@ EXAMPLE 22.7

Calculating Field Strength inside a Solenoid

What is the field inside a 2.00-m-long solenoid that has 2000 loops and carries a 1600-A current?
Strategy

To find the field strength inside a solenoid, we use B = pgnl. First, we note the number of loops per unit length is

N 2000

n= = om 1000m~! =10cm™!. 22.28
Solution
Substituting known values gives
B = ponl = (4nx 1077 T-m/A) (1000 m™") (1600 A) @
= 201T.

Discussion

This is a large field strength that could be established over a large-diameter solenoid, such as in medical uses of magnetic
resonance imaging (MRI). The very large current is an indication that the fields of this strength are not easily achieved, however.
Such a large current through 1000 loops squeezed into a meter’s length would produce significant heating. Higher currents can
be achieved by using superconducting wires, although this is expensive. There is an upper limit to the current, since the
superconducting state is disrupted by very large magnetic fields.

There are interesting variations of the flat coil and solenoid. For example, the toroidal coil used to confine the reactive particles
in tokamaks is much like a solenoid bent into a circle. The field inside a toroid is very strong but circular. Charged particles travel
in circles, following the field lines, and collide with one another, perhaps inducing fusion. But the charged particles do not cross
field lines and escape the toroid. A whole range of coil shapes are used to produce all sorts of magnetic field shapes. Adding
ferromagnetic materials produces greater field strengths and can have a significant effect on the shape of the field.
Ferromagnetic materials tend to trap magnetic fields (the field lines bend into the ferromagnetic material, leaving weaker fields
outside it) and are used as shields for devices that are adversely affected by magnetic fields, including the Eartl’'s magnetic field.
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22.10 Magnetic Force between Two Parallel Conductors

You might expect that there are significant forces between current-carrying wires, since ordinary currents produce significant
magnetic fields and these fields exert significant forces on ordinary currents. But you might not expect that the force between
wires is used to define the ampere. It might also surprise you to learn that this force has something to do with why large circuit
breakers burn up when they attempt to interrupt large currents.

The force between two long straight and parallel conductors separated by a distance r can be found by applying what we have
developed in preceding sections. Figure 22.42 shows the wires, their currents, the fields they create, and the subsequent forces
they exert on one another. Let us consider the field produced by wire 1 and the force it exerts on wire 2 (call the force F>). The
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field due to I} at a distance 7 is given to be
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(a) (b)
Figure 22.42 (a) The magnetic field produced by a long straight conductor is perpendicular to a parallel conductor, as indicated by RHR-2.
(b) A view from above of the two wires shown in (a), with one magnetic field line shown for each wire. RHR-1 shows that the force between
the parallel conductors is attractive when the currents are in the same direction. A similar analysis shows that the force is repulsive

between currents in opposite directions.

This field is uniform along wire 2 and perpendicular to it, and so the force F, it exerts on wire 2 is given by F' = IIB sin § with
sinf = 1:

F, = LIB;. 22.31

By Newtorr's third law, the forces on the wires are equal in magnitude, and so we just write F for the magnitude of F5. (Note
that F; = —F}.) Since the wires are very long, it is convenient to think in terms of F/I, the force per unit length. Substituting
the expression for By into the last equation and rearranging terms gives

F _ pohb
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F/lis the force per unit length between two parallel currents /| and I, separated by a distance r. The force is attractive if the
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currents are in the same direction and repulsive if they are in opposite directions.

This force is responsible for the pinch effect in electric arcs and plasmas. The force exists whether the currents are in wires or
not. In an electric arc, where currents are moving parallel to one another, there is an attraction that squeezes currents into a
smaller tube. In large circuit breakers, like those used in neighborhood power distribution systems, the pinch effect can
concentrate an arc between plates of a switch trying to break a large current, burn holes, and even ignite the equipment.
Another example of the pinch effect is found in the solar plasma, where jets of ionized material, such as solar flares, are shaped
by magnetic forces.

The operational definition of the ampere is based on the force between current-carrying wires. Note that for parallel wires
separated by 1 meter with each carrying 1 ampere, the force per meter is

F (4nx 107 T-m/A)(1 A _7 j
7= 2o m =2x107" N/m. 22.33

Since g is exactly 4t X 1077 T - m/A by definition, and because 1 T = 1 N/ (A - m), the force per meter is exactly
2 % 1077 N/m. This is the basis of the operational definition of the ampere.

The Ampere

The official definition of the ampere is:



One ampere of current through each of two parallel conductors of infinite length, separated by one meter in empty space
free of other magnetic fields, causes a force of exactly 2 X 10~/ N/m on each conductor.

Infinite-length straight wires are impractical and so, in practice, a current balance is constructed with coils of wire separated by
a few centimeters. Force is measured to determine current. This also provides us with a method for measuring the coulomb. We
measure the charge that flows for a current of one ampere in one second. Thatis, | C = 1 A - s. For both the ampere and the
coulomb, the method of measuring force between conductors is the most accurate in practice.

22.11 More Applications of Magnetism
Mass Spectrometry

The curved paths followed by charged particles in magnetic fields can be put to use. A charged particle moving perpendicular to
a magnetic field travels in a circular path having a radius 7.
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r= q_B 22.34

It was noted that this relationship could be used to measure the mass of charged particles such as ions. A mass spectrometer is a
device that measures such masses. Most mass spectrometers use magnetic fields for this purpose, although some of them have
extremely sophisticated designs. Since there are five variables in the relationship, there are many possibilities. However, if v, g,
and B can be fixed, then the radius of the path r is simply proportional to the mass m of the charged particle. Let us examine
one such mass spectrometer that has a relatively simple design. (See Figure 22.43.) The process begins with an ion source, a
device like an electron gun. The ion source gives ions their charge, accelerates them to some velocity v, and directs a beam of
them into the next stage of the spectrometer. This next region is a velocity selector that only allows particles with a particular

value of v to get through.
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Figure 22.43 This mass spectrometer uses a velocity selector to fix v so that the radius of the path is proportional to mass.

The velocity selector has both an electric field and a magnetic field, perpendicular to one another, producing forces in opposite
directions on the ions. Only those ions for which the forces balance travel in a straight line into the next region. If the forces
balance, then the electric force F' = gE equals the magnetic force I’ = gvB, so that gE = gvB. Noting that g cancels, we see
that





