ELECTRIC CHARGE AND ELECTRIC FIELD

L4 FORCES |V WATURE - GRAVITY
ELECTROMAGNET|SM
STRONG (A/bLCLEAiQ)
WEAK (RADIOACTIVE DECAY)
ELECTROMAGNETISM = ELECTRIC|ITY + HAGNET ISH,
NEED CHARGE (0R CURRENT) FOR ELECTROMAGNETISM,
CHARGE |S PROPERTY OF OBTECT (PARTICLES).
CHARGED 0BTECT CAN BE ACCELERATED RY ELECTRIC FORCE .
ELECTROMAGNETISM |S THE FORCE oF oUR EVERY DAY
WOoRLD : C,HEMLC?;’P\Y
|1OLO
‘?‘E%H/UOLOGY (PH ¥sLCS)
EVEN LIGHT
ELECTR\C CcHARGE

2 KINDS OF ELECTRIC CHARGE - POSITIVE
NEGATIVE

2 CHARGES + i} REPEL E LN DEPEVDEUT 0F THE

i_ ; } ATTRACT VALWE OF THE CHARGE

OFTEV IT IS THE NET ELECTRIC CHARGE THAT (S IMPoRTAUT,

STRUCTWRE OF MATTER

- ELECTRoNS, = ' VE KCHMGE
N W MAGMITUDES
A PRoToNS | +'VE J FauAL
AY Ju NEUTRONS | N0 (ELECTRIC) CHARGE

o [ 2B s QUARKS tV3 +ZRELECTRIC CHARGE




ATOMS ARE CHARGE MEUTRAL (ZERO NET CHARGE)
[OvIZATION © ADD AN ELECTRON (-'VE |ow)
REMOVE AN ELECTRoN (t'VE |ow)

ELECTRIC CHARGE COoNSERVATION
CONSERVATION OF CRARGE - ALGERRAIC SUM OF ALL
ELECTRIC CHARGES [N CLOSED SYSTEM IS CONSERVED.

WO T OF CHARGE - MAGNITUDE OFF ELECTYZ0nN oR PROTON
CHARGE .
CHARGE 1S QUAUTLZED.

CONDUCTORS | INSULATORS, AND INDUCED CHARGE
2 CLASSES O6F MATERIALS FoR THIS CouKSE .
CONPUCTOR - PERMITS EASY MOVEMENT OF CHARGE |

- ELECTRONS AN MOVE FREELY.

- METALS ARE (00D CONDUCTORS .
IVSULATORS — CHARGE CAV BILD UP oR SEPARATE 4 BIT,

RUT NOT Flow.
ALSO, SEMICONDUCTORS — |NTERMEDIATE BETWEEN
CONDUCT OR. AUD INSULATOR
SUPERCONDUCT 0 - No RESISTANCE .



CHARGE BY INDUCTION
NEED CONDUTOR

Insulating
/nylon threads
~ Charged
= plastic rod
Metal Copper
ball wire
I
| |
El Elke build
Met Jef
ball \'\. ’ I = & wir _ & " ++
e A e = <~ € ] + +
Insulat rod "
Ground - T - - - -
‘.\' n
|

ELECTRIC FORCE ON UWNCHARGED GRTECTS

INDUCED CHARGE EFFECT. (ATTRACTIVE FoK CE)
NETCHARGE 1S ZERO.

POLARIZATION - SEFARATION OF CHARGE IN OBIECT

CoulLoMB's L4 W
FOR STATIC POINT CHARGES 10 VACUUA,
SIZE OF OBTECT SMALL COMPARED T0 DISTANCE BETWEEN

THEAM. FoRCE oN 2 DUE T0 |
l 2 2 -~ - A
B— X~ Fie P kw iz
Mz Ve
; >

— N
Flo=F L.



Ik = PROPORTIONALITY CONSTAVT (COULOMEB CONSTANT)
(VALWE DEPENDS ON UNITS)

91192 ARG SIGNED CHARGES

S -~ A

V2 =-I2 AND V’[L=V‘u)' N, = — = ;k\\'?,:_?\z_l
CONSIDER ForRcEp oM | DUE To Z

S = SATISPLES
Fo = k Cl/bj,l /V:2| :—k M—/‘;lz=—FIL NEWTON'S
RD LAW

Vs, %

MAGNITUDE F = k—lcmle
Y,L

mim,

ANALOGOUS To GRAVITY F = (- -

r
MAaSS HAS oNLY “POSITIVE CHARGE"= FoRCE ONLY ATTRACTIVE

CHARGE HAS 2 SIGNS 2 ATTRACTINE OR REPULSIVE,

FUNDAMENTAL ELECTRIC COVSTAYT
[CT 1S CouLoMB OF CHARGE
g =e=Ltxi0""C For ELECTRON (oR PROTOV)

k=8.988 X0 W m¥/c” =~ 8.99 X101 ~AX/0

WILL WRITE le=__1
Uit €o

8 B85 XI0 P ymE & 8.0 ~axisTlE
PERMITIVIT 7 oF FREE SPACE (ELECTRIC CONSTANT)

1

€o
Co

1

(E QUATE GLAVITY TO CouLoMB AT SHAME DISTANCE = Fe HUGE)
(AT AToM|C SCALES) =
9



SUPERPOSITIoN OF FORCES

|F MWLT|PLE CHARGES, USE VECToR SUM o0F FORCES.
AR & VACUUM (DoES NOT WoRK 1N MATRIALS)
(3 EXAMPLES IN BooK ; PO 2].72)

ELECTRIC FIELD AnD ELECTRIC FORCES

ELECTRIC FIELD

CoNSIDER 2 PoinT PARTICLES LABEL AS SUCH

A K B feels THE ELgcrric FIELD OF 4
'(.\ 4.\ A Provwcks ELECTRIC FIELD

0
soukcE  FlELp WOEPENPENT 0F B
PArTicLs PowT REMoVE B.

B CAN REPLACE A /N THIS PICTURE
BUT A CHARGE CAN noT PROVLCE A FoXCE o0 ITSELT .

To peTECT 4 FIELD, PUT TEST CHARGE IN SPACE AND SE£ IF
FowkcE ActS on IT.

E(2) = Fo(X) ElEctric HELD AT PowT (%)
L9, | & TEST CHARGE

= FIELD PonT (woT Soukck PoInT)
, (X) = ELECTRIC FORCE ON TEST CHARGE 90 LocATED AT %.
(%) = ELECTRIC FORCE PER UNIT CHALGE AT POWT X .

\“‘\K\

E(rz) DoES woT DEPEWD o8 THE TEST CHANGE

THE TEST CHALCKE SHoulD BE A PoinT CHARGE.
(BECAUSE EIELD DEFINED AT PolNT).

ANY CHARGE CoNFIGURATION CAN PRopUCE THE ),: EIELD



WMIT S o ELECTR\C FIELD TN/c].

N —E
E PAr4LLEL TO = ATx |F 7/0 PosrIvEE ——F R
E ANTL-PARALLEL To B AT % IF g, NEGATIVE. :%
ELECTRIC FIELD OF 4 PoINT CHARGE
Z_ p FIELD PoINT 'jé
/ LHT€° Plz
a = _ =
El = FLZ ‘—‘—_ g1 V‘[L SouRCE TO

SOWRCE PolINT [92] “Hme, (E FIELD

- A& AWAY Eor
FOR ARBITRARY g ANDv |, E =_L_ 9 ix positive

Yn€s = TOWARD S Fob
_ NEGATIVE
THIS 1s ELEcT R\lc FLELD AT PoWT ° DUE To BLECTKIC

CHARGE g,

MAGMITUDE B =_1 g
wnéo%

THE FLELD AT P IS INDEPENDENT IF THELE |S CHARGE AT
Poivt P, or NOT.

E (%) 1S4 VECTOR FIELD Elx,y,2), €(r,&,0), E(F,%, %)
Ex (%, Y,2) , Eylxy, 2, Eolx y,2)

WWIEORM FIELD — SAME VALUF (AnD DIRECTION) IV SOME
RE (C-lon oF SPACE

IV ELECTROSTATICS | THE ELECTRIC FLELD AT EvERY PowT

WITHIW THE MATERIAL O0F A Conpuctok MuUsT BE ZERD

CALCULATIONS ARE OFTEN Z STEPS: |) CALCULATE ElFID

2) CALCULATE MOTION DUE
TOFIELD

(3 EXAMPLE IN BooK WITH Ng INTE G-RATIOV)



[SLECTRIC FIELD CALcul ATlowns
SUPERPoS|TION OF FLECTRIC FIELDS

- — — AN
TOTAL FoRCE B, =8\ Fy =9, 26, =90
i v
5 E=Fo
%0
CON3IDER FIELDS DIWE TO CHARGE DISTRIBUT|OAS .
p VowME CHaRGE DeasiTY Tel/m?], p=dg Jdv

N SURFACE CHARGE PEwSTY [C/m? ], S =dq [d4
X Libeak CHARGE DEMSITY [C/m Q) x =dg [dl

(s~ EXAMPLES IN Book) Do 21.68,2], 84

INFIMITE SHEET EXAMPLE E =Y g <E,

c c E Z_F L -
\ S| < \ ! A:E:E{“EY/;O
— —_ -">=A = - _ N\
—E;L— EL EZ B - E’- QI+EZ Z L
= < > s °
! = > = _
A B C c :E=Ft+E, =0

GLECTRIC FLIELD LINES

IMAGINARY LINES 0R CURVES DRAWN THRoUGH A REGLON OF
SPAcE so THAT THE TANGEUT AT ANY PowT [S v THE DIRECTIon
6F THE ELECTRIC FIELD VECTGR AT THAT PoINT.

OFTEN CALLED FlglD MAPS.

=
FIELD LINES GIVE THE DIRECTION OF E
NO [NEORMATION ABOUT MAGNITUDE AT ANY PolnvT.



SPACING OF FLELD LINE GLUE QUALITATIVE |DE4 OF
MAGNMITUDE-

FIELD UNE ARE STRAIGHT AND PARALLEL FOR WWIFORM FIED.
ELEcCTRIC FIELD LINES ARE noT TRATECTORIES .
FILELD LINES NEVER JNTERSECT.

SHOW : + CHARGES DIVOLE | QUADRAPOLE 2 CHARGES

S
> E Fo

DIPOLE (DEFNITION ) 9+=79-
d = SEPARATION

MET Fonct =0

IF THE FIELD 1S NON WNIFORM A FokCE MAY BE OV THE DIVOLE .
TORQUE WRT CENTRE = =T XF

T=Firesin®ds t F,P_SC/L¢_:7/L:_0_{,_S[§4,Z5 -|—6LEQLSCV\¢

T = CI/E d sén & < “
ELECT R DIPoLE MOMENT = ﬁ =
p IS MHEGATIVE To POSITIVE

. =
¢/FpESNG; T=pXE



PoTEVTIAL ENERGY OF ELECTRIC DIPOLE
ELECTRIC FIELD TORAQUE DOES WORK Aw okl THE DIPOLE .
= CHANGE [N POTENTIAL ENERGY
dW=1td@=-pEsinBlg

velV%

W '-li\):b(l-ﬂ.,_:?[)L[(é):-—pfcosgﬁs—_f)o’



GAUSS!'S LAwW

CHARGE AvD ELECTRIC FLUX
|[F THE ELECTRIC FIELD IS KNOWN IN A REGION , WHAT CAN
WE DETERMINE ABOUT THE CHARGE IN THAT REGION ¢
LT T R CHARGT DISTRIBUTION
( W ENCLOSED SURFACE

/

‘ WITH TEST CHARGE MAP oWT E OWTSIDE
- - - SURFACE-

ONLY NEED TO KNowW E 0N ENCLOSED SURFACE.

ELECTRIC ELUX AND ENCLOSED CHARGE

OUTWARD ELECTRIC FLUX = FLELD UNES PONT ouT OF SKKFAE.
IVWARD  ELECTRIC FLWX = FIELD LUNES PoINT INTO SWRFACE .
OUTWARD FLWKX = POSITIVE CHARGE [WSIDE

IVWARD ELULX =D WEGATIVE CRARGE [VSIDE

(a) Positive charge inside box, (b) Positive charges inside box, (c) Negative charge inside box, (d) Negative charges inside box,
outward flux outward flux inward flux inward flux

o\ \\!



(a) A box containing a positive point charge +¢

There is outward electric flux through

the surface.

(b) The same box as in (a), but containing a
positive point charge +2¢

THE MAGNITWPE 0F FLux PRoPOKTIONAL
T0 AMounT OF NET CHAKRGE.

Doubling the enclosed charge also doubles the
magnitude of the electric field on the surface, so

the electric flux through the surface is twice as
great as in ().

() The same positive point charge +¢, but
enclosed by a box with twice the dimensions

Y FLUX |S [NDEPENDENT OF THE SURFACE
B S|12E (6R SHAPE)
E~_L, , A~v® 2 EA CoNSTANT

The electric flux is the same as in (a): The
magnitude of the electric field on the surface i\“’
as g as in (a), but the area through which the
field “flows™ is 4 time:

© 2020 Pearson Education, Inc.



(a) No charge inside box, (b) Zero net charge inside box, (c) No charge inside box,
zero flux inward flux cancels outward flux. inward flux cancels outward flux.

+0 — Uniformly
\E charged

sheet outside
E=0 \ the box
\ +q@ / > 4 \
Q- \E
f “\‘\

|[E NO CHAX GE INSIDE ENCLOSED SURFACE , & =0

= ELECTRIC FLUX O

FoR O NET CHARGE IVSI\DE ENCLOSE SWR FACE E+0
= NET ELECTRIC FLUX ©

[F CHARGE |S OWISIDF ENCLOSED SURFACE ,?%o
= NET ELECTRIC FLUX O (FLOWS [N AND OUT)

ALL THE ABoVE APPLIES TO ANY CHARGE DISTRIB TN
AND ANY ENCLOSED SURFACE,

CALCULATING ELECTRIC FLLX
FLWLXY OF A4 WNIFORM ELECTRIC FLELD

_ IF E (S PERPENDICULAK To A SURFACE A

N
— 24 FLux &g =EA
]2 @lsAncts Betwetw E AND PERPEUDICULAR
t > C "
TO A
\ QSAA b “EAcos® =E A =EA,
A=A% A= NoRMAL WN(T VECTOL (ourWARD)



IV GENELAL
=
dp <E-4
E,A cAn BE FIOLTE BWT ¢ CAN BE O,

)% buuns[% m’-l

FLWX 6F A NONWMNIFORM ELECTRIC FIELD
|F E IS NoT UVIFOKM oR A |S PART OF A CURVED SUREACE

Pe ’jlf%ﬁ\ :flf cosBeld =[E) LA S ULFACE
INTEGRAL

[3exAMPLE INv Book | Dp 22.6

G-AUSS 'S LAW
EQUIVALENT, OR ALT ERNATIVE TO COoULOMB'S LAW.

PolvT CHANGE IWSIDE A SPHERICAL SUEFACE
£=_l A=A, 4 R
GT€, % !
b = Eo—) - | r RL{,& A
t A 4ﬂ€6—%ﬁ- (R _é:

POILT CHARGE INSIDE A MoNSPHERICAL SULREACE
= D
$g =OE-d4 =4,  AvY EACLOSED SURFACE
€

CLOSED
ELECTRIC ELELD LINES CAN BEGIY O® EUD INSIDE A4 KEGLON oF
SPACE oMLY WHEN THEELE IS A CHARGE IV THAT REGIOV .



GENERAL FORM OF GAUSS'S LAW

- D
b = [EedA = Qewu & ToTAL ELCLOSED CHARGE
) <.
TotAL
FLELD

THERE MIGHT BE CHARGES INS|IDE AND OWTSIDE THE
SWRFACE . GAUSSIAN SILRFACES 4RE IMAGINARY .

APPLICATION OF GAUSS'S LAW

WHEN 40 EXCESS CHARGE |S PLACED ONA SOLID CONDUTOR
IT RES\DES ENTIRELY o8 THE SUrRTACE .

THE ELECTRIC FLELD |0 THE CoNDUCTOR LS O.
Cb BXAMPLES IN BooK| Do 22,18

CHARGES oN CONDUCTOKRS

FIELD AT THE SURFACE OF A CONDUCTOR.
E IS ALWAYS PERPEN DICULAR TO SURFACE

E, =X N LARGEST WHERE CURVATUKE LARGEST
e"0

SHoW FlG 22.2F TARADAY CAGE






ELECTRIC PsTENTIAL
wo RK, ENERGY , ELECTR\C POTEWVTIAL, VOLTAGE
ELECTRIC POTENTIAL ENERGY  AnGle 4T

EVERY PoINT
WORK DO/\IE RY A FORCE /A-LOAJG’ PATH b

Wasp = JFOA»@ jE’COSSZSo{,Q a

LEA/(}TH ELEMENT ALONG PATH
|F THE YWOoRK IS con SERVATIVE , WoRK DONE BY E CAN BE
EXPRESSED INTERMS OF POTENTIAL ENER GY.

Wasy = Ua— Uy = “(ub‘ma) = -4AQ

WoRK ENERGY THEORM  —Au=4K

AK = Ky Ko  CHANGE N KINETIC ENERGY
AK =-0U o6R AK+tAU=0

Kat Ug = Kpt Uy

ELECTRIC POTENTIAL [N A UWNIFORM FIELD

. t + E CONSTANT
E‘PIL; e ldp BT Fy =79.F
b'\/E’ y 4 E DogS WORK 0N c]/a

. T V\'q—>b“F0l‘150{7°aL
%,E d ALL HAVE SIGNS

IE THE WORK DoES N6T DEPEND ON THE PATH THE FORCE(S
CoNSERVATIVE. WORK DoNE BY FLELD (S IADEPENDE AT OF
PATH.



POTEENTIAL ENERGY FOR ELECTR\C FORCE [ = ~1EG LS
W= 90 133
WORK DONE IN MOVING FROM HEIGHT 4o Toyy
Wasp -~ TAUW =- (Up-Ua) = _(CV Eyp- 7/05501)
= 9 E (3a~ﬁb) = io EA 4
6PPoSITE FOR NEGATIVE CHARGE
POTENTIAL ENERGY OF Two PolwT PARTICLES

5 p F.=_| 0
;\ r\ : 4]160 iﬁz
] —
o 7z F IS NOT ConSTANT
@ﬁq o—> )
% iz
|F THE D\SPLACE MENT |S RADIAL
Fp "y
Wa sp zJ Frdvr = | L o A = 19 1 “-l——>
; YTes v*© Gre, \ra Vo
Va a DEPENDS ONLY ON EAD ROINIS

FOR A MORE GEWERAL DISPLACEMENT

ro o
Wa 5 b =fFCos¢oW, =j ‘ flz‘%%cossﬁolﬂ
Va

“T e,

ro

-~ cosp d2 :%r
THE FORCE ON g, |S CONSERVATIVE

Tl

PoTEVTIAL ENERGY W =
i FAL u< L

r+= r

’ 9 %o
YTE, Ty



POTENTIAL ENERGY (S DEFINED RELATIVE TO A REFEKENCE Powr
WHERE L0 = > W >0 (S ReFERENCE PoivT-

)

POTEVTIAL |S 00T A PROPERTY OF THE CHARGE ALovE.
(LEXAMPLE 1¥ Book) Do 234
ELECTR|c POTEWNTIAL ENERGY WITH SEVERAL POINT CHARGES

WE CAN REPRESENT ANY CHARGE DISTRIBUTlow AS A

COLLECTION OF PolNT CHARGES.

Fok GVERY ELECTRIC FIELD DUE To A STATIC CHARGE

DISTRIBYriow ,THE FoRCE EXEnTED BY THAT FIELD [S
CONSERVATIVE

CHO0SE W=0 AT |NEINITY.
POTENTIAL ENERGY TO ASSEMBLE ALL THE CHARGE S

U= 5 9:
R é<r7‘iLV_§Z;L

INTER PRET(N (- ELECTRIC POTENT AL ENERGY

Two VIEWS

Ua-Up WORK DWE BY ELECTRIC FIELD WHEN PARTICLE
MOVES FROM o« TO b

Wa- W, WoOLK DoNE BY EXTERVAL FoRcE WHEN MOVING A
PARTICLE FROM b To o |0 AN ELECTZIC FIELD.



(L EXAMPLE IV BoOK )

E LECTRIC POTEWNT(AL
POTENTIAL |S THE POTEVTIAL ENVEKRGY PER UMIT CHARGE .

Uikl = Ul or Wlx) = g,v(x) uwns[ 1 Cv]
7/" VOLT

WoRr K PER UNIT CHAKXGE
Wa>p = “Alk = ’(’{/L’h _ﬂ_> ~(_vb—'\/a> = Vq"‘ \jlo
ZO

Vo =Vp= Vap POTEWTAL OF a WRT b (VOLTAGE)

0

Vap EQUALS WorK DoNE BY ELECTRIC FORCE WHEN UNET
CHARGE MOVES FIoM a TO b,

Vab EQUALS Wokk THAT MUST BE Dont ToO MoVt WWIT
CHARGE SlowlY FRoM b TO a AGAINTS THE ELECHRIC FOCE.

CALCULATING E LECTRIC POTENTIAL

PoINT CHARGE V= Tf’e_j“ INDEPENDENT OF TEST CHARGE
A\

COLLECTION OF POINT CHALGES V= _| Lme Zj_

ConTINOUS CHARGE DISTRIBUTION V= [ ds

LE THE CHARGE DISTRIBUT (0N EXTEN DS TO //\)FM/LT7 CA)
NOT TAKE V=0 AT INVFWITY,



FINDING E LECTRIC POTENTIAL FROM ELECTRIC FIELD

b b /

= — N = %”
Waoy = JFdZ = [ 4, EodT @

" b Ja l L f4g
— >
Ug=Vy = [EodZ = [ EcospdL @ —
a

a l/7,:5
PosITIVE CHARGE TENDS TO MoVE EroM 4 HIGH PoTENTIAL

To A Low PoTENMNTIAL .

E LECTRIC FIELD UNITS [N/l oR WSWALLY CV/m]

ELECTRON \JoOLT
DIEEERENT UNIT OF ENEKGY

ELECTRONS ARE CoMMoW,

e = Ltozxio e CHACE MAcnITUDE

Ug —Up = GLCUa ~Vp) = 9, Vay

ok \/ab" =13 /c

W Cl (o1X107')(17/e) = lLbozx (0™ 2T = eV

WSEFUL UN(T Fol OTHER FoWMS OF ENERGY  SWCH AS

KIVET\C ENEKGY.
(5 EXAMPLES |80 BOok)

CALCULATIN (- ELECTRIC POTENTIAL
CALCULATE PoTENTIAL DUE To CHAKGE DISTKRIBUTIONS



LON [Z ATIo AND CORONA DISCHAKGE

onvcE AR MoLECLES BECOME |onlBED , AR BECOMES A

ConvpucrokR.

DIELECTRIC. STRENGTH OF AR 3 X(0*\V/m

CORONA DISCHARGE — RESULTING CURRENT A&D ASSOCIATED
GLow

SMALLER RADILS OF CURVATURE - DECREASES THE P6TENTUL

v = & HMTED Fok CORONA DS CUtARGE

(4 EXAMPLES 1N BooK)

EQUAL POTENTIAL SUKFACES
A 3D SWLFACE oM WHIAT THE ELECTRIC PotENTIAL Y

IS THE SAME AT BVERY PolvT.
EQIMPOTENTIAL SURFACES FOR DIFFERENT POTENTIALS

CAN NEVER. TOUWCH OR JNTERSECT

EQUPOTENTIAL SURFACES Aab FIELD LINES
FIELD LINES AND £ Q UIP OTENTIAL SURFACES ARE ALWAYS
PERPENDICULAR .

(SHOW MY FIELD MAPS)

E@AIPOTENTIALS AvD CoNDUCTORS
WHEN ALL CHARGES ARE AT KEST, THE SULFACEF oF A
CONDILCTOR [S ALWAYS AN EQUIPoTENT AL SUKLFACE.

WHEN ALL CHARGES ARE AT }QEST/TI—LE ELECTRIC FLELD
TUST OUTSIDE A CONPYCTOR MUST RE PERPENDICULAR TO



THE SWKRFACE AT EVERY polnT.
T (S PENPENDICULAR To SUEFACE AT EACH PowT

WHEN ALL CHARGES Ang AT R%T, THE ENTIRE VOLUME OF
A CoNDUCTOR S AT THE SAME POTENTIAL.
— EQUIPOTENTIAL NOLUME  E =0 WSIVE = No Forcs
= Np WoLZ K = POTENTIAL
c;oNSMWT
POTENT AL GRAD[AA)T
CALCULATE T GIVEN V. V,-V, —j AV F—Jotv
b Tugw IWTEGRAL EQUATION Jarto

Vo -Vp = JEode
a” b { DIFFERENTIAL EQUAT low

E=-Nv| V= GRADIANT ; UV PoTENTIAL GRADIAVT

E 1E(x Y 2) V=Vlx,q,2) [N CARTESIAN CooRDINATES
— A A
E=ixltEy) ¥Ezk , VIS SCALAR FuacTlow
vV = (M_H‘Q_Jrﬁ_a,) 6 PELATOR
9 X 9\»] 22

o VU= TV L1V 4V IS VECTOR

2¥% 3\&3 Sz
AND Ey= -3V | E4=-2V | E;=-9YV  3-EQUATIoNS

X Bj 0%

RECALL PARIIAL DERIVAYTIVE
2 =d
2 x d Ly, 5 costavT

—

FOR RADIAL ELECTRIC FIELD Er= -2V 3 E=-2Vp
v v



DENIVE U EROME = INTEGRATION
DERIVE E FIROM V = DIFEEVENTIATION

(2 ExambLes v BooK) Do 23.26



CAPACITANCE AND DIELECTRICS
A CAPACITOR SToRES ELECT RlC PoTENTIAL ENERGY AND

CHARCE.

CAPACITORS AND CAPACITANCE

CAPACITOR. = ANY 7. CONDUCTORS SEPARATED BY AN
INSICATOR. (oK VACUUN) .

THE NET CHARGE 0N A CAPACITOR |S €EKO.

ONE SIDE CAVRI(ES CHARGE + @ , AND THE OTHER - Q).

Hol= =% uwrs L—%—} = [El FARAD
ral l-q Valb

CALCULATIN G CAPACTANCE @ CAPACITORS [N VACUUM
PARALLEL-PLATE CAPACITOR .

ARGA A  SEPARATION d .

CHARGE |S DISTRIBUTED UnNIFoORIMLY

ELECTRIC FligLD BETWEEN PLATES CONSTANT.
E= =1L Q ;\fab=Eo(=_eLo.%o{

—

60 eo A’

Vb A

CAPACITANCE DEPENDS omlY oN GEOMETRY,
CAPACITANCE IV AIR ABOUT THE SAME AS VACWWUH .

(Y EXAMPLES IN B6oK) DO 24.10



CAPACITORS N SERLES AND PARALLEL
QAPAC(TOV(S IN SERIES
THE MAGNLITUDE OF CHAKGE

Jﬁ{ M }_L ow ALL PLATES IS THE SAME

Vac/?’ vl :_62— | \}Lb;vb :Q_ )\/qb:\/—‘-\}l-k\/?,

C Ce - Q _L-‘FL
C[ CL
V=_1l, 1L =1_ EQWVALENT CAPACTANCC
& Cl C—L C_e?/
_ L. .
c\,ey i % RIS A

CAPACITORS |N PARALLEL
oo THE POTEUTLAL DIFF ERENCE
tQ [+ Qe ACROSS ALL INDIVIDUAL

C,—— Cp——
S P Y CAPACITORS |S THE SAME

o b

Q,=CV ,R25CV , Q=Q4Q, = (Citc,)V
Q@ = C tC~ ,c% E&mvﬂrwm CAPAUT ANCE
Vv

(2 Emwwj W Bool) Do 24.20



ENERGY STORAGE IN CAPACITORS AND ELECTRIC ~FIELD EVERGY
CONSIDER CRARGING A CAPACITOR

V= @ FIWAL VALLE ; INTERMEDIATE VALLES =9,
c C

WorK REQUIRE T6 CHARGE CAPACITOR = ENERGY STOLRED
dw = ardq =_?L,0Lfi/

VoLl

u=8&° =1L cvi- 1 QV AwY Two oF (@, V,c)
2¢C 2 2
ALSO WOKRK DowE BY ELECTRIC FIELD on CHAKGE WHEN

CAPACITOR DISCHANGES

—

\l
o%i

B
C

APPLICATIONS OF CAPACLTORS = ENEKRG T STORED
ELE cTHRIC -FIELD ENER(GY

THINK OF THE ENERGY AS STORED [N THE FIELD
BETWEEN THE PLATES

EVERGY DENSITY  w = {iLcV”
“Ad

FOR PARALLEL PLATE cAPAciTOR C= eoﬁ_ V=Ed

Y

soowz €A ElT s le,E°
LAL® z
TRUE FOR AVY CAPACITOK N VACUUM ANy ANY FLELD

CONELGURATIOL 1N VACcUUM .
EMPTY SPACE CA4 HAVE EWENGY .




[FLECTRIC FIELD BngpGY = ELECTRIC POTENTIAL ENERGY .
VIEW AS ENEWGY DUWE TO A SYSTEM OF CHARGES
= ENVERGY 0F ELECTIZIC FLELD THE CHAR(GES CREATE.

DIELECTRICS
DIELECTRLC = NoN CondUCTING MATER AL (CAV BE Polangsy)

1) PROVIDES MECHANICA L SEPARATION BETWEEN
CONDUCT|NG PLATES,
2) ALLowS HIGHER POTENTIALS REFORE DIELECTRIC
BREAK DowWN (lov|ZATIoNn THAT PERMITS CONDUCT Low).
3) CAPACITANCE |5 GREATER (V CAN BE MADE SMALLER
FOR SAME CHARGE Q.

CONSIDER A CAPACITOR WITH AND WIiTHoul DIELECTRIC.

Q SAMF ON BoTH CAPACITORS.

Co=Q/V, No DIELECTRIC | C=Q/V WITH DIELECTRC

X.=C = DIELECTRIC CoNSTAVT (PurtE NUMBER  UVITLESS)
Co

K =\ Eor VAcuuM CAnp & For ALR)

Ko > 1 For MosT DILELEcTIRIECS

AND V=V, REPUCED
K

ALWAYS SOMF LEAKA GE CARRELT.



INDUCED CHARGE AND POLARIZATION
ALSO E =E, FoR CONSTANT Q

K
|[F E DECREASE T DECWRE ASES

// But Q S CoNsTAnNT.
//// = INDWCED CHARGE Iv DIELECTRIC
SURFACE REDUCES Y~
CHARGES IN DIELECTRIC. ARE
REDSTIBUTED = PolLALIzATION

17 |v, 4| -

DILLI:C;H?IC/

T, = WDUCED SWRFACE CHARGE DENVSITY.
E, = JBETY @ = VL“«“’(L‘—L)
Co Co

E = ke, PERMITTIVITY OF DIELECT RIC

oo E =X
c
IT FoLLowS C= X =Xe A =¢ A
L L
w=1 XE,E- =1 cE®
2 2
(2 EXAMPLES [N Book) DO 24.34

DIELECTRI\C. BREAK Down)

M OLECULARL MODEL OF |NDUCED CHARGE

GAUSS'S LAW IV DIELECT RICS

}ggod-j - &LgmceL—FmEE)




CURRENT , RES|STANCE ) AwD ELECTROMOTIVE FORCE

WILL DISCUSS CHANGES IN MoTloa

CHARGES MovIVG IV A4 CLOSED LooP (S AN ELECTRIC CIKcUT.
CURRENTS TRANSFER ENERGY.

CURKENT
CURRENT = MoTion OF CHARGE .

—

IV ELEcTROSTAHCS E=O0 =1 =0
BUT ELECTRONS ARE 1N RANDOM MoTION | Arg ~ | 0°m/s.

EoR STEAY E , iy ~l0™ /s DRIET VELOCITY,

THE DIRECTION OF CURRENT Flow

T DoES WORK O MoVInG THE CHAKGES.

KINETIC ENERGY TRANSFERED TO VIBRATIONAL ENERGY
OF MATERIAL = MATENIAL HEATS UP.

T =d4& NET CHARGE FLOW THRU 4REA A
ot (CONVECTION CURR ENT)

T PosITIVE FoR POSITIVE JLQ THRU AREA.

CURRENT [S NoT A VECTOKR |, BUT tAS A SIGN.

WNITS [&1 = 04\ AM¥PERE
S
CURRENT | DRLFT VELOCITY | 4uD CRREWT DENS(TY
T=d@ =nlgluy A Cm=310cAlm/s1Cm*] =Cc/s)
ac - rT

W= NUMBER OF CHARGED PART\CLES PEKR UwIT VOLUME
(PARTICLE CONCENTRATON ) [ wm=3]



J = CURRENT DENSITY

L
A

VECTOR CURLEVT DENSITY ’j:"'VL‘[,’l_}ot

N

T s v THE SAME
/N
[F %(O) A/;o(:"E

DIZECT oW AS E

—

J [S A4 VECTOR AT EACH PolnT.
T HAS SAME VALWE EVERY WHERE (N wlkE
(1 EXAMPLE IN BooK)

RESISTIVITY
T LE OoHM'S “Law”.
RESITIVITT p =E

[DEALIZED MoDEL-

=
UN LT S Mém_lz [_y_ml: Cawm) L= 0HM
A/m® A
CONDUCTIVTY = |
IO

P 0 GooD CoNPULTOR

p — 2 GooD INSWATOR

G00D ELECTRICAL CONDUCTORS ARE USUALLY GO0D
HEAT CoNDUCTORS,

RESLSTIVITY AND TEMPERATWLRE  (a) b
etal: Resistivity increases
p (T) = P" [: | + K CT"TOJJ with increasing temperature.

T, = REFERENCE TEMPERATURE Po %ope = po

T2T,0R T<Ts TTe=0°0R20°]

T

0 T,



fo :F(T)
A = TEMPERATURE COE EFICIENT OF RESISTIVITY
(PROPERTY OF MATERIAL)

(b) P SEN| CovPUcCToRr
Semiconductor: Resistivity H lG—H E }Q TEM )0 EMT ME
decreases with increasing

telnlz?l‘zlttll‘e. Cr. EATES MoRE F@EE CHARGE
: CARRIERS,

() P Superconductor: At SUPER CoND UCTOR
temperatures below T, RESIST IVITY BECOMES 2ZERD

the resistivity

is.jy BELOW SOME CRITICAL

TEMPERATURE .

.

ol T

C

RESISTANCE
E =pJ, FOR ConDUCTOR
p s COUSTANT FOR OHM's LAW.
DEPENDS ON PROPEVTY OF MATERIAL .
I,V ARE MorE USEFUL
DEEING RES|STANCE R=V  ALWAYS TRWE BUT kR NEED
T NOT B F CONSTAMNT.

FoR WIRE, v=EL AUD T=34 = R=EL -pL
TA A

DEPENDS ON MATERIAL PROPENTY AND GEOMETRY.
S V=LK IS OHM'S LAW.



INTERPRETING RESISTAVCE
RCT) =R, [1+2(T-To)]
A = TEHPENATURE COEFFICEVNT OF RESTANCE
= TEMPERATUNE COEFF(CIENT O RESISTIVITY.

(2 EXAMPLES FROM BooK) Do 25.18

ELECTROMOTIVE FORCE AMD CIRCUITS

FOR A STEADY CURRENT , A ClRCAUIT LoolP 15 NEEDED.
RESI\STANCE CAUSES POTEVTIAL To DECREASE,
NEED SOURCE TO JNCREASE POTENTIAL BACK WP SO
ITS Z2ERO CHANGE AROUND THE LOOP.

ELECTROMOT|VE FoKce

ELECTRO MOTIVE FORCE (emf) & MAKES CURRENT FLOW,
FROM 4 LowER POTEMHAL To A HIGHER POTEATIAL .
EVERY CIRCWLT NEEDS A SoURCE FOR CURREMNT TO
~low .

NoT Fowce (ENEKGY PER UNIT CHARGE )

Vab = & OPEN CIRCULT (FoR |DEAL emdt)

E = Vap =1KR CLOSED clircult (FoR 1D EAL emf)

INTERNAL RESISTANCE

Vay = E-v L | v = IwTERNAL RESISTANCE OF emf
Vb = TERMIVAL VoLTAGE

Vap =& FORT=0 (0PEN CIRCUIT)



Eok SoWRCE WITH |NTERNVAL RESTANCE

&‘V‘.E :IR = N c
R4

SYMBoLS FoR CIRCWUIT DIAGKAMS

4+||‘_ , AW, —ConDUCTEER WITH
& R NEGLLG-IBLE RESTANCE

AMMETER (ZERO0 RESISTANCE)

VOLTHETER (INFIWITE RESISTANCE)

[DEALIZED METERS DO NoT DISTURRB ClrcllT THEY ARE
MEASURIN G

( EXAMPLES IN B0OK) DO 1528

POTENTIAL CHANGES AROUND A ClRcu(T

THE VGT CHANGE [N POTENTIAL AROUND 4 CIRCULT S €GRO.
ANV ygr=0,E=PoTEVTIAL GAIN |, TR = PoTENTIAL DROP
Vap = Va= Vb

ENERGY AND POWER IN ELECTRIC CIRCUITS
POTENTIAL ENERGY CHANGE gy dQ = VapT ot
TIME RATE OF ENERGY TRANSFEKR = Powkk

p= \/abOLQ :\}abI
At
POWER DELIVERED TO OR EXTRACTED FROM ELEMENT .

Vb = VILTAGE ACNOSS ELEMENT .
I = CUPlRrEeNT THRW ELEMENT .



nes [][5] (3] =50 wem

PowER INPUT TO A PURE RESISTANCE
\/oLZ(o

R

T*R Go€&S INTO RESLSTOR HEAT

P:VabI :I-LR =

PowgRr ouTPut OF A SOURCE ;L_l}:_
P=VapT ;| Vap =&-Lvr => P =ET-1r
I GOoEsS T0O HEAT

s T GOES To BEST oF clRculT

P=¢1-T* QUADRATIC IV T, } MAXIM UM PoWER
P ALSO QUADRATIC 1N R CAN BE CALCULATED

POWER IVPWT To A SOURCE e
Vap = &4+ 1r (REVERSE CURRENT) Lt
P=VapL =€T +L % CHARGIN ¢
I % GOES To HE4T

¢ T GOESTO emP

(3 EXAMPLES [V Book) Do 25.3%

THEORY OF METALLIC CONDUCTION



T E-TIr=1TRKR =Vg -6
‘ o a \ €= T(Rty) e
R
P=VapI =(E-Iv)L = pT1%-ETYP=0 TWo CURRENTS,

DIFFERENTIATE WRT T = I (= r=g)
r

Pray = fr INDEPENDENT 0 F R

P=T2%R = £k  TWO0 RESISTANCES

(R+r)*
o=¢ 2 l _ 2R
[UZW)L U2+r)31

U

D [FEERENTIATE WRT R

0 _ L
0o R:V\ J PMA’X _’_,E_ :._E—



DIRECT ~CURRENT CIRCUITS
DIRECT CURRENT (DC) VS. ALTERNATING CURKRELT (Ac)
Dc. = cURRENT DoES NOT CHANGE DIRECTION WITH TIME

RESISTORS N SENIES AND PARALLE
SERIES = SINGLE CURRENT PATH THRW BoTH CoM PowenTsS |
PARALLEL = CURR ENT CAN SPLIT BETWEEN Tw( PATHS.

RESISToR NETWORK CAY BE REPLACED BY EQUIVALENT
PESISTANCE GINING SAME T Aup V.

o b Var=TRe
— Reys = Vab
E— —> e a
. | N VT

RESISTOR NETWORIC

LESISTORS JN SERIES
l _

Vi, =Ry 5 Vror = 4 Vi y = le LR = IZ}R,‘, ZIRCZ
% A v

ooo K%:§:RL {,Ze(t >RL)

RESISTORS [N PAX ALLEL

Ly = Voo Irw=$IL=$—@‘U°&bZ\J”M

RL v v Ry v ey
ool =8 L= Ly Ly (Key <Ry
Reg, ! Ri Ry ' ‘ez,Jr €¢ 2

Morg CURREWT Flows THRW THE PATH OF LEAST RESISTANCE.
(2 EX4MPLES IN BooK )



KIRCHHOFF'S RWLES

JuucTlon = POWT N CIRCLIT WHERE THREEF oR MORE
ConbUCTORS MEET

LooP = CLOSED CcombucTw( PATH,

TuHCTION RULE: 5, T=0 SuM oF CURRENT WTO A JUNCTION,
> CONSERVATION OF ELECTRIC CHARGE.

LOoP RWLE = 54 V=0 SUM oF POTENTIAL DIFFER ENCES
ArounD LooP.
= ELECTROSTATIC. ForcE S ComnSERVATIVE .

S|IGN COuVENTION FoR THE LOOP RULE
CARRENT FLowS FPoM HIGHER. POTENTIAL To LowWER PoTENMTIAL.

ASSUME DIRECTION) OF CURRENT

—/”L — N\ AL—
———>= TRAVEL ——= TRAVEL
t & IR

(5 EXAMPLES /N Book)

ELECTRICAL MEASURING INSTRUMENTS

AMMETER

CARRENT FLOWS THRUY AMMETER = CoVNECT [V SERIES
IDEAL AMMETER. HAS BERO RE SISTAVCE



VOLT METEK.
VOLTAGE ACWKOSS CIRCULT = CONNECT |V PARALLEL,
[DEAL VOoLTMETER HAS INFUWITE RES(STANCE

AMMETERS AND VOLTMETERS [0 COMBINATION
OH MMETERS
THE POTENTIOMETER

R -C CIRCUITS
CONSIDER A TIME DEPENDENCE N A CIRCU|T.

CHAR GING A CAPACITOR.

(a) Capacitor initially uncharged (b) Charging the capacitor
Switch -
= o c
+I= e +{= .é
: When the switch is
i closed, the charge
on the capacitor
increases over
i =0 q=20 I s T4 —q | time while the
AAAA || AAAA || current decreases.
a R b C a R b C
©2020 Pearson Education, Inc. C ©2020 Pearson Education, Inc. C

{<0’L:O’OL:O

L =0 ,0+0 =5 (DscowTiwuous) I, =
R

Nogp = & 7/U"bc.-:o
£ /IIZBITA}}ZY) Nab =0 R 7/\)’00:‘&—
C

i)
R

Nab %/U_bc,:a



£ 00,0 =0

(a) Graph of current versus time for a
charging capacitor
i

Iy

The current decreases
exponentially with time

lp/2 [ ==—~= as the capacitor

Ifef=======% charges.

-€/ke
e

-t
=T, e /42c.

TIME ConsSTANT
T = KC

DISCHARGING A CAPACITOR

(a) Capacitor initially charged

Switch
open

" —

+ —
i— 0 Qo Qo
a R b | | c
©2020 Pearson Education, Inc. C

e<o’(7/$Q0)(',:O

N O
em-f

/U—a,b:07/U-DC/‘:6:QL

C

(b) Graph of capacitor charge versus time for a
charging capacitor

q
D [
Oy/e
____)|/____ The charge on the
Q2 ————— I capacitor increases
: exponentially with
: time toward final
| value Q.
y t
o RC

. CE(1- R
- Q_p (l— e:-é/lZC_)

CHARACTERISTIC TIME OF ClRculT

(b) Discharging the capacitor

i

—

A A A& || over time.
a R b c

Switch
closed
When the switch is
i closed, the charge
on the capacitor
and the current
+g —q both decrease

C

t =6 19,7 Qs t=1,=-Q, /RC DISCONTWOUS



(a) Graph of current versus time for a (b) Graph of capacitor charge versus time
discharging capacitor for a discharging capacitor

The charge on the capacitor
decreases exponentially as the

The current

_—110// ; T decreases exponen- Qy/2F-———- capacitor discharges.
0 tially as the capacitor Qe ———=77~ |
discharges. (The current is I
negative because its direction ; t
_20 is opposite to that in Fig. 26.22.) . 0 ke
—t /K
b=iq_/.——~@n C":t/ﬂc cdeb
d+ R
~  —t/ec
=-1loC
POWER CONSIDERATIONS < S¢ =i R 19,
(WHEN CHARGING DLSSIPZTED C S sTorgp

BATTARLY ENENGY —> Yo STORED [0 CAPACITOR
+ Y2 DissipaTeD [N ReslSTor
PROOF - INTEGRATE ovgfe TIME T0 GET ENERGY

Qp
emd af Ay =2 dgdt =€ dy=2ap
00Lf 0

or ezdje‘é/’“ote el RL-EcR @ =£Q
&
}0 ‘? 1 of
oo 1 = =
CAPACITOR E,Dq, At _goq/w&lgolf %,{7/0{7/
. QZ (N



N
~t/le "é/'ZC
ok L Q Q c-RC
L@ T, [(e ) it L, (Rege)
0
- Q@ € RS =gt V
c R =z z
T 7 24/,
REsIsTor = R | it =R I} [ 7% -1 Re
s
0 0

T CAN NOT SOLVE IT IN GENEGRAL X

FINAMLLY TQp =EQp +EQ¢ [MDEPENDENT OF K C.
2

2

PowWER DISTRIBUTION SY STEMS
CIRCWT OVERLOADS ANVD SHORT CLECULTS
HOUSEHOLD AXD AUTOMOTIVE WIEBING



MAGNETIC FIELD AND MAGNETIC FORCES

NEED MOVING CHARGES (CURRENTS),

FIRST STUDY RESPONSE T0 MAGNETIC FIELD.

(NOT WHAT PROPUCES THE FlELI

MAGNETISM

PERMANENT MAGNETS (MAGNETIC POLES).
MAGNETS INTERACT WITH EACH OTHER.

OPPOSITE PoLES ATTRACT . SAME PolES REFPEL.
MAGNETS INTERACT WITH NoN-NAGNETS (METALS).
MAGNET ATTRACTS NoN-MAGNET REGARDLESS OF PoLE.
THE EARTH 1S A MAGNET

BAR MAGNET NORTH PoLt POINTS T0 GEOGRA PHIC NorIH.
For EARTH MAGNETIC NORTH [S CURRENTLY
GEoGRAPHIC SoUTH.

MAGNETIC POlLES VERSWUS ELECTRIC CHARGE

NO MAGNETIC MONoPOLES.

PoINT CHARGES ARE ELECTRIC MOMOPOLES,

MAGNETIC D] POLES ARE MOST FUNDAMENTAL.

COMPASS |S EFFECTED BY NEARBY CURRENT
CURRENT GENERATED BY MoOVING MAGNET.

THIS LED TO UNLFICATION ELECTRIC AND MAGNETIC
INTERACTIONS —> [FIELD THEORY.



MAGNETIC FIELD

STATIC CHARGES CREATE EAFIEL&

MoVING CHARGES CREATE € AND R FIELDS.

E FIELD CREATES FORCE ON CHANGED PARTICLE.

B FIELD CREATES EolclE ON MOVING CHARGED PARTICLE .
E =E ()c)cj,%) , E =E Lx,j):g) ARE VECToR FIELDS.

B DIRECTION |N WHICH NorRTH PoLE OF COMPASS NEEDLE
POINTS.

THIS CLASS STUDIES EFFECT OF A “GIVEN" FLELD

MAGNETIC FORCES ON MOVING CHARGES

-~ AN s~ s 2

F—,CL/T;XB F,4,B ALL PERPENDICULAR

Tf unvits [Cnl = [_ 0. T=CTd TESWH
Ccalmls) 5

ov LG\ GAUSS =lo 1T

<o el POSITIVE CHARGED PANTICLE

B ,
X X X X X X x/x’ X
v

/”
-

x@yjﬁf{x—je—x—%——x—%mthz @) CHA’QG‘ED PAQTICLE

-~

~
X X X X X XX X X

~
~

xxx><><><><\><\><

X X X X X X X x\mpathg NEGATIVE CHAVZGED D/“ZT[C/LE



MEASURING MAGNETIC FIELDS WITH TEST CHARGES
IN GENErAL

E :OLCEJrfrx’é) LorEnTE FoRCE

BASED ON EXPE R IMENT.

EXAMPLE IN Book |, 2¢.8

MAGNETIC FLELD LINES AND MAGNETIC ELUX
MAGNETIC FIELD LINES ALWAYS EORM CLOSED LOOPS
MAGNETIC FIELD LINES HAVE NO EANDS.

@ FIELD LINES W DIRECTION 0FF COMPASS NEEDLE .
% E/ELD LINES NoT [N DILECHON OF F.

FIELD LINES NEVER CROSS.

X FIELD ITOo PAGE

o [FLELD ouT OF PAGE

it/thoRM IN MAGNE T
B AROUND CURRENT CARRY NG WIRE .

MAGNETIC FLUX AND GAUSS'S LAW FOR MAGNETISM
MAGN ETIC FLUX

bg = [BedA = [Beos@oh=[ B oA
W ITS E%thmja[_r\_qu_js CwhbIWEBER (= CTICm4])
GAUSS'S LAW FoR MAGNETISM

S D
5§B°aul =0 No MAGNETIC MONOPOLES



MAGueTIC FLELD LINES ALWAYS FORM CLOSED LooPS,
BoTH NorTH ANDO SoUTH PoLES |USIDE THE SUWRFACE
= N0 NET MAGNETIC “CHARGE "IN SUWRFACE.

bg = [RdA;, S B-= 05(23 FLyk PER uwLT AREA

L
SOMETIMES B CALLED MAGNETIC FLUX DENSITY.

| EXAMPLE [N BOOK

MOTIoA) OF cHARGED PARTICLES IN 4 MAGNETIC FLELD
MAGNETIC FORCE CAN NEVER DO WokK oN A PAITICLE.
Fok A MAGNE Tl FLELD GALY, PARTICLE SPEED (S
CONSTANT -

E LT = cav LY CHANGE D IRECTION .

(a) The orbit of a charged particle in a uniform Cl KCI/\.LA R M 0oT l ON

magnetic field

(S

A charge moving at right angles to a uniform B r - l ﬂ/ I AT B = ib;
field moves in a circle at constant speed R
because F and v are always perpendicular to
each other. SIG’N OF 7/ G’I\/ES D,QEC/TIO/U

OF ORBIT.

L MOMENTUM
R =mar

ANGWULAR SPEED

w=a = vlqlB = ng
78 m A 22
[INDEPENDENT OF ar

f =W -[gB CYCLOTRON FREQUENCY
2T rm [(NDEPENDEANT OF R (08 &)




IF - LARGE RELATIVISTIC CORRECTIONS NEEDED .
( INDE PENDENCE BREAKS Doww)

This particle’s motion has components both I
parallel (v)) and perpendicular (v, ) to the I F s SOME O MPO NENVT
magnetic field, so it move$ in a helical path. _ o
, PARALLEL TO B
UJ_ \/ 6

IV
@ \\x
z q\\\ lﬁ
AN~
B VARING B
lEL
‘ ,ﬂ& FLELD
=t 48 VAN ALLEN
— 1 HEE rapwrion
T % V
/ RELTS
Coil 2
s CREATION OF ANT| MATTER

Path of
incoming
gamma ray

Hydrogen
atom

Slow-moving Fast-moving
electron electron
<0 <0

2 EXAMPLES | Book



APPLICATIONS OF MOTION OF CHARGED PARTICLES
(a) Schematic diagram of velocity selector

@Source of charged particles \/ E LO Cl T\[ 5 ELEC’TO ’Q

S LN
By the right-hand rule, ~ F (SO ﬂ/ E

%4
| |
| |
%
S @Q
|
AN |
X

the force of the B field

X[ T+ | X on the charge points to - _ ~ AN
) 'xai J | B theright ——> Fg = C[//U“XB

1 E: + The force of the E field o
XX 1 AL || X on the charge points to = —

I : i the left. r:g'\—FB—’O FOR CJ_{/:“ZG'b’D
X =4 | <
< B : | For a negative charge, N O p/Q’}Z,T LCL L: S TD

: the directions of both

« LX : i w«  forces are reversed. D E,[; LEC/T l ON EL SCA' pE

F=9v8B = 4=
45 =9 =

(b) Free-body diagram for a positive particle

Only if a charged
Frp = gE . Fp = qUB particle has Uc: E/B A NY CH /4 QC}‘E

do the electric and magnetic
o forces cancel. All other
particles are deflected.

©2020 Pearson Education, Inc.

THOMSON'S e /m EXPERIMENT

Ly 2
Iimau eV
2

= (220)"

l Electrons travel from the cathode to the screen.

% Electron beam §

Between plates P and P’ {hcu, \\ /// ]

are mutually perpendicular,
uniform E and B fields.

@202 Person Ecueton, s

) L A

£

3

© ONE VALWEE [INDEPENDENT OF CATHOD MATERIAL OR

i ANYTHING ELSE — FOUNDAMENTAL PARTICLE —
ELECTIROM -



o MASS SPECTROMETER

——=s A=E |, R=ma & MOMENTUN

el B 9 B
S P Assumy g =te
with speed v. + \ I

am R A m

+£1§>I
(Fj’ztr;icctloer . B MEASM,RE MASS O[: [SOTODES
,,@ D ‘ 5 (DlF[’EREN'T NUMRBER OF Nﬁb{TQOA)S)
mz\m]\ R, /

t ,

Magnetic ll(,ld separates p 1IllLlLS b\ mass
the greater a particle’s mass, the larger is
the rudlus of its path.

©2020 Pearson Education, Inc.

MAGNETIC FORCE ON A CWRREMNT -~ CARIY|A) (- CoNDUCTOR

A F B X Ard = DRIFT VELOUTY OF
T ‘ I PoSITIVE CHARGE
v(hAk)(CbudKB)

= (n@ﬁ-w)x/fg) - TALXE =T 2XE

ST ZxB  STRAIGHT CURREAT CALRY V(- WIRE,
DOES NOT DEPELP ON SIGH) OF g (= ~q 1y = i74)
(S DIREcCTIOAN) OF CURRENT.

L6 TIL

dF =1 d2 x_é NGOt STRAIGHT WILE SEGMENT.
CURRENT MNOT VECTOP . T SAME AT ALL POINTS (A WIRE .
A2 TANGENT TO CONDUCIDR
2 EXAMPLES [N RBook.



FORCE AND TORQUE ON A CURRENT Loof

(a) (b)
The two pairs of forces acting on the loop cancel, so no net force acts on the loop.
The torque is maximal

when ¢ = 90° (so B is in
the plane of the loop).

However, the forces on the a sides of the loop (F and —F) produce a torque B
7 = (IBa)(bsin¢) on the loop. Z

N
. ’ x (direction normal to loop)
¢ is the angle R sl

between a vector
normal to the loop ...,
and the magnetic

field.

(c) o
z (direction normal

l to loop) The torque is zero when

b 0° (as shown here) or
¢ 180°. In both cases,
x Bis perpendicular to the
plane of the loop.

The loop is in stable equi-
librium when ¢ = 0% itis
in unstable equilibrium

when ¢ = 180°.
© 2020 Pearson Education, |

THE NET FORCE OMN A CURR EANT LOOD [N A UNIFOEM
MAGNETIC FLELP S 2ERO.

FORCE 6N OPPOSITE SIDTS CANCEL .

HOWEVER ) THE NET TORAUE LS NOT IV GENERAL ZEKG.
¢ = 2F (b/2) sing = (TR ) (bsine) =T RBA sng
A= AREA OF RECTANGULAR L0OOP.

LA = MAGNETIC DIPoLE MoMENT (OR MAGNETIC MOMENT)
w=IA =2 T=mBsin®

4 MAGNETIC DIPOLE IS A4) ORTECT THAT EXPERIENCES
MAGNETIC ToRQUE .

p=0 =2 17-=0

$=1r 7T =0 (WSTABLE)

b =1/ =0 =LBA (MAXIMUM)



TORKQU|S TENDS T0 ROTATE LoG P IV DIRECTION OF
DECREASING &. = TOWARDS STABILITY.
THE MoTloN WILL OSCILLATE .

MAGNETIC TOLQWE : VECTOR ForRM
- S

-+ A - S
M =LA = Z"=/NXB

POTENT\AL ENERGY For A MAGNETIC DIPOLE
W =-FuoB =-pBcosy

MAGNETIC TORQWE : LOOPS AND CoOILS

Mrsr =NTA | NSNUMBER OF ColL WINDINGS (SoLgnolD)
works FoR ANY PLANE LooP OF ANY SHAPE .

2 EXAMPLES [N RBook

MAGNETIC DIPoLls IN A NGNUNIFORM MAGNETIC FlELD
NET FORCE |S NoT <2ERD

MAGNETIC D(poLE AWD HOW MAGNETS WORK

NortH /S6atH PoLEs REPRESENT HEAD/TAIL OF
OF MAGNETIC MATERLAL.

S

B ALIGNS o IN MATERIAL MAKING IT MAGNETIC.
THE DIRECT —~CURRENT MoTOR

THE HALL EFFFCT



SOUKRCES OF MAGNETIC FIELD
PREVIOUSLY STUDIED FONCES GLyE THE FIELD,
NEED MOVING CHARGES T0 CREATE THE FLELD.

MAGNETIC EIELD OF A MOVING CHARGE
MoVING CHARGE : VECTOR MAGNETIC FILELD
MoVING CHARGE - MAGNETIC FLELD LINES

FIELD PowT S
p B _—:,Mn ﬂ/ /‘6- K?‘k
LT r<
=T FROM SOURCE T FIELD
V\ =
> SOWRCE PowT 7 |
Pow 1

g CONSTANT
Mo = MAGUEIC CONSTANT
(MAGUETIC PERMEABILITY OF FEREE SPACE)

Mo = Ui X10TF T /A

l
Asl . ¢ < SPEED OF LIGHT
DE —
S
E FIELD RADIATES FROM PARTICLE | EVEN IF MOVING
B ELELD LINES ALE CLRCLES AROUND &
| EXAMPLE IN BOOK

MAGNETIC FIELD OF A CUWRRENT ELEMENT

CURRENT ELEMENT : VECTOR MAGNETIC FIELD
CURNENT CLEMENT - MAGNETIC FIELD LINES
WSE PRIVCLPLE OF SUPER P6SL\TION OF MAGNETLIC FLELIS.



AB = Mo T AZXE  BloT-SAVART 14w

4T T
— A
B = Mo TALXY

| EXAMPLE 1IN BooK 728.(2

MAGNGETIC FIELD OF A STRA|GHT CURRENT-CARRY (WG CONDUCTOR
V WIRE LEA)HH Zq ) ALXV‘ »jsm(w -p)

q
_ 2q
B = HOI
G x+/ Xx4at
‘T t}ttlb’f“ » =) [Ya) i B:_M_o:- 6 }/UTO pAGE
N GENENAL B =p, T s
am v

r IS PERPEN DICULAR. D(STANCE FoM Conpuctok TO FLELD
PoINT .
CIRCULAR MAGNETIC FLELD (W0 EnD PoInTS)

HRodA =0 HAGNETIC FLux THRU ANY CLOSED
SUR¥FAcE
2 EXAMPLES IN BooK .

FORCE BRETWEEN PARALLEL CONDUCTOKS
‘ B=mn,l FIELD DUETO WIRE T

— 7 7 I
\

A 21y (ouT 0F PAGE AT wikg 1)

| B




AN

LxB (TowARD WIRET)

|

itk

FORCE ON WIRE T

F=1'LB=pITL
2ur

FolcE PER WWIT LENGTH F _ moTL
L 2177
CURRENT LN SAME DIRECTION ATTRACT.

CUWRRENT [N OPPOSITE DIRECTIONS REPEL.
CARRENT DoES NOT NEED TD BE [N WIKE,
IN WIRE CURRENT CAN CONCENTRATE [N CENTRE (P//A/CH
MAGNETLC FORCES Anp THE VALUE OF e EFPECT.
MAGNETIC FIELD OF 4 CINCULAR CURRENT LOODP

| P onv AXLS OF LooP

AB= Mel L
B w1 (x +q%)

—
—
—

28.60

A By ALL CAVCEL WHEN INTEGRATING AROUND LOOP.

By= ol __dL & FACToK
dX’ﬁTm cos ’

B «%mbjiﬁ ;A2 =2uq
= _Mela*
2 (s 4qh )3
DIRECTIoN OF B GIVEN BY RIGHT-HAND RULE .
MAGNETIC FLELD onv THE AXLS oF A Coll
FOR N CIRCULAR Loo PS (Coll)




By = MoNIO»; CLOSELY SPACED SO FIELD PoINT k
2(x*ta")z SAME DISTANCE TO LooPs.
AT CENTRE (y =0) OF LOOP By = u,NL
yyey
m=IA=Tra™ For ong Loop; m=nTiTa” FORM LOOPS

= Mo M
Bx T R T
AT CEVTRE (x=0) oF ColL By =
N 2o’
| EXAMPLE IV BOOK. 28.34% B = pop
21 a3

AMPERE'S LAW
égso{z LIWE INTEGRAL OF E AROUNY A CLOSED ]OATH

AMPERE'S LAW FOR LOWG, STRAIGHT CONDUCTORS
B= I FoR WIRE

20n
Padild (NPEPENDENT
Bodl =pol OAL=/ MoI\(2pR) = oL
$ jz_mq“§) ({%J )) M 6F RADILS

INTEGRATE N DiRECTIoN OF B
(-'VE IF CURRENT REVERSED * —'VF DIRECTION REVE RSED)
AMPERE'S LAW : GENERAL STATEMENT

> _ E S/CN RULE For MULTIPL
9Bed L = o Lewe, %iRﬂEGNTS " d

ONLY VALID FOR STEADY CURRENTS
APPLITATION 0F AMPIELE'S LAW

4 EXAMPLES IN Besok



FIELD OF A SOLENO|ID
SOLENGIL = HELCAL WounDp WIRE ON A CYLINDER.
USUALLY CIRCULAR (SOMETIME RECTHAN (GULAR) CHEOSS

SECTIow.

FACH TWRN 1S A LOOP.

ALL TURNS CARRNY SAME CURRENT

TOTAL B IS VECTOX SUM DUE TO EACH LooP.
SOME FIlELD

SOME FLELD LNES OUT ENVDS
SoME FLELD LINES BETWEEN
WINDINGS

|[F SOLENOID |S LoNG COMPANED TO CKoSS SECTIon)
AND COILES Wouwb TIGHT .

B NEAR MIDPoIluT APPROXIMATELY UNIFORM AND
PARALLEL TO AKlS. EXTEINAL B VERY SMALL.

BsO

cl—>—ld
% Y Ih’rﬁgra’rfoh Vl T M[NS PEIZ M'/U LT LbMO'HT
L paf _

SEREERREEERE Legwe, =nLI

B b a
_ _

000000000000, b/)C, AND O{QQ ) BOO{Q :O

~ central part of solenoid c >l B=0
b C

> dé > Ok)
Bod T + [BodT + [ Bood L =pts Ty,
A

c



b
[BodZ = BL=pIpne = ALT = | B=ponT
a

ab NEED NOT BE OMN AXIS

R e ey

FIELD OF A ToROIDAL SpLENOILD

EACH LOOP IS IN PLANE
PEpenoicuign To CIRCULAR.
AXIS OF TOR[0p.

FIELD LINES CIRCLES CENTRED

Path2 7 Path3

The magnetic field is confined ulr;lost entirely 0 N T‘O )Z [ 0 D /:‘_ X LS’

to the space enclosed by the windings (in blue).

=2 CIRCULAR JNTEGRATION PATHS
OBodZ = B(zun)

PA’THI . IEA}C,:O = B=-o
PATH2: Tgpc =L -I =0 = B=0 (EACH WINDING TWICE)

PATH 2: Tone = NI > B = ao NI
2T r

TOPOLOGLCALLY STRAIGHT SoLENOID BENT [N CIECLE.
no2durN = B & Monl
MANY |DEALIZATIONS ARE ASSUMED .



MAGN ETIC MATER|ALS
THE BOHR MAGNETON
PARAMAGNETISM
DIAMAGNETIS M

FAKROMAGNET ISM



ELECTKOMA GNETIC. [NDUCTION

How TO CoNVEXLT BETWEEN CLECTRIC ENERGY AND
OTHER FOoRMS OF ENERGY.

TIME VARYING MEGNETIC FIELD = ELECTHIC FIELD
TIME VARY NG g LECT zlc FLELD = MAGNETIC FIELD
= MAXWELL'S EQUATIONS

[V DucT (0N EXPERIMENTS

MOVE MAGNET REL4ATIVE To ColL.

MoVE TWD CoILS RELATIVE TO EACH OTHER.
= INDUCED CURRENT AND [nDUCED emf

FARADAY'S LAW

d’g :fEOAj MAGNETIC FlLux THRU SURFACE JdA

AP .
¢ = - ﬁ EARADAY'S LAW OF [NDUCT(6M
= INDUCED em+ IN cLoSED Lo P
EXAMDPLE IN Book

DIRECTION OF |NDUCED emi-

INDRLCED emf IS N DIRECTION OF CURKRENT .
DIRECTION IS GIVEN BY HOW COoMBIVAT ION Bool 4 IS
CHAWGIN (- WITH TIME

= - [>00L> = - 0(« OOkA" ->°0L—>
£ f%ﬁ'B 7) j(—ﬁ) 2 j@ﬂ%



For colL 0E N Tuens € =-n %%
pwa

5 EXAMPLES IN Book

GENERGTORS AS ENERGY CON VE XTERS
CONVERT MECHANICAL ENERGY TO ELECTHICAL ENENGY.

LENZ'S LAW

THE DIRECTION oF AwY MAGNETIC [NDUCT 0N EFFECT
IS SUCH AS T OPPOSE THE CAUSE oF THE EFFECT
LEN 'S 1AW MAINTAINS ConNSERVATION OF ENERGY.
2 EXAMPLES IN Book

Lengs LAW AND THE RESPoNSE TD FLUX CHANGES
LENE'S LAY OALY GIVES THE PIRECTION
THE MAGNITUDE OF CHANGE DEPEND ON RESISTAMWCE |

MoOTIoNvAL EMF

D S N S
(a) Isolated moving rod F - - X B - F‘ —_ E
X __X a X m % ) =

N 5

B -+-Charges in th

X X . moving rod ar
» =} Pl
Fp=quB , (eq upon by L‘: = /U—- B
% % e % a magnetic fi
L q@- o Fyg..
= Vap =EL=A4BL
» » " g a b == L_ = /U-
Fp = gE ... and the resulting
X X X charge separation
“....  creates a cancelling

v L= F

« X % electric f Fy.

E=4BL MOTIONAL emt

FOR RESTANCE R
TrR=e=a4BL

The motional emf £in the moving rod creates
an electric field in the stationary conductor.
2020 earson Edueaton, .



MOTIONAL emf © GENERAL FoRM

EOR TIME INDEPENDENT MAGNETIC FIELD
de = EedT = (frx‘é)wtf

AROUND [} CLOSED CONPUCHING Loo P

g = §(3xB)od

USE THIS FOR MoOVIN G CoNDUCTORS,
WSE FARAQAY'S LAW FOR STATIONARY CoNOUCTORS
ZEXAOMPLES 1N BooK

INDUCED ELECTRIC FIELDS
THE IWDUCED ELECIRIC FIELD IS NOT CONSERVATIVE

> RS Y - OLd)
P pa— ol Eo :_,._/B_
PEodL =€ = $EdX v

THIS 1S ONLY TRUE FoR STATIONARY PATH

NONELECTROSTATIC ELECTRIC FIELDS
NONELECTROSTATIC = ELECTRIC FIELD & o1 CONSERVATIVE |
POTENTIAL HAS ND MEANING
F=¢E ALWAY VALID

| ExXAMPLE [N Boo6 k.

EDDT CURRENT S

DISPLACEMENT CURRENT AND MAX WELL'S EQUATIONS
VARY|NG ELECTRIC FIELDS ALSO GIVE RISE TO
MAGN ETIC FIELDS.



GENERLIEING AMPERE'S LAW
D >
955 oo £ ‘MaIENCL prevIiouS VERSION

Lo = NORMAL CONDUCT|ON

CURRENT
_c DISPLACE MENT CUKRENT
vp =€ dPs
ot

6BdT =, (bctip)

Le OR Uy WILL BE €ERD DEPENDING ON SURFACE
WE CAN CONSIDER CARERENT THRU CAPACITOR.

THE REALITY OF DISPLACEMENT CURKENT
A B EIELD CAN BE MEASURED BETWEEN THE PLATES.

MAXWELL'S EQUATIONS OF ELECTRO MAGNETISM
CHARGES AND CURRENTS |N EMPTY SPACE

- = =
PEdA = Qouer  GAUSS'S LAW FOR E
€o N

$BedA= 0 GAUSSS LAW For 8

é?ao@ = —-d®%:  FaArADAYS LAW
e

g;é"a{i ':’l"o):l;c_‘l'ér "L¢E AMPEQE(S LAwW

t ]E/ucu



AN — AN

E = EC, ‘I‘ E,\j

E. = ELECTROSTATIC (DUE To CHARGES)
En = NONELE CTROSIATIC

S

Eo"v(z =0 CONSERVATIVE (NOT IN FARAVAYS LAW)
g,uoa{/? =0 NoT DUE TO CHAXNGES (GAUSS'S LAW)
SYMMETRY [N MAXWELL'S EQUATIONS

IN EMPTY SPACE 4, =0 ([ {.=0)

9E od% =0 ; $RodA=0

9Bl =L ; $BdZ =pe0 %{%E_

REMOVING THE FLukes dg= [Bedd ; dg= [Eodd
N S N D
Eodl =—d (Bedd - dBedZ =moe, EedA
¢ oU:S ’ﬂg " fﬁj

o —
ALSO F =g (E+aXxB)
SUPER CONDUCTIVITY
THE MEISSNER EEFECT

SUPERCONDWUCTOR, LEVITAT(ON AND OTHER APPLICYTH oNS



INDWCTANCE
ColLS

MUT WAL INDILCTANCE

CONSIPDER TWD NEIGHBORING Colls

T IN COIL| PRODUCES B, AND HENCE &, [N COIL 2.
|F ¢, IS CHANGING |, &, 'S CHANGI NG,

FARADAY'S LAW SAYS emt |[NDUCED N COIL Z.

= CURRENT v, INCOIL 2.

OCL‘-‘ -Ng OUP?‘
oLt

P, L iy > Nabe=Myit, ) Moy = MUTUAL INDUCTANG

NLC_LQ;M OLU = EL:_ML£
A Tt

WHELE M, = No %

b
CONVERSLY WE COULD CONSIDER A CURRGHT |N

ColL 2 i, , CAUSING A MAGNTIC FIELD B,

BUT M =My, = M FuacTion oF GEOMETRY AND MATERIL
PROPECT | £
€. =" MEL_"_' ) & :‘MOLLZ
At ot

THE —\VE SIGN [s A RESULT OF LENZS LAW

THE MUTWAL WDUCTAVCE Is M= N2%2 _ N9,

Y \
U L2




M WNITS Cwhb/A1=CHN HENRY

SELF-INDUCTANCE AND INDUCTORS
THE CHANGING CURREN T THAT CAUSES 4 MAGN ETIC
FlELD CAN CAUSE A CHAWNGING ELUX N THE SAME

CIRCULT = SELE-(NDUCED ewmf.
Nog L, ;wdg=LC
FoR 4 collL, SELF-INDUCTANCE ((NDUCTANCE) L= N dg

FUNCTION OF GEOMETRY AND MATERIAL PROPEIZTIES 2
FOR CHANGING CURRENT , N d® = | i
At df

FROM FALADAN'S LAW SELF - IWDUCED ewf & = -L &
—'VE SIGN DUE TO LENZ'S LAW ot

[NDUCTORS AS CIRCWULT ELEMENTS
T b OPPoSE AN Y VARIATION

\/ - L. OL(/ O 2
W _
a.b TL > O cukeenT W Clicasdd
a‘

APPLICATION OF INDUCT O RS

MAGNETIC FIELD ENERGY
ENERGY STORED N AN INDUCTOR

P=Vapi =Lidt : PzdU = du=Lidi
At At
T
w=1r [ ot =1 0LI%
Z

o)

NO ENERGY /N OR OUT FOR STEADPY CIARREN T .



|F CURRENT INCREASES ENERGY | STORED IN INDUCTDR .
[F CURRENT DECREASES INDUCTOR ACTS A4S SOURCE
OF ENERGY .

MAGNETIC ENERGY DENSITY

w=_B* OoR w=B* S o Up=le £
Z,"Lo 7\M zZ
THE R-L ClRCW (T F%}umvs LAW

CURRENT GROWTH N AN R-LCIRCUIT &4, = Lﬁt_.,-az -£

Switch S, 1s closed at r = 0. . ;
witch 5 1s close 1 & ‘bﬂ‘l,olb —

.0 5, At
! ;= & T-exp/—KR
| 0 7]:] p _L:ﬁﬂ
t>* (=&
R —> L R
i i = & exp[-R+
: At L P( )
L L £=0 Q{J/_:.é
B Ieviss e T
S R ' 0
T U LARGE € )ZO{L—Z/%
e l) TIME WONSTANT T-= L
- R
ol =22 f

© 2020 Pearson Education, Inc.

Powk R (ENERGY CHANGE)

S¢ =t Ry Lidi =" R+ o /L L% =i2r + U
CmtRELigh SR g (L) s iR g



CURRENT DECAY [N AM R-L ClRrRcult

Ot R tLAe =
dt
,=T.cexp[-RH1
Col.exp[-Rt]
22 PowER
l Switch S, is closed at ¢ = 0. O = Lz‘f{'l‘l_i/g{_[/_
fo AL
Lidi <0 = EWVERGY
dt DECKEASES
i Lidt =d ( ) A&L
|10 At 4 AL
e
o _L " R-C AND R-L GIVE
R

TRANSIENT BEHA VIOUK

THEME=CNCIREWIT (GIVES OSCLLLAT N & BEHAVIoUR)
i

‘ | \ t=0,9=Q ,0=0
ENERGY OSCLLATES BETWEEN COMPOMEMTS

ELECTHICAL OSCILLATIONS N AW L-C ClPcWIT

—Lo(t, —% O‘L:%LL_% ’FZIT

L ci/—O 2D ORDER ODE w=2n+ =27
;ﬁ@ LC T

SOLUTION g = Qcos (wt ®) Ewt T
L =-wQsinlwtte) L&

LVEN [V ]T] o N
IF @(%;o)=Q>C3('f¢0)CZ g BY ITIAL CONDITIONS



ENERGY IV AN L-C CIRCWLT

IVNITIALY ToTAL ENERGY g_l
2C

LLi®+ 4" = Q"  CONSERVATIOV OF ENERGY
= 2C 2C (For M) RESISTAYCE)

THE L-R-C SERIES ClRCUIT

THE RESISTOR ABRSONBS SOME OF THE ENGIZGY I
VER LOSSES — DAMPED OsclLLATIONS

UNDER DAMPED
cRA\TICALLY DAMPED
OVER DAMPED

ANALY EING AN L-R-C SERIES ClRcIT
£=0, g=Q,,0=0
T et ,— FOR+'VE PLTE

-RLoLu- =0 - [ =d
" &7 T

DEPENDING on) R L,C

dgp + R olq 1 =0
it rartIe?
WhNDER DAMPED
L . — _ [
RE< % \ @—AexP[ % %1cos(wf+<z5)
w =L ,EZ]L/L ' GIVEN BY W[ TIAL CONDITIONS
Lc uylL*
R=0 RECOVENS OSCILLATING CASE

CRITICALLY DAMPED
R==Y4YL - Two DECREASING EXPONENTIALS
C



(a) Underdamped circuit (small resistance R)

(c) Overdamped circuit (very large resistance R)

INDUCTORS SMOo0TH TRANSIANTS IN CLRCULITS .
LV DUCTORS Slow POWAN RISE TIMES .
DIGATAL SWITCHIL G CIRCITS REQUIRE FAST RISE TIMES.



ALTERNATIN G CURRENT DC, AC, TRANSIENT
PHA SORS AND ALTERNATING CURRENTS
@ nr=Necosw it | V= VOLTAGE AMPLITUDE

AacC SouRCE %OB’DU(BI%V??QWMD w = ANGWAN FRLEQUENCY

+- 2 - LOHz (CAVADA A USA);, £ =50Hz ELSEWHERF
19

SMILARLY , L =L coswt (USE THIS CONVENTIIN)

PRASOK DIAGKR AMS

| Wil USE COMPLEX NOTATION To KEEP TRACK OF
PUASE INFORMAT ION

/L:(_eJ@:/H—jB S RV

C =lel =V« =) 4+B? ; @= tan” <_/qu>

RECTIFIED ALTERNATING CULRRENT
RooT-MEAN -SRUANED (rms) VALUES

SOUALE THE VALUE , TAKF THE MEAN , TAKE THE
SRUARE ROOT.

FOR CURRENT (=T “cos®wt =15 ([t cos2wt)
2~

{LE7 = <;I£") b <_:g coszwé7 = %}

Toms = V<ity =1 ALSO Vans =V
J7 2!

Upmus =120V = V=1t I1T0oV OSCILATING 60 TIVES
PER SECOND

IEu,g UALLY DESCRIBED IWTERMS OF KMS

EXCEPT PRGDUCTS w HICH BEWNIF (T FloM HIGHER. RATINGS



RESISTANCE AND REACTANCE R.C L
RESISTOR. IN AN de CIACUIT
L=lcoswt = Ap=01R=IKcoswt =Vgcoswt

Ve =TR =T Xy AVD =t 2g WITH 8p=Xp = R
VOLTAGE N PHRASE WITH CULRENT.
INDUcTOKR |IN AN ac CINCALT

nvo=Lldi =L (Deoswt) =-Twlsinws
AL ot

= Twlees (wt +172) =V coslwi+Te)

WE IsuAaLLY DESCRIBE PHASE OF VOLTAGE RELATIVE
T0 CURRENT

0 =lcoswt ; o= Veos(WE+ @) , @ = PHASE ANGLE

FoR INDUCTOR ,VOoLTA G LEADS THE currgnt RBY

_ FILEAWEVCY
¢ = /2 DEPENDENT

V,=TwLzIX_ AND A =iz, WITH g.b:ﬂﬂ
Xv= wl (INDUCTIVE REACTANCE)

THE MEANING OF JNDUCTIVE REACTANCE
A = L2 =LE¥Q+7"\UL:[
MNout = L/'u)L

AT (&) Vout . .
Nonr —%UQL;—— _ 1LULA€

Ny R+ jwl H—iwL//?
w—=>0, Ygﬁj_a o , % —> 90°
Vin
w—>%  Veur—=> |, $20° (nvo PHASE SH/FT)
Viwn

O0— +—0




we = R

—

L

HIGH- PASS FILTER

(o9 Vour/Vg,

| (Oj ‘A)/DUC

CAPACILTOR IN AN ac CIRCUIT

L =dag =Tcoswt = g =TI sinwt
py 1 7%

4 =Che = te=L siawt=T coslwt-T/2)
WC WC

A = Ve Cos(wt —T)
Ve=T ST X ANVD Arc =02, WITH 2 = ,l

wC 71%\)C
= c = ney
Xe = 1/we (CAPACITIVE REACTANCE)  TREQuFny

FoR cAPAcLToR  VOLTACE LAGS THE CURRENT BY
¢ = W/?_

THE MEANING OF CAPACITIVE REACTANCE

v —(,z——L \QJF
e TRt Rt e ]

= A LUC/
AT 1w _L our _ /,‘/‘u)C/ _

I 0 oy Rt Yo | f]WRC/
w-=>0, Yur | | $—2 0° (N0 VHASE SHIFT)

Vin
UU—7°°) \}ou;r*—>o ) ¢_3’0l00
Vin



—_—
L

= |
we = 7
Low - PASS FILTER

(o9 Vour/g,

1
|

l (03‘4)/(/00
COMPARIN G adc CIRCWLT ELEMENTS
VR=TR, Ae=Cey, 2p=Xe Xo=R, Ny W PRASE WitH ¢
Vi=Tw L’/U'L—:’L?:L,Z'L_\;; X, XL:UUL /U-LLE/}DSL BY /2
Ve=1  WMe=izg, Xe="Kc K=l v LAGS i BY U/

pe——

w C’ oe

Net Zc =—
e ﬁ_ IWC

THE L-R-C SERIES ClRCUIT
Now ADD dc SOURCE TJO L-1-C ciRcUlT
a d v=T cosw+
QY o VTR et ab, =Wy Ve ey
N = N TALF A
e siep iz dize
=0 LZ-{L“ls‘é\,‘\’ZC)
= LOR + 4 (X -X))
V2. (
%3
— — L -
(b=l DeH Ox-x9] = TR IR+ (w W—H
IMPEDPANCE 2 = _l | = __L\*
= = [YZ +(we wa> :l

vl

V=I2. ALSO 2= R+ ; (w ) R+4X

Y A

b L




THE MEAVING OF IMPEDANCE AND PHASE ANGLE

L =L cos lwé) Ar=ie o V=L E
=~ Vcos(wét @) Z= [QZ—}-(ujL__L)L]/L
wl -1 wC
tan @ = wc
K

CAN WSE SAME EQUATIONS |F ONE CoMPONENT MISSING
R=>0 ; L0, C>%

N OXe = 0< P<A00 O XX =D—-0°< @< 0

Alsp V=I2 = M _ 1 2 =2 Vpus=Lpued
AT E RMS

POWER [In) ALTERNATIN G - CUERENT CIRCULTS

| NSTANTAN EoULS Pow &P p = AL

WE WILLTAKE AVERAGES OVER A PER\OD

Lcos*wty =1/2, <coswtSirwt ) =0

Powerk IN 4 RESISTOKR
0= VecoswtI coswt = VI costwt

Pave =<pp =VI<costwty = Yo VI = = Vams Loms

N
=
SINCE Vpms = Lpms € |, Pavs = l K

| @\H

Z
YZS

R




PoweER IN AN INDUcTOR
b =Vicoslwt+We) Leoswt =-V.Isinwt cosw
Pave =<pL> = -V I Lsinwt coswe> =0

NO ENER (Y STorED IN JNDUCTOR
AVERAGE IS O  NETOVER A CYCLE SO
INSTANTAN EoS 0 AT ALLTIMES

Power I A CAPACITOR
P = VQCOS[W%-V/7,)ICU§W% =V, . Tsinwt coswt
Pave =<pe> = Ve T <sinwt coswty =0

NO ENENGY STOWRED IN CAPAC\TOR

POWEFK IN GENEHAL o c ClhculT
p=wari = Vcos(wtt @) Lcoswt
= VI (coswtcosP -sinwt gin B\ coswt
= VIcos® coswé — VT sind sinw coswt

Pave = VI cos B<coswty - VI stn PLsinwtcos Wt
= l/L VI cos @ = Vans Iy’ims&%
PowER FACTOR

FoR RE SISTo W\,¢:0) Pave= Veus Lews ] Pf’l/m: Vl=2 Pave
FOR INDUCTOK OR CAPACITOR |, @ =+ 1/, Ppys=0

FoR L-U-C SENIES CIRCULT cos @ = R
<

cos® > Fork 2>R S wl = Yyc



RESONANCE N ALTERNATING -CULRRENT ClRCILITS
WHEN X _-Xc =0 , &=R (MINIMuM)
FRLEQUENCY AT WHICH THE CURRENT 1S A MAX IMUuM
FOR A (FIVEN VOLTAGE

I:% ) I—M"[—}C :>'zlv[//u = =R = X'L:>Q1

AT RESONANCE \J,— Ve =0

CIRCULT BEHAVIOR AT RESONANCE
AT RESONANCE , w=w, ) Weol =_1__

W, C
W= V% PESONANCE AN GULAL FLEQUENCY
RESONANCE FRE QUENCY +.= W,
21

AT w, IT'S LIKE THE CAPActTOR ANY) In 1) UcToR
cAnyCEL EAcH OTHE®R AND DO NOT EXIST.

TAILORING AN ac CIRCWLT L, C DETERMINE W,
(b) Impedance, current, and phase angle as I(A) ﬁ DETEKM//UES A.M 'PL{T[,{_DE

functions of angular frequency

200 Q

Current peaks at the angular frequency

e e O3 The lower a circuit
1z * 04 L resistance, the higher
: and sharper is the
03 F resonance peak in the

500\0 current near the

0.2+ resonance angular
frequency wy.
o g ylogw 0.1
¢

—9()0_ Iiogarithmic A [ [ 1 w (rad/s
i ile o 500 1000 1500 2000 * "




TRANSFORMERS

COMVERT ac VOLTAGES

Lon G DISTANCE TRANSMIsslon |, V HIGH , T Low
REDUCES T*R LOSSES
Vous = 500 kV oN LINT
Vems = |20V AT WALL
CELL PHONE |20V > 8V USB + AC=DC COVVERS|ON |
—> 0.b V 6N CHIP (DC VOLtAGE DIVIDER)

§ STEP Down)

How TRANSFORMES WoRK

DI, IRoN CORE To KEEP FlELD
t;y il(l]'ustifnghthe r:tio of turns: % _ % /NS[DE = Mﬂ' X lMl _%E M,I/CTML
ource of alternating _
current ; Ir/on core IND UCTANCE
- —
ALL B [N koM CoRE | &, =D, =P
e, =—N 4P e =-n,d¢
A+ d+4
winding E 7z _ '\) 2
P, =
Secondary winding & l /U |

FOR NO RESISTAWCT AND SAME w AS SOURCE

TERMINAL VOLTAGES , _ Ny STEP UP OKR STEP Down
V) N

ENERGY CONS\DERATIONS FOR TRANSEFORMERS
FOR NO RES\STANCE |, POWER NOT CHAWGED
vl =V, T -

/-;;[_7-
I

Vo



Fok A L0AD R ow THE SECoONDARN
\/, R TRANSEORMS RESISTANCE

E_l— B (Wz/Ul)L

IMPEDANCE MATCHING MAX[MIZES PoWEK TRANSFER



ELECTROMAGNTIC WAVES

WHAT IS THE NATURE OF LIGHT 2

EXPLAIN BY WUIFICATION OF ELECTRICITY AnD MAGNA HSH.
—=2 ELECTROMAGNETISM

MAXWELL'S ERUATIONS AN D ELECTROBAGNETIC WAVES
WHEN THE FIELDS ARE TIME VARYING THEY ARE NOT
INDE PENDENT. (FALADANY'S LAW AND AMPERF AW
E AND B SUSTAIN EACH OTHER. WITH MAXWELL)
—> ELECTROMAGNETIC WAVES

ELECTR\CITY  MAGNET|SM , AND LIGHT
MAXWELL'S ERUATION S

E"ol/-j?:Q%O_L s QENCL:JFO{V

GCAUSS'S LAW L 5 6B
$BedA = 0
DIVERGENCE THEOREM [Eodd = [To By
S vV
[ VeE AV =_€Ljpo{\/ > V°F =
(B dv =0 > B =0
FARADAY'S LAW §FedL = -k ——o [B.dn



[LUXE)odd =-d [Bedd = UxE - 28

dt
AMPERE'S LAW $Bod X = poic + Mdeoold’t

S

o N
dQ:JIoa{A =}A0LL+MOC—OT,fE A

S D

[(TxB)edd = po [Tod4 wyeo¢jto&t4
= \75(]2/# T‘l—}v\oé Qf

THESE AE ELECTROMAGNETIC FLELDS W VACUAM .
FOR NO SOURCES |, Qene. =0, Le =0
IN MATERIALS &, € , Mo~V M
(SOMETINES € =€ (£,%) , p=p (4,%)

GENERATING ELECTROMAGNETIC RADIATION
STATIC. CHARGES PRoDuUct E ONLY .

COUSTANT CURRENT PRODUCE E A}/UDE.
ACCELERATING CHAZGES PRODUCE WAVES
ALL RADLATION DWE TO ACCELERATING CHARGE
EXAMPLE  SIMPLE HARMONIC MoTlony
ELECTROMAGNETIC RADIATION (WAVES)



THE CLECTROMAGNETIC SPECTRUM
Cc=3XI03mls FIXED , c=Kk4

RADIO LSMALL £ LARGE X)

GAMMA RANS [ LALGE £ SMALL )
VISIBLE LIGHT SMALL REGLoN OF SPECTZUM

PLANE ELECTROMAGNETIC WAVES ANDTHE SPEED OF LI GHT
A SIMPLE PLANE E LECTRO MAGNETIC WAVE
WE WILL SHOW PLANE WAVES SATISFY MAXWELL'S

E QUAT LoAIS
y
B . Planar wave front
n E
B 5
By E‘
B# E=0
C —
- -~ B=0
EL 9L 4
—> E M
B/ —>‘ E
i B
e f/’ B X

The electric and magnetic fields are uniform
behind the advancing wave front and zero in
front of it.

E=E§ woForM
R =Bz WMLForWM
C=c ¥ VELOQTY
OF WAVE FRONT
= PLANE WAVE



The electric field is the same on the top and
bottom sides of the Gaussian surface, so the

total electric flux through the surface is zero.
M

The magnetic field is the same on the left and
right sides of the Gaussian surface, so the total

nnnnnnnnnnnnnnnnnnnnn

(a) In time dt, the wave front moves
a distance c¢ dt in the +x-direction.

y

p ‘E‘E .
B/E/E/f}/*lf

/)

a
B) B’/ E/ . fE \x
B
s 7 4

Z
»de,g

(b) Side view of situation in (a)

GAASS's LAWS & ¢ =y =0
IFE BELS A B LE

= WA\ E (S TRANSVELSE
IFE 0RB HAD x -CoMPONENTS
b OR dp # O

¥ k— Ax— FARADAN'S LAW
| cdt|e N N
g o[ o f o =—
RPN ER 35 Eodd =—Eq £eeon
dlkc;flg%l a i (b > =
R d0g _ Rac ELB
.E B| E=0 At
1 *1°Y B=0
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(a) In time dt, the wave front moves
a distance c dt in the +x-direction.

AMPERE'S LAW (i, =0)

0
X ES -~
:roforq= B“D{Q;E
E; o5 g:ﬁ ? 2 BCGO}A_OCE
- —_
Vg r:::V.V f O{@g - EQ’C E _LB
__di JAT ;Eé‘
Vi, * @ a}
k—ax—) T Ve

KEY PROPERTIES OF ELECTROMAGNETIC WAVES
DELlc,BLlc,ELB,K ExBUE (TRPANSVERSE)
L) E=cB

2) Ar=c  (SPEED OF LIGHT)

4) NO PROPAGAT\OU MEDIUM REQUIRED (VACUUM)

THE FIELDS NEED nOT BE WNLFOYRM
G.fj.S)/\)M,SoWAL FUNCTION OF x .



E=cB = E,B HAVE SAME PHASE
IF E=E g\ LIVEAR POLARIZED ALING \~AKIS

DERIVATION 0F THE ELECTROMAGNTIC WAVE ERUAHON
IN Vacwi™M

IXE = —%’é‘ FARADAY'S LAW
5
— ’_S -~ - . -~
XITXE) =T (T E)-VE = -2 7 XB
\72/ D_E« C , .
sl S a pod e eu2E

AMPERE 'S L4W

—'\7_5,0“?»&0 ¢ 1 WAVE EQuATIV
2t

FOR MO SOURCES, p=0,T =0
°E = L 2%E  WAVE EQUAT (oW
K" v L
=~ i~ S
VXB = o d +,Me,,,§_f AMPERE'S LAW

= > N _ > -30._> B -?_._\ _ S~ N
ZXxX(YXxB) =V %) VR ,M,vu +,Aoe09;2:\z/xﬁz
0 _28

GAUSS'S L4 W) gt

N FALADAY'S LAW
v? o"toa__B = ’/‘LO%KI WAVE EQUATION

- 2B
FoR MO Soylcgs |, I =0 ot

L
c*
WAVE EQ

A

TIM}




SINLSOIDAL ELECTROMAGNETIC WAVES
KROT ALL EM WAVES ANLE PLANE WAVES

WAVES FROM A POINT CHARGE ARE SPERICAL WAVES

FIELDS OF A SINWUS0oI04L WAVE

The wave is traveling in the

Y positive x-direction, the same S ,'A] M’S 0 lD/-} L 1/\) S PACE A'/\) D TlM E

as the direction of E X B.

E AND B ARE IN PHASE
c=A+ ° w=ck

)

w=2nf 7, k= 21/
PROPOGATION DiRECTION E XB

é: y-component only
B: z-component only

"

B, ) = T Emax cos (ke ~wt)

)

} /N PHASE
B (Z,4) = k Bugy cos Cker —w)

Emax = C Bpgy

F6R PROPOGATIOV IN) ~'VE R DIZECT lov (o +w )
PLANE WAVES VS SPHERICAL WAVES (& PLANE WAVES)

ELECTROMAGNETIC WAVES /A) MATTER
CONSIDER DIELECTNICS
_ - = . _
ENVERGY AND MOMENT UM IN ELECT ROMAGNETIC WAVES
W=1E,ET L _L B EWERGY DENSITY IN VACUUM

B=E = W=€¢,E" = Ug=ug=YelU



ALSO U = B /o

ELECTROMAGNETIC ENERGY ELow AUD THE PoYVT WG VECTOK.

T = LEXE PsYNTING VECTOR (v vAchur)
/46

ENERGY Flow PER UNITTIHE PER WWLT ARE4Q [ T/s- w1
OR POWER PER UNIT AREA [W/m*]

Z 0 THE DILECT 10N OF PROPAGATON
P

(

$Sdh  POWER OUT OF A CLOSED SUKFACE

S= B:El :QOCEZ:_Q_BL

Mo }AOC' /-’\0
YN =, S
FOR. SIwusoDlaL WAVE 3(x k)= L E(Y, L) X BLK,H
] » Jro N
=L 03 Buay cos ek -wENXT | Bauay cosl e 2 -wt)]
< Eumay Brax coS™ Kox ~wt) T (5 =51)
Mo

IWTENSITY [S TIME AVERAGE 0F S ([ Say =Savl)

T =S4y = EmaxBumay < cos(Kox-wt)7 = Crax Brax
Mo 2 M

ELECTROMAGNETIC MOMENT UM FLOW AND RADLATION PRLIBESWLE
S S FNERGY /TIME /AREA.
S IS ENERGY /NOLUME

C



S MoMewTur /VoLUME (€ =pc)

Cz
MoMENTUM DENSITY olp = S
AU
MOMENTUM FLow RATE L odp =S
A dt c
ANERAGE MoMENT WM Flow RATE =S54y =L
C C

T = INTENSITY

dp =F . Ldp=F = ( PpESSULE)
E 2 Y o A Sl

MOMENTUM =D RADIATION PRESSURE ppgyp
Pasp = Sav =L WAVE ToTALLY ABSORBED
[

(&

Prap = 2T /e WAVE ToTALLY REFLECTED

STANDING ELECTROMAGA ETIC WAVES
STANPING WAVE = SUPERPOSITION OF INCIDENT WAVE
AND IEFLECTED WAVE

—

FOR CONDUCTOR E =0 01 SWEFACE = STAVPW G-
WAVE



