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@ NUCLEAR STRUCTURE AND RADI

Introduction

Nucleus is the central core of every atom which occupies a very sﬂ-
Within the nucleus there are Z positive charges. These positive charges
electrostatic forces between them. So to hold these positive charges inside the
there must be some nuclear attractive force inside the nucleus to overcome
trostatic force of repulsion. This nuclear force is the strongest force am(m
known force. The nuclear force provides nuclear binding energies that are
of times stronger than atomic binding energies.

There are many similarities between atomic and nuclear structure, WhL@ ﬁ
make our study of the properties nucleus simple. o

Similarities between nuclei and atoms

Both are governed by quantum mechanical laws. Both have ground state ﬁ
excited states and emit radiations when they go from excited states to lower states.
Both are labelled by their angular momentum quantum number. e

'Jq

-

Dissimilarities between nuclei and atoms '
There are two major differences between the study of nuclei and atoms.

First one is that in atomic physics, the electrons in atoms experience
provided by an external agent whereas in nuclear physics, nuclei can
ence an external force. In atomic physics we consider the interactios
and the electrons (single body problem) and the interaction between t
often considered as a perturbation to the single body problem. In
mutual interaction between the nuclear constituents is considered
the nuclear force. This interaction is a many body problem which canne
as a single body problem. -

The second difference between atomic and nuclear phy
write the nuclear force in a simple form like the Coulomb
cal expression describing the mutual interactions of con

Inspite of these difficulties we can learn about the
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=3x1072) =18.75 MeV

2. Nuclear spin

Protons and electrons are fermions with spins E T u
ber of protons plus electrons should have zero orm al
number of protons plus electrons should have half integral

experimentally found that it is not true. For example a deuterium

two protons and an electron, its nuclear spin should be either -

observed is one.
3. Magnetic moment

It has been found that the magnetic moment of proton is only
that of electrons. If nuclear electrons exist, the magnetic momes
the order of magnitude of that of the electron. But the observed ma
the nucleus is found to be of the order of magnitude of protons.

Chadwick. The discovery of neutron with atomic mass unit ro
proton (actually 0.14% more massive than proton) withc

mass number A of the nucleus. The number of protons is

of neutrons is A-Z. oy

The proton and neutron together are called as 1
ons are given below.
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c mass unit, lu =931.5 MeV/c”.
a}mnic mass unit into MeV multiply by 931.5
cleus of an atom which is characterised by its atomjc

1 I'.-",_‘.,f_j A. It is represented as XA or ;X , where X is the

! : wiﬂaagw enZ and A is called a nuclide. Each Z characterises
S ot ',olX. For example Al for alurmmum (Z =13), Cafor

e '._i thenumber (Z) of protons (le = 1.6 x 10-"° C).

perties of an atom are determined by its electron configuration
number of electrons and protons are equal in neutral atom. The chemical
essential y determined by Z. The dependence of the chemical proper-

N
Il’l

ﬁ*smne Z but different A are called isotopes. For example |H
_ )2‘&1 (ﬂeutemum) and *H (tritium) are isotopes of hydrogen.
¢ ‘ r isotopes of carbon: C, C, BC and o
nammn number are called isotones

H(::, '3C and ”'c

i m nuiﬁber are called isobars,

N, o ami

i, ', .

mbols for (a) the isotope of fluorine with mass nua
l“gﬁ' n‘eulmns (¢) an isotope of mass number 1V

o
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Solution

(a) Fluorine has Z =9, so the symbol is 'JF.
(b) Gold has Z = 79. So N+Z =120+79=199. Thus the symbol is % Au.
(©) Here A=107,N=60 - Z=A-N=107-60=47.Z=47issilver. Thus the

47

symbol is ' Ag. '- ‘

Nuclear sizes and shapes

Atoms have hard surfaces thereby they have well defined radii even though they
are probabilistic. But nuclei do not
have a hard surface hence no easily de-
finable radius. At the same time dif- 2
ferent types of experiments often re-
veal different values of the radius for
the same nucleus.

Y . A7 fmp
Several experiments had been con-

ducted to find the variation of nuclear
density with the radius of the nuclei.
This is given in figure below.

Nuclear density

.'From the graph two things can be 0 1 2 3 4 506 i) i
inferred. r(fm)

1. Nuclear density is independent of Figure 1.1: The radial dependence oF

mass number A. the nuclear charge density
2. Nuclear density is almost uniform
for all nuclei.

From this important clue, we can arrive at the relation between the radius and
mass number of nuclei. |

Mass A

density (p) = =
Volume _%nR3

= constant

Assumed that nucleus is a sphere of radius R.

ie., A = constant - £ R’ ' <8

Le., A o R’
This relationship is expressed in inverse form as
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E:‘ ;:0 L (1)
m' .re R_is a constant wﬁose value can be easily calculated from the above grapy
wh;:l:;;:n::nfor;zc - dius is 2.7 fm from the graph and A = 12, use thig j,
equation (1), we get '
R, =%=%§)f£_=1.2fm

As A is different for different atoms atomic nuclei of different atoms have differ.

ent sizes.

1 Note: fim is the femtometer. 1 fm= 1 femtometer is also called as fermi in honour of
g the Italian physicist Fermi.
Example 2
Find the density of (C'* nucleus.
Solution
We have density, p= V?)/;:S;e
m m

ie. P= =
¥ 4 4 E
EERS gﬂ(RoA3)3

m=12u=12x1.66x10"kg

2y ;’I'_"l"f{'-

: ,
RyA? =1.2x107° x(12)° = 271075 — Tese vl g .

__12x1.66x107 to bl t
p=a =24x10"kgm
3 IX(27x107) |

Example 3

y ’ Find the nuclear ragj &
ﬁ ‘ r 1us of (a) * Au (b) 2, and (c) *He
4 @ A=197,R, =12fm
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Using R=R,A"
R =1.2x(197)" = 6.98fm
(b) A=20, R=1.2fm
R =1.2x(20)"* =3.26fm
) A=4, R R,=12fm

R=12x(4)" =190fm

Nuclear masses and binding energies

Consider a proton and an electron at rest separated by a large distance. The total
energy of this system (proton and electron) is the total rest energy of the two par-
ticles.

. 2 2
ie., total energy of the system= m c +mc” .. (2)

Now suppose that these two particles bring together to form a hydrogen atom in
its ground state. In the process of bringing energy is liberated in the form of photons,
say it is 13.6 eV. Now the total energy of the system is rest energy of the hydrogen

atom m(H)c* plus the energy liberated (13.6 eV).

i.e., total energy of the system = m(H)c” +13.6 eV

According to law of conservation of energy, for an isolated systém total energy is
conserved. i.e., eq (2) =eq (3)

Thus we get
m ¢’ +m .’ =m(H)c® +13.6 eV

or mc’+mc’-m(H)c’ =13.6eV ... (4)

This equation says that the rest energy of the combined system m(H)c® is less

than the rest energy of its constituents by an amount 13.6 eV. This energy difference

is called the binding energy (E,) of the atom. Thus binding energy can be defined as
follows.

Binding energy is the extra energy that we obtain when we assemble an atom

from its constituents or it is the energy that we must supply to dissemble the
atom into its constituents.

i Al
ST

g,

T




alent of the mass defect of the atom'
ding energies. 4 JI

g" of deuterium is the difference betWeen
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EF ol o

erne (6)
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Nuclear masses are expressed in atormc mass umts Substituting the valﬁesﬁf <5 ALY
m(H) and m(D), we get

E, =[1.008665u +1.007825u ~2.014102u]c’ | |
E, =0.002388uc’ | !

1Y
Using lu=931.5 I\iev . ] &
E, = 0.002388x931.5 0.2 |

C

E, =0.002388x931.5 MeV | _'
E, =2.224422 MeV
Example: In the case of ';0, we have 8 neutrons and 8 protons.

Mass of 8 neutrons =8 m,

=8x1.008665 u

=8.06932 u
Mass of 8 protons =8m(;H)=8x1.007825 u _ |
~8.0626 u
Total mass of constituents =8.06932u +8.0626 u b
=16.13192u
Mass of ;0 atom =16u | &
The mass defect, Am =16.13192u-16u
Am  =0.13192u
Thus binding energy E, =Amc’=0.13192 uc? » ?ﬁ
MeV . EM

Using lu  =931.5

E  =0.13192x931.5 MeV e
E  =122.88348 MeV : | ._




dard tabulated atomic masses. For thig )

" ‘\:ccrrespondmg atomic mass m(; X),

:‘Zm ¢’ is ofthe order of 10° to 108 eV ande
very small compared with other two energies

=




_[Nm,+Zm('H))+m(}X)]c*
== A

It may be noted that masses are expressed in atomic masses and automatically -

electron masses cancel out. : |

ie., E

Example 4 _
Calculate the binding energy of tin nucleus ('3Sn). Given: atomic mass of

"Sn =119. 9022 u, mass of hydrogen atom m(;H) =1.007825u, mass of neutron .
m, =1.008665 u. - ;

Solution L
Binding energy of nucleus, E, =[Nm , + Zm(}H)-m(%X)]c?
Tin('%)Sn) has 70 neutrons and 50 protons.
Thus, E, =[70x1.008665u +50 x1.007825u —119.9022 ujc>
E, =[70.60655u +50.39125 u ~119.9022 u]c?
E, =1.0956uc’

MeV

CZ

Using 1u=9315

E, =1.0956x931.5 MeV

E, =1020.5514 MeV
Example 5

Find the total binding energy and the binding energy per nucleon for

2) “Pb and b) 7 i/

m, =1.008665u, m(;H)=1.007825u, m(Pb)=207.976652u and f

g
m(Zr) = 89.904704 u. %f |
Solution .

Binding energy, E, =[Nm_ +Zm(;H) - m(4 X)]c?




E, 1636.448022

S
A 208

E, =7.868 MeV per nucleon.

(@

ns and 40 protons.

2
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for various stable nucleus is called a binding energy curve. Figure given above sh ws
the binding energy curve. Following points may be noted from the curve.

(i) The greater the binding energy per nucleon the more stable is the nuqlstxs The

graph has its maximum value of 8.8 MeV/nucleon for 3: Fe i.e., number of n

is 56. This is the most stable nucleus, since maximum energy is needed te pu]lia
nucleon away from it.

(ii) If each nucleon interacted with every nucleon, there would be (A—l) interactions
for each nucleon, and the binding energy would be proportional to (A-1) rather
than constant. Instead, there is a fixed number of interactions per nucleon, be-
cause each nucleon is attracted to its nearest neighbours. Such a situation also
leads to a constant nuclear density. If the binding energy per nucleon were in- :
stead proportional to the number of nucleons, then the radius would be approxi- :
mately constant, as in the case of atoms. ‘ IO

Region of greatest : !
Fusion stabi[ity Fission : I 1

Binding energy per nucleon, MeV

Mass number, A
Figure 1.2 .

(iii) If we split a heavy nucleus into two medium sized ones: each of the new nuclei

will have more binding energy per nucleon than the original nucleus did. The g -
extra energy will be given off. =




6m ation energy (E) of an atom. It j the x
. an e ectl'on from an atom. For example the

'n‘ atom, we get a hydrogen 1on (H*) anda
: -gies of the particles, we can write this process

na-.energj (Sp). If we add energy S-l_, (U
free proton (p). In mathematical form
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ot

o Se=[m(31X)+m(H-m(GO|  .a3) o=l
This is the expression for proton separation energy. (see also example 6). 2
Similarly if we add the neutron separation energy (S ) to a nucleus %;'X: we get T

the nucleus 2": X and free neutron.

ie. Sn«+-m(';X)c2:m(g::X)c2+mnc2

— S :[m(’;j:X)+mn—m(‘;X)]c2 .....t14) -

n

This is the expression for neutron separation energy.

Proton and neutron energies are in the range of 5 — 10 MeV, this is the same as the

average binding energy per nucleon. (see also example 7). :
The proton and neutron separation energies play a role in nuclei similar to ionisation

energy in atoms. Figure below shows a plot of the neutron separation energies of

nuclei with a valence neutron from Z = 36 to Z = 62. Following points may be noted

from the graph

I-’ - . |-

Crgy

10

= .\
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z 40 50 60 70 80 90 100 -

Figure 1.3: The neutron separation energy. The lines connected isotopes -
of the same element that have an odd neutron starting on the
left at Z = 36 and ending on the right at Z = 62

As we add neutrons the neutron separation energy decreases smoothly except -1
near N = 50 and N = 82, where there are more sudden decreases in the separation ]
energy. In analogy with atomic physics these sudden decreases are associated with
the filling of shells. The motions of neutrons and protons in the nucleus are de- i
scribed in terms shell structure that is similar to that of atomic shells and when a
neutron or proton is placed into a new shell it is less tightly bound and its separation .
energy decreases. The neutron separation data indicate that there are closed neutron "

shells at N = 50 and N = 82. The figure above thus provides an important informa- %
tion about the shell structure of the nuclei. : . L= ¥
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S, ("' Fe) =[55.934937 u +1.008665u —56.935394 u]c”
S, (*"Fe) =0.08208u ¢
MeV

CZ

Using lu=9315

S, (*’Fe) =0.08208x931.5 MeV
S, (' Fe) = 7.645752 MeV

Nuclear models

To explain the behaviour and properties of nuclei several models have been pro-
posed so far. Unlike the case of the atom, physicists however, still donot haw'a avery
clear understanding of the details of nuclear forces or the way the nucleons interact
with each other. This lack of understanding has made them propose very many dif-
ferent models each designed to explain a particular category of nuclear phenomena
or nuclear properties. These models even tend to contradict each other. This has led
to considerable confusion and attempts are constant on to clear this confusion and
get a model that incorporates the essential details of these very many models.

The nuclear models proposed so far can be categorized into two broad types.
They are (1) the strong interaction models and (2) the independent particle models.

The strong interaction models

These models are based on the assumption that the nucleons, in a nucleus, are
strongly coupled together. The one model of this category is liquid drop model. This
model explains the phenomenon of nuclear fission. It has also been used to arrive at
the semi empirical mass formula which enables us to calculate the nuclear masses in
a satisfactory way (from the knowledge of binding energy).

The independent particle models

These models are based on the assumption that there exists a common nuclear
potential within the nucleus and all the nucleons move nearly independently within
this common nuclear potential. The most successful model of this category is the

shell model. This model helps us to understand the periodicity observed in many
properties of the nuclei.

Here we shall deal with the liquid drop model and the shell model.

The ligquid drop model

The liquid drop model of the nucleus was first suggested by Bohr. He along with
wheeler used it to explain the essential details of the phenomenon of nuclear fission.
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The semiempirical mass formula

This formula helps us to caleulate the mass of 2 given nucleus from a knowledge
of its mass number A and its atomic number (Z). This was derived by Von Weizsacker
in 1935.

His arguments were based on the assumption of 2 liguid drop type model for a
nucleus.

By simple logic, we expect the mass, M of a nucleus of atomic number Z and
mass number A to be

M=Zm_ +(A-Z)m,k
Here m  and m, stand for the masses of the proton and neutron respectively.

Precise measurements of nuclear masses however indicated that the observed nuclear
masses are always less than their ideally expected mass given by the above formula.
We now believe that this lost mass gets converted into energy as per the Einstein
mass energy relation (E =mc”). This energy equivalent of this lost mass (mass
defect) when divided by the number A of the nucleus is referred to as the binding -
energy per nucleon for the given nucleus. If a given nucleus has a total binding

energy (E,), its mass #M can be correctly expressed through the relation.
A 3 .Eh
;M=Zm_ +(A-Z)m ——
o

Von Weizsacker used the essential ideas of the liquid drop model to calculate the
binding energy E, in terms of number of terms such as volume energy, surface
energy, Coulomb energy. In otherwords the binding energy of a nucleus is due to
volume energy, surface energy and Coulomb energy according to liquid drop model. j
1. Volume energy |

We know that the binding energy per nucleon has an approximately constant
value over a wide range of mass numbers. Hence as a first approximation, we can

regard the binding energy of a nucleus to be proportional to the total number of
nucleons (A) in it. Therefore it is proportional to nuclear volume, hence called vol-

ume energy (E,).
E <A
or E,=a A - 0 O (DO

The constant of proportionality a, is the binding energy per nucleon.
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ggmfaceenefg? - ression for volume energy, We Eye npliciily ASSUmey

Inwnﬂﬂgfheabove:}; o by all the other nuc!eons. However, this is'ﬁni
that all ihe ?‘“F’}‘,“?“S = ucleons have fewer nearer n?,ghbours- o UClagny
quhlj:hmedg;lutfs Z]Iel: nuclear volume. This gives rise 10 a slight decreage in thy
‘which are de ‘ 7

total binding energy of the nucleus. This decrease is proportional to the NUmbg; o'f"‘
0 - ) ‘ * . >
nucleons on the surface. Hence it is proporti

onal to the surface area of the nucleyg ¢
r is the radius of the nucleus then we know that
1
r=r, A’

Since the surface area is proportional to r*, it must be proportional to A% Thug
the contribution of the surface effect to the binding energy of the nucleus cap be
written as

E x A’

or E=-a ER (2)

where a_is an empirical constant. —ve sign shows that the bindin g energy gets re-
duced. This effect is similar to that in a liquid drop where the surface nucleons ar
less tightly bound and therefore evaporate out more easily from the liquid.

Coulomb energy

_ The electrostatic repulsion between each pair of protons in a nucleus also con-
Erib:u'tes toward decreasing its bindin g energy. The Coulomb energy (E ) of a nueleus
Is the WOrk’ that must be done to bring together Z protons from infi nityhinto a sphert-
cal aﬁilt?:gate the size of the nucleus, The potential energy of a pair of protons r apart
is equal to

e}.’

V=-

4ne;r

Since there are Z(Z- 1)

pairs of protong

<

:‘I 0




where (—] is the value of 1 averaged over all proton pairs. If the protons are
I av r

uniformly distributed throughout a nucleus of radius R, (lj is proportiogaltp-%
6 = Al

»

and hence to _lT .
AJ

Zi(Z=1)
A1

The Coulomb energy is negative because it arises from an effect that opposes
nuclear stability.

E =-a

< C

Thus the total binding energy is the sum of its volume, surface and Coulomb
energies.

E,=E.+E +E

ZHZ=1)

A]

E, =a A- aA—a

*. The binding energy per nucleon is

E s
Thz a, —aﬂl -a,Z(Z=DA

A graph is drawn between % and A by appropriately choosing the coefficients

SO as to resemble as closely as possible to the empirical binding energy curve. This
shows that liquid drop model has some validity.

Corrections to the formula

The binding energy formula derived in the last section is modified by taking two
more factors which donot come under liquid drop model. This makes sense in terms

of a model that provides for nuclear energy levels (shell model), The factors whxch
contribute to binding energy are asymmetry energy and pairing energy.

Asymmetry energy

We found that among different isotopes of nuclei, the ones having equal number
of protons and neutrons will be most stable and will therefore possess maximum
binding energy. Thus we can say that an excess of neutrons over protons leads to a
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Let us suppose that the uppermost neutron and proton energy levels have the
same spacing &. Inorder to produce a neutron excess say N —Z without changing
n=9 ’—-@ e n=9
n=8§ —@r e e = n=38
= 6 —%w ........... — "-.n._ - .‘-‘ o= 6
s e —-—-E} n=5
B n=4 —e— ~ '." :'. i
5 a =g n= 4
B= = O."' :a" n= 3
uf‘,—: b=2 T O-"' n=2
=1 f—e I€ aI
¥ m n= 1
o L
' Neutron state

Figure 1.5

Proton state
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A, _;_( N —Z) neutrons would have to replace protons in an original nucleus in which
N=2Z.

[This is because when we add one neutron, one proton has be removed to keeg A
constant. i.e., for each neutron replacement two neutrons are increased. So to have

N —Z excess neutrons only neutrons will have to replace protons in the

original nucleus in which N = Z |

Now will calculate the total energy change when N2 Z neutrons are added by F

replacing protons. There are ways of doing this. If we remove a proton from level 5
and add a neutron to level 6 the work required to be done for this is €.

Now remove the proton from level 4 and add a neutron to level 7, the work re-
|
quired to be done for this is 3e(E, —E, = 3¢). f

To add 2 neutrons total work done = €+ 3 =4¢

Now remove the proton from levels 3 and add a neutron to level 8, the work
required to be done for this is Is(E, —E;=5¢g);

.. To add 3 neutrons total work done = £+ 3g+ 5 =0¢g
Now remove the proton form level 2 and add a neutron to level 9, the work
required to be done for this is Te(B;—E, =7¢g)
. To add 4 neutrons total work done =g+ 3g+5e+T7e = 16¢
Now we summarise

Work done to add one neutron = &
Work done to add two neutrons = 4¢ = 2%¢
Work done to add three neutrons =9¢ = 3%¢

Work done to add four neutrons = 16g = 4%¢

In general, work done to add [ ) neutrons

{2




= 2

L i 7 7 N ——Z

The total energy change =( > ) £

This energy change is called asymmetry energy which contributes to the binding

| energy (E,)
i.e-. E = —(N-Z) €
. 2
Negative sign shows that this contribution decreases the binding energy
Using N=A-Z
A-2ZY
E =- €
o

sing of energy level decreases with A, according to & or — .
But the spacing o gy 2 N

Thus the asymmetry energy contribution can be written as

(A-2Z)
E=-a —— "
a, A

This correction term arises from the following observations of nuclides. We find
that

() Al nuclides having an even number of protons and even number of neutrons
are generally the most stable of all.

() All nuclides having an odd number of protons and an odd number of neutrons
are the least stable of all.

{58} Nuclides belonging to even-odd (even Z, odd N) or odd-even (odd Z. even N )
category have an intermediate level of stability. Of the two categories of these
even - odd nuclides are relatively more stable than odd-even nuclides.

Depending upon the pairing, stability of nuclides vary so also binding energy.

For even-even nuclides all the protons as well as neutrons are paired off and this

makes them the most stable. For example nuclei such as “He, "°C, 'O are most

-, ﬂkaﬂmaspeak on the empirical curve of binding energy per nucleon. For
-~ 0dd-odd nuclides there is at least one unpaired proton and one unpaired neutron and
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this makes them least stable and have relatively low binding energies. For the even
- 0dd or odd- even case we have one unpaired proton or one unpaired neutron and
this makes them an intermediate stability. To take account of this pairing effect,
pairing energy term is is produced. The pairing energy E, is positive for even - even

nuclei, for odd-even and even-odd nuclei and negative for odd-odd nuclei. On the

basis of more detailed analysis, it is seen that, the pairing energy varies with A as

A
; -3
e Ep =a A

where a_is called the pairing energy constant.
Hence we have

E =aA ?: for even-even
E, =-a A™ for odd-odd.
E =0 for even-odd, and odd-even.

Now taking all contributions to binding energy, we get
E,=E +E +E_+ E + E

5 - ) A-2Z)
E,=a A-a A" -3 Z(Z-DA™" =3 (——-)——-G-E

) v s ¢ a A P

This is called the semiempirical binding energy formula obtained by Von.
Weizscaker in 1935. This is also called as Weizsacker formula. From this semi em-
pirical mass formula can be written down.

The mass of nucleus is given by

;M=Zm_ +(A-Z)m -—»

Substituting for E_, we get

R ] | 2 . = 2
M=Zm_ +(A-Z)m, ——.[a‘A—a\A" -2 Z(Z-DAK -3, (A AZ) +Ep]
i

This is called the semiem

pirical mass formula. Experimental results give the fol-
lowing values of the consta

nts occurring in the semi empirical mass formula,
a, =15.753 MeV
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a_=17.80 MeV
a_=0.713 MeV
a, =23.6925MeV
a =33.6MeV.

However it must be kept in mind that no single unique set of values satisfies the
equations for all known nuclides. Other sets of values of the constants may be found.

The semi empirical formula can account for the stability of nuclei against ¢ and
B decay and also it estimates the masses of wide range of nuclides. This shows that
the liquid drop model is a good approximate model. '

But liquid model fails to explain high stability of nuclei with magic numbers.
This model also doesnot explain the measured spins and magnetic moments of the
nuclei.

Example 8

Isobars are nuclides that have the same mass number A. Derive a formula for the
atomic number of the most stable isobar of a given A and use it to find the most a
stable isobar of A =25, a_= 0.595 and a_= 19.

Solution
We have

— 7N
C—~—(A Z) +E

P

E, =a,A-a A’ -a Z(Z-DA"" -a

For stability E, must be maximum.

. dE,
L - 0.

Different outing the above equation with respect to Z, we get

dE

gk, _ 4a,
dZ

A (A-2Z)=0

—a A"(2Z-1)+

4
:c (A-2Z)=a A""QZ-1)

4a A-8a Z=a A"2Z-a AY

4a,A+a A" =Z(2a, A’ +8a )




4a A +a A"
Z= T
2a A" +8a,
For A =25

, _ 4%19%25+0.595%(25)""
T 2%0.595%(25)” +8x19

e 1900 +5.087  1905.087
T 10.174+152  162.174

Z=11747=12

so the nuclide is |, Mg which is obviously a stable isobar.
Shell model

The nuclear shell model is one of the most important and useful models of nucleus
structure. According to this model the nucleons (protons and neutrons) have been
interpreted as forming closed shells of neutrons and protons in analogy with the
filling of electrons shells in atoms and the neutron and proton shells appear to be
independent of each other. This model is based on the assumption that there exists a
common nuclear potential within the nucleus and all the nucleons move nearly inde-

pendent within this common nuclear potential.
The emergence of shell model

According to atom model the electrons in an atom are occupying positions in
shells designated by the various quantum numbers. Certain important aspects of
atoms behaviour is determined by the number of electrons filled in the outer most
shell. For example, atoms with 2, 10, 18, 36, 54 and 86 electrons have all their
electron shells completely filled. Such electron structures have high binding ener-
gies and exceptionally stable, which accounts for the chemical inertness of the rare
gases.

The same kind of effect is observed in nuclei. Nuclei that have 2, 8,20,28,50, 82
and 126 neutrons or protons are stable. Stability is related to high binding energy
and also to high natural abundance. This is experimentally found to be true for all
numbers 2, 8, 20, 28, 50, 82 and 126. These numbers are commonly referred to as
magic numbers. The above stated similarity between atoms and nuclei motivated
scientist to propose shell model to nuclear structure.
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nuclei with magic N or Z is that with
quadrupole moment jg
A spherical nucleyg

Another interesting property exhibited by

regard to electric guadrupole moments. The magn‘iludt.s (')l lhc ‘
ameasure of the deviation of anucleus from sph.erl(:fﬂ shape. u s
has no quadrupole moment, while one shaped like football h_ns pmfl:\.(‘ ;:; (' ]T?/ ‘fnd
one shaped like a pumpkin has a negative moment. Nuclei “ij magic | _,'” t\ are
found to have zero quadrupole moment and hence are spherical, while the other

nuclei are distorted in shape.

|. Hydrogen fH (Z=2,N=2)
2. Oxygen YO (Z=8 N=98)
3. Sulphur ¥ (Z=16,N=20)
4. Calcium ¥e,  (Z2=20,N=20)

5. Molybdenum oM, (Z=42,N=50)
6. Lead Mpb  (Z=82, N=126)

Nuclei for which both Z and N are magic numbers are called doubly magic

HCO ¢, are doubly magic and are particularly tightly bound.

‘Nuclear energy levels from the shell model

According to shell model each nucleon is moving independently in a nuclear
potential, But the exact form of the potential energy function is not known unlike the
case of an atom. Hence a suitable function has to be assumed. A reasonable guess is
a square well potential with rounded corners. Having thought of this nuclear poten-
tial, we can solve the Schrodinger equation for the motion of this nucleon. The re-
sults obtained are similar to those for electrons orbiting around the force field of the
nucleus. We find that there exists a set of discreate allowed energy levels where
each of these energy levels has a specific value of the principle quantum number n
associafed with it. We also find that we must also associate an orbital quantum num-
ber [ with a given nucleon. This quantum number tells us about the discrete set of
va]ues 'qf the orbital angular momentum. In essence the energy of a given nucleon is
given by the quantum numbers n and /. Further like in the case of electrons we have

1o think of the nucleons having spin quantum numbers (i; ﬁ} . This implies that

both 1
proton and the neutron are fermions and hence obey Paulis exclusion principle.
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The similarity between these pictures of the electrons and nucleons implies that
(i) An energy state with a given value of ! can accommodate a total of
2(21 +1) nucleons. For each value of [ there are 2] + | sub states. The exclu-
sion principle limits the number of neutrons or protons occupying a level to

221 +1).

(ii) We can designate the nuclear energy states as s, p,d, g, f for orbital angu-

lar momentum quantum number /=0, 1, 2, 3, 4.

Explanation of magic numbers

We found that a nuclear energy level with a given value of / can accommodate
(21 +1) nucleons. So the nuclear closed shells can contain either 2or 2+6=8, or
2+6+10=18.,0r 2+6+10+2=20, or 2+6+10+2+14=34 and so on. The
magic numbers 2, 8 20 are thus un-
derstood easily. The other magic num-

bers 28, 50, 82, 126 etc. however,

i - _ 2. fi126) 128
cannot be explained on this basis. To 4 [i124]

; 1 o = : 14 [120)
circumvent this difficulty a new con- 6 (106
cept of strong interaction between the

; - 8 [100)
orbital angular momentum [, and the 10 [92)
spin angular momentum § . There are

A T : = 1 2] ®
two ways of interaction between L 3 {z0]

12 {76
and S. One is called LS coupling and . Wl
8 18]

the other is called J J coupling. The

shell model assumes that LS coupling 10 (50] 50
= 40

holds only for lightest nuclei and 1J 6 [38]

coupling holds for heavier nuclear. In Tdat

the case of LS coupling the spin angu- 8 28 23

lar momentum S of the particles (pro- 4 200 20

tons and neutrons separately) are E, {}3{

coupled together into a total spin an- o .

gular momentum S. The orbital angu- 'lP — e e
: 2

lar momentum L, are separately o

coupled together into a total orbital ¥i8ure 1.6: Energy levels of a nucleon in the po-

; = tential well according to shell model
angular momentum L . Then L and



the case of JJ coupling the S, and L, of eac

W
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ntum j with magnitude J(J+1)h.In
h particle are first coupled to form a i

jous j, are coupled to form the
n helps us to understand the

§ are coupled to form a total angular mome

for that particle of magnitude Ji(j+1) h. The var

wtal angular momentum J. The modified picture thc_ _
whole magic numbers. See the nuclear energy level diagram (figure 1.6).

The merits of the shell model
The shell model has proved useful and successful in explaining and accounting
for the observed
(i) Angular momentum.
(1) Magnetic moment.
(i) Electric quadrupole moment.
Besides these, the shell model also helps us to understand the observed distribu
tion of what are known as the nuclear isomers. Nuclear isomers are nuclei that can
exist in an excited state for relatively much longer times (half life > 1s)

Limitations of shell model

1. This model cannot explain the observed first excited states in even-even nuclei
at energies much lower than those expected from single particle excitation.

It could not explain the observed large quadrupole moments of odd nuclei.

The four stable nuclei 'H, {L, "B and )'N donot fit in the scheme of this

maodel.

Note : To understand the nuclear energy level (figure above) note the following.

: I ; I
The total angular momentum has values ] =+ 5 and J= l’";. Empirically

it is found that the energy level with higher value of j lies h::hm that with
smaller j. Therefore the former gives a more tightly bound nucleonic state.
Each level has a capacity (2j+1) . The ordering of [ for all the unsplit levels
of [ are as

spdsfpgdshfpig

Nuclear force

Nuclear forces are responsible for keeping nucleons together. Repulsive force
between protons inside nucleons would tear nucleons apart. Since nucleus is stable,
there must be a force which keeps nucleons together is called nuclear force.

The only way 10 learn about nuclear force is from experiments. The scattering
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experiments of neutrons and protons and other varieties of experiments, the follow-
ing characteristics of nuclear force have been noted.

Properties of nuclear force

1.

The nuclear force is the strongest of the four known forces, hence called strong
force. For two adjacent protons in a nucleus, the nuclear interaction is 10 - 100
times stronger than the electromagnetic interaction.

The nuclear force is short range.
The distance over which the nuclear force acts is limited to about 10-"*m. This
comes from the fact that central density of nuclear matter is constant. As we add
nucleons to be nucleus, each added nucleon feels a force only from its neighbours
and not from all other nucleons in the nucleons. In this respect, a nucleus behaves
somewhat like a crystal, in which each atom interacts primarily with its
neighbours and addition of atoms make the crystal larger but don’t change its
density. Another piece of evidence
comes from the relation between

nuclear binding energy and the _ Separation distance
” j=1i]
separation distance of nucleons. It 5 0
. . =
has been found that nuclear binding ©
; ¥ Bl
energy is a constant for separation 3 -
distance 1s less than about 10" "mand -F & ¢ Lim
it 1s zero for separation distances g
greater than 10""m. (see figure). 3
3 Z 40
From this we can conclude that for
short range strong force, the binding -
e : ? Distance
energy is proportional to A because

Figure 1.7: Dependence of nuclear binding

binding energy per nucleon i . .
: &Y 1 cleon is energy on separation distance

constant. For a force with long range
(grav itational and electrostatic forces having infinite range) the binding energy
1s roughly proportional to the square of the number of interacting particles
( t‘-_ , ® Z7). This is because each of the Z protons in a nucleus feels the repulsion
of the other Z —1 protons. Thus the total electrostatic energy of the nucleus is
proportional to Z(Z —1). For large Z it is Z°.

The nuclear force between any two nucleons does not depend on whether the
nucleons are protons or neutrons. The n-p nuclear force is the same as the n-n
nuclear force which is in turn same as the p-p nuclear force.

The nuclear force is not completely central force. It depends on the orientation
of the spins relative to the line joining the two nucleons. This property has been
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deduced by noting that even in the simplest nucleus (deuterium), the orbity
: momentum of the two nucleons relative to the centre of mass is noy

constant whereas for central forces angular momentum is conserved.

A successful model for the origin of this short range force was put for ward by
Japanese physicist Yukawa. According to this model some particles are responsible
for nuclear force. These particles are called pions. Pions may be charge ', ©° or
neutral 7°. According to this model every nucleon continuously emits and reab-
sorbs pions. The transfer of momentum associated with the shift of pion is equiva-
lent to the action of a force. Thus nuclear force is the result of the exchange of pions
between the nucleons: That is nuclear force is an exchange force.

Two nucleons experience an attractive force at small distance because of the
yvirtual exchange of pions between them. The situation, qualitatively, is analogous to
two dogs grappling for control over a bone. One dog grabs the bone from the other
and then, the second snatching it back again. The continual exchange of the bone
results in each dog pulled towards the other.

Rough estimate of pion mass

According to uncertainty principle we have AE At ~ h

Let us assume that a pion travels between nucleons at a speed v ~c, that the
emission of a pionof mass m _ represents a temporary energy uncertainty AE~m c”.
Since nuclear forces have a maximum range r of about 1.7fm and the time At needed
for the pion to travel this distance is

e
v c
AE At~h
= R
B Lixi0Caxi0r  2x107ke
_2x107%m,
T

After 12 years of the prediction of pions, they were experimentally detected. The
rest mass of the charged pions were found to be 273m, and that of neutral pions (0
be %(')4m£ . There were two reasons for the belated discovery of pion. One is that
mcl:es with lfinctic energies of several hundred MeV energy was required to pro-
duce pions. This much energy producing accelerators were not available at that time-
The second reason is the pions instability. The mean life time of the charged pion i
only 26105 and that of the neutral pion is 8.4x10"s_




Radioactive decay

We found that for the lighter stable nuclei the proton and neutron numbers are
roughly equal. However, for the heavy stable nuclei, the factor Z(Z —1) in the Cou-
lomb repulsion energy grows rapidly, so extra neutrons are required to supply the
additional binding energy needed for stability. For this reason, all heavy stable nu-
clei have N > Z. Whenever the stability condition is upset they transform them-
selves into more stable nuclei by changing their Z and N through alpha decay or beta
decay. Nuclei are unstable in excited states and they undergo gamma decay to achieve

stability.

N=A-Z

Neutron number

140

130

120

110

100

9()

30

70

a0

L

1 1
40 50 60
Atomic number Z

Figure 1.8: N-Z plot of stable nuclides
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Which type of decay is occurring can be easily understood from the proton nym,
ber versus neutron number plot. A graph is plotted between proton number (Z) on
d’lC horizontal axis and neutron number on the vertical axis by taking all knowy
stable nuclides. We get a graph shown above. The dotted points represent the stable
nuclides called stability curve.

Nuclei to the right of the stability line where the protons dominate over neutrons,
they undergo B, decay. Nuclei to the right of the stability line where the neutrong
dominate over protons, they undergo B decay. When the proton number 1s greater
than 82(Z > 82), they undergo alpha decay.

Different radioactive decay modes

Apart from o, and y decays, positron emission and electron capture were added

to the list of decay modes. i.e. in effect there are five modes of radioactive decay.
1. Alpha decay is the process of emission of o particles. During this process the

mass number of the nuclei decreases by 4 and the atomic number by 2.

: o-deca At
ie. JXA 2 YA 4 He?

Example: S0 > Th™ + He'

2. Beta decay is the process of emission of f -particles. During this process the
mass number of the nuclei does not change but increases the atomic number by

one.
ie. A PBdecay . ya, o

ik o RS
Example: C* > N“+e

3. Gama decay is the process of emission of y -rays. During this process neither the
mass number nor the atomic number of the nuclei changes. The emission of ¢ and
P -particles generally leaves the resulting nuclei in an excited state. Then return
to the stable ground state is accompanied by the emission of ¥ -rays.

(ZY"). = Yy

(3881-87), = 3351'87 +

4. VWhern 'the excitcd nuclei is proton rich it often returns to a stable nuclei by capturing
an orbital (K-shell) electron. This process is called electrons capture or K-capture.
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The vacancy caused in the K.shell is filled by transition of electrons from higher
orbits with subsequent emission of characteristic x-rays.
A\ | =  electrons A
(ZX ) = C capture ? Z—IY
It is regarded as another form of B -decay since during this process the mass
number remains the same and the atomic number decreases by one.

: 4 = 64
Example: »Cu® +€ -  Ni

5. Positron emission is the process of emission positrons. During this process the
mass number remains unchanged but atomic number decreases by one.

X A Positrons
Z

A +
emission ‘IrlY +€

Example: chu’*‘ — 4Ni** +¢°

Law of radioactive decay

The disintegration of radioactive nucleus was studied by Rutherford and Soddy
in 1902. Whatever be the nature of decay, it is essentially a statistical process. In a
given sample of a radioactive substance, the various identical nuclei take different
times to decay. There is absolutely no way of predicting the moment of decay of any
given nucleus in the sample.

In general, the statistical character of the decay process can be expressed as follows.
If a radioactive sample contains N nuclei at a given instant the ratio of the rate of

3 \

dN
decay L“IJ to the number of nuclei present at that instant is a constant

b
Thus —dt _ 5 (constant)
dN
L
or PR . (15)

The constant ), is called the decay constant or disintegration constant. Its value is
characteristics of the radioactive substance and signifies the decay probability of the
sample. The negative sign indicates that N is decreasing with time. Equation (15)
expresses the law of radioactive decay. The following interesting characteristics of
the radioactive substance can be obtained from this law.



(i) Exponential decay
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Equation (15) can be written in the form

dN

Integrating both sides, we get

att=0,N=N_

or

Eq (16) becomes

or InN-In N0

m[

ie.

Half Life

—==\dt
N

-At+C

-Ax0+C
In NU

—At+1In N,
—At

—At

eee(16)

The time interval during which half of the atoms of the given radioactive sample
decay is called half life. It is denoted by T

ie,when t=T, K N=_2¢

using N=N,e™

ie., In2 = AT




2.303xlog 2 = AT
2.303%0.3010 = AT

0.693 = AT
.693
Hence k= gi—g—
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Thus half life of a radioactive substance is a characteristic property and is in-
versely proportional to the decay constant. It cannot be changed by any chemicalor
physical means. For example half life of radium is 1620 years, that of ,,U™*is

4.51x10” years and ,,Po**is 10°s. In
numerical problems, instead of specify-
ing decay constant, usually half life of a
nucleus is specified. The equation (18) is
a convenient expression for relating half
life to the decay constant, Note that after
one halflife, N, /2 radioactive nuclei re-
main; after two half lives N, /4 radioac-
tive nuclei are left; after three half lives,
N, /8 are left; and so on. In general, the
number of nuclei remaining after n half
lives is N /2". The decay of a radioac-
tive nucleus is a statistical process. If we
take a radioactive sample of Img with a
half life of Lh, about 50% of the 1 mg
sample will decay in 1h ; during the sec-
ond hour probability of decay is still 50%,

- -

t

142

T 2, 3tuz
Time
Figure 1.9

for each remaining nucleus. The total probability that a given nucleus did not decay
1S 0.5x0.5 =0.250r 25%. The probability of decay is 75%, which is a fraction of
the original nucleus expected to be disintegrated in 2 h.

Note : After n half lives N=N, (.}7]
we have N=N_e™
. 1 4
If A==,N=Nge
i
_N, _ N, 2 -
or N 3718 = 0.368N, = 36.8%N,
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Thus decay constant may be defined as the inverse of the time during Which the
number of the atoms in the radioactive sample is reduced to 36.8% of their origing

value.

Activity of the given sample
The number of disintegrations per second of the radioactive sample is called ac-

tivity. It is denoted by R.

ie., = ﬂ =AN
dt

where N is the number of atoms of the sample
Suppose the sample contains m grams of the radio active element X" . The

: T mNa :
number of atoms in the sample is given by N =Twhere Na is the Avagadro

number,
AmN
Activity of the sample R =AN = bl
_ 0.693 mNa
T A

The ST unit of activity is named after Becquerel.
Ibecquerel=1Bqg=1decay/s

Traditionally curie (ci) has been used as the unit of activity, lcurie = 1Ci =
3.70%10" decay/s. The other unit of radioactivity is rutherford (Rd), 1rutherford =
10° disintegration /s.
The mean life time: Mean life (average life) T is defined as the average time the
nucleus survives before it decays. Mean life can be determined by calculating total
life time of all the nuclei initially present (N, ) and dividing it by total number of

n'uc]ei. Let the number of nuclei decaying in time intervals t and t+dt be dN, and the
life time of these nuclei be t. Then the total life time of these nuclei is t dN.

The total life time of all the nuclei I: . N

From equation (3), dN = N je dt

Now recognising the fact that N = 0 for t —> o0 and N=N. § '
' = or , total life
time of all the nuclei is 0 4

= Nq tdN = [ "IN he dt =N, [t = %_
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(we can carry out integration by parts to get the result). Thus the mean can be ob-
tained by dividing the total life of all the nuclei to decay by the total number of

nuclei. Thus,
T= _1_ Ll Tnz
L 0.693
Radioactive carbon dating : Radioactive "“( is produced in our atmosphere by the
bombardment of "N by cosmic rays.

n+*N->"C+p

The ratio of " to "*C in the carbon dioxide molecules of our atmosphere has a
constant value of approximately 1.3x107".
All the living organisms exchange carbon
dioxide from atmosphere; hence a constant

Plants and animals use of

bresthe QO

ratio of " to " is maintained in them.
When an organism dies, it does not absorb

“C from atmosphere, hence the ratio of

When an organism dies; the ratio of
“C to “C decreases as a result of beta MC/2C decreases

decay of '“C, which has a half life of 5730 Figure 1.10
year. It is therefore possible to measure the
age of a material by measuring its activity caused by radioactive “C.
Example 9
The half life of Radon is 3.8 days. Calculate how much of 15 milligram of Radon
will remain after 38 days.
Solution
T = 3.8 days, t = 38 days
Number of half lives in 38 days is
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Example 10

Find the decay constant of a sample of the radio active sample whose activity

becomes Tlgth in 10 years
Solution

Since activity is
activity after n half lives is given by

proportional to the number of atoms in the sample. Therefore

R =—§T", where R_ is the activity in the beginning

R,
Here = 16
T6 = n O 16=2"
ie., n=4
We have n =—;:,—, t = 10 years (given)
10
et
T = 2.5 years
decay constant A = %9-5% =0.277/ year
Example 11

The half life of a radio active sample is 4 days. What fraction of 1 gram sample
will remain after 20 days.

Solution
Amount of substance left after n half lives is given by

M=M.
2“
20
M=l, = ————
o — 1g 1 7 5

. M |
Hence M= °=5_5_:0'03125g

2ﬂ
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Example 12

A radioactive substance has a half life period of 30 days. Calculate the time taken
for 3/4 of original number of atoms to distintegrate.

Solution

T = 30days
N,
S 4

t

. t
Number of half lives n = T=30

N
~a N S (5]
Using on

Mo 1%

4 2
4=2"
n=2

t

or ﬁ)‘ —
t = 60days

Example 13

Determine the amount of ¢ Po™ having activity equal to 5 millicurie. The half
life of Po is 138 days.
Solution

Activity of the sample

0.693 mNaJ
R =
=

R =5mci =5x107 =18.5x10"s™

(1ci=3.7x10"s™")

m="? Na=6.025x10"A =210
T =138 %24 x 60 x 60s

TxRxA

M = 0.693xNa



e i
i
a2
Bor
|
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138%24 x 60x 60x18.5x10” x 210
. 0.693%6.025x10”

=1.1x10"¢

Example 14

The disintegration rate of a certain radioactive sample at any instant is 4750 dis-
integration per minute. Five minute later the rate of disintegration becomes 2700
disintegrations per minute. Calculate the half life of the sample.

Solution
dN

e
dN, _
At t=0 —==-}N,

: dN
After 5 minutes i AN

N, _ (dN,/dt) 4750
Hence N ~ (@N/d)) 2700 7P
Using N=Nge™
or A =%x2.303]0g(%‘1}= éx 2.30310g(1.759)

=(0.1130/minutes

0.693 0.693
T=—-—"7= =6.1 :
) 0.1130 6.13/minutes

Example 15

A piece of burnt wood of mass 20g is found to have a C'* activity of 4 decays/s.
How long has the tree that this wood belonged to been dead. Given 1))z ©f
C* =5730 year. ]
Solution

0.693 0.693

e R | =12
s 3730%3.17x107 3.83x107"%

 year=3.17x107g
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To find the number of ¢ nuclei in 20g of burnt wood, we first calculate the
number of C" nuclei in 20g of carbon (burnt wood)

_ 6.02x10%
)

Now assuming that the ratio of C'* to C'? is 1.3x1072, the number of C* nuclei
in 20 g before decay is,

Thus  N(C?) %20 ~10%

N, (C*) = (1.3x1072)(10%) =1.3 x10"
We thus have for the initial activity of the sample
R, =N =(1.3x10")x(3.83x107'2)
=4.979decay/s = 5decay /s

The age of the sample can now be calculated from the releation,

R=R,e™
or e?':BL’
R
t 1l (R,
. =—Iln| —
or X LR

It is given that R = 4 decay/s and we have calculated R, = Sdecay/s.

)_ In(1.25) )
) 3.83x107"

£ Ly

1
Thus r:;\—ln[

0.223
T 383102 0.58x10"s = 1842year
.03 X i

Example 16

Find the activity of 1mg of radon whose atomic mass is 222u. T, = 3.8 days.
Solution

T, = 3.8days=3.8x86400s

0.693 0.693
T, = 3.8x86400

A = =2.11x10"%s"
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The number of atoms in 1mg of radon.

1x107 _ 10~ __271x10"
222u  222x1.66x107

AN = 2.11x10°%2.71x10"

Activity R =
= 5.72x10"decays™’
5.72x10%

—— 1 e C
37%10°

= 155G

Example 17
Find the probability that a particular nucleus of **C] will undergo beta decay in
any 1 second period. The half life of **Cl is 37.2 minutes.

Solution
T,, = 37.2 minutes = 37.2 x60s
L = %:3.10“0%'
= Probability = 3.10x10°*
Example 18

The half life of the alpha emitter *'°Po is 138 days. What mass of polonium (210)
is needed for a 10mCi source.

Solution
T, = 138 days = 138x86400s
0.693
= ———=58]2 i g
A = 138x86400 A
we have R = )N R = 10m Ci (given)

R=10mCi = 10%Ci=107x3.7x10" decay s’
= 3.7x10° decay s

N—E _ 37x10° B
= n = m=6366><10 atoms
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15
Mass of 6.366x10" atoms = 2-206x107x210
6.02x10%

222x107g

I

22.2x10"kg

Conservation laws in radioactive decay

Our study of radioactive decays and nuclear reactions reveals that these processes
occurring in nature are not arbitrarily but according to certain laws. The laws are
called conservation laws. These laws put some limitations on the outcome of the
processes. At the same time these laws give us important insight into the fundamen-
tal workings of nature. There are five conservation laws that can be applied to radio-
active decays.

1. Conservation of energy

This states that energy before decay is equal to energy after decay. This enables
us to calculate rest energies or kinetic energies of decay products. Consider a nucleus
X decay into lighter nuclei X' with the emission of one or more particles we call it
collectively as x. Let m, be the rest mass of the nucleus X, m,. be the rest mass of
the nucleus after decay and m_ be the rest energy of the emitted particles.

According to the law of conservation of energy.
m,c’ =m.c’ +m c’ + Energy released

Energy released in the form of kinetic energy of decay products. This is usually
called as the Q value.

Thus
2. 2 2
myc"=m,c"+m c” +Q

or Q=[m, -(m,.+m Jc* = LN (20)

The decay is possible only Q values is positive. For this to be possible only if the
rest energy of the nucleus X is greater than the total rest energy of the decay prod-
ucts X' and x

ie. m, >m, +m_
If the Q value appears as kinetic energy of the decay products
Q=K, +K,

.....
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2. Conservation of linear momentum
The law states that the momentum of decaying nucleus before is .equal to the
momentum of the decay products. If the decaying nucleus 1s at rest initially it mg.

mentum is zero. After the decay the total momentum is Px: + Py-

According to the law
Momentum before decay = Momentum after decay

ies T T S (22)

Usually the emitted particles x are less massive than the residual nucleus X',

~ Thus the recoil momentum p,. yields a very small kinetic energy K,.. This is

because
2
Px:
=t
e 20
/4
p
K =—2
and * 2m,_
K, pl 2m,
Kx 2mx. pf
Ky _m,
Kx _mx' (-'. px':_px)

since m, <m,,, we get K, <K .
If there is only one emitted particle, solving equations 21 and 22 we get the val-

ues K. and K_. If two or more particles are emitted we get no unique solution. In

this case a range of values from some minimum to some maximum is permitted for
the decay products.
3. Conservation of angular momentum

This law states that the total s
the decay must be
after decay.

pin angular momentum of the initial particle before
equal to the total angular momentum of all of the product particles
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For example
n—>p+e
=
—_———Ft—
222
Here total angular momentum is not conserved. Adding integer units of orbital
angular momentum to the electron does not restore conservation.

4. Conservation of electric charge

This law states the total charge before decay must be equal to the total charge of
decay products.

5. Conservation of nucleon number

This law states that the total nucleon number A does not change in decay pro-

cesses. In this protons can be transformed into neutrons or vice versa but N + Z must
be remain invariant.

Alpha decay

We found that in alpha decay an unstable nucleus decays into a lighter nucleus
and an alpha particle. Thus we have

2 X— 43X +a (a. = JHe)

This decay process releases energy in the form of kinetic ener
products. The Q value of the process is

)
Q =[mx —(m,. + ma}]c
Here all m’s are nuclear masses
and Q=K + K,

From the law of conservation of linear momentum, we have

gy of the decay

O=py +p,
O i mx'vX' T mo.vu

My Vy =—mM V,
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or mex**-z‘miV =5Ma¥a e
K =L vzj
merX- = Kamu 7 At e
Using m, =4 and my = A -4, we get
(A-4)K, =4K,
e (25)
i GEr

Putting the value of K. in equation 24, we get

4K
Q_A—4+K°‘

AK,
Q_A—4

A-4

=—Q - . 26)
e (

Putting the value of K, in equation 25, we get

4
Kx, "—"XQ

For heavy nuclei, A is large and A—4=A

Then K, =Q and K, =0
This shows that o particles emitted carry off practically all of the disintegration
energy available in the form of kinetic energy.

Note: It may be noted that all masses appearing in Q value are nuclear masses but
while performing calculation we use standard values of atomic masses. S0
all nuclear masses must be replaced by atomic masses. In this manipulation
electron masses will automatically cancel out.

Thus Q =[m(X)-m(X")-m(a)]c’.




Example 19
Find the kinetic energy of alpha particle emitted in the decay of >yJ,
m(U) = 234.040952 u, m(Th) = 230.033134u and m(a)=4.002603 u.

Solution

Kinetic energy of alpha particle emitted, K_ =

The decay process is

Using

Example 20

Check whether *’Hg undergoes alpha decay. Given m(Hg)=202.972872u,

PU——> ""Th+ ;He

A-4
__A_Q

Q =[m(U) - m(Th) —m(a)c’

Q =[234.040952 u —230.033134 u — 4.002603 uc’

Q =0.005125uc?’

MeV

e
&

lu=931.5

Q=0.005125x931.5 MeV =4.858 MeV

_A-4

K Q=

(234 -4)

i A

K, =4.775 MeV

234

x4.858 MeV

m(Pt) =198.970593u and m(a) = 4.002603 u.

Solution

The decay process is

The value is

*®Hg—— ""Pt+ {He

Q =[m(Hg) - m(Pt) ~m(a)c®
Q=[202.972872 u —198.970593 u —4.002603 ujc’
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Q=-0.000324uc’

Q=-0.000324x931.5 Mc*
Q=-0.3018MeV.

Since Q value is negative, this decay is not permitted.

Quantum theory of alpha decay

In alpha decay of heavy nuclei, two protons and two neutrons come together tq
form an o particle. As long as o particle is inside the nucleus it is acted upon by
short range nuclear force which dominates over coulombian repulsion. Once g
particle is ejected out of nucleus it is acted upon by the coulomb force due to daughter

nucleus. The variation of potential energy (V) of o particle with distance from the
centre of the atom is shown in figure below.

) Potential energy of o particle
> v e e
ch 2
5 4re,T
@

kinetic energy of o particle
T e e e S
Q
y
S r=R,
e
Figure 1.11

Outside the nucleus i.e. r > R, the potential energy V of o particle is due to

coloumb force between nucleus of daughter atom and o particle. If Z is the atomic
number of parent atom.

1 ] 2
2 (Z-2)e

W b= 4re, SRR (27)

where ¢, is the permittivity of free space. The change from the attractive nuclear

force to coulomb force takes place atr = R, the radius of the nucleus.

Now consider ¢ decay of s R . According to the equation
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28 24 4
gRn = . X + 'He + Q

The potential energy on the surface of nucleus

2(Z-2)e’  9x10° x2x(88—2)x(1.6x10™)’

p s 4t 107"
~ 25MeV.
But Q = (m,,—m,,-—m_)c’
Q =~ 5MeV.

This is the energy of the o -particle inside the nucleus. Here Q is much less than
V. . Classically this means that o -particle cannot escape from the nucleus. To escape
from the nucleus o, -particle must have an energy greater than 25 MeV. But quantum
mechanics says that there is a probability of penetration of o -particle through the
potential barrier V,. This is known as the tunnelling effect in quantum mechanics.
This idea was fqutly put forward by Gamow in 1928 and is known as Gamow’s
theory of o -decay.

To develop the theory, three assumptions are made. They are
1. An q -particle may exist as an entity within a heavy nucleus.
2. o -particle is in constant motion and is held in the nucleus by a potential barrier.

3. There is a small but definite probability that the particle may tunnel through the
barrier (despite its height) each time a collision with it occurs.

According to WKB perturbation theory of barrier penetration, the decay probability
per unit time (), ) is given by
A =T o SR (28)

where v is the number of times per second an alpha particle strikes the potential
barrier and T is the transmission probability of the a - particle.

If we assume that at any moment only one alpha particle exists as such in a nucleus
and that it moves back and forth along a nuclear diameter.

Thus n = I_;:2R

where v is the velocity of the o - particle when eventually leaves the nucleus and R,
is the radius of the nucleus.

SRR

R

e
UdnSetirty

IR
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L (29)
&-T 2R,
From the theory of tunnel effect, we have
T = g™ ) e 130)
with kK = ‘}——-2"‘(;;'3 and L is the width of the barrier.
VO okt
Thus SRR sy e (31)

By making suitable rough estimates for the thickness (L) and height of the barrier

(V), we can calculate the decay probability ) such that it tallies with the observed A
of isotopes of nuclei.

An exact calculation of the decay probability was first done in 1928 by George
Gamow and was one of the first successful applications of the quantum theory.

Beta decay

Beta decay is the process by means of which a nucleus can alter its composition
to become more stable. In beta decay, a neutron in the nucleus chan gesinto a proton
(ora proton into a neutron); Z and N each change by one unit, but A does not change.
The emitted particles, which were called beta particles when first observed in 1898,

were soon identified as electrons. There are three types of p -decays observed in
nature. These are

L. The negatron emission or B~ decay

2. The positron emission or B* decay
3. Orbital electron capture.

We have already discussed these decays in brief. Here we shall discuss some
more details of these.

Negatron emission or B~ decay

Consider the decay of a neutron into a proton and an electron,
R=>p+e

This decay appears to violate the | :
aw of "
we already discussed. Experime conservation of angular momentum tha

nts have shown that the energy emitted by electron®
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varies continuously from zero to a maximum value. This implies apparent violation
of law of conservation of energy, because all electrons should emerge from the de-

cay n —» p+e with precisely the same energy. Instead, all electrons emerge with
less energy but in varying amounts.

To overcome these difficulties in 1930 Wolfgang Pauli suggested that there is a
third particle emitted in the decay process. Since the charge is already conserved the
third particle emitted must be chargeless. In order to preserve the conservation of

ok ids ;
angular momentum, the third particle must have spin 3 The missing energy will be

carried by the third particle. The new particle is named neutrino (little neutral one in
Italian). Every particle has an antiparticle, the antiparticle of neutrino (v) is an-

tineutrino (V). Itis in fact an antineutrino is emitted in the decay process. The com-
plete decay process is

n—>p+e +0
Since the emitted electron has negative charge, this electron is called negatron
and the process is called negatron emission or simply B~ -decay. Consider a nucleus
2 X undergoes a B~ decay giving a new nucleus ,AX":
A A ’ = o
S s e G
Using law of conservation of energy
2S00 2 2
m,c"=myc +mc +K, +K +K_
Here my and m,, are nuclear masses and K, + K. are kinetic energies of new
nucleus X' and emitted electron respectively. K_ is the kinetic energy of the an-

v

tineutrino. Usually the recoil kinetic energy (K,.) of the nucleus X' is negligibly
small. So the Q value is:

Q=K, +K,
Thus the above equation becomes
m,c’ =m,c’+mc’ +Q

ooooo

— 2
Q=(my -m, -m_)c
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This the expression for the Q-value of B~ -decay process.

To do the calculations we convert nuclear masses into atomic masses.
m, =m(X)-Zm, and my = m(X)—(Z+1)m,
where m(X) and m(X') are atomic masses.

Putting the values of m, and m,, in equation 32, we get
Q=[m(X)-Zm, -m(X)+(Z+m, -m_|c’
or Q =[m(X)-m(X"]c’ e (33)

This is the expression for the Q-value of B -decay process in terms of atomig
masses.

Example 20
Consider B~ -decay represented by Pe=——PNie 4T

Given m(C) =15.010599u, m(N) =15.000109 u . Calculate the Q-value.
Solution
The Q-value of the process is

Q=[m(C)-m(N)]c*
Q=[15.010599 u —15.000109 u]c?
Q=0.01049xuc’
Q=0.01049%x931.5MeV
Q=9.771435MeV
Since Q is positive this process is possible.
Positron emission or g* decay

In this process a proton decays into a neutron,

‘ : positive electron (positron) and 2
neutrino. The process is given by

P——n+e*+p

Since it emits a positron, the process

= is called positron emission or B*-decay. In
this process the proton number decrease

s by one but A remains unchanged.
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. o A~rr.
Consider a nucleus ;X undergoes a B*-decay giving a new nucleus , 4 X':
A A [ o
X— . X'+e" +v
Using law of conservation of energy
myc’ =myc’ +mc’ +Ky +K, +K,
where my and m,. are nuclear masses. K., K , and K are the kinetic energies

of the nucleus after decay, positron and neutrino respectively. Usually the recoil
kinetic energy (K,.) of the nucleus (X") is negligibly small. So the Q-value is:

Q= Ke, +K,
Thus the above equation becomes
m,c’ =m,c’+mc’ +Q
Q=(my —my  —m_)c? e (34)
This is the expression for the Q-value of B*-decay process.
Now we convert nuclear masses into atomic masses.
my =m(X)—-Zm,
and my, =m(X")—(Z—-1m_

where m(X) and m(X") are the atomic masses. Putting the values of m, and m,,
in equation (34), we get

Q=[m(X)-Zm, -m(X)+(Z-1)m, —m ]c>
Q =[m(X)-m(X") -2m_]c?

This is the expression for Q-value of B" -decay process in terms of atomic masses. _
Example 21

Consider the B*-decay represented by

107

107 3
wil——> . Cd+e’ +v

Given that m(In) =106.918263u
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m(Cd) =106.906618u m, = 0.0005486 u . Calculate the Q-value
Solution
The Q-value of the process is
Q =[m(In)-m(Cd)-2m_Jc*
Q=[106.918263u— 106.906618 u — 2 x 0.0005486 u]c2

Q =9.825276 MeV
Since Q is positive, this process is possible.
Electron capture
In this process the nucleus absorbs one of the orbital electrons of the atom. The
electrons nearest to the nucleus are in K-shell. Therefore the nucleus is most likely
to absorb an electron in K-shell. For this reason this capture is known as K-capture.

The probability of a L or M shell electron to be absorbed by nucleus is much less
than the probability of K-shell capture. The basic electron capture process 1s

p+e ——n+v
In a nucleus K-capture can be represented as
2 X+e —  X'+v

In this process the proton number decreases by one and A remains the same,
Using law of conservation of energy, we have

2 2 Y 2
m,c +mec +K, =m,c"+K, +K

Neglecting initial kinetic energy of the electron and the recoil kinetic energy of
the nucleus, the Q-values energy of the nucleus, the Q-values becomes:

Q=K,
Thus we have
2 2 2
m,c"+m.c =m,c" +Q
- )
Q"'[mx +me"'mx-]c

This is the expression for Q-value of the electron capture process.
Now convert nuclear masses into atomic masses
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my, =m(X)-Zm,
m, =m(X") ~{(Z=1)m_
Putting the value of my and m,. in equation 36, we get
Q=[m(X)-Zm,_ +m, ~-m(X")+(Z-1)m_Jc*
Q =[m(X)-m(X")]c’ e (3T)

This is the expression for the Q-value of electron capture process in terms of
atomic masses.

In contrast to beta-decay processes, a mono energetic neutrino is emitted in elec-
tron capture. It may also be noted that if m(X) > m(X") electron capture will occur.
If m(X)>m(X')+2m,, B*-decay process occurs.

Example 22

*Se decays by electron capture to " As, Find the energy of the emitted neutrino.
m(Se) =74.922523u, m(As)=74.921596u.
Solution

The Q-value of electron capture = energy of emitted neutrino
Q =[m(Se) —m(As)]c>
Q=74.922523u~74.921596 u]c?
Q=0.8635MeV.

Gamma decay

Like atoms, nuclei also have excited states. When a nucleus jumps from an ex-

cited state to ground state, it emits a photon (y-ray) whose energy is equal to the
energy difference between the excited state and the ground state. The energies of
emitted gamma rays are typically in the range of 100 KeV to a few MeV.

When a nucleus emits an alpha particle or beta particle, the final nucleus may be
left in an excited state. Most excited nuclei have very short half lives in the order of

10”s to 107s. After this the excited nucleus comes back to the ground state after
emitting one or two photon known as nuclear gamma rays.

There are few cases of excited states with half lives of hour, days or even years.
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Along lived excited state is called an isomer of the same nucleus in 1ts ground state

The excited nucleus (g:Sr) has a half life of 2.8 hours. Thus Sr” is an isomer of S,

* * ; . 30
Similarly (;‘;Br) and (g;Br) are isomeric states of 3 Br.
Consider a nucleus jumps from an initial state with energy E. to final state of

energy E, emitting a y-ray of energy E,. According to law of conservation of

energy, we have

E =E,+E +K;
5- where K, is the recoil kinetic energy of the nucleus. Usually K, is negligibly
small. _
Thus E,=E +E
or E =E, -E,

This shows that the gamma-ray energy is equal to the difference between the
initial and final energy states.

Assume that before the emission, nucleus is at rest so its momentum zero. When

its a y -ray of momentum p, normally nucleus will recoil to conserve momentum.
Let Py be the recoil momentum of the nucleus. Conservation of momentum gives
0 = iig + is'r

or . pkz-_ﬁy

2
The recoil energy K, = .ZPL
m

where m is the mass of the nucleus

p2
=L . , o . 0
Ay Ks =om N ke )
. P’ (pe? E?
; or K =_x__: ¥ 1 ¥
2me’  2mc®  2mc’
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If EY =1MeV and m =100u

_ 1(MeV)?
T 2x100uc?
MeV

CZ

» (MeV)*
R 2%x100x931.5 MeV

R

lu=931.5

MeV 10°eV

_ z =5.368eV
K = 300%9315 ~ 200<9313 ¢

Thus is obviously negligibly small.
Example 23

The nucleus " Hg has excited states at 0.412 and 1.088 MeV.

Following the

beta decay of % oy to Hg , three gamma-rays are emitted. Find the energies of

these three gamma rays.

Solution
E‘3
The energies of the emitted gamma rays are =
E

1
AE, =E,~E, =0.412-0=0.412 MeV
AE; =E,-E, =1.088-0=1.088 MeV

AE, =E,-E, =1.088-0.412 = 0.676 MeV
Here we neglected the small recoil energy.
Example 24

1.088 MeV
0.412 MeV
0 MeV

Compare the recoil energy of a nucleus of mass 200 that emits (a) a 5.0 MeV

alpha particle and (b) a 5.0 MeV gamma ray.
Solution

(@) When a nucleus emits an alpha particle its Q-value is:
Q=K +K,
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Sl
where K, is the recoil energy of the nucleus
KX' = Q i Ku
A
USi—ﬂg Q = r Ku
A -4
SN K
B = A—4K° K. A—4 ©
K=o _ 20 _0.102 MeV.
' X T200-4 196
o ,‘_¢ (b) The gamma-ray recoil energy is given by:
] -If.‘"?
E] (50 MeVy

K.——1 -
R 9me?  2x200uc?

1u=931.5 MeV/c®

K - 60 MeV)’
o
400x931.5 MY .7
&
25
Ke = 200x9315 MV
K, =67.09 eV.
Natural radioactivity

; The radioactivity exhibited by naturally occurring elements is called natural ra-
d:oactrv:ty_. It takes place spontaneously without any external causation i.e. no causé
effect relationship (causality) is involved in the decay process. It is exhibited by the

nuclei with Z >82. Some examples are radium, actinium, polonium, etc. The ulti-

mate product of the natural radioactivity is lead with Z =82,

C_eﬂam nuck?i which are :e,table can be converted into unstable isotopes by bomr
bardm g them with fast moving particles. The unstable isotope so formed underg?
radioacti ‘V; decay. "f'hus,. the phenomenon of radioactive decay by artificial means
called artificial radioactivity. The half life of the artificially produced isotope ™

F i !’_

n‘ﬂ_:? AR ¥
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be short and the decay may stop as soon as the bombardment with fast moving
particles ceases. The phenomenon of artificial radioactivity that persists loyxg.‘ai'ften
the bombardment with fast moving particles ceases is called induced radioactivity.

Cause of radioactivity

Unstability of nucleus is the main cause of radioactivity. We know that the nuclej
with higher atomic number have low binding energy per nucleon. Also due Fo th_e
presence of large number of protons in the nucleus, the Coulombian repulsion 1s

also stronger. Owing to these three reasons nuclei with Z > 82 spontaneously decay
emitting radiations so as to achieve stability.

Cause of natural radioactivity surrounds us

All of the elements beyond the very lightest (hydrogen and helium) were pro-
duced by nuclear reactions in the interiors of stars. These reactions not only produce
stable elements but also radioactive ones. Most radioactive elements have half-lives

that are much smaller than the age of the earth (about 4.5x10”y), so those radioac-

tive elements that may have been present when the earth was formed have decayed
to stable elements. However, a few of the radioactive elements created long ago
have half-lives that are greater than the age of the earth. These elements can still be
observed to undergo radioactive decay and account for part of the back ground of

natural radioactivity that surrounds.

Radioactive series

When a radioactive substance (parent) emits an o or B particle an entirely new
substance (product) is left which is still radioactive and sooner or later emit another.
particle to become a still different atom. The product has different chemical and
physical properties from the parent. This process continues through a series of
elements ending up finally with an atom which is stable and not radioactive. This is
called radioactive series.

Ithas been experimentally observed that most of the radioactive substances found
in nature are members of four series namely thorium series, neptunium series, uranium
series and actinium series. The mass numbers of above four known series could be
represented by the following set of numbers. 4n for the thorium series, 4n + 1 for the
neptunium series, 4n + 2 for the uranium series and 4n + 3 for the actinium series,
Wwhere n is an integer, see the table below. It may also be noted that since the half life

of neptunium is so small compared with the age of the solar system that members of
the series are not found on the earth today.
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Four Radioactive Series
Half-Life | Stableend |
Mass Numbers Series Parent Years Product
2

e Thorium Zh 1.39x10" 5 Pb

4n+1 Neptunium B Np 2.25%x10° " Bi

4n+2 Uranium s 0] 4.47x10° i Pb

4n+3 Actinium 2;2 U 7.07x10° j(s:? Pb

It may be noted that the neptunium series (4n +1) begins with #"Np, which has
a half life of only 2.25x10°y which is less than the age of the earth 4.5x 107y,
Thus all of the " Np might have decayed to " Bi.

* One important use of study of natural radioactivity is to find the ages of the rocks
there by that of earth. If we examine a sample of uranium bearing rock, we can find
the ratio of 2**{j atoms to ¢ pp atoms. From this we can estimate the age of the
rock. See example given below.

Example 25
In a rock the ratio of uranium to lead is found to be one. Estimate the age of the

rock. t,, =4.5x10°y

1/2
Solution

Let N, be the original number of uranium atoms present. N(N e ™) be the num-
ber of uranium atoms present now. It means that N, — N atoms have been decayed
into Pb and presently observed as *®*pp. Thus the ratio (R) of uranium to lead is

_ Number of **U present now
Number of **Pb present now

- rqﬂeﬁll
Ng = Nﬂe"}“

ie.
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1
A—I:_ l
c R+

Taking log on both sides, we get

|
kt—]n[l+§)

t=%1n[l+%)

0.693
Using A= i
= tLin_ In L+1
'=0693 MR
4.5%x10° 4.5%x10° xIn2
Sl L 1) =
0.603 nd+1) 0.693

t=4.5x10" years.
Thus the age of the rock is 4.5x10° years.
Example 26
The radioactive decay of **Th leads eventually to **Pb. A certain rock is ex-

amined and found to contain 3.65 grams of **Th and 0.75 grams of *®pPp. Assum-

ing all of the Pb was produced in the decay of Th, what is the age of the rock. T,,, of
thorium is 1.41x10"y.

Solution
Number of atoms contained in 3.65 g of thorium,

3.65

N =733 Na
Number of atoms contained in 0.75 g of 2® Pb,
0.75
N, = Z—Og-XNA
R = Np  3.65x208 _759.2

N, 232x0.75 174
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R = 4363.
¥ TU2 _l_ 1
Using ' 069 1“( R

LAIx10° . (1
e | ——+1
=069 1“[4.363*"1

t=4.198x10° years.

Mossbauer effect
Mossbauer effect is the phenomen
free emission and absorption of gamma-rays
This phenomenon was discovered by German physicist Rudolf Mossbauer in the
year 1958. For this Mossbauer was awarded the 1961 Nobel Prize in physics.
ments. Resonance

on which involves the resonant and recoil
by atomic nuclei bound in a solid,

One way of studying atomic systems is to do resonance experi
is the phenomenon of overlapping of the emission and absorption spectrum. In reso-
nant experiments what we do 1s radiation from a collection of atoms in an excited
state is allowed to incident on a collection of identical atoms in their ground state.
The ground state atoms can absorb the emitted photons by the former one and jump
to the corresponding excited state. In principle resonant absorption will not occur.
This is because when atom emits a photon, it is due to the recoil of the atom, the
photons energy is less than the transition energy by the recoil kinetic energy. The
absorbing atom also recoil. Hence photons energy is less than the transition by 2K
So normally expect that absorption will not occur. However, the absorption is stil
possible. This is because the excited states don’t have exact energies. According {0
uncertainty principle AEAt =~ h, the state lives for time At and during that time We
can’t determine its energy to an accuracy less than AE. That is the energy spectrult
spreads over a width AE.

Since K., is much less than the width AE the emission spectrum and the absorp

| ::;1 spectrum ean overlap there by occurring absorption process. See figure (a) givé!
ow. |

Inthec o o
bt case of nuclear gamma rays the situation is different. A typical life is 1078

AE = =10 eV,

15

AL e G
e. the width of energy spread is very narrow. For y -rays
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E =E -E +K;
IFE. = 10°eV we found that K, =1eV so 2K, =2eV

This shows that, since 2K, (2eV) is much larger than AE(107eV) no overlap-
ping is possible. So resonance absorption cannot occur. See figure (b) below.

¥

: : — O
F2K% Absorption 2K

Emission Absorption

AE AE —»

)

Energy Energy Energy

e e

e

1
i
1
'
'
'
i
¥

Figure 1.12(a): Emissionand  Figure 1.12(b): Emissionand  Figure 1.12(c): Absorption
absorption energies in an absorption energies in a  energies for nuclei bound in
atomic system nuclear system crystal lattice

For the overlapping to occur we have to make recoil kinetic energy as small as
2

possible. The recoil kinetic energy of gamma ray is given by K_= e To make
R0, 7 (v

K, smaller m has to be made larger. This is what Mossbauer did. Mossbauer placed
the radioactive nuclei and the absorbing nuclei in crystals. The crystalline binding
energies are large compared with K. so the individual atoms are held tightly to
their position in the crystal lattice and are not free to recoil. When gamma-ray radia-
tion occurs in the crystal, the whole crystal that recoils. This makes m in the expres-
sion for K, larger, may be 10* times larger than the atomic mass. When the recoil

energy is very small resonant absorption occurs. That is emission spectrum and
absorption spectrum overlaps. See figure (c) above.

To obtain a complete overlap we have to shift either the emission or absorption
energies. This can be done by Doppler shift. According to Doppler effect

e
L=V, 'HE

when a source of frequency v, moving towards the observer with a speed v. The
above equation can be written as
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h i
hU': UO c

E= E0[1+1)
i

i
or E—EO = EOE
E=-E, AE
= — E
v B c E,
If AE=10"eV and E, =100keV
107 g
we get Aoy x3x10" =3cm/s.

This shows that when a gamma-ray emitting source is moving towards a gammy
ray absorbing source with a speed 3 cm/s, the spreads will overlap.

The Mossbauer effect can be used as a probe to observe interactions between
nucleus and its electrons. This is because gamma-rays have very narrow line width
This means that this is very sensitive to small changes in energies of nuclear transi-
tions. Thus the Mossbauer effect is an extremely precise method for measuring smal

changes in the energies of photons.

IMPORTANT FORMULAE

L. Nuclear radius, R=R;A"”, where R, =1.2 fm
2. Nuclear binding energy:
E, =[Nm,_ +Zm(}H) - m(X)]c>

where m(;H) and m(X) are atomic masses,

3. Proton separation energy:

S, =[m(51x")+ m(;H)—m(;X)]c2

4. Neutron separation energy:

S, =[m(31%)+m, ~m(2x) e
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Semiempirical binding energy formula:

E,=a,A-a A" -a Z(Z-1)A"" -a

Most stable isobar:
7 Aa A+ a A*"
" 2a.A™ 1 8a

Radioactive decay law:

0.693

17z

N=Ns ™, where A=

The number of nuclei after n half lives:

N= N,
2[1
Activity of a radioactive sample:
dN
R=—=»4
dt N
R = 0.693 mN,
or i

12

Expression for mean life time

_1_ T,
X T 0693

Age of the sample (wood):

._.1 Rﬁ
L= ?\'lrl{ij

R, is the initial activity and R is the present activity.

Q-value of alpha decay:
Q=[m(X)-m(X’) — m(a)]c
where Q=K +K_

A-4
K, =—0Q.
a A Q

Q-values of beta decays:

71
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~Section A
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What are nuclear electrons?

What is proton-electron model of nucleus?

What is proton-neutron hypothesis?

Draw the graphical variation of nuclear density with radius of nuclei.
Define bind‘ing energy of a nucleus.

What is a binding energy curve?

What is meant by proton separation energy?

What is meant by neutron separation energy?

Give the name of three nuclear models.

Distinguish between strong interaction model and independent particle model.
Write down the semiempirical mass formula and explain the symbols used.
What is volume energy of a nucleus?

What is surface energy of a nucleus?

What is Coulomb energy of a nucleus?

What is shell model?

What are magic numbers?

What is the cause of magic numbers?

What is nuclear force?

Define mass defect and binding energy.

Why is the binding energy curve steep for lighter nuclei and falling off slowly for the
heavy nucle1?

Account for the unstability of heavy nuclei.

Why the nuclei, that are off the line of stability, unstable?

What is the density of the nucleus to that of water?

Why is N approximately equal to Z for stable nuclei?

Why N is greater than Z for heavy nuclei?

Why there are no stable isotopes with Z > 83?

What is meant by radioactivity?

State the law of radioactive disintegration.

Distinguish between natural and artificial radioactivity.

What is the cause of radioactivity?

Define radioactive decay constant.

What is alpha decay? Give an example.

What is beta decay? Give an example.
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42. What is gamma decay? Give an example.
43. What is meant by electron capture?
; =l
44. What is meant by positron emission: e i
45. What is meant by activity of a radioactive sample? What 1s 1ts unit:

46. Define Q-value of a decay process.
47. Write down expression for Q-value of the alpha decay process.

48. Write down an expression for Q-value of the ~-decay process.

49. Write down an expression for Q-value of the 3" decay.

50. Write down an expression for Q-value of the electron capture process.

51. What is meant by inverse B-decay?
52. What is gamma-decay?
53. What is an isomer?
54. What is meant by natural radioactivity?
55. Distinguish between natural and artificial radioactivity.
56. What is meant by induced radioactivity?
57. What is the cause of radioactivity?
58. What is radioactive series? Give their names.
59. What is Mossbauer effect?
60. What is the use of Mossbauer effect?
Section B :
(Answer questions in a paragraph of about half a page to one page)
Paragraph / Problem type questions
L. Give three evidences against the idea of nuclear electrons.
2. How did proton-electron hypothesis fail?
3. Justify that electrons cannot exist inside a nucleus using the uncertainty principle.
4.  Give the symbol for the following.
a) The isotope of helium with mass number 4.
b) The isotope of tin with 66 neutrons.

¢) An isotope with mass number 235 that contains 143 neutrons.
. [)3He, b) Usn b))
5. Howcan Yyou estimate the radius of 3 nucleus?
6. Arrive at an expression for binding energy of a nucleus
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What are the informations that we can obtain from a binding energy curve?
Arrive at an expression for proton separation energy.

Arrive at an expression for neutron separation energy.

Explain the liquid drop model.

What are the factors on which the binding energy of a nucleus depend according to
liquid drop model?

Explain the assymmetry energy of a nucleus.

Explain the pairing energy of a nucleus.

What are the assumptions on which shell model is based?

What are the merits and demerits of liquid drop model?

What are the merits and demerits of shell model?

Give four properties of nuclear force.

Briefly explain nuclear force model proposed by Yukawa.

Roughly estimate the mass of the pion using uncertainty principle.

Why do we say that a nucleus behaves like a drop of a liquid?

What is meant by half life? Derive an expression for it.

What is meant by meanlife. Derive an expression for it.

Explain radioactive carbon dating.

Explain the tunnel theory of alpha decay in brief.

What are the assumptions made in the theoryof alpha decay.

Explain how does B -decay apparently violate law of conservation of energy.
Explain the apparent violation of conservation of linear momentum in 3 -decay.

Explain the apparent violation of law of conservation of angular momentum in 3 -
decay.

In B-decay, law of conservation of energy, linear momentum, angular momentum are
apparently violated. How it is overcome?

What is neutrino hypothesis?

Derive expression for the recoil energy of a nucleus which emitted a gamma-ray.
How will you estimate the age of a rock by using radioactivity?

What is meant by radioactive carbon dating?

Give a brief account of Mossbauer effect.

How to achieve complete overlap of emission spectrum and absorption spectrum?
Compute the density of a typical nucleus and find the resultant mass if we could produce
a nucleus with a radius of 1 cm. [2x10"kgm™, 8x10"kg]
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Vs ;
Compute the Coulomb repulsion energy between two nuclei of *°Q that just touch it

[15.26
their surfaces. Mev]

133 .
Find the total binding energy and the binding energy per nucleon for “5;Cs. Given g,

m, =1.008665u, m('H)=1.007825u and m(Cs)=132.905452u
[1118.53868 MeV, 8.410065 MeV per nucleoy

Find the proton separation energy of “(Cy. Given that m(iHle.OO?RZSu‘

m(*’K)=38.963707u, m(*’Ca)=239.962591u [8.3285415 Mey)

m_ =1.008665y,
[7.249865 MeV]

Find the neutron separation energy of ’'Li. Given:
m(“Li) =6.015123u m(’Li)=7.016005u.
Which isobar of A =75 does the liquid drop model suggest is most stable a, =19 ang

75 aad
a_=0.595. | 3 ASJ'
Tritium 'H has halflife of 12.5 years against P -decay. What fraction of the sample of

pure tritium will remain unchanged after 25 years I

4]
The half life of “;,U against alpha decay is 4.5x10° years. Calculate the time takey
by uranium to reduce 80% of the initial amount [1.45%10° years]
A radioactive isotope X has a half life of 3 second. Initially a sample of this isotope
contains 8000 atoms. calculate
a) Its decay constant
b) The time t, when 1000 atoms of the isotope X remain in the sample.

¢) The number of decay per second in the sample at t=t,

b) 9s

ﬁu) 0.231 s"]
c)231s™ |

'{he mean lives of a radioactive substances are 1620 year and 405 year for alpha emis:
sion and bqa farpission respectively. Find the time during which three fourth of a samplt
will decay if it is decaying both by alpha and beta emission simultaneously

[449 year]
Caleulate the mass in gram of a radioactive sample 24p}, having an activity of 0%
Microcuri and a half life of 26.8 minute. [3.04x10™¢l
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An animal bone fragment found in an archeological site has a carbon mass of 200g. It

registers an activity of 16 decays.What is the age of the bone A =3.83x10™2 5"
[9400 year] .

A bone suspected to have originated during the period of Asoka the great was found in

14
Bihar. Accelarator technique gives =—=L1x 107'%. Is the bone old enough to have
(3

belonged to that period. [No, 719 year|
The atomic ratio between the uranium isotopes 2#{j and 2{J in a mineral sample is
found to be 1.8x10". The half life of 2%4J is T, (234)=2.5x10’y . Find the half life
of 28, [4.5%10%y]

A laboratory has 1.49ug of [*N, which has a half life of 10 minutes. (a) How many
nuclei are present initially (b) What is the activity initially (c) What is the activity after
I hour. After how long will the activity drop to less that one per second

[2) 6.9x10, b)8x10"s™, ¢)1.23x10%s™, d) 2.76x10%s]

A rock sample contains Img of 2% pp, and 4mg of 2 U whose halflifeis 4.47x10%y .
How long ago the rock formed. [1.64x10%y]

The activity R of a sample of a unknown radio nuclide is measured at hourly intervals.
The results in MBq are 80.5 and 36.2. Find the half life of the radio nuclide

[52 minutes]

Calculate the approximate mass of uranium which must undergo fission to produce the
same energy as 100 tonnes of coal. Heat combustian of coal 8000 cal/g. 1 calorie =4J.
Fission of uranium releases 200 MeV [39.2g]

Find the kinetic energy of the alpha particle emitted in the decay process
“Ra—>"Ra+ ‘He

m(Ra) =226.025410u, m(Rn) =222.0175778u and m(a) =4.002603u

[4.7846 MeV]
Check whether the decay processes allowed or not
At—— " Bi+
m(At) =210.987496u, m(Bi)=206.978471u m(a) =4.002603 u [allowed]

Find the maximum kinetic energy of the electrons emitted in the negative B -decay of
"Be. Given: m(Be)=11.021658u m(f)=11.009305u [11.506 MeV]
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57.

58.

59.

_emission what is the maximum kinetic energy of
m(Na) = 22989769 u
[4.376 Mev]

“K isotope decays by electron capture. Find the Q-value. Given: m(K) =[ ft)s_gﬁaggu
m(Ar) = 39.962383 u. . eV)
12y beta decays to an excited state of '*¢, which subsequently decays to the groung
state with the emission of a 4.43 MeV gamma-ray. What is the maximum kinetic ep.
ergy of the emitted beta particle. Given: m(C) = 12.000000 u, m(N) = 12.018613 y

m, =0.000549u. [11.89 MeV]

BNe decaysto ®Na by negative f3
the emitted electrons. Given: m(Ne) = 22.994467 u,

= . . 23 s 248
The 4n radioactive decay series begins with “; Th and ends with s P

a) . How many alpha decays are in the series
b) How many beta decays
¢) How much energy is released in the complete series. m(Th)=232.038050u,

m(Pb) =207.976636u and m_=4.002603u [a)6 b)4 c)42.658974 MeV]

Section C
(Answer questions in about two pages)

Long answer type questions (Essays)

1. Explain the postulates of a liquid drop model. Derive Weizsacker semi empirical mass
formula.
2.  Disscuss the various factors which contribute to the binding energy of nuclei and derive
a formula for atomic mass M of a nucleus based on these considerations.
3. Give salient features of nuclear shell model and point out its success and failures.
Hints to problems
m Am
e . R—12xA"m
vV 4 R’
3

m_ =1.67x10"kg, get p.

m =pV=2x10”x§n(O.ﬂl)3 =8x10"kg

37. Radius of oxygen nucleus

R=R A" =12x(16)"" =3.02fm

Coulomb energy, U = 9.9,

4ne,r

q, =8e,q,=8¢,r=2R =6.04fm




38.
35,
40.
41.
42.

43.

45.

46.

47.

Nuclear structure and radioactivity = 79

Ue 9x10° x 64 x e*
(6.04x107")

U= 9%x10° x64x(1.6x107)? 7
(6.04x107)

e 9x10° x64x(1.6x107%)?
6.04x10° x1.6x107"
U=15.26MeV

See example 4 or 5

or MeV

See example 6
See example 7

See example 8

In 12.5 years half of the sample will be decayed, in the next 12.5 years again half will

1
be decayed. Hence v of the tritium will remain undecayed after 25 years.

N=N,e™ A= 0.693
T‘_.
L= O_;E B hi= Noe_“’ N, =8000, N=1000 ¢) {%{l =2AN
l t=1,

o

Total decay constant A =24, + A,

© 16207 P 405
Using N=Ne™, N=o
4
R=AN,.R=1pci=3.7x10*
N =8.58x10’
214 g of Pb contains 6.02x10% atoms
8.58x107 x 214
Mass of 7 atoms = =
Pt 6.02x10%

23 -12
N, = 6.02x10 xl;(;OxlﬁxlO —1.3x10"
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[g_ri] :'}-Nn —; 505“
dr J, :

i a W te t.
Using =~ =ANe ™, 3 =16s " calculate

-12
48. Initial ratio of .Z.‘_(é at the time of death was, R, =1 2x10

1

using N=Ne"

- N(I-IC) _ Np‘ldc)c—/it
T NPC NP0

=R.e™"

R,
1( 2
_\R)

or t=
In2

T:_ find t
R=1.1x10", T, =5730 years

49. Wehave AN, =4, N,

N(238)  N(234)
T,(238) T,(234)

N(238)
N(234)

T, (238)= T, (234)

50. a) 13 g of N contains 6.02x10” nuclei
6.02x10"
13

6.02 x10%
1.49 mg contains :-~—l°;—x1.49x10" - No

1 g contains =

0.69

W
=
N
o
]

_bJ R_.g’ :}-Nﬁ, ;u:

L

¢) After one hour g - )N R =AN,e™ =

) R=Is", R=)Ne” Findt
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Try yourself

AN, =80.5,AN, =36.2

N, 3t

ﬁi:e i t=1hour, find 3 and use T, =&A93-.
: ;

Heat produced on combustian =10° x8000x 10’ x4 J =22x10"J

Energy released per fission =200x10°x1.6x10"°J=3.2x10™"
Number of atoms required to produce

32 x10"
32x10"J of enerpy =——""" __ —10%
< 3.2x107"
23
Mass of uranium m =39.2g
6.02 %10~

See example 19
See example 20

Q =[m(Be)-m(B)Jc’ =11.506 MeV

Q=K; +K, +K,

The electrons have their maximum kinetic energy when K, =0 and K =0.
Q =[m(Ne)-m(Na)lc* =4.376 MeV.

Q=K +K, +K, when K, =0 and K, =0 (K,) . =Q.

Q =[m(K)-m(Ar)lc® =1.540 MeV

40K +e ="Ar+vu-

The Q-value in B*-decay is

Q=[m(N)-m(C")-2m_Jc*

. : 4.43MeV
m(C )=12.000000u + ————
8y " "9315 Mev/u
a) N = 232-208 _6
4
b) Balancing the charges 90=82+2N_-N_ S N.=4

¢) Q=[m(Th)-m(Pb)-6m_Jc* =42.658974 MeV.

81




@) REACTIONS AND APPLICATIONS

Introduction
The study of nuclear radioactive decay

the nucleus. This is because only few types o ;
In these processes only few isotopes are formed and also only few excited states of

nuclei can be studied. However in nuclear reaction experiments we have the free.
dom to select any nuclear species and any excited states of the species. Thus we
obtain too many informations regarding the nucleus.

In this chapter we shall discuss some of the different nuclear reactions that can
occur and we study the properties of those reactions. Two important reactions are of
particular importance. They are fusion and fission reaction processes. Then we will
see how these reactions are useful as sources of energy. Finally we go for applica:

provides us only a little knowledge aboy;
f radioactive processes occur in nature,

tions of nuclear reactions.

Types of nuclear reactions

When a nuclei comes in contact with another nuclei, they interact with each other,
In this context we say that nuclear reaction takes place. A typical nuclear reaction
experiment is conducted in a laboratory is as follows. A beam of particles of typex
is incident (projectile) on a target nuclei of type X. The nuclear reaction occurs,
After the reaction an outgoing particle y is observed in the laboratory, leaving a
residual nucleus Y. Symbolically this reaction is written as

x+X—->y+X
For example,

‘He + *N— H + /O

Like chemical reaction, a nuclear reaction must be balanced. That is the total
number of protons must be the same before and after the reaction and the total nuni-
ber of neutrons must be also the same before and after the reaction. In the example
given above there are (2 + 7) a protons on each side and 9 neutrons on each side. In
this reaction there will be no beta decays. This is because in beta decays neutron 2
be converted into proton and vice. This will up set the balancing condition. In ordef
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to have beta decay the time scale of interaction between projectile and the target

must be of the order of 195 But in nuclear reactions the interaction time is only

10~ s. Since there is not enough time for interaction, there will be no beta decay. It

may also be noted that the protons and neutrons can be rearranged among the react-
ing nuclei, but their balancing should not upset.

In nuclear reactions there are only internal forces of interaction between the
projectiles and the targets. As there are no external forces that come into play, nuclear
reactions conserve their energy, linear momentum and angular momentum.

[n most nuclear reactions we observe only the outgoing light particle y. They

heavy nucleus Y usually loses all its kinetic energy, by collisions with atoms, and
they stay within the target at rest.

[n nuclear reactions we assume that the target particle (X) is at rest and the pro-
jectile (x) is coming with a kinetic energy k . The product particles share this kinetic
energy plus or minus any additional energy from the rest energy difference of the
initial and final nuclei.

Projectiles (x) can be either charged particles supplied by a suitable nuclear ac-
celerators or neutrons from nuclear reactor sources. There are two types of charged
particle accelerators in use. They are Cyclotron and Vandegraaf generator. Cyclo-
tron can impart kinetic energy to charged particles of the order of 10 to 20 MeV per
unit charge. The Vandegraaff accelerator can produce a potential of 25MV. The
kinetic energy of the particle is about 25MeV per unit charge.

In nuclear reaction experiments we usually measure the energy of the particle y
and its probability to emerge at a certain angle with certain energy.

Measuring the particle energy

We found that in nuclear reaction the kinetic energy (K,) of the projectile (x) is
shared by the product particles Y and y. If the product particles have no excited
states, we can easily calculate the energy of the particle y using law of conservation
of energy and momentum. If the residual nucleus is left in an excited state then the
energy of the particle y is reduced by the excitation energy of Y. When the residual
nucleus goes to higher and higher excited states then the energy of the particle y
becomes lower and lower. This shows that measurement of the energy of the par-
ticle y gives us information about the excited state of the residual nucleus. To get
the exact values energies of excited states of Y, conduct an experiment in which we
measure different energies of the particle y. From this we can deduce the energies of
various excited states of Y. A typical set of experimental results are plotted in a
graph and shown below.
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Figure 2.1: A spectrum of energies of the outgoing particles and the
corresponding excited states
Each peak in the figure indicates the energy of the particle E . For example whe
E. =9.0MeV and the corresponding energy of excited state of Y is 1.0 MeV a
SO on.

Measuring the reaction probability

From the figure we can see that there are different peaks having different heighy
The height of the peak tells us about which is more probable. Comparing the heighy
we can infer about the relative probabilities. For example height of the peak com
sponding to E = 9 MeV is twice the height of the peak corresponding to E =%

MeV. The excited state energy corresponds to E, =9MeV is E =1.0MeV
that corresponds to E, =9.4 MeV is E| = 0.6 MeV. This means that in this nucled
reaction the probability of leaving Y in its excites is twice the probability of leavin
¥ in its first excited state (E, =0.6 MeV). To calculate the reaction probabil]

actually we have to solve the Schrodinger equation. Unfortunately this is not po¥
sible since this is a many body problem. So what we do is starting from the expef
mental results and work backward together some informations regarding nucle#
force.

The reaction cross section

: The concept of cross section plays a vital role in nuclear physics. Most of ¢
informations about atomic nuclei are derived from nuclear reactions experiments:*
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nuclear reactioq experiments high energetic particles are bombarded with a station-
ary target nuclel_. The target nuclei present a certain area, called its cross section, to
the incident particles. Any incident particle that is directed at this area interacts with
the target particle. Hence grater the cross section, the greater the likelihood of inter-
action. In other words interaction cross section (o) is a measure of the effective size
of the nucleus for a particular scattering. It can be thought of as an effective area of
nucleus at right angles to the direction of motion of bombaring particles. A reaction
(interaction) will occur only if the incident particle is in the area o . Hence probabil-
ity that a reaction will occur is proportional to o . In other words cross section mea-
sures the likelihood of a particular reaction. The reaction cross section of a target
particle varies with the nature of process involved and with the energy of the inci-
dent particle. It may be greater or lesser than the geometrical crossection. Cross
sections have the dimensions of area and its unit is m?, Since the size of the cross
section 1s very very small and comparable to cross section of a nucleus another unit
named barn is used.
| barn = Th = 10-%=m®"

The reaction cross sections of iodine and Xe non involved in reactions is given
below as an example.

[ +n — n+1 (inelastic scattering), c=4b
Xe +n — Xe + n (inelastic scattering), ¢ =4b
[+n — I+7y (neutron capture), g =7b

Xe +n — Xe + vy (neutron capture) g =10p.

Xenon (7! Xe) and iodine (4, 1) are isotopes of neighbouring elements, In inelas-

tic scattering both have same cross sections (o =4b). But in neutron capture reac-
tions Xe and I have very different cross sections telling us about the unusual proper-
ties of the nucleus Xenon.
Expression for cross section

Suppose a beam of partiacles is incident on a thin target of area S which contains
a total of N nuclei. The effective area of each nucleus is the cross section @, and so
the total effective area of all the nuclei in the target is gN. The fraction of the target
area that this represents is -cﬁ_ This fraction is the probability for the reaction to

S

occur.
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cles strike the target at a rate of 1, particles per seco

| ‘The number of particles per second is called beam intensi.ty.l After reaction the Out:
'L' 5 oing particles y are emitted at a rate of R per second. Thl§ is also tl‘le rate at Whi
2 il ge product nucleus is formed. Then the reaction probability can also be CXPresgy
as the rate of y divided by the rate of x i.e.,

Suppose the incident parti

L R
The reaction probability = I_
0

: oN
The reaction probability already obtained = =

Equating the two, we get

R _oN
I S
oN
01- — _S— IO ..... ( ] )
E This is the relation between the rate of emission of v (R) and the reaction crog
arE section (o ).

In a reactor, the beam intensity of neutrons is defined as the number of neutron
C1oss unit area perpendicular to the beam. This is also called neutron flux ¢ (new:

trons per cm’ per second). The cross section is ¢ (It is cm? per nucleus per inciden
neutron). The rate of emission of y also depends upon the number of target nuclei. If

M is the molar mass of the target. This means that M grams containing one Avogadr
number (N, ) of atoms.

' = N A
-- 1 gram contains M atoms.

If m (gram) is the mass of the target. Then the number of atoms in the targe!
mN,
M

N =

S

Equation (1) can be rewritten as R = N ( l"J
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L is the neutron intensity (¢ )
S

R =0cN¢

mN

substituting for N~ R =g ¢

Example 1

A beam of 20.0 1 A of protons is incident on 2.0 cm? of a target of '’ Ag of thick-
ness 4.5 um producing the reaction.

107

p+ 'Ag - “cd + 3n

Neutrons are observed at a rate of 8.5 x 10° per second. What is the cross section

for this reaction at this proton energy. Density of Ag = 10.5 gem .

Solution
]
We know that, current = M
time
20 pA = he

t
.. Number of protons incident per second

N _20pA  20x10°
t e 1.6 x 107"

1.e., Intensity of the proton beam

=125 % 10"

I, =1.25 x 10" protons s™'

oN I,
S

Using R =

N _(mN,/M) VpN,
S S SM
N_ X)PNA < EOis
S M M

But

S
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Where t is the thickness of the target
ol,t pN,
M

___RM
" LtpN,

R= %(8.5 x 10°) s~ (given)

M = 107gmole ™, I,=1.25x10"
p=10.5g cm™, t=4.5x10"cm

N, = 6.022 x 10” atoms/ mole

8.5 x 10° 107
X
3 125 x 10" x 4.5 x10™* x 10.5 x 6.022 x 10*

G =8.523 x 10" % cm? = 8.523barn
Example 2
A beam of alpha particles is incident on a target of *Cu | resulting in the reaction

a + “Cu — *Ga + n. Assume that cross section for the particular alpha energy to
be 1.25b. The target is in the form of a foil 2.5um thick. The beam has a circular
cross section of diameter 0.50 cm and a current of 7.5pA . Find the rate of neutron
emission.
Density of copper = 8.96 gcm ™
Solution

6 =125b=1.25 x10%em?, t=25x10"*cm
d = 0.50cm, current = 7.5uA

M= 63g and p=8.96 gcm™

Using R= ol,N
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Total charge ~ N.2e

Current — ~
time t

N _f Current  7.5x10°°
t ! 2e 2x1.6x107"°
I, =2.344 x 10" particles 5"

E i, mN n VPN, _ tpN,

S SM '™ M

_N_ N 25x107% x8.96 x6.022 x10%
S 63

E = 2.141 x 10"

S

R=1.25x10" x 2.141 x 10" x 2.344 x 10"
R=6.273 x 10° neutrons per second.

Radioisotope production in nuclear reactions

Nuclear reactions are also used to produce radioisotopes. In this process of reac-
tion a stable nonradioactive isotope X is irradiated with a particle x to form the
radioactive isotope Y. The outgoing particle is y. Here the outgoing particle is not
our interest so we don't observe them. Our interest is to observe the number of radio
active isotopes formed that remains at rest within the target after reaction. Since the
particle Y is radioactive it will undergo decay.

Here our aim is to calculate the activity of the isotope Y for a certain time t. Let R
be the constant rate at which Y is produced. This is related to the intensity (I,) of the
particle x (see equation 1). In a time interval dt, the number of Y nuclei produced is
Rdt. Since Y is radioactive it decays. In time dt the number of Y nuclei decayed is

ANdt, where }, is the decay constant and N is the number of Y nuclei present.
Therefore the net change in the number (dN) of Y nuclei is

dN = Rdt — ANdt

or d—N~=R—?\.N
dt
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2] AN=R
dt
Multiplying throughout by the integrating factor e, we get

e e e"AN = Re™

dt
or = (Ne™) = Re™
dt
Integrating we get
At
NeM = R% e o o (4)

Where c is the constant of integration
whent=0,N=0

0=5+c
A

ie., c=——
A

Put this in equation 4, we get
Rei.t R

Nei——— =
e bl

N___E_Ee—ll
A A
R

N=}C(l“e_h) ..... (5)

or AN=R(-e™)
AN is called activity denoted by a(t)
Thus, activity

a(t) =R(1-e™)
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When t = O,‘a(t) = 0. This shows that at t = 0, there is no radioactive isotope of y
hence activity is zero. Equation 6 tell us that as the irradiation time (t) passes, the
activity a(t) of the isotope increases exponentially. See figure shown below.

Rl=
—T
|_—1
/
0.5R
0
o 1 2 3 4 5

[rradiation time (units of half-life)

Figure 2.2: Formation of activity in a nuclear reaction

For large irradiation times t > T

12>

a(t) =R (7)

When t<T,,, At = 0‘693[ is very very small. Thus ¢ ™ =1 — At

1/2
a(t) =R({-e™)=R{-(1-At)
a(t) = RAt (8)

Example 3
A radioactive isotope o half life T,,, is produced in a nuclear reaction. What
fraction of the maximum possible activity is produced in an irradiation time of

a) TU: b) 2T11: c) 4T142
Solution

Maximum activity of the isotope
amux = R
The fraction of maximum activity,

o RO
R R




f=1-0.50=0.50

-{).693

2Ty,

b) f=1-e Tis oL e—(l.693x2
f=1-05"=0.75
SIS = l—c_‘;:f?'.””: _ ] —p 06934

f=1-(0.5)" = 1-0.0625 = 0.9375

Note: e =0.5

Example 4
Neutron capture in sodium occurs with a cross section of 0.53b and leads to ra-

dioactive *Na (F;> =15h) - What is the activity that results when 1.00 pg of Nais

12
placed in a neutron flux 2. 5x10" neutron ¢m “s™' for 4.00 hours.
Solution

o =0.536b = 0.53 x 10 *cm?
T,,, = 15h

m =1.00pg =1.00x10°g

¢ = 2.5%10" neutrons cm ™
t=4.00h and M =23

opmN ,
M

Using R=

R 0.53 x 107 x2.5x 10" x10° x6.02 x 10%
: 23

R=347x10° s
Activity, a(t) = R (1—-¢ ™)
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0.693
a(t) = 3.47x10° [1 _e"Ts“"“J

a(t) =347x10° (1-0.831)

a(t) =347x10° x0.169 = 5.86x 10* s

Low energy reaction kinematics
Consider a projectile x moving with momentum p, and kinetic energy K, . The
target is at rest and the reaction products (y and Y) have momenta p, and P, and

kinetic energies K and K, . The particles y and Y are emitted at angles 0 _and 6,

with respect to the initial direction of the projectile. This is illustrated in the figure
given below. We assume that the product nucleus Y is not observed in the labora-
tory. If it is a heavy nucleus it moves with slow speed or generally comes to rest
within the target. One more assumption that we make is, the velocities of the nuclear
particles are sufficiently small that we can use non-relativistic kinematics.

P,
r'4
/
X '
X P L9,
*——» ‘ N
\ 0.
\\“
Before bombardment i
P,.
After bombardment
Figure 2.3

Our aim here is to find out the Q-value of the reaction.
Using law the conservation of energy:
Energy before reaction = Energy after reaction
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2
e, 2 +K
e m.,cz +K, +myc’ =mgC -l—Ky +myC Y

All masses are nuclear masses.

We found that in nuclear reactions number of protons are balanced.

1.e., z +2Ly =L+ Zy
We can therefore add equal number of electrons on both sides. We get
m.c’+2z,mc> +K, +m,c’ +Zymc’
=m,c’+z,m,c’ +K +myc’+ Z,mc’ +K,
jie; [m +zm_]c*+K, +[m,+Z,m_]c’
= [m, +z,m ] ¢’ +K +[m, +z,m ] ¢’ +K,

The terms inside the square brackets are atomic masses of respective nuclei.

ie, m(x)c’ + K _+ m(x)c’ = m(y)c’ +K + m(Y)c® +K,
or m(x)c’ + m(X)c’ - m(y)e’ -m(Y)e’ =K, + K, -K,
[m(x) +m(X)-m(y)-m(Y)lc* =K +K, -K, .. )

On the L.H.S we have the rest energy difference between initial particles and
final particles. This is defined to be the Q-value of the reaction.

[mx)+mX)-m(y)-m(Y)lk’=Q ... (10)
= e (11)

Discussion on the Q - value

If Q> 0, the energy is given off by the reaction. This means that nuclear energy
has been converted. Such reactions are called exothermic or exoergic reactions.

If Q <0, enough kinetic energy must be provided by the reacting particles. This
means that these reactions require input energy in the form of the kinetic energy of
X. Such reactions are called endothermic or endoergic reactions.

‘ In endoergic reaction, we must supply enough kinetic energy to provide the add:-
t:.ona? rest energy of the reaction products. There is thus some minimum or threshold
k?net'tc energy of x below which the reaction will not take place. This threshold
kinetic energy not only must supply the additional rest energy but also some kinetic
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energy to the products. This is because after reaction either one product particle or
two product particles are in motion. For this motion they require kinetic energy. If
both particles are at rest after reaction this would violate law of conservation of
momentum. This problem can easily analyse in the centre of mass reference frame.

Lab frame and centre of mass frame - A review

Consider a particle of mass m(x) moving with speed u, approaches a particle of
mass m(X) at rest. The frame of reference with origin at m(X) defines the lab frame.

m(x) u m(X)
r—>
Rest
Figure 2.4

The centre of mass of m(x) and m(X) is defined to be

_m (x) r, + m(X) r,

m(x) + m(X)

m

Where r, and r, are the position vectors of m(x) and m(X) respectively.

Differentiating the above equation with respect to time

dR m (x) _(iirti + m(x) d(;:
d  mx)+m(X)
. _m(x)u, +m(X)uy
be e m(x) + m(X)
Bu[ UX :0 V\:m :—mg_i)ux—
; m(x) + m(X)

In the lab frame kinetic energy is that of the incident particle only.

Le, Ko :%m(x)vi
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Centre of mass frame

Consider two particles of masses m(x) and m(X) moving with velocities v ap i

u). Here the origin of the co-ordinate system is at the centre of mass we haye

. mx)r, + m(X) Iy -
o mi(x) + m(X)
ie, m(x)r] =—m(X) 1y

Where r; and r are the position vectors of particles of masses m(x) and m(y)

respectively.
Differentiating with respect to time, We get

dr! dr,
X)—=-=—-m(X)—=%
m(x) = (X) T

ie. m(x)u. =-m(X)uj

This means that in C.M frame the direction of the two particles will be opposit
to each other.

m(x) u'(x) u'(X)
e el
m(X)
Figure 2.5

Relation between velocities in Iab frame and that in C.M frame

From the figure we have m(x)

it
L =T +V_t

Differentiating with respect to time, we get
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r_ o m(Xu,
m(x)+ m(X)

SO
m(x)+m(X) = e (12)

s m(x)u,
and X mx+mX) e (13)

When you go from Lab frame to C.M frame u, [the speed of m(x)] must be
replaced by u’ and the speed of u, (uy =0) must be replaced by k.
Expression for threshold kinetic energy

In the centre of mass reference frame the projectile x of mass m(x) is moving

with a speed u; and the target particle (X) moving with a spead u, in opposite

directions. After nuclear reaction the product particles y and Y would be at rest.
Since we find the threshold kinetic energy.

m(x) uy S m(X) y Y
@
Before bombardment in C.M frame

After bombardment in C.M frame

Figure 2.7

Using law of conservation of energy, we have

Total energy before reaction = Total energy after reaction

i ! S 5 3
m(x)c” +%m(x)u;‘ + m(X)e’ + Em(X}ux‘ =m(y)c’+m(Y)c?

or %m(x)u;2 + %m(X)uf =m(y)c’*+m(Y)e’ —m(x)c’ —m(X)c?

Substituting for u’. from eq. (12) and u’, from eq. (13) in the above, we get
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2

5 (x)u
1 e, |1 [ mOouy }
Em(x)[m(x)-km()()} : Zm(X){ m(x)+m(X)

= m(y)c+m(Y)e’ —m(x)c’ —m(X)?

—;-m(x)mz(X)ui %m(x)mz(x)‘li

2 — =—[m(x) +m(X)—m(y) -m(Y)
mx)+mX)]*  [m(x)+m(X)]

1 ; [m(X)+m@)] _
Em(x) i) [m(x)+m(X)]*

On the R.H.S we have the Q-value of the reaction

il g m(X) =
T
1 g ~ m(x) + m(X)
S ——"
1 2 m(x)
= 2 =17
Qm(x)ux [ +m(XJQ ..... (14)

The term on the L.H.S is the kinetic energy of the projectile particle x, whichi

the threshold kinetic energy in the lab frame.

m(x)
K z—[“_m(XJQ ..... (15)

This is the expression for the threshold kinetic energy.

Note: While deriving the expression for K., , we used law of conservationt

energy. The rest energy is mc?, which is relativistic but kinetic energy!
non-relativistic. This is admissible since <<,

Example 5
Find the Q-value of the reaction

3HE+40A]'->“K+2H
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Given: m(He) =3.016029 u, m(Ar) = 39.962383 u
m(K) = 40.961826 u and m(H) = 2.014102 u.

Solution

Q=0.2484 uc?
Using  1u=931525Y
C
Q =0.2484 x 931.5 MeV
Q = 2313846 MeV
Example 6

Q- value of the reaction is :

Q= [m(He) + m(Ar) — m(K)—m(H)]¢?

Q=1[3.016029 u +39.962383u —-40.961826 u — 2.014102 u] c>

In the reaction *H+ "He —» p + *He, deutrons of energy 5.000 MeV are inci-

dent on *He at rest. Both the proton and the alpha particle are observed to travel
along the same direction as the incident deutron. Find the sum of kinetic energies of

the proton and the alpha particle.

Given: m(*H) =2.014102 u,m(CHe) =3.016029 u

Solution

The Q-value of the reaction is

m('H)=1.007825u and m(*He) =4.002603u

Q= [m(zH) + n(*He) - rn(‘l—l)—m(ql-lf:):]c2

Q =[2.014102u +3.016029 u —~1.007825u —4.002603 u]c?

Q = 0.019703 uc?

Q =0.019703 x 931.5MeV

Q =18.353 MeV

Q =K, +K, -K, in general
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Here Q=KP+K4HC‘K2H
18.353 =K +K,, —5.000

KP P, = 23.353 MeV
Example 7
What is the Q-value of the reaction p + "He — ’H + *He

a) What is the threshold energy for protons incident on “He at rest.

b) What is the threshold energy if 4He are incident on proton at rest m

=1.007825u, m(*He) = 4.002603u, m(*H) = 2.014102u and m( *He):
3.016029 u.
Solution

Q= [m( 'H) + m(*He)~ m(*H) - m(*He) |¢*
Q = [1.007825u +4.002603u —2.014102u —~3.016029u |’

Q = -0.019703uc’
Q = —0.019703x931.5MeV

0 =-=18353
a) Threshold kinetic energy

K== —1 m(X):l
U m)

¢ =0l 1, mCH
Q_ +m(IHe)J

g - 18.353[1+@7ﬁ22}

4.002603

K., =22.974 MeV
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m(‘He)
= — | e
b) KTh QI: + m(lH) }

Ko, =ﬂ—_18.353{1+w
1.007825

K,, =91.242 MeV

Nuclear Fission

Nuclear fission 1s the phenomenon of splitting a heavy nucleus (A>230) into two
lighter nuclei with the release of energy. These are of two types. (1) Spontaneous
nuclear fission and (2) induced nuclear fission.

Spontaneous nuclear fission

By a suitable selection of a projectile and a target we can conduct collisions in
laboratories to produce a heavy nucleus which is radioactive. For example the mas-

254
98

heavy nucleus is radio active, decaying with a half life 60.5 days. The Californium
decays into xenon and ruthenium and with the release of four neutrons.

sive nucleus californium 2*Cf can be produced in accelerators by collision. This

. 254 g 140 110
1.€., o COf = S Xe+ RUE 4n

If we calculate the Q-value for positive and negative beta decay, they are found to
be negative. But the Q-value of alpha decay is positive. Thus alpha is energetically
possible for californuim. But this alpha particles cannot overcome the high Cou-
lomb barrier of californium. So alpha decay is also not possible. In effect californium

does not undergo nuclear decays (o or B”) but disintegrate into smaller nuclei. This
mode of decay is known as nuclear fission.

When a heavy nucleus is bombarded with neutrons, nucleus becomes excited.
This excited nucleus is unstable and disintegrates into two lighter nuclei. This is
known as induced nuclear fission. For example

n+ ;U — JRb+ JCs+2n
Note: The Californium nucleus was particularly selected owing to some special
interest. This is because it is also produced in supernova explosions and

knowledge of its properties provides a key to understanding the formation of
elements in stars.
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Mechanism of fission Fheray
A nucleus consists of protons and neu-
trons moving about under the mutual attrac-
tion of their nuclear forces and Coulombian
repulsive force. As a result of these interac-
tions many i?ucleji assume spherica} in sha.pe b
and behave like liquid drops according to lig- ' i \
uid drop model. When this nucleus experi- . 0—( <« »-
ences some external force (arising from ex-
ternal energy) the equilibrium spherical Figure2.8: ‘The energy of a nucleg
shape will be distorted and becomes ellip- with a spherical equilih.
soidal in shape. Such a nucleus undergoes rium shape increases as the
rapid oscillations about their equilibrium distortion increases
shape. In other words nucleus behaves like a
stretched spring when released. see figure (2.8).
Other nuclei which are already in
ellipsoidal shape at equilibrium, Energy
when such a nucleus experiences an
external force (arising from external \

Distortion

Fission
barrier

energy) it undergoes rapid oscilla-
tions and finally comes back to their
ellipsoidal shape. If the external force
18 large nucleus may not return to its —i D€ D€ 1
equilibrium but instead may split into i e Bhstontion
two. See figure (2.9). Figure2.9: The energy of a nucleus with a

For example, consider the colli- nonspherical equilibrium shape. If

sion between a neutron and a heavy enough energy is added, the nucleus
nucleus ;;c.U . They combine to c_an tunnel fh-rough the fission bar-
rier and split into two pieces

form a compound nucleus which is

highly energetic. Its extra energy is partly the kinetic energy of the neutron bul
.Ia¥gle!y the added binding energy of the incident neutron. This energy appears 10
1mtiate.a series of rapid oscillations in the drop which at times assumehs the shapeB
shown' in the figure below. The restoring force of the nucleus arises from the shott
fange inter nucleon forces. If the oscillations become so violent that the stage DB
_reae!'led and each half is now positively charged, the final fission into stage E i
ievitable, Thus.this_ is a threshold CNEIgy or a critical energy required to produc®
s‘t"‘ge D after which the nucleus cannot return to A, because of Coulombian repuk
ston of the two parts. : '

Equilibrium shape




Nuclear reactions and applications 103
Spherical compound

leuse.g, U 2
e i 2 EUIPSOIdal Narrowmg Crmcal state Separation

+Zt.a

OOCD@@@Q

0
Neutrons

A B C D E

Figure 2.10: Mechanism of fission in liquid-drop model of nueleus

The critical energy which must be supplied with the neutron, is best illustrated in
figure below which is a potential energy diagram. In this diagram we see how the

energy E_, must be added to the system to enable the energy of the nucleus to

become greater than the stability barrier energy E, . Once the maximum barrier

height has been overcome the system descends to the state of lowest potential en-
ergy and the fragments separate. When the mass of the compound nucleus is greater
than the masses of the total fission fragments, fission is possible and the mass differ-

ence is released as energy according to Einstein's relation AE =Amc>.

% i
200 = Critical l\\

state \ \
\ ------- Barrier energy E,
--------- Fission energy E

150
==
L
=
B
@ E, 100 Coulomb repul-
§ sion curve
c /
= 50—
257
s
ay

} Q *@@«O >

R 3 R Scparatlon of fission fragments

1 2

Figure 2.11: Potential energy curve for fission
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Expression for critical energy
The value of critical deformation energy Ej“ w
wheeler based on the liquid drop model. They found

E. =0 89A3”—0.02£{—:~2M6V enn(16)
on 3 At

as first calculated by Bopy g

For example, consider
; : et Dz cateulate its critical eneel
251J combines with a neutron forming o*U . We calculate its critical energy

222D ey

E,, =0.89A%° 0.0

92x(92-1)

o U=0.89%(236)"" —0.02x ——————MeV
E_. of ;,;’U=0.89x(236) (236)"

=0.89x38.19-29.10

=33.99-29.10

=6.89 MeV

This energy must be added as the kinetic energy and binding energy of the ind

dent neutron. The binding energy out of the added neutron is equal to the bindin
energy of 236 compound nucleus minus the binding energy of the original 23
nucleus. This is equal to 6.546 MeV (see example). The remaining energy require
to attain critical energy is 6.89MeV — 6.546 MeV = 0.344 Mev. This is supplied &
neutrons kinetic energy. This shows that this particular nucleus is fissionable will
low energy neutrons.

Energy released in fission

| The binding energy per nucleon of the final nuclei would be about 8MeV. Thu
b there is increase of [MeV per nucleon. So the total increase in bindine energy of

; nucleus is about 1x 254 = 254MeV . This energy release from a single nucleus is
1G5 €normous quantity. This is about 10® times larger than the energy released in chemt
" cal processes. &)

Incrgase in binding energy means this much energy has been released. Wher
does this energy go? &)

To clarity this consider the fission process
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Y54 127 127 -

op CF =¥ in+ SN In In
when they are about to split two positively charged indium nuclei, %
just touching at their surfaces P

The radius of each nuclei is Figure 2.12

r=r. A"

0

r=12(127)"° =6.03fm
The separation between the two nuclei = 2r = 12.06 fm
The Coulombian repulsion between them is

U=—4% _ (“Ze)Ze)
4ne,(2r)  4me, -2r

U= 0x10” (49e)49e)
12.06x107"°

_ 9x10"x (49)°(1.6x1077)’
12.06x107"°

U

9x10° (49)° x (1.6x107)?
U= 2310 (49 x A6xI07) |
120610 " x1.6x107"

U = 345744x10 !
12.06

U=286.68 MeV

This is very much close to our estimate of the binding energy released. These
tWo charged objects repel one another, so that Coulomb energy quickly becomes
kinetic energy. This energy is given to the fission products, the decay products (be-
tas and gammas) and other particles like neutrons.

Example 8
Find the Q-value of the fission decay
BCf - YIn+ "YIn

m(In) = 126.917353 u and m (Cf) = 254.087323 u
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Solution
Q=[m(CH-2m(In)]c’

Q=[254.087323u —2x126.917353u]’

Q=0.252617uc’
Q=0.252617x 931.5MeV =235.312Me V

Example 9
Find the energy released in the fission of 1.00kg of uranium that has been ep.
riched to 3.0% in the radioisotope of 251 . Each fission releases about 200 MeV,

Solution
.30 .
The mass of isotope that contains in 1.00kg = 1.00x 100 0.03kg =30g
The number of atoms in

m NA £ 30x6.022x10%
e 235

2B 1sotope =

=7.689x10*atoms
Since fission releases about 200 MeV, the toral energy released,

E=7.689 x 10* x 200
E=15378x10*MeV
or E=15378x 10” x 1.6x107"*J

E=246x 10" =2.46x10"]
Induced fission

We found that radio active deca

fission. There are other exam
are produced artificially.
some energy, which migh
these cases the energy
fission process.

An example of such fission process is

y of californium is an example of spontaneous
ples of fissionable nuclei that may occur naturally of
These nuclei can be made to fission by the addition of
: t be in the form of absorption of photons or neutrons. In
Input is very small compared with the energy released in the
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235 236 144 ¢
o Utn = o'U = EBe+¥ Kr + 3n + Q.
The Q-value in this reaction is about 200 MeV.

In a bulk sample of uranium each of the neutrons emitted in fission can be ab-

sorbed by another **{j and thus induce another fission process, resulting in the

emission of still more neutrons. This will be followed by more fissions and so forth.
As long as the average number of neutrons available to produce new fissions is
greater than Iper nucleon, the number of fissions grows with time. the avalanche or
Ehain reaction of fission occurs each with a release of about 200 MeV energy. This
occurs in a rapid and uncontrolled conditions as in nuclear weapons. The energy
output can be taken out under slower and carefully controlled conditions as in a
nuclear reactor.

Electrical power from fission

Nuclear energy originates from the splitting of uranium nuclei by a process called
nuclear fission. The thermal energy so produced is used to boil water producing
steam. This steam is used by a turbine generator to generate electricity. But there is
a problem, ordinary uranium by itself cannot undergo fission even if it is bombarded
by a neutron. There are mainly three reasons for this. They are called (1) enrichment
(2) moderation and (3) control.

Enrichment

Natural uranium consists of 0.7% of 25{ and 99.3% of 2 . U is fission-
able but ** U is not fissional. To produce fission in the 25 U , We require one neutron
and one fission produces two neutrons. If there are two neutrons absorbed by gy
no further fission occurs. If by chance one neutron is free among the two neutrons
produced which can initiate another fission of B3y . So we cannot expect a sus-
tained production of energy. To maintain a steady energy production from fission
reactions, we should have one free neutron from each fission produce another fis-
sion. To overcome this problem it is necessary to use enriched uranium, which con-
tains 3-5%

of **U . Enrichment is a difficult process because **U and *J are
chemjcally

/ identical. By forcing gaseous uranium through a porus barrier in which

the more massive 2% U atoms diffuse more slowly there by we get more 251 in the
output,

Moderation

The neutrons released in fission have high kinetic energies of the order of a few
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MeV. Such neutrons cannot trigger the fission of 2y further. This is becayge the
fission cross section generally decreases with increasing neutron energy. At the Samg
time there is a high chance of absorption of neutrons by 2#*y , which is not fiSsiOn.
able. it is therefore necessary to slow down, or moderate, these neutrons in ordgr t
increase their chances of initiating further fission process. the fissionable materig is
surrounded by a moderator, and the neutrons lose energy in collisions with the g
oms of the moderator. When a neutron is scattered from a heavy nucleus like yg,
nium, the loss of energy of neutron is negligibly small or nil. But when neutrg,
collides with a light nuclei, the neutron can lose its substational amount of energy,

The main considerations for the choice of a moderator are (a) Mass comparabjs
with that of neutrons and (b) low capture of neutrons. Graphite (Carbon) is thep
fore the best moderator which has a relatively small neutron absorption cross sec:
tion. Enrico Fermi and his co-workers built the first nuclear reactor in 1942 at the
University of Chicago. This reactor used carbon in the form of graphite blocks
moderator.

Ordinary water is frequently used as a moderator, because collisions with the
protons are very effective in slowing the neutrons. However, neutrons have a rela-
tively high probability of being absorbed by the water according to the reaction

p+n— H +y. {H is called deuterium. In water hydrogen is replaced by deute-

rium, it is called heavy water. so heavy water is more useful as a moderator. it has
virtually no neutron absorptions cross section. Many reactors use heavy water
moderator.

Control

To have continuous nuclear fission in reactors, the average number of neutrons il
€ach fission react on that is available to produce next set of fission reactions mustbe
exactly equal to one. If itis even slightly greater than one, the reaction rate will grow
exponentially and out of control. Control of the reaction rate is accomplished by
inserting the control rods made of cadmium. The cadmium has a very large cross
section for absorbing neutrons and thus removing them from the fission process:
Control rods are also used to shut down the reactor in case of an emergency. How
ever, small fluctuations in the reaction rate occur much too rapidly so it is not po¥
sible to move control rods in and out to control the emitted neutrons instantly-

F"n““atﬂ)f. nature has provided us a solution to this difficulty. About 10% of the

ficutrons emitted in fission ar : i ;
) g e delayed neutrons, produced not at the instant of fis
Sion but some what -

later, following radioactive decays of fission fragments. Fot
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example Rubidium * Ry, , which might be produced in the fission 23517 , beta decays
with a half life of 6s to strontium (%), which is occasionally (in about 1% of
decays) produced in a very excited state that is unstable to neutron emission. The
neutron appears to emerge with the 6s half life of the beta decay. This short delay

time is enough to allow the control rods to be adjusted to maintain a constant reac-
tion rate.

The process is as follows. A uranium nucleus ?*{; captures a neutron and splits
into two heavy fragments and two prompt neutrons. One of the fragments emits a
delayed neutron. The three neutrons are slowed by passage through the moderator.
Two of the neutrons cause new fissions and the third is captured by 2**J , eventually

to form fissionable plutonium 2*° py, , which can be recovered from the fuel by chemi-
cal means. See the figure below.

e Promp
Fissimx‘®\A
Fission\

Figure 2.13: A typical sequence of processes in fission. A nucleus of **U absorbs a neutron and
fissions; two prompt neutrons and one delayed neutron are emitted. Following
moderation, two neutrons cause new fissions and the third is captured by 2*U,
resulting finally in *’Pu.

Fission reactors

Nuclear reactor is a source of intense heat. This heat is extracted to generate
electric power. A fission reactor consists of mainly 3 parts.

1) Reactor core 2) Coolant system and 3) Shield
Reactor core
It contains fissionable material. Commonly used materials are >®yj enriched in

%5 and plutonium (2 py ). The fissionable materials are made in the form rods
about 1cm in diameter. To control the rate of fusion and also to shutdown the reactor
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cadmium control rods are inserted at the middle of

f emergency ; SF
S e 0 e the reactor core which act as the moderat, ;

reactor core. Water circulates inside

Coolant system it €
A large amount of heat is produced in the reactor. This has to be extracted frop

the reactor core. This can be accomplished pressurised water reactor as showy i
figure below. The heat is extracted in two step process. Water circu l-ales through the
core under great pressure. This will prevent turning boiled water 1nto steam, This

i hot water then allowed to pass through another water system kept normal pressyy,
1 This will deliver steam to the turbine. Since steam never enters reactor core, it dogg
not become radioactive, thus there is no radioactive material in the vicinity of g,
turbine.
Heat
mchanger Electric

power

=

Reactor Turbine [ Generator

core

Condenser [—# Exhaust heat

Figure 2.14: The components of a pressurized-water reactor

Shield

Various radiations emitted from the reactor which are Injurious to the persons
working near it. For their protection, the reactor core is surrounded by a radiation
shield in the form of a thick concrete wall.

Almost all countries of the world use nuclear power plants. But there are som¢
f:echn(?logical issues associated with it that are the subjects of active debate and
investigation. Some of the radioactive isotopes among the fission fragments have
very long half lives of the order of many years. The radio active waste from reactors
mus.t be stored in a manner that prevents leakage of radioactive material into the
eavironment. Another botheration is about the resistance of reactors to natural d°
sasters such as earth quakes, flooding or to acts

of terrorism or sabotage.
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There are two major disastrous and catastrophic incidents occurred in the history
of nuclear reactors. In 1906, a graphite moderated power reactor of Chernobyl in the
former U.S.S.R suffered a serious accident due to the disabling of the cooling sys-
tem, which is designed to extract the intense heat generated in the reactor core. The
resulting temperature rise ignited the graphite moderator and caused an explosion of
the reactor containment vessel. It released radioactive fission products and exposing

the inhabitants of the region to life threatening radiation loses. The water moderated
reactors cannot suffer this kind of accident.

Another incident occurred in Japan. In 2011, the earth quake triggered tsunami
that struck Japan's Fukushima reactor complex. The flooding of the reactor building
caused the pumps supplying cooling water to fail. As a result, the reactor core over
heated due to the radioactive decay of the fission products, and a partial meltdown

of the fuel rods occurred. The release of radioactivity contaminated a wide region of
the Japanese country side.

Fusion

Nuclear fusion is the phenomenon of two or more lighter nuclei to form to a
single heavy nucleus. The mass of the product nucleus is less than the sum of the
masses of the lighter nuclei fusing together. The difference in mass Am results in
the release of tremendous amount of energy according to Einstein's mass energy
relation AE = Amc®. In other words we can say that the energy released in this

process is the excess binding energy of the heavy nucleus compared with the lighter
nuclei. This process can release energy as long as the final nucleus is less massive
than about A = 60.

For example consider the reaction
2 2 3
H+ (H> H+ H

The Q-value of the reaction can be estimated to be 4 MeV. (See example 10) so
this reaction liberates about 1MeV per nucleon, roughly the same as the fission
reaction. This reaction can occur when a beam of deuterons is accelerated onto a
deuterium target. In order to take place the fusion, the incident and the target deuter-
ons must be close enough such that nuclear force between them must overcome the
electrostatic repulsion between them. The Coulombian repulsion energy can be esti-
mated to be 0.5 MeV (see example 11). This means that a deuteron with 0.5 MeV of

kinetic energy can initiate nuclear fusion and it can release an energy (4 MeV + 0.5
MeV) of 4.5 MeV.

Doing this reaction in an accelerator, in which the beam currents are in the micro
dmpere range, would produce only a small amount of energy. To obtain significant
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ary to work with much larger quantities Of_ de“terium
from the deuterium in a litre of water (which Comains'
lent to the chemical energy obtained from b‘”’ning

amounts of energy it is necess
For example the fusion energy
0.015% D,0) would be equiva
about 300 litres of gasoline.

i la
The nuclear fusion can also take p : :
and pres'sure In this the deuterium gas is heated to a high temperature so that each

atom of deuterium has about 0.25MeV of thermal kinetic engrgy.. Then in the colli.
sion between two deuterium atoms, the total of 0.5 MeV of kinetic energy would p,

sufficient to overcome the Coulomb repulsion. Hence this is called thermo nucleg

ce under the conditions of high 13“1P6rature

fusion. .
The temperature corresponding to 0.25 MeV energy 1s

%kT = 0.25 MeV

-;—kT =025 x1.6 x 107

=0.58 x 10°K.

_2x025%x1.6x10™"
1.38 x107%

It is very difficult to produce temperature of the order of 10°K . However this
temperature  would exist in the interior of stars where energy is produced due to
nuclear fusion. Scientists and engineers are in the hot pursuit of producing nuclear
fusion energy in the laboratories for generating electric power small scale produc-
tion of fusion energy for a small scale of time is attained in laboratories. We are
waiting for a sustained and controllable fusion reactor that can deliver constant out-
put. It is not yet a reality. A great deal of effort is currently underway to resolve
various difficulties in the development of a successful device. Nevertheless cor
trolled fusion is regarded as the ultimate energy source because of the abundant
availability of its main fuel: water.

Example 10

Calculate the Q - value of the reaction: 'H+H- H+ 'H
1

2
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Solution
Q =[2m(*H) - m(H) - m('H))c*
Q =[2x2.014102u - 3.016029 u — 1.007825 uc>
Q = 0.0435uc’
or Q=0.0435 x 931.5 MeV = 4.04 MeV
Example 11
Calculate the Coulomb energy between two deuterons ( “H ), when they just touch
each other.
Solution
U = qlql
4ne R
U = 2e2e
4dng, R

Radius of deutron r = r,A"* =1.2(2)"*fm
r=1.512 fm
R=2r=2x1512fm =3.024 x 10 °m

_9x10” x (2x1.6 x 107?)?

U - J
3.024 x 107"
9 %, —19+2

U= 9 x 10" x (._.f< 1.6 x10 33 MeV

3.024 x107° x 1.6 x 10
-1

p=2X4x 16X 10 St et

3.024

Fusion processes in stars

Stars are composed of ordinary hydrogen rather than deuterium. Nuclear fusion

10 take place, it is necessary to produce deuterium. This
Ieaction,

|
£ 1
-

is done according to the

i e
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2 -
;H+:H-+,H+e +V

i.e., proton combines with proton giving one deuterium, a positron and a Ny,

This is analogues to B* d

positron and a neutrino. s 1
i ' ' another pr.
Next reaction that occurs is the deuterium combines wit er proton resy

ecay in which one proton is converted to a Neutre,
14

ing in > He and a gamma ray according to:
'H+ H - jHe +y
For the next reaction to occur we need one more , He . For this first two reactio
{ 3 N - 4 5 !
must occur twice. Finally ;He combines with ;He forming ,He and two protog
Accordingly we have
,He + JHe — jHe + 2/H
In the overall processes, four protons are involved. So the net process can}
written as

4H > He +2e" + 2v +2y
To calculate the Q -value, all nuclear masses must be converted into atomic mase

For this add 4m, on both sides. On the L.H.S four protons added with 4 electr

giving four neutral hydrogen atom. On the R.H.S two electrons added with ;i

nuclei giving a neutral helium atom. The remaining two electrons combines wil
two positrons giving additional gamma rays.

e +e" -2y
This will give additional energy from the reaction.
According to definition, the Q-value is
Q =(m; ~m)c* =[4m(H) - m (! He)]c
Substituting the values of atomic masses of hydrogen and helium, we get
Q =[4 x1.007825u — 4.002603 y Tof
Q =0.028697uc>
MeV

2

Using 1u= 9315

C
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Q = 0.028697 x 931.5 Mev
Q = 26.73MeV

This shows that each fusion liberates about 26.73 MeV of energy.

Now we will see at what rate these reactions must occur in the Sun? Earth re-
ceives 1400 joules of energy in every second from the sun by an area 1m?. This is

called the solar constant. So the total energy received by overall area 4mr’ is
4nr® x 1400. This comes about 4 x 10* joules (where r = 1.5 x 10"'m, the dis-
tance between the sun and the earth). In other words the power output of the sun is

: : S 4 x 107 ol
4 x 10** W. Converting this into MeV, we get % E/Ie_V. This is about
Hx s

2.5x 10”MeV /s. Each fusion reaction liberates about 26 MeV and thus there must

. 39
be % = 10" fusion reactions per second. This will consume about 4x 10
)

protons per second. The sun’s mass is about 2x 10*° kg which corresponds to about
10°" protons. This is enough to burn for the next few billion years.

The sequence of reactions described above is called proton-proton cycle. How-
ever it is probably not the primary source of fusion energy in many stars. This is

because the first reaction which is similar to B~ decay takes place only on a very

long time scale and is therefore unlikely to occur. The carbon cycle is believed to be
the more likely sequence of reactions.

Carbon cycle reactions
The cycle proceeds as follows:
H+2C > PN+y
N> PC+ %+
H+PCoMN + 4
H+ ¥N > 50 + 4

;00— PN + e’ + v

1 15 12 4
H + 7N —5C 4 He
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¢ is the combination of four hydrogen nuclei to form a heliyy,

e ul '
The overall res n the proton-proton cycle. Thig Teg.

nucleus plus two positrons in the same way as1
. ¢ C plays the role as a catalyst, Th

tion neither consumes nor produce any e
value is the same as before (26.73MeV). (See example 12)

The Coulomb repulsion between Hand 2C is larger than the Coulomb repy
sion between H and \H, so more thermal energy and a correspondingly highe
temperature are needed for the carbon cycle. The carbon cycle is important g,

temperature about 20 x 10° K . while the Sun's interior temperature 1s only abgy

15x10°K.

The symbolic diagram of proton-proton cycle and carbon cycle are given beloy,

OH’
@)
@ +
H@—(Y) L—>®e

e* @< @ @ O
©)
' E
(a) The proton-proton cycle (b) The carbon cycle

Figure 2.15

Fusion reactors

We know that both the reactors of nuclear fission and fusion yield much mor
: ey can, therefore, be put 0 Us¢
fission based reactors are already being used to generdt
actors have so far not become a pracdﬂ
15 of the future because of their many advaﬂ‘age‘s
these advantages are.

energy than other conventional nuclear reactions. Th
to generate energy. But

e!ectjricily, fusion based controlled re
poss:bnl:ty. They are, however, reacto
over the fission reactions. Some of
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1. The basic fuel for nuclear fusion - hydrogen and deuterium is available in
unlimited quantities in sea water. The most important thing is that deuterium is
present in sea water is cheap to extract. The concentration of deuterium in sea
water-is only 33g/m’ and this add upto a total of about 10'S tonnes of deuterium
in the worlds ocean. The deuterium in a gallon of sea water can yield as much
energy through fusion as 600 gallons of gasoline can through combustian.

The energy yield per unit mass of the fuel is much more in fusion than in fission.

3. There are no radioactive pollutants arising as a by product of the fusion reactions.
On the other hand, fission results in some radio active isotopes that are quite
long lived and, therefore, almost a permanent source of radioactive pollution.

Because of these advantages, scientists are keenly exploring possibility of a fusion
reactor. It is clear that fusion holds the promise of meeting the energy requirements
challenge of the future. Hence fusion reactors are indeed the reactors of future.

There are mainly two types of nuclear fusion reactions. They are deutron-deutron
(D-D) reaction and deutron - triton (D-T) reaction.

D-D reactions

In this two deuterons fuse to form a triton and a proton and energy.
"H+7H > JH+ !H+4MeV or two deutrons combine to form a 5 He nucleus and
a neutron and energy.

"H+2H— JHe+ 'n+3.3MeV . Both D-D reactions have about equal
probabilities.
D-T reaction

In this a deutron and a triton fuse to form a helium nucleus and a neutron with the
release of energy.

1H+TH— jHe + jn+17.6MeV

D_-T reaction releases much more energy than D-D reaction. But the availability of
tritium s difficult and sea water contains too little tritium to be extracted economically.

However it can be produced by the neutron bombardment of the two isotopes of
Natural lithium.

gt aF 3 4
; L1+ gn— H+-He

G 1 3 1




118  Nuclear Physics and Particle Physics

Basic requirements of fusion reactor ‘. vt
1. During fusion processes very strong coulomb repuls;ort\1 em.d ftle;\]j[ the ty,

| cineti ! the order o eV
i i e kinetic energies, 0 o

fusing nuclei. Hence very larg - b

needfd so that the nuclei get close enough for the attrdmv% HLIL]L;[‘ fogc es g

I ‘ inetic energies can be obtgj
become effective and cause fusion. These large kinetic g taineg

in an accelerator.

2. To obtain energy from fusion, the particles must be heated to a temperatyy,
great enough for the fusion reaction to occur as the result of random thermy
collisions. Because of thermal energy some particles can overcome the coulomj

barrier. A temperature T corresponding to kT =10keV is required for
reasonable number of fusion reactions to occur. The temperature corresponding

KT = 10eV is of the order of 103K . Such temperatures occur in the interiors of
stars. At these temperatures, a gas consists of positive 10ns and negative electrong
called plasma. The main problem lies in confining the plasma long enough for
the reactions to take place. The enormous gravitational field of the sun confines
plasma in the interior of the sun.

3. The energy required to heat a plasma is proportional to the density of its ionsn,
The fusion rate is proportional to square of density n’. The output energy is

proportional to n”t, where 1 is the confinement time. If the output energy is o
exceed the input energy, we must have

2
Cnt>C,n
where C, and C, are constants. Lawson derived the following relation between density
and confinement time, known as Lawson’s criterion

2 -3
nt>10% sm

The product nr is called the confinement quality parameter. When the above criterion
is met the energy released by a fusion reactor will just equal to the energy inpuh
pence called break even condition. For this to happen the thermal energy of the ions
1S great enough. In the case of D-T plasma this is about 10keV. For a feasible reactof
much more energy must be released.

Confinement methods

We have found that for nuclear fusion to take place plasma must be confined-
Magnetic Confinement

A magnetic field can confine g Plasma because the charged particles spiral around
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the magnetic field lines. Figure below shows a toroidal magnetic confinement. There
are tWO contributions to th'e m'agnetic field: one is along the toroid axis another is
around the axis. The combmanon of these two gives a helical field along the toroid
axis, and the charged particles are confined as they spiral about the field lines. This
type of device is called a tokamak (from the Russian acronym for toroidal magnetic

chamber. A current passed through the plasma serves both ot heat the plasma and to
create one of the magnetic components.

. Magnetic
Field coils field lines

Figure 2.16: The toroidal geometry of plasma confinement. The ionized atoms circulate around
the ring, trapped by the magnetic field lines. The coils produce a magnetic field
along the axis of the toroid (dashed line). Another field component is produced by

a current along the axis in the plasma. The two components of the field produce
the helical field lines shown.

The Tokamak Fusion Test Reactor (TFTR) at Princeton University, which oper-

ated from 1982 to 1997 achieved an ion temperature of 5.1x10°K and a fusion
power level of 10.7 MW. This came very close to reaching Lawson's criterion with

aplasma density of n = 10” particles per m® and a confinement time of = 0.2s
Inertial confinement

In this confinement process a small pellet of D.T fuel is compressed to high den-
sities for very short confinement times by striking the pellet from many directions
with intense laser beams. This will first vapourise the pellet and convert it to a plasma,
and then heat and compress it to the point at which fusion can occur. The laser
Pulses last only about 1 ns. Thus according to Lawson's criteria the density must

exceed 10* particles per m®. (nt > 10* and = 10""s ). However, because of inef-
ficiencies of the lasers and other losses a self sustaining laser fusion reactor must
Exceed this minimum by about 2-3 orders of magnitude. In 2010 the first inertial
confined system was operated at the Lawrence Livermore National Laboratory
(LLNL). 1tjs designed so that a 2mm diameter pellet of D.T is struck simultaneously

031(1192 laser beams that deliver an energy of 1MJ in a pulse lasting a few nanosec-

Which is expected to compress the pelllet to a central density that is 100 times




120 Nuclear Physics and Particle Physics

that of lead, In June 13, 2018 an experimental campaign conducted at LLNL, achieved

a total fusion energy output of 54kJ. ‘
The main difficulty in the D-T fusion reaction is the recovery of the energy fmm

the neutrons and its conversion into electrical power. O.ne. p0551b11.1ty for fusjop Te.
actor design is that the reaction area is surrounded by lithium, which captureg ey,

trons by the reaction
°Li+n— He+ H
The kinetic energies of the reaction products are rapidly dissipated as hea, ang

the thermal energy of the liguid lithium can be used to convert water to stean in
order to generate electricity. This reaction has the added advantage of PTOducing

tritium (3 g ) which is needed as a fuel for the fusion reactor.

Another difficulty with the D-T reaction process is the production of large num.
ber of neutrons. Although fusion reactors will not produce the radio active Wastes
that fission reactors do, the neutrons make the immediate area surroundin g the rege.
tor radioactive. This results in the damage of reactor vessel. Here once again the
lithium is helpful, because a 1m thickness of lithium should be sufficient to stop
essentially all of the neutrons.

Fusion energy is the subject of vigorous research all over the world. All techng-
logical problems are being attacked with a variety of methods. Researchers are hopeful
that solutions can be found out soon, so that fusion can help to supply our electrical
power requirements.

Example 12
Calculate the Q-value of the carbon cycle reaction process:

4/H + °C - He + C +2e* + 2v + 3y

m(: H) =1.007825u, m(*He) = 4.002603 u
Solution

Q =[4m(;H)- m(}He)]c?

Q = (4 x 1.007825u — 4.002603u)c’
Q =0.028697uc?
Q = 0.028697 x931 5MeV

Q=26.73 MeV.
This is same as the Q-value of proton-proton cycle.
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Example 13

Show that the D-T fusion reaction releases 17.6 MeV of energy

m(*H) = 2.014102y, m('H) = 3.016049y

m(‘He) = 4.002603u and m, = 1.008665u
Solution '
D-T Fusion reaction is

2 3
{H+ H - %He +n

The Q-value is:
Q = [m(zH)Jr111(3H)—m(“He)-mn]c2

Q =[2.014102u + 3.016049u — 4.002603u — 1.008665u]c?
Q =0.018883uc?
Q=0.018883x931.5MeV

Q =17.5895 MeV
Q=17.6 MeV
Example 14

If a tokamak fusion reactor were able to achieve a confinement time of 0.60s,
what minimum particle density is required.

Solution

a) 1=0.60s
We have nt > 107

20
n> : =1.67 x10® m™
0.6

n= 167x10" m™
Applications of nuclear physics

So far we found only two main applications one is the estimation of the age of the
rocks and woods, the other one is the production of electric power. Besides these

there are somany applications of nuclear physics. Here we discuss only three among
them.
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N/ n activation analysis : -
Ne::;on Activation Analysis (NAA) is a method to determine the concentration,

of elements in a given substance. : .
iating the material to be analysed with a Neutroy

The technique involves irrad ; v |
o : . ; of neutrons by various nucle; of

tion will result in the absorption . :
beam. The irradia The energies and intepg;.

the elements in the material yielding many rad.io isotopes. G
ties of the gamma-ray emissions of the radio isotopes produced are then measyreg

with a sensitive semiconductor detector and the elements in the sample as well g
their concentrations are determined by a correlating the gamma ray energy lines ang
their intensities with standards irradiated simultaneously with the unknown mae.
rial.
For example *°Co is placed in a flux of neutrons, neutron absorptit'm result:‘s in the
production of radioactive isotope *°Co. ’Co undergoes beta decay with a half life of
5.27 years. Following the beta decay, nickel ®Nj emits two gamma -rays of ener-
gies 1.17 MeV and 1.33 MeV and of equal intensity. If an unknown mu.tcrial IS
placed in a flux of neutrons and observe the spectrum. If the spectrum contains 1,17
MeV and 1.33 MeV, it is certain the unknown material contains cobalt.

NAA has high level of sensitivity for the trace elements (< 0.01%) and accuracy
it is commonly employed in many fields of study including the biological sciences,
agriculture, industry food and nu- :
trition. It is also commonly used ;
in forensic science because of ool _i_
characteristic signatures that the I
gamma spectra will display after
neutron irradium of samples. T

There are two main drawbacks 102
to the use of NAA. Even though
the technique is essentially non
destructive, the irradiated sample
will remain radioactive for many

el LTS p— R,

years after initial analysis. This re- 0.2 04 06 08

quires careful handling and dis- E (MeV)

posal of this radioactive material. Figure2.17: Gamma-ray spectrum following neu-
An example of a neutron acti- tron activation of a sample of human

hair. The sample shows traces of mer-
cury, gold, zinc, copper, arsenic, anti-
mony, and manganese.

vation analysis study of a sample
of hair is shown in figure.
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Medical radiation physics

One of the most important applications of nuclear physics is in the medical field
for diagnostic an.d therapeutic purposes. The use of X-rays for producing images for
medical diagnosis is known to everybody. Though X-rays show distinct and de-
tailed images of bones, they are unable to take photographs of soft issues inside the

human body. To take the photographs of soft tissues radioactive isotopes are intro-

duced into the human body in chemical formg that have an affinity for certain or-

gans, such as bone or thyroid gland. A sensitive detector (gamma ray camera) can

observe the radiations from the isotopes that are concentrated in the organ and can

produce an image that shows how the activity is distributed in the patient. These
detectors are capable of determining where each gamma -ray photon originates in
the patient.

Another technique used in medical diagnosis is called positron emission tomog-
raphy (P E T). This reveals a wealth of information. Positron emission tomography
is an imaging technique that uses radioactive substances to visualise and identifying
changes at the cellular level.

PET uses small amounts of radioactive materials called radio tracers, a special
camera and a computer to evaluate organ and tissue functions. By identifying changes
at the cellular level, PET may detect the early onset of disease before other imaging
tests can.

Functioning of PET

Radio tracers (Positron emitting isotope) are either swallowed, inhale or injected
into the vein depending on what part of the body is being examined. Certain organs
and tissues then absorb the tracer. The tracer will collect in areas of higher chemical
activity which is helpful. Because certain tissues of the body and certain diseases

have a higher level of activity. These areas of disease will show up as bright spot in
the PET scan.

Usually radio tracers used are O (T, =2 minutes) "N (T, = 10 minutes) !'C
(T, =20 minutes) and *F (T ,»=110 minutes). Since these isotopes have short half-
lives this must be produced at the site of the diagnostic facility by a cyclotron. When
dpositron emitter decays, the positron quickly annihilates with an electron and pro-
duces two 511 keV gamma -rays that travel in opposite directions. By surrounding
the patient with a ring of detectors, it is possible to determine exactly where the
decay occurred and from a large number of such events the physician can produce
an image that reconstructs the distribution of radioisotope in the patient. One advan-
tage of PET is that it can produce a dynamic image-changes in the patient during the
Measuring time can be observed.
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adiatior apy uses the effect of radiation§ in destrc_}ymg unwanted txs§u§ i
theI:ol;ia;I ;tg]nat;h ae Ic’:al;)c,:r:rous growth or an overactive t}ly301c3 illasntcll] .e\r?thzg ir;dl atioy
is _passed'through matter it ionises the atoms. The ionised 2 ;i) vl anfi sublpate i
chenucal reactions that lead to their incorporations 1nto m_o e : ; hseq“ent
alteration of their biological function, possibly the destrugtlonho .a %e Ior El e mogj,
fication of its genetic material. For exarppl?, anlscl)veract'lve t {lx 01t ¢ e;;l 18 Oft.en
treated by giving the patient radioactive iodine ("*'I), }Nhlch collects in the thyrgjg
The beta emissions from the isotope damage the thyroid cells and ulti mately lead g,
their destruction. Certain cancers are treated by implanting needles OT Wires contajp.
ing radium or other radioactive substances. The decays of these radioisotopes cayge

localised damage to the cancerous cells.
Other cancers can be treated using beams of particles that cause nuclear reactiong
within the body at the location of the tumor. Pions and neutrons are used for thjg

purpose. The absorption of a pion or a neutron by a nucleus causes a nucl.ear reac-
tion, and the subsequent emission of particles or the reaction products again caugeg
local damage that is concentrated at the site of the tumor, inflicting maximum dam.
age to the tumor and minimum damage to the surrounding healthy tissue.

Alpha scattering application
Radioactive sources emitting alpha particles have been used in a variety of ways,
Alpha particles emit at a fixed rate in any location. This property is made use of in

most of the applications.

1) Alpha particle emission can be used to produce electric power. The energy of
the alpha particle absorbed can be converted into electric power through thermo
electric power. The power is of the order of one watt per gram material (see
example 15). These powers are sufficient to operate many devices such as cardiac
pace makers, voyager space craft which photographed Jupiter, Saturn and Uranus
etc.

2) Alpha particles are used in ionisation type smoke detectors. Alpha particles
from the decay of Americium (**'Am) are scattered by the ionised atoms that
comes from smoke. When the smoke detector senses a decrease in the rate a
which alphas are counted, the alarm is tri ggered.

3) 'Iﬂ Rutherford scattering alpha particle emission enables us to calculate the change
in kinetic energy of the scattered alpha particles that scatters through 180° using

AK = K 4dm /M

=18

(3]
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This can be used for material anal

ysis (See example 16). The survey or space
eraft that landediog the Moon and the Vikir 1g landed on l\zars carri 'éd.Rymh: erfpord
back scattering experiments to analyse the chemical composition of the surfaces
of those planets. . S1tion - surface

Example 15

A radioactive source is to be used to produce electric power from the alpha decay

. 238
of plutonium " Pu(T,,, =88y). What is the Q-value for the decay? (b) Assuming
100% conversion efficiency, how much power could be obtained from the decay of

1.0g of **Pu. m(Pu) =238.049560 u . m(U) = 234.040952 and m(He) = 4.002603u
Solution

230 PU = 234U +
a) Q =[m(Pu) — m(U) - m(*He)]c’
Q =[238.049560u — 234.040952u — 4.002603u]c?

Q = 0.06005uc’

Q = 0.06005 x 931.5 MeV
Q = 5.593 MeV

b) 1.0g= J—mole :J_><6,22><1023 atoms
238 238

=2.53x% 10*' atoms.

693
. Activity, a = AN = b N

1/2

0.693 x 2.53 x 10*
88x365x24x60x60

a=6.32 x10""5"

J
Power, P = aQ = = 6.32 x 10" x5.593 x 1.6 x107" 3

P =0.566W
Example 16

An alpha particle of mass m makes an elastic head on collision with an atom of
Mass M at rest. Show that the loss in kinetic energy







Synthetic elements

Synthetic elements are chemical elements that do not occur natarally on earth.
There are totally 24 synthetic elements that have been created. They are created in
nuclear reactors, particle accelerators or in the explosion of atom bombs. Since they
are artificially (or man made) created they are called as synthetic elements.

The mechanism for the creation of synthetic elements is to force protons or neu-
trons onto the nucleus of an element with atomic number less than 95. All synthetic
elements are unstable but they decay at widely varying rate. Their half-lives range
from 15.6 million years to a few hundred micro seconds. The names of the synthetic
elements are given, in the increasing order of atomic number, below in the table 2.1

Table 2.1: Synthetic elements

Atomic Name of the Atomic Name of the
N number element No number element
1 43 Technetium 13 106 Seaborgium
2 61 Promethium 14 107 Bohrium
3 85 Astatine 15 108 Hassium
4 87 Francium 16 109 Meitnerium
5 95 Americium 17 110 Darmstadtium
6 99 Einsteinium 18 111 Roentgenium
7 100 Fermium 19 112 Copernicium
8 101 Mendelevium 20 113 Nihonium
9 102 Nobelium 21 114 Flerovium
10 103 Lawrencium 22 115 Moscovium
I 104 Rutherfordium | 23 116 Livermorium
12 105 Dubnium 24 118 Oganesson
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6. Spontaneous nuclear fission decay

Example % CF = Megers wRu + 4n
7. Induced nuclear fission decay

Example n+ °U - 2Rp + 'Cs + 2n

8. Expression for critical energy
% 2/3 Z(Z-1)
Ecri =0.89 A = 002 ——Eﬁ_- MeV

9. D-T fusion reaction
{H+ H— jHe +n
10. Lawsons criterion
nt>10"m>s

11. Change in kinetic energy in alpha back scattering:

=
AK=K|—M _

)

UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in about two or three sentences)

Short answer type questions

1. How the study of nuclear reaction is more important than the study of nuclear decays?

2. What is a nuclear reaction?

3. A nuclear reaction doesn't involve beta decay. Justify?

4. What are the observations that we make in a nuclear reaction experiment?
5. How nuclear reaction experiment is conducted in laboratories?

6. What is reaction cross section? What is its unit?

7. How do we produce radioisotopes in nuclear reactions?

8.

Write down an expression for the activity of a radioisotope produced in nuclear reaction
and explain the symbols?

9. Write down an expression for the Q-value of a nuclear reaction and explain the symbols?
10. What is meant by threshold kinetic of a projectile involved in nuclear reaction?
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11.
12.
13.
14.

15.
16.

17.
18.

Write down an expression for

Physics
threshold kinetic energy and explain the Symbols?

(]
n? Give an example’

fission?
energy of nuclear

What is nuclear reactio
| energy of nuclear fission and explain the B
I

What is meant by critical y
Write down an expression for critica
used? s
is 1 fission’
What is induced nuclear | 234 |
: g fissionable. Then what are main things requireq ol
Ordinary uranium 1s not 11 g

fissionable? . r
What is the use of cadmium rods in nuclear reactors:

What is the function of moderators in nuclear reactions?

Write down two names of moderators?

Why 28 is not suitable for nuclear fission?

Which are the main parts of a nuclear reactor?

What is the function of shield in a nuclear reactor?

What was the cause of Chernobyl accident of nuclear reactor?
What is nuclear fusion? Where does the energy come from?

What are the conditions under which nuclear fusion occurs?
“Controlled nuclear fusion is the ultimate energy source of mankind”, J ustify?

What is tokamak?
What is Lawson's criteria?

What is neutron activation analysis?

Give any three uses of neutron activation analysis?

What does PET stand for?

What are radio tracers? Give two examples?

Write down two uses of medical radiation physics?

How does alpha particle emission use to produce electric power?
What are synthetic elements?

Give three names of synthetic element?

What are the properties of synthetic elements?

What are transuranic elements?

What are transactinoids?

How does synthetic element whose mags number 99 is prepared in laboratory’




paragraph / Problem type questions

NN =W

19.

ST o B ]
[

3]
lad

25,
26.
27.
28,
29,
30.
31.
32
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2-o Section B
(Answer questions in q Paragraph of abour half a page to one page)

How will you measure the outgoing particle energy in a nuclear reaction experiment?

How will you evaluate the reaction probability in a nuclear reaction experiment?
Derive an expression for reaction cross section?
Derive an expression for activity of a radioactive isotope in the process of its production?
What are exothermic and endothermic reaction?

Explain what is meant by spontaneous nuclear fission?

Explain what is meant by artificial nuclear fission?

Explain the mechanism behind nuclear fission?

The critical energy for the 2°(; compound nucleus is 7.3 MeV. Justify?

What is meant by enrichment of natural uranium?

What is meant by moderation in reference to nuclear fission?

How do we control nuclear fission processes?

What are the main problems associated with nuclear reactors?

What are the essential components of reactor core?

What is the function of a coolant system in a nuclear reactor?

Explain the fusion process in stars?

Calculate the number of fusion reactions that occurs in the sun in one second?
Explain the proton-proton cycle reaction with an example?

Explain the carbon-nitrogen cycle reaction with an example?

Explain D-D reaction with an example?

Explain D-T reaction with an example?

Write down three basic requirements of fusion reactor?

What are the advantages of nuclear fusion reactors over nuclear fission reactors?
Explain the magnetic confinement of plasma?

Explain the inertial confinement of plasma?

Write a short note on the future energy source of reactors?

Explain the technique of neutron activation analysis?

Explain the technique of taking photograph of soft tissues inside a human body?
How does positron emission tomography function?

How does radiation effect on cancerous tumor?
How does an overactive thyroid is treated with radiation?

How alpha particle emission is used in smoke detectors?




33.

35.

36.

38.

39.

B
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Write brief note on synthetic elements? .
Fill up the missing particle in the reacno?];s gwe:‘l below.
a) ‘He+ "N - "0 +-... c) 7 Al + "He —>l::+ .....
b) *Be + ‘He & *C+—... d) 2C+ ... > "N +n
[2) {H b) on ¢) ¥p 0 2y,
In a certain nuclear reaction, outgoing protons are observed with energies 16 Mey

14.8 MeV, 11.6 MeV, 8.9 MeV and 6.7 MeV. No energies higher than 16,2 MeV are!
observed. Construct a level scheme of the product nuclear?

For a certain incident proton energy the reaction P + Fe — n + °Co has a crog
section of 0.40b. If we bombard a target in the form of a 1.00cm?, 1.00 pum thick jrg
foil with a beam of protons equivalent to a current of 3.00 pA , and if the beam j
spread uniformly over the entire surface of the target. At whz}t rate the neutrong g
produced. Density of iron 7.90 gem™ (6.37 x 107 particles per secong)
In order to determine the cross section for neutron capture, you are irradiating a thi
gold foil in the form of a circular disc of diameter 3.00mm and thickness 1.81 um:

with neutrons to produce the reaction n + '”7Au — Au +y. By observing the
outgoing gamma-ray photons in a detector, you determined that the gold decays ata
rate of 5.37 x 10° per second. From an independent measurement, you have determined
the neutron flux to be 7.25 x 10'° neutrons cm s~ What value you deduce for the

cross section for this reaction? Density of gold 19.30 gem™ [9.82b]

The radioisotope "“O(T, , = 122s) is used to measure respiratory function. Patients
inhale the gas by irradiating nitrogen gas with deuterons (?H). Consider a cubical céll
measuring 1.24 ¢cm on each edge which holds nitrogen gas at a pressure of 2.25 am
and a temperature of 293K. One face of the cube is uniformly irradiated with a deuteron
beam having current of 2.05A. At the chosen deutron energy, the reaction cross section
i 0.21b. a) At what rate is ® 0 produced in the ce]l? b) After an irradiation lasting for
60.0s, what is the activity of B0 in the cell? [a) 4.03 x10°s™"  b) 3.14m Cil

30 milligrams of gold are €xposed to a neutron flux of 3.() x 102

1.0 minute. The neutron capture cross sec
Of 193Au '?

Find the Q-value of the reaction

neutrons cm s 10f
tion of gold is 99b. Find the resultant activity
(130uCi)

P+ “Mn — *Fe + 2n
m('H) = 1.007825u, m(Mn) = 54.938045u,

m(Fe) = 53.939614[1, m_ = 1.008665u (_10_313MGV)




41.

42.

43.

45.
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Find the Q-value of the reaction
"Li+’H - *Be +n
m(Li) = 7.016005u, m(*H) =2.014102u,
m(Be) = 8.005305u,and m_ = 1.008665u - (15.032 MeV)

Calculate the threshold kinetic energy for the reaction p + "H — *H + *H
a) If protons are incident on 3y at rest

b) If *y (tritons) are incident on protons at rest. m(' H) = 1.007825u,
m(*H) =3.016049u and m(*H) = 2.014102u

[a) 5.381 MeV b) 16.10 MeV]

Find the Q-value and therefore the energy released in the fission reaction

U +n — "Rb+ "“'Cs + 2n. Use m(U) =235.043930u, m_= 1.008665u, m(Rb) =

92.922402u and m(Cs) = 140.9200464. (179.94 MeV)

Find the energy difference between #5{j and 2¢{J . We can regard this as the excitation
energy of 2¢[J. Repeat this for **U + n and 2*(J . Comparing the two results and
justify 2577 is fissionable with slow neutrons and »#{J requires fast neutrons.

In the D-T reaction, the kinetic energies of *H and *H are small compared with
typical nuclear binding energies. Find the kinetic energy of the emitted neutron. Q-

value is 17.6 MeV and Lo 0.25 (14.1 MeV)

m He

Section C
(Answer questions in about one or two pages)

Long answer type questions (Essays)

Il

Derive an expression for threshold kinetic energy of nuclear reaction?

2. Explain the construction and working of a nuclear fission reactor?
Hints to problems
34.

Use conservation number of protons and neutrons on both sides of the reaction.

a) JHe+ N> Y0+ 'H

b) IBe+ jHe - 2C+!n
27 4

¢) JAl+iHe > in+7P

d PC+H—> N+ln
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35. The energy levels arc:
16.2 - 148 = ]4MCV

16.2 - 11.6 = 4.6MeV
16.2 - 8.9="7.3MeV
16.2 - 6.7 =9.5MeV
So the energy levels are
9.5
1.3
4.6
1.4
0.0 E(MeV)

Nol, mN, ol,

36. Usin Re——=
- S M S
but m= Stp LR N_AI.LE_Q
M
=3
= 3_0_1_1_(1__ = 1.875 x 10" protons per second
1.6x10™"
po 5022 x10% x1.875x10" x 0.4 x 10 x 10~ x 7.9

56
R = 6.37 x 10" particles per second.

37. Using R=20"N
M
_ MR r: 197x 5.37 x 10°
omN,  7.25%10" x m x 6.022 x 107
Where  m=Vp=miip=314x (0.15° x 1.81x 10~ x 19.3
=2.468 x 10
o =9.82 barn

38. The number of nitrogen molecules in the cell is:

N= 2V _225%1.01x10°x (0.0124y°
KT 138%107% x 293




N=1.07 x 10®

The number nitrogen nuclei = 2N.

[ - 205x10° o1 5
0 ].6)([0-'9 = 28)(10
R:crNIu

S

o=021x10"m’ N=214 x10® and s = 0.0124°

Thus R=4.03x10%"

Activity  a(t)= R=(1-e™) =116 x10%" = 3.14 mCi

_3x 10" x99 x 10 x 0.03 x 6.02 x 10°
197

39. R=90c— N,

Inthecase t < T ,
a(t) =RAit =48x10°s™ =130uCi
40. Q=[m( H)+ m(M,)-m(E)~-2m_]c*

MeV
la =931.5——

c?

Q= -10.313MeV
4]. ():i”rn[Li)+m("H)—m(Be)—m(n)]C2

Q= -15.0316MeV

2. Q= [m‘ H+ mCH) - 2m(£H)]CZ = —4.0335 MeV

m(‘H) |
a) K.=-=-0Q|1+ =3.381MeV
Th Q{ m(”H)—

in
b) K,TL:~Q[1+m( H) 1 - 16.10Mev

m('H) |
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* 2
—2m_ |€
4. Q=[m(U)+m,m -mR>) ]
=179.94 MeV
4. U +n > U 2
AE, =[m(**0) +m, - m(*U) ]C L cadd
9 - n
By +n—> U
39 2
4, =[m(*V) +m, ~m("0) Je
AE, = 4.807 MeV
The excitation energy of 25(J is greater than the excitation energy of 238 U. The Secong
one needs an additional energy of (6.546 —4.807)= 1.739 MeV. This shoy]q o

from the kinetic energy of neutrons. So #*[J can be fissioned only by fast Netrons

45. *H+°H— "He+n
Q=K,, +K, =17.6MeV given.

2 2
Q = PHC + pn
2m,, 2m,
Neglecting initial kinetic energies of 2y and 3 . Then conservation of momentuy
gives
O=P, +P,
or PH g P,-,
2 2
Q e _pn__ + pn
2ch Zmn
2
e ( [ +—2n )
zmn 2mH:
p; Q
Q=—2 - _ 176
m, .M, 14025
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Introduction

In this chapter we shall discuss nuclear radiation detectors and counters, The
radiation could be charged particles, photons and neutrons. The interaction of any
type of radiation always involves charged particles at some stage in the process. For
uncharged radiations such as y-rays and neutrons there is transfer of some of the
energy to charged particles before there is any effect on the absorbing medium.

Nuclear detectors

The evolution of the techniques of nuclear radiation detection has played a vital
role in unraveling the mysteries of the atomic nucleus. The radiations coming out of

the nucleus such as the «, B and y rays are the signals which carry with them
information about the properties of the nucleus. Hence their detection and measure-
ment are of prime importance in understanding the structure of the nucleus.

The principle of nuclear radiation detection can be broadly divided into three
classes.

(a) Methods based on the detection of free charge carriers: During the passage of an
lonizing radiation through a medium (solid, liquid or gas) both positive and
negative ions are produced. Since ionizing radiation comprises charged par-
ticles moving with high velocity, the method is primarily applicable in the case
of charged particle detection. Uncharged radiation like gamma rays or neutrons
can also be detected by instruments based on this method since they usually
eject charged particles which then cause ionization in the medium.
Instruments based on this method include ionisation chambers, proportional
counters, Geiger-Muller counters and semi- conductor detectors.

(b) Methods based on light sensing: These are also applicable for both charged
particle detection and detection of uncharged radiation.

Instruments based on this method include scintillation counters and Cerenkoy
detectors.

() Methods based on the visualization of the tracks of the radiation:
These are applicable for the detection of charged particles and include instru-
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bu
oud chamber,
. track detectors.

h ionization method a

bble chamber, nuclear emulsje, o8
: .

ments like the Wilso :
spark chamber and solid stat€

Hybrid detectors combining bot

have been used for special purposes. '
free charged carriers

nd light sensing ey
of

ion of

Methods for the detecti ’ ‘ e j

When an energetic heavy charged article moves through a substance, it Jog
e ed p =

.o collisions with the atom_ic electrons in the SUbStanCe.[
energy by repeated ionising C¢ nd negative ions is produced. The negatjy i
each collision, a pair of positive aOf 2 solid medium, instead of a positive on g
are usually electrons. I.n the case B i necative ionsincluding g
positively charged hole 15 create?d.T & PO A hroce% % bhowils - Posj.
tive holes are the charge carriers. This lomsdtlon‘p ; -l-r_ i T8 flS Primap,
ionisation. The positive and negative eleclro@es placed wit ;] li] a ,th_e;tm‘ attra?g the
oppositely charged ions produced in.the medium between t{ em which gives rig,
an ionisation current. This can be recorded by a suitable measuring Li§\’lce 10 recorg
the event (i.e., the passage of the particle through- t'he medmm) while Iljoving fo-
wards the electrodes, the ions suffer repeated CO”]SIOI]'S with the atoms in the e
dium. If the potential difference between the electrodes in the_ detector is suf'ﬁcieml!,.
high, then the primary ions produced in the medium may gain an amount of energy
high enough to produce another ion pair which will also move towards the opposig
electrodes. These in turn may produce further ionisation by collision. All the sec.
ondary ions thus produced add up with the primary ions and thus an amplified cyr-
rent is recorded by the detector. This process is known as gas amplification. Tonisation
champers, proportional counters, Geiger Muller counters and semiconductors ar

based on this method, which we are supposed to study.

Wilson cloud chamber

It is an instrument used for the visual observation of the tracks of the charged
particles in their passage through matter. C.T.R. Wilson was the person who firs!
designed this and hence called Wilson cloud chamber.

Principle
When air mixed with saturated water vapour is suddenly ex panded (adiabatic), it

will result. in fall of temperature and Super saturation of vapour. The vapour wil
ftondense im cloud of water droplets. The production of such a cloud is howeVe!




Farticle detectors 139

dust free air provided the

air was ionised by an
jonising agent such as X-

cathode rays or any R Optically plane

S it -~ . glass plate
other nuclear radiations. S
When ionising agent ST |
entered the chamber A
immediately be.fore or b £ | Grisiualpositon
after the expansion, the Powerful light flash e _A| of piston
ions left in its path would —_——
act as a condensation
nuclei. ALELAERALREEULAR VAN URURRARARAAY

The experiment shows | |
that as super saturation \
increases, the negative N Piston p
ions first serve as centres \

of condensation, then as
the volume increases both Figure 3.1
positive and negative ions
serve as the nuclei of droplets.
In short the working principle of cloud chamber is that charged ions can serve as

nuclei of condensation of water droplets in a dust free atmosphere of air-water vapour
mixture under the conditions of supersaturation,

Construction

Wilson cloud chamber consists of a large air tight cylindrical chamber A with the
walls and ceilings are made of glass. The chamber contains dust free air saturated
with water vapour or some other volatile liquid. The mixture inside the chamber can
be compressed or expanded with the help of a piston p. The surface of the piston is
usually covered with black felt so that no light is reflected from it to enter into the
¢amera facing the front side of the chamber.

Working

To begin with the piston p is moved suddenly down. As a result of this the mixture
undergoes adiabatic expansion due to which temperature falls. At this reduced
®®mperature the mixture becomes supersaturated with the vapour and remains as
such without any condensation of the vapour. For condensation to occur nuclei centres
are required. For this a power full light flash is allowed to pass through the mixture
Mmediately before or after moving the piston. This results in ionisation. The positive
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ive ior atres of condensat : .
and negative 10ns agtr isf ;1?1[:3 cfroplets ie.a qud of linear nclgtcl)?n Lt]}l)Lef‘Z Cloud g,
dr(l)lpl;ts. ée c;(;i:’n z‘;‘ 3}’3), usihg guitable strong illuminatio side, the o
will thus be formed.

white line on a dark background. This can be phiotographed by Meang
appears as a whi

a camera fitted at the top.

- Uses . 1
1. To study the behaviour of individual atoms

2. To study the specific ionisation along the trac

of such particles. o .
¢ and momentum of the particle can be determipgg b

3. The polarity of the charg : 2 1 }
Placilljlg melychamber in a magnetic field and noting the radius of curvature of

sation i.e., the ions act as the hucly
0f

k of charged particles and the Tange

path.
2
mv
Using 75 =qvB
L mv =qBr
Note

1. The main disadvantage of the cloud chamber is that it needs a definite time
recover after an expansion. Hence it is not possible to have a continuous record
of events taking place in the chamber.

It cannot be used for detecting high energy particles since the interaction of
energetic particles cannot be completely observed in the chamber.

Bubble chamber

Itis 2 high energetic particle detector discovered by D.A. Glaser at the University
of Michigan in 1952.
Principle

Wevk'now tf?at normally the liquid boils with the evolution of bubbles of vapourd
thf: boiling point. If the liquid is heated under a high pressure, its boiling point is
raised, above t'he normal boiling point, without boiling taking place. A sudden rele&f
Qf pressure will leave.the liquid in a superheated state and the liquid does not bol
;Tnn“led_latcly but remains quite for some time. If 2 ionisin g particle is incident on the
iquid just after releasing the pressure, the ions left in the track of a particle act®

condensation centres for the formatio f - : hich
This is inc whic
bubble chamber works. n of bubbles. This is the principle on

(RS
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Construction

It consists of a cylindrical chamber containing liquid. To super heat the liquid a
mechanism, with bellows and expansion piston, is fitied with the cylinder. The top
and bottom of the cylinder are provided with optically plane glass plates. The whole
system is enclosed in a temperature control. Light from a flash lamp enters the cylinder
through the glass at the bottom of the cylinder. A camera is fitted at the top of the
cylinder to take inside photograph of the cylinder. The bubble chamber is used in
conjunction with electromagnet for determining the sign of the charge and momenta

of the particles.
E,—% Expansion piston

\ Camera
A 5 r =
: W 5 :
! = i i
1 $57553 | Bellows 3 i Enclosure for
! e i temperature control
SR ) :
: e — 0
353 : Window '.‘ | 3%
bdad! | l ‘ ' I =
esoi i e _% - 4
h:m E —_...._I :' S B :: 5
sl e s e ey 3l Coils for
ELEE ' I = - =ik b33 magnetic field
pofd ! l_ } ] L | paes
- — :
H H 5|
1 L7 LALAL

Ligh[.from
flash tube

Figure 3.2
Working

The operating cycle of the bubble chamber consists of four stages.
The liquid is first heated to a temperature above its boiling point.

It is kept in the liquid state by the application of a pressure greater than its
saturation vapour pressure. '

The pressure is suddenly released so that the liquid becomes superheated and the
flash lamp is switched on just before the pressure falls to minimum.

The grow of the bubbles occur for about milliseconds and the centres for the
bubble formation last for about the same time.
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A powerful lamp is then switched on

, is then repeated:
tracks. Tbe cycle. s bave been used in the bubble <':hamber_ Glaser Used ¢
Note : Various liquids ha deuterium and helium have been ygeq ty

® M dro eny . s¥€3 i
ether, later llqu:: :yof hﬁving simple nuclel but the difficulty [jeq in ese
have the advantage Thus the hydrogen chamber must e o iy

T ing very low.
boiling points being very ch as pentane, propane and xenon havel”atﬂd

within a millisecond to photograph

at about 26K. Heavy liquids su :
been used.
Tonisation chamber |
est form consists of a hollow conducting cyling
!

e ) |
[onisation chamber 1n 1ts S1mMp : e e

. : ' W nd for the 1onising radi: ;

closed at both ends with a window W at one end g ations fg entey

A metal rod R well insulated from the cylinder is mounfed at the axis of the cylinde
A potential difference of several hundred volts is applied bem-'c.cn the cylinder a0
the metal rod at the centre. The positive terminal of the potential to the meg Toq

through a resistance R and the
negative potential to the cyl-

inder. The cylinder is filled _ ¢  Metal rod —
with a gas us}ually air or hy- S R =V
drogen at atmospheric pres- I
sure or at greater pressures for é R
y—ray detection. For the de- =
tection of neutrons boron is T
introduced in the form BE,.

3 Figure 3.3

When radiation enters the

chamber it produces a large ‘
number of ion pairs. Positive ions move towards the metal rod at the centre and

negative ions towards the metallic cylinder. In order to count particles the pulsesd
current produced are fed to an amplifier.

Proportional counter

When particles of low specific ionisation passes through an ionisation chambst
thf: pulses produced is too small to detect. One way of ;mplii’vinz the signal %
tzu:ned from a gas- filled detector is to increase the electric field so that the electro®
gain enough energy between collision with gas atoms to cause further ionisation
suf:h_ a case the electrons produce further ionisation, and a rapid amplification© :
Sjﬂmglll;:l cascade occurs in \:vhat is called as Townsend avalanche. It should be1®
Pﬂﬂm'ysil::i::t?;; 0"2::‘: Slgsnal IS Pf OPOHioqal to the number gf ions formed bY e

process. Such a chamber is called a proportional counter:
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Cathode

l— i

To amplifier

Radius a Anode

Figure 3.4

The proportional counter consists of 2 cyhindrical gas filled tube (radius b Fig.)
with a very thin central wire (radius a) which is insulated from the tube. The central

wire is positive with respect to the tube which serves as the collecting electrode.
This is connected to a pulse amplifier.

Geiger-Muller counter

Geiger-Muller Counter (G.M. counter) is in effect an improvement from the
ionisation chamber. The principle of this instrument is the fact that the ions created
by the entry of an elementary particle move in an intense electric field with such a
high speed that ionisation by collision results. This causes a pulse of current which
is used to record the incidence of the ionising particle. In G.M. counters this pulse is
independent of the number of ions produced initially, while in proportional counter,
the amplitude of the pulse is proportional to number of ions produced nitially.

A G. M tube can be built in different geometries. Two most common forms are
shown 1n Fig. (a) and (b)

Thin carbon coating

Thin 4
Anode b window
Cathode |:"1 = Anode

@ —l T e
L4 (b)

Figure 3.5

The first of these Fig (a) consists of a cylindrical copper cathode and a thin axial
tungsten wire anode supported inside a cylindrical glass envelop. The ionising par-
ticle enters the counter through its glass walls. The second type Fig (b) is an end
window counter. This modification is useful for less penetrating particles. The win-
dow is generally made of thin mica sheets. The anode is a tungsten wire and the
cathode is in the form of a graphite coating.
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Scintillation counters ' : ek
This one of the earliest forms of radiation detectors Whlch‘v\idb used e’“ensivﬂ

_ There are SOME substances known ag phOSph y

0

by Rutherford and his colleagues. s i
les, X-rays or y-rays pe
which emit light flashes when charged particic Y YS pass thmugh

them. These substances are called scintillators. The moment.ary flashes of light emi
ted with traces of silver, the organic c%ted
]

are called scintillation. 7nS activa : i N
anthracene stilbene, Nal activated with thallium € eXamp]eg o

phosphors. e |

In older days the visible scintillations produced by the incident radiation Were
observed and ¢ounted through a microscope fitted with a screen coated with PhOSph
This method of counting was very painstaking and required a period of adaptajgy of
the eye within a dark room. ZnS was the phosphor used by Rutherford for the detectigy

and counting of alpha particles. :
Nuclear radiations

\\\X\\\\\\\\‘{\"l\\\\‘&\\\\\‘ﬁ\%\\\\\!\\\\\\'\\“ W\

Scintillator \ : .
<«— Light reflector

==

\ Lt Optical coupling

Photo cathode —] l

wF

Dynodes > >—

Anode ] )

i

+H.T.

v
Figure 3.6
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Nowadays very high speed electronic devices hay

wadys : iy € been developed for detecting
the scintillations taking place in times of the order '

‘ | of nano-seconds. Besides the
detection of charged particles like ¢ or B rays, high speed protons, deutrons can

also be detected by the scintillation counters. This method has been found to be
specially useful for y -ray detection with high efficiency.

A schematic diagram of modern scintillation counter is shown below. A nuclear
radiation falling on the scintillator can dissipate all its energy in it if the dimensions
of the scintillator are large compared to its range. The scintillator produces
scintillations (light pulses) which reach the photo cathode of a photo multiplier tube
which is optically coupled to the scintillator. The photo multiplier tube consists of a
photo cathode and several dynodes maintained at successively higher potentials of
about 100 volts per dynode stage. When light pulses reach on photo cathode emit
photoelectrons. A photo electron emitted by the photocathode is accelerated by the
electric field to the first dynode where it produces a bunch of secondary electrons.
These electrons are accelerated to the second dynode and produce more electrons.
This process is repeated at each dynode. There are usually ten or more dynodes
which ultimately achieve a gain of 107 to 10® by the time the electrons reach the last
stage called the anode.

The magnitude of the output pulse from the photomultiplier is proportional to the
energy of the particles incident upon the phoshor in a given scintillation counter.
These pulses are fed to a pulse amplifier followed by a scaler circuit.

Advantages

I Ithas a much higher counting efficiency for gamma rays due to the greater amount
of energy dissipation by gamma rays.

2. It offers greater stability, greater accuracy, shorter resolving time and higher
efficiency than G.M. counters.

Applications

1.

Scintillation counters can be used to measure the particle energy.
2.

Because of their rapid response they are used for the accurate timing of nuclear
particles moving with very high speeds.

3. They are used to detect of antiprotons.

They are used in the study of cosmic rays, for the detection of mesons and other
unstable particles of very high energy.

Semiconductor detectors

Semiconductor detectors are essentially reverse biased junction diodes. They have
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several advantages over other types
of radiation detectors. They have bet-

ion, li onse
ter energy resolution, hnear_resp )
over a wide range of energies of the }ggil;lﬁnfn [T
=

incident radiation and fast time re-
sponse. \
A semiconductor detector consists
of a semiconducting crystal
sandwitched between two conducting TTHLEELL TR
electrodes. An electric field is applied
across the electrodes. Passage of s
nuclear radiation produces hole-elec- Figure 3.7
tron pairs which should move to-
wards the appropriate electrode and the charge collected is used as a signal of
detection of radiation.
There are two types of semiconductor detectors:

(1) Diffusion junction detector
(i1) Surface barrier detector.

Diffusion junction detector
In a p-n junction diode, the electrons from the n-region and the holes from thep:
region diffuse into the p and n regions respectively across the junction and forma
double layer of charges, which prevents further diffusion and a self-adjusted poten-
tial barrier is created at the Jjunction. If now the p-region is connected to the negative
te::rninal of a battery and the n-region to the positively terminal, the arrangement i§
said to be reverse-biased (see Fig). As a result, the electrons and holes are draws
away from the junction region and a depletion layer is formed. at the junctionil
;h“:h Ho Chiilrge-(?arriers dre present (see Fig). Due to reverse bias, no current flows
derp(::-;gdz t::tjh l;"ﬁ:;f;eaggtgfi;i:ode.ti's cut off. The thickness 0[_‘ the depletion las\'::
B o el et microns o s o 220 2PPlicd. Tt usually 80
$ 10 a few millimetres. Since the conductivity®

the depleti i , ol '
4D Epiioy 13}@ ® 10\_’V. alarge potential difference can be maintained acrossit
>0 it acts like an ionization chamber.

Output

<—Crysy

If now a high e '
o eh encrgy charged particle passes through the depletion layer, eleci®

€ pairs are generated. The e) are
: €ctrons are rais % and
free to move through the crystal yng faised to the conduction band

¥ 0
d1§0 move freely through the crystal - Du;;c_
ntimpulse proportional to the number of €

both these reasons, 4 momentary cyrre
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Variable voltage source e To pre-amplifier
s
(b)
Figure 3.8

trons and holes is produced. Thus the semiconductor detector acts like a solid state
ionization chamber. Since the energy needed to produce an electron-hole pair is
only about 3 eV compared to about 30 eV required to produce an electron - ion pair
in a gas ionization chamber, the registration of the electrical pulses in the semicon-
ductor detector is easier and the accuracy of energy measurement much better (up to
afraction of a percent). In fact semiconductor detectors have the best energy resolu-
tion amongst all types of radiation detectors for most purposes. Because of the very

narrow width of the depletion region, the pulse rise time is very small (~ 107 %s) for
these detectors.

Surface barrier detector

A very widely used surface barrier detector is the silicon surface barrier detector.

A typical surface barrier detector is shown in figure.

It essentially consists of an extremely thin p-type produced on a high purity n-
Pe silicon wafer. The combination constitutes a large area p-n junction diode. To
construct the detector an n-type silicon wafer is taken and one of its surfaces is

®tched with acid and exposed to the air.

.An oxidation layer is formed on the etched surface and this layer acts like a very
thin P-type. Under the influence of an externally applied field electrons will be swept
:OWard right and the holes to the left, As a result, an intermediate volume around the
fterface will be cleared of carriers of both signs and a depletion layer will be formed.

ty
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Jonising particle

Front (Au) electrode —»

ol

Depletion layer

Passage of an ionising radi

towards the appropriated electrodes

Physics

p-type silicon wafer

Figure 3.9

Back (Al) electrode

ation will create hole-electron pairs which will be Swept
by the applied field and a pulse will be obtaipeg

to signal the passage of the ionisine radiation. Good electrical contacts are provideg
s ‘.: = . . . w

i i surfac aluminium film on the n-tyne
by evaporated thin gold film on the p—surtacg gnd thin dil_r R l .1e n-type
silicon layer. These detectors have long stability, small size, negligible window ab.
sorption and linear pulse response over a wide range.

Spark chamber

This chamber is used in the field of high energy physics. It consists of a seriesof
large parallel metal plates, several square feet in area, set in a chamber filled with

neon gas at atmospheric pressure.
All the plates are isolated from each
other but alternate ones are
grounded and the others are con-
nected together to a high voltage
d.c pulse generator (~ 15kV) which
gives them high potential in short
bursts of the order of a microsec-
ond each. This is just enough to
cause sparks to occur between the
plates in such regions as are ionised
by a particle entering the chamber.
This gives a trail of sparks along
the path of the particle which can
then be photographed from the
side.

Usually the plate separation is 2
few millimetres, a hundred or 80,

Plate ————

Counter

R BT

-

Clearing
field

1

v

—

Coincidence
circuit

Pulse
generator

Figure 3.10: Schematic representation of
spark-chamber circuit




{hese plates can make a VO_]"
ame of some sgvca'zll cubic
fect, the schematic representa-
ton of the spark chamber is
given in figure below. LTS
X One of the main advantages
of the spark chamber over the
bubble chamber 1s that trigger-
ing and removal of 1ons by the
clearing field are compara-
tively simple. But the origin of
an event can only be found
within an accuracy of one plate
thickness. Faster timing is also

possible.

With suitable counters at
the end of the spark chamber,
the particular event expected
can be made to trigger the high
voltage generator and so
record itself. Thus a selection
of events to be studied may be
made.

A photograph of spark
chamber tracks is shown in T OR T
figure 3.11(a).

Figure 3.11: (b) Interpretation of tracks
Cerenkov counter

Cerenkov counters are particle detectors that make use of Cerenkov radiations.
When a charged particle passes
Ih.m“gh an optically transparent medium
With a velocity greater than the phase
velocity of light in that medium, it emits
Photons called Cerenkov radiation. The
(_jere"kov radiation is coherent at a par-
“_C“lm' direction (angle) relative to the s

direction of the particle. et
Figure 3.12

Cerenkov radiation

Y

Particle velocity B
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e/t _ 1
cosB, = —ﬁ-a* ~Bn
The simplest Cerenkov counter
consists of a barrel with enough vol- 2k
ume containing distilled water t0 pro-
duced Cerenkoy radiation. The out-
side of the barrel is silvered to make
the inner side of the barrel reflective.
This is to channel the light into a light
gatherer. Just below it there is pho-
ton multiplier tube (PMT). PMT re-
quires 1.5-2 kV for its operation. 7 Light gl
PMT is connected to a preamplifier.
This is in turn connected to the out-
put device. The schematic diagram of
a Cerenkov counter is shown in fig-
ure 3.12.
Uses
1. It is used for prompt particle
counting, the detection of fast
particles, the measurement of
particle masses etc.

\

Light tigp boy

|

LLELLTRNRRR LRI
|
///fl//////////ff/l‘rlllf

Distilleg Water

AV

| - Photomultiplier

Pre amplifier

2. It is used for tracking or
localisation of events in very
large natural radiators such as the
atmosphere or natural ice fields
like those of at the south pole in
Antartica.

3. Used as detectors in, high energy physics, particle accelerators, nuclear reactof
cosmic rays and also in neutrino astronomy.

Figure 3.12: Cerenkov counter

Neutron counting

Since neutrons have no charge, they produce no paths of ions as they move throug!
:gaq. Hence they cannot be observed either in cloud chambers or in ionisation ch™
S In these chambers counting depends upon ionisation. So we have 10 €ré"

fonisation pamclgs along with neutrons, For example, if boron is bombarded ¥
neutrons, o -particles are produceq:




10 I .
SB+on_‘—>;HC+§Ll

Here each neutron produces an alpha particle (; He). This alpha patticle

produce jonisation track which can then be used to identify the neutron. Thus for a
counter to detect neutrons It must contain some gas which ionises after neutron
collision with it molecules. This is possible with BF, gas in which boron atoms
produce the a -pilrliIC]eS which in turn produce ionisation which can be detected in
the usual manner. Neutron counting chambers are either ionisation or proportional
counting arrangements.

The photographic plate

In particle and nuclear
ph_v_\ica. nuclear emulsion
plate is a photographic plate
with a particularly thick emul-
sion layer with a very uniform
grain size. Like bubble cham-
bers and cloud chambers etc.
nuclear emulsion plate records
the tracks of charged particles
passed through it. they are very
compact and produce cumula-
tive record.

The plates are darkened by
radiation from radioactive sub-
stances and the darkening is
due to the production of indi-
Vidual tracks. The photograph
given below shows various
dark lines revealed by the sil-
ver grains. In order to record : S g
these suc cessfully, specially Figure 3.13: D.isintegration of an emulsion nucleus by a
Prepared plates are used with high energy proton. The proton enters the

emulsi ; " plate top centre and produces a star by col-
TT’U sion thickness of hundred lision with a silver or bromine nucleus.
fmucrons. Each type of particle

has its own particular track. If neutrons are to be detected by this photographic plate,
the plate must be socked in a boron solution.

L~y - e i
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sion plate is that, unlike the cloyg &

emul : .
- i 1n a magn 2 ,
satisfactorily be bent gnetic figly Sing,

A disadvantage of the nuclear
¢ curvature of the tracks which, in any

tracks, nuclear plate tracks cannot ¥
large amount of scattering ObSCUTES

T . Thus for most
Nuclear emulsion plates are very compact and cheap of the Worl

in nuclear physics they go for these plates.

UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in two or three sentences)

Short answer type questions
1. What is nuclear radiation detector?
2.  What is a cloud chamber?
3. What is an ionisation chamber?
4. How will you measure the momentum of the charged particles by using cloud chamber!
5. What is the disadvantage of cloud chamber?
6. Mention three applications of cloud chamber.
7. What is a bubble chamber?
8.  Draw the schematic diagram of a bubble chamber and label it.
9. What is the principle of ionisation chamber?
10. What is a proportional counter? |
11. What is a Geiger-Muller counter?
12. Why the scintillation counters called s0?
I3.  Give three applications of scintillation counter.
14. What are the advantages of scintillation counters?
I5. Draw a schematic diagram of a scintillation counter and label it.
16. What is a semiconductor detector?
17. Draw the schematic diagram of a spark chamber and label it.
18. What is Cerenkov radiation?
19. What is a Cerenkov counter?
20. What is a nuclear emulsion plate?




paragraph / Problem type questions
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Long answer type questions (Essays)

1.

SR D

Particle detectors

il Section B _
(Answer questions in a paragraph of about half a page to one page)

Classify the principles of nuclear radiation detection.
What is the working principle of a cloud chamber?
What is the principle of bubble chamber?
Briefly explain an ionisation chamber.
What is the principle of proportional counter?
Briefly explain a Geiger-Muller counter.
Briefly explain surface barrier detector.
Briefly explain the function of a spark chamber.
What is the principle of Cerenkov counter?
Explain briefly the working of Cerenkov counter.
Explain briefly the “neutron counting”.
Give three uses of Cerenkov counter.

Section C

(Answer questions in about twe pages)

Discuss the principle, construction and working of an ionisation chamber.
Explain the principle, construction and working of Wilson cloud chamber.
Discuss the principle, construction and working of bubble chamber.
Explain the principle, construction and working of a scintillation counter.
Explain diffusion junction detector in detail.




Introduction ;
Particle accelerators are devices by which the charged particles can be Chergige
The accelerators played a vital role in the development of nuc‘legr and partjgja ph S:
the only sources of high energy Chargeg

ics. Before the advent of this machines, :
particles required for the study of nuclear transmutation were the naturaljy .

active substances emitting o and p particles. It is due to the limitations bo of e,

ergy and intensity of the beam of particles the usefulness of these sources g lim
ited. It was J.D. Cockeroft and E.T. S Walton, students of Rutherford, Constructeg,
particle accelerator for the first time which would accelerate protons to high €nough

energy to produce nuclear transmutation.

Cockcroft - Walton proton accelerator

In 1932 Cockeroft and Walton designed and operated a proton accelerator 4
Cambridge. The basic principle used in this was that of a voltage doubler, T
experimental arrangement is shown in figure below. It consists of a voltage doubler

circuit, an accelerator to be provided with proton source.

Rectifier I I
VP

Ion source

|_— Accelerator tube
e

AT
£ I‘_Vpsmmj_, 0 ,J \T/
P
T -
A
'l“a_rget%l{:0
Screen

Figure 4.1: Schematic diagram of Cockcroft-Walton accelerator and discharge tube

All voltages refer to O




voltage doubler circuit

It is an electric circuit that generates 5 high volta
s used to power the accelerator. It is made up of a
of capacitors and rectifiers to generate voltage.

To understand the circuit operation, the circuit is powered by an alternating voltage
v, with a peak value of V; and initially the capacitors are unchargéd 7

Switch on the input voltage V.. When the input voltage V. reaches its negative
peak (—V, ) current flows through the rectifier R, to charge the capacitor to a voltagé
V.. When V, reverses polarity and reaches its peak value (V) it adds to the capacitor
yoltage to produce a voltage of 2V, the upper plate of C,. Since R,is reverse
biased current flows from C, through the rectifier R, , charging the capacitor C,toa
voltage of 2V, . When 'V, reverses polarity again current from C, flows through the
rectifier R, , charging the capacitor also to voltage of 2V, . When V, reverses polarity

again current flows from C, through the rectifier R, charging capacitor to a voltage
of 2VP‘

All the capacitors are charged to a voltage of 2V, except C, which is charged to
V, . The key to the voltage doubler is that while the capacitors are charged in parallel,
they are connected to the load in series. Since C, and C, are in series, between the
output and ground, total output voltage is 4V, .

This circuit can be extended to any number of stages. The no load output voltage
is twice the peak input voltage multiplied by the number of stages.
Le., V, =2NV, =NV

where V,, is the peak to peak input voltage.

Cockcroft and Walton accelerator accelerated protons upto a voltage of 700 KeV.
This accelerator performed the first nuclear disintegration by artificial means. They
bombarded accelerated protons with lithium producing the reaction.

\p + .Li — jHe + ;He
This was the first experiment to show that one element (Lithium) could be

artificially transformed into another element. The Cockcroft-Walton accelerators
are still widely used today. sometimes as injectors to much larger accelerators.

Note: Since the C.W accelerator produces only a low voltage proton reactions were
limited to light elements like lithium, boron, beryllium etc.
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\ enerator s hi :
-y Gl‘.aaffjf enerator is a device used for 'buﬂdlltlg ltlll;] Cl]lg{l:; Potentig) diffy,

A Van de Graaff g al million volts. Such high p(_) 2 Crénces are yg
ences of the order of sever: - various experiments of nuclear physicse[d
-

d parti ded fo
to accelerate charged particles nee fiatu e
was designed by Robert J Van de Graaff in 19

Principle
This generator is based on

i) The action of sharp points S
ii) The property that charge giventoa hollow conductor is transferre( to 0w

surface and is distributed uniformly over it.

Construction S
It consists of a large spherical conducting shell of radius of few metreg, Itis

_~ Highvoltag,

mounted on an insulating pillar of several metres
electrode

high. An insulating belt is wound around the pullies
P, and P,. The belt is kept moving continuously
over the pulley's with the help of a motor. B, and
B, are two sharply pointed combs fixed as shown.
B, is called spray comb and B, is called the col-

lecting comb.

Working

The spray comb is given a positive potential
(=107 volts) with respect to earth by high tension
source (H.T.). It is due to discharging action of
sharp points a positively charged wind is set up,
which sprays positive charge on the belt. As the
belt moves and reaches the sphere a negative charge
is induced on the sharp end of collecting comb B,
and an equal positive charge is induced on the far-
ther end of B,. The positive charge shift immedi- “-=-L"
ately to the outer surface of sphere. Due to dis- -
charging action of sharp points of B, a negatively Figure 4.2
c'harged wind is set up. This neutralises the posi-
tive charge on the belt. The uncharged belt returns down and collects the posii¥
charge from B, which in turn i collected by B,. This is repeated. Thus the posit¥

Belt

|

Grounded
Insulator

charge on the sphere g0€s on increasing. As v 4 and capacity of the spheriﬂaj
C




ing occurs. This sets a limit on the m
Jeakage 15 minimised bx keeping the generator inside a steel chamber filled with
nitrogen or methane at high pressure. . d wi

Linear accelerator (LINAC)

Linear accelerators (also called linac) accelerate charged particles along a straight
line in multiple steps by an oscillating electric field. The first

erator was built by R. Wideroe in 1928 used only three co
trodes and could accelerate K*

working linear accel-
axial cylindrical elec-
and Na* ions to twice the energy available for a
single traversal of the field. In 1931, E.O. Lawrence and D.H. Sloan at the university

of California Berkeley built an accelerator using 10 accelerating electrodes to pro-
duce 1.25 MeV mercury ions. Since then a large number of linear accelerators both

for atomic 1ons and electrons have been built in different parts of the world. Here we
discuss a simple form of linear accelerator.

Construction

It consists of a series of coaxial cylindrical drift tubes along the axis of which the
charged particles travel. One set of alternate electrodes is connected to one terminal
of the rf supply system while the other set of alternate electrodes is connected to the
other terminal of the rf supply. In a linear accelerator for ions, the successive elec-
trode tubes are of gradually increasing lengths. The cylindrical drift tubes are ar-

ranged inside a glass vacuum chamber. An ion source which is to be a accelerated is
kept at A.

AT &
A A A~ A~_R.F. Genera-
tor
lons = e t __ Totarget
= HE ) —
A i+l 2 3 4
Figure4.3

Principle of working

Suppose that the first drift tube is negative when the positive ion just leaves from
A-On entering the tube the positive ion gets accelerated. The length of the first tube
S adjusted in such way that the time taken by the positive ion to travel the entire
length of the tube is exactly equal to the half the time period of the rf accelerating







The limitation of linear accelerator is that the length of the accelerator is
niently 1arge and it is very difficult to maintain vacuum in such a latge S
Linear accelerators

inconve-
are used for electron acceleration: proton acceleration, ion

acceleration, etc. They are used as injectors for high energy machines such as proton

Cyclotron

A cyclotron is a device developed by Lawrence and Living Stone in 1931 by
which the positively charged particles like proton, deuteron, o particle etc. can be
accelerated.

Principle

A charged particle moving perpendicular in a magnetic field, it describes a circu-

lar path. It can be accelerated by allowing it to pass through a suitably adjusted
electric field.

Construction

It consists of two D-shaped hollow evacuated metal chambers D, and D, called
dees. These dees are placed horizontally with their diametric edges parallel and slightly
separated from each other. The dees are connected to high frequency oscillator which

. can produce a potential difference of the order 10*V at ~ 10" Hz frequency. The two
dees are enclosed in a steel box and well insulated from it. The box is placed in a

strong magnetic field produced by two pole pieces of strong electromagnet NS. The

magnetic field is perpendicular to the plane of the dees. At P the positively charged
particles which is to be accelerated is kept.

Working and theory
The positively charged particle to be accelerated is produced at P. Suppose at that
instant D, is at negative potential and D, is at positive potential. Therefore the par-

ticle will be accelerated towards D, . On reaching inside D, it moves with a constant
Speed v in a circular path of radius r.

. mv’ _ oy
qu:T or r qB

Time taken by the particle to describe a semi circular path is given by

(M _mn

v gB

QT
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Figure 4.4

This time is independent of both the speed of thfa ion and I‘ddlUS of the circyly
path. In case the time during which the particle describes a semicircular path is equal
to the time during which half cycle of oscillator is completed, then as the particle

arrives in the gap between the dees, the polarity of the dees is reversed i.e., D, be-
comes positive and D, negative. Therefore particle is accelerated towards D, andit

enters D, with greater speed which remains constant in D, . The particle describea

semicircular path of greater radius. The process repeats and the particle goes on
accelerating every time and acquires high energy. The accelerated particle can be
removed out of the dees by applying the electric field across the deflecting platesE

and F.
Maximum energy of the particle

Let v, be the maximum velocity and r, the radius of the circular path.

2

mv
Then 2 =gBv,
rO
Br
or Vg = e
m

= u 2
5 Maximum KE = —;—mvg = quz 3 Iy
m

Cyclotron Frequency
If T is the time period of oscillating electric field then




27Tm
=t=—
T =2 oB

the cyclotron frequency is given by

1 qgB

U:?_me

One limitation of cyclotron is that, it cannot accelerate a charged particle beyond
4 limit. This is because when the velocity of a charged particle increases its mass

» el 3 — 0
varies according to the equation m = —I—J—ﬁ“ As aresult the resonance frequency
-vi/e

also varies. This happens when v is comparable with c. The particles take longer

time to describe semicircle. And it may become out of step with the accelerating
voltage. That is instead of accelerating it may be retarded.

Note : Lawrence and living stone won the Nobel prize in 1934 for the construction
of cyclotron.

Example 1
A cycloron is connected to the oscillator of frequency 15 MHz. What should be

the operating magnetic field for accelerating protons. The radius of the dees is 60cm.
Calculate the maximum kinetic energy of the proton in eV, the mass of the proton

:1.67X10737kg_ 1eV =1.6x107"2]

Solution
v=15MHz =15x10°Hz
m =1.67x10"kg .q=1.6x10"C
we have L= qB
21m
or B 2mmo
q

B 2x3.14x1.67x107 x15x10°
1.6x107"

=099T

2

MaximUm KE = BEQZr0
2m
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2
(0.99)" x (1.6><10"")2 X (0.3) oV
= x1.67x107 x1.6x10°

~16.9x10°eV = 16.9MeV

Example 2 |
An electron after being accelerated through ap d of 100V enters a _“mform Mg
netic field of 0.004 T perpendicular to its direction. Calculate the radius of the path

described by the electron.
Solution

V = 100 volt, B=0.004 T
Let v be the velocity acquired by electron when accelerated under a p d, we hy,

%mv2 =eV

Ol' V= _%E.Y..
Um

myv 2meV

eh =—=
WE nhave I qB qB

J2x9.1x10™ x1.6x10™ x100
1.6x107" x0.004

=84x10”m
Example 3
The electric field in a cyclotron is reversed every 9372 x10%s. Itis used to accel-
erate deuterons, each of mass 3.34x10 kg and charge | gx10°C - Calculate the

flux density of the magnetic field.
Solution

Time period of the electric field, T =2x9.372x10"
=18.744x107%s
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_2mm _ 2x3.14x3.34x107
qT  1.6x107™ x18744x 10

=0.6993Wb/m?
pxample 4
Deuterons are accelerated in a fixed frequency cyclotron to a maximum dee orbit
radius of 0.88m. The magnetic flux density across

: the dees has a mean value of
| 4T. Calculate energy of the emerging beam and the frequency of the dee voltage.

m=3.34x10""kg
Solution
q=16x10"C, 1, =0.88m, B=14T
m =3.34x10""kg

Energy of the emergent beam
_Bq’; 147 x(1.6x107"°) x0.88°

2m 2x3.34x1077

=5816x107"2]

: B
Frequency of the voltage, v = %

5 1.6x107" x1.4
T 2%3.14x3.34x1077
=10.67MHz.

U

=1.067x10" Hz

Example 5

In a linear accelerator, proton accelerated thrice by a potential of 40kV leaves a

tube and enters an accelerating space of length 30¢m before entering the next tube.
Calculate the frequency of the r.f. voltage
Solution

R B B

Figure 4.5

Let v, be the velocity of the proton on reaching the first drift tube, given by
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1
._mvlz = CV

2

oy ex10" x40x10°
/ fax16xl T —— -
v, = Z;V 1 167x107 2.768x10°ms ™

gap between first drift tube and the secong drify
fenergy eV. If v, be the velocity Of the 1
T0long

or

while crossing the second
ditional amount O

protons gain an ad
then

entering the second drift tube,
12
> mv; =2eV

v, =v2V,

Similarly on entering the third tube v, be the velocity which is given by

17 Ngas ‘[5 Vi
Time taken to cover the third gap (0.30m)

distance

average velocity

__ 03 06 06
(v2+v3) Yy +Y, \/EV]+\/§\,1
2

S, 0.6
(W2+4B), (2 +y3)x2.768x10°

This time is equal to th ' .
e half the period E) of the r.f voltage

i.C.. t=

1 _(2+B3)x2.768x10¢

1
T 2 20,6
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S ym:h,-ocyclotmn

In the case of cyclotron the expression we used for the kinetic energy was the

} ik e
non-relativistic value Emv - For the early cyclotrons, working at low velocities,

the non-relativistic value was enough. But for higher speeds relativistic effects will
come into play.
2
For exampleif v = 0.8c,

= 0.64 . So the mass changes according to the relation

m, _ My,

m
M= el =g LG e
J1=vie?  A1-0.64 06 g

In this situation the frequency of oscillation v = o
m

v decreases. This will upset the resonance condition. Therefore gradually the particle
gets out of phase with the frequency potential on the dees. The frequency on the dees
must therefore be compensated for the gain in mass, this is carried out by a rotating
variable condenser giving the imposed frequency modulation required. Ions can then
be accelerated to very high velocities, and the cyclotron becomes a synchrocyclotron.
The synchrocyclotron in the Lawrence radiation laboratory produced 380 MeV alpha
particles and was later redesigned to give 720 MeV protons.

The difference between the cyclotron and the synchrotron is that in the former the

output is continuous but in the case of latter it is in bursts lasting about 100
microseconds.

will change. As m increases,

Electron accelerating machines
The betatron

The device cyclotron can accelerate protons, deutrons, ¢ — particles to very high
energies of the order of several million electron volts. It doesn't require excessive
high voltage for producing high energy particles. But as stated earlier it has a very
serious limitation arising from relativistic variation of mass with energy for very
high energy particles. When the relativistic variation of mass comes into play for
Eigh velocities, the frequency of revolution of the particle (cyclotron frequency)

€Comes

2 2

_gB  gBc® _ gqBc
2rm - 2nme’ 2m(m,e’ +E,)

mc’ =mc’ + E,




i ics
166 Nuclear Physics and Particle Physt

3 f the particle a_ﬂd

increases, v and the spiralling partjc]e )

When the speed of the Part“;]teage‘ Hence the acceleration will stop, The re]isu‘l:‘

ind the accelerating VO : ain : o

i I?azg?:ci:rease with thus limits the maximut energly - t at?le toeg Particle
ilsluc m: of electron the relativistic mass INCrease over the rest mass is “Onsidergy,
€ case f electron (>10keV), Hence ‘

. s 1 derate energies O o
since being light, even for mo ¥a: - %
nance condition fails. This shows that electron 18 impracticable to be accelerageg by

eyclotron. To overcome this difficulty D.W. Kerst at the u“(‘)V?rS“Y of Illinojs j; the
U.S.A devised a new instrument known as betatron in 1940 for the accelerag

electrons which based on an altogether new principle. |
To overcome the relativistic effect we have to synchronies the revolutiop of the

particles with the alternations of the accelerating p.d applied. This can be dope 5

E, its kinetic energy when the el
C;[y

where m,, is the rest mass 0
is V.

On of

two ways. : /i
1. Byreducing the frequency of the alternating p.d applied which is made equaj

the revolution frequency of the particles. Remember that the decrease in
frequency of the particles is brought by the relativistic effect.

By increasing the magnetic field as the particle accelerate so as to keep the
particles in phase with constant frequency of the alternating p.d applied.

The second method is adopted in the case of betatron and a combination of bath
for synchrotron.

Principle of betatron
The principle on which the action of a betatron depends is that the electrons mov
ing in a stable orbit of fixed radius are accelerated by increasing the magnetic flus

through the orbit.
Let the radius of the orbit be r and ¢ the total magnetic flux through the orbi,

while the f]ux density is B in a direction perpendicular to the plane of the orbit The
stable grt?;t must be such that the average magnetic field over the space enclosed )
the orbit is twice the magnetic field at the orbit.

Proof

If the total flux ¢ is increased at the rate 49 , the induced emf is given by
dt

y=_9

dt
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Let B be the average value of the magnetic flux de

' ' nsity within the area enclosed
by the stable orbit of radius r
. ¢
Thus ¢ =B-mr’ ( =
The work done on the electron in one revolution is therefore
—-eV=2nr F

where F is tangential force on the electron

—-eV e d
or Fat= 200

e e 1
2t 2mr dt 0
For the stability of the orbit, we must have

mv?

Bev =

r

or mv = Ber

Using F= % = —d—(Ber) =ef &
dt dt dt

It is due to increase in energy, the electron tends to move into an orbit of larger

radius. If stability is to be maintained, this tendency is to be resisted. For this to
happen equations 1 and 2 must be equal.

i€, & @ =er CE
2nr dt dt

or d—¢- =21 2 —(E e (3)
dt dt

This is known as the betatron condition. It shows that the electrons will revolve
in an orbit of constant radius , provided the magnetic flux ‘¢ changes at twice the

fate at which it would change if the magnetic field had been uniform throughout the
area enclosed by the electron orbit.

Integrating equation (3) gives
¢, —¢, =2nr’B

4SSuming that the magnetic induction increases from 0 to B at the electron trajec-
tory.
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ction, on the Oth_er handb e uld be e 5
he magnetic flux be twice that for 4 “"iform
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For a uniform magnetic indu
for the betatron condition to hold, t
magnetic induction.

e d lar tube either made of g]
i i annula of glase
consists of a highly evacuate piad glass o
Betatron g be is placed between specially shapeg

ramics called doughnut. The doughnut tube 1 : 3
pieces of an electromagnet energised by passing alternating current through exc

coils. This a.c is supplied from the npr—
mal so cycles/s in which the Increasing Bedron path

magnetic flux is obtained for quarter

Ce.
Pola
1lip g

: 1
cycles i.e., for ——s. As a consequence

electrons are accelerated for periods of

S and out put beam is obtained in

200
pulses. The pgle pieces of the magnet are Wiired6
made of laminated iron to reduce eddy
current losses and they have been shaped
such that the total flux through the orbit is twice the value that would have been if

the field were uniform.

The electrons are emitted from a heated filament are first accelerated to about
50,000 volts and then injected into the doughnut at the instant when B = 0. The
magnetic field then rises sinusoidally. The acceleration takes place during the firs
quarter of the time period T of the oscillating magnetic field. Exactly at the endof

. M-
the acceleration period 2 when B attains the peak value, an instantaneous currentis

passed through an auxillary coil which changes the magnetic field from the stabl
orbit value, as a result of which the electrons are deflected from stable orbit to hid
suitably located target, which makes the target emit x-rays within spread of enefe!
from 0 upto the maximum electron energy by bremsstrahlung process. The proces
repeats 1Ls_e]f at the interval of the time period T of the magngtic field so that the?
ray beam is obtained in pulses of very short duration during each interval T.

Energy of the electrons

Let the variation of the magnetic flux be ¢ = ¢, sin ot
0"
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Energy per turn =eV =¢ %Q
t

d .
=e—(, sin ot

dt bo )
=ed, ® cosmt

. Average energy per turn

_ [T ew, cos otdt
<E> e J‘U : T/4
[t
0

Remember that the acceleration of the electrons takes places for quarter cycle.

) T/4 COS ot d[
(E) = 60ty [, —p—
L dt

4 »T/4
(E) = end, ?J.U cos ot dt

< = 0 4 [Sin&)f]?;u
@
41 . 2
(E) = eq)n“:l:SIIl—K— __0}
. 1
4 ed,4
o e¢f)' =
T 2n/®
Zep,w
T

Since the speed of the electron in the orbit is almost constant (= c) the total path
travelled by the electron during acceleration is

(x =vt)
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cribed by the electron

- The number of turns des
E CT c
N = —= e
e 2m-2nr 4or

Hence final energy of the electron

_e
27T

N-2ew
o,

i.e., the final energy is determined by the peak value ¢, of the magnetic flux apq the

radius of the orbit r.
For example r =0.5m and B=IT
0, =2m’B=2x7x0.5" x1
=1.57 weber.

. Total energy E =_ec¢’v
2xr
- 1.6x107™" x3x10° x1.57 2 dx10™"]

2x3.14x0.5

E

Ee 24x10™"

1.6x107"
Note : In the first machine built by Kerst an electron beam of 2.3 MeV energy wis
obtained. One of the largest machine built at the Illinois university useda
magnet weighing 356 tonne and the radius of the accelerator tube was 2.46m
and obtained an energy of 340 MeV.

or =150x10%V =150 MeV .

Example 6

The maximum magnetic induction in a betatron is 0.5T. If the radius of the dough
nut is 0.8m and the frequency of variation of the magnetic field is S0Hz. Whatis ¢
energy gained per turn. What is the maximum energy of the electron

Solution
B=05J, r=08m v= 50Hz

Energy gained per t urn — 2e ¢,
n




_2e2mB o _4m’e B

yI TT
= der’B-2mu
=4x1.6x107"?%0.8° x0.5%2x3.14x50]

_ 4x1.6x107 x0.8? x0.5%2x3.14x50eV

1.6x107"

=4x0.8" x0.5%2x3.14x50eV
=401.92eV.

Total number of revolutions

. |
N e 4 _ ¢2m
2nr 4o-2nr
c 3x10°

N

= = =2.985x10°
dor 4x2nx50x0.8

.. Maximum energy = Nx401.92eV
=2.985x10° x401.92eV
=119.97x10°eV
=119.97MeV.

Use of betatron
.

solids.

Tamilnady.

The X-rays produced by the electrons accelerated in the betatron are used to
produce nuclear reactions, such as the (y, n), (v, p), (v, 2n), and (Y, n, p)
reactions, or as highly penetrating radiations for the study of the properties of

The high energy electrons are used for research in biological sciences.

The x-rays are used for the treatment of cancer and other diseases. Mapy hospitals
in different parts of the world use this facility now a days. .In India one such
machine has been installed in christian missionary hospital at Vellore in

Particle accelerators
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Electron synchrotron A

Synchr t{on is an accelerator which can accelerate charged particleg
ynchro s

ergy of the order of several hundred m

givip %
ilion electron volts. Syr:];]hl;mmns are of
- . Here we shall discuss gy
s. electron synchrotron and proton synchrotron S ya
ggj&ot:e:ynchfg tron, By adapting the betatron tod L-l:’;]t::i]i;}:\“i};o:;o'n- Prinipj,
Goward and Barnes in 1946.in England devcl'o‘p {‘3 (‘ & q[(ed by Mo M'; S knowy
electron synchrotron. The name synchrotron was 'W?'t“ - "t i f/ fiat e 'S " lan becayg,
the behaviour of the machine is similar in some respects at of a SYNchrop,

motor.

Principle of electron synchrotron ‘ .

In the synchrotron the frequency of the rf oscjllialm" 1~. m;t'lchcd with the Tevoly.
tion frequency of the electron. The frequency of the r h.cld is kept unc.h;mgcd and
the matching of the frequencies being achieved by changing the magnetic fielq wj
time.

The initial acceleration in the synchrotron is produced by betatron principle, T,
changing magnetic field through the orbit of the electrons induces an electric fielg
along the orbit which accelerates the electrons upto about 2 MeV. At this point the
betat}on action ceases and electrons revolve in the orbit with almost constant veloe
ity v =¢ so the angular speed o= £ is also constant and hence the orbit radiusr

I
remains practically constant.

The electrons are injected at fairly at high speed from the electron gun so that the
orbit radius increases only marginally afterwards. After the initial betatron acceler-

Be

tion, the electrons revolve in stable orbits with angular speed © =— where mis
3 m

the relativistic mass and gain energy due to acceleration by the rf field within th
accelerator tube, Since m increases with the gain of energy, B must be increased(0
maintain synchronism.

Construction

Synchrotron consists of a doughnut (a ring shaped accelerator tube of oroidd
section made of glass or porcelain) in an a.c magnetic field. The magnet can be?
ring of C-shaped units not filling the hole in the doughnut as the case with the b
tron. In the central gap of the doughnut some flux bars serve as the central co®®
the magnet to start up the machine as betatron, These bars are made of high P&
ability metal and donot have to be large, they short the magnetic field at low il
tions but become saturated at hj ghinductions and the lransi;on from betatron action
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o synchrotron action can be mas]e Smoothly. Part of the interior of the doughnut is
coated with copper or silver to EIVen resonance cavity. A small break in the coating
separates it into tWO parts. A‘ high frequency electric field from a radio frequency
sscillator is applied across this gap at the p

- : roper time in the magnetic cycle. When
the accelerator is on, the electron is accel

erated each time it crosses through the
reSOﬂﬂ[or~

The electron synchrotron accelerates electron in an orbit of constant r
means of a radio frequency electric field
pet provides the magnetic fie

adius by
applied across the gap. A ring shaped mag-
Id over the doughnut shaped vacuum chamber. The
pole faces are accu rately shaped to provide a field which decreases with increasing

radius.
Electron gun
!
Resonance cavity
‘ s( )
2
R.F 3N
Oscillator @)
i
21 S
o
(]
N
Figure 4.7
Working

Electrons are injected into the doughnut after a preliminary acceleration in an
electrostatic field to 50 to 100 keV. When these are injected at the beginning of the
magnetic cycle, the device operates as a betatron. The electrons travel in circular
paths and increase their energy as the field increases until the electrons reach some
2MeV at which point the bars are magnetically saturated and are no longer able to
induce an emf. This saturation causes the betatron mechanism to stop. At this point
the synchrotron mechanism begins to operate. If the potential applied to the resona-
tor operates at the proper frequency, the electrons are all kept in phase and receive
increments of energy at each revolution, as they pass through the cavity. The high
freqllency field remains on while the magnetic field is increasing and is automati-
cally cut off when the electrons have acquired their maximum energy. As the mag-
Metic field still has a little increase to go before reaching its maximum,, the radius of
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¢) diminis
om the inner € _
emerge in pulses as in the betatron. The May;
s and on the maximum Magneg,

d is of the order of 1 GeV, although a ¢ Gey

¢ in the Soviet Union.

hes a little so that the beam Spiralg :

the beam of constant velocity (= T 4
. . arfingdt g give

slightly to strike a target projec g

off short wavelength x-rays. The rays .

mum energy of the electrons depends on the r

field. The electron energies obtaine

electron synchrotron is now operatin

Proton synchrotron : :
of the order of severg] giga

Proton synchrotrons are used to produce energies |
electron volts (~ 10GeV) . This much energy is necessary to probe into the nucleys,
If this is done with synchrocyclotron the size and cost would be enormous. To gyey.

come this proton synchrotron was derived based on the electron synchrotron,

It consists of a ring shaped magnet in which the particle travels in constant ry.
dius. There are four quadrants to the magnet covering the annular doughnut g
shown figure. The protons are injected into the doughnut at low energy from a lineg
accelerator or by a Van de graaff machine and are recovered by magnetic deflectiop

as a pulsed beam after many revolutions.

Doughnut A
N
’,” \,\\
= ~,
Magnet 7 AR R
ll I/ X \\
W

Bottom

O Top

™ Doughnut section

Accelerating /

electrodes b )
\\ \\. Protons (P) Section through AA
e Y injected
=
"h..-..
Target

(a) Plan

Figure 4.8: Proton Synchrotron

A high frequency resonator cavity accelerator is used in one of the strai ght parts
with an increasing frequency corresponding to the increased speed of the protons:
The ﬁeld s-trength of the magnets is also increased to maintain the accelerated pro-
tons in a circular path of constant radius, The synchrotron action is applied at ¢
beginning of each cycle. Energies attained are at the order of 10 GeV. The bigges'
present day machines are the Bevatron in the U.S.A which gives 6.4 GeV protons
and the synchrophasotron of the U.S.S.R which operates at lgO erV.
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The alternating gradient synchrotron

It is a super proton synchrotron. We found that proton synchrotron is a constant
gradie"t synchrotron, which yields an energy of about 10 GeV. If we want to have a
roton energy of 50 GeV, such a machine would require a mass of 10° tonnes. It is
found that the proton beam dfaviates appreciably from the circular path when radial
magnetic field is constant. Since the whole doughnut is enclosed by the magnetic
field in order to confine t_he beam as much as possible to a circular orbit, the size of
the magnet becomes an important factor in the design of the big proton synchro-

irons. For instance the equivalent mass of 50 GeV proton is 50 GeV + rest mass
which is equal to 50 GeV + 0.938 GeV = 50.938 GeV.

Converting into atomic mass unit
m = 54.68u
N m = 54.68 x 1.66 x 107" kg

m = 54.68 x 1.66 x 10 kg
mv _ 90.78 x 1.66 x 107 x 3x10°

! R = .
Lsing gB 1.6x10™° x 2
Take B = 2 tesla
R = 85m

The orbital radius 85m and a magnetic field 2T is required.

To overcome this difficulty the alternating gradient synchrotron is devised. A
method of overcoming this difficulty of beam wandering is to use magnetic fields
with alternating gradients to focus the beam, i.e. in successive sections of the radial
field, the gradient is first towards the centre and then outwards from the centre and
soon. As the beam travels around its orbit it then passes through sections of the pole
pieces of the magnet which cause the beam to be focused vertically and horizontally
in rapid succession. At the same time the particles are defocused horizontally and
vertically in rapid succession. All this is done by suitably arranging the magnetic
field gradients to be inward and outward in the successive sections as described.
Thus the field can be regarded as having an alternating gradient and this makes for
the strong focusin g and defocusing action. The A.G proton synchrotron in the Brook
haven producing 33 GeV energy, which has more than 200 sections, each section is
S€parated by a field free region and the total mass of the magnet is about 4000 tonnes
the same as that of the C.G. proton synchrotron at Brookhaven. The A.G. Proton

gﬂchrotron at CERN (European Council for Nuclear research) at Geneva gives 25

€V protons. A 70 GeV A.G. proton synchrotron has been operating at Serpukhov
Mthe USSR
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ERN’s focus shifted to the large .

 still used for storage and mﬁgnefctrom

i issioned in the year 198 i P
Jlider was commissl i
Cc(i)own in the year 1991. After thfu CERN L rte, |
. or called relativistic heavy ion collider. j; stu%d
uing. In the year 2009, large hadrop i

the details of LHC in the next sect

After the ISR shut down
LEP) but

positron collider ( :
poses. The proton -antiproton
years of functioning it Was shut x
still higher energy particle accelfera =
operation in the year 2000 and still con
(LHC) started its operation. We ¢af see

Intersecting beam accelerators
Physicist at CERN had planned 0 €

Ollicey
On,

onstruct an intersecting beam accelergpy.
Tl

1960s, based on the idea that smashing tWo Pﬁ‘ll'“(flislb?lm; h‘@‘d_d on Would g,
higher energies than a single beam pf pamCle_b Wll fl. lfe _ Ijlrget.: For thig i
constructed a specially designed device called 1_{1[61 secting storage ring (ISR), ISR

s each with a diameter 300 metres. Each rip o

composed of two interlaced ring _ i : :
tained a beam pipe surrounded by magnets to direct the circulating particles ingjg,

Two protons can collide in the intersecting storage rings. Thf; ISR begun its oper,
tion on 27th January 1971. It was the world’s first hadron collider. ISR continuegi

operation until 1984.

Working of intersecting beam accelerator
a small proton linear accelerator (LINAC) A enter a booster accel

Protons from
otron accelerator, where it

erator. After boosting, protons enter into a proton synchr
is energised to about 30 GeV.

The energised protons, emerging from the proton synchrotron, are split magnet:
cally at C. One beam goes through the ISR pipe in clockwise direction the other
beam goes through the second ISR pipe in anticlockwise direction. The two beans
collide at the eight intersections of two pipes of ISR. The schematic diagram of
beam accelerator is given below.

proton
synchrotron

B Booster
accelerator

Collision products

Intersecting storage rings

Figure 4.9; Intersecting beam accelerator
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The maximum energy attained in ISR was 67GeV. Thi

GeV beam hitting a stationary target. ISR paved the way
pinted at the smaller elements of protons are now known

s is equivalent to 2000
for later accelerators as it
to be quarks.

The growth and future of large accelerating machines

It has been realised that the mysteries of the ultimate structure of protons
irons and pions can only be solved by using intense beams of nuclear partic,les of
very high energies as probes. The Cockeroft-Walton proton accelerator operated in
1932 the energy obtained was about IMeV. The limiting value of this accelerator
was 1 MeV. This is because at IMeV the resistance of the accelerating tube materi-

als break dow.n. This led to the design of Van de graaff generator produced energy
about 10 MeV.

[n order to go beyond 10 MeV an entirely new method was required. The idea of
resonance acceleration was conceived by Lawrence and living stone and mud the
first cyclotron accelerator in 1932 which produced a proton beam about 1.2 MeV. In
1940 the betatron was designed and produced a beam of 2.3 MeV electrons. The
energy limit of this was 25 MeV for protons and 300 MeV for electrons but linear
accelerator was capable of producing 50 MeV for protons and about 1 GeV for
electrons. The next break through was the construction of synchrotrons for both
protons and electrons. The electron synchrotrons produced energies of the order of
350 MeV for electrons while the proton synchrotron produced energies upto 10
GeV. Finally the A.G. proton synchrotron was constructed and given output of 33
GeV, at the Brook Haven national laboratory. At present we arrived at the constrac-
tion of 100 GeV energy output in the CERN (European Council for Nuclear re-
search) at Geneva, Switzerland. So many European countries are contributing to this
project. India had committed to contribute in kind 25 million U.S. dellars to L.H.C
(Large Hadron Collider Project). CAT (Centre for Advanced Technology, Indore) is
co-ordinating this activity.

neu-

In India major accelerator programmes are being persuaded at BARC (Baba
Atomic Research Centre) TIFR (Tata Institute of Fundamental Research) at Mumbai,

VECC (Variable Energy Cyclotron at Calcutta), NSC (Nuclear science centre) at
Delhi.

CERN and its future project

The biggest accelerator of the world is at Geneva, Switzerland named CERN
(European Council for Nuclear Research). The accelerator complex at CERN is a
Succession of machines that accelerates particles into increasingly high energies.
Each machine booster the energy beam of particles before injecting the beam into
the next machine in the sequence. The last element in the chain of machines is the
large hadron collider (L.H.C). In the L.H.C beams-are accelerated upto 6.5 TeV per
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ght) in the chain have their owp

. |
: ally €1 €Xpar |
ther accelerators (ot : ; Per;.
ﬁle;?alh::li O:rl(':ere beams are used for experiments at loWerenergies.
Working The proton is a SOUrce sample bottle of hydr,

: it i ccelerator.
Basically it is a proton a electrons from the hydrogen atoms ¢, :

en. An electric field is used to strip O ; Vield
ﬁrotons Linac-2 the first accelerator 1n the chain accelerates the protons tq the ey,

ergy 50 MeV. This beams is injected into the next Pfgmr}“;};“;?lrl olt)r‘:: 0? (l}) S) acceley,
tor booster which accelerates the protons (o 1.4 GeV. Thi Ollowed by tp,
] hes the beam to 25 MeV. Protons are th

another proton synchrotron which pus o en sep
to super proton synchrotron (SPS) where they are accelera fH (t:o GeV. Theg
protons are finally transferred to the two beam p1pes of the_ . The beam i one
pipe circulate clockwise while the other one anticlockwise over a length of 9
kilometres. The LHC ring is installed underground at a depth of 100 metres Crossing
the borders between Switzerland and France. Proton beam takes 4 minutes ang o)
seconds to fill each LHC ring, and in 20 minutes protons to reach their maximyp
kinetic energy 6.5 TeV. The beams circulated for many hours inside the LHC beam
pipes under normal operating conditions. Two beams are brought into collision ip.
side four detectors ALICE(a large ion collider experiment) ATLAS (atmospheric
laboratory for applications and science) CMS (compact muon solenoid) and LHCh
(large hadron collider b) where total energy at collision point is equal to 13 TeV,.

The CERN is fully operational now. There are totally 17,500 scientists, engineers
and technicians are working over there.

The future project of CERN is to construct an accelerator 4 times larger and 6

times powerful than the current LHC. The circle collider will be a total length of 100
kilometres and cross over Geneva and other two countries. The installation cost

would be about 21 billion Euros and expected to be operational in the year 2040.

IMPORTANT FORMULAE I
L.~ Ina Cockeroft-Walton proton accelerator the output voltage (V) of the voltage multiplier

V, =2NV,

Where N is the number of stages and .V, is the peak input voltage.
2. In alinear accelerator, velocities are in the ratio

WA U =1:\/2_:ng ........
The lengths of the tubes must also be in the same ratio
3. Cyclotron: :

2
a) Principle, = Bqv
r
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: o B’q’r?
p) Maximum kinetic energy of the particle, KE =—9T
S Om

on £ b~ 9B
¢) Cyclotron frequency, ——2-5

d) Radius of the circular orbit r = Ll _2_@

qB qB
4, Betatrom.
” do , dB
q) tatron condition, — =2mr® —
a) Betatr At 3
2e
b) Average energy per turn, (E)= Po®
|3

¢) Number of revolutions described by the electron, N = €

dmr

; ec
d) Final energy of the electron :ﬂ =ec Br
r

UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in two or three sentences)
Short answer type questions

1. What are accelerators? What is their uses?

2. What s the principle of Cockeroft-Walton accelerator?

3. What is a voltage doubler?

4. Write down the reaction of the first artificially transformed element using Cockeroft-
Walton accelerator?

3. What is a linear accelerator?

6. What are the limitations of linear accelerators?

7. What is the principle of linear accelerator?

8. What are the uses of linear accelerators?

9. What is the difference between a linear accelerator and a cyclotron?

10. What is the principle of cyclotron?

11 What i cyclotron frequency?

2. Write down an expression for cyclotron frequency and explain the symbols used?

13. Cap electrons be accelerated by cyclotron. Why?

i;‘ What is the difference between electrostatic accelerators and cyclic accelerators?

5 What is a synchrotron?
What is a betatron?

18 What is the basic difference between a cyclotron and a betatron?
~ "'Mle down the betatron condition and explain the symbols used?
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26.
27.
28.

. 9
. What is a proton synchrotron
. What s the use of proton syn¢

19
20
21
22,
23
24
25

What is the basic idea of intersecting

Particle Physics |

9
What is an electron synchrotron-
hrotron?
Jectron and proton synchrotron?
n synchrotron?

ator?
beam accelerator?
lerator and label it?

What is the difference between €
What is the disadvantage of proto
What is an intersecting beam acceler

Draw a diagram of intersecting beam acce

What is an ISR? s :
Give the names of three accelerators still in use:

Section B
(Answer questions in @ paragraph of about half a page to one page)

Paragraph / Problem type questions

et SRS S

10.
11.
12,
13.

14.

15.

16.

Explain the working of a voltage doubler?
Explain the principle of working of linear accelerator?
What are the advantages of linear accelerators?

What are the limitations of a cyclotron ? ‘
A charged particle moving in a uniform magnetic field penetrates a layer of lead and

thereby loses half of its kinetic energy. How does the radius of curvature of its path
change?
A charged particle of mass m and charge q revolves with a velocity v in a magnetic

field B. Show that the radius r is proportional to its momentum?
How do the relativistic effects limit the acceleration of electrons to high energies in

cyclotron?

What is the principle of synchrotron?

Explain two ways in which relativistic effect in accelerators can be overcome.
Explain the principle of betatron?

What are the uses of betatron?

What is the principle of electron synchrotron?

Explain the principle of alternating gradient synchrotron?

What is the principle of intersecting beam accelerator?

In a cyclotron the strength of the magnetic field is 0.954 Wb m2 and the dees 4
dimensioned so that the accelerated protons emerge tangentially at a distance of 0.15m
from the centre. What should be the frequency of the oscillator and the energy in MeV
of the emerging protons. m, =1.67x10 kg [14.55MHz, 0.98 MeV]

A cyclotron is to be designed to accelerate a- particles to a maximum energy of 32MeV:
If the peak value of the accelerating voltage is 40 KeV, how many revolutions will b
needed for a particle initially at rest before it acquires this amount of energy- :
lr?ducilon associated with the magnetic field is 60 Wb m2. Compute the value of ¢
diameter of the dees and frequency of the oscillator.

[n1=200 d=1.18m u=12.2MHZ]




17.

18.

19.

20.

21.

22.

23.

24,
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A cyclotron used to produce a beam of protons has a magnet; e o
1.80 Wb m~2 and the extreme useful radius is 0.2m. As s i

= : sume the specific charee of th
proton 0.58x10" C kgm ', obtain the values of a)ener P charge of the

) gy of the protons b) the wave-
length of the electron magnetic waves produced by the oscillator, m  =1.67x10"> kg
. ™ P & -

[a_) E=6.2 MeV

b) A =10.92m ]
An a- particle is accelerated by a potential difference of 10* V. Find the change in its
direction of motion if it enters normally in a region of thickness ¢ 1m having trans-
verse magnetic induction of 0.1 J. Mass of q- particle = 6.4 x 10-2" . [30°]
Prove that the radius of curvature r of the path of a positive ion in a cyclotron is propor-
tional to Jn, where n is the number of times the ion, initially at rest has been acceler-
ated across the space separating the two dees, provided the mass of the ion remains
constant. .
In a betatron the maximum magnetic field at orbit was 0.4 Wbm-2 operating at 50 Hz
with a stable orbit diameter of 1.524 m. Calculate the average energy gained per revo-
Jution and the final energy of the electrons. [291.9¢V, 91.45MeV]
A cyclotron with dees of diameter 1.8 m has a magnetic field of 0.8T. Calculate the
energy of the accelerated protons [25 MeV)

An electron and a proton have 1MeV energies each. Which one should be treated
relativistically. [only electron]
In a betatron accelerator the maximum magnetic field at orbit was 0.4T, operating at

50 H, with a stable orbit diameter of 1.5m. Calculate the average energy gained per

revolution and the final energy of the electrons. [239.5eV, 91 MeV]

A cyclotron with dees of radius 0.9m has a magnetic field of 0.8T. Calculate the gen-

erator frequency required to accelerate the proton to 25 MeV. [6.17 x 107 Hz]

. What radius is needed in proton synchrotron to attain particle energies of 10 GeV.

Assume that magnetic field available is 1.5T [18m]
Section C

(Answer questions in about one or two pages)

Long answer type questions (Essays)

N2 00 SSUUERGIA  D T =

Explain the principle, construction and working of a Cockeroft-Walton accelerator.
Describe the working of Van de graaff generator with a neat diagram.

Explain the principle, construction and working of a linear accelerator?

Explain with a neat figure the working of a cyclotron?

Describe the principle, construction and working of a betatron?

Describe the principle, construction and working of an electron synchrotron?
Explain a proton synchrotron in detail?

Explain an alternating proton synchrotron in detail? _

Write down an essay on the growth and future of accelerating machines?
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; ine of an intersecting b
10. Explain the principle, construction and working & beam accelerat_ﬂr

with a diagram?

Hints to problems
v Iy S
B p BdK . _0i5m

o U==——L
- 2mm 2m

16. a) The particlé will be accelerated twice durin

g each revolution. For one revoly

L ll(]n
q.2V. Let n be the required number of revolution "
. 861

energy acquired =
32 MeV
n q.2V=32MeV
q=32x10""C, V=40x10’V

20 =2

by P95 _35,10°x1.6x10™" find 1,, wd=2r,
2m

C) V= qB
27tm

7. ) pB9n _Brn (i e
2m 2 m

b) . Uzﬂ
v 2nm

rzﬂz\/ka-E:\/quV findr r=02m .
qB gB gB J(\J\

d I \\

i \.

sinf =— X /
I' /

- e —

et g 1[0 5 :
r 0.2

my?

i Bev ormv =Ber. If V be the maximum value of the p.d between the

I
dees Emv2 =eVn

29 QGVH
mv = or mv = 2eVn

L m




or
20. See example 6. N=3.132x10°

B B’q’ry _ 0.8” x (1.6 x10™?)*x (0.9)?
mx T om 2x1.67x107

21.

0.8 x(1.6x107°)*x 0.92
2x1.67x107 x1.6 x107"

MeV

=24.83 MeV = 25 MeV

22. KE=(m — m(})cz = lTlUCI {in_ _1]

0

= ] E, = myc® = Rest energy

For a proton

A =1+ﬂ=1_00106
My /- oon 938MeV

So proton with energy need not be considered relativistically.
For an electron

m | g e
m, electron 0.51MeV

So electron with energy 1 MeV should be considered relativistically.

23. Here the electron must be treated relativistically

E
mv =—, E is the final energy.
o
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my’

Using = Bqr

myv = BgR

E=BqR
¢

E =BgRc
Substituting the values, we get E= 91 MeV.
Total number of revolutions

B
N e, R0 ~3.1x10°
4oR 4 x2mx50x0.75

Average energy per revolution

= w =293.5eV
3.1x10° -
2, P 2
S o0 IR, T (1)
B2 ZrE
Tme e o
2m ~,
E@ ' e, K.E
INES ' =——— = = 8
Ba@ &Y KE Bar' Bar
s 25%10° x 1.6 x 107" -
0.8x1.6x10™" x (0.9)? =6.17x10"Hz
25. R=rov : i) |
B Equivalent mass of 10 GeV proton is equal to 10 GeV + rest mass.
m=11.75u

m= 11.75x1.66 x 10 kg
m= 1.95x10 kg

Take v= 3 x lﬂgms'l
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ELEMENTARY PARTICLES

Introduction

For many decades physicists have been searching for the ultimate building blocks
of particles of which all matter is composed of. These building blocks or particles
are elementary particles. After studying the structure of atoms we believed that the
electrons, protons and neutrons are the only building blocks of matter (elementary
particles). As we look more deeply, although the nature has constructed all material
objects out of roughly 100 kinds of atoms, we can understand these atoms in terms
of electrons, protons and neutrons. Our attempts to look further within the electron,
it seems to be a fundamental particle in the sense that it has no internal structure. i.e.
they cannot be explained by as a system of other particles. With the advent of high
energy particle accelerators a large number (above 200) of elementary particles have
been discovered. If all of these are fundamental particles; it would be impossible to
formulate any fundamental dynamic laws of their behaviour. However experiments
show that there are only few fundamental building blocks of nature. All others could
be explained in terms these fundamental particles. Apart fram electron, quarks are
fundamental particles. In this chapter we discuss the properties of many of the particles
discovered so far and laws that govern their behaviour. Finally we classify these
particles. We also discuss about quarks and their properties.

The four basic forces

Physics people are familiar with several forces such as frictional force, tension,
viscous force, surface tension, gravitational, electric, magnetic, nuclear radiation,
radioactive.... etc. All of these known forces can be grouped into four basic types. In
order of increasing strength, these are gravitation, electromagnetism, weak interaction
and strong interaction.

L Gravitational interaction

i | h tion F= M Itis
Itis the force between any two masses govern by the equation F = =

the weakest force in nature and its range is infinity. On the microscopic scale 1t 1

T et o e ST |

r A 3
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scale it is of no importance at all, HOWeve
n between one atom of the Earth and q I,

atom our body is negligible, the combined effect, the mteractlo;ls ;Jeltlween a.u aton,
of Earth and all atoms of our body, is observable. The strength of the Eravitatioy,
force c:)mparing to strong force is 10, Every interaction s lln‘?dlated by a Particj,
The particle responsible for this interaction 1s flﬂlled grawton.d.t 1 a massless Particj,
with spin 2. It is due to its weakest strength, it has not been discovered yet,

2. The weak interaction o
The forces involved in the process of beta decay and other similar Procesgeg

producing particles. The weak force between two neighbouring protons ig aboyg
1077 times of the strong force between them. This shows that the weak force does
not play any role in the binding of nuclei (strong force). The range ‘of‘this force j
very short of the order of 0.001 fm. Nevertheless, the weak force is important in
understanding the behaviour of fundamental particles and is critical in understanding
the evolution of the universe. The particle responsible for weak interactions are calleg
vector bosons. There are two types of vector bosons. They are (1) wW*— boson ang
(ii) Z° — boson. Since the range of the weak interaction is small, vector bosons are
massive. The W — vector boson has a spin 1 and charge + € and 1s responsible for
ordinary beta decays. Its mass is about 85 times the proton mass (80.4 GeV) But Z°-
vector boson is chargeless and has spin 1 and its mass is about 97 times the proton

mass (91.2 GeV).

3. The electromagnetic interaction

It is the force due to interaction between fundamental particles. The macroscopic
forces such as friction, air resistance, viscous, tension etc. are electromagnetic forces
at the atomic level. Within the atom electromagnetic force dominate. The
electromagnetic force between neighbouring protons in a nucleus is about 1¢2 times
the strong force between them. Within the nucleus the electromagnetic forces can
affect cumulatively hence cannot be neglected with reference to strong force. In
determining the stability and structure of nuclei, these two forces have to be
considered. |

The range of this force is infinity and the particle responsible for this force is
photon. Photon is a massless particle with spin].

very important, but on the microscopic
though the tiny gravitational interactio

4. The strong interaction

This is the force responsible for the binding of nuclear or of that between quarks
In nuclear reactions and decays of fundamental particles this force dominates. SO




ticles (such as electron) do not feg] th;
al; tively very small of the order of 1fy,
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The relative strength of a force deter

racteristic time scale is less than 102
Chie its characteristic time scale over whi
r - " o -~
f\?eak force itis 108 - 1013,
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The particle responsible for strong
article responsible for the strong fore
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S, Whereas in the ¢
chit acts ranges fr

nuclear force is
€ between quarks.

ine the time scale over which it acts. Its

ase of electromagnetic
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Table 5.1: Four basic forces and their properties

pion, where as gluon is the

— Relative | Characteristic | Field e Spin | Rest Energy
Type Range strength time (s) particle harge (#) (GeV)
— Pion |+e,-e, 0| 1
1 fm 1 <102 or or 0
Sirong Glion | .0 | 1
Electro . 1072 10™-102* | Photon 0 1 0
Magnetic
Vector
bosons | +1,-1 | 1 - 80.4
2 - -13
Weak 102 fm 107 10-8-10! W W- and 0 1 91.2
and Z°
Gravita o 1038 years Graviton 0 2 0
tional

¥k

Particles and antiparticles

' - - - - e'

Protons, neutrons and electrons are particles of .whlcrh ordlnaFy m-atlter I1]sa \r’r;a;ihe

Experiments shown that every particle has an antiparticle. Ant1paritclci;§mem e
Same mass and spin as the particles but opposite charge and magnet -

' ) i p) is th
€xample positron (e*) is the antiparticle of electron (&) antiproton (;.>) is )e
antiparticle of proton (p). Four particles the photon, thé graviton, neutral pion (7°),

iparticles i of particles

Neutral eta meson (n°) are their own antiparticles. Matter is made up ° gsmons)
i anti ' 1an

Where as antimatter is made up of antiparticles (antiproton, antineutron and p _

a positron

For example a stable atom of antihydrogen could b?’ cons t:lllifaeglf)r:e[réf c[:rdinafy

and an antiproton, The properties of this atom would 1den:;;’~‘e ositron and the anti
hydrogen atorm, Antiparticles of stable particles (such as the p
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when a particle and 1ts antiparticle

i . .
proton) are themselves stable. HIOI:N;?: reaction particle and antiparticle annih,, the
ihilati tion can occur. _ ’ . N
?nmhlﬁnoz rre::olr(:: photons. This reactions olccurs in accordance wig, la, 0(;
orm (0] amples :
conservation of momentum and encrey: Examp
= \'
(i) e+e" =2y (E, =0.511 MeV)
i) p+p -2y (E =938 MeV)

Note: An antiparticle is designated by the same Y mbol as the particle by With ,

bar over it.
Neutrions are chargeless elementary particles. There are three types of neutripy,

They are electron neutrino (v, ), mMUoN neutrino (v, ) and tau ﬂel{trmo (v,). Thoug
the electron neutrino and muon neutrino are massless tau neutrino has magg aboy

320m, (where m_is the mass of the electron). These particles have corresponding

antiparticles. They are antielectron neutrino (0, ), antimuon neutrino (Y, ) and ay

tau neutrino (U, ). .

Since ordinary matter is not composed of neutrino, we cannot distinguish betweeq
neutrino and anti neutrino on the basis of matter and antimatter. But the conservatiop
laws in beta decay process can be understood most easily if we define the antineutring

to be the particle that accompanies 3~ decay and neutrino accompanies f*decay.
Another example is consider a lambda ( A ) particle decays to an ordinary neutron.

Then antilambda ( ) decays into antineutron. Similarly negative muon (M ) and

positive muon (p*) are antiparticles of one another because 1 decays to e and
decays to e”.

Families of particles

There are more than 200 elementary particles have been discovered. One way 10
study them is to classify it into different categories based on certain properties and
then look for similarities among the classifications. We have already classified
according to their types of forces through which their interactactions. In early days
of particle physics they were classified according to their masses. It was observed
that ﬂ'fe lightest particles (electrons, muons and neutrinos) showed one typ¢ of
behav?our, the heavy mass particles (protons and neutrons) showed a different
behaviour and the medium mass particles (pions and kaons) showed a still different
behavxf)u.r. The Greek word for light is lepton, that for medium is meson and 107
heavy it is baryon. So elementary particles were three types. Leptons, mesons &
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ns Gradually the original meaning attached to the te

bary© ample the term lepton was used for light particles,
or e:j{iscovered so the name lepton beca

were

me unsuitable, The

s is now obsolete but we retained the names lepto
b m?hcse names describe a group or family of particles
Now

LeptOﬂS

but later heavy leptons.
classification of particles
ns, mesons and baryons.
with similar properties.

Leptons are weakly interacting fermions having spin lh_ These particles take
ep _ :
.. weak interactions and electromagnetic interactions when charged. There are
in ! e
par mbers of this family. They are electron (), electron neutrion (v, ), muon
six me

i - i - Ofcourse this six famil
-, MUON NEutrino (v,), tau (77) an_d tau n.eutrl!lo (v,). Ofcor lled sl tong
( b rs of leptons have corresponding antiparticles together called antileptons.
membe

o . . 6 (5. .
itron (e*), antielectron neutrino (J, ), antimuon (i*), antimuon neutrino (V)
Posi 2

itau (") and antitau neutrino ¥, are antileptons. The symbol, charge and mass of
antitau (¢ )
lepton family are given in the table below.

Table 5.2
- Mass in terms
Name Symbol | Charge of eleciron m,
- - 1
1. Electron e 1
2. Electron neutrino | v, 0 2~006 S
3. Muon Ty —(1) o :
. Muon neutrino v,
: T - — 3500 m
> fao : <320m,
6. Tau neutrino v,
The lepton family
Note: Fermions are particles with half integral spin.
Mesons

i ine i in. Mesons can be
Mesons are strongly interacting particles ha?:mg' Eteg;i;lczg o mesons or
Produced in reactions through the strong 11‘1teract1ons,. t:zactions. For example
leptons through the strong, electromagnetic or weak In

Q
+n+m
P+tn— p+p+n” or PH0—>P

rms lost their meaning,
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The pions further decay according to T — = | %
[}

This is strong interaction. er ¢ ¢
5. so thisis weak interaction.

with mean life time 2.6 x 107
vith mean life time 8.4 x 10775, So this

z° decays according to © 2> Y 13

electromagnetic interaction. o
atter, the classification into particles ang ang

particles become purely arbitrary. For example n'and 7 are amiparﬂticles of one
another. Similarly K* and K~ . For uncharged mesons suchas n° and ", the Particle
and antiparticles are identical. The antiparticle of neutral kaon (K°) is (K°), ke
and K° are distinct. A list of mesons with their properties is given in table below,

Table 5.3: Some selected mesons

Since mesons are not observed inm

Particle | Anti particle ' Cl'mrg-;c of | Spin Str-ange'ness Rest c_n;;?
_ particle h of particle (MeV)

o n +1 0 0 140 |
T T 0 0 0 135
K* K- +1 0 +1 494
Ko o 0 0 0+ 1 498
n n 0 0 0 548
P p +1 1 0 775
i n 0 0 0 958

o ol +1 0 0 1869 |

" Ty 0 1 0 3097 |

i f 0 I 0 0460 |

_

Note: Strangeness of the particles will be discussed soon.

Baryons

The baryons are strongly interacting particles with half integral spins

135
(_5_1'— ----- ] - ’ - 4 .
2'2"2 }-BdWOHS have distinct antiparticles like leptons. Baryons are prOd“Ced
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cactions through strong interactions and dec
inr
in tions. Example.

jnterac

P +I§ — p+ A"+ K" - Strong interaction

Ao —p + 1 — weak interaClion
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ay through electromagnetic and weak

some selected baryons and their properties are given in table 5.4

Table 5.4: Some selected baryoﬂs

— o Charge of | Spin | Strangeness | Rest energy
particle | Antiparticle particle h of particle (MeV)
— L
D P +1 5 0 938
I 1
n n 0 ) 0 940
A” Ko 0 % —1 1 1 16
N . .l % ) 1189
7o iu 0 % -1 1193
5 5- -1 % -1 1197
1
1315
—_0 0 - —2
= = 2
_ 1 2 2 1322
cy = - 2
3 232
A» Z-m +2’ +l, 0, -1 5 0 1
3 1 1385
¥ E* +1, 0—1 2
3 1533
= -2
= = —]., 0 2
3 3 1672
Q Q" -1 9 .

..-»35* l‘_i':lﬂ..’

i
O

LOEne Tt
| Ry
(I Ry
b= 00
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g the three families 0

f particles. Their Struc

So far we were discussin . a ture,
interactions, spin and examples are given In Table 5.5 given below.
Table 5.5: Families of particles
¥ . —_-_-\“-\
Family Structure Interactions Spin Exampleg
lect Half e
Leptons Fundamental weak, electro : €, v
magnetic integral
— ]
Mesons Composite weak, electro Integral - m, K
magnetic, strong
T
Baryons composite weak, electro Half P, n
' magnetic, strong | integral

Conservation laws

Conservation laws form the back bone of physics. We are familiar with
conservation laws like linear momentum, angular momentum, energy etc. These
conservation laws are closely connected with the fundamental properties (symmetries)
of space and time. We believe, not yet proved contrary, these laws are absolute and
inviolable. In the decays and reactions of elementary particle, conservation laws
provide a way to understand why some processes occur and others are not observed,

Apart from the well known conservation laws stated above, in nuclear physics
there are several others like nucleon number conservation, charge conservation, lepton
number conservation, baryon number conservation, strangeness conservation and

somany others.

Nucleon number conservation

Consider the alpha decay of a nucleus, such

235 23
» U= 5'Th + iHe

The proton number on the L.H.S is 92,
The proton number on the R.H.S. is 90 + 2 = 92

The neutron number on the L.H.S = 235-92 =143

The neutron number on the R.H.S. = (231-90) + (4-2) ‘= 143

We balance the proton numbers and also neutron numbers on both sides. T

does not mean that in nuclear reactions conserve both proton and neutron pumber
The next example will clarify this,




Consider the beta decay.

= p+E 4+,

This decay process does not conserve ejthe
. conserves the total neutron number plus p
f[this is called nucleon number conservatiop_
conserVCd-

Lepton number conservation

The lepton family consists of 6 members.
called lepton number (L). The corresponding antiparticles of lepton are assigned a

number —1 - If the particle is not a lepton, the lepton number is zero. i.e, for all

mesons and baryons lepton number is zero. In al] reactions and decays, the lepton
number before after process must be conserved.

Each member is assigned a number

ic L_:l‘ Lu =1, L-=1, L =1, L-=L L =1

3 l-lr_ Y,

For antiparticles of leptons:
L.=-1, Ly=-, L_=-1, L _=-1, L
Examples
(i) n—>p+ & + U,
L: 05 0+1+(=1)
(i) pon+e+u,
L0 0+ -1+1

Inboth of the decays lepton number is conserved. The lepton number conservation
Accounts for the emission of antineutrino in B~ decay and the neutrino in * decay.
(i) T+p—on+o,
L1+050+-1
| .
since lepton number is not conserved this reaction is forbidden.
(iv) P— et 4y

Lo —140
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The lepton number is not conserved, this decay is forbidden in nature,

After checking lepton number conservation in general, we have to check Wheth,
each type of lepton (e, }t, ) number s the same on both sides. Then only Conservano

law is valid.
Examples
1. p+0, —>e" +n
L.:0+-1->-1+0

Thus electron type lepton number is conserved

2. v, +n—>pE+P

Lp:1+0—>~—1+0

Here muon type lepton number is not conserved.
_ +
3. v, tp—>n+e

L: -1+0—>0+-1
Here lepton number is conserved. But this is not observed. This is because muon
type lepton number is not conserved.

Lu:_1+0_>0+0

So muon type lepton number is not conserved.
Thus, lepton number conservation can be put in the following way:

In any process, the lepton numbers for electron type leptons, muon-type leptons
and tau-type leptons must each remain constant.

Baryon number conservation

The baryon family also consists of 6 members (p,n, A°, ¥, =°,~)-Each member
is assigned a number + 1 called baryon number (B). The corresponding antiparticles

of baryon are assigned B = —1. If the particle is not a baryon the baryon number 8
zero. i.e, all mesons and leptons have B = 0.

Bp=1,.Bn=1, B.=1 B,=1 B_=1, B_=I

A
For antiparticles

|
|




con

consel ¥ d
i ncluded in baryons we need to go for nuc]

gxample
(i) n—>p+e+v, Beta decay

B:1>1+0+0 Baryon number conserved

i P+*P>P+pP+p+Dp
B:1+1—>1+1+1-1
22
Baryon number is conserved
(i) p+p—>p+p+n
B:1+1—=>1+1+1
23
Here baryon number is not conserved, so this reaction is forbidden
vy, ® —>p +v,
B:0— 0+0
Baryon number is conserved
Strangeness conservation

First in cosmic rays and later particles were discovered whose behaviour were
rather peculiar. These particles were produced in strong interactions in time and
short as 107 s but while decaying they took an enormously long time ~107s,
characteristic of weak interactions. Such particles were called strange paniclqs.

The stran ge behaviour of the particles was pointed by A Pais. The other strange
Property of these particles was that they produced in pairs. Why this strange
¢haviour? The answer to this question came from Gell Mann and Nishijima who
a5signed a new number to these particles called strangeness number(S). This number
Was defined analogous to charge specifically for a conservation law based on
®Xperimental data.

The Strangeness numbers assigned to various particles are given below.
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(i) For the kaons (K*, K°), S$=+1

For the antiparticles (K*,K"), §=-1

(i) For the lambda hyperon (A%), s=-1and for the correspongip,

antiparticle (A°), S=+1 -
(iii) For the sigma hyperons (Z*, 27, £°) $=-1 and for the correspondiy, |
antiparticles (T, £, £°), S=+1

(iv) For the cascade hyperons (=%, =), S=-2 and for the corresponding

antiparticles (E°, £7), S=+2
(v) For the omega hyperon ((Q), S=-3 and for the corresponding antiparticje

(), S=+3.

Examples

(1) K +p—=>Q +K +K°

S: -140—>-3+1+1
—1=-1
In this reaction strangeness number is conserved.
(i1) nT+p—> w+ X
S: 0+0—>0-1
0—-1

In this process strangeness number is not conserved. So this process is 10t
allowed in nature.

(i) p+p—> p+p+A°+K°
S: 0+0-50+0-1+1
0—-0

So strangeness number is conserved. But we cannot say whether this proce
occurs or not. For this we have to check all other conservation laws. For examy
suppose we check baryon number conservation, it gives

$5
le
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B:l+1—=>1+1+1+40 é

2—>3

o baryon number is not conserved. Thus this process is not allowed. |
a A very important thing to be noted is that stron g interactions and
i jnteractiOHS can COnserve strangeness number, but weak inte
I conserve strangeness number. Here strangeness changes by u
|

electromagnetic {
raction decays cannot
nity so we can write

|
AS =0 for strong interactions and electromagnetic interactions i

| AS =0, £ 1 for weak interactions .
! Examples _

I (i) Q>+

' S 3->-1+0

1 .. AS = —1- -3 =2, so condition that for weak interaction AS = 0, + 1 |
; is violated

Jj (i) Z2°—>n+7n° f;
| S: =250+0 ‘\
| A AS=2 ; | | |
This being a weak interaction AS mustbe 0, + 1, so strangeness is not conserved. ‘

Finally we can define the strangeness number conservation as follows.

In processes governed by strong or electromagnetic interactior}s the total |
Strangeness number before and after the process must be conserved apd in processes
governed by the weak interaction strangeness number either remains constant or
changes by one unit.
Note: Inall processes in addition to above three conservation laws, charge must be
conserved as well as spin also must be conserved. -
Example 1

Why does a free neutron not decay into an electron and a positron.
Solutiun

Suﬁpose a free neutron decays into an electron and a positron.

I.e., n—se” + e"'




198  Nuclear Physics and Partice Phusics

Bariyon quantum number
1=0+0
Since baryon quantum number 1$ 101 conserved the decay 18 not posgihle.
Spin is also not conserved.
Example 2
Which of the following reactions can occur s1atc the consen ation principlesy 10l
by the others.
a Ao gtea
b)Y s spon+a’
€) ' +p-sra 4pen 47
dy  yen—oa +p
Solution
) Ao a4+
Applying baryon number conservation we get
B: 1=0+0 since B i< not consen ed, this reaction cannot g
b) a +p-on+a’
B: 0+1=1+0 1e banvonnumber s convened
Applying charge conservation we get
C: —14++1=040
i.e. charge is also conserved
Hence this reaction can occur.
¢) n'+p-oa‘+p+n +a’
Applying charge conservation
C: l+1=1+1-1+0
i.e. charge is not conserved. Hence this reaction cannot ooour
3] d y+n->n +p
B : 0+1=0+1 Baryon number is conserved
C: 0+0=-1+1 charge is conserved,
Hence this reaction can occur,
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3
Etﬂmplc N | |
gon (n ) collides with a proton. a neutron plus another particle i formed.
A muon ()
what is the other particle,
.;(,[uliam
perne where ¥ i3 the new particle formed.
wotEs '
e charee conservation
'.\ppl}mg C =
C: =1+ | =0 +X
ie. 0=0+x
This implics that <is chargeless

Applying lepton number, we get
W ospnet

L. 1+ >0 kX

Thes tmplies that s aw-lepton. tes s a mu-neutrino.

Fxample 4

A posttive proneolhides wath a proton, two protons plus ancther particle are greuted
What 1s the other particle

v 1
A s .

Solution

T e p s porop e x, Where X the new particle formed
Applying churged conservation, w
C: 1vl-t41s M

This tmphies that s chargeless

¢ el

Applying buryon number conservation, we Let
Bl 1vr«

Ih:nmm‘- that the baryon number of x s -1
Uthey wordy ¥y

E-\auuplg- 3

Le b an antiparticle of baryon. In
achargeless antibaryon

An'];: pr”dl.l{,'{\ U!‘

‘ a collision between a fust proton and a neutron are a neutron, a
b Y. ’
~ Paticle gang

another particle. What 1s the other particle.

. :
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X must be a strange particle. ‘
Applying strangeness quantum number conservation, we have.

S: 0+0=-1+0+0+x
This implies that x is a particle with strangeness +1.

Hence x is a chargeless kaon (K°).

200  Nuclear Physics and Farticle Physics

Solution
p+n —> n+X°+x, where x is the unknown particle formed.

Applying charge conservation, we get

C: 1+0=0+0+x

This implies that x is a charged particle (+ve)
Applying baryon number conservation

B: 1+1=1+1+x .
This implies that baryon number of x is 0. i.e. X is not a baryon.

Applying spin conservation, we get

This shows that x is a spinless particle.

Applying strangeness conservation, we get

S: 0+0=0-1+x

This implies that the strangeness of x is 1. Hence x is a positively charged kaon,

Example 6

In proton-proton collision a lambda hyperon, a proton, a positively charged pion

and a new a particle are formed. What is the new particle
Solution

p+p—>A°+p+nt+x, where X is the new particle formed
Applying charge conservation, we have

C: 1+1=0+1+1+x

This implies that the new particle formed is chargeless.

Since A° is a strange particle and the strange particles are formed in pairs. Thus

e
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amplﬂ 7 . .
EKA negative kaon collides with a proton, a positive kaon

and another particle are
ed. What is the other particle. P

creat
Solﬂtiﬂn

K +p—> K +x, where x is the unknown particle formed.
Applying charge conservation on both side we get
c: -l+l=+l+x
or x=-1
This implies that X is negatively charged.
Since kaon 1s a strange particle, strangeness quantum number must be conserved.
e, S: —1+0=+1+x , ’
or x=-2
This the strangeness of x is —2. Hence the particle must be =~
Example 8 .
Name the conservation law that would be violated in each of the following decays.
a) nt—>e +y
b)) A*—>n+y
) O 5% +1x°

) A sn 4

Solution

) . et 4y
L: 0> -1+0 Lepton number not conserved -
B:0—-0+0 Baryon number conserved
$: 0 0+0 Strangeness conserved

b) A° - n+y
L:0s0+0 Lepton number conserved
B:ls 140 Baryon number conserved

S: -15 0 + 0 Strangeness number not conserved

o e

— e
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c) Q 5X +n°
L:0—>0+0 Lepton number conserved
B:1-1+0 Baryon number conserved
S:-3-5 -1+0 Strangeness number not conserved

AS =—-1--3= +2 Sinceallowed one for e.m interaction ig AS =

d) A° > a +x°
L:0—>0+0 Lepton number conserved
B:1-> 0+0 Baryon number not conserved
S: -1-50+0 Since AS =1 and this being a weak interactiop

it is conserved.

Particle interactions and decays

In this section we discuss how the elementary particles are produced in laboratories
and how are they measured. This is to study the structure and properties of clementary
particles which is the ultimate aim of particle physics.

The study of atoms and molecules are relatively simple, since they are easily
available non-violently. However, the elementary particles, most of which are unstable ;
and do not exist in nature, must be created in violent collisions. For this we require
a high energy beam of particles and a suitable target of elementary particles. The
only strongly interacting, stable particle is the proton. This is easily available from
hydrogen gas. This acts as the garget particles. To get reasonable density of protons
researchers use liquid helium rather than gaseous hydrogen.

The incident beam must be accelerated to high energies for the collision to take )
place. The acceleration process takes place over a long time. so the incident beam
particles must be stable. Usually electromagnetic fields are used to accelerate the
particles, thus the particle must be charged. A best choice of charged and stable
particle is again a proton. So protons are used as incident beam.

In laboratories the high energy incident beam (protons) is allowed to collide with

high density target (protons).
The reaction occurs and other types of elementary particles are produced. The

reaction is represented as
p + p — product particles.

R D g g O At b s, o,




Proton

beam

Target

Figure 5.1: Proton - proton collision process

Among the product particles there may exist mesons, baryons, leptons, n.eﬁtrinos
etc. The magnet is used to separate out the desired particles. The cqnservatmn laws
estrict the nature of product particles. To study one of the particles of product
particles, we focus that particle and extract its beam out and made to fall on a second
target. The second target might be tens of metres away. For the second reaction to
lake place the secondary beam must travel tens of metres. The time taken for this is

X 10m

= ——_3 < 10°m /s = 107"s. This shows that the partible that we selected must have
v ‘ .

alife time greater than 107’s . But most of the life time of elementary particle is less

than 10775 . So a secondary reaction seems to be not possible. But relativistic speed
of incident beam finds a solution to this. At relativistic speed time dilation effect
comes into play. The life time of particle is measured in its rest frame (proper frame),
while we are observing the particles flight in the laboratory frame. The time in the
laboratory frame might be hundreds of times longer than the proper life time. Even

if this proper life time of the particle is 1075 It comes about greater than 10™"s in
our frame that makes the second reaction possible. '
The reaction is

T+p— particles
K + p — particles

Thi .
his reactions enable us to study 7 and K particles.
“ecting particles

Obsery; . :
Ing the product particles in the reactions, which may involve dozens of

T T

AT
2

e

i

i

=<

B S e, =gy |

e AT T

EEEE

T g Tam e

e i A2

=%

.Mﬂ"ﬁ-‘"—"”‘
S S ot et




. Tl N
Pt S T R e

etin

T
i
Rl

pETm

3
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high energy charged and uncharged particles, and their measurements is 3 challe

to cxpem:nentalists. What they do is alarge number of detectors are placed .s:urrcmn.:jl?ge
the reaction area. The particles are recorded by these detectors, no Matter WLH
direction they travel after reaction. The particles produce visible tracks in the detec N
S0 that their identity and direction of travel can be determined. The detector prov‘:jor’
sufficient mass to stop the particles and measure their energy. A magnetic ﬁelldt?s
used to curve the charged particles. From the radius of curved path its momemu,l]:

~ . q2B2r2
(p=gBr) and its energy ( om
l'a\rgfe number of tracks can be seen. A bubble chamber is a large tank filled wiy,
liquid hydrogen in which the passage of a charged particle cause MiCroscopic bubble
resulting from the ionisation of the hydrogen atoms. The bubbles can be illuminateé
a{ld photographed to reveal the tracks. A photograph of the bubble chamber tracks is
given below in figure (5.2). Figure (5.3) is a diagram indicating the particles that
participate in the reaction

J can be calculated. If the detector is a bubble chambe,

Figure 5.2: Bubble chamber photograph of Figure 5.3: Directions of product particles
particle reactions
From careful analysis of the paths of the particles, the mass, momentum and
energy of the particles can be deduced. The mean life of the particles can be calculated
from the lengths of their tracks by knowing its speeds. Neutral particles leave no
tracks. Since the neutrons are unstable and decay into charged particles leaving tracks
in the bubble chamber. From these track lengths the mean lifetime of neutral particle

can be estimated. -
The above method of finding mean lifetime works well if the lifetime is of e

order of 107"s or so. This can be extended down to about 10™'s . But many of 0




Elementary particles 205

jes have jifetimes of only 1075, and a particle moving even at the speed of
Je

th of the track would be only about (x = vt) 107 m, the size of a
’ len“g’ can we measure such a lifetime? Further, how do we even know such
..
nu{;:tlilcle exists at all?
Consider the reaction
T+p—>T +prx

« is an unknown particle of lifetime 1072s, which decays into two pions
wheré

- +
cording X T

How do we distinguish this reaction from the above reaction
0
T+p—> N+p+T+n
hich leads to the same particles as actually observed in the laboratory.
whic

Experimental evidence suggests that the two pions in this reaction may combine

for an instant (105 ) to form an entity with all of the usual properties of a particle

particles. The existence of the particles can be inferred indirectly.
Resonance particles

The word resonance implies something in tune or in harmony with something

else. In nuclear physics the term resonance is taken from the phenomenon of neutron
resonances.

A monoenergetic neutron beam from a reactor is allowed to fall on a target nuclei.
Behind the target a neutron detector is placed. By measuring the neutron counts

without and with the target present. We can get an idea of the extend to which neutrons
of energy are absorbed by the target

: A
material,

Suppose we repeat this experiment
at various neutron energies and
fepresent the results as a plot of the

asorption crogs section o of the

Mclei in the target and neutron
“nergy, we

get a curve as shown i
fgure 54~ n

Absorption cross-section

m S RSSO YL TR

[+
Neutron energy

The peak 4 E; in o, is referred

Figure 5.4

2 definite mass, charge, spin, lifetime etc. These states are known as resonance
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206 Nuclear Physics and Particle Physics

to as a neutron capture resonance. Neutrons of this particular energy E, are

preferentially absorbed by the target nuclei, as compar ed to neutrons of other energieg.
Now we come to the elastic scattering of pions by protons (just mentioned above)

and the production of resonant particles. In the early 1950’s Fermi was doing
experiments on pion-proton, scattering cross section rises as shown in figure indicating
the signature of resonance. After performing series of experiments in 1952 Fepp,:
conclusively proved the existence of the phenomenon of resonance. When a piop i
bombarded with a target nuclei proton, the target ejects a splatter of new just-bop,
particles. However the lifetime of these particles is very 10w (1075 ). The twq
particles (the incoming particle and the target nuclei) temporarily from a bound stae
like a Bohr atom. But this bound state is short lived. From the excited state (e
particle returns to normal state by decaying into some other particles through strong
interaction. Formerly this bound state was called as resonant states, Later on it wyg
found that mass, spin, magnetic moment etc. can be assigned to the resonant states,
After that resonant states are renamed as resonant particles. Now we have large
number of resonant particles.
Examples ’

1. When a proton is bombarded with a pion, at about 1238 MeV the resonant particle

is formed (see figure below)

T +p—> AT
a+p—>A°
200
)
g 150 |-
]
=
< 100 |
=
2
151
b
% 50|
g
O

L I I I
1000 1200 1400 1600 1800 2000
Mass of (©—p ) system (MeV)

Figure 5.5
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on is bombarded witha kaon at about 1385 MeV the resonant particle

end prot
2 V;P is formed

K +p— yr4m

)2 decays in 107™s into
T A +T"
possibility is

K +p— Y 4n”

Other

The resonant particle 5 decays in 107%s nfo

g AT T
+ A D _—
Thus We S that A°r"and A°m” resonances are formed

;. Another resonant particle is the rho (p ) meson. It is a two pions resonance partlc?le.
" i can exist in three charge states P”, p-and p°. These are produced in high
energy antiproton-proton annihilations.

p+tp—>P + T+ T
p+ _) _Itf + no
p- =T +m’
p’ > +m
Resonances are divided into two categories. They are meson resonances and
baryon resonances. Lepton cannot take part in the strong interactions.
Energetic of particle decays

While studying nuclear decays and reactions we used several conservation laws
Such as linear momentum, energy, angular momentum, charge, lepton number, baryon
2‘;1;12: stra;gene§s number etc. Many of these laws can be applied to the analysis
he twoysl rf:r:h f:eathllonS'Of the elementary part-lcles. But therf: 1s a difference between
e inci.dem a[r)tr_'o : uction of elen-le-ntary particles, we require quite high energy for
okt it lafoe 1c tles. 'Aff[er collision the product _pz_lrt{cles (elementary particles)
d gy Ti ° ve ocme's. So we have to use rt?lauwstlc.equations for momentum

. production of elementary particles involve high energy, thus the

Mame high energy physics.

g e
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ysed in a way similar to the decayS

The decays of elementary particles can be anal
of nuclei, following the same two basic rules.

1. The Q-value of the decay is
Q = (m i _'mf)cz
. 2 .
Where m.c? is the rest energy of the initial particle and MC" is the tota] reg
energy of all the final product particles. It may be recalled that, the decay will

occur only if Q is positive.
The available energy Q is shared as kinetic energy of the decay products in gy,

2.
a way as to conserve linear momentum. Remember that this klnetiq energy ig
the relativistic one.
. f ' 2
q _ ie., K=E - mpc2 = czp,z, +m§c4 —m,C
where m, is the rest mass of one of the product particles.
Example 9 ‘
Find the Q value of the decay
MeV MeV B
>t > p+n°, my=1189 e m, = 938 = and m_=135MeV/c?
Solution
The Q-value is given by
Q = (mj —mf)_cz
Q = (m: —mp _anCZ
Q =1189-938-135=116MeV
Example 10

A neutral Kaon (K°) with a kinetic energy of 276 MeV decays in flight into
x* +~ which move off at equal angles with the originél direction of the K°. Find

the energies and directions of motion of the n*and 7. m, =498MeV/c2,

m_, =140MeV/ c?

ar




s oy ‘
i i
v o et
o D car A
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Solution : P,
Using law of conservation of momentum. | S ]
pMomentum before decay along x-direction ' ik ‘ 57
_ Momentum after decay along x-direction E( : [ _ e ,;:jf 4
Peo =Py cos0+p_. cosB e (1) Py () i 3
- i
Along y-direction, we have | | -
_ iy Figure 5. Pe: | B
0=p_.sin®—p,_sind lpuze S |jn
b 2=
' | -
or p. =D, e (2) e
From the law of conservation of energy, we have { :f::;
| .
E.=E.+E. .. 3 . i
E,. =K.+ m ¢’ = 276MeV +498MeV = 774MeV : i Lf ’
E,,+ = pi,c2 +m, ct (4) ::‘q'.'! .

2 4
=C
19

_ 2 2
E_=p,.c +m
since P . = P> W€ get Ef = E

T

From eqn. (3), we get

E,. =2E,
o E,=E,= 7—F2]4-1~./1ev = 387MeV
7

From eqn.(4), we get

p.n:-rc = \/Ei. - (I.«n»“,cz)2

p..c = [(387)" - (140)* =360.8MeV

JEE" - (n:ll(ﬂcz)z
Jaray - @99y =592.5 MeV

Slmﬂarly pK"C

Il

PyoC
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Putting the values of Py and P ineqm: (1), we have |
5925 _ (.8210 i

cos0= P ~3360.8 |

2P‘4 i

0= 3481° |

Example 11

Find the kinetic energy of the product particles in the given decay process.

= pt o,
Assume that the decaying particle is at rest.

\YJ
McV m, —105. 7Me

| =140

Solution

<« @ — K
Tt

Figure 5.7

From the law of conservation of momentum we have
pu = pp,

Energy conservation gives, E, = E, + E, (1)

mc’ = pﬁc2 +(m,c*)* + p,c

2 ’ 2.2 252
m.c —p,.c= \/pTc +(m,c”)

! | squaring on both sides, we get

i ! or

252 - 2.2
(m.c”)"+ p,c
, or

i 3 _
) or 2m_p,c =

(m_c?)* —2m_pc’ =

(m,c*)’

- 2m,p,¢’

—~ (m,c”)

2.2 242
=p,C +(m,c”)

(m c?)?

2
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(mncz)z —(m pcz)z

2
2m ¢

P.C=

(140)* — (105.7)’
P.C=
' 2x140
From eqn. (1), we have
Ep. =EE_EU =En—PUC

E, = 140-30.1=109.9 MeV

=30.1 MeV

Using E, = KF +mpcz
K,=E,—mc’=109.9 - 105.6
K, = 4.3 MeV

Energetics of particle reactions

In particle reaction experiments we found that a beam of high energy particles
collides with a target particle at rest results in the production of product particles.
Here our aim is to study the kinetimatics of the reaction process. Since the kinetic
energies of the particles are usually high, we must go for relativistic formulae. To
analyse the reaction process we need some relationships such as Q — value of the
reaction and threshold energy to initiate the reaction. Here we are going to derive

that.
Consider the reaction:

m,+ m, = my+m, + Mg+ ...
m’s stand for masses as well as for particles. Here m, is the incident particle which

has total energy E, and kinetic energy K, = E, - m ¢’ and momentum

2.2 2.4
p,c = Ef-mfc“, (- E, =4pC +m;c’)

3 2
The target particle m, is atrest, hence having only rest energy m,¢ . Remember

that all are measured in the lab frame of reference.
The Q-value of the reaction is

Q=(m, —m,)c* = [(m, + mp)=—(m;+ My +m,+




LT 4 L

212  Nuclear Physics and Particle Physics

ed into kinetic energy, so that the Produg

If Q is positive, rest energy is turn .
: ined kinetic energy than the jpyy; al

have m are comb

particles m,, m,, Mg, ...
egative some of the initial kinetic energy of is
|

particles m,and m,. If Qisn
turned into rest energy.
Threshold energy

When the Q-value is negative, there

have in order to initiate the reaction is cal
relativistic nuclear reaction we found that t

is a minimum kinetic energy that m, mug

led threshold energy. In the case of non-
he threshold kinetic energy

m(x) . .
K,=-Q {14‘ m(X)J in the reaction process x + X =y + Y. This K is larger

than Q. The value is the en

ergy necessary to create the additional mass of the product
particles, as well as to impart sufficient kinetic to

the product particles to conserve

momentum.
Expression for threshold energy
A particle of mass m, moving with momentum p, and energy E, collides a particle

of mass m, atresthavingenergy E, = m,c’- After collision large number of particles

of masses m,, m,, M,..... are produced. We assume that all these particles move

along a straight line with the same speed together. At threshold this is the most
efficient way to provide momentum to the final particles.

Let M and Pum be the total mass and total momentum of the product particles

respectively. ‘
According to law of conservation of energy

E, +E,=E,

where E,, is the total energy of the product particles.

ie., \/(p,c)z + (m,c?)’ + m,c’ =\/(pMc)2 + (m,,c*)’

According to law of conservation of momentum

We have p, = Py




‘or

ThDUS eqn. (1) becomes
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JE + M) + mye? = fipo + (e

(p,0)” + (M) + (M) +2m,e2\[(p,c) + (m,c)?

(v py = p,and m, = M)
squaring on both sides, yields

=(p,c)* + (Mc?)

ie.,

K, =E, —mgc

= \/(Plc)z + (mlcz)2 =

(m,c”)* + (m,c*)’ +2m2<:2\/(plc)2 + (m,c*)? =(Mc?)?

_ (Mc?)? —(m,¢*)* —(m,c’)?

The threshold kinetic energy of m, is

K, =\f(pl'c)2 + (m,c*)’ —m,c’

_(Mc?) = (m,c?)’ —(mye’)

Ky

K

K‘lh

th -

2
2m,C

2m,c?

mc’

~ (Mc?)? = (m,c?)’ —(m,c’)* —2mm,c’

2
2m,C

_ (Me?)’ - (mye® +mych)”

2
2m,c

2 2
(Mc? + m,c’+m,c’) (Me” —m,C

2 —mzcg) .

2
2m,c

(Used a2 —b? = (a+b) (a—b))

But Q= n;[l(:2 +II'12(:2 —Mc?
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—Q(Mc +m,c’+m,¢ D)

K
" 2m,c
-Q[m, +m, +m, +m, +mg...]
or K, = g1 M
2m,
- _Q x total mass of all particles involved in reaction
1.€. th = -
2xmass of target particle

This is the expression for threshold Kinetic energy.
Consider the reaction
X+ X-o>y+Y
—Q[m(x) + m(X) + m(y) + m(Y)
2m(X)

In the non-relativistic case, all kinetic energies are very small compared to rest
energies, so that the total rest energy in the reaction does not change.

K, =

ie., m(x) + m(X) = m(y) + m(Y)

so the above equation becomes

g Q [2m(x) + 2m(X)]
"2 m(X)

_ m(x) |
or K, = Q[I + m(XJ |

This is our expression for non-relativistic threshold kinetic energy. This shows
that in the limit of low speeds, the relativistic threshold kinetic energy formula reduces
to the non-relativistic formula.

Finally we estimate the efficiency of the reactions. Efficiency in the sense that
how much initial energy that we supply actually goes into producing the reaction |
products (rest energy of the product particles) and how much is wasted as the kinetic
energies of the reaction products. Suppose 400 MeV of kinetic encrgy is given 10?
reaction to produce 200 MeV of rest energy of the product particles, then efficiency |

_200MeV 1o
400Mev 2 T °
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ample to produce a particle of 50 GeV rest energy, SUppose we require
v of initial kinetic energy. Then

B 50 GeV
efficienY = 1550 Gev

For ex

1250 Ge
= 0.04 = 4%

This show that cfﬁcicncy :s only 4% .where 96% of initial kinetic energy must go

o the kinetic encrgies f)fpartlclcs. T.hlS 1s obviously an uncomfortable situztion for

paniclc physicisls. This 1s because if they try to produce more massive particles,
(hey must build more powerful accelerators.

To overcome this difficulty, we do the experiments in C M frame. In this frame

WO pmicles with equal and opposite momentum collide head-on. After collision

srticles produced are at rest in the C M frame. That means no initial kinetic energy

is transferred to the kinetic energy of the product particles. Thus the efficiency of

" (nis reaction is 100%. For example two protons of 25 GeV kinetic energy collide

| head-on the total energy after collision is 50 GeV. This can produce a particle of 30

i GeV rest energy. This is the mechanism used in large hadron collider (LHC) that we

. already discussed. To have more clarity about efficiency see examples 12 and 13

\-

Example 12
Find the threshold kinetic energy and efficiency of the reaction.

| p+tp—p+p+r

MeV MeV

m_ = 938— 2
r C‘ c

Solution
Q=(m,—-m,/c’ =[mp+mp—(mp+mp+mn)1¢::
Q= —n],‘cz = —135MeV

Threshold kinetic energy

Total mass of all particles involved

K, =-
"' Q 2 x mass of the target

Q @m_ +m,)
th = 2
Zm,
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K - ——135 (4x938+135)
- 2x938

K, =279.7MeV

. _ Restenergy of ° produced
Efficiency = Threshold kinetic energy

135 0.4820 = 48.2%

© 2797

Example 13
Calculate the threshold kinetic energy and efficiency of the reaction

p+p—op+p+p+P
Solution

Q= (m, -m,)c’

Q=[2m,-(2m, +2f )Ic’

Q=-2m ¢’

The rest energy of the antiproton (p) is the same as that of the proton

’ Q=-2m ¢’

Threshold kinetic energy:
_ —Q Total mass of all products involved

th
2 x mass of the target
6m c?
K, = ——2mpc2 —L— =6m ¢’
2m c P

K, =6x938MeV =5628MeV

Efficiency = Rest energy of particle produced
Threshold kinetic energy

2m c¢? ]
- = '5' =33.33%

R S
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Find the threshold kinetic energy for the reaction in the lab frame

T 4+p—2Z° +K° ¥
MeV MeV MeV MeV ‘

m,‘-=140 Cz . mp=938 02 ,.m20=1192 c2 and mKu=498 3

golution

— — 2 —
Q=(m,—m,)c’ =(m +m, —my; —my)c’

Q = (140 + 938 — 1192 - 498)MeV

Q= — 612 MeV
Kh:_Q[m"+rnp+mz+mK]
' 2m
p
K, :___612[140+938+1192+498] |
2x938 3

K, =902.99 MeV

The quark model

Quarks

What are the basic building blocks of matter? We had been trying to answer this
question for a long time. In the last session we arrived at a conclusion that the
elementary particles discussed are the basic building blocks of matter. Electrons,
protons, neutrons, pions, kaons, photons, gravitons, resonant particles etc. Were termed
as fundamental or elementary particles. The developments and researches in the
theoretical physics predicted particles which are more fundamental than elementary
particles discussed in the last session. These particles are named as quarks. In 196_4
Murry Gell-mann and independently G zweig introduced the idea of the basic unit
named quarks to explain the internal constitution of baryons and mesons. Zwelf .
called his particles 'ace’ but it was the same as the quark of Gell-mant The qué*

. : s tually being demanded

model was not a theoreticians mathematical artifice. It was ac y

ht
by experimentalist and their experiments. Upto about 50y

. : in which protons -
that protons and neutrons Were elementary particles, bqt experlf:: ?;Sdicat ;
were collided with other protons and electrons at _h]gh spee '

ed that they
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- These pa.ﬂiCIeS were named as qual'ks

were in fact made up of smaller particles. . iy
. ' o a_k
Gell-mann taken this name from a song in the novel ‘Finnigans wake written by
James Joyce. The song goes like this: ‘
Three quarks for muster mark !
Sure he hasn't got much of a bark

.' o . , And sure any he has its all beside the mark.
= Joyce used the term 'quark’ for the cry of a frog (crok- crok)
In the quark model of Gellmann he developed theoretically the following attribyteg

i34 to the quarks.
(i) All the three quarks (u, d and s) have fractional charges.

up quark has a charge ;-e

down quark has a charge -3¢

g
|12 1
[7 | strange quark has a charge -3¢

1
(i1) All quarks have spin fh
i.e., quarks are fermions
(iii) The antiparticle of quarks are called antiquarks. T, d and § are the antiquarks

of up, down and strange quarks respectively.
r' (iv) All baryons are made up of three quarks. For example proton (baryon) is made
| up of u, u and d quarks.
f Le., u+u+d=p

2e+ge—le=e
373773
, So charges are conserved.
’ A neutron is made up of u, d, d quarks

& ie, u+d+d=n

‘ ge—ie—lezo

33 3
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antiproton is made up of T, andd

gimilarly a0
je, u+td +d=p
_%e+:—§2—e+%e=-—e

An antineutron is made up of T, d and d
Le., u +d +d=T7

2 +le+le—0
ERSEMEN

y. All mesons are made of one quark and one antiquark.- |
Example
1. }:* =u+d
2. K'=u+s ‘

We can easily check the conservation of charges on both sides.
| Gellmanns quarks and their attributes

Nime Symbol Rest mass in Charge in spin
MeV units of e h 1
2 1
Up u 310 3 7 ;; |
1 1 ;
Down d 310 3 2 I E
-1 1 :::,I
Strange S 505 3 2 : J 5
] ; _.IQ
Using the above six rules Gellmann could be readily explained all the knglg '
particles in the mid sixties. By using quark model Gell—man.n formu]ateg a m;ﬁ o
of classifying elementary particles that enabled him to predict omega (Q)p
which is made of three s quarks
ie., O = +s Cell-
QEsrsrs as a great truimph for Gell

Later O particles was experimentally detected, it W e in physicS b
mann and hli quarkmodel. Fgr this Gellmann was awarded the Nabelp Sadon
in 1969,
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Flavour of quarks _
In addition to u,d, and s quarks three more quarks were predicted and the Signatyg,

of their existence were detected. They are named as charm (c), top (1) and bottgp, b
quarks. Earlier the t and b quarks used to be called truth and beauty reSPCCtively, but
some how, the mundane labels top and bottom have replaced .them. Now i the
quark family there are six members and their corresponding antiparticles. Qpe can
either think of it as six different quarks or six dfferent states of the same particle just
as the neutron and the proton can be regarded as two different states of the nucleqp
In the latter case, one refers to the six different quarks states as having differelli
flavours. Considering quarks and antiquarks together one can say there are 12 flavoyyg
of quark and antiquark. |

Name - | Symbol Restmass Ch_:arge n Spin |
in MeV units of e h
: 2 1
Charm Cc 1500 5‘ 5
- Top t 177000 % %
Bottom b | 5000 = 1
3 2

Colour of quarks

Gell-manns original quark model predicted only three quarks namely u, d, ands,
Even at that time, a serious difficulty was noticed in the Gell-mann's model. To

understand this let us consider the omega (Q~) hyperon. It is made of three s quarks

ie., Q =s+s+s

.3 e : .
The spin Eh of Qs easily understood by noting that it has three quarks (sss),

each of which has a spin of T’lih . Similarly the charge of Q- is negative since eachs

| . :
has a charge —~§e . But then quarks being fermions how can one have more than one

quark in the same spin state. According to Paulis exclusion principle no two fermif.mS
can be in the same state. In other words quark model is violating the Paulis exclusion
principle. This was the problem but a solution was quickly found borrowing upor
earlier experience in atomic and nuclear physics. The trick was to introduce anothef
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roperty for the quarks so that the three s quarks in -, while all being in the spin
P ‘

1y state differ with respect to the property we assign to them. Let us call this new
pzropcrty C and let us suppose that C can take on three values C,,C,andC,, Just as

1, 1 ) _
spin _%ﬁ can take values Eh and —-2—h . With the aid of C we can now stipqlate that

. ; 1
the three S quarks in €~ should occupy the states [-ih,clj, [%h,.c.zj and

—_—

1 h, C:,]. Obviously the states of s are different.

The idea of invoking such a new property was first proposed by Oscar green berg
ond independently by Nambu who called this new property colour. According to
Nambu each quark comes in three colours. Red (R), green (G) and blue (B). Thus
according to this idea in O~ one of the quarks is red, the second one is green and the
third one is blue. What about the antiquarks? What are their colours. Nambu said
that the antiquarks have anticolours. i.e., antired (R), antigreen (G) and anti blue
(B)- '

Tt must be noted that this colour has nothing to do with colour in every day parlance.
This new colour property was assigned to quark to maintain the status quo of the
well established (experimentally) Paulis exclusion principle. According to the colour
property assigned to quarks, all three quarks in a baryon have different colours which
satisfies the Paulis exclusion principle. Such a combination can be thought of as
while by analogy with the way red, green and blue light combine to make white

(colourless). Similarly an antibaryon consists of an antired, an anti green and an

antiblue quark. A meson consists of a quark of one colour and an anti quark of the
ffect of cancelling out the colour. The

corresponding anti colour, which has the e
results is that hadrons (baryons and mesons) and antihandrons are colourless.

Note: To have some idea about anti colours in analogy ‘with the colours that oné
can perceive with the human eyes g0 through the follow1ng.

Since all baryons made up of three quarks, are colour less, we must have

quarks with different colours _ : O
R+G+B=W (whitt)

All mesons, made up of a quark and an

R+R=W

three

P
comparing equation (1) and (2) we have R G+
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i.e., combing green and blue, we get antired. Combining blue and green we knoy,

that we get cyan (peacock blue)

It means that antired is nothing but cyan similarly we have
R+G+B=W
and G+ G=W

Comparing G=R+B
i.e.. combining red and blue, we get antigreen. Red and blue combines to magenty,

It means that anti green is nothing but magenta.
Using R+G+B =W

and B+B=W

comparing © B=R+G
Antiblue is the combination red and green. Combining red and green we get yellow
it means that antiblue is nothing but yellow.

Quark confinement

When the quarks were first proposed, the first question people asked was how
can we see quarks. After that people were in the hot pursuit of conducting experiments
for the detection of free quarks. None could be successful. Finally they concluded
that quarks were permanently imprisoned inside. This is the idea of quark
confinement.

With sufficient energy one can tear an atom apart and free the electrons and nucleus
inside. With even more energy one could tear a nucleus into its constituent neutrons
and protons. But with still higher energy one could not manage to knock out a quark
from a baryon or a meson. When one hits a baryon very very hard something must
happen. It does so but quarks manage to stay inside and never comes out singly even
if others are produced. When enough energy is given, instead of a quark breaking
free from the others in a hadron, the excess energy goes into producing a quark-
antiquark pair. this results in a meson that does escape. For example when an energetic

gamma ray photon impinges on a neutron (udd) and causes a uu quark-antiquafk
pair to come into being. The quarks udd +ull' then rearrange themselves into a proton
(uud) and negatively charged pion (ud). The net reaction is as follows

Y+n—>p+n

/'VL/\/\I\:‘*—-—)»__) +
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The quark pair is like a chest expander whose spring is i{ﬁ'}nitely strong. Consider
a chest expander spring. The more one pulls, the hafder it is to expand the spring,
The more One pulls, the harder it is to expand the spring further. Let us consider the
other extreme. If the spring is laid loosely on the ground the two ends can be easily
and independently pushed around. This analogy carriers over beautifully into the
world of quarks. The spring that binds two quark is colour force and is like the chest
expander. The more one increases the distance between two quarks, the harder it

pecomes to separate them further.

Quarkonium

We found that baryons consist of three quarks. Technically speaking it is a three
pody quantum mechanical system. As there is no mathematical tool to tackle a three
body problem, itis very difficult to extract the properties and interactions of quarks
forming baryons. However we can learn a little bit about the interactions of quarks
from examining the properties of two body systems, especially quark-anti quark
pairs in mesons.

We know that mesons are formed by the combination of quarks and antiquarks.
The binding energies of quarks in mesons are very large (hundreds.of MeV), so the
quark-antiquark pairs of the light quarks (u, d, s) must be treated relativistically.
This is because the binding energies and rest energies of light quarks are roughly the
same. However, for the massive quarks (c, b, t) the binding energies are small
compared to rest energies, so we can use non-relativistic methods for the analysis.

The bound quark-antiquark pair is called quarkonium. We can study the properties
of quarkonium in analogy with the well studied positronium. The bound state of
positron electron pair is called positronium. The positronium structure is very much
similar to quarkonium. In positronium, positron and electron each orbit about their
centre of mass. It is very much like a hydrogen atom. Hence we can label the states
of positronium with orbital angular momentum quantum number L and spin quantum
number S.

The total orbital angular momentum quantum number L = 0 for s stf!tes and

L =1 for p states. If the two particles are parallel their total spin S = 1, for antiparallel

s=0. The system can exist with different radial wave functions that we can label it
by principal quantum numbers n =1, 2, 3..... i
These designations can as such be applied to quarkonium. It has been Oltlf; 57
¢€ quarkonium structure is very much similar to positronium.. The Iowel8974 gt
L =0, cC stateis the J/y meson. This meson was discovered "} m[izesi;ucmre of
could be explained on the basis of quark structure. Unfortunately 7
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_meson has not been completely verifieq i

b ium resulting in ¥ - imi
bb quarkonium & Know is all quarkonium SITUCLUTeS similay ¢,

experiments. The only thing that we
positronium. ) ;
The knowledge of the excited states of quarkonium erlla;lgz ;llss fvi};zgea modg]
for their potential energy of interaction. Ther:e are seve;aI RV afflong
the researchers of quark-gluon plasma. One simple model ol p rgy is

U=Z+br
f - .
olve the Schrodinger equation to get energies

By using potential energy, we can s
y using potential energy h a way that the energy thy;

of different states. The values of aand b are c.hosen in suc _ _
we obtained from solving Schrodinger equation must tally with experimental resy]t.

The constant b turns out to be GeV(fm)™ . This shows that la{ge amount of energy
is required to separate two quarks apart. To separate quarks lﬂs a mMeson even to a
atom sized distance (107°m =10’fm), We require about 10° GeV energy. This
energy is get to be achieved in accelerators. This is the reason why we didn’t see free
quarks in laboratories. Now we believe that one day this energy will be produced ip
accelerators so that we can see free quarks which are the basic building blocks of the

universe.
The standard model
Introduction

Until the 1930’s all natural phenomena were presumed to have their origin in just
two basic forces - they were gravitational and electromagnetism. Both were described
by classical fields that permeated all space. These fields extended out to infinity
from well defined sources, mass in one case and charge in the other. This rule over
the physical universe seemed securely established. As atomic and subatomic
phenomena were explored, it became apparent that two completely novel forces had
to be added to this list, they were the weak and strong force. The strong force was
necessary inorder to understand how the nucleus is held together, protons bound
together in tight nuclear ball (107" m size) must be subject to a force much stronger
than electromagnetism to prevent their flying apart. The weak force was invoked to
understand the transmutation of a neutron in the nucleus into a proton during the
particularly slow form of radioactive decay known as beta ciecay.

Since neither the weak force nor strong force is directly observed in the microscopic
world, both must be very short range relative to the more familjar gravitational and
electromagnetic forces. Furthermore, the relative strengths of the forces associated

with all four interactions are different. (F :E:F, :F =1:102:107:107).1t
) w 4 - ' '

P
“:,-;-'\»‘f»"i.m".
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SR

re not too surprising that for a very long period these Interactions were
ht to be quite separate. Inspite of this, there had always been a lingering suspicion
(hous that in some miraculous fashion all four were simply manifestations of one
and hope ple and could therefore be described by a single unified theory.

sourCe or pI'il'lCi ] ) . .
The first step towards unification was b?gun in 1967 with the developm.f-:nt of the
: coweak theory (EW) by Stephen Weinberg and Abdus Salam. In this theory,
c:lccWeak and electromagnetic interactions are regarded as separate aspects of the
the e force - the electroweak force, just as electric and magnetic forces are distinct
;?;I?p art of a single phenomenon, electromag_netism. The theory predic.ted the existence
of vector bosons (W*,Z°) were expcnment.ally detected which provided a |
confirmation to the electroweak force. After [hl.S we have _0111)_/ threg basic forces *
strong, electroweak and gravitational. The next aim of the scientific community was

to unify strong and electroweak forces under the name standard model.

According to this model the strong force that binds nucleons into nu_clei and is
mediated by pion exchange is the external manifestation of the colour force between ‘
quarks in the nucleons that is mediated by gluons. That 1s the strong force between
quarks is carried by an exchanged particles called the gluon, which provides the, i
glue that binds the quarks together in mesons and baryons. There are totally eight
different gluons in this model. A theory known as Quantum Chromo Dynamics
(QCD) describes the interactions of quarks and exchange of gluons. Like the quarks,
gluons have not been observed experimentally, but there is indirect evidence of their
existence from a variety of experiments.

The Standard Model (SM)

The standard model is the amalgamation of strong interaction and electroweak
interaction. The standard model sees the world as built up of two sets of particles
quarks and leptons and the field particles. There are six quarks and 6 leptons and
their antiparticles plus the field particles (photons, 3 vector bosons (W*, W~ and Z°)
and eight gluons). The quarks are described by QCD and leptons by EW theory. The
unified theory of these three interactions (strong, weak and electromagnetism) 18
called the standard model. The gravitational interaction does not come under the
standard model.

Though this model is not fully successful, itisont
drawback of this model that important elements of the fpai
arbitrarily. The model require us to measure the masses of leptons an sqto i
experimentally. Inorder for the standard model of quarks and lde%t;?.a S
mathematically consistent, the Scottish physicist 1.°eter Higgs show;ﬁ b 1 &
now called the Higgs field must exist everywhere in space. When pa o action

I : ot erthei
With Higgs field they acquire their characteristic mass. The stronge

is therefo

s T

e s r———

Y,

he way to its Success. The main
model have to be inserted
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of the Higgs field as exerting a kind of Vis

ugh it, this drag appears as inertia, the defip;
a particle here called Higgs boson medjy, tgg
e
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the greater the mass, W
drag on the particles that move thro
property of mass. As with the other,
action of Higgs field. o ¢ and beh'avio | -
Discovery of Higgs bosons and knowing is mas Sad Ur predicteg by
standard model would be major step in validating tl?c stan_ ard model. For this g
CERN in Switzerland, Geneyy calleg

constructed a very powerful accelerator at ] :
Large Hadron Collider (LHC). We already discussed about LHC in detail, [y i

currently searching for the evidence of the Higgs partic.:les_ by colliding beams o
protons at an energy of 7000 GeV. The physics community is eagerly looking g the

observation results going to be revealed.
The second drawback of the standard model is that it is based on massless Neutrinog

But experiments revealed that neutrinos are massive even though very sma]] (mass
of electroneutrino is 2 eV). So the standard model must be extended to nclude noy
zero neutrino masses and the rules for conservation of lepton number must be modifieq

to allow one type of neutrino into another called neutrino oscillation.

Neutrino Oscillation
Measurements of the flux of neutrinos reaching the Earth from the Sun, produced

in the fusion reactions, revealed that there is a large defect. The intensity of
electroneutrinos observed on Earth is only about 1/3 of what is predicted based on
models of how fusion reactions occur in the sun’s interior. Recent measurements
revealed that the intensity of all neutrions including muon and tau neutrions are in
agreement with the predicted rate. At the same time sun produces only electron
neutrinos. This is because the reacting particles in the solar interior are not sufficiently
energetic to produce muon and tau neutrinos. Then how they come in our atmosphere.
“This mystery has been explained by proposing that the electron neutrinos are produced
in the solar interior at the expected rate, but that during journey from the sun to the
Earth, the purely electron neutrinos becomes a mixture of roughly equal parts of
electron, muon and tau neutrinos. This explains why only 1/3 of electron neutrinos
are present on Earth. This phenomenon of converting electron neutrinos into muon
and tau neutrinos is called neutrino oscillation.
The third drawback of the standard model is that the fundamental particles and
forces are quarks and eight gluons. They have not observed so far. Furthermore
nobody so far has been able to derive the details of strong force emerging from

colour quarks.
The unified theory explaining the four interactions is called Grand Unificatior

Theory (GUT).
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IMPORTANT FORMULAE

: Strong, electromagnetic, weak and gravitational

Basic forces
. Gluons, photon, vector bosons (W*, W™~ and Z°) and graviton

Field particles
Leptons e, v, 0, V,, T and v,

- 0 - Ko -
Mesons$ : n*,n,n,K*,K,K,n,p*f,p,n, _______

0 - 0 —— =0 -

Baryons p,n, A% Z 2,20, ELE, Qs
Conservation of lepton number :. Inany process L., L, and L remain constant
Conservation of baryon number : In any process remains B constant
Conservation of strangeness : Instrong and electromagnetic process S remains

constant, in weak process AS =0, £1

H H 2
Q-value in reactions, Q= (m, —m;)c
-Q(m, +m, + m, +.....)
2m,

Threshold kinetic energy in reactions, K, =

Quarks . u,d,cs,t b,
In high energy physics, relativistic momentum is conserved also total energy

E = K + mc? is also conserved.

Where E = +/p? ¢ +m>c* and mc” is the rest energy.

UNIVERSITY MODEL QUESTIONS

Section A
(Answer questions in about two or three sentences)

Short answer type questions

1.
2.
3.

© e N A

10 Classify the elementary particles 0

What are elementary particles?
Name the four basic forces in nature?
Which forces are to be considered while determining the stability an

nuclei?
How will you distinguish between weak force and strong force?

Distinguish between particles and antiparticles?
What is antihydrogen atom?

Name the three types of neutrinos?
Do all strongly interacting particles also fee

What are Fermions and Bosons?

d structure of

] weak interaction?

n the basis of mass.

amﬁu- _ulu!.

i—i"‘%‘mqu—»—m“*w :“"
i o
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11.
12.
13.
14.
15.
16.
17.
18.
19.

20.
21.

23.
24,

Nuclear PH ysics and Particle Physics

9
What are baryons? Name three of themq.
What are mesons? Name three of them.

9 Give their names?
What are leptons? Give that leptons take part?

What are the types of interactions  cake part?
What are the types of interactions that baryons )

Give an example for lepton number conservanf)n -?

Give an example for baryon number conservation:

iv ervation?
Give an examples for strangeness cons . .
In particle interactions and decays the beam particle and target particle are Protons,

Why?
What are resonance particles? -
Give an example for the formation of resonance__partlcle. . ‘
In high energy particle physics, the neutral particles produced in reactions leave g,
tracks in the bubble chamber, then how will we estimate their lifetime?
rgy particle reactions?

What is meant by threshold energy in high ene _ ! |
Write down an expression for threshold kinetic energy in particular reactions and explain

" the symbols used?

25.
26.
27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

41.
42.
43,

45.

What is meant by efficiency of a nuclear particle reaction?

How do we improve the efficiency of particle reactions? o
In high energy particle physics, lab frame or CM frame which is more efficient to

conduct experiments?

What are quarks?
Protons and neutrons are made up of quarks. Explain?

What is meant by flavour of quarks?

Give the names of flavours of quarks?

What is meant by colour of quarks?

What is standard model? -

What are Higgs bosons?

What is electroweak theory?

What are messenger or field particles?

Write down the names of all field particles?

Write down the decay of a positively charged pion?
Write down the decay of a negativeiy charged pion?
What is meant by quark confinement?

What is quantum chromodynamics?

What is quarkonium?

Which are the mediating particles of electroweak force?
What is graviton?

What is neutrino oscillation?
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11.
12.

13.

14,
15.

16.

17.
18.
19.
20.
21.
22
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aragraph / Problem type questions
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Section B ,
(Answer questions in a paragraph of about half a page to one page) : o ,

Distinguiéh between gravitational force and electromagnetism?
What is strong force? Write down its properties? ‘
What is weak force? Write down its properties? i
Neutrinos are not a part of ordinary matter, then how will you distinguish between !l
neutrino and an atineutrino?

Distinguish between four basic forces ?

Write a brief note on three member families of particles?

What is lepton number conservation?

What is baryon number conservation?

What is strangeness number conservation?

The mean life time of most of the product particles is about 105 in particle reactions.
Then how it is possible to produce a secondary collision where the second target is at
a distance of 10m away from the first target

How do we detect product particles in particles reactions?

How will we calculate the mean life of product particles produced in high energy
particle decay?

How can we measure the mean life of a particle of the order of 102 produced in

particle reactions?

Explain what is meant by resonance and resonance particles?

What are the two basic rules that can be applied in the decay of elementary particles
produced in high energy reactions?

Show that in the non-relativistic limit, the relativistic expression for threshold kinetic
energy becomes non-relativistics threshold kinetic energy?

Why quarks have fractional charges? Substantiate with two examples.

Explain the emergence of colour of quarks?

Explain briefly the standard model?

What are the drawbacks of standard model?

Explain the origin of neutrino oscillation?

Which of the following reactions can occur? State the conservation
by the others. '

d) p+p—oT +K°+A°
[a) possible, b) not possible, c) not

Check whether the given reaction is possible or not

principles violated

c)e +et o>pt T d) pOSSibIQJ-'

pOSSibley
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27.

28.

29.

30.

31.
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D) K* > 1t 47 45" b) K* = ut 0 [a) not possible, b) not pOSSible]
Which one is a possible reaction ) .
D) 1 +p o> A° +K° by K- +p—Z' +m | [a) possible, b) possible]

Which quarks make up the negative pion? e
What particle corresponds to the quark composition uus -
Cana A particle decay into ©* and =~ meson -
The quantum numbers of three quarks are tabulated below ]
Charge B. No. Strangeness
I
a e 3 0
1
q, _%'e 3 0
l —
q; —%C x 1
[, q, g

construct 3~ from the above quarks

Identify the interaction responsible for the following decays

a) A" p+n(10Ps) o) K —=>p+u,( (107%s)

[a) Strong b) EM J

b) n—>y+y((107"%s) d) A° > m+p(107%) ¢) Weak d) weak

Name the conservation law that would be violated in each of the following

a) A > p+K° )2 52 +1n°

b) O 5= +K" d)p —>e +y
Given m, =1116 MeV/c®

my =494 MeV/c* - m_, =1315 MeV /c?

m,, =1193 MeV/c*  m,, =135 MeV/c?

a) energy b) energy
c)energy d) L, and L, are not conserved

Each of the following reactions violates one of the conservation laws. Identify it?
a)uv,+p >n+e’ (L, not conserved)
b) p+p =>p+n+K" (S notconserved)

¢)w+n —-K +A” (S not conserved)
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TMY BLE

A T~ baryon is produced in a certain reaction with a kinetic energy of 3642 MeV. If

* the particle decays after one meanlife time, what is the longest possible track this i
partwle could leave in a detector. Proper life time of £ =1.5x10"s and ) Z_
m,. =1197 MeV /¢’ 0.18m] i

3 Find the Q-value of the following decay? " :
S G | B

m_ =135 MeV/c’ [135 MeV] B

14, Find the Kinetic energies of the two product particles in the given decay ’l -
K® — " + m . Assume that decaying particle 1s at rest. ' 11

| i

E,, =498 MeV/c’ and m,. =148 MeV (K. =K_ =109 MeV|

35. A negatively charged sigma particle moving with a kinetic energy of 250 MeV decays Jf
into © +n.The © moves at 90° to the original direction of travel of the Z”. Find f:%| (

the kinetic energies of n~ and n and the direction of travel of n. m; =1197 MeV /c?

m, =140 MeV/c? and m, =940 MeV/c’
36. Find the threshold kinetic energy of the following reaction:
p+n—>p+Z +K'
m, =938 MeV/c’, m_ =940 MeV/c’,
m_ =1197 MeV/ ¢’ and m . = 494MeV /c? : [1800.4 MeV]

Section C
(Answer questions in one or two pages)

Long answer type questions (Essays)

1. Give an account of various conservation laws in particle
particles.

2. Derive and expression for relativistic threshold kine
elementary particles.

3. Give a detailed account of standard model

reactions of elementary

tic energy of particle reactions of

Hints to problems

22. a) p4+p—on+p+n’ |
: number conservation = con: .

Check charge conservation - conserved check baryon
served. Check spin conservation — conserved.

b) p+p—p+A°+I’
B:1+1=1-+1+1Baryonn
e +ef opT+mT

umber not conserved

c)
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24.

30,

Check charge conservation — not conserved

o) prpon +K +A°
Charge is conserved
Baryon number is conserved

Spin is conserved
Strangeness is conserved

23.3) K*ort+nt+n
Spin is conserved

Charge is conserved
_ Strangeness is not conserved
a) K '-»u*+v
Strangeness is not conserved
a) i”+p—>A°+K°
Charge is conserved
Baryon number is conserved

b) K +poZ+n
Charge is conserved
Baryon number is conserved
-, charge=-1, spin=0, S=0and B =0. To satisfy all these n~

Spin is conserved
Strangeness is also conserved

Spin is conserved
Strangeness is conserved
=ud.

i

Charge of the particle uus =-§—+§—%=l The strangeness S=-1, Baryon number

= +1 so the particle is £*.
Check baryon number — not conserved check spin — not conserved.

=-1

For Z°, charge = —e, B.No = 1, strangeness

Hence 9; 92 q3.
a) Strong because of life time
b) Electromagnetic because of photons

c¢) Weak because of leptons
d) Weak because of the lifetime.

a) A°—>p+K

m,c’ <m ¢’ + m,c?

Law of conservation of energy is violated.
b) O -Z"+K"

mgc’ <m.c*+m,c’

C) ‘E‘D"-}ZO‘PT{G

m.¢* <m,c” + m, ¢’




d) p— —> e +7
L :0 — 1 +0 not conserved

.1 — 0+0 not conserved
M .

31. a) Ve
" Electron lepton number not conserved

1  Strangeness number not conserved

) w+n—>K +A°
S:0+0—>—-1+-1 Strangeness number is not conserved
372, Total energy, E=K+ mc? = 3642 + 1197

E = 4839 MeV
2
mC  _ 4839 MeV

E=
Ji-vi/c?

From this calculat -E =(0.9689

-10
Lo L5x107 " _ 6.07x10™"s

T=
J1-v3/et V1-0/9689

Distance travelled D = vt

D = 0.9689 ¢ x6.07x10™
D=0.18m

33. Q=(m, - m,)c?, m =0
Q=m_c’ =135 MeV
4. K 5+
From momentum conse;vatiori
px“ =Py +Pn‘
O=p,. +P.

Elementary partides :23-3 i
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EE .~ E.=E
5
o 7! : From energy conservation

i\ Ew=E_.+E_=2E. (v E.=E_)

i o Ea=— =4—§8—MeV=249 MeV

' K.=E_.-mgc®=249 - 140 MeV

i =109 MeV. n
35. E; =K, +mgc? =250 + 1197 = 1447 MeV .

i Using E; = /(p,c)* + (mc*)’ 5
: 2+ pgc =+/E2 ~(mc?)? =.[14477 — 11972

} p;c =813 MeV
The conservation of momentum gives x-direction:

Pz =p,cosH (1)

y-direction
O=p,sin6-p,

Nl S
Sl remad e IV Joar

e (2)

ARy
b P
H

R caitias T

p, =p,sin@
From'eqn 1 and 2 we get

P» =P; + P}
From conservation of energy
E;=E, +E,
E, = \/pﬁc? +(m, ) + \/picz + (m c?)?
\/picz +(m_c?)? =E, —incz +(m,c?)?

squaring
p:cz 4 (mzcz)z _ Eg j*'P:CZ +(m"cz)2 —2Ez\/P:C2 _,_(mncz)z

TR T (i et

M s e SV b= B =T

-

PR

e — R

: IZE‘,_\/pfc2 +(m,c®)* = EZ + pic? +(m, c?)? -pic? —(m c?)*

© 2EE, =E; +(p} +pl)c’ +(m,c?)? —p2c? —(m c?)*
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242 2\2
E% +pic’ +(m,c’)” —(mc7)

E, : 2E, | .
(1447) +(813)” +940° —140°
" 2x1447
E_= 1250MeV
K_ = E, —M,c’ =1250 — 940 = 310MeV

= E;— E, =1447 - 1250 = 197MeV
= E, —mc? =197 — 140 = 57TMeV

~

cp, =+/B2 —(m,c?)* =1250% —940% =824 MeV- ' S

From eqgn. 1 we get

cc:osv9=p—I P _ s =(0.9866
p, c¢p, 824
0=9.37°
36. p+nop+Z+K°

Q= (l'l'li - mf)cz

= 2
Q=(m, +m —m, - m; —mg)c

Q=(m, — my; —m)c’
Q=940 — 1197 — 494 MeV

Q=- 751 MeV
Threshold kinetic energy

3 -Q (mp+rn“+mp +my +my)

K. =
. 2m_
| K, =—Q- M +mg +me’ g
' i 2m,c’ TR
' 8 -+ 940 + 1197 +494)
K. ———751 (2x93
h 2 x 940

K, =18004MeV
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