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 The ballistic pendulum is used to measure bullet speeds. The pendulum is a large wooden
block of mass M hanging vertically by two cords. A bullet of mass m, traveling with a horizontal speed ,iv  strikes the
pendulum and remains embedded in it. If the collision time (the time required for the bullet to come to rest with
respect to the block) is very small  compared to the time of swing of the pendulum, the supporting cords remain
approximately vertical during the collision. Therefore, no external horizontal force acts on the system (bullet +
pendulum) during collision, and the horizontal component of momentum is conserved. The speed of the system after
collision fv  can be easily determined, so that the original speed of the bullet can be calculated from momentum
conservation.
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The initial momentum of the system is that of the bullet ,imv  and the momentum of the system just after the collision

is ( ) ,fm M v  so that

( ) .i fmv m M v ...(i)

After the collision is over, the pendulum and bullet swing up to a maximum height y, where the kinetic energy left after
impact is converted into gravitational potential energy. Then, using the conservation of mechanical energy for this
part of the motion, we obtain

21
2 ( ) ( ) .fm M v m M gy ...(ii)

Solving these two equations for ,iv  we obtain
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Hence, we can find the initial sped of the bullet by measuring m, M, and y.

The kinetic energy of the bullet initially is 21
2 imv  and the kinetic energy of the system (bullet + pendulum) just after

collision is 21
2 ( ) fm M v . The ratio is
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For example, if the bullet has a mass m = 5 gm and the block has a mass M = 2000 gm, only about one-fourth of 1%
of  the original kinetic energy remains; over 99% is converted to other forms of energy, such as heat.
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The velocity of the centre of mass of two particles is not changed by their collision, as the collision does not change
the total  momentum of the system of two particles, it changes only the distribution of momentum between the two
particles. The momentum of the system can be written as 1 2( ) .cmP m m v  If no external forces act on the system,
then P  is constant before and after the collision, and the centre of mass moves with uniform velocity throughout.

If we choose a reference frame attached to the centre of mass, then in this center-of-mass reference frame, 0cmv
and 0P . There is a great simplicity and symmetry in describing collisions with respect to the center of mass, and
it is customary to do so in nuclear physics. For whether collisions are elastic or inelastic, momentum is conserved,
and in the centre of mass reference frame the total  momentum is zero. These results hold in two and three dimensions
as well as in one because momentum is a vector quantity.

A very large mass 1m  moving with speed 1u  collides elastically with a very  small mass 2m  initially at rest
(Figure 6.59 ). What is the speed  of the small mass after the collision assuming that 1m  is much greater than 2m ?
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It should be intuitively clear that the large mass will not be affected very much  by a very small mass. A cannonball
will hardly be slowed down if it collides with a stationary beach ball. Before the collision, the relative velocity of
approach is 1u . Then after the collision the velocity of separation must be 1u . For a first approximation, we neglect
any change in the velocity of 1m . Since it continues to move with velocity 1u , the velocity of the small mass 2m  must
be 12u

A baseball weighing 0.35 kg is struck by a bat while it is in horizontal flight with a speed of 90 m/sec. After leaving
the bat the ball travels with a speed  of 110 m/sec in a direction opposite to its original motion. Determine the
impulse of the collision

We cannot calculate the impulse from the definition J F dt  because we do not know the force exerted on the
ball as a function of time. However, we have seen that the change in momentum of a particle acted on by an
impulsive force is equal to the impulse. Hence

change in momentum f iJ p p

( ).f i f imv mv m v v

Assuming arbitrarily that the direction of  iv  is positive, the impulse is then

0.35 110 90J
    = –70 N-sec.
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We cannot determine the force of the collision from the data we are given. Actually, any force whose impulse is –70
N-sec will produce the same change in momentum. For example, if the bat and ball were in contact for 0.0010 sec,
the average force during this time would be

70 N-sec 70,000 N.
0.0010 sec

pF
t

For a shorter contact time the average force would be greater. The actual force would have a maximum value
greater than this average value.

In general, a collision is somewhere between the extreme cases of perfectly elastic, in which case the relative
velocities are reversed, and perfectly inelastic, in which case there is no relative velocity after the collision. The

e is defined as the ratio of the relative velocity of separation and the relative velocity  of
approach:

 = e

For a perfectly elastic collision e ; for a perfectly inelastic collision e . The coefficient of restitution thus
measures the elasticity of the collision.
In solving collision problems it is often easiest to use conservation of linear momentum principle and
equation  to find the final velocities, thus avoiding the quadratic terms in the conservation of energy
equation.

A sphere of mass m moving with a constant velocity u hits another stationary sphere of the same mass. If e be the
coefficient of restitution, find the ratio of velocities of the two spheres after the collision.

 Let 1v  and 2v  be the velocities of the spheres after the collision and the  direction of initial motion of the
sphere A be the positive direction of motion.
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As there is no external impulsive force acting on the system “sphere A + sphere B”, applying conservation of linear
momentum, we have

, ,sys before sys after
collision collision

P P

1 2mu mv mv [from figure 6. ..]

1 2u v v ...(i)

Using equation (6.40), we have

Velocity of separation 
after collision  =  e.

Velocity of approach
before collision
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Solving equation (i) & (ii), we get

1 (1 )
2
uv e

and       2 (1 )
2
uv e

Therefore,
v e
v e

A particle of mass 1m  moves  with speed u and collides head-on with a stationary particle of mass 2m . After the
collision, the velocities of the particles are 1v  and 2v . Prove that the condition for 1v  to be positive, i.e., for the first
particle to continue moving in the same direction, is ,m m e  where e is the coefficient of restitution.

The situation just before the collision and the situation just after the collision are shown in figure 6. 60.
Applying conservation of linear momentum, we get

, ,sys in sys finP P

1 2A A Bm u m v m v

1 1 1 2 2m u m v m v ...(i) 1 2[ ; ]A Bm m m m

Using equation (6.40), we get
velocity of separation = e. velocity of approach

2 1 .v v eu ...(ii)

Solving equations (i) and (ii), we get
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For the first particle to continue moving along the direction of its initial velocity
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A ball is dropped on a floor from a height h. If coefficient of restitution is e, find:
(a) the height to which the ball will rise
(b) the time it will take to come to rest again
(c) the magnitude of the impulse given to the ball by the floor.

 The ball reaches the floor with speed 2 .u gh  Just after the collision, let its upward speed by v. Just
before the collision, during the collision and just after the collision, the ball is shown in figure 6.61. As the coefficient

u =   gh
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of restitution is e, we have
velocity of separation = e. velocity of approach
v e u

[There is no benefit of applying conservation of linear momentum  to the system “ball + earth” why ?]
[In an elastic collision e = 1, hence, speed after the collision is same as the speed before collision.]

(a) The height to which the ball will rise after the impact is

2 2 2 2
1 2

2 2 2
v e u e ghh
g g g

h = e h
[In an elastic collision e = 1, hence, the ball would rise to the same height from which it was dropped]

(b) Consider a situation when the ball is resting on the floor, as
shown in the figure 6.61. In such a situation the magnitude
of the normal contact force from the floor is equal to the
weight of the ball. But when the ball hits the floor, then, the
normal contact force arising due to the impact has a very
 high magnitude. It must not be confused with the normal
contact force shown in figure 6.62. Therefore, for the            

N mg

mg

duration of impact impulse of gravity can be considered negligible with respect to the impulse of the normal
contact force from the floor. This could also be explained by saying that the normal contact force arising due
to the impact is impulsive. Hence,
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impulse given to the impulse of the normal
=

ball by the floor, contact force, 
change in the momentum
of the ball (neglecting the
impulse of the gravity for
the duration of the collision)

=
( )

f ip p
mv mu

J N

[Using . )emu mu v e u
mu e

[In an elastic collision e = 1, hence, the magnitude of the impulse given by the floor is mu.]

(c) When a ball is dropped from a height h, then its time of fall is

1
2ht
g

When a ball is thrown vertically upwards with speed v, then its time of rise is

2t v g
Therefore, the time taken by the given ball to come to rest again is

1 2T t t

2 2h v h eu
g g g g Using v eu

22 e ghh
g g Using 2u gh

2 2h he
g g

2 (1 )h e
g

Let the ball comes to rest after a time T, then, for this duration,

change in the momentum = impulse given by the gravity
of the ball +

impulse given by the floor

(1 )f ip p mg T mu e Upward direction is chosen as positive direction
and the result obtained in part (b) is used

0 0 2 (1 )mgT m gh e

2 (1 )gT gh e
Impulse of gravity is negligible for
the duration of impact but it cannot
be neglected for the duration of fall
or rise.2h


