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The law of conservation of energy is one of the of several great conservation 
laws in physics. Among the other quantities found to be conserved are the 
physical quantities studied in Mechanics Linear Momentum and Angular 
Momentum. The conservation laws are maybe most important ideas in 
science. In this course, we will pay intention to the law of conservation of 
linear momentum. It is called linear momentum to distinguish it from 
angular momentum, which plays an important role in rotational motion. We 
will call linear momentum just momentum, except places where there is 
danger of confusion with angular momentum. 
 
 Energy is scalar quantity and its conservation helps us to predict magnitude 
quantity (for example, speed – magnitude of the velocity of an object). The 
linear momentum is vector quantity. Its conservation will help us to predict 
not only magnitude but also the direction of an object’s motion. The 
simultaneous application two laws of conservation – energy and linear 
momentum is the very useful tool to analyze collisions that we will do in this 
Chapter. 

 

8.1. Momentum and its Relation to the Force. 

When particle with mass m moves with velocity v, we define its Linear 
Momentum p as product of its mass m and its velocity v: 

                                                 p = mv                                                    (8.1) 

Unit of linear momentum is kg m / s. There is no special name for this unit. 

The importance of momentum can be traced to its close relation to Newton’s 
2nd law. Actually, Newton originally stated his 2nd law in terms of 
momentum (he called it the quantity of motion). If the mass of a particle is 
constant, we can write the 2nd law for the case of constant forces as follows: 



                        Σ F = m a = m (Δv / Δt) = Δ (m v)/ Δt = Δp /Δt             

Newton’s 2nd law in terms of momentum. 

 The vector sum of forces acting on a particle equals the rate of change 
of momentum of the particle with respect to time: 

                                             Σ F = Δp /Δt                                                (8-2) 

The advantageous of this form for the 2nd Newton’s law with respect of 
formula that we used in previous chapters is that (8-2) is more general 
expression. It is hold for all cases including the object that are moving with 
variable mass (for example, a rocket). 

The importance of momentum follows also from the fact that we can 
introduce the total momentum of a system of two or more particles. The 
Total Momentum P of any number of particles (a system of particles) is 
equal to the vector sum of the momenta of the individual particles: 

                                     P = pA + pB + pC +……..                                      (8-3) 

Where pA is the momentum of the particle A, pB is the momentum of the 
particle B, pC is the momentum of the particle C, and so on.  

But most important feature of momentum is existence of the law of 
conservation of momentum. 

8. 2. The Law of Conservation of Momentum. 

Consider a definite collection of particles that we will call a system. For any 
system, the various particles exert forces on each other. We’ll call these 
forces internal forces Fint. In addition, forces may be exerted on any part of 
the system by objects outside the system. We will call these forces external 
forces Fext. All forces acting on the system can be represented now as 
follows: Σ F = Σ Fint + Σ Fext. The Newton’ s 2nd Law for the System of 
Particles can be written for the case of constant forces by analogy to the for 
one particle (8-2) as follows: 

                             Σ Fint + Σ Fext = ΔP /Δt                                                (8-4) 

The sum of the internal forces according to the Newton’s 3rd law must be 
equal zero: Σ Fint = 0 because in the interaction between any to particles are 
equal in magnitude and opposite in direction so cancel each other.  



A system that is acted upon by no external forces is called an Isolated 
System. So for an isolated system Σ Fext = 0. Thus, we can formulate The 
Law of 

The Law of Conservation of Momentum:  

The total momentum of a system is constant whenever the vector sum of 
the external forces on the system is zero. In particular, the total 
momentum of an isolated system is constant. 

 If Σ Fext = 0, then ΔP = 0, so P = constant, and in any instant of time 

                                                  P1 = P2                                                 (8.5) 

EXAMPLE 8.1. Two objects initially at rest. Recoil problem. An atomic 
nucleus at rest decays radioactively into two-piece: alpha particle (α – 
particle) and a smaller nucleus. The new nucleus and the alpha particle will 
recoil in opposite directions. What will be the speed of this recoiling nucleus 
V if the speed of the α – particle vα is 2.5•10^5 m/s? Nucleus has a mass M 
57 times greater than the mass mα of the α – particle. 

vα = 2.5•10^5 m/s 

M = 57 mα 

V ? 
When two parts of the system initially at rest and then one part begin to 

move, other part, because of the law of conservation of momentum will 
be recoiled. We will use the law of conservation of momentum (8-5) to 
consider this situation. Initially two particles are at rest, therefore the P1 = 
0. After decay particles are moving in opposite directions. If we choose 
the direction of the motion of nucleus as positive, then P2 = MV -- 
mαvα .  Then, the momentum conservation gives us  0 = MV – mαvα , 

0 = (57mα)V – mα(2.5 × 105 m/s),  V = 4.4 m/s 

In the next example only one object initially at rest. After the interaction 
both of them are moving. 

EXAMPLE 8.2. A bullet with mass m = 0.019 kg traveling with speed v1 = 
190 m/s penetrates a block of wood with mass M = 2.0 kg and emerges 



going with speed v′1 = 150 m/s. If the block is stationary on a frictionless 
surface when hit, what will be its speed after the bullet emerges? 
 
m = 0.019 kg 
v1 = 190 m/s 
v2 = 0 
M = 2.0 kg 
Surface is frictionless 
v′2 ? 

 
 

m 
M

v 1 

M m

v 2 ′ v1′v 2  =  
 
 
 
 

 
Fig. 8.1 Example 8.2. 
 
The surface is frictionless it means that there are no external force (in this 
problem frictional force would be external problem, but it is absent. The 
block is initially at rest. It means that its initial speed is zero: v2 = 0. 
From the fact that the bullet emerged with the speed smaller than initial, we 
can figure out that some amount of its initial momentum was lost during the 
penetration through the wooden block. Because of the law of conservation of 
momentum the wooden block acquired this amount. As a result, after the 
collision with bullet the block begins to move in the direction of the bullet’s 
motion. Momentum conservation in general case could be written for system 
composed of two objects as follows: 
 
                                mv1 + Mv2 = mv′1 + Mv′2,                                     (8-6) 
 
Substituting data, we can write:  
(0.012 kg)(190 m/s) + 0 = (0.012 kg)(150 m/s) + (2.0 kg)v2′, 
which gives v′2 = 0.24 m/s. 

 

Why the total momentum of an isolated system is conserved? It was 
mentioned before that the laws of conservation in Physics result from the 



basic properties of space and time. Particularly, the law of conservation of 
momentum stems from uniformity of space. In some ways, the law of 
conservation of momentum is more general than the law of conservation of 
mechanical energy. For example, it is valid even when the internal forces are 
not conservative; by contrast, mechanical energy is conserved only when the 
internal forces are conservative (otherwise the mechanical energy is 
transformed into other forms of energy). Below, we’ll analyze some 
situations in which both momentum and mechanical energy are conserved 
(these are collisions that are called elastic collisions) and others in which 
only momentum are conserved (inelastic collisions).  The laws of 
conservation of energy and momentum play a fundamental role in all areas 
of physics, and we will encounter them throughout study of other branches 
of physics. 

8.3. Collisions. 

Collisions are defined in physics as any strong interaction between two 
objects that lasts a relatively short time. So this definition includes 
macroscopical collisions like impact of a meteor on the Arizona desert, car 
accidents and balls hitting on a billiard table as well as microscopic 
collisions between atoms elementary particles. At the subatomic level, 
physicists learn about the structure of nuclei and their constituents, and 
about the nature of the forces involved, by careful study of collisions 
between nuclei and / or elementary particles. It should be stressed that 
actually most of our knowledge about properties of elementary particles 
were derived from physical experiments of collisions. If the interaction 
forces are much larger than any external forces, we can treat the system as 
an isolated system, neglecting the external forces entirely and applying the 
law of conservation of momentum.  

If there are no conservative forces or we can neglect them, the application of 
the laws of conservation of energy and momentum together to the collisions 
allowed getting important information. Usually we can neglect the changes 
of the potential energy during collision, so we will take into account only 
situation with kinetic energy. If the interaction forces between the objects 
are conservative, the total kinetic energy of the system is the same after the 
collision as before. Such a collisions called an Elastic Collisions. Collisions 
in which the total kinetic energy after collisions is less than that before 
collisions are called Inelastic Collisions. 

8.4. Inelastic Collisions. 



In inelastic collisions we have situation when total momentum is conserved 
but kinetic energy is not conserved. This situation can be described as 
follows: 

                                                          P1 = P2                                                   

                                                         K1 ≠ K2                                                    

We have here actually one equation and can determine only one variable. 
We could not find speeds of two objects after collision, if we are given 
initial speeds of these two objects and their masses. But there is some 
important exclusion – Completely Inelastic Collisions. In those types of 
collisions, the colliding objects stick together and move as one object after 
the collisions. If these are 1D head on collisions, we can write the law of 
conservation of momentum as follows: 

                     m1 v1 + m2 v2 = (m2 + m2) vf                                     (8-7) 

where m1 and m2 are the masses of objects 1 and 2, v1 and v2 are their 
velocities before collision, vf is their final velocity. From (8-5) we can derive 
expression for final velocity 

                    vf = (m1 v1 + m2 v2)/ (m1 + m2)                                  (8-8) 

 

EXAMPLE 8.3. Completely inelastic collision of two train cars. During 
assembling a freight train car 1 (mass m1 = 6.5 • 10^4 kg, initial speed v1 = 
0.80 m/s) collides with a car 2 (mass m2 = 9.2• 10^4 kg, initial speed v2 = 0). 
Two cars become coupled. (a) What is the common velocity vf of the two 
cars after they become coupled? (b) Show that the total kinetic energy after 
the completely inelastic collisions less than before the collision by finding 
the ratio Ktot1 /Ktot2. 

 

m1 = 6.5 • 10^4 kg 

v1 = 0.80 m/s 

m2 = 9.2• 10^4 kg 

v2 = 0 



(a) vf ? 

(b) Ktot1 / Ktot2? 

(a) Because two cars become coupled, this is the completely inelastic 
collision. We will use relationship (8-8) to find vf. 

vf = (m1 v1 + m2 v2)/ (m1 + m2)  

= [(6.5• 10^4 kg) (0.80 m/s) + 0] / [6.5 • 10^4 kg + 9.2• 10^4 kg]  

vf = 0.331 m/s 

(b) Ktot1 = ½ m1v1² + ½ m2v2² = 0  + ½ m2v2²                            (8-9) 

Calculating Ktot2, we will use expression (8-8). 

Ktot2 = ½ (m1 + m2) vf² = ½ [m1 + m2][m1/ (m1 +m2)]² (vf)²      (8-10) 

Dividing (8-10) by the (8-9), we find that the ratio of final to initial 
kinetic energy in the case of the completely inelastic collision: 

                                Ktot2 / Ktot1 = m1 / (m1 + m2)                         (8-11) 

Because always (m1 + m2) > m1, always, in the completely inelastic 
collision between initially moving object and another object at rest, final 
kinetic energy always is smaller than initial total kinetic energy of the 
system. It could be right even if another object initially is also in motion. 
In our problem: Ktot2 / Ktot1 = 0.414. 

 

8.5. Elastic Collisions. 

In elastic collisions we have situation when total momentum and the total 
kinetic energy of the system are conserved. This situation can be described 
as follows: 

                                                          P1 = P2                                          (8-12)  

                                                         K1 = K2                                           (8-13) 

We have here actually two equations and can determine two variables. 



We will consider the simplest case: an elastic collision between object 1 and 
object 2. The collision is supposed to be head-on collision, in which all 
velocities lie along the same line. It is convenient to choose this line as X-
axis. The equations (8-12) and (8-13) now can be written as follows: 

                                m1v1 + m2v2 = m1v′1 + m2v′2                                (8-14) 

                      ½ m1 v1² + ½ m2 v2² = ½ m1 v′1² + ½ m2 v′2²                 (8-15) 

where: m1 and m2 are masses of objects 1 and 2 correspondingly; v1,v2 
their initial and v′1, v′2 final velocities. We will concentrate on the particular 
case in which object 1 is initially moving in the direction of object 2 
(initially at rest). The object 1 is called usually the projectile, the object 2 – 
the target. In this case, the pair of simultaneously equations can be solved for 
the two final velocities in terms of the masses and initial velocity v1. It could 
be found that 

                              v′1 = [(m1 -- m2) /(m1 + m2)] v1                              (8-16) 

                                  v′2 = [2 m1 / (m1 + m2)] v1                                  (8-17) 

EXAMPLE 8.4. Consider elastic head-on collisions between 2 objects in 
which one initially is moving in the direction of the another that is at rest in 
the following cases: (a) object 1 has much greater mass than object 2 (m1 >> 
m2); (b) object 1 has much smaller mass than object 2 (m1 << m2); (c) two 
objects have equal masses (m1 =m2 =m). 

(a) Because m1 >> m2, we can neglect the m2 in the equations (8-16), (8-
17). Than we will have v′1 ≈  v1, v′2 = 2 v1. So the object 1 will 
continue to move with approximately the same velocity, the object 2 
will move with the twice-greater velocity in the same direction. 

(b) Because m1 << m2, we can neglect the m in the equations (8-16), (8-
17). Then we will have v′1 ≈  -- v1, v′2 ≈ 0. So the object 1 will 
bounced and move back with approximately the same magnitude of 
the velocity, the object 2 will continue to be at rest.  

(c)  Because m1 = m2 = m, the masses of the objects will disappear from 
equations (8-16), (8-17). Then we will have v′1 =  0, v′2 = v1. So the 
object 1 will stop, the object 2 will move with the initial velocity if 



object 1. The object 1 gives all its momentum and kinetic energy to 
the object that was initially at rest. This behavior is familiar to pool 
players. It is possible that this type of elastic collision gave hint for 
scientist of XVII century to discover the law of conservation of 
momentum. 

There is one more very helpful relationship that is working in the case of 
elastic collisions. The relative velocity has the same magnitude, but 
opposite direction, before and after the collision. 

                                       v1 – v2 = -- (v′1 -- v′2)                            

Whenever this condition is satisfied, the total kinetic energy is also 
conserved. Therefore it can be used together with the equation (8-14) 
instead of the equation (8-15). Equation (8-15) is quadratic equation and 
its solution could involve some difficulties. 

8.6. Impulse. 

In a collision of two macroscopic objects, both objects are deformed, 
often considerably, because of the large forces involved. The time 
interval of interaction Δt is usually very distinct and very small. Studying 
collisions in previous sections, we were interesting to learn how to find 
final motions of the colliding objects form initial their motion. We 
assumed that we know nothing about the forces acting during the 
collision and the interval of time of interaction. To analyze these physical 
quantities, we will pay attention only to the one of colliding objects 
(usually the object that has much smaller mass) and consider again the 
2nd Newton’s law of motion in terms of momentum. For the constant 
force we will have: 

                                    F = Δp /Δt  Δp = F Δt                             (8-18) 

The right side of equation (8-18) consists of product of two quantities F 
and Δt that we try to study in collisions. Therefore it is useful to 
introduce a new physical quantity called Impulse and will be defined as 
follows: When constant force F acts on as object, the impulse of the 
force, designated by J, is the product of force and the time interval 
during which it acts. Impulse is the vector quantity: it has the same 
direction as that of the force. Unit is N s, or the same unit as the unit 
of momentum kg m/s. 



                                                  J = F Δt                                            (8-19) 

Combining this definition (8-19) and equation (8-18) we get the 
following relation, called the Impulse – Momentum Theorem: 

When a constant force F acts on an object during a time interval Δt = 
t2 – t1, the change in the object momentum is equal to the impulse of 
the force acting on the object: 

                         Δp = p2 –- p1 = F (t2 -– t1) = F Δt = J                        (8-20) 

To simplify situation we introduce an average force Fav = const that has 
the same effect as real variable force. In this case, the (8-20) can be 
written as follows: 

                Δp = p2 –- p1 =  Fav (t2 -– t1) = F Δt = J                        (8-21) 

EXAMPLE 8.5. A baseball with the mass m pitched at a speed of v1. The 
average force exerted by the bat is Fav. (a) What is the initial momentum 
of the ball? (b) What is the final momentum of the ball? (c) What is the 
impulse of the ball? (d) What interval of time the ball is in the contact 
with the ball? 

 

     m 

v1 

v2 

Fav 

(a) p1 ? 

(b) p2 ? 

(c)  J ? 

(d)  Δt ? 

Solving problems related to the Impulse – Momentum theorem, it is 
important to remember the vector nature of all involved quantities. We 
should choose the direction of coordinate axis. For example, in this 



problem it is convenient to choose it along the direction of velocity of 
object after the collision. Then the direction of the initial velocity will be 
in the negative direction of the X-axis.  

(a) p1 = -- mv1 

(b) p2 = + mv2 

(c) J = Δp  = p2 – p1 = mv2 – (--mv1) = m (v2 + v1) 

(d) J = Fav Δt  Δt = J / Fav 


	M = 2.0 kg

