Nuclear Reaction

A nuclear reaction in a process in which a change in the composition and
/ or of a target nucleus after its bombardment with charge particle or ¥-
ray. From the study of nuclear reaction the following determined

1) The Reaction Mechanism : by comparison the

experimental data obtained about the reaction mechanism
(nuclear models) and the predictions of the theories about it.

2) The Nuclear Energy Levels : the decay scheme , with

all information about each state (energy, spin, parity, M, Q,
.......... ) constitute the most valuable data for testing of nuclear

structure (i.e. Nuclear models) when a given target nucleus
interact with a particle of sufficient Kinetic energy. There are
many ways for the nuclear reaction to proceed.

a+x—Yy+borx(ab)y

this mean that particle a interacts nucleus x and produce a
nucleus Y and particles a and b may be elementary particle
l.e. proton, neutron, electron, deutron, a — particle or ¥ - ray.



a + X — X + a => elastic scattering

a+x— X + a=> inelastic scattering
a+x— Yy + b =>transmutation

a+Xx— Z+ ¥ =>reaction (capture reaction)

* Elastic Scatteringg+x —> X+ a :-

In elastic scattering the total K.E. of system (incident particle +
target nucleus) in the same before and after the collision. Some
K.E. of the incident particle transferred to the nucleus, which is left
M the same internal nuclear state as before the collision.

Inelastic Scattering (a+x — X + a) -

The target nucleus in inelastic scattering in raised into an excited
state X", and the total Kinetic energy of the system is decreased
by the amount of excitation energy given to the target nucleus.

Nuclear transmutation (a+x —> y + b)(a +x

— 7 + ‘X')

In nuclear transmutation reaction the product nuclei (Y and Z) may
be formed in their ground state or in an excited state. The excited
product nucleus usually decays to the g-state by the emission of ¥-
rays in a nuclear reaction of transmutation for scattering process,
the number of protons (Z) and the number of neutrons (N) are
conserved.




2 H +2,H — 3,He;y + %n
4 He, + 14N — 17,04+ 1,P
Reaction Dynamics (Q — Value)
The important part of a nuclear reaction experiments of

the energy released, the Q - Value

a/{.«m):-

From the particle — particle (nucleus) reaction, the
relationship between particle energies and Q — value can

be calculated. An incident particle mass Mjand Kinetic
energies Tjinteracted with a target nucleus with mass My
and K.E. T¢=0 (L — system)

After reaction, a particle with mass Mg and K.E. of Tgand
a recoil nucleus mass with Mg and K.E. of Tg are emitted
we consider here the non-relative case, in which the K.E.
of each particle in small compared with its rest Mc?;
therefore

Mic? + T + Mc? + Te= Mec?+ Te+ Mg 2 +Tr

and since T;=0

Mic2 + Ti + Mc?= Mg c?+ Te + Mg c2+Tg

The Q —value of the reaction is the differences between
the final and the initial kinetic energies.



Q=(Te+Tg)—(Ti+ Ty

Or Q= (M;+ Mi)c?— (Mg + Mg)c? ........... **
And the L-system

Q=Te+Tr-Ti ........ 1

From the conservation law of the momentum we have from the
momentum diagram :

P7i-P e+ PR ....... 2
By applying the law cosine to the momentum triangle
PZR = Pzi + PZE — 2P;P¢ cosO ........ 3

And since P?2=2MT , P=+2MT then

2MgrTr = 2M;Ti + 2MeTe - 2V2Mi Ti\V2MeTe cosd
VMiTiMeTe
— cosO

0 TR=mTi'|'&TE_2
Mr Mr

Substituting in eq. (1), obtain:

VMiTiMeTe cos

Mi M
Q=Te+Tr=Ti =Tet o Ti+  ~Te—2— -

Me Mi VMiTiMeTe
* Q= VT = (1-29T. - vMilifele
Q=(1+ - )JTe—(1 r)T. 2cos0 e 4

This is conventional form of the Q — value, to determine it

(Q —value) of the nuclear reaction. These the K.E., Ti, Te and
the angle 0, are all measured in laboratory system of
coordinate, this equation is independent of the mechanism of
the reaction (compound nucleus, direct reaction or nuclear
fission). In calculation the Q — value of the masses (i.e. A) can
be used without significant error.
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Exoergic and Endorgic reaction :-

Nuclear reaction is divided energetically into two classis :
Exoergic has a positive Q —value (Q > 0, positive) i.e. the K.E.
of the products (Te + Tr) exceeds that of the inputs particle
(Ti + T¢) ; therefore
Te+TRr>Ti+ Ty = for(+Q).

Endorgic reaction has negative Q —value (Q < 0, negative) and
an excess kinetic energy should be given to the incident particle
in order to make the reaction energetically positive.
Te+Tr<Ti+Te = for (- Q).

A) Exoergic reaction (+ Q) :

In exoergic reaction we focus our attention on the energy Te
and the direction 0 on the incident energy Tiis gradually
increased.

1) Zero — bombarding (T; = 0) :
This reaction possible only with neutrons (Z = 0) as in the

interaction of thermal neutron (E, = 0.025 eV) with 1°B as
follow :

1053 + 1ol'l — 73Li + 42HEz

If Ti= 0, then Te from eq. (4) will be

Mr
TE - Me+Mr Q = (Q > 0)

the Kinetic energy Te is the same for all angles,

i.e. isindependent on (0), and the angular distribution is
isotropic.



Example :- prove that Q=2.8 MeV forthe °B (n, a) ’Li
reaction :
Solution :

(H.W.)
Q = (M; + M;)c? — (M + MR)c?

B) Endoergic reaction (Q < 0) :-
for every nuclear reaction with a positive Q — value , the inverse

has a negative Q — value of exactly equal absolute magnitude
BsC+ 13H — 1%B + He+ Q = Q=-4MeV

1) Zero — bombarding energy :-

When Q — value is negative and Ti — 0 then the reaction cannot
occur because reactions induced by charge particles are
threshold reactions and the energy of the incident particle

must be more than the threshold energy (Ti > Tihreshold)
i.e. the energy of the emitted particle Te will be not negative
value

Mr
TE =
Me+Mr

Since Q is negative, then T is negative also.

2) The Threshold Energy :-
The smallest value of bombarding energy at which the reaction

can take place (can occur) is called the threshold energy

(Ti)threshold



ME+MR

5
M,M oooooooooo
ME+ MR_ Mi_ It'IR

Ti=-Q

If the product particle Mg is observed at 6 =0 (i.e.Sin 0 =0),
then T; has its minimum value, which is the threshold energy

i.e.

ME+MR ]

T, = [
i )threshold Q Mg+ Mp— M;

From the general relationship between Q and the rest masses,
which is :

(Mi + Mt)CZ = (ME + MR)CZ +Q
(M; + My) = (Mg + Mg) +%

And then M:> %

M;+ M= Mg+ Mrp = therefore -

. o M;+M
4,..;:!/ b T; )threshold =-Q ( t)

M

As the bombarding energy is raised the emitted particle
Me appearat 6>0

For elastic scattering, Q =0, Mg = M; and M= Mg *
(pLEL Ll 4 )4d6 1o g0 )

For inelastic scattering , the struck nucleus is left in an excited *
level after the collision

Q =- E« where Eex = is the excitation energy
given to the target My and Mg=M; , Mg = M



* Theories of Nuclear Reaction :-

Reaction induced by particle, suchas o, 1P ,2d are
classified as :

1) Compound nuclear Reaction
48 sal) 5] il e Ly
2) Direct reaction

5 pdlualt e Lt

.- Cam,oounc/ nuclews for mafion

1) Compound Nucleus :

For bombarding energies below (0.1 — 1 MeV), nuclear
reaction generally proceed through the compound nucleus
mechanism. The theory of nuclear reactions through
compound nucleus first introduced by Neils Bohr in 1936
according to Bohr idea's , when bombarding particle has a
sufficiently low energy it will be absorbed.




By the target nucleus and the kinetic energy as well as the
binding energy of the incoming particle will represent the
excitation energy of the compound nucleus's

Eex = 20.18 MeV

~—

Tem =5.71 MeV

14.47
) MeV
T 1p + 405K
EB 0

4120ca*

Tem = is the Kinetic energy
of the center of mass
coordinates

Eex = excitation energy of the compound nucleus Es = Binding energy

Eex =Eg + Tem
Eex =14.47 +5.71 = 20.18 MeV

_ TLabratory
Tc.M = 1+ ™
M

m = mass of the incident particle
M = Mass of the target nucleus
Tiab. = KL.E. of the particle in L - system

This excitation energy (Eex) Will be (after collision) rapidly
shared between the nucleons of the compound nucleus ;
therefore , none of them will have sufficient energy to escape
immediately the compound nucleus will then stay together



(10726 - 1018) sec until by chance enough energy is concentrated
on one nucleon or an assembly of nucleon's , and after that the
escape will happen. The reaction through a compound
nucleus's formation is the target as two process



The formation and * * break-up process, it is assumed that *
the time lapse between the two event's is sufficiently long

(10— 1078) sec . The compound nucleus does not break-up

until it has forgotten how it is formed .

The second stop = the decay by particle emission is simply
the decay of nucleus in a highly excitation

11|:’ + 6329CU 63302[1 + 10n

) /
30ZN 62,5Cu + 1P + Yon
42He2 . 6028Ni/ \ o

2) Direct reaction (10??) sec :-

3oZn +2 1on

a) Stripping reaction :-

The stripping process represent the second reaction
mechanism . The neutron and proton in the deuteron (?1d)
(are bound with binding energy = 2.23 MeV) it is ; therefore ,
quite likely that when the deuteron comes close to the target
nucleus either the neutron or the proton may be captured by
the target nucleus while the other particle's continues on its
path relatively undisturbed. Stripping process belong to the
direct reaction class. The direct reaction is an instantaneous
process that usually take place at the nuclear surface.




b) Knock — out reaction :-

This reaction is the second type of the direct reaction.
In knock — out reaction the initial particle inter the nucleus and
then knock — out another nucleus without forming compound

nucleus. In given the example, the deuteron %d inter the
target nucleus (igK) and a proton is knock — out from the
nucleus.

This is again an instantaneous process and quite
different in the theory of the compound nucleus.

Resonances in the Formation of the compound nucleus :-

In order to form a compound nucleus in nuclear reaction the
incident particle must penetrate the coulomb barrier and also
the nucleus surface (nuclear surface tension) . Excited state of
compound nucleus or the excitation energy is always
determined by the masses of the colliding nuclei plus the
incident kinetic energy in CM coordinate.

E..,=Eg+T.y,

If the excitation energy just equal to one of the excited state of
the compound nucleus , the we would expect resonance
forming of the compound nucleus and a large reaction
probability i.e. large cross-section
ddayl yial) VWS 8 (Direct reaction) 3 pdliall OVl lal) A ja 2ie %
OS2 5 Lt Jysha WA Gl Jara (o)) daa Sl ¢Sy (Bound states)
. . . . i h .
O Jatl Al (D) aalie ) clibia) gea Al (I = T) a8 Lgn s
. (discrete) daiie ¥a Ll J 8l Sy 138 5 ddayl yiall i siasall



Faseal) Bl o L 5,0Y1 Vs aeel 580 4l 51 501 Al Ll
) Bl g B S Cauadll A8l () 5S5 Ladie Gt ) (s ) AdaBLL)
cdash (T) e somal b jlee) Jare 55 5 dille OV

Wia Iy 45 Ka lpamy pe JaEE (T3> D) D lilad) (e 4S) s

. padasa

8) 5ill dalaia 8 Aliadia CYla (4 5ST cll) 2ind AL Coiadl) A8l () ¢S5 Ladie Wl
Jazs (5 5 (quasi bound state) Adadl siall Asd cladls Ca i 4yl
Al OV el 5 L e e s 5 Lawd Jisha W jee




Breit — Wigner Formula :-

Breit — Wigner derived a theoretical formula for the cross —
section of the resonance processes. If the incident particle has
zero angular momentum (J =0, i.e. a— particle) then the
formulain

22 T, I

,b) = — for J=0
o(a,b)="- Eam B2+ (D)2 = for J=0)

Where , A is the de Broglie
wave length of the incident particle

h=
)
E, — energy of the incident !
particle
E, — energy of the peak — — I
of the resonance
I' — is the width of the R
peak E, E,

If the angular momentum of the incident particle is not zero
(J#0) , then

A2 [ 2]+ 1 ] T, I

b)) =—
o (a,b) =7~ 2o+ D@Jet+ DI (Bq- Eg)2+ (5)2

Where, J. = is the angular momentum of the compound

nucleus.

Jq = the spin of the bombarding particle (a)

1
(Jq = 5 for nucleons)



J¢ = the spin of the target nucleus.

Although the Breit — Wigner formula is strictly valid only near a
resonance it may applied in the thermal energy region in the
absence of resonance if it is assumed that the energy E is the
resonance energy nearest to the thermal region

[the energy in the thermal region in the (n,¥) reaction =
0.025eV]

In this case all the factors in the Breit — Wigner formula is
constant compared with 7, which is proportioned to the

: : . 1
neutron velocity v and A which n proportional to -

(A= % X %) . Therefore the formula for the (n,¥) reaction then

reduced to

constant 1
o(n,¥) = — -

This mean that cross — section of (n,¥) is inversely proportional

. . 1
to neutron velocity v and this is called the - law.

The Breit — Wigner formula consist of three (3) factors.

22
@ pp = is the probability of forming the compound nucleus.

@ I, I'}, = are the partial the widths of levels i.e. the
probability for definite types of decays.

1
@ 7— = is the resonance factor when E, = E|
(Eq— E0)*+ (3)?

the cross —section (o) has its greatest
value i.e. resonance cross — section.



Q1)

The Compton scattering of protons with 7.5 MeV
by target of ZLi . determine

1) The energy of protons that elastic scattered with 90°

2) The energy of proton that in inelastic scattered with 90°
when the nucleus target rises to the level of the first excited
state?

Q2)

s38 2235 0,.5595 MeV s Q 4xd 9Be (p,d) ®Be Jelaill dnally
Sa H . d | Be e JSIAESA 5 A6y el JI 1) A6LaYl dadl)
¢ 8Be 4AlK

m(*H)= 1.007277 u, m(d) = 2.014102 u, m(°Be) = 9.012182 u

Q3)
O st e | Al A8 5 Q A aa A8UAL Aal) e il Al
Sl 5 JEY) Caagll e Jaius Al 4 daall Gl
@ Li+P —7Be+n
@ c+P—>n+1N

m(p) = 1.007277 u, m(n) = 1.008665 u , m(’Li) = 7.016003 u ,
m(’Be) = 7.016928 u , m(*2C) = 12.000 u , m(**>N) = 12.018613 u



Q4)
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_ Tprap.
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Eex =Ep + Tep =----- MeV
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nucleus

o (yield)

v

Energy of the incident particle



ie. where: Eoy =Ep+ Ty =E esonance

i) Al

x Nuclear Reaction Cross - Section :-

To study nuclear reaction in details, it is necessary to have a
quantitative measure of the probability of a given reaction. This
quantity , which is called the Cross - Section , which can be measured
experimentally and calculated in such a way that the theoretical and
experimental values can be compared.

Te theories of the cross - section for nuclear reaction in which a
compound nucleus formed divided into two broad classifications

resonance

1
1 — thermal /
v

continuous

L) aseeall 8L

(1) At a low bombarding energies of the excited level of the compound
nucleus are discrete and may be widely separated. Here the
reaction cross - sections are described by a resonance theory.



(2) At a higher bombarding energies the excited levels in the C.M are
more closely spaced , broader and practically overlapped. Here the
reaction cross - section is described by continuous theory.

Cross - Section for nuclear reactions are often expressed in barn, each

barn is equal to 10724 cm? or 10728 m?

1 barn = 10728 m?

Continuous
region
~
> Discrete
level
-




