WE NOW TURM FRoM MECHANICS TO ELECTRITY AWD
MAONETISM. [N MECHANICS WE USED TUE BASIC PROPERTY
OF MATTER CALLED MASS. IV ELECTRICTY, THE

BASic ConcePt 16 CHARGE .
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’*“ggg‘gg;{-& ELECTRICAL CONCEPT

NOTICE THAT MECAANICS NEVER TOLD U5 WHAT MASS
YREALLY 15," BUT ONLY HOW \T BEHAVES- IN THE SAME
WY, CLASSICAL E&M TELLS US HOW CHARGE BEHAVES,
BUT NOT WHAT IT [5.

SOMETHNG
ABDUT A LIGHT
BRIGADE ?




IT 16 EASY TO PRODUCE A LITTLE : PLACE THE CHARGED ROPD N
CHARGE — JUST RUN A RUBEER : A HANGING 4TIRRUP AND
COMB THROUGH YJOUR HAR,OR : ppinG ANOTHER, SIMILARLY
RUB A RUBBER RoD WITH CUARGED ROP NEAR — THEY

ANIMAL  FUR- @E@Eﬂ:ﬂ:

i\

Ml

- - '

BUT F | RUB h PLASTIC RoD: FROM EXPERIMENTS LIKE
WITH 4ILK.. © THESE WE LEARN THAT

]
\ ‘f

5 KINDS OF

: CHARGE ...

" AND TUAT

- LIKE CHARGES w

- REPEL, AND .

- UNLIKE 3

- CRARGES oy
ATTRACT !/




RN FRANKLIN

(\Tob- [T90) NAMED THE TWO KINDS OF
QRGeS POSITIVE Anp NEGATIVE.
WE NOW KNOW TUAT ALL MATTER 15
MADE OF ATOMS, WHICK ARE COMBSED
0¢ NEGKTWELY CHARGED ELECTRONS,
WHIRLING ARouND A NULLEUS OF
vosey (HARGep YROTONS, avp
NEUTRONS, wwiat HAVE No

CUARGE.

(" LLECTRONG AND PROTONG WAE EQUAL AND OFPOSITE i

CUARGES . NORMAL KTOMS WAVE LXACTLY ENoUGH
CLECTRONS TO BALAMCE THE PROTONS IN THE NOCLEUS,
MAKING TRE KTOM OVERALL NEUTRAL .
TR
N
/ /
[
.1\ * \ eﬁ\;
] /"
I ,L/
. Juy ___.:'::7“” gUT WHEN AN ELECTRON
h % /16 REMOVED FROM AN
' : _/5‘/ ToM, THE KTOM
@-_— ST ECONES A POSITNEWY
CUARGED TON.
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A (WARGED OBJECT WILL ALSO ATTRACT
NEUTRAL OBIECTS. THIS RUBBER (OMB,
CUPRGED NEGATIVELY BY RINGO'S UNR,
WILL PILK UP BT OF PAPER.

rr DOES S0 BECAUSE THE PAPER \
BECOMES ELECTRICALLY o
”L@@ﬂz E’D = 1 \ \
THE NEGATIVE COME - <L\
REPELS ELECTRONS \ |
IN THE PAPER AND \ -
ATTRACTS THE PoarTIVE \
NUCLEI OF THE ADMS - ... THE POSITIVE CHARGE
IN THE PAPER. N THE PAPER 15 {LOSER
THERE |5 A CHARGE TO THE COMB THAN THE
SHIFT N THE @ NEGATIVE CHARGE. THE
PAPER' EVEN POSITIVE CUARGE 15 THEY
THOUGH 1T 15 ATTRACTED MORE STRONGLY
NEUTRAL OVERALL ... THAN TRE NEGRTIE [

k CUARGE ¥ REPELLED! /)
FROM SVl

0P RVATIONS, WE
DEowce ‘mm THE
ELECTRICAL FORC

CROWS WEAKER
WITH DISTANCE.




. A
WHEN YOu Rug THE RuggBER RoD W\TH s

FUR, S5OME ELECTRONS ARE RUBBED ==
OFF -THE FUR AND ONTO THE RUBBER, ,-:;;7
50 TWE RUBBER ROD ACQUIRES A e 27

NET NEGPTWE CHARGE (LEAVING o7 ///
THE FUR POSTIVE) . 2/ /

~ A

Voo ®

o €

SIMILARLY, SILK RUBS ELECTRONS OFF THE PLASTIC,
| EAVING THE PLASTIC WITH A NET POZITIVE CHARGE .

e + 4+ + Y + A )
k %

ELECTRONG ARE ELEMENTARY UNITS OF CUARGE, AND ARE
EPSILY TRANSFERRED FROM ONE OBJECT To ANOTHER. THEY
MAY ALSO BE PRED ALONG THE SAME OBJECT — LikE A COPPER

WIRe, FOR EXAMPLE.




V2

MATERIALS LIKE RUBBER, 6LAS9,
AND PLASTIC ARE ELECTRICAL

INSUIPATORRSE

CUARGE (AN Bt RUBBED ON OR
OFF THEIR SURFACEZ, BUT IT
TENDS TO STICK THERE AND
WILL NOT MOVE EASILY

THROUGR THE MATERIALS. CORK

BUT IN METALS, LIKE COPPER, SILVER,
AND ALUMINUM, THE ELECTRONS CAN

MOVE ARDUND FREELY AND EMSILY.
METALS ARE ELECTRICAL

CONDUCTORY.

WHAT WE CALL “ELECTRICITY" 16
JUST A FLOW OF ELECTRONS.

110
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‘. \\U 7. CARERUL NEAORENENTS 89 CRRRLES
§\£ g - @WL@M@ (1736-1806) ESTABLISHED
Ty THAT THE ELECTRIC FORCE DECREASES

WITH THE SQUARE DF THE DISTANCE,
e 4 LIKE GRANITY- CoLLOMB'S LAw FOR
X o ELECTROSTATICF FORCES (6 VERY MUUH
LIKE NEWTONS LAW OF GRMITY:

\_ FELECTROSTATIC MEANS THRT THE CUARGES ARE STATIONARY. )

IN Coulomgs EQUATION, (Y aww g ARE THE VALUES OF
THE CHARGES, ¥ 16 THE DISTANCE BETWEEN THEM, AND
K 15 A CNSTANT, LIKe G FoR GRAVITY. IN S5TANDARD

TS, K=0x10?.

TRE UN\T OF
CHARGE (4 THE

COULENE.

A LINGLE ELECTRON
UPS A (KARGE OF

—-Q = 1.(:; % IO#“}

(oULOMES.
Just HOW

| SIMILAR ARE

THE
GRAN\TATIONAL
AND
gLeCTRoSTATIC
FORCES ?

i\



ALTHOUGH THE LAW OF ELECTROSTATIC FORCES SEEMS VERY
SIMILAR To THE LAW OF GRINITY, THERE ARE MAJOR DIFFERENCES
BETWEEN THEM. FOR
EXAMPLE, GRMITY
ALWAYS ATTRACTS,
BUT ELECTRICAL
FORCES (AN EITHER
ATTRACY DR REPEL.

= B ll‘al_'Ll"lll

ALSO, ELECTRICAL FORCES ARE VASTLY $TRONGER THAN
GRAVITATIONPL FORCES. \F A (MERE!) HUNDRED BILLION
ELECTRONS WERE MOVED FROM A PLASTIC RoD To A RUBEER
ONE, THERE 15 A PERCEPTIBLE ATTRACTION BETWEEN THEM,

+ + 4

BUT EVEN WiTH ALL 10 (=10 BitLion) ATOMS N THE ROD
PULLING GRPANITATIONALLY, THE MOST SENSITIVE INSTRUMENTS

WoULD WAVE TROUBLE DETECT|NG (T*




-
(/- = ' (UARGE 16 CONSERVED —
o THE NET (HARGE, THE
T _.|"'-'-_"_'." - . _.-_,ﬁ
M )

4UM OF THE NEGATIVE
AND POSITINE CHARGES N
AN |50LATED SYSTEM
CANNOT CHANGE.

L\ PRopuCcT
OFDERLY ﬁ-’e’ise

L‘* = ";-: --";f..

(WHEN THE NEUTRAL RUBBER WAS

_\\

-

?
 CAARGED BY THE ANWMAL FR, e+ N\ (-
PooTIVE CHARGE ON THE FUR MATCHES + 3\
| THE NEGATIVE LURGE ON THE RUBBER ) A\

IT IS POSSIBLE TO
CREATE PAIRS OF

CHARGES FROM




p———

(‘mns 15 DONE B rasnv.oﬂ+ ‘\

S EEMNMA RfA_

PARTICLE OF LIGHT. /\/\/\/\ -
WHEN A GAMMA RAY ~
PRSSES NEAR AN
AToMIC NOCLEVS, tT
MMM (REPTE TWO
PARTICLES — A
NEGKTIVE ELECTRON
AND & 05ITIE
POSITRON. THEEE
TwWo med CATER
ANNWHILATE EACH
OTRER, PRODUCING
MORE GAMMA
KhUS .

-

BUT No KNOWN PHYSICAL PRo(EZS CAM CREATE OR
ESTROY A SINGLE CHARGE!

U4



A PILCE OF ELECTROSTATIC APPARATUS You CAN MAKE FOR

ELEEFTROPHORUS S

STYRoFOAM CUP

«— |NSULATING
BASE

YoU'LL NEED A PLASTIC PLATE FOR THE BASE AND A METAL
PIE PLATE WITH AR INSULATING HANDLE, Sp4 A STYROFOAM

Cue, GLVED TO IT.

——

RUB THE BASE WITH SILIK, FUR, Now PLACE TG METAL PLATE |
OR ‘JsUDL‘ TO CRARGE |- ON THE BPSE, AND TOUCK THE
““1111[]][? PLATE WITH YoUuR ANGER . |
| )
+ o - _”// .
:
LIFT TRE TLATE OFF ThE NOW Yoy CAN DRAW A SPARK
BAGE BY TRE INQLATING OFF THE PLATE WITH YOUR

KNUCKLE -

HANDLE. 4 2 e @:

. OR You CAN PRODUCE A

FLASK IN P ALOORESCENT
LIGAT TU8E.

¥

Lyl MNST




qu INTERESTING FEATURE OF THIS EXPERIMENT \$ THAT You ¢ pm\
RECUARGE THE PLATE BY TOUCHING \T WITH YOUR FINGER
REFEATEDLY, WITHOUT FURTHER RUBRING OF THE BASE.

K g o et

HOW DOES Twis WORK 7 WHERE DOES THE ENERGY OF THE SPARK
(COME FROM \F THE CUARGE ON THE BME |5 NOT 0SED VP9 B

(TUE BASE 16 CUARGED POSTIVE ) ((YOUR 80Dy SERVES AG P )
gy RUBBING. wien Tue PLate | ( ELECTRICAL GROUND,
15 PLACED ON THE BASE, IT A RECSERVOIR OF POSITINE
ACTUALLY TOUCHES 1T IN ONWY AND NEGRTWE CHARGES -

A FOW PLACES ! HINCE THE (WARGE ON THE
PLATE =< PMTET&%MEE? p EFRF.( ﬁ’;&wi
i

- J CAN GE
CPEATED
\NDEHNITELY.

LINCE THE BASE 15 A INWLATOR, N
VERY LITTLE CHARGE FLoWs. :_
BUT WHEN You TouCH THE

METAL, ELECTRONS IN YOUR AND WHERE DOES THE SPARKSS
BO0Y, ATTRACTED BY THE ENERGY COME FROM? 1T COMES
POATIVE BASE, FLOW ONTO THE| | FROM THE EXTRA FORCE
PLATE, 'jog ‘h;lgg: EXERT TO LIFT
CUARGING \T | | TH e
. NemATUE. PLATE AWAY W
| FROM THE S
o YoaTwe
BKoE !
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ol cemapTER 930 ) ) )
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THE EARTH EXERTS A FORCE

ON THE MOon, A BODY
THOUSANDS 0F MILES AWM.
SIMILARLY, ONE ELECTRIC
CUARGE EXFRT& FORCES ON
OTHER CUMRGEL WAHCKH ARE
CEPARATED TROM 1T N SPACE.

HOW CAN ONE OBJECT EXERT A FORCE ON ANOCTHER
WHICK 1T 16 NOT TOUCHING? HOW (AN THE TORCE GET

ACROSS SPACE? HOW FASTDOES IT BET THERE

;
FASTER THAD -"@- { 5» &
A SPEEDING ~— ',
CAFFEINE < ____E.K [/‘m«‘\—)ﬂ_‘&
' ot . =5 &

W7



(A BEGINNING OF THE ANSINER HELD? ;mru,q %

16 To IMAGINE THAT THE ¥ lELD)
EARTH FILLS SPRCE WITH

R AVETATIONAL
BIELP, s

FIELD (WWATEVER (T 161) THAT
CPUSES THE FORCES ON
&h%@‘; WITRIN \T- o o J

’IDEIM!LARM %Tfuaaeye FILLS SPACE WITH AN

WHEN ANOTHER
CHARGE 16 IN THE
ELECTRIC FIELD,
ELECTRIC FORCES
ACT ON \T!

(" WE (M VISUALIZE THE ELECTRIC FIELD BY IMAGINING THAT k
WE ARE CARRYING A SMALL POSITNE TEST CHARGE AROUND
AND MPEPING TH; D[PEETION OF THE FORCE ON IT. Here RINGO
HAS A 4INGLE POSITINE CHPRGE, AND I'M MO(NG THE TES
CHAREE ARGUND. ' g




F WE DRAW ARROWS IN Tug DIRECTION | [AND \f WE LONNECT Tug
OF THE FORCE, WITH LENGTH PROPORTIONN | | appoms wiTH FIELD

To IT5 STRENGTH, WE GET A PICTURE OF
THE ELECRIC FIELD of RINGO'S cupree: | | LINES, THE PicTuRe

. ; 3 BE-‘:GME:*;:*
N4 \\
N V4
“— d— 4 @-—-—-h--——!- b | p—— —>—
'/l\‘ //
v ™~ Y
» | g
o . |

FIELD LINES 6IVE A VERY CONVINCING PICTURE OF ELECTRIC
FIELDS; FOR EXAMPLE, FOR TWO ATTRACTING CHARGES :

REMEMBER:
EACH CURVE
SHOWS THE EFFECr
ON A Posimue
- TEST (WARGE !
Tem N\

THE FIELD LINES BEGIN AT THE POSITNE CHARGE AND END AT
THE NEGATIVE CHARGE: THE NEGATIVE CHARGE PULLS A
POSITIVE TEST CHARGE (N FRoM ANY DIRELTION.

)



6INCE THE ELECTRIC FIELD EXERTS FORCES ON CUARGES, THERE

16 ENERGY ASSOCIATED WITH THE POSITION OF A PARTICLE W
THE FIELD. HERE RINGO HOLDS A YOSITWE CHARGE, AND

STARTING FAR AWAY, | BRING A SMALL FOSTIVE TEST
CWARGE IN CLO% To IT.

=

AS | MOVE IN, THE CHARGE 15 REPELLED, 90 HAVE TO
EXERT FORCE To PUGH IT CLOSER. FORCE TIMES DISTANCE

EQUALS WGRK — | DO WORK ON THE TEST (MARGE

.

("WE 574 THAT THE WORK
GOES INTO THE

Of THE TEST CHARGE.

IF | RELEASE THE CHARGE, IT
FLIES AWRY, AND POTENTIAL ENEROCY
16 CONVERTED WTO KINETIC ENERGY.

S @

~

|20




WE WoULp LIKE TO )!!ﬂ"ﬂ?‘lBU’I‘El THE POTENTIAL ENER(H4 SOLELY T
TUE ELECTRIC FIELD OF RINGO'S CHUARGE, 50 WE DVIDE OUT My

TEST CHARGE AND WRITE
- PeranpIAL BREREY
oléen |d| =
Potent CHARGE

Tws EQUATION DEFINES A NEW QUANTITY, THE
ELECTRIC POTENTIAL¥ POTENTIAL MEASURES

ENERGY PER (HARGE. T2 UNITS ARE
JoULES PER COULOMB, WHICK WE GIVE A

NAME ALL 1TS OWN, THE %LT'*

LI
1 Volt = ﬂ‘?ggm

(h WiTH ANY NEW DEFT
ON s PUY5ILS, 1T 14
UNDERSTAND THE BASIC CONCEPT IMPORTANT o)

IF A BATTERY (§ RATED
AT 6 VOLTS, THAT
MEANS 1T 15 PREPARED
To GIVE b JOULES
OF ENERGY To EVERY
COULOMB  THAT 15
MOVED FROM ONE
TERMINAL TO THE

OTHER.

‘;EHERE 1$ ALSD A GRAUITATIONAL POTENT(AL. ¥ FE.- =M ﬁ—. THEN
s 9?\ 16 THE ABILITY OF THE GRMITATIONAL FIELD To arBAHeurr

ENEQEY TO ANY MASG BT HEIGHT b
12\




0.K-. Sﬂ WERE'S A \NWRT ﬂs b CUARGE .
L
amg E'UT | 3 b

SORRY, RINGO, OLD BOY, BUT

You HAE A POINT-.-
FUSEP AUASSICAL ESM NEER

WMM.. ANSWERS THDSE (DVESTIONS.
AS EVERY / T ONLY DEBCRIBES HOW

CHARGES AND RELDS
BEWAVE .. 6T |f
You CAV KANG ON
UMIL THE ﬁﬁ ot

E/OU )
L,!‘T‘TL
WHAT QUP«NTUM

THEORY 6045 CHHM
AND FIELD
“REALLY ARE...

\ 22



o CMAPTER 940 A

= CAPACITOR S

A CAPACITOR CONSISTS OF
TWO CONDUCTORS SEPARATED
BY AN INSULATOR, FOR
EXAMPLE, TWD METAL PLATES
WITH AR BETWEEN THEM.

A CAPACITOR 15 CHMRGED B4 REMOVING SOME CRARGE
FRom ONE PLATE AND PLACING [T OM THE OTHER.

THE EASIEST
WAY TO DO THIS
16 TO (ONNECT
THE CAPACITOR
BREFLY To A
BATTERY. THE
BATTERY PUMP
CHARGE FROM
ONE PLATE TO
THE OTHER.




ch?mrroa THE

?UH?E'D 15 PRoPORTIO
‘JGLTM:E 50 NE

Q(V

\_CHARGE = — CONSTANT « NOLTAGE

(T€:

THE CONGTAN

CP«‘?M‘,;TOR

CAPACI

| WHEN THE SWITCH |4 CLOSED, ELECTRICIT
FLOWS, MND CHARGE 15 PUMPED ONTo THE
AMOUNT OF (HARGE
AL To THE BATTERY'S

5‘“:“
4 4

.+

T OF PROPORTIONALITY

l‘3 A NUMBER DEPENDING OW
TUE CHARACTERISTI(S OF THE

IT (5 CALLED THE

TANCE. |

chi-"ncwpwcg 1S MEASURED IN
FARADS, AFTER MiCKhEL

EAADAY

(1701 -1867) - THE HiGHER

THE CAPACITANCE TUE
MORE CHARGE THE
CAPAQTOR CpM STORE -

rcN’MIThNCE N ToRN,

5 DIRECTLY PROPORTIONAL
To THE PAREA

0F THE LATEZ,

AND INUERSEL
PROPORTIONRL “To

e TWEEN THEM.
THE BlHHER P\uv
GLDSER THe PLATE
TAE MORE CHARGE
ThEY WiLL HOLD.

S




A CAPACITOR WS 10 //
ELECTRONICS, FOR _//
EXAMPLE, MIGHT BE

TWO
ALUMINUM
SEETS
IT: CEPARKTED
(( { ( A TINY
(! TMSTANCE

AFTER THE CAPAUITOR 15 CHARGED, \T
¢AN BE DIGCONNECTED FROM ThE
BATTERY, ANp 1T WILL REMAIN
{NARGED FOR MINUTES, OR EVEN
HOURS, ALTHOUGHR CRARGE WILL )
SLOWLY LEAK NTO THE AR.

WWiArn

BUT, IF | NOW \
CPREFULLY !7
BRING THE LEADS

OF THE CAPALTTOR O
TOGETHER * -

ME CHAREE
FLows AROUND
THE WIRES

AND NEUTRALIZES
ThE PLATES.

Twg 15 ChLLED
DISCUARGING THE
ChPACITOR.™

M

125



[ TW15 SHOWS HOW CAPRCITORS CAN BE USEV To STORE |

CUARGE AND EMERGY.
FOR EXAMPLE, A
PHOTOGRAPHER'S
ELECTRONIC FLASH
UNIT HAS A LARGE
CAPACTOR To STORE
ENERGY FOR THE
FLASH TUBE. TUE
BATTERY TAKES
ABOUT 30 SECONDS
To CUBRGE [T UP.

THEN, WHEN THE CUARGE t5 NEEDED, ALL OF \T 16
| DUMPED THROUGH THE FLASK TUBE [ AN RSTANT'

-

L ]

[ SKJ )
“OMPACTR !

WHEN THE CAPACITOR ¥ CHARGED, POSITIVE AND NEGATIVE
CUARGES FACE EACH OTHER AND HoLD EACH OTHER N
PLACE ACRO% THE INSULATOR —AND OF COURSE THERE
15 AN ELECTRIC FIELD!




IF AN ELECTRON 14 RELEASED NEAR THE NEGATIVE PLATE, THE
ELECTRIC FIELD WILL ACCELERATE (T TOWARD THE PosiTiVe

PLATE.

IN FACT, W WE MAKE A SMALL HOLE [N THE

POSITIVE PLATE, THE ELECTRON WILL ZIP THROUGH:

N (] (B0
= +

~ = ﬁ;@ﬁ:{) .

= (QP_#+ 3

S + R
27\ p

HERE WE MAKE LP A NEW
ENERGY UNIT: THE

ELECTIRON

IT's THE ENERGY OF ONE

ELECTRON \F THE PLATES ARE
CHARGED To ONE VOLT. \F THE
PLATES HAVE 100 VOLTS, THE
ELECTRON WILL HNJE mDeV

To CONU:P-T eV To JouLes, WE
USE THE DEFIN'TION
POTENTIAL = EMERG*;/ CHhR@E

eV - CHAR{rE of ELE{.TROH

b
I VOLT

=1brio%¢ x 1 J/C

= 1.6 x 107" Touteg
(THAT'S 000000000 00000000016 ! )

USING MODERN HI-TECH, WE CAN Now
ACCELCRATE (UARGES TO MILLIONS OF
ELE CTRON VOLTS, BUT AT THESE
ENERGIES, ELECTRONS ARE GOING
(LOSE To THE SPEED Of LIGHT, AND

RELATVITY THEORY MUST BE USEp
To DESCRIBE THEM.




o CHAPTIER 15 ¢
RLECTRIC CURRENTS

THE GREATEST ACUIEVEMENT
OF Tub ITALUAN PUYSILIET
ALESSANDRO GIUSEPPE

ANTONIO ANBSTASIO

V@]LCE?&Q ASIDE

FROM REMEMBERING WIS
OWN NAME, WA5 TUE
\NVENTION OF THE
CLECTRIC BATTERY IN 1794

VOLTA FOUND TUAT \F You DIP = THI MEANS TUAT CUARGE
TWO DIFFERENT METALS IN A 3 "WANTS TO" Move FROM
CUEMICAL BATH, A TIFFERENCE : ONE METAL TERMINAL TO
IN POTENTIAL WILL APPEAR * TUE OTUER. IF You CoNNECTED
BETWEEN THEM. D TUEM WiTH A WIRE, {HARGE

e WoULD FLOW THROUGH .

129
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S

UERE'S A SIMPLE  COtPER i
(‘UDLTML CELL" NAIL ﬂ

NAIL
Z =
WITH ALMOST ONE 2 —
FULL VOLT OF \ / . |
POTENTIAL: A s 4
LEMON WITH TWO & |
NRILS!
g LEMON |
q@“ Z

aq¢

CELLS N SERIES
h Ao FOUND TUAT BY CONNECTING :
"\‘J\’Eé Foﬁg}mw, ADD 1P T0 GNE LARGE VOLTAOGES:

"'fl" — rj:,
A \
-n-—-"'— -‘

=
‘
¥

_— S

N FLPOULIGUT "BATTIRY”
19 ACTUALLY A 4INGLE

CVEMICAL CELL. B TRUE e -
BATTERY, LIKE TUE ONE $INGLE

IN JOUR CBR, CONSISTS

OF SVERAL CELLY

(ONNECTED IN 4ERIES, AS ‘ ‘
APOVE . THTIR ELECRICAL '4 l |

5YMBOLS BARE BATTERY



—

LET'S HODK UP A SIMPLE F THE BATTERY CONTINUALLY
CIRCUIT = A BATTERY WIRED "PUMPS" CUARGE AROUND THE
TO A LIGHT BULB. [ QRCUIT, LIGUTING THE BULR.

i1

L
WE CALL THIS FLOW OF
CUARGE THEC" "

\ FEEC

b NEW
ONLT COMING
ON...

CURRENT 15 MEASURED IN CoULOMBS PER SEZOND, M5O KNOWN K:

amperes .
(s B REM.
WE OFTEN DRAW AV ARROW
ALONG THE WIRE , LERDING &iswr

FROM THE BATTERY'S POATIVE
TERMINAL TO THE NEGATIVE ,
A5 |F POATIVE CHARGES
FLOWED TRAT wWAY. THS

\6 CALLED "CowgunmL
CURRENT," K OPPOSED TO

REAL CURRENT, WHCKk 5

A FLOoW OF M'.zemue
ELECTRONS [N THE 0PROATE
DIRECTION . IN MOST ELECTIuCAL
EFFECTS, TUERE 1S NO WAY TO

| \ |
DISTIEUISH BETWERN These TWD = . .3
\ A8\

-
. -
|
§
-
pr |
=
<)

i
g
3




(TG KEEP ALL TupsE CoNCEPTS
N MIND, T HELPS TO UNE : DAL
A MECHANIAL PNALOGY:

| 2 ) et
| opoldDppool
@ e e LU npol
. = {:
>

2

|t < g

IMAGINE THAT ELECTRIC CURRENT 15 LIKE WATER FLOWING THROUGH
A PIPE. THEN WE HAVE THESE CORRESPONDENCES*

THE LAMP FILAMENT (5

ELECTRI CITY WATER LIKE A SECTION OF PIPE
COULOMS OF CHARGE | LITER OF WATER FILLED WiTH GRAVEL
AMPERE ﬂﬂgml;:"ﬁﬂ!ﬂﬁ TupT RES[STS THE
BATTERY PUMP FLOW (OF WRATER. [N FACT,
VOLTAGE PUMP PRESSURE TUE FRICTION OF FLOWING |
Wiee P1PE WATER EVEN HEATS THE
GRAVEL!
ShE———— ) wEREEE Y
To GET A LARGE Flow, CORRENT, §, EQUALS
OR CURRENT, P RIGU VOLTAE ¥, DVIDED
PREAURE, OR VOLTAGE, BY REHSTANCE R.
15 REQUIRED. 6E0R6E THe HOHER THE
0 (1799-184) 2 ‘EH.TP\C-:E. THE MoRE
o $ ' URRENT Flow$
ROV B THROUG A GVEN
RESIsTANCE -

GRS -

%1



etocrance 15 messoreo v QHMS.
|'T DEPENDS ON THE MATERIAL, THE
AREA THROUGH WHICH CURRENT

FLOWS, AND THE LENGTH
IT MUsT TRAVEL.

TAINK AGAIN OF WATER FLOWING THROUGH A PIPEFUL OF GRAVEL .
A SELTION QF PIPE TWICE AS LONG Hps TWICE THE RESKTANCE..
A WIDER P\PE UAS LES, RESISTANCE, BECAUSE |\TOFFERS MORE
EPACES FOR WATER TO FLOW..- AND RESISTANCE DEPENDS ON

TUE TYPE OF GRAVEL.

l LonG PIPE.

e
HIOH RESIGTANCE -
> - H?EFON P\PE,
H
SHORT PIPE WIiDE PlPE RESISTANCE
l Low RESISTANCE Low RECIGTANCE

SMOOTH GRAVEL, Low REGISTANCE RouGH GRAVEL, WILH RESISTANCE

LIKEWISE, AN ELECTRIC WIRE'S RESISTANCE 15 PROPORTIONAL To (TS
LENGTH AND INVERSELY PRoPORTIONRL To 1TS CROSS-SECTIONML ARER . I

%2




/"M, LIKE DIFFERENT TYPES OF GRAEL, DIFFERENT MATERIALS )
WAVE DIEFERENT INTRINGIC RESISTIVITY. 60ov CONDUCTORS

UhvE LOW RESISTIV\TY
Poor CONpYCTDLS

boop CoNDUCTORS
U Low W H6H
RESCTIULTY RE4STIVITY
5ILVER PLASTIC,
GOLD PAPER,
| Coveet, CLoTd
| ALUMINUM
| & LAD FILAMENT (S (40U WANT
Likety To BE MPOE OF HibU RESISTANG
TUNGSTEN, wia s — IN A LIGHT
A WUCH WOHER RESISTNITY cinr B
TUAN COPPER — HENCE A THAT IT
HRENTER REGASTANGE TWA( b gt
THE SAME Sl2e COPPER WIRE- ENCRGY AS
LIGHT!)

_/

RE%tsﬂuwa Mho CHANGES
\WiTH TEMPERPTURE.
FoR MOST MATERIKLS, 'T
RIGES SLOWLY WITH
TEMPERATURE, AS
VIBRPTING MOLECULES
INTERFERE WITH THE
FLOW OF JUARGE.

%3



FOR SOME MATERIALS, LIKE
MERCURY AND ALUMINUM,
TUE RESISTIVVTY FALLS To

IERO

AT VERY COLD TEMPERMTRES.
NEAR PBSOLUTE 26RO
(—27%° CENTIGRADE), THESE

MATERIALS CONDUCT L
ELECTRIUITY WITROUT pNY i
RESIST AT ALL. THEN 0"  TemPERATVRE
THEY CALLED

Ne REEISTIHCH THE%'RE
™ ATCH ColD LEehD
e‘%hﬂ“} 1 F\f.'.'u:m-l:'.._.:j

(TuE WONDEQAL TWING ABOUT SURGRCONCTORG 1 TUAT )
Thgy CAV CARRY HUvE CURRENTS WITHOUT ANY Lo%s To

| HEAT. Tupsr CURRENTS (AN BUEN PERSIST FoR YEARS
WITROUT  L0%% OF ENERGY. SUPERCONDUCTORS, THOUGH EX-
fENSIUE, ARE USED IN PARTICLE ACCELERATORS, (WHERe SUPEL:
STRONG GLECTROMAANET, REQUIRE HIANT ELECTRIC CURRENTS.

. e S 'h“#" [t h

——
T

RESISTIVITY

e




ﬁ; 1986, 5CIENTISTS

DISCOVERED SEVERAL

J|~1'ew SUPERCONDUCTING
COMPOUNDS THAT LOSE

THEIR RESISTIVITY AT

MUCK HIGHER

| TEMPERATURES, AROUND
-180° (. THIS MM

SOuUND (oLD, BUT '

I'T% A WARM BATH

CONPARED WITH AR,
\p:%or.me ZERO - it

THESE COMPOUNDS CAN BE CHILLED WITH INEXPENSINE
LEUIP NITROGEN... 50 WE MAY SEE SOME AMMZING
COMMERCIAL APPLICATIONS IN THE COMING YEARS, 40K
AS LEVITATING TRANS...

TS I
— ,1_-—_'_:?_:__"'".E|- = —

‘: . .I}: »

il

139



NOw BACK T0 OUR §IMPLE
URCVIT, N SMALL ((HHT BULB
CONNECTED BY COPPER WIRE

To A 6-\oLT BRTERY.

(U LAMP FILAMENT MIGHT WAVE b OHMé OF RESIUTANCE,

IN WHICR CDSE, BY OMM'S LPW, TUE ZURRENT WOULD BE

i:v/R = 2V { ampese

b OHMS

( CoPPER WIREY ~.
3 RESISTANE 15 NEGLIGIBLE —
(1 LB TR 5, OHM —
CONTRIGUTING LI\TTLE
To Tug OVERALL
REZISTANCE )

Yoy FORGOT
THE RESISTRNCE
0fF TUE

WIRE .-

THE QUELTION 4, HOW NOULD
You MEASURE Tugst QUANTITIER
IN TRE Q\RCUIT?

1. REMOVE Bu(g.

1. INSCRT FIN(ER
IN S0CKET.

3. MEASURE
RESUUTANT
RMR CURL.-

¥ UNLEHS THE WIRE |19 VERY LonG OR VERY THW.
1%b



(" FoR

A0S LITTLE AS aiD For ¢ 79952

TEN DOLLARS, You Ca bEr 4 WAREL ;RU;:E.
CAN BUY A A AMND M FM ENETE
MULT\ METER E}.

THeT WILL MERSURE
VOLTAGE, CURRENT,
AND RE4\6TPNCE.

o MEASURZ VOLTRGE | TOWH THE METER'S LERVS ACROSS
TUE LAMP OR BRTTERY. TowHING 1T ACRDYS THE LAMP
MEMURE Tve VOLTAGE DROP 0F THE LAMP. *

1uE VOLTRGE "DROP" REFRS To THE

ENER(Y PER CUARGE THAT Vo
LONG Wo KERT PND LIGUT.




r \F Yyou Toucuw THE

LEADS To TUE WIRE
2 o

LAMY, You'p

F GET A NEMR- ZLROo
READING . 1T TAKES

ALMDST NO \oLTAGE To

PUSUH CORRENT TURBULH

A COPPER WIRE .

ANV MEPSURING ACRDSS

VOLTMETER HIERE
MEAYURES VOLTAGE
LTEP-UP Oo%
anﬁm

HERE

TUE BATTERY QIVER TS IT MEASURES
VDLTF&%E P;%TEP—DE' TUE ;ugﬁ;r DRoP
ENER UMT CUNRGE

?UMP?D INTo THE JIRQ\T PIECE oF WIRE.
\Ey TllEI’*BhTTEI?y* B

10 MEASURE CURRENT vou musr

BREAK TUE CIRCOIT PND NSIRT THe
AMMECTER .

THE SAME  CURRENT 15 FLOWING BVERYWKERE 1IN THS SiMp(E
CIRCUIT, AND WE MUST MAKE 1T FLOW THROUM The
AMMETER TO BE MEMSURED

Il

NEXT TimME

I MUsT
REMEMBER

y RUGEER
SEAT CDVERS ...




you LULD R You

éggmuce"- [‘Y\W? '; %UE;D US€ The
: J0Us
Eg&ﬁfﬁ’; 5 \é{i} LTthE AVD
: RRENT
PRty )= READINGS To
e (E ChLeuLe
The LU REASTIVE
T WITH THE ° E‘)m‘ OWM
OUMMETER MA.
SETTING OF THE

MULTIMETER. -

hhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhhh

THESE Two MEASUREMENTS WOULP ACTURLLY GNE S0ME(DWAT
DIFFRENT REQULTS, SINCE (MHEN TRE BOLR 16 (N CIRALLT,
TUE FILAMENT 16 AT WIGH TEMPERATURE (AWD WIGHER
REGIGTANCE ), WHEREAS WHEN IT 15 MEASURED WITH THE
METER, THE FILAMENT |& COOL.




ANOTHER FAMILIAR ELECTRKAL UNVT 14 THIE \

WAT , THE UM OF POVER o

(OWER \o DEFINED RS

ENERGY er wit of

TIME . \T MERGURES

HOW FAST ENERGY 15
PRODULCLD DR CoNSUMED.

POWER RPPLES ALLD TD
MECHANICKL  S45TEMS,
by IN A POWERFUL CMY,
WUICK CAV NLELERATE
RIDLY . A RIGH-P00ERE)
LIGKT BLg Puts our
A LOT OF LIGWT

\ PER S&0)\D . }

gy peention A WATT 15 oNE
TOULE PER SECOND —%0 We
CAN RELMTE WKTTS To VOLTS
AND AMPS -

JOULES .
POWER = WATTS 5

JOULES " COULOMES B
CoULOMB SECO ND

VOLTS x AMPS
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=

Tue Proouet of VOLTAGE
'T'M:s (URRINT %

P V|

WKTTS = YOLTS x AMPS

AD VWO
WORSIN'
AROVYD!

[N TUE MR 0%

OUR & -OUM BUL®
NTTACUED To A
We WAVE- ONE AMY
0F CORRENT, AND
THe PoweR 15

P = b vours « { ame

= b WATTS,

Ed




j—

3 BY OUR MECHRNICAL ANALOGY, \

N

s CUARTER 18
CERIES AP RARARART

L NoW PUT THREE RGP
EQUAL L\GHT BulgS N -

fERIEs WITH

BATTERY. THIS
MEANS TuBY ARE
WIRE> TpLETHER
ONC AFTER THE
OTHER.

EACH LAMP FILAMENT |6 LIKE
A GRAVEL-FILLED SECTION OF PIPE.

NOW THE CURRENT WM THREE TIMES
AS MUCH GRAVEL To FLOW THROUGH —

; _/

%WE ARE ASSUMING THAT A LAMPYS REBSTANCE 1§ N DEPENDENT
OF CURRENT THRoUGH THE LAME, WHICH 1§ REALLY NoT THE CASE,
SINCE TEMPERATURE CF THGE FILAMENT DEPENDS STNoNGLY ON CUREEAT,

4L



TRIPLING THE RESISTANCE
MEANS THAT ONMLY ONe THQD
TUE CURRENT (AN FLOW.
THE CURRENT MUST BE
Tue SAME IN EACH L\AMT,
OF COURSE: THERE 1§
NOWUERE ELSE FOR THE
CUWARGE TO GO, AND T
DOESN'T ACUMULATE M
THE IRCUIT:

r WHEN | TouGk THE LEADS OF |
A VoLTMETER ACROSS ONE
TWE LAMPS, THE VOLTAGE DROF

rCROSS THE LAME 1S
ONE THIRD o¢ THE BATTERY
VOLTAGE -

[ Tue LAMPS DIVIDE LR THE VOLTAGE, AM> THE SUM OF THE

VOLTAGE pROPS ACROSS THE SERER ComYON MusT EQUAL
TUE BATTERY VOLTAGE. iargass ¥

'I V —




" TUE MORE GENERAL CASE, WITH UNEQUAL RESISTANCES |N SERIER, )

THE VOLTAGE
S/ Vo V; DROPS Vo, AND

W V, REPRESENT
V T 24 THE LAMPS, *

ENERGY EDN'*E'{ERTED
¢ FROM ELECTRIC
s ENERGY INTO
LIGUT AND HERT.

THE ToTAL ENERGY CONGUMED BY TUE LAMPS MUST ERUAL THE
CNERGY PRODUCED B4 THE BKTERY, $0 THESE VOLTAGE
DROPS MUST ADD TO THE BATERY VOLTAGE. THIS 15 CALLED
THE LooP TUEOREM, OR KIRKHHOFF's FIRST LAW:

IN SERIES, EACH OF TME TUREE EQUAL =
LAMPS GETS ONE-THIRD THE CURRENT @
THAT A SINGLE LAMP WoulD GET =

WHEN CONMECTED ALONE To THE =
BATTERY, AND AT ONE-THIRD THE 5 e
VOLTAGE. $INCE POWER 15 VOLTAGE 9
TIMES CURRENT, EACH BULB (S W

ONE-NINTH AS BRIGHT AS =z
ONE BULB CoNNECTED Alone!l ==
~

¥ REMEMBER, VOLTAGE 16 ENERGY PER (HARGE.
14y




ruuw LET's coNNECT THE BULBS I PARALLEL :

EAGL LAMP 15
CONNECTEV
DIRECTLY TO TUE
BRTERY , WITW
NO OTHER BULB
INTERVENING .

THIS WAY EVERY BULB GETS A FULL DOSE OF VOLTAGE, AND
GHINGS WITH 1T NORMAL BRIGHTNESS. THIS 15 THE WAY

A HOUSE WOULD NORMALLY BE WIRED SO THAT EVERY
ELECTRIC FIXTURE @ETS FOLL HOUSE VOLTACE.

——

IN THE PARALLEL QRCUIT,

ve CURRENT ws
To DNIDE AND FLOW
THROUGH THE TWREE
LRANCHES.

BUT TuE ToTAL RESISTANCE OF TUE CIRCUIT 16 ONE THRD
THAT OF ONE BULB — THERE 16 TRREE TIMES AS MUCH
"AREA OF GRVELY To FLOW THROUGL. THIS MAKES 1T EASIER!

THEN, BY CRMS
LAW, TUREE TIMES
e
THE CIRCUT p«?" pf'ﬂ
WHOLE -




To 5UM UP, IN PARALLEL EACH COMPONENT GETS THE SAME
VOLTAGE , AND DRAWS h CORRENT 1 \NVERSELY YRCGPORTIONAL
TO \T6 RESGTANCE B OHMS LAW I=V/R :

v

|
x
R

-

» -
I= 1+

-
'1

[

e M

y ti;

VAT 1 THE CURRENT IN DIFFERENT PARTS OF THE CRQLUT? )
TUE (URRENT FLOWING WTO ANY JUNCTION 1N THE CIRCO\T
MUST EQUAL THE SUM OF TuE CURRENT® FLOWING OUT-
CURRENT 15 THE FLOW OF CHARGE, WHKH 15 CONSERVED -

| L+, I

: THE RESULT S ChAED
. THE JUNCTION
THEQREM, ok
R, KIRCHHOFF'S
(ECOND LAw:

THE CURRENT FLOWING (65TO K
JUNCTION ERQUALS THE SUM 0
THE CURRENTS FLOWING OUT.

- i
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MERE 15 AN INTERESTING =

PARADBX?

'M GDING TO HOOK Lp A
60 -WATT BULB AND A z
100-WAT BuLB IV SERIES. ,

e 60 warT
BULB 1S
BRIGHTER"
WHATS GOING |
ON RERE?

FIRGT, REMEMBER THAT THE WATT RATINGS ARE 6000 ONLY
[F THE BULBS ARE PLUGGED IN ALONE, NOT (N SERIES.
HOW MUCH VOLTAGE
DOES EACH BULB IN
LERIES GET? BOTH
BULBS GET THE _
SAME CURRENT 1

50 OAM'S LAW

V: iR GIVES

TUE VOLTAGE DRR
ACRo% EACH BULE.

IN SERID,
THEY DIVipE

47



THE 100-
WAT BULB, %
WITH LESS ™ O

RESISTANCE,

DRAWS

MORE !

R CURRENT
LESS CURRENT WHEN PLUGGED 1
AND GLOWS IN ALONE- .
LESS ,
| BRIGHTLY.

‘ ——

: got In SERIES, ° L S

THE GO-WATT  ~
BULB, WITH

HIGHER
RESISTANCE, GETS

MORE

5o Tue AcTuAL poweR P=Vi DELwERep TO EACH LAMP
16 HIGHER FOR TUE €O- WATT BULB THAN FOR TUL 100!

Ygs. YoU PON'T
WMNE To TELL
ME -~ THERE

NEVER WERE
ANY Dox..E_R




0 CHAPTER 179

SEVERAL THOUSAND YEARS AGO, THE GREEKS DI$COVERED TuAT
CERTAWN METALLIC ROCKS FROM THE DISTRICT OF

MAGNESIA n ASIA MNOR WOULD KTTRACT (RON, AND
ATTRACT OR REPEL SIMILAR ROCKS . HENCE THE NAME "MAGNET...




e

~
FURTHER 4TVDY

— —

ESTABLISHEDY THAT
MAONETS ALWRAYS

HAVE TWO

POLES, |

CaulEy NORTH

AND §0UTH.
] |
_ | ] 1\@
M \ \ AN -i-h-m- \ ';.-.. LV N

N

[E YOU ALLOW A MAGVET To PINOT, IT5 NORTH FoLe 15

TUE ONE THAT TOINTS TOWPRD THE EARTH'S (CeoLRPHIC)
NORTW - o

A COMPAY 14
JUST A MPABONETIC
NEEOLE ON A
7IVOT.

We Also NOTE THAT UNUKE Polgs BTTRACT, WRILE
LKE Poles REVEL -

I S\

l



GCATERED TINY COMPASS NEEDLES
ON A SHEET OF PAPER AND
BROUVGHT A BAR MAGNET
UNDERNEATH THEM®

NOW IMAGINE THAT WE HAD T

A5 WITH THE ELELTRiL FIELD, WE
CONNELT THE LINES ALONG THE |
DIRECTION OF TUE ARROWS AND
4LEE TUE RESULTING MAGRNETIC

FIELD LINES.

You WOULD FIND THAT BREAKING
THE MAGNET GENERATES TWO NEW
POLES'! YOu CAn NEVER [SOLATE
A POLE FROM \T5 OPPOSITE.

§
THE NEEDLES WILL LINE UP,

REVEALING THE BAR MAGNET'S

MAGNETIC FIELD.

_‘

* 1 1LLLTLR |

THE RELD LINES EMERGE PROM
THE NORTH MAGNETIC POLE

AND POWT TowARD THE SOUTH
MABLNETI. POLE .

(NOTE THAT THIS

MPKES THE
EARTR'S SUTH
MAONETIC PolE
BE THE OME
IN THE
(FOORMPRIC
NORTH! )

W

AL5O, THE
FIELD LINES
DON'T STo? OR
END, BuT
Phss

THROUGH THE
MAGNET FROM




UP ONTIL THE HEF\F:‘ \

1620 *

EVERYONE THOUGHT ELECTRIC\TY? I

MAGNETISM AND MAGNETIS 44 1
ELeCTRICITY WERE To pol! Wity
COMPLETELY EACH OTHER? ‘
SEPARATE - SOMETHING 7

7 WA BA WA HA

BUT IN THAT YEAR, THE
DANISH PHYS|ClsT UANS

@E%?E@ (”1‘1-1850 DI COVERED

THAT A COMPASS NEEDLE WAS
DEFLECTED BY AN ELECTRIC
CURRENT.




..AND THERE 16 NO FORCE
'tF THE CHARGE |4 MOVING

AL@NG A FIELD LINE...

STILL
Nﬂmm'

’\ v

THE FORCE ON
THE CHARGE 15

A “SIDEWAYS" FORCE —

PERPENDICULAR TO
BOTH THE FIELD

LINE AND THE FIELD

CHARGES VELOCITY:

FIRST, |F THE CHARGE |5 NOT
MOVING, THERE 15

FORCE.

.BUT \F THE CUARGE 15

MOvIN(y THE
FIELD L| Eus.H

SO0METHIN 6 |

+

15%



~
UNDF}%ETMP
WHAT You FEEL?

MAGNETIC FIELDS
PRODUCE FORCES ON
MOVING CHARGED
PARTICLES . THE
FORCES ARE PER-

PENDICULAR To BoTH
THE VELOC OF
THE PARTICLE AND
THE D|RECTION OF
THE MAGNETIC
FIELD.

(OTTING ACRDSA, |IT. HEKE
ARE S0ME EXANPLES To
PONDER. THIS "5106WMS

MORE THAN ANYTHING,
NMAKES ELECTRICITY AND

THAT PLANE.
_

MAGNETIGM SEEM COMPLICATED:

/" TUE S2E OF THE FORCE 15 PROPORTIONAL TO THE *NTEN"ﬂT‘d\
OF ‘TUg FIELD AND THE 4pgeD WITH Wit TUE PARTICLE 12

e “VELUTY

NOTE: TUE DIRECTIONS OF THE FIELD AND THE VELOCUTY
DETERMINE A PLANE. THE FORCE (S PERPENDICULAR TD

)
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HERE 12 A MAGNETIC FIELD
THAT WILL MAKE CHARGED
PARTICLES CIRCLE
INDEFINITELY BETWEEN
TWO NEARBY (OPPOSITE

POLE FACES:
”
o J_:.:‘;‘i?é.‘; =
’rTH: MAGNETIC FIELD BETWEEN THE FACES 15 ALWAYS \
PERPENDICULAR To THE PARTICLE'S VELOUTY : 40 THE |
e \\ B ) 7 FORCE, |
AR PERPENDICULAR
O BOTH,
POINTS
TO THE
CENTER
OF THE
ClrCLe!
[s0e view|
THIS PROVIDES JUST THE THIS (6 T
CENTRIPETAL. FORCE f0B TH Labes
PARTICLE N CIRCULAR ACCELERATORS PND
MOTION' SEEN FRoM STORAGE RINGS
ABOVE, IT LOOKS LIKE '

TWS FAMLIAR PreTURE:
L____ Vv -/

75




MAGNETS EXERT FORCES ON =
MOVING PARTICLES — RND, s &
pG QERSTED SHOWED,
MONING CHBRGES ALSO
CREATE MAGNET(C FIELDS.
TUNT'S WHAT DEFLECTED

OERSTED's COMPRSS...

(1o EXAMING THE SIMPLEST CASE, LET U5 PASS A CURRENT- \
CPRRYING WIRE STRPGKT THROUGH A PLANE COVERED W\TH

CoMPpSL NEEDLES:

1 CURRENT

Tt NEEDLES LINE UP N CIRCLES AROUND THE WIRE .

THE MAONET(C
FIELD OF A CURRENT
b CIRCLEL CENTERED
ON THE WIRE AND
LAYING (N T PLANE
PERPEND ICUL AR

TO e CURRENT.

\
156 - smiincd!




THIS 15 KNOWN RS THE

rule.
_

right-hand

N

YoU CAN FIND THE
DIRECTION OF THE MAGNET(C

FIELD BY POINT(ING THE

THUMB OF YOUR RIGKT
WAND ALONE THE DIRECTION

OF Twe FLOW OF POGLTIVE
CHARGES. JoUR PANGERS
CURL IN THE DIRECTION

OF TUE MAONETIC FlELD -

Two PARALLEL CORRENTS ATTRACT
EACH OTHER. THE MAGNETIC FIELD
(IRCLNG ERCH WIRE CPUSE FORCES

ON THE CURRENT IN THE OTHER
WIRE | PULLING | T CLO%R,

5EE IF Jou CAN CONVINCE YOURSELF
THAT THIS |5 THE RIGHT DIRECTION,
UGING THE RIGHT. KAND RULE!




a—r—m—

\E WE BEND A CURRENT- CARRYING WIRE INTD
A CIRCLE, WE GET THIS MAGNETIC FIELD!®

e

NOTICE THAT ONE 4IDE LOQKS JUST
Like A NORTH poLe —The

FIELD LINES BRE COMING OUT— RAND
THE OTHER 5Dt LOoOKS LIKE A

SOUTY Pote WiTH FIELD
LINES GOING N-..

BY WINDING MANY TURNG,
THE MAGNETIC FIELD 14 MADE

PROPORTIONALLY LARGER. BY
WINDING TURNS ALONG B ﬁm
CYLINDER , WE GET A N\ o\

S OLEHOIDICOILY '

WITH A MAGNETIC FIELD
JUST LIKE A BAR MAGNET:

1




INSERTING AN [Row ,Z/

BAR INTO THE ColL (S 2 =
CONCENTRATES AND e 1

STRENGTHENS THE
MAGNETIC FIELD,
AND THE RESULT 15 AN

BLECTRO: ||
Maeikr. L *<®

mh‘m Jou'RE BETTING CON¥® Sep
N(TH ALL THESE MAGNETC AND
ELECTRIC FIELDS. SURPOSE
THE RooM WERE F(LLED

WITH THEM — HOW WOULD
YOU KNOW, AND HOW WOULD
You YNOW WHICK Wi
WHICH?

k__ — -

IN EACT THE RooM |$

FILLED WITH THEM. THERES
THE EARTH'S MAGNETIC FIELD,
AND TUE ELECTRIC AND
MAGNET(C FIELDS OF RADID

WAVES TUAT You (AN Rk
UP Wit AN ANTENNA.

(THE ELECTRIC FIELD OF RADIO
WAVES MOVES THE CRARLES
[N THE ANTENNA.)

You CAN TEST FOR MAGNETIC
FELDS WITH A CoMyAgs,

OR BY 5TUDYING THE SI0EWNS
FORCES ON MOVING CHARGES-

-

%9



OGMWE[@ 18
DERMANRNT MAcEts

ALL KNOWN
MAGNETIC FIELDS

RESULT FROM
MOVING ELECTR\C
(HARGES.

\ :

——

WHERE ARE THE CUARGES THAT CREATE THE MAGNETIC
FIELD OF AN IRON MAGNET? THEY ARe THE ELECTRONS N

THE IRON ATOMS TUEMSELVES !
R¢
.?

N
4

A MINIATY
MAGNET!

W1g

AN ELECTRON ORBITING THE
ATomic NUCLEUS 15 LIKE A
SMALL CIRCULAR CURRENT,

Y
“FELd =\ —

40 \1 PRODUCES AN —
ORBITAL MAGNETIC \K
FIELD. ALSO, THE ELECTRN

G@%ﬂi‘%&s EN g O, 1

¢PIN MAGNETIC FIELP oRBiTiL. SIEW

|60



M5 T ELEL‘TE?J‘: IN
NTOMS HpVE THEIR |
MAGNETIC FIELDS (\ Tﬁlf/\-\

(ANCELLED OVT BY
Tue MAGNETIC FIELDS

OF OTHER ELECTRONG.. \/ J

BUT IN MAG'NETiC MATERALS — LIKE TRE METALS

IRON, NICKEL, no COBALT — THERE Ak
LONE ELECTROV, TUAT CONTRIBUTE A NET MAGNETIC

FeLp TO ERH ATOM.
N
N
... AND
FURTHERMORE,

IN TUESE “ecRROMAGNETIC' ELEMENTS, TRE AToms THEMSELVES
LINE L@ 40 THAT TUEIR MAGNETIC FIELDS ALL POINT N THE
sAME DIRECTION . REBULT: A BIG MAGNETIC HELD!

gLecTRONIC
TRGLIM .




ﬁ)T IF ALL THE
ATOMS ARE LINED
UP, WHY AREN'T

ALL PIECES OF
IRON MAGNETIC?

ALL THE ATOMS IN MICROSCoPIC REGIONS OF THE MATERIAL,
caLllep POMAINS, Do LINg UP, BUT IN UNMAGNET|ZED
IRON, THE DOMAINS BRE RANDOMLY ORIENTED. WHEN THE
IRON 16 PLACED |N A MAGNETIC FIELD, THE DOMAINS TEND
TO LINE UP WITH THE FIELD, AND THE \RoN BECOMES

MAGNETIZED.

Bo“ /3L« > ewVﬂ
O SRR RRAN
MAGNET (2D

UNMAGNETIZED

bl



(Zome METAL ALLoS ARE MAGKETICALLY “HARD." \T TAKES A v
MAGNETIC FIELD TO ORIENT THEIR DOMAING -

GTRONG EXTERNAL
| BUT pNCE ORIENTED, THE DOMAINSG TEND To 5Ty LINED UP.

IAINICORY. !

AN ALLOY OF ALUMINUM, NICKEL,
COBALT, \RON, AND COPPER, 15

VERY MAGNETICALLY HARD. L{\‘*}r

PURE \RON, ON THE OTHER =2/ |

HAND 15 MAGNETICALLY "SOFtT:

EMOILY MAGNETIZED, BUT

EF;ILH DEMP\(EN?-[TIZED BY
EMONING THE EXTERNAL FIELD.

Loae

THE FERROMAGNETIC EFFECT OPERATES BELOW A CRTICAL

TEMPERATURE , T70°C FOR IRON. HEPTING DISROPTS

MMNETEM .

rrF’R'Eéld*l-lIixBl-‘:!, THE BARTH'S MAONETIEM
| 15 CAUSED BY CIRCULATING
ELECTRK FIELDS IN THE EARTA
CORE. THE EXACT MECHANISM
REMAINS A MYSTERY. DO You
| FIND \T RRTUER AMUSING TTURT
THE FIRST MAGNETIC EFFECTS
EVER DI6COVERED ARE STILL WA
NOT SATISFACTORILY EXPLAINED™.

N e B




RUAPTHRER 19

RARADIA
INDUSRHIGN

FOR TWELVE YEARS RFTER
OERSTED'S DISCOVERY,
"ELECTRIGANS" LOOKED
FOR THE COMPLEMENTARY
EFFECT: HOW To MAKE

A MAGNETIC FIELD PRoDUCE
A CURRENT? AT LAST, (N
1832, MICUAEL FARPDAY
MADE A SUGGESTION —




HERE RINGO THRUSTS A MAGNET 5 2};5_*:_ Tﬁrgugmﬁéﬁa IEEEE;EH

INTO A LOOP OF WIRE CONNECTED
10 A SENSITIVE CURRENT METER, NO CURRENT.

A GALVANOMETER . THE GALVANO-
METER NEEDLE DEFLECTS!

ANOTHER WAY TO INDUCE CURRENT BUT WUGN THE CURRENT |N THE
1$ To PLACE A SECOND LOOP NEARBY | SEODOWD LOOF (5 STERM, NO

AND CNERGIZE \T WITH A BATTERY. | CURRENT (5 INDUCED IV THE
WHEN CURRENT I\ THE SEConp Looe | FIRST Lok

15 SWITCHED ON OR OFF, A CURRENT B

PULSE 15 WDUCED N Tue ARST! ﬁﬁ i FnL:‘;E. M 1.

SWITCH o= 2
- ~— 1. \B’“
o
\Q\"'Q. AN
BATCRY \

IN'T IT MIRACULOUS, ENERGY |  FARADNY DESCRIBED THIS
INVISIBLY GETTING ACRO%S BY SAYING_THAT EMF

gl BLECTRO- FoR SR
fou MCIVE

SORGES
ART GENGRATED IN
THE WNIRE WHENRVER

MAGNETIC FIELD
LINES CUT ACRO%

THE WIRE.
5>




~ T' . - =)
1T DOCSN'T MATTER WHETHER

THE MAGNETIC FIELD MOVES
OR THE WIRE MOVES WITH

RESPECT TO THE MAGNET.

15 EQUIVALENT T

o \m_‘_-._‘_>

=,

- ——

WHEN THE MAGNET 16 THRUST @ IN TUE CASE OF Two WIRE LooPs,
[NTO THE LOOP, \T% FIELD  WHEN CURRENT 15 FIRST TURNED

LINES CUT ACR0% THE WIRE. : ON IN ONE LOOP, MAGNETIC

GENERATING AN BME THar  : FIELD LINES BUILD VP, CUTTIVG
. ACRDSS THE OTHER LOOP AND
PRODUCES A CURRENT. . PRODUCNG AN EMF:

DITTo WHEN THE LOOP 1 Ij E \ j

MOVED ONER THE MAGNET. : SWTH
WUEN TUE CURRENT 15 SWITCHED
0H= THE FIELD LINES COLLAPSE,
'AGAIN CUTTING ACROSS
TUE LOOP,




WESS...NOW LET'S
EEL?; WITH THE
[MPORTANT
RESEARCH... How
LUMPS IN THE SKuLL
AFFECT CRIMINAL
TENDENCIES,..

BUT HARDLY
DSEFUL

LTHOUGH FARADAY'S PISCOVERY wWAs AT FIRGT RECEIVED WITH
INDIFFERENCE, TODAY ALL OUR ELECTRIC POWER 5 GENERATED

BY MOVING GIANT COILS OF WIRE NEAR MAGNETS!

‘‘‘‘‘

IT 15 ASTONISHING THAT JUST BY ARRANGING
COPPER AND STEEL N A HYDROELECTRIC PLANT,
FALLING WATER CAN ROTATE TURBINES WHI(CK
GCNCRATE ENOUGH ELECTRIGITY TO POWER

CITIES HUNDREDS OF MILES AwMYY

e

167



(IE_FG 5TYOM FARADAY'S EXPERIMENT FURTHER. WHEN WE MQVL THE\
MAGNCT NEAR THE LOOP, GENERATING CURRENT, WHERE DOES THE

EME@@Y CoME FROM TO MOVE THE GALVANOMETER NEEDLE?

l WHEN THE [NDUCED CURRENT FLOWS
IN THE WIRL, IT MAKES A MAGNETIC
- pre)

FIELD. THI5 MAGNETIC FITLD MUST
" RESIST THE MAGNET'S MOTION, 0

WORK 15 DDONE IN MOVING IT.

CURRENT 'S
WHEN RINGO THRUSTS THE MAGNETIC FIELD
NORTH POLE OF THE MAGNET  foce wewe

INTo THE LOOP, TUE CURRENT \

MUST FLOW IN A DIRECTION E N f
TO MAKE A NORTH POLE

REPLLLING TUE MAGNET. —
% ” J

THIS 19 KNOWN AS

LENZS LAW:

INDYCED CURRENT FLOWS
IN A DIRECTION To
OPP0SC THE CHANGE THAT

PRODLCED IT.

(" LENZ'S LAW 15 A CONSERUENCE oF
ENERGY CONSERVATION. A
USERUL APPLICATION 16 THE

' MAGNETIC BRAKE uew

IN TRoLLEYS- AN ELECTROMAGNET
15 PLACED NEAR THE TRACK.

THEN THE CURRENT IN THE
ELECTROMAGNET INpUCES

AN OPP04ING CURRENT |N THE
TRAUK, SLOWING THE TROLLEY.
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_ 1
LETS TNk THROUGH THE FARRDAY | | TWIS 16 EBSILY UNDERSTUOD.
EXPERIMENT AGAIN. | HOLD THE WIRE UAS CUARGES. WHeN |
THE LOOP, RINGO THE MAGNET. THEY MOVE, Tu£7 FEEL THE
WHEN | MOVE, %0 DOB% THE L\DRWAYS MAGNETIC FORCE
GALVANOMETER NEEDLE. WHICH DRWVES THEM AROUMD
THE LOOP.

_—
= —

AGNETIC
FIELD Lines

MOTION ==p

BUT WHAT ABOUT WHEN RINGO

MOVES AND | 4TAND STILL? WE KNOW TUAT A

CURRENT 15 INDuCED,
BUT BY WUAT?
TRE CHARGES ARE
NOT INITIALLY
MOVING, %0 HOoW
CAN THE MAGNET
AFFECT THEM 2

IF ONLY MABNETIc AND RINGO HAS DEDUCED WHAT
ELECTRIC FIELDS CAN IT TOOK EINSTEIN TO
MOVE CUARGES , THERE REALIZE. EINSTEIN SAW
MUST HAVE BEEN AN THAT, DEPENDING ON WHO
ELECTRIC FIELD, Too ? WAS MOVING , THE CURRENT
V 15 5OMETIMES DVETo A |

MAGNETIC FIELD AND SOME-
TIMES To AN ELECTRIC FIELD.

CHANGING
W MAGNETIC
HELDS CAUSE

ELECTRIC
FIELDS Il
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NowW AGAY... ONG MORE TIME - WE'LL Dp THE FARADAY EXPERIMENT...

30T Twio TIME W QUATER SEHYGE, 50 WE (AT TELL WHO 5
IREALLY" MOVING. WE KNOW DNLY THAT WE PRE MOVING

@E%TEV@ To EACH OTHER.

| TRINK | AM STATIONARY, AWD RINGD TUINKS HE 15

RINGO |5 MOVING. | DETECT A STATIONARY AND | AM MOVING.
MAGNETIC FIELD, BUT IT CANT HE DETECTS ONLY A MAGNETU
MOVE THE CHARGES 50 TUERE FIELD AND MOVING CUARGEA,
MUST BE AN ELECTRIC FIELD AL%0, WHICK ACCOUNT FOR THE
CAVSED BY TUE CUHANGING INDUCED CURRENT.
MAGNETIC FIELD-

FIELD

;L;mq 4555 TWO FIELDST ¢ RIGO SEES BNLY A MABNETIC f |

AND Dot
RELATIVITY!




Tuib 15 THE HALLMARK OF RELATIVITY THCORY: TWO OBSERVERS
LIKE RINGO AND ME, 1F THEY ARE MOVING Wit RESPECT To
EACH OTUER, WILL DISAGREE ON TUEWR MECASURE MENTS OF

KBy PUYLICAL QUANTITIED OF THE UNIVERSE !

UCRE'S AN EVEN SIMPLER ILLOSTRATION: A 4INGLE CHARGE
Z\?5 TUROVLH APACE PAST RINGO °

RINGD SEE5 A MOVING (HARGE — BUT \F | AM MOVING WATH
A CURRENT TUAT GENERATES THE CHARGE, | 9EE \T AS
A MAGNETIC FIELD. TUE NEgLk CTATIONARY. THERE 1§ NO
OF RINGOS CoMPpsh DEFLEUTS! MAGNETIC FHELD, AND MY

(OUPRS 5 NOT PEFECTED !
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LCRE's TUE FINAL DEMONSTRAT/ON: THEY REPEL EACH OTHER
WATCH CAREFULLY! | NOW CARRY ELECTRICALLY — BUT RINGO

TWO (uARsES S\DE BY 5IDE SEES THEM MOVING : TWO
PA5T RINGO- PARALLEL CURRENTS WHICH
KTTRACT MAGNETICALLY'

BUT TO ME, THE CHARGES ARE NOW | LET 60 OF THE CHARGES.
STATIONARY, 90 | SEE ONLY THEY FLY APART.
THE REPULSION.

NOW THE STRANGL PART: RiNGO 60T THAT? RINGO, WHO 1§

SEES AN ATTRACTIVE MAGNETIC MOVING WIT® RESPECT TO ME,

ffﬁﬁﬁ gigﬁm :Ef Cuhjgr:a%, MEASURES THE CHARGES' oUTWARD
TLY OFFSETS THE VELOCITY To BE

REPULSIVE ELECTRIC FORCE — TUAN | MEASURE ?}!PWER

50 RINGD SEES THE CUARGES
MOVE APART MORE SLOWLY
TRAN | DO!




HERE (6 AN APPARATUS FOR MEASURING HOW FAST THE CUARGES

FLY APART.

PULLING TRIGGER A RELEASES BLOCKS B, 5TARTING Clock €
AND ALLOWING CUARGES @Q To FLY APART, CUARGES STRKE
LPs P, SToPrinG CLoCK e

WITH THE THING AT REST N BUT, hS WE JUST HAW, The
FRONT OF ME, THt CHARGES LPEEDING RINGO 4EES A

FLY APART QUICKLY, Ay (W @ MAONETIC ATRACTION THAT
© DELMY5 THE CUARGES' FLYING

0.0l SETOND -
NPART.

RINGD MEPSURES A LoARR VNS

TUBN | DO—5hY 0.0L SEC, FOR
Tue CHARGES o FLy APART |

HE ALSO NOTICES THAT MY CLOCK
TKS OF ONLY O.01 4EC. 1\ The

TiMg | T TooK W$ ok TO J
REACK ©.02 SEWNOS., CPWCLLHON:

174



WHAT 15 RINGO To THINK?
AS | $PEED BY, HE SEES MY
CLOCK TICK OFF 0.01 SECONDS,

WHILE HIS TICKs OFF TWICE AS
MUCH. THERE 15 0Ny ONE
THING HE QAN CoNCLUDE.
RINGO DECIDES TUKT—

MY RAPID MOTICN
CAUSED MY TIME TO©
Low DOWN K

=R e e ———————

( THAT (6 JUST ONE OF THE WEIRD CONCLUSIONS OF |
RELATIVITY THEORY. AND THERE ARE MORE- AUORDING

TO EINSTEIN, A STATIONARY OBSERVER SEB5 THE
FOLLOWING EFFECTS ON RAPIDLY MOVING OBJELTS:

* TIME SLOWS
* LENGTES DECKEASE

()N THE DIRECTION OF MOTION)

«MASSES TNCREASE

EITHER THAT, OR
MY SPPCESYT
WAS SPRUNG A
LEAK...

SYACE AND TIME ARE S
RELATIVE, NOT ABSOLUTE! |
\_

(N OTHER WORDS —

SOME OF OUR ;
CHERISHED wg“fé&r Z{’ @\S
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—
WE SAW TUAT THE EFFECT OF TIME

DILATION 14 DERIVED FROM
BAYIC, OBSERVED FACT? ABQUT
ELECTRIATY AND MAGNETISM .
THE PHYILI6TS OF THE LATE
NINETEENTH CENTURY ALREADY
KNEW THAT TUEIR E.M. EQUATIONS
DIp NOT AGREE WITH NEWTONY
MECUANICS, AND MO4T OF THEM
THOUGHT TUE ANSWER WAS To
MODIFY TUE ECQUATIONS IN

S0ME WA -
\ 3

. BUT DN EINSTEIN AW _
THAT THE ANSWER WAS To R 2%
RIVISE THE VERY CNGRTS 2K 22 |\ ZZ

OF SPACE AND TIME... % F‘




o CHAPTER 21

INPUCTORS

BN WNDUCTOR 16 $IMRLY A QOIL OF WIRE.

LONETIMES \T MP4 SURROUND BN [RON CORE,
To INCREPSE MAONETIC EFFECTS. [TS

ELECTRIC SYMBOL 15°

(IO oo

woueTor L INDUToR L \WITH
IRON CORE .
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£ A CURRENT FLOWS TURoUM | I THE CURRENT 15 QMNGED,

AN INDUCTOR, A MAGNETIC rih(apamc FIELD LINES VT
CR0% THE TURNS OF Tug

¥l ILL SURRDUND

MELg;\":L sgglLR gt ik oL, PRODUCING A

—~ e, FA @EE&E”HE

et “&\_3 e
L/;"\M%“K @\ '

{ oo
ok
=
K-....-"

BY LENT'S LAW, THE INDUCED TUEZE Eirg; CEH vBmLo UP [;['0
CME OPPOSES THE CHANGE THAT | THOUSANDS OF VOLTS. O
PRODUCED |T. 1 You TRy To |  EXAMPLE, WHEN you oFen P
TURN ON THE CURRENT IN THE SaTck, T EME CpN SHoOT
(oL, THE SeLf- Npucey EMF A 47ARK TUROUGH THE AR,
RESSTS | AND THe CURREMT CAN KEEPING THE CURRENT

ONLY BUILD UP SLOWLY. 1¢ You | FHOWING FOR A MOMENT.,
TRY To TURN IT OFF, THE
Gur- INDU@D EMF TRIES TO
KEEP THE CURRENT FLOWINT -




TUE EFFECT 14 BXTLOITED
N TUE 1GNTIoN CIRCULT
0F AN AUTOMOKILE .

—
TUE "Coll® WRG TWO WINDINGS,

b PRIMARY WINDING OF, 5pY,

A BUNDRED TURNS OF MEDIUM 51280
WIRE, ANb b SECONDRRY WINDING
OF TUOUSHNDS OF TURNS 0F FINE

WIRE- TUC PRMBRY 15 .
CNERLIZED TUROUGH TUE “POINTS™ BY TRE 12-VOLT BATTERY.

WLEX TUE POWTS OPEN, SWITCUING OFF TUE CURRENT N
TUE PRIMARY, THE COLLAPSG MAGNETIC FIELD INDUCES
(URRENT N THE SECONDARY. THE My TURNS AMRLIFY THE
INDUCZ) EMF, AMp GENERKTE A MOMENTRRY PULSE OF NEARLY

Yo ) [C AVOLT I

—

TS 15 DIRECTED BY ThE

DISTRBUTOR TO THE
LPARK PLULS, PRODUCING A

4eDRK WHICH \GNTES THe
GROOLINE - IN Tits Wi, A
12 VLT BATTERY 19 AMRURED
10 b WIGH-VOLTAGE SPARK.




st DC — DIRECT
NE DIRECTION DOWN

40 FAR WE'VE BEEN LOoKING  ONLY
(URRENT- A FLow OF (UWARGE IN O

A WIRE.

ey QW Q=+ Q=

sur we usuALy USE AQC —ALTERNATING CURRENT, IN

WHICH TUE FLOW 15 CONSTANTLY CUANGING DIRECTION.
I YOUR HOUSE WIRING, WHICH [5 AC, T REVERSES

DIRECTION 120 TIMES EVERY 4CCOND!




/u CAN GENERATE AN ALTERNATING
CURRENT BY APINNING THIS
EGGREATER-LIKE |NDUCTOR IN A
MANENT MAGNETIC FIELD. IT
DEVELOPS A CURRENT AS [T (UTS
ﬁzo% Tug MAGNETIC FIELD
INES .

| g:&(u L;%QETHT %RHHE‘S .-AND THE-'IN THE OTHER,
HE COTS TH
FIELD LINES FIRST ONE Jﬁt‘fm ol

(GENERATED
(AN BE TAKEH
OFF BY

4LIP RING
“BROSHES "
TH(S 1§ HOW
MOST oF
OUR
ELECTRIC

ER 1§
GENERNTED.




[ ¢ APAOITORS AND INDUCTORS \

WANDLE AC AND DC
DVFFERENTLY. THE INDUCED EMF
N AN INDUCTOR OPPO%ES
CUANGES IN CURRENT FLOWING
N IT. AINCE AC 15 ALWRAYS

(HANGING, THE INDUCTOR
RESI5TS THE FLOW OF AC.

STOP! oN THE OTHER HAND,
STop! D¢ FLoWS RIGHT
THROUGH AN INDUCTOR.

DC, OF COURGE, WON'T FLOW TUROUGH A CAPACITOR— THERE
6 NO CONNECTION BETWEEN THE CAPACITOR PLATES. BUT

AC CAN “GET THROUGH™ A CAPACITOR !

IT WORKS LIKE TUI6: CUARGE MOVES BACK AWD FORTW (N THE
CQRCUIT, ALTERNATELY CHARGING A PLATE, DY2CUARGING IT, AND
REMARGING T TUE OPPOSITE WAY. THE CURRENT APPLARS To

(Ro% TUE GIP.
12 +
T4 e+t - - +4
" “ i —Z“ “H
*y - .
2! 3
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AN INDUCTOR'S

RESI6TANCE TO

AC GIVES IT A —
KIND OF INERTIA.
IN FACT, AN
INDUCTOR 16 AN
ELECTRICAL
ANALOG DF A
MAGS,

( F AN |NDULTDR 16 MBSSLIKE, A CAPAOITOR 19 SPRINGY . )
WHEN You TRY Tp PUMP CUARGE To AN DLREMDY CHARGED

PLNTE, IT PUSHE BALK —LIKE A SPRING.
yom o |
-5 = - CAPACITOR
FER { }'__ T REPELS AODED
- + = CRARGE |
1
3 LPRING REPELS
Mm ADDED PRESURE
— -
CONNECT AN
INQUCTOR AND A
CMAUTOR [N AN C
AC CRCULT, PND
Yo WAVE THE L
ELECTRICAL BQUIVALENT
Of —A mpoS :
ON A 4PR\N( ¢ - = :

18%



LIKE A 4PRING AND MASS, THERL
LC CRCUITS TEND TO VIgRATE

AT M PREFERRED ("RE5ONANT") PREQUERCY

_%_mm_

SPRING &4

D TIMEC
Loy FREQuENDy

SPRING #9

Uik FREQUENY

‘ LOCk bk CRCOTT CAN
8¢ UotD (WITH AN ENERGY

LOURE) To GENERNTE A
| SPECIFIC FREGUENCY OR
To TUNE ONE 1INy RS
N YoUR R¥DIO.

~\

nelio, AND WELCom(
To ANOTHER BORING
Thob RAM FROM

AN 0@selETE
MEDIUM ...




RECALL THE TWD INDUCTION €0(LS
@ FROM THE FARADPY EXPLRIMENT

(OR FROM YOUR (AR 4TARTLR).
CURRENT WAS INDUCED IN COIL #2
ONLY WHEN TUE CURRENT TO
con #{ W TURNED ON OR OFF -
ONLY CUBNGING CURRENT CAN

INDUCE CURRENT.

=

| BETI\T: ;(,

ALWAYS INDUCES
CORRENT. S0 (UAT?

= BUT K
CURRENT
15 ALWAYS
CHANGING.

HIGHER THE VOLTAGE [NDUCED -

IN CoIL#*2! HIGH
VOLTAGE

THE BEST PART 15 THIS: THE VoL TAGE
INDUCED ‘JOLT&GE 15

TURNS RATIO

THE MORE TURNS IN CoIL #2,

Mo CopphRED To COIL %1, Tpe

185



" e

i
L

IT 15 NOT HARD TO SEE WH3" IN

\Y THE 5ECONDARY, THE MORE WIRE 1S
CUT BY THE CUBNGING MAGNETIC
% FIELP LINES, THE MORE EMF 15
It GEVERATED - 1€
' i\ 2
VAR, N, = NUMBER OF TURNS IN PRIMARY
¢ VOLT AGE
‘e N = NUNBER oF TURNS IV SECNDRRY
A4 THEN
e S V.3V
STEPPING DOWN VOLTACGE OuT - N

THE RESULTING DEVICE, FOR STEPPING
VOLTAGE UP OR DOWN, 15 CALLED A

TRANSEORDMER

WITH THE SYMBOL
Looks LIKE
Bng VOLTAGE FROM
NOWUERE 1
AND 1T WORKS ORNLY >
For AC. ,

f’_
A TRANSFORMER “ TRANSFORMS ™ NOLTAGES
UP OR JOWN —BND nO, You CAN'T

INPUT OF THE PRIMARY - \N OTHER

WORDS, Mo L’O‘U LTEP UP THE YOLTRGE,

Uou MUST &TEP DOWN THE wrlélaaumm::
CURRENT, OF ENERGM™

k RET!

_"*-1
BT LOMETHING FOR NOTUING. TRE
POWER OUTPUT OF THE SECONDRRY -.v ‘ __v o
COIL CAN NoT EXCEED THE POWER oY Wlmﬁ A 4

\Bé



THI4, THEN, 15 THL
GREAT ADVANTAGE OF
ALTERNATING CURRENT :
ITS VOLTAGE CAN BE
EASILY STEPPED UP
OR DOWN.

THIS 165 ESPRCIALLY IMPORTANT BETWEEN POWER GENERATING
STATIONS AND THE CUSTOMERS THCY 4ERVE:

THE TRANSMIS4ON WIRES WAVE A RESISTANCE ¥, %0 THERE 15 A
YOLTAGE DRoP V=i AND POWER LO% P= {|/ = i2r ALONG Tg

LINE- AT KIGH CURRENT . ENORMOUS
NMTED. ) AMOUNTS oF POWER ARE

TRANSFORMERs|  HIGH VOLTAGE ( MORE THAN
Come 1N {00,000 VOLTS!) AT TUE
SOURCE, CURRENT 16
REDUCED IN THE WIRES, AND
THE POWER LOZ4 1S MMMZED -
THEN, KT THE USER'S END,
VOLTAGE 15 £TERR DOWN

TO A RELATNELY SR

220 OR {0 \oLTs.

<o w@ BY STEPPING UP TO VERY

“Juice” NOLTAGE

Low CURRENT, HGH VOLTAGE
187



OUR HUGE ELECTRIC
POWER SY5TEM 145

ALL DUE TO THE
HUMBLE TRANSFORMER .

BUT WATCH FOR
TECHNOLOGICAL

L10P... WaT... |
ONLY WANT To

WiTH THE [NVENTION OF HIGH- TEMPERATURL

SUPERCONDUCTORS

AND HIGH -TECH DEVICES FOR TRANSFORMING

DC VoLtAGEs, WE MAY SEE S0ME
DC POWER LING IN COMING DECADES-




0CHAPTER 239

8 4
R L
\% ?jﬁ@ {ﬁ;%“"%
& S S R “
nf\;f&% BBy YR M p

N

%} ’——-b TECHNICALLY SPEAKING, THE ELECTRIC AND
M AR > MAGNETC FIELDS ARe VECTOR FIELDS -
SO _37 FIELPS WITH A MAGNTUDE AND PIRECTION
AT EVERZ PONT. To DESCRBE A VECTOR HELD,
Jou MUST SPECIFY HOW THE FIELD $PREADS OUT 0R DIV ERSES,
AND HOW 1T CIRCLE AROUND, OR CURLS. (DIVERGENCE

AND (URL ARE MATHEMATICAL TERMS.)

IN 1873 JAMES CLERK

MERWELL

WROTE DowN

FOUR BEQUAT/ONS
WHICH PECY Tue
CURL AND DIVERGENCE
OF THE ELECTRIC AND
MAGNETIC FIELDS.




MAXWELL'G FIRST E(EU#TION 19
GAULY'S LAW. T 945 THAT
ELECTRIC FIELD LINES

IVERGE FROM POSITIVE
gih%E‘? AND CONVEKGE
T0 NEGAT\VE CHARGED .

=P D> =DOE

KR\A%%W“%

|

THE SECOND EQUATION 14
FARADAY'S LAW: ELECTRIC
FIELD LINES CURL AROUND
CHANGING MAGNETIC FIELDS.

| CHANGING MAGNETIC FIELDS

THE TURD EQUATION $AY6 TUAT
MAGNETIC FIELDS NEVER

DIVERGE OR CONVERGE. TH
ALWAYS 60 IN CLOSED CLRVES.

INDUCE ELECTRIC FELDS.

BRECTRIC
FIELD

FINALLY, THE LAST EQUATION
5hJo THAT MAGNETIC RELD
LINES CURL AROUND ELECTRIC
CURRENTS. WE HAVE 4EEN
THAT M MAGNETIC FIELD QIRCLES
AROUND A CONDUCTING WIRE.

09508

i B D
MAXWELL WD\ e T
A CRITICAL G
BRAINSTORM! '

(AN ELECTRICAL

STORM, OF

CouRee)
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A5 JoU 4EE, THE EQUATIOND

EXPRESS LAWS TUAT CAME TO
AYWELL FROM OTHER 4OURCES.

BUT MAXWELL'S GENIUS WAS

T0 4EE TUAT LAW #4 WAS

INCOMPLETE.

CONSIDER A CAPACITOR BEING
CUARCGED. A9 THE CURRENT FLOWS
TO THE (APACITOR PLATES, A
MPONETIC FIELD RINGS THE WIRE.

BUT WHAT ABOUT BETWEEN
PLATES ? THE

4,144

No MAGNETIC FIELD HERE?

DOES THE FIELD

4T0P ABRUPTLY
BETWEEN THE
PLATES, \WHERE
THE CURRENT 5TO?S‘?
I MAXWELL 4AID —

MAXWELL FET THAT NATURE
DISLIKES DISCONTINUITIES. AL90,
HE REMSONED TUAT IF CHANGING
MAGNETIC FIELDY |INDUCE
ELECTRIC FIELI?2 (FARPDRY ), THEN,
SYMMETRICALLY, CURNGING ELBCTRIC
FIELS MIGHT INDVLE MAGNETIC
FIELDS. THERE WAZ? NO EVIDENCE
FOR TUi9, OF JOUR4E, BUT...

THUS, MAXWELL APVED AN EXTRA
TERM TO HI4 FOURTH ECAUATION,
SAYING TUAT MAGNETIC FIELDS
AL50 CURL. AROUND CUANGING
ELECTRIC FIELDS. THI9 TERM
GENERATES A MAGNETIC FIELD

BETWEEN THE CAPAUTOR PLATES
AS THE ELECTRIC FIELD BUILDS UP.

-2ee 00 2

S0ME YEARS LATER, THIS
MAGNETIC FIELD WAS DETECTED.




50, WITHOUT FURTHER ADD, HERE ARE

PARSWRLL'S BOQUATICINY

IN FULL- BLOWN MATHEMATIAL NOTATIOM
0 TURILL AND INTIMIDATE You!

[ — -

@Jj VE =4mp (5, orea “ru’ = crprse

DENATY | E =ELECTRIC FIELD) 2445 E

—79n\ DIVERGES OUTWARD FRoM PLUS CHARGES
‘(U'j AND INWARD To MINUS (HARGES.

VxE = -—3‘-‘3% (B = maoNeTIC FIELY)

b B CURLS AROUND CHANGING B FIELDS.
(¢ = $PEED OF LIGUT)

|

DIVERGES, AUNNYS LOORS RRoND. |

- 4T 1 dE
VXB = -;_—I T It
bo B CURLS AROUND CORRENTS

(T = CURRENT DENSATY) AND
(iANGING E FIELDS

, E_,_@{@D_@_,

L | :

109



TUAT ONE LITTLE TERM

APDED TO MAXWELL'S FOURTH
EQUATION HAD AN UNEXPECTED
PAYOFF — ANp A BIG ONE.

i \MAGINE A 4INGLE ELECTRIC CUARGE BEING VIBRATED:

- IN THE SPACE NEAR THE
VIBRATING CHARGE, THE

CHARGE'S ELECTRIC FIELD 1S
((® )) (o] ) CHANGING, 40 I T INDUCES A
MAGNETIC FIELD CURLING
\ A AROUND T.

BUT THE MAGNETIC FIELD
16 AL20 CHANGING — %0

| [T INDUCES MORE ELECTRIC 9
s L

FIELD, WHICH INDUCES
i MOKE MAMAETIC HEW ...

L)

THE RESULT 15 A

WAVSE

OF FIELDS RIPPLING
OUT FRom THE
VIBRATING

CHARGE —AT TuUE
SPEED OF LIGHT,

A CORDING TO
MACWELL'S

C NLCUL ATIONS!
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MAXWELL HAD

| A FLASH OF
) () O |LLUM(NNTION!
)| s

ITSEF, HE

. HYPOTHESI28D,
@ & SR AN
ELECTRO:
MAGNETIC
WAVE.

500N NFTERWARD, HERTZ AND OTUERS DD INDEED PRODL(E
LONG ELECTROMAGNETIC WAVES FROM WIGGLING CHARGES —
AND DETELTED THEM AT A DISTANCE FROM THE SOURCE!

\\E DISCONERED 416H - AND |

NS HOPING FoR
KRADIO

ToP 40 RADLO-

IT WASN'T LONG BEFORE A
WHOLE 4PECTRUM OF THESE WAJEZ
WAS FOUND — FROM RADIO WAES
To MICROWAVES To |NFRARED To
VI5(BLE LIGHT To ULTRAIDLET T2
X-RRY5 ANp NUCLEAR BAMMA
RAD(KTION- N FOUR EQUKTIONG
M&NELL NOT ONLY  SOMMAR\ZED
ELECTRICITY AND MIONETIOM, BT

ALSO ENCOMPGAED LIGKT RND
OPTILS! NOT SO

-—

F




0 CUAPTER 24 °

QUANTUM
ELECTRODYNAMNICS

NOW WERE GOING To
FIND OUT WHAT
CHARGE "REALLY 15.

WEIRD. TUAT'S Y  (G9P%
WHAT [T 6. % Gr




WE SAW TUAT ELECTROMMONENE|

THEORY ALREADY CONTAING
Rimmq (6EE P.176)

WHEN QUANTUM MECUBNLS 14
hDDED, ‘LI‘J;’E TWCORY BECOMES

QUANTUM
L ECTRO-
DYNAMICS

(® QED).

TO PV TS, WE UANE To
G A LITTLE ABOLT
QUANTUM MECHANICS, THE
STRANGE S9YSTEM TURT PHYSIcS
NOwW USes To DESCRIBE THe
WORLD. AMONG \TG

STRANGER |DEPS ARE TUESE:

|

e

=

196

% LIGHT ¢ ook v oF
MASSLES PARTILLES CALLED
PHOTONS. s 15 0.,
BELNSE PARTYLE, (AN
NT LIKE Whes

¥ NETURE 15 NKERENTLY
UNCERTAIN. [N PARTICWAR,
T 15 [APD%4BE TO

msug b PARTICLES
PRECIE MOMENTUM AMD
Wﬂgtm AT THE SANE

TME.



50 LETS G0 BACK TO THE FOINT WHERE TWQO POLITIVE
(HARGES WERE REPELLING EMCH OTHER. WE WONDERED wow
THE ELECTRIC FORCE GETS ACRO% 4HPPCRT

® e~ O

QUANTUM ELECTRODYNAMICS SMS TURT THE FORE 16 C(ALSED BY
PARTICLER PASAING BET WEEN THE CHARGES — PARTICLES

o LIGHT, 0k PHOTONS. THIBE THOTONS HAVE ENERGY QUT
NO MA%, AND THEY TRAVEL AT THE SPEED OF LIGAT.

dd
—————}

Pho Ton

TuE 4TRANGE PART 15 TUAT TRIBE ARE NOT “REAL" PHOTONS
LICE THE ONES You SEE WITH YouR EYES, BUT VIRTUAL
PHOTONG — A SORT OF GHOSTLIKE PARTICLE THAT JIOLATEZ
THE CONSERVATON OF ENERGY AND "EX16T" FOR ONLY A

LIMITED TIME.

THE FORCE 15 QUANTOM MECUANICAL [N NATURE, BUT A CLASSICAL

ANMLOGY 16 TUAT WHEN ONE CHARGE EJECTS A PUOTON, 1T RECOILS
LLIGUTLY. WHEN THE OTHER CUARGE CATVES 1T, 1T ALéo RECOILS .
THE NET EFFECT OF MaRY Suct EXCURNGES 19 A REPLLSIVE FORCE!

)H.- o (
97

LIKE TWo
ol RoCLER

feofLe
HKATE, , PASSING
A BASKETBALL'

|



WHAT ABOUT THESE “VIRTUAL PHOTONS? BVEN M SINGLE CHARGE
HAS A ZLOUD OF VIRTURL PUOTONS AROLND \T. THE JWARGE
(ONSTANTLY CRENTES, EJECTS, AND NBSORSS VIRTUM. PROTOMS .

AND -TMI5 15 THE

WHOLE QED PiCTURE
(ALMOST ).

AGILITY To
MAKE VIRTUAL
PHOTONS !

¥ b K%
ANp THE ELECTRIC
FIELD 1S NOTHING
BUT THE VIRTUAL
ProTON CLOYD!

e A W N N W

THE STRANGEST PART OF TH\S, OF

COURSE, 15 THAT THE VIRTUAL PHOTONS OuTRAGRYYS
COME "FROM NOWMERE." THAT 15,
AFTER A VIRTUAL PHOTON 1% CREATED,
TUERE 15 MORE TOTAL ENERGY THAW
TUERE WAS BEFORE IT EXISTED: THE
ENEREM OF THE ORIGINAL PPARTICLE

PLUS THE ENERSY OF THE PHOTON.

(9€

|




Tui4 VIOLATES
TUE

Of CONSERVATION
OF ENERGY'

THIS 19 WHERE QUANTUM
UNCERTAINTY (OMES
M.

eETANTT )
 PRINCIPLE |

b THIS: You CANNOT MAKE AN EXACT DETERMINATION OF ENERGY
| AND TiME SIMOLTRNEOVSLY .

@ 5 )

Te e,
INTERUAL
EN'&RGQ |s

. ‘-“tk‘x (r =
L @ -;:- \
<SS
TUIG MEANS TUAT THE ENERGY ACCOUNT
CAN BE UNBALANCED —BUT ONLY FOR gﬁ,”
hTIME. A LARGE ENERGY DERCT INTEREST?

MUST BE MADE UP IN A VERY SHORT l
TIME, WHILE A SMALL DEFICIT CAN e
T FOR p WHILE. (MATUEMATICALLY,

(P
AE- At > b : THE PRopuCT OF THE
ENERGY VIOLATION TIMES THE TIME OF "5'
THE VIOLATION CAN'T BE LESS THAN A %ﬂs
\ CERTAN SMALL YWOMEER h.)
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[ IN OTHER WORD4, A
VERY ENERGETC VIRTUAL
PHOTON, ONE WITH A LARGE b /TN
KICK, CAN'T GET FAR, EVEN ~
| AT THE SPEED OF L\GHT, ®
BUT MU5ST BE REABSOREED
QUICKLY TO BALANCE THE
ENERGY

WHEREAS A LOW-ENERGY PHOTON (AN TRAVEL FARTHER.

{[ll

L THE SMALL ENERGY VIOLATION CAN BE TOLERKTED LONGER.

TUIS EXPLAING WHY THE BLECTRIC FORCE
(E!

GROWS WEAKER WITH DISTAN
O ———— D&

PHOTONS WITH A BIG KiCk CAN'T GET FAR TO DELINER THER
ENERGY. WHEN THE MATH 15 WORKED OUT, WE GET THE
EAMILIAR INVERSE -SQUARE LAW OF CLASSICAL PRYSICS .
AND THERE'S NO LOWER LIMIT ON THE ENERGY OF A
VIRTUAL PHOTON. A VERy LOW-ENEREY OFe CAN LAST R
UEARS, pp TRAVEL LIGHT- YEARS. THE RANGE OF THE
ELECTRIC FORCE 16 UNLIMITED !




wht!f
Tuis THEORY 4p45 THAT
ELECTRIC FlgLDS PRE
Cloups OF VIRTURL THOTONS -
OARTICLES TWAT AREN'T EVEN
WREAL ([ \F pLL THESE
BHOSTS Do 16 EXPLAN WA

WE ALREADY KNOW, THEN

WHAT 600D
ARE THEY 7

¥oW Do WE KNOW THEY
ARE “RENLLY THEREL




THERE |5 A WAY TO MAKE
VIRTUpPL PHOTOMS REAL'
HERE'S A CHARGE M 1TS
(LoUP OF VIRTUAL PHOTONS.

THE VIRTUAL PHOTONS ARE
ORPHANED, WITHOUT THE(R

H0VRCE CUARGE To REABSORB| |
THEM !
O |
Oogt):o o
55
050
0 O ®c o O
OFf g

IF WE SUAKE OR
MOVE A CUARGE,
REAL PHOTONS
SHOWLD COME
FLYING OuT!

| ELECTROMS
| @—
| @ —>

O A
50 THEY BGeoMe REAL, FLYING

THIS 16 HoW X-RMYS ARE

QUPPOSE WE KNOCK THE
CHARGE AWAY FRoM \TS
VIRTUAL PHOTONS, SN BY
RITTING 1T WITH ANOTHER
PARTICLE -

AWRY WiTH THE ENIRGY
PICKED UP FROM THE Lo(LISioN.

)

MADE : SROOT ELECTRONS NP
A MEAVY METAL | WHERE THEY
ARE JERKED TO A $ToP.
THEIR VIRTUML PHOTONS FLY
OUT Ré REAL X-RAYS.

A
L~




NP X-RBY4 ARE
REAL ENOUGH!

TUC PioTorG NEEDN'T BE X-RAYS. A RADO TRANSM(TTER J\GLLES
ELECTRONG  SHAKWNG OFE PHOTONS, Wick You Prck LP Witk JoUR
RECEWER. | A LIGHT BULB, ELECTRORS IN THE HOT FILAMENT
LUAKE OFF VIGIBLE LIGAT PHOTONS . M WE HAVE SEEN FROM THE
/LASSICAL THEORY, WHENEVER A CHARGE 15 M(ELERATED, M
ELECTROMAGNETIC WANE — VIRTUAL PHOTONS MADE REAL —
RADIXTE OUT. MOST OF THE FAMILIAR OURCES OF RADIATICN
LHAKE TUER PHOTONS OUT OF THE VIRTUAL CLOUDS OF CAARGES .

ol 4 iy

FIREFL
FIRE L X - RAY5
~
54 %
o | "\
Tat BoME
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It THE QUANTUM THEDRY
PREDICTED OWLY
FAMIL(AR EFFECTS, \T
WOULDN'T BE MUK TO
GET EXCUITED ABOUT .
BUT 1T DOBS MORE:

IT AL%0 PREDICTS

NEW REZULTS.

FOR EXAMPLE, IT IMPLIER TINY DISCREPANCIES FROM THE CLA%%ICAL

THEORY: DEVIATIONS FROM TUE INVERSE -SQUARE LAW AT VERY

SHORT RANGE, DIFFERENCES Wl THE MAGNETIC FIELD OF THE
ELECTRON, AND MORE. THe4E EFFECTS HAVE BEEN CONFIRMED
BY DELI(ATE EXPERIMENTS, GIVING US CONFIDENCE THAT WE

NFS;L HAVE THE CORRECT THEORY OF TUE BLECTROMAGNETIC
E.




THE WUOLE \DEA OF FORCES BEING C(ARRIED BY “EXCHUANGE

| PARTICLES" LIKE PUOTONS WA% BLEN BROMDLY EXTENDED IN
PUYSICS. THE PHYSL 4TS MOTO:

TiE STRONG NOLEAR FORCE,
WHICH BINDS PROTONS TOGETHER

IN TRE NUCLEUS, 16 NOW DEXRigeD
By Al EXCHANGE OF PARTICLES
AL MESONS. Tre WEAK

NUCLEAR FORCE W5 BERN UNIFED
T0 TUE ELECTROMAGNETIC FORCE

BY THEOR\LNG, AND THEN FINDING GENERIC " FRYNMAN
"BROTHERS' OF Tug PHOTON DINGRAW O TAFTCLE
TUAT CARRY TUE FORCE. XCH

TUE FORCC BETWEEN TUE GUARKS WK MAKE UP THE NEVTRONS |
AND PROTONS 14 AL40 THEDRIZED TO COME FROM THE EXCHANGE
0F PARTICLES CALLE> GLUONS. !




A, GRAVITY... GRAVITY HHOULD BE CAVSED BY T

EXCUPNGE OF GRAVITONS .. BT We DON'T

EXPECT TO 468 ANY GRAVITONS 500N THE
LRAVITATIONAL  FORCE 15 JUST Too WEAK. IT TAKES
A WHOLE MOON OR PLANET TO EXERT AN APPRECIABLE

CRANVITATIONAL FORCE - BUT WE'RE CONFIDENT THE
GRAUTONG ARE ™ THERE.
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PUYs(CTs FTILL BeLIVE AUAT ALL TUE PORCEL
0F NKTURE RESULT FROM THE EXCHANGE OF
OMRTILLES. BY RELATING THE PARTICLES,
We HOPE To DRuELOP A UN(FIED PILTURE OF
ALL FORCE WITH A 4MALL LIST OF RULES
WHICH WLL DESCRIBE The Bl5 OF —

BVERYTUING -

DI ¢, * [[)J [I]] 8
DDnnDﬂ

el
- =
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