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24.1 Electric Flux

S

Latin: flux = "to flow”

Graphically: Electric flux @ represents the number of E-field lines crossing a surface.

The number of lines per unit area (the line density) is proportional to the magnitude

of the electric field. Area = A

Electric flux

Is the product of the magnitude of the
electric field E and the surface area, A,
perpendicular to the field.
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Electric flux O, is proportional to
the number of electric field

lines penetrating some surface. Field lines representing a uniform

electric field penetrating a plane of
area A perpendicular to the field. The

2 electric flux ®¢ through this area is
equal to EA.
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24.1 Electric Flux I Y
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Mathematically: &
E /
©, =EA ©,=E£-4
- e - -

Reminder: Vector of the area A is perpendicular to the area A.

Example 24.1 Electric Flux Through a Sphere

What is the electric flux through a sphere that has a The field points radially outward and is therefore every-
radius of 1.00 m and carries a charge of +1.00 uC at its where perpendicular to the surface of the sphere. The flux
center? through the sphere (whose surface area A = 4mr? =

12.6 m?) is thus
Solution The magnitude of the electric field 1.00 m
from this charge is found using Equation 23.9:

q 00 0~ — 5 2
= — 9 2 2 L. X 1 6C = 1.13 X 10° N-m~/C
L k = 99 X 1 .

e 9 (8 0° N m/C) (1. )2

®p = EA = (8.99 X 10° N/C)(12.6 m?)

=8.99 X 10°N/C



24.1 Electric Flux

®.=EACo0s 6

The normal to the surface of area A is
at an angle 0 to the uniform electric field.

O Flux through a surface of fixed area A has a maximum
value EA when the surface is perpendicular to the field (when
the normal to the surface is parallel to the field, that is, 6= 0°

O Flux is zero when the surface is parallel to the field (when the
normal to the surface is perpendicular to the field, that is, 6= 90°.

Quick Quiz 24.1 Suppose the radius of the sphere in Example 24.1 is
changed to 0.500 m. What happens to the flux through the sphere and the magnitude
of the electric field at the surface of the sphere? (a) The flux and field both increase.
(b) The flux and field both decrease. (¢) The flux increases and the field decreases.
(d) The flux decreases and the field increases. (e) The flux remains the same and the
field increases. (f) The flux decreases and the field remains the same.



24.1 Electric Flux

\A

More general situations, the electric field may vary over a surface

G, = FA" = FAcos 6

That means, this equation is only valid over a small
element of area AA

A small element of surface area AA,.

. . with the vector AA;, defined as being
— — . normal to the surface element
AD. =E.AA cosB =E. -AA.
@, = lim Y E. - AA
E AA -0 | AI
CI)E - _[ E-dA ¢ The surface integral (integral must be

surface evaluated over the surface)

¢ In general, the value of the flux ®5 will
depend both on the field pattern and on the
surface.




24.1 Electric Flux (Closed Surface)

- T ———

Element (1), the field lines are crossing the surface
from the inside to the outside and ) 6 < 90°,
® is positive

Element (2), the field lines are perpendicular to the
vector AA; and ) 6 =90°,
® is zero

Element (3), the field lines are crossing the surface
from outside to inside, 180° > 6 > 90°
® is negative because cos 0 is negative

This net flux through surface is the number

of lines leaving the surface minus the
number entering the surface.

<I>E=f}gE-dA=3€EndA i

A closed surface in an electric field.

F|U_X through a closec_i sj,urface, IS The area vectors AA; point in different
defined as one that divides space into directions and are normal to the
an inside and an outside region. surface and point outward.

AA,

The flux through an area element can
be positive (element 1),

zero (element 2),

or negative (element 3).



24.1 Electric Flux example (24.2)
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Example 24.2 Flux Through a Cube

Consider a uniform electric field E oriented in the x direc-
tion. Find the net electric flux through the surface of a cube
of edge length €, oriented as shown in Figure 24.5.

Solution The net flux is the sum of the fluxes through all
faces of the cube. First, note that the flux through four of

y
dA,
A —~
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Figure 24.5 (Example 24.2) A closed surface in the shape of a
cube in a uniform electric field oriented parallel to the x axis.
Side @ is the bottom of the cube, and side @ is opposite side @.

the faces (®), @, and the unnumbered ones) is zero because

E is perpendicular to dA on these faces.
The net flux through faces @ and @ is

1 2

For face @, E is constant and directed inward but dAj is
directed outward (6 = 180°); thus, the flux through this
face 1s

JE-dA=JE(coslSO°)dA= —Ej dA = —EA= -E{2
1 1 1

because the area of each face is A = 2.
For face @, E is constant and outward and in the same
direction as dAg (8 = 0°); hence, the flux through this face is

JE-dA=J'E(cosO°)dA=Ej dA = +EA = E
2 2 2

Therefore, the net flux over all six faces is

Gp=—-FEC+EC+0+0+0+0= 0



24.1 Electric Flux problem (24.4)
“

4. Consider a closed triangular box resting within a horizon-
tal electric field of magnitude E = 7.80 X 10*N/C as
shown in Figure P24.4. Calculate the electric flux through
(a) the vertical rectangular surface, (b) the slanted
surface, and (c) the entire surface of the box.

/30 cm /T“

[ 1]

10 cm

.

Figure P24.4



24.2 Gauss’s Law

—

Shows the relationship between the net electric flux through a closed surface
(often called a gaussian surface) and the charge enclosed by the surface.

Gaussian

|Apositive point charge q case | -
|

E is parallel to the vector AA,

A spherical gaussian surface of radius

r surrounding a point charge g.
The net flux through the gaussian surface is When the charge is at the center of

the sphere, the electric field is

everywhere normal to the surface and
O.=QE-dA =P EdA=FE PdA constant in magnitude.

E outside of the integral because, by symmetry, E is constant over the surface.
9
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The gaussian surface is spherical

$dA = A = 4mr2.

The net flux through the gaussian surface is

k,.q
,r2

k, = 1/41¢€,

by = (47r?) = 41k ,q

€()=(8.85 X 10712 C2/N - m?)

A point charge located outside a closed surface. The number of

24.2 Gauss’s Law ! : S3
X

<SE-

Closed surfaces of various
shapes surrounding a charge q.
The net electric flux is the
same through all surfaces.

P 4

lines entering the surface equals the number leaving the surface



24_2 Gauss’s Law several closed surfaces surrounding a charge g
:\_ !

The net electric flux through any

S P closed surface depends only on the
4 ® 72 charge inside that surface. The net
71 flux through surface S is g,/ &,
the net flux through surface S is
& (g, + 93)/ &y, and the net flux
ay < through surface S is zero. Charge

d, does not contribute to the flux
through any surface because it is
outside all surfaces.

SII

The net flux through any closed surface surrounding a point charge q is given by g/¢,and is
independent of the shape of that surface.

The net electric flux through a closed surface that surrounds no charge is zero.

Gauss’s law, states that the net flux through any closed surface is

where q;, represents the net charge inside the
surface and E represents the electric field at

bp = % E-dA = Tin any point on the surface.

€0 Gauss’s law states that the electric flux is
11 proportional to the enclosed charge,
not the electric field.




24.2 Gauss’s Law

- \

Quick Quiz 24.3 1t the net flux through a gaussian surface is zero, the follow-
ing four statements could be true. Which of the statements must be true? (a) There are no
charges inside the surface. (b) The net charge inside the surface is zero. (c) The
electric field is zero everywhere on the surface. (d) The number of electric field lines

entering the surface equals the number leaving the surface. B 0l

Qu ick Qu 1Z 24.4 Consider the charge distribution shown in Figure 24.9. The

charges contributing to the total electric flux through surface §’ are (a) ¢; only (b) ¢4 o

only (c) g9 and g3 (d) all four charges (e) none of the charges.

Conceptual Example 24.3 Flux Due to a Point Charge

A spherical gaussian surface surrounds a point charge g¢.
Describe what happens to the total flux through the
surface if

(A) the charge is tripled,
(B) the radius of the sphere is doubled,
(C) the surface is changed to a cube, and

(D) the charge is moved to another location inside the
surface.

Solution

(A) The flux through the surface is tripled because flux
is proportional to the amount of charge inside the surface.

(B) The flux does not change because all electric field lines
from the charge pass through the sphere, regardless of its
radius.

(C) The flux does not change when the shape of the
gaussian surface changes because all electric field lines
from the charge pass through the surface, regardless of its
shape.

(D) The flux does not change when the charge is moved to
another location inside that surface because Gauss’s law
refers to the total charge enclosed, regardless of where the
charge is located inside the surface.



24.2 Gauss’s Law
11. Four closed surfaces, §; through Sy, togAether with the
charges — 20, Q, and —Q are sketched in Figure P24.11.

(The colored lines are the intersections of the surfaces

with the page.) Find the electric flux through each
surface.

Figure P24.11



24.3 Application of Gauss’s Law to Various
Charge Distributions

Example 24.4 The Electric Field Due to a Point Charge

Starting with Gauss’s law, calculate the electric field due to an isolated point charge g

E is // to dA at each point. Therefore, E.dA = E dA

Gaussian
surface
Gauss’s law gives q \
(I)E = E-dA = EdA = — ¢
€ ¥ dA
_ _ ¢t r‘@"—»
By symmetry, E 1s constant everywhere on the surface, which g E
satisfies condition (1), so it can be removed from the inte-
gral. Therefore,
_ _ oy — 1 : :
% EdA = E %dA = E(4mr®) = — The point charge q is at the
0

center of the spherical gaussian
where we have used the fact that the surface area of a surface, and E is paraIIeI tod A

sphere is 47r2. Now, we solve for the electric field: at every point on the surface

_ q _ q
E= — 91
47r€)r? ke r?



Example 24.5 A Spherically Symmetric Charge Distribution

T —

An insulating solid sphere of radius a has a uniform volume charge
density p and carries a total positive charge Q .

(A) Calculate the magnitude of the electric field at a point

outside the sphere.

(B) Find the magnitude of the electric field at a point inside

the sphere.

What If? Suppose we approach the radial position r = a
from inside the sphere and from outside. Do we measure the
same value of the electric field from both directions?

| Gaussian
sphere

Gaussian
sphere

(a) (b)
A uniformly charged insulating

sphere of radius a and total charge Q. 15

The electric field inside the sphere

(r < a) varies linearly with r. The field outside
the sphere (r > a) is the same as that of a point
charge Q located at r = 0.



Example 24.6 The Electric Field Due to a Thin Spherical Shell !

A thin spherical shell of radius « has a total charge Q distrib-

uted uniformly over its surface (Fig. 24.13a). Find the
electric field at points

(A) outside and

(B) inside the shell.

Gaussian

Gaussian
sphere sphere
E T
—

(a) (b) (c)

(@) The electric field inside a uniformly charged spherical shell is zero. The field outside
Is the same as that due to a point charge Q located at the center of the shell.
(b) Gaussian surface for r > a. (¢) Gaussian surface for r < a.



Example 24.7 A Cylindrically Symmetric Charge Distribution )

Gaussian
surface I b * \
Find the electric field a distance r from a line of positive \ 1\7.
charge of infinite length and constant charge per unit :7 E
length A (Fig. 24.14a). : | !:.:T
Cylindrical gaussian surface of radius r and length | that is Tt
coaxial with the line charge. K
The flux through the ends of the gaussian cylinder is zero ()
because E is parallel to these surfaces.
The total charge inside our gaussian surface is Af. ‘
Applying Gauss’s law and conditions (1) and (2), we find E
that for the curved surface \ /
‘ ¢
d)E:fﬁE-dA=EﬂgdA=EA=q‘“=’\ //\\
€ €
The area of the curved surface is A = 2mr(; therefore, Y
Y (@) An infinite line of charge surrounded
E@art) =~ by a cylindrical gaussian surface concentric
with the line. (b) An end view shows that the
oM g A (04 %Iectric field at the cylindrical surface is
2megr cr “constant in magnitude and perpendicular

to the surface.



Example 24.8 A Plane of Charge _

/_—’\
Find the electric field due to an infinite plane of positive 7 /?/ *)‘7

charge with uniform surface charge density o.

The flux through each end of the cylinder is EA;
hence, the total flux through the entire gaussian surface is
just that through the ends, ®p = 2FA.

Noting that the total charge inside the surface is
gin = 0A, we use Gauss’s law and find that the total flux
through the gaussian surface is

- A
®p = 264 = 10 = T2
€0 €0
leading to
E=-2Z (24.8)
260

Because the distance from each flat end of the cylinder
to the plane does not appear in Equation 24.8, we conclude
that £ = 0/2¢) at any distance from the plane. That is, the
field is uniform everywhere.

18

Gaussian
surface

Gaussian
surface

A cylindrical gaussian surface penetrating
an infinite plane of charge. The flux is EA
through each end of the gaussian surface
and zero through its curved surface



Table 24.1
Typical Electric Field Calculations Using Gauss’s Law

Charge Distribution Electric Field Location
Insulating sphere of radius R, k, % r>R
uniform charge density, and : 4
total charge Q k, RQ2 , < R
Thin spherical shell of radius R k, % r>R
and total charge Q ) "
0 r<R
: e A : :
Line charge of infinite length 2k, — Outside the line
and charge per unit length A "
Infinite charged plane having o :
ST T e —260 Everywhere outside the plane
havi f
Cirﬁiﬁgzoge;;;ism e a Just outside the conductor
€0

Inside the conductor




24.4 Conductors in Electrostatic Equilibrium

% Good electrical conductor contains charges (electrons) that are not bound to any
atom and therefore are free to move about within the material.

¢ Conductor is in electrostatic equilibrium _when there is no net motion of charge
within a conductor, . Charge is not moving

Properties of a conductor in
electrostatic equilibrium

1. The electric field is zero everywhere inside the conductor. — - —
—— +
» If the field were not zero, free electrons in the conductor would —_— - +—
experience an electric force(F = q E) and would accelerate due to this —_— - L ——
force. This motion of electrons, however, would mean that the - t—
conductor is not in electrostatic equilibrium. T e
— +
> Before the external field is applied, free electrons are uniformly — —_—
distributed throughout the conductor. When the external field is h
applied, the free electrons accelerate to the left, causing a plane of A conducting slab in
negative charge to be present on the left surface. The movement of an external electric field E.
electrons to the left results in a plane of positive charge on the The charges induced on the
right surface. These planes of charge create an additional electric two surfaces of the slab produce
field inside the conductor that opposes the external field. As the an electric field that opposes the

electrons move, the surface charge densities on the left and right

surfaces increase until the magnitude of the internal field equals

that of the external field, resulting in a net field of zero inside the
conductor.

external field, giving a resultant
field of zero inside the slab.



24.4 Conductors in Electrostatic Equilibrium

2. If an isolated conductor carries a charge, the charge resides on its surface.

= Choose a gaussian surface inside but close to the actual

surface. Gaussian

= In electrostatic equilibrium. Therefore, the electric field must be : /.._‘\\ ?face
s 3
4

zero at every point on the gaussian surface.

= The net flux through this gaussian surface is zero. . 1§

= Conclude that the net charge inside the gaussian surface is zero. :

= Any net charge on the conductor must reside on its surface.

21



24.4 Conductors in Electrostatic Equilibrium

3. The electric field just outside a charged conductor 1s perpendicular to the surface
of the conductor and has a magnitude o/ €), where o is the surface charge density
at that point.

.'+
i
A -
g + i
(I)hziEdAz :qlnz +‘ ++
€0 €() ++ 4
Lt

A gaussian surface in the shape of a
small cylinder is used to calculate the
electric field just outside a charged
a conductor. The flux through the
E _ gaussian surface is EA. Remember that
- E is zero inside the conductor

4. On an irregularly shaped conductor, the surface charge density is greatest at loca-

tions where the radius of curvature of the surface is smallest.
22



(g O R dss A D (2eS) Gadll (100«
Q10) The total electric flux ® around proton equals:

A. 1.6x107"° B. 1.4x1073° C. 18x10~°

Jaall Hlase O W jlaie Lial lgaaa e Jalihis jehy g Wkl Craidiaacdd e 5 S (110
AL e (<@ ) Coae 58I S je G 7 Al 2a5 ddal dic o S
Q11) An insulator solid sphere of radius a has a total positive charge Q uniformly
distributed throughout its volume. The magnitude of the electric field at a point at
distance 7 from the center of the sphere ( < a) is given by the relation:

kQa kQr k Q k Qr?
A. 3 B. =5 C.7 D. 23

24. A solid sphere of radius 40.0 cm has a total positive charge
of 26.0 wC uniformly distributed throughout its volume.
Calculate the magnitude of the electric field (a) 0 cm,

(b) 10.0 cm, (c) 40.0 cm, and (d) 60.0 cm from the center
of the sphere.

31.|Consider a thin spherical shell of radius 14.0 cm with a

total charge of 32.0 uC distributed uniformly on its
surface. Find the electric field (a) 10.0 cm and (b) 20.0 cm
from the center of the charge distribution.



leana JOA JUASL e )50 40 4C W late el (5 523 12 cm Wkl il danas 4 jle 3 S (1204
15 s 8 SN mhas die s eSll Jlaall e
Q12) An insulator solid sphere of radius 12 cm has a charge of 40 4C uniformly
distributed throughout its volume. The magnitude of the electric field at the
sphere surface equals:

A. 3 MN/C B. 25 MN/C C. 9.4 MN/C D. Zero

10 cm 25 4dais die (o 5eS)) Jlaall laie (U dlia 5e 5 SIS 13) (12) Gobad) JV gl 8 (1304
i s 38N S 5e e
Q13) In the previous question (12), if the sphere is conductor, the magnitude of the
electric field at a point 10 cm from the center of the sphere equals:

A. Zero B. 20.8 MN/C C.36 MN/C D. 0.5 MN/C

Jsa ddas die 4l o 5eS) Jaa) jlaie IS 1338 50 nC/m- J) b saa o) i laa Jisha Ji38 (140
Q14) A very long filament has charge per unit length 50 nC/m. If the electric field at a
point around its middle is 60 N/C , the distance of the point from the filament equals:

A.30cm B.25cm C.15m D. 12m

Jaall 8 354 x107"2 C/m? & Ujle LiledY Aau)dl (0) el 4iall) AES Cals 13 (150
15 sbas Aau LAl (3585 pllaa 2 S
Q15) If the surface charge density (6) of an infinite insulator sheet is 35.4 x107'2C/m?,
the electric field just above the sheet equals:

A; 2 NIC B.4 N/C C. 8.85 MN/C D. Zero




l Selected Solved Problems (Chapter # 24) _

] Dl gl 5 40 T/ gl S i B cm taln ol a5 A (8-
Pz =, Sy Sl T

is filled with a charge of uniform volume density of

Q8) Ifa cube of 8 cm edges
40 nC/m3, the total electric flux through the surfaces of the cube equals: \

A. 29 B. 1.8 g3 D. 2.3

Nk ke iy de 55032 pC Aind 16 cm 1o b Chuai 485 43 S 85 Jaad (Yo
. 5 g 433l 3K e (30 10 cm 225 4kl die (2 el Jlaall laie
Q9 A tl}m spherical shell of radius 16 cm carry a total charge of 32 uC distributed
uniformly on its surface. The electric field at a point 10 cm from the center of

the she(}l equals:
A.7x10 B. 28.8 x10° C. 46 x10° D. Zero

b 0x10° N/C (s digh affive Ji8 aaliie (0 18 mm Mﬁ?}:—;&ﬁ‘ Jaal) Hls 13 (100
| . ig b A J) sk saa ol Jadl) Aia
Q10) If t}61e electric field at a point of 18 mm from the center of a long straight filament
is 9x10° N/C, the filament charge per unit length A equals:

A 9C/m B.2pCm  ( C.9uC/m D. 162 mC/m
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