
1N30.60 Velocity Amplification in
Stacked Balls (The Astroblaster)

Abstract
It is well known that if a ball is dropped from a given height that it cannot bounce higher than the original

height. However, if two balls are dropped simultaneously with one on top of the other then it is possible for the
top ball to bounce above the drop height. This happens because some of the momentum of the lower ball is
transferred to the top ball. Under the right conditions the top ball in a system of four balls can rise to a height of
225 times the original drop height. This effect nicely describes the concept of a ”core bounce” during a supernova.
During the collapse of a star the inner core collapses quickly and rebounds. It then collides with still collapsing
outer layers and transfers enough energy to them to remove them from the star at high velocity.

Picture

Safety Concerns
The top ball can reach a velocity of over 100km/h so spectators should be at least a few meters away and the

demonstrator should wear safety glasses. Note: The smallest balls are the easiest to lose so please double-check
to make sure they are present when returning.

Equipment
• Astroblaster
• safety glasses
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Procedure
Hold Astroblaster at arms length and drop as vertically as possible in order to cause the ball to shoot straight

into the air.

Theory

Ball 4

Ball 3

Ball 2

Ball 1

Figure 1: Diagram of the as-
troblaster arrangement with
ball number labels.

The astroblaster used in this demonstration is a system of four balls of different
sizes stacked one on top of the other, decreasing in size from the bottom to the
top, as shown in Figure 1. A rod is embedded into the largest ball on the bottom
in order to keep the other three balls in place. When the astroblaster is dropped
the largest ball reaches the ground first and rebounds. On its way back up ball 1
collides with ball 2 which is still on its way down thus transferring energy from the
first ball to the second ball. Ball 2 in turn collides with the ball 3, and ball 3 with
ball 4. When the third ball collides with the fourth ball it transfers energy from
the first, second, and third balls to the fourth ball. In the end the fourth ball will
shoot off of the astroblaster with high velocity and bounce to a height several times
the height of the original drop point, while the remaining three balls will bounce a
fraction of original drop height.

The entire system can be analyzed by determining the initial conditions of the
system and then looking at each of the collisions separately. Initially the system is
in free fall velocity and therefore all four balls reach the floor with a velocity that
is proportional to the square root of the height from which they were dropped.
Take velocity as positive upward. Then the velocity of the astroblaster, v, when it
reaches the floor is expressed by

v = −
√

2gh, (1)

where g is the acceleration due to gravity
(
g = 9.81m/s2) and h is the height from which the astroblaster is

dropped. There are a total of four collisions involved in transferring energy from the rest of the system to the top
ball. The first collision in the chain is the collision between ball 1 and the floor. Since it can be assumed that
the ball does not cause a significant change in the earth’s velocity, the velocity of ball 1 after this collision can be
determined by looking at the coefficient of restitution for the collision. The coefficient of restitution of a collision
is defined as the ratio of the separating speed of the two colliding objects and the approaching speed of the two
objects. In the case of the collision of ball 1 and the earth, the coefficient of restitution, ε1, can be written as

ε1 =
∣∣∣∣v′

1
v1

∣∣∣∣ , (2)

where v′
1 is the final velocity of ball 1, and v1 is the initial velocity of ball 1. Since ball 1 changes direction after

the collision Equation 2 can be written as
v′

1 = −ε1v1. (3)
The next collision in the chain is the collision between ball 1 and ball 2. Conservation of momentum implies

that
m1v

′
1 +m2v

′
2 = m1v

′′
1 +m2v

′′
2 , (4)

where m1 is the mass of ball 1, v′
1 is the velocity of ball 1 before the second collision, v′′

1 is the velocity of ball 1
after the second collision, m2 is the mass of ball 2, v′

2 is the initial velocity of ball 2, and v′′
2 is the final velocity

of ball 2. Equation 4 can be rearranged to obtain an equation for v′′
1 , which is

v′′
1 = 1

m1
[m1v

′
1 +m2v

′
2 −m2v

′′
2 ] . (5)

The final velocity of ball 2 can also be described by the ratio of approaching and separating speeds of the collision
so that

ε12 =
∣∣∣∣v′′

2 − v′′
1

v′
1 − v′

2

∣∣∣∣ , (6)
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where ε12 is the coefficient of restitution of the collision between ball 1 and ball 2. Ball 2 also changes direction
after the collision so Equation 6 has the form

v′′
2 − v′′

1 = −ε12 (v′
2 − v′

1) . (7)

Now by solving Equation 7 for v′′1 and equating that with Equation 5, the final velocity of the second ball after
its collision with the first ball can be written as

v′′
2 = [m1v

′
1 +m2v

′
2 −m1ε12 (v′

2 − v′
1)]

m1 +m2
. (8)

This expression can be simplified by using Equation 3 and by taking into account the fact that the initial velocity
of ball 2 is the same as the initial velocity of ball 1 before its collision with the floor. The expression for v′′

2 thus
becomes

v′′
2 = v1 [m2 −m1 (ε1 + ε1ε12 + ε12)]

m1 +m2
. (9)

The final velocity of the ball after the second collision is now expressed in terms of the initial velocity of the
system as it hits the ground, and by the physical characteristics of the balls used to construct the astroblaster.

Similarly, the final velocity of the third ball after it collides with the second ball can be written as

v′′′
3 = v′′

2m2 (1 + ε23) + v1 (m3 −m2ε23)
m2 +m3

, (10)

where v′′′
3 , is the final velocity of the third ball after its collision with the second ball, m3 is the mass of the third

ball, and ε23 is the coefficient of restitution between balls 2 and ball 3.
Lastly, using the same method, the velocity of the fourth ball is found to be

v′′′′
4 = v′′′

3 m3 (1 + ε34) + v1 (m4 −m3ε34)
m3 +m4

, (11)

where v′′′′
4 is the final velocity of the fourth ball after its collision with ball 3, m4 is the mass of the fourth ball,

and ε34 is the coefficient of restitution between ball 3 and ball 4.
In order to model the velocity at which the fourth and final ball is launched from the system, the masses

and coefficients of restitution of each of the balls was measured by the method of Farkas and Ramsier, and are
tabulated in Table 1. It is seen that the coefficients of restitution of each ball is different.

Ball Mass (kg) ε
1 0.0650 0.902
2 0.0288 0.875
3 0.0102 0.832
4 0.0037 0.718

Table 1: Table listing the masses and coefficients of restitution of each ball.

Using the data in Table 1, and the above equations, the velocity of the launched ball is plotted against the
drop height of the astroblaster. This plot is shown in Figure 2. A power law fit was made to this data producing
an expression for the launch velocity in term of the drop height.

A comparison can also be made between the maximum height reached by the launched ball with respect to
the height from which the astroblaster was dropped. For this, a plot of the maximum height verses the dropped
height is made as seen in Figure 3. This plot was then determined to have the linear relation as stated in by the
equation in Figure 3.
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Figure 2: Plot of the velocity of the launched ball
as a function of the height at which the astroblaster
was dropped.

Figure 3: Plot of the maximum height that the
launched ball reaches as a function of the height at
which the astroblaster was dropped.
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