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Magnetic Fields

Reminder: If you have a charge you have an electric field. 

Now: If you have a MOVING charge you ALSO have a 
magnetic field.

A vector quantity symbolized by           B⃗
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Units of Magnetic Field
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The SI unit of magnetic field is the tesla (T). 

▪ Wb is a weber =  kg⋅m2⋅s-2⋅A-1 

A non-SI commonly used unit is a gauss (G). 
▪ 1 T = 104 G
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Definition of Magnetic Field

Electric field: defined by considering the electric force on a small 
test charge 

Magnetic field: defined by considering the magnetic force F⃗B 

experienced by a charged particle moving with a velocity, v⃗.  

▪ Assume (for now) there are no gravitational or electric fields 
present.

Recall electric field = space around an electrified object - a 
space in which electric forces act.


Now, magnetic field = the space around a magnetized 
object - a space in which magnetic forces act. 
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Magnetic Force

~F = q~v ⇥ ~B
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The magnetic field at some point in space can be defined in 
terms of the magnetic force, F⃗B experienced by a test charged 
particle moving with velocity v⃗.  

magnetic force

charge of the particle

velocity of the particle

magnetic field

THE CHARGED PARTICLE MUST BE MOVING.
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Reminder on Cross Product

- its magnitude is given by:  

- its direction is given by using cartesian coordinates or by the right hand rule 

- the resulting vector is always pointing in a direction perpendicular to 
the plane formed by a⃗ and b⃗.

|~a⇥~b| = |~a||~b|sin✓
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|~a⇥~b| = absin�

~a⇥~b 6= ~b⇥ ~a

~c = ~a⇥~b
<latexit sha1_base64="ENLfmjP4ocfQY0eKsy6Iex8cS54=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjgm6EohuXFewDOkPJpGkbmskMSaZQhtm58VfcuFDErb/gzr8xnc5CWw+EnJxzLzf3BDFnSjvOt1VaWV1b3yhvVra2d3b37P2DlooSSWiTRDySnQArypmgTc00p51YUhwGnLaD8e3Mb0+oVCwSD3oaUz/EQ8EGjGBtpJ597E0oSUl2nd84Q55mIVUofwZZz646NScHWiZuQapQoNGzv7x+RJKQCk04VqrrOrH2Uyw1I5xmFS9RNMZkjIe0a6jAZpif5ntk6NQofTSIpDlCo1z93ZHiUKlpGJjKEOuRWvRm4n9eN9GDKz9lIk40FWQ+aJBwpCM0CwX1maRE86khmEhm/orICEtMtImuYkJwF1deJq3zmuvU3PuLav2miKMMR3ACZ+DCJdThDhrQBAKP8Ayv8GY9WS/Wu/UxLy1ZRc8h/IH1+QN52Zmu</latexit><latexit sha1_base64="ENLfmjP4ocfQY0eKsy6Iex8cS54=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjgm6EohuXFewDOkPJpGkbmskMSaZQhtm58VfcuFDErb/gzr8xnc5CWw+EnJxzLzf3BDFnSjvOt1VaWV1b3yhvVra2d3b37P2DlooSSWiTRDySnQArypmgTc00p51YUhwGnLaD8e3Mb0+oVCwSD3oaUz/EQ8EGjGBtpJ597E0oSUl2nd84Q55mIVUofwZZz646NScHWiZuQapQoNGzv7x+RJKQCk04VqrrOrH2Uyw1I5xmFS9RNMZkjIe0a6jAZpif5ntk6NQofTSIpDlCo1z93ZHiUKlpGJjKEOuRWvRm4n9eN9GDKz9lIk40FWQ+aJBwpCM0CwX1maRE86khmEhm/orICEtMtImuYkJwF1deJq3zmuvU3PuLav2miKMMR3ACZ+DCJdThDhrQBAKP8Ayv8GY9WS/Wu/UxLy1ZRc8h/IH1+QN52Zmu</latexit><latexit sha1_base64="ENLfmjP4ocfQY0eKsy6Iex8cS54=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjgm6EohuXFewDOkPJpGkbmskMSaZQhtm58VfcuFDErb/gzr8xnc5CWw+EnJxzLzf3BDFnSjvOt1VaWV1b3yhvVra2d3b37P2DlooSSWiTRDySnQArypmgTc00p51YUhwGnLaD8e3Mb0+oVCwSD3oaUz/EQ8EGjGBtpJ597E0oSUl2nd84Q55mIVUofwZZz646NScHWiZuQapQoNGzv7x+RJKQCk04VqrrOrH2Uyw1I5xmFS9RNMZkjIe0a6jAZpif5ntk6NQofTSIpDlCo1z93ZHiUKlpGJjKEOuRWvRm4n9eN9GDKz9lIk40FWQ+aJBwpCM0CwX1maRE86khmEhm/orICEtMtImuYkJwF1deJq3zmuvU3PuLav2miKMMR3ACZ+DCJdThDhrQBAKP8Ayv8GY9WS/Wu/UxLy1ZRc8h/IH1+QN52Zmu</latexit><latexit sha1_base64="ENLfmjP4ocfQY0eKsy6Iex8cS54=">AAACB3icbVDLSgMxFL1TX7W+Rl0KEiyCqzIjgm6EohuXFewDOkPJpGkbmskMSaZQhtm58VfcuFDErb/gzr8xnc5CWw+EnJxzLzf3BDFnSjvOt1VaWV1b3yhvVra2d3b37P2DlooSSWiTRDySnQArypmgTc00p51YUhwGnLaD8e3Mb0+oVCwSD3oaUz/EQ8EGjGBtpJ597E0oSUl2nd84Q55mIVUofwZZz646NScHWiZuQapQoNGzv7x+RJKQCk04VqrrOrH2Uyw1I5xmFS9RNMZkjIe0a6jAZpif5ntk6NQofTSIpDlCo1z93ZHiUKlpGJjKEOuRWvRm4n9eN9GDKz9lIk40FWQ+aJBwpCM0CwX1maRE86khmEhm/orICEtMtImuYkJwF1deJq3zmuvU3PuLav2miKMMR3ACZ+DCJdThDhrQBAKP8Ayv8GY9WS/Wu/UxLy1ZRc8h/IH1+QN52Zmu</latexit>

- OPERATION BETWEEN TWO VECTORS 
- GIVES YOU A VECTOR

- NOT reversible:
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Direction of cross product using Cartesian 
components

 

this gives you the components and the direction of the 
cross product
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Right Hand Rule: First Method
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Right Hand Rule: 2nd Method
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Right Hand Rule #1

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>

F⃗B

v⃗

B⃗
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Right Hand Rule #2

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>
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Right Hand Rule #3

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>



Magnetic Force
~F = q~v ⇥ ~B

<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>Magnitude is given by :  

θ is the angle between v⃗ and B⃗ 
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F = qvBsin✓
<latexit sha1_base64="o4dndrq8e0R4cMqwH37y33uSUc0=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVQS9CiCAeI5gHJCHMTjrJkNnZdaY3EJb8iRcPinj1T7z5N06SPWhiQUNR1U13VxBLYdDzvp3c2vrG5lZ+u7Czu7d/4B4e1U2UaA41HslINwNmQAoFNRQooRlrYGEgoRGMbmd+YwzaiEg94iSGTsgGSvQFZ2ilruve0Rv6NK4Yodo4BGRdt+iVvDnoKvEzUiQZql33q92LeBKCQi6ZMS3fi7GTMo2CS5gW2omBmPERG0DLUsVCMJ10fvmUnlmlR/uRtqWQztXfEykLjZmEge0MGQ7NsjcT//NaCfavO6lQcYKg+GJRP5EUIzqLgfaEBo5yYgnjWthbKR8yzTjasAo2BH/55VVSvyj5Xsl/uCyWK1kceXJCTsk58ckVKZN7UiU1wsmYPJNX8uakzovz7nwsWnNONnNM/sD5/AGK+ZLz</latexit><latexit sha1_base64="o4dndrq8e0R4cMqwH37y33uSUc0=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVQS9CiCAeI5gHJCHMTjrJkNnZdaY3EJb8iRcPinj1T7z5N06SPWhiQUNR1U13VxBLYdDzvp3c2vrG5lZ+u7Czu7d/4B4e1U2UaA41HslINwNmQAoFNRQooRlrYGEgoRGMbmd+YwzaiEg94iSGTsgGSvQFZ2ilruve0Rv6NK4Yodo4BGRdt+iVvDnoKvEzUiQZql33q92LeBKCQi6ZMS3fi7GTMo2CS5gW2omBmPERG0DLUsVCMJ10fvmUnlmlR/uRtqWQztXfEykLjZmEge0MGQ7NsjcT//NaCfavO6lQcYKg+GJRP5EUIzqLgfaEBo5yYgnjWthbKR8yzTjasAo2BH/55VVSvyj5Xsl/uCyWK1kceXJCTsk58ckVKZN7UiU1wsmYPJNX8uakzovz7nwsWnNONnNM/sD5/AGK+ZLz</latexit><latexit sha1_base64="o4dndrq8e0R4cMqwH37y33uSUc0=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVQS9CiCAeI5gHJCHMTjrJkNnZdaY3EJb8iRcPinj1T7z5N06SPWhiQUNR1U13VxBLYdDzvp3c2vrG5lZ+u7Czu7d/4B4e1U2UaA41HslINwNmQAoFNRQooRlrYGEgoRGMbmd+YwzaiEg94iSGTsgGSvQFZ2ilruve0Rv6NK4Yodo4BGRdt+iVvDnoKvEzUiQZql33q92LeBKCQi6ZMS3fi7GTMo2CS5gW2omBmPERG0DLUsVCMJ10fvmUnlmlR/uRtqWQztXfEykLjZmEge0MGQ7NsjcT//NaCfavO6lQcYKg+GJRP5EUIzqLgfaEBo5yYgnjWthbKR8yzTjasAo2BH/55VVSvyj5Xsl/uCyWK1kceXJCTsk58ckVKZN7UiU1wsmYPJNX8uakzovz7nwsWnNONnNM/sD5/AGK+ZLz</latexit><latexit sha1_base64="o4dndrq8e0R4cMqwH37y33uSUc0=">AAAB+XicbVDLSgNBEJyNrxhfqx69DAbBU9gVQS9CiCAeI5gHJCHMTjrJkNnZdaY3EJb8iRcPinj1T7z5N06SPWhiQUNR1U13VxBLYdDzvp3c2vrG5lZ+u7Czu7d/4B4e1U2UaA41HslINwNmQAoFNRQooRlrYGEgoRGMbmd+YwzaiEg94iSGTsgGSvQFZ2ilruve0Rv6NK4Yodo4BGRdt+iVvDnoKvEzUiQZql33q92LeBKCQi6ZMS3fi7GTMo2CS5gW2omBmPERG0DLUsVCMJ10fvmUnlmlR/uRtqWQztXfEykLjZmEge0MGQ7NsjcT//NaCfavO6lQcYKg+GJRP5EUIzqLgfaEBo5yYgnjWthbKR8yzTjasAo2BH/55VVSvyj5Xsl/uCyWK1kceXJCTsk58ckVKZN7UiU1wsmYPJNX8uakzovz7nwsWnNONnNM/sD5/AGK+ZLz</latexit>

- When a charged particle moves parallel to 
the magnetic field vector, θ = 0 

sinθ = 0  and  F = 0 

→ the magnetic force acting on the 
particle is zero. 

- When the particle’s velocity vector makes 
any angle θ ≠ 0 with the field, the force 
acts in a direction perpendicular to the 
plane formed by the velocity and the field. 

- the force is maximum when  θ = 90

Matthew Szydagis
degrees
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~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>

Magnetic Force due to opposite charges

Matthew Szydagis
how antimatter was discovered (anti-e in cosmic rays: same mass, opposite charge)



Notation Notes
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dot = OUT of the page 
(towards you)

cross = INTO the page 
(away from you)



Electric and Magnetic Fields: Differences
Motion 
▪ The electric force acts on a charged particle regardless of 

whether the particle is moving. 
▪ The magnetic force acts on a charged particle only 

when the particle is in motion. 

Direction of force 
▪ The electric force acts along the direction of the electric 

field. 
▪ The magnetic force acts perpendicular to the 

magnetic field.
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F



Electric and Magnetic Fields: Differences
Work 
▪ The electric force does work in displacing a charged particle. 
▪ The magnetic force associated with a steady magnetic 

field does no work when a particle is displaced. 
▪This is because the force is perpendicular to the 

displacement of its point of application. 

Kinetic Energy 
▪ The electric field alone can alter the kinetic energy of a 

charged particle. 
▪ The magnetic field cannot alter the kinetic energy of a 

charged particle. 
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Charged Particle in a uniform Magnetic Field

2

B
mvF qvB
r

= =

mvr
qB

=
v qBω
r m

= =

• Take a particle moving in a B 
field with a velocity v 
perpendicular to the field 

• The magnetic force causes a 
centripetal acceleration, 
changing the direction of the 
velocity of the particle.

F = ma     gives : 

T =
2⇡r

v
=

2⇡

!
=

2⇡m

qB
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ω = angular speed  T = period.
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Motion of a Particle, General
If a charged particle moves in 
a uniform magnetic field at 
some arbitrary angle with 
respect to the field, its path 
is a helix. 

Same equations apply, with v 
replaced by 

2 2
y zv v v⊥ = +

Matthew Szydagis
19
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The motion is complex. 

For example, the particles 
can oscillate back and forth 
between two positions. 

This configuration is known 
as a magnetic bottle. 

These cases get REALLY 
complex, really fast, that is 
why for the purpose of this 
class, we will mostly 
consider uniform magnetic 
fields.

Particle in a Nonuniform Magnetic Field
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The motion is complex. 

For example, the particles 
can oscillate back and forth 
between two positions. 

This configuration is known 
as a magnetic bottle. 

These cases get REALLY 
complex, really fast, that is 
why for the purpose of this 
class, we will mostly 
consider uniform magnetic 
fields.

Particle in a Nonuniform Magnetic Field
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Charged Particles Moving in Electric 
and Magnetic Fields

In many applications, charged particles will move in the 
presence of both magnetic and electric fields. 

In that case, the total force is the sum of the forces due to 
the individual fields. 
▪ The total force is called the Lorentz force. 

In general: 

~F = q ~E + q~v ⇥ ~B
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Magnetic Field Lines
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Just like you can picture an electric field in a space through electric 
field lines, so it is with magnetic fields.  

Just like electric field lines, magnetic fields lines: 

- can never cross 
- the net magnetic field at any point is the vector sum of all magnetic 

fields present at that point 
- are a pictorial representation of the field 
- are present everywhere in space  
- the higher the lines’ density, the higher the strength of the field 

Unlike electric fields lines, magnetic field lines: 

- can never be infinite, but always form closed loops.  
- do not represent the path of the charged particle 
- do not originate on charges, but originate on poles

Matthew Szydagis
visualizable using iron filings (for instance)



Poles
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Example: monopole = 1 pole 
A single, static + charge creates an electric 
field. 
The + charge is the only pole.

A pole is the point where your field lines converge.

Example: dipole = 2 poles 
This is an electric dipole. Both charges are 
static (they don’t move), they both produce 
electric field lines. 
Each charge is a pole. 

Matthew Szydagis
negative

Matthew Szydagis
positive point charge



Magnetic Poles
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While electric monopoles exist, THERE IS NO SUCH THING AS A 
MAGNETIC MONOPOLE * 

- magnetic poles always come in pairs.  
- the simplest case is a magnetic dipole, which has 2 poles. 
- these poles are named North (N) and South (S) 
- these poles exert forces on each other 
▪Like poles repel each other: N-N or S-S 
▪Unlike poles attract each other : N-S 

→ magnetic field lines originate and end on poles  
→ magnetic fields are created by moving charges 
→ moving charges create a dipole

* for now… GUT, String Theory says otherwise



Simplest example of a dipole: a 
bar magnet

26

Magnetic field lines 
point from the  North 
pole to the South pole.

If a bar magnet is suspended so that it can move freely, it will rotate. Why?

What happens to the poles if you cut 
a bar magnet in 2?

Matthew Szydagis


Matthew Szydagis


Matthew Szydagis




Compass : 13th century BC
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A compass works on Earth because the Earth is a giant magnetic 
dipole, therefore the Earth is the source of a magnetic field.

Fun fact: the poles received their names (N and S) due to the 
way a magnet behaves in the Earth’s magnetic field. 
▪ The magnetic north pole points toward the Earth’s north 

geographic pole. 
▪This means the Earth’s north geographic pole is a magnetic 

south pole (opposite poles attract)

A compass is a bar magnet that can move 
freely. 

Because of poles attraction, the magnet will 
rotate, if placed in a magnetic field, and its 
north pole will align with the south pole of 
the dipole creating the field. 



Earth’s Magnetic Field The Earth’s B field is 
still a source of 
mystery! 
It even reverses 
periodically!

28



Magnetic Field Lines:  
Two bar magnets, opposite poles
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▪ E field produced by opposite 
charges

▪ B field produced by opposite 
poles



▪ E field produced by like charges
30

Magnetic Field Lines:  
Two bar magnets, identical poles

▪ B field produced by like poles



Magnetic field lines of stars
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old star young star



Stellar Prominence

32

Matthew Szydagis
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Conceptual Questions
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1. Can a constant magnetic field set into motion an 
electron initially at rest? 

2. How can the motion of a moving particle tell you 
whether it is in a magnetic or in an electric field? 

3. Two charged particles are projected in the same 
direction into a B field perpendicular to their 
velocities. If the particles are deflected in opposite 
direction, what can you say about their charges?



Conceptual Questions
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1. —> No.  B field acts only on already moving charges. 

2. —> look at the trajectory: helix or circle is magnetic, 
parabola or straight line is electric.  
—> look at the kinetic energy: constant speed is 
magnetic, changing speed is electric 

3. —> opposite charges

Matthew Szydagis




Example Problem #1
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Example Problem #1: Solution
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS 
 

Section 29.1 Analysis Model: Particle in a Field (Magnetic) 
*P29.1 Gravitational force: 
   

  

Fg = mg = 9.11× 10−31  kg( ) 9.80 m s2( )
= 8.93× 10−30  N down

 

 Electric force:  
   

  

Fe = qE = −1.60× 10−19  C( ) 100 N C down( )
= 1.60× 10−17  N up

 

 Magnetic force:  
   

    


FB = q


v ×

B = −1.60 × 10−19  C( ) 6.00 × 106  m s  Ê( )

                                        × 50.0 × 10−6  N ⋅ s C ⋅m  N̂( )
= −4.80 × 10−17  N up = 4.80 × 10−17  N down

 

P29.2 See ANS. FIG. P29.2 for right-hand rule diagrams for each of the 
situations. 

 (a) up 

 (b) out of the page, since the charge is negative. 

 (c) no deflection 

 (d) into the page 

 

ANS. FIG. P29.2 



Example Problem #2
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Example Problem #2: Solution
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  Again in unit-vector notation,  
   

    


FB = (1.60× 10–19  N)(2î+ 3ĵ+ 8k̂)

= 3.20î+ 4.80ĵ+ 12.8k̂( )× 10–19 N

 

   

    


FB = 3.202 + 4.802 + 12.82( ) × 10–19  N = 13.2 × 10–19  N

 

P29.9 (a) The magnetic force is given by 
   

  

F = qvBsinθ

= 1.60× 10−19  C( ) 5.02 × 106  m s( ) 0.180 T( )sin 60.0°( )

= 1.25× 10−13  N

  

 (b) From Newton’s second law, 

   
  
a =

F
m

=
1.25 × 10−13  N
1.67 × 10−27  kg

= 7.50 × 1013  m s2  

P29.10 (a) The proton experiences maximum force when it moves 
perpendicular to the magnetic field, and the magnitude of this 
maximum force is 

 

  

Fmax = qvBsin 90°

= 1.60× 10−19  C( ) 6.00× 106  m s( ) 1.50 T( ) 1( )

= 1.44× 10−12  N

 

 (b) From Newton’s second law, 

   
  
amax =

Fmax

mp

=
1.44 × 10−12  N
1.67 × 10−27  kg

= 8.62 × 1014  m s2  

 (c) Since the magnitude of the charge of an electron is the same as 
that of a proton, a force would be exerted on the electron that had 
the same magnitude as the force on a proton, but in the opposite 
direction because of its negative charge.  

 (d) 

 

The acceleration of the electron would be much greater than that
of the proton because the mass of the electron is much smaller.

 

P29.11   F = ma = 1.67 × 10−27  kg( ) 2.00 × 1013  m s2( ) = 3.34 × 10−14  N = qvBsin 90°  

 

  

B =
F
qv

=
3.34 × 10−14  N

1.60 × 10−19  C( ) 1.00 × 107 m s( ) = 2.09 × 10−2  T = 20.9 × 10−3  T

= 20.9 mT

 



Example Problem #3
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21.

mass of proton = 1.67 E-27 kg 

Matthew Szydagis


Matthew Szydagis
What good does the Earth’s magnetic field do for the biosphere?  
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  Compare this to the initial value of 20.0 m/s:  

   
 

20.0 m/s
3.33 × 10−5  m/s

≈ 106  

  

 

Yes. In the vertical direction, the gravitational force on the ball
is 0.294 N, five orders of magnitude larger than the magnetic
force. In the horizontal direction, the change in the horizontal
component of velocity due to the magnetic force is six orders of
magnitude smaller than the horizontal velocity component.

 

P29.21 By conservation of energy for the proton-electric field system in the 
process that set the proton moving, its kinetic energy is  

   

  
E = 1

2
mv2 = eΔV

 

 so its speed is 
   

  
v= 2eΔV

m

 

 Now Newton’s second law for its circular motion in the magnetic field 
gives 

     F∑ = ma  which becomes  
   
mv2

R = evB sin 90.  

  so  
  
B =

mv
eR =

m
eR

2eΔV
m = 1

R
2mΔV

e .  

 and  

   

  

B =
1

5.80 × 1010  m
⎛
⎝⎜

⎞
⎠⎟

2 1.67 × 10−27  kg( ) 10.0 × 106  V( )
1.60 × 10−19  C

= 7.88 × 10−12  T

 

P29.22 (a) The boundary between a region of strong magnetic field and a 
region of zero field cannot be perfectly sharp, but we ignore the 
thickness of the transition zone. In the field the electron moves on 
an arc of a circle: 

   

  
F∑ = ma:     q vBsin 90° = mv2

r

 

   

  

v
r
=ω =

q B
m

=
1.60 × 10−19  C( ) 10−3  N ⋅ s C ⋅m( )

9.11× 10−31  kg

= 1.76 × 108  rad/s

 

Matthew Szydagis


Matthew Szydagis


Matthew Szydagis
Protection from the charged-particle parts of cosmic / solar radiation
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Example Problem #4

Matthew Szydagis


Matthew Szydagis
Why do magnetic monopoles not exist?
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  Again in unit-vector notation,  
   

    


FB = (1.60× 10–19  N)(2î+ 3ĵ+ 8k̂)

= 3.20î+ 4.80ĵ+ 12.8k̂( )× 10–19 N

 

   

    


FB = 3.202 + 4.802 + 12.82( ) × 10–19  N = 13.2 × 10–19  N

 

P29.9 (a) The magnetic force is given by 
   

  

F = qvBsinθ

= 1.60× 10−19  C( ) 5.02 × 106  m s( ) 0.180 T( )sin 60.0°( )

= 1.25× 10−13  N

  

 (b) From Newton’s second law, 

   
  
a =

F
m

=
1.25 × 10−13  N
1.67 × 10−27  kg

= 7.50 × 1013  m s2  

P29.10 (a) The proton experiences maximum force when it moves 
perpendicular to the magnetic field, and the magnitude of this 
maximum force is 

 

  

Fmax = qvBsin 90°

= 1.60× 10−19  C( ) 6.00× 106  m s( ) 1.50 T( ) 1( )

= 1.44× 10−12  N

 

 (b) From Newton’s second law, 

   
  
amax =

Fmax

mp

=
1.44 × 10−12  N
1.67 × 10−27  kg

= 8.62 × 1014  m s2  

 (c) Since the magnitude of the charge of an electron is the same as 
that of a proton, a force would be exerted on the electron that had 
the same magnitude as the force on a proton, but in the opposite 
direction because of its negative charge.  

 (d) 

 

The acceleration of the electron would be much greater than that
of the proton because the mass of the electron is much smaller.

 

P29.11   F = ma = 1.67 × 10−27  kg( ) 2.00 × 1013  m s2( ) = 3.34 × 10−14  N = qvBsin 90°  

 

  

B =
F
qv

=
3.34 × 10−14  N

1.60 × 10−19  C( ) 1.00 × 107 m s( ) = 2.09 × 10−2  T = 20.9 × 10−3  T

= 20.9 mT
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 From ANS. FIG. P29.11, the right-hand rule 
shows that B must be in the –y direction to 
yield a force in the +x direction when v is in 
the z direction. Therefore, 

   

   


B = −20.9 ĵ mT

 

P29.12 The problem implies that the particle undergoes a deflection 
perpendicular to its motion as if the force direction remained constant. 
Treat this as a projectile motion problem where the particle travels in 
the horizontal direction but is displaced vertically 0.150 m at a constant 
acceleration.  

 We find the acceleration from 

  
  
Δy =

1
2

ay Δt2 → ay =
2Δy
Δt2 =

2 0.150 m( )
1.00 s( )2 = 0.300 m s2  

 Then, from Newton’s second law,  

  

  

Fy = may = qvB

q =
may

vB
=

1.50 × 10−3  kg( ) 0.300 m s2( )
1.50 × 104  m/s( ) 0.150 × 10−3  T( )

= 2.00 × 10−4  C = 200. × 10−6  C = 200 µC

 

 
 

 

Section 29.2 Motion of a Charged Particle  
in a Uniform Magnetic Field 

P29.13 (a) The magnetic force acting on the electron provides the centripetal 
acceleration, holding the electron in the circular path. Therefore, 

  F = q vBsin 90° = me v2 r , or  
   

  

r = mev
eB

=
9.11× 10−31  kg( ) 1.50× 107  m s( )

1.60× 10−19  C( ) 2.00× 10−3  T( )
= 0.042 7 m = 4.27 cm

 

 (b) The time to complete one revolution around the orbit (i.e., the 
period) is 

   
  
T = distance traveled

constant speed
= 2πr

v
= 2π 0.042 7 m( )

1.50× 107  m s
= 1.79× 10−8  s  

 

ANS. FIG. P29.11 

Example Problem #4: Solution
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Matthew Szydagis
No ones knows for sure! It is a mystery!



Magnetic fields
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If you have a MOVING charge you ALSO have a 
magnetic field.

We have already encountered moving charges: we called them currents.

—> Currents create magnetic fields.  

We no longer talk about charges, we talk about current loops. 
The poles of a permanent magnet align with the average direction of the  
current loops. 
A magnet generates a B field because of the movement of the electrons 
around each atom —> micro-currents 
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Magnetic Force from a current conducting wire

Take a current carrying wire.  

The current is a collection of many charged particles in 
motion —> they themselves create a B field. 

Matthew Szydagis
how are both statements true?
(many CHARGED particles…)



Magnetic Force on a current conducting wire
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If you now place the current 
carrying wire in an external 
B field, a magnetic force is 
exerted on the wire. 
  
The direction of the force is 
given by the right hand rule.

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>
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Magnetic Force on a current conducting wire
The magnetic force is exerted on each 
moving charge in the wire. 

The total force is the product of the force 
on one charge and the number of charges.

~F = q~v ⇥ ~B
<latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit><latexit sha1_base64="O6V8JbfULKz4q5RSngqXmHOfYRg=">AAACB3icbVDLSsNAFL3xWesr6lKQwSK4KokIuhFKBXFZwT6gCWUynbRDJw9nJoUSsnPjr7hxoYhbf8Gdf+M0zUJbDwyce8693LnHizmTyrK+jaXlldW19dJGeXNre2fX3NtvySgRhDZJxCPR8bCknIW0qZjitBMLigOP07Y3up767TEVkkXhvZrE1A3wIGQ+I1hpqWceOWNK0pvs6iEn48xRLKAS5VU965kVq2rlQIvELkgFCjR65pfTj0gS0FARjqXs2las3BQLxQinWdlJJI0xGeEB7WoaYr3MTfM7MnSilT7yI6FfqFCu/p5IcSDlJPB0Z4DVUM57U/E/r5so/9JNWRgnioZktshPOFIRmoaC+kxQovhEE0wE039FZIgFJkpHV9Yh2PMnL5LWWdW2qvbdeaVWL+IowSEcwynYcAE1uIUGNIHAIzzDK7wZT8aL8W58zFqXjGLmAP7A+PwBuvKZ1w==</latexit>

~F = (q~v ⇥ ~B)nAL
<latexit sha1_base64="QqvezDAP2wjTgUHZH+6ZbByEL4k=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGBN0ItYK4cFHBPqAtJZOmbWgmMyaZQhnmA9z4K25cKOLWD3Dn35hOZ6GtBwLnnnMvN/e4AWdK2/a3lVlaXlldy67nNja3tnfyu3t15YeS0BrxuS+bLlaUM0FrmmlOm4Gk2HM5bbijq6nfGFOpmC/u9SSgHQ8PBOszgrWRuvlCe0xJdB1fFB8SNo7bmnlUJUUlPkbi8tZ02SU7AVokTkoKkKLazX+1ez4JPSo04ViplmMHuhNhqRnhNM61Q0UDTEZ4QFuGCmwWdqLkmBgdGaWH+r40T2iUqL8nIuwpNfFc0+lhPVTz3lT8z2uFun/eiZgIQk0FmS3qhxxpH02TQT0mKdF8Yggmkpm/IjLEEhNt8suZEJz5kxdJ/aTk2CXn7rRQrqRxZOEADqEIDpxBGW6gCjUg8AjP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/p06bVQ==</latexit><latexit sha1_base64="QqvezDAP2wjTgUHZH+6ZbByEL4k=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGBN0ItYK4cFHBPqAtJZOmbWgmMyaZQhnmA9z4K25cKOLWD3Dn35hOZ6GtBwLnnnMvN/e4AWdK2/a3lVlaXlldy67nNja3tnfyu3t15YeS0BrxuS+bLlaUM0FrmmlOm4Gk2HM5bbijq6nfGFOpmC/u9SSgHQ8PBOszgrWRuvlCe0xJdB1fFB8SNo7bmnlUJUUlPkbi8tZ02SU7AVokTkoKkKLazX+1ez4JPSo04ViplmMHuhNhqRnhNM61Q0UDTEZ4QFuGCmwWdqLkmBgdGaWH+r40T2iUqL8nIuwpNfFc0+lhPVTz3lT8z2uFun/eiZgIQk0FmS3qhxxpH02TQT0mKdF8Yggmkpm/IjLEEhNt8suZEJz5kxdJ/aTk2CXn7rRQrqRxZOEADqEIDpxBGW6gCjUg8AjP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/p06bVQ==</latexit><latexit sha1_base64="QqvezDAP2wjTgUHZH+6ZbByEL4k=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGBN0ItYK4cFHBPqAtJZOmbWgmMyaZQhnmA9z4K25cKOLWD3Dn35hOZ6GtBwLnnnMvN/e4AWdK2/a3lVlaXlldy67nNja3tnfyu3t15YeS0BrxuS+bLlaUM0FrmmlOm4Gk2HM5bbijq6nfGFOpmC/u9SSgHQ8PBOszgrWRuvlCe0xJdB1fFB8SNo7bmnlUJUUlPkbi8tZ02SU7AVokTkoKkKLazX+1ez4JPSo04ViplmMHuhNhqRnhNM61Q0UDTEZ4QFuGCmwWdqLkmBgdGaWH+r40T2iUqL8nIuwpNfFc0+lhPVTz3lT8z2uFun/eiZgIQk0FmS3qhxxpH02TQT0mKdF8Yggmkpm/IjLEEhNt8suZEJz5kxdJ/aTk2CXn7rRQrqRxZOEADqEIDpxBGW6gCjUg8AjP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/p06bVQ==</latexit><latexit sha1_base64="QqvezDAP2wjTgUHZH+6ZbByEL4k=">AAACDHicbVDLSgMxFL1TX7W+qi7dBItQN2VGBN0ItYK4cFHBPqAtJZOmbWgmMyaZQhnmA9z4K25cKOLWD3Dn35hOZ6GtBwLnnnMvN/e4AWdK2/a3lVlaXlldy67nNja3tnfyu3t15YeS0BrxuS+bLlaUM0FrmmlOm4Gk2HM5bbijq6nfGFOpmC/u9SSgHQ8PBOszgrWRuvlCe0xJdB1fFB8SNo7bmnlUJUUlPkbi8tZ02SU7AVokTkoKkKLazX+1ez4JPSo04ViplmMHuhNhqRnhNM61Q0UDTEZ4QFuGCmwWdqLkmBgdGaWH+r40T2iUqL8nIuwpNfFc0+lhPVTz3lT8z2uFun/eiZgIQk0FmS3qhxxpH02TQT0mKdF8Yggmkpm/IjLEEhNt8suZEJz5kxdJ/aTk2CXn7rRQrqRxZOEADqEIDpxBGW6gCjUg8AjP8Apv1pP1Yr1bH7PWjJXO7MMfWJ8/p06bVQ==</latexit>

~F = (q~v ⇥ ~B)nAL

I = nqvA

~F = I~L⇥ ~B
<latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit>

n = number volume density 
A = area 
L = length

You know from slide 6 lecture 10: ~F = (q~v ⇥ ~B)nAL

I = nqvA

~F = I~L⇥ ~B
<latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit>

So: 

Matthew Szydagis


Matthew Szydagis
earlier:
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~F = (q~v ⇥ ~B)nAL

I = nqvA

~F = I~L⇥ ~B
<latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit>

Magnetic Force on a current conducting wire

magnetic force magnetic field

current

length vector, pointing in 
the direction of the current

This is ONLY for a straight segment of wire in a uniform magnetic field.

the direction of the force is still given 
by the right hand rule.
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Force on a Wire, Arbitrary Shape
Consider a small segment of the 
wire: 

The force exerted on this 
segment is : 

  

The total force is

d~s
<latexit sha1_base64="lvlFPKNBc8taUGEACqKHDB1fB8s=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjC6m/ntMSrNE/loJin6MR1IHnFGjZU6YW+MLNfTfqXq1tw5yCrxClKFAo1+5asXJiyLURomqNZdz02Nn1NlOBM4LfcyjSllIzrArqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtQM9bI3E//zupmJbvycyzQzKNliUZQJYhIye56EXCEzYmIJZYrbWwkbUkWZsRGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawEDAM7zCm/PkvDjvzseidc0pZk7gD5zPH2mVkDM=</latexit><latexit sha1_base64="lvlFPKNBc8taUGEACqKHDB1fB8s=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjC6m/ntMSrNE/loJin6MR1IHnFGjZU6YW+MLNfTfqXq1tw5yCrxClKFAo1+5asXJiyLURomqNZdz02Nn1NlOBM4LfcyjSllIzrArqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtQM9bI3E//zupmJbvycyzQzKNliUZQJYhIye56EXCEzYmIJZYrbWwkbUkWZsRGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawEDAM7zCm/PkvDjvzseidc0pZk7gD5zPH2mVkDM=</latexit><latexit sha1_base64="lvlFPKNBc8taUGEACqKHDB1fB8s=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjC6m/ntMSrNE/loJin6MR1IHnFGjZU6YW+MLNfTfqXq1tw5yCrxClKFAo1+5asXJiyLURomqNZdz02Nn1NlOBM4LfcyjSllIzrArqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtQM9bI3E//zupmJbvycyzQzKNliUZQJYhIye56EXCEzYmIJZYrbWwkbUkWZsRGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawEDAM7zCm/PkvDjvzseidc0pZk7gD5zPH2mVkDM=</latexit><latexit sha1_base64="lvlFPKNBc8taUGEACqKHDB1fB8s=">AAAB73icbVBNS8NAEJ34WetX1aOXxSJ4KokIeix68VjBfkAbymYzaZduNnF3Uyihf8KLB0W8+ne8+W/ctjlo64OBx3szzMwLUsG1cd1vZ219Y3Nru7RT3t3bPzisHB23dJIphk2WiER1AqpRcIlNw43ATqqQxoHAdjC6m/ntMSrNE/loJin6MR1IHnFGjZU6YW+MLNfTfqXq1tw5yCrxClKFAo1+5asXJiyLURomqNZdz02Nn1NlOBM4LfcyjSllIzrArqWSxqj9fH7vlJxbJSRRomxJQ+bq74mcxlpP4sB2xtQM9bI3E//zupmJbvycyzQzKNliUZQJYhIye56EXCEzYmIJZYrbWwkbUkWZsRGVbQje8surpHVZ89ya93BVrd8WcZTgFM7gAjy4hjrcQwOawEDAM7zCm/PkvDjvzseidc0pZk7gD5zPH2mVkDM=</latexit>

d~FB = Id~s⇥ ~B
<latexit sha1_base64="1g3DnTOCs3r18fVtd3VkcRV4HRw=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUQE3Qilguiugn1AE8JkMmmHTiZhZlIoIXs3/oobF4q49Qfc+TdO0yy09cDAuefcy517/IRRqSzr21hZXVvf2KxsVbd3dvf2zYPDroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88fXM702IkDTmD2qaEDdCQ05DipHSkmfWYOBMCM5ucq91dTfnMncUjYgsilbumXWrYRWAy8QuSR2UaHvmlxPEOI0IV5ghKQe2lSg3Q0JRzEhedVJJEoTHaEgGmnKkd7lZcUsOT7QSwDAW+nEFC/X3RIYiKaeRrzsjpEZy0ZuJ/3mDVIWXbkZ5kirC8XxRmDKoYjgLBgZUEKzYVBOEBdV/hXiEBMJKx1fVIdiLJy+T7lnDthr2/Xm92SrjqIBjUAOnwAYXoAluQRt0AAaP4Bm8gjfjyXgx3o2PeeuKUc4cgT8wPn8AVTWbPQ==</latexit><latexit sha1_base64="1g3DnTOCs3r18fVtd3VkcRV4HRw=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUQE3Qilguiugn1AE8JkMmmHTiZhZlIoIXs3/oobF4q49Qfc+TdO0yy09cDAuefcy517/IRRqSzr21hZXVvf2KxsVbd3dvf2zYPDroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88fXM702IkDTmD2qaEDdCQ05DipHSkmfWYOBMCM5ucq91dTfnMncUjYgsilbumXWrYRWAy8QuSR2UaHvmlxPEOI0IV5ghKQe2lSg3Q0JRzEhedVJJEoTHaEgGmnKkd7lZcUsOT7QSwDAW+nEFC/X3RIYiKaeRrzsjpEZy0ZuJ/3mDVIWXbkZ5kirC8XxRmDKoYjgLBgZUEKzYVBOEBdV/hXiEBMJKx1fVIdiLJy+T7lnDthr2/Xm92SrjqIBjUAOnwAYXoAluQRt0AAaP4Bm8gjfjyXgx3o2PeeuKUc4cgT8wPn8AVTWbPQ==</latexit><latexit sha1_base64="1g3DnTOCs3r18fVtd3VkcRV4HRw=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUQE3Qilguiugn1AE8JkMmmHTiZhZlIoIXs3/oobF4q49Qfc+TdO0yy09cDAuefcy517/IRRqSzr21hZXVvf2KxsVbd3dvf2zYPDroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88fXM702IkDTmD2qaEDdCQ05DipHSkmfWYOBMCM5ucq91dTfnMncUjYgsilbumXWrYRWAy8QuSR2UaHvmlxPEOI0IV5ghKQe2lSg3Q0JRzEhedVJJEoTHaEgGmnKkd7lZcUsOT7QSwDAW+nEFC/X3RIYiKaeRrzsjpEZy0ZuJ/3mDVIWXbkZ5kirC8XxRmDKoYjgLBgZUEKzYVBOEBdV/hXiEBMJKx1fVIdiLJy+T7lnDthr2/Xm92SrjqIBjUAOnwAYXoAluQRt0AAaP4Bm8gjfjyXgx3o2PeeuKUc4cgT8wPn8AVTWbPQ==</latexit><latexit sha1_base64="1g3DnTOCs3r18fVtd3VkcRV4HRw=">AAACC3icbVDLSsNAFJ34rPUVdelmaBFclUQE3Qilguiugn1AE8JkMmmHTiZhZlIoIXs3/oobF4q49Qfc+TdO0yy09cDAuefcy517/IRRqSzr21hZXVvf2KxsVbd3dvf2zYPDroxTgUkHxywWfR9JwignHUUVI/1EEBT5jPT88fXM702IkDTmD2qaEDdCQ05DipHSkmfWYOBMCM5ucq91dTfnMncUjYgsilbumXWrYRWAy8QuSR2UaHvmlxPEOI0IV5ghKQe2lSg3Q0JRzEhedVJJEoTHaEgGmnKkd7lZcUsOT7QSwDAW+nEFC/X3RIYiKaeRrzsjpEZy0ZuJ/3mDVIWXbkZ5kirC8XxRmDKoYjgLBgZUEKzYVBOEBdV/hXiEBMJKx1fVIdiLJy+T7lnDthr2/Xm92SrjqIBjUAOnwAYXoAluQRt0AAaP4Bm8gjfjyXgx3o2PeeuKUc4cgT8wPn8AVTWbPQ==</latexit>

~FB = I

Z b

a
d~s⇥ ~B

<latexit sha1_base64="jU8g9fcOfg9vgLDChrtwL/O8aKs=">AAACEnicbVDLSgMxFM3UV62vqks3wSLopsyIoBuhVBDdVbAP6NQhk6ZtaCYzJHcKZZhvcOOvuHGhiFtX7vwb02kX2nogcO4593Jzjx8JrsG2v63c0vLK6lp+vbCxubW9U9zda+gwVpTVaShC1fKJZoJLVgcOgrUixUjgC9b0h1cTvzliSvNQ3sM4Yp2A9CXvcUrASF7xBLsjRpPr1Kte3rpcgkce/G6m6dQFHjCdFdXUK5bssp0BLxJnRkpohppX/HK7IY0DJoEKonXbsSPoJEQBp4KlBTfWLCJ0SPqsbagkZlcnyU5K8ZFRurgXKvMk4Ez9PZGQQOtx4JvOgMBAz3sT8T+vHUPvopNwGcXAJJ0u6sUCQ4gn+eAuV4yCGBtCqOLmr5gOiCIUTIoFE4Izf/IiaZyWHbvs3J2VKtVZHHl0gA7RMXLQOaqgG1RDdUTRI3pGr+jNerJerHfrY9qas2Yz++gPrM8f69GeRg==</latexit><latexit sha1_base64="jU8g9fcOfg9vgLDChrtwL/O8aKs=">AAACEnicbVDLSgMxFM3UV62vqks3wSLopsyIoBuhVBDdVbAP6NQhk6ZtaCYzJHcKZZhvcOOvuHGhiFtX7vwb02kX2nogcO4593Jzjx8JrsG2v63c0vLK6lp+vbCxubW9U9zda+gwVpTVaShC1fKJZoJLVgcOgrUixUjgC9b0h1cTvzliSvNQ3sM4Yp2A9CXvcUrASF7xBLsjRpPr1Kte3rpcgkce/G6m6dQFHjCdFdXUK5bssp0BLxJnRkpohppX/HK7IY0DJoEKonXbsSPoJEQBp4KlBTfWLCJ0SPqsbagkZlcnyU5K8ZFRurgXKvMk4Ez9PZGQQOtx4JvOgMBAz3sT8T+vHUPvopNwGcXAJJ0u6sUCQ4gn+eAuV4yCGBtCqOLmr5gOiCIUTIoFE4Izf/IiaZyWHbvs3J2VKtVZHHl0gA7RMXLQOaqgG1RDdUTRI3pGr+jNerJerHfrY9qas2Yz++gPrM8f69GeRg==</latexit><latexit sha1_base64="jU8g9fcOfg9vgLDChrtwL/O8aKs=">AAACEnicbVDLSgMxFM3UV62vqks3wSLopsyIoBuhVBDdVbAP6NQhk6ZtaCYzJHcKZZhvcOOvuHGhiFtX7vwb02kX2nogcO4593Jzjx8JrsG2v63c0vLK6lp+vbCxubW9U9zda+gwVpTVaShC1fKJZoJLVgcOgrUixUjgC9b0h1cTvzliSvNQ3sM4Yp2A9CXvcUrASF7xBLsjRpPr1Kte3rpcgkce/G6m6dQFHjCdFdXUK5bssp0BLxJnRkpohppX/HK7IY0DJoEKonXbsSPoJEQBp4KlBTfWLCJ0SPqsbagkZlcnyU5K8ZFRurgXKvMk4Ez9PZGQQOtx4JvOgMBAz3sT8T+vHUPvopNwGcXAJJ0u6sUCQ4gn+eAuV4yCGBtCqOLmr5gOiCIUTIoFE4Izf/IiaZyWHbvs3J2VKtVZHHl0gA7RMXLQOaqgG1RDdUTRI3pGr+jNerJerHfrY9qas2Yz++gPrM8f69GeRg==</latexit><latexit sha1_base64="jU8g9fcOfg9vgLDChrtwL/O8aKs=">AAACEnicbVDLSgMxFM3UV62vqks3wSLopsyIoBuhVBDdVbAP6NQhk6ZtaCYzJHcKZZhvcOOvuHGhiFtX7vwb02kX2nogcO4593Jzjx8JrsG2v63c0vLK6lp+vbCxubW9U9zda+gwVpTVaShC1fKJZoJLVgcOgrUixUjgC9b0h1cTvzliSvNQ3sM4Yp2A9CXvcUrASF7xBLsjRpPr1Kte3rpcgkce/G6m6dQFHjCdFdXUK5bssp0BLxJnRkpohppX/HK7IY0DJoEKonXbsSPoJEQBp4KlBTfWLCJ0SPqsbagkZlcnyU5K8ZFRurgXKvMk4Ez9PZGQQOtx4JvOgMBAz3sT8T+vHUPvopNwGcXAJJ0u6sUCQ4gn+eAuV4yCGBtCqOLmr5gOiCIUTIoFE4Izf/IiaZyWHbvs3J2VKtVZHHl0gA7RMXLQOaqgG1RDdUTRI3pGr+jNerJerHfrY9qas2Yz++gPrM8f69GeRg==</latexit>

Matthew Szydagis
STOP HERE?
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Current Loop
Consider a rectangular loop. 
The loop carries a current I in a uniform 
magnetic field B. 
What magnetic force act on the loop?

                  F2 = F4 = I a B 

The direction of F2 is out of the page. 
The direction of F4 is into the page.

On sides 1 and 3, B and I are parallel.  
Side 3: θ = 0   —> sin θ = 0 
Side 1:  θ = 180 —> sin θ = 0 
So:

~F = (q~v ⇥ ~B)nAL

I = nqvA

~F = I~L⇥ ~B
<latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit><latexit sha1_base64="glvxnMNvLHrjFzHdOnMVWjS2lv0="></latexit>

~FB = I

Z b

a
d~s⇥ ~B

~L⇥B = 0
<latexit sha1_base64="AN3YrL0s0llxEwM1x/KNROykvV4=">AAACKnicbZBNS8NAEIY3ftb6VfXoZbEInkoigl4KtYIoeKhgrdDUsNlu26WbTdidFErI7/HiX/HSg1K8+kPcpjlodWDhnWdmmJ3XjwTXYNtTa2l5ZXVtvbBR3Nza3tkt7e0/6jBWlDVpKEL15BPNBJesCRwEe4oUI4EvWMsfXs3qrRFTmofyAcYR6wSkL3mPUwIGeaVL7I4YTa5Tr169dbkEjzz73Yzp1AUeMJ0l9RS7bjGTdzmfsSq2vVLZrthZ4L/CyUUZ5dHwShO3G9I4YBKoIFq3HTuCTkIUcCpYWnRjzSJCh6TP2kZKYnZ1kuzUFB8b0sW9UJknAWf050RCAq3HgW86AwIDvVibwf9q7Rh6F52EyygGJul8US8WGEI88w13uWIUxNgIQhU3f8V0QBShYNwtGhOcxZP/isfTimNXnPuzcq2e21FAh+gInSAHnaMaukEN1EQUvaA39I4+rFdrYk2tz3nrkpXPHKBfYX19A6Z0p1s=</latexit><latexit sha1_base64="AN3YrL0s0llxEwM1x/KNROykvV4=">AAACKnicbZBNS8NAEIY3ftb6VfXoZbEInkoigl4KtYIoeKhgrdDUsNlu26WbTdidFErI7/HiX/HSg1K8+kPcpjlodWDhnWdmmJ3XjwTXYNtTa2l5ZXVtvbBR3Nza3tkt7e0/6jBWlDVpKEL15BPNBJesCRwEe4oUI4EvWMsfXs3qrRFTmofyAcYR6wSkL3mPUwIGeaVL7I4YTa5Tr169dbkEjzz73Yzp1AUeMJ0l9RS7bjGTdzmfsSq2vVLZrthZ4L/CyUUZ5dHwShO3G9I4YBKoIFq3HTuCTkIUcCpYWnRjzSJCh6TP2kZKYnZ1kuzUFB8b0sW9UJknAWf050RCAq3HgW86AwIDvVibwf9q7Rh6F52EyygGJul8US8WGEI88w13uWIUxNgIQhU3f8V0QBShYNwtGhOcxZP/isfTimNXnPuzcq2e21FAh+gInSAHnaMaukEN1EQUvaA39I4+rFdrYk2tz3nrkpXPHKBfYX19A6Z0p1s=</latexit><latexit sha1_base64="AN3YrL0s0llxEwM1x/KNROykvV4=">AAACKnicbZBNS8NAEIY3ftb6VfXoZbEInkoigl4KtYIoeKhgrdDUsNlu26WbTdidFErI7/HiX/HSg1K8+kPcpjlodWDhnWdmmJ3XjwTXYNtTa2l5ZXVtvbBR3Nza3tkt7e0/6jBWlDVpKEL15BPNBJesCRwEe4oUI4EvWMsfXs3qrRFTmofyAcYR6wSkL3mPUwIGeaVL7I4YTa5Tr169dbkEjzz73Yzp1AUeMJ0l9RS7bjGTdzmfsSq2vVLZrthZ4L/CyUUZ5dHwShO3G9I4YBKoIFq3HTuCTkIUcCpYWnRjzSJCh6TP2kZKYnZ1kuzUFB8b0sW9UJknAWf050RCAq3HgW86AwIDvVibwf9q7Rh6F52EyygGJul8US8WGEI88w13uWIUxNgIQhU3f8V0QBShYNwtGhOcxZP/isfTimNXnPuzcq2e21FAh+gInSAHnaMaukEN1EQUvaA39I4+rFdrYk2tz3nrkpXPHKBfYX19A6Z0p1s=</latexit><latexit sha1_base64="AN3YrL0s0llxEwM1x/KNROykvV4=">AAACKnicbZBNS8NAEIY3ftb6VfXoZbEInkoigl4KtYIoeKhgrdDUsNlu26WbTdidFErI7/HiX/HSg1K8+kPcpjlodWDhnWdmmJ3XjwTXYNtTa2l5ZXVtvbBR3Nza3tkt7e0/6jBWlDVpKEL15BPNBJesCRwEe4oUI4EvWMsfXs3qrRFTmofyAcYR6wSkL3mPUwIGeaVL7I4YTa5Tr169dbkEjzz73Yzp1AUeMJ0l9RS7bjGTdzmfsSq2vVLZrthZ4L/CyUUZ5dHwShO3G9I4YBKoIFq3HTuCTkIUcCpYWnRjzSJCh6TP2kZKYnZ1kuzUFB8b0sW9UJknAWf050RCAq3HgW86AwIDvVibwf9q7Rh6F52EyygGJul8US8WGEI88w13uWIUxNgIQhU3f8V0QBShYNwtGhOcxZP/isfTimNXnPuzcq2e21FAh+gInSAHnaMaukEN1EQUvaA39I4+rFdrYk2tz3nrkpXPHKBfYX19A6Z0p1s=</latexit>

On sides 2 and 4, B and I are perpendicular.  
Side 3: θ = 90   —> sin θ = 1 
Side 1:  θ = 90 —> sin θ = 1 
So:

                  F1 = F3 = 0 

Matthew Szydagis
degrees



What’s a magnet?
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Or rather, why do some materials exhibit 
magnetic properties, and others don’t?

2 things:  

—> torque 
—> magnetic dipole moment



The maximum torque is found by: 

The area enclosed by the loop is  
A= ab, so τmax = IAB. 
▪ This maximum value occurs only 

when the field is parallel to the 
plane of the loop.
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Torque on a Current Loop
The forces are equal and in 
opposite directions, but not along 
the same line of action. 
The forces produce a torque 
around point O.

2 42 2 2 2max (I ) (I )

I

b b b bτ F F aB aB

abB

= + = +

=

~FB = I

Z b

a
d~s⇥ ~B

⌧ = ~r ⇥ F
<latexit sha1_base64="kc7FdxEdZ/Sd8N+0k2tfaedaZfk=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6KZQqojuKtgHdGrJpGkbmskMyZ1CGeaH3PgrIrioiFt/w3Q6C61eCJx7zj3c3OOFgmuw7ZmVW1ldW9/Ibxa2tnd294r7B00dRIqyBg1EoNoe0UxwyRrAQbB2qBjxPcFa3vhqrrcmTGkeyAeYhqzrk6HkA04JGKpXvMbuhNH4JunVKncul9Ajj14/5XTiAveZTptagl234AKJcGVhUZk89xZLdtlOC/8FTgZKKKt6r/jq9gMa+UwCFUTrjmOH0I2JAk4FSwpupFlI6JgMWcdAScyebpxem+ATw/TxIFDmScAp+9MRE1/rqe+ZSZ/ASC9rc/I/rRPB4LIbcxlGwCRdLBpEAkOA59HhPleMgpgaQKji5q+YjogiFEzABROCs3zyX9A8Kzt22bk/L1VrWRx5dISO0Sly0AWqoltURw1E0RN6QTP0bj1bb9aH9bkYzVmZ5xD9KuvrG9CDqRk=</latexit><latexit sha1_base64="kc7FdxEdZ/Sd8N+0k2tfaedaZfk=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6KZQqojuKtgHdGrJpGkbmskMyZ1CGeaH3PgrIrioiFt/w3Q6C61eCJx7zj3c3OOFgmuw7ZmVW1ldW9/Ibxa2tnd294r7B00dRIqyBg1EoNoe0UxwyRrAQbB2qBjxPcFa3vhqrrcmTGkeyAeYhqzrk6HkA04JGKpXvMbuhNH4JunVKncul9Ajj14/5XTiAveZTptagl234AKJcGVhUZk89xZLdtlOC/8FTgZKKKt6r/jq9gMa+UwCFUTrjmOH0I2JAk4FSwpupFlI6JgMWcdAScyebpxem+ATw/TxIFDmScAp+9MRE1/rqe+ZSZ/ASC9rc/I/rRPB4LIbcxlGwCRdLBpEAkOA59HhPleMgpgaQKji5q+YjogiFEzABROCs3zyX9A8Kzt22bk/L1VrWRx5dISO0Sly0AWqoltURw1E0RN6QTP0bj1bb9aH9bkYzVmZ5xD9KuvrG9CDqRk=</latexit><latexit sha1_base64="kc7FdxEdZ/Sd8N+0k2tfaedaZfk=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6KZQqojuKtgHdGrJpGkbmskMyZ1CGeaH3PgrIrioiFt/w3Q6C61eCJx7zj3c3OOFgmuw7ZmVW1ldW9/Ibxa2tnd294r7B00dRIqyBg1EoNoe0UxwyRrAQbB2qBjxPcFa3vhqrrcmTGkeyAeYhqzrk6HkA04JGKpXvMbuhNH4JunVKncul9Ajj14/5XTiAveZTptagl234AKJcGVhUZk89xZLdtlOC/8FTgZKKKt6r/jq9gMa+UwCFUTrjmOH0I2JAk4FSwpupFlI6JgMWcdAScyebpxem+ATw/TxIFDmScAp+9MRE1/rqe+ZSZ/ASC9rc/I/rRPB4LIbcxlGwCRdLBpEAkOA59HhPleMgpgaQKji5q+YjogiFEzABROCs3zyX9A8Kzt22bk/L1VrWRx5dISO0Sly0AWqoltURw1E0RN6QTP0bj1bb9aH9bkYzVmZ5xD9KuvrG9CDqRk=</latexit><latexit sha1_base64="kc7FdxEdZ/Sd8N+0k2tfaedaZfk=">AAACLXicbVDLSgMxFM3UV62vqks3wSK4KjMi6KZQqojuKtgHdGrJpGkbmskMyZ1CGeaH3PgrIrioiFt/w3Q6C61eCJx7zj3c3OOFgmuw7ZmVW1ldW9/Ibxa2tnd294r7B00dRIqyBg1EoNoe0UxwyRrAQbB2qBjxPcFa3vhqrrcmTGkeyAeYhqzrk6HkA04JGKpXvMbuhNH4JunVKncul9Ajj14/5XTiAveZTptagl234AKJcGVhUZk89xZLdtlOC/8FTgZKKKt6r/jq9gMa+UwCFUTrjmOH0I2JAk4FSwpupFlI6JgMWcdAScyebpxem+ATw/TxIFDmScAp+9MRE1/rqe+ZSZ/ASC9rc/I/rRPB4LIbcxlGwCRdLBpEAkOA59HhPleMgpgaQKji5q+YjogiFEzABROCs3zyX9A8Kzt22bk/L1VrWRx5dISO0Sly0AWqoltURw1E0RN6QTP0bj1bb9aH9bkYzVmZ5xD9KuvrG9CDqRk=</latexit>

physics 1!

r is the distance to the pivot point!!

side view of the 
current loop in 
previous slide

F2 and F4 create a torque.  
The torque makes the current 
loop rotate. 
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Torque on a Current 
Loop, General

~⌧net =
X

~⌧ = ~⌧2 + ~⌧4

= rF2sin✓ + rF4sin✓

=
b

2
IaBsin✓ +

b

2
IaBsin✓

= IabBsin✓

= IABsin✓

~⌧net = I ~A⇥ ~B
<latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit>

A= ab : area of the loop

 A⃗ the area vector, it is 
perpendicular to the plane of 
the loop



53

Torque on a Current 
Loop, General

The torque is maximum when 
the field is perpendicular to the 
normal to the plane of the loop. 
The torque is zero when the 
field is parallel to the normal to 
the plane of the loop. 
                   

~⌧net =
X

~⌧ = ~⌧2 + ~⌧4

= rF2sin✓ + rF4sin✓

=
b

2
IaBsin✓ +

b

2
IaBsin✓

= IabBsin✓

= IABsin✓

~⌧net = I ~A⇥ ~B
<latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit><latexit sha1_base64="JhP8gDM4tiZYs6aOYZWP0J9+53Y="></latexit>

The current loop will align with 
the field. At which point there is 
no more torque.  
= stable equilibrium
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Torque makes the current loop rotate 
such that it aligns with the B field.
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Direction
The right-hand rule can be used to determine the direction of  A. 
Curl your fingers in the direction of the current in the loop. 
Your thumb points in the direction of  A   .

~⌧ = I ~A⇥ ~B
<latexit sha1_base64="hY4BsNTsE0XFgc2RKzadaDr2f3I=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCboRaN7qrYB/QhDKZTtqhkwczN4USsnbjr7hxoYhbv8Cdf+M0zUJbDwyce8693LnHiwVXYFnfxtLyyuraemmjvLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGN1O/PWZS8Sh8gEnM3IAMQu5zSkBLPfPIGTOaOkCS7Oou59eZAzxgCudVPeuZFatq5cCLxC5IBRVo9Mwvpx/RJGAhUEGU6tpWDG5KJHAqWFZ2EsViQkdkwLqahkQvc9P8lAyfaKWP/UjqFwLO1d8TKQmUmgSe7gwIDNW8NxX/87oJ+JduysM4ARbS2SI/ERgiPM0F97lkFMREE0Il13/FdEgkoaDTK+sQ7PmTF0nrrGpbVfv+vFKrF3GU0CE6RqfIRheohm5RAzURRY/oGb2iN+PJeDHejY9Z65JRzBygPzA+fwDWkpr4</latexit><latexit sha1_base64="hY4BsNTsE0XFgc2RKzadaDr2f3I=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCboRaN7qrYB/QhDKZTtqhkwczN4USsnbjr7hxoYhbv8Cdf+M0zUJbDwyce8693LnHiwVXYFnfxtLyyuraemmjvLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGN1O/PWZS8Sh8gEnM3IAMQu5zSkBLPfPIGTOaOkCS7Oou59eZAzxgCudVPeuZFatq5cCLxC5IBRVo9Mwvpx/RJGAhUEGU6tpWDG5KJHAqWFZ2EsViQkdkwLqahkQvc9P8lAyfaKWP/UjqFwLO1d8TKQmUmgSe7gwIDNW8NxX/87oJ+JduysM4ARbS2SI/ERgiPM0F97lkFMREE0Il13/FdEgkoaDTK+sQ7PmTF0nrrGpbVfv+vFKrF3GU0CE6RqfIRheohm5RAzURRY/oGb2iN+PJeDHejY9Z65JRzBygPzA+fwDWkpr4</latexit><latexit sha1_base64="hY4BsNTsE0XFgc2RKzadaDr2f3I=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCboRaN7qrYB/QhDKZTtqhkwczN4USsnbjr7hxoYhbv8Cdf+M0zUJbDwyce8693LnHiwVXYFnfxtLyyuraemmjvLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGN1O/PWZS8Sh8gEnM3IAMQu5zSkBLPfPIGTOaOkCS7Oou59eZAzxgCudVPeuZFatq5cCLxC5IBRVo9Mwvpx/RJGAhUEGU6tpWDG5KJHAqWFZ2EsViQkdkwLqahkQvc9P8lAyfaKWP/UjqFwLO1d8TKQmUmgSe7gwIDNW8NxX/87oJ+JduysM4ARbS2SI/ERgiPM0F97lkFMREE0Il13/FdEgkoaDTK+sQ7PmTF0nrrGpbVfv+vFKrF3GU0CE6RqfIRheohm5RAzURRY/oGb2iN+PJeDHejY9Z65JRzBygPzA+fwDWkpr4</latexit><latexit sha1_base64="hY4BsNTsE0XFgc2RKzadaDr2f3I=">AAACCnicbVDLSsNAFJ34rPUVdelmtAiuSiKCboRaN7qrYB/QhDKZTtqhkwczN4USsnbjr7hxoYhbv8Cdf+M0zUJbDwyce8693LnHiwVXYFnfxtLyyuraemmjvLm1vbNr7u23VJRIypo0EpHseEQxwUPWBA6CdWLJSOAJ1vZGN1O/PWZS8Sh8gEnM3IAMQu5zSkBLPfPIGTOaOkCS7Oou59eZAzxgCudVPeuZFatq5cCLxC5IBRVo9Mwvpx/RJGAhUEGU6tpWDG5KJHAqWFZ2EsViQkdkwLqahkQvc9P8lAyfaKWP/UjqFwLO1d8TKQmUmgSe7gwIDNW8NxX/87oJ+JduysM4ARbS2SI/ERgiPM0F97lkFMREE0Il13/FdEgkoaDTK+sQ7PmTF0nrrGpbVfv+vFKrF3GU0CE6RqfIRheohm5RAzURRY/oGb2iN+PJeDHejY9Z65JRzBygPzA+fwDWkpr4</latexit>
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Direction
The right-hand rule can be used to determine the direction of  A. 
Curl your fingers in the direction of the current in the loop. 
Your thumb points in the direction of  A  and µ.

~⌧ = I ~A⇥ ~B
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What’s µ?

Matthew Szydagis
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The product I A⃗  is defined as the magnetic dipole 
moment, !  , of the loop. 

SI units: A · m2 

Torque in terms of magnetic moment:  
  
▪ Valid for any orientation of the field and the loop 
▪ Valid for a loop of any shape

Magnetic Dipole Moment
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~FB = I

Z b

a
d~s⇥ ~B
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~⌧ = I ~A⇥ ~B
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Any current loop has a magnetic field and thus has a magnetic dipole 
moment. 
This includes atomic-level current loops described in some models 
of the atom.
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Magnetic Moments – Classical Atom
The electrons move in circular orbits. 

The orbiting electron constitutes a 
tiny current loop. 

The magnetic moment of the 
electron is associated with this 
orbital motion. 

L    is the angular momentum. 
!    is magnetic moment.

 L⃗ = r ⃗x p⃗ = r ⃗x mv⃗

In most substances, the magnetic 
moment of one electron is canceled 
by that of another electron orbiting 
in the opposite direction.
The net result is that the magnetic effect produced by the orbital motion of 
the electrons is either zero or very small.
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Ferromagnetism
Some substances, like iron, exhibit strong magnetic effects. 
They contain permanent atomic magnetic moments that tend to align 

parallel to each other even in a weak external magnetic field.

remove the 
external field. 
the magnetic 
moments stay 
aligned: 
the substance 
is magnetized

you now 
have a 
magnet!

magnetic moments 
are randomly 
oriented

magnetic 
moments align 
with the field

N

S

torque!



Example: a magnet on your fridge
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The magnet contains iron, and is 
magnetized: 
its magnetic moments are aligned, 
and stay aligned.  
The magnet is permanent and is 
ferromagnetic.

The fridge contains some iron, 
but is NOT magnetized. 
All the dipole moments are 
randomly distributed. 
The fridge is also 
ferromagnetic —> it can be 
magnetized.

You bring the magnet next to the fridge, it creates a field in the fridge which 
magnetizes the small region of the fridge where the magnet is. 
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Paramagnetism
Paramagnetic substances (e.g. aluminum) have small but positive magnetism.  
▪ The magnetic moments interact weakly with each other. 

When placed in an external magnetic field, its atomic moments tend to line up 
with the field. 
▪ The alignment process competes with thermal motion which randomizes 

the moment orientations. 
When the external field is taken away, the magnetic moments randomize 
again.

B = 0                         B →
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Diamagnetism
When an external magnetic field is applied to a diamagnetic substance, a 
weak magnetic moment is induced in the direction opposite the 
applied field. 
Diamagnetic substances (e.g. silver) are weakly repelled by a magnet.

B = 0                             B →
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Meissner Effect

Certain types of superconductors 
also exhibit perfect diamagnetism 
in the superconducting state. 
▪ This is called the Meissner 

effect. 

If a permanent magnet is brought 
near a superconductor, the two 
objects repel each other.

The field from the magnet 
induces a current in the 
superconductor (next lectures). 
Because superconductors have 
no resistance, the current goes 
on forever, and you have 
levitation.

Matthew Szydagis
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Hall Effect

It arises from the deflection of charge 
carriers to one side of the conductor as 
a result of the magnetic forces they 
experience. 

The Hall effect gives information 
regarding the sign of the charge 
carriers and their density and can also 
be used to measure magnetic fields.

When a current carrying conductor is 
placed in a magnetic field, a potential 
difference is generated in a direction 
perpendicular to both the current 
and the magnetic field. 

The Hall voltage is measured 
between points a and c.
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When the charge carriers are negative, they experience an upward 
magnetic force, they are deflected upward, an excess of positive charge is 
left at the lower edge. 
This accumulation of charge establishes an electric field in the 
conductor. 
It increases until the electric force balances the magnetic force. 
If the charge carriers are positive, an excess of negative charges 
accumulates on the lower edge.

Hall Effect
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Hall Voltage
FE=FB     qE = qvB    E = vB
ΔVH = EHd = vd B d 
▪ d is the width of the conductor 
▪ vd is the drift velocity = I/nqA 
▪ A = td 
▪ If B and d are known, vd can be 

found 

  

▪ RH = 1 / nq is called the Hall 
coefficient. 

▪ A properly calibrated conductor 
can be used to measure the 
magnitude of an unknown 
magnetic field.

H
H

I IB R BV
nqt t

Δ = =
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Conceptual questions

1) Is it possible to orient a current loop in a uniform magnetic field 
such that the loop doesn’t tend to rotate? 

2) how can a current loop be used to determine the presence of a 
magnetic field in a given region of space? 

3) without torque, could a magnet be created?  
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Conceptual questions

1) Is it possible to orient a current loop in a uniform magnetic field 
such that the loop doesn’t tend to rotate? 
Yes. B field perpendicular to the loop. 

2) how can a current loop be used to determine the presence of a 
magnetic field in a given region of space? 
By looking at the torque. If the torque is zero the field is along the 
axis of the loop. 

3) without torque, could a magnet be created? 
No. the torque is the alignment process.  

Matthew Szydagis
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Example Problem #5

Matthew Szydagis


Matthew Szydagis
MacGyver created a magnet by hitting an iron rod hard. Realistic? 
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Example Problem #5: Solution

Chapter 29     327 
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 so  

  

v = 2qΔV
m

=
2 1.60× 10−19  C( ) 50.0× 103  V( )ΔV

9.11× 10−31  kg

= 1.33× 108  m/s

 

 From Newton’s second law, 
  

mv2

R
= qvB , we find the magnetic field: 

   
  
B =

mv
q R

=
9.11× 10−31  kg( ) 1.33 × 108  m/s( )

1.60 × 10−19  C( ) 1.08 × 10−2  m( ) = 70.0 mT  

 
 

 

Section 29.4 Magnetic Force on a Current-Carrying Conductor 
P29.32 (a) The magnitude of the magnetic force is given by 

     F = ILBsinθ = 3.00 A( ) 0.140 m( ) 0.280 T( )sin 90° = 0.118 N  

 (b) Neither the direction of the magnetic field nor that of the current 
is given. Both must be known in order to determine the direction 
of the magnetic force. In this problem, you can only say that the 
force is perpendicular to both the wire and the field. 

P29.33 (a) From   F = BILsinθ , the magnetic field is 

   
  
B =

F L
I sinθ

=
0.120 N/m

15.0 A( )sin 90°
= 8.00 × 10−3  T  

 (b) 

  

The magnetic field must be in the +z direction  to produce a

force in the –y  direction when the current is in the +x  direction.

 

P29.34 (a) 
  
FB = ILBsinθ = 5.00 A( ) 2.80 m( ) 0.390 T( )sin 60.0° = 4.73 N  

 (b) 
  
FB = 5.00 A( ) 2.80 m( ) 0.390 T( )sin 90.0° = 5.46 N  

 (c) 
  
FB = 5.00 A( ) 2.80 m( ) 0.390 T( )sin 120° = 4.73 N  

P22.35 The vector magnetic force on the wire is 

    
    


FB = I


 ×

B = 2.40 A( ) 0.750 m( ) î× 1.60 T( )k̂ = −2.88ĵ( )  N  

Matthew Szydagis
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YES! But works best with pure iron, aligned with the Earth’s field.
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P29.40 (a) 

 

The magnetic force and the gravitational force both act 
on the wire.

 

 (b) 

 

When the magnetic force is upward and balances the downward
gravitational force, the net force on the wire is zero, and the wire
can move upward at constant velocity.

 

 (c) The minimum magnetic filed would be perpendicular to the 
current in the wire so that the magnetic force is a maximum. For 
the magnetic force to be directed upward when the current is 
toward the left,   B


 must be directed out of the page. Then, 

   
  FB = ILBmin sin 90° = mg  

  from which we obtain 
   

  

Bmin = mg
I L

=
0.015 0 kg( ) 9.80 m/s2( )

5.00 A( ) 0.150 m( )
= 0.196 T, out of the page

 

 (d) If the field exceeds 0.200 T, the upward magnetic force exceeds 
the downward gravitational force, so the wire accelerates 
upward. 

P29.41 (a) The magnitude of the force is 
   

  

F = ILBsinθ

= 2.20× 103  A( ) 58.0 m( ) 5.00× 10−5  N( )sin65.0°

= 5.78 N

 

 (b) By the right-hand rule, the direction of the magnetic force is 

 
into the page .

 

P29.42 (a) Refer to ANS. FIG. P29.42. The magnetic field is perpendicular to 
all line elements    d


s  on the ring, so the magnetic force    d


F = Id


s ×

B  

on each element has magnitude 
   
I d

s ×

B = IdsB  and is radially 

inward and upward, at angle θ above the radial line. The radially 
inward components IdsB cos θ tend to squeeze the ring but all 
cancel out because forces on opposite sides of the ring cancel in 
pairs. The upward components IdsB sin θ all add to   I 2πr( )Bsinθ .  

 (a) magnitude: 
  
2πrIB sin θ  

 (b) direction: 
 
up, away from magnet  

Matthew Szydagis
field
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What is the strongest magnetic field that humans ever produced? (T)
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 (b) It has maximum energy when pointing in the opposite direction, 

 
south at 48.0° above the horizontal  

  where its energy is  

   
  

Umax = −µBcos180° = + 9.70 × 10−3  A ⋅m2( ) 55.0 × 10−6  T( )
= +5.34 × 10−7  J

  

 (c) From   Umin +W =Umax , we have  

   

  

W =Umax −Umin = +5.34 × 10−7  J− −5.34 × 10−7  J( )
= 1.07 µJ

 

P29.48 (a) From the circumference of the loop, 2 π r = 2.00 m, we find its 
radius to be r = 0.318 m. The magnitude of the magnetic moment 
is then 

   
  
µ = IA = 17.0 × 10−3  A( ) π 0.318( )2  m2⎡⎣ ⎤⎦ = 5.41 mA ⋅m2  

 (b) The torque on the loop is given by Equation 29.17,   

τ =

µ ×

B , and 

its magnitude is 

   
 
τ = 5.41× 10−3  A ⋅m2( ) 0.800 T( ) = 4.33 mN ⋅m  

*P29.49 The area of the elliptical loop is given by   A = π ab,  where a = 0.200 m 
and b = 0.150 m. Since the field is parallel to the plane of the loop,  
θ = 90° and the magnitude of the torque is 

  

  

τ = NBIAsinθ

= 8 2.00× 10−4  T( ) 6.00 A( ) π 0.200 m( ) 0.150 m( )[ ]sin 90.0°

= 9.05× 10−4  N ⋅m

  

 The torque is directed to make the left-hand side of the loop move 
toward you and the right-hand side move away. 

P29.50 (a) 
    

τ =

µ ×

B = NIABsinθ  

  

 

τmax = 80 10.0 × 10−3  A( ) 0.025 0 m( ) 0.040 0 m( ) 0.800 T( )sin 90.0°

= 6.40 × 10−4  N ⋅m

 

 (b) 

  

Pmax = τmaxω = 6.40 × 10−4  N ⋅m( ) 3 600 rev/min( ) 2π  rad
1 rev

⎛
⎝⎜

⎞
⎠⎟

1 min
60 s

⎛
⎝⎜

⎞
⎠⎟

= 0.241 W
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Less than 100 Tesla! Less than 50 stably
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 (c) In one half revolution the work is 

   
  

W =Umax −Umin = −µBcos180° − −µBcos0°( ) = 2µB

= 2NIAB = 2 6.40 × 10−4  N ⋅m( ) = 1.28 × 10−3  J
 

  In one full revolution, 
  
W = 2 1.28 × 10−3  J( ) = 2.56 × 10−3  J .  

 (d) The time for one revolution is 
  
Δ t =

60 s
3600 rev

=
1

60
 s.  

   
  
Pavg =

W
Δ t

=
2.56 × 10−3  J

1 60( )  s
= 0.154 W  

  The peak power in (b) is greater by the factor 
 

π
2

. 

P29.51 (a)   τ = NBAI sinφ  
  

 

τ = 100 0.800 T( ) 0.400 × 0.300 m2( ) × 1.20 A( )sin 60°

τ = 9.98 N ⋅m

 

 (b) Note that φ is the angle between the magnetic moment and the   

B  

field. The loop will rotate so as to align the magnetic moment 
with the   


B  field, clockwise as seen looking down from a position 

on the positive y axis. 

 

ANS. FIG. P29.51 

P29.52 (a) The current in segment ab is in the +y  
direction. Thus, by the right-hand rule, the  
magnetic force on it is in the   +x  direction .  

 (b) Imagine the force on segment ab being  
concentrated at its center. Then, with a  
pivot at point a (a point on the x axis), this 
force would tend to rotate segment ab in a clockwise direction 
about the z axis, so the direction of this 

  
torque is in the − z direction .  

ANS. FIG. P29.52 
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 (c) The current in segment cd is in the –y direction, and the right-
hand rule gives the direction of the magnetic force as the 

  −x  direction .  

 (d) With a pivot at point d (a point on the x axis), the force on 
segment cd (to the left, in –x direction) would tend to rotate it 
counterclockwise about the z axis, and the direction of this 

  
torque is in the + z direction .

 

 (e)  No.  

 (f) 

 

Both the forces and the torques are equal in magnitude and
opposite in direction, so they sum to zero and cannot affect
the motion of the loop.

 

 (g) The magnetic force is perpendicular to both the direction of the 
current in bc (the +x direction) and the magnetic field. As given 
by the right-hand rule, this places it 

  
in the yz plane at 130° counterclockwise from the +y  axis.

 

 (h) The force acting on segment bc tends to rotate it counterclockwise 
about the x axis, so the torque is in   the +x  direction .  

 (i)  Zero.  There is no torque about the x axis because the lever arm 
of the force on segment ad is zero.   

 (j) From the answers to (b), (d), (f), and (h), the loop tends to rotate 

 counterclockwise  about the x axis.  

 (k)   µ = IAN = 0.900 A( ) 0.500 m( ) 0.300 m( )[ ] 1( ) = 0.135 A ⋅m2  

 (l) The magnetic moment vector is perpendicular to the plane of the 
loop (the xy plane), and is therefore parallel to the z axis. Because 
the current flows clockwise around the loop, the magnetic 
moment vector is directed downward, in the negative z direction. 
This means that the angle between it and the direction of the 
magnetic field is  θ = 90.0° + 40.0° = 130° .  

 (m)   τ = µBsinθ = 0.135 A ⋅m2( ) 1.50 T( )sin 130°( ) = 0.155 N ⋅m  

P29.53 (a) From Equation 29.17,   

τ =

µ ×

B , so the maximum magnitude of 

the torque on the loop is    

   
    
τ =

µ ×

B = µBsinθ = NIABsinθ  
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Serway 9th edition chapter 29: 29.3, 29.13,29.23,29.41,29.51
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How high of a B-field can rotating neutron stars produce? (pulsars)
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Serway 9th edition chapter 29: 29.3, 29.13,29.23,29.41,29.51
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TRILLIONS of T or even MORE (But how? Neutrons are neutral!)
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Serway 9th edition chapter 29: 29.3, 29.13,29.23,29.41,29.51

29.3: into the page, to the right, down 
29.13:4.27cm, 1.79E-8s 
29.23: 8 
29.41:5.78N, into the page 
29.51: 9.98N.m, clockwise when you look down from the +y axis 

Matthew Szydagis
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HW07 is up on WebAssign, due Thursday 03/07/24
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This model assumes the electron moves:  
▪ with constant speed v 
▪ in a circular orbit of radius r 
▪ travels a distance 2πr in a time interval T 

The current associated with this orbiting 
electron is 

The magnetic moment is 

The magnetic moment can also be 
expressed in terms of the angular 
momentum L⃗ = r ⃗x p⃗ = r ⃗x mv⃗. 

84

Magnetic Moments – Classical Atom

2
I e ev
T

πr
= =

1
2

Iµ A evr= =

2 e

eµ L
m

⎛ ⎞
= ⎜ ⎟
⎝ ⎠

The vectors  L   and   !  point in 
opposite directions. Because the 
electron is negatively charged 

Quantum physics indicates that 
angular momentum is quantized.

Matthew Szydagis
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pi r
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Magnetic Moments of Multiple Electrons
In most substances, the magnetic moment of one electron is canceled by 
that of another electron orbiting in the same direction. 
The net result is that the magnetic effect produced by the orbital motion of 
the electrons is either zero or very small.

Electrons (and other particles) have an 
intrinsic property called spin that also 
contributes to their magnetic moment. 
▪ The electron is not physically 

spinning. 
▪ It has an intrinsic angular 

momentum as if it were spinning. 
▪ Spin angular momentum is actually 

a relativistic effect



Potential Energy
The potential energy of the system of a magnetic dipole in a 
magnetic field depends on the orientation of the dipole in the 
magnetic field given by 

▪ Umin = -µB and occurs when the dipole moment is in the same 
direction as the field. 

▪ Umax = +µB and occurs when the dipole moment is in the direction 
opposite the field.

U µ= − B
!!
!

Section  29.586

Matthew Szydagis
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Negative 1 times the dot product of mu and B



Van Allen Radiation Belts
The Van Allen radiation belts 
consist of charged particles 
surrounding the Earth in 
doughnut-shaped regions. 
The particles are trapped by the 
Earth’s nonuniform magnetic 
field. 
The particles spiral from pole to 
pole. 
▪ May result in auroras

Section  29.287

Matthew Szydagis
passing through is like adding a year of smoking to your life



Velocity Selector
Used when all the particles need 
to move with the same velocity. 
A uniform electric field is 
perpendicular to a uniform 
magnetic field. 
When the force due to the electric 
field is equal but opposite to the 
force due to the magnetic field, 
the particle moves in a straight 
line. 
This occurs for velocities of value.  
 v = E / B

Section  29.388



Velocity Selector, cont.
Only those particles with the given speed will pass through the two 
fields undeflected. 
The magnetic force exerted on particles moving at a speed greater 
than this is stronger than the electric field and the particles will be 
deflected to the left. 
Those moving more slowly will be deflected to the right.

Section  29.389



Mass Spectrometer
A mass spectrometer separates 
ions according to their mass-to-
charge ratio. 
In one design, a beam of ions 
passes through a velocity selector 
and enters a second magnetic 
field. 
After entering the second 
magnetic field, the ions move in a 
semicircle of radius r before 
striking a detector at P. 
If the ions are positively charged, 
they deflect to the left. 
If the ions are negatively charged, 
they deflect to the right.

Section  29.390



Mass Spectrometer, cont.
The mass to charge (m/q) ratio can be determined by measuring the 
radius of curvature and knowing the magnetic and electric field 
magnitudes. 

In practice, you can measure the masses of various isotopes of a 
given atom, with all the ions carrying the same charge. 
▪ The mass ratios can be determined even if the charge is 

unknown.

o orB rB Bm
q v E
= =

Section  29.391



Thomson’s e/m Experiment
Electrons are accelerated from 
the cathode. 
They are deflected by electric and 
magnetic fields. 
The beam of electrons strikes a 
fluorescent screen. 
e/m was measured

Section  29.392



Cyclotron
A cyclotron is a device that can 
accelerate charged particles to 
very high speeds. 
The energetic particles produced 
are used to bombard atomic 
nuclei and thereby produce 
reactions. 
These reactions can be analyzed 
by researchers.

Section  29.393



Cyclotron, cont.
D1 and D2 are called dees 
because of their shape. 
A high frequency alternating 
potential is applied to the dees. 
A uniform magnetic field is 
perpendicular to them. 
A positive ion is released near the 
center and moves in a 
semicircular path.

Section  29.394



Cyclotron, final
The potential difference is adjusted so that the polarity of the dees is 
reversed in the same time interval as the particle travels around one 
dee. 
This ensures the kinetic energy of the particle increases each trip. 
The cyclotron’s operation is based on the fact that T is independent 
of the speed of the particles and of the radius of their path. 

When the energy of the ions in a cyclotron exceeds about 20 MeV, 
relativistic effects come into play. 
Most accelerators currently used in research are synchrotrons.

2 2 2
21

2 2
q B RK mv
m

= =

Section  29.395
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The main difference between a cyclotron and synchrotron is: A cyclotron accelerates the particles in a spiral since the magnetic field is constant. The synchrotron adjusts the magnetic field such that the particles are kept in a circular orbit.


