
Energy○

Information:  Communication, storage, 
computation, Measurement, Control

○

Our society is electric•

Light and Radio waves•
Chemistry•
Practice with math and "learning new 
things".

•

Why study electricity and magnetism (E&M)?

Lec 1 - Intro, Charge
Monday, August 26, 2019 1:17 PM
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Study of stationary charges.  What are charges?

Generally, "charge" is a measure of how electric something is.

"Charge" can refer to an object or particle that has charge.

All matter is made of atoms, which are in turn made of protons, electrons, 
and neutrons.

How much charge is present in a 27 gram aluminum piece?

Each aluminum atom has 13 protons and 13 electrons.

Steal or donate electrons.  Maybe only 1 nC to 1 micro-C worth.  This is an 
electrostatic charge.

•

Shift electrons around.  About one electron per atom is mobile.  As long as the 
total number remains constant, we can move massive amounts of charge.

•

Shift electrons around, temporarily.  This is called polarizing the material.•

If we wanted to use the aluminum in an electric way, we could do a few things:

Electrostatics
Tuesday, August 27, 2019 12:54 PM
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Charges exert forces on each other.  How?•
Charges generate "electric field" all around themselves.  Other charges 
"feel" the electric field as a force.

•

Net result:  Opposites attract.
Magnitude:

How can we incorporate the direction into the formula?

The electric field direction is the same as the direction of the force that 
would be felt by a positive charge.  The positive charge doesn't need to 
actually be there.  It is called a "test charge".

Electric Effects
Tuesday, August 27, 2019 1:22 PM
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The electric field generated by a negative q2 
always points toward q2.

This is the vector formula for the electric field of a point charge.
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Electric field describes how electrified space is.

If q0 is +, the force is in the same dir as E.•
If q0 is -, the force is opposite to E.•
Any q0 we place there will have the same E.•

The result of electric field is forces on charges.

Source charges.•
Fluctuating magnetic fields.•

There are two sources of electric fields:

E points away from a + source.

Often, it's easy enough to worry about the magnitude and direction 
of E separately.

2. E-Fields
Thursday, August 29, 2019 12:26 PM
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Multiple charges can contribute toward E.

Alternative way to find the components of E1:

Charge Distributions
Thursday, August 29, 2019 12:56 PM
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Where is the electric field equal to zero?
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Line charge:

What if we want to know the electric field due 
to the line charge distribution?

This is the "Green's Function Method" of 
solving the Maxwell's equation.

Continuous charge distributions
Thursday, August 29, 2019 1:28 PM
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This is a form of Stokes' Theorem.
Alternative way of finding Electric Field.

Integration method (Green's Function based):

Electric flux is the "total amount of electric field" pointing through a surface.•
Gauss's Law Method is based on electric flux.

A large surface may have a variety of angles and a variety of E values.

Let's try to calculate the flux "emitted" by a point charge.

3. Gauss's Law
Tuesday, September 3, 2019 12:29 PM
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No matter what sphere we choose, 
the calculated flux is the same.

In fact, the flux is the same for *any* surface 
that surrounds the point charge.

Integration is a linear operation.

Gauss's Law in general:

The flux pointing through any closed surface is equal to 4pi*k times the 
charge enclosed by the surface.

In symmetric cases, E "factors out" of the integral.•
How does this help us with finding E?

Example:  Uniformly charged sphere
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Source is a uniform infinite line charge.

Other Symmetries:  Cylindrical
Tuesday, September 3, 2019 1:16 PM
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A 4 nC point charge is surrounded by a thick 
metal shell with inner radius 3 cm and outer 
radius 4 cm.  The total charge of the metal shell 
is -7 nC.  How is the charge of the shell 
distributed and what is E everywhere?

Conductors allow charges to move.•
E causes forces on charges.•
If E != 0, the charges would move.•

Important fact:  E=0 in a conductor in 
electrostatics.

If I draw a Gaussian surface at 3 < r < 4, Q_enc = 0.
The only places on the metal where charge can reside are on the inner 
surface (r=3) and outer surface (r=4).

To find the electric field, use Gauss's Law:

Gauss's Law with spherical shells
Tuesday, September 3, 2019 1:24 PM
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Physics I review:

A good source of intuition for work and energy is free fall.

In electrostatics, we can do something similar:

The relationship between E and V is the same as 
between force and potential energy:

V is a quantity with many names:  electric potential, potential difference, 
voltage, electromotive force (EMF).  V is measured in volts (V).

Just like E is force per unit charge, V is energy per unit charge.

4. Potential and Capacitors
Thursday, September 5, 2019 12:25 PM
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Just like E is force per unit charge, V is energy per unit charge.
The E and V fields are caused by source charges.
They describe the force and energy of a test charge.

A mass tends toward lower grav potential energy.•

A + test charge tends toward lower V.○

A - test charge tends toward higher V.○

A charge tends toward lower electric potential energy.•

What's the direction of the force on a test charge?

The positive test charge is attracted toward low V.•
What kind of source charges would cause this?•
Positive source charges cause positive V,
negative source charges cause negative V.

•
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Potential of a point charge
Thursday, September 5, 2019 12:56 PM
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How much charge could we store on a BB?
Air can withstand E = 1,000,000 N/C

This charge creates an electric potential.
What is the potential at the surface?
Outside, the BB "looks like" a point charge.
The potential is also that of a point charge.

Voltage is like height.•
Voltage is like pressure in a fluid.•

There are two analogies that help with intuition:

The metal sphere doesn't store a lot of charge 
considering how much voltage is needed.

Storing charge - on a metal sphere
Thursday, September 5, 2019 1:02 PM
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The reason we can't store much charge on the BB is that it's a monopole 
with all the same charge.  The charges repel each other strongly.

Most practical capacitors are a dipole, with equal amounts of positive and 
negative charges.  This significantly reduces the repulsion of the charges 
and allows us to store more charge.

Simplest case:  Parallel Plate Capacitor

To find E, we use Gauss's Law in 
"slab geometry".

Since E is uniform inside the capacitor, V 
simply depends on the location.

"Charging" the capacitor involves taking 
charges from one plate and moving them to the 
other.  We want the Delta-V for the whole thing.

Ex:  Capacitor made from 1 m^2 sandwich of 
foil spaced 1 mm apart.

Parallel Plate Capacitor
Thursday, September 5, 2019 1:20 PM
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Large area (A)•
Smaller spacing (d)•
Different dielectric (epsilon_0)•

There are several ways to create larger capacitors:
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Electrostatic Charge Detector

It would be difficult to solve for theta.

5. V, I, R, P
Tuesday, September 10, 2019 12:26 PM
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Voltage (V) in volts (V):  This is both the electrical "pressure" and the 
amount of energy per unit charge.

•

Current (I) in amps (A):  This is the actual stuff flowing in a circuit.  It's 
the rate of charge motion in coulombs per second.

•

Resistance (R) in ohms (   ): The "difficulty" of pushing current through a 
part of a circuit.

•

Power (P) in watts (W):  The rate of energy transfer in joules per second.•

There are 4 common electrical quantities in DC:

DC Circuits are always constructed in continuous loops.  This is because 
electrostatic charge is difficult to gather.

In electrostatics, there is zero electric field in a conductor.•
All points on a conductor are at the same potential = same voltage.•
With flowing current, this is still approximately true.•

Wires: Used to route current with ease.

Chemical reactions maintain a (roughly) constant potential difference, 
called the EMF ("electromotive force") of the battery.

•
Battery:  Most fundamental motivation for DC current.

The terminals of a battery form a capacitor.  But unlike a regular 
capacitor, the battery's capacitor is self-charging.  The chemical reactions 
replenish any used charge.

•

Ideally, the battery can provide many coulombs of charge per second.•

An ideal resistor always has the same current-to-voltage ratio.
Ohm's Law

•
Resistor:  Provides a semi-difficult path for current to follow.

What would happen if you put a resistor in a strong electric field,
like 10000 V/m?

If the resistor isn't part of a circuit, it will gather just enough charges to 
cancel out the applied electric field.

DC Circuits
Tuesday, September 10, 2019 12:44 PM
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If the resistor isn't part of a circuit, it will gather just enough charges to 
cancel out the applied electric field.

Most basic electrical circuit:

The wires cause their ends to be at the same voltage, but the voltage 
DOES NOT FLOW DOWN THE WIRE.

Connecting the resistor and battery at both ends causes the resistor's 
voltage to be equal to the battery's EMF.

The resistor has 20 V applied to it.
The resistor is in parallel with the battery 
(connected at both ends).
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Where is the current flowing?

The current follows the path of the circuit, without 
any branches or dead-ends.

With no "forks" or "merges", this is a series circuit.

Voltage is conducted very quickly.•
When the current starts to flow in one place, it 
flows everywhere basically right away.

•

The actual charges move slowly.•

Speed of the current:
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Voltage is energy per unit charge.

In any circuit, the total power used must equal the total power generated.
Any imbalance would cause an imbalance of energy, requiring the storage of 
energy somewhere in the circuit.  Only capacitors and inductors can do that.

Cost of Electricity:  We Buy Energy

How does this compare to buying energy in the form of gasoline?
1 GGE = 1 Gallon of Gasoline Equivalent

Power, Energy, and Cost
Tuesday, September 10, 2019 1:28 PM

   5. VIRP Page 26    



Gasoline only provides thermal energy, not work.
Engines turn heat into work, but with limited efficiency.
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Charge conservation:  Charge cannot even "build up" anywhere in a circuit.

This is Kirchoff's Current Law.

If a charge follows a complete loop around a circuit, the energy of that 
charge gets back to its original value.

•

There is no kinetic energy of these charges, so this means the voltage 
changes along the loop must bring the potential back to its original value.

•

This is the same as assigning a voltage to every node in the circuit.•

Energy conservation:  Energy cannot "build up" anywhere in a circuit.

Series Circuit:

In a series circuit, voltage adds.
In a series, the current is the same.
What about resistance?

Ex:  Two light bulbs are designed to be hooked individually to a 12 V battery.  
One is a 12 W bulb, and the other is a 6 W bulb.  What happens if they are 
attached in series to the battery?  Which is brighter?

6. Series, Parallel
Thursday, September 12, 2019 12:26 PM
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attached in series to the battery?  Which is brighter?

Voltages:

   6. Series, Parallel Page 29    



What are the consequences of these rules and Ohm's Law?

Let's hook those light bulbs up to the 12 V 
battery, now in parallel.

With this ideal battery, each bulb in parallel 
doesn't know that the other one exists.

Note that 12 ohm || 24 ohm = 8 ohm.  The result 
of a parallel resistance calc is always lower than 
the individual R values.

Parallel Circuits
Thursday, September 12, 2019 1:02 PM
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the individual R values.

What happens if we put two identical resistors in parallel?
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A realistic battery tends to provide less voltage when it's under load.
A simple model is to imagine an internal resistor in series with the circuit.

Combination Circuit:  Both light bulbs in parallel, with a realistic battery.

Since R_eq was a parallel equivalent, its voltage is the same as V_12 or V_24.

So the 12 ohm and 24 ohm resistors "feel" 10.67 V.

Ideal 12-V battery:  P = 6 W•
Realistic 12-V battery (1 ohm internal): P = 5.53 W•
Realistic also with 12 ohm in parallel:  P = 4.74 W•

This 6-W light bulb uses different amounts of power in different circuits:

Internal Resistance
Thursday, September 12, 2019 1:22 PM
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Realistic also with 12 ohm in parallel:  P = 4.74 W•
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(Useful website:  All About Circuits)

To analyze anything:  Pick variables, apply laws, solve.

Kirchhoff's Current Law:

Kirchhoff's Voltage Law:

2 things to note:  We picked the current I as our variable.
The alternative equation gives another loop law:

Picking actual currents in wires is called "Branch Current Analysis".

Be aware of "Mesh Current Analysis".
It's different, subtle, and tricky.  Just do Branch analysis.

Another technique is "Node Voltage Analysis".

7. Kirchhoff's Laws
Tuesday, September 17, 2019 12:24 PM
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Multiple batteries•
Bridge configuration•

When do we NEED to use Kirchhoff's Laws?

(Loop CDA follows I4 backwards, so it appears as a negative IR drop.)

To solve in calculator, write in standard form:

These matrices go into a calculator to solve for all variables at once.

In Wolfram Alpha, use single-letter variables.  Result:

Examples
Tuesday, September 17, 2019 1:05 PM
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In Wolfram Alpha, use single-letter variables.  Result:

Calculating voltages between various points in the circuit.

If you put all voltages on the left, resistors go in as -IR.  
If you put the voltage drops on the right, resistors go in as +IR.

Delta-Wye •
Thevenin Equivalent (EMF+R)•

There are some other equivalent techniques:

   7. Kirchhoff's Laws Page 37    



Reminder:  Exam 1 Thursday

In solid materials, only the conduction electrons move.
For the current to point rightward, the electrons must go left.
To figure out a relationship between I and speed:

Ex:  Drift velocity in a cell phone charging cable.

8. Microscopic Current and RC Circuits
Thursday, September 19, 2019 12:25 PM
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RC Circuits are about HOW a capacitor gets charged or discharged.

If I took a charged capacitor, and just connected a wire to it:

Satisfying this equation requires Q to decrease 
instantly.  That is a huge dQ/dt.
Practically, our wires will have some resistance.  
Infinite current would require infinite voltage.
We only have so much voltage, so the current is 
limited.  To represent this, re-draw the circuit 
with some resistance.

The exponential tells us what fraction of the 
initial charge is still remaining in the capacitor.

RC Circuits
Thursday, September 19, 2019 1:02 PM
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By the time t=5 tau, the capacitor is > 99% drained.

At what time is the process 50% complete?

What are the electrical variables and constants in this situation?

Ex:  An unknown capacitor is charged up to 15 V, and attached to 
a 2 k-ohm resistor.  After 15.0 s, the voltage is measured to be 
0.75 V.  What is the capacitance?
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Discharging is like charging, but with a zero-volt battery.
Steady-state (dQ/dt = 0):

"Exponentially approaching a limit"

Charging a capacitor
Thursday, September 19, 2019 1:30 PM
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Pencil•
Non-internet calculator•

Exam 1 Thu 9/26.  Bring with you:

Exam, equation sheet, scantron•
I will provide:

Topics:  Electrostatics (Chap 22) thru DC Circuits (Chap 27).
(RC Circuits are also in Chap 27).

Dependence of resistance (and resistivity) on temperature.

When converting temperatures:

9. Review
Tuesday, September 24, 2019 12:26 PM
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Electrostatic levitation
Tuesday, September 24, 2019 12:44 PM
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Gauss's Law in spherical symmetry
Tuesday, September 24, 2019 12:52 PM
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Equal resistors in parallel:

Changing resistor network
Tuesday, September 24, 2019 1:01 PM
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A 12 micro-F capacitor is charged by a 12 V battery.  
After 3.0 s, it reaches 4.0 V.  What's the resistance?

If the charged capacitor is now discharged through the same resistor, 
what is its voltage after 3.0 s?

When charging, this capacitor gained 4 out of 12 V in 3 s.
When discharging, it lost 4 out of 12 V in 3 s.

RC Circuit example (HW2-13)
Tuesday, September 24, 2019 1:11 PM
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Physical Capacitor
Tuesday, September 24, 2019 1:22 PM
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Kirchoff's Laws - Branch Analysis
Tuesday, September 24, 2019 1:34 PM
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