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21.3: The magnetic force on a current-carrying wire .

X review topics

Section 19.2 on the microscopic model of current.

In this section, we examine the force that is exerted by a magnetic field on a wire that carries electric current. Since a current is
formed by moving charges, it is natural to expect that a wire that carries current will experience a force if immersed in a magnetic
field.

Consider a vertical wire with cross-sectional area, A, carrying current, I, upwards that is immersed in a uniform magnetic field, B,
into the page, as illustrated in Figure 21.3.1 Inside the wire, on average, electrons have a drift velocity, 94, in the downwards
direction (since they move in the direction opposite to that of conventional current).
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Figure 21.3.1: A section of wire carries conventional current, I, upwards while being immersed in a uniform magnetic field, B,
into the page. We introduce the vector, [, to represent a section of wire of length [ carrying current in the direction of [ .

A single electron (with charge ¢ = —e) will experience a magnetic force, fe, given by:

—

Fe:—eljdXB

as illustrated in Figure 21.3.1 A section of wire of length, I, will contain N = nAl drifting electrons, where n is the density of
free electrons for the wire (the number of electrons per unit volume that are available to produce a current). Thus, the magnetic
force on that section of wire will be N times the force on a single electron:

F=NF, =nAl(—evq x B) = —nAlevs x B
Recall the microscopic model of current to relate the drift velocity to the conventional current in the wire:
I =—nAevy

where the minus sign indicates that negative electrons flow in the opposite direction from the conventional current. We also

introduce a vector, [, with a magnitude equal to the length of the section of wire, and a direction that is parallel to the conventional
current (thus anti-parallel to the electron drift velocity). The force on the section of the length, I, of the wire is thus given by:

F = —nAlevy x B

—

F=IIxB (21.3.1)

? Exercise 21.3.1
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Figure 21.3.2: A current carrying wire moving through a magnetic field.

In which direction does the magnetic force point on the current-carrying wire that is placed in the magnetic field between the
poles of the horseshoe magnet shown in Figure 21.3.2?

A. Up.

B. Down.

C. Into the page.
D. Out of the page.

Answer

Note that if the wire is not straight, then we can model the wire as being made of many infinitesimally short sections (Figure
21.3.3), of length dl, and sum the forces on those sections to get the total force on a section of length, L:

— L — —
F:/ Idl xB
0
I

dl
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Figure 21.3.3 The magnetic force on a curved current-carrying wire is obtained by modeling the forces exerted on infinitesimal
sections of wire, each with length dl , and summing together those forces to get the total force on the wire.

v/ Example 21.3.1

A wire carrying current, I, is bent so as to have a semi-circular section with radius, R, as shown in Figure 21.3.4 The wire is

immersed in a uniform magnetic field, B, that is perpendicular to the plane of the wire, as shown. Using the given coordinate
system, what is the net force on the wire?

Figure 21.3.4: A current-carrying wire with a semi-circular section is immersed in a uniform magnetic field.
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Solution
We can model the wire as being made of three sections: a straight section carrying current in the positive y direction, a curved
section, and another straight section carrying current in the negative y direction.

Consider the first straight section, carrying current in the positive y direction. The force on that section of wire, by the right
hand rule, will be towards the left (negative x direction):
Fs =1l xB
=I(ly) x (—Bz)
=—IlB(y x z) = —IlBz
where, [, is the (unknown) length of that section of wire. The force exerted on the other straight section of wire will have the

same magnitude, but the opposite direction (since the current, and thus the vector [, is in the opposite direction). Thus, the
forces from the two straight sections of the wire cancel, as illustrated in Figure 21.3.5

0 x

Figure 21.3.5: The magnetic force on different sections of wire.

In order to calculate the force exerted on the semi-circular section, we need to add together the forces exerted on the
infinitesimal sections of the wire that make up that section. Consider the magnetic force on the two infinitesimal sections
illustrated in Figure 21.3.5 The x components of the forces will cancel, whereas the y components will add. Thus, by
symmetry, we anticipate that the net force on the semi-circular section will be in the positive y direction.

Consider the small force on the section of wire located at an angle, 6, as illustrated in Figure 21.3.5 We can write the vector
dl as:
dl = dl(sin 3 + cos 67
Thus, the infinitesimal force on that section of wire is given by:
dF =1Idl x B =Idi(sinfz +cos6y) x (—Bz)

= —IBdI(sinfz x 2 +cosfj x 2)

= —IBdl(—sinfj + cos 0%)

=IBdlsinfy —IBdL cos0x = dF,y +dF,z

where, in the last line, we explicitly wrote out the = and y component of the infinitesimal force vector. In order to sum together
these infinitesimal forces, it is most convenient to use the angle 6 to identify each segment. df is related to dl, since d! is the
length of the circle subtended by the infinitesimal angle df:

dl = Rdf

Summing together all of the y components of the infinitesimal forces:

Fy:/dFyz/ IBRsinGdé?:IBR/ sinfdf =21 BR
0 0

Note that the z components sum to zero, as we predicted from symmetry:
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Fzz/dF :—/ IBRCOSOde—IBR/ cosfdf =0
0 0

The net force on the wire is thus given by:
F =2IBRj

Discussion

In this example we found the magnetic force on a curved section of current-carrying wire. The calculation was simplified by
symmetry arguments, as we could use the right hand rule to anticipate that the force would have no component in the x
direction. This is because there is as much current flowing in the positive y direction as there is in the negative y direction, so
that the corresponding forces cancel. There is however a net flow of charges in the positive z direction, leading to a net force in
the positive y direction. As a corollary, the net magnetic force on any closed loop of current must be zero.

This page titled 21.3: The magnetic force on a current-carrying wire . is shared under a CC BY-SA 4.0 license and was authored, remixed, and/or
curated by Ryan D. Martin, Emma Neary, Joshua Rinaldo, and Olivia Woodman via source content that was edited to the style and standards of
the LibreTexts platform.
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