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Cases to memorize:
 

1. Coulomb's Law

1. Charged Arc
2. Charged Ring
2. Gauss' Law

1. Infinite line charge
2. Infinite thin charged sheet
3. Above conducting surface
4. Outside spherical charge
5. Inside conducting sphere
6. Inside non-conducting sphere - uniform charge density
7. Inside non-conducting sphere- non-uniform charge density
3. Voltage

1. Around line charge
2. Above infinite charged sheet
3. Center of of charged arc
4. Along central axis of charged ring
4. Capacitance

1. Spherical Capacitor
2. Parallel Plates
3. Cylindrical Capacitor
5. RC Circuits

1. Discharging Capacitor
2. Charging Capacitor
6. Biot-Savart Law

1. Current Arc
2. Current Ring
7. Ampère's Law

1. Outside a wire
2. Inside a wire
3. Inside a solenoid
4. Inside a toroid


Electricity
Chapter 21 - The Electric Field I: Discrete Charge Distributions
· Coulomb ([image: image1.png]


) - SI unit of charge [elemental charge,  [image: image2.png]1.6x10~19




 , is smallest unit of charge (i.e. - proton or electron) indicates that CHARGE IS QUANTIZED].  Annoyingly large number for small scales.  More commonly used units are the microcoulomb ([image: image3.png]1uC=1x10"5C



) or nanocoulomb ([image: image4.png]InC=1x%10"2C



)

· Law of Charges: opposites attract & like charges repel

· [image: image5.png]


 = electric force (electromagnetic analog of gravity - force exerted from one charged particle on another)

· [image: image6.png]


 = electrostatic constant ([image: image7.png]k=
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).  Alternate form: [image: image8.png]



 

· [image: image9.png]€n



 = permittivity of free space.  How easily the electric force can go through a certain substance. [image: image10.png]0= ——
0
=8
.5
x10-2-E
N -
2



 in a vacuum.

· Coulomb's Law -  [image: image11.png]


  (i.e.- the electric force is the electrostatic constant ([image: image12.png]


) times the product of charge 1 ([image: image13.png]


) and charge 2 ([image: image14.png]


) divided by the distance ([image: image15.png]=l



) between the two charges).  Same form as the Gravity formula. ([image: image16.png]+ _ Grmumy
= 2



).  Expanded form: [image: image17.png]


.

· Applies to POINT CHARGES.  Uniformly charged spherical objects behave like point charges from the outside.

· Field Strength ( [image: image18.png]


 ) - electromagnetic analog of [image: image19.png]


 in [image: image20.png]


.  Measured in [image: image21.png]®] V4



.  Thus, [image: image22.png]


 .  For point masses.  Thus:  [image: image23.png]


 
	· Electric field diagrams - lines represent the direction of the electric force acting on a positively charged particle placed at that location.  Near source, the field lines are closer, meaning that the force is stronger.  Since [image: image24.png]


, then  [image: image25.png]


   (where [image: image26.png]


 is the charge of the particle being affected by the field, not of the source of the field).  This is the electric field around a point charge with charge [image: image27.png]


.  Generally, field lines point from positive to negative.  Field lines never cross; they only interact to create new, averaged, field lines.
	[image: image28]

	· Dipoles - Force is tangent to the curved lines.  Remember, it's the direction of the force, not necessarily where it will go.  Uneven charges will cause the arrows to lean towards the larger charge.
	[image: image29]
 

 

	· Two like charges - a dead spot exists in the center:  any test charge will remain stationary if placed in the direct center.

 
	[image: image30]

	· Uniform Field Strength - between two parallel and oppositely charged plates.  Field lines are parallel so thus the field strength stays constant.  For a sample problem, click here.
	[image: image31]


 

· Electric Dipole Movement -charges [image: image32.png]


 & [image: image33.png]


 separated by distance [image: image34.png]=]



. In an [image: image35.png]


 field, dipole experiences torque:  

 

· Dipole Moment -  [image: image36.png]


  where [image: image37.png]=]



 points from [image: image38.png]


 to [image: image39.png]


. Thus torque:  [image: image40.png]


 
Chapter 22 - The Electric Field II: Continuous Charge Distributions
· Point charges: [image: image41.png]



	· By analogy for a charged solid,  [image: image42.png]E = [

)



 
· Consider the solid as a collection of an infinite number of point charges, [image: image43.png]


.

 
	     [image: image44]


· Charge Density - a charge distributed across an object

· Linear Charge Density -  [image: image45.png]


 
· Area Charge Density -  [image: image46.png]e



 
· Volume Charge Density -  [image: image47.png]<



 
· Two major cases for use of Linear Charge Density ([image: image48.png]


) IMPORTANT STUFF - know these two proofs!!!
	CASE 1 - Electric field at the center of a charged arc
	CASE 2 - Electric field along the central axis of a charged ring

	[image: image49]
 

 

A charged rod has charge [image: image50.png]


 and has been bent into a circular [image: image51.png]120°



 arc of radius [image: image52.png]


.  Find electric field [image: image53.png]


 at center of curve P.



Note that due to the symmetry, all of the [image: image54.png]dEy



 values cancel out.  We only need to sum up the [image: image55.png]dE,



 values.  [image: image56.png]



 

[image: image57]
 

As stated by the equation [image: image58.png]kdgq



, we must integrate over [image: image59.png]


, or charge.  It is more favorable to integrate over angle [image: image60.png]


, so we will use linear charge density [image: image61.png]


 to put [image: image62.png]


 in terms of [image: image63.png]


.

[image: image64.png]


 in [image: image65.png]



Electric Field

 

[image: image66.png]



(note: we must use radians for this to be true)
[image: image67.png]


 

[image: image68.png]


 

 

[image: image69.png]kdQ
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Only in the  x direction

As we stated before:

 

[image: image70.png]



Mushing all of these three results together yields:
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[image: image72.png]12
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In order to take advantage of the symmetry, we must set the horizontal as [image: image73.png]


 and the top end as [image: image74.png]


 and then double the resulting force.

 

[image: image75]
 

[image: image76.png]B cos 6d9>
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Because of the nature by which we derived the above equation, we must start using radians.  [image: image77.png]


  Also, since [image: image78.png]


, [image: image79.png]


, and [image: image80.png]


 are all constants, we can move the [image: image81.png]


 in order to simplify the integral.

 

[image: image82.png]E, :2(%j§ms9d9)




 

 

Ah...much simpler!  Now we simplify, plug, and chug.

 

[image: image83.png]
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Now we substitute in [image: image85.png]


 (previously derived in table above)
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[image: image88.png]
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, right
	[image: image90]
Given radius [image: image91.png]=]



 and ring of charge [image: image92.png]


, find [image: image93.png]=l



 so that point [image: image94.png]


 has maximum electric field [image: image95.png]


 from the ring.



In order to solve this problem, we must figure out an expression that expresses [image: image96.png]


 in terms of [image: image97.png]=l



, then find the maximum on the resulting graph.  The x components of [image: image98.png]dE



 will cancel out, due to the symmetry of the setup.  We only want [image: image99.png]dEy



.  We don't want to integrate around [image: image100.png]


, we want to integrate around the plane of the circle.  We'll name this angle [image: image101.png]


.

[image: image102]
As we go around the circle, [image: image103.png]


 will go from [image: image104.png]


 to [image: image105.png]2T



.  It is important to note that [image: image106.png]


 is a constant in this situation.  As stated by the equation [image: image107.png]kdQ
=



, we must integrate over [image: image108.png]


, or charge.  It is more favorable to integrate over angle [image: image109.png]


, so we will use linear charge density [image: image110.png]


 to put [image: image111.png]


 in terms of [image: image112.png]


.

[image: image113.png]


 in terms of [image: image114.png]dy




Electric Field

 

[image: image115.png]~lQ




[image: image116.png]


 

[image: image117.png]Apa



 

[image: image118.png]


 

[image: image119.png]Aadyp =dQ)
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Only in the y direction

Length [image: image121.png]



As we stated before:

[image: image122.png]


 

Pythagorean theorem:

[image: image123.png]


 

[image: image124.png]


 

Combine everything!
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As complicated as this integral may appear to be at first glance, one must note that every variable presented here is a constant, of course except for [image: image128.png]dy



, so we can take them out of the integral, which leaves us with:

It's a bit of a waste of calculus, but hey.

[image: image129.png]By =-Xhat2n
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Remember [image: image130.png]


?  Well, [image: image131.png]


 now equals [image: image132.png]2T



 so we can plug in [image: image133.png]


 for [image: image134.png]


.

 

Thus:

[image: image135.png](224798



, up

 

From this, there are a few things that we can say just by looking at the nature of the equation.  When [image: image136.png]


, there is no electric field.  [image: image137.png](32439



 also yields no electric force.  When [image: image138.png]


, (i.e. - the hoop appears like a point mass), , which indicates that it will act like a point charge!

 

Here's a graph of what the function [image: image139.png]


 would roughly look like:

 

[image: image140]
 

 

How do we find that little maximum point?  More calculus of course!  We must take the derivative of [image: image141.png]


 with respect to [image: image142.png]


, set it to zero, and then solve for [image: image143.png]


.

[image: image144.png]



 

[image: image145.png]



 

Rearrange:

 

[image: image146.png]RQ (a2t a2y | =0




 

Product & chain rules:

 

 

Rearrange:

 

 

Common denominator:

 

[image: image147.png]’CQ[ —322+(22+a2)
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The [image: image148.png]


 part doesn't really matter so we can eliminate it:

 

[image: image149.png]35‘2+(c‘2+u?):|
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Simplify

 

[image: image150.png]



 

Solve for [image: image151.png]


:

 

 [image: image152.png]=



 
 


	· Electric Flux ([image: image153.png]


) - number of field lines intercepting a unit area.  [image: image154.png]


  (dot product)

· Minimum at [image: image155.png]


; maximum at [image: image156.png]



· [image: image157.png]


 is like the density of field lines intercepting an aera, so when you multiply it by the amount of area you have, you get the # of field lines in that area. [image: image158.png]Jo(area) = #of field lines = @




· The dot product is to account for the less amount of flux attained when the area is put at an angle to the electric field.  Vector of [image: image159.png]


 points perpendicular to the surface.

· It's an abstract number.  Don't take it as literaly as it sounds.
	[image: image160]


·  Gauss' Law - used to calculate [image: image161.png]


 for an extended charge given certain symmetries.

· Flux through a closed surface (box)

	· If a closed surface contains no charge, the net flux ([image: image162.png]


) through it is zero.  The flux entering the surface equals the flux exiting the surface so the net flux is zero.
	[image: image163]

	· If surface contains a dipole, the net flux ([image: image164.png]


) is also zero since all of the field lines eventually loop around and connect again. (diagram is of a top view of an enclosing box).
	[image: image165]

	· A net enclosed charge [image: image166.png]


 will create some net flux [image: image167.png]


.  When charge inside is positive, the flux is positive ([image: image168.png]


) and when the charge inside is negative, the flux is negative ([image: image169.png]


).

 

[image: image170]
	[image: image171]


· To calculate net flux:

 [image: image172.png]@:fE-dZ



 
· Note that for a cube, this is a very hard thing to integrate.  Thus, for our purposes, we only actually use this when the symmetries of the problem let us get [image: image173.png]


 constant all over the surface so [image: image174.png]


, where [image: image175.png]


 is nice and symmetric (surface area of sphere or a cylinder).

	Example 1:
point charge [image: image176.png]



[image: image177] 

 
	Consider the point charge and wrap in Gaussian surface (the surface you integrate across).  [image: image178.png]Q:fﬁ-ﬂ



, the dot product goes away since vectors are always parallel.  

 

 [image: image179.png]


 


· Note that this will hold for any enclosed charge in any surface.  Combining with above, we get the definition of Gauss' law (shown below).  Thus, if you know [image: image180.png]


, and it's arranged symmetrically, you can calculate [image: image181.png]


.

GAUSS' LAW:   [image: image182.png]


 
7 special cases: (note: [image: image183.png]


 signifies charge enclosed by Gaussian surface)

	Case 1: Infinite line charge density [image: image184.png]



 

[image: image185]
	Find [image: image186.png]


 as a function of distance [image: image187.png]


 from wire.  Consider segment wrapped in cylinder of length [image: image188.png]


 and radius [image: image189.png]


.  Note: no flux through ends caps (the area and electric field vectors are perpendicular), thus you ignore them.
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, thus

[image: image192.png]


, so [image: image193.png]AL
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[image: image194.png]


, thus

 [image: image195.png]


 
 

Take note to how [image: image196.png]


 becomes proportional to [image: image197.png]


 and not [image: image198.png]


 since we are now dealing with the electric field that comes from a line charge and not a point charge.  The strength doesn't decrease over time as quickly.

	*Case 2: infinitely thin infinitely large charged sheet, charge density [image: image199.png]



 

[image: image200]

	Poke a cylinder through it! (Gaussian cylinder).  Only obtain the fluxes through the end caps.  The vectors of the sides with respect to the vectors of the electric field are perpendicular, so we can ignore them.

 

[image: image201.png]



[image: image202.png]



 

[image: image203.png]



 

 [image: image204.png]%



 
 

	*Case 3: [image: image205.png]


 above infinite conducting surface, charge density [image: image206.png]



 

[image: image207]

	Treat like case 2, but only get flux through top cap area [image: image208.png]


.

 

[image: image209.png]



[image: image210.png]



 [image: image211.png]&



 
 

	**Case 4: Uniform spherical charge: [image: image212.png]


 outside.  Sphere radius [image: image213.png]


 and charge [image: image214.png]


 evenly distributed across surface.  

 

[image: image215]

	Find [image: image216.png]


 at [image: image217.png]


.  To solve, you must wrap the object in a Gaussian sphere.

 

[image: image218.png]



[image: image219.png]



 

[image: image220.png]Treqr?




 

[image: image221.png]



 

 [image: image222.png]


 
 

look familiar?

	Case 5: If sphere is conducting, [image: image223.png]


 inside is zero.

 

[image: image224]
	Gaussian sphere is placed inside the charged conducting sphere.

[image: image225.png]



 

Excess charge inside the object is zero!  Since it is a conducting surface, all of the extra charges repel each other and move to the surface of the sphere.

 [image: image226.png]


 , since [image: image227.png]



 

	**Case 6: [image: image228.png]


 inside non-conducting sphere radius [image: image229.png]


, evenly distributed charge [image: image230.png]



 

[image: image231]
 
	[image: image232.png]fEdA=F




 

Use density! (charge density that is).  Note that [image: image233.png]


 (volume charge density) is the same for [image: image234.png]


 and [image: image235.png]


.

[image: image236.png]



 

[image: image237.png]



Thus...

[image: image238.png]



 

[image: image239.png]



 

And plugging back into the original equation...

[image: image240.png]



 

And since [image: image241.png]



[image: image242.png]



 

 [image: image243.png]ArmegRD



 
 

	Case 7: [image: image244.png]


 inside non-conducting sphere radius [image: image245.png]


, non uniform charge density.

 

[image: image246]
 
	[image: image247.png]


 (given charge density - [image: image248.png]


 is not constant)

 

[image: image249.png]fEdA=F




 

[image: image250.png]E(4mr2) =



 

 

Solve for [image: image251.png]


 in sphere radius [image: image252.png]


.   [image: image253.png]


 ([image: image254.png]


 and [image: image255.png]


are functions of [image: image256.png]


, so we must use calculus)

 

 

[image: image257.png]q,= [ pdV




 

What this really means: take an infinite number of concentric spherical shells (all of parts of one particular shell will have the same [image: image258.png]


 since it's a collection of points where [image: image259.png]


 is the same), finding [image: image260.png]


 for all of them, and then adding all of the [image: image261.png]


s together.

 

Also, we want to change [image: image262.png]


to [image: image263.png]dr



 since it's a more usual thing to integrate across.

 

[image: image264.png]



[image: image265.png]


 

[image: image266.png]L =472
- 47



 

(take a moment to appreciate how this is now the surface area formula since we are taking infinitely thin shell slices, which effectively have a volume which is a surface area)
[image: image267.png]


 

 

Now...

 

[image: image268.png]= [(ar2)(4wr2dr)





[image: image269.png]q,=4ma / ridr
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[image: image270.png]


 

 

Combining with original equation [image: image271.png]E(4mr2) =



...

[image: image272.png]



[image: image273.png]ard
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*notes on cases 2 and 3

Look at the difference: sheet - [image: image274.png]%



 ; conducting surface - [image: image275.png]&



.  If we zoom into the sheet really far, it begins to look like the conducting surface (remember that it does have a third dimension) BUT [image: image276.png]


 is different!  It is double the amount (both sides of the sheet). In reality, [image: image277.png]


 is the same for both, but the way [image: image278.png]


 is obtained for both is slightly different, thus resulting in different equations.

[image: image279.png]


 for sheet - total charge on whole disk

 

[image: image280.png]


 for conducting surface - based on charge on only one surface of a larger object

**implications from the resulting equations from case 4 and case 6, [image: image281.png]


 and [image: image282.png]ArmegRD



.  Gee this graph sure looks a lot like gravity!!!  (note: [image: image283.png]


 indicates "proportional to")

 

[image: image284]
 

*PHWHEW...*  And now a little summary... 
	Gauss' Law 7 Cases General Problem Solving Steps: 
1. Find [image: image285.png]


 through charge density ([image: image286.png]


, [image: image287.png]


, or [image: image288.png]


)*
*way to find [image: image289.png]


 for case 7 only: 
1. Know [image: image290.png]


 and thus you must use [image: image291.png]


 instead 
2. Put [image: image292.png]


 in terms of [image: image293.png]dr




3. Substitute given equation for [image: image294.png]


 into equation from steps 1 & 2
4. Integrate 
2. Find area [image: image295.png]


 of part(s) of Gaussian surface where flux is present.
3. Plug into Gauss' Law: [image: image296.png]§Eed



 and solve for [image: image297.png]


 (note: for all 7 cases, you can drop the [image: image298.png]


 and [image: image299.png]


 parts and change the differential [image: image300.png]dA



 to [image: image301.png]


 thus just making it [image: image302.png]


)


Enclosed Charges - if you put a charge in a conducting box, you cause a separation of charge in the container.  For following examples, assume the shell is neutral.

	[image: image303.png]


 at center 
	[image: image304.png]


 off center 

	[image: image305]
inner surface charge: [image: image306.png]



outer surface charge: [image: image307.png]



Inside the conductor, [image: image308.png]


, everywhere else, [image: image309.png]


 (the conducting shell effectively causes a gap in the field of the conductor) 

Negative charge is distributed uniformly on inner surface and positive charge is distributed uniformly on outer surface. 
	[image: image310]
Charge density on inner surface is greater closer to enclosed [image: image311.png]


. 

Electric field lines are always perpendicular to the conducting surface at equilibrium (otherwise, the charges would move). 

Inside conducting shell, [image: image312.png]



On outer surface, charge [image: image313.png]


 is arranged uniformly.  There is no information about position of inner [image: image314.png]


.  [image: image315.png]





In order to obtain the outside charge, just add the charge of the enclosed charge and the charge of the shell.  Note that that means that if you have a charge of value [image: image316.png]


 and you have a shell of charge [image: image317.png]


, [image: image318.png]


 outside the shell.

 

 

· Conductor in an [image: image319.png]


 field. - analogous to how sun rays hit the equator with higher intensity, the [image: image320.png]


 field lines will hit the equator of the conducting sphere with a higher flux, thus causing more charge to accumulate at that location.

 

[image: image321]        [image: image322]
[image: image323] 

· Conducting Sheets
· one thin conducting sheet of area [image: image324.png]


, charge [image: image325.png]


, [image: image326.png]



 

[image: image327], so thus [image: image328.png]



 

· two parallel plates - effectively the same as adding the electric field of both plates in isolation.  The field on the right is really a combination of the rigtwardly headed field lines of the left plate and the right plate, and the field on the left is really a combination of the leftwardly headed field lines of the left plate and the right plate.  The field lines in the middle are heading opposite directions with the same magnitude and thus cancel out.

[image: image329], so thus the field on the outside is [image: image330.png]


, which is twice as much as the field on one side of the plate if it was isolated.

 

 

Chapter 23 - Electric Potential
· Gravitational Potential
· Gravitational Potential energy: [image: image331.png]



· Technically is only defined as a difference in energy, since [image: image332.png]


 is a relative measurement.
· [image: image333.png]AUg=—-mgeAh



 (there's a negative sign in order to make the [image: image334.png]


 and [image: image335.png]AR



 vectors point in the same direction)
· Energy is stored in relationship between object and the electric field.
· Increases when outside force moves object against the field (up).
· No energy change if you move perpendicular to field lines.
· Gravitational potential (gp) - potential energy per mass [image: image336.png]


 (defined at a point in the field)
· Describes how much energy can be stored at that point in the field.
· Objects spontaneously move to lower gp.
· Electric Potential - we will generate our equations and terms relating to Electric Potential by creating analogies to Gravitational Potential
 

· Electric Potential energy: a difference between two points in a field.
· By analogy to [image: image337.png]AU,



, we can say [image: image338.png]



· Analogous to [image: image339.png]AU,



 in the sense that charge is analogous to mass.
· It is a [image: image340.png]


.  There is no absolute point [image: image341.png]


 for energy.
· For a positive test charge, you increase electric potential energy by moving the charge against the [image: image342.png]


 field lines.
· For a negative charge, reverse it: increase [image: image343.png]AU,



 by moving it with the field.
[image: image344] 

 

 

· Electric Potential ([image: image345.png]


)
· [image: image346.png]


 - an energy per charge (analogous to gp)
· SI unit - Volt (V) - really a Joule per Coulomb
· Usually, we talk about a difference in potential between two points: [image: image347.png]AV

Aat,





· Scalar quantity, although signed (due to signing of charge).
· [image: image348.png]


 decreases in the direction the field points (doesn't depend on the sign of [image: image349.png]


).  Think of using a positive test charge as the standard.
 

[image: image350]
 

 

· Positive charges spontaneously move towards lower [image: image351.png]


.
· Alternative definition of [image: image352.png]


 for uniform field since [image: image353.png]


 and [image: image354.png]AV

Aat,




, then [image: image355.png]



· Two charged parallel plates - [image: image356.png]


 - Voltage changes proportionally to the location of a particle between the plates.
· [image: image357.png]


 - i.e. - Volts per meter (which is really just another way to say Newtons per Coulomb).  Can be used to solve for [image: image358.png]


 (magnitude of [image: image359.png]


) between two oppositely charged plates.
· Electric potential energy often becomes kinetic.  Since [image: image360.png]AV

Aat,




, then [image: image361.png]
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 (kinetic). (needs a negative because it's moving to a negative change in Voltage) - higher energy to lower energy - (for a positive charge, that is).
· Electron-volts (eV) - nonstandard energy unit.  [image: image363.png]leV = 1.6x1019]



 (ELEMENTARY CHARGE! - one proton moving through one potential difference of one volt creates one electron volt - it just basically simplifies the math involved).
· Equipotential Diagrams - analogous to a topographic map - showing lines of equal potential (V) just as a topographic map shows contours of equal height.  When you walk on a contour line, your potential energy stays the same -- when the lines are close together and you move perpendicular, the potential energy changes the fastest.  Downhill is perpendicular to the contour line.  No work is done by moving along an equipotential line.  Equipotential lines are ALWAYS perpendicular to the electric field.
[image: image364]
 

· Points on the same equipotential line have the same voltage.  Lines closer to a positive source indicate a higher voltage.  Lines further indicate a lower voltage.  (positive voltage near a positive source charge & negative voltage near a negative source charge).

 

[image: image365]
 

· Non-Uniform Fields
· Electric potential energy: between two point charges, recall for uniform case [image: image366.png]


.  Now suppose [image: image367.png]


 is a function of position.  Most of the time we'd just use coulomb's law to calculate [image: image368.png]


.  Now:

[image: image369.png]



 

· For two point charges...

[image: image370.png]Fay )dz
AU =~ [og,( 21




[image: image371.png]AU = —kaqyq,



 

[image: image372.png]AU = _ kg’



 

[image: image373.png]


 

thus...potential energy for a pair of charges...

[image: image374.png]i
iy




 

note how [image: image375.png]


.  Also, because of signums of charge, [image: image376.png]


 is positive for like charges and negative for opposite charges.

 

· Electric Potential: pair of charges.  Since [image: image377.png]


, then for a pair of charges, [image: image378.png]


 (where [image: image379.png]


 is the source of the field).  This is just like the situation above except you're disregarding the charge of the second particle.  You're dividing it out, as you're getting the potential energy per charge (i.e. - the definition of Voltage)

 

· Generally, [image: image380.png]


 is an integral.  [image: image381.png]V=—FEeT



, so thus [image: image382.png]AV=V,~V,=—["Eed7




 (this is like the potential energy formula, except with no [image: image383.png]


).

· WORK: [image: image384.png]gAV =AU =-W



.  Work done by the field is negative.  The work that you put on the particle to put it in a location of higher voltage is just [image: image385.png]


.  Satisfies conservation of energy.

· Conductors - Since electric field is zero inside, and [image: image386.png]


, then [image: image387.png]


 is constant everywhere in it.

[image: image388]
 

Special Cases for Voltage (4 cases)
	A]Around a line charge [image: image389.png]


, radius [image: image390.png]


, infinitely long.

[image: image391]
	Since [image: image392.png]E(r)

T 2regr



 (derived from use of Gauss' law),

[image: image393.png]



[image: image394.png]AV =—.
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We will simply define the surface of the curve as [image: image395.png]


 (frame of reference) so [image: image396.png]


.  (reference at zero (i.e. - lower limit) will make [image: image397.png]Smear



 undefined) 
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 (because [image: image400.png]


)

[image: image401.png]
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 OR [image: image403.png]AV 1
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	B]Above infinite thin sheet, charge density [image: image404.png]+0o



 (and potential [image: image405.png]


)

[image: image406]
	Previously derived: [image: image407.png]%



 (constant) 

[image: image408.png]



[image: image409.png]



[image: image410.png]AV =





[image: image411.png]



Recall how we incorporated [image: image412.png]


 in case A.  This time it's going to act like a constant of integration. 

[image: image413.png]



 [image: image414.png]AV =Vy—o-

%



 

	*C]V at center of charged arc [image: image415.png]


 radius [image: image416.png]


 

[image: image417]
	Since all the charge is the same distance away and V isn't a vector, the arc acts like a point charge.  All infinitesimal elements [image: image418.png]


 are equidistant from center of arc.

[image: image419.png]




	*D]Find [image: image420.png]


 along central axis of charged ring radius [image: image421.png]


, charge [image: image422.png]


 

[image: image423]
	All charge is distance [image: image424.png]/72 +a?



 away from point P.  Thus, 

[image: image425.png]



[image: image426.png]





*D and C are relative to [image: image427.png]V(ec)=0



, like the point charge.

 

 

Dielectric Breakdown - in a strong enough electric field, a nonconductor (like air) can be made to conduct.  For air, breakdown occurs [image: image428.png]E ~3x100%




 

 

[image: image429]
 

When you have two spheres of different radii connected to each other over a large distance, since there is no electric field at equilibrium, the voltage is constant across the surfaces of everything, which you can use to calculate charge, charge density, and electric field outside the spheres.

 

[image: image430]
 

 

Chapter 24 - Electrostatic Energy and Capacitance
· Electric Potential Energy - due to a collection of point charges

· due to work done assembling the charges - a sum of the [image: image431.png]


 terms

	Q1 - Experiences  [image: image432.png]1AV 1I=¢q,(0)=0



 (no work needed - comes in for free since there are no other charges present)

Q2 - Experiences [image: image433.png](24)
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Q3 - Experiences [image: image434.png]kq, kq.
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Q4 - Experiences [image: image435.png]WaztuA‘/a:tu(kq‘ L @)}
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etc...
 
	Collection of charges:
 

[image: image436]
 


· So, system potential is [image: image437.png]


 (sum of all works)

· Note: Each new charge coming in experiences a larger [image: image438.png]


 than the previous one.

· Now consider [image: image439.png]


 - we get a nice summation.  (half of all of the [image: image440.png]


 permutations).  For example above, this chart represents all of the combinations of [image: image441.png]


, which when added up make [image: image442.png]


, as each combination is presented here twice:

	[image: image443.png]



	[image: image444.png]
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	[image: image491.png]





·  

· Thus, the resulting summation expression:  [image: image492.png]1
U=33_aVi



 
· Since this is for an arbitrary collection of charges, for a continuous charge distribution (i.e. - charges on a conductor), then [image: image493.png]=1
U=3QV



 where [image: image494.png]


 is the total charge and [image: image495.png]


 is the final potential relative to [image: image496.png]


.

· CAPACITANCE ([image: image497.png]


) - a property of a conducting object - [image: image498.png]<O



 - a constant for a certain surface (i.e. - whatever you do to [image: image499.png]


 (double, halve, etc.), you have to do to [image: image500.png]


 as well).

· Measures how much charge an object can hold at a given potential.  Generally it's related to the size of the conductor.

· SI Unit - Farad (F) - huge unit [image: image501.png]



MORE CASES!!!
	A spherical capacitor

[image: image502] 

 
	[image: image503.png]<O




[image: image504.png]


 

[image: image505.png]


 

[image: image506.png]C =4meyr



 

 

	Parallel Plates

[image: image507] 

 
	Surface area of one side of one of the plates - [image: image508.png]
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[image: image512.png]


 

[image: image513.png]


 

 

	Cylindrical Capacitor

[image: image514] 

 
	Radii small [image: image515.png]


 and large [image: image516.png]
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note that [image: image521.png]



 


Specifically for AP part II problems, be able to link the cases we've done so far using the following equations in order:

 

  

 

Capacitors in Circuits - schematic symbol: [image: image522].

	· In a circuit, typically we use parallel plate capacitors.

· Connecting a capacitor to a battery.  Charge will flow until potential is equal in both (almost instant though) - electric field forms between the two plates of the capacitor

· Charge will flow until [image: image523.png]V capacitor = V battery



.  At this point, we can calculate [image: image524.png]


 on the plate (i.e. - amount of [image: image525.png]


 moved around on the circuit) using the definition of capacitance.
	Note: red arrows indicate flow of electrons until [image: image526.png]V capacitor = V battery



 condition is met.

 

[image: image527]


· Note total charge on a parallel plate capacitor is always zero ([image: image528.png]


 on one plate and [image: image529.png]


 on the other plate).

	· Combining capacitors in series (i.e. - end to end)

· The voltage across the entire thing is going to be the same as if there were one capacitor (i.e. - the voltage of the battery).

· Note how the inside bit is isolated and separate.

· There is the same amount of charge on each capacitor - regardless of size or anything - when one electron gets bumped off of one capacitor, it goes on to the next one, and the charges cause it to continue along the circuit.

 
	[image: image530]


· Energy in a capacitor - combining [image: image531.png]


 (we can do this because it's a continuous charge distribution) and [image: image532.png]<O



 yields [image: image533.png]



· [image: image534.png]


 in various circuit setups.

 

[image: image535]     [image: image536]     [image: image537]
 

· Capacitors in series "see" less voltage than the battery [image: image538.png]


 offers.

· The total potential across both capacitors equals the battery [image: image539.png]


 at equilibrium.  [image: image540.png]V=V i+Vs



, but [image: image541.png]


 since charge bumped of one capacitor goes on the other.

· Also, we can express [image: image542.png]Qr
V=2



, where [image: image543.png]V=V i+Vs



, thus [image: image544.png]9r _G, &
Cr C ' Cs



.  [image: image545.png]


s cancel.  Thus: [image: image546.png]Cr

C
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.

· i.e. - more capacitors in series yields a smaller equivalent [image: image547.png]


.

· Each capacitor sees less voltage and thus stores less charge.

· Capacitors in parallel
· All capacitors see the same amount of voltage

· So total charge [image: image548.png]


 moved by battery gets distributed across all capacitors.  Since [image: image549.png]Qr=0Q,+Q,



, and thus [image: image550.png]


 since [image: image551.png]<O



,  [image: image552.png]Upr=U,+Us



 and [image: image553.png]Cr=01+C5




Dielectrics
· Stuff that fills the gap in a capacitor.

· Generally, we use a better insulator than air (so you can apply a higher voltage without capacitor plates sparking and discharging (called dielectric breakdown)).

· Air breaks down at [image: image554.png]E =3x100%



.

· Dielectric Constant - property of a dielectric.  It's a factor by which capcaitance increses (represented by the Greek letter kappa - [image: image555.png]


)

· Replace the original [image: image556.png]€n



 with [image: image557.png]K€y



 in your expressions.

· Thus, [image: image558.png]


 and [image: image559.png]x| &



.  Strengthens capacitance and weakens electric field.
[image: image560]
· Inside dielectric, sum of charges isn't very big, so within the volume of the capacitor, the [image: image561.png]


 is less (so thus it is harder to get a spark).  Note that this means that the space between the dieelctric and one of the plates is going to be more.  Charges on plate and dielctric (one side) are not equal and opposite.

· Capacitor + Battery - Constant [image: image562.png]



· Insert dielectric - polarization and is attracted into the gap - work decreses potential energy of capacitor (intially at least).

· Battery compensates - battery puts more charges on plates

· Final result - Goes back to original energy but there is more charge (effectively increasing the capacitance).

· Isolated capacitor at potential [image: image563.png]



· [image: image564.png]


 is constant (because of isolation)

· If you insert a dielectric...

· System potential energy decreases so [image: image565.png]


 across capacitor decreses.

· Some dielectrics

· Air - [image: image566.png]



· Oil - [image: image567.png]



· Paper - [image: image568.png]



· Glass [image: image569.png]



Chapter 25 - Electric Current and Direct-Current Circuits
Reisistor Circuit Basics
· Circuit - complete path for current to flow througuh and consists of :

· Energy source (battery, wall outlet, etc.)

· Load - something to do work (light, motor, resistor, etc.)

· Conducting path joining them.

· Current ([image: image570.png]


) - defined as a flow of charge.  [image: image571.png]



·  SI Unit - Ampères/ Amps. ([image: image572.png]


)

· D.C. vs. A.C.

· Direct Current - one-way flow, caused by batteries, power bricks, etc.

· Alternating Current - charges oscillating  in SHM (simple harmonic motion) - created by generators (wall outlets, etc.)

· Conventional current - fictional but conventional view that current flows frompositive to negative - it's wrong when it comes to describing the direction that electrons flow in a circuit, but we use it anyway because it was the standard and all calculations yield the same results.

· Electron current - opposite of conventional current.  The true picture of how electrons flow.

· Batteries provide a potential difference to cause current flow.

· Sets up an electric field in the conducting path - causes free charges to move ([image: image573.png]


).  Charges bang into the lattice as they move, dissapating energy as heat.

· Ang length of wire [image: image574.png]


 experiences an [image: image575.png]


 field.  [image: image576.png]



· Energy is dissipated along the wire as a power: [image: image577.png]
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· SI unit for power: Watt ([image: image579.png]


) = [image: image580.png]


 (volt-amp) = [image: image581.png]



· So energy transfer: [image: image582.png]



· Resistance ([image: image583.png]


) - for a conductor, defined by Ohm's law: [image: image584.png]


 or [image: image585.png]



· [image: image586.png]


 is a property of an object. 

· SI Unit - ohm, [image: image587.png]<




· resistivity ([image: image588.png]


) - material property related to resistance, higher [image: image589.png]


, lowsier conduction. [image: image590.png]R=p

L
A



 , where [image: image591.png]


 is the length of the wire and [image: image592.png]


 is the cross sectional area of the wire.

· Higher temperature, generally greater resistance.  Temerpature resistance is material dependent.

· Power dissipation in a resistor can be represented by [image: image593.png]P=VI=(IR)I=1I°R



 and [image: image594.png]P=VI=V(




.  [image: image595.png]P=1TI2R



 & [image: image596.png]==




 

· Series Circuits - devices connected end to end

 

· Resistors connected in series: equivalent total resistance [image: image597.png]Rr=Ri+Ro+R3+.+ R,




· Current is same everywhere in a series circuit [image: image598.png]


.

· Potential of the battery is the sum of the resistor potentials.  The resistor potentials can be thought of voltage drops that occur as current passes through each resistor.   [image: image599.png]V=V i+Ve+Va+.+V,



 
· More resistors causes a current decrease.

[image: image600.png]Series
R





 

· Parallel Circuits - a branching circuit.  All the devices in parallel to each other are really connected across the same potential.

· Any path to and from ends of battery are going to "see" the same voltage.   [image: image601.png]V=V =Vy=V.




  (however note that VT may not necessarily be the voltage of the battery).
· Battery current is sum of currents through each branch.  [image: image602.png]



· Resistance:  applying ohms law to the currents in the equation stated above, and cancelling out for the fact that all voltages are the same, resistance is thus: [image: image603.png]



· More resistors in parallel decreases total resistance, but increases the total current.  Causes power source to work harder (reason for circuit breakers).
[image: image604.png]Ry




· The Gory Details -

· electron motion

· Electric effects propagate at the speed of light (3×108 km/s) due to the electric field.

· Individual electron speeds are high, but random.  v ≈ 106 m/s (but net speed is zero without a battery).

· In a circuit with current, the drift speed (average velocity of all the moving charges) is very low.  vd ≈ 106 m/s.

· Consider a wire L and cross sectional area A and charge density n (# of free charges/m3).  Assuming e is the charge on an electron and V is the volume of the wire, drift velocity can be estimated: , thus  [image: image605.png]


 
· Real (as opposed to ideal) batteries:
· Generate free charge by chemical reactions that have limited rates.

· As more current is drawn, reactions struggle to keep up: charges have less energy and battery voltage drops.  Acts like battery has internal resistance.  

· Given a battery with an EMF (ℰ ) as its original potential (the voltage when the circuit is off), and a terminal potential VT when the circuit is on, then: [image: image606.png]


 (where r is the internal resistance of the battery).
· For a real battery, 
 

[image: image607]
· EMF (ℰ ) - the voltage drop of a battery.  Batteries in series decrease the magnitude of the internal resistance as the total of the internal resistances become lower.  When batteries are in series, add ℰs.
· KIRCHOFF'S LAWS
· Voltage Law - the sum of the potential changes around ANY loop in a circuit is zero (a.k.a. - conservation of energy).

· Current Law - at any junction in a circuit, current in = current out (a.k.a. - conservation of charge).

· Applying the law: (only necessary if you have more than one battery).

· Write an [image: image608.png]


 expression and choose a direction and loop to go (using conventional current is easiest).  Subtract voltages when you go through resistors in the direction of current (add them if going in reverse) and add voltages when you go through batteries (subtract them if you go in reverse).

· Note how many currents there are and assign random directions and variables.  When solved, a negative current will tell you if your assigned current is in the wrong direction.

· Write expressions according to the current law in accordance to the arrows on your drawing.

· If expression is complicated and will take a long time to do algebraically, use the matrix function on your graphing calculator.

· Meters -

· Galvanometer - denoted with by a circle with a G on it in a circuit.  It's a very sensitive current meter - needle deflection is proportional to current.  (delicate and can't measure big currents).

· Ammeter - denoted by a circle with an A in it.  Must be in series with the circuit.  It's a galvanometer with a "shunt" resistor placed in parallel so it can handle a larger current.

· Voltmeter  - denoted by a circle with a V in it.  Must be in parallel with the circuit (tests is of two points!).  A galvanometer with a "shunt" resistor in series.  The shunt resistor needs a high resistance so it doesn't affect the current in the device that is being measured.

· RC CIRCUITS - differential madness!
	A] Discharging Capacitor
[image: image609] 

 



Sidenote: finding [image: image610.png]


 from [image: image611.png]Q(t)




 

[image: image612.png]



negative because it's decreasing

(hand-waving argument)

Thus, by chain rule:

 

 [image: image613.png]


 
or: [image: image614.png]



also, [image: image615.png]



 

so, [image: image616.png]


 


Sidenote:

both are exponential decay to zero

[image: image617.png]lim Q(1)
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both start at [image: image618.png]


 or [image: image619.png]


 at [image: image620.png]



	Start off with Kirchoff's voltage law:

 

[image: image621.png]



[image: image622.png]V capacitor — V pegiste




 

[image: image623.png]S-TR=0




note, however, that Q and I have time dependencies

[image: image624.png]



fudgy math thing: since current is decreasing, we need to flip the sign

[image: image625.png]



"We do it because it works" ~Mr. Bianchi

[image: image626.png]



rearrange so integration with respect to [image: image627.png]


 is possible & reasonable

[image: image628.png]



 

integrate both sides
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factor out constants
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carry out indefinite integration
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Constants of integration [image: image632.png]K,



 and [image: image633.png]K5



 may be combined

[image: image634.png]



 

solve for [image: image635.png]



[image: image636.png]
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Note, how when [image: image638.png]


, [image: image639.png]


, so thus [image: image640.png]
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	B] Charging Capacitor
[image: image642] 

 



Sidenote: [image: image643.png]



 



Since [image: image644.png]QO



 and C is a constant,
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Since [image: image646.png]
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recall that [image: image649.png]


 is a constant
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Exponential decay!
note that current formula is same!

 

And from Ohm's law:
[image: image654.png]Ii=

=



, where [image: image655.png]


 is battery voltage 
 
	Kirchoff's voltage law:
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u-substitution! let [image: image663.png]


, thus [image: image664.png]
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recall that K is our constant of integration
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note that when [image: image672.png]


, [image: image673.png]Q=CV—-ek =0



, so thus [image: image674.png]
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note that [image: image677.png]= lim Q(t)=CV
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RC Time Constant ([image: image679.png]


) - a measure of how quickly the capacitor discharges.  [image: image680.png]


, [image: image681.png]



-discharging capacitor: [image: image682.png]Qr)= Qe 0= Qe-1= U n37%Q,




-charging capacitor: [image: image683.png]Q(T)=Qf(1—%)%67%Qf




Graphs
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	Charging Capacitor
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Behavior of capacitors over extended periods of time:

· For a capacitor in a battery circuit, (uncharged) when you first turn the circuit on, the capacitor acts like a wire (ignore it in the circuit) -- a long time later, it acts like a break (take the corresponding branch out of the circuit).

A preview of magnetism: Inductors!

Inductor - wire coils in a circuit - schematic symbol is a bunch of connected loops (like eeeeee in script)

· Magnetic analog of a capacitor but they act the opposite

· Stores energy in a [image: image702.png]


 field (magnetic field).

· Exerts a "back EMF" when first turned on - stopping the current as magnetic field builds up.

· A long time later, once the magnetic field is full strength, it just looks like a wire.

· Inductance ([image: image703.png]


) - a measure of strength of magnetic field set up - SI Unit - Henry (H)

· Potential drop across inductor: [image: image704.png]



· Maximum reverse voltage when [image: image705.png]


 reaches max.

· In a circuit containing a battery, resistor, and inductor connected in series, Kirchoff's voltage law yields the differential equation [image: image706.png]ar
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· NON AP: oscillator - Capacitor and inductor connected in a series loop.  Energy goes from capacitor to inductor and back (electric potential to magnetic potential and back).  Emits radio waves (a radio transmitter).

 

 

Magnetism
Chapter 26 - The Magnetic Field
· Magnetic Field - caused by moving charges and exerts a force on other moving charges.   A vector field, given by direction of the north pole of a compass at a given point in space.

· 3D Vector notation - dots indicate vectors coming out of the page and crosses indicate vectors going into the page (perpendiculr to the surface).

· Magnetic Field ([image: image707.png]


) around a wire circles the current.  As viewed from above, when the current is going into the page, the magnetic field circles clockwise around the wire.  When the current is going out of the page, the magnetic field circles counterclockwise around the wire.

· Right hand rule for currents -  thumb goes along the conventional current; fingers wrap in direction of the magnetic field.  Dots and xs make such diagrams clearer by indicating 3D vectors with more specificity.

[image: image708]
· Field Strengths - [image: image709.png]


 and [image: image710.png]


 but [image: image711.png]


.  The current length ([image: image712.png]


) is the source of the magnetic field.  In the case of a wire: [image: image713.png]Mol
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 , where [image: image714.png]-7N
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 (called the permeabililty of free space -- note that [image: image715.png]€n



 is the permitivity of free space).
· SI Unit for magnetic field strength - the Tesla (T) --> [image: image716.png]



· Bar magnets - certain solids can be magnetic in the absence of an overall current: ferromagnetic materials (iron, nickel, cobalt, neodymium)

· Electrons appear to be little magnets (property of magnetic spin).  "spin up" or "spin down"

· Domain theory: 1. In some atoms, the electrons have an overall magnetic field, so the atom itself "looks" like a magnet.  2.  Domain - a group of atoms magnetically aligned 3. Typically, a lump of iron has many small domains randomly aligned - weakly magnetized overall.  4. If you put an object in a strong magnetic field, the domains get bigger and tend to line up, increasing its magnetic field strength.

· What do magnetic fields look like?

[image: image717.jpg]
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· Breaking a magnet creates two smaller ones (no magnetic monopoles).

· Magnetic field lines are always closed loops.  They do not begin or end anywhere (unlike electric field lines).  There are no magnetic "monopoles" like there are for an electric charge.

· Magnetic force on a current.  Since [image: image719.png]


, we get the direction of the magnetic field from  [image: image720.png]


 (cross product between the length vector and the magnetic field vector).

· To determine the direction of the force, use the right hand slap rule.  Fingers align up with magnetic field and the thumb aligns along the current-length.  Perpendicular from your palm is the direction of the force.

· Since [image: image721.png]-



, we can substitute and get  [image: image722.png]


 . This is the force on a moving charge in a magnetic field.

· In all cases, if the current or charge is negative, reverse the vector effect (direction of the magnetic field or force).

· Cyclotron effect - magnetic force is a centripetal force because it is always perpendicular to the velocity.  Magnetic forces don't do work on moving charges.  Only affects the direction of a particle's motion, not speed.  If a particle moves at an angle to the magnetic field, it will spiral along the magnetic field line.  Overall direction of motion is the component of the original velocity that was parallel to the magnetic field.  

[image: image723]
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· Recall the centripetal force [image: image725.png]SF =10



 (sum of radial forces only).  For a charged particle in a magnetic field: [image: image726.png]


, thus [image: image727.png]


.

· Velocity Selector - crossed electric and magnetic fields.  In the image below, the magnetic field deflects a positive charge down.  The electric field deflects a positive charge up (with parallel plates). For the charge to remain undeflected, [image: image728.png]


, and thus [image: image729.png]


, and thus the velocity that will pass through undeflected is  [image: image730.png]|t



 .

[image: image731.png]



· You can either calculate or select out particles of a certain velocity by adjusting the electric and magnetic fields.

· The electric field, velocity, and magnetic fields must all be mutually perpendicular.

· Mass Spectrometer - used to calculate mass of atoms or molecules.

[image: image732]
· Particles are often singly or doubly ionized (charge of +e or +2e).  Acceleration across some voltage will produce some final velocity.  Since [image: image733.png]=qV =Zmu?



, then [image: image734.png]


.  If you can't calculate this, use [image: image735.png]|t



 on the velocity selector.  Fire into the magnetic field, so cyclotron effect yields mass [image: image736.png]


, and thus solving for [image: image737.png]


 and combining with [image: image738.png]


 and then solving for [image: image739.png]


, once can find the the mass from [image: image740.png]


.

Current Loops and torques - motor

[image: image741]
A current loop behaves like a bar magnet.  It thus tends to  line up with an external field.  We can wrap our right hand fingers around the loop to get the magnetic field generated by the loop (i.e. - up).  OR, you can look at it as having an upward force on the left and a downward force on the right.  In a stable state:

[image: image742]
Close and far wires go opposite now so everything is balanced (note how they are not parallel to the magnetic field now).  There is maximum torque when the area vector is perpendicular to the magnetic field.

[image: image743.png]



Here, theta is the angle between the area vector and the magnetic field.

[image: image744.png]7=;IIBsin6




but there are two forces, and length here is [image: image745.png]



[image: image746.png]7 =(ecd)IB sin 0




[image: image747.png]



and generally, for a coil of [image: image748.png]


 number of loops.

 [image: image749.png]


 
· Hall Effect - if a current bearing conductor is placed in a magnetic field, moving charges will be deflected to one side setting up a voltage, [image: image750.png]Vi



, across the width of the conductor.  Consider a conducting strip width [image: image751.png]


, and thickness [image: image752.png]


.  Electrons (assuming that they are moving) set an electric field across the width.  Quickly, the electric and magnetic forces balance out.

[image: image753.png]The Hall Effect
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· We know from velocity selectors that in perpendicular magnetic and electric fields, our drift velocity will be defined by [image: image754.png]vg=

|ty



.  We also know the Hall Voltage can be defined as follows: [image: image755.png]


.  Combining gives [image: image756.png]Vg=v,;Bw



.  This is a nice way to find drift velocity if you know the hall voltage, the magnetic field, and the width.

· The weirdness is: if your material is a particular sort of semiconductor, the hall voltage reverses across the width.  These are called p-type materials.  Implication: some materials have "positive charge carriers", not electrons, transferring current.  WOAH

· The Hall Effect is also used to measure weak magnetic fields.  Recall for charge-carrier density in a material: [image: image757.png]=nevy A



.  Combining with the previous equation, [image: image758.png]


, which solved for magnetic field is  [image: image759.png]neVpyt




 .

Chapter 27 - Sources of the Magnetic Field
All our force formulas are inverse square laws ([image: image760.png]


).  With magnetic fields, additional things need to be taken into account.
	Gravitational
	Electric
	Magnetic
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For a point mass
[image: image762.png]
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For a point charge
[image: image764.png]
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Or as an equality
(for an element of current)
[image: image766.png]5=
-,
=
"lm
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For a line of current
(integration of above)
[image: image768.png]





[image: image769.png]


 is called the Biot-Savart Law.  It is the most general expression for calculating the electric field but is very limited in its practicality.  There are only two cases to memorize.

	Biot-Savart Case 1: Magnetic field from a curved wire
	Biot-Savart Case 2: Magnetic field from a current ring

	[image: image770]
Because of the geometry, the cross product goes away.  Start with the Biot-Savart law.

 [image: image771.png]



Substitute [image: image772.png]
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Resulting magnetic field is into the page.
	[image: image775]
 

by pythagorean theorem:

[image: image776.png]r2





 

[image: image777.png]dBy=dB cosf




Becuase of the geometry, [image: image778.png]


 appears twice, thus

[image: image779.png]



Since we know the resultant magnetic field is up, we can drop the cross product (since we area accounting for components already).
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· Gauss' Law for Magnetism: It's silly!!!  Since all magnetic field lines are loops, the flux in will equal the flux out, so thus [image: image781.png]


 .  This can't really be used to calculate anything.  It just serves a reminder of the nature of magnetic flux ([image: image782.png]Dar



).

· Ampère's Law - the useful way to calculate magnetic field, but for a current!

 [image: image783.png]


 
· Instead of integrating around a Gaussian surface, we are now integrating around an Ampèrian loop.  We integrate the magnetic field around a closed loop surrounding a current in a plane perpendicular to the current so the magnetic field is always parallel to the Ampèrian loop.  For this equation, we have cases.

	Case 1 - for a straight wire
[image: image784]
	[image: image785.png]



Because of geometry, we can drop the [image: image786.png]


, dot product, and differentials.

[image: image787.png]




 [image: image788.png]


 

	Case 2 - inside a wire radius [image: image789.png]


 and distance [image: image790.png]


 from the center.
Cross section:
[image: image791]
	[image: image792.png]



In order to find the portion of the current that is enclosed by our Ampèrian loop, we must use a proportion.
[image: image793.png]
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	Case 3 - Inside a solenoid

[image: image796.png]{m‘&“&“@&“ﬁ”ﬁ“@&“&“&\“&&“ﬁ}




Putting a rectangular loop cross sectioning the solenoid...

[image: image797]
	[image: image798.png]



Let's assume that our solenoid has a current [image: image799.png]


 and our Ampèrian loop is enclosing [image: image800.png]


 number of wires.
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 doesn't matter because it's outside the coil
[image: image802.png]


 and [image: image803.png]


 don't matter because [image: image804.png]


 is perpendicular to [image: image805.png]
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note how [image: image809.png]~|=



 is a density of wire coils

if we call this density [image: image810.png]


, we can simplify this expression to say

 [image: image811.png]


 

	Case 4 - Inside a toroid
Toroid = a wire-wrapped doughnut
Current [image: image812.png]


 and number of loops [image: image813.png]



Inner radius [image: image814.png]


 and outer radius [image: image815.png]



 

[image: image816] 
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 Integrate across radius where [image: image818.png]a<r<b
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Extra note.  An old unit for magnetic field: The gauss (G).  Conversion factor: [image: image821.png]1G

10-4T




 

Forces due to parallel currents.  Parallel currents attract each other.  Each wire lies in the electric field caused by the other current.  This creates a magnetic force that attracts the two if they're running in the same direction and a magnetic force that repels them if they're running in the opposite direction.

[image: image822]
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this is a force per length, which is practical if the length is unknown or is ideally infinite
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and thus
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which looks a ton like coulomb's law and newton's law of gravitation!
 Use your knowledge of the directions ofthe currents to determine the direction of the forces.

Chapter 28 - Magnetic Induction
Inducing EMF.  Here, instead of V, we will use ℰ.  Recall that EMF is not really a force, but is rather a voltage.  Recall that magnetic fields are created by one of two things: 1. a current or 2. a changing electric field.  When a capacitor charges, intially, an imaginary current is created between the two plates since it acts like there is no break.  Really, a magnetic field is caused by the changing electric field between the plates.

Faraday's Law - a changing magnetic current creates an electric field (or an EMF).  Recall [image: image827.png]


.

 [image: image828.png]


 
the negative is due to lenz's law (below)

Take note that [image: image829.png]Qg



 can change one of two ways:

1. Change in the magnetic field: [image: image830.png]


.  Examples: pushing a magnet into a wire coil, or turning an electromagnet on or off.

2. Change in the area: [image: image831.png]


.  Examples: spin a wire coil in a magnetic field, so angle between the area vector and the magnetic field vector keeps changing.

Special case: moving a wire so that it cuts a magnetic field.  This also generates an EMF.

[image: image832.png]



Here, we have a wire of length [image: image833.png]


 traveling with velocity [image: image834.png]=l



 through a magnetic field [image: image835.png]


.  Note that [image: image836.png]


 is the distance traveled, and that [image: image837.png]


 is the area swept out by the wire.

[image: image838.png]



[image: image839.png]


 (if everything is at right angles)

If not:  [image: image840.png]


 
Lenz' Law - an induced current flows in such a way as to oppose the change that caused it. If the flux is increasing, the induced current will create a magnetic field that goes against the increasing magnetic field. If the flux is decreasing, the induced current will create a magnetic field that goes with the increasing magnetic field. Examples: Pushing a magnet into a loop will cause repulsion. Pulling it out will cause attraction. (It's pretty much a specific application of the conservation of energy).

Eddy Currents - (bulk conductor and changing magnetic field). When inserting a conducting block into a region with a magnetic field, charges are separated in the section intersecting the magnetic field. The voltage causes the charges to flow around the other part of the block (the part that doesn't have any magnetic field lines piercing it). When the block is at a place where the magnetic field covers the entire block, no eddy current occurs (only separation of charge occurs). These eddy currents dissipate energy as heat and flow as to oppose the motion.

Induced Electric Field - since [image: image841.png]


 and [image: image842.png]AV=—[E-df



, we get an alternate form of Faraday's Law:

 [image: image843.png]


 
 

There is a negative because of Lenz' Law (applied to the equation after the fact) .  Integrate the electric field across a closed loop.  Enclose the magnetic flux that you're talking about.  If the path of integration is a conduction loop, the electric field will do the work to move the charges for an induced current, not the magnetic field.  The electric field is parallel to the EMF.  This energy transfer is NOT conservative.  The work done by the electric field is typically dissipated as heat or transferred as kinetic energy in a way thats not reversible.

Inductance ([image: image844.png]


)  - how much a coil resists changes in current, due to magnetic effects.  SI Unit: Henry (H). It's an effect of Lenz' law.  Causes a reverse EMF (ℰ) when you turn the circuit on (when the current changes).  Definition:

 [image: image845.png]=4
E=L=



 
 

Magnetic Energy
1. Electromagnetis store energy.  When you turn a circuit on with an inductor, the magnetic field starts expanding around it.  Field lines expanding cut the coil, inducing a reverse emf: this acts like a temprary resistor in the coil.  Once a magnetic field is stable, revrese emf disappears.  The coil looks like a wire again.  When you switch the current off, the collapsing field induces emf that tries to keep the current flowing, opposes the collapse of the field.

2. Inductor - a wire coild used in a circuit.  The creation/destruction of the field acts like a break on the charges to the cirucit current.  It acts the opposite of a capactitor.  Inductors:  first turned on/off, acts like a break in the circuit - a long time later, it looks like a wire.  (high resistance to low resistance).  Capacitors: first turned on/off, looks like a wire.  Later, it becomes a break in the circuit.

3. Inductance (L) - property of a particlar inductor or coil. 

4. emf induced in an inductor can be obtained by the definition of inductance.

5. Power conusmed by an inductor can be found by [image: image846.png]=114
P_ILdt



.  Not very useful...only gives power if current changes.

6. Energy stored by an inductor can be found by [image: image847.png]=-1rp
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7. RL Circuits - by kirchoff's voltage law, the differential equation [image: image848.png]- o
E=IR+L=



.  The solution is [image: image849.png]


.  Note that this indicates that the time constant is [image: image850.png]|



. 

Chapter 29 - Alternating Current Circuits
Chapter 30 - Maxwell's Equations and Electromagnetic Waves
This is not a full chapter.  You should know these equations already anyway:
Maxwell's Equations
1. [image: image851.png]


 (gauss' law)
2. [image: image852.png]


 (gauss' law for magnetism)
3. [image: image853.png]


 (variant of Faraday's law)
4. [image: image854.png]§B-dl=pyl(+pyla)



 (Ampère's Law)
Note: displacement current ([image: image855.png]I,



) - imaginary current from a capacitor when initially turned on.  Creates a magnetic field just as if it was a wire.  (the [image: image856.png]


 serves somewhat as an addendum to Ampère's law)
Appendix
Store the following values in your calculator using the "➔ sto" function
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	Elementary Charge
	[image: image858.png]1.6 x10~19
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	Coulomb's Constant
	[image: image860.png]0.0 % 10°
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	Permeability of free space
	[image: image862.png]A7 x10~7






Remember also that you can get the permittivity of free space by coulomb's constant  ([image: image863.png]€= 1%



)

Reminder for Rebecca Karger:

[image: image864.png][ cos0db+#cos0+C




 

E+M topic breakdown for the test:

1. Electrostatics (ch. 21-23) 30% - charge, coulomb's law, gauss' law, electric field and potential

2. Capcitance (ch. 24) 14% - electric potential energy, capacitance, dielectrics

3. Circuits (ch. 26-27) 20% - current, resistance, power, steady-stable DC Currents, transients with capacitors (changing current).  

4. Magnetic fields (ch. 26-27) 20% - force on moving charges and circuits, Biot-Savert law, Ampère's law

5. Electromagnetism (ch. 28-30) 16% - Faraday's law, Lenz'law, induction, Maxwell's Equations 

 

