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Electromagnets and Resonance
In this lab you will study electromagnets and resonant oscillations
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1. Equipment

Two springs with low force constants, cylindrical magnet, bar magnet, large solenoid, ring stand, oscil-
loscope, function generator, Smart Cart, OWON B35 Digital Voltmeter, Capstone software data file.

2. Background

PHYS142 In your textbook, College Physics, 9’th edition, by Serway and Vuille, the following sections
are most relevant:

• Chapter 13.1 Hooke’s Law, 13.3 Simple Harmonic Motion, 14.9 Forced Vibrations and Resonance,
14.11 Beats, 19.9 Magnetic Fields of Current Loops and Solenoids, 20.2 Faraday’s Law of Induction
and Lenz’s Law.

PHYS152 In your textbook, Physics for Scientists and Engineers, by Serway and Jewett, the following
sections are most relevant:

• Chapter 15.2, Particle in Simple Harmonic Motion, 18.7 Beats, Interference in Time, 33.3, Inductors
in an AC circuit.

3. Possible Electromagnet Projects

There are four different (but related!) experimental configurations described above. Section 3.1 describes
measuring the magnetic field outside of a solenoid using your phone’s magnetometer. Section 3.2 concerns
the attractive force on a bar magnet close a DC electromagnet, section 3.3 describes electromagnetic induc-
tion in a solenoid from an oscillating bar magnet, and section 3.4 describes oscillatory resonance driven by
electromagnet. You are encouraged to first setup and try all of the experiments for yourself. After you have
done that, your project should investigate further the phenomena that interest you the most.
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3.1. PROJECT: The Magnetic Field from a Solenoid
When a constant (DC) current I is applied to a solenoid, a magnetic field emanates from it. Consider the

case of a solenoid of length L and radius R. While the exact solutions for the three dimensional magnetic
field ~B can be quite complicated, they simplify if we consider only the field directly along the central axis
of the solenoid, see Fig. 1. In this case, using the Biot-Savart law, the solution is given by

B(z) =
µ0nI

2

[
z + L/2√

(z + L/2)2 +R2
− z − L/2√

(z − L/2)2 +R2

]
(1)

where µ0 is the permeability of free space, n = N/L is the number of wire turns per length, and z is the
distance to the center of the solenoid.

Figure 1: Method to measure the magnetic field Bz(z) along the center axis of a solenoid. For currents of order I ∼ 1 Amp,
the fields are quite strong. The phone app PHYPHOX can measure B using phone’s built in magnetometer. The position of
the magnetic sensor in the phone is roughly indicated. It can also be found by moving the phone around until it records the
maximum B field, which occurs when the sensor lies directly on the solenoid’s central axis.

The experimental setup is shown in Fig. 1. Using a DV power supply, adjust the power supply until
the current measured in the solenoid is I ' 1 Amp. Play with the PHYPHOX app until you are confident
that you can position your phone to measure the magnetic field along the z-axis as shown above. Think
also bout how you need to adjust the measured values to account for the background magnetic field from
the Earth.

Possible Questions to Explore: THEORY: Can you derive Eq. (1) starting from the Biot-Savart law?
(This is similar to chap. 30, problem #69, in your textbook). Can you evaluate Eq. (1) using your solenoid
values for R and L to derive a formula for the magnetic field at the closest position that a phone can be
placed, the top of the coil at z = L/2? How does B(z = L/2) compare to the value in middle of the solenoid,
B(z = 0)? EXPERIMENT: Place your phone up against the solenoid end, measure B for a given current
and, using your equation for B(z = L/2), determine n, the number of turns per length in the coil. Starting
from z = L/2, measure B(z) as a function of distance z using your phone. If you graph your results, can
they be approximately fit by a simple power law form, can they be fit by the exact solution in Eq. (1)?
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3.2. PROJECT: The Force between a Permanent Magnet and a constant (DC) Electromagnet

When a DC current I is applied to a wire solenoid a steady magnetic field is emanating from it. The
uniform magnetic field B inside the solenoid is given by Ampere’s law,

B = µ0nI (2)

where µ0 is the permeability of free space and n = N/L is the number of turns per length of the solenoid.
When a magnet is placed in the vicinity of the (solenoid) electromagnetic, there will be either an attractive,
or repulsive, force between the two. The interaction depends upon the relative orientation of the polarity
of the two magnets, opposite poles attract, and like poles repel.

Figure 2: When a DC current is applied to a wire solenoid, it induces a magnetic field that can attract or repel a nearby bar
magnet. The bar magnet, which hangs down inside the solenoid, is suspended from a spring so that the induced force on it
can be seen, and measured, from the magnitude of the induced spring extension. By hanging the spring from the force sensor
hook on the bumper of the Smart Cart you can use the Capstone software program electromagnet.cap to record quantitative
values for the force on the permanent magnet.

Figure 2 shows an experimental arrangement to investigate the forces between a permanent magnet
and an electromagnet. By applying a DC voltage to the solenoid, the solenoid becomes an electromagnet.
Suspended inside the top of the electromagnet is a (permanent) bar magnet that hangs down itself from a
spring. In this arrangement, the magnetic forces on the permanent magnet, induced from the electromagnet,
result in visible extensions or compressions of the hanging spring. For quantitative measurements, use the
capstone program file, electromagnet.cap, to record the spring forces for different separation distances and
currents.

Possible Questions to Explore: Does the permanent magnet move in response to running a current
through the solenoid? If you change the polarity of the solenoid voltage, does it affect the sign of the
magnetic force? How does the magnetic force change with increasing solenoid voltage (current)? How does
the magnetic force change with increasing separation between the permanent magnet and the solenoid?
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3.3. PROJECT: The Oscillating Current induced in a Solenoid from an Oscillating Permanent
Magnet

Earlier this semester you did a lab, entitled Faraday’s Law, that explored how small currents can be
induced in a wire solenoid when a permanent bar magnetic is rapidly moved towards or away from the
solenoid. This project looks at this affect in a more controlled way and enables you to more fully under-
stand the details of Faraday’s law.

Figure 3: Generating an AC Voltage from an oscillating spring-magnet system. Note that there no external power supply here.
The oscilloscope measures only the induced EMF in the coil due to the changing magnetic flux caused by the motions of the
permanent magnet.

Figure 3 show the experimental arrangement. Here, no external current or voltage is applied to the
wire solenoid. Instead, a current can be induced in the solenoid by the oscillating motions of a permanent
magnet that hangs inside the open solenoid. An oscilloscope measures the voltage on the solenoid that is
induced by the motions of the oscillating magnet. (Note that because the induced currents in the solenoid
are typically very small, in the 10-100µA range, it’s best to complete the solenoid circuit with a very large
resistor, R = 100kΩ, and have the oscilloscope measure the voltage across this high resistor.)

Possible Questions to Explore: Set the hanging magnet into oscillatory motion and examine the induced
voltages on the oscilloscope. What do you see? Does the time dependence of the solenoid voltage appear
to be related to the motions of the oscillating permanent magnet. Do the results depend upon whether the
magnet is inside or outside (above) the coil, why or why not? If you changed to a different spring, how
might the results change?
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3.4. PROJECT: Resonant coupling between an electromagnet and a mass-spring system

In this project you can explore the resonant coupling between an oscillating electromagnet and a
spring+permanent magnet hanging above it. First, we give a quick review of the general concept of reso-
nance.

Resonance is a phenomenon that occurs when the frequency at which a force is periodically applied is
equal or nearly equal to one of the natural frequencies of the system on which it acts. This causes the
system to oscillate with much larger amplitude than when the force is applied at other frequencies [1]. A
familiar example is a playground swing, which acts as a pendulum. The swing itself has a natural frequency
of motion, f0 = (1/2π)

√
g/l. Pushing a person in a swing in time with the natural interval of the swing

(its resonant frequency) makes the swing go higher and higher (maximum amplitude), while attempts to
push the swing at a faster or slower frequency produce much smaller arcs. Similarly, musical instruments
often have resonant frequencies at which the sound produced is much louder than for other, off resonant,
frequencies.

Fig. 4 shows the general behavior of any resonant system. When the system is driven at the resonant
frequency, f = f0, the system produces the greatest response. The sharpness of the resonance peak is called
the quality factor, or Q, defined as the ratio of the resonant frequency f0, to the peak bandwidth ∆f ,
i.e. Q = f0/∆f . The peak bandwidth ∆f is defined as the range over which the signal is above 0.50 its
maximum value at resonance.The higher the quality factor Q, the sharper the resonant curve.

Figure 4: Examples of Resonance Curves.

Figure 5 shows the experimental setup to study resonance from magnetic forces. A magnet of mass m
is suspended from a spring with spring constant k. This mass+spring system has a natural frequency of
oscillation given by

f0 =
1

2π

√
k

m
(3)

Below the magnet is a solenoid with an AC current running through it, forming an electromagnet. The
alternating magnetic fields produced by the electromagnet will periodically attract and repel the suspended
magnet, causing it to move. Because the solenoid is connected to a function generator, one can vary the
frequency f at which the magnetic field is oscillating. In this way, one can test whether the general reso-
nance behavior diagrammed in Fig. 4 applies here also. That is, does the maximum motion of the hanging
magnet occur when the driving frequency f of the magnetic field is equal to the natural frequency f0 of the
mass+spring system?
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The experimental setup is shown in Fig. 5. With the permanent magnet mounted on the spring above
the solenoid, vary the voltage frequency f of the function generator and look for any motions of the spring.
If you don’t see any motions you are probably too far from the resonant frequency f0. Find a way to
measure f0 as accurately as possible first, then adjust the function generator frequency so that f is as close
as possible to f0 (within 0.5 Hz at most). Note that it’s best to use the digital voltmeter to measure the
frequency f of the signal, as it is far more accurate than the values displayed on the function generator itself.

To record data, you should use the program PHYS142/152-Electromagnet.cap to record the spring forces
as a function of time, see Fig. 5. You can fit your oscillating force data to sinusoidal functions within the
Capstone program, allowing for very accurate measurements of the frequency and amplitude of motion of
the oscillating mass.

Figure 5: Oscillatory motion of a magnet+spring driven by an AC electromagnet. The function generator applies an AC voltage
to the solenoid which then becomes an oscillating electromagnet. The oscillating magnetic field causes the hanging permanent
magnetic above it to oscillate in time also. This system can display resonant behavior, and large amplitude motions, when the

solenoid driving voltage frequency f is near to the natural frequency f0 = 1
2π

√
k/m of the magnet+spring system. To study

this system, a function generator is used to apply a variable frequency input driving voltage. The Smart Cart force sensor (the
metal hook) is attached to the spring to measure the force response vs. time of the spring+magnet.

Possible Questions to Explore: The system should show resonant behavior, that is the largest motions of
the spring should occur when the driving frequency f of the applied voltage is close to the natural resonant
frequency f0 of the magnet+spring. General resonant behavior would also say that the spring oscillations
should get smaller and smaller as f get further from f0. You can investigate this in detail by recording the
magnitude of the force oscillations using the Smart Cart as shown in Fig. 5. For such a study you may
first want to think about how you could directly measure the resonant frequency of the spring system with
the electromagnet turned off so that later you can judge how far the driving frequency f is from f0. By
measuring the force response over many frequencies do you find a resonance curve like that shown in Fig.
4?
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If you record force data near to resonance in the oscillatory electromagnet system in Fig. 5, you may at
times see beats in the force plots, see Fig. 6. The subject of beats was mentioned in PHYS141/151 in the
context of sound waves, but they are a general phenomenon of driving a system slightly off resonance. If
you see beats in your data, you can use the expressions given in Fig. 6 to help determine from the measured
beat frequency fbeat, and the AC voltage driving frequency f , what the implied resonance frequency f0 of
your system.

Figure 6: Beats in the response force curve can occur when a system is driven at a frequency f that is slightly off of the natural
resonant frequency f0 of the system.

[1] https://en.wikipedia.org/wiki/Resonance
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