UNIT 18
ATOMIC AND NUCLEAR
PHYSICS
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After studying this unit, the students will be able to:

. Describe the structure of an atom in terms of a nucleus and electrons,
. Describe the composition of the nucleus in terms of protons and neutrons.

. Explain that number of protons in @ nucleus distinguishes one element

from the other

. Represent various nuclides by using the symbol of proton numbers z

nucleon number

. A and the nuclide notation x.

Explain that some nuclei are unstable, give out radiation to get rid of
excess energy and are said to be radioactive.

. Describe that the three types of radiation are «. 3.y

. State, tor radioactive emissions:

Their nature

Their relative ionizing effects.

. Their relgtive penetrating abilities.

Explain that an element may change into another element when

radioacthivity occurs

. Represent changes in the composition of the nucleus by symbolic

equations when alphac or beta particles are emitted.

. Describe that radioactive emissions occur randomly over space and hme.,
. Explain the meaning of half-life of o radioactive material.

www.topstudyworld.com

Physics



www.topstudyworld.com Physics

p. Describe what are radioisotopes. What makes them vuseful for various
applications?

q. Describe briefly the processes of fission and fusion.

r. Show an awareness of the existence of background radiation and ifs
sources.

s. Describe the process of carbon dating of estimate the cge of ancient
objects,

t. Describe hazards of radioactive matenals.

Q.1 Differentiate between atomic number and atomic mass?

Answer

Atomic number

Fer your understanding
The word atom is
derived from the Greek
work "otomos’,
meaning indivisible ™

"The number of protons in the nucleus is called atomic number.

It is written by the symbol 'Z'."

Number of neutrons in the nucleus is called neutron number, At one time, atoms
_ were thought to be the
written by the symbol N. smallest particles of

matter Today we know
that atoms are
composilte systems and
contain even smaller
“Number of nucleons (protons + neutrons) in the nucleus is particles; protons,

neutrons and clectons.

Atomic mass number

called atomic mass number."
The term "nucleons” means protons and nevutrons collectively in the nucleus.

Isotopes

"Isotopes are atoms of an element which have some

number of protons but different number of neutfrons in their

Fig 151 The nucices of an stom

nuclel.” Three isotopes of hydrogen are shown in the figure comynty of peotons and neatrons.
18.2.
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Fig. 18.2 Three isotgopes of hydrogen
Protium U Deutnium Qs and Tritium Uy

My ,-' '-.t

1) Protium (/H ) contains one proton in the nucleus and one electron revolving

around the nucleus.

2) Devtenum (:#/) contains one proton, one neutron and one electron.

3) Tritium (,H ) contains one proton, two neutrons and one electron.

Q.2 What do you mean by the term (natural) radioactivity?
Answer
Natural Radioactivity

"The spontaneous emission of radiation by unstable nucleiis called notural

radiogchvity.”

The elements which emit such radiations are called radioactive elements.

Explanation
Do you know?’
In 1896, Becqguerel accidently discovered that uranium The positively charged protons in
a nucleus have huge clectrical
salt crystals emit an invisible radiation that can darken o forces of repulsion between them.
- —_ Why don’t they fly apartin
photographic plate. He also observed that the raciation response Lo this force? Because
i - there is an attractive force
nad the ability to ionize @ QaGs. between the nucleons called the
strong force. This force acts over
Subsequent expenments by other scientist showed that only a very short distance.
Withoug this strong nuclear force
other substances also emitted radiations. there would be no atoms beyond

hydrogen.,
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Marne Cune and Pierre discovered two new elements called Polonium™ and

“radivm.”
Decay process — m T
"Emission of radiations due to disintegration of unstable nuclel partiches WP

' “partoches

15 caolled decay process.”

Three types of radictions are usually emitted by aradioactive  _Jua - m“
(wte page)

-

N mm v)r , Fog 183 Thece tvpey of

QG d go o [. ] OYS rad aboas < D¢ dniingunihed
from the o poth followed » an
external magaeik il

substance. They are: alphc (« ) particles beta | #) particles;

The radiation emitting from the radioactive source sphts into

three components when placed in a magnetic field, « and g radiations bend
N opposite direction while y radiations does not change its drection in the

magnetic field.

Environmental sources

Q.3 What are background radiations? of radiations
(alpha, beta, and gamma only)
%
Answer S . R,
COMTG Radon
wye pas

Background radiations

“Radiations present in atmosphere due to different

radioactive substances are called background l
5T%
- » Ll h
radiations. mm““
) P‘ X . -}\ -hﬁ{“g\l
Everywhere in rocks, soil water, and air of our planet are RS grmud uligin Tl ¢

traces of rcadiocclive elements. This natural radioachvity 1s

called the background radiations.

It is as much part of our environment as sunshine and rain. Fortunately, our
bodies can tolerate it. Only places where radiation 1s very high can be injunous
1o health
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Cosmic radiations

“The earth, and all living things on it also receive radiation from outer space. This

radiation is callegd Cosmic radgdiation.”

Cosmic radiction primarnly consists of protons, electrons, alpha particles and
larger nuclel. The cosmic radiation interacts with atoms in the atmosphere to
create shower of secondary radiation, including X-rays, muons, protons, alpha

paorticles, electrons, and neuvutrons.

Q.4 What are the three basic radioactive decay processes and how do they

differ from each other?
Answer
Physics Insight
Nuclear transmutation When alpha and beta
particles are slowed down
: e by collisions they become
“The spontaneous process in which 'a parent unstable harmless, in fact, they
: , , combine to form neutral
changes into ¢ more stable daughter nuclide with the Nl 3o iRs

emission of radiations is called transmutation.” Radioactive

decay can be in the form of equation in which an unstable Gor your i Dlormation

The S unit of
radioactivity is  the
Becquerel, Bg In Si

pcarent nuclide X changes into a daughter nuclide Y with the
emission of an clpha porticle or gamma particle.

base units, ) Bq =

Mdisintegration pet
Alpha (a) decay second (dps). This s
very small unit. For
T Yol - .4 R cxample, 10 g of
General equation: X o 7Y + [He + energ radium has an activity
of 37 =
(parent nuclide) (daughter (alpha nuclide) Therefore,
kilobecquerel
_ and the megabecqurel
nuclide) (MBg) are commonly
used. The acituvity of
Example  “'Ra — [ Rn+ !He+energy 1-0 g ok radium s 3.73
10* MBq.
(radium) (radon)

www.topstudyworld.com



www.topstudyworld.com Physics

It means in ‘clpha decay, the proton number or atomic number Z of the parent

nuchide reduces by 2 and its mass number or nucleon number A decregses by 4.
Beta (B) -decay
General equation: X = , Y+ Je+energy
(parent nuclide) (daughter (alpha nuclide)
nuclide)
Example

Mev L Mar. 0, :
L= N+ _etener®

(carbon)(nitrogen) betaparticle)

In beta (B) decay, the parent nuclide has its proton number Z increased by |, but
Its mass number or nucleon number A remains unchanged.
3) Gamma (y) -decay
Example ;X = 7 X 4y +energy
(parent nuclide) (daughter (gama rays)
nuclide)
2CO — JCO+ Jy+energy

Example

(cobalt Wcobalr)(gamma. rays)

Gamma rays are usually emitted at the same moment as either an alpha or

beta particle, 1s emitted.

Q.5 Describe the nature and properties of radioactive radiations?

Answer

Nature of radiations
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1) Alpha porticle is a helium nucleus compnsing of two protons and two

nevtrons with a charge of 26.

An unstable nucleus with large protons and nevtrons may decay by emithng

alpha radiations

2) Beto radiation 1s a stream of high energy electrons.

An unstable nucleus with excess of neutrons may eject beta radiations.
3) Gamma radiations are fast moving ight photons.

They are electromagnehc radiations of very high frequency emitted by unstable

excited nuclel.

Properties of radiations

I) lonizing effect

For your Information

The phenomenon by’ which radiations split matter into positive i) Nuclear radiation is

- _ S ' measored in unit of

and negative ions Is called ionization All three kings of roentgen  equivalent

- _ - mean (rem) Le, unit of
radiations i1.e. Alpha, beta and gcmma can ionize the matter, equivalent dose.

: - i) Patient should be
However alpha particles have the greatest power of ionizgtions exposed 10 X-rays with

| the limit of 0.1 to 1.0
compared to beta particles and gamma rays. rem

11 Safe limit  of

It Is due to large positive charge and large mass of alpha radiation exposure s
‘ | - 5.0 rem per year.
particles. Beta particles ionize a gas much less than alpha

particles do. The ionization power of gamma rays is even less Characteristics of
Radiations
than that of beta paorticles lonization of three radiations in ges is Alpha (a) Particles

Positively charged
particles (helium
nucles) ejected at high
speed with a range of
only a few centimetres
In 3ir. They can be

stopped by an ordinary
sheet of thin aluminium

fotl.

ShOWI‘I Ig ﬁgUfe ]85 Fig 18 S hmu.;uu:cﬂwl 01 rednOTS In B
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Penetrating ability

The strength of radiations to penetrate a certain matenal is called penetrating

DOWEr.

The clpha particles have the shortest range because of its strong interacting or

IONIZING power.

1) The gamma rays con penetrate a considerable thickness of wavelength. Their
concrete. It s due to therr large speed and nevutral nature wavelengths and

2) The beta ragiations strongly interact with matter due its energies charge and

has short range as compared to gamma radiations.

Fog 180 Pencliabing powet o felabionm n Jiflererd matergh

3) Alpha particle has range of only ¢ few centimeters in ar. Beta particles have
range of several meters in air, However, gcmma rays have o range of several

hundred meters in Qir,

Q.6 What do you understand by half-Life of a radioactive element?

Answer

Half-life and its measurement

"The time dunng which half of the unstable radioactive nuclei disintegrate is

called the half-life of the sample of radicactive element.”
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ch;-ber

Three types of Radiations
Alpha Particle _T Beta Particle Gamma Ray

Charge + 2 Charge -1 No charge

Least penctration Middle energy Highest penctration

Tansmutes nucleus | Tansmutes nucleus Chm;e only encrgy ‘
e ————————

-

* —-—--—-—-

A—> A
Z2—> 7

N—>N

Measurement

Process of radio activity is random and the rate of radioactive decay is

proportional to the number of unstable nuclei present. Physics insight
. Half-Life

In the process, a constant fraction of large number of unstable _
Remamning atom s =

radioactive nuclel decays in a certain time. So, the life time of the original mm,%

unstable nuclei is unlimited and is difficult to measure. Every The amount of a

_ . _ o _ radioactive iIsotope
radicactive element has its own charactenstic half—life, remaining in a sample

equals the original
amount times % tothe

power t. where t is the
number of half  -lives

that have passed.
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For example, radium -226 has a half-life of 1620 years,

| ' | Jwo half-Lives Don't
which megns that half of o radium -226 scmple will Make a Whole Life!
A half-life is the time a
be converted to other elements by the end of 1620 radioactive  element
o takes for half of
vears. In the next 1620 years, half of the remaining number of nu:"‘ewiz
: : : decay. D
radium will decay, leaving only one-fourth the kG, Rl T
- : T remamning nuclei decay,
onginal amount of radium. If the half-life of the 50 In two half:lives.
radioactive element is Tm. three-quarters of " the

onginal material hgs
decayed, to all of it

Then at the end of this time the number of atoms in

the sample willbecome half i.e. 1/2.

After a time 2 T,z 1.e. after second half life period, the number of remaining
atoms will become 1/2, 1/2= (1/2)? =1/4, after a time 31,2, the number of
remaining atoms willbe 1/2, 1/2 . 1/2= (1/2)2 = 1/8 and at the end of ‘t' half-lives
number of atoms that remain will be 1/2

N = Ng X ]/2‘

It means that if No is the oniginal number of atoms in the sample of radioactive

element, then after 't half-lives number of atoms left in the sample can be
determined by using the relation,

The process of radioactivity does not depend vpon the chemical combinations

or regchons.

It is also not cffected by any change in physical conditions like temperature,

pressure, electnc or magnetic fields.

Q.7 What are the radioisotopes?

Answer

Radioisotopes
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“The stable and non-radioactive elements can also be changed into
radiogctive elements by bombarding them with protons, neuvtrons or alpha
particles. Such artificially produced radioactive elements are called radioacthve

Isotopes or radio isotopes.

Few examples of production of radio isotopes are given below;

n+ . Na— ;INa+gamma(y) - rays

(neutron) (stable (a sodium radioisotope)
Sodium
Nuchde)
‘He+ Al = 2P+ !n
(alpha (stable aluminum nuclide) (c phosphorous radioisotope)

Particle

Q.8 Describe two uses of radiocisotopes in medicine, industry or research?

Answer
Uses of radioisotopes: 1: Traces

Radioactive tracers are chemical compounds containing some

quantity of radioisotopes. They can be used to explore the

metabolism of chemical reactions inside the human body,

animals or plants. g K D et The action o
. | : o ' | oM, .l xm.;:',‘ 1“4. nl-"nllj: ;.;
Radioisotopes are used as tracers in medicine, industry anc ledaLlive malcrial with I
xmigr and then wnrh v

» i MDY % 3 Icw YLANN
agriculture, For example: e u.w..'u.:‘

ferihizer taben wp ™M the plants

1) Radio iodine-131 readily accumulates in thyroid gland and can he vavily mcasured wah

raduatne deiccton

can be used for of thyroid functioning.
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2) For the diagnosis of brain tumor phosphorous —32 can be easily measured

with i1s used. The malignant part of the body absorbs radium

Radwation Treatment

I St

y T i L -‘.‘J

more quantity of iIsotopes, and this helps in tfracing the
affected part of the body.

I"1'1-, .'k- . " 'l -:

L] v i ‘ W ’ I

For your Information

3) In iIndustry tracers can be used to locate the wear and tear

of the moving parts of the machinery.

4) They can be vused for the location of leaks in underground
pipes. By infroducing o suitable radioactive troccer into pipe

the leck can be conveniently traced from higher activity in

the region of crack in the pipe. S s o Rt ki

y e Aohinst ) oM Wl !

- : - ™S AWy IO\ vErape M

°) In agnculture radio phosphorous —32 15 used as frocer 1o SHOESEE oA e e
| Cipeapic rad s

fiind out how well the plants are absorbing the phosphate

tertihzer which are crucial to their growth.

2) Medical tfreatment

Radioisotopes are also used in nuclear medicines for cunng various diseases. For
example, radioachvecobalt-60 1s used for cunng cancerous tumors andgd cells.

The radiations kill the cell of the malignant tumor in the patient.

3) Carbon dating
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-

Radioactive carbon — 1415 present in smaoll amount in the atmosphere, Live
plants use carbon-dioxide and therefore becomes slightly radioactive.

Commic reye. peserg Prouglh smcechers

produoe el "euSore
Nesore Wrhe oges N e mOoscN e
prodhacang earton 14 g npdrogen
’ B ' } | , ;
LU IR AN ' a

Jie, Combon- 14 dusmiegs e

when a tiee cies, the recio carbon —14 present inside the plant starts decoying.
dyince the halt-ite o1 coroon — 14 15 5730 years, the age of @ deqgC tree can be
colculcted by companng the achvity of corbon 14 1in the hve aond gdeqgd free,

[he activity of the live tree remains C

Mmost constant as the carbon 14 15 being

- . . - a BB s | s P N N ! TR I AT - T . Porss s i . . .- v - . . '
replenished while the carbon-14 1n the deac free i1s N0 more replenishea.

AlSO. soMme rocks contam the vnusable potassium isotope K- 40.

This decays 1o the stable on nuclhide Ar — 40 with half-life of 2.4 x 108 years. The
age of rock scmple can be estimated by companng the concentrations of K

40 and Ar-40.

Q9. Write in detail about fission reaction.

Answer

Fission reaction
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Nuclear fission takes place when a heavy nucleus, such as U — 23S, splits, or

fissions, into two smaller nuclei by absorbing ¢ slow moving (low energy) neutron

L®
| FWRST e - .
o-@-F -o
o —— . Y rere

b 33 1) Nuclegr Maan redginm

as represented by the equation.

L

'n+ 25U =5 U 5 X 4+ Y +nevutrons where Ut —> 236 is an intermedicte state thot

o v w2

lasts only for a few seconds before splitting into nuclel X and Y, called "fission

fragments.” Nuclear fission was first observed in 193% by Otto Hahn and Fntz.

Half-lives of selected isotopes
oo | Radiation

( Isot Half-Lif
Elemen ope alf-Life + Sadaced
Hydrogen | 'H 12.3 years B
Carbon e - 5730 ycars i3

- D [
Cobalt *Co 30 years B.y
lodine | ™1 |807yeas  [B.y

Polonium

The Uranium nucleus was split into two nearly equal fragments after absorbing ¢

slow moving (low energy) neutron,
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The process also resulted in the production of typically two or three neutrons per
fission event, On the average. 2.47 neutrons are released per event gs
represented by the expression;

T LR T R o ]
Nt U = (Ba+  Kr+3,n

big 1812 rsseces chaw reacooa o LF & 238

In nuclear fission, the total mass of the' products is less than the original mass of
the heavy- nucleus. Measurements showed that about 200 MeV of energy is

released in each fission event.

This is a large amount of energy relative to the amount released in chemical

processes.

For example, if we burn 1 tone of coal then about 36 x 10'° J of energy is
released, but, during the fission of 1 kg of Uranium — 235 about 67 x 10'° J of

energy is released.

Wwe know that neutrons are emitted when U-235 undergoes fission. These
neutrons can in turn trigger other nuclei to undergo fission with the possibility of ¢

chagin regction.

Calculations Show that if the chain reaction is not controlled, it will proceed too
rapidly and possibly result in the sudden release of an enormous amount of

energy (an explosion).

This fission chainreachon is controlled in nuclear reactors.

Q10 What is nuclear fusion?
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Answer
Nuclear fusion

"When two light nucler combine to from o heavier nucleus, the process is called

nuclear fusion.”

The mass of the final nucleus is always less than the masses of the onginal nucle..

According to mass energy relation this loss of mass converts into energy. If an
atom of Deuterium is fused with an ctom of Tnhum, then ¢ hellum nucleus or

alpha panicle is formed as given by:;

>

¢

Deutenum
P
~
Trithum Neutron

'H + H— ‘He > neenergy

Pictonally fusion recction i1s shown in the figure.

Energy coming from the sun and stars 1s supposed to be the result of fusion of

hydrogen nuclel into helium nucleus with release of energy.

The tempercture at the centre of the sun is nearly 20 million Kelvin which makes

the fusion favorable.

According to this reaction four hydrogen nuclel fuse together to form a helium

nucleus along with two positrons, three clpha particles and 25.7 MeV of energy,

Q.11 What are the common radiation hazards? Briefly describe the precautions
that are taken against them?
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Answer

Radiation Hazards

1) Radiation burn, mainly due to betc and gamma radiations, which moy cause

redness and sores on the skin.

2) Sternlity (1.e. inability to produce children).

3) Genetic mutations in both humans and plants. Some children are born with

serious deformities.

4) Leukemia (cancer of the blood cells,

5) Blindness or formation of cataract in the eye.

Precavutions

1) The sources should only be handled with tongs and forceps.

2) The user should use rubber gloves and hands should be washed carefully
after the expernment.

3) All radioactive sources should be stored in thick lead containers.
4) Never point a ragiocctive source towargs a person.

5) Frequent visits to the radiction sensitive areas should be avoided.
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