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tronic television. In this method, called inertial electrostatic confinement, posi.
tively charged particles are rapidly attracted towards a negatively charged grid.
Some of the positive particles then collide and fuse.

An international collaborative effort involving four major fusion programs i
currently under way to build a fusion reactor called the International Thermon,.
clear Experimental Reactor (ITER). This facility will address the remaining tech.
nological and scientific issues concerning the feasibility of fusion power. The
design is completed, and site and construction negotiations are under way. If the
planned device works as expected, the Lawson number for ITER will be about six
times greater than the current record holder, the JT-60U tokamak in Japan.

30.4 ELEMENTARY PARTICLES

The word “atom” is from the Greek word atomos, meaning “indivisible.” At ope
time, atoms were thought to be the indivisible constituents of matter; that is, they
were regarded as elementary particles. Discoveries in the early part of the 20th
century revealed that the atom is not elementary, but has protons, neutrons, and
electrons as its constituents. Until 1932, physicists viewed these three constituent
particles as elementary because, with the exception of the free neutron, they are
highly stable. The theory soon fell apart, however, and beginning in 1937, many
new particles were discovered in experiments involving high-energy collisions be-
tween known particles, These new particles are characteristically unstable and have
very short half-lives, ranging between 10723 s and 107%5s. So far more than 300 of
them have been cataloged.

Undl the 1960s, physicists were bewildered by the large number and variety of
subatomic particles being discovered. They wondered whether the particles were
like animals in a zoo or whether a pattern could emerge that would provide a
better understanding of the elaborate structure in the subnuclear world. In the
last 30 years, physicists have made tremendous advances in our knowledge of the
structure of matter by recognizing that all particles (with the exception of elec-
trons, photons, and a few others) are made of smaller particles called quarks.
Protons and neutrons, for example, are not truly elementary but are systems of
tightly bound quarks. The quark model has reduced the bewildering array of parti-
cles to a manageable number and has predicted new quark combinations that
were subsequently found in many experiments.

30.5 THE FUNDAMENTAL FORCES OF NATURE

The key to understanding the properties of elementary particles is to be able to
describe the forces between them. All particles in nature are subject to four funda-
mental forces: strong, electromagnetic, weak, and gravitational.

The strong force is responsible for the tight binding of quarks to form neu-
trons and protons and for the nuclear force, a sort of residual strong force, bind-
ing neutrons and protons into nuclei. This force represents the “glue” that holds
the nucleons together and is the strongest of all the fundamental forces. It is a
very shortrange force and is negligible for separations greater than about
107 m (the approximate size of the nucleus). The electromagnetic force, which
is about 1072 times the strength of the strong force, is responsible for the binding
of atoms and molecules. It is a long-range force that decreases in strength as the
inverse square of the separation between interacting particles. The weak force is 2
shortrange nuclear force that tends to produce instability in certain nuclei. It is
responsible for beta decay, and its strength is only about 107° times that of the
strong force. (As we discuss later, scientists now believe that the weak and electro-
magnetic forces are two manifestations of a single force called the electroweak
force). Finally, the gravitational force is a long-range force with a strength only
about 10™* times that of the strong force. Although this familiar interaction is
the force that holds the planets, stars, and galaxies together, its effect on elementary
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TABLE 30.1
Particle Interactions
Interaction Relative Mediating
(Force) Strength®  Range of Force Field Particle
Strong 1 Short (=1 fm) Gluon
Electromagnetic 107* Long (=1, 1% Photon
Weak 107 Short (=107 fm) W< and Z bosons
Gravitational 1o~ Long (= 1,/r%) Graviton

For rwo gquarks separated by 3 X 1o~ o,

particles is negligible. The gravitational force is by far the weakest of all the fun-
damental forces.

Modern physics often describes the forces between particles in terms of the
actions of field particles or quanta. In the case of the familiar electromagnetic
interaction, the field particles are photons. In the language of modern physics, the
electromagnetic force is mediated (carried) by photons, which are the quanta of the
electromagnetic field. Likewise, the strong force is mediated by field particles
called gluons, the weak force is mediated by particles called the W and Z bosons,
and the gravitational force is thought to be mediated by quanta of the gravita-
tional field called gravitons. All of these field quanta have been detected except for
the graviton, which may never be found directly because of the weakness of the
gravitational field. These interactions, their ranges, and their relative strengths are
summarized in Table 30.1.

30.6 POSITRONS AND OTHER ANTIPARTICLES

In the 1920s, the theoretical physicist Paul Adrien Maurice Dirac (1902-1984)
developed a version of quantum mechanics that incorporated special relativity.
Dirac’s theory successfully explained the origin of the electron’s spin and its mag-
netic moment. But it had one major problem: its relativistic wave equation
required solutions corresponding to negative energy states even for free electrons,
and if negative energy states existed, we would expect a normal free electron in a
state of positive energy to make a rapid transition to one of these lower states,
emitting a photon in the process. Normal electrons would not exist and we would
be left with a universe of photons and electrons locked up in negative energy
states.

Dirac circumvented this difficulty by postulating that all negative energy states
are normally filled. The electrons that occupy the negative energy states are said to
be in ihe “Dirac sea” and are not directiy observabie when ali negative energy
states are filled. However, if one of these negative energy states is vacant, leaving a
hole in the sea of filled states, the hole can react to external forces and therefore
can be observed as the electron’s positive antiparticle. The general and profound
implication of Dirac’s theory is that for every particle, there is an antiparticle with
the same mass as the particle, but the opposite charge. For example, the electron's
antiparticle, the positron, has a mass of 0.511 MeV/c2 and a positive charge of
1.6 X 1071 C. As noted in Chapter 29, we usually designate an antiparticle with a
bar over the svmbol for the particle. For example, p denotes the antiproton and v
the antineutrino. In this book, the notation e™ is preferred for the positron.

The positron was discovered by Carl Anderson in 1932, and in 1936 he was
awarded the Nobel prize for his achievement. Anderson discovered the positron
while examining tracks created by electron-like particles of positive charge in a
cloud chamber. (These early experiments used cosmic rays— mostly energetic
protons passing through interstellar space—to initiate high-energy reactions
on the order of several GeV.) In order to discriminate between positive and
negative charges, the cloud chamber was placed in a magnetic field, causing
moving charges to follow curved paths. Anderson noted that some of the

Positrons and Other Antiparticles

Couttesy AIF' E nitio Segre Visual Aichives

985

PAUL ADRIEN MAURICE DIRAC
(1902-1984)

Dirac was instrumental in the understand-
ng of antimatter and in the unification of
quartum mechanics and relativity. He
made numerous contributions to the
development of quantum physics and
cosmalogy, and won the Nobel Prize for
physics in 1933,
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TIP 30.1 Antiparticles

An antiparticle is not identified solely
on the basis of opposite charge: even
neutral particles have antiparticles.

APPLICATION

Positron Emission
" Tomography

HIDEKI YUKAWA, Japanese
Physicist (1907 -1981)

Yukawa was awarded the Nobel Prize in
1949 for predicting the existence of
mesons. This photograph of Yukawa at
work was taken in 1950 in his office at
Columbia University.

TIP 30.2 The Nuclear Force
and the Strong Force

The nuclear force discussed in
Chapter 29 was originally called the
strang force. Once the quark theory was
established, however. the phrase simng
Jorcewas reserved tor the force between
quarks. We will follow this convention:
the strong force is between quarks and
the nuclear force is between nucleons.
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clectronlike wracks deflected in a direction corresponding to a positively charged
particle.

Since Anderson’s initial discovery, the positron has been observed in a number
of experiments. Perhaps the most common process for producing positrons is pair
production, introduced in Chapter 26. In this process, a gamma ray with suffi-
ciently high energy collides with a nucleus. creating an electron-positron pair.
Because the total rest energy of the pair is 2m,¢* = 1.02 MeV, the gamma ray must
have at least this much energy to create such a pair.

Practically every known elementary particle has a distinct antiparticle. Among
the exceptions are the photon and the neutral pion (7%, which are their own an-
tiparticles. Following the construction of high-energy accelerators in the 1950s,
many of these antiparticles were discovered. They included the antiproton p, dis-
covered by Emilio Segré and Owen Chamberlain in 1955, and the antineutron n,
discovered shortly thereafter.

The process of electron—positron annihilation is used in the medical diagnostic
technique of positron emission tomography (PET). The patient is injected with a
glucose solution containing a radioactive substance that decays by positron emis-
sion. Examples of such substances are oxygen-15, nitrogen-13, carbon-11, and
fluorine-18. The radioactive material is carried to the brain. When a decay occurs,
the emitted positron annihilates with an electron in the brain tissue, resulting in
two gamma ray photons. With the assistance of a computer, an image can be cre-
ated of the sites in the brain at which the glucose accumulates.

The images from a PET scan can point to a wide variety of disorders in the
brain, including Alzheimer’s disease. In addition, because glucose metabolizes
more rapidly in active areas of the brain, the PET scan can indicate which areas of
the brain are involved in various processes such as language, music, and vision.

30.7 MESONS AND THE BEGINNING
OF PARTICLE PHYSICS

Physicists in the mid-1930s had a fairly simple view of the structure of matter. The
building blocks were the proton, the electron, and the neutron. Three other parti-
cles were known or postulated at the time: the photon, the neutrino, and the
positron. These six particles were considered the fundamental constituents of mat-
ter. Although the accepted picture of the world was marvelously simple, no one
was able to provide an answer to the following important question: Because the
many protons in proximity in any nucleus should strongly repel each other due to
their like charges, what is the nature of the force that holds the nucleus together?
Scientists recognized that this mysterious nuclear force must be much stronger
than anything encountered up to that time.

The first theory to explain the nature of the nuclear force was proposed in 1935
by the Japanese physicist Hideki Yukawa (1907-1981), an effort that later earned
him the Nobel prize. In order to understand Yukawa’s theory, it is useful to first
note that two atoms can form a covalent chemical bond by the exchange of
electrons. Similarly, in the modern view of electromagnetic interactions, charged
particles interact by exchanging a photon. Yukawa used this same idea to explain
the nuclear force by proposing a new particle that is exchanged by nucleons in the
nucleus to produce the strong force. Further, he demonstrated that the range of
the force is inversely proportional to the mass of this particle, and predicted that
the mass would be about 200 times the mass of the electron. Because the new par-
ticle would have a mass between that of the electron and the proton, it was called a
meson (from the Greek meso, meaning “middle”).

In an effort to substantiate Yukawa's predictions, physicists began looking for
the meson by studying cosmic ravs that enter the Earth’s atmosphere. In 1937,
Carl Anderson and his collaborators discovered a particle with mass 106 MeV/ ¢,
about 207 tmes the mass of the electron. However, subsequent experiments
showed that the particle interacted very weakly with matter and hence could not be
the carrier of the nuclear force. This puzzling situation inspired several theoreticians
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to propose that there are two mesons with slightly different masses, an idea that
was contirmed in 1947 with the discovery of the pi meson (), or simply pion,
by Cecil Frank Powell (1903-1964) and Guiseppe P. S. Occhialini {1907-1993).
"he lighter meson discovered earlier by Anderson, now called a muon (u),
nas only weak and electromagnetic interactions and plays no role in the strong
interaction.

The pion comes in three varieties, corresponding to three charge states: T,
7, and #°. The 7~ and #~ particles have masses of 139.6 MeV/ 2, and the 7" has
a mass of 135.0 MeV/ % Pions and muons are highly unstable particles. For exam-
ple, the 7™, which has a lifetime of about 2.6 X 107 %5, decays into a muon and an
antineutrino. The mueon, with a lifetime of 2.2 us, then decays into an electron, a
neutrino, and an antineutrino. The sequence of decays is

A TN S 7 [30.6]
[T S
The interaction between two particles can be understood in general with a sim-
ple illustration called a Feynman diagram, developed by Richard P. Feynman
(1918-1988). Figure 30.6 is a Feynman diagram for the electromagnetic interac-
tion between two electrons. In this simple case, a photon is the field particle that
mediates the electromagnetic force between the electrons. The photon transfers
energy and momentum from one electron to the other in the interaction. Such a
photon, called a wirtual photon, can never be detected directly because it is ab-
sorbed by the second electron very shortly after being emitted by the first electron.
The existence of a virtual photon might be expected to violate the law of conserva-
tion of energy, but it does not because of the time—energy uncertainty principle.
Recall that the uncertainty principle says that the energy is uncertain or not con-
served by an amount AE for a time At such that AEA¢ = A.
Now consider the pion exchange between a proton and a neutron via the
uclear force (Fig. 30.7). The energy needed to create a pion of mass m is given
by AE = m,c® Again, the existence of the pion is allowed in spite of conservation
of energy if this energy is surrendered in a short enough time A¢, the time it takes
the pion to transfer from one nucleon to the other. From the uncertainty princi-
ple, AEAt = fi, we get V
fi h

At~ ——=
AE m g2

[30.7]

Because the pion can’t travel faster than the speed of light, the maximum distance
d it can travel in a time Afis ¢At Using Equation 30.7 and d = ¢ At, we find this
maximum distance to be

h

mayc

d= {30.8]

The measured range of the nuclear force is about 1.5 X 107 m. Using this value
for din Equaton 30.8, the rest energy of the pion is calculated to be

L2 fie (105 107341-5)(3.00 x 10% m/s)
= d 1.5 X 107 B m

2.1 x 10711 ] = 130 MeV

This corresponds to a mass of 130 MeV/c‘"’ (about 250 times the mass of the elec-
tron), which is in good agreement with the observed mass of the pion.

The concept we have just described is quite revolutionary. In effect, it says that a
proton can change into a proton plus a pion, as long as it returns to its original
state in a very short time. High-energy physicists often say that a nucleon under-

oes “fluctuations” as it emits and absorbs pions. As we have seen, these fluctua-
tions are a consequence of a combination of quantum mechanics (through the
uncertainty principle) and special relativity (through Einstein’s energy—mass rela-
tion E = me?).

Virtual e
i photon

=N
2N

b/ ST
L %
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Figure 30.6 Feynman diagram
representing 4 photon mediating the
clectromagnetic force between two
electrons.
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RICHARD FEYNMAN, American
Physicist (1918—-1988)

Feynman, together with Julian S. Schwinger
and Shinichiro Tomonaga, won the 1965
Nabel Prize for physics for fundamental
work in the principles of quantum
electrodynamics. His many important contri-
butions to physics include work on the first
atomic bomb in the Manhattan project, the
invention of simple diagrams to represent
particle interactions graphically, the theory
of the weak interaction of subatomic parti-
cles, a reformulation of quantum mechanics,
and the theory of superfluid helium. Later he
served on the commission investigating the
Challenger tragedy, demonstrating the prob-
lem with the O-rings by dipping a scale-
model C-ing in his glass of ice water and
then shattering it with a hammer. He also
contributed to physics education through the
magnificent three-volume text The Feynman
Lectures on Physics.
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Figure 30.7 Feynman diagram
representing a proton interacting
with a neutron via the strong force.
In this case. the pion mediates the
nucleur force.
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This section has dealt with the early theory of Yukawa of particles that mediate
the nuclear force. pions, and the mediators of the electromagnetic force, photons.
Although his model led to the modern view, it has been superseded by the more
basic quark-gluon theory, as explained in Sections 30.12 and 30.13.

30.8 CLASSIFICATION OF PARTICLES
Hadrons

All particles other than photons can be classified into two broad categories,
hadrons and leptons, according to their interactions. Particles that interact through
the strong force are called hadrons. There are two classes of hadrons, known as
mesons and baryons, distinguished by their masses and spins. All mesons are known
to decay finally into electrons, positrons, neutrinos, and photons. The pion is the
lightest of known mesons, with a mass of about 140 MeV/¢2 and a spin of 0. An-
other is the K meson, with a mass of about 300 MeV/¢? and spin 0 also.

Baryons have masses equal to or greater than the proton mass (the name baryon
means “heavy” in Greek), and their spin is always a non-integer value (1,/2 or 3/2).
Protons and neutrons are baryons, as are many other particles. With the exception
of the proton, all baryons decay in such a way that the end products include a pro-
ton. For example, the baryon called the = hyperon first decays to a A” in about
10710 5. The A® then decays to a proton and a 7~ in about 8 X 10710,

Today it is believed that hadrons are composed of quarks. (Later, we will have
more to say about the quark model.) Some of the important properties of hadrons
are listed in Table 30.2.

TABLE 30.2
Some Particles and Their Propertes
Principal
Ant- Mass Decay
Category Particle Name Symbol particle (MeV/ c? B L, L,, L, §  Lifetime(s) Modes?
Leptons  Electron e” e’ 0511 0 +1 0 0 0 Stable
Electron -neutrino v T, < TeV/e? 0 +1 0 0 0 Stable
Muon w” ut 105.7 0 0 +1 0 0 220X107% e T,
Muon -neutrino v Vy <03 0 0 +1 0 0 Stable
Tau ' r* 1784 0 0 ¢ +1 0 <4X107" uBr, e e,
Tau-neutrino v, v, < 30 0 0 0 +1 0 Stable
Hadrons
Mesons Pion T " 139.6 0 0 0 0 0 260 %1078 /.L.'LI/#
i Self 135.0 0 0 0 0 0 083x1071% 9
Kaon K* K~ 493.7 0 0 0 0 +1 1.24x107% oy, woo¥
K¢ K¢ 197.7 0 0o 0 0 +1 089x107"% 7 7 . 27"
Ky K{ 4977 i) 00 0 +1 52%X107% ge 3, 37"
TR,
Era 7 Self 548.8 0 0 0 0 0 <1078 2y, 3w
7' Self 958 0 0 0 0 0 22x107 ppTgc
Baryons Proton p P 9383 +1 0 0 0 0 Stable
Neutron n n 9396 +1 0 0 0 0 920 pe L.
Lambda AY AU 11156 1 00 0 -1 26%X107" pponal
Sigma 3 3 1189.4 1 0 0 0 -1 080x10°" ppl ng
b i 11925 +1 00 0 -1 6 X 10720 A0y
3 s 11973 +1 0 0 0 -1 15x107 pp-
Xi =5 =" 1315 1 00 0 =2 29x 107 AlpY
= = 1321 =1 0 0 0 -2 164 x 10710 g
Omega Q- 0- 1672 +1 0 0 0 =3 082x1071 EUx" AK-
*Notations i this column, such as pr™ 07 mean two possible decay modes, In this case, the two possibide decas are V= p ~ 77 and A —n + 7°
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Leptons
Leptons (from the Greek loptos, meaning “small” or “light”) are a group of parti-
cles that participate in the weak interaction. All leptons have a spin of 1/2.
Included in this group are electrons, muons, and neutrinoes, which are less massive
han the lightest hadron. Although hadrons have size and structure, leptons
%ppear to be truly elementary, with no structure down to the limit of resclution of
experiment (about 1071 m).

Unlike hadrons, the number of known leptons is small. Currently, scientists
believe there are only six leptons (each having an antiparticle): the electron, the
muon, the tau, and a neutrino associated with each:

P N .
L) GG
\Ve 7 \Vp‘ £ \z"'r
The tau lepton, discovered in 1975, has a mass about twice that of the proton.
Although neutrinos have masses of about zero, there is strong indirect evidence
that the electron neutrino has a nonzero mass of about 3 eV/¢2, or 1,180 000 of
the electron mass. A firm knowledge of the neutrino’s mass could have great sig-

nificance in cosmological models and in our understanding of the future of the
Universe.

30.9 CONSERVATION LAWS

A number of conservation laws are important in the study of elementary particles.
Although the two described here have no theoretical foundation, they are sup-
ported by abundant empirical evidence.

Baryon Number

The law of conservation of baryon number tells us that whenever a baryon is cre-

ted in a reaction or decay, an antibaryon is also created. This information can be

uantified by assigning a baryvon number: B = + 1 for all baryons, B= —1 for all

antibaryons, and B = 0 for all other particles, Thus, the law of conservation of - Conservation of baryon number
baryon number states that whenever a nuclear reaction or decay occurs, the sum

of the baryon numbers before the process equals the sum of the baryon numbers

after the process.

Note that if the baryon number is absolutely conserved, the proton must be
absolutely stable: if it were not for the law of conservation of baryon number, the
proton could decay into a positron and a neutral pion. However, such a decay has
never been observed. At present, we can only say that the proton has a half-life of
at least 103! years. (The estimated age of the Universe is about 10! vears.) In one
recent version of a so-called grand unified theory (GUT), physicists have predicted
that the proton is actually unstable. According to this theory, the barvon number
{sometimes called the baryonic charge) is not absolutely conserved, whereas electric
charge is always conserved.

EXAMPLE 30.4 Checking Baryon Numbers

Goal Use conservation of baryon number to determine whether a given reaction can occur.

Problem Determine whether the following reaction can occur based on the law of conservation of barvon number.

ptn = p+p+n+p

Strategy Count the baryons on both sides of the reaction, recalling that that 8= + 1 for baryons and B= —1 for
antibaryons.

The neutron and proton are both baryons; hence, 1 + 1 = 2.
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Count the barvons on the right: There are three barvons and one antibaryon, so
1+1+1+(-1 =2

Remark Baryon number is conserved in this reaction, so it can occur, provided the incoming proton has sufficient

energy.

Exercise 30.4
Can the following reaction occur, based on the law of conservation of baryon numberr

prn = prptp

Answer No. (Show this by computing the baryon number on both sides and finding that theyre not equal.)

Lepton Number
There are three conservation laws involving lepton numbers, one for each variety
Conservation of lepton number »  of lepton. The law of conservation of electron-lepton number states that the sum
of the electron-lepton numbers before a reaction or decay must equal the sum of
the electron-lepton numbers after the reaction or decay. The electron and the
electron neutrino are assigned a positive electron-lepton number L. = + 1, the
antileptons e* and 7, are assigned the electron-lepton number L. = — 1, and all
other particles have L, = 0. For example, consider neutron decay:

Neutron decay » n — pTte +7

Before the decay, the electron-lepton number is L. = 0; after the decay, it is
0+ 1+ (—1) =0, so the electron-lepton number is conserved. It's important to rec-
ognize that the baryon number must also be conserved. This can easily be seen by not-
ing that before the decay B = + 1, whereas after thedecay B= +1 + 0+ 0= +1.
Similarly, when a decav involves muons, the muon-lepton number L, is conserved.
The u~ and the v, are assigned [, = + 1, the antimuons p and 7, are assigned
L, = — 1, and all other particles ha\e L, = 0. Finally, the tau- Iepton number L. is

T
conserved, and similar assignments can be made for the 7lepton and its neutrino.

EXAMPLE 30.5 Checking Lepton Numbers

Goal Use conservation of lepton number to determine whether a given process is possible.

Problem Determine which of the following decay schemes can occur on the basis of conservation of lepton number.

puoor el .ty (1)
F R E— wo+ v, TV (2)

Strategy Count the leptons on either side and see if the numbers are equal.

Solution
Because decay 1 involves both a muon and an electron, Lﬂ and L. must both be conserved. Before the decay, L, = +1
and L. = 0. After thedecay, L, =0+ 0+ 1= +1land L, = +1 — 1 + 0 = 0. Both lepton numbers are conserved,
and on this basis, the decay mode is possible.

Before decay 2 occurs, L, = 0and L. = 0. After the decay, [, = — 1+1+0=0butl,= +1 Thisdecayisn’t

possible because the electron-lepton number is not conserved.

Exercise 30.5
Determine whether the decay u~ — e~ + 7, can occur.

Answer No. (Show this by computing muon-lepton numbers on both sides and showing they’re not equal.)
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Which of the following reactions cannot occur?
fayp+rp—=p+p+p (bin—=p+e +7
p —e + 0ty (Dr —p + A

Which of the following reactions cannot oecur?
(@p+p—2y MB)y+p—n+ 7'
@7 +n—K"+3 (d)r" +p—K +3°

Suppose a claim is made that the decay of a neutron is given by n —p~ + e

Which of the following conservation laws are necessarily violated by this proposed T
decay scheme? (a) energy (b) linear momentum (¢) electric charge (d) lepton T N
number (¢} baryon number , ‘\
{ ; }
L)
30.10 STRANGE PARTICLES AND STRANGENESS N \\y
. . . . . . s AN
Many particles discovered in the 1950s were produced by the nuclear interaction = ;
of pions with protons and neutrons in the atmosphere. A group of these particles, < / /i
namely the K, A, and X particles, was found to exhibit unusual properties in their z \\\ wd
production and decay and hence were called strange particles. § A\ K Tty
One unusual property of strange particles is that they are always produced £ p\\\ A /
in pairs. For example, when a pion collides with a proton, two neutral strange par- 2 i / \'_M,;:;:’
ticles are produced with high probability (Fig. 30.8) following the reaction Z 4 ; v/
N % J /?K"
7 +p" — K+ A § Acg‘\.(\;;
On the other hand, the reaction 7~ + p*— K’ + n has never occurred, even é’ Eg?r

though it violates no known conservation laws and the energy of the pion is suffi-
cient to initiate the reaction. Figure 30.8 This drawing repre-
The second peculiar feature of strange particles is that although they are pro- ~ ¢n& tracks of many events obtained
. . L . c. by analyzing a bubble-chamber photo-
duced by the strong interaction at a high rate, they do not decay into particles that  gronp The strange particles A?
interact via the strong force at a very high rate. Instead, they decay very slowly,  and K” are formed (at the botiom)
which is characteristic of the weak interaction. Their halflives are in the range @ the 7" interacts with a proton
—10 -8 . . . according to the interaction
from 107" s to 1077 s: most other particles that interact via the strong force have oL p— A" + K%, (Note that
lifetimes on the order of 1023, the neutral particles leave no tracks,
To explain these unusual properties of strange particles, a law called conserva- indicated by the dashed lines.)

. . L , The AV and K" then decay according
tion of strangeness was introduced, together with a new quantum number § called to the interactions A’ — 7 + p and
strangeness. The strangeness numbers for some particles are given in Table 30.2.  K'—x+ 4= + v,.

The production of strange particles in pairs is explained by assigning §= +1
to one of the particles and §= —1 to the other. All nonstrange particles are
assigned strangeness S = 0. The law of conservation of strangeness states that < Conservation of strangeness
whenever a nuclear reaction or decay occurs, the sum of the strangeness numbers  number
before the process must equal the sum of the strangeness numbers after the
process.
The slow decay of strange particles can be explained by assuming that the
strong and electromagnetic interactions obey the law of conservation of strange-
ness, whereas the weak interaction does not. Because the decay reaction involves
he loss of one strange particle, it violates strangeness conservation and hence pro-

eeds slowly via the weak interaction.
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A student claims to have observed a decay of an elec-
tron into two neutrinos traveling in opposite direc-
rions. What conservation laws would be violated by
this decav?

Explanation Several conservation laws are violated.
Conservation of electric charge is violated because the
negative charge of the electron has disappeared.

would be violated in the final state. However, if one of the
product neutrinos were other than an electron-neutrino,
then another lepton conservation law would be violated,
because there were no other leptons in the initial state.
Other conservation laws are obeved by this decay.
Energy can be conserved——the rest energy of the elec-
tron appears as the kinetic energy (and possibly some
small rest energy) of the neutrinos. The opposite

directions of the velocities of the two neutrinos allow
for the conservation of momentum. Conservation of
barvon number and conservation of other lepton
numbers are also upheld in this decay.

Conservation of electron lepton number is also
violated, because there is one lepton before the decay
and two afterward. If both neutrinos were electron-
neutrinos, electron lepton number conservation

EXANPLE 2306
Goal

Is Strangeness Conserved?

Apply conservation of strangeness to determine whether a process can oceur.

Problem Determine whether the following reactions can occur on the basis of conservation of strangeness:
7 +n — K'+3%7 (1)

7 +p — @ +3F (2)

Strategy Countstrangeness on each side of a given process. If strangeness is conserved, the reaction is possible.

Solution
In the first process, the neutral pion and neutron both have strangeness of zero, so Si,jga = 0 + 0 = 0. Because the
strangeness of the K™ is § = + 1, and the strangeness of the 27 is § = — 1, the total strangeness of the final state is

Sgnat = +1 — 1 = 0. Strangeness is conserved and the reaction is allowed.
In the second process, the initial state has strangeness Siyi = 0 + 0 = 0, but the final state has strangeness
Stina = 0 + (— 1) = — 1. Strangeness is not conserved and the reaction isn't allowed.

Exercise 30.6
Does the reaction p”™ + 7~ — K" + A” obey the law of conservation of strangeness? Show why or why not.

Answer Yes. (Show this by computing the strangeness on both sides.)

380.11 THE EIGHTFCLD WAY

Quantites such as spin, baryon number, lepton number, and strangeness are la-
bels we associate with particles. Many classification schemes that group particles
into families based on such labels have been proposed. First, consider the first
eight barvons listed in Table 30.2, all having a spin of 1/2. The family consists of
the proton, the neutron, and six other particles. If we plot their strangeness versus
their charge using a sloping coordinate system, as in Figure 30.9a, a fascinating
pattern emerges: six of the baryons form a hexagon, and the remaining two are at
the hexagon's center. (Particles with spin quantum number 1/2 or 3/2 are called
fermions.)

Now consider the family of mesons listed in Table 30.2 with spins of zero. (Parti-
cles with spin quantum number 0 or 1 are called bosons.) If we count both parti-
cles and anuparticles, there are nine such mesons. Figure 30.9b is a plot of
strangeness versus charge for this family. Again, a fascinating hexagonal pattern
emerges. In this case, the particles on the perimeter of the hexagon lie opposite
their antiparticles, and the remaining three (which form their own antiparticles)
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are at its center. These and related symmetric patterns, called the eightfold way,
were proposed independently in 1961 by Murray Gell-Mann and Yuval Ne'eman.

The groups of baryons and mesons can be displayed in many other symmetric
patterns within the framework of the eightfold way. For example, the family of
spin-3,/2 baryons contains ten particles arranged in a pattern like the tenpins in a
bowling alley. After the pattern was proposed, one of the particles was missing—it
had yet to be discovered. Gell-Mann predicted that the missing particle, which he
called the omega minus ({17), should have a spin of 3/2, a charge of — 1, a strange-
ness of — 3, and a mass of about 1 680 MeV/ 2. Shortly thereafter, in 1964, scien-
tists at the Brookhaven National Laboratory found the missing particle through
careful analyses of bubble chamber photographs and confirmed all its predicted
properties.

The patterns of the eightfold way in the field of particle physics have much in
common with the periodic table. Whenever a vacancy (a missing particle or ele-
ment) occurs in the organized patterns, experimentalists have a guide for their in-
vestigations.

30.12 QUARKS

As we have noted, leptons appear to be truly elementary particles because they
have no measurable size or internal structure, are limited in number, and do not
seem to break down into smaller units. Hadrons, on the other hand, are complex
particles with size and structure. Further, we know that hadrons decay into other
hadrons and are many in number. Table 30.2 lists only those hadrons that are sta-
ble against hadronic decay; hundreds of others have been discovered. These facts
strongly suggest thart hadrons cannot be truly elementary but have some substruc-
ture.

The Original Quark Model

In 1963 Gell-Mann and George Zweig independently proposed that hadrons have
an elementary substructure. According to their model, all hadrons are composite
systems of two or three fundamental constitutents called quarks, which rhymes
with “forks” (though some rhyme it with “sharks”). Gell-Mann borrowed the word
quark from the passage “Three quarks for Muster Mark” in James Jovce's book
Finnegans Wake. In the original model there were three types of quarks designated
by the symbols u, d, and s. These were given the arbitrarv names up. down, and
sideways (or, now more commonly, strange).

An unusual property of quarks is that thev have fractional electronic charges, as
shown—along with other properties—in Table 30.3 (page 994). Associated with
each quark is an antiquark of opposite charge, baryon number, and strangeness.
The compositions of all hadrons known when Gell-Mann and Zweig presented
their models could be completely specified by three simple rules:

hioto cottesy of Michael B Dressior
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Figure 30.9 (4) The hexagonal
eightfold-way pattern for the eight
spin — 35 baryons. This srangeness ver-
sus charge plot uses a horizontal axis
for the strangeness values S, but a
sloping axis for the charge number Q.
(b) The eightfuld-way pattern for the
nine spin-zero mesons.

MURRAY GELL-MANN,
American Physicist (1929-)

Gell-Manr was awarded the Nobei Prize
in 1969 for his theoretical studies dealing
with subatomic particies, :



TABLE 30.3
Properties of Quarks and Antiquarks

Quarks
Baryon
Name Symbol Spin Charge Number Strangeness Charm Bottomness Topness
Up u E + ',;? ; 0 0 U 0
Down d 3 - i,e : v 0 0 0
Strange 3 E) - jl%s» e -1 0 0 0
TABLE 30.4 Charmed ¢ 1 + ‘;e 1} 0 +1 0 0
Quark Composition Bottom b 3 - ];s’ 1,, 0 0 +1 6
of Several Hadrons Top t Lo+ s L 0 0 0 +1
Particle Cox%:::;iliion Antiquarks
Mesons ; . Baryon
_ Name Symbol Spin Charge Number Strangeness Charm Bottomness Topness
i f“ Anti-up i L 0 0 0 0
"Tﬁ ud Anti-down d é + ge *é 0 0 0 0
K™ su Anti-strange B Lo+ e -1 +1 0 0 0
K~ us Ant-charmed € % —3e -—% 0 -1 0 0
K’ sd Anti-bottom b R T 0 0 -1 0
Barvons Anti-top i % - %e - % 0 0 0 -1
p uud
n udd . . i
1. Mesons consist of one quark and one antiquark, giving them a baryon number
A uds of 0, as required.
P aus 2. Baryons consist of three quarks.
S0 uds 3. Antibaryons consist of three antiquarks.
- dds Table 30.4 lists the quark compositions of several mesons and baryons. Note that
=0 uss just two of the quarks, u and d, are contained in all hadrons encountered in ordi-
=- dss nary matter (protons and neutrons). The third quark, s, is needed only to con-
0- sss struct strange particles with a strangeness of either +1 or — 1. Active Figure 30.10

is a pictorial representation of the quark compositions of several particles.

Applying Physics 30.3  Conservation of Meson Number?

We have seen a law of conservation of lepton number  baryon-antibaryon pair. The baryon has baryon num-
and a law of conservation of baryon number. Why isn’t  ber + 1, the antibaryon — 1, and there is no net

there a law of conservation of meson number? change in baryon number.

But now supposce cnergy is transformed into the
Explanation We can argue this from the point of rest energy of a quark—antiquark pair. By definition in
view of creating particle—antiparticle pairs from avail-  quark theory, a quark-antiquark pair is a meson.
able energy. If energy is converted to the rest energy There was no meson before, and now there’s a meson,
of a lepton—antilepton pair, then there is no net so already there is violation of conservation of meson
change in lepton number, because the lepton has a number. With more energy, we can create more
lepton number of + 1 and the antilepton — 1. Energy ~ mesons, with no restriction from a conservation law
could also be transformed into the rest energy of a other than that of energy.

Charm and Other Recent Developments

Although the original quark model was highly successful in classifving particles
into families, there were some discrepancies between predictions of the model and
certain experimental decay rates. Consequently, a fourth quark was proposed by
several physicists in 1967. The fourth quark, designated by ¢, was given a property
called charm. A charmed quark would have the charge +2¢/3, but its charm
would distinguish it from the other three quarks. The new quark would have a




charm € = + 1, its antiquark would have a charm €= -1, and all other quarks
would have C = 0, as indicated in Table 30.3. Charm, like strangeness, would be
conserved in strong and electromagnetic interactions but not in weak interactions,

In 1974 a new heavy meson called the J/¢ particle (or simply, ) was discovered
independently by a group led by Burton Richter at the Stanford Linear Accelera-
tor (SLAC) and another group led by Samuel Ting at the Brookhaven National
Laboratory. Richter and Ting were awarded the Nobel Prize in 1976 for this work.
The ]/ particle didn’t fit into the three-quark model, but had the properties of a
combination of a charmed quark and its antiquark {c€). It was much heavier than
the other known mesons {~3 100 MeV/¢?) and its lifetime was much longer than
those of other particles that decay via the strong force. In 1975, researchers at
Stanford University reported strong evidence for the existence of the tau (7)
lepton, with a mass of 1 784 MeV/¢?. Such discoveries led to more elaborate quark
models and the proposal of two new quarks, named fop (1) and hottom (b). To
distinguish these quarks from the old ones, quantum numbers called fopness and
bottomness were assigned to these new particles and are included in Table 30.3. In
1977 researchers at the Fermi National Laboratory, under the direction of Leon
Lederman, reported the discovery of a very massive new meson Y with composi-
tion bb. In March of 1995, researchers at Fermilab announced the discovery of the
top quark (supposedly the last of the quarks to be found) having mass 173 GeV/ 2.

You are probably wondering whether such discoveries will ever end. How many
“building blocks” of matter really exist? The numbers of different quarks and lep-
tons have implications for the primordial abundance of certain elements, so at
present it appears there may be no further fundamental particles. Some properties
of quarks and leptons are given in Table 30.5.

Despite extensive experimental efforts, no isolated quark has ever been ob-
served. Physicists now believe that quarks are permanently confined inside ordinary
particles because of an exceptionally strong force that prevents them from escap-
ing. This force, called the color force (which will be discussed in Section 30.13}, in-
creases with separation distance (similar to the force of a spring). The great
strength of the force between quarks has been described by one author as follows:?

Quarks are slaves of their own color charge, . . . bound like prisoners of a chain
gang. . . . Any locksmith can break the chain between two prisoners, but no locksmith is
expert enough to break the gluon chains between quarks. Quarks remain slaves forever.

TABLE 30.5
The Fundamental Particles and Some of Their Properties
Particle Rest Energy Charge
Quarks
u 360 MeV +3e
d 360 MeV —Le
c 1500 MeV +2,
s 540 MeV -1,
t 173 GeV +2e
b 5 GeV —1le
Leptons
e 511 keV -
w 107 MeV —¢
77 1784 MeV —e
v, <30 eV 0
v, <0.5 MeV 0
Ve <250 MeV 0

“Harald Fritzsch, Quarks: The Stuff of Maiter (Londorn: Allen Lane, 1983).
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4 Quarks DY

Mesans Barvons

ALTIVE FIGURE 30.10

Quark compusitions of two mesons
and two baryvons. Note that the
mesons on the left contain o
quarks. and the baryons on the right
contain three quarks.

g N ey
PRYSIcs
Log into PhysicsNow at www.cp7e.com
and go to Active Figure 30.10 to
observe the quark compositions for
the mesons and barvons.
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TIP 30.3 Color is Not
Really Color

When we use the word color to
describe a quark. it has nothing to do
with visual sensation from light. Itis
simply a convenient name for a
property analgous to electric charge.
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‘igure 30.11  (a) A green quark is

attracted to an anti-green quark to
form a meson with quark structure
(qq). (b) Three different-coloved
quarks attract each other to form a
barvon.

Nuclear Energy and Elementary Particles

Computers at Fermilab create a
pictorial representation such as
this of the paths of particles after
a collision.

30.13 COLORED QUARKS

Shortly after the theory of quarks was proposed, scientists recognized that certain
particles had quark compositions that were in violation of the Pauli exclusion prin-
ciple. Because all quarks have spins of 1/2, they are expected to follow the exclu-
sion principle. One example of a particle that violates the exclusion principle is
the (17 (sss) baryon, which contains three s quarks having parallel spins, giving it a
total spin of 3/2. Other examples of baryons that have identical quarks with paral-
lel spins are the A¥* (uuu) and the A~ (ddd). To resolve this problem, Moo-
Young Han and Yoichiro Nambu suggested in 1965 that quarks possess a new prop-
erty called color or color charge. This “charge” property is similar in many respects
to electric charge, except that it occurs in three varieties, labeled red, green, and
blue! (The antiquarks are labeled anti-red, anti-green, and anti-blue.) To satisfy the
exclusion principle, all three quarks in a baryon must have different colors. Just as
a combination of actual colors of light can produce the neutral color white, a com-
bination of three quarks with different colors is also “white,” or colorless. A meson
consists of a quark of one color and an antiquark of the corresponding anticolor.
The result is that baryons and mesons are always colorless (or white). :

Although the concept of color in the quark model was originally conceived to
satisfy the exclusion principle, it also provided a better theory for explaining cer-
tain experimental results. For example, the modified theory correctly predicts the
lifetime of the 7” meson. The theory of how quarks interact with each other by
means of color charge is called quantum chromodynamics, or QCD, to parallel
quantum electrodynamics (the theory of interactions among electric charges). In
QCD, the quark is said to carry a color charge, in analogy to electric charge. The
strong force between quarks is often called the color force. The force is carried by
massless particles called gluons (which are analogous to photons for the electro-
magnetic force). According to QCD, there are eight gluons, all with color charge.
When a quark emits or absorbs a gluon, its color changes. For example, a blue
quark that emits a gluon may become a red quark, and a red quark that absorbs
this gluon becomes a blue quark. The color force between quarks is analogous to
the electric force between charges: Like colors repel and opposite colors attract.
Therefore, two red quarks repel each other, but a red quark will be attracted to an
anti-red quark. The attraction between quarks of opposite color to form a meson
{qq) is indicated in Figure 30.11a.

Different-colored quarks also attract each other, but with less intensity than
opposite colors of quark and antiquark. For example, a cluster of red, blue, and
green quarks all attract each other to form baryons, as indicated in Figure 30.11b.
Everv baryon contains three quarks of three different colors.

Although the color force between two colorneutral hadrons (such as a proton
and a neutron) is negligible at large separations, the strong color force berween
their constituent quarks does not exactly cancel at small separations of about 1 fm.
This residual strong force is in fact the nuclear force that binds protons and
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30.14 Electroweak Theory and the Standard Model
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(a) Yukawa's pion model

(b) Quark model

neutrons to form nuclei. It is similar to the residual electromagnetic force that
binds neutral atoms into molecules. According to QCD, a more basic explanation
of nuclear force can be given in terms of quarks and gluons, as shown in Figure
30.12, which shows contrasting Feynman diagrams of the same process. Each
quark within the neutron and proton is continually emitting and absorbing virtual
gluons and creating and annihilating virtual (qq) pairs. When the neutron and
proton approach within 1 fm of each other, these virtual gluons and quarks can be
exchanged between the two nucleons, and such exchanges produce the nuclear
force. Figure 30.12b depicts one likely possibility or contribution to the process
shown in Figure 30.12a: a down quark emits a virtual gluon (represented by a wavy
line in Fig. 30.12b), which creates a ull pair. Both the recoiling d quark and the U
are transmitted to the proton where the 1 annihilates a proton u quark (with the
creation of a gluon) and the d is captured.

30.14 ELECTROWEAK THEORY AND
THE STANDARD MODEL

Recall that the weak interaction is an extremely short range force having an inter-
action distance of approximately 10718 m (Table 30.1). Such a short-range interac-
tion implies that the quantized particles which carry the weak field (the spin one
W+, W™, and Z° bosons) are extremely massive, as is indeed the case. These amaz-
ing bosons can be thought of as structureless, pointlike particles as massive as kryp-
ton atoms! The weak interaction is responsible for the decay of the c, s, b, and t
quarks into lighter, more stable u and d quarks, as well as the decay of the massive
wand 7leptons into (lighter) electrons. The weak interaction is very important be-
cause it governs the stability of the basic particles of matter.

A mysterious feature of the weak interaction is its lack of symmetry, especially
when compared to the high degree of symmetry shown by the strong, electromag-
netic, and gravitational interactions. For example, the weak interaction, unlike the
strong interaction, is not symmetric under mirror reflection or charge exchange.
(Mirror reflection means that all the quantities in a given particle reaction are ex-
changed as in a mirror reflection —left for right, an inward motion toward the
mirror for an outward motion, etc. Charge exchange means that all the electric
charges in a particle reaction are converted to their opposites—all positives to
negatives and vice versa.) When we say that the weak interaction is not symmetric,
we mean that the reaction with all quantities changed occurs less frequently
than the direct reaction. For example, the decay of the K° which is governed
by the weak interaction, is not symmetric under charge exchange because the
reaction K® — 7~ + e* + v, occurs much more frequently than the reaction
KO—>7* +e” + 7,

In 1979, Sheldon Glashow, Abdus Salam, and Steven Weinberg won a Nobel
prize for developing a theory called the electroweak theory that unified the
electromagnetic and weak interactions. This theory postulates that the weak and
electromagnetic interactions have the same strength at very high particle energies,
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Figure 30.12 (a) A nuclear inter-
action between a proton and a neu-
tron explained in terms of Yukawa's
pion exchange model. Because the
pion carries charge, the proton and
neutron switch identides. (b} The
same interaction explained in terms
of quarks and gluons. Note that the
exchanged Ud quark pair makes up a
7T meson,
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A view from inside the Large
Electron—Posiron (LEP) collider tun-
nel, which is 27 km in circamference.
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and are different manifestations of a single unifying electroweak interaction. The
photon and the three massive bosons (W* and Z°%) play a key role in the elec-
troweak theory. The theory makes many concrete predictions, but perhaps the
most spectacular is the prediction of the masses of the W and Z particles at about
82 GeV/ % and 93 GeV/ 2, respectively. A 1984 Nobel Prize was awarded to Carlo
Rubbia and Simon van der Meer for their work leading to the discovery of these
particles at just those energies at the CERN Laboratory in Geneva, Switzerland.

The combination of the electroweak theory and QCD for the strong interaction
form what is referred to in high energy physics as the Standard Model. Although the
details of the Standard Model are complex, its essential ingredients can be summa-
rized with the help of Figure 30.13. The strong force, mediated by gluons, holds
quarks together to form composite particles such as protons, neutrons, and mesons.
Leptons participate only in the electromagnetic and weak interactions. The electro-
magnetic force is mediated by photons, and the weak force is mediated by Wand Z
bosons. Note that all fundamental forces are mediated by bosons (particles with spin
1) whose properties are given, to a large extent, by symmetries involved in the theories.

However, the Standard Model does not answer all questions. A major question
is why the photon has no mass while the W and Z bosons do. Because of this mass
difference, the electromagnetic and weak forces are quite distinct at low energies,
but become similar in nature at very high energies, where the rest energies of the
W and Z bosons are insignificant fractions of their total energies. This behavior
during the transition from high to low energies, called symmetry breaking, doesn’t
answer the question of the origin of particle masses. To resolve that problem, a
hypothetical particle called the Higgs boson has been proposed which provides a
mechanism for breaking the electroweak symmetry and bestowing different parti-
cle masses on different particles. The Standard Model, including the Higgs mecha-
nism, provides a logically consistent explanation of the massive nature of the W
and Z bosons. Unfortunately, the Higgs boson has not yet been found, but physi-
cists know that its mass should be less than 1 TeV/ 2 (1012 eV).

In order to determine whether the Higgs boson exists, two quarks of at least 1 TeV
of energy must collide, but calculations show that this requires injecting 40 TeV of
energy within the volume of a proton. Scientists are convinced that because of the
limited energy available in conventional accelerators using fixed targets, it is neces-
sary to build colliding-beam accelerators called colliders. The concept of a collider
is straightforward. In such a device, particles with equal masses and kinetic ener-
gies, traveling in opposite directions in an accelerator ring, collide head-on to pro-
duce the required reaction and the formation of new particles. Because the total
momentum of the interacting particles is zero, all of their kinetic energy is avail-
able for the reaction. The Large Electron-Positron (LEP) collider at CERN, near
Geneva, Switzerland, and the Stanford Linear Collider in California collide both
electrons and positrons. The Super Proton Synchrotron at CERN accelerates
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protons and antiprotons to energies of 270 GeV, and the world’s highest-energy
proton acclerator, the Tevatron, at the Fermi National Laboratory in Illinois, pro-
duces protons at almost 1 000 GeV (or 1 TeV). CERN has started construction of
the Large Hadron Collider (LHC), a proton—proton collider that will provide a
center-of-mass energy of 14 TeV and allow an exploration of Higgs-boson physics.
The accelerator is being constructed in the same 27-km circumference tunnel as
CERN'’s LEP collider, and construction is expected to be completed in 2005.

Following the success of the electroweak theory, scientists attempted to com-
bine it with QCD in a grand unmification theory (GUT). In this model, the elec-
troweak force was merged with the strong color force to form a grand unified
force. One version of the theory considers leptons and quarks as members of the
same family that are able to change into each other by exchanging an appropriate
particle. Many GUT theories predict that protons are unstable and will decay with
a lifetime of about 103! years, a period far greater than the age of the Universe. As
yet, proton decays have not been observed.

Applying Physics 30.4 Head-on Collisions

Consider a car making a head-on collision with an
identical car moving in the opposite direction at the
same speed. Compare that collision to one in which
one of the cars collides with a second car that is at
rest. In which collision is there a larger transformation
of kinetic energy to other forms? How does this idea
relate to producing exotic particles in collisions?

Explanation In the head-on collision with both cars
moving, conservation of momentum causes most, if
not all, of the kinetic energy to be transformed to
other forms. In the collision between a moving car and

a stationary car, the cars are still moving after the colli-
sion in the direction of the moving car, but with re-
duced speed. Thus, only part of the kinetic energy is
transformed to other forms. This suggests the advan-
tage of using colliding beams to produce exotic parti-
cles, as opposed to firing a beam into a stadonary tar-
get. When particles moving in opposite directions
collide, all of the kinetic energy is available for trans-
formation into other forms—in this case, the creation
of new particles. When a beam is fired into a stationary
target, only part of the energy is available for transfor-
mation, so particles of higher mass cannot be created.

30.15 THE COSMIC CONNECTION

In this section we describe one of the most fascinating theories in all of science—
the Big Bang theory of the creation of the Universe—and the experimental
evidence that supports it. This theory of cosmology states that the Universe had a be-
ginning and that this beginning was so cataclysmic that it is impossible to look back
beyond it. According to the theory, the Universe erupted from an infinitely dense
singularity about 15 to 20 billion years ago. The first few minutes after the Big Bang
saw such extremes of energy that it is believed that all four interactions of physics
were unified and all matter was contained in an undifferentiated “quark soup.”

The evolution of the four fundamental forces from the Big Bang to the
present is shown in Figure 30.14. During the first 107 #® s (the ultrahot epoch, with
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Figure 30.14 A brief history of the
Universe from the Big Bang to the
present. The four forces became
distinguishable during the first
microsecond. Following this, all the
quarks combined to form parucles
that interact via the strong force. The
leptons remained separate, however,
and exist as individually observable
particles to this day.
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GEORGE GAMOW
(1904-1968)

Gamow and two of his students, Ralph
Alpher and Robert Herman, were the first
to take the first half hour of the Universe
seriously. In a mostly overlooked paper
published in 1948, they made truly
remarkable cosmological predictions, They
correctly calculated the abundances of
hydrogen and helium after the first haif
hour (75% H and 25% He) and predicted
that radiation from the Big Bang should
still be present and have an apparent
termperature of about 5 K,

Figure 30.15 Robert W. Wilson
{{efly and Aruo A. Penzias {night), with
Bell Telephone Laboratories” horn-
reflector antenna.

Courtesy of AP Emilio Segre Visual Aichives

AT&T Bali Laboratories
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T~ 1032 K), it is presumed that the strong, electroweak, and gravitational forces
were joined to form a completely unified force. In the first 10-% s following the
Big Bang (the hot epoch, with T = 10?9 K), gravity broke free of this unification
and the strong and electroweak forces remained as one, described by a grand uni-
fication theory. This was a period when particle energies were so great
(>10'% GeV) that very massive particles as well as quarks, leptons, and their an-
tiparticles, existed. Then, after 10™% s, the Universe rapidly expanded and cooled
(the warm epoch, with T~ 10% to 10'°K), the strong and electroweak forces
parted company, and the grand unification scheme was broken. As the Universe
continued to cool, the electroweak force split into the weak force and the electro-
magnetic force about 10710 s after the Big Bang.

After a few minutes, protons condensed out of the hot soup. For half an hour
the Universe underwent thermonuclear detonation, exploding like a hydrogen
bomb and producing most of the helium nuclei now present. The Universe con-
tinued to expand, and its temperature dropped. Until about 700 000 years after
the Big Bang, the Universe was dominated by radiation. Energetic radiation
prevented matter from forming single hydrogen atoms because collisions would
instantly ionize any atoms that might form. Photons underwent continuous
Compton scattering from the vast number of free electrons, resulting in a
Universe that was opaque to radiation. By the time the Universe was about 700 000
years old, it had expanded and cooled to about 3 000 K, and protons could bind to
electrons to form neutral hydrogen atoms. Because the energies of the atoms were
quantized, far more wavelengths of radiation were not absorbed by atoms than
were, and the Universe suddenly became transparent to photons. Radiation no
longer dominated the Universe, and clumps of neutral matter grew steadily—first
atoms, followed by molecules, gas clouds, stars, and finally galaxies.

Observation of Radiation from the Primordial F ireball

In 1965 Arno A. Penzias (b. 19383) and Robert W. Wilson {b. 1936) of Bell Laborato-
ries made an amazing discovery while testing a sensitive microwave receiver. A pesky
signal producing a faint background hiss was interfering with their satellite commu-
nications experiments. In spite of their valiant efforts, the signal remained. Ulti-
mately it became clear that they were observing microwave background radiation
(at a wavelength of 7.35 cm) representing the leftover “glow” from the Big Bang.

The microwave horn that served as their receiving antenna is shown in Figure
30.15. The intensity of the detected signal remained unchanged as the antenna
was pointed in different directions. The fact that the radiation had equal strengths
in all directions suggested that the entire Universe was the source of this radiation.
Evicting a flock of pigeons from the 20-foot horn and cooling the microwave
detector both failed to remove the signal. Through a casual conversation, Menzias
and Wilson discovered that a group at Princeton had predicted the residual radia-
tion from the Big Bang and were planning an experiment to confirm the theory.
The excitement in the scientific community was high when Penzias and Wilson
announced that they had already observed an excess microwave background
compatible with a 3-K blackbody source.

Because Penzias and Wilson made their measurements at a single wavelength,
they did not completely confirm the radiation as 3-K blackbody radiation. Subse-
quent experiments by other groups added intensity data at different wavelengths,
as shown in Figure 30.16. The results confirm that the radiation is that of a black-
body at 2.9 K. This figure is perhaps the most clear-cut evidence for the Big Bang
theory. The 1978 Nobel Prize in physics was awarded to Penzias and Wilson for
their important discovery.

The discovery of the cosmic background radiation produced a problem, however:
the radiation was too uniform. Scientists believed there had to be slight fluctuations
in this background in order for such objects as galaxies to form. In 1989, NASA
launched a satellite called the Cosmic Background Explorer (COBE, pronounced
KOH-bee) to study this radiation in greater detail. In 1992, George Smoot
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Figure 30.16 Theoretical blackbody (brown
curve) and measured radiation spectra {blue
points} of the Big Bang. Most of the data were
colfected from rhe Cosmic Background Explorer

TR . {COBE) satellite. The datum of Wilson and
’ /\ Penzias is indicated.
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(b. 1945) at the Lawrence Berkeley Laboratory found that the background was not
perfectly uniform, but instead contained irregularities corresponding to tempera-
ture variations of 0.000 3 K. It is these small variations that provided nucleation
sites for the formation of the galaxies and other objects we now see in the sky.

30.16 PROBLEMS AND PERSPECTIVES

While particle physicists have been exploring the realm of the very small, cosmolo-
gists have been exploring cosmic history back to the first microsecond of the Big
Bang. Observation of the events that occur when two particles collide in an accel-
erator is essential in reconstructing the early moments in cosmic history. Perhaps
the key to understanding the early Universe is first to understand the world of
elementary particles. Cosmologists and particle physicists find that they have many
common goals and are joining efforts to study the physical world at its most funda-
mental level.

Our understanding of physics at short and long distances is far from complete.
Particle physics is faced with many questions: why is there so little antimatter in the
Universe? Do neutrinos have a small mass, and if so, how much do they contribute
to the “dark matter” holding the universe together gravitationally? How can we
understand rhe latest astronomical measurements, which show that the cxpansion

s
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of the universe is accelerating and that there may be a kind of “antigravity force’
acting between widely separated galaxies? Is it possible to unify the strong and
electroweak theories in a logical and consistent manner? Why do quarks and lep-
tons form three similar but distinct families? Are muons the same as electrons
(apart from their different masses), or do they have subtle differences that have
not been detected? Why are some particles charged and others neutral? Why do
quarks carry a fractional charge? What determines the masses of the fundamental
particles? The questions go on and on. Because of the rapid advances and new dis-
coveries in the related fields of particle physics and cosmology, by the time you
read this book some of these questions may have been resolved and others may
have emerged.

An important question that remains is whether leptons and quarks have a sub-
structure. If they do, one could envision an infinite number of deeper structure
levels. However, if leptons and quarks are indeed the ultimate constituents of mat-
ter, as physicists today tend to believe, we should be able to construct a final theory
of the structure of matter, as Einstein dreamed of doing. In the view of many physi-
cists, the end of the road is in sight, but how long it will take to reach that goal is
anyone’s guess.
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SUMMARY

Physics;*’Now™ Take a practice test by logging into
sicsNow at www.cp7e.com and clicking on the Pre-
st link for this chapter.

30.1 Nuclear Fission &
30.2 Nuclear Reactors

In nuclear fission, the total mass of the products is al-
ways less than the original mass of the reactants. Nuclear
fission occurs when a heavy nucleus splits, or fissions,
into two smaller nuclei. The lost mass is transformed
into energy, electromagnetic radiation, and the kinetic
energy of daughter particles.

A nuclear reactor is a system designed to maintain a
elfsustaining chain reaction. Nuclear reactors using
controlled fission events are currently being used to
generate electric power. A useful parameter for de-
scribing the level of reactor operation is the reproduc-
tion constant K, which is the average number of
neutrons from each fission event that will cause an-
other event. A self-sustaining reaction is achieved
when K= 1.

.3 Nuclear Fusion

In nuclear fusion, two light nuclei combine to form
a heavier nucleus. This type of nuclear reaction
occurs in the Sun, assisted by a quantum tunneling
process that helps particles get through the Coulomb
barrier.

Controlled fusion events offer the hope of plentiful
supplies of energy in the future. The nuclear fusion re-
actor is considered by many scientists to be the ultimate
energy source because its fuel is water. Lawson’s crite-
rion states that a fusion reactor will provide a net output
power if the product of the plasma ion density n and
the plasma confinement time 7 satisfies the following
relationships:

nr = 10 s/cm® Deuterium - tritium interaction  [30.5]

nr= 10%s/cm®  Deuterium-~deuterium interaction

30.5 The Fundamental Forces of
Nature

There are four fundamental forces of nature: the strong
(hadronic), electromagnetic, weak, and gravitational
orces. The strong force is the force between nucleons
t keeps the nucleus together. The weak force is re-
ponsible for beta decay. The electromagnetic and weak

forces are now considered to be manifestations of a sin-
gle force called the electroweak force.

Every fundamental interaction is said to be mediated
by the exchange of field particles. The electromagnetic
interaction is mediated by the photon, the weak interac-
tion by the WT and Z° bosons, the gravitational
interaction by gravitons, and the strong interaction by
gluons.

30.6 Positrons and Other
Antiparticles

An antiparticle and a particle have the same mass, but
opposite charge, and may also have other properties
with opposite values, such as lepton number and baryon
number. It is possible to produce particle—antiparticle
pairs in nuclear reactions if the available energy is
greater than 9mc?, where m is the mass of the particle
(or antiparticle).

30.8 Classification of Particles

Particles other than photons are classified as hadrons
or leptons. Hadrons interact primarily through the
strong force. They have size and structure and hence
are not elementary particles. There are two types of
hadrons: baryons and mesons. Mesons have a baryon
number of zero and have either zero or integer spin.
Baryons, which generally are the most massive parti-
cles, have nonzero baryon numbers and spins of 1/2
or 3/2. The neutron and proton are examples of
baryons.

Leptons have no known structure, down to the limits
of current resolution (about 10719 m). Leptons interact
only through the weak and electromagnetic forces.
There are six leptons: the electron, e”; the muon, 4™;
the tau, 77; and their associated neutrinos, v,, v,
and v,

30.9 Conservation Laws &

30.10 Strange Particles and
Strangeness

In all reactions and decays, quantities such as energy,
linear momentum, angular momentum, electric charge,
baryon number, and lepton number are strictly con-
served. Certain particles have properties called strange-
ness and charm. These unusual properties are con-
served only in those reactions and decays that occur via
the strong force.




30.12 Quarks &
30.13 Colored Quarks

cent theories postulate that all hadrons are composed
of smaller units known as quarks which have fractional
electric charges and baryon numbers of 1/3 and come
in six “flavors™ up, down, strange, charmed, top, and
bottom. Each baryon contains three quarks, and each
meson contains one quark and one antiquark.
According  to the theory of quantum
chromodynamics, quarks have a property called color,
and the strong force between quarks is referred to as the
color force. The color force increases as the distance
between particles increases, so quarks are confined
and are never observed in isolation. When two bound
quarks are widely separated, a new quark—antiquark
pair forms between them, and the single particle breaks

CONCEPTUAL QUESTIONS

L. If high-energy electrons with de Broglie wavelengths
smaller than the size of the nucleus are scattered
from nuclei, the behavior of the electrons is consis-
tent with scattering from very massive structures
much smaller in size than the nucleus, namely,
quarks. How is this similar to a classic experiment
that detected small structures in an atom?

2. What factors make a fusion reaction difficult to
achieve?

3. Doubly charged baryons are known to exist. Why
are there no doubly charged mesons?

4. Why would a fusion reactor produce less radioactive
waste than a fission reactor?

5. Atoms didn’t exist until hundreds of thousands of
years after the Big Bang. Why?

6. Particles known as resonances have very short half-
lives, on the order of 1072%s. Would you guess they
are hadrons or leptons?

7. Describe the quark model of hadrons, including the
properties of quarks.

8. In the theory of quantum chromodynamics,
quarks come in three colors. How would you jus-
tify the statement “All baryons and mesons are
colorless?”

Describe the properties of baryons and mesons and
the important differences between them.

Prablems 1003

into two new particles, each composed of a quark—
antiquark pair,

30.15 The Cosmic Connection

Observation of background microwave radiation by Pen-
zias and Wilson strongly confirmed that the Universe
started with a Big Bang about 15 billion vears ago and
has been expanding ever since. The background radia-
tion is equivalent to that of a blackbody at a tempera-
ture of about 3 K.

The cosmic microwave background has very small ir-
regularities, corresponding to temperature variations of
0.000 3 K. Without these irregularities acting as nucleation
sites, particles would never have clumped together to form
galaxies and stars.

10. Identify the particle decays in Table 30.2 that occur
by the electromagnetic interaction. Justify your
answer.

11

*

Kaons all decay into final states that contain no pro-
tons or neutrons. What is the baryon number of
kaons?

12

H

When an electron and a positron meet at low speeds
in free space, why are fwo 0.511-MeV gamma rays
produced, rather than one gamma ray with an en-
ergy of 1.02 MeV?

13

¥

Two protons in a nucleus interact via the strong in-
teraction. Are they also subject to a weak interac-
tion?

14. Why is a neutron stable inside the nucleus? (In free
space, the neutron decays in 900 s.)

15. An antibaryon interacts with a meson. Can a baryon
be produced in such an interaction? Explain.

16. Why is water a better shield against neutrons than
lead or steel is?

17. How many quarks are there in (a) a baryon, (b) an an-
tibaryon, (c) a meson, and (d) an antimeson? How do
you account for the fact that barvons have half-inte-
gral spins and mesons have spins of 0 or 1? [Hint:
quarks have spin §.]
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18. A typical chemical reaction is one in which a water

molecule is formed by combining hydrogen and
oxygen. In such a reaction, about 2.5 eV of energy
is released. Compare this reaction to a nuclear
event such as én + 2;’3 F-> 1301 + By + 2ln,
Would you expect the energy released in this nu-
clear event to be much greater, much less, or
about the same as that released in the chemical re-

action? Explain.

PROBLEMS

Physics}?@ﬁawm = coached problem with hints available at www.cp7e.com

3 = smaightforward, ;o0 e, challenging

Section 30.1 Nuclear Fission
Section 30.2 Nuclear Reactors

1.

If the average energy released in a fission event is
208 MeV, find the total number of fission events re-
quired to operate a 100-W lightbulb for 1.0 h.

Find the energy released in the fission reaction
n+ 33U - Par+ 3Te + 3n

The atomic masses of the fission products are
97.912 0 u for $$Zr and 134.908 7 u for '3 Te.

- Find the energy released in the following fission re-

action:

on + 530 — HSr+ '¥Xe + 12)n

5

. Strontium-90 is a particularly dangerous fission

product of 233U because it is radioactive and it sub-
stitutes for calcium in bones. What other direct fis-
sion products would accompany it in the neutron-
induced fission of *U? [Note: This reaction may
release two, three, or four free neutrons.]

_5. Assume that ordinary soil contains natural uranium in

6.

amounts of 1 part per million by mass. (a) How much
uranium is in the top 1.00 meter of soil on a l-acre
(43 560-ft%) plot of ground, assuming the specific
gravity of soil is 4.00? (b) How much of the isotope
285U, appropriate for nuclear reactor fuel, is in this
soil? [Hint: See Appendix B for the percent abun-
dance of %3U.]

A typical nuclear fission power plant produces
about 1.00 GW of electrical power. Assume that
the plant has an overall efficiency of 40.0% and

19. The neutral p meson decays by the strong interac-

tion into two pions according to p'—=w" + 77,
with a halflife of about 1072 5. The neutral K
meson also decays into two pions according to
K'— 7" + 77, but with a much longer halflife
of about 1075, How do vou explain these obser-
vations?

[ = full solution available in Student Solutions Manual/Study Guide

E = biomedical application

that cach fission produces 200 MeV of thermal
energy. Calculate the mass of 2°U consumed
each day.

7. Physics ;& Now™ Suppose that the water exerts an

average frictional drag of 1.0 X 10°N on a nu-
clear-powered ship. How far can the ship travel
per kilogram of fuel if the fuel consists of
enriched uranium containing 1.7% of the fission-
able isotope 23U and the ship’s engine has an
efficiency of 20%? (Assume 208 MeV is released
per fission event.)

§. It has been estimated that the Earth contains

1.0 X 10% tons of natural uranium that can be
mined economically. If all the world’s energy
needs (7.0 X 10!2]/s) were supplied by 2°U
fission, how long would this supply last? [Hint:
See Appendix B for the percent abundance
of BU.]

_. An all-electric home uses approximately 2 000 kWh

of electric energy per month. How much uranium-
235 would be required to provide this house with its
energy needs for 1 year? (Assume 100% conversion
efficiency and 208 MeV released per fission.)

Section 30.2 Nuclear Fusion

10. Find the energy released in the fusion reaction

H+3H — JHe+y

IT. When a star has exhausted its hydrogen fuel, it may

fuse other nuclear fuels. At temperatures above
1.0 X 108K, helium fusion can occur. Write the
equations for the following processes: (a) Two alpha
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12.

13.
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particles fuse to produce a nucleus 4 and a gamma
ray. What is nucleus A7 (b) Nucleus A absorbs an al-
pha particle to produce a nucleus B and a gamma
ray. What is nucleus B? (c) Find the total energy re-
leased in the reactions given in (a) and (b). [Note:
The mass of §Be = 8.005 305 u.]

Another series of nuclear reactions that can pro-
duce energy in the interior of stars is the cycle de-
scribed below. This cycle is most efficient when the
central temperature in a star is above 1.6 X 10’ K.
Because the temperature at the center of the Sun is
only 1.5 X 107 K, the following cycle produces less
than 10% of the Sun’s energy. (a) A high-energy
proton is absorbed by !2C. Another nucleus, 4, is
produced in the reaction, along with a gamma ray.
Identifv nucleus A. (b) Nucleus A decays through
positron emission to form nucleus B. ldentify nucleus
B. {c) Nucleus B absorbs a proton to produce nu-
cleus C and a gamma ray. Identify nucleus C.
(d) Nucleus C absorbs a proton to produce nucleus
D and a gamma ray. Identify nucleus D. {e) Nucleus
D decays through positron emission to produce nu-
cleus E. Identify nucleus E. (f) Nucleus E absorbs a
proton to produce nucleus Fplus an alpha particle.
What is nucleus F? [Note: If nucleus F is not 12C—
that is, the nucleus you started with—you have
made an error and should review the sequence of
events.]

If an all-electric home wuses approximately
2 000 kWh of electric energy per month, how many
fusion events described by the reaction
?H + $H — $He + {n would be required to keep
this home running for one year?

To understannd why plasma containment is neces-
sary, consider the rate at which an unconfined

Toorm o o 21 / 3 vy
plasma would be lost. (a) Estimate the rms speed of

deuterons in a plasma at 4.00 X 108 K. (b) Estimate
the order of magnitude of the time such a plasma
would remain in a 10-cm cube if no steps were
taken to contain it.

. The oceans have a volume of 317 million cubic miles

and contain 1.32 X 10?! kg of water. Of all the hydro-
gen nuclei in this water, 0.030 0% of the mass is
deuterium. (a) If all of these deuterium nuclei
were fused to helium via the first reaction in Equa-
don 30.4, determine the total amount of energy
that could be released. (b) The present world elec-
tric power consumption is about 7.00 X 102W.
If consumption were 100 times greater, how
many years would the energy supply calculated in
part (a) last?

Problems 1005

Section 30.6 Positrons and Other
Antiparticles

16. Two photons are produced when a proton and an
antiproton annihilate each other. What is the mini-
mum frequency and corresponding wavelength of
each photon?

17. Physicsgs Now™ A photon produces a proton-
antiproton pair according to the reaction
vy—p + p. What is the minimum possible fre-
quency of the photon? What is its wavelength?

1%, A photon with an energy of 2.09 GeV creates a
proton—antiproton pair in which the proton has a
kinetic energy of 95.0 MeV. What is the kinetic en-
ergy of the antiproton?

Section 30.7 Mesons and the Beginning of Particle
Physics

19. When a high-energy proton or pion traveling near
the speed of light collides with a nucleus, it travels
an average distance of 3.0 X 1071% m before inter-
acting with another particle. From this information,
estimate the time for the strong interaction to
occur.

[20.]Calculate the order of magnitude of the range of the
force that might be produced by the virtual exchange
of a proton.

21. One of the mediators of the weak interaction is the
Z° boson, which has a mass of 96 GeV/ 2 Use this
information to find an approximate value for the
range of the weak interaction.

22. If a 70 at rest decays into two y’s, what is the energy
of each of the y's?

Section 30.9 Conservation Laws

Section 30.10 Strange Particles and
Strangeness

23. Each of the following reactions is forbidden. Deter-
mine a conservation law that is violated for each
reaction.

@p+p—ou’ +e
byn " +p—op+ 7’
(c)p+tp—p+ 7
dyp+p—=p+p+n
(e)y+p—n+ 7
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24, For the following two reactions, the first may occur

but the second cannot. Explain.

K - g+ {can occur)

AV - gt g {cannot occur)

25. Physics;* Now™ Identify the unknown particle on

the left side of the reaction

P+p — n+pu”

26. Determine the type of neutrino or antineutrino in-

volved in each of the following processes:
(@n —=>al+et+2

by?+p—u +p+a

() AV—p+pu” +2

(dyrr—=ut + 402

27. The following reactions or decays involve one or

more neutrinos. Supply the missing neutrinos.
(a)y 7 —u” +7?

by Kt = u™ +2

(©)?+p—>n-+e’

() +n—p+e”

(ey?+n—p+u”

(fypu  —e +2+7

28. Determine which of the reactions below can occur.

For those that cannot occur, determine the conser-
vation law (or laws) that each violates:
(@p—at+a’

p+p—pt+tp+n’

oyp+rp—p+ s

(dy #t —pt + vy

(eyn—p+e” +7,

Hw—=a" +n

29. Which of the following processes are allowed by the

strong interaction, the electromagnetic interaction,
the weak interaction, or no interaction at all?

(ay 7~ +p— 2770

MK +n—A"+ 7

(YK — 7™ + 70

O —-="+ 7

(e) n° — 2y

[30.A K? particle at rest decays into a 77" and a 7. What

will be the speed of each of the pions? The mass of
the K” is 497.7 MeV/¢? and the mass of each pion is
139.6 MeV/ c%.

31. Determine whether or not strangeness is conserved

in the following decays and reactions:
(3.) 10—“)p +

byr +p—=A+K°
()p+p—A"+ A

32.

33

Py

(dyw +p—m + X7
(e)E"— A+ 7~
(ﬂ 5{)___) p+ B

Fill in the missing particle. Assume that (a) occurs
via the strong interaction while (b} and (c) involve
the weak interaction,

@K +p—=__+p

IO =+

QK —»___+u"+y,

Identfy the conserved quantities in the following
processes:

(a) =" — A0+ JTA
(b) K? — 27"

(VK" +p—2+n
(d) 20— A +y
(eyeT +e” —put + u”
(Hp+ n—AY + 3

Pu

Section 30.12 Quarks
Section 30.13 Colored Quarks

34.

36.

s

38

b

39.
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The quark composition of the proton is uud, while
that of the neutron in udd. Show that the charge,
baryon number, and strangeness of these particles
equal the sums of these numbers for their quark
constituents.

[Find the number of electrous, and of each species

PR3

of quark, in 1 L of water.

The quark compositions of the K’ and A° particles
are d5 and uds, respectively. Show that the charge,
baryon number, and strangeness of these particles
equal the sums of these numbers for the quark con-
stituents.

quark states: (a) suu; (b)

What is the electrical charge of the baryons with the
quark compositions (a) G d and (b) Gdd? What are
these baryons called?

Analyze the first three of the following reactions at
the quark level, and show that each conserves the
net number of each type of quark; then, in the last
reaction, identify the mystery particle:

(a) m +p—= K + A

by 7" +p—K" + 37

(c)K~ +p— K" +K'+ O~
(d)p+p—->Kﬂ+p+ﬂ++?




—————

H5,

Physics;s{Now™ Assume binding energies can be
neglected. Find the masses of the u and d quarks
from the masses of the proton and neutron.

ADDITIONAL PROBLEMS

1A =? particle traveling through matter strikes a pro-

42.

43.

ton and a ¥, and a gamma ray, as well as a third
particle, emerges. Use the quark model of each to
determine the identity of the third particle.

It was stated in the text that the reaction
7~ + pt = K% + A% occurs with high probability,
whereas the reaction 7~ + p* — K’ + n never oc-
curs. Analyze these reactions at the quark level and
show that the first conserves the net number of each
type of quark while the second does not.

Two protons approach each other with equal and
opposite velocities. Find the minimum kinetic en-
ergy of each of the protons if they are to produce a
7" meson at rest in the reaction

ptp — p+n+7r+

. Name at least one conservation law that prevents

each of the following reactions from occurring:
@m +p—3It+a°

by u” = m + v

yp—wmt+ 7 + 7

45.Find the energy released in the fusion reaction

46.

47.

H+3He — 3iHe+et +v

Occasionally, high-energy muons collide with elec-
trons and produce two neutrinos according to the
reaction u¥ + e~ — Yv. What kind of neutrinos are
these?

Each of the following decays is forbidden. For each
process, determine a conservation law that is vio-
lated:

(au~ e +vy

(byn—=>p+e +

(YA —>p+

(dyp—et +nf

(e) E0—>n + #°

‘. Two protons approach each other with 70.4 MeV of

kinetic energy and engage in a reaction in which a
proton and a positive pion emerge at rest. What
third particle, obviously uncharged and therefore
difficult to detect, must have been created?

o’

50.

51

52,

Problems 1007

The atomic bomb dropped on Hiroshima on August
6, 1945, released 5 X 10'3J of energy (equivalent to
that from 12 000 wons of TNT). Estimate (a) the
number of 33U nuclei fissioned and (b) the mass of
this 23U,

A XY particle at rest decays according to £ — A? +
v. Find the gamma-ray energy. [ Hint: remember to
conserve momentum.}

If baryon number is not conserved, then one possi-
ble mechanism by which a proton can decay is

p = et +y

Show that this reaction violates the conservation of
baryon number. (b) Assuming that the reaction oc-
curs and that the proton is initially at rest, deter-
mine the energy and momentum of the photon af-
ter the reaction. [Hint: recall that energy and
momentum must be conserved in the reaction.}
{c) Determine the speed of the positron after the
reaction.

Classical general relativity views the space—time
manifold as a deterministic structure completely
well defined down to arbitrarily small distances.
On the other hand, quantum general relativity for-
bids distances smaller than the Planck length
L= (hG/c3)1/2. (a) Calculate the value of L. The
answer suggests that, after the Big Bang (when all
the known Universe was reduced to a singularity),
nothing could be observed until that singularity
grew larger than the Planck length, L. Since the size
of the singularity grew at the speed of light, we can
infer that during the time it took for light to travel
the Planck length, no observations were possible.
(b) Determine this time (known as the Planck time
T), and compare it to the ultra-hot epoch discussed
in the text. (c¢) Does your answer to part {b) suggest
that we may never know what happened between the
time { = 0 and the time ¢t = T?

[Z3.](a) Show that about 1.0 X 10! J would be released

by the fusion of the deuterons in 1.0 gal of water.
Note that 1 out of every 6 500 hydrogen atoms is a
deuteron. (b) The average energy consumption rate
of a person living in the United States is about 1.0 X
10*]/s (an average power of 10 kW). At this rate,
how long would the energy needs of one person be
supplied by the fusion of the deuterons in 1.0 gal of
water? Assume that the energy released per
deuteron is 1.64 MeV.

1. Calculate the mass of ***U required to provide the

total energy requirements of a nuclear submarine



