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We have al seen the strange device, known as a
Van De Graaff Generator, that makes your hair
stand on end. The device looks like a big
aluminum ball mounted on a pedestal, and has
the effect pictured on the right. Have you ever
wondered what this device is, how it works, why
it wasinvented, Surely it wasn't invented to make
children's hair stand on end... Or have you ever
shuffled your feet across the carpet on a dry
winter day and gotten the shock of your life when
you touched something metal? Have you ever
wondered about static electricity and static cling?
If any of these questions have ever crossed your
mind, then here we will be amazingly interesting
as we discuss Van de Graaff generators and static
electricity in general.

1.1 Under standing Static Electricity

To understand the Van de Graaff generator and how it works, you need to
understand static electricity. Almost al of us are familiar with static
electricity because we can see and feel it in the winter. On dry winter days,
static electricity can build up in our bodies and cause a spark to jump from
our bodies to pieces of metal or other people's bodies. We can see, feel and
hear the sound of the spark when it jJumps.

In science class you may have aso done some experiments with static
electricity. For example, if you rub a glass rod with a silk cloth or if you rub
a piece of amber with wool, the glass and amber will develop a static charge
that can attract small bits of paper or plastic.

To understand what is happening when your body or a glass rod develops a
static charge, you need to think about the atoms that make up everything we
can see. All matter is made up of atoms, which are themselves made up of
charged particles. Atoms have a nucleus consisting of neutrons and protons.
They also have a surrounding "shell" which is made up electrons. Typically
matter is neutrally charged, meaning that the number of electrons and
protons are the same. If an atom has more electrons than protons, it is
negatively charged. Likewise, if it has more protons than electrons, it is
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positively charged. Some atoms hold on to their electrons more tightly than
others do. How strongly matter holds on to its electrons determines its place
in the Triboelectric Series. If a materia is more apt to give up electrons
when in contact with another material, it is more positive on the
Triboelectric Series. If a material is more to "capture" electrons when in
contact with another material, it is more negative on the Triboelectric

Series.

The following table shows you the Triboelectric Series for many materials
you find around the house. Positive items in the series are at the top, and

negative items are at the bottom:

Human Hands (usually too moist though) (very positive)

Rabbit Fur
Glass

Human Hair
Nylon

Wooal

Fur

Lead

Silk
Aluminum
Paper

Cotton

Steel (neutral)
Wood

Amber

Hard Rubber
Nickel, Copper
Brass, Silver
Gold, Platinum
Polyester

Styrene (Styrofoam)

Saran Wrap
Polyurethane

Polyethylene (like scotch tape)

Polypropylene
Vinyl (PVC)
Silicon

Teflon (very negative)

The relative position of two substances in the Triboelectric series tells you
how they will act when brought into contact. Glass rubbed by silk causes a
charge separation because they are severa positions apart in the table. The
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same applies for amber and wool. The farther the separation in the table, the
greater the effect.

When two non-conducting materials come into contact with each other, a
chemical bond, known as adhesion, is formed between the two materials.
Depending on the triboel ectric properties of the materials, one material may
"capture” some of the electrons from the other material. If the two materias
are now separated from each other, a charge imbalance will occur. The
material that captured the electron is now negatively charged and the
material that lost an electron is now positively charged. This charge
imbalance is where "static electricity” comes from. The term "static"
electricity is deceptive, because it implies "no motion”, when in redlity it is
very common and necessary for charge imbalances to flow. The spark you
feel when you touch a doorknob is an example of such flow.

You may wonder why you don't
see sparks every time you lift a
piece of paper from your desk.
The amount of charge is
dependent on the materias
involved and the amount of
surface area that is connecting
them. Many surfaces, when
viewed with a magnifying device,
appear rough or jagged. If these
surfaces were flattened to alow
for more surface contact to occur,
the charge (voltage) would most definitely increase. Another important
factor in electrostatics is humidity. If it is very humid, the charge imbalance
will not remain for a useful amount of time. Remember that humidity is the
measure of moisture in the air. If the humidity is high, the moisture coats the
surface of the material providing a low-resistance path for eectron flow.
This path alows the charges to "recombine” and thus neutralize the charge
imbalance. Likewise, if it is very dry, a charge can build up to extraordinary
levels, up to tens of thousands of volts!

Think about the shock you get on a dry winter day. Depending on the type
of sole your shoes have and the material of the floor you walk on, you can
build up enough voltage to cause the charge to jump to the doorknob, thus
leaving you neutral. You may remember the old "Static Cling" commercial.
Clothes in the dryer build up an éectrostatic charge. The dryer provides a
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low moisture environment that rotates, allowing the clothes to continualy
contact and separate from each other. The charge can easily be high enough
to cause the material to attract and "stick" to oppositely charged surfaces
(your body or other clothes in this case). One method you could use to
remove the "static" would be to lightly mist the clothes with some water.
Here again, the water alows the charge to leak away, thus leaving the
material neutral.

It should be noted that when dirt is in the air, the air will break down much
more easily in an electric field. This means that the dlrt alows the air to
become ionized more easily. lonized air is
actually air that has been stripped of its
electrons. When this occurs, it is said to be
plasma, which is a pretty good conductor.
Generally speaking, adding impurities to air
improves its conductivity. You should now
realize that having impurities in the air has
the same effect as having moisture in the air. B
Neither condition is a al desirable for
electrostatics. The presence of these
impurities in the air, usually means that they
are also on the materials you are using. The
air conditions are a good gauge for your
material conditions, the materials will generally break down like air, only
much sooner.

[Note: Do not make the mistake of thinking that e€lectrostatic charges are
caused by friction. Many assume this to be true. Rubbing a balloon on your
head or dragging your feet on the carpet will build up a charge.
Electrostatics and friction are related in that they both are products of
adhesion as discussed above. Rubbing materias together can increase the
electrostatic charge because more surface area is being contacted, but
friction itself has nothing to do with the electrostatic charge]

For further information see appendix A (Understanding the Van de Graaff
generator)
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1.2 Propertiesof eectrostatic

1.2.1 Electric charge

If arod of ebonite is rubbed with fur, or afountain pen with a coat-sleeve, it
gains the power to attract light bodies, such as pieces of paper or tin foil.
The discovery that a body could be made attractive by rubbing is attributed
to Thales (640-548 B.C). He seems to have been led to it through the
Greeks’ practice of spinning silk with an amber spindle; the rubbing of the
spindle cause the silk to be attracted to it. The Greek world of amber is
electron, and a body made attractive by rubbing is said to be electrified or
charged. The branch of electricity is called Electrostatics.

1.2.2 Conductor and insulator
Aladl Q8 cpm 16 oA s Thales s LSl 4y oSl Jlae 6 Lasaldl paiill (e JulE
Odleall (e g 53 (ol i (g STy ) 43S g ¢y pad) Aad s s 5 (e Bl oy Gillbert
om0 o8 - danins alaa) e g il 138 i o it @lly g canall o Gulasl Fia
oall sl Cagall Ao g aiad Sy aaal) (5 bla aalina o) @b (1700) ole 100
C LA e Al S psne 05K o Dyl (S
S A oyl y ) vl e JES o) oSe BaSall sl G aag olad Bae e
AUl dand 5 Gl 3 e paall Joe 13 V) Ll idy o b il Al s (= Y)
Ol sall a aludl 2D ) Ay 5eS)) Ll 55 o Crand o) ) (8 Sl s L ellal)

.Semiconductors <Dua sdll oLl 5 Insulators J ) sall s Conductors

Vdence Empty

Band Emntv

Empty
Eg EE
E$
Conduction (Empty ) 'W I
Filled Filled
Band [T1]]]]5-Fined JTT111] i o
Conductor Insulator Semiconductor

Figurel.l
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Jolsad) (8 Laim e ld s sl 4S ) B s CBla sall (8 43 5eS)) Aanlll ()5S0 dule ddiay

ik aa il )la
Gl gise e e ge il Ll @l Sy s0lid dlall o sall 8 4l 1.1 <) 8 ey
Energy Bands e 48l o a ) desie lsisal 028 .Energy level saass 4l
Al aa e Ole s la g Ll Sl Gl el an g of oSe Y A A s G Clild)
Conduction Band Jsw sl 4 s s 33915 Valence Band 5l da jay <oy Laaaal
e Floesl duasill dpals adais [Energy Gap By — (e ndl Gn E 18 e
232 0585 Al salall pla ULy AS jall (e Aanlll (SaE s Jpagill da a8 2] 54l
L oS 4l ial) o S Jolsall alsall G Lein bl dlia ge 65 Apaldl)
) zling Jaa il Aada (S A e e s S ol S (S ¢l Bglen Jaa il
A ALY 23 i aal Yle ¢ sSn L5 Energy Gap Eg le ciliy s 5 S 33l
Jaa il da (550 Lgad s SEBMIiCONAUCEOr (oot J ) sall g <Blia sall (g o s Als 223
daul s 8 Ge s S apdien WL Lela sgladl  HSH daa e Lo le g A B
aasill e s A 8l Absorbing thermal energy 4, ) s 4dlla L)

1.2.3 Positive and negative charge
Gl dlls Gosla e S L Aindl] e (e (e 5l of ) (S oladl Al s
A<l 5 Lalia AT Bl Ly 5 138 . jle T Lgdats o pal) (e Gald Al 0 a1 (e
O Gl O ol coSlaa oladl (b oty s ald Glaal BL e Liad sl
Ay s Bleall Blall i o gall dand 50 4Sly S Aaudlll (e Bl i Repel
Attract olilasy Ll ol elandill sl sl

Like charge repel one another and unlike charges attract one another as
shown in figure 1.1 where a suspended rubber rod is negatively charged is
attracted to the glass rod. But another negatively charged rubber rod will
repel the suspended rubber rod.
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Rubber / Rubber

Figurel.2
Unlike charges attract one another and like charge repel one another

il Negative dladlll e o< Al dadll Franklin (SoeY) alladl e s
ot A all LUl 5l dglinall cilin ) of it

1.2.4 Chargeisconserved
Se esint sl i Normal Asleie Lol Al b Ll o ) gall daal) 5 i)
Aall sa WS (o)) cllall dylee 81 AY) ) asly (e Jim Linl) (g 4y laiie cilaeS
ol maay Wiy el g dmge diad i C\;Jj\ Ol ¢ all Ct;)n ally b
Llaall Goyey L l3a g Lu,éd;um},g\jcu)nw)sugyuumuw
.Conservation of electric charge e 4l

1.2.5 Chargeand Matter
8 e (A el Aale Adiay 5 SOl S o QS e Al Al g 6l
Gl fsally Sligis ol a Glawadl o2 QoS Wsmdall ol (A8l S
RUAEPE NP
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23 5 cdun sall 3 il Dl S ae Ay 4 Ul Al afias 5 S Gl e LS
lpany pe A Ly 5 ) gl o LSy LATOM 53 (5S5 Ge Ayl o s
ool A Al ) ALY A e Gilat 8 Lal o clial) B s
ABL 5 Adeall ol gall ¢ 5Sal by jall

P 5 Aiadll dad Cum (e b A Apulu) b Sl (ailiad gy S (1) Jsaal

Particle  Symbol Charge Mass
1.6x10°C  1.67x107K

Proton 0 1.67x107K
-1.6x10°Cc  1.67x103

Table1.1

Canidl lginny o 315l il sSa oy A (s sl e 3T le g llin of L o5 f com
0550y oo A G el (o B Aaud g Bl cndl WY s Ay all gl A
Al b3l ) e (A s sl 028 (e X
1.2.6 Chargeis Quantized
sl Jumiie god el Al ol Sl sie) S Franklin's  allal) age
Lndl o o Cun Ula 5ol ol g o) gall A Akl GLES) ey oS e
o8 ALy sl sl AL iy S e a3 e $oke el
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Coulomb’s law

2.1 Coulomb’s Law

2.2 Calculation of the electric force

2.2.1 Electric force between two electric charges

2.2.2 Electric force between more than two electric charges

2.3 Problems

Coulomb’s law

aslss (sile
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2.1 Coulomb’s Law B apension
In 1785, Coulomb established the fundamental law of ["T
electric force between two stationary, charged

particles. Experiments show that an electric force has | it

the following properties: .
(1) The force is inversely proportional to the square
of sepi\ration, r?, between the two charged particles. ;J
Foc : &h N

2 (2.2) '# ‘

(2) Theforceis proportional to the product of charge ég_
0. and the charge g on the particles. o

F oc g0 (2.2) o

(3) The force is attractive if the charges are of opposite sign and repulsive
if the charges have the same sign.

We can conclude that

Fo GG
r2

e %%
nF=K 22 (2.3)

where K isthe coulomb constant =9 x 10° N.m%C2.

The above equation is called Coulomb’s law, which is used to calculate the
force between electric charges. In that equation F is measured in Newton
(N), gismeasured in unit of coulomb (C) and r in meter (m).

The conlstant K can be written as
K =
Aze,

where g, isknown as the Permittivity constant of free space.

&, =8.85x 102 C/N.m?
K= 1 1

5 = — = 9x10°N.nt/ C?
47 x8.85x10
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2.2 Calculation of thedectricforce

saed Cpme w5 A0 e o g Al Aad e dad L0 (e 30l (0 Ay e o s

Bl @l e 5 fisal A oSl 5 sl by (JBiad) Juss e O e &ind o cilind
—: A0 ol hadl) i

2.2.1 Electric for ce between two electric charges

Al oY) e il Ay o< ol 58l Glua s o pall g Jadh (i 3 sa 5 Alla b

558 o Al 5 il Cum Al ol A g L) dgilitne ciliad Jua Figure 2.2(g) Jsall b
.Repulsive force il

ql qz ql q2
® ©.0 10
F12 F21 F12 F21

Figure2.2(a) Figure 2.2(b)

Ll e s fipadl 5l i Op sty g L&) il ans Alliall 8 s sl
OB e 3l laie cuady O g AlEl ol 8 oSy Frp iSO g sl s oy
PP LINPRAPS

F,=K3% g
r2
Fo=-F4 lalail
eVl lisleia o) 8 by sluie (45 ) of
568 Alalial 3 g8l Cua cpniling Gimd Jia 35 Figure 2.2(b) Jal) 4 Jlall Qi

Ot s 05855 ARl < ghadll i aiis Lagl Ly LAttractive force caila
L ol 8 (pialaia s i) b

Fo=-Fxu
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Example 2.1

Calculatethe value of two equal chargesif they repel one another with
aforce of 0.1IN when situated 50cm apart in a vacuum.

Solution

F-kg 3%
r2
Since =0

9 2
0.1= 9><10—>;q
(0.5)

q=17x10°C = 1.7uC

0.IN (5 5bus Aoliiall 3 g8l Jaad Al ZoaBl) da8 o4 022

2.2.2 Electric for ce between mor e than two electric charges
sl Glaa o el ind e ST e el Alls 3
d, 5 550l The resultant electric forces 4Kl 4y <))
& 858l oda (U Figure 2.3 Jall & LS g dad e
Lol g Ablaal 5 il paead ALY paall a5 Fy
o L,Si o]
r

—: A ) ghaal) i Py olad g Lah bl

Figure2.3 J<all e g Al ae Al 35 Cilgaie 2 (1
O dinil) o) i A geally clindl) 55l cwa @i
Al sl 8l 38 el A6

Bl e agmy a1 ol se sl of Cun VS p&Gp ol b (2
O and) e 5 el 5 il olail sa Fap daiall () sSs5 Lagins Jual 5 Jadd) olial e 5 0
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J3XSa 5 Fiy .J.J;.a(—u F13 3 gl slan)

553l 5 sl i WY 0 & O3 & O Dbl o Aobinall Ay je) (5 58l) Jogs La (3
Ou =
—Qmﬁeﬂﬁu}dﬁéu@}uah&dsﬁjﬂ\ Gilegaia Hlate caluald (4

0.9,
Fiz = K =

GG
Fiz = K T

0.

T
Fu=K

Gl Jeo ha i JCA) e paly g WS (S Fp o sl o3 Alasa ()5S (5
o LS (S e 1 lgaiall Jilas A8 jha aadias Gl Cibide

Fix = Fiox + Fiax + Fuax
Fiy=Fuoy + Fiay + Fugy

d}&“@)\ﬁn [ ]

Fi= 25
(F)*+(F)? @9
lealsils o
o=tant ™
1= (2.6)

G Lo lo Bl e s A AR cigatia BaeS oS 5 (Y < sl o3 o
o S
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Example 2.2

In figure 2.4, two equal positive charges g=2x10°C interact with a third

charge Q=4x10°C. Find the magnitude and direction of the resultant
forceon Q

Ch:

n Figure2.4
" Solution

Bﬂ‘ )\ASA&_\LM;;J?}}}SU}.\GMQM\&QE}}A\@)@S&\&}Q\MJ@?
oudi laniis Olisltia p&O ol o Lass .Q Aanidl) o Lind IS L Sim
o)ﬂ\w‘j_)\m@uujw‘gu)ﬂ\ u\ﬁQM\u&Mw‘

Vo) o (4x10°°)(2x107°)
Fou = K—=9%10 o = 0.29N = F,,
(0:9)

T GRS ye ) 8l antie Julay

F, = Focos@ = 029(04\] 0.23N

0.3

L3l Al Jidsill s Foge 25 Qs O Gtisadd) (e Aabiall 558l alay) (S Jaally
el lsleiay laiall 3 ol sliie Y 5S¢
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D> F,=2x023=046N
> F, =0

k_\A}AX‘X J}Mo\;}\gﬂ‘.@&\jo46N @M\B)ﬁ\ )\-\SA u}ﬁ \.\@.\}

™

In figure 2.5 what istheresultant force on the chargein the lower |eft
corner of the square? Assumethat g=1x107 C and a = 5cm

Example 2.3

d -q

Figure25

Solution

For simplicity we number the charges as shown in figure 2.5, then we
determine the direction of the electric forces acted on the charge in the
lower left corner of the square g

\\\\\

r
Fo=Fp+Fs+Fy

29q
=K%

2
Fu=K —2q2q

a2
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ol sl e Clea die clindl) 3L e Gyl Lleal Wl La LaY
o GRS NRIEP
F12=0.072 N,
F13=0.036 N,
F12=0.144 N
Gluad Gl 5 ccalide 5 sl Jae dad (Y 5 pdlie O (5 il pan i ¥ Ll Lia LaaY
e gl sl (pda e a8 Y A ol Jlaig XY Cptalatia () sae (i Aland)
coad F13 5 8
Fisx =F138n45=0.025N &
F1ay = F13 c0s 45 =0.025 N

Fx = Fiax + F14=0.025 + 0.144 = 0.169 N
Fy=Fi3y - F12=0.025- 0.072 = -0.047 N

Al Y s slad) 85 sl A8 e ol o e Jan Al 5 LaY)

Theresultant force equals q2 3
-q
Fi=J(F)’*+(F) = 0175N
The direction with respect to the x-axis
equas 1 4
0 =tan* By 2q F -2¢
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Example 2.4

A charge Qisfixed at each of two opposite corners of a square as shown
in figure 2.6. A charge qis placed at each of the other two corners. (a)
If the resultant electrical forceon QisZero, how are Q and g related.

FY.
Bl 2 4
| ) ]
CP—E—0)
FiY |
a

Figure2.6

’’’’’’

§ Solution

4ld ¢ haall 4y 5lue g ,AY) Clindll A Q Ll e L oSl (5 Al Alana (55 Jn
Olia (1) 8, Q diniil) wic slai) & AuSlaia s o) 8 3y sluie (5 i) el (65 o oy
O A (3) 5 (1) Q s A (4) 5 (2) ol AS G G @lld Gty s
(1) Dsil e s jigall ol

Ayl dllia o Badl Frg sl aaie dilad any .(26) IS e sl clalad) aaas
6 sl agiliana (5585 Of Sy Ml colial (KA 8 rn ge 8 LS Baalaiio 5 58 g
Aol U S el Alimne G 5 |y (5 sl Y] LS all Alians i€ 13 | i

Fx=0= Fi2- F13x=0
then
Fi, =F13c0s45
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QR g
a2 202\/5 242
Fy:O:> F13y-F14:0 —>Q:2\/2q
Flgsin45:|:14
KQQ 1 _KQq K Q
——==K= = q& ]
20 \/E az 2_\/5

O A g jia o5k Q Lo sl Alians Jead A 0 5 Q o D) 4 o2
O 6l Q 5Ll Sl 5L
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Example 2.5
Two fixed charges, 1uC and -3uC are separated by 10cm as shown in

figure 2.7 (a) where may a third charge be located so that no force acts
on it? (b) isthe equilibrium stable or unstable for the third charge?

3 1 2
F F
SR WG (D A\
O——@ e
d 10em  r— >

Figure2.7

5 i3all A 5eSl (5 sl Aliana (55 Cumy BB A s (S O 58 Vel e sl
Badll g BaY o) equilibrium g5 ey b 08 o ol i sl e
sl ol S O g 4l 138 B s Q) A (A i Yl
O g AAB Al Gl Lo il e Giaty sy eladV) 3 AuSlatie s laiall 8 gl
b LS O3 Ainge Aind s L) Andl) e ol i) £ A aa s
Aale 5_5all (5 58 olai) ani 5 ans )

Fa=Fx
K QBgl —k %gz
£ o

1x10 6 B 3x10~°
d? (d +10)°

d b aa g1 g ddaleal) s2a Jai
(b) Thisequilibrium is unstable!! Why!!
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Example 2.6

Two charges are located on the positive x-axis of a coordinate system,
as shown in figure 2.8. Charge q;=2nC is 2cm from the origin, and
charge g,=-3nC is4cm from the origin. What is the total force exerted
by these two charges on a charge g;=5nC located at the origin?

Fa & F o7} o]
«—>—0 ®

4— 2cm —»

——— dem ——»

Figure2.8

" Solution

The total force on gs is the vector sum of the forces due to g; and
individually.

Far = (9x10°)(2x10°)(5x109)

y =2.25x10*N
(0.02)

Foe = (9x10°)(3x10°)(5x10°°)

. = 0.84x10“N
(0.04)

LS Laladly Fay W liie 55l 5 56 O Al e 55 Leild Gun ga O Rindl) of Cum
Faz blaie Qilat 340 O Ll o 55 el Alla O Al Wl (JS3) 3 peaia e
: IS ALY aanlls lsloa (Sas Fg Al 5 0 8l

Fy=Fy+Fy
-4 -4 -4
- F3=084x10 -225x10 =-1.41x10 N

Thetotal forceisdirected to the left, with magnitude 1.41x10™N.
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2.1) Two protons in a molecule are
separated by a distance of 3.8x10
m. Find the electrostatic force
exerted by one proton on the other.

2.2) A 6.7uC charge is located 5m
from a -8.4uC charge. Find the
electrostatic force exerted by one
on the other.

2.3) Two fixed charges, +1.0x10°C
and -3.0x10°C, are 10cm apart. (a)
Where may a third charge be
located so that no force acts on it?
(b) Is the equilibrium of this third
charge stable or unstable?

2.4) Each of two small spheres is
charged positively, the combined
charge being 5.0x10°C. If each
sphere is repelled from the other by
a force of 1.0N when the spheres
are 2.0m apart, how is the tota
charge distributed between the
spheres?

2.5) A certain charge Q is to be
divided into two parts, q and Q-g.
What is the relationship of Q to q if
the two parts, placed a given
distance apart, ae to have a
maximum Coulomb repulsion?

2.6) A 1.3uC charge is located on
the x-axis at x=-0.5m, 3.2uC charge
is located on the x-axis at x=1.5m,
and 2.5uC chargeislocated at the

origin. Find the net force on the
2.5uC charge.

2.7) A point charge 1= -4.3uC is
located on the y-axis at y=0.18m, a
charge ,=1.6uC is located at the
origin, and a charge gz=3.7uC is
located on the x-axis at x= -0.18m.
Find the resultant force on the
charge q;.

2.8) Three point charges of 2uC,
7uC, and —4uC are located at the
corners of an equilateral triangle as
shown in the figure 2.9. Calculate
the net electric force on 7uC
charge.

7Hc

0.5m

e e

Figure29

2.9) Two free point charges +q and
+4q are a distance 1lcm apart. A
third charge is so placed that the
entire system is in equilibrium.
Find the location, magnitude and
sign of the third charge. Is the
equilibrium stable?
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2.10) Four point charges are situated 2.13) Two similar conducting balls of

at the corners of a square of sides a
as shown in the figure 2.10. Find
the resultant force on the positive
charge +q.

-q _q

+q a _q

Figure2.10

2.11) Three point charges lie along
the y-axis. A charge g;=-9uC is a
y=6.0m, and a charge q,=-8uC is a
y=-4.0m. Where must a third
positive charge, gs, be placed such
that the resultant force on it is zero?

2.12) A charge g of +3.4uC is
located at x=+2m, y=+2m and a
second charge @=t2.7uC is
located at x=-4m, y=-4m. Where
must a third charge (gs>0) be
placed such that the resultant force
on gz will be zero?

mass m are hung from silk threads
of length | and cary similar
charges q as shown in the figure
2.11. Assume that 6 is so small
that tan® can be replaced by sin6.
Show that

( ol

113
x=| )

\ 27€,mg )

where X is the separation between
the balls (b) If 1=120cm, m=10g
and x=5cm, what is q?

Figure2.11
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Electricfiad

3.1 TheElectric Fied

3.2 Definition of the electric field

3.3 Thedirection of E

3.4 Calculating E dueto a charged particle

3.5Tofind E for agroup of point charge

3.6 Electricfield lines

3.7 Motion of charge particlesin auniform electric field
3.8 Solution of some selected problems

3.9 Thedectricdipolein eectric field

3.10 Problems
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Electric field
=S Jlaal)
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3.1 TheElectricFied

The gravitational field g at a point in space was defined to be equal to the

gravitational 1;:orce F acting on atest mass m, divided by the test mass
r

m, (3.1)

In the same manner, an electric field at a point in space can be defined in
term of electric force acting on atest charge g, placed at that point.

3.2 Definition of thedectric fied

Trhe electric field vector E at apoint in space is defined as the electric force

F acting on a positive test charge placed at that point divided by the
magnitude of the test charge g,

r f
E=__ (3.2)
d,

The electric field has aunit of N/C

A WSO dimdll (e il Jlad) Gy ald Jlae 8 E e Jlad) of L LY
a gl dgag g 1A AL A die o eS Jlae @l ()5S 285 31 JSal 8 s
Jiaall Clual Al oo g8 (& Al 4 xie Qo Al iy oSl Qo Lindl) a5ag

eale 355all A 5eSU (o sl A (e 2 5eS))

Figure3.1
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3.3 Thedirection of E

If Qis+vethedectric field at point pin spaceisradialy outward from Q as
shown in figure 3.2(a).

If Qis-vethe éectric field at point p in space is radially inward toward Q
as shown in figure 3.2(b).

p E E
» , @ . —
Figure 3.2 (a) Figure 3.2 (b)

JEN 8 LS Akl e Al oladl b dumge Lisdl Lo dki de Jlaall sladl ()5S
L) Y A (e gl alad) 8 Al Giadl Lo Ak vie Jlaall oladl (505 <3.2(3)
3.2(b) JSal i LS

3.4 Calculating E dueto acharged particle

Consider Fig. 3.2(a) above, the magnitude of force acting on g, is given by
Coulomb’s law

Feo 1
44&%%
F re
E=

oy

- Are,
Q (3.3

r2

E
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3.5 Tofind E for agroup of point charge

Tofind the magnitude and direction of the electric field dueto several
charged particlesas shown in figure 3.3 use the following steps

e e Jlaall sl ol all clin & 28 i

q
0 é g, IS e gl A UK el Jlaad sl 203 (2)
Q oSy loxie Jlaal) dlass olay Sl Al
a P ikl e laola Jladd) olad) 5% op adaii)
Mals Jlaall oladl o Sy s dum o Ainll Culs 13
% G el s LS Al il cal 1y Akl )
P {(2) 2, il
. AL paall g K el Jladl 05 (3)
> ¥ Jladl) ilgaial
Figure 3.3
r
E, =E,+E, + E; + E; + oo (34)

sl b RS e G Antie S dlai 2ty Jee b Jlad) cileatie pans Y IS 13 (4)
Y 35X o
Y osaal Gl jageaa o X saall LS e pani (5)
Ex = Eix + Exx + Esx +Eax
Ey = By + BEoy + B3y +Esy
E= & P Akl xie o Sl Jlaall dad ()55 (6)

V E+E f—tant &

B s el &(7)
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Example 3.1
Find the electric field at point p in figure 3.4 dueto the charges shown.

3 O8uc
50cm
+2“C E3 +12HC
50cm 50cm
O———0
1 EZ p F 2
_ Figure3.4
A
% """ Solution
r
Ep =E+E, + B

Ex=E; - E» = -36x10°N/C
E, = Es = 28.8x10°N/C

E, = V(36x10%)%+(28.8x10%)? = 46.1N/C
0 = 141°

Figure 3.5 Shows the resultant electric field
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Example 3.2

Find the electric field due to electric dipole along x-axis at point p,
which isadistancer from the origin, then assume r>>a

The €electric dipole is positive charge and negative charge of equal
magnitude placed a distance 2a apart as shown in figure 3.6

+q
'y

1

Eisiné

2 Figure 3.6

"""""

Solution
e gl Ep Jlaally o adll e 8l By olladl dliana o p ikiiil) v KU Jladl)
o Gl o dml
E, =E,+E,
Ol sl Yl 13) (i slhuie il 5 ¢ )il ity il e s P Akl of Gum
Blally s ) e

1 q1

Ex =
Ane, @2+r?

=E,

Jaie Jlaal) alag) o) yall Al 5 Al Gn b & Alealdl) dilaall of La Loy

oDef JSal 8 LS (458 5o ) Jlaal) 4nie Jlas
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Ey =E1 cos0 + E; cosO = 2E; cosO

Ep = 2E; cos0
_ 1 q
== Ame, a@2+r?2 cos6
from the Figure
cose = a
vat+r?
E 1 q a
p_47l'80 a2+r2 la2 + r2
E=_ 2 (35)

\=
4re, (r2+ a2)®' 2

Thedirection of the electric field in the -ve y-axis.

The quantity 2aq is caled the éectric dipole momentum (P) and has a
direction from the -ve charge to the +ve charge
(b) whenr>>a

E=_%A
Areg, 13

(36)

3saall e dadl g ddats v electric dipole e sl el Jlaadl o o Lae oy
4l 5 electric dipole momentum sladl Se 8 aaladl ) 5<s Giiadll G Caaidl)
i 138 5 Al CanSe g Lo iy Jlaall (4 electric dipole ge sasd) Al

dah pan g Ak Alla 8 4ie ST ()5S Ailisal) e Jlanall Gl
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The electric lines are a convenient way to visualize the eectric filed
patterns. The relation between the electric field lines and the electric

field vector isthis;

(1) Thetangent to aline of force at any point givesthe direction of E at

that point.

(2) The lines of force are drawn so that the number of lines per unit
cross-sectional areais proportional to the magnitude of E .

Some examples of electric line of force

. [ “ \ /
. “ |.| l / /
v v \ f /‘." J/
. \ f
v v Ny \i1/J/ >
PR < 2 ____-—-‘j/". N '\\_‘:’- ——
. » “
a . R ®od //" .r Y b 0
» “- /./‘ 'l' 'l. \'\
’ . AR | A\ A
P e 0 J
Electric field lines due to +ve
+ - E
—_— ] ]
——t—— + -
B e ] A
_‘—-f-_—’__
e bR 4| | —
- + - N e
e e + -
- . + > —
= i G
L3 + I
Electric'field lines due two

surfare charae

Figure 3.7 shows some examples of electric line of force
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(1) Thelines must begin on positive charges and terminates on negative
charges.

Notice that the rule of drawing the line of force: -

(2) The number of lines drawn is proportional to the magnitude of the
charge.

(3) Notwo electric field lines can cross.

3.7 Motion of chargeparticlesin auniform electricfield

If wearegiven afield E, what forces will act on acharge placed in it?

We start with special case of a point charge in uniform electric field E.
The electric field will exert aforce on a charged particleis given by

F=qE
Theforcewill produce acceleration
a=F/m
where misthe mass of the particle. Then we can write
F=gE=ma
The acceleration of the particle is therefore given by

a=qgE/m (3.7

If the charge is positive, the acceleration will be in the direction of the
electric field. If the charge is negative, the acceleration will be in the
direction oppositethe electric field.

One of the practical applications of this subject is a device called the
(Oscilloscope) See appendix A (Cathode Ray Oscilloscope) for further
information.
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3.8 Solution of some selected problems

£ 3uaga ks (4 Jileaal) land Y sla
S Jlaal)
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3.8 Solution of some selected problems

"""""

A positive point chqrge q of mass m is. I ]

releaser)d from rest in a unlform electric - B

flelq E directed allong_ thex-gmsasshown 1o v

in figure 3.8, describeits motion. LD D |

+ —_—>— |

+ | _

. -+ . )

™ + -

E """ Solution || e X e ||
Figure3.8

The acceleration is given by
a=qgE/m

Since the motion of the particle in one dimension, then we can apply the
equations of kinematics in one dimension

X-Xo= Vot+ V2 at® V=Vo+at V=Vl + 2a(X-Xo)
Takingx,=0and vy =0

X = Y2 at? = (qE/2m) t*

v=at=(ge/m) t

V2 =2ax = (20E/m)x (3.7)
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Example 3.4

In the above example suppose that a negative charged particle is
projected horizontally into the uniform field with an initial velocity v,
as shown in figure 3.9.

M e i
A A A A\ h\A\ L,,,,,,,,,,,)X
E ’ -
++++++++\V

Figure3.9

Solution

\\\\\

Since the direction of éectric field E inthey direction, and the chargeis
negative, then the acceleration of chargeisin the direction of -y.

a=-ge/m

The motion of the charge is in two dimension with constant acceleration,
With Vio = Vo & Vyo =0

The components of velocity after timet are given by
Vy = Vo =constant
vy =at=-(qE/m) t
The coordinate of the charge after timet are given by
X = Vot
y=Yat? = - 1/2 (qE/m) t*
Eliminating t we get
o S

y= X
zmvol (3.8

we seethat y is proportional to x°. Hence, the trajectory is parabola.
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Example 3.5

Find the electric field due to electric dipole shown in figure 3.10 along

x-axis at point p which is a distance r from the origin. then assume
r>>a

|||||

Solution
r +q 1
E, =E,+E,
2a
E1:K——4—? A
(x+a)
-q
(x—a)? s
w9 q X
B =K x=ay (x+ a)° ?
E
dax \
E.-=KQ——
i q(xz—az)z E-Ep/
When x>>a then Figure3.10
. E = 2aq
Are, X3 (39)

ca\,g.mi;d\;d\ whgq;Zahw\w\);s)\sixwﬁ Ledie Aglgall Y1 LalY
LAl Cla
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& """ Example 3.6

What isthe electric field in the lower left corner of the square as shown
in figure3.11? Assumethat q= 1x10'C and a = 5cm.

A
S Solution

First we assign number to the charges (1, 2, 3, 4) and then determine the
direction of the electric field at the point p due to the charges.

- 1 d

Evaduatethevaueof E;, E,, & E3

Figure3.11

E, = 3.6x10° N/C,

E,=1.8x 10° N/C,
Es=7.2x 10°N/C

Since the resultant electric field is the vector additions of all thefieldsi.e.

r
Ep =E,+E, + B

Wefind the vector E; need analysis to two components
E.x = E; cos45 Ezy = E, sn45

E, = E3 - E,c0845 = 7.2x10° - 1.8 x 10° cos45 = 6 x 10° N/C
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Ey =-E1 - E;Sin45 = -3.6x10° - 1.8 x 10° sind5 =- 4.8 x 10° N/C

E= =7.7x 10° N/C
JE; +F
O=tant ' 0
E =-38.6
™A
& """ Example 3.7

I'n figure 3.12 shown, locate the point at which the electric field is zero?
Assume a = 50cm

||||||

L‘i a 4* d ﬂ
Figure3.12

To locate the points at which the electric field is zero (E=0), we shall try all
the possibilities, assume the points S, V, P and find the direction of E; and
E, at each point due to the charges g; and qp.

The resultant electric field is zero only when E; and E, are equa in
magnitude and opposite in direction.

At the point S E; in the same direction of E, therefore E cannot be zero in
between the two charges.
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At the point V the direction of E; is opposite to the direction of E,, but the
magnitude could not be equal (can you find the reason?)

At the point P the direction of E; and E; arein opposite to each other and
the magnitude can be equal

El = Ez

1 2q _ 1 59
4ze, (05+d? 4m, @ )
d=30cm

On 058 daall baie aaeiy ) dkid) 8 Giglindl Gaad) Al & oad L LaY
oy oiinal gaa) 2 A 08 Lgala s LAY 8 Gl Glisal) cal€ 1Y) L el
ooy andl) e il s Legin Jual 51 Jadl)
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E """ Example 3.8

A charged cord ball of mass 1g is suspended §9

on a light string in the presence of a uniform : E
electric fild as in figure 3.13. When :

E=(3i+5)) x10°N/C, the ball is in equilibrium ;

at 0=37°. Find (a) the charge on the ball and § q
(b) thetension in the string. :

||||||

Solution

?ﬁ Figure3.13

el B olb dua e Aindy Bdie 380 ) Gam

et oS o) ol b 45 i) 5 KU e 3 fisall 56

sl Alane 8 o3 Al 4 Dsaddl 5 Q) of LS
SO Fis 08 Gubkiy i S s S e 5 i) :
Y s X Gl e Je Y F=ma 9
Ex = 3x10°N/C E, = 5jx10°N/C mg
2F=T+gE+F3=0
>Fx=0Ex—Tsin37=0 (1)
2Fy=qE,+ Tcos37-mg=0 2
Substitute T from equation (1) into equation (2)
3
q=, " _/(1x108°)98) . —100x10° C
| E + X | o+ x10~
y .
K tan 37) K tan37

To find the tension we substitute for g in equation (1)
T 9
 sin37=544x10°N
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3.9 Theedectricdipolein electric field

If an electric dipole placed in an external electric field E as shown in figure
3.14, then atorque will act to dign it with the direction of the field.

v

0— GE
P
E
-qE<_O >
Figure3.14
r
7 =PxE (3.10)
Tt =PESnNO (3.11)

where P is the electric dipole momentum, 6 the angle between P and E

135 jhall Lsbue zlsa ¥ o6& L equilibrium o 35 Al 4 bl S o &
(0=0, 1) 0S5 Levie Giny

> >
> >

D—0 O—0

E ,

Figure 3.15 (ii) Figure3.15 (i)

O3 gy & dipole 1Y ) Ji& 0 0= e 3.15(1) JSall 8 muasall ol b
Laiss ¢ 0 0= o sl ) e s 4l 5 i Byl 3y 3 13) 439 Stable equilibrium i
Sie e )3 s G dipole Y o) J& 3.15(11) JSall (8w sall pa )
e dipole 3y [ ol Lo Jasd o als yiaa sl 3) Y unstable equilibrium

0=7 ads 00= ma gl )
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3.1) The éectric force on a point
charge of 4.0uC at some point is
6.9x10"N in the positive x
direction. What is the value of the
electric field at that point?

3.2) What are the magnitude and
direction of the electric field that
will balance the weight of (a) an
electron and (b) a  proton?
(Usethedatain Tablel.)

3.3) A point charge of -5.2uC is
located at the origin. Find the
electric field (a) on the x-axis at
x=3 m, (b) on they-axis at y=-4m,

(c) at the point with coordinates x=2m,
y=2m.

3.4) What is the magnitude of a
point charge chosen so that the
electric field 50cm away has the

magnitude 2.0N/C?
35) Two point charges of
magnitude  +2.0x10°C  and

+8.5x10MC are 12cm apart. (a)
What electric field does each
produce at the site of the other? (b)
What force acts on each?

3.6) An éectron and a proton are
each placed at rest in an external
electric field of 520N/C. Calculate
the speed of each particle after
48nanoseconds.

3.7) The electrons in a particle beam
each have a kinetic energy of
1.6x10™"J. What are the magnitude
and direction of the electric field
that will stop these electrons in a
distance of 10cm?

3.8) A particle having a charge of -
2.0x10°C is acted on by a
downward electric force of 3.0x10
®N in a uniform electric field. (a)
What is the strength of the electric
field? (b) What is the magnitude
and direction of the electric force
exerted on a proton placed in this
field? (c) What is the gravitational
force on the proton? (d) What is the
ratio of the €ectric to the
gravitational forcesin this case?

3.9) Find the total electric field
along the line of the two charges
shown in figure 3.16 at the point

midway between them.
-4.7uC +9uC

3 m

Figure3.16

3.10) What is the magnitude and
direction of an eectric field that
will balance the weight of (a) an
electron and (b) a proton?
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3.11) Three charges are arranged in +q a -2q
an equilateral triangle as shown in o @
figure 3.17. What is the direction
of the force on +q? a ; a
+q N
r 2 a >.+2q
a a
Figure3.19
Q a  Q 3.14) Two point charges are a
_ distance d apart (Figure 3.20). Plot
Figure3.17 E(X), assuming x=0 at the left-hand

charge. Consider both positive and

3.12) Infigure 3.18 locate the point at negative values of x. Plot E as
which the electric field iszero and  positive if E points to the right and
aso the point a which the electric  negative if E points to the left.

potential is zero. Take g=1uC and Assume op=+1.0x10°C,
a=50cm. op=+3.0x10°C, and d=10cm.
5q 2q _"4 .......... d - i b
. . q, q,
o R ]
Figure 3.20
Figure 3.18 3.15) Calculate E (direction and
magnitude) at point P in Figure
3.2

3.13) What is E in magnitude and +q
direction at the center of the square )
shown in figure 3.19? Assume that P’

g=1uC and a=5cm.

+2q +q

Figure 3.21
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3.16) Charges+q and -2q arefixed a
distance d apart as shown in figure
3.22.  Find the electric field at
points A, B, and C.

|< d ~>|< >|< >|<~~ d >|

X e x @ X

A g c
Figure 3.22

3.17) A uniform electric field exists
in a region between two oppositely
charged plates. An electron is

mm Wondershare
®  PDFelement

released from rest at the surface of
the negatively charged plate and
strikes the surface of the opposite
plate, 2.0cm away, in a time
1.5x10%s. (a) What is the speed of
the electron as it strikes the second
plate? (b) What is the magnitude of
the electric field E?
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Electric Flux

4.1 The Electric Flux dueto an Electric Field
4.2 The Electric Flux dueto a point charge
4.3 Gaussian surface

4.4 Gauss’s Law
4.5 Gauss’slaw and Coulomb’s law
4.6 Conductorsin electrostatic equilibrium

4.7 Applications of Gauss’s law
4.8 Solution of some selected problems

4.9 Problems
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Electric Flux
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4.1 TheElectric Flux dueto an Electric Field

We have aready shown how electric field can be described by lines of
force. A line of force is an imaginary line drawn in such a way that its
direction at any point is the same as the direction of the field at that point.
Field lines never intersect, since only one line can pass through a single
point.

The Electric flux (®) is a measure of the number of eectric field lines
penetrating some surface of area A.

Caseone

The electric flux for a plan surface perpendicular to a uniform electric
field (figure4.1)
Area = A

To calculate the electric flux we recall
that the number of lines per unit areais /L
proportional to the magnitude of the

electric fiedld. Therefore, the number of

lines penetrating the surface of area A is —= ., .
proportional to the product EA. The ——
product of the electric filed E and the >~
surface area A perpendicular to the field =
iscaled the eectric flux ®@.

Figure4.1

®=EA (4.1)

The electric flux @ has aunit of N.m?C.
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Case Two

The electric flux for a plan surface make an angle #to a uniform electric
field (figure 4.2)

Note that the number of lines

that cross-area is equal to the

number that cross the projected %
area A", which is perpendicular d
to the field. From the figure we

see that the two area are related y
by A"=Acos6. The flux is given %ﬁé, , E
by: 7 >

®=EA =EAcosH A’ =Acos6

®=EA Figure4.2

Where 6 is the angle between
the electric field E and the

normal to the surface A.

15 05%5 0= 0 sf Jladd) e Lasae handl (5 Lavie alic dad 13 (mdll (6 1)

A asidl of s 1Y .0 = 90 Lexic 51 Olaall L3l se ol )5 Laic (5 jium dad
.QAM‘J\JQAODJHMJLJQAM\JQLﬂj\déd)&}h}:‘;m\@aﬁ

CaseThree

In general the electric field is nonuniform over the surface (figure 4.3)
The flux is calculated by integrating the normal
component of the field over the surface in
guestion.

®=[EA 4.2)

The net flux through the surface is proportional
to the net number of lines penetrating the
surface

Figure4.3
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Ll clS 1)) mdasd) (e 3l b ghaddl sae T net number of 1ines - 2 saaidll
(Al anl) € 1)) dandl ) A08)al) T gladl) dae - (R s

|||||

Example 4.1
What is electric flux @ for closed cylinder of radius R immersed in a
uniform electric field as shown in figure 4.4?

Figure4.4

||||||

oSlef UKl 3 daa pal) BN o) o (usla () 536 Gakas

® :e[E'dA - PEE.dA+ }E.dA+(£E.dA
1) 2) )

- SI; E cos180dA + 4; E cos90dA + é E cosOdA
( (

Since E is constant then
d=-EA+0+EA=2zer0

Exercise

Calculate the total flux for a cube immersed in uniform electric field E
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4.2 TheElectric Flux dueto a point charge
To calculate the electric flux due to a point
charge we consider an imaginary closed E
spherical surface with the point charge in the
center figure 4.5, this surface is called gaussian
surface. Then the flux is given by 4

A

©=[EdA= gfgacoss  (0=0)
® = J_'[dA — J_47Zr2

47rgor2 Are,r
Figure45
o=9 (4.3) J

o

Note that the net flux through a spherical gaussian surface is proportional to
the charge g inside the surface.

4.3 Gaussian surface

Consider severa closed surfaces as shown in
figure 4.6 surrounding a charge Q as in the
figure below. The flux that passes through
surfaces S;, S; and S al has a value o e,.
Therefore we conclude that the net flux through
any closed surface is independent of the shape of Figure 4.6
the surface.

Consider a point charge located outside a closed /
surface as shown in figure 4.7. We can see that S

the number of electric field lines entering the

surface equal the number leaving the surface.

Therefore the net electric flux in this case is

zero, because the surface surrounds no electric

charge. Figure4.7
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Example 4.2

In figure 4.8 two equal and opposite charges of
2Q and -2Q what is the flux @ for the surfaces
S1, S, Ssand S,

Solution
For S; theflux ® = zero

For S, the flux ® = zero
For S3 theflux @ = +2Q/ ¢,
For S; the flux @ =-2Q/ g,

’’’’’

Figure4.8

4.4 Gauss’sLaw

Gauss law is a very powerful theorem, which E
relates any charge distribution to the resulting

electric field at any point in the vicinity of the A
charge. As we saw the éectric field lines 7/
means that each charge q must have g/e, flux

lines coming from it. Thisis the basis for an

important equation referred to as Gauss’s

law. Note the following facts:

1. If there are charges 1, O, Qs, gn inside
a closed (gaussian) surface, the total
number of flux lines coming from these

charges will be Figure4.9

(+Q+gt.... +0hn)/€o (4.9
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2. Trhe 'number of flux lines coming out of a closed surface is the integral of
E.dA over the surface, jSE.dA

We can equate both equations to get Gauss law which state that the net
electric flux through a closed gaussian surface is equal to the net charge
inside the rsur}iace divided by &,
Uin
f EdA=— Gauss’s law (4.5)
&

o

where gi, isthetotal charge inside the gaussian surface.

Gauss’s law states that the net electric flux through any closed gaussian
surface is equal to the net electric charge inside the surface divided by
the permittivity.

45 Gauss’slaw and Coulomb’s law

We can deduce Coulomb’s law from Gauss’s E
law by assuming a point charge g, to find the

electric field at point or points a distance r DdA
from the charge we imagine a spherica i

gaussian surface of radius r and the charge q at
its center as shown in figure 4.10.

rr g,
fE.dAz—
80
E cosOdA = G .
§ Z Because E iIs

constant for all points on the sphere, it can be factored from the inside of the
integral sign, then
Gin

qin .
E§dA= = EA= o E@w?)-
o s, g,
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LE=_+ 9 (4.6)
Arg, r?

Now put a second point charge g, at the point, which E iscaculated. The
magnitude of the electric force that actson it F = Eq,

! %%

A4z, r2

4.6 Conductorsin electrostatic equilibrium

A good electrical conductor, such as copper, contains charges (electrons)
that are free to move within the material. When there is no net motion of
charges within the conductor, the conductor isin electrostatic equilibrium.

Conductor in electrostatic equilibrium hasthe following properties:

1. Any excess charge on an isolated conductor must reside entirely on its
surface. (Explain why?) The answer is when an excess charge is placed
on a conductor, it will set-up electric field inside the conductor. These
fields act on the charge carriers of the conductor (electrons) and cause
them to move i.e. current flow inside the conductor. These currents
redistribute the excess charge on the surface in such away that the
internal electric fields reduced to become zero and the currents stop, and
the electrostatic conditions restore.

2. The electric field is zero everywhere inside the conductor. (Explain
why?) Same reason as above

FE—
In figure 4.11 it shows a conducting slab —— T+ —
in an external electric field E. The — T gy
charges induced on the surface of the slab —> gt —>
produce an electric field, which opposes ’I 2 1 !'
the external field, giving a resultant field > - } >
of zero in the conductor. —— o —p

Figure4.11
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Steps which should be followed in solving problems

1. The gaussian surface should be chosen to have the same
symmetry as the charge distribution.

2. The dimensions of the surface must be such that the surface
includes the point where the electric field is to be calculated.

3. From the symmetry of the charge distribution, determine the
direction of the electric field and the surface area vector dA, over
the region of the gaussian surface.

4. Write E.dA as E dA cosO® and divide the surface into separate
regions if necessary.
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4.7 Applicationsof Gauss’s law

u\ LQ\EJ}'M \M}‘M\wdmu@)yécd.\hwjtauybu\.ﬁmhh)&lus

LS (adie el (e Ailue 205 Adati die o 5eS)) dlaall Glaa Bl 1) JE Qs e
s o a5 dlaaie 4y phy de e i) Alall sda 3 e 412 O3 b
alic ) Gl s A8 038 Jie dals A(CIM) ) sil) ABESy a5 aliiie din )

(P) s xie ¢ 3L AE Jlaall cavas g AX L DS J5ha 3 i

Figure4.12
dq Jdx

dE =K =K
r?+x? r?+x°

bl Al I A Al olat) 8 5 5S5 Alanal) 5 50 AEY) LS pall G aas Ll g
yat_aﬂ\

dE, = dE cos Ey= [dE, = [cosodE
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0
ol LS X sl s X aiiall e (m patl (S il JSEN (e

dx = y sec’0 do

EzzicosedE
X=ytand =
E= *
T oge lcos@de G,
E= A
27E,r

Jel&ill 2gaa ) 4l

G cAiaill Joaia) a3l Al b oS 5l aladiuly Jall 4 seea calaal ol elay
o dlle Aaa g 5 VA ol o 3 150 dal) desw 53 Gsla sl e pain

Ll

Gauss’s law can be used to calculate the electric field if the symmetry of
the charge distribution is high. Here we concentrate in three different
ways of charge distribution

1 2 3
Chargedistribution | Linear | Surface | Volume
Chargedensity A c p
Unit C/m CIm? c/m®
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A linear chargedistribution

In figure 4.13 calculate the electric field at a distance r from a uniform
positive line charge of infinite length whose charge per unit length is

A=constant.
E
[ v

FTIF T T T f e R

| L |
Figure4.13

The €eectric field E is perpendicular to the line of charge and directed
outward. Therefore for symmetry we select a cylindrical gaussian surface
of radiusr and length L.

The electric field is constant in magnitude and perpendicular to the surface.

The flux through the end of the gaussian cylinder is zero since E is parallel
to the surface.

Thetotal charge inside the gaussian surfaceis L.

Applying foagss I&w we get
fEdA=—
60
E§dA: AL
&
E2arL = A
&o
A
2re, ¥ (“7)

05 Gubiy Ll Ulea 5 ) dagill Guiy e Jhani Gusla 0 alasialy 45l L Jaadls
NUPREHE NP PS



http://cbs.wondershare.com/go.php?pid=5261&m=db

®  pPDFelement
A surface chargedistribution

In figure 4.4 calculate the electric field due to non-conducting, infinite plane
with uniform charge per unit area c.

s
4t
bt
s
4+
bt

+

+

Figure4.14

The electric field E is constant in magnitude and perpendicular to the plane
charge and directed outward for both surfaces of the plane. Therefore for
symmetry we select a cylindrical gaussian surface with its axis is
perpendicular to the plane, each end of the gaussian surface has area A and
are equidistance from the plane.

The flux through the end of the gaussian cylinder is EA since E is
perpendicular to the surface.

Thetotal electric flux from both ends of the gaussian surface will be 2EA.
Applying Gauss law we get
rroag,
fEdA="—
60

2EA:G_A

~E= (4.8)
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Conductor

Figure4.15
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In figure 4.16 shows an insulating sphere of radius a has a uniform charge
density p and atota charge Q.

1) Find the electric field at point outside the sphere (r>a)
2) Find the electric field at point inside the sphere (r<a)

For r>a

Figure4.16

We select a spherical gaussian surface of radiusr, concentric with the
charge sphere where r>a. The electric field E is perpendicular to the
gaussian surface as shown in figure 4.16. Applying Gauss law we get

rr qin
fEdA= —
E§A: E(47r?) _Q
&o
_Q
E= arer? (for r>a) (4.10)

Note that the result is identical to appoint charge.
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For r<a

Figure4.17

We select a spherical gaussian surface of radiusr, concentric with the
charge sphere where r<a. The électric field E is perpendicular to the
gaussian sirfpce as showninfigure4.17. Applying Gauss law we get

fE.dA: .

o

It is important at this point to see that the charge inside the gaussian surface
of volume V' isless than the total charge Q. To calculate the charge g, we
use Gin=pV', where V'=4/3nr®. Therefore,

Gin =pV =p(4/3nr) (4.11)

E§A: E(4ar?) = I

4 &3
ee—w &G )Y (412)
47[gor2 47zgor2 3¢,
since P~
4’
E=- Y (forr<a) (4.13)
dre,a '

12

Note that the electric field when
r<aisproportional tor, and when
r>atheelectric field is proportional
to 1/r%

0.8

E 10"°N/C

0.4

1.0 2.0 3.0
r 10%m
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4.8 Solution of some selected problems

Ousla (g alakiud ekt ) ilesal) e ¥
VR PRI
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4.8 Solution of some selected problems

,,,,,

Example 4.3

If the net flux through a gaussian surface is zero, which of the following
statementsaretrue?

1) Thereareno chargesinsidethe surface.

2) Thenet chargeinsidethe surfaceis zero.

3) Theelectricfield is zero everywhere on the surface.

4) The number of electric field lines entering the surface equals the
number leaving the surface.

......

Solution

Statements (b) and (d) are true. Statement (&) is not necessarily true since
Gauss Law says that the net flux through the closed surface equals the net
charge inside the surface divided by &,. For example, you could have an
electric dipole inside the surface. Although the net flux may be zero, we
cannot conclude that the electric field is zero in that region.

%

A spherical gaussian surface surrounds a point charge g. Describe what

happensto the: flux through the surface if

1) Thechargeistripled,

2) Thevolume of the sphereis doubled,

3) Theshapeof the surfaceischanged to that of a cube,

4) Thechargeis moved to another position inside the surface;

A

§ """ Solution

1) If thechargeistripled, the flux through the surface istripled, since the
net flux is proportional to the charge inside the surface

2) The flux remains unchanged when the volume changes, since it till
surrounds the same amount of charge.

3) Theflux does not change when the shape of the closed surface changes.
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4) The flux through the closed surface remains unchanged as the charge
inside the surface is moved to another position. All of these conclusions
are arrived at through an understanding of Gauss Law.

\\\\\

Example 4.5

A solid conducting sphere of
radius a has a net charge +2Q. A
conducting spherical shell of
inner radius b and outer radius c
is concentric with the solid sphere i © Q@
and has a net charge —-Q as shown
in figure 4.18. Using Gauss’s law
find the electric field in the
regions labeled 1, 2, 3, 4 and find
the charge distribution on the
spherical shell.

+2Q

Figure4.18

s
Solution

Ghlie die el Jlaall el Gl <o 5 < il W 0 SU e Al a3 of Jaadls
oy Gl JSA (55 S (s sba s o Gl i Lild ddlii

Region(1)r<a
To find the E inside the solid sphere of radius a we construct a gaussian
surface of radiusr < a

E = 0 since no charge inside the gaussian surface.

Redion (2) a<r<b
we constryct aspaeri cal gaussian surface of radiusr

fE.dA: .

o
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o5 2Q dalal) Alua sl 5 SU dind o Gusls rlans J3125 ) secnall Linil) (o L Laa
s Jlaall 50 =0 G Gusla mlan e anjlay HUaEY) Caliaif olal 8 Jladl) I slat

) e i)
E 4nr? = E
&o
~LE= L @ a<r<b
Are, r?

Region (A r>c
we construct a spherical gaussian surface of radius r > ¢, the total net charge
inside the gaussian surface is g = 2Q + (-Q) = +Q Therefore Gauss’s law
gives rr

Gin
fE.dA: —
60
E 4nr® = S
1% Q
E= - r>c
dre, r?

Region (3Yb>r<c

N clad dlage B S 580 0 e 05K of qong Bkl od b el Jladl
ol -Q Ainl) o s 13 1 jiea s b o cany DLI<C sla o 13 2K a1
Gy 45 8 3,08 sl mhaudl s Aol mhasd) e Al a5 dais (8 Ay 81 3,000
D) & A shae bl a0 adaud) e diad Gl o5 Ul -Q Alasall 5
sadl Gldare 8 LS adl Cun s -2Q Gl 3, 3 L dallaay ddalal 5 <) o Al
O i s SN 50 s A mhad) e o it -Q o A Sl 5l e IS dial

+Q S
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A long straight wire is surrounded by a hollow cylinder whose axis
coincides with that wire as shown in figure 4.19. The solid wire has a
charge per unit length of +A, and the hollow cylinder has a net charge
per unit length of +2\. Use Gauss law to find (a) the charge per unit
length on theinner and outer surfaces of the hollow cylinder and (b) the
electric field outside the hollow cylinder, a distancer from the axis.

||||||

Solution

() Use a cylindrical Gaussian surface S; within
the conducting cylinder where E=0
rr_q,

Thus I ="=0

oE. —

60

and the charge per unit length on the inner surface
must be equal to

Ninner = =\
Also Ainner + Aouter = 20
thus Aouter = 3\
(b) For a  gaussian surface S, outside the
conducting cylinder
rroqg,
{EdA=—
60
1
E@nrL)= — (A-A+3AL
&o
_34

L E=
27, X

P
R e

+2 A

~_ |

Figure4.19
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Example 4.7

Consder a long cylindrical charge distribution of radius R with a
uniform charge density p. Find the electric field at distance r from the
axiswherer<R.

Solution
If we choose a cilindrical gaussian surface of length L and radius r, Its

volumeis nirL, and it enclses a charge prr®L. By applying Gauss’s law we
Oet,

|||||

rr a. par L
§E'dA: —  becomes E§dA=
& &,
ar 2L
QfdA: 2L therefore E(2arL) = /%_
Thus
E= “Z'O—r radially outward from the cylinder axis
€o

Notice that the electric field will increase as p increases, and also the
electric field is proportional to r for r<R. For thr region outside the cylinder
(r>R), the electric field will decrese asr increases.
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Example 4.8

Two large non-conducting sheets of +ve charge face each other as
shown in figure 4.20. What is E at points (i) to the left of the sheets (ii)
between them and (iii) to theright of +6 G

the sheets? Tl |

Dy .
» A N B

""" Solution

m

¢

We know previoudly that for each sheet,

1
4
the magnitude of the field at any point . H M .
is E. Bl E Bl &
E = _O ¢ { ‘
2¢, : H
+ ot
(@ At point to the left of the two | "
parallel sheets -
E=-E, + (-Ey) =-2E Figure4.20
LE=-2
€o

(b) At point between the two sheets
E=E; + (-E) = zero

(c) At point to theright of the two parallel sheets
E=E,+E,=2E

o
~E=7
o
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4.9 Problems

4.1) An €ectric field of intensity 4.5) Four closed surfaces, S,
3.5x103N/C is applied the x-axis.  through S, together with the
Calculate the électric flux througha  charges -2Q, +Q, and -Q are

sketched in figure 4.21. Find the
electric flux through each surface.

rectangular plane 0.35m wide and
0.70m long if (a) the plane is
paradlel to the yz plane, (b) the
plane is parallel to the xy plane,
and (c) the plane contains the y axis
and its normal makes an angle of
40° with the x axis.

4.2) A point charge of +5uC is
located at the center of a sphere
with aradius of 12cm. What is the
electric flux through the surface of
this sphere?

4.3) (& Two charges of 8uC and -
5uC are inside a cube of sides
0.45m. What is the total electric
flux through the cube? (b) Repeat

(a) if the same two charges are inside a
spherical shell of radius 0. 45 m.

Figure4.21

4.6) A conducting spherical shell of
radius 15cm carries anet charge of

4.4) The dectric fild everywhere -6.4uC uniformly distributed on its

on the surface of a hollow sphere
of radius 0.75m is measured to be
equal to 8.90x10°N/C and points
radially toward the center of the
sphere. (a) What is the net charge
within the surface? (b) What can
you conclude about charge inside
the nature and distribution of the
charge inside the sphere?

surface. Find the electric field at
points (a) just outside the shell and
(b) inside the shell.

4.7) A long, straight metal rod has a

radius of 5cm and a charge per unit
length of 30nC/m. Find the electric
field at the following distances
from the axis of the rod: (a) 3cm,
(b) 10cm, (c) 100cm.
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4.8) A sguare plate of copper of
sides 50cm is placed in an extended
electric field of 8x10*N/C directed
perpendicular to the plate. Find (a)
the charge density of each face of
the plate and (b) the total charge on
each face.

4.9) A solid copper sphere 15cm in
radius has a total charge of 40nC.
Find the electric field at the
following distances measured from
the center of the sphere: (a) 12cm,
(b) 17cm, (c) 75cm. (d) How would
your answers change if the sphere
were hollow?

4.10) A solid conducting sphere of

radius 2cm has a positive charge of

+8uC. A conducting spherica
shell d inner radius 4cm and outer
radius 5cm is concentric with the
solid sphere and has a net charge of
-4uC. (@) Find the electric field at
the following distances from the
center of this charge configuration:
(@ r=1cm, (b) r=3cm, (c) r=4.5cm,
and (d) r=7cm.

4.11) A non-conducting sphere of

radius a is placed at the center of a
spherical conducting shell of inner
radius b and outer radius c, A
charge +Q is distributed uniformly
through the inner sphere (charge
density pC/m®) as shown in figure
4.22. The outer shell carries -Q.
Find E(r) (i) within the sphere
(r<a) (ii) between the sphere and
the shell (a<r<b) (iii) inside the
shell (b<r<c) and (iv) out side the

4.14) A

mm Wondershare
®  PDFelement

shell and (v) What is the charge
appear on the inner and outer
surfaces of the shell?

Figure 4.22

4.12) A solid sphere of radius 40cm

has a total positive charge of 26uC
uniformly distributed throughout its
volume. Calculate the electric field
intensity at the following distances
from the center of the sphere: (a) 0
cm, (b) 10cm, (c) 40cm, (d) 60 cm.

4.13) An insulating sphere is 8cm in

diameter, and carries a +5.7uC
charge  uniformly  distributed
throughout its interior volume.
Calculate the charge enclosed by a
concentric spherical surface with
the following radii: () r=2cm and
(b) r=6cm.

long conducting cylinder
(length I) carry atotal charge +q is
surrounded by a conducting
cylindrical shell of total charge -2q
as shown in figure 4.23. Use
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Gauss’s law to find (i) the electric
field a points outside the
conducting shell and inside the
conducting  shell, (i)  the
distribution of the charge on the
conducting shell, and (iii) the
electric field in the region between

mm Wondershare
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4.16) A large plane sheet of charge

has a charge per unit area of
9.0uC/m® Find the eectric field
intensity just above the surface of
the sheet, measured from the sheet's
midpoint.

the cylinder and the cylindrica

shdll? 4.17) Two large metal plates face

each other and carry charges with
surface density +c and -o
respectively, on their inner surfaces
as shown in figure 4.24. What is E
at points (i) to the left of the sheets
(if) between them and (iii) to the right

of the sheets?

e +FA

-+

-+

-+

-+

-+

-+

-+

-+

Figure 4.23 -

-+

- 3
4.15) Consider a thin spherical shell N

of radius 14cm with a total charge

of 32uC distributed uniformly on Figure 4.24

its surface. Find the electric field
for the following distances from the
center of the charge distribution:
(@) r=10cm and (b) r =20cm.
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10]Two 1.00 uC point charges are located on the x axis. Oneisat x = 0.60 m, and
the other isat x=-0.60 m. (a) Determine the electric field on they axisat x =
0.90 m. (b) Calculate the electric force on a-5.00 uC charge placed on the 'y
axisaty = 0.90 m.

a (a) (8.52 x 10% +1.28 x 10%)N/C; (b) (-4.62 x 10 — 6.39 x 10%)N

b. (a) 8.52 x 10%j N/C; (b) -4.26 x 107 N
c. (a) 1.28 x 10% N/C; (b) -6.39 x 103 N
d. (a) -7.68 x 10°N/C; (b) 3.84x 103 N

[11] A 14.0uC charge located at the origin of a cartesian coordinate system is
surrounded by a nonconducting hollow sphere of radius 6.00 cm. A drill
with aradius of 0.800 mm is aigned along the z-axis, and a hole is drilled
in the sphere. Calculate the electric flux through the hole.

a 176 Nm?/C
b.4.22 Nm?/C
c. ONm?C

d. 70.3 Nm%C

[12] An electric field of intensity 2.50 kN/C is applied along the x-axis.
Calculate the electric flux through a rectangular plane 0.450 m wide and
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0.800 m long if (@) the plane is parallel to the yz plane; (b) the plane is
paralel to the xy plane; (c) the.plane contains the y-axis and its normal
makes an angle of 30.0° with the x-axis.

a (a) 900 Nm?%C; (b) 0 Nm?C; (c) 779 Nm?/C
b. (@ 0 Nm?C; (b) 900 Nm?/C; (c) 779 Nm?/C
c (@ 0 Nm?C; (b) 900 Nm?/C; (c) 450 Nm?/C
d (a) 900 Nm?%/C; (b) 0 Nm?C; (c) 450 Nm%/C

[13] A conducting spherical shell of radius 13.0 cm carries a net charge of -
7.40 nC uniformly distributed on its surface. Find the electric field at
points (a) just outside the shell and (b) inside the shell.

@ (-7.88 mMN/C)r;  (b) (-7.88 mN/C)r
(@ (7.88 mN/Cr; (b) (0 MN/C)r

@ (-3.94rN/C)r;  (b) (0 mN/C)r

(@ (3.94 mN/Cr; (b) (3.94 mN/C)r

00 oW

[14] A point charge of 0.0562 uC isinside apyramid. Determine the total
electric flux through the surface of the pyramid.

a1.27 x 10> Nm?/C?
b.6.35 x 10° Nm?/C?
c. 0 Nm?/C?

d. 3.18 x 10* Nm?C?

[15]A large flat sheet of charge has a charge per unit area of 7.00 nC/m?. Find
the electric field intensity just above the surface of the sheet, measured from
its midpoint.

7.91 x 10° N/C up
1.98 x 10° N/C up
3.95 x 10° N/C up
1.58 x 10° N/C up

o0 oo

[16] The electric field on the surface of an irregularly shaped conductor
varies from 60.0 KN/C to 24.0 kN/C. Calculate the local surface charge
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density at the point on the surface where the radius of curvature of the
surface is (a) greatest and (b) smallest.

0.531 uC/m?%  (b) 0.212, uC/m?
1.06, uC/m?%  (b) 0.425 uC/m?
0.425, uC/m?: (b) 1.06pC/m?

0.212 uC/m?%  (b) 0.531 uC/m?

o0 oo

[17]A square plate of copper with 50.0 cm sides has no net charge and is placed
in aregion of uniform electric field of 80.0 kN/C directed perpendicular to
the plate. Find (a) the charge density of each face of the plate and (b) the
total charge on each face.

a (@ o=+0.708 uC/m%  (b) Q =+ 0.0885 uC
b.(a) o= +1.42uC/m*  (b) Q= +0.354 uC
c. (@ o=+0.708 uC/m%  (b) Q= +0.177 uC
d (@ oc=+142uC/m%  (b)Q=+0.177puC

[18] The following charges are located inside a submarine: 5.00uC, -9.00uC,
27.0uC and -84.0uC. (a) Cadculate the net electric flux through the
submarine. (b) Is the number of electric field lines leaving the submarine
greater than, equal to, or less than the number entering it?

(a) 1.41 x 10" Nm?C; (b) greater than
(a) -6.89 x 10° Nm?C; (b) lessthan
(a) -6.89 x 10° Nm?/C; (b) equal to
(a) 1.41 x 10’ Nm?%C; (b) equal to

o0 T

[19]A solid sphere of radius 40.0 cm has a total positive charge of 26.0uC
uniformly distributed throughout its volume. Calculate the magnitude of the
electric field at 90.0 cm.

a (2.89 x 10° N/C)r
b. (3.29 x 10° N/C)r
c.ON/C

d. (1.46 x 10° N/C)r
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[20] A charge of 190 uC is at the center of a cube of side 85.0 cm long. (a) Find
the total flux through each face of the cube. (b) Find the flux through the
whole surface of the cube.

(a) 3.58 x 10° Nm?%C; (b) 2.15 x 10" Nm?/C
(a) 4.10 x 10’ Nm?%C; (b) 4.10 x 10" Nm?%/C
(a) 1.29 x 10° Nm?%C; (b) 2.15 x 10" Nm?/C
(a) 6.83 x 10° Nm?%C; (b) 4.10 x 10’ Nm%C

o0 oo

[21]A 30.0 cm diameter loop is rotated in a uniform electric field until the
position of maximum electric flux is found. The flux in this position is
found to be 3.20 x 105 Nm2/C. What is the electric field strength?

3.40 x 10° N/C
4.53 x 10° N/C
1.13 x 10°N/C
1.70 x 10° N/C

00T

[22]Consider a thin spherical shell of radius 22.0 cm with a total charge of
34.0uC distributed uniformly on its surface. Find the magnitude of the
eectric fidd (a) 15.0 cm and (b) 30.0 cm from the center of the charge
distribution.

(@) 6.32x 10°N/C;  (b) 3.40 x 10° N/C

a

b. (8 O0N/C; (b) 6.32 x 10° N/C
c. (81.36x10'N/C;  (b)3.40 x 10°N/C
d (@ O0N/C; (b) 3.40 x 10° N/C

[23]A long, straight metal rod has a radius of 5.00 cm and a charge per unit
length of 30.0 nC/m. Find the electric field 100.0 cm from the axis of the
rod, where distances area measured perpendicular to the rod.

a  (1.08 x 10* N/O)r
b. (270 x 10° N/C)r
c. (5.39x 10°N/O)r
d.  (ON/C)
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19.1 MAGNETIC FIELDS

Permanent Magnets

Permanent magnets have been known at least since the time of the ancient
Greeks, about 2500 years ago. A naturally occurring iron ore called lodestone (now
called magnetite) was mined in various places, including the region of modern-day
Turkey called Magnesia. Some of the chunks of lodestone were permanent
magnets; they exerted magnetic forces on each other and on iron and could be used
to turn a piece of iron into a permanent magnet. In China, the magnetic compass
was used as a navigational aid at least a thousand years ago—possibly much earlier.
Not until 1820 was a connection between electricity and magnetism established,
when Danish scientist Hans Christian Oersted (1777—1851) discovered that a

compass needle is deflected by a nearby electric current.

Figure 19.1a shows a plate of glass lying on top of a bar magnet. Iron filings
have been sprinkled on the glass and then the glass has been tapped to shake the
filings a bit and allow them to move around. The filings have lined up with the
magnetic field (symbol:B ) due to the bar magnet. Figure 19.1b shows a sketch
of the magnetic field lines representing this magnetic field. As is true for electric
field lines, the magnetic field lines represent both the magnitude and direction of
the magnetic field vector. The magnetic field vector at any point is tangent to the
field line and the magnitude of the field is proportional to the number of lines per

unit area perpendicular to the lines.

Figure 19.1b may strike you as being similar to a sketch of the electric field

lines for an electric dipole. The similarity is

CONNECTION: T,

not a coincidence; the bar magnet is one \
Electric dipole: one positive |
instance of a magnetic dipole. By dipole we charpe and one negative

charge. Magnetic dipole: one
norh pole and one south pole.

mean two opposite poles. In an electric dipole,

the electric poles are positive and negative
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electric charges. A magnetic dipole consists of two opposite magnetic poles. The
end of the bar magnet where the field lines emerge is called the North Pole and
the end where the lines go back in is called the South Pole. If two magnets are
near one another, opposite poles (the north pole of one magnet and the south pole
of the other) exert attractive forces on one another; like poles (two north poles or

two south poles) repel one another.

The names North Pole and South Pole are derived from magnetic compasses.
A compass is simply a small bar magnet that is free to rotate. Any magnetic dipole,
including a compass needle, feels a torque that tends to line it up with an external
magnetic field (Fig. 19.2). The north pole of the compass needle is the end that
points in the direction of the magnetic field. In a compass, the bar magnet needle is
mounted to minimize frictional and other torques so it can swing freely in response
to a magnetic field.

Magnctac B
field lines

fa) b}

Figure 19.1 (a) Photo of a bar magnet. Nearby iron filings line up with the magnetic field. (b) Sketch
of the magnetic field lines due to the bar magnet. The magnetic field vectors are tangent to the field

lines.
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Figure 19.2 Each compass needle is aligned with the magneticﬁeld due to the bar magnet. The “north”
(red) end of each needle points in the direction of the magnetic field.
Permanent magnets come in many shapes other than the bar magnet. Figure

19.3 shows some others, with the magnetic field lines sketched. Notice in Fig.
19.3a that if the pole faces are parallel and close together, the magnetic field
between them is nearly uniform. A magnet need not have only two poles; it must
have at least one North Pole and at least one South Pole. Some magnets are designed
to have a large number of north and south poles. The flexible magnetic card (Fig.
19.3b), commonly found on refrigerator doors, is designed to have many poles,
both north and south, on one side and no poles on the other. The magnetic field is
strong near the side with the poles and weak near the other side; the card sticks to

an iron surface (such as a refrigerator door) on one side but not on the other.

Sacde Vicw

| B{_g:k (l_)f own)

Froat (printed)

Figure 19.3 Two permanent magnets with their magneticﬁe]d lines. In (a), the
magnetic field between the pole faces is nearly uniform. (b) A refrigerator magnet (shown

here in a side view) has many poles.

No Magnetic Monopoles Coulomb’s law for electric forces gives the
force acting between two point charges-two electric monopoles. However, as far as
we know, there are no magnetic monopoles-that is, there is no such thing as an
isolated north pole or an isolated south pole. If you take a bar magnet and cut it in
half, you do not obtain one piece with a north pole and another piece with a south
pole. Both pieces are magnetic dipoles (Fig. 19.4). There have been theoretical
predictions of the existence of magnetic monopoles, but years of experiments have
yet to turn up a single one. If magnetic monopoles do exist in our universe, they

must be extremely rare.
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Figure 19.4 Sketch of a bar magnet that is subsequently cut in half. Each piece has both a north and a
south pole.

Magnetic Field Lines

Figure 19.1 shows that magnetic field lines do not begin on north poles and
end on south poles: magnetic field lines are always closed loops. If there are no
magnetic monopoles, there is no place for the field lines to begin or end, so they
must be closed loops. Contrast Fig. 19.1b with Fig. 16.29—the field lines for an
electric dipole. The field line patterns are similar away from the dipole, but nearby
and between the poles they are quite different. The electric field lines are not closed

loops; they start on the positive charge and end on the negative charge.

A Magnetic field lines are always closed loops.

Despite these differences between electric and magnetic field lines, the
interpretation of magnetic field lines is exactly the same as for electric field lines:

1. The direction of the magnetic field vector at any point is tangent to the field

line passing through that point and is in the direction indicated by arrows on

the field line (as in Fig. 19.1b).

| CONNECTION: T
2. The magnetic field is strong where field lines

Magnetic field lines help us
are close together and weak visualize the magnitude and
direction of the magnetic
field vectors, just es clectnc
field lines do for the magni-
tucde and direction of E

where they are far apart. More specifically, if

you imagine a small surface

perpendicular to the field lines, the
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magnitude of the magnetic field is proportional to the number of lines that cross

the surface, divided by the area.
The Earth’s Magnetic Field

Figure 19.5 shows field lines for Earth’s magnetic field. Near Earth’s
surface, the magnetic field is approximately that of a dipole, as if a bar magnet was
buried at the center of the Earth. Farther away from Earth’s surface, the dipole
field is distorted by the solar wind—charged particles streaming from the Sun
toward Earth. As discussed in Section 19.8, moving charged particles create their
own magnetic fields, so the solar wind has a magnetic field associated with it.

In most places on the surface, Earth’s magnetic field is not horizontal; it has
a significant vertical component. The vertical component can be measured directly
using a dip meter, which is just a compass, mounted so that it can rotate in a vertical
plane. In the northern hemisphere, the vertical component is downward, while in
the southern hemisphere it is upward. In other words, magnetic field lines emerge
from Earth’s surface in the southern hemisphere and reenter in the northern
hemisphere. A magnetic dipole that is free to rotate aligns itself with the magnetic
field such that the north end of the dipole points in the direction of the field. Figure
19.2 shows a bar magnet with several compasses in the vicinity. Each compass
needle points in the direction of the local magnetic field, which in this case is due
to the magnet. A compass is normally used to detect Earth’s magnetic field. In a
horizontally mounted compass, the needle is free to rotate only in a horizontal

plane, so its north end points in the direction of the horizontal component of Earth’s

field.

A Note the orientation (ftheﬁctitious bar magnet in Fig. 19.5: the south po]e ofthe
magnetfaces rough]y toward geographic north and the north po]e grtbe magnetfaces
rou(qh]y toward geogmphic south. The field lines emergefrom Earth’s sulface in the

southern hemisphere and return in the northern hemisphere.
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Figure 19.5 Earth’s magnetic field. The diagram shows the magnetic field lines in one plane.
In general, the magnetic field at the surface has both horizontal and vertical components. The
magnetic poles are the points where the magnetic field at the surface is purely vertical. The

magnetic poles do not coincide with the geographic poles, which are the points at which the axis

of rotation intersects the surface. Near the surface, the field is approximately that of a dipole,
like that of the fictitious bar magnet shown. Note that the south pole of this bar magnet points

toward the Arctic and the north pole points toward the Antarctic.
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19.2 MAGNETIC FORCE ON A POINT CHARGE

Before we go into more detail on the magnetic forces and torques on a
magnetic dipole, we need to start with the simpler case of the magnetic force on a

moving point charge. Recall that, we defined the electric field as the electric force

per unit charge. The electric force is either in the same direction as E or in the
opposite direction, depending on the sign of the point charge.

The magnetic force on a point charge is more complicated—it is not the
charge times the magnetic field. The magnetic force depends on the point charge’s
velocity as well as on the magnetic field. If the point charge is at rest, there is no
magnetic force. The magnitude and direction of the magnetic force depend on the
direction and speed of the charge’s motion. We have learned about other velocity-
dependent forces, such as the drag force on an object moving through a fluid. Like
drag forces, the magnetic force increases in magnitude with increasing velocity.
However, the direction of the drag force is always opposite to the object’s velocity,
while the direction of the magnetic force on a charged particle is perpendicular to the

Velocity of the particle.

A The magnetjcforce is Velocit)/—dependent.

Imagine that a positive point charge ¢ moves at velocity v ~ at a point where the
magnetic field is B . The angle between V and B is 0 (Fig. 19.6a). The
magnitude of the magnetic force acting on the point charge is the product of

* The magnitude of the Charge|q |,

* The magnitude of the field B , and

* The component of the velocity perpendicular to the field ( Fig. 19.6b).
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. U sin &
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(a) (b)

Figure 19.6 A positive charge moving in a magneticfie]d. (a) The particle’s ve]ocit)/ vector
I—/)and the magneticﬁeld vector l_?) are drawn starting at the same point. 0O is the angle between

them. (b) The component o i_/) erpendicular to ﬁ isU Sin 0. (¢) The component o E
P perp P
perpendicular to VisB sin 0.

Magnitude of the magnetic force on a moving point Charge:

Fg = lqlviB = |qlv(sin6)B

Since v, = v sinf (19-1a)

Note that if the point charge is at rest (¥ = 0) or if its motion is along the same
line as the magnetic field(v; = 0), then the magnetic force is zero.

In some cases it is convenient to look at the factor sin @ from a different
point of view. If we associate the factor sin 8with the magnetic field instead of with

the velocity, then B Sin 6 is the component of the magnetic field perpendicular to

the velocity of the charged particle (Fig. 19.6¢):

Fgz = |qlv(B sin8) = |q|vB, (19-1b)

SI Unit of Magnetic Field
From Eq. (19-1), the SI unit of magnetic field is

force B N _ N
charge x velocity C xm/sec A.m

This combination of units is given the name tesla (symbol T) after Nikola Tesla

(1856—1943), an American engineer who was born in Croatia.

N
1T = 1-— (19-2)
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Cross Product of Two Vectors | CONNECTION:

The direction and magnitude of the magnetic force The cross product of fwo vee-
100815 0 veseor quaniry, The
7 D . eross product is a different
depend on the vectors V and B in a special way that 7
imathe maticel pperetion tham

. . . . the dot product of ©
occurs often in physics and mathematics. The magnetic A
ToeE, whech 1% @ sealar .

force can be written in terms of the cross product The cross product has its
maximum magni tade
— — when the two veciors are
(or vector product) of V and B. The cross product of two perpendicular; the dot pi-
duct s mnx imum wheen the
— 7 — i
vectors @ and b is writtend X b . The magnitude of twovectors are paradlel.

the cross product is the magnitude of one vector times

the perpendicular component of the other; it doesn’t matter which is which.

|dxb|=|dxb|=a,b=ab, =absing (19-3)

However, the order of the vectors does matter in determining the direction of the

result. Switching the order reverses the direction of the product:

bxd =-dxb (19-4)
Since magnetism is inherently three-dimensional, we often need to draw vectors
that are perpendicular to the page. The symbol * (or () represents a vector
arrow pointing out of the page; think of the tip of an arrow coming toward you.

The symbol X (or @) represents a vector pointing into the page; it suggests the

tail feathers of an arrow moving away from you.

-
-
A The cross product czf two vectors A and B is a vector that is perpendicular to

both @ and B . Note that @ and Fdo not have to be perpendicular to one another. For
any two vectors that are neither in the same direction nor in opposite directions, there are
two directions perpendicular to both vectors. To choose between the two, we use a right
hand rule.

10
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Using Right—Hand Rule 1 to Find the Direction of a Cross

—

Product d X b

1. Draw the vectors @ and b starting from the same origin (Fig. 19.7a).

2. The cross product is in one of the two directions that are perpendicular to both

d and B Determine these two directions.

3. Choose one of these two perpendicular directions to test. Place your right hand
in a “karate chop” position with your palm at the origin, your fingertips pointing
in the direction of @, and your thumb in the direction you are testing (Fig.
19.7b).

4. Keeping the thumb and palm stationary, curl your fingers inward toward your

palm until your fingertips point in the direction of b (Fig. 19.7¢). If you can

do it, sweeping your fingers through an angle less than 180°, then your thumb

points in the direction of the cross product ax b.If you can’t do it because

your fingers would have to sweep through an angle greater than 180°, then

your thumb points in the direction opposite to a x b.

|k [1i1] e}

Figure 19.7 Using the righthand rule tofind the direction qfa cross product. (a) First we
draw the two vectors, a and B, starting at the same point. (b) Initial hand position to test
whether d X b is up. The thumb points up and the fingers point along a. (C) The fingers are

curled in through an angle < 180° until they point along b. Therefore, a x bis up.
Direction of the Magnetic Force

A_ Vector symbols: * or O = out oftbe page; X or & = into the page The magnetic
force on a point charge is perpendicular to the magnetic field and perpendicular to the velocity

11
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The magnetic force on a charged particle can be written as the charge

— —
times the cross product of V and B :

Magnetic force on a moving point charge:

F;, = qVxB (19-5)
Magnitude: Fgz = quBsin6

Direction: perpendicular to both Vand B ; use the right-hand rule to find V x §,

then reverse it if g is negative.

A. The magneticforce on a point charge is perpendicu]ar to the magneticfie]d and
perpendicu]ar to the VEIOCit)/.

The direction of the magnetic force is not along the same line as the field (as

is the case for the electric field); instead it is perpendicular. The force is also

perpendicular to the charged particle’s velocity. Therefore, if V and B lic in a
plane, the magnetic force is always perpendicular to that plane; magnetism is

inherently three dimensional. A negatively charged particle feels a magnetic force

—

in the direction opposite to VxB ; multiplying a negative scalar (¢q) by Vx B

reverses the direction of the magnetic force.

Example |

Electron in a Magnetic Field

An electron moves with speed 2.0 X 10° m/sec in a uniform magnetic
field of 1.4 T directed due north. At one instant, the electron experiences an
upward agnetic force of 1.6 X 107" N. In what direction is the electron moving
at that instant? [Hint: If there is more than one possible answer, find all the
possibilities. |
Strategy This example is more complicated. We need to apply the magnetic
force law again, but this time we must deduce the direction of the velocity from

the directions of the force and field.

12
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Solution The magnetic force is always perpendicular to both the magnetic field
and the particle’s velocity. The force is upward, therefore the velocity must lie in
a horizontal plane.

Figure 19.12 shows the magnetic field pointing north and a variety of possibilities

for the velocity (all in the horizontal plane). The direction of the magnetic force is

— —_—
up, so the direction of ¥ X B must be down since the charge is negative.

Huorirontal plane

Marth

West

Figure 19.12 The velocity must be perpendicular to theforce and thus in the plane shown.
Various possibilities for the direction of Vare considered. Only those in the west half of the plane

L3 —
give the correct direction for V X B.

Pointing the thumb of the right hand downward, the fingers curl in the

=, —
clockwise sense. Since we curl from Vto B | the velocity must be somewhere in
the left half of the plane; in other words, it must have a west component in addition

to a north or south component.

The westward component is the component of V that is perpendicular to
the field. Using the magnitude of the force, we can find the perpendicular

component of the velocity:

Fg = |q|v,B

_ Fg 16 x 107N
" |q|B~ 1.6 x 10719C x 1.4T

v, = 7.14 x 10° m/sec

The Velocity also has a component in the direction of the field that can be

found using the Pythagorean Theorem:

v? = v+ pf

13
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— 2 2
17||—+ v UJ_

= 41.87 x 10® m/sec

The + sign would seem to imply that 141 could either be a north or a south

component. The two possibilities are shown in Fig. 19.13. Use of the right—hand
rule confirms that either gives V X B in the correct direction. Now we need to

find the direction of 172 given its components. From Fig. 19.13,

_ v, 7.14x10° m/sec
sinf = — =
v 2.0 X 10® m / sec

0 = 21°W of N or159°W of N

Since 159° W of N is the same as 21° W of S, the direction of the velocity is

either 21° W of N or 21° W of S.

N
|

W

=1

()
S

Figure 19.13 Two possibilities for the direction of I_/)

A_ Discussion We cannot assume that V is perpendicular to § The magnetic force is
always perpendicular to both Vand ﬁ, but there can be any angle between Vand §

14
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19.3 CHARGED PARTICLE MOVING PERPENDICUL-ARLY
TO A UNIFORM MAGNETIC FIELD

Using the magnetic force law and Newton’s second law of motion, we can
deduce the trajectory of a charged particle moving in a uniform magnetic field with
no other forces acting. In this section, we discuss a case of particular interest: when

the particle is initially moving perpendicularly to the magnetic field.

7 | i
F
o
F
;
v
B V¥ B :
(a) (b) (c)

Figure 19.14 (a) Force on a positive charge moving to the right in a magnetic field that is
into the page. (b) As the velocity changes direction, the magnetic force changes direction to stay

— —
perpendicular to both Vand B. Theforce is constant in magnitude, so the particle moves along

the arc of a circle. (c) Motion of a negative charge in the same magnetic field.

Figure 19.14a shows the magnetic force on a positively charged particle

moving perpendicularly to a magnetic field. Sincev; = v, the magnitude of the
force is

F = |q|vB (19-6)
Since the force is perpendicular to the velocity, the particle changes direction but

not speed. The force is also perpendicular to the field, so there is no acceleration

—
component in the direction of B. Thus, the particle’s
CONMECTION:

The expression for the radi-
ally inward scceleration of a
o _ particle in uniform circular
changes direction, the magnetic force changes motion, s, = O'fr; is the same
ome used for other kinds of
circular modtion.

Velocity remains perpendic—ular toB. As the Velocity

direction to stay perpendicular to both V and E The

magnetic force acts as a steering force, curving the

15
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particle around in a traj ectory of radius 7 at constant speed. The particle undergoes

uniform circular motion, so its acceleration is directed radially inward and has

magnitudev2 /7. From Newton’s second law,
(19-7)

where m is the mass of the particle. Since the radius of the trajectory is constant
— 1 depends only on q, V', B, and m, which are all constant— the particle
moves in a circle at constant speed ( Fig. 19.14b ). Negative charges move in the

opposite sense from positive charges in the same field ( Fig. 19.14c).

A Magneticﬁe]ds can cause charges to move along circular paths.

19.4 MOTION OF A CHARGED PARTICLE IN A UNIFORM
MAGNETIC FIELD: GENERAL

What is the trajectory of a charged particle moving in a uniform magnetic

field with no other forces acting? In Section 19.3, we saw that the trajectory is a

circle if the velocity is perpendicular to the magnetic field. If v ” has no
perpendicular component, the magnetic force is zero and the particle moves at
constant velocity.

In general, the velocity may have components both perpendicular to and
parallel to the magnetic field. The component parallel to the field is constant, since
the magnetic force is always perpendicular to the field. The particle therefore
moves along a helical path (Text website interactive: magnetic fields). The helix is
formed by circular motion of the charge in a plane perpendicular to the field
superimposed onto motion of the charge at constant speed along a field line (Fig.

19.19).

16
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Figure 19.19 (a) Helical motion of a charged particle in a uniform magnetic field. (b)
Charged particles spiral back and forth along field lines high above the atmosphere.

Even in nonuniform fields, charged particles tend to spiral around magnetic
field lines. Above Earth’s surface, charged particles from cosmic rays and the solar
wind (charged particles streaming toward Earth from the Sun) are trapped by
Earth’s magnetic field. The particles spiral back and forth along magnetic field lines
(Fig. 19.19b). Near the poles, the field lines are closer together, so the field is
stronger. As the field strength increases, the radius of a spiraling particle’s path gets
smaller and smaller. As a result, there is a concentration of these particles near the
poles. The particles collide with and ionize air molecules. When the ions recombine
with electrons to form neutral atoms, visible light is emitted—the aurora borealis in
the northern hemisphere and the aurora australis in the southern hemisphere.

Aurorae also occur on Jupiter and Saturn, which have much stronger magnetic

fields than does Earth.

17
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19.5 A CHARGED PARTICLE IN CROSSED E AND B FIELDS

If a charged particle moves in a region of space where both electric and magnetic
fields are present, then the electromagnetic force on the particle is the vector sum
of the electric and magnetic forces:

F=Fg + Fp (19 - 8)
A particularly important and useful case is when the electric and magnetic fields
are perpendicular to one another and the velocity of a charged particle is

perpendicular to both fields. Since the magnetic force is always perpendicular to

both V and B , it must be either in the same direction as the electric force or in
the opposite direction. If the magnitudes of the two forces are the same and the
directions are opposite, then there is zero net force on the charged particle ( Fig.
19.20 ). For any particular combination of electric and magnetic fields, this
balance of forces occurs only for one particular particle speed, since the magnetic
force is velocity-dependent, but the electric force is not. The velocity that gives

zero net force can be found from
ﬁ = ﬁE + ﬁB =0
qE+qV xB =0
Dividing out the common factor of q,

E+VXxB =0 (19 —9)

There is zero net force on the particle only if
_Z 19 -10
v=2 (19 - 10)
and if the direction of V is correct. Since E = —V x B , it can be shown (see

Conceptual Question 7) that the correct direction of V' is the direction of E X B .

18
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Figure 19.20 Positive point charge moving in crossed E and E fields. For the

velocity direction shown, Fg + Fp = 0ifv = E/B.

19.6 MAGNETIC FORCE ON A CURRENT-CARRYING WIRE

A wire carrying electric current has many moving charges in it. For a
current-carrying wire in a magnetic field, the magnetic forces on the individual
moving charges add up to produce a net magnetic force on the wire. Although the
average force on one of the charges may be small, there are so many charges that

the net magnetic force on the wire can be appreciable.

Say a straight wire segment of length L in a uniform magnetic field B
carries a current I. The mobile carriers have charge q. The magnetic force on any
one charge is

F=qVxB
where V is the instantaneous velocity of that charge. The net magnetic force on

the wire is the vector sum of these forces. The sum isn’t easy to carry out, since

we don’t know the instantaneous velocity of each of

CONNECTION: T
the charges. The charges move about in random The eosugioetic foce on 8 "l

CUFTenE-CIITying wire 15 the
directions at high speeds; their velocities suffer large sum of the magnetic forces on

the charge camiers in the wine.
changes when they collide with other particles.

Instead of summing the instantaneous magnetic force on each charge, we can

19
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instead multiply the average magnetic force on each Charge by the number of

Charges. Since each charge has the same average velocity—the drift velocity—

each experiences the same average magnetic force F ;.

N RN

Fo, = qVD X B
Then, if N is the total number of carriers in the wire, the total magnetic force on
the wire is
F=NgV, x B (19 — 11)

Equation (19-11) can be rewritten in a more convenient way. Instead of having to
figure out the number of carriers and the drift velocity, it is more convenient to
have an expression that gives the magnetic force in terms of the current I. The
current [ is related to the drift velocity:

I = nqAvp (18 -3)
Here M is the number of carriers per unit volume. If the length of the wire is L and
the cross-sectional area is A, then

N = number per unit volume X volume = nLA
By substitution, the magnetic force on the wire can be written
F = NqVD X B = nqALVD X B

Almost there! Since current is not a vector, we cannot substitute 1= nqAVD .
Therefore, we define a length vector L to be a vector in the direction of the current

with magnitude equal to the length of the wire ( Fig. 19.27 ). Then nqALVD =
IL and Magnetic force on a straight segment of current-carrying wire:
F=ILXB (19 — 12a)
The current I times the cross product LxB gives the magnitude and

direction of the force. The magnitude of the force is
F=1IL,B = ILB, = ILB sinf (19 — 12b)
The direction of the force is perpendicular to both i and E The same right—hand

rule used for any cross product is used to choose between the two possibilities.
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Figure 19.27 A current carrying wire in an externally applied magnetic field
experiences a magnetic force.

19.8 MAGNETIC FIELD DUE TO AN ELECTRIC CURRENT

So far we have explored the magnetic forces acting on charged particles
and currentcarrying wires. We have not yet looked at sources of magnetic fields
other than permanent magnets. It turns out that any moving charged particle creates

a magnetic field. There is a certain symmetry about the situation:

* Moving charges experience magnetic forces and moving charges create magnetic
fields;
* Charges at rest feel no magnetic forces and create no magnetic fields;
* Charges feel electric forces and create electric fields, whether moving or not.
Today we know that electricity and magnetism are closely intertwined. It
may be surprising to learn that they were not known to be related until the
nineteenth century. Hans Christian Oersted discovered in 1820 by happy accident
that electric currents flowing in wires made nearby compass needles swing
around. Oersted’s discovery was the first evidence of a connection between
electricity and magnetism.
The magnetic field due to a single moving charged particle is negligibly

small in most situations. However, when an electric current flows in a wire, there
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are enormous numbers of moving charges. The magnetic field due to the wire is
the sum of the magnetic fields due to each charge; the principle of superposition

applies to magnetic fields just as it does to electric fields.

Magnetic Field due to a Long Straight Wire

Let us first consider the magnetic field due to a long, straight wire carrying
a current I. What is the magnetic field at a distance r from the wire and far from
its ends? Figure 19.34a is a photo of such a wire, passing through a glass plate on
which iron filings have been sprinkled. The iron bits line up with the magnetic
field due to the current in the wire. The photo suggests that the magnetic field
lines are circles centered on the wire. Circular field lines are indeed the only
possibility, given the symmetry of the situation. If the lines were any other shape,
they would be farther from the wire in some directions than in others.

The iron filings do not tell us the direction of the field. By using compasses
instead of iron filings ( Fig. 19.34b ), the direction of the field is revealed—it is
the direction indicated by the north end of each compass. The field lines due to

the wire are shown in Fig. 19.34c , where the current in the wire flows upward.

(@) (b) ]

Figure 19.34 Magnetic field due to a long straight wire. (a) Photo of a long wire,
with iron filings lining up with the magnetic field. (b) Compasses show the direction
of the field. (c) Sketch illustrating how to use the right-hand rule to determine the
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direction of the field lines. At any point, the magnetic field is tangent to one of the
circular field lines and, therefore, perpendicular to a radial line from the wire.
Using Right-Hand Rule 2 to Find the Direction of the Magnetic

Field due to a Long Straight Wire

1. Point the thumb of the right hand in the direction of the current in the wire.

2. Curl the fingers inward toward the palm; the direction that the fingers curl is
the direction of the magnetic field lines around the wire (Fig. 19.34c).

3. As always, the magnetic field at any point is tangent to a field line through that
point. For a long straight wire, the magnetic field is tangent to a circular field

line and, therefore, perpendicular to a radial line from the wire.

A right-hand rule relates the current direction in the wire to the direction
of the field around the wire:

The magnitude of the magnetic field at a distance r from the wire can be
found using Ampere’s law:

Magnetic field due to a long straight wire:

ol

B =
21T

(19 — 14)

where [ is the current in the wire and 4, is a universal constant known as the
permeability of free space. The permeability plays a role in magnetism
similar to the role of the permittivity (€,) in electricity. In SI units, the value of
Hols

T-m
U, = 4mx 1077 — (exact, by definition) (19 — 15)
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Direction of Direction of
magnetic field magnetic field
due to wire 2 due to wire 1

Figure 19.35 Two parallel wires exert magnetic forces on one another. The

—_

force on wire 1 due to wire 2’s magnetic fieldis F 1, = I;jL; X B . Even

forces

if the currents are unequal, F5; = — F;; (Newton’s third law).

Two parallel current-carrying wires that are close together exert magnetic

on one another. The magnetic field of wire 1 causes a magnetic force on

wire 2; the magnetic field of wire 2 causes a magnetic force on wire 1 ( Fig. 19.35

). From Newton’s third law, we expect the forces on the wires to be equal and

opposite. If the currents flow in the same direction, the force is attractive; if they

flow in opposite directions, the force is repulsive (see Problem 72).

=

g Note that for current-carrying wires, “likes” (currents in the same direction)

attract one another and “unlikes” (currents in opposite directions) repel one another.

The constant [, can be assigned an exact value because the magnetic forces on

two parallel wires are used to define the ampere, which is an SI base unit. One ampere is

the current in each of two long parallel wires 1 m apart such that each exerts a magnetic

force on the other of exactly 2 X 107" N per meter of length. The ampere, not the

coulomb, is chosen to be an SI base unit because it can be defined in terms of forces and

lengths

second.

that can be measured accurately. The coulomb is then defined as 1 ampere-
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Multiple-Choice

Questions

Multiple-Choice Questions 1—4. In the figure, four point charges move in the
directions indicated in the vicinity of a bar magnet. The magnet, charge positions,

and velocity vectors all lie in the plane of this page. Answer choices:

@1 (b) ! (c) — (d) —

e) X (into page) f) ¢ (out of page) the force is zero
pag pag g
2 l
1 AP
S ‘ 31
— I AP |
d e

Multiple-Choice Questions 1— 4

1. What is the direction of the magnetic force on charge 1 ifq; < 0?
2. What is the direction of the magnetic force on charge 2 if g, < 07
3. What is the direction of the magnetic force on charge 3 if g3 < 07

4. What is the direction of the magnetic force on charge 4 if q, < 07?

5. The magnetic force on a point charge in a magnetic field Bis largest, for a
given speed, when it
(a) moves in the direction of the magnetic field.
(b) moves in the direction opposite to the magnetic field.
(c) moves perpendicular to the magnetic field.

(d) has velocity components both parallel to and perpendicular to the
field.
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Multiple-Choice Questions 6-—9.
A wire carries current as shown in the figure. Charged particles 1, 2, 3, and 4

move in the directions indicated. Answer choices for Questions 6-8:
@)1 (b) ] (c) — (d) —
(e) X (into page) (f) © (out of page) (g) the force is zero

1

] t—

6. What is the direction of the magnetic force on charge 1if q; < 0?
7. What is the direction of the magnetic force on charge 2 if g, > 07
8. What is the direction of the magnetic force on charge 3 if g3 < 0?
9. If the magnetic forces on charges 1 and 4 are equal and their velocities are
equal,

(2) the charges have the same sign and |qq| > [q,].

(b) the charges have opposite signs and [q | > |q,].

(c) the charges have the same sign and lg1] < 1q4].

(d) the charges have opposite signs and lq1] < 1q4].

(¢) 91 = qa.

(f) 41 = —qa
10. The magnetic field lines inside a bar magnet run in what direction?

a) from north pole to south pole
() P P
(b) from south pole to north pole

(C) from side to side
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(d) None of the above——there are no magnetic field lines inside a bar

magnet.

11. The magnetic forces that two parallel wires with unequal currents flowing in
opposite directions exert on each other are

(a) attractive and unequal in magnitude.

(b) repulsive and unequal in magnitude.

(c) attractive and equal in magnitude.

(d) repulsive and equal in magnitude.

(e) both zero.

(f) in the same direction and unequal in magnitude.

(g) in the same direction and equal in magnitude.

12. What is the direction of the magnetic field at point P in the figure? (P is on the

axis of the coil.)

r (T 1 [T A .
~\ / Sy

LAY N/ W S
11 I

@1 (®)! (c) — (d) —
(e) X (into page) (f) * (out of page
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Problems

At which point in the diagram is the magnetic field strength (a) the smallest
and (b) the largest? Explain.
Draw vector arrows to indicate the direction and relative magnitude of the

magnetic field at each of the points A—F.

S YL
..--'-"_ﬂ-f-'- —""J E.‘
.—-A—"H g i C‘-
e =
—_—
— U-\_"-\-\__\_
T~ Be . Fe
S —

Problems 1 and 2

3. Two identical bar magnets lie next to one another on a table. Sketch the

magnetic field lines if the north poles are at the same end

f’». Q ‘

4. Two identical bar magnets lie next to one another on a table. Sketch the

magnetic field lines if the north poles are at opposite ends.

N s|

5. Two identical bar magnets lie on a table along a straight line with their

north poles facing each other. Sketch the magnetic field lines.

s N[N s]

6. Two identical bar magnets lie on a table along a straight line with opposite

poles facing each other. Sketch the magnetic field lines.

N S N S
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7. The magnetic forces on a magnetic dipole result in a torque that tends to make
the dipole line up with the magnetic field. In this problem we show that the
electric forces on an electric dipole result in a torque that tends to make the
electric dipole line up with the electric field.(a) For each orientation of the
dipole shown in the diagram, sketch the electric forces and determine the
direction of the torque—clockwise or counterclockwise—about an axis
perpendicular to the page through the center of the dipole. (b) The torque

always tends to make the dipole rotate toward what orientation?

E

|l
@

v E
o
45°
E

u{?
E
T ) -
- ' =
. 3
op® 135%

19.2 Magnetic Force on a Point Charge

8. Find the magnetic force exerted on an electron moving vertically upward at a
speed of 2.0 X 107 m/s by a horizontal magnetic field of 0.50 T directed
north. (tutorial: magnetic deflection of electron)

9. Find the magnetic force exerted on a proton moving east at a speed of 6.0 X
106 m/s by a horizontal magnetic field of 2.50 T directed north.

10. A uniform magnetic field points north; its magnitude is 1.5 T. A proton with
kinetic energy 8.0 X 107" J is moving vertically downward in this field.

What is the magnetic force acting on it?
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A uniform magnetic field points vertically upward; its magnitude is 0.800 T.
An electron with kinetic energy 7.2 X 10—18 ] is moving horizontally

eastward in this field. What is the magnetic force acting on it?

Problems 12—14. Several electrons move at speed 8.0 X105 m/s in a uniform

magnetic field with magnitude B =0.40 T directed downward.

12.
13.
14.

15

a e

20,0 0|

=<1}

A il 1 30.0°
Problems 12-14
Find the magnetic force on the electron at point a.

Find the magnetic force on the electron at point b.

Find the magnetic force on the electron at point c.

. Electrons in a television’s CRT are accelerated from rest by an electric field

through a potential difference of 2.5 kV. In contrast to an oscilloscope, where
the electron beam is deflected by an electric field, the beam is deflected by a
magnetic field. (a) What is the speed of the electrons? (b) The beam is
deflected by a perpendicular magnetic field of magnitude 0.80 T. What is the
magnitude of the acceleration of the electrons while in the field? (c) What is
the speed of the electrons after they travel 4.0 mm through the magnetic
field? (d) What strength electric field would give the electrons the same
magnitude acceleration as in (b)? (¢) Why do we have to use an electric field
in the first place to get the electrons up to speed? Why not use the large

acceleration due to a magnetic field for that purpose?
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16. A magnet produces a 0.30-T field between its poles, directed to the east. A

dust particle with charge q = —8.0 X 10—18 C is moving straight down at
0.30 cm/s in this field. What is the magnitude and direction of the magnetic

force on the dust particle?

17. At a certain point on Earth’s surface in the southern hemisphere, the magnetic

field has a magnitude of 5.0 X 10—5 T and points upward and toward the
north at an angle of 55° above the horizontal. A cosmic ray muon with the
same charge as an electron and a mass of 1.9 X 10—28 kg is moving directly
down toward Earth’s surface with a speed of 4.5 X 107 m/s. What is the

magnitude and direction of the force on the muon?

18. An electron beam in vacuum moving at 1.8 X 107 m/s passes between the

poles of an electromagnet. The diameter of the magnet pole faces is 2.4 cm
and the field between them is 0.20 X 10—2 T. How far and in what direction
is the beam deflected when it hits the screen, which is 25 cm past the magnet?
[Hint: The electron velocity changes relatively little, so approximate the
magnetic force as a constant force acting during a 2.4-cm displacement to the

right. ]

5
—-_::".." D T P AT .
Eleciron bénm "h-
25 Cin
~—2 4 emi—=

Bereen

19. A positron (¢ = +e) moves at 5.0 X 107 m/s in a magnetic field of magnitude

0.47 T. The magnetic force on the positron has magnitude 2.3 X 10—12 N.
(a) What is the component of the positron’s velocity perpendicular to the

magnetic field? (b) What is the component of the positron’s velocity parallel
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to the magnetic field? (c) What is the angle between the velocity and the
field?

20. An electron moves with speed 2.0 X 105 m/s in a 1.2-T uniform magnetic
field. At one instant, the electron is moving due west and experiences an
upward magnetic force of 3.2 X 10—14 N. What is the direction of the
magnetic field? Be specific: give the angle(s) with respect to N, S, E, W, up,
down. (If there is more than one possible answer, find all the possibilities.)

21. An electron moves with speed 2.0 X 105 m/s in a uniform magnetic field of
1.4 T, pointing south. At one instant, the electron experiences an upward
magnetic force of 1.6 X 10—14 N. In what direction is the electron moving at
that instant? Be specific: give the angle(s) with respect to N, S, E, W, up,

down. (If there is more than one possible answer, find all the possibilities.)

19.3 Charged Particle Moving Perpendicularly to a Uniform Magnetic
Field

22. The magnetic field in a cyclotron is 0.50 T. Find the magnitude of the
magnetic force on a proton with speed 1.0 X 107 m/s moving in a plane
perpendicular to the field.

23. An electron moves at speed 8.0 X 105 m/s in a plane perpendicular to a
cyclotron’s magnetic field. The magnitude of the magnetic force on the
electron is 1.0 X 10—13 N. What is the magnitude of the magnetic field?

24. When two particles travel through a region of uniform magnetic field
pointing out of the plane of the paper, they follow the trajectories shown.
What are the signs of the charges of each particle?

25. The magnetic field in a cyclotron is 0.360 T. The dees have radius 82.0 cm.
What maximum speed can a proton achieve in this cyclotron?

26. The magnetic field in a cyclotron is 0.50 T. What must be the minimum

radius of the dees if the maximum proton speed desired is 1.0 X 107 m/s?
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27. A singly charged ion of unknown mass moves in a circle of radius 12.5 cm in a
magnetic field of 1.2 T. The ion was accelerated through a potential
difference of 7.0 kV before it entered the magnetic field. What is the mass of
the ion?

Problems 28—32. The conversion between atomic mass units and kilograms is 1 u
=1.66 X 107" kg

28. Natural carbon consists of two different isotopes (excluding 14C, which is
present in only trace amounts). The isotopes have different masses, which is
due to different numbers of neutrons in the nucleus; however, the number of
protons is the same, and subsequently the chemical properties are the same.
The most abundant isotope has an atomic mass of 12.00 u. When natural
carbon is placed in a mass spectrometer, two lines are formed on the
photographic plate. The lines show that the more abundant isotope moved in
a circle of radius 15.0 cm, while the rarer isotope moved in a circle of radius
15.6 cm. What is the atomic mass of the rarer isotope? (The ions have the
same charge and are accelerated through the same potential difference before
entering the magnetic field.)

29. After being accelerated through a potential difference of 5.0 kV, a singly
charged carbon ion (12C+) moves in a circle of radius 21 cm in the magnetic
field of a mass spectrometer. What is the magnitude of the field?

30. A sample containing carbon (atomic mass 12 u), oxygen (16 u), and an
unknown element is placed in a mass spectrometer. The ions all have the
same charge and are accelerated through the same potential difference before
entering the magnetic field. The carbon and oxygen lines are separated by
2.250 cm on the photographic plate, and the unknown element makes a line
between them that is 1.160 cm from the carbon line. (a) What is the mass of
the unknown element? (b) Identify the element.

31. A sample containing sulfur (atomic mass 32 u), manganese (55 u), and an

unknown element is placed in a mass spectrometer. The ions have the same
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charge and * are accelerated through the same potential difference before
entering the magnetic field. The sulfur and manganese lines are separated by
3.20 cm, and the unknown element makes a line between them that is 1.07
cm from the sulfur line. (a) What is the mass of the unknown element? (b)
Identify the element.

32. In one type of mass spectrometer, ions having the same velocity move through a
uniform magnetic field. The spectrometer is being used to distinguish 12C+
and 14C+ ions that have the same charge. The 12C+ ions move in a circle of
diameter 25 cm. (a) What is the diameter of the orbit of 14C+ ions? (b)
What is the ratio of the frequencies of revolution for the two types
of ion?

33. Prove that the time for one revolution of a charged particle moving
perpendicular to a uniform magnetic field is independent of its speed. (This is
the principle on which the cyclotron operates.) In doing so, write an
expression that gives the period T (the time for one revolution) in terms of
the mass of the particle, the charge of the particle, and the magnetic field

strength.
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Master the Concepts

v Magnetic field lines are interpreted just like electric field lines. The magnetic
field at any point is tangent to the field line; the magnitude of the field is

proportional to the number of lines per unit area perpendicular to the lines.

v Magnetic field lines are always closed loops because there are no magnetic

monopoles.

v" The smallest unit of magnetism is the magnetic B

dipole. Field lines emerge from the North Pole

EhgE-
and reenter at the South Pole. A magnet can have
more than two poles, but it must have at least
one North Pole and at least one South Pole.
*

v" The magnitude of the cross product of two vectors is the magnitude of one

vector times the perpendicular component of the other:

|d x b| = |d x b|

a,b=ab, = absin0 (19-3)

v" The direction of the cross product is the direction
perpendicular to both vectors that is chosen using

righthand rule 1.

v" The magnetic force on a charged particle is Fg = qV X B (19-5)

If the charge is at rest (V. = 0) or if its velocity has no component

35


http://cbs.wondershare.com/go.php?pid=5261&m=db

mm Wondershare
®  PDFelement

perpendicular to the magnetic field (v, = 0), then the magnetic force is
zero. The force is always perpendicular to the magnetic field and to the
velocity of the particle.

Magnitude: Fg = quB sin6

Direction: use the right-hand rule to find//' X B, then reverse it if q is negative.

v" The SI unit of magnetic field is the tesla: 1T =1 (19-2)

Am

v Ifa charged particle moves at right angles to a
uniform magnetic field, then its trajectory is a
circle. If the Velocity has a component parallel to

the field as well as a component perpendicular to

the field, then its trajectory is a helix.

B

v" The magnetic force on a straight wire carrying current I is
F=ILxB  (19-12a)
where Z is a vector whose magnitude is the length of the wire and whose

direction is along the wire in the direction of the current.

v" The magnetic torque on a planar current loop is T = NIAB sin 6 (19-13b)

where 0 is the ang]e between the magnetic field and the dipole moment
vector of the loop. The direction of the dipole moment is perpendicular to

the loop as chosen using right-hand rule 1 (take the cross product of L for any

side with L for the next side, going around in the same direction as the

current).
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v The magnetic field at a distance r from along straight i
wire has magnitude
B=__ mol
2pr (19-14)

v' Thefidld lines are circles around the wire with the

direction given by right-hand rule 2.

The permeability of free spaceis
mo=4p x 10-7 T-m
A (19-15)

The magnetic field inside along tightly wound solenoid is uniform:
B= moNI

L = monl (19-17)

Its direction is along the axis of the solenoid, as given by right-hand rule 3.

v' Ampére’s law relates the circulation of the magnetic field
around a closed path to the net current | that

crossesthe interior of the path.

S BiAl = mol (19-19)

The magnetic properties of ferromagnetic materials are due to an interaction that keeps the magnetic

dipoles aligned within regions called domains, even in the absence of an external magnetic field.
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Answers
to Selected Questions and Problems

Multiple-Choice Questions

1. (g) 2. (f) 3. (¢) 4. (€) 5. (¢) 6. (b) 7. (c) 8. (g) 9. (b) 10. (b) 11. (d) 12. (d)

Problems

1. (a) F (b) 4; highest density of field lines at point A and lowest density at point F

3\ R ———
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F_ i 135
T = W Taorgui: = W

(b) parallel to the electric field lines
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9.2.4 X 10—12 N up

11.5.1 X 10—13 N north

13. 4.8 X 10— 14 N into the page

15. (a) 3.0 X 107 m/s (b) 4.2 X 1018 m/s2 (c) 3.0 X 107 m/s
(d) 2.4 X 107 V/m (e) Since the force due to the magnetic field
is always perpendicular to the velocity of the electrons, it does not
increase the electrons’ speed but only changes their direction.

17.2.1 X 10—16 N to the west

19. (a) 3.1 X 107m/s (b) 4.0 X 107 m/s (c) 38°

21. There are two possibilities: 21°E of N and 21°E of S. 23.0.78 T 25. 2.83 X
10" m/s

27.2.6 X 10—25 kg

29.0.17T

31. (a) 39 u (b) potassium

33. 2pm

qB 35. (a),

\
S —

37.8.4 X 1028 m—3

(b)

39. (a) upward (b) 0.20 mm/s

41. (a) 0.35 m/s (b) 4.4 X 10—6 m3/s (c) the east lead

43. E2

2B2 AV 45. (a) 0.50 T (b) We do not know the directions of the current and the
field; therefore, we set sin ¢ = 1 and get

the minimum field strength. 47. (a) north (b) 15.5 m/s

49. (a) F "top = 0.75 N in the —y-direction; F "bottom = 0.75 N in the
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+y-direction; F “left = 0.50 N in the +x-direction; F _)right = 0.50 N in the
—x-direction (b) 0 51. (a) 18° below the horizontal with

the horizontal component due south (b) 42 A 53. (a) 0.21 T

(b) clockwise 55. (a) 0.0014 N-m (b) 0 59. 4.9°

61.9 X 10—8 T out of the page 63. 0 65. 3.2 X 10—16 N parallel to

the current 67. B, D, C, A69. B "4 =0; B "B =13.38 X 10—7 T out of

the page 71. 750 A into the page 73. 6.03 A, CCW 75. 80 uT
to the right 77. 0.11 mT to the right 79. (a) 4.9 cm (b) opposite

(by ____ mOI

2pr CCW as seen from above 83. ndependsuponr; B=__ m20p Nir;
the field is not uniform since B &€ __1

r.85.9.3 X 10—24 N'm

87. (a) graph a (b) graph c 89. south 91. 1.25 X 10—17 N in

the +x-direction 93. (a) 10 A (b) farther apart

95. (a) 1.2 X 107 Hz (b) 2.2 X 1010 Hz 97. 20.1 cm/s

99.2.00 X 10=7 T up 101. into the page 103. tan—1 __ m ONI
2rB

H

105. (a)

Side Current direction Field direction Force direction

top right out of the page attracted to

long wire
g

40


http://cbs.wondershare.com/go.php?pid=5261&m=db

bottom left out of the page repelled by

long wire

left up out of the page right

right down out of the page left

(b) 1.0 X 10—8 N away from the long wire 107. (a) F "top = 0.65 N

into the page; Fbottom = 0.65 N out of the page; F “right = 0.25 N out
of the page; F "left = 0.25 N into the page (b) 0 109. 6.4 X 10—14 N

at 86° below west 111. (a) 8.6 X 10—15 N at 68° below west

(b) No; since F 'E and F "B are perpendicular 113. (a) 180 km

(b) 2.4 X 106 m

mm Wondershare
®  PDFelement
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Multiple-Choice Questions

5. The magnetic force on a point charge in a magnetic field Bis largest, for a
given speed, when it
(a) moves in the direction of the magnetic field.
(b) moves in the direction opposite to the magnetic field.
(C) moves perpendicular to the magnetic field.
(d) has Velocity components both parallel to and perpendicular to the
field.

10. The magnetic field lines inside a bar magnet run in what direction?

a) Irom nort ole to sout ole
f h P | h P |
(b) from south pole to north pole
(o) from side to side
(d) None of the above—there are no magnetic field lines inside a bar
magnet.
11. The magnetic forces that two parallel wires with unequal currents flowing in
g p q g

opposite directions exert on each other are

(a) attractive and unequal in magnitude.
(b) repulsive and unequal in magnitude.
(c) attractive and equal in magnitude.
(d) repulsive and equal in magnitude.

Problems

3. Two identical bar magnets lie next to one another on a table. Sketch the
magnetic field lines if the north poles are at the same end

:
s ——

5. Two identical bar magnets lie on a table along a straight line with their

north poles facing each other. Sketch the magnetic field lines.
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9.2 Magnetic Force on a Point Charge

9. Find the magnetic force exerted on a proton moving east at a speed of
6.0 x 10° m/s by a horizontal magnetic field of 2.50 T directed north.
9.2.4 X 1072N up

11. A uniform magnetic field points vertically upward; its magnitudeis
0.800 T. An electron with kinetic energy 7.2 x 10728 Jis moving
horizontally eastward in this field. What is the magnetic force acting
onit? 11.5.1 X 107" N north

17. At a certain point on Earth’s surface in the southern hemisphere, the
magnetic field has amagnitude of 5.0 x 10° T and points upward and
toward the north at an angle of 55° above the horizontal. A cosmic
ray muon with the same charge as an electron and amass of 1.9 x
10 % kg is moving directly down toward Earth’s surface with a speed
of 4.5 x 10" m/s. What is the magnitude and direction of the force on
the muon? 17.2.1 X 10—16-N tothe west

19. A positron (q = +€) moves at 5.0 x 10’ m/sin amagnetic field of
magnitude 0.47 T. The magnetic force on the positron has magnitude
2.3 x 102 N. (a) What is the component of the positron’s velocity
perpendicular to the magnetic field? (b) What is the component of the
positron’s velocity parallel to the magnetic field? (c) What is the
angle between the velocity and thefield?  19.(a) 3.1 X 107 m/s (b)
4.0 X 107 m/s (c) 38°
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Quiz

Refer to the text in this chapter if necessary. A good score is eight

What's the different between
— Permanent magnet and ferromagnetic materials

— Magnetic dipole and monopoles

— The Tesla and the Gauss

What is the flux density in teslas and in in gauss ata
distance of 200 mm from a straight, thin wire
carrying 400 mA of direct current?

Suppose that a metal rod is surrounded by a coil
and that the magnetic flux density can be made as
great as 0.500 T; further increases in current cause
no further increase in the flux density inside the
core. Then the current is removed; the flux density
drops to 500 G. What is the retentivity of this core

material?

Consider a DC electromagnet that carries a certain
current. It measures 20 cm long and has 100 turns of
wire. The flux density in the core, which is known
not to be in a state of saturation, is 20 G. The
permeability of the core material is 100. What is the

current in the wire?

The geomagnetic field

(a) makes the Earth like a huge horseshoe magnet.
(b) runs exactly through the geographic poles.

(c) makes a compass work.

(d) makes an electromagnet work.
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A material that can be permanently magnetized is
generally said to be

(a) magnetic.

(b) electromagnetic.

(c) permanently magnetic.

(d) ferromagnetic.

The magnetic flux around a straight current-
carrying wire

(a) gets stronger with increasing distance from the wire.
(b) is strongest near the wire.

(c) does not vary in strength with distance from the wire.
(d) consists of straight lines parallel to the wire.

The gauss is a unit of

(a) overall magnetic field strength.
(b) ampere-turns.

(c) magnetic flux density.

(d) magnetic power.

If a wire coil has 10 turns and carries 500 mA of
current, what is the magnetomotive force in ampere-
turns?

(a) 5,000

(b) 50

(©) 5.0

(d) 0.02

Which of the following is not generally observed in
a geomagnetic storm?

(a) Charged particles streaming out from the Sun

(b) Fluctuations in the Earth’s magnetic field

(c) Disruption of electrical power transmission

(d) Disruption of microwave propagation

An ac electromagnet

(a) will attract only other magnetized objects.
(b) will attract iron filings.

(c) will repel other magnetized objects.
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(d) will either attract or repel permanent magnets

depending on the polarity.

A substance with high retentivity is best suited for
making

(a) an ac electromagnet.

(b) a dc electromagnet.

(c) an electrostatic shield.

(d) a permanent magnet.

A device that reverses magnetic field polarity to
keep a dc motor rotating is

(a) a solenoid.

(b) an armature coil.

(c) a commutator.

(d) a field coil.

An advantage of a magnetic disk, as compared with
magnetic tape, for data

storage and retrieval is that

(a) a disk lasts longer.

(b) data can be stored and retrieved more quickly with disks
than with tapes.

(c) disks look better.

(d) disks are less susceptible to magnetic fields.
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