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EXAMPLEMD | NetCharge
-

PROBLEM
If we wanted a block of iron of mass 3.25 kg to acquire a positive charge of 0.100 C,
what fraction of the electrons would we have to remove!?

SOLUTION

Iron has mass number 56. Therefore, the number of iron atoms in the 3.25 kg block is

N _ (325 kghi6.022 x 10%* atoms/mole)
A 0.0560 kg/mole

Note that we have used Avogadro's number, 6.022x 10™, and the definition of the
mole, which specifies that the mass of 1 mole of a substance in grams is just the mass
number of the substance—in this case, 56.

Because the atomic number of iron is 26, which equals the number of protons or
electrons in an iron atom, the total number of electrons in the 3.25 kg block is

N, = 26N, = (26)(3.495x10°%) = 2.09%10** electrons

= 3.495%10% = 350=10* atoms

We use equation 1.5 to find the number of electrons, N, that we would have to remove. Be-
cause the number of electrons equals the number of protons in the original uncharged object,
the difference in the number of protons and electrons is the number of removed electrons, N,

gq=¢ Ny, = Ny, =9=— OQI00C  _ o540

¢ 1602x107"7 C
Finally, we obtain the fraction of electrons we would have to remove:

17

Ne  9p9x10"

We would have to remove fewer than one in a billion electrons from the iron block in
order to put the sizable positive charge of 0.100 C on it.
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1.3 Insulators, Conductors, Semiconductors, and Superconductors

Marerials that conduct electricity well are called eonductors. Marterials that do not
conduct elecrricity are called insulators. (Of course, there are good and poor conduc-
rors and good and poaor insulators, depending on the properties of the specific materials.)

The electronic structure of a marterial refers o the way in which electrons are
bound to nuclei, as we'll discuss in later chaprers. For now, we are interested in the
relative propensity of the atoms of a material o either give up or acquire electrons. For
insularors, no free movement of electrons occurs because the marerial has no loosely
bound electrons that can escape from its aroms and thereby move freely throughour
the marterial. Even when external charge is placed on an insulator, this external charge
cannot move appreciably. Typical insulators are glass, plastic, and cloth.

On the other hand, marerials thar are conducrors have an electronic structure
thar allows the free movement of some electrons. The positive charges of the atoms
of a conducting marterial do not move, since they reside in the heavy nuclei. Typical
solid conductors are mertals. Copper, for example, is a very good conducror and is
therefore used in electrical wiring.

Fluids and organic tissue can also serve as conductors. Pure distilled water is not a
very good conductor. However, dissolving common table salt (NaCl), for example, in water
improves its conductivity tremendously, because the positively charged sodium ions (Na®)
and negatively charged chlorine ions (C17) can move within the water to conduct elecrric-
ity. In liguids, unlike solids, positive as well as negative charge carriers are mobile. Organic
tissue is not a very good conductor, but it conducts electricity well enough to make large
currents dangerous to us.

Semiconductors

A class of materials called semiconductors can change from being an insulator to
being a conductor and back to an insulator again. Semiconductors were discovered
only a little more than 50 years ago but are the backbone of the entire computer and
consumer electronics indusiries. The first widespread use of semiconductors was in
transistors (Figure 1.7a); modern compurter chips (Figure 1.7b) perform the funcrions
of millions of transistors. Compurers and basically all modern consumer electronics
products and devices (televisions, cameras, video game players, cell phones, etc.)
would be impossible withour semiconductors. Gordon Mooere, cofounder of Intel,
famously stated that due to advancing technology, the power of the average com-
puter’s CPU (central processing unit) doubles every 18 months, which is an empirical
average over the last 5 decades. This doubling phenomenon is known as Moore's L.
Physicists have been and will undoubredly continue to be the driving force behind
this process of scientific discovery, invention, and improvement.

Semiconductors are of two kinds: intrinsic and extrinsic. Examples of mirinsic semi-
conducrors are chemically pure crystals of gallium arsenide, germanium, or, especially, sili-
con. Engineers produce extrinsic semiconductors by doping, which is the addition of minute
amgounts (typically 1 part in 107) of other materials that can act as electron donors or elec-
tron receptors. Semiconductors doped with electron donors are called m-mype (n stands for
"negative charge”). If the doping substance acts as an electron recepror, the hole left behind
by an electron thar artaches to a recepror can also wavel through the semiconductor and
acrs as an effective positive charge carrier. These semiconductors are consequently called
piype {p stand for “positive charge”). Thus, unlike normal solid conductors in which only
negative charges move, semiconductors have movement of negative or positive charges
{which are really electron holes, that is, missing electrons).

Superconductors

Superconductors are marerials thar have zero resistance to the conduction of elec-
tricity, as opposed w normal conductors, which conduct electricity well but with
some losses. Materials are superconducting only at very low temperatures. A typical
superconductor is a niobium-titanium alloy that must be kept near the temperarure
of liquid helium (4.2 K) to retain its superconducting properties. During the last 20
years, new materials called high-T, superconductors (T, stands for “critical tempera-
ture,” which is the maximum remperature thar allows superconductivity) have been
developed. These are superconducting at the temperature at which nitrogen can
exist as a liquid (77.3 K). Materials that are superconductors at room temperature
{300 K) have not yvet been found, but they would be extremely useful. Research
directed at developing such marterials and theoretically explaining what physical
phenomena cause high-T, superconductivity is currently in progress.



FAGURE 1.8 Atypxal electroscope used
n kecture demonstrations

Concept Check 1.2

The hinged conductior moves anay
from the fteed conductor if a charge &
apphied 1o e electroscope, bocause

a) Ske charges repel cach oher
B} Bke charges atract each cther
) unlike charges atract oach cthee

<} wnike charges repel oach other.

FIGURE 1.9 Incucing a charger

|2 An uncharged eloctioscope. {b) A
negatiely charged paddie & brought
near the electroscope. (<) The negasvely
chaoged paddie & takon away.

power supply: & uses chemical reactions 1o create a separation between positive and nega-
tive charge. Several insulaing paddies can be charged with positive or negative charge
from the power supply. In addition, a conducting connection 8 made to the Eath The
Earth is a nearly infinkte resenvolr of charge, capable of effectively neutralizing electrically
charged objects in contacy with it This taking away of charge is called grounding, and an
electrical comnection to the Earth is called 2 ground.

An electroscope is a device that gives an observable response when it is charged.
You can build a relatively simple electroscope by using two strips of very thin metal
foil that are artached at one end and are allowed 1o hang straight down adjacent 10
each other from an solating frame. Kitchen aluminum foil is not suitable, because it
is roo thick, but hobby shops sell thinner metal foils. For the isolating frame, you can
use a Styrofoam coffee cup turmed sideways, for example.

The lesondemonstration-quality electroscope shown in Figure 18 has two conductoes
that in their neurral position are ouching and odented i 2 vertical direction. One of the
conducrors is hinged at its midpoine so that it will move away freem the fixed conductor if 2
charge appears on the elactroscope. These two conductoss are in contact with a conducting
ball cn 1op of the edecuroscope, which allows charge 10 be applied or removed easily.

An uncharged electroscope is shown In Figure 1.9a. The power supply is usaed 1o
give i negative charge to one of the insulating paddles. When the paddie is brought
near the ball of the electroscope, a5 shown in Figure 1.9b, the electrons in the conduct-
ing ball of the electroscope are repelled, which produces a net negative charge on the
conductors of the electroscope. This negative charge causes the movable conductor to
rotate because the stationary conductor also has negative charge and repeks it Because
the paddle did not touch the ball, the charge on the movable conductors is induced.
If the charged paddle s then taken away, as illustrated in Figure 1.9¢, the induced
charge reduces 1o 2zero, and the movable conductor retums 1o i original position,
because the ol charge on the electroscope did not change in the process.

I the same process s carried our with a positively charged paddle, the electrons
in the conductors are attracted 1o the paddie and flow into the conducting ball This
leaves 3 net positive charge on the conductors, causing the movable conducting arm
10 rotate again Note that the net charge of the electroscope 8 zero in both cases and
that the motion of the conductor indicates only that the paddle is charged. When the
positively charged paddle is removed, the movable conductor again returns to its origi-
nal position. It s important o note that we cannot determine the sign of this charge!

On the other hand, if a negatively charged insulating paddle tonches the ball of the
electroscope, as shown in Figure 1.10b, electrons will flow from the paddle 1o the conduc-
1or, producing a net negative charge. When the paddle is removed, the charge remains and
the movable arm remuains rotated, as shown in Figure L10c Similardy, i posivively charged
insulating paddle touches the ball of the uncharged electroscope, the electroscope trarsfers
electrons 1o the positively charged paddle and becomes positively charged. Again, both 2
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positively charged paddle and a negatively charged paddle have the same effect on
the electroscope, and we have no way of determining whether the paddles are posi-
tively charged or negatively charged. This process 8 called charging by contact.

The two different kinds of charge can be demonstrated by first rouching a
negatively charged paddle o the electroscope, producing a rotation of the mov-
able army, as shown in Figure 1.10. If a positively charged paddle is then brought
into contact with the electroscope, the movable arm retwrns to the uncharged
position. The charge is neutralized (assuming that both paddles originally had the
same absolute value of charge). Thus, there are two Kinds of charge. However,
because charges are manifestations of mobile electrons, 2 negative charge is an
excess of electrons and a positive charge is a deficit of electrons

The electroscope can be given a charge without touching it with the charged paddle,
as shown in Figure 111 The uncharged electroscope is shown in Figure 1.1 1 A nega
tively charged paddle is brought close to the ball of the electroscope but not touching it
as shown in Figure 1.11b. In Figure 1.11¢, the electroscope 8 connected 1o 2 ground. Then,
while the clurged paddle is stll close to bur not touching the ball of the electroscope, the
ground connection is removed in Figure 1.11d Next, when the paddle 8 moved away
from the electroscope in Figure 1.11e the dectroscope B sull positively charged (bur with
a smadler deflection than in Fgure 1.11b). The sune process also works with a positively
charged paddle. This process is called charging by induction and vields an electoscope
charge that has the opposite sign from the charge on the paddie.

(CH

FIGURE 110 Charging by contact: (2] An
unchaeged clecyoscope. o) A negatvely
charged paddie Souches the clectoscope. o}
The negatively changed paddle & removed.

FIGURE 111 Charging by induction: {a) An uncharged electroscope. (B A negativoly chamged padidlo Is beought close to the electroscope.
fc} A ground Is connecied to the clectroscope. (d} The connecsion %o the ground & removed. {e) The negatively charged paddie is taken way,

leaving the clecroscope positively charged
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Concept Check 1.6

fheoe charmes are armnged on &
siraighl line a5 shaown inthe tigue
‘What i the direction of the eledrostatic

ooz onithe midole chage?

2l = l@"rllm-'-l-lh“mlr "fmjn

| There is no foroe on that charge.

Concept Check 1.7

Three charges ane aranged on

a siraight line a5 shown in the
figure. What i the direction of the
elecincatalic force om the gkt
charge? |Kiote thaf the leff charge is
double what it was in Concept
iChech 15.|

qud - W
i 4
A b4 cf A
¢} There is no force on that charge.

EXAMPLE 1.2 |“’ Electrostatic Force inside the Atom
—

PROBLEM 1
What is the magnitude of the electrostatic force that the two protons inside the nucle-

ws of a helium atom exert on each other?

SOLUTION 1

The two protons and two neutmons in the neclews of the helium atom are held ogether
by the strong force; the electrostatic force & pushing the protons apart. The charge of
each proton is g, = +e A distance of approximately r = 2-10~"" m separates the two
protons. Using Coulomb's Law, we can find the foroe:

[+ 16x10 "
F-I.rq"f - L
r

.;.Mrl.'l'iI

Cll+16x107" C)
Rt e T = -5
C

8 M.

(2x107" m)’

Therefare, the bwo protons in the atomic nuelews of a belium atom are being pushed apart
with a force of 58 N (approcimately the wesght of 2 small dogl. Considering the swe of the
musclews, this is an astonishingly large force. Why do atomie nuckei not simply explode? The
answer is that an even stronger force, the apthy named strong force, keeps them together.

PROBLEM 2
What is the magnitude of the electrostatic force between a gold nucleus and an elec-
tron of the gold atom in an arbit with radius 488 x 107" m?

SOLUTION 2
The negatively charged electron and the positively charged gold nucleus attract each
ather with a force whose magnitude is

r-E- L}
where the charge of the electron is g, = —¢ and the charge of the gold nuclews is
iy = + 7% The force between the electron and the nuckeus is then

F:g,]'Tril:lE_W,mu n o [ (160107 ':]|[7"':'-']|:I:I::li.'il:-cl¢_m r:}-]
P 2 [4_me_|? m}z

Thus, the magnitude of the electrostatic force exerted on an ebectron i a gold atom
by the nucleus is abont V00000 times less than that between protoms inside a nucleus

=Tak=10"" N
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EXANMPLEL3 | Equilibrium Position

PROBLEM

Two charged particles are placed 2s shown in Figure L16:q, = Q15 pC & located at the ongin,
and g, = 035 pC i Jocated on the positive x-axis 2 x; = 040 m Where should a thard charged
pmick.q,.trph’cedm be at an equilibrium point (such that the foroes on it sum to zerof

9 4 4
- @
5=0 Fia : F

Xy 0

SOLUTION
Let’s first determine where not to put the third charge. If the third chamge & pliced any-
where off the x-axs, there will 2ways be a foree component pointing toward o away from
the x-axis. Thus, we can find an equilibrium point (2 point where the forces sum to zero)
oaly on the x-axis The x-axis can be divided into three different segments x < x, =0 x, <
X < x,, and x; = x For x < x, = 0, the force vectors from both g, and g, acting on g, will
paint in the positive direction if the charge s negative and in the negative direction of the
charge & paositive. Because we are looking for 2 location where the two forces cancel, the
segment X < X, = 0 can be exchuded. A simifar angument excludes x = x..

In the remaming segment of the x-axis, x, < x < x,, the farces from g, and ¢, va g, point
in oppasite drections We loak for the location x, where the absolute magnitudes of both
forces are equal and the forces thus sum to zero. We express the equality of the two forces as

Iﬁl -.\I'_'Iﬁz -sl-

gl lovw]
(m=-xF (p-x)

We now see that the magnitede and sign of the third charge do not matter because
that charge cancels out, as does the constant k, giving us

. S
(xs = Xl)} (xz --‘_1)2

which we can rewrite as

alxz=xF=qlxa-nF ()
Taking the square root of both sides and solving for x,, we find

Jq_l(xz -Xx3) =Q':];(x) -x1 L
J_XZ + J_)n

Ja + Jq

We can take the square root of both sides of equation (i) because x; < x; < x,, and so
both of the roots, x; — x, and x; — x,, are assured to be positive.
Inserting the numbers given in the problem statement, we obtain

o q.x,+Jﬁx.= JOIS C{0.4 m) L
2 Ja + e DISPC + Jo3suc

This result makes sense because we expect the equilibrium point to reside closer to

the staller charge.

FIGURE 116 Pucement of throe
charged parsicies. The third particie &
shown as having a negative charge.
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FIGURE 117 {3} Two charged balls hanging from the
coting 1 et e posticn B Frea oty digramfor | SKETCM A fre-body diagram foethe left hand bal is shown in Figure 1.17h.

the left-band charged ball.

-~

SOLVED PROBLEM 11 | Charged Balls

u PROBLEM
T Two identical charged balk hang from the ceiling by msulated ropes of equal
length, £ = 1,50 m (Figure 117) A charge g = 250 j«C & applied to each ball
Then the two balls hang at rest, and each suppoeting rope has an angle of 25.0*
F; x  with respect to the vertical (Figure 1.17a). What is the muss of each ball

SOLUTION
THINK Each charged ball has three forces acting on it: the force of
F gravity, the repulsive electrostatic force, and the tension in the supporting
rope. We can resolve the components of the three forces and set them
) equal to zero, allowing s to solve for the mass of the charged halls

RESEARCH The condition for static equilibrium says that the sum of
the x-components of the three forces acting on the ball must equal zero and the sum
of ycomponents of these forces must equal zero. The sum of the x-companents of the
forces is

Tsind ~ F, =0, (0
where T is the magnitude of the string tension, @ is the angle of the string relative

to the vertical, and F, & the magnitude of the electrostatic force. The sum of the y-
components of the forces is

Teash— F, =0. (i)
The force of gravity, F_ s just the weight of the charged ball:

F=my, (iif)
where m is the mass of the charged ball. The electrastatic force the two balls exert on
each other is given by

E ="f};- ()

where d is the distance between the two balls We can express the distance between
the two balls in terms of the length of the string, £ by looking at Figure 1.172. We see
that

mnﬂ:%.
We can then express the electrostatic force in terms of the angle with respect to the
vertical, 8, and the length of the string, £

2 2
Fe=k—"q'" 7=k zq- Zq v)
(Zfsng) A sn'0

SIMPLIFY We divide equation (i) by equation (i}

Tsind _ F,
Toost T,

which, after the (unknown) string tension is canceled out, becomes
F,
Lan i =—=.
L
Substituting from equations (i) and (v) for the force of gravity and the electrostatic force, we get

bt 3
aifsin’e Mg

und = .
ey 4mgi” sin” @

Solving for the mass of the ball, we obtain
2

In = ‘
49f% sin” fan g
CALCULATE Putting in the numerical values gives
(8.99x10" Nm* /% |(25.00C)°

g (981 m/s?)(1.50 m)* (sin® 25.0°| (tan 25.0°)

=0.764116 kg.

ROUND We report our result to three significant figures:
m=0.764 kg.

DOUBLE'CHECK To doublecheck, we make the small-angle approximations that
sinfl = tanf = 0 and cos = 1. The tension in the string then approaches myg, and we

can express the x-components of the forces as
2

2
Tstnt = mo = Fe=kQ_=ku_

da* 2m¢
Solving for the mass of the charged ball, we get
gt (899x10" Nm?/C? (250 pC)

m= = =0768 kg,
age'e’  4(981 m/s? (150 m) (0436 rad)’ ¥

which is close to our answer.




1.83 Two balls have the same mass,
0.9680 kg, and the same charge, 29.59 uC.
They hang from the ceiling on strings of
identical length, £ as shown in the figure.
If the angle of the strings with respect 1o
the vertical Is 29.79°, what is the length
of the strings?

1.84 Two balls have the same mass N
and the same charge, 15.71 pC. They  F.
hang from the ceiling on strings of
identical length, £ = 1.223 m, as

shown in the figure. The angle of the
strings with respect 1o the vertical is 21.07°. What Is the mass of
each ball?

2.5 General Charge Distributions

We have determined the electric fields of a single point charge and of two point charges
(an electric dipole). What if we want to determine the electric field due to many charges?
Each individual charge creates an electric field, as described by equation 2.4, and because
of the superposition principle, all of these electric fields can be added to find the net
field at any point in space. But we have already seen in Example 2.1 that the addition
of electric field vectors can be cumbersome for a collection of only three point charges.
If we had to apply this method to, say, trillions of point charges, the task would be
unmanageable even if we could use a supercomputer. Since real-world applications usu-
ally involve a very large number of charges, it is clear that we need a way to simplify
the calculations. This can be accomplished by using an integral, if the large number of
charges are arranged in space in some regular distribution. Of particular interest are two-
dimensional distributions, where charges are located on the surface of a metallic object,
and one-dimensional distributions, where charges are arranged along a wire. As we will
see, integration can be a surprisingly simple way to solve problems involving such charge
distributions, which would be very hard to analyze by the method of direct summation.

To prepare for the integration procedure, we divide the charge into differential
elements of charge, dg, and find the electric field resulting from each differential
charge element as if it were a point charge. If the charge is distributed along a one-
dimensional object (a line), the differential charge may be expressed in terms of a
charge per unit length times a differential length, or Adx. If the charge is distributed
over a surface (a two-dimensional object), dg is expressed in terms of a charge per
unit area times a differential area, or dA. And, finally, if the charge is distributed over
a three-dimensional volume, then dg is written as the product of a charge per unit
volume and a differential volume, or pdV. That is,

dg = Adx along a line;
dg = odA } for a charge distribution {over a surface; (2.9)
dg = pdV throughout a volume.

The magnitude of the electric field resulting from the charge distribution is then
obtained from the differential charge:
| (2.10)
p
In the following example, we find the electric field due to a finite line of charge.



SOLVED PROBLEM 2.2 ,|'f Electron Moving over a Charged Plate

PROBLEM

An electron with a kinetic energy of 2.00 keV (1 eV = 1.602x10'?]) is fired horizontally

across a horizontally oriented charged conducting plate with a surface charge density of

1 +4.00x10°° C/m”. Taking the positive direction to be upward (away from the plate), what
is the vertical deflection of the electron after it has wraveled a horizontal distance of 4.00 cm?

Y P SOLUTION

THINK The initial velocity of the electron is horizontal. During its motion,
I the electron experiences a constant attractive force from the positively charged
: plate, which causes a constant acceleration downward. We can calculate the
H time it takes the electron to travel 4.00 cm in the horizontal direction and use

"> ¥  this time to calculate the vertical deflection of the electron.

Q X = 4.00 cm

SKETCH Figure 2.18 shows the electron with initial velocity i, in the
FIGURE 218 An electron moving to the right horizontal direction. The initial position of the electron is taken to be at
with initial velocity iy, over a charged conducting plate. X, =0and y = y,

RESEARCH The tme the elecron takes to travel the given distance is
= xgfin i1
where x; s the final horizontal position and vy is the inital speed of the electron. While

the electron is in motion, it experiences a force from the charged conducting plate.
This force is directed downward (toward the plare) and has a magnitude given by

F=gE=e— (id)

£p
where o 18 the charge density on the conducting plate and e is the charge of an elec-
trof. This force causes a constant acceleration in the downward direction whose mag-
nitude is glven by a = F/m, where m is the mass of the electron. Using the expression
for the force from equarion (if), we can express the magnitude of this acceleration as
a= i ) (i)

mo meg
Note thar this acceleration is constant. Thus, the vertical position of the electron as a

funcrion of time is given by

th =t —Fat’ = i —go = —Sar’ (iv)
Finally, we can relate the electron’s inival kinerle energy to its inidal velocity through

5 2K
K=1m = <175 )]

SIMPLIFY We substitute the expressions for the time and the acceleration from
equations (i) and (1if) into equation (iv) and obtain

2
er || x BTG
g— = —tar’ =L — —r=— (vi)
B 2 meg ) g 2meqli
Now substituting the expression for the square of the initlal speed from equation (v)
into the right-hand side of equation (vi} gw? us | Concept Check 2.7
BTXy EOXY
e —th =— i | {wil) A negative charge —gis placed in a
Em.‘:g[ﬁl g nonwniform electric field as shown
It in the figure. What is the direction

of the electric force on this negative
charge?

CALCULATE We first convert the kinetic energy of the electron from electron-volts to

JUUIEE.' —10
L602x10""% )

K =(2.00 keV) = 3204107 |
Purting the numerical values into equation (vil), we get
eox? _ [1602107" CJ[4.00x107" C/m? }(0.0400 m]’
m—m:—q{ K=_ 3 3 > =T = — 00903955 m
o 4(8.85x107" € /AN m))(3.204x107 ' )

ROUND We report our result to three significant figures:
yr — iy =— 00904 m = —904 cm

b
DOUBLE-CHECK The vertcal deflecion that we caleulared is abour twice the : T
distance that the electron travels in the x-direction, which seems reasonable, at least in o -

the sense of being of the same order of magnitude. Also, equarion (vil) for the deflection
has several features that should be present. First, the trajectory is parabolic, which we

expect for a constant force and thus constant acceleraton. Second, for zero surface d) l

charge density, we obrain zero deflection. Third, for very high kinetic energy, there is

negligible deflection, which is also intuitively whar we expect. €] The force i zera.




Concept Check 2.5

A small positively charged object is
placed at rest in @ uniform electric
field as shown in the figure. When

the object is released, it will

=

E

¥ ¥ ¥

a) not move.

b) begin to move with a constant

spesd.

c] begin to move with a constant

acceleration.

https://t.me/hl11Ad36

d) begin to move with an increasing

acceleration.

2] move back and forth in simple

harmanic motion.

Planar Symmetry

Assume a flat thin, infinite, nonconducting sheet of positive charge (Figure
2.34), with uniform charge per unit area o > 0. Let’s find the electric field
a distance r from the surface of this infinite plane of charge.

To do this, we choose a Gaussian surface in the form of a closed right cyl-
inder with cross-sectional area A and length 2r, which cuts through the plane
perpendicularly, as shown in Figure 2.34. Because the plane is infinite and the
charge is positive, the electric field must be perpendicular to the ends of the
cylinder and parallel to the cylinder wall. Using Gauss’s Law, we obtain

agA

FIGURE 2.34 1nfinite, flat, nonconducting sheet
with charge density o. Cutting through the plane
perpendicularly is a Gaussian surface in the form of a
right cyfinder with cross-sectional area A parallel to the

+ 4+ 4+ 4+ -
. 9

ﬁEOdA=(EA+EA]=i=—

=]

T S S e SRk S
+ 4+ + . 4+ 4+
3

FIGURE 2.35 Infinite conducting plane
with charge density & on each surface and
a Gaussian surface in the form of a right
cylinder embedded in one side.

go €o plane and height r above and below the plane.

where oA is the charge enclosed in the cylinder. Thus, the magnitude of the electric
field due to an infinite plane of charge is
a
Eesa—

T (2.18)

If o < 0, then equation 2.18 still holds, but the electric field points toward the plane
instead of away from it.

For an infinite conducting sheet with charge density o > 0 on each surface, we
can find the electric field by choosing a Gaussian surface in the form of a right cylin-
der. However, for this case, one end of the cylinder is embedded inside the conduc-
tor (Figure 2.35). The electric field inside the conductor is zero; therefore, there is
no flux through the end of the cylinder enclosed in the conductor. The electric field
outside the conductor must be perpendicular to the surface and therefore parallel
to the wall of the cylinder and perpendicular to the end of the cylinder that is out-
side the conductor. Thus, the flux through the Gaussian surface is EA. The enclosed
charge is given by @A, so Gauss's Law becomes

foi-ma-2t
£o
Thus, the magnitude of the electric field just outside the surface of a flat charged conductor is

g=2L

£0

(2.19)
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EXAMPLE 31 [Energy Gain of a Proton

A proton is placed berween two parallel conducrting plates in a vacuum (Figure 3.6).
The difference in elecrric porential berween the two plates is 450 V. The proton is
released from rest close o the positive plate.

PROBLEM
Whar s the kinetie energy of the proton when it reaches the negarive plare?

SOLUTION
The difference in electric porential, AV, berween the two plates & 450 V. We can
relate this potential difference across the two plates to the change in electric potential
energy. AU of the proton using equarion 3.7
AV=—

q
Because of the conservarion of total energy, all the electric potential energy lost by the
proton in crossing berween the two plates is turned into kinetic energy due to the mo-
tion of the proton. We apply the law of conservation of energy, AK + AU = 0, where
AU is the change in the proton's electric porential energy:

AK =— AU =— gAV

Because the proton started from rest, we can express irs final kineric energy as K = —gAV.
Therefore, the kineric energy of the proton after crossing the gap between the rwo plates is

K=—{1602107"" C)[—450 v} =721=107"7 |

Concept Check 31

An electron is positioned and then released on the x-axis, where the electric potential has the value —20W.

Which of the following statements describes the subsequent motion of the electron?

a) The electron will move to the left [negative
x-direcfion) because it is negatively charged.

dj The eleciron will move to the right [positive
x-direction) because the electric potential is

negative.
b) The electron will move to the right fpasitive
x-direcfion) because it is negatively charged. £] Mot enough information is given to predict the
mafion of the elactron_

¢] The electron will move to the left [negative
x-dinacfion) because the electric potential is
negative.

Concept Check 3.7

Suppose an electric potential is
described by Vx, 1, 2} = —(5" + y + 2}
in volts. Which of the following
expressions describes the associated
electric field, in units of wolts per
metar?

a f =S+ + X

b} £ =10x

c) E =50+ %

d)

Before H After
+ - 1 o+ -
i
[
i
[T} [ i
Q H o—»
i
[
]
[
]
[
(a) H (b

FIGURE 3.6 A proton between two
charged parallel conducting plates in a
vacuum. (3] The proton is released from
rest (b) The praton has moved from the
positive plate to the negative plate, gaining
kinetic energy.
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3.6 Electric Potential Energy of a System of Point Charges

Section 3.1 discussed the electric potential energy of a point charge in a given external
electric field, and Section 3.4 described how to calculate the electric potential due to a
system of point charges. This section combines these two pieces of information to find
the electric potential energy of a system of point charges. Consider a system of charges
that are infinitely far apart. To bring these charges into proximity with each other,
work must be done on the charges, which changes the electric potential energy of
the system. The electric potential energy of a system of point charges is defined as the
work required to bring the charges together from being infinitely far apart.

As an example, let’s find the electric potential energy of a system of two point
charges (Figure 3.30). Assume that the two charges start at an infinite separation.
We then bring point charge g, into the system. Because the system without charges
has no electric field and no corresponding electric force, this action does not require
that any work be done on the charge. Keeping this charge stationary, we bring the
second point charge, g,, from infinity to a distance r from g,. Using equation 3.6, we
can write the electric potential energy of the system as

U=gq,V (3.17)

where

— (3.18)

Thus, the electric potential energy of this system of two point charges is

U :k@ (3.19)

From the work-energy theorem, the work, W, that must be done on the particles o
bring them together and keep them stationary is equal to U. If the two charges have
the same sign, W = U > 0, positive work must be done to bring them together from
infinity and keep them motionless. If the two charges have opposite signs, negative
work must be done to bring them together from infinity and hold them motionless.
To determine U for more than two point charges, we assemble them from infinity
one charge at a time, in any order.
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uy
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. |
:
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-_.¢ Q> x

! b |
FIGURE 3.31 Cakulating the potential
energy of a system of four point charges.

cxampPLE 3.7 [Four Point Charges
O ——r

Let’s calculate pthe electric potentlal energy of a system of four point charges, shown In
Figure 3.31. The four point charges have the values ¢, = +1.0 pC, g, = +20 pC, g, = —3.0 pC,
and g, = +4.0 pC. The charges are placed witha=60mandb=40m.

PROBLEM
What is the electric potential energy of this system of four point charges?

SOLUTION
We begin the calculation with the four charges infinitely far apart and assume that the elec-
tric potential energy is zero in that configuration. We bring in g, and position that charge
ar (0,0). This action does not change the electric potential energy of the system. Now we
bring in g, and place that charge at (0.a). The electric potential energy of the system is now
U= k145
a
Bringing ¢, in from an infinite distance and placing it ar (b,0) changes the potential energy
of the system through the interaction of g; with g, and the interaction of g; with g,. The

new potential energy Is
4 L4 U= k‘h‘h +k¢1193 + Rg>q5
b Ja + b?

Finally, bringing in g, and placing it at (ba) changes the potential energy of the system through
interactions with g,, ¢, and g, bringing the total electric potential energy of the system o

U= k‘11‘12+k41?3+ RG5q5 5 kg4, +’Wz‘14+k‘13‘14
b \la + b? Jaz+b2 b e

Note that the order in which the charges are brought from infinity will not change this
result. (You can try a different order to verify this statement.) Putting In the numerical
values, we obrain

U=(30x107" J) + (-67x1077 |} + (=75x107" ]} +

(s.0x107? 1)+{1.sx|o‘2 )+ (-18x107% )| =— 62x107% |

J

From the calculation in Example 3.7, we extrapolate the result to obtain a formula
for the electric potential energy of a collection of point charges:

v=k 3 4

T
H(pairings)

(3.20)
where i and j label each pair of charges, the summation is over each pair j (for all i # j), and r is
dred'mancebetmthechargsmeachpair Analtetmtivewaytowﬁtedﬁsdwblemmis

U= J.kz Z |F,qIQIF|

j=1i=10j

which is more explicit than the equivalent formulation of equation 3.20.
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EXAMPLE 41 | Areaofa Parallel Plate Capacitor
-
A parallel plate capacitor has plates that are separated by 1.00 mm (Figure 4.11).

A my

d =1.00 mm

FIGURE 411 A paraliel plate capacitor with plates separated by 1.00 mm.

PROBLEM
Whart is the area required to give this capacitor a capacitance of 1.00 F!

SOLUTION
The capacitance is given by
EgA .
el S (i)
d
Solving equarion (i) for the area and purting ind = 1.00 % 107" m and € = 1.00F, we get
dc |[100x107° m}{1.00 F)

A=0 — =1.13=10" m*.
Eo [E.ES 10" Ffm}

If these plates were square, each one would be 10.6 km by 10.6 km!
This result emphasizes thar a farad is an extremely large amount of capacitance.

J

S Wire —G}— | Galvanometer |

—— | capacirar —@)— | Volmmeter |
At Resistor —{(a— Ammeter

—lr— Inductor —_ Bartery -

~ Switch —G— AC source |

https://t.me/ hll1Ad36
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Writing :

«1.82 In the figure, the net electrostatic force on charge Q, Is
zero. if @, = +1.00 nC, determine the magnitude of @,

by
!

+&
o
-1.00 nC
a
¢ o
-1.00 nC °(+20. -2a)

Figure 2.24 shows a nonuniform electric field, E passing through a differential
area element, dA A portion of the closed surface is also shown. The angle between 8
the electric field and the differential area element is 6.

EXAMPLE 2.5 J"f- Electric Flux through a Cube /

FIGURE 2.24 A nonuniform electric
field, £ , passing through a differential
area, ga

r -
Figure 2.25 shows a cube that has faces of area A in a uniform electric field, E that is

perpendicular to the plane of one face of the cube.
PROBLEM E

What is the net electric flux passing though the cube? l Z ,_f—-

SOLUTION
The electric field in Figure 2.25 is perpendicular to the plane of one of the cube’s six ~ FIGURE 2.25 A cube with faces of are
faces and therefore is also perpendicular to the opposite face. The area vectors of these A inauniform electric field, £

two faces, A; and A; are shown in Figure 2.26a. The net electric flux
passing through these two faces is

B =d +®; =EeA +EeA; =—EA +EA; =0
The negative sign arises for the flux through face 1 because the electric
field and the area vector, A, are in opposite directions. The area vectors of

the remaining four faces are all perpendicular to the electric field, as shown
In Figure 2.26b. The net electric flux passing through these four faces is

%56=‘p3+‘p4+¢'5+‘1’6=E'A;+E’Z‘+E°AS+E.&=O (a) (b)
All the scalar products are zero because the area vectors of these four faces  EIGURE 2.26 (3] The two faces of the cube that are
are perpendicular to the electric field. Thus, the net electric flux pass-  pomendicular to the electric field. The area vectors are
ing through the cube is parallel and antiparallel to the electric field. (b) The four faces

& =Py +Pyges =0 of the cube that are parallel to the electric field. The area
247 vectors are perpendicular to the electric field.




FIGURE 2.28 maginary ampty bax
0 2 uniform electric Seld.

Concept Check 2.8

A oytinder made of an nsulating
material is placed In an slectric
Soid 25 shown in the Sguwre. The net

eloctric Sux passing through the
surface of the cyinder Is

In analogy with flowing water, the electric field lines seem 1o be flowing out
of the box containing positive charge and into the box containing negative charge.
Now let's imagine an empty box in a uniform electric field (Figure 2.28). If a posi-
tive test charge is brought close 1o side 1, it experiences an inward force. If the charge
is close o side 2, it experiences an ourward force. The electric field is paraliel o the
other four sides, so the positive test charge does ot experience any inward o ourward
force when brought close to those sides. Thus, in analogy with flowing water, the net

amount of electric field that seems to be flowing in and out of the box is zero.
Whenever a charge 8 inside the box, the edectric field lines seem to be flowing
in or out of the box. When there is no charge in the box, the net flow of electric field
lines In or out of the box is zero. These observations and the definition of electric flux,
which quantifies the concept of the flow of the electric fiekd lines, lead 1 Gauss’s Law:
.;.:.?. (2.15)

0

Here g is the net charge insde 3 closed surface, called a Gaussian surface. The closad
surface could be 2 box like thar we have been discussing or any arbitrarily shaped
closed surface. Usially, the shape of the Gaussian surface is chosen so as to reflect the
symmetries of the problem situation.

Concept Check 2.9

The ines in the Sguwe are electric field lines, and the drcle s a Gaussian surface. For which casols) Is faref the
total electric fix norzero?

a) 1caly
b) 2 only
o 4.5andé
1 2 3

d) & only
e tand2
=
7 - T
—— =
i i\
4 s 6

An alternative formulation of Gauss's Law incorporates the definition of the elec-
tric flux {equation 2.14): i
ﬁ EedA= i (2.16)
Zn

According to equation 2.16, Gauss's Law states that the surface integral of the elec-
tric field components perpendicular to the area times the area is proportional 1o the
nel charge within the closed surface. This expression may look daunting, but it sim-
plifies considerably in many cases and allows us 10 perform very quickly caleulations
that would otherwise be quite complicated.

Gauss's Law and Coulomb's Law

We can derive Gauss's Law from Coulomb’s Law. To do this, we start wich a positive
polnt charge, ¢ The electric field due to this charge is radial and pointing outward,
3 we Qw in Section 2.3. According e Coulomb’s Law (Section 1.5), the magnitude
of the electric field from this charge is ;
4q
- —_—
. 4xep IJ
We now find the electric flux passing through a closed surface resulting from this poing
charge. For the Gaussian surface, we choose a spherical surface with radius r, with the




charge at the center of the sphere, a5 shown in Figure 229 The elecuric fheld due to the
positive point charge intersects each differential element of the surface of the Gauss-
fn sphere v. Therefore, at each point of this Gaussian surface, the electric
fiedd vector, E and the differential surface area vector, dA  are parallel The surface area
vector will sways point ourward from the spherical Gassian surface, but the elecuic
fiedd vector can point outward or inward depending on the sign of the charge. For a
paositive charge, the scalar product of the electric field and the surfice ares element 8
FedA=EdAcos(® = EdA The electric flux in this case, according o equation 214, i

-x»-ﬁf-dfx-#sda

Because the electric field has the same magnitude anywhere in space at a dstance r
from the point charge ¢, we can take E outside the integral:

o:ﬁzm=sﬁm

Now what we have left 10 evaluate is the integral of the differential area over a
spherical surface, which is given by dA = 47" Therefore, we have found from
Coulomb’s Law for the caxse of a point charge

= F .= 1 a =4
v=el[ff ) | i )= %
which & the same as the expression for Gauss's Law in equation 2.15. We have shown that

Gauss’s Law can be derived from Coulomb's Law for a pesitive point charge, but it can
also be shown that Gawss's Law holds for any dstrbution of charge inside a closed surface.

Shielding

Two important consequences of Gausss Law are evident:
1. The electrostatic field Inside any solated conductor & always zero.
2. Cavities inside conductors are shielded from electric fields.

To examine these consequences, let's suppose a net electric field exists x
some moment 3t some point inside an isolated conductor; see Figure 2304 But
every conductor has free electrons inside it (blue circles in Figure 2.30b), which
can move rapidly in resporse 1o any net external electric field, leaving behind posi-
tvely charged jons (red circles in Figure 2 30b). The charges will move to the ourer
surface of the conductor, leaving no net accumulation of charge inside the volume
of the conductor. These charges will In tum create an electric field inside the con-
ductor (yelkw arrows in Figure 2.30b), and they will move around until the electric
field produced by them exactly cancels the external electric field The net electric field
thus becommes zero everywhere inssde the conductor (Figure 2.30c¢).

If a cavity is scooped ourt of 2 conducting body, the net charge and thus the elec-
wic field inside this cavity is always zero, no mater how strongly the conductor s
clurged or how strong an external electric field acts on it To prove this, we assume a
closed Gaussian surface surrounds the cavity, completely inside the conductor. From
the preceding dscussion (see Figure 2 30), we know that at exch point of this surface,
the field 8 zero. Therefore, the net flux over this surface is also zero. By Gauss's Law, it
then follows thar this surface encloses zero et charge. If there were equal amounts of
positive and negative charge on the cavity surface (and thus no net charge), this charge
would not be stationary, as the positive and negative charges would be atrracted o
exch other and would be free 1o move around the cavity surface o cancel each other.
Therefore, any cavity inside 2 conductor is rotally shielded from any external electric
field. This effect is sometimes called electrostatic shielding.

A convincing demorstration of this shielding i provided by placing a plastic container
filled with Styrafoam peanuts an top of a Van de Gradl generator, which sarves as the
source of strong electric field (Figure 2.312) Charging the gensrator results In a large met
charge accumulation on the dome, producing a strong electric field in the vicinity, Because

FIGURE 2.29 A spherical Gauszan
surface with radius r sumoending a chargy
g. A doseup view of a differential surface
element with area 44 Is shown.

Self-Test Opportunity 2.4

What changes i the preceding
md&ug‘imh%

'dnm Is used?

TE

FIGURE 2.30 Shiciding of an cxternal eloch
Seid [purple vertical arrows) from e nside of a
conductor

Concept Check 210

A hollow, conducing sphese & niSally
ghven an cvenly dissibutod negative
chage. A positve charge +9 ks brought
noar the sphese and plycod af rest s
shown in he figaro. Whatt ks the direction
of fe electric Soid inside the holow
hese?

3| —

uT &

o -—

.

¢} The Seld ks rero.




Two Point Charges of Opposite Sign

W can wse the superposition peinciple o determine the alectrie field from e point
clharges. Figure 27 shows the electrie field lines for two oppoitely charged polnt
charges with the same magnitude. At each poing in the plane, the elecrric field from
the positive charge and the sbectrie field from e negative change sdd as vectors 1o
give the magnitude and the direction of the resulting eleciric field. (Figure 2.5 shows
the sare feld lines m thres dimengions)

Ag noted earlier, the elecrric field lines originate on the positive charge and tenmi-
puate on the negative charge. A a point very clige o either charge, the field lines e
gimilar to those for a single point charge, since the affect of the more distant charge B
small. Mear the charges the electric feld lines are close together, indicating thar the
field is stronger in those regions. The faer that the feld lines berwesn the two charges
ciofusect indicates that an atrective fofce exigis between the two charges

Two Point Charges with the Same Sign

W can akeo apply the principle of superpogition o fao point clurges with the same Sign.
Figure 28 shoaws the electric field liness for rwo poing charges with e came sgn and 2ume
musgnitude. I both charges are positive (3= in Figure 28] the elecirie feld lnes originame a
the charges snd remminate ar infindty. I both charges are negative, the field lines odginae
Efiniry and verominane 3 the charges. For two clarges of the s s dhe feld e do ot

1 -+— )

FIGWRE 27 Eieciric field lines from tao cpposibely charged paind FIGURE 2.8 Electric ficld lines from Swe positive point charges with
charges. Each change has the same magniiude. o SETH Magnfud o

Concept Check 21

Which of the charges in the figure i
fare) pasiwe?

al 1

b 2

g3

d Tand 3

o] Al thees charges are posive.

FIGURE 344 () Sk resort with theoe
peaks: [b) the same poaks with lines of
ogqual olevation superimpased: fc} the
comour lines of equal clevation i a two-
dimensional plot



Equipotenital surtace Equipotencial surface
pssive megxive Equipotensial surtce

FIGURE 318 Equpotontial suriaces created by point charges of the same *l
magritude but opposie sign. The red Ines represent pasisve posential, and the  FIGURE 319 Equipotential surtaces jrod nes) rom two identical positve
bise lines represent negative potential. The purple Ines with the arrowheads paint charges. The purple Ines with the amowhoads represent the electric el
represont the electnc Sold.

phine of the page curs through equipotential spheres) The values of the potencial difference
between neighbaring equipotentil lines are equal, producing equipotential Brees thar are
close together near the charge and more widely spaced away from the charge. Note again

that the equipotential lines are always perpendicular 1o the electric field lines Equipotential
surfices do not have arrows like the field lines, because the potental is 2 scalar

Two Oppositely Charged Point Charges

Figure 3.18 shows the electric field lines from two oppositely charged point clhanges,
dlong with equipotential surfaces depécred 3= equipotential lines An eectrostane force
wiolild avract these two point charges toawvard each other, but this discussion sssumes that
the charges are fived in space and cannot move. The electric feld lines odginare ar the
positive charge and terminate on the negative change. Again, the equipotential lines are
alwavs perpendicular 1o the electric field lines. The red lines in this figure represent posk-
tive equipotential surfaces, and the blue lines represent negative equipotentiisl susfaces,
Peitive charges produce pogitive potential, and negative charges produce negative poden
hal {relative to the value of the povential ar infinicy). Close wo each charge, the resultant
edectric feld lines and the resulvant equipotential lines resemble those for 3 single poim
change. Away from the vicinity of esch change, the elecorie field and the slecrric potential
are the sure of the fields and porentishk due w the rwo charges. The electric fields add
a5 vecrors, while the electric potentish add a2 scalars Thus, the electric feld is defined a
all points in space in terms of 3 magnitude and 3 direction, while the electric potenisl B
defined solely by s valwe at a given point in space and has no direction associaed with e

Two ldentical Point Charges

Figure 3.19 shows electric field lines and equipotential surfsces resulting from two
identical posivive point charges. These rwo charges experience a repulsive electno-
gratic force. Because both charges are positive, the equipotential surfaces represent
pogitive potentisls Again, the electric field and electric potential result from the
gums of the fields and potentials, respectively, due to the two charges



To determine the electric potential from the electric field, we start with the definition
of the work done on a particle with charge g by a force, F over a displacetnent, ds
dW = F o d¥

In this case, the force is given by F = gE so
dVV-qE'°d§ (3.10)

Integration of equation 3.10 as the particle moves in the electric field from some
initial point 1o some final point ghfe:«r

f
W=W¢=fq§043=qf§0d3
' 1

Using equation 3.8 10 relate the work done to the change in electric potential, we get

As mentioned earlier, the usual convention is 1o set the electric potential 1o zero &
infinity. With this convention, we can express the potential a some poin 7 in space as

VIF) = V(x) = V(F) =~ f Eeds G.11)

Concept Check 3.3

In the Sgure, the Imes represent equipotensal lines. A charged object & moved from poist P %o point 0.
How does the amount of work done an the chject compare for these theee cases?

) Al Bree cases mvolve the

—e 5V — 5
s3me work. ——— 1 () V
bj The most werk is done i $ Y — 15V
casel
— 20} ]
o The most work is done I 1BV
d) The most work is done i 0V Q
S s B
— 15 Y
] Camim!:omuu 0V WV Vv
amount of work
s::hsmms M o -
meotved ncase 2
Point Charge

Ler’s use equation 3.11 to determine the electric potential due 1o a point charge, g.
The electric field due to a point charge, g (for now, taken as positive), at a distance r

from the charge is given by
£=5'21
=

The direction of the electric field is radial from the point charge. Assume that the
integration is carried out along a radial line from infinity to a point at a distance R from
the point charge, such that E e d5 = Edr  Then we can use equation 3.11 10 obtain

[z Thy . _ihgl* g
V{R)=-ond§=-fp-oY=-l-’-‘=Tq.

Thus, the electric potential due 1o a point charge a1 a distance r from the charge is given by
=g (3.12)



SOLVED PROBLEM 3.2 | Fixed and Moving Positive Charges

.

PROBLEM

A pasitive charge of 4.50 uC is fixed in place. A particie of mass 6.00 g and charge +3.00 uC
is fired with an initial speed of 66.0 m/s directly toward the fixed charge from a distance of
4.20 cm away. How close does the moving charge get to the fixed charge before it comes
to rest and starts moving away from the fixed charge!

SOLUTION
THINK The moving charge will gain electric potential energy as it nears the fixed

charge. The negative of the change in potential energy of the moving charge is equal to
the change in kinetic energy of the moving charge because AK + AU =

SKETCH We et the location of the fixed charge at x = 0, as shown m Figure 3.21. The
moving charge starts at x = d, moves with mitial speed v = o, and comestorest t x =d,

RESEARCH The moving charge gains efectric potential energy as it approaches the
fixed charge and loses kinetic energy until it stops. At that point, all the original kinetic
energy of the moving charge has been converted to electric potentul energy. Using
energy comservation, we can write this relationship as

AK+AU=0= AK=— AU =

0—'#'““: == Gmovng DY =
L3 = Guenirg OV (i)

The electric potential experienced by the moving charge & due to the fixed charge, so
we can write the change in potential as

R i e e 6
I

- Conttmued

SIMPLIFY Substituting the expression for the patential difference from equation (iz)

into equation (i). we find
'Lmvé ‘hmum‘lv ™ h"umﬁu"n\c\l ld e _) =

L m”"
dr d zmum-uqnml

CALCULATE Putting in the numerical values, we get
o s B ) (0.00600 kg )(66.0 m/s)
dy  00420m - 5{500x10° N m?/C?|(3.00x107°C)(4.50x107C)

d, = 0.00760545 m

ROUND We repart our result to three significant figures:
d =00070 1 m=0761 cm

DOUBLE-CHECK The final distance of 0.761 cm is Jess than the initial distance
of 4.20 cm At the final distance, the electric potential energy of the moving charge is

e Jnne |, Tmoringttved

dg

(mnxm C}(4.50x107" C|
0.00761 m

The electric potential energy at the initial distance is

U= g V= %_‘lk.‘kml= ki."""'_‘;.ﬁt":‘.

(300x107* C)[450x107% C|
(0.0420 m)

U= fmourg¥ = ‘hmwul

=(899x10" Nm?¥

= [8.99x 10" N m’/C’]
The inttial kinetic energy is

(0.00600 kg)(66.0 m/s)
2

x:-zlnm’_-. =131]

We can see that the equation based on energy conservation, from which the solution

process started, is satisfed:
T’ = AU
13.1]= 160 = 29 = 13.1]
This gives us confidence that our result for the final distance & correct.

=131.485

=160

=29

v=0 b=y
) ) 1
] 1 1
L} . 1
1 L) 1
1 L :
sl R
x=0 1:4 jld.

FIGURE 3.21 two positive charges. One
charge b faed in place at x = 0, and e

socond charge begins mowing with volocty
o atx = d and has rero veledity atx = d,.
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3.5 Finding the Electric Field from the Electric Potential

As we mentioned earlier, we can determine the electric field starting with the elecuric
potential This calculation uses equations 3.8 and 3.10:

~qdV = gE o d5

where 45 is a vector from an initial point to a final point located a small (infinitesimal)
distance away. The component of the electric field, E, along the direction of d5 &
given by the partial derivative
v
s
Thus, we can find any component of the eleciric field by taking the partial deriva-
tive of the potential along the direction of that component. We can then write the
components of the electric field in terms of partial derivatives of the potentiak

AV . v N
E":—%?, qu—(‘_)—"-, E‘-’-(z?

The equivalent vector caleulus formulation is £ = — TV = —(0V/8x, dV/dy, 8v/02),
where the operator ¥ is called the gradient. Thus, the electric field can be determinad
either graphically, by mexsuring the negative of the change of the potential per unit
dstance perpendicular 1o an equipotential line, or analytically, by using equation 3.15.
To visually reinforce the concepts of electric fields and potentials, the following exam-
ple shows how a graphical technique can be used to find the field given the potential

E;= (3.14)

(3.15)

Concept Check 3.8
In the figure, :e lines represent 5V —m'v
equipoleotial ines. How does the 15V
magniudo of theelecric deld £t~ 10V
point P compare for the three cases? - —
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Concept Check 3.7

Suppose an efecteic potential is
doscribed by WX . 2 = —{8¢ +y + 4
In woits. Which of the folowing
pressions describes the assodated
electric field, In units of volts per
maoles?

A f =S+¥+2
B € =

QFf =Su+¥
d E =Wei+y+s
ef £ =0
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21 Definition of an Electric Field

You previously kearned that the force berween two or more point charges When
determining the net force exerted by other charges on a particular charge at some
podnt in space, we obtain different directions for this force, depending on the sign of
the charge thar is the reference point. In addition, the net force is also proportional
o the magnivude of the reference charge. The techniques used in Chapter 1 reguire
us to redo the caleulation for the net force exch time we congider a different charge.

Dealing with this situation requires the concept of a field, which can be used
o describe certain forces. An electric field, Er), is defined ar any point in space,
r a4 the net electric force on 3 charge, divided by thar charge-

Eiry =222 (2.1)

The units of the electric feld are newtons per coulomb (NAC) This simple defini-
tion eliminates the cumbersome dependence of the electric jorce on the partieular
charge being used o mesure the force We can gquickly determine the net force on
any charge by using F{F) = g&(F) which is a wrivial rearrangemnent of equation 2.1.

The electric force on a charge at 3 point is parallel or antiparallel, depending on
the sign of the charge in question) o the electric field st thar point and proportional
o the magnitude of the charge. The magnitude of the force B given by F =|gE The
direction of the force on a positive charge is along Eir) the direction of the force on
a negative charge is in the direction opposite o E(F)

I several sources of electric fields are present ar the same time, such 38 several
point charges the electric field o any given poimt s determined by the superposi-
vion of the electric febds from all sources. Ths superposition follows directhy from the
superposition of fores introduced n our sowdy of mechanics and dscussed earlier for
electrostatic forces. The superposition principle for the ol electric field, F, x
any padnt in space with coordinate r due 1o 8 electric feld sources can be stated as

Ei(F) = Efr)+ Ez(F) 4+ Eulr) {2.2)
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FIGURE 4.2 Some represontative types
of capachiors.

Metad sol Laver

Insulating layer

41 | Capaciance

Figure 4.2, shows that capacitoes come In a variety of sizes and shapes In general 2 capaci-
tor corsists of two separated conductors, which are usually called plates even ¥ they are not
simple planes. ¥ we take apart one of these capacitons, we might find two sheets of metal
foil separated by an insuliting Liver of Mylar, as shown in Figure 43. The sandwiched layers
of metal foil and Mylar can be rolled up with another insulating layer into a compact form
that does not resemmible two parallel conductors, as shown in Figure 4.4, This techmique pro-
duces capacitors with some of the phiysical formats shown in Fgure 42, The insuliing Liyer
between the two meal foiks pliys 3 erucial role in the characteristics of the capacitor.

To study the propenties of capaciors, we'll ssume a convenient geometry and then
genesalize the resulis Figure 4.5 shows a parallel plate capacitor, which consists of two
parallel conducting plates, each with area A separated by a distance, d, and sssumed 1 be in
2 vacuum The capaciior is chaged by placing a charge of 4+q on obe plite and a charge of
—q on the other plate. (It 8 not necessary 1o put exactly opposite chasges onto the two plaes
of the capacitor to charge it; any difference in charge will do. Bue, for pracuical purposes, the

overall device should remain newtral, and this requires charges of equal
magniude and opposite sign on the two plates) Because the plates are
conductors, they are equipotential surfaces; thus, the electrons on the
Metal foil laver plates will dstribuge thetrselves uniformly over the surfaces.
Let's apply the results cbtained in Chaprer 3 1o determine the

N 0.2 e b o il il g Yoy s et edectric potential and electric field for the parallel plate capacitor.

tayer.

FIGURE 4.4 The metal fof and Mylar
sandwich shown in Figure 43 can be rolled
up with an inselagng layer % produce a
capaciion with a compact geomerry.

(In principle, we could do this by calculsting the electric potential
and electric feld for continuous charge distributions. However, for this physical configu-
ration we would need 1o use a computer 10 provide the solution) Le’s place the origin
of the coordinate system in the middle between the two plates. with the x-axis aligned
with the two plates. Figure 4.6 shows a three-dimensional plot of the electric potential,
Vix.g), in the xy-plne, similar to the plots in Chapeer 3.

The potential in Figure 46 has a very steep (and approximately linear) drop
between the two plates and a2 more gradual drop outside the plates. This means that
the electric field can be expected to be strongest between the plates and weaker
outside. Figure 4.7a presents a contour plot of the electric potential shown in Figure
4.6 for the two parallel plates Negative potential values are shaded in green, and
positive values in pink. The equipotential lines, which are the lines where the three
dimensional equipotential surfaces intersect the xy-plane, displayed in Figure 4.6 are
also shown in this plog, as are representations of the two plates. Note that the equipo-
tential lines between the two plates are all parallel o each other and equally spaced.

In Figure 4.7b, the electric field lines have been added to the contour plot. The electric
field & determined using £(F) = — VV(r) introduced in Chapter 3. Far away from the
two plates, the electric field koks very similar 1o thar generated by a dipole composad of
two point charges. It is easy to see that the electric field lines are perpendicular to the
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potential contour lines (which represent the equipotential surfacest)
everywhere in space.

But the electric field lines in Figure 4.7b do not convey adequate
information about the magnitude of the electric field Another representa-
ton of the electric fiedd, in Figure 4.7¢, displays the electric field vectors
at regularly spaced grid points in the xy-plane. (The contour shading of the
potential has been removed to reduce visual clutter) In this plot, the field
strength at each point of the grid is proportional to the size of the arrow
at thae point. You can clearly see that the dectric field berween the two
plaes 8 perpendicular to the plates and much Linger in magnitude than the
field outside the plates The field in the space outside the plates is called
the fringe fiekd If the plates are moved closer together, the elecuric fiedd
between the plates remains the same, while the fringe field is reduced.

The potential difference, AV, between the two parallel plates of the
capacitor B proportional 1o the amount of charge on the plates. The pro-
portionality corstant is the capacitance, C, of the device, defined as

C =|3‘i‘7| (a.1)

The capacitance of a device depends on the aea of the plues and the
dstance between them but not on the charge or the potential difference.
(This will be shown for this and other geametries in the following sections.)
By definition, the capaciance is a positive number. It tels how much
charge Is required 10 produce 2 given potential difference between the
plaes The langer the capacitance. the more charge s required 1o produce a
given potential difference. (Note that it is a common practice 1o use V, not
AV, 1o repeesent potential difference. Be sure you understand when Vis
being usad for potential and when it is being wsed for potential difference.)

Equation 4.1, the definition of capacitance, can be rewritten in

this commonly used form:
g=CAV

d
R 5

FIGURE 4.5 Paraliel plate capacitor consisting of two
coaducting plates, each having arca &, separated by 3
distance 0.

Vi

FIGURE 4.6 Elecyic potersal in the xy-plane for the

two cpposhely charged paraliel plates fsupenmposed) of
Houwe 4.5.

Equation 4.1 indicates that the units of capacitance are the units of charge divided by
the units of potential, or coudombs per volr A nesw unit was asigned 1 capacitance, named
after Beitish physicist Michae] Faraday (1791-1867) This unit Is called the farad (Fx

AC
1F v

(4.2)

One farad represents a very large capacitance. Typically, capacitors have a capact

tance in the range from 1 pWF =1x10" F1o 1 pF =1x107 " F.

With the definition of the farad, we can write the electric permittivity of free

space, £, (inroduced in Chapter 1), as 885x 107" F/m.

FIGURE 4.7 (a) 'wo caimensiona contoor piot of the same potonal as in Figure 4 6. (b Comour plot with olectric field Ines superimposed. (c) Electric fieid

strength at coguiarly spaced points in the xy plane repeesented by the sizes of the amows.
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