t ime, permit t ing these strange 
part ic les to decay. Its weak accelerat ions 
s low the decay rate, however, and the 
part ic les live 10 " 1 0 second, long enough 
to leave t racks in f i lm or in a c loud 
chamber. 

Strangeness had just managed to expla in 
the role of kaons when exper iments 
carr ied out by Robert Hofstadter at S tan-
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The single unit of spin of the rho-meson, left, 
is conserved, forcing the two spin 0 pions into 
which it decays, right, to spin around each other. 
The detection of orbiting pions first indicated 
the existence of the rho. 

ford University and Robert Wi lson at 
Cornel l University provided the next 
mystery. Yukawa had said that a nucléon 
should be surrounded by a c loud of 
v ir tual pions out to a d istance of 1 fermi . 
Hofstadter and Wilson hoped to observe 
the c loud by seeing nucléons in atomic 
nuclei def lect high-energy electrons. A l ­
though electrons cannot sense the strong 
force carr ied by a negatively charged 
pion that is vir tual ly emit ted by a neutron, 
they should sense the vir tual photons f rom 
the pion's electr ical charge. 

The electron probes did f ind a c loud, 
but one that Yukawa's theory cou ld not 
whol ly expla in. Yoichi ro Nambu, a Japa­
nese physicist work ing at the University 
of Chicago and one of the deepest th inkers 
in part ic le theory, showed in 1957 that 
v ir tual pions could be decay products of 
yet another vir tual meson having ent irely 
di f ferent features. This parent meson, 
cal led the rho, would have about f ive 
t imes a pion's mass and would decay into 
two pions deep wi th in the nucléon by the 
strong interact ion. Nambu showed that if 
the rho was spinning, the two pions, wh ich 
cannot spin themselves, would have to 
come out orbi t ing around each other. Their 
orbi ta l mot ion would solve the mystery of 
the Hofstadter-Wilson- c loud. 

The spin of the rho tel ls us something 
more. A part ic le 's rotat ion around its axis 
— spin — can have only speci f ic values. 
The e lectron, nucléon, and certain nuc leon-
l ike part ic les are considered to have spins 
of V2 units. Some heavier nuc leonl ike 
part ic les have spin 3h or spin V2. Force-
carry ing mesons have a di f ferent kind of 
spin 0, 1, 2, 3. Which spin they have 
determines the nature of the force they 
carry. For instance, the force between 

ident ical part ic les is always attract ive if 
the spin of the exchanged meson is even. 
The pion has spin 0. The best example of 
a pionl ike force is s imple Newtonian 
gravi tat ion. It does not carry any twist ing 
force ; two masses are simply pul led closer 
together along a straight line between 
them. Albert Einstein, in his 1916 theory 
of the gravi tat ional force, better known 
under the mysti fying name of the general 
theory of relativity, showed, however, that 
gravity is really carr ied by a spin 2 par t i ­
cle, the gravi ton. At t ract ion is only one 
aspect of gravity. The graviton's spin 
creates other effects : centr i fugal force, 
former ly explained by inertial mass, now 
known to be the same as gravi tat ional 
mass, and the cor io l is force that holds a 
b icycle upr ight when its wheels are 
sp inning. 

Electromagnet ism is t ransmit ted by a 
spin 1 meson, the photon. This force, 
carr ied by an odd-spin meson, is repulsive 
between ident ical part ic les. The whole of 
magnet ism — the twist ing force around a 
moving electron that causes an electr ic 
motor to turn — is due entirely to the 
photon's spin. 

The spin 1 of the new rho-meson would 
imply that it, too, exerts a twist ing force 
simi lar to magnet ism. And the force that 
it carr ies between simi lar hadrons would be 
repulsive, as in the case of electr ic forces. 
This would explain why neighbour ing 
nucléons in a nucleus, pul led toward each 
other by vir tual pions, do not fal l into 
each other. Their central cores of vir tual 
rhos prevent it. Nucléons and their oppo­
site equivalents, ant inucleons, however, 
are at tracted together by the pions, and, 
being opposi tes, are attracted by the rhos 
as wel l . They annihi late themselves. 

In 1961, Nambu's theory was conf i rmed 
when researchers using part ic le acceler­
ators found indirect but certain evidence 
of a physical rho meson. Several other 
spin 1 mesons were simi lar ly detected. 

At tempts to measure the strength of the 
strong force sti l l deeper in the nucléon 
turned, dur ing the 1960s, to the high 
energy domain — the region where more 
massive vir tual barygns and mesons should 
be mater ial ized by cosmic rays and, per­
haps, by beams from powerful new 
accelerators. Mesons having two units of 
spin were d iscovered between 1962 and 
1964. The strong force, about Vio fermi 
f rom the centre of a nucléon, is dominated 
by these heavy spin 2 mesons, even 
stronger in their at t ract ive force than the 
pion. 

I somet imes wonder at the fantast ic 
promise of the strong force. The whole 
of present technology — chemical , e lectr i ­
ca l , and mechanica l engineer ing — is 
based upon only two relatively weak 
forces, e lect romagnet ism and gravi tat ion. 
Now we see that the strong interact ion 
has, at var ious ranges, all these effects 
and more. We shall fur ther see that these 
forces all come in eights — eight s imple 
attract ive potent ials, eight complex forces 
resembl ing e lect romagnet ism, eight t imes 
a gravi tat ion- inert ia l ike force. What r ich­
ness when someday engineers wi l l be 
able to exploi t the regions under one 
fermi . Can this prospect be more remote 
than Jules Verne's vision of space travel 
a century ago ? 

The high-energy studies have shown, 
as wel l , that as the energy goes up, the 
chance of two nucléons scatter ing each 
other steadi ly goes down. Wil l it, at 
inf inite energies, take a l imit ing value, 
perhaps corresponding to the geometr ica l 
'size' of the nucléons themselves ? Or 
wi l l the chance of col l is ion vanish al to­
gether and the part ic les become com­
pletely t ransparent to each other ? 

The most recent studies show that at 
the very highest energies, the strong force 
is dominated by a meson named for 
Isaak Ya Pomeranchuk, a Russian physicist 
who died in 1966. The nature of this 'pom-



eranchukon ' is a mystery. It could be a 
spin 2 meson, the l ightest among them, 
cal led the f ° , at 1250 MeV. It cou ld , 
however, be a di f ferent effect, perhaps 
the attract ion due to the vir tual emission 
of mesonl ike proton-ant iproton pairs, or 
other part ic le-ant ipart ic le pairs emit ted 
and reabsorbed at d istances smal ler than 
Vio fermi . 

Whether the pomeranchukon is this 
special object , or the f ° , wi l l have im­
portant impl icat ions for future space travel . 
Accord ing to relativity theory, as a space­
ship nears the speed of l ight, the astro­
nauts' bodi ly processes impercept ib ly 
s low down. They could make hundred-
year t r ips to stars a hundred l ight-years 
away in what to them wou ld be just a few 
years. At these speeds, however, the ship 
would constant ly encounter hydrogen 
atoms f loat ing sparsely in interstel lar 
space. If the pomeranchukon is the special 
ob ject , two protons moving toward each 
other would always have a chance to 
col l ide, even at the highest energies. 
Hydrogen in space would hit the ship 
extremely hard, l ike cosmic rays, and this 
intense radiat ion could be one of the 
strongest reasons against the hope of 
t ravel l ing to the stars. 

If, instead, the pomeranchukon is the 
f ° meson, the chances of protons co l l id ing 
would d iminish wi th every increase in 
their energy. At inf inite energy, the strong 
force would vanish, and the protons would 
never col l ide. A spaceship and its occu ­
pants could cruise extremely close to the 
speed of l ight and be unaware of the 
hydrogen gas passing harmlessly through 
them. The quest ion of wh ich is the correct 
v iew is one of many that wi l l be answered 
by two giant accelerators to be completed 
in the 1970s, one by the U.S. Atomic 
Energy Commission at Batavia, III., and 
the other by the European Organizat ion 
for Nuclear Research (CERN) in Europe. 

Whi le measurements of the strong force 
gradual ly advance, another approach has 
brought a much needed order into our 
p icture of the nucléon. The si tuat ion is 
s imi lar to that of natural history. Charles 
Darwin's theory of evolut ion emerged only 
when the animal k ingdom had been suf­
f ic ient ly c lassi f ied. Not ing s imi lar i t ies and 

regulari t ies, Darwin could t race descents. 
Sir Isaac Newton's theory of gravi tat ional 
and inert ial forces could come only after 
regular i t ies and simi lar i t ies in the mot ion 
of planets and fal l ing objects had been 
d iscovered by Johannes Kepler and 
Gali leo Gal i le i . 

Early in 1961, Murray Gel l -Mann and I 
independent ly suggested a scheme that 
c lassi f ied strongly interact ing part ic les into 
fami ly groups. Previous attempts had 
fa i led. Al l the hadrons simply d id not fit. 
One scheme had come close to success, 
however. It was based upon an idea of 
Sakata's, in 1956, that the proton, the 
neutron, and a strange part ic le, the lambda 
baryon, plus their ant ipart ic les, were the 
basic bui ld ing blocks of all part ic les, and 
thus of all matter. In 1960, Yoshio Ohnuki 
in Japan and Walter Thir r ing in Austr ia 
uncovered a 19th century mathemat ical 
technique known as SU (3) — for Simple 
Unitary group of t ransformat ions in 3 
complex dimensions. This SU (3) is an 
especial ly good tool for manipulat ing 
groups of three basic objects. They found 
that by combin ing Sakata's charged part i ­
cle, neutral part ic le, and strange part ic le 
in var ious ways, all the known propert ies 
of hadrons could be expla ined. 

The scheme predicted that mesons 
having the same spin should arrange in 
groups of eight. Thus, the seven known 
spin 0 mesons — the three pions and the 
four strange kaons — should have an 
eighth companion. At the University of 
London, in 1961, Abdus Salam and John 
C. Ward extended Ohnuki 's e ight fo ld pre­
d ic t ion to the spin 1 mesons as wel l , and 
suggested that the rho, if found, should 
l ikewise have seven spin 1 companions. 

Baryons, however, not having the who le-
number spins of the mesons, fell into 3-, 6-, 
and 15-member groups. Because Sakata 
had assumed that certain baryons, the 
neutral x i , for instance, were made by 
adding together three spin V2 baryons, 
they were predicted to have spin 3h, and 
a more compl icated structure than the 
nucléon. 

At about the same t ime, and wi thout 
knowing of Sakata's theory, I was looking 
into the same problem. I hit upon the 
adequacy of the eightfold scheme as the 
simplest mathemat ical structure that could 
classify the strong interact ions. The same 

Forces carried by pions and rho-mesons alterna­
tely attract and repel nucléons in an atomic 
nucleus. Spin 0 pions keep the nucleus from 
flying apart ; spin 1 rhos keep it from collapsing. 

The discovery of the spin 2 f° meson hints that 
if nucléons could be squeezed beyond the 
resistance of the rho forces, they would attract 
each other with enormous force. This would 
not only release staggering amounts of usable 
energy, but should also produce a new kind of 
matter. The rho's repulsion, however, does not 
weaken fast enough to allow this attraction except 
when two nucléons glance off each other at 
high speed. 
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Three kinds of objects, shown as coloured 
triangles, can be arranged into ten possible 
groups of three. In The Eightfold Way, each 
combination of three fictitious objects, called 
quarks, makes a different baryon. 

idea occur red to Gel l -Mann, at the Cal i ­
forn ia Institute of Technology (Caltech). 
Neither of us had any not ion, however, of 
using known part ic les as fundamenta l 
'br icks ' , as in the Sakata model . We 
both felt free to arbi t rar i ly arrange the 
exist ing part ic les in var ious patterns, 
wi thout concern for their bui ld ing b locks, 
and see which pattern best fit the obser­
vat ions. 

We thus found, unl ike Ohnuki and 
Th i r r ing, that, of all mathemat ical ly pos­
sible structures, the arrangement of the 
eight then-known baryons into one fami ly 
best expla ined the facts. Mathemat ical ly , 
this meant that we had used three f ic t i t ious 
ob jec ts as the bui ld ing b locks, and made 
all the baryons, inc luding the nucléon, 
f rom var ious combinat ions of the three 
types. In our 'synthesis' , then, the xi 
wou ld be no more compl icated than the 
nucléon and would have the same V2 spin. 
Our theory also predicted the existence 
of eight spin 0 and eight spin 1 mesons. I 
publ ished this, and so did Gel l -Mann, early 
in 1961. 

Wi th in just a few months, the eighth 
spin 0 meson was d iscovered. The eight 
spin 1 mesons were also found in 1961. In 
1964, the spin 2 mesons were found, and 
ar ranged themselves neatly into the same 
kind of octet. 

Up to that point, it was not clear wh ich 
theory was correct , the Sakata model — 
the more popular one — or 'The Eight fo ld 
Way' , as Gel l -Mann had named ours. 
Eight-member meson fami l ies had been 
predic ted by both models. The spin of 
the xi was found to be V2 in 1963 and 
seemed to indicate we were right, but the 

relative s impl ic i ty of Sakata's scheme sti l l 
at t racted many physicists. 

One clear-cut di f ference could be drawn. 
If our scheme was right, baryons having 
spins of V2 should exist as a 10-member 
family. Four had been discovered by Enrico 
Fermi in 1950. Another three, each wi th 
one unit of negative strangeness, were 
reported in 1961. And, at the 1962 CERN 
conference, held in Geneva, Switzer land, 
a pair wi th two units each of negative 
strangeness was reported. Their spins 
were not known. If these nine really made 
up a family, the 10th member should have 
three units of negative strangeness. More­
over, all nine decayed by the strong 
interact ion in 10~ 2 3 second, and could be 
ident i f ied only by complex analyses of 
the decay products. Their 10th companion, 
though, could decay only by the weak 
nuclear force, as its mass would be smal ler 
than any decay products having the same 
strangeness. It should thus live about 10 " 1 0 

second and leave a t rack in a bubble 
chamber. 

Al l the propert ies of the missing part ic le 
could be predic ted from our theory. Gel l -
Mann went to the b lackboard dur ing the 
CERN conference and explained exact ly 
what the exper imenters should be looking 
for. I had made a simi lar suggest ion the 
day before in a letter to Gerson Goldhaber 
and his late wi fe and col laborator, Sula-
mith Goldhaber. An exper iment wi th nega­
t ive results that they had reported just 
two days earl ier had provided the last 
needed clues, and I was try ing to convince 
them to look for the missing tenth piece 
of the puzzle. 

In February, 1964, Nicholas Samios and 
32 col laborators at Brookhaven National 
Laboratory found it — the first omega-

minus part ic le. Since then, only 20 or so 
omega-minus part ic les have been ob­
served. They have the right mass (about 
1,680 MeV), charge, strangeness, and also, 
I hope, the right spin, s ince this has not 
yet been measured. 

Thus, The Eightfold Way worked. Since 
then, many other predict ions of The 
Eightfold Way have come true, so that the 
theory has been adopted by most physi­
cists. From a part ic le 's posit ion in its 
family pattern, we can predict the relative 
strengths of the force between it and the 
var ious hadrons. The scheme even goes 
beyond the strong force, explain ing their 
weak force and e lect romagnet ic inter­
act ions, too. But we sti l l do not know 
why The Eightfold Way should hold. 
Today's Newton has not yet appeared. 

In 1964, Gel l -Mann and Georg Zweig at 
Caltech suggested check ing whether the 
three f ic t i t ious part ic les we had used as 
elementary really exist as vir tual or physi­
cal part ic les. Gel l -Mann cal led them 
quarks. In four years of searching, how­
ever, they have not been found, and the 
chance that they exist seems to be 
dwind l ing . 

My own feel ing is that the f inal theory 
of matter and its strongest forces wi l l not 
have the naive s impl ic i ty of three truly 
elementary part ic les obeying the rules of 
The Eightfold Way. Nature wi l l be more 
clever. Indeed, if quarks are ever found, 
I am sure that we shall be faced wi th an 
even deeper mystery. In 1968, a col league 
who has l ived through the entire history 
of e lementary part ic le physics to ld me 
that the f irst two high energy accelerators 
— the Bevatron at Berkeley, Calif., and 
the Cosmotron at Brookhaven, N.Y. — 
both broke down short ly after they began 
operat ing in 1954. Six months went by 
before the exper iments could be cont inued. 
The Creator probably had given himself 
t ime to put some complex i ty into this 
smal lest of wor lds that men were beginn­
ing to explore. Let us not underest imate 
the sophist icat ion He wi l l be using next. 
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