
Chapter Five 

Nuclear Reactions 



General Remarks 

 A nuclear reaction is an interaction between two particles, a fast bombarding particle, called 

the projectile, and a slower or stationary target. The products of the reaction may be two or 

more particles. For the energies considered here (< 20 𝑀𝑒𝑉), the products are also two 

particles (with the exception of fission) 

 If 𝑥1, 𝑋2 are the colliding particles and 𝑥3, 𝑋4 are the products, the reaction is indicated as   

𝑥1𝑍1

𝐴1 + 𝑋2𝑍2

𝐴2 → 𝑥3𝑍3

𝐴3 + 𝑋4𝑍4

𝐴4  

or 

 𝑋2(𝑥1, 𝑥3)𝑋4 

The particles in parentheses are the light particles, 𝑥1  being the projectile. Another 

representation for the reason is based on the light particles only, in which case the reaction 

shown above is indicated as an (𝑥1, 𝑥3) reaction. For example, the reaction   

𝑛0
   1 + 𝐵 5

   10 → 𝐻𝑒 +2
   4 𝐿𝑖3

   7  

 may be indicated as  𝐵5
10 (𝑛, 𝛼) 𝐿𝑖3

7   or simply as an (𝑛, 𝛼) reaction. 



 The reaction 𝐻𝑒2
   4 + 𝐵𝑒 4

   9 → 𝑛 +0
   1 𝐶6

   12  

may be indicated as  𝐵𝑒4
9 (𝛼, 𝑛) 𝐶6

12   or simply as an (𝛼, 𝑛) reaction 

Certain quantities are conserved when a nuclear reaction takes place. Four are considered 

here. For the reaction shown above, the following quantities are conserved  

Charge (Atomic number) : 

                                           𝑍1  +  𝑍2  =  𝑍3  +  𝑍4 

Mass number: 

                                           𝐴1 +  𝐴2  =  𝐴3  +  𝐴4 

Total energy: 

                                                 𝐸1+ 𝐸2  =  𝐸3  +  𝐸4 (rest mass plus kinetic energy) 

Linear momentum: 

                                         𝑷1 + 𝑷2  =  𝑷3  + 𝑷4 

Therefore for the above reaction 𝐵5
10 (𝑛, 𝛼) 𝐿𝑖3

7  : 

Atomic number:              0+5=2+3=5 

Mass number:               1+10=4+7=11 

and the conservation law is correct for total energy and linear momentum in the same 

manner of atomic numbers and mass number. 



Many nuclear reactions proceed through the formation of a compound nucleus. The 

compound nucleus, formed after particle 𝑥1 collides with 𝑋2, is highly excited and lives for a 

time of the order of 10−12 to 10−14s before it decays to 𝑥3 and 𝑋4. A compound nucleus may 

be formed in more than one way and may decay by more than one mode that does not depend 

on the mode of formation. Consider the example of the compound nucleus 𝑁7
14

 
∗ as shown in 

figure 5.1 

 

 Fig. 5.1: Various ways by which the compound nucleus 𝑁7
14

 
∗  formed and decays  



From the figure 5.1 we can write more than one way to form compound nucleus, for 

examples, 

                                  𝐻𝑒2
   4 + 𝐵 5

   10 → 𝑁7
14

 
∗ → 𝐻 +1

   2 𝐶6
   12       

                     can be written as  𝐵5
10 (𝛼, 𝑑) 𝐶6

12  and  known as (𝛼, 𝑑) reaction 

  𝐻 1
   2 + 𝐶 6

   12 → 𝑁7
14

 
∗ → 𝐻𝑒 +2

   4 𝐵5
   10  

can be written as  𝐶6
12 (𝑑, 𝛼) 𝐵5

10  and  known as (𝑑, 𝛼) reaction  



Nuclear Reaction in the Laboratory System 

  

       For bombarding energies below 100 𝑀𝑒𝑉, nuclear reactions usually produce two 

products, i.e., they are of the type  

𝑎 + 𝑋 → 𝑏 + 𝑌                                                  (5.1) 

  

where       𝑎 = bombarding particle                              

  𝑋 = target (at rest in the lab. syste𝑚) 

                  𝑏 = light reaction product 
  𝑌 = heavy reaction product 
  

  
Note: 

-In lab. system (L-system) the target is stationary (not movable) 

-In center of mass system (C-system) the target is movable 

 

To shorten the notation a reaction of the type (5.1) is designated by 

 𝑋 𝑎, 𝑏 𝑌                                                              (5.2) 

 Since the number of protons remains unchanged in a reaction, all masses can be written as 

atomic masses if electron binding-energy differences of a few 𝑒𝑉 are ignored 



Conservation of energy, therefore, gives for the reaction (5.1))  

𝑀𝑎𝑐2 + 𝑇𝑎 + 𝑀𝑋𝑐2 = 𝑀𝑏𝑐2 + 𝑇𝑏 + 𝑀𝑌𝑐2 + 𝑇𝑌              (5.3) 

  

where 𝑇 represents the (lab.) kinetic energy of each particle. The masses of 𝑎 and 𝑋 are 

ground-state masses. On the other hand, many reactions leave 𝑌 in excited states; in that 

case, 𝑀𝑌 represents the total mass energy of that state. 

 The 𝑄 value of the reaction is defined as the difference between the final and 

initial kinetic energies 

𝑄 = 𝑇𝑏 + 𝑇𝑌 − 𝑇𝑎                                                (5.4) 

  

𝑄 = [𝑀𝑎 + 𝑀𝑋 − (𝑀𝑏+𝑀𝑌)]𝑐2                     (5.5) 

or  

𝑄 = [𝑀𝑎 + 𝑀𝑋 − (𝑀𝑏+𝑀𝑌)]931.5 𝑀𝑒𝑉               

  

If 𝑄 is positive, the reaction is said to be exoergic; if 𝑄 is negative, it is endoergic.  



A reaction cannot take place unless particles 𝑏 and 𝑌 emerge with positive kinetic energy, that 

is, 𝑇𝑏 + 𝑇𝑌 ≥ 0  or   

  𝑄 + 𝑇𝑎 ≥ 0                                                 (5.6) 

 Although this condition is necessary, it is not sufficient.  

 The 𝑄 value is an important quantity in a nuclear reaction. It can be determined 

from mass spectroscopy [Eq. (5.5)] or by measuring kinetic energies [Eq. (5.4)]  

We can show, as a result of linear momentum conservation, only 𝑇𝑏  and the angle 𝜃 of  𝑏 

with respect to the direction of  𝑎 (Fig. 5.2) need to be determined  

Fig. 5.2: Nuclear reaction in the lab. system. (𝑎) Initial situation. (𝑏) Final situation  



Figure 5.2 can be plotted in terms of momentum components. 

Nuclear reaction in the lab. system. (𝑎) Initial situation. (𝑏) Final situation in terms of momentum 

components 



In the lab. system  

  

𝑋 − direction                           𝑀𝑎𝑣𝑎 = 𝑀𝑌𝑣𝑌𝑐𝑜𝑠𝜑 + 𝑀𝑏𝑣𝑏𝑐𝑜𝑠𝜃                     

𝑌 − direction                                   0 = 𝑀𝑌𝑣𝑌𝑠𝑖𝑛𝜑 − 𝑀𝑏𝑣𝑏𝑠𝑖𝑛𝜃                    (5.7)  

  

rearranging Eq. (5.7) and squaring both sides and adding we obtain 

                                              (𝑀𝑎𝑣𝑎 − 𝑀𝑏𝑣𝑏𝑐𝑜𝑠𝜃)2 = (𝑀𝑌𝑣𝑌𝑐𝑜𝑠𝜑)2 

                                        (𝑀𝑏𝑣𝑏𝑠𝑖𝑛𝜃)2 = (𝑀𝑌𝑣𝑌𝑠𝑖𝑛𝜑)2 

(𝑀𝑎𝑣𝑎)2 − 2𝑀𝑎𝑣𝑎𝑀𝑏𝑣𝑏𝑐𝑜𝑠𝜃 +(𝑀𝑏𝑣𝑏𝑐𝑜𝑠𝜃)2 = (𝑀𝑌𝑣𝑌𝑐𝑜𝑠𝜑)2 

                                                  (𝑀𝑏𝑣𝑏𝑠𝑖𝑛𝜃)2 = (𝑀𝑌𝑣𝑌𝑠𝑖𝑛𝜑)2 

since                     𝑠𝑖𝑛2𝜃 +  𝑐𝑜𝑠2𝜃 = 1    and   𝑠𝑖𝑛2𝜑 +  𝑐𝑜𝑠2𝜑 = 1   

therefore               (𝑀𝑎𝑣𝑎)2 − 2𝑀𝑎𝑣𝑎𝑀𝑏𝑣𝑏𝑐𝑜𝑠𝜃 +(𝑀𝑏𝑣𝑏)2 = (𝑀𝑌𝑣𝑌)2 

𝑇 =
1

2
𝑀𝑣2   ⟹  2𝑀𝑇 = 𝑀2𝑣2 



therefore             

2𝑀𝑎𝑇𝑎 − 2(2𝑀𝑎𝑇𝑎2𝑀𝑏𝑇𝑏  
)1/2𝑐𝑜𝑠𝜃 +2𝑀𝑏𝑇𝑏 = 2𝑀𝑌𝑇𝑌  

divide by 2  

𝑀𝑎𝑇𝑎 − 2 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏  
)

1
2𝑐𝑜𝑠𝜃 + 𝑀𝑏𝑇𝑏 =  𝑀𝑌𝑇𝑌 

divide by 𝑀𝑌 to get         

𝑀𝑎

𝑀𝑌
 𝑇𝑎 −

2

𝑀𝑌
 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏 

 

)
1
2𝑐𝑜𝑠𝜃 + 

𝑀𝑏  

𝑀𝑌
𝑇𝑏 = 𝑇𝑌 

by adding the term 𝑇𝑏 − 𝑇𝑎 of both sides of the equation above we obtain 

𝑇𝑏 − 𝑇𝑎 +
𝑀𝑎

𝑀𝑌
 𝑇𝑎 −

2

𝑀𝑌
 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏 

 

)
1
2𝑐𝑜𝑠𝜃 + 

𝑀𝑏  

𝑀𝑌
𝑇𝑏 = 𝑇𝑏 − 𝑇𝑎 + 𝑇𝑌 

rearrange the equation above  



𝑇𝑏 +  
𝑀𝑏 

𝑀𝑌
𝑇𝑏 − 𝑇𝑎 +

𝑀𝑎

𝑀𝑌
 𝑇𝑎 −

2

𝑀𝑌
 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏 

 

)
1
2𝑐𝑜𝑠𝜃 = 𝑇𝑏 + 𝑇𝑌 − 𝑇𝑎 

 

we have 𝑄 = 𝑇𝑏 + 𝑇𝑌 − 𝑇𝑎 

therefore  

𝑇𝑏 +  
𝑀𝑏 

𝑀𝑌
𝑇𝑏 − 𝑇𝑎 +

𝑀𝑎

𝑀𝑌
 𝑇𝑎 −

2

𝑀𝑌
 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏 

 

)
1
2𝑐𝑜𝑠𝜃 = 𝑄  

therefore  

𝑄 = 𝑇𝑏 1 +  
𝑀𝑏 

𝑀𝑌
− 𝑇𝑎 1 −

𝑀𝑎

𝑀𝑌
 −

2

𝑀𝑌
 (𝑀𝑎𝑇𝑎𝑀𝑏𝑇𝑏 

 

)
1
2𝑐𝑜𝑠𝜃          (5.8) 

This is called the 𝑄 equation. 



If we write Eq. (5.1) for 𝛼 − particle ( 𝐻𝑒2
4 )  instead of bombarding particle 𝑎  then Eq. (5.1) 

becomes  

𝐻𝑒                        2
4 + 𝑋𝑍

𝐴 → 𝑛0
1 + 𝑌𝑍+2

𝐴+3                

and for this case 𝑀𝑎 = 𝑀𝛼 ≈ 4;   𝑀𝑏 = 𝑀𝑛 ≈ 1;    𝑀𝑌 ≈ 𝐴 + 3      

                               𝑇𝑏= 𝑇𝑛  𝑎𝑛𝑑 𝑇𝑎 = 𝑇𝛼 

therefore equation (5.8) becomes  

       𝑄 = 𝑇𝑛 1 +  
𝑀𝑛 

𝑀𝑌
− 𝑇𝛼 1 −

𝑀𝛼

𝑀𝑌
 −

2

𝑀𝑌
 (𝑀𝛼𝑇𝛼𝑀𝑛𝑇𝑛 

 

)
1
2𝑐𝑜𝑠𝜃           

   = 𝑇𝑛 1 +  
1 

𝐴 + 3
− 𝑇𝛼 1 −

4

𝐴 + 3
 −

2

𝐴 + 3
 (4𝑇𝛼1𝑇𝑛 

 
)

1
2𝑐𝑜𝑠𝜃            

𝑄 = 𝑇𝑛  
𝐴 + 4 

𝐴 + 3
− 𝑇𝛼

𝐴 − 1

𝐴 + 3
 −

4

𝐴 + 3
 (𝑇𝛼𝑇𝑛 

 
)

1
2𝑐𝑜𝑠𝜃        (5.9) 

If 𝜃 = 900 then 𝑐𝑜𝑠90 = 0, then equation (5.9) becomes 

𝑄 = 𝑇𝑛  
𝐴 + 4 

𝐴 + 3
− 𝑇𝛼

𝐴 − 1

𝐴 + 3
  

therefore the kinetic energy of neutron at 900 is  



𝑇𝑛(900) = 𝑄  
𝐴 + 3 

𝐴 + 4
+  𝑇𝛼

𝐴 − 1

𝐴 + 4
                      (5.10)  

where 𝐴 is the mass number of the target. 

The smallest value of bombarding energy at which the reaction can take place is called the 

threshold energy, 𝐸𝑡ℎ .  

The threshold energy is then   

𝐸𝑡ℎ = −𝑄 1 +
𝑀𝛼

𝑀𝑋
                               (5.11) 

  

5.1b Nuclear Reaction in the Center of Mass System 

 Part of the incident energy 𝑇𝑎 is used up as kinetic energy of the center of mass and is not 

available for the nuclear reaction itself. Although we can study all the resulting effects by 

means of Eq. (5.8), more insight is gained if we consider the reaction in the c.m. system, 

shown in Fig. (5.4) 



Fig. 5.4: Nuclear reaction in c.m. system. (𝑎) Initial situation. (𝑏) Final situation. The speed of the 
center of mass is 𝑣0 = 𝑣𝑎𝑀𝑎/(𝑀𝑎 + 𝑀𝑋). Also 𝑀𝑏𝑉𝑏 = 𝑀𝑌𝑉𝑌 

𝑉𝑎 = 𝑣𝑎 − 𝑣0                                                         (5.12) 

where, 

𝑉 represents the speed of each particle in the c.m. system 

𝑣0 = 𝑣𝑎𝑀𝑎/(𝑀𝑎 + 𝑀𝑋) is the speed of the center of mass 

𝑣 represents the speed of each particle in the lab. system 

and                                                                            𝑉𝑋 = 𝑣𝑋 − 𝑣0 

since 𝑣𝑋 = 0 in lab. system,  

Therefore,                                    𝑉𝑋 = −𝑣0                                                        (5.13) 



The momentum in the c.m. system before the collision 

𝑀𝑎𝑉𝑎 + 𝑀𝑋𝑉𝑋 = 0                                                       (5.14) 

The momentum in the c.m. system after the collision 

𝑀𝑏𝑉𝑏 − 𝑀𝑌𝑉𝑌 = 0                                                       (5.15) 

or                                                     𝑀𝑏𝑉𝑏 = 𝑀𝑌𝑉𝑌                                                                          

by substituting Eq. (5.12) and (5.13) in Eq. (5.14) we obtain 

𝑀𝑎(𝑣𝑎 − 𝑣0) + 𝑀𝑋(−𝑣0) = 0                                                    

𝑀𝑎𝑣𝑎 = 𝑀𝑎𝑣0 + 𝑀𝑋𝑣0                  ⟹                                           

therefore the speed of the center of mass 𝑣0 can deduced 

                                        𝑣0 = 𝑀𝑎𝑣𝑎/(𝑀𝑎 + 𝑀𝑋)                                           (5.16)  

The kinetic energy of the center of mass is  

                                                          𝑇𝑐.𝑚. =
1

2
𝑀𝑎 + 𝑀𝑋 𝑣0

2                                             (5.17) 



The kinetic energy 𝑇0  of the initial particles in the c. m. system can be calculated in two 

equivalent ways as  

 𝑇0 = 𝑇𝑎 − 𝑇𝑐.𝑚.                                          5.18  

or 

𝑇0 =
1

2
𝑀𝑎𝑉𝑎

2 +
1

2
𝑀𝑋𝑉𝑋

2                           (5.19) 

put the 𝑇𝑐.𝑚. in equation (5.17) into equation (5.18) to get 

       𝑇0= 𝑇𝑎 − 𝑇𝑐.𝑚. 

                                                             = 𝑇𝑎 − [
1

2
𝑀𝑎 + 𝑀𝑋 𝑣0

2] 

                                   = 𝑇𝑎 −
1

2
𝑀𝑎𝑣0

2 −
1

2
𝑀𝑋𝑣0

2 

                               = 𝑇𝑎 −
1

2
𝑣0

2(𝑀𝑎 + 𝑀𝑋) 

Substitute 𝑣0 = 𝑀𝑎𝑣𝑎/(𝑀𝑎 + 𝑀𝑋) and we get 

                                                           𝑇0= 𝑇𝑎 −
1

2
(𝑀𝑎𝑣𝑎/(𝑀𝑎+𝑀𝑋))2 𝑀𝑎 + 𝑀𝑋   

                                                                     = 𝑇𝑎 −
1

2
(𝑀𝑎𝑣𝑎)2/(𝑀𝑎+𝑀𝑋)   

since 𝑇𝑎 =
1

2
𝑀𝑎𝑣𝑎

2,   then 

                                                                𝑇0   = 𝑇𝑎 −
1

2
 𝑀𝑎

2𝑣𝑎
2/(𝑀𝑎+𝑀𝑋)   

                                              = 𝑇𝑎 − 𝑇𝑎𝑀𝑎/(𝑀𝑎+𝑀𝑋)     
                                                = 𝑇𝑎(1 − 𝑀𝑎/(𝑀𝑎+𝑀𝑋))     



therefore  

𝑇0 =
𝑀𝑋

𝑀𝑎 + 𝑀𝑋
𝑇𝑎                                      (5.20) 

Where 

           𝑇0 is the initial kinetic energy in c.m. system; 

           𝑇𝑎 is the kinetic energy in lab. system. 

The energy available for the nuclear reaction is 𝑄 + 𝑇0                                                 (5.21) 

which is equal to the kinetic energy of the reaction product in the c.m. system 

𝑄 + 𝑇0 =
1

2
𝑀𝑏𝑉𝑏

2 +
1

2
𝑀𝑌𝑉𝑌

2            (5.22) 

A necessary and sufficient condition that the reaction proceed is that the right-hand side of 

Eq. (5.22) be positive, i.e.,       𝑄 + 𝑇0≥ 0                                         5.23  

Problem (H.W). 

 

5.1 Determine the Q-value and the threshold energy of the following reaction? 

𝑛0
   1 + 𝑈 92

   235 → 𝑈92
236

 
∗ → 𝑛0

   1 + 𝐾𝑟36
   94 + 𝐵𝑎 + 𝑄56

   141  

 


