A 1 2 Nuclear and Particle Physics-'

Learning Objectives
After studying this chapter, the students will ba abls to:

% stats that nucleon nurmber and chargs are consorved in nUCiear protessas

% describe the compostilon, mass and chargs of o-, f- and yradiations [both §--(electrons) and
f+{pasitrona)areinaluded]

4% Explainthal &n anti-partide has ihe same mass but opposie charge o the cormesponding padicle
[giva the exampls that a positron istha anti-particls of an electren]

state that (electron) ani-nauirings are produced dudng PB-decay and [sleciron) nautdnos are
produced durnhg B+dacay

+ +»

Explein that o-particles heve diacrete energies but that B-particlea have a conlinuoua renge of
energies because (artinoutines are gmitled in B-docay

Dezcrbe quarks and ardi- quarks (as a fundamental lincluding that thara ars six flavors (ypss) of
quark; up, down, atrange. charm, top and bottonn]

dencribe protons and neutrons in termaof theinguark caompoaition

4

L

stat= that & hadron may be either a baryan (consisting of three quarks} or a meson (consiztng of
onaquark and an antiquark)

describva the changes to quark compeos|tion that taka placa durng B- and B+ decsy
stata that slectrons and newrtings are fundameantal paricles called laplons

State, W, £, gluon, end photone as fundamentsl particles called axchange paridlae or force
Camers

o &

¥ Stale tha Higgs Bosonias a fundamentsl particlewhich i msponsibie forthe paricla's mass.

4 Explzain that cvery subatomic particle has a coresponding anti- particle [thet has the samo mass
85 B ghven particle but opposlie electric ormeagnetc proparties eccording tothe Standand Model of
Particle Physias)]

4 Explain that thers are varicus contending theoriss about what 'mass’ and foree' am genarabed
frarn [8.g. that these are genarated from quantum flelds whan thay amres energteed, or from muld
dimanskonal "strings' that wWibrate It hig her dimerslons bo glve dss 1o partekss (no furthar echinlcal
knowlsdge beyond these simple descriptions iz expected at this level 1]

Ilustrate that anki -partices usually heve the same weight, but spposite charpe, compared to their
matter Counterparts

State that most of the matter In the observable unlversals matter
Dresscribaer Lher ssyrmirmely el melier and anl -redlerin (be universe as anunsobed myslery

Descrbe annlhilation reactions [e pertdcle meets ks comasponding and -perticle, they undergo
annihilation neactions in which sithar all the mass is convartad to haat and light anangy, or 2nma
mass 5 left over In the form of new sub-atomic particles.]

@
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We believe thet all atoms are made up of neutrons, protens, and electrons. The
antiparticles of these three pariicles are alse known. The posilron {a positive
electron), the neutrino, and the photon are also known. By the end of 1960s, many new
types of parlicles similar to the nautron and the proton ware discoverad. These were
called mesons whose masses were mosily less than nuclean masses but more than the
eleciron mass. Aftarwards, other mesons were alse found that have masses grester
than nuclecns. Physicists started to ook for more fundamental particles which must
have evan smaller constituents which was later confirmed by exparimants. These ware
named as quarks. We will discuss in this chapter, the besic building blocks of matter.

12.1 STRUCTURE AND PROPERTIES OF THE NUCLEUS

The atomic nucleus comprises two types of particles: priotons and neutrons. Aproten is
the nudleus of the simplest atom, hydrogen, called a protium. The proton has a positive
charge of the same magnitude as that of the slectron (18107 CY and its mass is
1.87 x 107 kg. The neutron, whosa existence was pointed out in 1932 by James
Chadwick, is slacirically nautral as its name suggsstad-and its mass is nearly the same
asthat of proton. Now we can say that the nucleus has two types of particles (neutrons
and protons) called nucleons.

Besidezs hydrogen, the nudlei of all other elements consist of both neutrons and protons.
The different nudei are called nuclides. The number of protons in a nuclkeus is called the
atarnic number represented by the swmbol Z. The total number of nualesns, the sum of
nautrons and protons, ls reprasemted by the symbol A and e zalled the atomic mass
number, or slmply mase number. It ls wrtton as

AsN%Z .. (1213

where N represents the' neutron number.

In order ta spacify tha glvan nuclsl, the symbel X1s commonly used as ;X, where X |s the
chemical symbol for the elsment To Indlcate the mass of atomic particles, Instead of
kilogram, unified mass scale {u) i= genarally used. By definiton 1u iz axactly cne
twelvath the mass of carbon-12 aton {1u = 1.8808 x 10 kg = 231 MeV). Using this
value of u, the mass of a preton is 1.007276 u and that of a neutron is 1.008665 u while
thatof an electron is 300055 u.

For a particular atom (e.g., carbon), huglai are found to confain different numbears of
nautrohs, although they all have the sama humbetr of protons. For example, carbon
nuclei alwaya have 6 protona, but they may have different number of neutrans. Nuclei
that conlain the same number of protons but different numbers of neutrons are called
isctopes. Isotopes of carbon are '2C, ¢, and %G, amongst them C and C are stable
bul ;C is unstable and decays into nitrogen along with the emissien of B and neutrino
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12.2 FUNDAMENTAL FORCES OF NATURE

To understand the structure of the nudeus, it is important to Know the nature of the
forcesthat bind the nuclean together. But hefore that, we should know the basicforces in
nziura. Despita the apparent complaxity within the universe, all interactions in the
univarse are govemed by the four basic forces, known as fundamental forces. These
forces control how objects move, inleract and behave at different scales from nudeons
in the atom tc massive galaxies. The four fundamental forces are gravily,
eleciromagnetism, weak nuclear force, and streng nuclear force.

Gravitational force or gravily is one of the four fundamental forces of nature. It is the
weekest of the four but it is a long-rengs force. [t is an atiractive force and arizes due to
the gravitational interaction betwoen the bodies. The gravitational force betwaen two
bodies is proportional to the praduct of thelr masses and inversaly proportional to the
square of the distance between them. When considered for meassive objects, such 55
tha Sun, or glamt planets, gravitational force Is consldered to be signiflcant as the
masses of these objacts are larga. However, on an atemic level, this force is considerad
o be negligibly weak.

The slactromagnetic force Is responsible for electric flekd and magnetic fleld
interacticns. Like the gravitalional force, the eleciromagnetic force follows an inverse
square law but is much strongar than gravity: Itgovams a vast range of phenomeana,
from atomic structure, chemical bonding, electricity, magnetism, and light propagation.
<Jamas Clerk Maxwsll {136 1) formulated asetof four fundamental equations named as
“Maxwall’s aquations” that unifiad eleciricity and magnetism into elactromagnatiem.
These equations describe how. electric and magnetic fields interact and how
eleclromagnetic waves propagate. These equalions showed that electric and magnetic
fialds are not saparate forces but are twa aspects of & single elsctromagnetic force.

Cut of the four fundamental forces, nuclear forces are the strengest attractive forces.
Electromagnetism holds the matter together, but there was no explanation on how the
nucleus is held together in the atom. If we only consider the farces of electromagnetism
and gravity, thernucleus should fly off in differant directions. Tha stability of the nucleus
implias that another force should exist within the nucleus which is stronger than the
gravitational force and electromagnetic Tahle 12.1

force. This is where nucdlear forces Relatlve atrength and range of four

; fundamental forces
come into play. Strang nuclear forces

; ; : Fo ropdimate Relati Ra
are respensible for holding the nuclei of s e Strongth i aad
atomns together. They only exist inside feompared b strong forcw)
the nucleus. So, we call them ea short- gy 1o -

range forees, The strong nudear foree weak nuclear
acts as an attractive force betwean a|l forees
nucleona. Thus, protons attract each Eleciromagnetic 1o =
other via the strang nucisar forcos at Firong nuclear 1 1075 m

1w <1074 m
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tha same time they repal each other via the elactric forca. A neutron, being electrically
neutral, can atiract other neutrons or protens via the strong nuclear force. Weak
nuclear forces are responsible for the radioactive decay, particulary the bela decay
and intaractions involving neutrina. Unlike the othar fund amaental forces, the wesak forca
can change the identity of particles, making it essential for processes like nuclear
fusion in stars and the decay of unstable atomic nuclei. The relative strength and range
ofthe above fourforces aregiven inTable 12.1.

12.3 MATTER AND ANTI-MATTER d J1 |

It was predicted by Paul Dirac In 1828 that the 1A paricla accslarator-ls a huga
fundamental particles have their anti-particles. The rest ’”:gi"t':’::s“"a: :f:ft:feizﬁ?
masses of the anti-particlas are the same as that of thair Emmns. AR Rkl higl':
I:DI"I'BEpundlng pal‘tlcles but with ﬂppﬂslte chams and Bngrg|33 and EPBECIS, 3F|Pmach|r|g
magnetic moments. For example, positron is the anti-  the speatlof ight

pattlcle of an alsctron. |t s rapresenied iy @', The rest 2. Lineer Accelerators, Cyclotrans
mass of the positran is the same &s that of an electron’ Bnd Betairons are impaortant
bul it camries positive charge with magnitude the same particie accalerabors.,
asthatofan alsctron. Itis noted that the positron was thea

first discovered anti-particle by Anderson in 1932 in &

cloud chamber experiment. This was first expedimental [l interesting infosmation |
discovery of an anti-particle. After that s lot of anti- . 4. wcrkﬁ;nthlsdlsucr\rery
particles were discoverad, Usnally, the anti-particles aré birac snd Anderson racsivad the
rapreseanted by a latter with a barover it @.g., anti-proton Nabel Priza In Physies-Diracin 1933,

is represented by p anti-neutring by v and so on. and Anderson in 1938, In 19535,
Begre and Chamberlsin discovered

The quarks and leplons hava been racognized as the antbproton uslng a  particla
fundamental particles also known as slementary accelermior and were awarded the
particles among the fon'many discovered particles. Nobel Priza in physics in 1859 for

Thase alsmantary paricles hava also anti-particlas. MBsparertol antron

o - L )

{i) Tha cesmicrays are high-anargy parides coming from the ouler-space with unknown sources. Thair
saurts may be thae Sun or the other stars. Thase parlichas consist mosty of protons. naumons and
heaviar nucksi, which are continually bormbarding tha Earth. Yhan thesa particlss interact wilh the
atoms of tha gasas of the Earth's atmasphars, thay produce shionwers of secomdary particias which
raln down an us all the tima.

(i) When nuclei of ureinble mdicactive slemend say U undergo fiasion renstiona in the nuclear
reactors, they emit & varety of paticles, such as; neutrons, neutrinos, a-perdicles, photons,
electrons and positrons.

{iliy When the chargad particles, such as elactrens end pretons ane eceslarated by an accalarator and
thsn hombardad on thetarget materal, which is hydrogen, these accelarated charged particles may
abin collide head-on with aach athar. Ax a result, ths dabriz from thess resctions contain parficdas
lika pions, kaons, muans and evan anti-protans.

S e
Far your Information
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Palr Preduction

Pair production occurs when a v-ray (high energy photon) passes nearby an atomic
nuclaus. As a result, an elactron-posilron pair is emitted as shown in Fig. 12.7. The
presence of a third particle, such as a nucleus, is necessary to conserve lingar
momentum. According to the law of mass-energy equivalence, the minimum enargyofa
phaton far pair preduction must be squal to the sum af the rast mass ensrgiss of the
cregted parlicles. The rest mass energy of the electron-positron pair is
2m & = 1.02 We¥ which has been verified experimentally. A gamma ray photan with
energy less than 1.02 MeV cannot produce an — —

sleclron-positron pair whereas & photon with N -7 S
energy greater than 1.02 MeV creates an The pair producion cannet take place in
eleciron-pasitron pair and the excess energy VESLLET OF Space., The pair produslion Gan

: 2 : : happan only in tha presenca of an extamal
goes intn tha kinetic energios of tha particios. A S

Tha process of pair production satisfies the exparience spmo recoll durng tha collislon
laws of conservation of charge, momentum and  Precess to conserve the endrgy and e
onergy. It can occur for any particle and anti- MOTENWMatthesame time.

particle.

Annihilation of Matter

It is the opposite process of pair production. For axample, when an electron and a
posilron interact to each cther, they annihilate into two gamma ray photons as shown in
Fig. 12.2. The reaction can be written a3

& ¥e 5 vty
The enengy of each gamma ray ghoton s 0.87 MeV which is equal to the rest mass
erargy of an alactron ar a positron, i.a. E=m¢’. In an annihilation reaction, energy and
maomentum are conserved. Besides the electron and positron annihilation, the
annihilation reactions of other particles and their anti-paricles can alse be camied out
e.d., proton and anfi-proton, lepton and anti-lepton, quarkand anti-quark, ate,

Pasilrf:_r? __,.-"'K'E+ ]

b = 1 012 MaV / g ¥
TR Ry A | | % O " ‘
8 » L]

Ineddanl photan
fr-rey}
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Flg. 12.1: A high energete phobon (y-roy)
intaraciing with a nucleus and rasults into an Flg. 12.2: Annihilation of mattar
sloriron ang a positin pair.
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A particle accelerator, named a5 Hegativa
picrer )

Largs Hadron Colllder {LHC) at
CERN have revealed that some

mass of colliding particles s Eea Bchad
changed to clectromagnetic
radiaticn according fo Einstein’s
aguation _and laft over mass e clkabort vl et
appears in the form of new BGESElE )

sub-atomic icles (Fig.12.3).
et (Fig } Fath of nautral lembela particle (£ )

Flg. 125: A high energstle pp colll
pariclas.

124 RADIOACTIVITY o o

It hae been cheerved that the nuclel whose atomic numbsrs-are greater than 82 are
found neturally unstable, and these nudlei spontanecushy emit radiations. Such nuclei
are called radioactive and the emission of rediglion’is known Bs netural radioactivity.
These radlations are of three types, «, p and y-radiations. Unstable Isctopes can also be
preduced artificially in the laboratory by nuclear reaclions. This aocurs when a stable
slgment I8 hombarded with high-anergy paricles, such as neutrons, protons, alpha
particles, or gamma ray2, causing it to become unstable and emit radiation. Thig is
called artificial radipactivity and radipactive isotopes are named radicisotopes or
radlonuciidas.

The o-particles, B-particles and v-radiations are traverzed differently when passed
through the electric field as shown in Fig. 12.4. It is seen that o-paricles deflecl towards
the negativa tarminal of the slactric field, showing that they have a positive charga. The
e-particles are emitted-at high speeds, typically a few percent of the speed of light.
However, c-partides can travel only several centimetrss in the air dug to their large
mass. The [-particles deflect towards the positive terminal of the electric field, showing

zlon producing 18 naw

Lead block
o
+ Braya
e e
S S
(4 rays
/r
[ Elnctrically mmnn:gmphlc \
Sbatanea charged plates

Fig. 12.4: The: lhree rediouclve mdialons, namely alpha, beda and gamima rays
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they have a negative charge. The deflection of B-particles is more than the o-particles,
proving that they are lighter paricles than a-particles. The B-particles are fast-moving
electrons and move with speeds up to 0.9985 of the speed of light. The y-radiations
passed through the aleciric field without deflection, showing that they have no chargs.
The y-radiations are slectromagnetic rediations which consist of photons. They move
with the speed of light with the highest penetrating power but the lowest ionization power.

The procsss of amiting e-partidas, P-particles and y-radiations from the nucleus is
cdlled o-decay, B-decay and yv-decay, respectively, and are discussed below.

u-Decay

If the nuclaus has more protons than the number of neutrons, the electrostatic force of
repulsion becomes greater than the strong nuclear force of attraction_In this case, the
nucleus becomeas unstable and emits alpha particles in radlozctive decay. An e-particle
is equivalent 1o a helium (He) nucleus which consists of two protons and two neutrons.
This means tha nuclaus lnsas two protons and nautrons in tha c-decay. Henca, the
atomic number Z decreases by 2 while its mass number Adecreazes by 4. Alpha decay
can bewritten in general as:

Mo DI HE N (12.2)

Here X is the parent nucleus which decays into the daughter nucleus 75X and He is
the alpha particle. In the a-decay, it & experimertally observed that the number of

nucleons (A) and electric charge are conserved. An ™Ra
example of a-decay isgiven below: Parenl nucleus o-particls
A radlum-228 Isotope { *3Ra ) amits an alpha particle P eite o el
and decaysinto a daughter nucleus radon-222( “,Rn ). i

E:Ra = zan + :He .................. (12.3) [ WA

Inthe above nuclearreaction, the daughter nucleus { %, Rn)is different from the parent
nucleus { “;,Ray. This transition ofone elementintc ancther is cal ed the transmutation
of tha slemenis: It is experimentally found that tha mass of the parent nucleus is greater
than the total masa of the daughter nucleus and the mesz of the e-particle. Thus, the
total mass-ensrgy (E=m¢’) of the docay products is less than the mass-energy of the
onginal nuclide. This difference in mass-energy is called the dlaintegration energy 0,
orthe G-value ofthe decay.

p-Decay

Thera ara two types of f-decay; [ -decayand B-decay.

(i) P -Decay

Same nuclides have neutron-to-proton ratio (N/P) toe large and are the source of

B -decay. The B-particles ara not tha orbital electrons but they ara creatad wilhin the
nucleus at the moment of emission. In this process, a neuiron in the nucleus decays into
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a proten and an electron, plus another particle called arti-neutrino which is the anti-
particle of neulrine. The neutrino is denoted by a Greek symbol v {nu) and anti-neutring
is denotad by a bar overthe v. The decay process is given by the fellowing relation:
s p otV

Cne of the neutrons changes ko a proton and in onder to conserve charge it emits an
alactron. Thasa elactrons ara called beta particles. Howewver, thay ara indistinguishable
from orbital elecirons. Beth the neutrine and the anti-nsutrino have zero charge and
very small mass, that is why they are very difficult to abserve when passing through the
matter. No nucleons are lost when a P-particle is emitted, and the total number of
nucleons A remains the same but the mass number £ changes. Beta decay process can
be writlan as:

;}( - I;:X +ia+ 3y I !F-'r.-:_i@xfiﬁ*ﬁ.\aﬂsmz.daw‘: |

A The neutdng was first proposed -
From the above eguation, it is clear that the parent  wymeang Pauliin 1933,0‘,',",,“,:’;’

element of atomic number Z is transmuted to another  anargy sonsarvation In the bata-
element of atomic number {2+1). An example is the ° minusand beta-plus decays. Later
isotopa of thorium, which is unstable and decays intg . in 1953, noutring wes dotacted by

F. Reines and C. L. Cowan in a
protactinlum by beta emisslen. The reactlonls Hlo Polrer Tilhar Reachr o

represented as: this diacovery, F. Reinea received

’;Th-» 2ﬁPa+je+ 7 ihe Mabel prize in 1995,

{iiy p'-Decay

There are also nuclides that have neutron-te-proten ratio (N/P) too small for stability and
decay by amitting a positran instead of an electron. The positron (6+) has the samsa
mass a5 the electron but it hag a positive charge. The positron is the anti-partide of the
electren. In this process, aproton in the nucleus decays into a neutron and a posifron,
plus aneutring. The genaralized decay ia given below:

Ko AN +lety

An example of adecay of Neon into Flourine by emitling positron and neutring is:
TNe— “F +5%a+ v

Energy oflpha and Beta Particles in Radicactive Decay

In both a-decay and p-decay, for a partlcular T
radionuclide, the same amount of energy is
released. In a-decay of a particular radionuclide,
avery emitted a-particle has the =ama sharply
defined kinelic energy. When the number of
a-particles is plotted against kinetic enargy, thera
are dislinct spikes that appear on the graph as
shown in Fig. 12.5. This demonstrates that Kinatic Erorgy (o)
da-particles have discrete enarglas.

Mo of a-partiches (M}

| L%
r

Fig. 12.5: Discrete enemy valuas of ao-particles
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However, in the case of B-particle emission,
energy is shared between Pparticle and anti-
nautring In varying proportions. The sum of
electron (or positron) energy and the anti-
neutrino's {or neutrino's) energy, however, in
avery case remalns tha same. Thus, In B-dacay,
the energy of an electron cr a positron may

Ho. of [partices (N)

range from zere ta 8 masxirmum value. Whean the 3
number of p-particles k plotted againsi Kinetls Kinefic energy (£Y)

energy, the graph shows a curve as shown in Fig. 12.6: Confinuos spactum

Flg. 12.8. This demonstratas that bata particies of f-paricles

(slectrons or positrons) have a centinucus renge of anergies.-Tha principle of
conservation of momentum and energy spplies in both alpha and beta emission.

i} y-Radlation
The amission of-rhradiationfmm anucleusis ganemlly rapnasanted b‘_\o‘ thisaquatiun:
X+ 31X 4y

L
whare ;X represents an excited nucleus while 3¢ shows ground state of the nuclsus.

Table 12.2: The summary of naiumﬁ?ﬁ[ﬁﬁ%, beta and gamma radlatlons

Characteristics m-partigias f-particias rays

1. Natura Helwim nucled Elactrans or pasltrans from | E . wavas from exclbad
ol chame 28 the nudeus of chamge += nuclei with no charpe

2. Typical sources | Rador-222 Stronfium-Bd Cubalt-60

3, lonizalion AbmAAn® About 10* Ahout 1

{lon pairs mm™ in =i}

4. Range In alr Zeveral cantimatras  Savaral metras Cheye Inverse soaia law

&, Abzorbed by Apaper 1-& mm of Al sheet 1-14J cm of le=d sheed

B. Erwrgy spactrurt | Emikted with he Variable arergy Variabla arwryy
EBITIEE €NEEy

¥. Spead -1 ms’ Az 10 ms" ~3x10°m s’

12.5 FUNDAMENTAL PARTICLES

By the tarm fundamental partlels, we mean a particle that has no internal siructurs,
which means that it is indivisible. Presently, the fundamental constituents of matter are
considered to be quarks (protons, neulrons and mesons are made up of quarks) and
leptons (including electrons, positrons, and neulrinas). They are considered the basic
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building blocks of matter.

¥hen 2 nucleus ks smashed In an ultra high enargy particle accalerator, or two high
ernergy particles are colided, entirely new iypes of particles are created which
apparantly do nol ex|st within tha atoms of the ordinary matter. They ara the outcoma of
the violent collisions needed to probe the basic structure of matter. More than a hundred
new particles have bean identified to be classified into families with similar properties.
Many of thess ware accounted well with the achame of theoratical physicist whils the
resl were named "strange particle”. They are always created in pairs, €.9., when & pion
{x") collides with a proton, twe strange particles k* (Kaon}, and A*{Lamda) are created.
The nuckear reaction ia:

Ttp K+ A

Al particles spin on their axes and the spin of charged parlicles makes them tiny
magnets. The characteristic spin of electrons, protens, neutrens is 172 and the spin of
photon i 1 and of pions is taken as zéro. Half spin particles obgy the Pauli's exclusion
principle whish says that only one particde of a kind occuples a ghven quantum state.
These parlicles are called “fermians”. The padicleswith zero or whole number spin do
not obay this principle. They are called "bosons" as hey obey Base-Einstsin statistics.
Further major classifications are:

1. The nuclecns and the heavier parlicles such as A" and k" which decay to nucleons are
called "baryons" (heavy).

2. The particles that do not interact strongly with nucleons, and are caled leptons
{small) along withthe electrons, lau and neutrino.

Bath of the P-dacay {bata-minus end beta-plus) processes provide aevidencs thal tha
protons and neutrons are not the fundamental partides. By the 1860s many new types
of particles similar to the neutron and proton were discovared, as well as many
“midsized” paricles called mesons whose masses wers mostly less than nucleon
masses but mora than the slectron mass (other mesons, found later, have masses
graatar than nuckscns). Tha strongly attractive particles are called n meson or picns
while the weakly interacling particles were named p.mesons or muons.

This discovery |ad to the cohclusion that thase particles could hot ba fundamental
particles, and must ba mads up of even smaller constituents , which wera givan the
name quarks.

Hadrons and Leptons

Particles can alsc be classified based on the four fundamental forcas that act on them.
While 1he gravitational force affects all particles. lis impact at the subalomic level is so
minimal that it is generally disregarded at the sub-atomic level. The clectromagnetic
force, which acts on all elgcirically charged particles, is well understeod and can be
considered when necessary, howevear, in this chapter, we will largely ignore its effects.

Farticles can be broadly classified based on whether theyinteract via the strong force or
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dc not. Thoge that experience the strong force are known as hadrons, while those that
do nat, are called leptons. Examples of hadrons include protons, neutrons, and pions,
whareas alactrons and nautrinos are classiied a3 laptons.

Hadrons ere composite subatomic particles that can be further divided into two broed
categeries: some ara bosons, raferred to as masans such as plon, while othsrs ars
farmicns, known as baryons, with protons and neutrons being the key examples.
Baryons are made of an odd number of guarks {usually three quarks), and mesons are
made up of an even number of quarks {usually two quarks: one quark and one anth
quark).

The leptons intaract only through weak or alectromagnetic: interactions. No experiments
have yet been able to reveal any Internal structure for ihe leptons; they appear to be
fruly fundamental particles that cannot be split into smaller. particles. All known
laptons have spln %%, a0 they all ara Farmions. Tha alx known leptons are grouped
as three pairs of particles as shown in Table 12.3. Each pairincludes a charged particle
(e, w, v} its associated neutrino and comresponding anti-particles. Charged leptons can
combine with other particlas to form wvarious composite particles such as atoms and
positrenium, while neutrinos rarely interact with anything. and are censequerntly rarely
observed. The best-known of all lkeptons is the electron.

Table 12,3: The lepton family

. N Masa ) .
Family Parligle Eymbol (Mevict) Charga ¢ Antipartigle
Electron g 0a1l -1 el
ey Elactren neutring w # 10107 4] Ve
huon wl 105.7 -1 !
wian Muen neubinn Vi » 1107 0 Vi
Tau 1 1777 =1 1
Tau T 7 =
Tau Naufrina e ® 1x10 4] ¥
126 QUARKS

In 1964, M. Gell-Mann and George Zwaig proposed that none of the hadrons, not even
the proton and nautron, are truly fundamental, but instead are made up of combinations
of three more fundamental entities called quarks or quark flavours. Quarks are
coneldered to be truly fundamental partcles, lIke leptons. Three quarke criginally
proposed were named up, down, and strange, with abbreviations u, d and s,
respactivaly. Prasently, we are awara of sl¥ quarks, |ustas thera ara s laptens-based on
a prasumed symmelry in nature. The cther three quarks are called charm, bottom, and
fop (g, b, 1). These new quarks can be distinguished from the 3 original quarks (Table
12.4). All guarks have a spin and an electric charge (a fraction of the praviously thought
smallestcharga e on an electron). Quarks ara invisibla. They naver appezron their own.
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All hadrong are conskdered to be Tahle 12.4: Quark flavaura

made up of combinations of guarks Particies |gymbol [Gharge| Mass | antie Chorge
{plus the gluons that hold tham (@ |oavicy | particla (o)
together). and thelr properilas ara
described by looking at their quark i L2 5 = 2
content. Mesans consiat of a . 3 3
quark—antiquark pair. For example, pown d el 10 = el
ax mesonisaud combination. A x° 3 3
can be mada of ui). 2 2
Charm C T 1500 & =i
Each baryon, on the cther hand, 3 3
consisls of three quarks, such@s.  gyange | s e ([ EOR 5 Ly
The protan has a quark compesition 3 3
of uud and 50 its charge quantum ¢ |+= [iEdE] 7 o
number &: 3 3
qluud) = §+ g +(-%) =+t Botom | o | ] il -
Neutron has a quark composition of
udd and Itz charge quantum Nediran

Freton
numberis:
itare e Den Yy b g0
1 3 3 2 L d] &)

Mesons are quark—anliquark pairs. Consider the meson n*, which consists of an up-
quark, u and an antidown quark-d. We ses that the charge gquartum number of the up
quark iz +2/3 and that of the antidown quark is +1/3. Thiz eddsz nicely to a charge
quanturn numbarof +1forthe m° mason; that is, qiuy=2/3+1/3=+1.

Motlong after the quark theory was proposed, il was suggested that quarks have another
property {(or quality) caled colour, or "golour charge” (analegous to glectric charge).
According to this thaery, each flavour of guark can have ono of thres colours, usually
designated rad, green, and klue. Nola that the namess “colour” and “flavour” have nothing
to do with our sensas, but are purzly whimsical—as are other names, such as charm, in
this new fiald. The anti-quarks are coloured antired, antigrean, and antiblus. Baryons ara
made up of three quarks, ona of aach colour. Mesons consist of a quark—anti-quark pair

Meulron Proton Anti-proion
u v
d
Flg. 12.7 {a): Colourless baryons: Flig. 12.7 (b}, A colourlass anti=haryons:

blue + red + grean = while ant-blue + antired + anti-green = whita
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of a particular colour arkd its anti-colour. Both baryons and mesons are thus colourless or
white. Each quark is assumed o carmy a colour charge. analegous fo an electric chame,
and tha strong force batwean quarks |s refarred to as tha ealour ferea. This theory of tha
strong force is called quantum chromodynamles or QCD, to indicats that the forca acts
between oolour charges (and not bebaween, say, ekedric charges). The strong force
batwean two hadrons le considered to ba a force between tha quarke that maketham up.

Beta Decay in Terms of Quarks B ocrevimew Bl

When a neutron in the nucleus decaysinte a prolanandan , .o mihy e

electron (beta particle), an anti-neulring is also produced nucieus. Free nelrons decay

inthe reaction and the decay process isgiven as: with a halHlfe of #0s.
noolp e+ X

MNow, we can identify that a neutron with composition udd ® . L *

can convert inlg a proton with composition uud by B

changing a down quark into an upquark. Thefundamental o

decsy procesa can now be expressad as: ¥ o

d > u+Sa+ i
Thus, as our understardding of the fundamental nature of matter deepens, we can
analyze familiar processes at increasingly.intricate levels. The quark model not only

enhances our comprehansion of paricle structures but algso provides Insighi into thalr
interactions.

12.7 HIGGS BOSON

Fundamentsl particles are considered to be the six quarks, the six leptons and the
gauge bosons (Higgs boscons), which are the cariers of the fundamental forces.
Leptons and quarksa interact with each other by sending and receiving bosona. For
axample, electromagnetic Interactlons occur when two positively charged particlas
sand and receive {exchangse} photons. The photons are said to ‘carry” the force
between charged perticles. Likewise, attraction between two quars in an atomic
nucleus ooclrs when two quarks sand and recelve gluons. Simliarly, the W', W and Z
are the basons that are the carriers of weak nuclear force and gravitons are the carriers
of gravitational force. The Higgs boson is a special paricle discoverad in 2012 at large
hadron collider at CERN. It Is assoclatad with the Higg's fleld that permeates all of the
space. s crugial role is that it provides explanation for how the other particles get mass
by interacting with it.

The parlicles that interact strongly with Higg's fisld get more mass such as carriers of
electroweak interaction i.e., W', W and Z bosons whereas the particles like photons do
nct intaract with Higg's field and hencs, thair rest mass is considared zaro. Higgs boson
has a mass of around 125 giga-electron-volts (GeV/c® and decays rapidly into other
particles_Here are some key facts:
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1. The Higgs boson gets its mass fromits interactions with its associated Higg's field.

2. ltzan be a uniqus portal to find the corditions of universe shorlly after tha Big Bang
and signs of dark matter dueto its distinctive characteristics and properties.

12.8 CONSERVATION LAWS

All nuclear processess such as nuclear | ( Foryour information | 8
reactions and nuclear decays obesy consarvation .

lews suchas: Mescons, 2.0 Flons, kaons
14 cansarvation of anargy, momantum and  baryams, 8.9. pretons, neltdna, omega,
charge. |t includes the nuclson number N skamaand lambda parlicles
and charge numherZ. Non-hadrgns
Leptons, including elastrons, muon,
2. baryon numbar neutrings
3. lepton number photens, gravitons
12.9 THE ASYMMETRY OF MATTER AND ANTI-MATTER IN
THE UNIVERSE

Many observalions show that there is the asymmetry between matter and anti-matter.
This is the most remarkable features of cur universe. A number of hypothesis are existed
which show that the universe consists almost entirely of matter rather than anti-matter.
eq., the universe is assumed t{o ke composed up 5% of ordinary matter (elestrons,
protans and neutrons), 71% of hydrogen atorms and 24% of helium atoms, there are no
any contribution of anti-hydrogen or anti-helium atoms in the compaoszition of the
universe.

The exparimental results explain that the matter and anti-matter asymmedry is indesd
due to the viclation of conservation of baryon number. i.e., thers is imbalance number of
karyons and its ant-haryons. Now if the particla-antiparticle symmetry is alsg violated,
then there will ba a machanism for making mora guarks than anti-<quarks, more leptons
than anti-l=ptons and eventually mare matter than anti-matter. Henee, it is conduded
that the prablem asymmetry of matter and anti-matter is still mystary.

12.10 MOST OF THE MATTER IN THE OBSERVABLE UNIVERSE
IS PLASMA

Qur universe is more vast than our thinking, because we siill know about its 5% part but
we still do not know about its remaining 5% part. Forexample, our universe consists of
about 27% of unlnown matter called dark matier and about 68% & mysterous
antigravity material known as dark energy. By adding 27% and 68% we have 85%. It
means 95% universe is out of cur thinking, i.e., we know nothing about 95% of the
universe.

On tha other hand, the 5% of the universe that we know aboul It, Is an ordinary
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matter, where hydrogen and helium are almost in the plasma state. Therefore, these
figures indicate that 95% of the 5% of the observable universe is the plasma state, while
tha ramaining 5% is in the form of matier. Henca, itis concludad that mast of the mattar in

the cbaervable universe is plesma.

12.11 THETHEQRIES ABOUT THE FORCES BETWEEN THE

MASSES OF PARTICLES

To explain tha interactions botween tha masses of the I For your infarmatian I

particles through diffarent mediators, we have the
fellowing two theores, the quantum field theory and
the string theory.

1. TheQuantum Field Theory

According to this theory, each pariicle is represented
by a field called quantum field and it is responsible to
transmit a force from one particle to ancther by a
mediator. For example, let a positively charged
particle produces en electric field in the space around
it. This charged particle exerts an attractive forcs ona
nearby negatively changed particle through its-field.
Mareover, the field can also carry energy and
momantum from cne particle to ancther. Whers the
energy and momanturm of all fields arequantized. The
quanta that exchange momentum and energy ram
one type of paricle to anotherinethelr field are called
fisld particles. Thus, we can say that the interactions
hetween particles are described In terms of the
exchange of field particle or quanta which are all
bosons. For example; the electromagnetic force is
madiated by ‘photons called quanta of the
electremagnetic field. Similarly, the strong nuclear
force is medialed by field particles called gluons, the
electro-weak force is mediated by the fisld particles
called Bosons (W and Z) and the gravitational forces
is mediated by field particles called gravitons.

2.  String Theory

String Theory is an advancad concept in
theoratlcal phyzslcs proposing that the fundamental
particles of the universe, instead of being point-like,
are actually tiny, vibrating strings. Thase strings can
be apen or cloged locps, and their vibrations

Mokeculs

{
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determine the properlies of particles. including rmass and force. String Theory
framework, offering a potential theory of everything, still remains unpreved
aexperimantalhy.

12.12 THESTANDARD MODEL

The standard model is the collection of
theories that describe tha smallest
expermentally chserved particles of matier
and |nteractlon betwaen ensrgy and matter.
Three cetegaories of particles form the
standard model are shown in Fig. 12 8.
Matter, which makes up only 5% of the
universe is composad of quarks and leptons.
The fundamental bosons provide thres
forees: electromagnetism, the sireng
nuclear forge and the weak nuclear forge.

. 5 . . £
:i HI;:E 8 bu?sc'” l:u'_"’l’"d“ ta" OXpIANALON 7\ Fig. 12.8: Elementery partilos i the
rhowtne other particles get mass. | standard rmode|

This madsl is still considared incompleta. Currsntly, it is unable o explain many
imporiant features of the known universesuch as: (i} gravity (i) dark matter (279% of
the universe (iii}dark energy (E8% of the universe).

[ ausstions DIEEEGEG

[ Magtipie Choice Questions -

Tick {v) the correct answer.
12.1 Which one cfths following is the fundamental particle?
(a) Proton (k) Neutron {c) Electron {d) Meson
12.2 The firgt-discoversd anti-particle is:
(8) anfi-proton () anti-nautrino {¢) anfi-photon {d} anti-alactron
12 3 Which one of the following pair of particles creates annihilation?
[a) proton-proton [b) proton-nautron

(5] neutren-ghoton [d) electron-posiron
12.4 The strong nuclear force between the two particles is medisted by:

(a) glugns (b) pheton (¢} mesons {d} gravitons
12.5 Which one of the following Torces interacts betwsean two particles through photons?
(&) Strong nuclear force (M Weakforce

(c] Electromagnstic force {d) Gravitationalforce
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12.8 When a nautron changas into a proton, then wewill observe:

(a)f-decay (b)p'-decay fe)vdecay  {d)o-decay

12.7 Baryan is formed by combination of:
(&) 2 quarks {b} 3 guarks
()4 quarks {d)Aquark and an anb-quark

12.8 Which one of the following forces has negligible effect between the elementary
particles?
(8] Strong nuclear forca (o) Waak foreea
(c) Gravitational force {d}Electromagneticforcs | '

12.9 Which particles are producad by strong intsraction? ) )
(a) Graviton  (b)Leptonsz (c)Hadrons {d) M_ésohs

12.1Q Astrong nuclearforce exists between the nucleons of, (7
(e)p-p (b)n—n Ghp—n - {dallofthese

1211 Which one of the following radiationfparticles H‘:_Ia_s-the highest ipnization power?
fa)ex (&) B (@B @y

12.12 Which one of the following radiation!pal;fiﬁ:las has the highest penetrating power?
(8o {b) B ), e B {dir

12.13 Achange occurs In atomic member of a nucleus but lts mass number remalins the
same by decay of: :
fe)w ()] N, (chr {djoandy

1214 In a nucleus, a neutfalj.chénges into & proton, the atomic number changes by
one, the mass numbsarwill:

(a) decrease \ ('I:::l}i'ncrease {ciremainthesame {d)nonecfthese
12.13 The eleciroweak theory was intreduced by:

fa)Dirag> =  (b)Einstein {ciAnderson {d}Dr.Abdul Salam
12.18 The'd@symmetry of matter and anti-matter is due to imbalance number af:
(&) hadron it} lepton tc}baryon  {d)photons
1217 Which one of the following particle is responsible for the mass of the fundameantal
particle?
(a) Quarks (R) Anti-quark {ciLepton {d)Higgs boson
12.18 Aprcion is composed of up and down quarks, the order of quarks is:
{e)udd (R)udu fciuud {didud

1218 The numberof quarks that composed of a neutron is:
{a)2 b)3 {c)4 {d)5
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Short Answer Questions
What do differant isotopas of a given elament have in common? How are
thay different?
ldentify tha element that has 87 nucleons and 50 neutrans.

What are the similzrities and differencas batwean the strong nuckear force and
the electromagnetic farce?

Fill intha missing particla or nucleus:

(a) sCax?+e + ¥

(B ¥ou 574y

Why neutring must be released in the poaitron emission?

Distinguish between fermions and bosans.

How does strong force hald the nucleus?

Can there be pair production for photons having energy 20 keV? Explain briefly,
What isthe difference batween beta particle and electron?

How do a protonand a neutron convert toreach other?

Why does baete-decay have a continuous energy spectrum and alpha-dacay
have a discrate snargy spectrum?

Differentiata betwsean hadron and leptons with examples.
Why electron-positren paircannotdecay inte a single photon?

State the role of Higgs ‘Boson in the generation of mass in modern physics
theorigs.

What are Mesons? Give examples.
Constructed Response Questions
|s meson,.aboson or fermion? Give reason.

Why does an alpha emitter emit alpha particlaa instead of four separate
necleons?

Which is rmore enargaticalpha decay or beta desay’t Justify your answer,

A nueleus undergees gamma decay, emiting gamma ray photon with energy
1.5 MaV. Calculate.

{i} frequency of gamma ray
{ii} wavelength of gammaray
{iii} momentum of gammaray

Why does the g-particles not make physical contact with the nucleus when
haadad diractly towards it?
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Comprehensive Questions
12,1 What is meant by radioactivity? Compare the properties and behaviour of three
types of radiations.

12.2  Elaborate the phenomeanon of bata-positiva decay and beta-nagative decay with
examples.

12.3  What i the difference between matter and anti-matier? Discuss reasons why
our universe is almosterntirely composed of matter.

12.4  Explain the phenomenon of pair annihilation with an example, Explain the utility
cfits principle in the medical field.

12.5  Explaln the law of consarvation of energy and momenium 1n.slectron-posion
pair annihilation.

12.6  Describe protens and neutrons in terms of their quark composition.
12.7 Deecribafourfundamental ferces Innaturs.
12,8  Describethe dassification of elemantary particles,

Numerical Probiems

12.1 Uranium-238 is an alpha emitter. In the. process, it is transmutated into a daughter
nucleus. What is the mass number A and charge number 7 of the daughter
nucleus® What isits chemical symbol? [Ans: A=234, Z=80, Thorium(Th)]

12.2 Polonium “LPo is a beta minus emitter. What will be the mass number A and
chargs number Z of the daughter nucleus? (Ans:A=218,Z=85)

12.3 Nitrogen "N bombarded. by alpha particle results into ;0. What i the produst
particle in this nuclear reaction™” {Ans: |H proton)

12.4 Show that nucleonnamber N and charge number £ are conserved in the numerical
question 12.3,

12.5 Detarmine the rest-mass anergy of elactron in eV, lisresl-mass is 0.000555 u?
(Ans: 0817 Mel)

12.8 Calculate the Q-value for the reaction taking placa in Ruthetford’s experiment on
artificial disintegration of nitrogen by bombardment with alpha particles. Relative
massas are:

"N=14.007515u , He=4.003837u, [0=17.004533uand H=1.008142u
{Ans: -1.23 MeV}
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