





Nuclear Reactions

Excites states of a nucleus can be estimated by nuclear reactions.

A — A*(Excited states of the nucleus A)

Nuclear Reactions are represented by A(a, b) B where A, B are mother and daughter nuclei respectively and
a, b are bombarding and the outgoing particle produced in the NR.

A(a,b))B=>A+a—->B+b X(ab)Y=>X+a-Y+b
In all NR’s mass number and atomic numbers are conserved.

Schematic Diagram of a Nuclear reaction:
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What do you mean by a NR? 2, Enenad of b Pmkc!qg .

Cross-section measures the probability of occurrence of a particular NR.
Let, dN = Number of particles detected in the detector in a fixed interval of time.

 dN o I where, I= Intensity/flux of the incoming beam of particles which means number of bombarding
particles falling on unit area of target in unit time

 dN « N; where, N; is the number of target particles in the volume hit by the incident beam.
 dN o dQ where, dQ is the solid angle subtended at the point of interaction.



Continued...

dN oc I N; dS)
v = (%) x40
“\da)

Where, Z—g IS the differential scattering cross-section. It contains the information about the nature of nuclear

Interaction (strength of the interaction)
9’
IN, =1(A't)n T

Where, n is the density of the target particles, A" is theN area of cross-section and t 1s the thickness.
IN, = A—f (nt)A’
= Nin,

Where, n, is the areal density of the target particles and N; is the number of incident particles per unit time.

Now, dN = (Z—g) IN,dQ [interms of target particles]

= (Z—g) NingdQ [in terms of incident particles]



do 2
Dimension of dQ dﬂ] =L

« Nuclear cross-sections are very small, new unit is introduced. 1 barn = 10~28m?
* Only the target nuclel In the zone of mteractlon can mteract with the bombarding particles.
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Types of Nuclear Reactions
1. Scattering:a=b;X=Y
2. Nuclear Reactions:a #b: X #Y
Scattering:a=b;X =Y
« Elastic Scattering (k, + ky = k; + ky)
* Inelastic Scattering
In Elastic scattering the daughter nucleus remains in its ground state
In Inelastic scattering the daughter nucleus goes to its excited state keeping its identity intact.

In Inelastic scattering the KE of the incoming particles Is greater than that of the outgoing particles as aresult
of which the daughter nucleus produced remains in excited state.

Depending upon the energy of the bombarding particles NR’s can be classified into two types namely:
1) Compound Nuclear Reaction (CNR)
2) Direct Nuclear Reaction (DNR)



Depending upon the energy of the bombarding particles, it can interact with only a few nucleons on the
surface of the nucleus or all the nucleons inside the nucleus and get sufficient time to be absorbed inside the

nucleus to form a bigger nucleus.

It has been estimated that the average time for formation of a big nucleus is about 10> sec whereas the time
required for interaction with few (two or three) nucleons with the projectile is about 1072 sec.

In CNR the projectile 'a’ transfers its energy to the nucleons by the process of collision between the projectile
and the nucleons. If sufficient time is available for this phenomena to occur, the projectile gets trapped inside
the nucleus and become a part of the nucleus. The newly formed nucleus is known as Compound Nucleus.

In generally the new nucleus is formed in its excited state : a + X - C* - b + Y [formation time is 1071 s]
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How do we fix up the energy of the projectile at which DNR would occur or the energy at which CNR would
occur?

2mhc

\/ZKmpcz

21 X 200 g f
= ~ m
V2 x 10 x 1000

Where, K denotes KE of the projectile in MeV, mpcz IS the mass of the proton in MeV
hc = 200MeV-fm

For K =40 MeV, A =4 fm

If K > 40 MeV, chances of DNR would enhance but for K = 10 MeV, CNR would be more probable.
In terms of time scale of 10~1°s CNR would occur and the same of 107225, DNR would occur.



» Estimation of time scale for DNR;
K = 20 MeV

Lmv? =20
2

§x1000xv2=20

v =20.2c

d 10x10~15 _
Therefore, t = — = ~ 107 %25
v 0.2%X3x108

« For DNR the angular distributions of outgoing particles will be forward peaked and for CNR the
corresponding distribution of outgoing particles will be equally probable in all directions thereby making
the distribution Isotropic.







Compound Nuclear Reactions

Compound Nuclear Hypothesis:

According to the hypothesis when a compound nucleus is formed , it looses its past memory i.e., how the
compound nucleus is formed. In other words, the decay products of the Compound nucleus do not remember
Its past history.

p+ 55Cu - $¢Zn*
a + SaNi - $5Zn*
cbin* - 83Zn+n

-8 Zn+n+n

—>29C’u+7’l+p
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Compound Nuclear Reactions

Conclusion: The distribution of decay products of the compound nucleus is independent of how the nucleus is

formed.

Consider some of the excited states of the nucleus.
Energy of the excited state = Ground state energy + AE (see the adjacent figure)
Excited energy happens to be the total energy of the nucleus.

Momentum Conservation

P+ Pcy =0
p:_pCu

Energy Conservation
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Compound Nuclear Reactions

m
(Mp+mey — Mzy)c® + (1 + —p) K, =AE
Mcy

When Cu 1s bombarded with protons we get,

_ AE — (mp+mey, — myp)c?

Ky

When Ni is bombarded with a-particles we get,

Conclusion: In order to obtain the same excited state of a particular nucleus with projectiles, the KE of the
projectiles would be different. Different choice of scales have been shown in the same plot.
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Compound Nuclear Reactions
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Types of DNR
Stripping Reactions:
Xd,p)Y: X+d-Y+p
X(d,nY: X+d->Y+n
Pick up Reactions:
X(p,d)Y: X+p->Y+d
Capture Reactions:
X(n,y)Y: X4+n->")->Y+y

Study the following Nuclear Reactions from S.N.Ghoshal’s Book.
* a—Induced NR
e p—induced NR
 n —induced NR
* ¥ — induced NR



Nuclear Cross-section

* Nuclear Reactions: Bombarding of particles on to target material in which nucleus being very small object,
most of the bombarding particles passes through without any NR. A few can only interact with the nucleus
leading to NR.

« How many of these incident particles interact with the target nuclei and lead to NR ?

« How many of the incident particles will penetrate through the material?

« Nuclear cross-section : It is the area around the nucleus on which if a
projectile is incident, whether it would interact or not.

» Depends on nature of incident particles , energy of the incident particle.

 Greater the cross-section, more likely is the NR.

Consider a rectangular slab of target material. The area of the slab facing the incident beam is A. Consider a
small slice of slab having thickness dx and cross-section A. N, is the number of incident particles entering
one of the faces of the slab. How many of the NR’s are actually taking place within this slab?

N(x) = Number of incident particles surviving after crossing a distance x through the slab, i.e., the number of
Incident particles entering the left face of the slab of infinitesimal thickness dx.

N(x) — dN = Number of incident particles leaving the right face of the slab of infinitesimal thickness dx.




Number of target nuclei within the infinitesimal slice of thicknessdx = n A dx
Area of cross-section = n A dx o [o is the area corresponding to one nucleus]

No of interactions Total nuclear cross—section

Total no of incident particles ~ Area of cross—section of the slab
dN  noAdx

= — = = no dx
N A
We assume that every single incident particle interacts only once.
N dN b .
fN —~ = fo no dx [particle number decreases as they move along x]
0
N
In— = —nox
N

0
N(x) = Nye~ "X
« The number of incident particles survived after moving through a distance x can be determined.

* |t depends on g, i.e., the cross-section, as the cross-section increases the decrease in number occurs
exponentially.

|t depends on n, in a denser material the number of incident particles decreases more sharply than less
denser material. Interaction probability enhances here.

» Rate of the NR can be determined.



AN _ No—N _ Nog—Nge™MoA* N (1 B e‘”“Ax)

Rate of NR for a thin slab of thickness Ax , R = T A T v ==

NO
——(1— —nolAx
For extremely thin slab, Ax K 1 = noAx K 1
T . No B __ NonolAx
In this limit, R =~ v (1 -1+ nolAx) = —

Flux of incident particles is denoted by ¢ which is the number of incident particles per unit area of cross-
section per unit time.

.-.R:(:Z’)XAXnan

= ¢p(AnlAx)o
= ¢ N'o where, N’ is the number of target particles within the thin foil.

Problem: The nuclear cross-section of **3Cd for cafturing thermal neutrons is 2 x 10* barn and the number
of 113Cd per cubic meter is 5.37 x 1027 atoms m What fraction of incident beam of thermal neutrons is

absorbed by a Cd sheet of 0.1 mm thickness.







Energetics of Nuclear Reactions:

NR: A+a— B +b v VD@&CW
» A : Target nucleus (at rest) @ s}
* a : Projectile moving along +ve x — direction with KE K, G’Af' ' p il Hcpw )
» B : Daughter nucleus recoiling with KE K at an angle (Qc/\\cl) |
A

¢ with the direction of projectile a

b : Outgoing particle is moving with KE K; making an angle 8 with +ve x — direction. Detector is placed at
an angle @ with +ve x — direction.

The daughter nucleus remained within the target, hence can not be estimated. K5, ¢ should be eliminated from
the equations.

K, is known parameter, masses of incoming (m,4, m,) and outgoing (mg, m;) particles are known.

K;, and 6 could be estimated from the detector.

my, My, Mg, My, K,;, Ky, 6



Assume the daughter nucleus to be in excited state withKE Kz : A+a - B*+ b
Momentum Conservation:

Pa = P + Db

P = Pa — Db

p123 — (ﬁa_ﬁb)'(ﬁa_ﬁb)
s =D& + Db — 2Pa * Py

P§ = D4 + Db — 2PappcoSO ------- (1)
Energy Conservation:
(my + my)c* + K, = (mg + my)c? + K, + Kg + AE -------- (2)

Q — value of the NR:

Q = (my + mg —mp —my,)c?
Hence, we obtain,
Q+K,=K,+Kg+AE

2

Assume the motion of daughter nucleus to be non-relativistic, i.e., Kz = 2’;{?
B

Q+ Ky =Ky + 2B 4 AE —-mmmmmm- (3)

ZmB



Continued....
Using Eq. (1) in Eqg. (3), we get
Q+K, =K, + L [pczl + pg — 2pgppcosB| + AE

Q+K _Kb+ K + Kb——\/mambK KbCOSH+AE

(1 + ;:—Z) (\/Fb) — (miB\/mambKacose) \/Fb — (( )K +Q — AE) 0 --------- (4)

From the above equation one can estimate the excited states of the daughter nucleus.

Define: A = (1 + )Kb

B =-— (miB\/mambKaKbCOSH)

Mg
c=-(1-5) -0
Therefore, Eq. (4) becomes,
A+B+C+AE =0

Determining the values of A, B, C from experimental outcomes one can estimate different excited states from
AE .



Problem: Consider the NR 160 (d, p) L70* and estimate the 15t few excited states from the following

given data. K, = 10 MeV, Q = 1.96 MeV and the detector is place at an angle 8 = 25° with incoming
direction of the projectile. Peaks are obtained at K, = 11.69 MeV,10.81 MeV,8.58 MeV,7.77 MeV. Assume

mass numbers to be the masses of the nuclei. m;, = 1,m, = 16, my, = 2, mg = 17.
For K, = 11.69 MeV

A=(1+ Z—Z) K, = 12.38 MeV

B=— (miB\/mambKaKbcose) = —1.63 MeV

c=—( —Z—:)Ka—Q — —10.78 MeV

Now,A+ B+ C+ AE = 0= AE = 0.03 MeV (Ground State energy)

For K, = 10.81 MeV

A=1144 MeV B =-156MeV C =-10.78 MeV = AE = 0.91 MeV (1% Excited State)
For K, = 8.58 MeV

A=9.08MeV B=-139MeV C =-10.78 MeV = AE = 3.09 MeV (2" Excited State)

Solve for 31 excited state



Nuclear Resonance Reactions

239 ¥
'U

e O)
AF 4h
9258 .
v 2" j—— 9

Momentum Conservation : p,, = P239y;

Energy Conservation:

5 ) P%39U
(my, + mass;; )c* +K, = maso ¢ + AE + 2oy,
K,+ Q = AE + K, —=
mz39y

AE=Q+Kn<1+ . )

m239U

For K,, = 0 = AE = Q. Only excited states lying above Q value can be determined by this method.



It is known that Q = 4.86 MeV for the given NR.
Only excited states lying above 4.86 MeV can be determined from this NR.
Depending upon the values of K,,, one can determine the higher excited states of the daughter nucleus.

Nuclear Resonance occurs when values of K,, are such that AE matches with certain excited states of energy
levels of the daughter nucleus.

At such particular values of K,,, the cross-section suddenly shows up sharp peak leading to the Nuclear
Resonance phenomena.




Problem: In a NR represented by X(a, b)Y with known Q — value and X at rest,

m,mpK, cos 8+{m, ,mpK, cos? 0+(my+my)[myQ+(m —m)K]2
a) Show that sz\/ alltbBq { alltbBq ( Y b)[ YQ Y a a}

my+mp
b) When Q < 0, there is a minimum value of K, for which the reaction is not possible. Show that the
+
threshold energy is given by Ky, = (—Q) ———"2

my+mp—mg
c) When Q < 0,and K, > K, K;, can take on two values. The maximum K, that this can occuris K" .

Show that K, = (—Q) —=




Q —value of aNR (Q > 0 = Exoergic & Q < 0 = Endoergic)

A+a—-B+b

1. Q = (my+myg—mg—my)c?

2. Q=KB+KD_KA_KCI

3. Q=Bg+B,—Bs—B,

« Total energy of a relativistic particle = mc? + K

© K= —Q[1+22

* Kep = —0Q [
Eip = Ko, + mqc? + myc?

Non-relativistic Scenario:
X —>a+b [Xatrest]

mg
miq +m2 +m3 +m4 +--

| 1+2-3+4+5..]

2m,

1 1
Q= Emlvlz +5m2v22
2
=t ¢ (2 = (1 422) = K0 (142
0, Smivi +om, ™ Mg 1+m2 K, 1+m2
— nmp
Ka_(m1+m2)Q



Consider a-decay: 4X — 5-3Y + 5a + Q

Ko = (3555) 0= (55) €
Ky = (A—:+4) Q= G) Q

Problem: Calculate the threshold KE to produce = —meson from the reaction: p + p = p + p + 7°. Given
my,c® = 938 MeV,myc* = 135 MeV.

0 = —135 MeV
Kin = —0Q [

dmpy+my

] = 280 MeV

Problem: If in a spontaneous a — decay of 23922U at rest, the total energy released in the reaction is Q. What
would be the energy carried by the a —particle?
232U N 228Th_|_ ra
228

Ko = (228+4) Q= QQ




