
MAGNETIC FORCES AND MAGNETIC FIELDS

A magnetic field is the condition of the space around a magnet in which another magnet will experience a force. Magnetic poles can be north or south, and like poles repel each other and unlike poles attract. Fundamentally, magnetism is caused by moving charges, such as a current in a wire. Thus, a moving charge or current-carrying wire produces a magnetic field, and will experience a force if placed in an external magnetic field. 

Important Terms
electromagnet  
a magnet with a field produced by an electric current

law of poles  
like poles repel each other and unlike poles attract

magnetic domain  
cluster of magnetically aligned atoms

magnetic field   
the space around a magnet in which another magnet or moving charge 
will experience a force

mass spectrometer 

a device which uses forces acting on charged particles moving a magnetic field and the resulting path of the particles to determine the relative masses of the charged particles 

right-hand rules   
used to find the magnetic field around a current-carrying wire or the 
force acting on a wire or charge in a magnetic field

solenoid 

a long coil of wire in the shape of a helix; when current is passed through a solenoid it produces a magnetic field similar to a bar magnet
Equations and Symbols
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where

B = magnetic field

FB = magnetic force

q = charge

v = speed or velocity of a charge

θ = angle between the velocity of a 
       moving charge and a magnetic field, 
       or between the length of a current-
       carrying wire and a magnetic field

r = radius of path of a charge moving in 
      a magnetic field, or radial distance 
      from a current-carrying wire
m = mass

I = current

L = length of wire in a magnetic field

μ0 = permeability constant 
     = 4π x 10-7 (T m) / A

DISCUSSION OF SELECTED SECTIONS

21.2, 21.3, and 21.4  The Force That a Magnetic Field Exerts on a Moving Charge, The Motion of a Charged Particle in a Magnetic Field, and The Mass Spectrometer
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Since a moving charge creates a magnetic field around itself, it will also feel a force when it moves through a magnetic field. The direction of the force acting on such a charge is given by the right-hand rule, with the thumb pointing in the direction of the velocity of the charge. We use our right hand for moving positive charges, and our left hand for moving negative charges.
 Right-hand Rule No. 1 for force on a moving charge: Place your fingers in the direction of the magnetic field (north to south), your thumb in the direction of the velocity of a moving charge (or current in a wire), and the magnetic force on the charge (or wire) will come out of your palm.
The equation for finding the force on a charge moving through a magnetic field is 

F = qvBsin (
where q is the charge in Coulombs, v is the velocity in m/s, B is the magnetic field in Teslas, and (  is the angle between the velocity and the magnetic field. If the angle is 90(, the equation becomes F = qvB.
Example 1

A proton enters a magnetic field B which is directed into the page. The proton has a charge +q and a velocity  v  which is directed to the right, and enters the magnetic field perpendicularly. 

q = +1.6 x 10-19 C
v = 4.0 x 106 m/s
B = 0.5 T
Determine

(a) the magnitude and direction of the initial force acting on the proton

(b) the subsequent path of the proton in the magnetic field

(c) the radius of the path of the proton

(d) the magnitude and direction of an electric field that would cause the proton to continue moving in a straight line.
Solution

(a) As the proton enters the magnetic field, it will initially experience a force which is directed upward, as we see from using the right-hand rule. 
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(b) The path of the proton will curve upward in a circular path, with the magnetic force becoming a centripetal force, changing the direction of the velocity to form the circular path. 
(c) The radius of this circle can be found by setting the magnetic force equal to the centripetal force:

magnetic force = centripetal force
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(d) If the charge is to follow a straight-line path through the magnetic field, we must orient the electric field to apply a force on the moving charge that is equal and opposite to the magnetic force. In this case, the electric force on the charge would need to be directed downward to counter the upward magnetic force. The electric field between the plates would be directed downward, as shown below:


The net force acting on the moving charge is the sum of the electric and magnetic forces, and is called the Lorentz force:
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This expression relates the speed of the charge and the electric and magnetic fields for a charge moving undeflected through the fields.
21.5 The Force on a Current in a Magnetic Field
Since a current-carrying wire creates a magnetic field around itself according to the first right-hand rule, every current-carrying wire is a magnet. Thus, if we place a current-carrying wire in an external magnetic field, it will experience a force. Once again, the direction of the force acting on the wire is given by the right-hand rule:

Again, you would use your left hand to find the direction of the magnetic force if you were given electron flow instead of conventional current.

The equation for finding the force on a current-carrying wire in a magnetic field is 

F = ILBsin (
where I is the current in the wire, L is the length of wire which is in the magnetic field, B is the magnetic field, and (  is the angle between the length of wire and the magnetic field. If the angle is 90 (, the equation becomes simply F = ILB.

Example 2  
A wire carrying a 20 A current and having a length L = 0.10 m is placed between the poles of a magnet at an angle of 45(, as shown. The magnetic field is uniform and has a value of 0.8 T.

Determine the magnitude and direction of the magnetic force acting on the wire. 
(sin 45( = cos 45( = 0.7)
Solution

The magnitude of the force on the wire is found by
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The direction of the force can be found by the right-hand rule. Place your fingers in the direction of the magnetic field, and your thumb in the direction of the length (and current) which is perpendicular to the magnetic field, and we see that the force is out of the page. 

Note that the length must have a component which is perpendicular to the magnetic field, or there will be no magnetic force on the wire. In other words, if the wire is placed parallel to the magnetic field, sin 0( = 0, and the force will also be zero. 

Remember, use your right hand for current or moving positive charges, and your left hand for electron flow or moving negative charges.

Example 3

A wire is bent into a square loop and placed completely in a magnetic field B = 1.2 T. Each side of the loop has a length of 0.1m and the current passing through the loop is 2.0 A. The loop and magnetic field is in the plane of the page.

(a) Find the magnitude of the initial force on 
     each side of the wire. 

(b) Determine the initial net torque acting on the 

     loop.

Solution
By the right-hand rule, side ab will experience a force downward into the page and side cd will experience a force upward out of the page. The current in sides bd and ac are parallel to the magnetic field, so there is no magnetic force acting on them. 
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 out of the page.

The result of the opposite forces on ab and cd is a torque on the loop, causing it to rotate in the magnetic field. This is the basic principle behind ammeters, voltmeters, and the electric motor. In this case, two equal and opposite forces cause the torque on the loop:
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21.7 and 21.8 Magnetic Fields Produced by Currents, and Ampere’s Law
A current-carrying wire creates a magnetic field around itself. Fundamentally, magnetic fields are produced by moving charges. This is why all atoms are tiny magnets, since the electrons around the nucleus of the atom are moving charges and are therefore magnetic. The magnetic field due to a current-carrying wire circulates around the wire in a direction can be found by another right-hand rule.

Right-hand Rule No. 2 for the magnetic field around a current-carrying wire:
Place your thumb in the direction of the current I, and your fingers will curl around in the direction of the magnetic field produced by that current. 



In determining the direction of a magnetic field due to the flow of electrons in a wire, we would use the left hand instead of the right hand. 

If the distance r from the wire is small compared to the length of the wire, we can find the magnitude of the magnetic field B by the equation
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where (o is called the permeability constant and is equal to 4( x 10-7 
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. The value 4( in this constant is often used for reasons of geometry. The magnetic field around a current-carrying wire is proportional to 
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CHAPTER REVIEW QUESTIONS
For each of the multiple choice questions below, choose the best answer. 


[image: image14]
1. A wire carries a current, creating a magnetic field around itself as shown.

The current in the wire is

(A) directed to the right.

(B) directed to the left.

(C) equal to the magnetic field.

(D) in the same direction as the magnetic field.

(E) zero.

Questions 2 – 3:
A wire carrying a current of 2 A is placed in a magnetic field

of 0.1 T as shown. The length of wire in the magnetic field

is 0.3 m. 


2. The force on the wire is directed

(A) into the page.

(B) out of the page.

(C) toward the top of the page.

(D) toward the bottom of the page.

(E) to the left.

3. The magnitude of the force on the wire is

(A) 0.06 N

(B) 2.0 N

(C) 6.7 N

(D) 0.15 N

(E) 0.015 N

Questions 4 – 6:

An electron enters a magnetic field as shown. 
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4. The electron will experience a force which is initially

(A) into the page.

(B) out of the page.

(C) toward the top of the page.

(D) toward the bottom of the page.

(E) to the left.

5.The magnitude of the force acting on the electron is 

(A)
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(B) 
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6. The resulting path of the electron is a

(A) parabola

(B) straight line

(C) spiral or helix

(D) hyperbola

(E) circle
Free Response Question

Directions: Show all work in working the following question. The question is worth 10 points, and the suggested time for answering the question is about 10 minutes. The parts within a question may not have equal weight. 
1. (10 points)


[image: image21]
Two wires cross each other at right angles. The vertical wire is carrying a current I and the horizontal wire is carrying a current 4I. Point P is a perpendicular distance r from the vertical wire, and a distance 2r from the horizontal wire. 

(a) With reference to the coordinate system shown at the right, determine the magnitude and direction of the magnetic field at point P. 

An electron is moving parallel to the horizontal wire with a speed v in the +x direction. Determine each of the following as the charge passes point P:

(b) the magnitude and direction of the net force acting on the electron
(c) the magnitude and direction of the electric field necessary to keep the electron moving in a straight horizontal path. 
ANSWERS AND EXPLANATIONS TO CHAPTER REVIEW QUESTIONS
Multiple Choice

1. A

By right-hand rule no. 2, if the fingers curl in the direction of the magnetic field around the wire (up and over the wire toward you), the current must be to the right.

2. B

According to right-hand rule no. 1, the fingers point to the right in the direction of the magnetic field, the thumb points toward the bottom of the page in the direction of the current, and the force comes out of the palm and out of the page.

3. A

F = ILB = (2 A)(0.1 T)(0.3 m) = 0.06 N

4. B

We use the left-hand-rule, since the electron is a negative charge, placing our fingers toward the bottom of the page, and the thumb to the right, in the direction of the component of the velocity which crosses the magnetic field lines. The force, then, comes out of the palm and out of the page.

5.  C

The magnitude of the force is equal to the product of the charge, speed, and magnetic field, and the sine of the angle between the velocity and the magnetic field, which is θ.
6. C

The electron will orbit a magnetic field line, but also continue to move down toward the bottom of the page, therefore spiraling downward.

Free Response Question Solution

(a) 4 points
The net magnetic field at point P is due to the magnetic fields produced by both wires:
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(b) 2 points
Let the charge on one electron be e. Then
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The direction of the force is up to the top of the page (+y) by the left-hand rule for a moving negative charge.
(c) 4 points
In order to keep the electron moving in a straight path to the right, we would need to apply a downward (-y) electric force to the electron which is equal and opposite to the upward (+y) magnetic force. 

Since electric field lines are drawn in the direction a 

positive charge would experience a force, they would 

be drawn in the opposite direction an electron would

experience a force. Thus, the electric field would need 
to be applied in the +y direction to keep the electron 

moving in a straight horizontal line. 

The magnitude of the electric field can be found by setting the magnetic force equal to the electric force:
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