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CHAPTER 1
ELECT RIC CHARGE

Electrostatics

 Electrostatics is the physics term for static

charge.
* Electro means charge, and of course static

means stationary or not moving.

= Charge
2 Types of Charge:

Positive (+) and Negative (-)
= Electric Charge
All matter is made up of atoms
Atoms contain
-Protons (+)
-Neutrons (0) s (G



-Electrons (-)
-Law of Electric Charges

e Charges with the same electrical sign repel
each other, and charges with the opposite
electrical signs attract each other.

e Protons are positively charged and electrons
are negatively charged, so they are attracted
to each other.

e \Without this attraction, electrons would not
be held in atoms.

o Unlike a gravitational force which always
attracts, electrostatic force may repel or
attract depending on the type charge.

Ben's Rule and Paula Abdul - Opposites attract
and likes repel.

(+) (-) = attract
(+) (+) = repel
(-) (-) = repel



= Conductors and Insulators

-The properties of conductors and insulators are due
to the structure and electrical nature of atoms.

-Atoms consist of positively charged protons,
negatively charged electrons, and electrically neutral
neutrons. The protons and neutrons are packed tightly
together in a central nucleus.

- When certain types of objects are rubbed together,
electrons from one object may be transferred to an
object with a greater affinity for the electrons. When
this happens, the object that gave up the electrons is
positive, whereas the object that collected the electrons
IS negative.

POSITVE HELUTRHRAL HEGATIVE
CHARGE MO CHARGE CHARGE

e Conductors are materials through which
charge can move freely; examples include



metals (such as copper in common lamp wire),
the human body, and tap water.

e Nonconductors also called insulators are
materials through which charge cannot move
freely; examples include rubber, plastic, glass,
and chemically pure water.

e Semiconductors are materials that are
Intermediate between conductors and
Insulators; examples include silicon and
germanium in computer chips.

e Superconductors are materials that are
perfect conductors, allowing charge to move
without any hindrance.

= How Can You Charge Objects?
There are 3 ways objects can be charged:

o Friction
o Conduction



o Induction

**1n each of these, only the electrons move. The
protons stay in the nucleus**

= Friction

Charging by friction occurs when electrons are
“wiped” from one object onto another.

Example

If you use a cloth to rub a plastic ruler, electrons
move from the cloth to the ruler. The ruler gains
electrons and the cloth loses

electrons.

= Conduction

Charging by conduction happens when electrons
move from one object to another through direct
contact (touching).



Example: Suppose you touch an uncharged piece of
metal with a positively charged glass rod. Electrons
from the metal will move to the glass rod. The metal
loses electrons and becomes positively charged.

= |[nduction

Charging by induction happens when charges
In an uncharged object are rearranged
without direct contact with a charged object.

Ex. If you charge up a balloon through /
friction and place the balloon near pieces of
paper, the charges of the paper will be
rearranged and the paper will be attracted
to the balloon.

Coulomb’s Law

All bodies are able to take a charge of electricity and
this is termed static electricity. The charge on a body
IS measure by means of the force between the charges.
The Coulomb force law, which only applies to charged
points, is stated below..



The force of attraction or repulsion between two charged
points is directly proportional to the charges and inversely
proportional to the square of the distance between them.

In vector form, it is stated thus,

- __ QG

Azs, Ryt

Where;

F = Force between points (N)
Q1, Q2 = Charges on point 1 and point 2 (Coulomb)
R = radial separation on points/distance (m)
A, = the unit vector in the direction from Q; to Q-
& o = Permittivity of the free F

space (vacuum) T / '

Charge Q, exerts R, "0,

a vector force F, -
in Newton's (N)

on 2 Origin

F, = L a
2 47rgo|R12|2 1




The equation giving the electrostatic
force for charged particles is called
Coulomb’s law:

F =k qidz -~

- 1 (Coulomb’s law).
72

The SI unit of charge is the coulomb.
The electrostatic constant is

| ; e
k = = 8.99 X 10°N-m%C2,
4':1'8(]

The quantity g, is called the
permittivity constant

gg = 8.85 X 10712 CZ/N - m2.

Note: a negative force results if the

Always draw the force
vector with the tail on
the particle.

\
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\
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o The forces push the
(a) particles apart.
@.________________,__
__-—4.--"""- Here .
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But here the forces
pull the particles
together.

(c)

Fig. 21-6 Two charged particles repel
each other if they have the same sign of
charge, either (a) both positive or (b) both
negative. (c¢) They attract each other if they
have opposite signs of charge.

points have opposite charges and a positive force results if the points

have the same polarity.

The above equation can be simplified as follows:

The proportional constant, K is:

k=— ", &=¢.¢,



If the space between the charges is another material or air,

the law may be written:

Where &

12

Q.Q;

B 472'808r|R12|2

a‘12

r

IS the relative permittivity of material.

The unit coulomb(C) is derived from the SI unit
ampere (A) of the electric current. Current is the rate
dg/dtat which charge moves past a point or through a

region

Therefore,

dq

I = (electric current),

dt

1 C = (1A)(]ls).




If there are ncharged particles, they interact independently in pairs, and the
force on any one of them, say particle 1, is given by the vector sum

Fipao = Fo+ Fs+ Fiy + Fis+ -+ + Fy,

As with gravitational force law, the shell theorem has analogs in
electrostatics:

W A shell of uniform charge attracts or repels a charged particle that is outside the shell
as if all the shell’s charge were concentrated at its center.

W 1f a charged particle is located inside a shell of uniform charge, there is no net
electrostatic force on the particle from the shell.

Example 1
Find the force on charge Q1, 20 uC, due to charge Q2, -300 uC, where Q1 is
at (0,1,2)m and Q2 at (2,0,0)m.

Solution 1

z
F1
21 /
R /' (0,1,2)

Q2
,0,0)

Because 1Cis arather large unit, charges are often givenin
microcoulombs (JLC), nanocoulombs (nC) and picocoulombs (pC).
Referring to figure,

R;=2a+a+1a,

J.R=3

a,=1/3(-2a,+a,+2a,)

Q0 _a,,

". using Coulmb's Law equation; F, = ———
476,|R,,

(20107 )= 300x107°)(—2a, +a, +2a,
F'\l = 1 =
47(8.854x1072)3)° 3

Za_—a —2a, The force magnitude Is 6N and the
3 N directlon is such that Q, Is attracted to Q,

(unlike charges attract)




Example 2

(¢) Figure 21-8¢ is identical to Fig. 21-8q except that particle
4is now included. 1t has charge g, = =320 % 107" C.isat a
distance R from particle 1. and lies on a line that makes an
angle #= 60° with the x axis. What is the net electrostatic
force .E'Lm on particle 1 due to particles 2 and 47

¥ . \!
I -
This is the third
4p  amangement.

/e ]

(e

This is still the
particle of interest.

X

\- It is pulled toward
particle 4.

It is pushed away
from particle 2.

Fig. 21-8 (¢) Particle 4 included. (f) Freebody
diagram for particle 1. .

F, = 1 gl
dreg {:TRF
= (8.99 % 10° N-m*C?)
(1.60 > 1079 C)(3.20 X 1077 C)
(3)%(0.0200 m)?
=205 % 107HN,
Fipeta = Rag + Fuy = Bz + Fycos60°
= — 115 X 10" N + (205 % 10~ N){cos 60F)
= —1.25 % 10°®N,

x

The sum of the y components gives us
Fsey = By + By = 0 + Fysin 60°
= (205 % 10~ N)(sin 60°)
= |78 % 10-2N,
The net foree F ., has the magnitude
Finet ™ VFipas + Fioy = 178 % 10" N, (Answer)
To find the direction of F ., we take

# = tan Jisew _ g0
Lnitx
However, this is an unreasonable resull because F,'m LT
have a direction between the directions of F, and K, To
correct & we add 1507, obtaining
—86.0° + 180° = 94.0°, {Answer)

-



**Charge is Quantized

Since the days of Benjamin Franklin, our understanding of
ofthe nature of electricity has changed from being a type of

‘continuous fluid” to a collection of smaller charged particles
The total charge was found to always be a multiple of a certain
elementary charge, “¢”

q = ne, n==x1,*2*3....,

The value of this elementary charge 1s one of the fundamental
constants of nature, and it is the magnitude of the charge
of both the proton and the electron. The value of “e” is:

e=1.602 %X 10"PC.

Table 21-1

The Charges of Three Particles

Particle Symbol Charge
Electron ceore” —e
Proton p +e
Neutron n 0

# Quarks have charge of + 5 eor * 25 ¢, but they never appear
individually (color confinement).



Example, Mutual Electric Repulsion in a Nucleus:

The nucleus in an iron atom has a radius of about 4.0 X
10" m and contains 26 protons,

(a) What is the magnitude of the repulsive electrostatic
force between two of the protons that are separated by
4,0 % 10-¥ m?

KEY IDEA
The protons can be treated as charged particles, so the mag-
nitude of the electrostatic force on one from the other is
given by Coulomb’s law,
Caleulation: Table 21-1 tells us that the charge of a proton
is +e. Thus, Eq. 21-4 gives us

acting on a proton. Such forces should explode the nucleus
of any element but hydrogen (which has only one proton in
its nuclens). However, they don’. not even in nuclei with a
greal many protons. Therefore, there must be some enor-
mous altractive foree 1o counter this enormous repulsive
electrostatic force,

(b} What is the magnitude of the gravitational foree
between those same two protons?

KEY IDEA

Because the protons are particles, the magnitude of the
gravitational force on one from the other is given by
Newton's equation for the gravitational force (Eq. 21-2).

1 &
Cdme, P Calculation: With m, (= 1.67 x 107" kg) representing the
(899 X 10° N-mAIC2) (1602 X 1071 C)? mass of a proton, Eq. 21-2 gives us
N (4.0 % 1075 m)? Fe M
2
= |4 N. [ Answer)

(6.67 % 107" N-m¥kg)(1.67 % 107 kg)?

(4.0 % 1071 m)?

No explosion: This is a small force 1o be acting on & macro-
1.2 % 109N,

scopic object like a cantaloupe, but an enormous force to be

**Charge is Conserved

The hypothesis of conservation of charge has stood up underclose
examination. both forlarge-scale charged bodies and for atoms. nuclei, and
elementary particles.

Example 1: Radioactive decay of nuclei, in which a nucleus transforms into
(becomes) a different type of nucleus.

A uranium-238 nucleus (3°*U) transforms into a thorium- 234 nucleus (**Th)
by emitting an alpha particle. An alpha particle has the same makeupasa
helium-4 nucleus, it has the symbol “He. Here the net charge is 92-290+2.

238U — 24Th + *He,

Example 2: An electron e (charge -¢) and its antiparticle, the positrone™
(charge +¢). undergo an annihilation process, transforming into two gamma
rays (high-energy light):. Here the net charge is 0-20.

ST SR T =0 g

Example 3: A gamma ray (in a certain environment) transforms into an
electron and a positron. Here the net charge is again 0-20.

(annihilation).

vy—e~ +et (pair production).

({Answer)



Homework:

1 Fygure 21-12 shows (1) —* > 3 2
four atuations in which
five charged particles are (7)) —s

evenly spaced along an e b -t
axts. The charge values (3) —a _ _ N _
are indicated except for =~ - - te e

the central partick, which

has the same charge inall ) —+——*——+—>
four situations. Rank the
situations according to
the magnitude of the net
electrostatc force on the central particle, greatest first,

2 Figure 21-13 shows three pairs of identical spheres that are to
be touched topether and then separated. The imtial charges on them
are indicated. Rank the pairs according to (a) the magnitude of the
charge transferred during touching and (b) the charge left on the
pesitively charged sphere, greatest first.

-

Fig. 21-12 (uestion 1.

00 00 00

the e i +2e -12¢  +l4e
i (2) (2

Fg. 21-13 Question 2,
3 Figare 21-14 shows four situations in which charged particles are

fixed in place on an axis. In which situations is there a point to the left
of the particles where an electron will be in equilibrium?

+lg e % 1

(e (d)
Fig. 21-14 (uestion 1.

4 Fgure 21-15 shows two charged
particles on an axis. The charges are
free to move. However, a third

charged particle can be placed at a

. i
—34 -

Fg. 21-15 Qucstion 4.

certain point such that all three particles are then in equilibrium. {a)
Is that point to the left of the first two particles, to therr right, or be-
tween them? (b)) Should the thard particle be positively or negatively
charged? {c) Is the equilibrium stable or unstable?

Se
of charge —3.0 uC are held at separa-
tron L. = 100 cm on an x axs If partcle

2 of unknown charge g5 1= to be located

In Fag. 21-25, particle 1 of charge +1.0 o and particle 2

such that the net electrostatic force on
it from partickes 1 and 2 15 zero, what
must be the (a) x and (b) ¥ coordinates
of particle 37

I
—r—

Fig. 21-25 Problems
13,1930, 58, and &7.

»rs



CHAPTER 2

ELECTRIC FIELDS
1-The Electric Field

The electric field E that exists at a point is the electrostatic
force F experienced by a small test charge go placed at that
point divided by the charge itself: ::::

Ebonite rod

B =—L  (electric field). = 4B
of [

* The electric field is a vector, and its direction is the
same as the direction of the force F on a positive test
charge.

« Sl Unit of Electric Field: Newton per coulomb (N/C).

“* Important about electric field:

= [tis the surrounding charges that create an electric field
at a given point.

= Any charge q placed at the point with the electric field E
will experiences a force, F=gE. For a positive charge,
the force points in the same direction as the electric



field; for a negative charge, the force points in the
opposite direction as the electric field.

= At a particular point in space, each of the surrounding
charges contributes to the net electric field that exists
there.

2- The Electric Field Lines

The electric charges create an electric field in the space
surrounding them. It is useful to have a kind of “map’ that
gives the direction and indicates the strength of the field at
various places. This can be done by drawing the electric field
lines.

= The properties of the electric field lines

Electric field lines (lines of force) are continuous lines whose
direction is everywhere that of the electric field

E field lines E field lines

LT N
™ RS




« At any point, the tangent direction of the electric line is
the direction of electric field.

» The density of the electric field lines provides
information about the magnitude of the field. The lines
are closer together where the electric field is stronger,
the lines are closer together. The lines are more spread
out where the electric field is weaker.

» The electric field lines always begin on a positive charge
and end on a negative charge and do not start or stop in
mid space.

T
T WY

ol

8 | +q 3 - 4 - - -g
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The electric charges create an electric field in the space
surrounding them. It is useful to have a kind of “map” that
gives the direction and indicates the strength of the field at

various places. This can be done by drawing the electric field

lines.

3-The Electric Field Due to a Point Charge

To find the electric field due to a point charge q (or charged
particle) at any point a distance r from the point charge, we
put a positive test charge g, at that point. From Coulomb’s

law, the electrostatic force acting on Qo IS:

Fo_t Q0%

Arre, T°
F | :

— r oint chatrae’ .
i ] 4I.=_'|:| .r‘z {p S :I

L

f




(1) The magnitude of electric field by a point charge is given by:

_ Ml
E=-

Point charge g

(2) If q is positive, then E is directed away from g, as in Figure b. On
the other hand, if q is negative, then E is directed toward g.

We can quickly find the net, or resultant, electric field due to more than one point

charge. If we place a positive test charge g, near n point charges g, g5, . . .

., then,

from Eq.21-7, the net force F,from the n point charges acting on the test charge is

E=E1+Fm+

" +FDHL

Therefore, from Eq. 22-1the net electric field at the position of the test charge is

E,

g fo_ B B, B
do i i o
=E +E+ - +E,

Net electric field due to three charged particles

Figure 22-Ta shows three particles with charges g, = -I—ZQ
.= —20, and g5 = —ig cach a distance d from the origin.
What net clu:tnc ficld E is produced at the orngin?

KEY IDEA

Charges g, 2. and g; produce electric field vectors E,. E.
and ;. respectively, at the orngin, and the net electnic ficld =
the vector sum E = E, + E; + F; To find this sum, we first
must find the magnituodes and orientations of the three Geld
vectors

Magnitudes and directions: To find the magnitude of E;,
which is duc to g,, we usc Eg. 22-3, substituting d for r and
2¢* for g and obtaining

_1 20

dmeq o

Similarly, we find the magnitudes of By and E; to be

B =

d
30°

d
B0F .
B0F
Find the net field \“i“-.d.

at this empdy point.

La)

Field toward

L4

Fiald fowand 0

Fig. 22-7 (a) Three particles with charges gy, gz, and g3 are at the
same distance d from the origin. () The electric feld vectors J-] I-,
and 5, Aat the origin due to the Ih:ee_i:la.rl.lchea.[::l'l'he electric Aeld
wector .F-.q and the vector sum F; + F; at the origin.

1 20 1 40
E = —0 nd E;= i~
dare, A

z htu g a 3
We next must find the orientations of the three electric
ficld vectors at the origin. Because g, is a positive charge,
the held vector it produces points directly away from it,
and because g, and g; are both negative, the field vectors
they produce point directly toward each of them. Thus, the
three electric fields produced at the origin by the three
charged particles are oriented as in Fig. 22-Th_ | Cawtion:
Note that we hawve placed the tails of the vectors at the
point where the ficlds are to be evaluated; doing so de-
creases the chance of error. Error becomes wery probable
if the tails of the ficld vectors are placed on the particles
creating the fields.)

Adding the flelds: We can now add the ficlds vectorially
just as we added force vectors in Chapter 21. Howewver, here
we can use symmetry to simplify the procedure. From Fig
22-Th, we see that electnic ficlds E, and E; have the same di-
rection. Hence, their vector sum has that direction and has
the magnitude

1 20 1 20
Bt &= @ " dme, £
__1 40
daey, o7

which happens to equal the magnitude of held E:

We must now combine two vectors, E, and the vectar
sum E._ + E; that have the same mngmtud.: and that are
ornented symmetrically about the x axs, as shown i Fig
22-Te. From the symmetry of Fig. 22-Tc, we realize that the
equal ¥y components of our two vectors cancel {one is up-
ward and the other s downward) and the equal x
components add (both are rightward). Thus, the net electric
feld E at the origin is in the positive direction of the x axis
and has the magnitude

E = 2E;, = 2FE;cos 307

_ 1 40 _ 693p
=D g, a7 (0-866) =

[ Answer)



4-The Electric Field Due to an Electric Dipole

 Two charged particles of magnitude q but of opposite
sign, separated by a distance d. We call this
configuration an electric dipole.

e The product qd, which involves the two intrinsic
properties q and d of the dipole, is the magnitude p of a
vector quantity known as the electric dipole moment of
the dipole. The direction of P is taken to be from the
negative to the positive end of the dipole.

The Electric Dipole Lz,

From symmetry, the electric field E at point P—and also the fields E,, , and ir
1 s i | i

E,_, due to the separate charges that make up the dipole—must lie along the
dipole axis, which we have taken to be a z axis. Applying the superposition princi-

ple for electric fields, we find that the magnitude E of the electric field at P is
E= E., — E I o
" U -
1 q 1 q
4meyg 11'-:2+ ) 4mre, lr'|2—| L@ ®
: te
— q i i Dipe I;l.' % r
- T 7 . center
dmey(z —3d)? dmeg(z + 2d) {_‘!_] L - e
After a little algebra, we can rewrite this equation as O

_ {f 1 - 1 . (a)
E= d1re 7> ((1 _d )3 (1 N d )3 ) {_g_]
2z 2z

After forming a common denominator and multiplying its terms, we come to

q 2dlz q d

- dreqz” (1 B (i)z)' - 2megz’ (1 B (i)')' {3_,._]
2z 2z

We are usually interested in the electrical effect of a dipole only at distances
that are large compared with the dimensions of the dipole —that is, at distances such
that z = d. At such large distances, we have d/2z <= 1 in Eq {S_J . Thus, in our ap-
proximation, we can neglect the 4/2z term in the denominator, which leaves us with

E

1 gqd
E= 2?3.:] zj I {4._4!




—
-
1@ *
-
. -—
d = ' ‘rp -
= Dipole -
center -
=
e
-

The product gd, which involves the two intrinsic properties g and d of the
dipole, is the magnitude p of a vector quantity known as the electric dipole moment
p of the dipole. (The unit of p'is the coulomb-meter.) Thus, we can write Eq. 22-8 as

1
E = = 51 {electric dipole). {E!

The Electric Field Due to an Electric Dipole

=

L3 For z>>d,

%)

2

1 —q =Y v f;.": LAY s
< i \“‘-\ E o~
/ _.-"I | .II x\' a .

y \

g : i ;.-r.l .I
f \ - e /
(a) (&) Y /

T

5-The Electric Field Inside a Conductor: Shielding

(1) At equilibrium under electrostatic conditions, any
excess charge resides on the surface of a conductor.



(2) At equilibrium under electrostatic conditions, the electric
field is zero at any point within a conducting material.

(3) The electric field just outside the surface of a conductor
iIs perpendicular to the surface at equilibrium under
electrostatic conditions.

VL e )

.++++

= +

YYTYYTYTYYYY
YyYyYyYyYywynvyy
) VAR
yYYyYy Y TV yY?y

* + + -+ =4 + o
Y 7" YYY"YyYyY"YWY

= E = 0 N/C inside cavity
Cylindrical conductor

3 — ()
{end view)

5-The Electric Field Due to a Line of Charge

Up to now we have only considered the electric field of point
charges. Now let’s look at continuous distributions of charge
lines - surfaces - volumes of charge and determine the
resulting electric fields.

K & T

Sphere Sheet



Name Symbol SI Unit
Charge C
Linear charge density A C/m
Surface charge density c C/m?
Volume charge density p C/m?3

*»» Example: Electric field of a ring of uniform positive

charge

Figure 1 shows a thin ring of radius R with a

uniform positive linear charge density A around its

circumference. We may imagine the ring to be

made of plastic or some other insulator, so that the
charges can be regarded as fixed in place. What is

the electric field E point P, a distance z from the

plane of the ring along its central

If:

F 1

- a3
gy  4dme, 1

q .

r (point charge).

tr1)
I

axis?

1)

e
J".'.
_ :.'-'& | R
e'f}t:;"

e

| o dE
il cos ©



To answer, we cannot just apply Eq. (1) , which gives the electric field set up
by a point charge, because the ring is obvﬁus]y not a point charge. However, we
can mentally divide the ring into differential elements of charge that are so small
that they are like point charges, and then we can apply Eq.{(1) to each of them.
Next, we can add the electric fields set up at P by all the differential elements.
The vector sum of the fields gives us the field set up at P by the ring.

Let ds be the (arc) length of any differential element of the ring. Since A 1s
the charge per unit (arc) length, the element has a charge of magnitude

dg = A ds. )

This differential charge sets up a differential electric field dE at point P, which is
a distance r from the element. Treating the element as a point charge and using
Eq. (@) ,we canrewrite Eq. (1) to expressthe magnitude of dE as

1 dg 1 Ads

dE = dme, r2 dme, r? G
FromFig. 1 ,wecanrewrite Eq. (3) as
1 A ds
dE = 47TE'|:| (zz + RZ) i E!

Figure 1  shows that dE is at angle # to the central axis (which we have taken
to be a z axis) and has components perpendicular to and parallel to that axis.

Every charge element in the ring sets up a differential field dE at P, with
magnitude given by Eq. 4 . All the dE vectors have identical components
parallel to the central axis, in both magnitude and direction. All these dE vectors
have components perpendicular to the central axis as well; these perpendicular
components are identical in magnitude but point in different directions. In fact,
for any perpendicular component that points in a given direction, there is
another one that points in the opposite direction. The sum of this pair of compo-
nents, like the sum of all other pairs of oppositely directed components, is zero.

Thus, the perpendicular components cancel and we need not consider them
further. This leaves the parallel components; they all have the same direction,
so the net electric field at £ is their sum.

The parallel component of dE shown in Fig. 2 has magnitude dE cos 6. The
figure also shows us that

Z Z
cos A = T = (22 " Rz)w ) E_!

Then multiplying Eq. 4 byEq. 5 givesus,for the parallel component of dE,

TA
dE cos 8 = Irmeo( + R ds. [ﬂ




To add the parallel components dE cos # produced by all the elements, we
integrate [EQq. (6) around the circumference of the ring, from s = 0 to s = 2#R.
Since the only quantity in Eq. (6) that varies during the integration is s, the other
gquantities can be moved outside the integral sign. The integration then gives us

zA melt

E= |dEcosf = ds
f S ez + RO

____zA(2=R) @
 Ame(z? + R et

Since A is the charge per length of the ring, the term A(2#wR) in Eq. 14) is g, the
et

total charge on the ring. We then can rewrite Eq. {71 ' as

g .
E = dmeg@ + RO {charged ring). !ﬂ

If the charge on the ring is negative, instead of nositive as we have assumed, the
magnitude of the field at P is still given by Eq. {8) . However, the electric field
vector then points toward the ring instead of away from it.

Let us check Eq. {81 for a point on the central axis that is so far away that
z = R. For such a point, the expression z* + R in Eq. {8) can be approximated
as z2, and Eq.22-16 becomes

E = ! -
dme, z°

(charged ring at large distance). {9)
——



dF

2- The Electric Field Due to a Charged Disk pd

E=-2|1— = (charged disk)

== s .

For infinite sheet, R-> o, 1

[ S Wow
== ifinite sheet’ . N g
A= ] I:: ::I \X:j____'__::'____i%

Sample Problem: A Point Charge in an Electric Field

Figure shows the deflecting plates of an ink-jet printer, with
superimposed coordinate axes. An ink drop with a mass m of 1.3x10° kg and
a negative charge of magnitude Q=1.5x10"® C enters the region between the
plates, initially moving along the x axis with speed vx=18 m/s. The length L of
each plate is 1.6 cm. The plates are charged and thus produce an electric field
at all points between them. Assume that field E is downward directed, is
uniform, and has a magnitude of 1.4x10° N/C. What is the vertical deflection
of the drop at the far edge of the plates? (The gravitational force on the drop
iIs small relative to the electrostatic force acting on the drop and can be

neglected.)

(4] e




Fig. 1 An ink drop of mass m and charge magnitude Q is deflected in
the electric field of an ink-jet printer.

Calculations: Applying Newton’s second law (F= ma) for
components along the y axis, we find that

a, = = . {1

L

Let ¢ represent the time required for the drop to pass
through the region between the plates. During ¢ the vertical
and horizontal displacements of the drop are

p = -}aﬁz and I = w., {2]

respectively. Eliminating ¢ between these two equationsfand
substituting Eq. (1) fora,. we find

OFELY

2l

(1.5 = 10-3 C)(1.4 x 10 N/C)(1.6 > 10~2 m)?
(2N1.3 > 10" kg)(18 m/s)?

= 6.4 x 10 *m
= [L&4 mum. i Answer)

}r=

A Dipole in an Electric Field

Positive side A

& . /
i +/Q-‘_l :
< I

e

// COMm

32
4,—04.* i

(a)

Negative side



but we have defined : p=q d

and the direction of p is from -q to +q

Then, the torque can be written as:

T_=QXE T=pEsin6

with an associated potential en
U=-pE

U=-pEcos

When a dipole rotates from an initial orientation f, to another orientation &,
the work W done on the dipole by the electric field is

W= —AU = —(U;— U),

Sample Problem

Torque and energy of an electric dipole in an electric field

A neutral water molecule (H;0) in its vapor state has an
electric dipole moment of magnitude 6.2 » 107 C-m.

{a) How far apart are the molecule’s centers of positive and
negative charge?

KEY IDEA

A molecule’s dipole moment depends on the magnitude g
of the molecule’s positive or negative charge and the charge
separation d.

Calculations: There are 10 electrons and 10 protons in a
neutral water molecule; so the magnitude of its dipole mo-

ment is p = gd = (10e)(d),

in which d is the separation we are seeking and ¢ is the ele-
mentary charge. Thus,

g__P __ 62X 10¥Cm
“ 0 (10)(1.60 x 10 °0)
=30 x 10" m =39pm.

This distance is not only small, but it is also actually smaller
than the radivs of a hydrogen atom.

{(b) If the molecule is placed in an electric field of 1.5 x
10* N/C, what maximum torque can the field exert on it?
{Such a field can easily be set up in the laboratory.)

{ Answer)

The torque on a dipole is maximum when the angle # be-
tween f and E is 00",
Calculation: Substituting & = 90°
r=pEsind
= (62 % 107¥ C-m)(1.5 x 10* N/C)(sin 907
=03 %10 %N-m. {Answer)

(c) How much work must an external agent do to rotate this
molecule by 1807 in this field, starting from its fully aligned
position, for which # = 07

KEY IDEA

The work done by an external agent (by means of a torque
applied to the molecule) is equal to the change in the mole-
cule's potential energy due to the change in orientation.

Calculation: From Eq.22-40, we find
H":. = Ulﬂl' - Un
= (—pEcos 180") — (—pE cos ()
=2pE = (2)(62 x 107® C-m)(15 x 10* NIC)

=19 x107"]. (Answer)



il quEsTIiOoNS ||

1 F'L;gunm I shows three arrangements of electric ficld lines. In
cach arrangement, a proton s released from rest at point A and 15
then accelerated through point B by the electric field. Points A and
B have equal separations in the three arrangements. Rank the
arrangements according to the linear momentum of the proton at
point B, greatest first.

A Fi A i A b
- __\_\_\_"‘-\—\_\_\_\_\_‘h_\- e
{a) (B} ()
fg. (1
a. (1)

_g_ In Fage. _z, two particles of charge —g are arranged symmet-
rically about the y axis; cach produces an electric ficld at point P on
that axis. (a) Are the magmitudes of the ficlds at P equal? (b) Is

cach electne ficld directed toward or away from the charge pro-

the net electric fricld at P equal to
the sum of the magnitudes E of the
two fheld vectors (s 1t egual to
2E%7 (d) Do the x components of —g
those two ficld vectors add or can- —0)
cel? {e) Do their ¥ components I o
add or cancel? (f) Is the direction Fig. {1]
of the nct ficld at P that of the can- e
celing components or the adding components? (g) What s the di-
rection of the net field?

ducing it? (c) Is the magnitpde of 'I
P

-
? x

o’




1 In Fig. 3 the electric field lines on the left have twice the
sgparation of those on the right. (a)
If the magnitude of the field at A is -

40 N/C, what is the magnitude of - .

the force on a proton at A7 (b) -
What is the magnitude of the field

at B? Fg. (3)

He

4 Two particles are attached to an x axis: particle 1 of charge
—2.00 » 107 C at x = 6.00 cm. particle 2 of charge +2.00 = 107 C
at x = 21.0 cm. Midway between the particles, what is their net
electric field in unit-vector notation?

*5 S55M What is the magnitude of a point charge whose electric field
3 cm away has the magnitude 2.0 N/C?



CHAPTER 3
GAUS S’ L AW

1- Gaussian surface

» Gaussian surface is a hypothetical (any imaginary
shape) closed surface enclosing the charge
distribution.

» Gauss' law relates the electric fields \ T f
at points on a (closed) Gaussian “\7\ //‘
‘cl-..._____‘. _‘_______.-JO'
surface to the net charge enclosed . ? .

by that surface. - ~
Let us divide the surface into small / a/ l \\4 '
squares of area AA, each square being small enough to

permit us to neglect any curvature and Ganssian
to consider the individual square to be
flat. We represent each such element of

area with an area vector — ;
AA . onst

e Magnitude is the area AA.



» Direction is perpendicular to the Gaussian surface
and directed away from the interior of the surface.

2- Flux of an Electric Field

Fig. 23-2 (a) A uniform airstream of ve- ] .
locity ¥ is perpendicular to the plane of a Adr flow
square loop of area A.(B) The component

e

of ¥ perpendicular to the plane of the loop
15 v cos #, where #1s the angle between 7
and a normal to the plane. (c) The area vec-
tor A is perpendicular to the plane of the -
loop and makes an angle #with ¥ (d) The

velocity ficld intercepted by the arca of the

loop.

The rate of volume flow through the loop is :
d=vAcosd=vV-A,
@ = (v cos #)A.

= The electric field for a surface is:
— —
d=> F - -Ad.
= The electric field for a gaussian surface is:

$ = jff .:I’JT (electric flux through a Gaussian surface) .



The electric flux @ through a Gaussian surface is
proportional to the net number of electric field lines passing
through that surface.

i i . 2 S
SI Unlt Of EIeCtrIC FIUX' Nm /C i = fr E-dA (electric flux through a Gaussian surface]).



Flux through a closed cylinder, uniform field

Figure 23-4 shows a Gaussian surface in the form of a
cylinder of radius R immersed in a uniform electric field E.
with the cylinder axis parallel to the field. What is the flux
@ of the electric field through this closed surface?

KEY IDEA

We can find the flux & through the Gaussian surface by inte-
grating the scalar product E - dA over that surface.

Calculations: We can do the integration by writing the flux as
the sum of three terms: integrals owver the left cylinder cap a, the
cylindrical surface b, and the right cap . Thus, from Eq. 234,

b = § E-dA

=jE-dH+jE-dFi+jE-dE. 23.5)
a ] c

For all points on the left cap, the angle # between E and
dA is 180° and the magnitude E of the field is uniform. Thus,

J-E'-d3=J-E|:chIEEP‘}dA = —EjdA= —EA,

where [ dA gives the cap’s area A (= wR?). Similarly, for the
A—

ey SRR
ry 3}1 - ) U\ E

Fig. 23-4 A cylindncal Gaussian surface, closed by end caps, is
immersed in a uniform electric ficld. The cylinder axis is parallel to
the ficld direction.

right cap, where # = 0 for all points,
J-E-dl = J-E{:CDED}I dA = EA.
Finally, for th;c:.rlindric.al surface, where the angle #is 90° at
all points,
ji‘-dﬁ E jEl{msQﬂ“}dA = 0.
Substituting th;se results into Eq. 23-5 leads us to

P=—-FEA+0+EA=0

The net flux is zero because the field lines that represent the
electric field all pass entirely through the Gaussian surface,
from the left to the right.

{ Answer)

Sample Problem

Flux through a closed cube, nonuniform field

A nonuniform electric field given by E = 3.0xi +-4.|Di
pierces the Gaussian cube shown in Fig. 23-5a. (E is in
newtons per coulomb and x is in meters.) What is the
electric flux through the right face, the left face. and the
top face? (We consider the other faces in another sample
problem.)

KEY IDEA

We can find the Aux d* through the surface by integrating the
scalar product E - dA over each face.

Right face: An area vector A is always perpendicular to its
surface and always points away from the interior of a
Gaussian surface. Thus, the vector 44 for any area element
(small section) on the right face of the cube must point in
the positive direction of the x axis. An example of such an
element is shown in Figs. 23-5b and ¢, but we would have an
identical vector for any other choice of an area element on
that face. The most convenient way to express the vector is
in unit-vector notation,
dA = dAi.

From Eq.23-4. the flux &, through the right face is then
&, = jE-d?{ = qu_&ﬁ + 4.00) - (dAT)
- j [(3.0x)dA) - T + (A.00dA)j - 1]

= J- (3.0x dA + D) = 3.DJ-xd.-L

We are about to integrate over the right face, but we note
that x has the same value everywhere on that face — namely,
x = 3.0 m. This means we can substitute that constant value

for x. This can be a confusing argument. Although x is cer-
tainly a variable as we mowve left to right across the figure,
because the right face is perpendicular to the x axis, every
point on the face has the same x coordinate. (The y and z co-
ordinates do not matter in our integral.) Thus, we have

B, = 3.uf (3.0) dA = g_ojd.q_

The integral [ d.A merely gives us the area A = 4.0 m? of the
right face; so

@, = (9.0 N/CH4.0 m?) =36 N-m¥C.  (Answer)

Left face: The procedure for finding the flux through the
left face is the same as that for the right face. However, two
factors change. (1) The differential area vector dA points in
the negative direction of the x axis, and thus dA
(Fig. 23-54). (2) The term x again appears in our integration,
and it is again constant over the face being considered.
However., on the
changes, we find that the Aux 4y through the left face is

= —aAl

left face. x = 1.0m. With these two

&y = —12N-miC. {Answer)

Top face: The differential area vector 44 points in the posi-

tive direction of the y axis, and thus dA = dA] (Fig.23-5¢).
The Aux < through the top face is then

&, = J- (300 + 4.00) - (dAJ)

= j [(3.0x)(dA)i - | + (4.0)(dA)j - ]]

=J- {D+4.DM}=4.DJ-JA

=16 N-m%C.

|~ Gaussian
surface



3- Gauss’ Law

Gauss’ law relates the net flux ® of an electric field through a
closed surface (a Gaussian surface) to the net charge genc that is
enclosed by that surface. It tells us that:

gk =g, (Gauss law).
From Eqg. 1

P = d" E-dA (electric lux throngh a Gaussian surface). — ........ (1)

Then, we can also write Gauss’ law as:
A
E.;.rr:' E+dA = g (Gauss’ law).

For a point charge:

E—-k 9 x—_1

r Adrre,
a9 9 _.49
N 2 2 N |
dre, 1o (4nr)e, Ag,
CGariss ' feew for g
& paing charge E.!.Eic - fo



For charge distribution Q:

The electric flux through a Gaussian surface times by &o ( the
permittivity of free space) is equal to the net charge Q enclosed :

0P =G ene

*‘—_Elﬂg B -dA =gene

(Cramss’ laww),

(Cramss ' laww ).

e The net charge genc is the algebraic sum of all the

enclosed charges.

e Charge outside the surface, no matter how large or
how close it may be, is not included in the term

Jenc.

Sample Problem

Charge
- distribution
o

/

Gaussian
surface

Relating the net enclosed charge and the net flux

Figure 23-T7 shows five charged lumps of plastic and an
electrically neutral coin. The cross section of a Gaussian sur-
face § is indicated. What is the net electric flux through the
surface if ) = g4 = 431 0C, g2 = gs = —5.9nC, and q; =
—3.1nC?

KEY IDEA

The met flux & through the surface depends on the net
charge g, enclosed by surface 8.

Calculation: The coin does not contribute to & because it
is neutral and thus contains equal amounts of positive and
negative charge. We could include those equal amounts,
but they would simply sum to be zero when we calculate
the net charge enclosed by the surface. So, let’s not bother.
Charges g4 and g5 do not contribute because they are out-
side surface §. They certainly send electric field lines

Fig. 23-T Five plastic objects, each with an electric charge, and +
a coin, which has no net charge. A Gaussian surface, shown in 44
cross section, encloses three of the plastic objects and the coin.

through the surface, but as much enters as leaves and no
net flux is contributed. Thus, g, is only the sum g, + g2 +
g and Eq.23-6 gives us

P C N TR i
Ep Ep
+31x10'C-59=x10°C-31=x10°C
885 x 1002 C¥N-m?
—&TON-mYC. { Answer)
The minus sign shows that the net flux through the surface is

inward and thus that the net charge within the surface is
negative.




Sample Problem

Enclosed charge in a nonuniform field

What is the net charge enclosed by the Gaussian cube of
Fig. 23-5, which lies in the electric field E = 30x + 4057
( E'is in newtons per coulomb and x is in meters.)

KEY IDEA

The net charge enclosed by a (real or mathematical) closed
surface is related to the total electric flux through the
surface by Gauss’ law as given by Eq. 23-6 (g = g,).

Flux: To use Eq. 23-6, we need to know the flux through all
six faces of the cube. We already know the flux through the
right face (d, =36 N-m%C), the left face (b, = —12
N -m%/C),and the top face (®, = 16 N-m¥/C).

For the bottom face, our calculation is just like that for
the top face except that the differential area vector dA is
now directed downward along the y axis (recall, it must be
putward from the Gauvssian enclosure). Thus, we have

4- A Charged Isolated Conductor

—

dA = —dAj,and we find

&, = 16 N-m*/C.
For the front face we have dA = dAk, and for the back face,
dA = —dAk. When we take the dot product of the given elec-
tric field E = 3.0xi + 4.0 with either of these expressions for

dA, we get 0 and thus there is no flux through those faces. We
can now find the total flux through the six sides of the cube:

d=(36-12+16—-16+ 0+ 0)N-m%/C
=M N-m¥C.

w=10m x=30m

Enclosed charge: Next, we use Gauss’ law to find the
charge g, enclosed by the cube:

Jenc = P = (885 x 102 CYN- mzj{zal, NmEIC}
=21 x 10" C
Thus, the cube encloses a net positive charge.

{ Answer)

Gauss’ law permits us to prove an important theorem about

conductors:

If an excess charge is placed on an isolated conductor that
amount of charge will move entirely to the surface of the
conductor. None of the excess charge will be found within the

body of the conductor.

Figure 23-9a shows, in cross section, an isolated lump of
copper hanging from an insulating thread and having an

Caopper

surface

Gaussian —
surface

(a)

|~ Gaussian
surface

—X

~——(Gaussian
surface
Copper

surface

()



excess charge g. We place a Gaussian surface just inside the actual
surface of the conductor.

If E is zero everywhere inside our copper conductor, it must be zero
for all points on the Gaussian surface because that surface, though
close to the surface of the conductor, is definitely inside the
conductor. This means that the flux through the Gaussian surface
must be zero. Gauss’ law then tells us that the net charge inside the
Gaussian surface must also be zero.

Also, for an Isolated Conductor with a Cavity as shown in fig b,
there is no net charge on the cavity walls; all the excess charge
remains on the outer surface of the conductor.

+
- - +
5- The External Electric Field of a P
-+ + __ +
* " - e — -
Conductor -0 ===
+ & TF {-
* + 7 .
. . P There is flux only
If ¢ is the charge per unit area, (@) through the
external end face.
o
- -
According to Gauss' law o
?-_-’=ol___f ‘
H
(&)
8{]E-f4- = JAu Fig. 22-10 (a) Perspective view and (b)
side view of a tiny portion of a large, iso-
lated conductor with excess positive charge
r on its surface. A (closed) cylindrical
E = — (C(_‘.ﬂducting Surfﬂce}_ Gaussian surface, embedded perpendicu-
E[] larly in the conductor, encloses some of the

charge. Electric field lines pierce the exter-
nal end cap of the cylinder, but not the inter-
nal end cap. The external end cap has area A
and area vector A.

7-Applying Gauss' Law: Cylindrical
Symmetry

2rr

Gaussian
surface

—

[ = E

/

A
E =

- Tm line of charge). E -
2areyr ( Be)

S

There is flux only
through the
curved surface.

o R S S S S

Fig. 23-12 A Gaussian surface in the
form of a closed cylinder surrounds a section
of a very long, uniformly charged, cylindrical
plastic rod.



8-Applying Gauss' Law: Planar Symmetry
Nonconducting Sheet

Fig. 23-15 (a) Perspective view and (b)
side view of a portion of a very large, thin
plastic sheet, uniformly charged on one
side to surface charge density o A closed
cylindrical Gaussian surface passes through
the|sheet and is perpendicular to it.

E

= (sheet of charge).
2ey

9-Two Conducting Plates

Figure 23-16b shows an identical plate with excess negative charge having
the same magnitude of surface charge density ;. The only difference is that now
the electric field is directed toward the plate.

Suppose we arrange for the plates of Figs. 23-16a and b to be close to each
other and parallel (Fig. 23-16c¢). Since the plates are conductors, when we bring
them into this arrangement, the excess charge on one plate attracts the excess
charge on the other plate, and all the excess charge moves onto the inner faces of
the plates as in Fig. 23-16¢. With twice as much charge now on each inner face, the
new surface charge density (call it ) on each inner face is twice oy. Thus, the elec-
tric field at any point between the plates has the magnitude

20 o

E

&n £
This field is directed away from the positively charged plate and toward the nega-
tively charged plate. Since no excess charge is left on the outer faces, the electric

field to the left and right of the plates is zero.

! ¥ 4 =Ty
+ e * ok
¥ o ¥
+ + +
o .
P There is flux only
e {a) through the
two end faces.
— H -
A 4 —s
E 4 E
1
(&)
ﬁ]\\r 4//-51 ﬁr\\_ _//"fﬂ
E || E E_ || LE
. -
(@) (B}
/—2ﬁ|\\
E C |
— [ |E=0

o]
it
=
R R A R N A

(e}

Fig. 23-16 (a) A thin, very large conduct-
ing plate with excess positive charge. (b) An
identical plate with excess negative charge.
() The two plates arranged so they are par-
allel and close.



10- Applying Gauss' Law: Spherical Symmetry

» A shell of uniform charge attracts or repels a charged
particle that is outside the shell as if all the shell’s
charge were concentrated at the center of the shell.

« If a charged particle is located inside a shell of uniform
charge, there is no electrostatic force on the particle
from the shell.

Any spherically symmetric charge distribution with the
volume charge density p

e For r>R, the charge produces an electric
field on the Gaussian surface as if the charge | -
were a point charge located at the center, o~/
For r<R, the electric field is
/ \‘\:l
5 o/

E=|—4 —|r (uniform charge, field atr < R)
dreph



Sample Problem

Electric field near two parallel charged metal plates

Figure 23-17a shows portions of two large, parallel, non-
conducting sheets, each with a fixed uniform charge on one
side. The magnitudes of the surface charge densities are
o;+; = 6.8 pC/m” for the positively charged sheet and o;_, =
4.3 pC/m? for the negatively charged sheet.

Find the electric field E (a) to the left of the sheets,
(b) between the sheets, and (c) to the right of the sheets.

KEY IDEA

With the charges fixed in place (they are on nonconduc-
tors), we can find the electric field of the sheets in Fig. 23-17a
by (1) finding the field of each sheet as if that sheet were iso-
lated and (2} algebraically adding the fields of the isolated
sheets via the superposition principle. (We can add the fields
algebraically because they are parallel to each other.)

Calcuwlations: At any point, the electric field Ef} due to

the positive sheet is directed away from the sheet and, from
Eq.23-13, has the magnitude

E iy 6.8 x 105 C/m?
7 2y (2885 x 1072 CYN-m?)
= 384 x 10°NIC.
L Ty

Fig. 23-17 (a) Teo large, paral-
lel sheets, uniformly charged on
one side. (B) The individual elec-
tric ficlds resulting from the two
charged sheets (c) The net ficld
due to both charged sheets, found

by superposition. ()

L]

Similarly, at any point, the electric field E_}due to the negative
sheet is directed toward that sheet and has the magnitude
oy 43 % 10-% O/m?
e 2ep  (2)(8.85 x 10 2CYN-m?)
= 243 x 10°NIC.

Figure 23-17h shows the fields set up by the sheets to the left of
the sheets (L), between them (B). and to their right (R).
The resultant fields in these three regions follow from the
superposition principle. To the left, the field magnitude is
E =Ky~ E

= 3.84 x 10°NIC — 2.43 x 10° N/iC

=14 x 10° N/C. (Answer)
Because Ej. is larger than E_), the net electric field EL in this
region is directed to the left, as Fig. 23-17c shows. To the right of
the sheets, the electric field has the same magnitude but is di-

rected to the right, as Fig. 23-17¢ shows.
Between the sheets, the two fields add and we have

En= Eqy + K
=384 x 10°NIC + 243 x 10°N/C
=63 x 10° NIC. (Answer)
The electric field Ey is directed to the right.
< Ei+ Ew o Eigy >
L B R PREN S P

(e



]| ReEviEwasummary B | | ([ [

Gauss’ Law  Gauss’ law and Coulomb’s law are different ways
of describing the relation between charge and electric field in static

situations. Gauss” law is

P = gepe  (Gauss’ law), i23-6)

in which g.q. 15 the net charge inside an imaginary closed surface (a
Caussian surface) and P15 the net flix of the electric field through
the surface:

i =§ E~d_ﬁ

Coulomb’s law can be derved from Gauss" law.

{electric flux through a
{(Gaussian surface).

(23-4)

Applications of Gauss’ Law Using Gauss" law and, in some

cascs, symmetry arguments, we can derive several important

results in electrostatic situations. Among these are:

1. An excess charge on an isolated conductor 15 located entirely on
the outer surface of the conductor.

2. The external clectnc field near the surface of a charped conductor
& perpendicular to the surface and has magnitude

E=Z {conducting surface).
£y

(23-11)

Within the conductor, E = 0.

Y. The clectric ficld at any point due to an infinite fine of charge
with uniform linear charge density A 15 perpendicular to the line
of charge and has magnitude

A
E=——  (line of charge).

=T (2312

where ris the perpendicular distance from the line of charge to
the point.
4. The clectnic ficld duc to an infinite nonconducting sheet with

uniform surface charge density 15 perpendicular to the plane
of the sheet and has magnitude

T

E=—

IEu

5 The clectric field outside a spherical shell of charge with radius £ and
total charge g 15 directed radially and has magnitude

{sheet of charge). (23-1%)

- q ; .
=g (sphericalshel forr = ).

(23-15)

Here ris the distance from the center of the shell to the point at
which E 5 measured. {The charge behaves, for external poants, as if
it were all located at the center of the sphere.) The field inside a
uniform sphencal shell of charge 1s exactly zeroc

E=0  (spherical shell, forr < R). (23-16)

6. The clectric ficld inside a uniform sphere af charge 15 directed
radially and has magnitude

-4 2320
E (411'&.:..'?3)r' (B2)




1 A surface has the arca wvector A = (21 + 333 m2 What is the
flux of a uniformm clectric ficld through the arca if the ficld s

(a) E = 4i N/C and (b) E = 4k MNACT

2 Figure 23-20 show=, in cross section., three solid ovhnders, cach of
lengeth P and uniform charge 8 Concentric with cach oylinder is a
cylhindrncal Gaussian surface, with all three surfaces having the samse
radis. Rank the Gawssian surfaces according to the clectric ficld at

any point on the surface, greatest firse

— o) (@) @)

L}

Fig. 22-20 (Jucstion 2.

3 Figure 23-21 shows, 1n cross scoc-
o, & contral metal ball, two spher-
cal metal shells, and three spherical
Gawussian surfaces of radinn &, 2K, and
3R, all with the same conter. The vumi-
form charges on the three objects
arce: ball, F; smalker shell, 20 larger
shcll., 5347, Rank the Gaussian swr-

the clectric fickd at any point on the
surface, greatest frst.

Shell

Fig. 23-21

- X Caussian
faces accordinge to the magnitude of  surfsce

soc, 23-3  Flux of an Elactric Fiald

=1 =sm The square surface
shown 1n Fie 2326 measures 3.2
mm on cach side. It is immersed inm
a uniform clectric ficld wath magm-
tude E = 18MHD) NACT and with fasld
lines at an angles of @ = 357 with a
normal to the surfece, as showno
Take that nmormal to be directed
“oubtward.” as thowowsh the surface
werne one face of a box. Calculate

the clectric flux through the surface.
=2 An clectric ficld given by E = 4.01 — 3.0( 32

Chuestion 3.

S cermmaal

T A

Fig. 23-2& Problem 1.

+ E_'l}']_i' PEICTCCsS &

Gaussian cube of edee leneth 2.0 m and posittoned as shown i
Fig. 23-5_ {The magmnitude E is in npewitons per coulomb and the
posiion x 1s i meters. ) What s the clectric flux throwgh the (a)
top face., (b)) bottom face, {c) left face, and {(d) back face™ ()
What 1s the net clectric flux throwgh the cube™

=3 The cube i Fie 23-Z27 has
cdee lenegth 140 m and 1= orncnted
as shown m a regron of uneform
clectrnc ficld. Find the clectric flux
throush the neght face if the clectnc
ficld, In mewtons per coulomb, 1s
given by (a) 6.001, (b)) — 200§, and
(c) — 3008 + 4.00k. (d) What is the
total flux through the cube for cach
faclcd T




CHAPTERA4

ELECTRIC
POTENTIAL

1- Electric Potential Energy

When an electrostatic force acts between two or more charged
particles within a system of particles, we can assign an electric
potential energy U to the system.

If the system changes its configuration from an initial state i to a
different final state f, the electrostatic force does work W on the
particles. If the resulting change is AU, then

AU=U;—-U;=-W.

As with other conservative forces, the work done by the electrostatic
force is path independent.Usually the reference configuration of a
system of charged particles is taken to be that in which the particles
are all infinitely separated from one another. The corresponding
reference potential energy is usually set be zero. Therefore

U= —-W.,.



Example, Work and potential energy in an electric field:

Electrons are continually being knocked out of air molecules in
the atmosphere by cosmic-ray particles coming in from space.
Once released, each electron experiences an electrostatic force F
due to the electric field E that is produced in the atmosphere by
charged particles already on Earth. Near Earth’s surface the elec-
tric field has the magnitude £ = 150 N/C and is directed down-
ward. What is the change AU in the electric potential energy of a
released electron when the electrostatic force causes it to move
vertically upward through a distance 4 = 520 m (Fig.24-1)?

KEY IDEAS

(1) The change AU in the electric potential energy of the
electron is related to the work W done on the electron by the
electric field. Equation 24-1 (AU = —W) gives the relation.

—

E| F

oW

e

Fig. 24-1 Anelectron in the atmosphere is moved upward
through displacement d by an electrostatic force 7 due to an
clectric field E.

2- Electric Potential

(2) The work done by a constant force F on a particle under-
going a displacement d is

W=F-d (24-3)
(3) The electrostatic force and the electric field are related

by the force equation F = gE, where here ¢ is the charge
of an electron (= —1.6 X 107 C).

Calculations: Substituting for Fin Eq.24-3 and taking the
dot product yield

W = gE-d = qEd cos 6. (24-4)
where #is the angle between the directions of E and d.The
field E is directed downward and the displacement d is
directed upward; so ¢ = 180" Substituting this and other
data into Eq.24-4, we find

W = (=16 X 107 C)(150 N/C)(520 m) cos 180°
=12 X 1077,

Equation 24-1 then yields
AU=-W=-12Xx 10741

This result tells us that during the 520 m ascent, the electric
potential energy of the electron decreases by 1.2 X 10714 1.

(Answer)

The potential energy per unit charge at a point in an electric field is called the
electric potential V (or simply the potential) at that point. This is a scalar

guantity. Thus,

U

V=

q

The electric potential difference V between any two points i and f in an
electric field is equal to the difference in potential energy per unit charge

between the two points. Thus,

[ ]
AV=V,- V= r_ Yo

i q iq

W

= — {potential difference defined).

q



The potential difference between two points is thus the negative of the work
done by the electrostatic force to move a unit charge from one point to the
other.

If we set U; =0 at infinity as our reference potential energy, then the electric
potential V must also be zero there. Therefore, the electric potential at any
point in an electric field can be defined to be

V=— (potential defined)

Here W.. is the work done by the electric field on a charged particle as that
particle moves in from infinity to point f.

The SI unit for potential is the joule per coulomb. This combination is called
the volt (abbreviated V).

I volt = 1 joule per coulomb.

3-Electric Potential: Units

This unit of volt allows us to adopt a more conventional unit for the
electric field, E, which is expressed in newtons per coulomb.

- N 1V-C 1]
L E = (lc)( 1] )(1N-m)

= 1V/m.

We can now define an energy unit that is a convenient one for
energy measurements in the atomic/subatomic domain: One
electron-volt (eV) is the energy equal to the work required to move a
single elementary charge e, such as that of the electron or the
proton, through a potential difference of exactly one volt. The
magnitude of this work is gAV, and
leV = e(1V)
= (1.60 X 10712 C)(1 J/C) = 1.60 X 10719 7J.



4- Electric Potential: Work done by an Applied Force

If a particle of charge g is moved from point i to point f in an electric
field by applying a force to it, the applied force does work Wapp, 0n
the charge while the electric field does work W on it. The change K
in the kinetic energy of the particle is:

AK = K;— K; = W, + W.

If the particle is stationary before and after the move, Then Kt and
Ki are both zero. Wapp = —W.

Relating the work done by our applied force to the change in the
potential energy of the particle during the move, one has:

ﬁU — Uf_ Ui — WHPP'

We can also relate Wapp to the electric potential difference AV
between the initial and final locations of the particle:

W = q AV.
Equal work is done along
. . these paths between the
5- Equipotential Surfaces | same surfaces.
No work is done along
this path on an

~ ] “i‘zﬁ\{\_.
T

T N

Adjacent points that have the same electric equipotential surface.
potential form an equipotential surface, which . ST
can be either an imaginary surface or a real, /\'/“z
physical surface. X\\/”:_ vl

No net work W is done on a charged particle by  Noworkis done along this path
. . . that returns to the same surface.
an electric field when the particle moves between _ , , ,
Fig. 24-2 Portions of four eguipotential

two points i and f on the same equipotential surface. surfaces at electric potentials V=100V,
V,=80 V. V:=60 V and V; =40 V Four
paths along which a test charge may
move are shown. Two electric field
lines are also indicated.



.~ Equipoential surface

» .// » /- }'ii-lnl.liru-b | 1
’ i s Sl
- - g 4 Y 1 A
a) B . 5
vy - Fig. 24-3 Electric field lines (purple) and
- ~ cross sections of equipotential surfaces
Y EEERRO N (gold) for (a) a uniform electric field, (&)
U ) the field due to a point charge, and (c) the
o KON W L field due to an electric dipole.

6-Calculating the Potential from the Field

dW = F-d5.

For the situation of Fig. 24-4. dW = gL+ d5.

.
Total work: W = (‘;[}J' E-ds.
;

r
c V, - v,:—J’ E-ds.

Thus, the potential difference V- V;between any two points
Jand fin an electric field is equil to the negative of the line
integral from jto £ Since the electrostatic force is
conservative, all paths yield the same result.

If we set potential V; =0, then

i
V=- j E-d¥s,
This is the potential Vat a.riy point fin the electric field
relative to the zero potential at point £ If point ;is at
infinity, then this is the potential Vat any point frelative to
the zero potential at infinity.

Path Field line —

Fig. 24-4 A test charge gomoves
from point i to point falong the path
shown in a nonuniform electric field.
During a displacement d5, an elec-
trostatic force ¢y E acts on the test
charge. This force points in the direc-
tion of the field line at the location of
the test charge.



Sample Problem

Finding the potential change from the electric field

{a) Figure 24-5a shows two points i and fin a uniform electric
field E. The points lie on the same electric field line (not
shown) and are separated by a distance d. Find the potential
difference ¥y — V', by moving a positive test charge g, from i to
falong the path shown, which is parallel to the field direction.

KEY IDEA

We can find the potential difference between any two points
in an electric field by integrating E-45 along a path con-
necting those two points according to Eq. 24-18.
Calculations: We begin by mentally moving a test charge
gp along that path, from initial point i to final point f As we
maove such a test charge along the path in Fig. 24-3a, its dif-
ferential displacement 45 always has the same direction
as E_Thus, the angle # between E}znd d¥ iszero and the dot
product in Eq.24-18 is

E-d¥ = Edscos @ = Eds. (24-20)
Equations 24-18 and 24-20 then give us
r - I
Vf—ﬂ=—IE-d3=—IEdr. (24-21)

Since the field is uniform, E is constant over the path and
can be moved outside the integral, giving us

-
V-V, = —EJ: ds = —FEd, {Answer)
in which the integral is simply the length 4 of the path. The

minus sign in the result shows that the potential at point fin
Fig. 24-5a is lower than the potential at point i. This is a general

The electric field points from

result: The potential always decreases along a path that extends
in the direction of the electric field lines.

(b) Now find the potential difference V,— V, by moving the
positive test charge gy from i to falong the path icf shown in
Fig.24-5b.

Calculations: The Key Idea of (a) applies here too, except
now we move the test charge along a path that consists of
two lines: ic and cf. At all points along line ic, the displace-
ment d5 of the test charge is perpendicular to E. Thus, the
angle fbetween E and d5" is 90°, and the dot product E - d5"
is 0. Equation 24-18 then tells us that points i and ¢ are at the
same potential: ¥, — V, = 0.

For line cf we have # = 45" and, from Eq. 24-18,

f f
Vi-V, = —j E-dv= —j E{cos 45°) ds

¥
= —E[cusriﬁ“}J-dr.

The integral in this equation is just the length of line cf;
from Fig. 24-5b, that length is dfcos 45°. Thus,

Vi— ¥ = —E(cos 45")@ = —Fd. (Answer)
This is the same result we obtained in (a), as it must be; the
potential difference between two points does not depend on
the path connecting them. Moral: When you want to find the
potential difference between two points by moving a test
charge between them, you can save time and work by choos-
ing a path that simplifies the use of Eq.24-18.

The field is perpendicular to this ic path,

higher potantial fo lower potantial &0 there is no change in the potantial.

! Higher potential :
d @ d T
The field has a component

Y [ / along this cf path, so thera
Fig. 24-5 (a) A test charge gg is a change in the potential.
moves in a straight ine from point § /
to point £, along the direction of a v [ N ' ’
uniform external electric field. (5) Lower potential

Charge g, moves along path icf in the
same clectric ficld. ()

(B






