2012 Problem 1 :Gaussian Cannon
When Collides With An Additional Steel Ball, The
Final Ball Of A Line Of Steel Balls That Are Stuck
To A Strong Magnet Will Shoot Away At Higher
Speed.
Abstract

W

hen a steel ball collides with a line of steel balls that are
stuck to a strong magnet, the fi nal steel ball of the line

will be ejected at high speed like a bullet, even when the first ball
have a rather low velocity. The theoretical analysis shows that the
mass and initial velocity of the incoming ball, the susceptibility and
the location of the magnetic ball are key factors that affect the output
velocity. We find that no steel ball on the left hand side of the magnet
is the best solution and it is supported by the experiment, but the
number of steel balls on the right hand side depends on the properties
of the system and it can be find by our experiment. In this paper,
the magnetic scalar potential is the first time used to research the
Magnetic cannon.
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Introduction
Figure 1 shows the magnetic cannon system we studied. The
radiuses of the magnetic ball and several steel balls are the same.
During the process of the incoming ball approaching the magnet, it is
being attracted, accelerating and finally stick to the magnetic. While
the attraction between the magnet and the last ball is not that strong,
according to the conservation of momentum, the last ball can get a

Figure 1. A simple magnetic cannon consists of a magnetic ball and several
steel balls.
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reasons that affected the output velocity from theory
analysis and experiments.

(2)
Where ∆E is the translational energy loss during
collision, which is related to the number of steel balls
and the coefficient of restitution. It is obviously in

Theoretical analysis

equation (2) that the higher the initial velocity, the

Assuming the motion of the incoming ball is pure

smaller the mass, the higher the output velocity of the

roll and the distance between the incoming ball and

last ball. The number of steel balls is also a key reason

the other balls of the line is long enough that their

that affects the output velocity. If there are too many

interaction can be ignored in the beginning. The initial

steel balls, more kinetic energy will be lost during

mechanical energy of the incoming ball is

collision process and the magnetic force on the last

Ei0 =

mv2i0 +

several balls will be so weak that more than one steel

v2i0 + V( ∞ )

Where m is the mass of the incoming ball, R is the
radius of the incoming ball, vi0 is its initial velocity, li =
is its moment of inertia an axis through its center
of mass, and V is the potential energy of the incoming

ball will shoot away. But if there is only one steel ball,
the magnetic force may be strong enough to stop the
steel ball from shooting away. Therefore finding the
best number in experiment is necessary.
As the increase in kinetic energy comes from the

ball.

decrease in potential energy, now we still need to
(1)
Where μ is magnetic ipermeability, V0 is the volume
of the incoming ball, and φ( ) is the magnetic scalar
potential of the incoming ball. The energy of the
incoming ball at the moment before collision is

calculate V(2n i R+2R). On the right hand side of the
magnetic ball, those steel balls will be magnetized and
produce induced additional magnetic field. It is possible
to develop an expression in terms of the additional
induction field which is produced by magnetization of
those steel balls. The magnetic scalar potential of a lone

Ei =

miv2i +

v2i +

V(2niR+2R)

Where ni is the number of steels balls on the left of
the magnetic ball. According to the law of conservation
of energy, the increase in kinetic energy is equal to the
decrease in potential energy. And it leads to
miv2i -

miv2i0 = V( ∞ )-V(2niR+2R)

During the collision, the rotational kinetic energy of
the incoming ball will be completely lost because of the
friction, and there is also some loss in the translational
energy during collision. According to the law of

magnetic ball with radius R and magnetization vector
, equal to
φ(r) =

(r>R)

Since the motion of those balls were limited to the
x-axis direction,
direction
φ(x) =

×

=0, φ can be rewrite in this

(x>R)

0
Where m is the magnetic
moment of the magnetic

conservation of energy, the velocity of the last ball

ball, m =
. Assuming that every steel ball that
remains at rest is inf luenced only by the magnetic

should be

field of balls on the left hand side of itself, φ(x) can be
rewritten in terms of the induced magnetic field.
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higher velocity after collision. We investigated the key

φn(x) =

+

ml =
Where n is the number of steel balls on the right
hand side of the magnetic ball, l is the ordinal number
of those steel balls, χ is the susceptibility, m 0 and H 0

Figure 2. The apparatus used in the experiment and the Gauss
meter.

are the magnetic moment and magnetic field strength

releasing it from different height of the track. There are

of the magnetic ball, respectively. Since Hj is the partial

several steel balls (mass: 16.822g, radius: 7.5mm) and

derivative of φj(x) for x, a recursion formula of φn(x) is

one magnetic ball (mass: 16.205g, radius: 7.5mm) on the

derived as below.

track, and four photoelectric gates are settled on both

φn+1(x) = φn(x)+

(3)

The scalar magnetic potential decreases with the
increase of distance x. The additional induced magnetic
field cannot offset the decrease. For this reason, it is the
best solution that put no steel ball on the left hand side of
the magnetic ball to get the highest velocity.
Through the theory analysis, we find that the numbers
of balls on both sides of the magnetic ball, the initial

sides of the balls to measure the velocities. Digital Gauss
meter [1] , whose error is 0.05 T, is used to measure the
magnetic flux density.
The magnetic flux density of a lone magnetic ball and
with different numbers of steel balls was measured to
prove the effect of steel balls on the magnetic field of the
magnetic ball. We also changed the total number of steel
balls, the location of the magnetic ball, the initial velocity
of the incoming ball and measured the output velocities.

velocity and mass of the incoming ball, the susceptibility
are the key reasons affect the output velocity of the last
ball. Higher the initial velocity, smaller the mass of the
incoming steel ball, larger the susceptibility, higher the
output velocity of the last ball. And to get maximum
output velocity, the number of steel balls on the left hand
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side of the magnetic ball should be zero. Nevertheless,

62

the process of collision is so complex that it is difficult to
describe it quantitatively and calculate how many steel

Experiment
The magnetic flux density on the axis direction of
the magnetic ball was measured by digital gauss meter.
As shown in figure 3, the magnetic flux density B of a
lone magnetic ball decreased quickly. Nevertheless, it
increased significantly when more steel balls were put on
the right hand side of the magnetic ball.

balls should be put on the right hand side of the magnetic
ball. Hence we need to find the number of steel balls on
the right hand side of the magnetic ball by the following
experiment.

Apparatus and Methods
As shown in figure 2, the track, which includes a
curved part and a level part, is made of organic glass.
We can change the initial velocity of the steel ball by

Figure 3. Magnetic ﬂux density as a function of distance and the
number of steel balls.

63

Figure 6. The output velocity ve as a function of n e. when
ne=0, vi0 = 30.00 ± 0.50 cm/s.

To investigate the key reasons that affect the output

the magnet ne from 0 to 5, and the result is shown in

velocity, at first, we changed the initial velocity the

Figure 6. Apparently, n e increases when n e increases

incoming ball when there were two steel balls and no

from 1 to 2, but then decreases when the number

steel ball on the left and the right side of the magnet.

continues increasing. Hence ve gets its maximum value

As shown in Figure 4, the output velocity ve rises with

when ne =2.

the initial velocity vi0 of the incoming ball, and with
vi0 increasing, the difference between vi0 and ve gets
smaller and smaller. The result is consistent with our
theoretical result.

Conclusion
In our work, the magnetic scalar potential is the first
time used to research the Magnetic cannon. It makes

After that we changed the number of the steel balls

more clearly that the parameters effect on the maximum

on the left side of the magnet ni from 0 to 3. As you

speed of the system. Form the result of our theoretical

can see in Figure 5, when ni =0 and vi0 =30cm/s, ve is
over twice vi0, and ve decreases significantly with ni.
Therefore, to get the maximum ve, there should be no
steel ball on the left side.
At last, to find the best number on the right side of

analysis, we find that the mass, initial velocity of the
incoming ball, the susceptibility and location of the
magnetic ball can affect the output velocity of the last
ball.
The output velocity increases with the susceptibility
of the magnetic ball and the initial velocity of the
incoming ball and secures its maximum value when
there is no other steel ball on the left hand side of the
magnetic ball. We also find there is the optimal number
of steel balls on the right hand of the magnetic ball by
our experiments, which is consistent with the reported
results [2]. In our experiment, it is 2 for our system.

Figure 5. The output velocity ve as a function of ni. when ne=2,
vi0 = 30.00 ± 0.50 cm/s.
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Figure 4. The output velocity ve as a function of the initial
velocity vi0 . when ni = 0, ne = 2. ni .
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