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Dear Students
Hope all of you are well and taking all the necessary precautions in this difficult time.

In our last class, we have discussed o, B, ¥ decay in detail, electron-positron pair creation
by gamma photon in the vicinity of the nucleus and Fission, Fusion. Now, | am going to discuss
about the thermonuclear reactions.

In our next lecture, we will discuss about the last unit of this course (LASER). Apart
from this, all of you can contact me through Email, Whatsapp or Mobile for any quarry related to
our course of Elements of Modern Physics.

Thanking you.

With Best Wishes

Dr. Manish Kumar

Assistant Professor

Dept. of Physics, ARSDC (DU)

Mob.: +91-9555977892

Email.: manishphy2007 @gmail.com
(April 22, 2020, Monday)
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Nuclear Reactions

©® Compound Nucleus: )
‘The compound nucleus theory states that there are two steps involved in a nuclear disintegration and
they are (i) the capture of the incident particle A by the target nucleus B forming a compound nucleus
C’ in an excited state ‘ :

(i) the de-excitation of the compound nucleus C" into a product nucleus D and the emission of a particle
E or a y—photon .
So, the nuclear reaction may be represented as A +B — C >D+E .

« Rutherford’s first artificial nuclear transmutation may therefore be represented as

PN+ jHe —» ¥F -V 0+ H

@ Classification of nuclear reactions:

() Elastic scattering: In elastic scattering, the same particles are scattered in different directions and
there is no loss of energy. The residual nucleus is the same as the target nucleus and is left in the
same state (ground state) as the latter so that it can be represented as X(x, y)X. An example is the

scattering of neutrons by graphite: >C(n,n) '>C . Example: ;He* 476 Au'® - 5 Au'®7 + , He*

(ii) Inelastic scattering: In inelastic scattering, the same particles are scattered in different directions
with different energy, as there is loss of energy due to collision. The residual nucleus which is the

same as target nucleus is left in an excited state so that the process can be represented as X (x,y) X',
An example is the collision of fast neutrons with U-238.

(iii) Radiative capture: In radiative capture, the incident particle is absorbed or captured by the target
nucleus to form the excited compound nucleus which disintegrates to produce one or more

y —photons and goes down to the ground state. The process may be represented as X (x, y) Y
Example: 92U235 + On] — 4

(iv) Reaction of transformation: Here the oncoming particle is retained in the nucleus and the compound
nucleus emits a different particle so that the product nucleus is different from target nucleus, e.g.

?Be(a,n)” C

(v) Photo-disintegration: In photo-disintegration, a very energetic photon is absorbed by the target
nucleus so that it is raised to an excited state and subsequently disintegrates. It can be represented

as X(Ya )’)Y 5 Example; ‘Hz +y——> I]_Il + Onl ]

(vi) Stripping reactions: In stripping reactions, one or more nucleons from the projectile are captured
by the target nucleus, the remaining stripped nucleus is emitted in a different direction.

Example: ,,Cu® + d>—— ,,Cu® + H'

(vii) Direct reactions: A collision of an incident particle with the nucleus may immediately pull one of
the nucleons out of the target nucleus and is called ‘pick up reaction’.

Example: H'+ ,C?— d*+ C"?

@ Conservation in Nuclear reactions:
(i) Conservation of mass number (ii) Conservation of atomic number
(iii) Conservation of energy (including mass-energy) (iv) Conservation of linear momentum



(v) Conservation of angular momentum.

(vii) Conservation of isotopic spin

Q-value and threshold energy of nuclear reaction:
The law of conservation of energy and momentum imposes certain restrictions on the reactions.
These restrictions are called the kinematic restrictions and this mathematical methods is known as
kinematics. :

Consider the nuclear reaction

(vi) Conservation of parity

X+ X—oy+Y

Where x, X, yand Y are the bombarding particle, target nucleus, outgoing particle and product
nucleus respectively. It is assumed that the target nucleus is in rest. Since total energy is conserved
in the nuclear reaction, therefore we get,

(mxc2 +E, )+ Myc? = (Ey + mycz)+(BY +MY02)
E,,E, and Ey are the kinetic energies of respective particles.
Now the quantity Q=E, +Ey —E, = Q= (m,c +My —m, MMY)cz

Where Q is called the Q-value of nuclear reaction.

(i) If Q is positive, the reaction is said to be exoergic {(exothermic) and
(i) If Q is negative, the reaction is called endoergic (endothermic).

The minimum K.E. required for incident particle (x) to start the nuclear reaction is called the
threshold energy (E ). The relation between Q-values and threshold energy is:

(my +MY)

(MY +m, —m,‘)

h
El'=-Q

If E:"‘ =0 for exoergic or exothermic reactions i.e. these reaction are spontaneous process.

Mechanism of nuclear reactions:
Transmutation by protons:

(a) (p,o) reactions:
(i) L’ - H' > [4Bea) —>, He* 4, He? (ii) aLi® +4H' > (4337)- —, He® 4, Het

(i) ,Be? 4+, H' _’(5310) =>4 Li® 4+, He* (iv) 5B +H' > (6C12] —4 Be® +, He*
(V) 9F1g + H1 —>[10Neza] —> 8016 +2He4

(b) (p—n ) Reaction:

(i) 5811 +4 H1 —)(5012) “—)6C11+ 0“1
(iii) 1,Na%% 4 H' —>(12Mgz") > 1oMg?? & o'

(V) 2QCU65 +4 i"‘l — [ 302“56) —):;02“55 + 0 n1

(i) O™+ H' —(oF"?) - oF'®+ on’
(iv) 23N-i53 +H > ( 29 Cusg} — 29(31.!53 + g n'

(usually endoergic)



(©) (p,d) reaction:

(i) 3Li? +4 H1 —>3 LiB + 4 H2 (ii.)4 Beg‘:+1.H1 —>a Bea + 1 Hz
(d) Proton capture:

Compound nucleus in excited states come to ground state with y~—ray photon.

(i) sLi’ +H' —>(4Bea) — 4Be®+y (i) ¢C'? +4H! —+(7N13) — N34y
(iii) ;N" +H' - [8015) —> g0 +y (iv) oF P +yH' — (10N32°) — 10Ne%0 4y

; - - . 50 A 51y 51
(V) 13A127 +4 H1 ——)[14Si23] _)_143;38 +v (V]) 24CI' + H —a»(stn ) - 25Mf'l +Y

If incident proton has an energy (> 20 MeV) the compound nucleus has sufficient excitation energy
to permit the expulsion of two or more nucleons. '

(2) Transmutation by Neutrons:-

Neutrons have no electric charge and can penetrate +vely charged nuclei without any experience of
repulsive electrostatic force.

(a) (n—a) reaction:
With slow Neutrons

(1) al%550 -+(3Li7) —>4 H® 4+, He* ' . (ii) 5B"? + o n' -a-[sB”) —4 L7 4+, He*
O 55 80% 4 50— (13AI28) >,Na? i, Het  (iv) N+ on' > [7N15)
(v) s B +; He? (vi) sbi’ +2He* + , He?

Capture of fast Neutrons - emission of o - particle are usually radioactive

() 11Na”® +on' = (13Na?*) —g F?%+ yHe® followed by gF20 s, Ne?® + B~

Gi) 43AP  ign' > [13AI23) —11 Na?* + , He* followed by {4Na?* —;, Mg®* + B~

(b) (m, p) reaction: Proton in the nucleus is replaced by neutron mass no, does not change but

change decreases by one unit.

(i) ?N14 + o n‘l —> (?N15) —¥g C“4 +4 H1+Q fO]lOWCd by 6C14 —>7 N14+B_—|—Emax

(i) ,He® + yn' > (2He4) —; H + H' + Q followed by sH? =, He® + B~ +E

max

(iii) 1?(:'35 + 0n1 —> (1?CI36) 218 835 +1 H1 +Q fO”OWCd b}" 15835 — 170'35 +B_~ +Emax

With fast neutrons:

(i) 13A|2? +p l"l1 o (13A123) —)12Mgz? + 4 H1 (ii) 16832 +g |‘|1 —> (16833) —)15P32 + 4 H.|

(iii) 26Cu%® +gn' > (29CU%) NPT+ H!  (iv) 302Zn®* +gn' > (30Zn%%) —gCu%* 4 H

(¢) (n-y)Reaction:

- -

() H'+ o' > (1H2} - sHZ +y (i) {H? + on' —3(1H3) - H 4y



Product Nucleus is Radioactive:

v(i)“sRhm3 +on' —>(45Rh1°4) > 45 Rh1%4 4y (i) 49in' "%+ on' —"9(49"1116) —5 49 118 1y

(ili) 92U + .:kl'l‘I -*-)(gzuzsg] > g2 'J;"39 +7Y (iV) 2901165 + 0“1 - (290“66) —* 29 Cuaﬁ +v

v) 79AU®® 4+ nn1 —>(79Au198') - 79 AU 4y

(d) (m —d ) and (n—t) reaction: Bombardment of 90 MeV neutrons: ;N + gn' — g C1? + | H*

(€) (n —2n ) reaction: one neutron captured by nucleus and 2 neutrons are emitted. Q < 0 fast
neutron are needed . Most cases residue nucleus unstable -followed by positron emission.

(i) 6C™+ on' _)( 3813) —6C"+2 on’ (ii) 19K + on' ‘*(19'(40) 19 K32 42 on!

(lji) 51Sb121 + 0#'\1 b (51Sb122) —>51 Sb1 20 +2 |:'I'I1

(f) Neutron - Three or more particles: Incident Neutron ~ 30 MeV sufficient energy to overcome
coulomb Barrier, 3 neutrons or even 2 neutron and a proton are ejected from compound nucleus
Neutron (~ 100 MeV) Nuclei with moderate mass no. undergo spallation and those of high mass
no. eg. Bi and Pb suffer fission probably accompanied by spallative.

@ (3) Transmutation by Deuteron: High energy Deuteron.
(a) (d—a) reaction

(i) 3Li®+ 4 > (4Be®) -, He® + , He? (i) g0 + 2 > (oF'®) — 7 N" 4+, He?,

-

(iii} 10N920+ 1H2 —> (11”3%2] —> g F1a + 2 He4

(i\") 12M926 + 1H2 = [13A|28) — 11 N324 + 2 HE4 »
(V) 13A|27 + Aﬂ"'z —)(14Si29) -2 42 Mgzs + 2 HE.‘4
(b) (d — p) Reaction: Isotope creation

(i) gC'%+ H? —>(7N14) 35 G g4 M) (i) L7 + 2 —)(4539) 3 gl i®eytl

(iii) 14Na® + H? a[.,zMgzs] - 14Na? + 1 (V) 5P+ HE o (15833) - 1.5 P32+ H

(V) 430[’114 + 1H2 —)(49"'1116) —> 48 cd115 +9q H‘I

(vi) %-Bi209 + H = [34]30211) — g3 BP0+ H!

(c) (d — n) Reaction:

i) L7 + H2 > (,Be®) —» ,Be? + gn' ii) 4Be® + H2 5 (5B} - 5B+ 4n'
3 1 4 4 0 5 5 0



*

(iii) 6-012 + 1H2 4(7N14) - N 4 0 n’
When two Deuterons Interact both the (d, n) and (d, p)y reactions have been obtained.
H o+ H oo Het o Ry H +402Mev

- ,Hed + gn' +3.25 MeV
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