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PHYS 122: Cycle 1 Review Sheet

January 14, 2009
SLIGHTLY UPDATED January 30, 2009

This “Review Sheet” delineates all main topics that studerg will
be responsible for for the First Hour Exam which will take place
Friday, February 6 at 9:30 AM.

What is the points of this course?

During the first two lectures we argued that an understandiiredectrical and magnetic phe-
nomena s a critical component to the development and agitof an enormous range of devices
in medical technology, communications, computing, medes@ntation, etc., etc., all of which are
defining components of life in our modern society. | argueat e proper technical understand-
ing and application of these devices require an understgrafithe physics behind them and the
methods of data interpretation that are characteristib@physical sciences. | also argued that in
medical technology, as well as in many other fields, we araired to deal with a wide range of
electronic, electrical, and electro-magnetic devicesfully understand how these devices work,
their strengths and limitations, we require a basic anddomehtal understanding of the physical
laws of the universe that govern the interactions in eleitgrand magnetism.

What is the electrostatics and what is the point of it?

In order to understand the function and application of aegteic or electro-magnetic device,
we must start with the most fundamental electric interactiad the concept of electric charge.
Everything is built upon this. The sub-discipline of elestiatics means the physics of systems
where the charges in the system are not moving. We began witto@b’s law which tells us how
two simple point charges interact. We showed how Coulomhis tan be applied to a system of
several point charges. We introduced the concept of tharldaeld which allows us to specify
the electric force (per unit test charge) at any point in sghge to a configuration of point charges.
We also introduced the concept of the Electric Potential (ivoltage”) that provides a means of
describing the potential energy (per unit test charge) dubké electric field. Next, we introduced
the concept of electric current — the motion of charge thabisstrained along some path (like
a wire). All of this sets the stage for dealing with our firspapation of electrostatics: simple
circuits.

The Concept of Charge:

The idea of charge is both familiar and mysterious. Evenglwe do in this course is based
on the property called charge. One important idea to keepim:min most materials, which
are made of atoms, there are equal numbers of positive aradiveeticharged particles” (namely
protons and electrons). In real macroscopic objects that hanon-zero electric charge (be it
positive or negative), this charge is based on the sma#miffce between the number of electrons
and the number of protons in the object. In a negatively adhapject, there is a small excess
of electrons. In a positively charged object, there is a bdwdicit of electrons (resulting in a net
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positive charge). We now know that the transfer of chargenfome object to another is almost
entirely due to the transfer of (negative) electrons. H@veglvom an electrostatics point of view,
saying that a negative charge -Q was transferred from BodyBody B is entirely equivalent to
saying that a positive charge Q was transferred from Body Boidy A.

Note that this picture implies that charge is neither cidaite destroyed and that any time a
positive charge is extracted into one location, and equalusatnof negative charge must result at
some other location.

Coulomb’s Law:
We start with Coulomb’s Law which tells us how two bodies wattarges;, andg, interact:

|Fiee] = (L) lqllQl

drey/) 12

whereF;ec is the force due to electric charge between any two bodiezsak:bnstant,{}TO =
9 x 10° N-m?/C?), andr is the distance between the two charged bodies. Note thdotoe is
radial (i.e. it lines up in the direction between the two bodies)d&termine whetheF;lec attracts
or repelsyou need to consider the signs of the two charges)d@. If we define the unit vectot
pointing from chargé) to charge; then we can write the force on charge vector form:

1 4Q.

Fonq duetoQ — —4%0 2

Note now that the sign of force indicates the direction. H thalue is positive, the force is
repulsive (a push along. If the force is negative, this indicates attraction (a mgposite the
directionr.) Note that since any forces will add (by superposition) we calculate thaeetelectric
force on any one charge due to a collection of point chargessrbgly summing up the forces, one
pair at a time.

Electric Field:
We introduce the electric field for two reasons:

e as a convenient mathematical device for keeping track oiniigence of electrical charges
at any location in space, and

e as a means for explaining the somewhat mysterious “spodiyraat a distance” that de-
scribes the electric force. By considering the field, we axpthe interaction as between
particles and fields that fill all of space. In other words, \ag that the first charge (called
the “source chargegreatesthe field and the second charge (called the “test charge’g-exp
riences a force due to that field at that location.

We define the electric field as the net electric force felt by small test charge, per unit test
charge. Since force is a vector, we call the electric fiekgetor field

We use the word “field” to indicate that we are talking abounsthing that is a function of
position in space. In other words, the electric field is defias a vector that depends on position.
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If we use the variable to represent thposition vectoithen the electric field is @ector function
of avector position

For example, for a point chargg the vector field as a function of position relative to the poin
charge is:

1 Q.
—T

47eg r?

E(7)

where nowr is the length of the position vecterandr is the unit vector that points radially out
from the point particle.

We can graphically represent the electric field two ways:

e As a set of vectors spread across all of space (the magnindidieection of each vector
defined at each point), or

e As a set of field lines, representing the direction of the tettac force. The density of the
field lines is proportional to the magnitude of the field.

Calculating the electric field for systems with several poihcharges:
The magnitude of the electric field for a single point chaygegiven by:

= 1 1Q
| Bl = dmeg 12

The direction depends upon the sign of the source. Agaicesamy forces will add (by su-
perposition) we can calculate tinetelectric field at any point as equal to the vector sum of the
electric field due to each point charge in the system. To dodaliculation, you need to calculate
the vector field due to each charge one at a time, assumintipteaharge is “at the origin” of your
coordinate systeniou should be able to solve any problem where you are asked talculate
the electric field at any point in space given any distribution of point charges. When you do
this, be sure to take advantage of aynmetrythat you can exploit to simplify problems. For
example, if you need to calculate the electric field at sometp®, and there is a positive point
source+q at a distance to the left of P and a second positive point souree a distancel to the
right of P, then by symmetry the contributions to the net electric falgoint P due to these two
charges will cancel each other out and you do not have to leédcthe contributions to the field
due to these two charges explicitly.

The influence of the electric field on a point charge
Remember that a chargeplaced in an electric field will experience a net electricér

Felec - qE

whereE is the electric field at the position of chargeue to all of the other charges in the system
not including the chargeq. It's important to remember that when you calculate thetateteld
that will influence any given charge, you do mait calculate the field due to that particular charge.
You calculate the field due to the sum of all of the other charge
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We call the charge that experiences the forces the “testgehand we call all of the other
charges that create the electric field the “source” chardasthis nomenclature, the “source”
charges create the electric field, and then the “test” chexgeriences a force due to the electric
field.

Insulators vs. Conductors:

Insulatorsare materials where charges cannot readily move. Thesalmglass, most plastics,
air, etc. If a charge is places on or in an object that is madiesolating materials, that charge will
generally stay put.

In contrast, materials where charges are very free to maveeaarrange themselves are called
conductors Most metals, slightly impure water, and the planet earthwbhole can be regarded as
nearly ideal conductors.

Note that although we usually treat materials as eithedlideonductors or “ideal” insulators,
in fact most materials can be one or the other depending oaittiemstances. For example, the
air is generally a very good insulator, unless the voltage @@ge enough to begin to ionize the
molecules, in which can it can rather dramatically becomeadgonductor.

Remember this important idea: If | tell you in a problem whigre charge is located explicitly
and/or | imply that the materials involved are insulatohgrt you generally do not need to worry
about charges moving and you can calculate the electric égbdicitly from the initial charge
distributions.Howevey if | tell you that there is a conductor somewhere in the pgaoblyou may
have to consider the impact of the conductor on the answery@nmay or may not be able to say
explicitly where all of the charges are because the condwdgtbact so as tarearrangecharges
inside and on the surface of the conductor. This will havenapeict on the electric field, even if
the conductor is electrically neutral. Specifically:

e The presence of charges in the vicinity of a neutral condueith inducecharge in the
conductor. What this means is that the charges move arouas oensure that there is no
electric field inside the conductor. Usually this involvesgative charges in the conductor
moving closer to nearby positive charges outside the cdndwand vice versa. As aresult, a
positive charge wilattracta neutral conductor. A negative charge will also attractunaé
conductor. Be sure you understand this.

¢ In any static problem, inside the material of any condudterdlectric field is precisely and
always zero. (If it were not, charge would flow until it re-amged itself so that the field was
zero inside the conductor). Memorize this critically imgamt fact. The electric field inside
the material of any ideal conductor is always exactly zero.

¢ In any static problem, any excess charge that is placed onguctor always appears on the
outside surfacef the conductor (if it did not, it would create a field insideetconductor
which would violate the previous condition).

¢ In any static problem, the electric field is alwgyasrpendicularto the surface of the conduc-
tor at the surface. (If it were not, charge would flow alongshgace).



Physics 122 Spring 2009 — Document #05: Cycle 1 Review Sheet page 5 of 14

¢ In any static problem, the surface of any conductor reptesamequipotential That is to
say that the voltage that is measured on the surface of a ctaxds the same at any point
on that surface. See more about voltage further on.

e The “ground” is a term that represent the earth as a wholega banductor that is so large
that any charge taken or given has negligible effect on thaedrality of the earth — the net
charge is spread over a very large area. In other words, \aettre ground as a conductor
that always maintains zero net electric charge.

Continuous electric charge sources

We can generalize from point sources of charge to continsousces of charge in one, two, or
three dimensions: We define the conceptslwdrge densityas calculated for lines, surfaces, and
volumes:

Dimensions Term Symbol Units  Example
0-D Charge q C point charge
1-D Linear Charge Density A C/m line charge
2-D Surface Charge Density o C/m? sheet charge
3-D Charge Density p C/m*  “potato”

Calculating the Electric Field for Continuous Sources

Although we have not worked many problems to calculate thetet field due to continuous
sources, you should be completely familiar with the genapgroach to doing this: namely we
break the continuous source into a large number of infimtakcharge bitsdq, and we integrate
over all space the contribution to the electric field due tcheaf these little bits. In the language
of calculus:

= 1 dq
dEF) = — Xy
() 4deg 2 "
and so . 4
_ - q .
E(r) = dE' = / —7
(_‘) allspace 47T€0 allspace TIQ

where the “primed” coordinates correspond to the quastttiat are integrated over.

Charge Distributions:

In class we indicated that by doing these integrals we camimtiple derive the electric field
for certain familiar arrangements. Specifically:

For a line charge of infinite length, with linear charge dgnai
1 A,
T

2meg 1

E =

wherer points radially away from the line.
For an infinite planar sheet with surface charge density

— g
E=—r
260
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wherer points directly perpendicular away from the plane.

Voltage (also called “Electric Potential”):

We started a discussion of the topic of electric potentidliciv | tend to simple call “voltage”.
The electric potential is just the potential energy per pogitive test charge. We can calculate the
electric potential by calculating the path integral:

AV = — E-dl

path

Since the electric field isonservativahis integral only depends on theitial andfinal po-
sitions. In other words, the electric potential is positaependent only and path-independent.

Like Potential Energy, the electric potential is always wiedi a a change from one point to the
next. The choice of a reference point to define zero voltsbgrary. For convenience we often
chose a reference point to represent an electric potertalro volts:

e we define zero volts as where we find most negative charge, or
e we define zero volts as the electrically neutral “ground”, or

¢ we define zero volts as the electric potential corresponiditige point at infinity. This is the
usual choice for potentials associated with point charges.

More on Voltage:
Unfortunately, the terminology is much more confusing titameeds to be. Remember! All
these words all mean exactly the same thing:

e Electric Potential

Potential

Potential Difference

\Voltage

Voltage Drop
e “emf” (I really do not like this term! Please use “induced tagje”)

| tend to use the term “voltage” instead of Electric Potdrtiecause | find that otherwise |
confuse Electric Potential with Potential energy.

The hardest part of understanding voltage is understarttiagit is implicitly or explicitly
measured with respect to some reference point. The choitieeofeference point is arbitrary
but there is usually a natural best choice for each problemake it easy to solve. Always ask
yourself, “voltage with respect to what”.

In circuits we often talk about the “voltage across” a congrdrsuch as resistor or capacitor.
This is the voltage on one side of the componeith respect tdhe voltage on the other side.
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The relationship between Electric Field and Voltage:
We can measure the voltage difference between two pointalbylating the path integral:

AV = — E-dl

path

For many geometries@ is linearly aligned withi? so that this path integral reduces to a simple
regular integral:

f
AV:—/ Bdl

whereE’ may depend upon the position.

Don't get hung up over the negative sign in the definition dtage. Just ask yourself if a
positive test charge has to do work (move opposite to theiile of force) along the path from
initial to final position. If work is done, the voltage at thadi position is positive.

Equipotential Surfaces:
Remember that the voltage is a scalar field while the elefi#id is a vector field.

If we consider the set of points in space that represent é&phkat value of the voltage, then
these points make a surface called an “equipotential sitfatlfe showed in class and in lecture
that equipotential surfaces are found to be perpendicolalectric field lines.

Voltage between two plates:

If two plates surround a constant fiektland are separated by a gaphen the voltage between
the plates (positive charge relative to negative chargests

d
AV = —/O (—E)ds = Bd

V =FEd

Here the negative sign inside the integral indicates thatimgoin opposition to the electric
field vector.

If we want to define voltage as a function of position betwdentivo plates, we just integrate
to that position. For example if we have a uniform fiéfgland we want to know the voltage at a
distancey from the negative plate:

/

V(y) = / " By dy

'—0

V(y) = Eoy

Voltage for a point source:

If we want to calculate the electric potential due to a pomirse, we calculate this with respect
to the point at infinity:

V:—/TEdr’: L ¢

00 4meg r
The electric potential (voltage) at any point due to sevpaaht charges is just the algebraic
sum of the potential for each charge at that point.
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Potential Energy for point sources:

We can calculate the potential energy required to bring atmdiarge to a position where the
voltage is given:

PE =qV

For two point charges this gives:

1
PE = ke
dmeg T

For more charges, the potential energy in the total systeimeipotential energy associated
with each pair of charges.
Voltage Rule for conductors in electrostatics:

In a static problem (no current) the surface of a conductaMsysan equipotential. In other
words, the voltage is the same value everywhere on the suofeec conductor.

Electric Current:

If the charges are moving we have an electric current. We @its as the rate of change of
charge:

_ da

I =
dt

The unit of current is thémpere One ampere is one coulomb per second.

Resistance and Ohm'’s Law:

For any single electrical component in a circuit, we defirerdsistance as:

R = VeI

In the case of components made of simple resistive matgtievoltage drop across a partic-
ular component is proportional to electric field which is podional to current density which is
proportional to the current. Thus:

Vdrop =IR

This is called Ohm’s Law. It only applies to those componehtd are called “resistors”.
When Ohm’s Law is true, a plot af vs. V., will give a straight line through the origin. Other
components, such as diodes, are not resistors and will wetsgstraight line on an | vs. V plot.
The unit of resistance = 1 Ohm = 1 Volt/Amp.

Electric Power in circuits:

The power generated in any single component is given by:
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P=1V

where agairt/ corresponds to the voltagiop across the circuit.
This is true no matter the type of component. For resistiveganents we can use Ohm’s Law
to get other forms:

P=I'R=—
R

First Principle Rules for Circuits:

We can summarize the rules for circuits in a set of simplet Arsciples:

1.
2.

7.

A conducting wire ensures a constant voltage at everyt pdng the wire.

A voltage source always results in a fixed voltage beindieghat the front relative to the
back.

The currents through any components in series are the same

. The voltages applied across any arms of a parallel streiahe the same.

Ohm’s law which says for an individual resistdry,,, = IR whereV,,,, is the drop in
voltageacrossthat resistor and is the current through that resistor.

. The current into a “three-way node” (tee-intersectiemgqual to the current out of a node.

In other words, ifl; is the current coming into a “tee” and and /3 represent the currents
going out each arm of the “tee” then = I, + I

Power (proportional to brightness in a light bu®)= 1V,

Resistors in series and parallel:

The rules for resistors are inverted compared to the rulesdpacitors. In series:

Requiv = R1 + Ry + ...

while in parallel:

1 1 1
Requiv B Rl R2

Even for complicated resistor combinations, you can ugudgtermine the equivalent resis-
tance by working two resistors at a time for either seriesawalbel constructs:

For two resistors in series:

Requiv = Rl + RQ
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For two resistors in parallel:
R Ry

Ry + Ry

Requiv =

The Influence of the Magnetic Field on a Moving Charge:

If a single positive point charge is moving at a velocityi in a magnetic fieldB, there is a
force that is applied to the particle:
ﬁB = qU X g
wheres x B represents theross-producbf 7 and B. This means that the magnitude of the force
is given by
Fp =quBsing

and the direction of the force is perpendiculabtuth 7 and B, according to theight hand rule
Important: if the charge isegativethis will reverse the direction of the applied force.

The Sl unit of magnetic field is th&eslg which is one Newton per amp-meter. One Tesla is
also equal td 0* Gauss. One Gauss is approximately the strength of the gantgnetic field at
the surface.

An important point about the field: since this field is always applied perpendicular to the
velocity of a particlejt does no work
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The Cyclotron Orbit:

A charged particle with a velocity that is perpendicular tengform magnetic field will move
in a circular orbit. By Newton’s second law this particle Mak experiencing a centripetal force
due to the magnetic field:

Fg =quB
Since the centripetal acceleratiomig?, we can rearrange to get the radius of the orbit:
. muv
=B
The angular frequency = 27 f is given by:
qB
w=—
m

Note that this is independent of velocity.

Magnetic force on a straight length of wire with current:

In the case that charges are moving inside a wire, they astreamed to stay inside the wire,
and therefore the wire as a whole will experience a magneteef If we have a straight length of
wire in a magnetic field, the force on the wire is given by:

Fg=1{x B

where( is the length of the wire in the direction of the current. Imggal, the element of force on
a small piece of wire is given by: .
dFp = 1(dl) x B

Biot-Savart: Moving Charges are the Source of the Magnetic Feld:

We have a “chicken and egg” problem when we are introduciagrhgnetic field. We started
by defining§ in terms of it's influence on moving charges. Now we show thavimg charges are
the sourceof B. This might sound a little circular, but it all holds togethe the end because of
the symmetry of Maxwell’'s Equations.

To determine the magnetic field created by moving chargeesepted by a curremtmoving
through a little bit of wired? we use the Biot-Savart expression:

where

is the unit vector that points from the piece of wire to theipos where the field is to be specified.
This is completely analogous to the Coulomb equation forefleetric field. Thecross-product
tells us that the field is appligdngentially(around in circles) in contrast to the electric field which
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is applied radially. To get thdirection of the magnetic field, we use a second form of the “right
hand rule” where the thumb represents the direction of atiarad the fingers curl in the direction
of the tangential field.

The magnetic field B from a straight long wire:
We can use Biot-Savart to calculate the magnetic field agtmtivith a straight long wire:

I
Bwire = IUL
2mr

In other words the field falls off ad /r) from the wire.

Force between two parallel straight long wires:

We can use the previous result to calculate that there isca toetween any two parallel wires
with current running through them. Since current in one wiikgeneral a magnetic field which
will in turn result in a force applies to the second wire. R@o twires of lengtl?, the force one one
wire due to the other (and vice versa) is:

ol

F,
b 2md

whered is the separation between the two wires. If the currentsiareing in the same direction,
the force isattractive If the currents are running in opposite directions, thedasrepulsive
The magnetic field B for a solenoid:

In class we showed yoﬁ inside asolenoid(a long tube with many windings of a single wire
wrapped in a coil from end to end).
B = poln

wheren is the number of turns per unit length along the coil.

Faraday’s Law:

Faraday discovered a remarkable thing: when the magnédticdiehanged with respect to a
loop of wire, avoltageappears around that wire. This is callediaducedvoltage. The value of
the voltage depends exactly on the rate of change of the tiadioe through the loop:

_d%p
dt

where we definebz to be the magnetic flux through the surface that is boundedhéyaop of
wire:

‘/induced -

O = / B-dA
sur face

If the field is perpendicular to the area, then the flux is jaistA.
If we hold the area and field perpendicular, there are two wagbange the magnetic flux:

1. ChangeB, the magnetic field.
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2. Changea the area of the caoil.

Lenz’'s Law:

This is a “rule” that allows us to determine tligection of the induced voltage that results
from Faraday’s Law. In my own words:

e We have a change in the magnetic flux which can be describesfnmstof a change it
whereB changes t& + AB,

This results in an induced voltad®€, .cca,

This results in an induced curreh}, guceds

This results in an new induced magnetic fié?'glduced,

Bipauced OPPOSES\B.

Faraday’s Law slightly re-written: induced electric field:
We can re-write Faraday’s Law substituting our previougeggion for voltage:

Lo P
/ E-ds= —d—B
path dt

At face value this implies that a changing magnetic field s®arcefor the electric field. In other
words, now we have two ways to to create an electric field. Weeither place some charges at
some static position, or we can change a magnetic field.

Maxwell’s Extension of Faraday’s Law:

Maxwell noticed that if electric and magnetic field are swéd in Faraday'’s law, another true
statement about electricity and magnetism can be specified:

= o ddpg
B ds = poeg—2
/loop § Hoto dt

Therefore a change in electric flux can be a source of the niiagiedd.

Maxwell's Unification: E-M waves:

Maxwell realized that all electromagnetic phenomena caxbkined from just four equations
relating the electric and magnetic fields. We will look atdbén detail during the next Cycle.

Maxwell’s greatest triumph was his realization that these £quations specified the existence
of electromagnetic waves. These result from the fact théaaging E field will create a B field
which will create an E field, etc. Maxwell realized that them@a handle this was to have E and B
vary together.

In the case that we move a charge sinusoidally (or we run awusinusoidally through a
dipole antenna) we will generate a disturbance in the etefittd which will propagate along the
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field line. The wave is a transverse wave, with both E and Bepagzular to the direction that the

wave travels and to each other.
Maxwell realized that E-M waves can exists at a variety ofe¥angths, and that a narrow band

of wavelengths corresponds to what we see as visible ligtth®@spectrum of a rainbow.
A sinusoidal EM wave cane be described:

E(z,t) = Egycos(kx — wt)

B(z,t) = By cos(kx — wt)

Maxwell showed that the speed of and electromagnetic wanelé&pendent of the wavelength

and is a constant:
w 1

Vem = Vlight — C = E = Tt
The intensity of light is given by the square of the amplitofiehe electric field.




