A Bar Magnet Is Falling Vertically Through A
Horizontal Loop Of Wire With The South
Magnetic Pole Entering

A Bar Magnet Is Falling Vertically Through A Horizontal Loop Of Wire With The South
Magnetic Pole Entering is a classic scenario used to illustrate fundamental principles of
electromagnetism, particularly electromagnetic induction. When a magnet moves relative to a coil or
loop of wire, it induces an electric current within that loop—a phenomenon discovered by Michael
Faraday in the 19th century. This process forms the basis for many electrical devices, from
transformers to electric generators. Understanding what happens during such a scenario involves
exploring concepts like magnetic flux, Faraday’s law of induction, Lenz’s law, and the forces involved.
This article delves into the physics behind a bar magnet falling through a horizontal loop, examining
the induction process, the resulting currents, forces, and the energy transformations involved.

Understanding Electromagnetic Induction

Electromagnetic induction occurs when a change in magnetic flux through a coil or loop induces an
electromotive force (emf) or voltage across the coil. The key elements include:

- Magnetic flux (\(\Phi\)): The measure of the magnetic field passing through a given area, calculated
as \(\Phi = B \times A \times \cos\theta\), where:

-\(B\) is the magnetic field strength.

-\(A\) is the area of the loop.

- \(\theta\) is the angle between the magnetic field and the normal to the loop.

- Faraday’s Law: States that the induced emf in a coil is proportional to the rate of change of magnetic
flux:

\[

\mathcal{E} = - \frac{d\Phi}{dt}

\]

- Lenz's Law: Dictates the direction of the induced current, which opposes the change in flux that
caused it.

In the context of a magnet falling through a loop, the changing position of the magnet relative to the
loop causes the magnetic flux through the loop to vary with time, inducing a current.



Scenario Setup: The Falling Magnet and the Loop

Imagine a horizontal circular loop of wire fixed in space, and a bar magnet, with its South pole
entering vertically from above. As the magnet falls:

- The magnet accelerates due to gravity, increasing its velocity.

- The magnetic field at the loop’s location changes as the magnet approaches and then recedes.
- The magnetic flux through the loop varies over time, inducing a current.

The key physical processes to understand are:

- How the changing magnetic flux induces an emf and current.

- The direction of the induced current based on Lenz’s law.
- The reaction forces on the magnet and the loop.

Magnetic Field of the Bar Magnet

The bar magnet can be modeled as a magnetic dipole with a magnetic moment \(\vec{m}\). The
magnetic field (\(B\)) along the axis of a dipole at a distance \(r\) from its center is given by:

\[

B = \frac{\mu_0}{4\pi} \frac{2m}{r~3}
\]

where:

-\(\mu_0\) is the permeability of free space (\(4\pi \times 10~ {-7} \, T \cdot m/A\)).
-\(m\) is the magnitude of the magnetic dipole moment.

As the magnet approaches the loop, the magnetic field at the loop increases; as it recedes, the field
decreases.

Induction During the Magnet’s Approach and Recession

Approaching the Loop

- When the magnet’s south pole enters above the loop, the magnetic flux through the loop increases.
- According to Faraday’s law, this change in flux induces an emf in the loop.

- The direction of the induced current is such that it opposes the increase in magnetic flux, following
Lenz’s law.



Receding from the Loop

- After the magnet passes through the center, it continues downward, and the flux decreases.

- The induced emf now opposes this decrease, generating a current that attempts to maintain the
flux.

- The current’s direction reverses relative to the approach phase.

Direction of Induced Current and Magnetic Fields

Using the right-hand rule and Lenz’s law:

- When the South pole enters: The induced current produces a magnetic field that opposes the
increase in flux. Since the magnet’s South pole is approaching, the induced field in the loop tries to
repel it, creating a magnetic field with a South pole facing downward.

- During receding: The induced current produces a magnetic field that opposes the decrease in flux,
effectively trying to keep the flux constant by generating a field with a South pole facing upward,
opposing the magnet’s motion.

This interplay results in the magnet experiencing a resistive force as it falls.

Forces on the Magnet and the Loop

The interaction between the induced magnetic field and the magnet gives rise to forces:

- Magnetic braking: The induced currents generate a magnetic field that opposes the magnet’s
motion, producing an upward force on the magnet.

- Damping of motion: Due to this force, the magnet’s acceleration is less than what gravity alone
would produce, leading to a terminal velocity if the fall is continuous.

The magnitude of these forces can be estimated using principles of electromagnetism and the
measured induced emf.

Energy Considerations

The falling magnet’s potential energy decreases as it descends. Part of this energy converts into:

- Electrical energy: The induced currents in the loop, which dissipate as heat due to resistive losses.



- Mechanical energy: The work done against the induced magnetic forces, slowing the magnet’s fall.

The energy conversion process obeys conservation laws, with the resistive heating and
electromagnetic radiation accounting for the energy dissipated.

Real-World Applications and Demonstrations

This scenario is not just theoretical but forms the basis for practical demonstrations:

- Lenz's Law experiments: Showing how moving magnets induce currents and oppose motion.
- Electromagnetic braking: Used in trains and roller coasters to slow down moving parts.
- Energy harvesting devices: Using relative motion between magnets and coils to generate electricity.

Conclusion

The falling of a bar magnet through a horizontal loop exemplifies the fundamental principles of
electromagnetic induction, the interplay of magnetic fields, and the forces that arise from induced
currents. It vividly demonstrates how changing magnetic flux induces currents that oppose the
change, consistent with Lenz’s law, leading to observable effects such as the slowing of the magnet’s
fall. This phenomenon underscores the deep connection between motion, magnetic fields, and
electricity, forming the foundation of many modern electrical technologies. Understanding these
concepts enhances our grasp of electromagnetism and its applications in everyday life and industry.

Frequently Asked Questions

What happens to the induced current in the loop when a bar
magnet's south pole enters it vertically?

As the south pole of the falling magnet approaches the loop, it induces a current that opposes the
change in magnetic flux, typically resulting in an induced current that creates a magnetic field
opposing the magnet's motion, thereby exerting an upward force on the magnet.

Why does the magnet experience a force opposing its fall as it
passes through the loop?

Because of electromagnetic induction, the changing magnetic flux through the loop induces a current
that creates a magnetic field opposing the magnet’s motion (Lenz's Law), resulting in an upward force
that slows the magnet's descent.



How does the orientation of the magnet’s poles affect the
induced current in the loop?

The pole entering the loop determines the direction of the changing magnetic flux; when the south
pole enters, it induces a current in a specific direction to oppose the increase in flux, affecting the
direction of the induced current accordingly.

What role does Faraday’s Law play in the falling magnet and
loop system?

Faraday’s Law states that the induced emf in the loop is proportional to the rate of change of
magnetic flux, which explains how the changing position of the magnet induces a current in the loop
as it falls through.

Can the magnet fall through the loop without any resistance,
and what would happen then?

In an ideal case with no resistance, the induced current would be infinitely large, creating an opposing
magnetic field that could theoretically halt the magnet's fall due to electromagnetic damping;
howeuver, in real scenarios, resistance ensures the fall continues with energy losses.

Additional Resources

A Bar Magnet Falling Vertically Through a Horizontal Loop of Wire With the South Magnetic Pole
Entering

Understanding the dynamic interaction between a moving magnetic dipole and a current-carrying
wire loop is a fundamental aspect of electromagnetic induction. When a bar magnet falls vertically
through a horizontal loop of wire, the process exemplifies key principles such as Faraday’s law of
electromagnetic induction, Lenz’s law, and the behavior of magnetic fields in motion. In this detailed
review, we will explore the physics behind the phenomenon where the South magnetic pole of the
falling magnet enters the loop, examining the forces involved, the induced currents, and the
observable effects.

Fundamental Concepts Underpinning the Phenomenon

Before delving into the specifics of the magnet’s motion through the loop, it's essential to review the
core principles that govern this interaction.

Magnetic Fields and Magnetic Poles

- Magnetic Dipoles: A bar magnet behaves as a magnetic dipole with a north and south pole. The



magnetic field lines emerge from the north pole and enter the south pole.
- Magnetic Field of a Bar Magnet: The field is strongest near the poles and decreases with distance.

The shape of the field resembles that of a dipole, with field lines forming closed loops from the north
to the south pole outside the magnet.

Electromagnetic Induction

- Faraday’s Law: An electromotive force (EMF) is induced in a coil or loop when there is a change in
magnetic flux passing through it:

\[

\mathcal{E} = - \frac{d\Phi_B}{dt}
\]

where \(\Phi_B\) is the magnetic flux.

- Lenz’s Law: The direction of induced current is such that it opposes the change in flux that causes it.

Magnetic Flux and Its Change

- Magnetic flux \(\Phi_B\) through a loop is given by:
\[

\Phi_B =\int \vec{B} \cdot d\vec{A}

\]

where \(\vec{B}\) is the magnetic field and \(d\vec{A}\) is the differential area vector.

- As the magnet moves relative to the loop, the changing magnetic flux induces an EMF and
consequently an induced current in the loop.

The Dynamics of a Falling Magnet Through a Horizontal
Loop

Initial Conditions and Setup

- Positioning: The magnet is initially held above the loop and then released, falling under gravity.

- Orientation: The magnet is oriented such that its magnetic poles are aligned along the vertical axis,



with the South pole entering the loop first.

- Environment: Assume the loop is stationary, and the magnet falls freely through it in a uniform
gravitational field.

Sequence of Events as the Magnet Falls

1. Approaching the Loop: As the South pole nears the loop, the magnetic flux through the loop begins
to change, inducing a current.

2. South Pole Entering the Loop: When the South pole enters the region of the loop, the magnetic flux
through the loop reaches a maximum in a particular direction, resulting in a specific induced EMF.

3. Passage Through the Loop: The magnet continues to fall, with the flux changing sign as the pole
moves away, reversing the direction of the induced EMF.

4. Emergence of the Magnet: The South pole exits the loop, and the flux change continues until the
flux returns to its original state.

Magnetic Field Behavior During the Magnet’s Motion

Field Lines and Their Interaction with the Loop

- The magnetic field of the magnet is concentrated near its poles.
- The field lines from the South pole are directed into the magnet, looping back to the north pole.

- As the South pole approaches and enters the loop, the flux linkage increases in magnitude,
influencing the induced current.

Magnetic Flux Through the Loop

- When the South pole is approaching, the flux linked with the loop's area becomes increasingly
negative (assuming the conventional direction).

- The flux reaches a maximum when the South pole is directly within or very close to the plane of the
loop.

- As the magnet passes through, the flux decreases, crossing zero when the pole is at the center, then
becomes positive as the magnet moves away.



Induced Currents and Their Directions

Applying Faraday’s Law and Lenz’'s Law

- Induced EMF Direction: The induced EMF’s polarity is such that it opposes the change in flux. When
the South pole approaches:

- The flux through the loop increases in magnitude in a specific direction.
- The induced current produces its own magnetic field opposing the increase (by Lenz's law).
- Direction of Induced Currents:

- When the South pole enters, the current in the loop flows to produce a magnetic field that opposes
the increasing flux of the South pole entering.

- This results in the induced current creating a magnetic field with a north pole facing the approaching
South pole, attempting to repel and oppose the magnet’s motion.

Observable Effects of Induced Currents

- Magnetic Drag: The induced currents produce a magnetic field that opposes the magnet’s motion,
effectively exerting a retarding force.

- Lenz’s Law Implication: The loop acts as a brake, slowing the magnet’s fall compared to free fall
without induced currents.

- Energy Transfer: The mechanical energy of the falling magnet is partly converted into electrical
energy (induced currents), which can be dissipated as heat if the loop has resistance.

Forces Acting on the Magnet and the Loop

Reaction Forces and Motion

- Magnetic Damping Force: Due to the induced currents, the magnet experiences an upward force
opposing its downward motion.



- Effect on the Magnet’s Velocity:
- The magnet accelerates initially under gravity.

- As it approaches the loop and the flux changes rapidly, the induced currents produce an opposing
force.

- The net force reduces the acceleration, leading to a slower fall compared to free fall.

- Steady State: If the magnet falls slowly, the induced currents can produce a significant opposing
force, potentially leading to a nearly uniform velocity (magnetic terminal velocity).

Force on the Loop

- The loop experiences an equal and opposite force during the magnet’s passage, maintaining
Newton’s third law.

- The force depends on the magnitude of the induced current and the magnetic field strength of the
magnet.

Mathematical Analysis of the Phenomenon

Estimating the Induced EMF

- Approximations:

- Treat the magnet as a magnetic dipole with moment \(m\).

- Assume the magnetic field at the loop’s location can be approximated based on the dipole field.
- Induced EMF:

\[
\mathcal{E} = -A \frac{dB}{dt}
\]

where \(A\) is the area of the loop, and \(dB/dt\) is the rate of change of magnetic field through the
loop.

- The change in magnetic flux:

\[
\Phi_B = B \times A



\]

- The rate of change of flux can be related to the velocity \(v\) of the magnet:
\[

\frac{d\Phi_B}{dt} \approx A \frac{dB}{dz} \times v

\]

with \(dB/dz\) being the spatial gradient of \(B\).

Calculating the Induced Current

- Using Ohm'’s law:

\[

| = \frac{\mathcal{E}}{R}
\]

where \(R\) is the resistance of the loop.

- The induced magnetic field from the current opposes the change in flux, producing the retarding
force.

Force on the Magnet

- The force can be estimated from the interaction between the magnet’s dipole moment and the
magnetic field produced by the induced current.

- The general relation:

\[
\vec{F} = \nabla (\vec{m} \cdot \vec{B} {induced})
\]

- The force acts upward, opposing gravity.

Experimental Observations and Practical
Considerations



Detecting the Induction Effect

- Using Galvanometers: Connecting a sensitive galvanometer to the loop can detect the induced
current as the magnet passes through.

- Visual Observation: The magnet’s fall may be noticeably slower when passing through the loop
compared to free fall.

- Temperature Effects: Induced currents generate heat in the loop if it has resistance, which can be
measured.

Factors Influencing the Phenomenon

- Magnet Strength: Stronger magnets produce larger magnetic flux changes, inducing greater
currents.

- Loop Area: Larger loops intercept more flux, increasing the induced EMF.
- Resistivity of the Loop: Lower resistance loops allow higher current and stronger opposing forces.

- Magnet’s Velocity: Faster fall speeds lead to higher \(dB/dt\), increasing
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