
Physics 167 Luis Anchordoqui



2

Magnetic Fields
21.1 Magnetic Fields

Magnetism has been observed since roughly 800 B.C.

Certain rocks on the Greek peninsula of Magnesia 
were noticed to attract and repel one another.

Hence the word:  Magnetism.

So just like charged objects, magnetized objects can 
exert forces on each other – repulsive or attractive.

A magnet has two poles, a North and a South: Like poles repel and 
opposite poles attract

N S Similar to electric charges, but 
magnetic poles always come in pairs.

They never exist as a single pole called a magnetic monopole.
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Break in half We get two magnets, each with 
two poles!

D

21.1 Magnetic Fields

Magnetism has been observed since roughly 800 B.C.
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Like poles repel and opposite poles attract

➣ Magnetism has been observed since roughly 500 B.C.

➢ Certain rocks on the Greek peninsula of Magnesia were noticed to attract and repel one another

➢ Hence the word Magnetism

➣ So just like charged objects, magnetized objects can exert forces on each other - repulsive or attractive

➢ A magnet has two poles ☛ NORTH and SOUTH

➣ Similar to electric charges but magnetic poles always come in pairs

➢ No single pole (called magnetic monopole) has been observed in nature

We get two magnets, each with two poles!



➣ Electric charges produce electric fields      and magnets produce magnetic fields

➢ We used a small positive charge (test charge) to determine what electric field lines look like around 
a point charge

Electric charges produce electric fields and magnets produce magnetic fields.

We used a small positive charge (test charge) to determine what the electric field 
lines looked like around a point charge.
Can we do a similar thing to determine what the magnetic field lines look like 
around a magnet???

Yes!  We can use a small magnet called a compass!

The compass needle is free to pivot, and its tip (the North pole) will point toward the 
South pole of another magnet.

So the field lines around a bar magnet look like this:

B

We represent the Magnetic 
Field with a capitol B:

➣ Can we do a similar thing to determine what the magnetic field lines look like around a magnet?? 

➣ Compass needle is free to pivot, and its tip (North pole) will point toward South pole of another magnet 

YES!! We can use a small magnet called a compass!!
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Electric charges produce electric fields and magnets produce magnetic fields.

We used a small positive charge (test charge) to determine what the electric field 
lines looked like around a point charge.
Can we do a similar thing to determine what the magnetic field lines look like 
around a magnet???

Yes!  We can use a small magnet called a compass!

The compass needle is free to pivot, and its tip (the North pole) will point toward the 
South pole of another magnet.

So the field lines around a bar magnet look like this:

B

We represent the Magnetic 
Field with a capitol B:

➣ Fields lines around a bar magnet look like this
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2. The magnetic field at any point in space is tangent to the 
field line at that point.

3. The higher the density of field lines, the stronger the field.
Thus, the strongest field is near the poles!!!

4. The field lines must form closed loops, i.e. they don’t start or 
stop in mid space.

N

S

There are no magnetic monopoles!

Since a compass needle points North on the surface of the earth, 
the earth must have a magnetic field, and its South pole, called 
Magentic North, must be in the northern hemisphere.

Magnetic north does not coincide 
with geographic north, and it 
tends to move around over time.

Earth’s magnetic field is not well 
understood.  May be due to the 
distribution of currents flowing in 
the liquid nickel core.

The Magnetosphere

B
1. They point away from North poles and point toward South
poles. The compass needle will line up in the direction of the field!

Properties of Magnetic Field Lines:

2. The magnetic field at any point in space is tangent to the 
field line at that point.

3. The higher the density of field lines, the stronger the field.
Thus, the strongest field is near the poles!!!
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2. The magnetic field at any point in space is tangent to the 
field line at that point.

3. The higher the density of field lines, the stronger the field.
Thus, the strongest field is near the poles!!!

4. The field lines must form closed loops, i.e. they don’t start or 
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Since a compass needle points North on the surface of the earth, 
the earth must have a magnetic field, and its South pole, called 
Magentic North, must be in the northern hemisphere.
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B
1. They point away from North poles and point toward South
poles. The compass needle will line up in the direction of the field!

Properties of Magnetic Field Lines:

Properties of Magnetic Field Lines

The compass needle will line up in the direction of the field!

Thus, the strongest field is near the poles !!

There are no magnetic monopoles!

Magnetosphere

1. They point away from North poles and point toward South poles  

2. Magnetic field at any point in space is tangent to the field line at that point 

3. The higher the density of field lines, the stronger the field 

4. The field lines must form closed loops, i.e. they don’t start or stop in mid space

➣ Magnetic north does not coincide with geographic north, 

➣ Earth’s magnetic field is not well understood 

➣ May be due to distribution of currents flowing in liquid nickel core

and it tends to move around over time 

➣Since a compass needle points North on the surface of earth, earth must have a magnetic 
field, and its South pole, called Magnetic North, must be in northern hemisphere 
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Magnetic Force
➢ Charges feel forces in electric fields

➢ Magnets feel forces in magnetic fields

Until 1820, everyone thought electricity and magnetism had absolutely nothing to do with each other

But, it turns out that eléctrical charges WILL also feel a force in magnetic fields, under certain conditions

1. The charge must be moving i.e. has a nonzero velocity

2. The charge’s velocity must have a component that is perpendicular to magnetic field

There is no magnetic force on a stationary charge!
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Thus, if a charge is moving in a magnetic field, but it moves along the same 
direction as the field (parallel to it), there is no force.

Magnetic Field

vq F = 0

Magnetic Fieldv

q
F � 0

So, if there is a force on a moving charged particle in a magnetic field, how do we 
calculate that force?

BvqF
&&&

u TsinqvB 

TsinqvBF  B is the magnetic field.

T is the angle between B and v.
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1 T is a pretty big field.  We also use another unit of mag. field, the gauss:  
1 gauss = 1 × 10-4 T. Earth’s mag. Field is ~0.5 

gauss

T

Thus, if a charge is moving in a magnetic field, but it moves along the same 
direction as the field (parallel to it), there is no force.
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1 T is a pretty big field.  We also use another unit of mag. field, the gauss:  
1 gauss = 1 × 10-4 T. Earth’s mag. Field is ~0.5 

gauss

T

➣ If a charge is moving in a magnetic field, but it moves along same direction as the field (parallel to it) 
there is no force

➢ So, if there is a force on a moving charged particle in a magnetic field, how do we calculate that force?

𝜃 is the angle between B and 𝜈

B is the magnetic field

Thus, if a charge is moving in a magnetic field, but it moves along the same 
direction as the field (parallel to it), there is no force.
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1 T is a pretty big field.  We also use another unit of mag. field, the gauss:  
1 gauss = 1 × 10-4 T. Earth’s mag. Field is ~0.5 
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Thus, if a charge is moving in a magnetic field, but it moves along the same 
direction as the field (parallel to it), there is no force.

Magnetic Field

vq F = 0
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So, if there is a force on a moving charged particle in a magnetic field, how do we 
calculate that force?
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TsinqvBF  B is the magnetic field.
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1 T is a pretty big field.  We also use another unit of mag. field, the gauss:  
1 gauss = 1 × 10-4 T. Earth’s mag. Field is ~0.5 

gauss

T

➣ Units of B

 ➣ 1 T is a pretty big field
➢We also use another unit of magnetic field ☛ gauss

1 gauss = 1 x 10-4 T Earth’s magnetic field is ~ 0.5 gauss
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More on Right Hand Rule

currents flow in the opposite directions,

I1 I2

F F

I1 I2

F F

I1 I2

F F
(3)

Here is the graphical explanation of the force’s direction for the currents in the same direction:

(4)

The magnitude of the force between two wires per unit of wire’s length is

F

L
=

µ0
2π

×
I1I2
d

(5)

where d is the distance between the wires, while the µ0 constant of the MKSA system of

units is exactly

µ0 = 4π · 10−7 Tm/A = 4π · 10−7 N/A2. (6)

In other words, the Ampere — the MKSA unit of electric current — is defined such that two

long parallel wires separated by 1 m distance and each carrying 1 A current are attracted or

repelled with a force of 2 · 10−7 Newtons per meter of length.

2

19Tuesday, March 9, 21

Direction of Force on a Charge Particle in a Magnetic Field
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F = q⌫B sin ✓

Examples

Direction of the force on a charged particle in a mag. field:

Use Right Hand Rule 1 (RHR-1)

•Point the fingers of your right hand in the direction of the magnetic field.

•Point your thumb in the direction of the charge’s velocity.

•The force is directed away from your palm.  

This is the procedure to follow when the charge is positive.  If the charge is negative, 
do everything exactly the same, but then reverse the direction of the force at the end.

Examples

%

+q

v

Force? Force is into the page �

%

-q

v

Force? Force is out of the page x

TsinqvBF  

Use Right Hand Rule 1 (RHR-1)

Force? Force?Force is into the page ⨂ Force is out of the page ⊙

➣ This is the procedure to follow when charge is positive

➣ If charge is negative, do everything exactly the same, but then reverse direction of force at end
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Question

An electron moving with speed 𝜈 = 1.5 x 104 m/s from left to right enters a region of space where a 
uniform magnetic field of magnitude 7.5 T exist everywhere into the page

What direction is the force on the electron?

1. Left 

2. Right 

3. Up 

4. Down 

5. Into the page 

6. Out of the page
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗

𝜈electron
⦁

B
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Question

An electron moving with speed 𝜈 = 1.5 x 104 m/s from left to right enters a region of space where a 
uniform magnetic field of magnitude 7.5 T exist everywhere into the page

What direction is the force on the electron?

1. Left 

2. Right 

3. Up 

4. Down 

5. Into the page 

6. Out of the page
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗

𝜈electron
⦁

B
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Motion of a Charge Particle in Electric and Magnetic Fields

✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗

B𝜈

⦁+q

Everywhere into the page

Use RHR-1 to show that the force on the particle is initially upward

<latexit sha1_base64="MJvaouD+U05R5sFPZb2QH93PcNw=">AAAB/nicbVDLSsNAFJ34rPUVFVduBovgqiTiayOUCuKygn1AE8pkOmmHTiZx5kYooeCvuHGhiFu/w51/47TNQlsPXDiccy/33hMkgmtwnG9rYXFpeWW1sFZc39jc2rZ3dhs6ThVldRqLWLUCopngktWBg2CtRDESBYI1g8H12G8+MqV5LO9hmDA/Ij3JQ04JGKlj79/gqwdPpriKPc0l9qDPgHTsklN2JsDzxM1JCeWodewvrxvTNGISqCBat10nAT8jCjgVbFT0Us0SQgekx9qGShIx7WeT80f4yChdHMbKlAQ8UX9PZCTSehgFpjMi0Nez3lj8z2unEF76GZdJCkzS6aIwFRhiPM4Cd7liFMTQEEIVN7di2ieKUDCJFU0I7uzL86RxUnbPy2d3p6VKNY+jgA7QITpGLrpAFXSLaqiOKMrQM3pFb9aT9WK9Wx/T1gUrn9lDf2B9/gCA7JSU</latexit>

F = q⌫B sin ✓

<latexit sha1_base64="YNUQX6wBex7/2TxZrCdxU42Bmm0=">AAAB/HicdVDLSgNBEJyNrxhfqzl6GQyCpzAbTExuQUE8RjAPyIYwO+kkQ2Znl5nZQAjxV7x4UMSrH+LNv3HyEFS0oKGo6qa7K4gF14aQDye1tr6xuZXezuzs7u0fuIdHDR0likGdRSJSrYBqEFxC3XAjoBUroGEgoBmMruZ+cwxK80jemUkMnZAOJO9zRo2Vum7WHwPD134MKsZz7suk6+ZIvki8SsnDJE8WsKRQJJUywd5KyaEVal333e9FLAlBGiao1m2PxKYzpcpwJmCW8RMNMWUjOoC2pZKGoDvTxfEzfGqVHu5HypY0eKF+n5jSUOtJGNjOkJqh/u3Nxb+8dmL65c6UyzgxINlyUT8R2ER4ngTucQXMiIkllClub8VsSBVlxuaVsSF8fYr/J41C3ivli7fnuerlKo40OkYn6Ax56AJV0Q2qoTpiaIIe0BN6du6dR+fFeV22ppzVTBb9gPP2CXQGlK0=</latexit>

~F ? ~⌫
<latexit sha1_base64="ervFl3rz3xF2DY5R98SCKGAEkaM=">AAAB+3icdVDLSgNBEJz1GeNrjUcvg0HwtMwGE5NbiCAeI5gHJEuYnXSSIbMPZmaDIeRXvHhQxKs/4s2/cbKJoKIFDUVVN91dfiy40oR8WGvrG5tb25md7O7e/sGhfZRrqiiRDBosEpFs+1SB4CE0NNcC2rEEGvgCWv74auG3JiAVj8I7PY3BC+gw5APOqDZSz851J8DwdTcGGeOU13p2njhF4lZKLiYOSWFIoUgqZYLdlZJHK9R79nu3H7EkgFAzQZXquCTW3oxKzZmAebabKIgpG9MhdAwNaQDKm6W3z/GZUfp4EElTocap+n1iRgOlpoFvOgOqR+q3txD/8jqJHpS9GQ/jREPIlosGicA6wosgcJ9LYFpMDaFMcnMrZiMqKdMmrqwJ4etT/D9pFhy35BRvL/LV2iqODDpBp+gcuegSVdENqqMGYugePaAn9GzNrUfrxXpdtq5Zq5lj9APW2yf4/JPG</latexit>

~F ? ~Band

⦁
𝜈

+     +     +     +     +

-      -      -      -     -
E

+q

<latexit sha1_base64="7W8Bm9+NN055NkISAAEqncQxYIY=">AAAB/3icbVDLSsNAFJ34rPUVFdy4GSyCq5KIr2VRFJcV7AOaUCbTm3boZBJmJoVSu/BX3LhQxK2/4c6/cZpmoa0HLpw5517m3hMknCntON/WwuLS8spqYa24vrG5tW3v7NZVnEoKNRrzWDYDooAzATXNNIdmIoFEAYdG0L+e+I0BSMVi8aCHCfgR6QoWMkq0kdr2vjcAim+9hEjCOXCcvW/adskpOxnwPHFzUkI5qm37y+vENI1AaMqJUi3XSbQ/IlIzymFc9FIFCaF90oWWoYJEoPxRtv8YHxmlg8NYmhIaZ+rviRGJlBpGgemMiO6pWW8i/ue1Uh1e+iMmklSDoNOPwpRjHeNJGLjDJFDNh4YQKpnZFdOeSYJqE1nRhODOnjxP6idl97x8dn9aqlzlcRTQATpEx8hFF6iC7lAV1RBFj+gZvaI368l6sd6tj2nrgpXP7KE/sD5/ANTGlVk=</latexit>

~F k ~E

<latexit sha1_base64="JQySrUEZDuJIAwDri/q7wFAIjsk=">AAAB7HicbVBNSwMxEJ2tX7V+VT16CRbBU9kVvy5CURSPFdy20C4lm2bb0GyyJlmhLP0NXjwo4tUf5M1/Y9ruQasPBh7vzTAzL0w408Z1v5zCwuLS8kpxtbS2vrG5Vd7eaWiZKkJ9IrlUrRBrypmgvmGG01aiKI5DTpvh8GriNx+p0kyKezNKaBDjvmARI9hYyUc3Fw/X3XLFrbpToL/Ey0kFctS75c9OT5I0psIQjrVue25iggwrwwin41In1TTBZIj7tG2pwDHVQTY9dowOrNJDkVS2hEFT9edEhmOtR3FoO2NsBnrem4j/ee3UROdBxkSSGirIbFGUcmQkmnyOekxRYvjIEkwUs7ciMsAKE2PzKdkQvPmX/5LGUdU7rZ7cHVdql3kcRdiDfTgED86gBrdQBx8IMHiCF3h1hPPsvDnvs9aCk8/swi84H9/UdI4P</latexit>

F = qE

The force on a charged particle in an electric field is directed along the field, either parallel  or antiparallel

The force on a charged particle in a magnetic field is always at right angles to the velocity and field,

11



➢ This is call a velocity selector

✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗

-            -          -         -         - 

+          +          +        +        +

Now let’s use both fields at the same time:

Keep the magnetic field the same, but reverse the direction of the electric field:

B

+q

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

v

+ + + + +

- - - - - E

The force on the positive charge due 
to the electric field will now be down, 
and the force on the charge due to 
the magnetic field (RHR-1) will be up.

FBD on the charge:

FM

FE

By adjusting the magnitude of E and B, I 
can find a combination where FM = FE, 
such that the net force on the charge is 
zero:  the charge moves through the 
fields with no deflection at all!

This is called a velocity selector.

EM FF  qEqvB  � Tsin
1

B
Ev  �

➣ Let’s use both fields at the same time

➢ Keep the magnetic field the same, but reverse the direction of the electric field

The force on the positive charge due to the electric 

field will now be down, and the force on the charge 

due to the magnetic field (RHR-1) will be up

⦁+q
𝜈

⦁

<latexit sha1_base64="0+IKMmMYOXZfn2I7Ph6gSyhqcxo=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ9zNRdURA3QkX7gHYomTTThmYyQ5IRSuknuHGhiFu/yJ1/Y/oQVPTAhcM593LvPUHCmdIIfViZldW19Y3sZm5re2d3L79/0FRxKgltkJjHsh1gRTkTtKGZ5rSdSIqjgNNWMLqY+a17KhWLxZ0eJ9SP8ECwkBGsjXR72bvu5QvILnpOCXkQ2WW34hZLhrio4lXPoGOjOQpgiXov/97txySNqNCEY6U6Dkq0P8FSM8LpNNdNFU0wGeEB7RgqcESVP5mfOoUnRunDMJamhIZz9fvEBEdKjaPAdEZYD9Vvbyb+5XVSHVb9CRNJqqkgi0VhyqGO4exv2GeSEs3HhmAimbkVkiGWmGiTTs6E8PUp/J80i7bj2pWbcqF2vowjC47AMTgFDvBADVyBOmgAAgbgATyBZ4tbj9aL9bpozVjLmUPwA9bbJ2HYjeU=</latexit>

FM

<latexit sha1_base64="lbw0yfq9V/d7HDyZ+WLXACcLB74=">AAAB6nicdVDLSgMxFM3UV62vqks3wSK4GjJ9zNRdURSXFe0D2qFk0kwbmskMSUYopZ/gxoUibv0id/6N6UNQ0QMXDufcy733BAlnSiP0YWVWVtfWN7Kbua3tnd29/P5BU8WpJLRBYh7LdoAV5UzQhmaa03YiKY4CTlvB6GLmt+6pVCwWd3qcUD/CA8FCRrA20u1V77KXLyC76Dkl5EFkl92KWywZ4qKKVz2Djo3mKIAl6r38e7cfkzSiQhOOleo4KNH+BEvNCKfTXDdVNMFkhAe0Y6jAEVX+ZH7qFJ4YpQ/DWJoSGs7V7xMTHCk1jgLTGWE9VL+9mfiX10l1WPUnTCSppoIsFoUphzqGs79hn0lKNB8bgolk5lZIhlhiok06ORPC16fwf9Is2o5rV27Khdr5Mo4sOALH4BQ4wAM1cA3qoAEIGIAH8ASeLW49Wi/W66I1Yy1nDsEPWG+fVbiN3Q==</latexit>

FE

B

E By adjusting magnitude of     and    ,  
I can find a combination where  
such that net force on charge is zero ☛  
charge moves through the fields with no 
deflection at all!

<latexit sha1_base64="47/NCxSzsjK4iA4j/4XvwusCx/Y=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2NQBI8JmAckS5iddJIxs7PLzKwQlnyBFw+KePWTvPk3TpI9aGJBQ1HVTXdXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8Hoduo3n1BpHskHM47RD+lA8j5n1FipdtctltyyOwNZJl5GSpCh2i1+dXoRS0KUhgmqddtzY+OnVBnOBE4KnURjTNmIDrBtqaQhaj+dHTohJ1bpkX6kbElDZurviZSGWo/DwHaG1Az1ojcV//Paielf+ymXcWJQsvmifiKIicj0a9LjCpkRY0soU9zeStiQKsqMzaZgQ/AWX14mjbOyd1m+qJ2XKjdZHHk4gmM4BQ+uoAL3UIU6MEB4hld4cx6dF+fd+Zi35pxs5hD+wPn8AZwtjNM=</latexit>

E
<latexit sha1_base64="27aF9gcNyV8Ah3PdmkHdxk/9Dsc=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaNryPBi0dI5JHAhswOvTAyO7uZmTUhhC/w4kFjvPpJ3vwbB9iDgpV0UqnqTndXkAiujet+O7m19Y3Nrfx2YWd3b/+geHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8Hobua3nlBpHssHM07Qj+hA8pAzaqxUr/aKJbfszkFWiZeREmSo9Ypf3X7M0gilYYJq3fHcxPgTqgxnAqeFbqoxoWxEB9ixVNIItT+ZHzolZ1bpkzBWtqQhc/X3xIRGWo+jwHZG1Az1sjcT//M6qQlv/QmXSWpQssWiMBXExGT2NelzhcyIsSWUKW5vJWxIFWXGZlOwIXjLL6+S5kXZuy5f1S9LlWoWRx5O4BTOwYMbqMA91KABDBCe4RXenEfnxXl3PhatOSebOYY/cD5/AJehjNA=</latexit>

B
<latexit sha1_base64="JSTUUMTWMfnvqyOsRDRh9mofXRo=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiTiayMUxeJGqGAf0IYwmU7aIZNJmJkIJfQj3LhQxK3f486/cdpmoa0HLhzOuZd77/ETzpS27W+rsLS8srpWXC9tbG5t75R391oqTiWhTRLzWHZ8rChngjY105x2Eklx5HPa9sObid9+olKxWDzqUULdCA8ECxjB2kjtund/VfduvXLFrtpToEXi5KQCORpe+avXj0kaUaEJx0p1HTvRboalZoTTcamXKppgEuIB7RoqcESVm03PHaMjo/RREEtTQqOp+nsiw5FSo8g3nRHWQzXvTcT/vG6qg0s3YyJJNRVktihIOdIxmvyO+kxSovnIEEwkM7ciMsQSE20SKpkQnPmXF0nrpOqcV88eTiu16zyOIhzAIRyDAxdQgztoQBMIhPAMr/BmJdaL9W59zFoLVj6zD39gff4ARYSO4w==</latexit>

FM = FE
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Electric case

Work Done By Fields 

  -             -            -

  +            +             +

⦁+ 𝜈 E

<latexit sha1_base64="6kcdR+3gkXONPGUG453x5QHE1so=">AAAB8nicbVDLSsNAFJ34rPVVdelmsAiuSiK+NkJREJcV7APSUCaTSTt0MhNmboQS+hluXCji1q9x5984bbPQ1gMXDufcy733hKngBlz321laXlldWy9tlDe3tnd2K3v7LaMyTVmTKqF0JySGCS5ZEzgI1kk1I0koWDsc3k789hPThiv5CKOUBQnpSx5zSsBKfvv6rgs8YQZHvUrVrblT4EXiFaSKCjR6la9upGiWMAlUEGN8z00hyIkGTgUbl7uZYSmhQ9JnvqWS2DVBPj15jI+tEuFYaVsS8FT9PZGTxJhREtrOhMDAzHsT8T/PzyC+CnIu0wyYpLNFcSYwKDz5H0dcMwpiZAmhmttbMR0QTSjYlMo2BG/+5UXSOq15F7Xzh7Nq/aaIo4QO0RE6QR66RHV0jxqoiShS6Bm9ojcHnBfn3fmYtS45xcwB+gPn8weRoZDO</latexit>

W = F ⇥ d where F is along direction of motion and it is constant over displacement 

✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗

B

⦁+
𝜈

𝜈

𝜈
F

F

F

Magnetic case
Thus, positive work is done on the charge!

➣ When positive charge enters field, force is downward

➣ Charge accelerates ☛ it is velocity increases

➣ When positive charge enters magnetic field, force is initially up

➣ This bends particle upward, but force changes direction ☛

➣ This force continues to bend particle around  

it must always be perpendicular to <latexit sha1_base64="1wlkqvaUz99P3hhPo3Y6o901eQI=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ1elvXLFrbozkGXi5aQCOeq98le3H7M04gqZpMZ0PDdBP6MaBZN8UuqmhieUjeiAdyxVNOLGz2anTsiJVfokjLUthWSm/p7IaGTMOApsZ0RxaBa9qfif10kxvPYzoZIUuWLzRWEqCcZk+jfpC80ZyrEllGlhbyVsSDVlaNMp2RC8xZeXSfOs6l1WL+7PK7WbPI4iHMExnIIHV1CDO6hDAxgM4Ble4c2Rzovz7nzMWwtOPnMIf+B8/gBiI43h</latexit>⌫
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✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗

➣ Keep applying RHR-1 ☛ particle just keeps bending around into a circular path!

●

●

-

+

➣ Force is always at right angles to velocity, so it is never along the direction of motion

➣Particle’s speed remains constant, but it is direction changes!

Lazy B Field!

Thus , magnetic force does no work on particle

Magnetic fields can not speed up or slow down cahrged particles, only change their direction

B
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✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗ 
✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗✗

B

F

F

F

F

r

𝜈

𝜈
𝜈

𝜈●+

By RHR-1 ☛ force is always perpendicular to 𝜈 
and directed in toward center of motion

➣ Consider again our positively charged particle moving at right angles to a magnetic field
➣Velocity is always tangent to particle’s trajectory

➣ Whenever we have circular motion,

Consider again our positively charged particle moving at right angles to a 
magnetic field: B

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

× × × × × × × × ×

× × × × × × × × ×
× × × × × × × × ×

+

The velocity is always tangent 
to the particle’s trajectory:

v

v

v

v

By RHR-1, the force is always 
perpendicular to v and directed 
in toward the center of motion.

F

F

F
F

Whenever we have circular motion, we can 
identify a Centripetal Force.

Remember:  The centripetal force is not a new force, but it is the vector sum of the 
radial forces.

r

Here, the centripetal force is solely due to the magnetic force, thus,

MC FF  TsinqvBFC  � Tsin
2

qvB
r
mv

 �
1x

qB
mvr  �

Thus, the larger B is, the tighter the circular path (smaller r).

Thus, larger B is, the tighter the circular path (smaller r)

➣ Here, centripetal force is solely due to magnetic force, thus,  
Centripetal force is not a new force, but it is vector sum of radial forcesRemember 

we can identify a Centripetal Force
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●+
F

𝜈

r

B
✗

Example

 A beam of protons moves in a circle of radius 0.25m

(a) What is the speed of each proton? 

(b) Determine the magnitude of centripetal force that acts on each proton

Example: 

21.13. a beam of proton moves in a circle of radius 0.25 m. The protons moves 
perpendicular to a 0.3-T magnetic field. (a) What is the speed of each proton? (b) 
Determine the magnitude of centripetal force that acts on each proton. 

+ v

F

r

x  B
19

6
27

( )       

1.602 10 0.30 0.25 7.19 10 /
1.67 10p

mva r
qB

qBr eBr C T mv m s
m m Kg

�

�

 

u � �
    u

u

( )      sin      ( 90 )b F qvB
F evB

T T  q
 

Example: 

21.13. a beam of proton moves in a circle of radius 0.25 m. The protons moves 
perpendicular to a 0.3-T magnetic field. (a) What is the speed of each proton? (b) 
Determine the magnitude of centripetal force that acts on each proton. 

+ v

F

r

x  B
19

6
27

( )       

1.602 10 0.30 0.25 7.19 10 /
1.67 10p

mva r
qB

qBr eBr C T mv m s
m m Kg

�

�

 

u � �
    u

u

( )      sin      ( 90 )b F qvB
F evB

T T  q
 

(a)

(b)

 Proton moves perpendicular to a 0.3-T magnetic field

kg



Mass Spectrometer
➣ Ionized particles are accelerated by a potential difference V

Plug in     from here:rearrange

➣ Thus, mass of deflected ion is proporcional to B2

➣ By changing B, we can select a certain mass for a given radius

21.4 The Mass Spectrometer
Ionized particles are accelerated by a 
potential difference V.

By conservation of energy, we know that this potential 
energy goes into the kinetic energy of the particle:

EPEKE ' ' qVmv  � 2
2
1

Solve this for the speed, v:
m
qVv 2

 

This is the speed the particle has when it enters the magnetic field.  It then 
gets bent into a circular path whose radius is given by the previous equation:

qB
mvr  rearrange

v
qrBm  Plug in v from here:

2
2

2
B

V
qrm ¸̧

¹

·
¨̈
©

§
 

*Thus, the mass of the deflected ion is proportional to B2.

By changing B, we can select a certain mass for a given radius.

➣ By conservation of energy, we know that this potential energy goes into kinetic energy of particle

➣ Solve this for speed,

➣ This is speed particle has when it enters magnetic field

➣ It then gets bent into a circular path whose radius is given by previous equation

<latexit sha1_base64="rN1ZD4JD+bAjikiqlrYZshfJSiY=">AAACIHicbVDLSgMxFM34rPU16tJNsAiuykxR60Yo6kJwU8U+oFNLJs20oZmHyZ1KGfopbvwVNy4U0Z1+jWk7C209EDiccy4397iR4Aos68uYm19YXFrOrGRX19Y3Ns2t7aoKY0lZhYYilHWXKCZ4wCrAQbB6JBnxXcFqbu985Nf6TCoeBrcwiFjTJ52Ae5wS0FLLLDoXTADBV/gUp7SCnRve6QKRMnzAjicJTexhUhhiH/fvCjp4j6stM2flrTHwLLFTkkMpyi3z02mHNPZZAFQQpRq2FUEzIRI4FWyYdWLFIkJ7pMMamgbEZ6qZjA8c4n2ttLEXSv0CwGP190RCfKUGvquTPoGumvZG4n9eIwbvpJnwIIqBBXSyyIsFhhCP2sJtLhkFMdCEUMn1XzHtEt0I6E6zugR7+uRZUi3k7eP80fVhrnSW1pFBu2gPHSAbFVEJXaIyqiCKHtEzekVvxpPxYrwbH5PonJHO7KA/ML5/ANP4oOs=</latexit>

�K = �U ) 1

2
mv2 = qV

<latexit sha1_base64="B3TJN9YQTQyLIiOIxdQDkENxgSw=">AAACAXicbVDLSsNAFJ34rPUVdSO4GSyCq5IUXxuh6MZlBfuAJpTJdNIOnZmkM5NCCXHjr7hxoYhb/8Kdf+O0zUJbD1w4nHMv994TxIwq7Tjf1tLyyuraemGjuLm1vbNr7+03VJRITOo4YpFsBUgRRgWpa6oZacWSIB4w0gwGtxO/OSJS0Ug86HFMfI56goYUI22kjn04gtfQU0OpUy+UCKeVYSNLeZZ17JJTdqaAi8TNSQnkqHXsL68b4YQToTFDSrVdJ9Z+iqSmmJGs6CWKxAgPUI+0DRWIE+Wn0w8yeGKULgwjaUpoOFV/T6SIKzXmgenkSPfVvDcR//PaiQ6v/JSKONFE4NmiMGFQR3ASB+xSSbBmY0MQltTcCnEfmSC0Ca1oQnDnX14kjUrZvSif35+Vqjd5HAVwBI7BKXDBJaiCO1ADdYDBI3gGr+DNerJerHfrY9a6ZOUzB+APrM8fl7aXBA==</latexit>

v =

r
2qV

m

<latexit sha1_base64="sGKSwFJy2Yuy1CHGqGtRSVr+BaE=">AAAB6XicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8co5gHJEmYns8mQ2dllpjcQlvyBFw+KePWPvPk3TpI9aLSgoajqprsrSKQw6LpfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj25nfGnNtRKwecZJwP6IDJULBKFrpYUx65Ypbdecgf4mXkwrkqPfKn91+zNKIK2SSGtPx3AT9jGoUTPJpqZsanlA2ogPesVTRiBs/m186JSdW6ZMw1rYUkrn6cyKjkTGTKLCdEcWhWfZm4n9eJ8Xw2s+ESlLkii0WhakkGJPZ26QvNGcoJ5ZQpoW9lbAh1ZShDadkQ/CWX/5LmmdV77J6cX9eqd3kcRThCI7hFDy4ghrcQR0awCCEJ3iBV2fkPDtvzvuiteDkM4fwC87HNzxajS4=</latexit>v
<latexit sha1_base64="mzymv7McL2Q3z65xmQSpo9VO6JA=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBbBVUnE10YodeOygn1AW8pkOmmHziRxZlIpMZ/ixoUibv0Sd/6N0zYLbT1w4XDOvdx7jxdxprTjfFu5ldW19Y38ZmFre2d3zy7uN1QYS0LrJOShbHlYUc4CWtdMc9qKJMXC47TpjW6mfnNMpWJhcK8nEe0KPAiYzwjWRurZRYmuUceXmCRinCYP1bRnl5yyMwNaJm5GSpCh1rO/Ov2QxIIGmnCsVNt1It1NsNSMcJoWOrGiESYjPKBtQwMsqOoms9NTdGyUPvJDaSrQaKb+nkiwUGoiPNMpsB6qRW8q/ue1Y+1fdRMWRLGmAZkv8mOOdIimOaA+k5RoPjEEE8nMrYgMsclBm7QKJgR38eVl0jgtuxfl87uzUqWaxZGHQziCE3DhEipwCzWoA4FHeIZXeLOerBfr3fqYt+asbOYA/sD6/AHnA5PM</latexit>

r =
mv

qB
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Manhattan Project
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Ion generation and 
acceleration chamber

Ion detector plate

B⊥2 

Mass spectrometers have three bascis parts

1. ion source and accelerator 

2. a velocity selector 

3. an ion separator

mass spectrometer  
ion separation chamber
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velocity selector chamber

electrified platesB⊥1 
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➣ Uranium isotopes, uranium-235 and uranium -239, can be separated using a mass spectrometer 

➣ Uranium-235 isotope travels through a smaller circle and can be gathered at a different point than

➣ During World War II, Manhattan projects was attempting to make an atomic bomb

uranium-239

➣ Uranium-235 is fissionable but it makes only 0.70% of uranium on Earth

➣ A large mass spectrometer at Oakridge, Tennessee was used to separate uranium-235 from raw

Manhattan Project

➣ Uranium-235  and uranium-239 ion, each with a charge of +2 are directed into a velocity selector

➣ Ions then pass into a magnetic field of 2.00 mT

What is the radius of deflection for each isotope?

uranium metal

wich has a magnetic field of 0.250 T and an electric field of 1.25 x 10 7 V/m perpendicular to each other
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➣ A charge of +2 means that each ion has two electrons
q = 2 x +1.60 x 10-19  C = +3.20 x 10-19 C

➣ Since each proton and neutron has a mass of 1.67 x 10-27 kg, mass of each isotope is 

m235 = 235 x (1.67 x 10-27 kg) = +3.9245 x 10-25 kg
m239 = 239 x (1.67 x 10-27 kg) = +3.9913x 10-25 kg

➣ For velocity selector

➣ For ion separator
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21.5 Force on a Current

Moving charges in a magnetic field experience a force.

A current is just a collection of moving charges, so a current will also feel a force in a 
magnetic field.

N

S

+-

BI

RHR-1 is used to find the direction 
of the force on a charge moving in 
a magnetic field, or to find the 
direction of the force on a current 
carrying wire in a magnetic field.

TsinqvBF  Tsin)( Bvt
t
q
¸
¹
·

¨
©
§ 

TsinILBF  �

I is the current, and L is the length 
of the wire that’s in the field.

B

T
L I

Direction of force? Into the screen! �

Notice that T is the angle between the current and 
the magnetic field.

TsinILBF  

The force is maximum when the field is perpendicular 
to the wire!
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➣ Moving charges in a magnetic field experience a force

➣ A current is just a collection of moving charges, so a current will also feel a force in a magnetic field

➣ I is the current and L is the length of the wire that is in the field

Direction of force? Into the screen!⨂

RHR-1 is used to find the direction of the force on a charge moving in a magnetic field, 
or to find the direction of the force on a current carrying wire in a magnetic field

➣ Force is maximum when field is perpendicular to the wire!

➣ Notice that 𝜃 is the angle between the current and the magnetic field

F = ILB sin 𝜃
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Example

 A current (I = 5A) runs through a triangular loop and place in a uniform B-field (B = 2T)

(a)Find the force acting on each side of triangle 

(b)Determine the net force

Example:
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A current (I = 5 A) runs through a triangular loop and place in a 
uniform B-field. (B = 2T). (a) Find the force acting on each side 
of triangle. (b) Determine the net force.  

Magnetic forces act on two side only: L1 and L3
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Magnetic Fields Produced by Currents
➣ Moving charges experience a force in  magnetic fields

➣ Current also feel a force in a magnetic field

➣ Until 1820 everyone thought electricity and magnetism were completely separate entities

➣ Then Hans Christian Oersted discovered the following

21.7 Magnetic Fields Produced by Currents

Moving charges experience a force in magnetic fields.

Currents also feel a force in a magnetic field.

Until 1820 everyone thought electricity and magnetism were completely 
separate entities.

Then Hans Christian Oersted discovered the following:

Electric currents create magnetic fields!
A more general statement is that moving charges create magnetic fields.

This discovery helped create the field of Electromagnetism.

What do the magnetic field lines look like around a long, straight, current-carrying wire?

The current produces concentric circular loops of 
magnetic field around the wire.

Remember, the magnetic field vector at any 
point is always tangent to the field line!

B

The current I is coming out at you.

I

Stationary charges create Electric Fields 
Moving charges (constant v) create Magnetic Fields. 

F = qvBsinT

F = ILBsinT

Electric currents create magnetic fields! 

Stationary charges create Electric Fields 
Moving charges (constant v) create Magnetic Fields 

This discovery helped create the field of Electromagnetism

A more general statement is that moving charges create magnetic fields
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We determine the direction of the magnetic field around a long current 
carrying wire by using RHR-2.

RHR-2:  Point the thumb of your right hand in the direction of the current, and 
your fingers curl around the wire showing the direction of the field lines.

➣ We determine the direction of magnetic field around a long current carrying wire by using RHR-2

RHR-2: Point the thumb of your right hand in the direction of the current, 

 and your fingers curl around the wire showing the direction of the field lines
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➣ What do the magnetic field lines look like around along, straight, current-carrying wire?

21.7 Magnetic Fields Produced by Currents

Moving charges experience a force in magnetic fields.

Currents also feel a force in a magnetic field.

Until 1820 everyone thought electricity and magnetism were completely 
separate entities.

Then Hans Christian Oersted discovered the following:

Electric currents create magnetic fields!
A more general statement is that moving charges create magnetic fields.

This discovery helped create the field of Electromagnetism.

What do the magnetic field lines look like around a long, straight, current-carrying wire?

The current produces concentric circular loops of 
magnetic field around the wire.

Remember, the magnetic field vector at any 
point is always tangent to the field line!

B

The current I is coming out at you.

I

Stationary charges create Electric Fields 
Moving charges (constant v) create Magnetic Fields. 

F = qvBsinT

F = ILBsinT

21.7 Magnetic Fields Produced by Currents

Moving charges experience a force in magnetic fields.

Currents also feel a force in a magnetic field.

Until 1820 everyone thought electricity and magnetism were completely 
separate entities.

Then Hans Christian Oersted discovered the following:

Electric currents create magnetic fields!
A more general statement is that moving charges create magnetic fields.

This discovery helped create the field of Electromagnetism.

What do the magnetic field lines look like around a long, straight, current-carrying wire?

The current produces concentric circular loops of 
magnetic field around the wire.

Remember, the magnetic field vector at any 
point is always tangent to the field line!

B

The current I is coming out at you.

I

Stationary charges create Electric Fields 
Moving charges (constant v) create Magnetic Fields. 

F = qvBsinT

F = ILBsinT

The current produces concentric circular loops of magnetic field around the wire

Remember Magnetic field vector at any point is always tangent to the field line!

The current I is coming out at you
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Use (A) a right-hand rule of thumb to determine the direction of magnetic field around a convencional current 
and (B) a left-hand rule of thumb to determine the direction of a magnetic field around an electron current

A B
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Ampère’s Law 

SECTION 20–8 Ampère’s Law 573

Another useful device consists of a solenoid into which a rod of iron is
partially inserted. This combination is also referred to as a solenoid. One simple
use is as a doorbell (Fig. 20–29). When the circuit is closed by pushing the button,
the coil effectively becomes a magnet and exerts a force on the iron rod. The rod
is pulled into the coil and strikes the bell. A large solenoid is used for the starter
of a car: when you engage the starter, you are closing a circuit that not only turns
the starter motor, but first activates a solenoid that moves the starter into direct
contact with the gears on the engine’s flywheel. Solenoids are used a lot as switches
in cars and many other devices. They have the advantage of moving mechanical
parts quickly and accurately.

Magnetic Circuit Breakers
Modern circuit breakers that protect houses and buildings from overload and fire
contain not only a “thermal” part (bimetallic strip as described in Section 18–6,
Fig. 18–19) but also a magnetic sensor. If the current is above a certain level, the
magnetic field the current produces pulls an iron plate that breaks the same contact
points as in Figs. 18–19b and c. Magnetic circuit breakers react quickly 
and for buildings are designed to react to the high currents of short circuits (but
not shut off for the start-up surges of motors).

In more sophisticated circuit breakers, including ground fault circuit inter-
rupters (GFCIs—discussed in Section 21–9), a solenoid is used. The iron rod of
Fig. 20–29, instead of striking a bell, strikes one side of a pair of electric contact
points, opening them and opening the circuit. They react very quickly 
and to very small currents and thus protect humans (not just property)
and save lives.

(L 5 mA)
(L 1 ms)

(610 ms),

Iron rod
Bell

Spring

Switch

Voltage

Voltage

I

Closed path
made up of
segments of
length ∆l

Area enclosed
by the path

I1

I1

I2

I2

FIGURE 20–30 Arbitrary path
enclosing electric currents, for
Ampère’s law. The path is broken
down into segments of equal length 
The total current enclosed by the
path shown is Iencl = I1 + I2 .

¢l.

FIGURE 20–29 Solenoid used as a
doorbell.

20–8 Ampère’s Law
The relation between the current in a long straight wire and the magnetic field it
produces is given by Eq. 20–6, Section 20–5. This equation is valid only for a long
straight wire. Is there a general relation between a current in a wire of any 
shape and the magnetic field around it? Yes: the French scientist André Marie 
Ampère (1775–1836) proposed such a relation shortly after Oersted’s discovery.
Consider any (arbitrary) closed path around a current, as shown in Fig. 20–30, and
imagine this path as being made up of short segments each of length We 
take the product of the length of each segment times the component of magnetic
field parallel to that segment. If we now sum all these terms, the result (accord-
ing to Ampère) will be equal to times the net current that passes through
the surface enclosed by the path. This is known as Ampère’s law and can be written

(20;9)
The symbol means “the sum of” and means the component of parallel to
that particular The lengths are chosen small enough so that is essen-
tially constant along each length. The sum must be made over a closed path, and

is the total net current enclosed by this closed path.Iencl

B||¢l¢l.
B
B

B||©
©B|| ¢l = m0 Iencl .

Ienclm0

B
B

¢l.

P H Y S I C S  A P P L I E D
Doorbell, car starter

P H Y S I C S  A P P L I E D
Magnetic circuit breakers
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RHR-2:  Point the thumb of your right hand in the direction of the current, and 
your fingers curl around the wire showing the direction of the field lines.
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The magnetic field created by a long straight wire is:
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Po is the permeability of free space:
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mT 104 7 �
u �SPois the permeability of free space ☛
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times the net current          that passes through the surface enclosed by path 

➣ Consider any (arbitrary) closed path around current   

➢ Imagine path being made up of short segments each of length  

➣ We  take product of length of each segment times the component of magnetic field parallel to that 

segment  

➢ If we now sum all these terms ☛ result equals:   
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Field Due to a Straight Wire 

Field Due to a Straight Wire
We can check Ampère’s law by applying it to the simple case of a long straight
wire carrying a current I. Let us find the magnitude of B at point P, a distance r
from the wire in Fig. 20–31. The magnetic field lines are circles with the wire at
their center (as in Fig. 20–8). As the path to be used in Eq. 20–9, we choose a
convenient one: a circle of radius r, because at any point on this path, will be
tangent to this circle. For any short segment of the circle (Fig. 20–31), will be
parallel to that segment, so Suppose we break the circular path down
into 100 segments.† Then Ampère’s law states that

The dots represent all the terms we did not write down. All the segments are the
same distance from the wire, so by symmetry we expect B to be the same at each
segment. We can then factor out B from the sum:

The sum of the segment lengths equals the circumference of the circle, Thus
we have

or

This is just Eq. 20–6 for the magnetic field near a long straight wire, so Ampère’s
law agrees with experiment in this case.

A great many experiments indicate that Ampère’s law is valid in general.
Practically, it can be used to calculate the magnetic field mainly for simple or
symmetric situations. Its importance is that it relates the magnetic field to the
current in a direct and mathematically elegant way. Ampère’s law is considered
one of the basic laws of electricity and magnetism. It is valid for any situation
where the currents and fields are not changing in time.

Field Inside a Solenoid
We now use Ampère’s law to calculate the magnetic field inside a solenoid
(Section 20–7), a long coil of wire with many loops or turns, Fig. 20–32. Each
loop produces a magnetic field as was shown in Fig. 20–9, and the total field
inside the solenoid will be the sum of the fields due to each current loop as shown
in Fig. 20–32a for a few loops. If the solenoid has many loops and they are close
together, the field inside will be nearly uniform and parallel to the solenoid axis
except at the ends, as shown in Fig. 20–32b. Outside the solenoid, the field lines
spread out in space, so the magnetic field is much weaker than inside. For apply-
ing Ampère’s law, we choose the path abcd shown in Fig. 20–33 far from either
end. We consider this path as made up of four straight segments, the sides of the
rectangle: ab, bc, cd, da. Then Ampère’s law, Eq. 20–9, becomes

The first term in the sum on the left will be (nearly) zero because the 
field outside the solenoid is negligible compared to the field inside. Furthermore,

is perpendicular to the segments bc and da, so these terms are zero, too.B
B

AB|| ¢lBab + AB|| ¢lBbc + AB|| ¢lBcd + AB|| ¢lBda = m0 Iencl .

B =
m0 I
2pr

.

B(2pr) = m0 I,

2pr.¢l
BA¢l1 + ¢l2 + ¢l3 + p + ¢l100B = m0 I.

(B ¢l)1 + (B ¢l)2 + (B ¢l)3 + p + (B ¢l)100 = m0 I.

B|| = B.
B
B
B
B
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FIGURE 20–32 (a) Magnetic field
due to several loops of a solenoid.
(b) For many closely spaced loops,
the field is very nearly uniform.
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FIGURE 20–33 Cross-sectional view into a 
solenoid. The magnetic field inside is straight
except at the ends. Red dashed lines indicate
the path chosen for use in Ampère’s law.

and are electric current direction (in the
wire loops) out of the page and into the page.

z!

†Actually, Ampère’s law is precisely accurate when there is an infinite number of infinitesimally short
segments, but that leads into calculus.
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FIGURE 20–31 Circular path of
radius r.
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Field Due to a Straight Wire
We can check Ampère’s law by applying it to the simple case of a long straight
wire carrying a current I. Let us find the magnitude of B at point P, a distance r
from the wire in Fig. 20–31. The magnetic field lines are circles with the wire at
their center (as in Fig. 20–8). As the path to be used in Eq. 20–9, we choose a
convenient one: a circle of radius r, because at any point on this path, will be
tangent to this circle. For any short segment of the circle (Fig. 20–31), will be
parallel to that segment, so Suppose we break the circular path down
into 100 segments.† Then Ampère’s law states that

The dots represent all the terms we did not write down. All the segments are the
same distance from the wire, so by symmetry we expect B to be the same at each
segment. We can then factor out B from the sum:

The sum of the segment lengths equals the circumference of the circle, Thus
we have

or

This is just Eq. 20–6 for the magnetic field near a long straight wire, so Ampère’s
law agrees with experiment in this case.

A great many experiments indicate that Ampère’s law is valid in general.
Practically, it can be used to calculate the magnetic field mainly for simple or
symmetric situations. Its importance is that it relates the magnetic field to the
current in a direct and mathematically elegant way. Ampère’s law is considered
one of the basic laws of electricity and magnetism. It is valid for any situation
where the currents and fields are not changing in time.

Field Inside a Solenoid
We now use Ampère’s law to calculate the magnetic field inside a solenoid
(Section 20–7), a long coil of wire with many loops or turns, Fig. 20–32. Each
loop produces a magnetic field as was shown in Fig. 20–9, and the total field
inside the solenoid will be the sum of the fields due to each current loop as shown
in Fig. 20–32a for a few loops. If the solenoid has many loops and they are close
together, the field inside will be nearly uniform and parallel to the solenoid axis
except at the ends, as shown in Fig. 20–32b. Outside the solenoid, the field lines
spread out in space, so the magnetic field is much weaker than inside. For apply-
ing Ampère’s law, we choose the path abcd shown in Fig. 20–33 far from either
end. We consider this path as made up of four straight segments, the sides of the
rectangle: ab, bc, cd, da. Then Ampère’s law, Eq. 20–9, becomes

The first term in the sum on the left will be (nearly) zero because the 
field outside the solenoid is negligible compared to the field inside. Furthermore,

is perpendicular to the segments bc and da, so these terms are zero, too.B
B

AB|| ¢lBab + AB|| ¢lBbc + AB|| ¢lBcd + AB|| ¢lBda = m0 Iencl .

B =
m0 I
2pr

.

B(2pr) = m0 I,

2pr.¢l
BA¢l1 + ¢l2 + ¢l3 + p + ¢l100B = m0 I.

(B ¢l)1 + (B ¢l)2 + (B ¢l)3 + p + (B ¢l)100 = m0 I.

B|| = B.
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FIGURE 20–32 (a) Magnetic field
due to several loops of a solenoid.
(b) For many closely spaced loops,
the field is very nearly uniform.
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FIGURE 20–33 Cross-sectional view into a 
solenoid. The magnetic field inside is straight
except at the ends. Red dashed lines indicate
the path chosen for use in Ampère’s law.

and are electric current direction (in the
wire loops) out of the page and into the page.
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†Actually, Ampère’s law is precisely accurate when there is an infinite number of infinitesimally short
segments, but that leads into calculus.
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FIGURE 20–31 Circular path of
radius r.

Field Due to a Straight Wire
We can check Ampère’s law by applying it to the simple case of a long straight
wire carrying a current I. Let us find the magnitude of B at point P, a distance r
from the wire in Fig. 20–31. The magnetic field lines are circles with the wire at
their center (as in Fig. 20–8). As the path to be used in Eq. 20–9, we choose a
convenient one: a circle of radius r, because at any point on this path, will be
tangent to this circle. For any short segment of the circle (Fig. 20–31), will be
parallel to that segment, so Suppose we break the circular path down
into 100 segments.† Then Ampère’s law states that

The dots represent all the terms we did not write down. All the segments are the
same distance from the wire, so by symmetry we expect B to be the same at each
segment. We can then factor out B from the sum:

The sum of the segment lengths equals the circumference of the circle, Thus
we have

or

This is just Eq. 20–6 for the magnetic field near a long straight wire, so Ampère’s
law agrees with experiment in this case.

A great many experiments indicate that Ampère’s law is valid in general.
Practically, it can be used to calculate the magnetic field mainly for simple or
symmetric situations. Its importance is that it relates the magnetic field to the
current in a direct and mathematically elegant way. Ampère’s law is considered
one of the basic laws of electricity and magnetism. It is valid for any situation
where the currents and fields are not changing in time.

Field Inside a Solenoid
We now use Ampère’s law to calculate the magnetic field inside a solenoid
(Section 20–7), a long coil of wire with many loops or turns, Fig. 20–32. Each
loop produces a magnetic field as was shown in Fig. 20–9, and the total field
inside the solenoid will be the sum of the fields due to each current loop as shown
in Fig. 20–32a for a few loops. If the solenoid has many loops and they are close
together, the field inside will be nearly uniform and parallel to the solenoid axis
except at the ends, as shown in Fig. 20–32b. Outside the solenoid, the field lines
spread out in space, so the magnetic field is much weaker than inside. For apply-
ing Ampère’s law, we choose the path abcd shown in Fig. 20–33 far from either
end. We consider this path as made up of four straight segments, the sides of the
rectangle: ab, bc, cd, da. Then Ampère’s law, Eq. 20–9, becomes

The first term in the sum on the left will be (nearly) zero because the 
field outside the solenoid is negligible compared to the field inside. Furthermore,

is perpendicular to the segments bc and da, so these terms are zero, too.B
B

AB|| ¢lBab + AB|| ¢lBbc + AB|| ¢lBcd + AB|| ¢lBda = m0 Iencl .

B =
m0 I
2pr

.

B(2pr) = m0 I,

2pr.¢l
BA¢l1 + ¢l2 + ¢l3 + p + ¢l100B = m0 I.

(B ¢l)1 + (B ¢l)2 + (B ¢l)3 + p + (B ¢l)100 = m0 I.

B|| = B.
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FIGURE 20–32 (a) Magnetic field
due to several loops of a solenoid.
(b) For many closely spaced loops,
the field is very nearly uniform.
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FIGURE 20–33 Cross-sectional view into a 
solenoid. The magnetic field inside is straight
except at the ends. Red dashed lines indicate
the path chosen for use in Ampère’s law.

and are electric current direction (in the
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†Actually, Ampère’s law is precisely accurate when there is an infinite number of infinitesimally short
segments, but that leads into calculus.
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radius r.

 ➣ If solenoid has many loops and they are close together

field inside will be nearly uniform and parallel to solenoid axis except at ends 

➢ Total field inside solenoid ☛ sum of fields due to each current loop 

➣ Solenoid ☛ long coil of wire with many loops or turns 
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Field Due to a Straight Wire
We can check Ampère’s law by applying it to the simple case of a long straight
wire carrying a current I. Let us find the magnitude of B at point P, a distance r
from the wire in Fig. 20–31. The magnetic field lines are circles with the wire at
their center (as in Fig. 20–8). As the path to be used in Eq. 20–9, we choose a
convenient one: a circle of radius r, because at any point on this path, will be
tangent to this circle. For any short segment of the circle (Fig. 20–31), will be
parallel to that segment, so Suppose we break the circular path down
into 100 segments.† Then Ampère’s law states that

The dots represent all the terms we did not write down. All the segments are the
same distance from the wire, so by symmetry we expect B to be the same at each
segment. We can then factor out B from the sum:

The sum of the segment lengths equals the circumference of the circle, Thus
we have

or

This is just Eq. 20–6 for the magnetic field near a long straight wire, so Ampère’s
law agrees with experiment in this case.

A great many experiments indicate that Ampère’s law is valid in general.
Practically, it can be used to calculate the magnetic field mainly for simple or
symmetric situations. Its importance is that it relates the magnetic field to the
current in a direct and mathematically elegant way. Ampère’s law is considered
one of the basic laws of electricity and magnetism. It is valid for any situation
where the currents and fields are not changing in time.

Field Inside a Solenoid
We now use Ampère’s law to calculate the magnetic field inside a solenoid
(Section 20–7), a long coil of wire with many loops or turns, Fig. 20–32. Each
loop produces a magnetic field as was shown in Fig. 20–9, and the total field
inside the solenoid will be the sum of the fields due to each current loop as shown
in Fig. 20–32a for a few loops. If the solenoid has many loops and they are close
together, the field inside will be nearly uniform and parallel to the solenoid axis
except at the ends, as shown in Fig. 20–32b. Outside the solenoid, the field lines
spread out in space, so the magnetic field is much weaker than inside. For apply-
ing Ampère’s law, we choose the path abcd shown in Fig. 20–33 far from either
end. We consider this path as made up of four straight segments, the sides of the
rectangle: ab, bc, cd, da. Then Ampère’s law, Eq. 20–9, becomes

The first term in the sum on the left will be (nearly) zero because the 
field outside the solenoid is negligible compared to the field inside. Furthermore,

is perpendicular to the segments bc and da, so these terms are zero, too.B
B

AB|| ¢lBab + AB|| ¢lBbc + AB|| ¢lBcd + AB|| ¢lBda = m0 Iencl .

B =
m0 I
2pr

.

B(2pr) = m0 I,

2pr.¢l
BA¢l1 + ¢l2 + ¢l3 + p + ¢l100B = m0 I.

(B ¢l)1 + (B ¢l)2 + (B ¢l)3 + p + (B ¢l)100 = m0 I.

B|| = B.
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(b) For many closely spaced loops,
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solenoid. The magnetic field inside is straight
except at the ends. Red dashed lines indicate
the path chosen for use in Ampère’s law.

and are electric current direction (in the
wire loops) out of the page and into the page.
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†Actually, Ampère’s law is precisely accurate when there is an infinite number of infinitesimally short
segments, but that leads into calculus.
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So electrical currents create magnetic fields of their own.

These fields can effect the motion of other moving charges or currents.

As an example, let’s look at two long parallel wires each carrying a 
current in the same direction:

Wire 1 creates a magnetic field that affects wire 2, and 
wire 2 creates a magnetic field that affects wire 1.

1 2

I1 I2

r

Thus, there will be a force on each wire due to 
the magnetic field that the other produces.
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 Force on 1 from 2.

Force on 2 from 1.

What is the value of the magnetic field (B1) where I2 is?
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Likewise, 
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I

B o
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2
2  How about directions???

By using RHR-2, we see that where I2 sits, the magnetic field B1 points everywhere 
into the page.
Thus, by RHR-1 the force on wire 2 would be to the left.

F21

B1 x

Likewise, the mag. field that I1 feels from I2 points out of the page.

B2
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➣ So electrical currents create magnetic fields of their own

➣ This fields can affect the motion of other moving charges or currents

➣ As an example, let’s look at two long parallel wires each carrying a current in the same direction

• Wire 1 creates a magnetic field that affects wire 2 
• Wire 2 creates a magnetic field that affects wire  1

Thus, the two wires attract each other! 

How about directions??

➣ Thus, there will be a force on each wire due to magnetic field that other produces

➣ What is the value of magnetic field (B1) where I2 is?

➣ Likewise

➣ By using  RHR-2 we see that where I2  sits,the magnetic field B1 points everywhere into the page

➣ Likewise, the magnetic field that I1 feels from I2 points out of the page
➣ Thus, by RHR-1 the force on wire 2 would be to the left

➣ Thus, by RHR-1 the force on wire 1 would be to the right
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Parallel currents attract and anti-parallel currents repel

Consider a segment of length     onL i2

~B1 =
µ0i1
2⇡d

Force on     coming from i2 i1

|~F21| = i2~L ⇥ ~B1 =
µ0L1i2
2⇡d

= |~F12|

)

~B2 =
µ0i2
2⇡d

µ0L i1 i2
2⇡d

Example 1: Force between parallel currents 
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Parallel Currents Attract and  
Anti-parallel Currents Repel
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More on Right Hand RuleMore on Right Hand Rule

currents flow in the opposite directions,

I1 I2

F F

I1 I2

F F

I1 I2

F F
(3)

Here is the graphical explanation of the force’s direction for the currents in the same direction:

(4)

The magnitude of the force between two wires per unit of wire’s length is

F

L
=

µ0
2π

×
I1I2
d

(5)

where d is the distance between the wires, while the µ0 constant of the MKSA system of

units is exactly

µ0 = 4π · 10−7 Tm/A = 4π · 10−7 N/A2. (6)

In other words, the Ampere — the MKSA unit of electric current — is defined such that two

long parallel wires separated by 1 m distance and each carrying 1 A current are attracted or

repelled with a force of 2 · 10−7 Newtons per meter of length.

2
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Graphical explanation of force’s direction for currents in same direction
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Graphical explanation of force’s direction for currents in same direction
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Graphical Explanation of Force’s Direction 
For Currents in Same Direction
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Magnetic field    at point      

7.2. PARALLEL CURRENTS 86

Using the result from one coil in Example 2, we get B-field from coils of
length dz at distance z from center:

dB =
µ0(ni dz)R2

2r3

However r =
⇧

R2 + (z � d)2

� B =

ˆ +L/2

�L/2

dB
(Integrating over the
entire solenoid)

=
µ0niR2

2

ˆ +L/2

�L/2

dz

[R2 + (z � d)2]3/2

B =
µ0ni

2

�

⇤
L
2 + d

⇧
R2 + (L

2 + d)2
+

L
2 � d

⇧
R2 + (L

2 � d)2

⇥

⌅

along negative z direction

Ideal Solenoid :

L⇥ R

then B =
µ0ni

2
[1 + 1]

� B = µ0ni ;
direction of B-field determined
from right-hand screw rule

Question : What is the B-field at the end of an ideal solenoid? B=
µ0ni

2

7.2 Parallel Currents

Magnetic field at point P �B due to two
currents i1 and i2 is the vector sum of
the �B fields �B1, �B2 due to individual cur-
rents. (Principle of Superposition)

~B1, ~B2i2i1due to individual currents     and     is vector sum of          -fields         
~B P

Principle of Superposition 
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Principle of Superposition
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