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NUCLEAR REACTIONS

INTRODUCTION

l.

In 1929, Rutherford experimentally showed that the nuclei of nitrogen
atoms swift proton, if bombarded with a particle with great energy and
momentum from Ra-C. He was the first scientist to explain artificial
disintegration of nitrogen atoms. It was the first nuclear reactions in the
laboratory.

The reaction is as shown below.

7N14 + 2HC4 — (9F18) — 8017 +1H1

. In 1932 Cockcroft and Walton used artificially accelerated proton with

energies 0.1 to 0.7 MeV bombarded it on the lithium to get alpha particle.
3Li7 + 1H1 — (4B€8) — 2HC4 +2He4 .

This nuclear reaction is of great importance as it has provided one of the
earliest proofs of the validity of Einstein mass energy relation.

. Nuclear reactions can be analyzed quantitatively by considering

conservation of energy and momentum and balancing masses, energies,
momenta of the reacting nuclei and the products of the reaction (parent
nuclei and daughter nuclei)

. The analysis of the nuclear reactions can be used to gain information

about the masses of interacting nuclei, particle energies, about their Q
values. The nuclear reactions also provide information about nuclear
structure, their properties, energy levels and decay schemes.

Analysis of nuclear reactions is quite important in the study of pure and
applied nuclear physics and gaining importance all over the world due to
availability of variety of large number of reactions with the help of
available projectile particles and accelerators.

2. Types of Nuclear reactions

J. M. Blatt and V. F. Weisskopf classified nuclear reactions into different

groups depending on nature of the projectile, its atomic energy, atomic weight of
the target nucleus.
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Nuclear reactions are classified into seven types N b eon ~ amth onc J:/p(odw“ti ot

Scattering reactions X+ = Y
Direct reactions Ny Tpxy ehle T
Radiation capture or compound nucleus formation oy o P»odv\d'

Spallation reaction or neutron induced reactions
Spontaneous disintegration
High energy nuclear reaction

7. Photodisintegration (Reaction induced by gamma rays.
1] Scattering reaction: Light particles get scattered by heavy nucleus when they (p ,a_)'eﬂJT’ e

incident on it. In this type of reaction projectile and target nucleus are same. |v gkt
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These are of two types. A] Elastic scattering. B] Inelastic scattering.

A] Elastic scattering —

1. In this type of reaction, Projectile particle hits the target nucleus and its direction
changes due to interaction whereas target nucleus will remain in ground state.

9+ 2. Kinetic energies of target (parent) and projectileWhere is
" no loss of energy in this type of reaction. An example of elastic scattering is

Rutherford gold -alpha scattering. It is given below,

Co - K.
JHe 7oA =5 10Au!"7 +,Het — o 2k ﬂse)\:‘\jso\hbm Z)A e
Cr) () (ea) (%) ()w\%ﬂ* obey

B] Inelastic scattering
When projectile particle hits the target nucleus, it loses energy and excite the

target nucleus, so the scattering is said to be inelastic. ( lass ol k¢ 0\ p\q’gﬂn[q)
Ex

1H1 + 3Li7 - (3Li7)>l< + 1H1

Where (*) indicates the excited nucleus.

—_—

2] Direct reactions — There is direct interaction between projectile and target.
These are of two types. A] Stripping reaction B] Pickup reaction

A] In this type of reaction, due to interaction between target and projectile
consisting of more than one nucleong, projectile loses one of the nucleons and
hence both target and projectile transform into another type of nuclei. Ex.

29Cu»+D? - ,Cu® + H'. (e\l Y Jdeen 3 gf\l‘g Q ovd %‘Wm pvo) QJJ"|Q)

—

B] Pickup reaction: Due to collision between projectile and target nucleus
projectile picks up one of nucleons from target gaining one nucleon and may get
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transformed into its isotope. Target nucleus also may get transformed into its
isotope. For ex.
8016 +1H2 N 8015 +1H3
— —
3. Radiative capture or compound nuclear reactions.

In this reaction, projectile combine with target nucleus to form ‘compound’
nucleus which is in excited state. Later this excited nucleus returns to ground state
by emitting radiations or y rays. The compound nucleus then decay in number of
ways. Example of the reaction is as given below.
29C1163 + 1H1—> (3()ZI164)* —> 3()Z1’l63 + ()Ill.

Compound nucleus — 30Zn® + on' + ¢n!

Compound nucleus — Cu® +on! + H!
The theory of compound nucleus had been first put forth by Neil Bohr in 1936.
According to him nuclear reactions occur in two steps i.e. initially projectile is
absorbed by target nucleus to form compound nucleus and then compound nucleus
disintegrates as it is unstable.

4. Spallation reaction ~neutron induced reaction) —+ ™~ u A 7N 4’1 <8V dN Yaachmg
Heavy nucleus captures projectiles (mostly high speed neutrons) and acquires

sufficient energy to eject several particles. It is also possible to have splitting of

target nucleus into lighter fragments. For example, fission reaction. Uranium with

mass number 238 splits into two relatively lighter nuclei and several high speed

neutrons are also ejected alongwith light fragments. This is as shown in fig.

92@238 + o' 4 Zr% + 5 Te!® +3(gn')

5. Spontaneous reaction. ( No Fon oJ) R adkxg & c}w,’ L,"‘)
This reaction involves spontaneous disintegration of heavy nuclei. The reaction is
accompanied by emission of either alpha beta or gamma particles and the reaction
is not under control. Example - spontaneous disintegration of U**® | other examples
are as given below.

i) a decay : - 9Th*® — ggsRa** + ,He?

ii)  Bdecay:- H>— ,He® + ¢

6. High energy nuclear reactions.
Due to high energy of projectile, a new kind of particles namely mesons etc are

produced along with protons and neutrons, if the energy range is about 150 MeV.
Example : Inelastic scattering (r, 1), charge scattering (%, n°)and (7, ©°). The
reaction is represented as follows,



»He* - ,He +p +

7. Photodisintegration : (Reaction induced by y rays)

A target nucleus absorbs y rays and gets excited to a higher state. One or more
particles may be ejected out depending on energy. E.g. photodisintegration of the
deuteron,

1H2 +y —> 1H1 + ()Ill.

3] Conservation laws
1. Conservation of energy : The total energy i.e. algebraic sum of K.E. of
projectile and rest mass energy of target nucleus (parent nucleus) must be equal to
the total energy of the products ie fr’fass energy and K.E. of daughter nuclei. (1¢=kE + MOCL)
2. Conservation of linear and angular momentum: Mot Reat mass enNNgY
A] Conservation of linear momentum-The total linear momentum of projectile
should be equal to its products assuming target at rest.
B] Conservation of angular momentum -The total angular momentum (L)

comprises of spin momentum i.e. intrinsic angular momentum (s) and relative
orbital angular momentum(/) of the products should be equal to net angular
momentum of the reacting particles.
3. Conservation of charge and nucleons

The net electric charge of the products should be equal to the net electric
charge of reacting particles. The number of nucleons minus the number of anti-
nucleons remains constant in the Universe which is considered as law of
conservation of nucleons.

4] Mass and energy conservation in nuclear reactions ( novemall y ot Erungy ? b P“A"C}(
Consider a nuclear reaction X(X, y)Y represented by the equation, 2 K8 4 Pegt mass
x+X — Y +y. Where x is the projectile, X is the target nucleus and Y and y are en3y J
products of nuclear reaction. According to conservation of mass and energy, net

mass and energy before and after the reaction should be equal, i.e.

[E + m, ¢2] + Mx ¢? = [Ey + Myc?] + [E, + myc?] ----mmmmemmv @1 (B, B Ey KT %
Where m, , Mx , My and m, are masses of projectile, target nucleus, product Pyo]&ﬁ}'l(), Pwlﬂd
nucleus and product particle. In this case target nucleus is at rest. fu dews & produek”
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Let Q is the net change in kinetic energy between incident particle and products i.e.
the difference between KE of products of the reaction and KE of incident particle
which is written as follows,

Q=Ey+E,— E; e 4.2)
From equation (4.1) we have, Ey + E, — E, =[m, + Mx - My-m,] ¢?
Hence Q = [m, + Mx - My - m,] ¢%.-==m-mmmmmmmmmmemeee (4.3)

Q is also called as energy balance of the reaction.

If Q > 0, then the reaction is exoergic or exothermic nuclear reaction and Q <0
then it is said to be endoergic or endothermic nuclear reaction. For positive KE of
products is greater than that of reactants.

Endothermic nuclear reactions are useful in exciting target to form compound
nucleus and transformed into either its isotope or different nuclei.

5] Expression for Q of the reaction: The Q equation

The Q of any reaction is the analytical relation between the KE of the projectile
and emerging particle with the nuclear disintegration energy (Q) and derived by
considering mass —energy conservation which is true for all reactions.

To get an expression for Q of a reaction consider two body nuclear reaction
schematic diagram as given below.
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Fig5.1 Two body nuclear reaction.

To find an expression for Q of the reaction consider a projectile of rest
mass m, with velocity v, hits the target of rest mass My at rest. Due to
interaction between projectile and target let the products of the reaction



be two particles of rest masses My and m, ejected at velocities v, and Vy
respectively as shown in fig. 1. Let My and m, are scattered at angles ¢
(angle of recoil of the nucleus) and 0 respectively as observed in the fig.

From fig 1 applying law of conservation of momentum it is observed
that total initial momentum of interacting projectile and target must be
equal to that of products. Resolving momentum of products along initial
direction , we have,

m, vy = My Vy cos ¢ + m, v, cos6,

My Vy cos ¢ = my v - my v, COSO ------m-mmmmmmmem (5.1)

and

0 =My Vy sin ¢ - m, v, sin6,

My Vy sin ¢ = m, v, SINO ---------mmmmmmme oo (5.2)

Squaring (5.1) and (5.2) and adding both sides of them we get,

My? Vy? = m,? v,2 + my? v, - my v, my, vy, 0SO , =-mmmmmmmm- (5.3)

IfE, = %mxvf JE, = %myvﬁ and Ey, = %myv$

then we write 2 E, v, = my? vi? , 2 E, v, = m,? v;? and 2 Ey vy = my? vy?

Equation (5.3) is now modified as

2EyMy = 2E,my + 2E,m,, — 4,/m,m, ExE,,c0S0 -------nnnnm-- (5.4)
P L Dy i\/mxmyExEycose ---------------------- (5.5) Fmp
My My My =L
s elakt o

Substituting Eq. (5.5) in Eq. (4.2) we get Q of the nuclear reaction as
follows.

Q=Ev+E, - Ex — amp.



_ Exmy , Eymy 2
Q==+t T w JMxmy ExEycos0 + E,, — E,
x—M my +M 2
>SQ = (mM—YY) E, + ( yMY Y) E, — M—mexmyExEycose ---------- (5.6)

voyy dmp
Eq. (5.6) is called Q value of the reaction. (a depends WP, My My ™ y Ext Ej 3

Third term in above equation decreases as mass of the target nucleus
increases. Also for 6 =90°, cos 6 =0 so Eq. (5.6) becomes,

R e e (5.7) > meg

My Y

Depending upon mass of projectile and masses of product particles Q of
the reaction can be calculated.

The nuclear reaction is also represented by particles before and after
reactions with Q value of the reaction which is as shown below.

x+X—> Y+y+Q

Ex. 3Li® +{H? — ;He* +,He* +22.4 MeV --mmmmmmmmmmmmmeeeeee- (5.8)
X+ XY N

6. General solution of the Q — equation.

To obtain the general solution of equation (5.6) let the equation is
represented as quadratic equation in ,/E,, to know the energy of product

particle and its change with respect to energy of projectile.

Consider the equation (5.6) which 1s rewritten as

Q= (mLMY) E, + (myM—JrMY) E, — MimexmyEx JEycos@ which is

My Y
further simplified as,

My - Q = (my — My)E, + (my, + My)E, — 2./m,m,E, [E,cos6



" My - Q — (my — My)E, = (m,, + My)E, — 2,/m;ymE, [E,cos6

MyQ (mx—My)E _F vmxmyEx \/E—yCOSQ

(my +My)  (my+My) ™% Yo (my"' 9

Which is further simplified as:

My-Q—(my—My)Eyx _ \/WyEx
g amty) = By 20, waay) VEyCOSO oo 6.1)

The above equation is a quadratic equation and has the general solution
as follows.

VEy =uEt VUi +w e (6.2)
Where u = Ty B cosf ------ (6.2a) — 1, b2 WMGMW\Q-A
(my +My)
My Q—(myx—My)Ex (6 Zb) — Ty be -\pem@/hf\w
(my +My)

If the term under the root 1s positive then root of energy product particle
is positive indicating towards the energetic reaction.

There are two types of energetic reactions.

(i) Exoergic reaction § O
< (a) Very low energy projectile:- If the reaction occurs for very low
energy of projectile Ex. Thermal neutrons, then E, =0 so # =0 and

— _MyQ S0
w (my +17) ° Q>0 (6.3a)
* s M ————————————————————————————
. Ey = (m, +117) (6.3b)

This shows that kinetic energy of product particle is same for all angles
0. Physically, it is true as total momentum has to be zero before and
after the reaction. In such reaction Q =E, + Eyand 0 + ¢ = 180

An example of such reaction is ¢C'> (n, &) 4Be” 5 (e — MR




(b) Finite energy projectile : - In this type of reaction m, << My, i.e.
projectile is lighter than product nucleus, so w is positive V E, ,
indicating the exorgic or exothermic reaction. It can be observed that
only one of two solutions of equations (6.3a - 6.3b) Willb&:p&iti\je. Ev
is single valued for all E, and is given by,

\/E_y =u *+ Vu? +w so E, depends upon on cos 0 term and is smallest
if = 180°.. o
Ex. B! (0, P) ¢C'%, Q=+ 4.0 MeV. (_cxom ple &wt)

(i1) Endoergic reaction ¢ £ 0

For every nuclear reaction with +Q , there is inverse reaction having —Q

and it has positive magnitude.
Ex. ¢C" (P, 0)¢B!”has Q =-4.0 MeV. (

a) Solution of Q for Endoergic equation for very low energy
projectile
For very low energy profile, E, —0, If in Eq. (6.2) u?> + w is negative

then, \/E,, is imaginary which shows that such equation is not possible.

. \ o4
(iii) Threshold energy - Dz&r\‘_—a\ Tenp Q_m o Vm\ﬁomﬂw T ete
The smallest value of projectile energy at which nuclear reactions  ((eade
occur, is called as ‘Threshold energy’ for that reaction. It is represented YUC"‘“‘)
as (Ex)reshold - TO obtain its expression let us consider > + w = 0. From

equation (6.2a — 6.2b) we get,

MyMyEx My Q+(My—my)Ey _
(my +My)2 (my +MY)

assuming cos 0 =1 i.e. 0 =90°

(my +My)°*
This implies,



Open the bracket and rewriting the above equation as,

mymyE, + m, My - Q + MzQ + [my(My — mx)Ex] + My (My —
m,)E, =0

mymyEy + myMyE, — mymyE, + MyE,— myMyE, + m, My - Q +
MiQ =0

Rearranging the terms so as to have one term with E, and other term
with My and simplifying above equation, we get,

(myMy —m,My + M) E, = —m, My - Q — MZQ
(my, —my + My)My E, = —My( m;, + My)Q

Above equation is further simplified after cancelling My to both sides
which is given below.

CEx)threhota = M0 (66)91_—"\/-—‘—?_

(my—-my+My)

Let us consider Q = [m, + Mx - My - m,] ¢ which is rewritten as follows,
Mx =Q/ ¢? - my + My +m,

If Mx >> Q/ ¢? then Q/ ¢? can be neglected as compared to other terms, thus
Mx =-m, + My+ m,, this will be rewritten as

Mx + m, = My + m, , hence threshold energy can be calculated as given below.

—( my +Mx)Q

CEx)threnold = My T (6-7)‘“%\’0\7021’\{)
2 G/Mu\m‘c!) O‘Q,PU\CM Upan Mass 0% (\'0\"32)\ g
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