
 ELECTRIC CHARGE AND ELECTRIC FIELD

4 FORCES IN NATURE GRAVITY
ELECTROMAGNETISM
TRONG NUCLEARSNEAK RADIOACTIVE DECAY

ELECTROMAGNETISM ELECTRICITY MAGNETISM
NEED CHARGE OR CURRENT FOR ELECTROMAGNETISM
CHARGE IS PROPERTY OF OBJECT PARTICLES
CHARGED OBJECT CAN BE ACCELERATED BYELECTRICFORCE

ELECTROMAGNETISM IS THE FORCE OF OUR EVERY DAY
WORLD CHEMISTRY

BIOLOGY
TECHNOLOGY PHYSICS
EVEN LIGHT

ELECTRIC CHARGE
2 KINDS OF ELECTRIC CHARGE POSITIVE

NEGATIVE
2 CHARGES I I REPEL

IF ATTRACT

INDEPENDENT OF THE
VALUE OFTHE CHARGE

OFTEN IT IS THE NET ELECTRIC CHARGE THAT IS IMPORTANT

STRUCTURE OF MATTER

ELECTRONS VE CHARGE
MAGNITUDES

PROTONS t VE EQUAL

NEUTRONS NO ELECTRIC CHARGE

QUARKS I V3 IB ELECTRIC CHARGE



ATOMS ARE CHARGE NEUTRAL ZERO NETCHARGE
IONIZATION ADD AN ELECTRON L V E ION

REMOVE AN ELECTRON CT'VE ION

ELECTRIC CHARGE CONSERVATION

CONSERVATION OF CHARGE ALGEBRAIC SUM OF ALL

ELECTRIC CHARGES IN CLOSED SYSTEM IS CONSERVED

UNIT OF CHARGE MAGNITUDE OF ELECTRON OR PROTON

CHARGE

CHARGE IS QUANTIZED

CONDUCTORS INSULATORS AND INDUCED CHARGE

2 CLASSES OF MATERIALS FOR THIS COURSE

CONDUCTOR PERMITS EASY MOVEMENT OF CHARGE

ELECTRONS CAN MOVE FREELY

METALS ARE GOOD CONDUCTORS

INSULATORS CHARGE CAN BUILD UP OR SEPARATE A BIT

BUT NOT FLOW
ALSO SEMICONDUCTORS INTERMEDIATE BETWEEN

CONDUCTOR AND INSULATOR
SUPERCONDUCTOR NO RESISTANCE



CHARGE BY INDUCTION

NEED CONDUTER

ELECTRIC FORCE ON UNCHARGED OBJECTS

INDUCED CHARGE EFFECT ATTRACTIVE FORCE

NETCHARGE IS ZERO

POLARIZATION SEPARATION OF CHARGE IN OBJECT

COULOMB'S LAW

FOR STATIC POINT CHARGES IN VACUUM

SIZE OF OBJECT SMALL COMPARED TO DISTANCE BETWEEN

THEM FORCE ON 2 DUE TO I

ba Fil É
p
Fiz Fiz KUMI Fiz

F re Fiz Fiz Miz
o

I



K E PROPORTIONALITY CONSTANT COULOMBCONSTANT
VALUE DEPENDS ON UNITS

Gi 92 ARE SIGNED CHARGES

Fiz Fa AND Miz ra Az ME Fiz Fz

CONSIDER FORCE ON I DUE TO 2

Fai k iz k 919th F
SATISFIES
NEWTON'S
3RD LAW

MAGNITUDE F k I91921
r
2

ANALOGOUS TO GRAVITY F GYM
MASS HAS ONLY POSITIVECHARGE FORCE ONLY ATTRACT
CHARGE HAS 2 SIGNS ATTRACTIVE OR REPULSIVE

FUNDAMENTAL ELECTRIC CONSTANT
EC IS COULOMB OF CHARGE

q E e L 6 10 19C FOR ELECTRON OR PROTON

K 8.988 109 N m 0 8.99 109 9 109

WILL WRITE K
Eo

Go 8.854 10 C IN m2 a 8.9 10 12 9 10 12

E I PERMITIVITY OF FREESPACE ELECTRIC CONSTANT

EQUATE GRAVITY TO COULOMB AT SAMEDISTANCE FE
HUGE

CATATOMIC SCALES



SUPERPOSITION OF FORCES

IF MULTIPLECHARGES USE VECTOR SUM OF FORCES

AIR T VACUUM DOES NOTWORK IN MATRIALS

3 EXAMPLES IN BOOK DO 21.721
ELECTRIC FIELD AND ELECTRIC FORCES

ELECTRIC FIELD

CONSIDER 2 POINT PARTICLES LABEL AS SUCH

B B FEELSTHE ELECTRIC FIELD OF Adi
gap A PRODUCESELECTRIC FIELD

INDEPENDENT OF B
SEGELE FEL'T Remove B

B CAN REPLACE A IN THIS PICTURE

BUT A CHARGE CAN NOT PRODUCE A FORCE ON ITSELF

TO DETECT A FIELD PUT TEST CHARGE IN SPACE AND SEE IF
FORCE ACTS ON IT

ELECTRIC FIELD AT POINT EÉLE
FYI test CHARGE

I FIELD POINT NOT SOURCE POINT

Fa E ELECTRIC FORCE ON TEST CHARGE go LOCATEDATE
ELI I ELECTRIC FORCE PER UNITCHARGE AT POINT I

É E DOES NOT DEPEND ON THE TEST CHARGE
THE TEST CHARGE SHOULD BE A POINTCHARGE
BECAUSE FIELD DEFINED AT POINT
ANY CHARGE CONFIGURATION CAN PRODUCETHE É FIELD



UNITS OF ELECTRIC FIELD IN ICI

É PARALLEL TO É AT E IF go POSITIVE
F É

É ANTI PARALLEL TO F AT E IF go NEGATIVE ZEE
ELECTRIC FIELD OF A POINTCHARGE

2 P FIELD POINT I 12
41 MEPIZ

SOURCETO
Source point

É GET TERI FIELD

POSITIVEFOR ARBITRARY q AND r É 4
qenÉtYÉÉ

s p

THIS IS ELECTRIC FIELD AT POINT P DUE TO ELECTRIC
CHARGE q

MAGNITUDE E THE19ft
THE FIELD AT P IS INDEPENDENT IF THERE IS CHARGE AT
POINT P OR NOT

É E IS A VECTOR FIELD E lx Y Z É r 0,01 Elp Z O

Ex x y z Ey x y z Ez X y z

UNIFORM FIELD SAME VALUE AND DIRECTION IN SOME
REGION OF SPACE

IN ELECTROSTATICS THE ELECTRIC FIELD AT EVERY POINT

WITHIN THE MATERIALOF A CONDUCTORMUST BE ZERO

CALCULATIONS ARE OFTEN Z STEPS I I CALCULATE FIELD
2 CALCULATEMOTION DUE
TO FIELD

3 EXAMPLE IN BOOK WITHNO INTEGRATION



ELECTRIC FIELD CALCULATIONS

SUPERPOSITION OF ELECTRIC FIELDS

TOTAL FORCE F IF go I É goÉ

É
Fg

CONSIDER FIELDS DUE TO CHARGE DISTRIBUTIONS

P VOLUME CHARGEDENSITY Te m3 p dg du
T SURFACE CHARGEDENSITYEC m2 T dg dA
X LINEAR CHARGE DENSITY Clm J X dg de
5 EXAMPLES IN BOOK DO 21 68,21 84

INFINITE SHEET EXAMPLE E JE E Ez
T tr É É

É É a
E A É É t É o

É É z É
B É É t É I a

C É É É o

ELECTRIC FIELD LINES
IMAGINARY LINES ORCURVES DRAWN THROUGH A REGION OF

SPACE SO THAT THETANGENT AT ANYPOINT IS IN THEDIRECTION

OF THE ELECTRIC FIELD VECTORATTHAT POINT

OFTEN CALLED FIELD MAPS

FIELD LINES GIVE THE DIRECTION OF É
NO INFORMATION ABOUTMAGNITUDE AT ANY POINT



SPACING OF FIELD LINE GIVE QUALITATIVE IDEA OF
MAGNITUDE

FIELD LINE ARE STRAIGHT AND PARALLEL FOR UNIFORMFIELD

ELECTRIC FIELD LINES ARE NOTTRAJECTORIES

FIELD LINES NEVER INTERSECT

SHOW I CHARGES DIPOLE QUADRAPOLE 2 CHARGES

ELECTRIC DIDOES NOT RESPONSIBLE FOR THIS TOPIC

2 CHARGES OF EQUAL AND OPPOSITE SIGN SEPARATED BY
A DISTANCE

FORCE AND TORQUE ON AN ELECTRIC DIPOLE

It UNIFORM EXTERNAL FIELD

NET FORCE F t É

qÉtq É
É

P
Latta IE

É FOR DIPOLE DEFINITION qjq.es
IF THE FIELD IS NON UNIFORM A FORCE MAY BE ON THE DIPOLE

TORQUE WRT CENTRE É P XF
Ftr sin Ott F r Sino qedzsinotqed.si no

e qed sin 0
ELECTRIC DIPOLE MOMENT I P g'd p qd
P IS NEGATIVE TO POSITIVE



POTENTIAL ENERGY OF ELECTRIC DIPOLE

ELECTRIC FIELD TORQUE DOES WORK AW ON THE DIPOLE

CHANGE IN POTENTIAL ENERGY

dw ed 0 p E sin Odo
T

wareatwomenenW Sd0 L p E sin 0 p E cos Oz pecos0

W AU lur U U U UCO PECOSO PoÉ

QUADRUPOLE E Z EQUALDIPOLES WITHOPPOSITEORIENTATION































































GAUSS'S LAW

CHARGE AND ELECTRIC FLUX
IF THE ELECTRIC FIELD IS KNOWN IN A REGION WHATCAN
WE DETERMINE ABOUT THE CHARGE IN THAT REGION

i
Q CHARGE DISTRIBUTION

ENCLOSED SURFACE

I WITH TEST CHARGE MAP OUT É OUTSIDE
SURFACE

ONLY NEED TO KNOW É ON ENCLOSED SURFACE

ELECTRIC FLUX AND ENCLOSED CHARGE

OUTWARD ELECTRIC FLUX E FIELD LINES POINTOUT OFSURFACE

INWARD ELECTRIC FLUX E FIELD LINES POINT INTOSURFACE

OUTWARD FLUX POSITIVE CHARGE INSIDE
INWARD FLUX NEGATIVE CHARGE INSIDE



















































































THE MAGNITUDE OF FLUX PROPORTIONAL
TO AMOUNT OF NET CHARGE

FLUX IS INDEPENDENT OF THE SURFACE

SIZE OR SHAPE
E Iz A n r EA CONSTANT



















































































IF NO CHARGE INSIDE ENCLOSED SURFACE É o

ELECTRIC FLUX O

FOR O NET CHARGE INSIDE ENCLOSE SURFACE É O

NET ELECTRIC FLUX O

IF CHARGE IS OUTSIDE ENCLOSED SURFACE É 0

NET ELECTRIC FLUX O FLOWS IN AND OUT

ALL THE ABOVE APPLIES TO ANY CHARGE DISTRIBUTION
AND ANY ENCLOSED SURFACE

CALCULATING ELECTRIC FLUX
FLUX OF A UNIFORM ELECTRIC FIELD

IF É IS PERPENDICULARTO A SURFACE
M É

A FLUX OE EA

1
qt

0 IS ANGLE BETWEEN É AND PERPENDICULAR

I
ng

to A
Oe EA cos 0 ELA E At

A AM N E NORMAL UNIT VECTOR OUTWARD


















































































IN GENERAL

de É É
É I CAN BE FINITE BUT GE CAN BE O

Qe UNITS II m

FLUX OF A NONUNIFORM ELECTRICFIELD

IF É IS NOT UNIFORM OR A IS PART OF A CURVED SURFACE

OE ÉONA JE cos Oda ELDA SURFACE
INTEGRAL

3 EXAMPLE IN BOOK DO 22.6

GAUSS'S LAW

EQUIVALENT OR ALTERNATIVE TO COULOMB'S LAW

POINTCHARGE INSIDE A SPHERICAL SURFACE

É 4ft get A Ah 4 it Run

QE É A If 24 R F of E
POINT CHARGE INSIDE A NONSPHERICAL SURFACE

E DÉ IA E ANY ENCLOSED SURFACE

CLOSED

ELECTRIC FIELD LINES CANBEGINOR END INSIDE A REGIONOF

SPACE ONLY WHEN THERE IS ACHARGE IN THATREGION







GENERAL FORM OF GAUSS'S LAW

OE ÉodA QEII TOTAL ENCLOSEDCHARGE
A
TOTAL
FIELD

THERE MIGHT BE CHARGES INSIDE AND OUTSIDE THE

SURFACE GAUSSIAN SURFACES ARE IMAGINARY

APPLICATION OF GAUSS'S LAW

WHEN AN EXCESS CHARGE IS PLACED ONA SOLIDCONDUCTOR
IT RESIDES ENTIRELY ON THE SURFACE
THE ELECTRIC FIELD IN THE CONDUCTOR IS O

56 EXAMPLES IN BOOK DO 22.18

CHARGES ON CONDUCTORS

FIELD AT THE SURFACE OFA CONDUCTOR
É ISALWAYS PERPENDICULAR TO SURFACE

EL IE T LARGEST WHERE CURVATURE LARGEST

SHOW FIG 22.27 FARADAY CAGE





 ELECTRIC POTENTIAL

WORK ENERGY ELECTRIC POTENTIAL VOLTAGE

ELECTRIC POTENTIAL ENERGY ANGLE AT
EVERYPOINT

WORK DONE BY A FORCE ALONGPATH

Was b Éode F cos ode a

LENGTHELEMENTALONG PATH

IF THE WORK IS CONSERVATIVE WORK DONE BY É CAN BE
EXPRESSED IN TERMS OF POTENTIAL ENERGY

Was D Ua Up Ub Ua AU

WORK ENERGY THEORM A U AK

AK Kb Ka CHANGE IN KINETIC ENERGY
D K DU OR A K TAU O

Kat Ua Kb tub

ELECTRIC POTENTIAL IN A UNIFORM FIELD
t t t t

a É CONSTANT

É qoÉ Fy que
É fly É Does work on go

Wa b Fd g Ed qÉ I
go É d ALL HAVE SIGNS

IF THE WORK DOES NOT DEPEND ON THE PATH THE FORCE IS

CONSERVATIVE WORKDONE BY FIELD IS INDEPENDENT OF

PATH



POTEENTIAL ENERGY FOR ELECTRIC FORCE F geo IS
U go Ey
WORK DONE IN MOVING FROM HEIGHT ya TO y b
Way AU Ub Ua go Ey b goEyal

go E ya ya go EA y
OPPOSITE FOR NEGATIVE CHARGE

POTENTIAL ENERGY OF TWO POINTPARTICLES

Kb Fr Heo ft
K

R
7
E F IS NOT CONSTANT

so a 0 3 b

tq go

IF THE DISPLACEMENT IS RADIAL
rb rb

Wa b Frdr yteo 9fedr Ee.ua rt
ra

FOR A MORE GENERAL
DISPLACEMEYENDS

ONLY ON END Points

r b

Wassb IF cos Odb Latif 991 cos Ode
cost de dr

j de
THE FORCE ON go IS CONSERVATIVE

E POTENTIAL ENERGY U
41 94q FLI U

R o



POTENTIAL ENERGY IS DEFINED RELATIVE TO A REFERENCE POINT

WHERE U O r P U DO IS REFERENCEPOINT

POTENTIAL IS NOTA PROPERTY OF THE CHARGE ALONE

CI EXAMPLE IN BOOK DO 23.4

ELECTRIC POTENTIAL ENERGY WITHSEVERALPOINTCHARGES

41T TI
WE CAN REPRESENT ANY CHARGE DISTRIBUTION AS A

COLLECTION OF POINTCHARGES

FOR EVERY ELECTRIC FIELD DUETO A STATIC CHARGE

DISTRIBUTION THE FORCE EXERTED BY THAT FIELD IS

CONSERVATIVE

CHOOSE U O AT INFINITY

POTENTIAL ENERGY TO ASSEMBLE ALL THE CHARGES

41 I 947
INTERPRETING ELECTRIC POTENTIAL ENERGY
TWO VIEWS

Ua Ub WORK DONE BY ELECTRIC FIELD WHEN PARTICLE
MOVES FROM A TO b

Ua Ub WORK DONE BY EXTERNAL FORCE WHEN MOVINGA
PARTICLE FROM D TO A IN AN ELECTRIC FIELD



CI EXAMPLE IN BOOK

ELECTRIC POTENTIAL

POTENTIAL IS THE POTENTIAL ENERGY PER UNIT CHARGE

val
Uff or Ux goulx i UNITS IF YET

WORK PER UNIT CHARGE

Wagb Dy Ung Ug Vb Va Va Ub

Va Vb Vab POTENTIAL OF a WRT b VOLTAGE

Vab EQUALS WORK DONE BY ELECTRIC FORCE WHEN UNI
CHARGEMOVES FROM a to b

Vab EQUALS WORK THAT MUST BE DONETO MOVE UNI
CHARGE SLOWLY FROM b TO a AGAINTS THE ELECTRIC FORCE

CALCULATING ELECTRIC POTENTIAL

POINT CHARGE V He INDEPENDENT OFTESTCHARGE

COLLECTION OF POINT CHARGES U to qt
CONTINOUS CHARGE DISTRIBUTION U Hq fdy
IF THE CHARGE DISTRIBUTION EXTENDS TO INFINITY CAN

NOT TAKE U TO AT INFINITY



FINDING ELECTRIC POTENTIALFROM ELECTRIC FIELD

Wa b IFode goÉode
Sde t I Sde

Va Vb Éode E cos ode
g

POSITIVE CHARGE TENDS TO MOVEFROM A HIGH POTENTIAL

TO A LOW POTENTIAL

ELECTRIC FIELD UNITS IN IC OR USUALLY EU Im

ELECTRON VOLT

DIFFERENT UNIT OF ENERGY

ELECTRONS ARE COMMON

e 1 602 X 10 19C CHARGE MAGNITUDE

Ua Up q Va Vb qUab
FOR Vab IV IT C

Ua Up 1.602 10
19 c It c 1 602 10 19 J E lev

USEFUL UNIT FOR OTHER FORMS OF ENERGY SUCH AS

KINETIC ENERGY
5 EXAMPLES IN BOOK

CALCULATING ELECTRIC POTENTIAL
CALCULATE POTENTIAL DUE TO CHARGE DISTRIBUTIONS



IONIZATION AND CORONADISCHARGE
ONCE AIR MOLECLES BECOME IONIZED AIR BECOMESA
CONDUCTOR

DIELECTRIC STRENGTH OF AIR 3 106 VIM
CORONA DISCHARGE RESULTING CURRENT AND ASSOCIATED

GLOW

SMALLER RADIUS OF CURVATURE DECREASES THE POTENTIAL

u R EE LIMITED FOR CORONADISCHARGE

4 EXAMPLES IN BOOK

EQUAL POTENTIAL SURFACES
A 3D SURFACE ON WHICH THE ELECTRIC POTENTIAL V

IS THE SAME AT EVERY POINT
EQUIPOTENTIAL SURFACES FOR DIFFERENT POTENTIALS

CAN NEVER TOUCH OR INTERSECT

EQUIPOTENTIAL SURFACES AND FIELD LINES

FIELD LINES AND EQUIPOTENTIAL SURFACES ARE ALWAYS

PERPENDICULAR
SHOWMY FIELD MAPS

EQUI POTENTIALS AND CONDUCTORS

WHEN ALL CHARGES ARE AT REST THE SURFACE OF A

CONDUCTOR IS ALWAYS AN EQUIPOTENTIAL SURFACE

WHEN ALLCHARGES ARE AT REST THE ELECTRIC FIELD

JUST OUTSIDE A CONDUCTOR MUST BE PERPENDICULAR TO



THE SURFACE AT EVERY POINT

É IS PERPENDICULAR TO SURFACE AT EACH POINT

WHEN ALL CHARGES ARE AT REST THE ENTIRE VOLUME OF

A CONDUCTOR IS AT THE SAME POTENTIAL

EQUIPOTENTIAL VOLUME É O INSIDE NOFORCE
NO WORK POTENTIAL

CONSTANT
POTENTIAL GRADIANT a

CALCULATE É GIVEN V Va Vy du Sdv
a

Va Up Éode
TURN INTEGRAL EQUATION Into
DIFFERENTIAL EQUATION

É F V F E GRADIANT FU POTENTIAL GRADIANT

É É x y Z IV VIX y Z IN CARTESIAN COORDINATES

É Exit Ey I tEzk V IS SCALAR Function
I E ti Zyt Izz OPERATOR

Tv iz ti ytI2z Is vector

AND Ex 2 Eye 3yd Ez 2 3 EQUATIONS

RECALL PARTIAL DERIVATIVE

ZI dat ly z Costant
FOR RADIAL ELECTRIC FIELD Er 2 É 221T



DERIVE U FROM É INTEGRATION

DERIVE É FROM V DIFFERENTIATION

Z EXAMPLES IN BOOK DO 23.76



 CAPACITANCE AND DIELECTRICS
A CAPACITORSTORES ELECTRIC POTENTIAL ENERGY AND

CHARGE

CAPACITORS AND CAPACITANCE

CAPACITOR E ANY 2 CONDUCTORS SEPARATED BY AN

INSULATOR CORVACUUM

THE NET CHARGE ON A CAPACITOR IS ZERO

ONE SIDE CARRIES CHARGE t Q AND THE OTHER Q

a I I b C Iab UNITS E TF FARAD

CALCULATING CAPACITANCE CAPACITORS IN VACUUM

PARALLEL PLATE CAPACITOR

AREA A SEPARATION d
CHARGE IS DISTRIBUTED UNIFORMLY

ELECTRIC FIELD BETWEEN PLATES CONSTANT

E E Vab Ed Ed
80 C fay Go

CAPACITANCE DEPENDS ONLY ON GEOMETRY

CAPACITANCE IN AIR ABOUT THE SAME AS VACUUM

4 EXAMPLES IN BOOK DO 24.10



CAPACITORS IN SERIES AND PARALLEL

CAPACITORS IN SERIES

CI Cz THE MAGNITUDE OF CHARGE

on
Q Q tQ Q

g
ON ALL PLATES IS THE SAME

C

Vac V Veb Ve E Vab V V t V2

Q Itta
I the keg EQUIVALENT CAPACITANCE

Eeg If i Cegcci

CAPACITORS IN PARALLEL

c Iq Iq
09 THE POTENTIAL DIFFERENCE

ACROSS ALL INDIVIDUAL

o
CAPACITORS IS THE SAME

Q CIV Qz CzV Q Q it Q2 Gt Cz V

GTC Ceg EQUIVALENT CAPACITANCE

Ceq Eci leg Ci

2 EXAMPLES IN BOOK DO 24.20



ENERGY STORAGE IN CAPACITORS AND ELECTRIC FIELD ENERGY

CONSIDER CHARGING A CAPACITOR
V E FINAL VALUE INTERMEDIATE VALUES WE
WORK REQUIRE TO CHARGE CAPACITOR ENERGY STORED

dw vdq dq

w Idw IÉqdq E
U

2 L CUE QU ANY TWO OF CQ V C

ALSO WORK DONE BY ELECTRIC FIELD ON CHARGE WHEN

CAPACITOR DISCHARGES

APPLICATIONS OF CAPACITORS ENERGY STORED

ELECTRIC FIELD ENERGY

THINK OF THE ENERGY AS STORED IN THE FIELD
BETWEEN THE PLATES

ENERGY DENSITY U YI
FOR PARALLEL PLATE CAPACITOR E Eof V Ed

do u gofa E'd IE o E

TRUE FOR ANY CAPACITOR IN VACUUM AND ANY FIELD
CONFIGURATION IN VACUUM
EMPTY SPACE CAN HAVE ENERGY



ELECTRIC FIELD ENERGY ELECTRIC POTENTIAL ENERGY
VIEW AS ENERGY DUE TO A SYSTEM OF CHARGES

ENERGY OF ELECTRIC FIELD THE CHARGES CREATE

DIELECTRICS
DIELECTRIC E NONCONDUCTING MATERIAL CAN BE POLARIZED

1 PROVIDES MECHANICAL SEPARATION BETWEEN

CONDUCTING PLATES

2 ALLOWS HIGHER POTENTIALS BEFORE DIELECTRIC

BREAKDOWN IONIZATIONTHAT PERMITS CONDUCTION

31 CAPACITANCE IS GREATER V CAN BE MADE SMALLER

FOR SAME CHARGE Q

CONSIDER A CAPACITOR WITH AND WITHOUT DIELECTRIC

Q SAME ON BOTH CAPACITORS
Co QIU NO DIELECTRIC C QIU WITH DIELECTRIC

K E E DIELECTRIC CONSTANT PURE NUMBER UNITLESS

K L FOR VACUUM AND I FOR AIR

K I FOR MOST DIELECTRICS

AND V
YI REDUCED

ALWAYS SOME LEAKAGE CURRENT



INDUCED CHARGE AND POLARIZATION

ALSO E EE FOR CONSTANT Q

to Titty T
IF E DECREASE T DECREASES

BUT Q IS CONSTANT

INDUCED CHARGE IN DIELECTRIC

SURFACE REDUCES TDIELECTRIC
CHARGES IN DIELECTRIC ARE

REDISTRIBUTED POLARIZATION

Ti E INDUCED SURFACE CHARGE DENSITY

É
E

E
IF Ti l K

E E KEO PERMITTIVITY OF DIELECTRIC

8 E E
IT FOLLOWS C KC KE E

U IKE EL L EEZ
2 EXAMPLES IN BOOK DO 24.34

DIELECTRIC BREAKDOWN

MOLECULAR MODEL OF INDUCED CHARGE

GAUSS'S LAW IN DIELECTRICS

OfÉodA QLENCL FREE
E



 CURRENT RESISTANCE AND ELECTROMOTIVE FORCE

WILL DISCUSS CHARGES IN MOTION

CHARGES MOVING IN A CLOSED LOOP IS AN ELECTRICCIRCUIT

CURRENTS TRANSFER ENERGY
CURRENT

CURRENT E MOTION OF CHARGE

IN ELECTROSTATICS É O I O

BUT ELECTRONS ARE IN RANDOM MOTION Nr 106Mls
FOR STEADY É Nd 10 MIS DRIFT VELOCITY

THE DIRECTION OF CURRENT FLOW
É DOES WORK ON MOVINGTHE CHARGES
KINETIC ENERGY TRANSFER ED TO VIBRATIONAL ENERGY

OF MATERIAL MATERIAL HEATS UP

I dg NET CHARGE FLOWTHRU AREA A

CONVECTION CURRENT

I POSITIVE FOR POSITIVE dQ THRU AREA

CURRENT IS NOT A VECTOR BUT HAS A SIGN

UNITS E EAT AMPERE

CURRENT DRIFT VELOCITY AND CURRENT DENSITY

I dog n I q I Na A TM 3 Ec Em Is Em Eels

n NUMBER OF CHARGED PARTICLES PER UNIT VOLUME

PARTICLE CONCENTRATION Em 3



JI IF CURRENT DENSITY

VECTOR CURRENT DENSITY I ng Td

IF g 0 Na É J IS IN THE SAME
IF g so Id É DIRECTION AS É

F IS A VECTOR AT EACH POINT

I HAS SAME VALUE EVERYWHERE IN WIRE

IEXAMPLE IN BOOK

RESISTIVITY
F LE OHM'S LAW IDEALIZED MODEL

RESITIVITY p E
UNITS TITI I MI EAM LE OHM

CONDUCTIVITY E

f
p O GOOD CONDUCTOR

p A GOOD INSULATOR

GOOD ELECTRICAL CONDUCTORS ARE USUALLY GOOD

HEAT CONDUCTORS

RESISTIVITY AND TEMPERATURE

PITI p I th CT to

To REFERENCE TEMPERATURE
T To OR T To IT o o OR 20 C



Po p T

L TEMPERATURE COEFFICIENT OF RESISTIVITY
PROPERTY OF MATERIAL

SEMICONDUCTOR
HIGHER TEMPERATURE
CREATES MORE FREE CHARGE

CARRIERS

SUPERCONDUCTOR

RESISTIVITY BECOMES ZERO
BELOW SOME CRITICAL

TEMPERATURE

RESISTANCE

É p I FOR CONDUCTOR

P IS CONSTANT FOR OHM'S LAW
DEPENDS ON PROPERTY OF MATERIAL

I V ARE MORE USEFUL

DEFINE RESISTANCE R ALWAYS TRUE BUT R NEED

NOT BE CONSTANT

FOR WIRE V EL AND I JA R E
DEPENDS ON MATERIAL PROPERTY AND GEOMETRY

P V I R IS OHM'S LAW



INTERPRETING RESISTANCE

RCT R It LIT To

L TEMPERATURE COEFFICIENT OF RESTANCE

TEMPERATURE COEFFICIENT OF RESISTIVITY

2 EXAMPLES FROM BOOK DO 25.18

ELECTROMOTIVE FORCE AND CIRCUITS

FOR A STEADY CURRENT A CIRCUIT LOOP IS NEEDED

RESISTANCE CAUSES POTENTIAL TO DECREASE
NEED SOURCE TO INCREASE POTENTIAL BACK UP SO

ITS ZERO CHANGE AROUND THE LOOP

ELECTROMOTIVE FORCE

ELECTROMOTIVE FORCE emf E MAKES CURRENT FLOW

FROM A LOWER POTENTIAL TO A HIGHER POTENTIAL

EVERY CIRCUIT NEEDS A SOURCE FOR CURRENT TO

FLOW

NOT FORCE CENERGY PER UNIT CHARGE

Vab E OPEN CIRCUIT FOR IDEAL emf

E Vab IR CLOSED CIRCUIT FOR IDEAL emf

INTERNAL RESISTANCE

Vab E r I VE INTERNAL RESISTANCE OF emf

Vab E TERMINAL VOLTAGE

Vab E FOR I O OPEN CIRCUIT



FOR SOURCE WITH INTERNAL RESTANCE
E RI IR I fp
SYMBOLS FOR CIRCUIT DIAGRAMS

g my
CONDUCTER WITH

NEGLIGIBLE RESTANCE

AMMETER ZERO RESISTANCE

VOLTMETER INFINITE RESISTANCE

IDEALIZED METERS DO NOT DISTURB CIRCUIT THEY ARE
MEASURING

4 EXAMPLES IN BOOK DO 25.28

POTENTIAL CHANGES AROUND A CIRCUIT

THE NET CHANGE IN POTENTIAL AROUND A CIRCUIT IS ZERO

AVNET O E POTENTIAL GAIN I R POTENTIAL DROP

Vab Va Vy

ENERGY AND POWER IN ELECTRIC CIRCUITS
POTENTIAL ENERGY CHANGE Vab IQ VabIdt
TIME RATE OF ENERGY TRANSFER POWER

D Vab VabI

POWER DELIVERED TO OR EXTRACTED FROM ELEMENT

Vab VOLTAGE ACROSS ELEMENT
I CURRENT THRU ELEMENT



UNITS FILE II EWS WATT

POWER INPUT TO A PURE RESISTANCE

P Vab I I R YET

I R GOES INTO RESISTOR HEAT

POWER OUTPUT OF A SOURCE I
D Vab I Uab E Ir P EI I r Ic
I r GOES TO HEAT

EI GOES TO REST OF CIRCUIT

P I I r QUADRATIC IN I
J
MAXIMUM POWER

P ALSO QUADRATIC IN R CAN BE CALCULATED

POWER INPUT TO A SOURCE

Vab E TI r REVERSE CURRENT I
P Vab I EI IS CHARGING

IT GOES TO HEAT
EI GOES TO emf

3 EXAMPLES IN BOOK DO 25 34

THEORY OF METALLIC CONDUCTION



bittern E Ir IR Vab I plyE I Rtr

X
P Vab I E Ir I r IZ E It P O TWO CURRENTS

DIFFERENTIATE WRT I I Er r R

Pmax IF INDEPENDENT OF R

P I R GYM TWO RESISTANCES

DIFFERENTIATE WRT R O E'Tata Lhp
R r Pmax Fi É



 DIRECT CURRENT CIRCUITS

DIRECT CURRENT CDC VS ALTERNATING CURRENTCAC

DC CURRENT DOES NOT CHANGEDIRECTIONWITHTIME

RESISTORS IN SERIES AND PARALLEL
SERIES E SINGLECURRENTPATH THRU BOTH COMPONENTS

PARALLEL E CURRENT CAN SPLIT BETWEEN TWO PATHS

RESISTOR NETWORK CAN BE REPLACED BY EQUIVALENT

RESISTANCE GIVING SAME I AND V

a b Uab I Req
I I I

RESISTOR network

Reg Yt

RESISTORS IN SERIES

Vi it I Ri Vtot I Vi it E I Ri I EYRi I Reg

Req E Ri Req Ri

RESISTORS IN PARALLEL

Ii Vang I tot I Ii Voy Vab into Vahey

key Into rt that Req ri

MORE CURRENT FLOWS THRU THE PATH OF LEASTRESISTANCE
2 EXAMPLES IN BOOK



KIRCHHOFF'S RULES

JUNCTION E POINT IN CIRCUIT WHERE THREE OR MORE
CONDUCTORS MEET

LOOP I CLOSED CONDUCTING PATH

JUNCTION RULE I I O SUM OF CURRENT INTOA JUNCTION
CONSERVATION OF ELECTRIC CHARGE

LOOP RULE E V O SUM OFPOTENTIAL DIFFERENCES
AROUND LOOP

ELECTROSTATIC FORCE IS CONSERVATIVE

SIGN CONVENTION FOR THE LOOP RULE

CURRENTFLOWSFROM HIGHER POTENTIAL TO LOWER POTENTIAL

ASSUME DIRECTION OF CURRENT

t

TRAVEL

Mm

TRAVEL
t E IR

5 EXAMPLES IN BOOK

ELECTRICAL MEASURING INSTRUMENTS

AMMETER

CURRENT FLOWS THRU AMMETER CONNECT IN SERIES

IDEAL AMMETER HAS ZERO RESISTANCE



VOLTMETER

VOLTAGE ACROSS CIRCUIT CONNECT IN PARALLEL

IDEAL VOLTMETER HAS INFINITE RESISTANCE

AMMETERSANDVOLTMETERS INCOMBINATION

OHMMETERS

THE POTENTIOMETER

R C CIRCUITS

CONSIDER A TIME DEPENDENCE IN A CIRCUIT

CHARGING A CAPACITOR

t O i o 9 0

t 0 i to Ep DISCONTINUOUS Io Ep
Nab E Nbc 0

t ARBITARY Nab i R Nbc

Nab tube E



t O i 0 Nab O N be E E

i day Eye
the

q cell e
the

Qf I e
tire

I e
the

TIME CONSTANT
t RC CHARACTERISTIC TIME OF CIRCUIT

DISCHARGING A CAPACITOR

NO

emf

t LO g Qu i 0

t 0
q Q o I I o Q RC DISCONTINOUS



q Q e
tire

i dog qq e
the

Io e
the

power CONSIDERATIONS E i IR t storeWHEN CHARGING
DISSIPATED

BATTARY ENERGY V2 STORED IN CAPACITOR
42 DISSIPATED IN RESISTOR

PROOF INTEGRATE OVER TIME TO GET ENERGY

emf E idt EIday dt Ef'dg E Qf

OR EI e Mdt EI RC ERERQE E Qf
O

capacitor I Iqidt II qdydt I Éqdq
I QI QI EE



or I Qf I Ill e let dt Re Rt

ER RE QES

RESISTOR RJ i'dt RI e
Zt Rc

RI RE

REEF EE
I CAN NOT SOLVE IT IN GENERAL X

FINALLY EQE ELI T EE INDEPENDENT OF R C

POWER DISTRIBUTION SYSTEMS

CIRCUIT OVERLOADS AND SHORT CIRCUITS

HOUSEHOLD AND AUTOMOTIVE WIRING



 MAGNETIC FIELD AND MAGNETIC FORCES

NEED MOVING CHARGES CURRENTS

FIRST STUDY RESPONSE TO MAGNETIC FIELD
NOT WHAT PRODUCES THE FIE LI

MAGNETISM

PERMANENT MAGNETS MAGNETIC POLES
MAGNETS INTERACT WITH EACH OTHER

OPPOSITE POLES ATTRACT SAME POLES REPEL

MAGNETS INTERACT WITH NON MAGNETS METALS
MAGNETATTRACTS NON MAGNET REGARDLESS OF POLE

THE EARTH IS A MAGNET
BAR MAGNET NORTH POLE POINTS TO GEOGRAPHIC NORTH

FOR EARTH MAGNETIC NORTH IS CURRENTLY

GEOGRAPHIC SOUTH

MAGNETIC POLES VERSUS ELECTRIC CHARGE

NO MAGNETIC MONOPOLES
POINTCHARGES ARE ELECTRIC MONOPOLES

MAGNETIC DIPOLES ARE MOSTFUNDAMENTAL

COMPASS IS EFFECTED BY NEARBY CURRENT

CURRENT GENERATED BY MOVING MAGNET
THIS LED TO UNIFICATION ELECTRIC AND MAGNETIC

INTERACTIONS FIELD THEORY



MAGNETIC FIELD

STATIC CHARGES CREATE É FIELD
MOVING CHARGES CREATE É ANDB FIELDS
É FIELD CREATES FORCE ON CHARGED PARTICLE
B FIELD CREATES FORCE ON MOVING CHARGED PARTICLE

É É x y z B B x y Z ARE VECTOR FIELDS

B DIRECTION IN WHICH NORTH POLE OF COMPASS NEEDLE
POINTS

THIS CLASS STUDIES EFFECT OF A GIVEN FIELD

MAGNETICFORCES ON MOVING CHARGES

F gotXB F T B ALL PERPENDICULAR

B UNITS
ÉGEm LAY IET TESLA

OR IG GAUSS 10 4T

POSITIVE CHARGED PARTICLE

no 0 CHARGED PARTICLE

NEGATIVE CHARGED PARTICLE



MEASURING MAGNETIC FIELDS WITH TEST CHARGES
IN GENERAL

I qCÉtwXB LORENTZ FORCE

BASEDON EXPERIMENT
EXAMPLE IN BOOK 27.8

MAGNETIC FIELD LINES AND MAGNETIC FLUX

MAGNETIC FIELD LINES ALWAYS FORM CLOSED LOOPS

MAGNETIC FIELD LINES HAVE NO ENDS

B FIELD LINES IN DIRECTION OF COMPASS NEEDLE

FIELD LINES NOT IN DIRECTION OFF
FIELD LINES NEVER CROSS

X FIELD INTO PAGE
0 FIELD OUT OF PAGE

B UNIFORM IN MAGNET

B AROUND CURRENT CARRYING WIRE

MAGNETIC FLUX AND GAUSS'S LAW FOR MAGNETISM
MAGNETIC FLUX

0 Bod SB cos Oda BIDA

UNITS TAMIMI ENIF TWb WEBER GET Em

GAUSS'S LAW FOR MAGNETISM

Bodd 0 NO MAGNETIC MONOPOLES



MAGNETIC FIELD LINES ALWAYS FORM CLOSED LOOPS
BOTH NORTH AND SOUTH POLES INSIDE THE SURFACE

NO NET MAGNETIC CHARGE IN SURFACE

O B dat B TAI FLUX PER UNIT AREA
SOMETIMES B CALLED MAGNETIC FLUX DENSITY
I EXAMPLE IN BOOK

MOTION OF CHARGED PARTICLES IN A MAGNETIC FIELD
MAGNETIC FORCE CAN NEVER DO WORK ON A PARTICLE

FOR A MAGNETIC FIELD ONLY PARTICLE SPEED IS
CONSTANT

F to CAN ONLY CHANGE DIRECTION

CIRCULAR MOTION
F Ig Iv B ME
SIGN OF q GIVES DIRECTION
OF ORBIT

R
M

MOMENTUM

ANGULAR SPEED

W Er vm4 19m11

INDEPENDENT OF v

f 24 LqBmt CYCLOTRON FREQUENCY
INDEPENDENT OF R OR V



IF N LARGE RELATIVISTIC CORRECTIONS NEEDED
INDEPENDENCE BREAKS DOWN

IF I SOME COMPONENT

PARALLEL TO B

VARING B
FIELD

VAN ALLEN

RADIATION
BELTS

CREATION OF ANTI MATTER

2 EXAMPLES IN BOOK



APPLICATIONS OF MOTION OF CHARGED PARTICLES

VELOCITY SELECTOR

Fe qÉ
FB qt XB

ÉEtFB O FOR CHARGED

NO PARTICLES TO
DEFLECTION ESCAPE

qE quB v E
ANY CHARGE

THOMSON'S CIM EXPERIMENT

Im v ev

N 2dm

E N 2nd Em stipe
ONE VALUE INDEPENDENT OF CATHOD MATERIAL OR
ANYTHING ELSE FUNDAMENTAL PARTICLE
ELECTRON



MASS SPECTROMETER
N E R

Man
MOMENTUM

ASSUME q te

R L M

MEASURE MASS OF ISOTOPES
DIFFERENT NUMBER OF NEUTRONS

MAGNETIC FORCE ON A CURRENT CARRYING CONDUCTOR

F B X Tal E DRIFT VELOCITY OF

POSITIVE CHARGE
ta F nae q taxes

ng Fa A X LB I Al XB I EXB

F I EXB STRAIGHT CURRENT CARRYING WIRE
I DOES NOT DEPEND ON SIGN OF q q q Ja Tal
E IS DIRECTION OF CURRENT

IF I déXB NOT STRAIGHT WIRE SEGMENT

CURRENT NOT VECTOR I SAME AT ALL POINTS IN WIRE

dé TANGENT TO CONDUCTOR
2 EXAMPLES IN Book



FORCE AND TORQUE ON A CURRENT LOOP

THE NET FORCE ON A CURRENT LOUD IN A UNIFORM

MAGNETIC FIELD IS ZERO
FORCE ON OPPOSITE SIDES CANCEL
HOWEVER THE NET TORQUE IS NOT IN GENERAL ZERO

e 2 F ble sing IB a b Sino I BA s in 0
A AREA OF RECTANGULAR LOOP

IA MAGNETIC DIPOLE MOMENT OR MAGNETICMOMENT

M IA E M B sin 0
A MAGNETIC DIPOLE IS AN OBJECT THAT EXPERIENCES
MAGNETIC TORQUE

0 0 5 0

O IT E O UNSTABLE

0 A 2 E IBA MAXIMUM



TORQUE TENDS TO ROTATE LOOP IN DIRECTION OF
DECREASING O TOWARDS STABILITY
THE MOTION WILL OSCILLATE

MAGNETIC TORQUE VECTOR FORM

M IF É MXB
POTENTIAL ENERGY FOR A MAGNETIC DIPOLE

U pots MB cos 0

MAGNETIC TORQUE LOOPS AND COILS

Mtot NIA N I NUMBER OF COIL WINDINGS SOLENOID

WORKS FOR ANY PLANE LOOP OF ANY SHAPE
2 EXAMPLES IN BOOK

MAGNETIC DIPOLE IN A NONUNIFORM MAGNETIC FIELD

NET FORCE IS NOT ZERO

MAGNETIC DIPOLE AND HOW MAGNETS WORK

NORTH SOUTH POLES REPRESENT HEAD TAIL OF A
OF MAGNETIC MATERIAL
B ALIGNS ME IN MATERIAL MAKING IT MAGNETIC

THE DIRECT CURRENT MOTOR

THE HALL EFFECT



 SOURCES OF MAGNETIC FIELD

PREVIOUSLY STUDIED FORCES GIVE THE FIELD
NEED MOVING CHARGES TO CREATE THE FIELD

MAGNETIC FIELD OF A MOVING CHARGE

MOVING CHARGE VECTOR MAGNETIC FIELD

MOVING CHARGE MAGNETIC FIELD LINES

P FIELD POINT B ME 9 FYI
I Fy FROM SOURCE TO FIELDS SOURCE POINT

POINT

A CONSTANT

Mo MAGNETIC CONSTANT

MAGNETIC PERMEABILITY OF FREE SPACE

Mo 4 H X 10 7 Tm IA

ASIDE C vÉg SPEED OF LIGHT

É FIELD RADIATES FROM PARTICLE EVEN IF MOVING

B FIELD LINES ARE CIRCLES AROUND I
I EXAMPLE IN BOOK

MAGNETIC FIELD OF A CURRENT ELEMENT

CURRENT ELEMENT VECTOR MAGNETIC FIELD

CURRENT ELEMENT MAGNETIC FIELD LINES
USE PRINCIPLE OF SUPERPOSITION OF MAGNETICFIELDS



dB 4M Idéf BIOT SAVART LAW

B My Idexi
p
2

I EXAMPLE IN BOOK 28.12

MAGNETIC FIELD OFA STRAIGHT CURRENT CARRYINGCONDUCTOR

WIRE LENGTH 29 déxi y sin H O
B EI.LIytBMIxYEE
a O B MIF B INTO PAGE

IN GENERAL B ME I
r IS PERPENDICULAR DISTANCE FROM CONDUCTORTO FIELD

POINT
CIRCULAR MAGNETIC FIELD NO END POINTS

B odd 0 MAGNETIC FLUX THRUANY CLOSED

SURFACE
2 EXAMPLES IN BOOK

FORCE BETWEEN PARALLEL CONDUCTORS

FIELD DUE TO WIRE I

II fr IIT out OF PAGE AT WIRE I



FORCE ON WIRE I F I I XB TOWARD WIREI

F I LB
MgÉ

FORCE PER UNIT LENGTH E REI
CURRENT IN SAME DIRECTION ATTRACT
CURRENT IN OPPOSITE DIRECTIONS REPEL

28.60

CURRENT DOES NOT NEED TO BE IN WIRE

IN WIRE CURRENTCAN CONCENTRATE IN CENTRE EMILY
MAGNETIC FORCES AND THE VALUE OFMo
MAGNETIC FIELD OF A CIRCULAR CURRENT LOOP

P ON AXIS OF LOOP

dB E LEI
d By dB cos o

dBy dB sin 0

dBy ALL CANCEL WHEN INTEGRATINGAROUND LOOP

dB x Mif ytIÉtay Cost FACTOR

Bx MII Eye de Ide Lita

IÉÉÉt
DIRECTION OF B GIVEN BY RIGHT HAND RULE
MAGNETIC FIELD ON THE AXIS OF A COIL

FOR N CIRCULAR LOOPS COIL



Bx 214 443
CLOSELYSPACED SO FIELD Point x

SAME DISTANCE TO LOOPS

AT CENTRE X O OF LOOP By MINI
MIA ITAL FOR ONE LOOP M NI ITAL FOR N LOOPS

BY 2HÉRta
AT CENTRE 4 0 OF COIL Bx pygmy
1 EXAMPLE IN BOOK 28.34 B BETT
AMPERE'S LAW

OfBodé LINE INTEGRAL OF B AROUND A CLOSED PATH

AMPERE'S LAW FOR LONG STRAIGHT CONDUCTORS

B LEI FOR
WIRE

Bode2M de MIR HR p I
INDEPENDENT
OF RADIUS

INTEGRATE IN DIRECTION OF B
VE IF CURRENT REVERSED VE DIRECTION REVERSED

AMPERE'S LAW GENERAL STATEMENT

USE SIGN RULE FOR MULTIPLEBodd Mo I ENCL CURRENTS
ONLY VALID FORSTEADYCURRENTS

APPLITATION OF AMPERE'S LAW

4 EXAMPLES IN Book



FIELD OF A SOLENOID

SOLENOIL E HELICALWOUND WIRE ON A CYLINDER

USUALLY CIRCULAR SOMETIME RECTANGULAR CROSS

SECTION

EACH TURN IS A LOOP

ALL TURNS CARRY SAME CURRENT
TOTAL B IS VECTOR SUM DUE TO EACH LOOP

SOME FIELD

SOME FIELD LINES OUT ENDS

SOME FIELD LINES BETWEEN
WINDINGS

IF SOLENOID IS LONG COMPARED TO CROSS SECTION
AND COLLES WOUND TIGHT

B NEAR MID POINT APPROXIMATELY UNIFORM AND

PARALLEL TO AXIS EXTERNAL B VERY SMALL

N TURNS PER UNIT LENGHT

FENCL NL I

b e AND d a BodE o

c d 5 0

Bode Bodi t Bode t Bode Bode Mo Iena



b

B odd B L p Ieng ALI B Mon I

ab NEED NOT BE ON AXIS

FIELD APPROXIMATELY UNIFORM
OF ENTIRE CROSS SECTION

FIELD OF A TOROIDAL SOLENOID

EACH LOOP IS IN PLANE

PEPENDICULAR TO CIRCULAR
AXIS OF TORI OD

FIELD LINES CIRCLES CENTRED
ON TO RIO D AXIS

CIRCULAR INTEGRATION PATHS

Bodil B Lar

PATH 1 I Enc O 13 0

PATH 3 I ENC I I O B O TEACH WINDING TWICE
PATH 2 I ENC N I B Mg

TOPOLOGICALLY STRAIGHT SOLENOID BENT IN CIRCLE

he LIT rn B E MO NI
MANY IDEALIZATIONS ARE ASSUMED



MAGNETIC MATERIALS
THE BOHR MAGNETON
PARAMAGNETISM
DIAMAGNETISM

FARRO MAGNETISM



 
ELECTROMAGNETIC INDUCTION

HOW TO CONVERT BETWEEN ELECTRIC ENERGY AND
OTHER FORMS OF ENERGY

TIME VARYING MEGNETIC FIELD ELECTRIC FIELD

TIME VARYING ELECTRIC FIELD MAGNETIC FIELD
MAXWELL'S EQUATIONS

INDUCTION EXPERIMENTS
MOVE MAGNET RELATIVE TO COIL

MOVE TWO COILS RELATIVE TO EACH OTHER
INDUCED CURRENT AND INDUCED emf

FARADAY'S LAW

B Bod MAGNETIC FLUX THRU SURFACE IA

E 9ft FARADAY'S LAW OF INDUCTION

E E INDUCED EMF IN CLOSED LOOP

EXAMPLE IN BOOK

DIRECTION OF INDUCED emf

INDUCED EMF IS IN DIRECTION OF CURRENT

DIRECTION IS GIVEN BY HOW COMBINATION Bodt IS
CHANGING WITH TIME
E JdelBodh J dat odA J Bodge



FOR COIL OF N TURNS E N If
5 EXAMPLES IN BOOK

GENERATORS AS ENERGY CONVERTERS

CONVERT MECHANICAL ENERGY TO ELECTRICAL ENERGY

LENZ'S LAW
THE DIRECTION OF ANY MAGNETIC INDUCTION EFFECT

IS SUCH AS TO OPPOSE THE CAUSE OF THE EFFECT
LENZ'S LAW MAINTAINS CONSERVATION OF ENERGY
2 EXAMPLES IN BOOK

LENZ'S LAW AND THE RESPONSETO FLUX CHANGES
LENZ'S LAW ONLY GIVES THE DIRECTION

THE MAGNITUDE OF CHANGE DEPEND ON RESISTANCE

MOTIONAL E M F

Ém qwxB Ée qÉ
E NB

Vab EL NBL

E NBL MOTIONAL emf

FOR RESTANCE R

I R E N BL



MOTIONAL EMF GENERAL FORM

FOR TIME INDEPENDENT MAGNETIC FIELD

de É ode if XB odd
AROUND A CLOSED CONDUCTING LOOP

E Of 8 5 ode

USE THIS FOR MOVING CONDUCTORS

USE FARADAY'S LAW FOR STATIONARY CONDUCTORS
Z EXAMPLES IN BOOK

INDUCED ELECTRIC FIELDS

THE INDUCED ELECTRIC FIELD IS NOT CONSERVATIVE

SO Éodé E geode days

THIS IS ONLY TRUE FOR STATIONARY PATH

NON ELECTROSTATIC ELECTRIC FIELDS
NONELECTROSTATIC E ELECTRIC FIELD NOT CONSERVATIVE

POTENTIAL HAS NO MEANING

F qÉ ALWAY VALID
I EXAMPLE IN BOOK

EDDY CURRENTS

DISPLACEMENT CURRENT AND MAXWELL'S EQUATIONS
VARYING ELECTRIC FIELDS ALSO GIVE RISE TO

MAGNETIC FIELDS



GENERLIZING AMPERE'S LAW

B0dL MOI Ence PREVIOUS VERSION

Ic NORMAL CONDUCTION

CURRENT
DISPLACEMENT CURRENT
in E daff

ofBode Mo ie tip

Ic OR ID WILL BE ZERO DEPENDING ON SURFACE

WE CAN CONSIDER CURRENT THRU CAPACITOR

THE REALITY OF DISPLACEMENTCURRENT
A B FIELD CAN BE MEASURED BETWEEN THE PLATES

MAXWELL'S EQUATIONS OF ELECTROMAGNETISM

CHARGES AND CURRENTS IN EMPTY SPACE

ÉodA QEgg GAUSS'S LAW FOR É

BodA O GAUSS'S LAW FORBI

GÉode dye FARADAY'S LAW

Bodi Mo tic te Ten AMPERE'S LAW



É Eet En
É c E ELECTROSTATIC DUE TO CHARGES

EN E NON ELECTROSTATIC

GÉco d E O CONSERVATIVE NOT IN FARADAY'S LAW

Énoda O NOT DUE TO CHARGES GAUSS'S LAW

SYMMETRY IN MAXWELL'S EQUATIONS
IN EMPTY SPACE 9 0 ice

ÉodA o ofBoda o

GEode days ofBodi photodff
REMOVING THE FLUXES OB JBodh QE JÉodA

É odd day f Boda I Bode protodgJÉodA

ALSO I qCE ti XB

SUPERCONDUCTIVITY

THE MEISSNER EFFECT

SUPERCONDUCTOR LEVITATION AND OTHER APPLICATIONS



 INDUCTANCE
COILS

MUTUAL INDUCTANCE
CONSIDER TWO NEIGHBORING COILS

I IN COIL I PRODUCES BI AND HENCE Oz IN COIL 2

IF I IS CHANGING Oz IS CHANGING
FARADAY'S LAW SAYS EMF INDUCED IN COIL 2

CURRENT iz IN Coll 2

Ez Na dff
Oz hi Na da Mz i Me E MUTUAL INDUCTANCE

Nid Mz idly Ee Muff
WHERE Mz NEI
CONVERSLY WE COULD CONSIDER A CURRENT IN

COIL 2 iz CAUSING A MAGNTIC FIELD BE
BUT Miz Mz E M FUNCTION OFGEOMETRYAND MATERIAL

PROPERTIES

Ez MII E Mdaif

THE VE SIGN IS A RESULT OF LENZ'S LAW

THE MUTUAL INDUCTANCE IS M N

E Nid
iz



M UNITS TWD A E TH HENRY

SELF INDUCTANCE AND INDUCTORS

THE CHANGING CURRENT THAT CAUSES A MAGNETIC

FIELD CAN CAUSE A CHANGING FLUX IN THE SAME

CIRCUIT SELF INDUCED emf
NOB i i NOB L i
FOR A COIL SELF INDUCTANCE INDUCTANCE L NEIFUNCTION OF GEOMETRYANDMATERIAL PROPERTIES
FOR CHANGING CURRENT Ndays Ldat
FROM FARADAY'S LAW SELF INDUCED emf E L IfVE SIGN DUE TO LENZ'S LAW

INDUCTORS AS CIRCUIT ELEMENTS

Vab Ldat O GFgb OPPOSEANY VARIATION

t g
g

OF CURRENT INCircuit

APPLICATION OF INDUCTORS

MAGNETIC FIELD ENERGY
ENERGY STORED IN AN INDUCTOR

P Vani L idf P d du Li di

U L idi LIZ

NO ENERGY IN OR OUT FOR STEADY CURRENT



IF CURRENT INCREASES ENERGY IS STORED IN INDUCTOR

IF CURRENT DECREASES INDUCTOR ACTS AS SOURCE

OF ENERGY

MAGNETIC ENERGY DENSITY
U 133g OR U 2B

y
of UE IE E

THE R L CIRCUIT
CURRENT GROWTH IN AN R L CIRCUIT or e

E IR LdÉ O

i EI exp Et
t a i E
IE E exp Et

t is
dog 0

POWER ENERGY CHANGE
E i i Rt Liddy i Rt d LILLY ER t II



CURRENT DECAY IN AN R L CIRCUIT
o ti R tld O

i I exp f Et
POWER

o iertliday
Lid O ÉÉÉRÉnsEs

Lift E date

R C AND R L GIVE

TRANSIENT BEHAVIOUR

THE L C CIRCUIT GIVES OSCILLATING BEHAVIOUR
t

t O q Q 5 0

MM ENERGY OSCILLATES BETWEEN COMPONENTS

ELECTRICAL OSCILLATIONS IN AN L C CIRCUIT

0 LII q 0 i da t

Ift t 9 0 2ND ORDER ODE W ZHf 2

SOLUTION q Q cos Cutt 0
i w Qsincutto

W FI
IF QU O Q ECHO LEGOBI INITIAL CONDITIONS



ENERGY IN AN L C CIRCUIT

INITIAL Y TOTAL ENERGY EI
Ili't gÉ gI CONSERVATION OF ENERGY

FORNO RESISTANCE

THE L R C SERIES CIRCUIT

THE RESISTOR ABSORBS SOME OF THE ENERGY IN
I R LOSSES DAMPED OSCILLATIONS

UNDER DAMPED
CRITICALLY DAMPED DEPENDING ON R L C

OVER DAMPED

ANALYZING AN L R C SERIES CIRCUIT
t O q Q o E O

O I R Ldat 4 0 I dg
FORT'VE PLATE

EE ELI 9 0

UNDER DAMPED

R's q A exp f Et cos wittol

w L ft
42 A O GIVEN BY INITIAL CONDITIONS

RIO RECOVERS OSCILLATING CASE

CRITICALLY DAMPED

R Yt TWO DECREASING EXPONENTIALS



INDUCTORS SMOOTHTRANSLANTS IN CIRCUITS
INDUCTORS SLOW DOWN RISE TIMES
DIGITAL SWITCHING CIRCUITS REQUIRE FAST RISETIMES



 ALTERNATING CURRENT DC AC TRANSIENT
PHASORS AND ALTERNATING CURRENTS

w Vcoswt VE VOLTAGE AMPLITUDE
AC SOURCE DO NOTCARE

ABOUTHOWPRODUCEDW
E ANGULAR FREQUENCY

f If 60 HZ CANADA USA F 50 HZ ELSEWHERE

SIMILARLY I I COSWE LUSE THIS CONVENTION

PHASOR DIAGRAMS
I WILL USE COMPLEX NOTATION TO KEEP TRACK OF

PHASE INFORMATION

c cel At j B a Céid A j B
C IRI Vet VAART G tan E
RECTIFIED ALTERNATING CURRENT

ROOT MEAN SQUARED RMS VALUES
SQUARE THE VALUE TAKE THE MEAN TAKE THE

SQUARE ROOT

FOR CURRENT E I COSWT ELITCOSZWT
it E E cos Lwt I
I rms VIET In

Also urns

V Rms 120 V U ILFOV OSCILLATING GO TIMES
PER SECOND

V I USUALLY DESCRIBED IN TERMS OF RMS
EXCEPT PRODUCTS WHICH BENI FIT FROM HIGHER RATINGS



RESISTANCE AND REACTANCE R C L
RESISTOR IN AN AC CIRCUIT
i I cos wt NR i R IR cos WE UR COSWE
V R I R E I Xp AND NRI ZR WITHER X R R
VOLTAGE IN PHASE WITH CURRENT
INDUCTOR IN AN AC CIRCUIT

NL Ldat L LICOSWE Iw Ls in wt

IWLCOSIWETITIA VLCOSLWETH

WE USUALLY DESCRIBE PHASE OF VOLTAGE RELATIVE
TO CURRENT
i I cos wt we NCOs Wtt 0 O E PHASE ANGLE

FOR INDUCTOR VOLTAGE LEADS THE CURRENT BY
FREQUENCY

0 5 2 DEPENDENT

VL IW LEI XL AND NEVEL WITH ZE JWT
XLI WL INDUCTIVE REACTANCE

THE MEANING OF INDUCTIVE REACTANCE

our Vin iz it Rtjwl
win Wont

rout ijwL
jWLIR

o Tint Kitwe Iti WLIR
w 0 YI o 0 7900

w 0

Yq
1 0 700 NO PHASE SHIFT



We I
ÉÉ

HIGH PASS FILTER

I logw we

CAPACITOR IN AN AC CIRCUIT

i dy I cos wt q sin wt

g Cna Not sin wt Igcoslwt Nz
Ve Ve Cos wt Nz
V e WEEI Xc AND we iZc WITH Ze jig
Xc I W C CAPACITIVE REACTANCE FREQUENCY

DEPENDENT
FOR CAPACITOR VOLTAGE LAGS THE CURRENT BY

0 IT 2

THE MEANING OF CAPACITIVE REACTANCE

our win iz i
ftp.lwe

wont ightwin I wont
Nyt Rt Yjwc

of we

I thWRC
W O 407g 1 0 700 NO PHASE SHIFT

woo Yq
0 0 7 900



If went
LOW PASS FILTER

I logwlwe
COMPARING AC CIRCUIT ELEMENTS
UR IR Nr CER ZR XR XR R MIN PHASEWITHE
VL I Wha izL.ZL jXL.XEWLNLLEAD.SI BY HK
Vc Iq Noize Xe jXc X LAGS i BY the

Note Ze If j
THE L R C SERIES circa

31.42

NOW ADD AC SOURCE TO L R C CIRCUIT

g n d i

Icoswt3RcNINad.NR Nab.NL NDc.Ne Ned
v untruth

g MT iertizitize
i Lertzutzc
IER ti Xu Xi

Int lil tr the Xo lil fr WL wt
IMPEDANCE Z YI IR WL wtf
V IZ ALSO Z Rti WL f RtjX



THE MEANING OF IMPEDANCE AND PHASE ANGLE

i I cos Lwt v iz V IZ
v V cos Wtt 0 Z TR't WL wtf
tan de

WL wt
R

CAN USE SAME EQUATIONS IF ONE COMPONENTMISSING
R o Leo c is

Xu Xc 020 900 OR X XL 900 020

ALSO V IZ Fa Izz Urns IRMSZ

POWER IN ALTERNATING CURRENT CIRCUITS
INSTANTANEOUS POWER p NI

WE WILL TAKE AVERAGES OVER A PERIOD
cos wt 112 cos wt sin WE 7 0

POWER IN A RESISTOR

PE V cos wt I cos wt VI Coswt

Pave Pr VIC COSWE YUI In VRMSIRMS

SINCE URms Inns R PAVE IIMs R VERE



POWER IN AN INDUCTOR

p Ve cos wt th I cos wt VLIsinwtcoswt
Pave pi VL I Ls in wt cosWE O

NO ENERGY STORED IN INDUCTOR

AVERAGE IS O NET OVER A CYCLE IS O

INSTANTANEOUS TO AT ALL TIMES

POWER IN A CAPACITOR

pet Vc cos wt Hz Icoswt VCI sin wt cos wt

Pave Pc VCI Ls in wt cosWE O

NO ENERGY STORED IN CAPACITOR

POWER IN GENERAL AC CIRCUIT

p ni V cos Lwt to Icoswt
VIEcoswtcos0 sinwtsinojcoswt
VIC.us 0 costut VI sinosinwtcoswt

Pave VI cos 0 costut VI sin OLsinutcoswt
Yz VI cos 0 Vam Irms COSI

POWER FACTOR

FOR RESISTOR 0 0 PAVE URMSIRMS PMAF VI 2 PAVE

FOR INDUCTOR OR CAPACITOR O IT 2 PAVE O

FOR L R C SERIES CIRCUIT COS 0 BE
cos 0 I FOR Z R WL YWC



RESONANCE IN ALTERNATING CURRENT CIRCUITS

WHEN XL Xc O Z R MINIMUM
FREQUENCY AT WHICH THE CURRENT IS A MAXIMUM
FOR A GIVEN VOLTAGE

I IMAX EMIN ER XL Xc

AT RESONANCE Ve Ve O

CIRCUIT BEHAVIOR AT RESONANCE

AT RESONANCE W W o Wo l wtf
Wo vie RESONANCE ANGULAR FREQUENCY

RESONANCE FREQUENCY to YI
AT Wo IT'S LIKE THE CAPACITOR AND INDUCTOR

CANCEL EACH OTHER AND DO NOT EXIST

TAILORING AN AC CIRCUIT L C DETERMINE Wo

R DETERMINES AMPLITUDE



TRANSFORMERS

CONVERT AC VOLTAGES

LONG DISTANCE TRANSMISSION V HIGH I LOW

REDUCES IZ R LOSSES

Urns 500 KU ON LINE
STEP DOWN

URMs I 20 V AT WALL

CELL PHONE IZOV SV USB t A CDC CONVERSION
O G V ON CHIP DC VOLTAGE DIVIDER

HOW TRANSFORM ES WORK
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INDUCTANCE
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ENERGY CONSIDERATIONS FOR TRANSFORMERS

FOR NO RESISTANCE POWER NOT CHANGED
V I V I i If
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TRANSFORMS RESISTANCE
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 ELECTROMAGNTIC WAVES

WHAT IS THE NATURE OF LIGHT

EXPLAIN BY UNIFICATION OF ELECTRICITYANDMAGNATISM
ELECTROMAGNETISM

MAXWELL'S EQUATIONS AND ELECTROBAGNETIC WAVES

WHEN THE FIELDS ARE TIME VARYING THEY ARE NOT

INDEPENDENT FARADAY'S LAW AND AMPERE LAW
É AND B SUSTAIN EACH OTHER WITH MAXWELL

ELECTROMAGNETIC WAVES

ELECTRICITY MAGNETISM AND LIGHT
MAXWELL'S EQUATIONS

SoÉodÉ Qqg Qena Spdv
GAUSS'S LAW
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SLI XE odat g Bodh FIXE 21
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THESE ARE ELECTROMAGNETIC FIELDS IN VACUUM

FOR NO SOURCES QENCL O I c O

IN MATERIALS Go E Mo M
SOMETIMES E E Lt I M M It I

GENERATING ELECTROMAGNETIC RADIATION

STATIC CHARGES PRODUCE É ONLY
CONSTANT CURRENT PRODUCE E ANDB
ACCELERATING CHARGES PRODUCE WAVES

ALL RADIATION DUE TO ACCELERATING CHARGE
EXAMPLE SIMPLE HARMONIC MOTION
ELECTROMAGNETIC RADIATION WAVES



THE ELECTROMAGNETIC SPECTRUM
C 3 108Mls FIXED C Xt
RADIO SMALL t LARGE X

GAMMA RAYS LARGE F SMALL X
VISIBLE LIGHT SMALL REGION OF SPECTRUM

PLANEELECTROMAGNETICWAVESAND THE SPEED OF LIGHT
A SIMPLE PLANE ELECTROMAGNETIC WAVE

WE WILL SHOW PLANE WAVES SATISFY MAXWELL'S
EQUATIONS

É EY UNIFORM
B BE UNIFORM
E C F VELOCITY
OF WAVE FRONT

PLANE WAVE



GAUSS'S LAWS OLE On D

IF É LE AND BLE
WAVE IS TRANSVERSE
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FARADAY'S LAW
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AMPERE'S LAW ie O

Bode Ba
B GoMo CE

dye Eac ÉtB

8 C jeep

KEY PROPERTIES OF ELECTROMAGNETIC WAVES
11 É IC BIC EIB EXB LIE TRANSVERSE
2 E CB
3 N C SPEED OF LIGHT

4 NO PROPAGATION MEDIUM REQUIRED VACUUM

THE FIELDS NEED NOT BE UNIFORM
e g SINUSOIDAL FUNCTION OF X



E CB É B HAVE SAME PHASE

IF É E g LINEAR POLARIZED ALONG y AXIS

DERIVATION OF THE ELECTRO MAGNTIC WAVE EQUATION
IN VACUUM
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EXIT XE
TIME

ME ZIXBE
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FEI IEEE WAVE EQUATION
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SINUSOIDAL ELECTROMAGNETIC WAVES

NOT ALL EM WAVES ARE PLANE WAVES
WAVES FROM A POINT CHARGE ARE SPERICAL WAVES

FIELDS OF A SINUSOIDAL WAVE

SINUSOIDAL IN SPACE AND TIME

É AND B ARE IN PHASE
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ALSO U BYMo

ELECTROMAGNETIC ENERGYFLOWANDTHE POYNTINGVECTOR

5 ÉXB POYNTING VECTOR IN VACUUM

ENERGY FLOW PER UNITTIME PER UNIT AREA EJ S m

OR POWER PER UNIT AREA W MZ

5 IN THE DIRECTION OF PROPAGATION

P Of5odh POWER OUT OF A CLOSED SURFACE
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MOMENTUM FLOW RATE If
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If F Idf Pran PRESSURE
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STANDING ELECTROMAGNETIC WAVES
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