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Understanding the dynamics of magnetic fields and how they evolve over time
is fundamental in electromagnetism, especially in applications involving
inductance, transformers, and electromagnetic induction. One intriguing
aspect is determining the time it takes for a magnetic field generated by a
current-carrying loop of wire to decay to zero after the current is
interrupted. This article explores the concept of change in time, denoted as
delta T (ΔT), for a loop of wire of a specified radius, providing an in-depth
analysis suitable for students and professionals alike.

Basics of Magnetic Fields in Circular Loops

Magnetic Field Due to a Current Loop

A current-carrying loop of wire produces a magnetic field that resembles a
dipole field, with the magnetic flux concentrated along the axis of the loop.
The magnitude of the magnetic field at the center of a circular loop of
radius R carrying current I is given by:

\[ B = \frac{\mu_0 I}{2 R} \]

where:
- \( \mu_0 \) is the permeability of free space (\( 4\pi \times 10^{-7} \,
\mathrm{T \cdot m/A} \)),
- I is the current in amperes,
- R is the radius of the loop in meters.

This basic relation forms the foundation for analyzing how the magnetic field
changes when the current varies over time.

Inductive Properties and The Decay of Magnetic
Fields

Inductance of a Circular Loop

The inductance (L) of a single circular loop is a measure of its ability to
oppose changes in current and is given approximately by:

\[ L = \mu_0 R \left( \ln \left( \frac{8 R}{a} \right) - 2 \right) \]



where:
- a is the radius of the wire itself (assuming thin wire),
- R is the radius of the loop.

For a standard wire of negligible thickness, the inductance simplifies to a
value proportional to R, making the loop's size a critical factor in its
magnetic properties.

The Role of Inductance and Resistance in Magnetic
Field Decay

When the current in the loop is suddenly interrupted, the magnetic field does
not vanish instantaneously. Instead, it decays over a characteristic time
determined by the circuit's inductance (L) and resistance (R):

\[ \tau = \frac{L}{R} \]

This time constant \( \tau \) indicates how quickly the magnetic field
diminishes, with the field typically dropping to about 37% of its initial
value after one time constant.

Calculating the Time for Magnetic Field to Drop
to Zero

Idealized Scenario: Zero Resistance

In an ideal circuit with no resistance (R = 0), the magnetic field would
theoretically persist indefinitely because there's no energy dissipation.
However, in real-world scenarios, resistance is always present, causing the
magnetic field to decay exponentially.

Realistic Scenario: Exponential Decay of Magnetic
Field

When the circuit has resistance, the current I(t) after the switch is opened
follows:

\[ I(t) = I_0 e^{-\frac{t}{\tau}} \]

where:
- \( I_0 \) is the initial current,
- \( t \) is the time elapsed after interruption,
- \( \tau = \frac{L}{R} \) is the time constant.

Since the magnetic field B(t) is proportional to current I(t), it also decays
exponentially:

\[ B(t) = B_0 e^{-\frac{t}{\tau}} \]



To find the time \( \Delta T \) when the magnetic field effectively drops to
zero, note that in practical terms, the field approaches zero asymptotically.
Usually, engineers define a threshold (say, 1% of initial magnetic field) as
the point where the field is considered negligible.

Calculating \(\Delta T\) for a Given Threshold

Suppose we want to find the time when \( B(t) \) drops to a fraction \(
\epsilon \) of \( B_0 \), where \( \epsilon \) is a small number (e.g., 0.01
for 1%). Then:

\[ \epsilon B_0 = B_0 e^{-\frac{\Delta T}{\tau}} \]

Dividing both sides by \( B_0 \):

\[ \epsilon = e^{-\frac{\Delta T}{\tau}} \]

Taking natural logarithm:

\[ \ln \epsilon = -\frac{\Delta T}{\tau} \]

\[ \Delta T = - \tau \ln \epsilon \]

For \( \epsilon = 0.01 \):

\[ \Delta T = - \tau \ln 0.01 = \tau \times 4.605 \]

Thus, the time it takes for the magnetic field to reduce to 1% of its initial
value is approximately 4.6 times the circuit's time constant.

Determining \(\Delta T\) for a Specific Radius

Step 1: Calculate Inductance (L)

Given the radius R of the loop, the inductance can be approximated. For a
thin wire loop:

\[ L \approx \mu_0 R \left( \ln \left( \frac{8 R}{a} \right) - 2 \right) \]

where a is the wire radius (assumed known or negligible for approximation).

Step 2: Identify Resistance (R)

Resistance depends on the wire material (e.g., copper), its length, and
cross-sectional area:

\[ R_{wire} = \frac{\rho \times l}{A} \]

where:
- \( \rho \) is resistivity,
- \( l = 2 \pi R \) is the length of the wire,



- \( A = \pi a^2 \) is the cross-sectional area.

Step 3: Compute Time Constant (\( \tau \))

Once L and R are known:

\[ \tau = \frac{L}{R} \]

Step 4: Calculate \(\Delta T\)

Using the earlier relation:

\[ \Delta T = - \tau \ln \epsilon \]

where \( \epsilon \) is the desired threshold (e.g., 0.01).

Practical Example: Calculating \(\Delta T\) for
a 10 cm Radius Loop

Suppose:

- Loop radius \( R = 0.1\, \mathrm{m} \),
- Wire radius \( a = 1\, \mathrm{mm} = 1 \times 10^{-3}\, \mathrm{m} \),
- Copper wire with resistivity \( \rho = 1.68 \times 10^{-8}\, \Omega \cdot
\mathrm{m} \),
- Initial current \( I_0 = 1\, \mathrm{A} \).

Step 1: Calculate inductance

\[ L \approx 4 \pi \times 10^{-7} \times 0.1 \left( \ln \left( \frac{8 \times
0.1}{1 \times 10^{-3}} \right) - 2 \right) \]

\[ L \approx 4 \pi \times 10^{-8} \times \left( \ln (800) - 2 \right) \]

\[ \ln(800) \approx 6.68 \]

\[ L \approx 4 \pi \times 10^{-8} \times (6.68 - 2) = 4 \pi \times 10^{-8}
\times 4.68 \]

\[ L \approx (4 \times 3.1416) \times 10^{-8} \times 4.68 \approx 12.566
\times 10^{-8} \times 4.68 \]

\[ L \approx 58.8 \times 10^{-8} \, \mathrm{H} = 5.88 \times 10^{-7}\,
\mathrm{H} \]

Step 2: Calculate resistance

\[ l = 2 \pi R = 2 \pi \times 0.1 \approx 0.628\, \mathrm{m} \]

\[ A = \pi a^2 = \pi \times (1 \times 10^{-3})^2 = \pi \times 10^{-6} \approx
3.1416 \times 10^{-6}\, \mathrm{m^2} \]



\[ R = \frac{1.68 \times 10^{-8} \times 0.628}{3.1416 \times 10^{-6}} \]

\[ R \approx \frac{1.055 \times 10^{-8}}{3.1416 \times 10^{-6}} \approx 3.36
\times 10^{-3}\, \Omega \]

Step 3: Calculate \(\tau\)

\[ \tau = \frac{L}{R} = \frac{5.88 \times 10^{-7}}{3.

Frequently Asked Questions

How do you determine the change in time (delta T) for
a magnetic field to drop to zero in a loop of wire?

Delta T can be found by analyzing the rate at which the magnetic flux through
the loop changes and applying Faraday's law, which relates the induced emf to
the rate of change of magnetic flux. Specifically, you set the emf to the
threshold where the magnetic field drops to zero and solve for the
corresponding time.

What is the significance of the radius of the wire
loop in calculating delta T for magnetic field decay?

The radius affects the magnetic flux through the loop and thus influences how
quickly the magnetic field can change to zero. Larger radii result in greater
flux and may require more time for the magnetic field to decay, impacting the
calculation of delta T.

Which formula is commonly used to find the change in
time for the magnetic field to reach zero in a loop
of a given radius?

Faraday’s law of induction, given by emf = -dΦ/dt, is used. By expressing
magnetic flux Φ as B times the area (πr²), and knowing the initial magnetic
field and the rate of change, you can derive delta T by integrating or
rearranging the equation accordingly.

How does the inductance of the loop influence the
time it takes for the magnetic field to drop to zero?

The inductance determines how much emf is induced for a given rate of change
of current. Higher inductance resists rapid changes in current, thus
increasing the time (delta T) required for the magnetic field to decay to
zero.

In an experiment, how can measuring the induced emf
help determine delta T for the magnetic field decay?

By measuring the induced emf over time, you can identify when the emf reaches
zero, indicating the magnetic field has dropped to zero. The time elapsed
during this process is delta T, which can be calculated directly from the emf
vs. time data.
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Understanding how magnetic fields behave when subjected to changing
conditions is fundamental in electromagnetism. One intriguing aspect is
determining the time it takes for a magnetic field, generated by a current in
a loop of wire, to diminish completely to zero after the current is switched
off. This duration, often denoted as delta T (ΔT), offers insights into the
properties of the loop—such as its size, inductance, and the resistance of
the wire—and the dynamics of electromagnetic decay. In this article, we delve
into the physics behind this phenomenon, explore the factors influencing ΔT,
and guide you through the process of calculating it for a specific loop of
wire.

---

Understanding the Basics: Magnetic Fields, Inductance, and Eddy Currents

Before diving into the calculation of ΔT, it’s essential to grasp the
fundamental principles governing the behavior of magnetic fields in
conducting loops.

Magnetic Field of a Current-Carrying Loop

A current-carrying loop creates a magnetic field that is strongest at its
center and diminishes with distance from the loop. The magnetic flux (Φ)
passing through the loop is directly proportional to the current (I) flowing
through it:

\[ \Phi = L \times I \]

where \( L \) is the inductance of the loop. The magnetic field \( B \) at
the center of a circular loop of radius \( R \) carrying current \( I \) is
given by:

\[ B = \frac{\mu_0 I}{2 R} \]

with \( \mu_0 \) being the permeability of free space (\( 4\pi \times 10^{-7}
\, \mathrm{H/m} \)).

Inductance and Its Role

Inductance quantifies a circuit's tendency to oppose changes in current. For
a single circular loop of radius \( R \), the inductance \( L \) can be
approximated by:

\[ L \approx \mu_0 R \left( \ln{\frac{8 R}{a}} - 2 \right) \]

where \( a \) is the radius of the wire’s cross-section. This formula
highlights that larger loops have higher inductance, which directly impacts
how quickly the magnetic field diminishes when the current is interrupted.

Eddy Currents and Magnetic Field Decay

When the current in the loop is suddenly turned off, the changing magnetic
flux induces an electromotive force (emf) in the wire according to Faraday’s
Law:



\[ \mathcal{E} = -L \frac{dI}{dt} \]

This emf causes the current to decay exponentially over time, generating a
decreasing magnetic field. The decay process is influenced heavily by the
loop's resistance \( R_{wire} \):

\[ V = IR \]

which leads to the damping of the current as it dissipates energy as heat.

---

The Decay of Magnetic Field: Mathematical Foundation

When a circuit is suddenly opened or the current source is removed, the
current in the loop doesn't drop to zero instantaneously. Instead, it follows
an exponential decay described by:

\[ I(t) = I_0 e^{-\frac{R_{total}}{L} t} \]

where:
- \( I_0 \) is the initial current just before the switch-off,
- \( R_{total} \) includes all resistances in the circuit,
- \( t \) is the time after the switch-off.

The magnetic field \( B(t) \) at the center of the loop then follows the same
exponential decay:

\[ B(t) = B_0 e^{-\frac{R_{total}}{L} t} \]

with \( B_0 \) being the initial magnetic field.

The key question becomes: how long does it take for \( B(t) \) to become
negligibly small—effectively zero? In practical terms, since the exponential
function approaches zero asymptotically, we define a threshold—say, when the
magnetic field drops below 1% of its initial value or some other negligible
level—and solve for \( t \).

---

Calculating Delta T: From Theory to Practice

To quantify the time \( \Delta T \) for the magnetic field to decay to zero
(or practically, to a negligible level), we consider the exponential decay
formula:

\[ B(t) = B_0 e^{-\frac{R_{total}}{L} t} \]

Step 1: Define the Threshold

Suppose we want the magnetic field to drop to less than 1% of its initial
value:

\[ \frac{B(t)}{B_0} = e^{-\frac{R_{total}}{L} t} = 0.01 \]

Step 2: Solve for \( t \)

\[
e^{-\frac{R_{total}}{L} t} = 0.01



\]

\[
-\frac{R_{total}}{L} t = \ln{0.01}
\]

\[
t = -\frac{L}{R_{total}} \ln{0.01}
\]

\[
t = \frac{L}{R_{total}} \times 4.6052
\]

Thus, the approximate time \( \Delta T \) is:

\[
\boxed{
\Delta T \approx \frac{L}{R_{total}} \times 4.6052
}
\]

This formula indicates that the decay time is proportional to the loop’s
inductance and inversely proportional to the total resistance.

---

Factors Influencing \( \Delta T \)

Several parameters directly affect the duration it takes for the magnetic
field to effectively vanish:

1. Loop Radius \( R \): Larger loops have higher inductance, leading to
longer decay times.
2. Wire Resistance \( R_{wire} \): Higher resistance causes faster energy
dissipation and a quicker decay.
3. Wire Cross-Section and Material: Thicker or more conductive materials
reduce resistance, prolonging decay.
4. Initial Current \( I_0 \): While it doesn't directly influence \( \Delta T
\), higher initial currents produce stronger initial magnetic fields.
5. External Influences: Nearby conductive materials or changing magnetic
environments can affect the decay rate.

---

Practical Example: Calculating \( \Delta T \) for a Circular Loop

Suppose you have a circular copper wire loop with the following parameters:

- Radius \( R = 0.5 \, \mathrm{m} \)
- Cross-sectional radius \( a = 1 \, \mathrm{mm} \)
- Initial current \( I_0 = 2 \, \mathrm{A} \)
- Resistance of the wire \( R_{wire} \approx 0.1 \, \Omega \)

Step 1: Calculate Inductance \( L \)

Using the approximation:

\[



L \approx \mu_0 R \left( \ln{\frac{8 R}{a}} - 2 \right)
\]

Calculating:

\[
\ln{\frac{8 \times 0.5}{0.001}} = \ln{4000} \approx 8.294
\]

\[
L \approx 4\pi \times 10^{-7} \times 0.5 \times (8.294 - 2) = 4\pi \times
10^{-7} \times 0.5 \times 6.294
\]

\[
L \approx 2 \times 10^{-7} \times 6.294 = 1.2588 \times 10^{-6} \, \mathrm{H}
\]

Step 2: Calculate \( \Delta T \)

\[
\Delta T \approx \frac{L}{R_{wire}} \times 4.6052 = \frac{1.2588 \times
10^{-6}}{0.1} \times 4.6052
\]

\[
\approx 1.2588 \times 10^{-5} \times 4.6052 \approx 5.8 \times 10^{-5} \,
\mathrm{s}
\]

Result: The magnetic field drops below 1% of its initial value in
approximately 58 microseconds.

---

Real-World Implications and Applications

Understanding how quickly magnetic fields decay has practical importance
across various fields:

- Electrical Engineering: Designing circuits and components like inductors,
transformers, and relays requires knowledge of magnetic decay times to ensure
safety and efficiency.
- Electromagnetic Compatibility (EMC): Rapid field decay reduces
electromagnetic interference in sensitive electronic equipment.
- Wireless Power Transfer: Optimizing coil sizes and materials to control
magnetic field persistence.
- Magnetic Shielding: Ensuring fields vanish quickly to prevent unintended
electromagnetic exposure.
- Scientific Research: Precise measurements of decay times can reveal
properties of materials and magnetic phenomena.

---

Limitations and Considerations

While the calculations provide valuable estimates, real-world scenarios often
involve complexities:



- Non-ideal Materials: Resistivity varies with temperature, affecting
resistance.
- Parasitic Inductances and Capacitances: Unaccounted elements can influence
decay dynamics.
- External Magnetic Fields: Nearby magnetic sources can alter the decay
process.
- Switching Speed: The actual switch-off mechanism's speed impacts initial
current decay.

Accurate modeling may require comprehensive circuit analysis and experimental
validation.

---

Final Thoughts
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