ELECTRIC CHARGE AND ELECTRIC FIELD

21.1.

21.2.

21.3.

21.4.

(@) IDENTIFY and SET UP:  Use the charge of one electron (—1.602x107" C) to find the number of electrons

required to produce the net charge.

EXeEcUTE: The number of excess electrons needed to produce net charge ¢ is
-9

4 - 320610 € 5 00x10" electrons.

—e -1.602x107" C/electron

(b) IDENTIFY and SETUP:  Use the atomic mass of lead to find the number of lead atoms in 8.00x10~ kg of
lead. From this and the total number of excess electrons, find the number of excess electrons per lead atom.
EXECUTE: The atomic mass of lead is 207 x 10~ kg/mol, so the number of moles in 8.00x107 kg is
o 8:00x107 kg
M 207x107 kg/mol
number of lead atoms is N =nN, = (0.03865 mol)(6.022x10* atoms/mol) = 2.328 x10** atoms. The number of
2.00x10" electrons
2.328x10” atoms
EVALUATE: Even this small net charge corresponds to a large number of excess electrons. But the number of
atoms in the sphere is much larger still, so the number of excess electrons per lead atom is very small.
IDENTIFY: The charge that flows is the rate of charge flow times the duration of the time interval.
SETUP: The charge of one electron has magnitude e=1.60x10" C.
EXECUTE: The rate of charge flow is 20,000 C/s and t=100 us=1.00x10""s.
9
1.60x10™"° C
EVALUATE: This is a very large amount of charge and a large number of electrons.
IDENTIFY: From your mass estimate the number of protons in your body. You have an equal number of electrons.
SETUP: Assume a body mass of 70 kg. The charge of one electron is —1.60x10™"° C.

m

=0.03865 mol. N, (Avogadro’s number) is the number of atoms in 1 mole, so the

excess electrons per lead atom is =8.59x107",

0 =(20,000 C/s)(1.00x10™ s)=2.00 C. The number of electrons is n, = =1.25x10".

EXECUTE: The mass is primarily protons and neutrons of m =1.67x10™ kg. The total number of protons and
70 kg

neutrons is 1, =——————=——=4.2x10. About one-half are protons, so n, =2.1x10* = n, . The number of
perdn 675107 kg

electrons is about 2.1x10*. The total charge of these electrons is

0 =(-1.60x10"" C/electron)(2.10x10*® electrons) = —3.35x10° C.

EVALUATE: This is a huge amount of negative charge. But your body contains an equal number of protons and
your net charge is zero. If you carry a net charge, the number of excess or missing electrons is a very small fraction
of the total number of electrons in your body.

IDENTIFY: Use the mass m of the ring and the atomic mass M of gold to calculate the number of gold atoms.
Each atom has 79 protons and an equal number of electrons.

SETUP: N, =6.02x10” atoms/mol. A proton has charge +e.

EXECUTE: The mass of gold is 17.7 g and the atomic weight of gold is 197 g/mol. So the number of atoms

177¢
197 g/mol

n, = (79 protons/atom)(5.41x10** atoms) =4.27x10** protons . Q = (n,)(1.60x10™"” C/proton) = 6.83x10° C.

(b) The number of electrons is 7, =n, =4.27 x 10*,

is N,n=(6.02x10% atoms/mol)( j =5.41x10% atoms . The number of protons is

EVALUATE: The total amount of positive charge in the ring is very large, but there is an equal amount of negative
charge.
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k
21.5. IDENTIFY: Apply F = M and solve for r.
r
SETUP: F=650N.
k . 9 . 2 2 . 2
EXECUTE: r:\/ 9.4, :\/(8 9910 N-m/CHOCY _ 37,10 m=37 km
F 650 N
EVALUATE: Charged objects typically have net charges much less than 1 C.
21.6. IDENTIFY: Apply Coulomb's law and calculate the net charge ¢ on each sphere.
SETUP: The magnitude of the charge of an electron is e=1.60x10"" C.
1 ¢ .
EXECUTE: F = 4—q—2. This gives |q| = \[47€,Fr? = [47¢,(4.57x10™> N)(0.200 m)* =1.43x107'° C. And
e, ¥
therefore, the total number of electrons required is 7 =|g|/e=(1.43x107'* C)/(1.60x10™"” C/electron) =890 electrons.
EVALUATE: Each sphere has 890 excess electrons and each sphere has a net negative charge. The two like
charges repel.
21.7. IDENTIFY: Apply Coulomb’s law.
SET UP: Consider the force on one of the spheres.
(a) EXECUTE: ¢,=¢,=¢
1 ’ .
F= |%‘212|: T s0q=r F :0.150m\/ OZEON — =7.42x107 C (on each)
4re, 1 dreyr (1/4re,) 8.988x10" N-m°/C
(b) ¢, =44,
1 4q’
pollowl 4 [ F [ 4107 0)=371x107 C.
4re, 1 4reyr 4(1/4re,) (1/4re,)
And then ¢, = 4g, =1.48x10° C.
EVALUATE: The force on one sphere is the same magnitude as the force on the other sphere, whether the sphere
have equal charges or not.

21.8. IDENTIFY: Use the mass of a sphere and the atomic mass of aluminum to find the number of aluminum atoms in
one sphere. Each atom has 13 electrons. Apply Coulomb's law and calculate the magnitude of charge |q| on each
sphere.

SETUP: N, =6.02x10% atoms/mol. |g|=nle, where nis the number of electrons removed from one sphere
and added to the other.
EXeEcUTE: (@) The total number of electrons on each sphere equals the number of protons.
n,=n =(13)(N,) __0.0250ke | _ ;55,10 electrons .
0.026982 kg/mol
2
(b) For a force of 1.00x10* N to act between the spheres, F =1.00x10* N = %q—z . This gives
e, ¥
lg| = \/47zeo (1.00x10* N)(0.0800 m)* =8.43x10™* C . The number of electrons removed from one sphere and
added to the other is n, =|g|/e =5.27x10" electrons.
(©)n./n,=727x107".
EVALUATE: When ordinary objects receive a net charge the fractional change in the total number of electrons in
the object is very small .
21.9. IDENTIFY: Apply F =ma,with F =k@.
r

SETUP: a=25.0g =245 m/s*. An electron has charge —e=-1.60x10"" C.
2

EXECUTE: F =ma=(8.55x107 kg)(245 m/s*)=2.09 N . The spheres have equal charges g, so F = kq—2 and
r

-6
lg| =7 /E =(0.150 m)\/ 2'(9)9 N — =2.29x10" C. N:M:w:l.%xlol3 electrons . The
k 8.99x10° N-m"/C e 1.60x107" C

charges on the spheres have the same sign so the electrical force is repulsive and the spheres accelerate away from
each other.
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21.10.

21.11.

21.12.

EVALUATE: As the spheres move apart the repulsive force they exert on each other decreases and their
acceleration decreases.

(a) IDENTIFY: The electrical attraction of the proton gives the electron an acceleration equal to the acceleration
due to gravity on earth.

SETUP: Coulomb’s law gives the force and Newton’s second law gives the acceleration this force produces.

2
ma=—— —|q132| and r= |5
4re, 1 4rema

(9.00x10° N-m*/C?)(1.60x10™ C)’
(9.11x107" kg )(9.80 m/s?)

EXECUTE: r= =5.08m

EVALUATE: The electron needs to be about 5 m from a single proton to have the same acceleration as it receives
from the gravity of the entire earth.

(b) IDENTIFY: The force on the electron comes from the electrical attraction of all the protons in the earth.
SETUP: First find the number 7 of protons in the earth, and then find the acceleration of the electron using
Newton’s second law, as in part (a).

n = mg/m, = (5.97 x 10 kg)/(1.67 x 107" kg) = 3.57 x 10’ protons.

1 ga] 1 e2
4 R 4
a=Fim=""% e _ 7%

2
m m.R;

e

EXECUTE: a =(9.00 x 10° N- m*/C?)(3.57 x 10°")(1.60 x 107 C)*/[(9.11 x 10" kg)(6.38 x 10° m)*] =2.22 x
10* m/s”. One can ignore the gravitation force since it produces an acceleration of only 9.8 m/s> and hence is much
much less than the electrical force.

EVALUATE:  With the electrical force, the acceleration of the electron would nearly 10* times greater than with
gravity, which shows how strong the electrical force is.

IDENTIFY: In a space satellite, the only force accelerating the free proton is the electrical repulsion of the other
proton.

SETUP: Coulomb’s law gives the force, and Newton’s second law gives the acceleration: a = F/m =

(1/4re,) (¢*/r*)/m.

EXECUTE: (a) a =(9.00 x 10° N- m*/C?)(1.60 x 10" C)*/[(0.00250 m)*(1.67 x 107" kg)] = 2.21 x 10* m/s’.

(b) The graphs are sketched in Figure 21.11.

EVALUATE: The electrical force of a single stationary proton gives the moving proton an initial acceleration
about 20,000 times as great as the acceleration caused by the gravity of the entire earth. As the protons move
farther apart, the electrical force gets weaker, so the acceleration decreases. Since the protons continue to repel, the
velocity keeps increasing, but at a decreasing rate.

[ v

!
|

Figure 21.11

IDENTIFY:  Apply Coulomb’s law.

SETUP: Like charges repel and unlike charges attract.

1 L 1 (0.550x10°C

—@ . This gives 0.200 N = ( - - e

4re, ¥ 4re, (0.30m)

force is attractive and ¢, <0, s0 g, =+3.64x107° C.

(b) F=0.200 N. The force is attractive, so is downward.

EVALUATE: The forces between the two charges obey Newton's third law.

EXECUTE: (a) F = and |g,| =+3.64x10° C. The
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21.13.

21.14.

21.15.

21.16.

21.17.

IDENTIFY:  Apply Coulomb’s law. The two forces on g, must have equal magnitudes and opposite directions.
SETUP: Like charges repel and unlike charges attract.

|‘12%|

EXECUTE: The force F,that g, exerts on ¢, has magnitude F, = k=== and is in the +x direction. F, must be in

)

the —x direction, so g, must be positive. F| = F, gives kM = kw .

2
I n

2 2
“loll ] = 3.00 2.00 cmj 0750
|ai| qul(rzj 3.0 nC)(4.00 ] =0750nC.

EVALUATE: The result for the magnitude of g, doesn’t depend on the magnitude of ¢, .
IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on Q.
SETUP: The force that g, exerts on Q is repulsive, as in Example 21.4, but now the force that ¢, exerts is

attractive.
EXECUTE: The x-components cancel. We only need the y-components, and each charge contributes equally.

1 (2.0x107°C) (4.0x10™° C) i
47e, (0.500 m)

2F =0.35N, in the —y-direction .

EVALUATE: If ¢, is —2.0 4C and g, is +2.0 uC, then the net force is in the +y-direction.

F,=F, = na =-0.173 N (since sina = 0.600). Therefore, the total force is

IDENTIFY:  Apply Coulomb’s law and find the vector sum of the two forces on ¢, .
SETUP: Like charges repel and unlike charges attract, so If2 and If3 are both in the +x-direction.

EXECUTE: F2 :k@ =6.749x107° N, F3 =k|‘I1‘2]3|
7

ré 13
F =1.8x10"" N and is in the +x-direction.

EVALUATE: Comparing our results to those in Example 21.3, we see that F, on3 = —If3 on1» as required by

=1.124x10"N. F=F,+ F,=1.8x10"* N.

Newton’s third law.
IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on ¢, .

SETUP: F,_,,is in the +y-direction.
9 2 /2 6 6
EXECUTE: F, = (9.0x10° N-m*/C*) (2.0x10° C) (2.0x10™° C)

2onl — (060 m)z

2onl

=0.100N . (F,,,,). =0and

X

(F‘20nl

),=+0.100N . F,

Qonl

is equal and opposite to £, ,,, (Example 21.4), so (FQ o l) =-0.23N and

x

(FQonl

)y =0.17TN. F,=(F,,,), +(Fyoi) ==023N. F, =(F,,,), +(FQ0nl)y =0.100N+0.17N=0.27 N.

The magnitude of the total force is F = \/(0.23 N)2 +(0.27 N)2 =0.35N. tan 5= 40°,s0 F is

40° counterclockwise from the +y axis, or 130° counterclockwise from the +x axis.
EVALUATE: Both forces on ¢, are repulsive and are directed away from the charges that exert them.

IDENTIFY and SET UP:  Apply Coulomb’s law to calculate the force exerted by ¢, and ¢, on g,. Add these
forces as vectors to get the net force. The target variable is the x-coordinate of ¢;.

EXECUTE: F, is in the x-direction.

F =k@:3.37 N,s0F, =+337N
"

F.=F, +F, and F,=—7.00 N
F,, =F, —F, =-700N-3.37N=-1037N

For F,_ to be negative, g, must be on the —x -axis.

ql%l’ | |: @:0,144m, sox=-0.144 m

Fy=k—=—>, s0 |x]
x 3

EVALUATE: g, attracts ¢, in the +x-direction so g, must attract g, in the —x-direction, and g, is at negative x.
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21.18.

21.19.

21.20.

IDENTIFY: Apply Coulomb’s law.
SETUP: Like charges repel and unlike charges attract. Let F,, be the force that ¢, exerts on ¢, and let Fy, be
the force that ¢, exertson ¢, .
EXEcUTE: The charge g, must be to the right of the origin; otherwise both ¢, and ¢, would exert forces in the
+x direction. Calculating the two forces:

1 g (9x10° N-m?/C*)(3.00x10° C)(5.00x 10 C)

" 4ze, (0.200 m)>

_(9x10" N- m?/C*) (3.00x107° C) (8.00x10° C) 0216 N-m’

2 2
UE UE

216 N-m’ 216 N-m?
Weneed F, = Fy — Fy, =—7.00N , s0 3375 N S2ONM 500N = [~ 021ONM 6 40m g,
: 7 3375N +7.00 N

=3.375 N, in the +x direction.

F. , in the —x direction.

31

isat x=0.144 m .
EVALUATE: F, =10.4N. F}, is larger than F,, because |g;| is larger than |¢,| and also because r;, is less than r,.
IDENTIFY:  Apply Coulomb’s law to calculate the force each of the two charges exerts on the third charge. Add

these forces as vectors.
SETUP: The three charges are placed as shown in Figure 21.19a.
y

4, = +3.20nC
0.400 m

g, = +500nC
0.200 m

g, = —150nC

Figure 21.19a

EXecuTE: Like charges repel and unlike attract, so the free-body diagram for ¢, is as shown in Figure 21.19b.
y

F, :%@
7€ N3
F = 41 |‘I2;]3|
€ I3
Figure 21.19b
-9 -9
F =(8.988x10° N-m/c {2010 OC000 O _y o5, 100§
(0.200 m)
-9 -9
F, = (8.988x10° N-m?/c?)3:20x10 C)(S'O(zxw ©) _5.988x107 N
(0.400 m)

The resultant force is R=F, + F,.
R =0.
R, =F +F,=1.685x10"° N +8.988x107 N=2.58x10 N.

The resultant force has magnitude 2.58x107° N and is in the —y-direction.

EVALUATE: The force between ¢, and g, is attractive and the force between ¢, and ¢, is replusive.
IDENTIFY: Apply F = k@ to each pair of charges. The net force is the vector sum of the forces due to ¢, and g,.
r

SETUP: Like charges repel and unlike charges attract. The charges and their forces on g, are shown in Figure 21.20.
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21.21.

21.22.

(4.00x107° C)(0.600x107° C)
(0.200 m)*
(5.00x107° C)(0.600x10™° C)
(0.300 m)*

F.=F, +F, =+F —F,=240x10" N. The net force has magnitude 2.40x10”" N and is in the +x direction.

EVALUATE: Each force is attractive, but the forces are in opposite directions because of the placement of the

charges. Since the forces are in opposite directions, the net force is obtained by subtracting their magnitudes.
y

ExECUTE: F =k@ = (8.99x10° N-m%/C?)

h

=5394x107 N .

|‘12q3|
7

F =k =(8.99x10° N-m*/C?) =2.997x10" N.

«—0.200 m —

a2 Fs a3 q1

Figure 21.20
IDENTIFY: Apply Coulomb’s law to calculate each force on —Q.
SETUP: Let If1 be the force exerted by the charge at y =a and let If2 be the force exerted by the charge at y = —a.

1/2

EXecuTE: (@) The two forces on —Q are shown in Figure 21.21a. sin8 = W and r=(a’ +x*)" is the
a +x

distance between ¢ and —Q and between —g and —-Q .

qQ o 1 2qQa
32

b) F.=F_+F,_=0.F =F +F =2——————sinf=——"—
( ) x 1x 2x y ly 2y 47[% (a2+x2) 47[60 (a2+x2)

(c) Atx=0,F, = _1 249 in the +y direction.

dre, @’
(d) The graph of F, versus x is given in Figure 21.21b.
EVALUATE: F_ =0 for all values of x and F} > ( for all x.

xfa

Figure 21.21

IDENTIFY:  Apply Coulomb’s law to calculate each force on —Q .
SETUP: Let lf1 be the force exerted by the charge at y =a and let If2 be the force exerted by the charge at

X
y =—a . The distance between each charge g and Q'is r = (az +x )1/2 . cosf = I —.
(a2 + xz)
ExecuUTE: (a) The two forces on —Q are shown in Figure 21.22a.
(b) When x>0, F and F, arenegative. F, =F, +F, =-2 ! qu ——cosf = ! z_quzxm . When
’ ’ ’ ’ 4re, (a” +x7) 4re, (a” +x7)

x<0, F and F,, are positive and the same expression for F applies. F,=F +F, =0.
() At x=0, F.=0.
(d) The graph of F versus x is sketched in Figure 21.22b.
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EVALUATE: The direction of the net force on —Q is always toward the origin.
F

X

I —

qde

F, /
a

d'r .rfu

(@ (®)
Figure 21.22

21.23. IDENTIFY: Apply Coulomb’s law to calculate the force exerted on one of the charges by each of the other three

and then add these forces as vectors.
(a) SETUP: The charges are placed as shown in Figure 21.23a.

L
ffl. KU /.qz
45 7
% 45°
4 \.__..-
//
L 4 Ly — gy — _
e 49,=9,=93=494,=4
L
rd
’
7/
7
® @
q4 :

Figure 21.23a

Consider forces on ¢,. The free-body diagram is given in Figure 21.23b. Take the y-axis to be parallel to the

diagonal between ¢, and ¢, and let +y be in the direction away from ¢,. Then F, is in the +y-direction.

2
EXECUTE: F,=F, =Lq—2
4re, L

__ L4

dre, 21
F, =-Fsin45°= —F]/\/E
F, =+F cos45° = +F/N2
F,, =+F,sin45° = +F,/2
F,, =+F,cos45° = +F,\2
F, =0, F, =F,

2

Figure 21.23b
(b) RX :EX+]?2X+I?3X :0

2 2 2
Ry=F,+ Byt Fy= Nty L4 41400
T ’ ’ Are, ' 4re, 200 8ne,L

2
rR=-1 S (1+ 22 ). Same for all four charges.
8me, L



21-8 Chapter 21
EVALUATE: In general the resultant force on one of the charges is directed away from the opposite corner. The
forces are all repulsive since the charges are all the same. By symmetry the net force on one charge can have no
component perpendicular to the diagonal of the square.
k ’
21.24. IDENTIFY: Apply F= @ to find the force of each charge on +¢ . The net force is the vector sum of the
r
individual forces.
SETUP: Let ¢, =+2.50 4C and g, =—-3.50 uC. The charge +¢ must be to the left of g, or to the right of ¢, in
order for the two forces to be in opposite directions. But for the two forces to have equal magnitudes, +¢ must be
closer to the charge ¢, , since this charge has the smaller magnitude. Therefore, the two forces can combine to give
zero net force only in the region to the left of ¢, . Let +¢q be a distance d to the left of ¢, , so it is a distance
d +0.600 m from ¢, .
ki ki
EXECUTE: F = F, gives ql?' __ f4la| L d=+ m(d +0.600 m) = +(0.8452)(d +0.600 m) . d must
d*>  (d+0.600 m) ||
.. .8452)(0. .
be positive, so d = W =3.27 m. The net force would be zero when +¢ isat x=-3.27 m.
EVALUATE: When +¢isat x=-3.27 m, F, isinthe —x direction and F, is in the -+x direction.
21.25. IDENTIFY: F = |q|E . Since the field is uniform, the force and acceleration are constant and we can use a constant
acceleration equation to find the final speed.
SETUP: A proton has charge +e and mass 1.67x107" kg .
EXECUTE: (a) F=(1.60x107" C)(2.75x10° N/C)=4.40x107"° N
F  440x10"° N
() a=l =00 N ) 610" s
m 1.67x10" kg
() v, =v,, +at gives v=(2.63x10" m/s*)(1.00x107° s)=2.63x10° m/s
EVALUATE: The acceleration is very large and the gravity force on the proton can be ignored.
21.26. IDENTIFY: For a point charge, £ = k@ .
r
SETUP: E is toward a negative charge and away from a positive charge.
EXecuTe: (@) The field is toward the negative charge so is downward.
-9
E=899x10° N-m*/c?)>210_ € _ 45 nic.
(0.250 m)
k . 9 . 2 2 . -9
b) 1= /M =\/(8 99x10° N-m*/C*)(3.00x10” C) _, (o
E 12.0 N/C
EVALUATE: At different points the electric field has different directions, but it is always directed toward the
negative point charge.
21.27. IDENTIFY: The acceleration that stops the charge is produced by the force that the electric field exerts on it.

Since the field and the acceleration are constant, we can use the standard kinematics formulas to find acceleration
and time.

(a) SETUP:  First use kinematics to find the proton’s acceleration. v. =0 when it stops. Then find the electric
field needed to cause this acceleration using the fact that F' = gE.

EXECUTE: v} =v, +2a (x—x,).0=(4.50 x 10° m/s)’ + 2a(0.0320 m) and a = 3.16 x 10" m/s’. Now find the
electric field, with g = e. eE = ma and E = ma/e = (1.67 x 10" kg)(3.16 x 10" m/s*)/(1.60 x 107" C) =3.30 x

10° N/C, to the left.
(b) SETUP: Kinematics gives v = v, + at, and v = 0 when the electron stops, so ¢ = vy/a.

EXECUTE: ¢ =vy/a=(4.50 x 10° m/s)/(3.16 x 10" m/s?) =1.42 x 10 s=14.2 ns

(c) SETUP: In part (a) we saw that the electric field is proportional to m, so we can use the ratio of the electric
fields. E,/E, =m,/m and E, =(m, /m,)E,.

EXECUTE: E.=[(9.11 x 107" kg)/(1.67 x 107" kg)](3.30 x 10° N/C) = 1.80 x 10’ N/C, to the right

EVALUATE: Even a modest electric field, such as the ones in this situation, can produce enormous accelerations
for electrons and protons.
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21.28.

21.29.

21.30.

21.31.

IDENTIFY: Use constant acceleration equations to calculate the upward acceleration a and then apply F = g¢E to
calculate the electric field.

SETUP: Let +y be upward. An electron has charge ¢ =—¢.

ExecuTE: (a) v,,=0and a,=a,so y—y,=v,t++at gives y—y,=+at’ . Then

a:2(y—y0): 2(4.50 m) =l.00><1012m/sz. EZEZEZ(QIIXI(WI ke) (1.00 x 10" m/sz)
£ (3.00x107° s) q q 1.60x10™° C

The force is up, so the electric field must be downward since the electron has negative charge.

=569N/C

(b) The electron’s acceleration is ~10'' g , so gravity must be negligibly small compared to the electrical force.

EVALUATE: Since the electric field is uniform, the force it exerts is constant and the electron moves with
constant acceleration.

(a) IDENTIFY: Eq. (21.4) relates the electric field, charge of the particle, and the force on the particle. If the
particle is to remain stationary the net force on it must be zero.

SETUP: The free-body diagram for the particle is sketched in Figure 21.29. The weight is mg, downward. For
the net force to be zero the force exerted by the electric field must be upward. The electric field is downward. Since
the electric field and the electric force are in opposite directions the charge of the particle is negative.

g 15 mg =|q| E

mg

Figure 21.29

B mg _ (1.45x107° kg)(9.80 m/s*)
E 650 N/C
(b) SETUP:  The electrical force has magnitude F, = |q|E =eE. The weight of a proton is w=mg. F,=w so

EXECUTE: |g =2.19%10" Cand g =-21.9 uC

eE =mg
_mg _(1.673x107 kg)(9.80 m/s*)

e 1.602x107"° C
This is a very small electric field.

EVALUATE: In both cases |q|E =mg and E = (m/|q|)g. In part (b) the m/|q| ratio is much smaller (~107*) than

EXECUTE: E =1.02x107 N/C.

in part (a) (~107*) so E is much smaller in (b). For subatomic particles gravity can usually be ignored compared to
electric forces.
: __ 1l
IDENTIFY: Apply E=—5.
4re, v

SETUP: The iron nucleus has charge +26e. A proton has charge +e .

1 (26)(1.60x10™" C) _
4re, (6.00x107"° m)’

1 (1.60x107"° C
(b) Eprmon = —11 )2
47e, (5.29x107 m)

EVALUATE: These electric fields are very large. In each case the charge is positive and the electric fields are
directed away from the nucleus or proton.

EXECUTE: (a) E= 1.04x10" N/C.

=5.15x10" N/C.

IDENTIFY: For a point charge, E = k@. The net field is the vector sum of the fields produced by each charge. A
r

charge ¢ in an electric field E experiences a force F = gE.

SET UP: The electric field of a negative charge is directed toward the charge. Point 4 is 0.100 m from ¢, and
0.150 m from ¢,. Point B is 0.100 m from ¢, and 0.350 m from g¢,.
ExecuUTE: (a) The electric fields due to the charges at point 4 are shown in Figure 21.31a.

-9
] _ (3 99,10° N i) 825310 €
" (0.150 m)

-9
E, = k@ =(8.99x10° N-mZ/CZ)M
T2 (0.100 m)

E =k =2.50x10° N/C

=1.124x10* N/C



21-10  Chapter 21
Since the two fields are in opposite directions, we subtract their magnitudes to find the net field.
E=E,-E =8.74x10° N/C, to the right.
(b) The electric fields at points B are shown in Figure 21.31b.
|| X L 5.6.25x107° C ,
E =k =(8.99%10" N-m*/C")—————-=5.619x10" N/C
T (0.100 m)
12.5x107°
E, =k@ =(8.99x10° N-mz/Cz)—SX ZC =9.17x10* N/C
T (0.350 m)
Since the fields are in the same direction, we add their magnitudes to find the net field. £ =E, + E, =6.54x10° N/C,
to the right.
(c) At 4, E =8.74x10° N/C, to the right. The force on a proton placed at this point would be
F=gE=(1.60x10" C)(8.74x10° N/C) =1.40x10"" N, to the right.
EVALUATE: A proton has positive charge so the force that an electric field exerts on it is in the same direction as
the field.
«—— 0,150 m——<—0.100 m— «— 0100 m——— 0250 m——
'El
. - . > . BE—= e .
qi E, A E, 42 g, 9 a2
(a (b)
Figure 21.31
21.32. IDENTIFY: The electric force is F =gE .
SETUP: The gravity force (weight) has magnitude w = mg and is downward.
EXecuTE: (@) To balance the weight the electric force must be upward. The electric field is downward,
so for an upward force the charge g of the person must be negative. w=F gives mg = |q|E and
60 kg)(9.80 my/s’
|q|:ﬂz( 0 ke)©®-80 m/s ):3.9C.
E 150 N/C
/ 2
(o) F= k@ =(8.99x10° N mz/Cz)% =1.4x10" N . The repulsive force is immense and this is not a
r m
feasible means of flight.
EVALUATE: The net charge of charged objects is typically much less than 1 C.
21.33. IDENTIFY: Egq. (21.3) gives the force on the particle in terms of its charge and the electric field between the

plates. The force is constant and produces a constant acceleration. The motion is similar to projectile motion; use
constant acceleration equations for the horizontal and vertical components of the motion.
(a) SETUP:  The motion is sketched in Figure 21.33a.

2.00 cm

0.50 {:m$ v I For an electron g =—e.
oo | - .

Figure 21.33a

F =¢E and ¢ negative gives that F and E are in opposite directions, so F is upward. The free-body diagram
for the electron is given in Figure 21.33b.

1 EXECUTE: » F, =ma,
a

F=eE eE =ma

X

Figure 21.33b
Solve the kinematics to find the acceleration of the electron: Just misses upper plate says that x —x, =2.00 cm
when y—y, =+0.500 cm.

x-component
Vo, =V, =1.60x10° m/s, a, =0, x—x, =0.0200 m, £ =?

_ 1,42
X=X, =V l+5at

x
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21.34.

21.35.

x—x,  0.0200m

t= = < =125x10" s

Vo,  1.60x10° m/s
In this same time ¢ the electron travels 0.0050 m vertically:
y-component

t=125%x10"s, Vo, =0, ¥y =¥, =40.0050 m, @, =?
Y=Yy =vyl+1ar’

2(y— 2(0.
g, =20~ 0) _ 200000m) _ 6 g0 1y
’ t (1.25%107° s)
(This analysis is very similar to that used in Chapter 3 for projectile motion, except that here the acceleration is
upward rather than downward.) This acceleration must be produced by the electric-field force: eE = ma

ma _ (9.109x107" kg)(6.40x10" m/s*)
e 1.602x107™" C

Note that the acceleration produced by the electric field is much larger than g, the acceleration produced by
gravity, so it is perfectly ok to neglect the gravity force on the elctron in this problem.
E  (1.602x107" 4N
(b) a =& 2 L602XI0 7 OBCNIC) _3 49100 g2
1.673x10" kg

This is much less than the acceleration of the electron in part (a) so the vertical deflection is less and the
proton won’t hit the plates. The proton has the same initial speed, so the proton takes the same time
t=1.25x10" s to travel horizontally the length of the plates. The force on the proton is downward (in the
same direction as E, since g is positive), so the acceleration is downward and a,=-3.49x 10" m/s.

Y=Yy =yt +1a,t’ =1(-3.49x10" m/s*)(1.25x107 5)* = -2.73x10™° m. The displacement is 2.73x10™" m,

downward.

(c) EVALUATE: The displacements are in opposite directions because the electron has negative charge and the
proton has positive charge. The electron and proton have the same magnitude of charge, so the force the electric
field exerts has the same magnitude for each charge. But the proton has a mass larger by a factor of 1836 so its
acceleration and its vertical displacement are smaller by this factor.

IDENTIFY: Apply Eq.(21.7) to calculate the electric field due to each charge and add the two field vectors to find
the resultant field.

SETUP: For q,, F=].For q,, f =cosfi +sin@] , where @ is the angle between E, and the “+x-axis.

E= =364 N/C

9 272\ -9 .
EXecUTE: (a) E, =—2L 2j=(9'0X10 N-m/C)500x10°€) _ ) g13x10° N/O) -
dreyrn; (0.0400 m)

9 2 2 -9

|E2| =& == 010" N mZ/C )3.00x10_ C) =1.080x10* N/C . The angle of E,, measured from the
4rer, (0.0300 m)” +(0.0400 m)

x-axis, is 180°—tan’1(4'00—cm):126.9° Thus

3.00 cm

E, = (1.080x10* N/C)(i c0s126.9° + jsin126.9°) = (—6.485x10° N/C)i +(8.64x10° N/C) j
(b) The resultant field is E, + E, = (~6.485x10° N/C)i +(-2.813x10* N/C+8.64x10° N/C) ] .
E, +E, =(~6.485x10° N/C)i —(1.95x10* N/C) ] .

EVALUATE: E, istoward ¢, since g, is negative. E, is directed away from ¢,, since g, is positive.

IDENTIFY: Apply constant acceleration equations to the motion of the electron.
SETUP: Let +x be to the right and let +y be downward. The electron moves 2.00 cm to the right and 0.50 cm

downward.
EXeEcUTE: Use the horizontal motion to find the time when the electron emerges from the field.
x—=x,=0.0200m,a, =0,v,, =1.60x10°m/s. x—x,=v, ¢ +1a 1’ gives t=125x10"s. Since a, =0,

v =1.60x10°m/s. y— y,=0.0050m, v, =0, =125x10"%s. y—y, =| 222 |4 g ~8.00x10° m/
=1. . y=¥,=0. m, v, =0,7=1. S. Y=y, = 5 gives v, =8. m/s.

Then v=,/v; +v; =1.79x10° m /s .
EVALUATE: v, =v,, +a gives a, =6.4x10" m/s* . The electric field between the plates is

ma, (9.11x107" kg)(6.4x10" m/s*)
e 1.60x10™" C

E=

=364 V/m . This is not a very large field.
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21.36. IDENTIFY: Use the components of E from Example 21.6 to calculate the magnitude and direction of E . Use
F = ¢E to calculate the force on the —2.5 nC charge and use Newton's third law for the force on the
—8.0 nC charge.
SETUP: From Example 21.6, E = (=11 N/C)i + (14 N/C) | .
E : E=JE>+E> =\[(-11N/C)* + (14 N/C)* =17.8 N/C . tan™' 2] =tan"'(14/11)=51.8°
XECUTE: (@) —\/x+ L= ) +( ) =17. . tan ?—tan( /11)=51.8°, so
6 =128° counterclockwise from the +x-axis.
(b) (i) F =Egso F=(178N/C)(2.5x10”° C)=4.45x10" N, at 52° below the +x-axis.
(i) 4.45x107® N at 128° counterclockwise from the +x-axis.
EVALUATE: The forces in part (b) are repulsive so they are along the line connecting the two charges and in each
case the force is directed away from the charge that exerts it.
21.37. IDENTIFY and SETUP: The electric force is given by Eq. (21.3). The gravitational force is w, =m,g. Compare
these forces.
(@) EXECUTE:  w, =(9.109x107" kg)(9.80 m/s’)=8.93x107" N
In Examples 21.7 and 21.8, E =1.00x10* N/C, so the electric force on the electron has magnitude
F, =|q|E =eE=(1.602x10"" C)(1.00x10* N/C) =1.602x10"" N.
-30
w, _ 8.93x10 7]5N _5.57x10°"
F, 1.602x107° N
The gravitational force is much smaller than the electric force and can be neglected.
(b) mg =|q|E
m=|q|E/g=(1.602x10"" C)(1.00x10* N/C)/(9.80 m/s*) =1.63x107" kg
-16
m_ L6310 ke ) 59,104, m=1.79x10"m,.
m, 9.109x10™" kg
EVALUATE: m is much larger than m,. We found in part (a) that if m =m, the gravitational force is much smaller
than the electric force. |q| is the same so the electric force remains the same. To get w large enough to equal F,
the mass must be made much larger.
(c) The electric field in the region between the plates is uniform so the force it exerts on the charged object is
independent of where between the plates the object is placed.
21.38. IDENTIFY: Apply constant acceleration equations to the motion of the proton. E = F'/ |q| .
SETUP: A proton has mass m, =1.67x 107 kg and charge +e. Let +x be in the direction of motion of the proton.
ExXecuTE: (@) v, =0. a= £ L X=X, =vt+1a .’ gives x—x, = lattt2 = lét2 . Solving for E gives
’ m, ’ 2 2m,
—27
£ 2(0.016071111)(1.67><10 76kg)2 _ 148 N/C.
(1.60x107" C)(1.50x107" s)
) v, =v,, +at= e _213x10° m/s.
p
EVALUATE: The electric field is directed from the positively charged plate toward the negatively charged plate
and the force on the proton is also in this direction.
21.39. IDENTIFY: Find the angle @ that f makes with the +x-axis. Then f = (cos@)i + (sin6) j .

SETUP: tanf=y/x
EXECUTE: (a) tan™ (%J:—% rad. F=—].

(b) tan‘(Ejzﬁrad. o2 V25
12 4 2 2

(c) tan™ (%j =1.97rad=112.9°. f =-0.39i +0.92] (Second quadrant).
+1.

EVALUATE: In each case we can verify that f is a unit vector, because f-f =1.
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21.40. IDENTIFY: The net force on each charge must be zero.
SETUP: The force diagram for the —6.50 xC charge is given in Figure 21.40. Fy is the force exerted on the

charge by the uniform electric field. The charge is negative and the field is to the right, so the force exerted by the
field is to the left. F, is the force exerted by the other point charge. The two charges have opposite signs, so the
force is attractive. Take the +x axis to be to the right, as shown in the figure.

EXECUTE: () F =|g|E =(6.50x10"° C)(1.85x10° N/C)=1.20x10" N
(6.50x107° C)(8.75x107° C)
(0.0250 m)?

DF, =0 gives T+F,~F,=0 and T=F, —F, =382 N.
(b) Now F, is to the left, since like charges repel.
D> F,=0 gives T—F,~F,=0and T=F, +F,=202x10° N .

EVALUATE: The tension is much larger when both charges have the same sign, so the force one charge exerts on
the other is repulsive.

F, = plagl (8.99x10° N-m?/C?)

- =8.18x10° N
.

y E

A=

1
!—'- X
Ff

Figure 21.40

21.41. IDENTIFY and SETUP: Use E in Eq. (21.3) to calculate If, F =ma to calculate d, and a constant acceleration
equation to calculate the final velocity. Let +x be east.
(a) EXECUTE:  F, =|g|E =(1.602x10™"" C)(1.50 N/C) =2.403x10"" N

a,=F/m=(2.403x10"" N)/(9.109x10" kg) = +2.638x10"" m/s’
Vo, = +4.50x10° m/s, a, =+2.638x10" m/s?, x—x,=0.375m, v, =?
vi=v, +2a (x—x,) gives v, =6.33x10° m/s
EVALUATE: E is west and ¢ is negative, so F is east and the electron speeds up.
(b) EXECUTE:  F, =—|g|E =-(1.602x10"" C)(1.50 N/C) = —2.403x10™"" N
a,=F./m=(-2.403x10"" N)/(1.673x107 kg) = -1.436x10° m/s’
Vo, = +1.90x10*m/s, a, =—1.436x10° m/s’, x—x,=0.375m, v, =?
vi=v, +2a (x—x,) gives v, =1.59x10* m/s
EVALUATE: ¢ >0 so F is west and the proton slows down.
21.42. IDENTIFY: Coulomb’s law for a single point-charge gives the electric field.
(@) SETUP:  Coulomb’s law for a point-charge is E = (1/47x¢,)q/r’.

EXECUTE: E =(9.00 x 10° N- m*/C*)(1.60 x 107 C)/(1.50 x 10 m)*= 6.40 x 10*° N/C
(b) Taking the ratio of the electric fields gives

E/E piaies = (6.40 x 10% N/C)/(1.00 x 10* N/C) = 6.40 x 10'® times as strong
EVALUATE: The electric field within the nucleus is huge compared to typical laboratory fields!

21.43. IDENTIFY: Calculate the electric field due to each charge and find the vector sum of these two fields.
SETUP: At points on the x-axis only the x component of each field is nonzero. The electric field of a point
charge points away from the charge if it is positive and toward it if it is negative.

EXECUTE: (a) Halfway between the two charges, E =0.

(b) For |x|<a, E,=——[—9 ___4 | _ 4 __ax
4re, \ (a+x) (a—x) 4re, (x"—a”)
2, 2
Forx>a’E‘r=L q 2+ q 2 = zq xz+a22~
- Arg \(a+x)” (a—x) 4rre, (x"—a”)

_ 2 2
Forx<—az,E‘,:—1 q >+ 4 S == 29 x2+a22.
T dme, \(a+x)” (a-Xx) e, (x"—a”)

The graph of E_ versus x is sketched in Figure 21.43.
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EVALUATE: The magnitude of the field approaches infinity at the location of one of the point charges.

" a

Figure 21.43

21.44. IDENTIFY: For a point charge, E = k@ . For the net electric field to be zero, E, and E, must have equal
r

magnitudes and opposite directions.

SETUP: Let g, =+0.500 nC and ¢, =+8.00 nC. E is toward a negative charge and away from a positive charge.
EXECUTE: The two charges and the directions of their electric fields in three regions are shown in Figure 21.44.
Only in region II are the two electric fields in opposite directions. Consider a point a distance x from ¢, so a

distance 1.20 m—x from g, . E, = E, gives k 0'50(2) nC_, 890 “CZ 165 = (120 m—x)* . 4x =+(1.20 m—x)
x (1.20-x)

and x =0.24 m is the positive solution. The electric field is zero at a point between the two charges, 0.24 m from

the 0.500 nC charge and 0.96 m from the 8.00 nC charge.

EVALUATE: There is only one point along the line connecting the two charges where the net electric field is zero.

This point is closer to the charge that has the smaller magnitude.

Elz (i] E_E. - -.{l (,f‘g &FI E, E) 2 E,
: —X—> - E, E, £,
1.2m —X 1.2m
(@ (b)
Figure 21.44

21.45. IDENTIFY: Eq.(21.7) gives the electric field of each point charge. Use the principle of superposition and add the
electric field vectors. In part (b) use Eq.(21.3) to calculate the force, using the electric field calculated in part (a).
(a) SETUP: The placement of charges is sketched in Figure 21.45a.

y

#rl = +2.00 nC .ffg = —5.00nC

[ 2o

b

“a

0.200 ml 0.200m 0.600 m 0.400m

Figure 21.45a

The electric field of a point charge is directed away from the point charge if the charge is positive and toward the

point charge if the charge is negative. The magnitude of the electric field is £ = 4;@, where 7 is the distance
€ T

between the point where the field is calculated and the point charge.

(i) At point a the fields E, of ¢, and E, of ¢, are directed as shown in Figure 21.45b.

5 q, <0
. ®—~
g =0 S
1

Figure 21.45b
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-9
EXEcuTE: E =—o0 |q1| =(8.988x10° N 2/CZ)M=449.4 N/C
4re, 17 (0.200 m)
-9
E, = @ = 8988x10° N-m2/c) 22010 € oy e nic

> 4rze, 1}
E, =4494N/C,E, =0
E, =1248N/C,E,, =0
E =E +E, =+449.4N/C+1248 N/C=+574.2 N/C

E =E +E, =0

The resultant field at point a has magnitude 574 N/C and is in the +x-direction.

(if) SETUP: At point b the fields E, of ¢, and E, of ¢, are directed as shown in Figure 21.45c.

(0.600 m)

v

£y E,
e i
Y N
b

q,>0 q, < 0
Figure 21.45¢c

|q1| 2.00x107 C

EXECUTE: E, = =(8.988x10° N-m*/C*)=—————=12.5N/C
% (120 m)’
-9
E, = |q2| —(8.988x10° N-m?c?) 22210 C _p50.9 Nc
47reo ry (0.400 m)

E, =125N/C,E, =0
5, =—2809N/C,E, =0
E =E _+E, =+12.5N/C-280.9 N/C=-268.4 N/C
E =E +E, =0
The resultant field at point b has magnitude 268 N/C and is in the —x-direction.
(iii) SETUP: At point c the fields E, of ¢, and E, of ¢, are directed as shown in Figure 21.45d.

v

E, E,
5 5] .
. q 1 =0 q, <0

Figure 21.45d
-9
EXECUTE: E, = |%| - 8988x10° N-m/cH) 2200 € _ 49 4nic
472'60 s (0.200 )
-9
E, = |q§| (8.988x10° N-m2/c?) 220210 € _ 449 nc
4re, 1, (1.00 m)

E, =-4494N/C,E , =0

E, =+449N/C,E,, =0

E =E _+E, =—449.4N/C +44.9 N/C=-404.5N/C

E =E +E, =0

The resultant field at point b has magnitude 404 N/C and is in the —x-direction.

(b) SETUP:  Since we have calculated E at each point the simplest way to get the force is to use F = —¢E.
ExecuTe: (i) F=(1.602x107"° C)(574.2 N/C)=9.20x10""7 N, — x-direction

(i) F=(1.602x107" C)(268.4 N/C)=4.30x10""N, + x-direction

(iii) F =(1.602x107" C)(404.5 N/C)=6.48x107"" N, + x-direction

EVALUATE: The general rule for electric field direction is away from positive charge and toward negative
charge. Whether the field is in the +x- or — x-direction depends on where the field point is relative to the charge
that produces the field. In part (a) the field magnitudes were added because the fields were in the same direction
and in (b) and (c) the field magnitudes were subtracted because the two fields were in opposite directions. In

part (b) we could have used Coulomb's law to find the forces on the electron due to the two charges and then
added these force vectors, but using the resultant electric field is much easier.
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21.46. IDENTIFY: Apply Eq.(21.7) to calculate the field due to each charge and then require that the vector sum of the
two fields to be zero.
SETUP: The field of each charge is directed toward the charge if it is negative and away from the charge if it is
positive .
EXeEcUTE: The point where the two fields cancel each other will have to be closer to the negative charge,
because it is smaller. Also, it can’t be between the two charges, since the two fields would then act in the same
direction. We could use Coulomb’s law to calculate the actual values, but a simpler way is to note that the 8.00 nC
charge is twice as large as the —4.00 nC charge. The zero point will therefore have to be a factor of V2 farther
from the 8.00 nC charge for the two fields to have equal magnitude. Calling x the distance from the —4.00 nC
charge: 1.20+x = V2x and x=2.90m.
EVALUATE: This point is 4.10 m from the 8.00 nC charge. The two fields at this point are in opposite directions
and have equal magnitudes.
21.47. IDENTIFY: E= k@ . The net field is the vector sum of the fields due to each charge.
r
SETUP: The electric field of a negative charge is directed toward the charge. Label the charges ¢, ¢, and ¢3, as
shown in Figure 21.47a. This figure also shows additional distances and angles. The electric fields at point P are
shown in Figure 21.47b. This figure also shows the xy coordinates we will use and the x and y components of the
fields E,, E, and E, .
-6
EXECUTE:  E, = £, = (8.99x10° N-m?*) 2210 € _y 49,100 NiC
(0.100 m)
2.00x10°°
E,=(8.99x10° N- mz/c2>x—°§ =4.99x10° N/C
(0.0600 m)
E,=E, +E, +E =0 and E, =E, +E, +E, =E,+2E c0s53.1°=1.04x10" N/C
E =1.04x10" N/C, toward the —2.00 xC charge.
EVALUATE: The x-components of the fields of all three charges are in the same direction.
y
q,
'
8.0cm 10.0 cm
(j’2 r — P
8.0cm 10.0 em
L
qs
(a)
Figure 21.47
21.48. IDENTIFY: A positive and negative charge, of equal magnitude g, are on the x-axis, a distance @ from the origin.

Apply Eq.(21.7) to calculate the field due to each charge and then calculate the vector sum of these fields.
SETUP: E due to a point charge is directed away from the charge if it is positive and directed toward the charge
if it is negative.

EXECUTE: (a) Halfway between the charges, both fields are in the —x-direction and E = %Z—g, in the

—x-direction .

(b) E = ! _qz— 9 | for [x|<a. E = ! —q2+ 9 > |for x>a.
4re,\ (a+x)" (a—x) S dre\(a+x) (a—x)

x

= ! —4 > q 5 | for x<—a . E_ is graphed in Figure 21.48.
4re,\ (a+x)" (a—x) ’
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EVALUATE: At points on the x axis and between the charges, E_ is in the —x-direction because the fields from

both charges are in this direction. For x <—a and x >+a , the fields from the two charges are in opposite
directions and the field from the closer charge is larger in magnitude.

~X

—da a

Figure 21.48
21.49. IDENTIFY: The electric field of a positive charge is directed radially outward from the charge and has magnitude
E= %@ The resultant electric field is the vector sum of the fields of the individual charges.
e T
SETUP: The placement of the charges is shown in Figure 21.49a.
.r

d

0.200 m
4, =10 a 4, =0
—® - L 4

b
0.150 ml 0.150 m]l 0150 m

0.400 m
LA™

Figure 21.49a

EXecuTe: (a) The directions of the two fields are shown in Figure 21.49b.

1 .
E, E, E =E,= @WlthrzO.lSOm.
- 4re, r
a

E=E,~E=0;E =0,E =0

Figure 21.49b
(b) The two fields have the directions shown in Figure 21.49c.

E,
Y E=E +E,, inthe + x-direction
EI
Figure 21.49c
1 .00x107°
E = —@ =(8.988x10’ N~m2/C2)M =2396.8 N/C
4re, 1 (0.150 m)

6.00x10” C

E, = ;@ =(8.988x10° N-m*/C?) —=266.3 N/C

4z, 7 (0.450 m)
E=E, +E, =2396.8 N/C +266.3 N/C = 2660 N/C; E, =+2260 N/C, E, =0
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(c) The two fields have the directions shown in Figure 21.49d.

0.300 m
v

sing=2400m _ 5 00
0.500 m
c0s0 =301 _ 4 600
0.500 m
Figure 21.49d
- la
4re, 1
-9
E, =(8.988x10’ N-mZ/CZ)M =337.1N/C
(0.400 m)
gL lal
4re, 1,
-9
E, =(8.988x10’ N-mZ/CZ)M =215.7N/C
(0.500 m)
E, =0, E, =-E =-337.1N/C
E, =+E,cos@ =+(215.7 N/C)(0.600) = +129.4 N/C
E,, =—-E,sin@=—(215.7 N/C)(0.800) =—172.6 N/C
E =E, +E, =+129N/C
E,=E, +E, =-337.1N/C —=172.6 N/C =-510 N/C
E = JE?+E? =\/(129 N/C)* + (-510 N/C)* =526 N/C
E and its components are shown in Figure 21.49e¢.
tana =—
tang = —1ONC _ 5953
+129 N/C

a = 284°C, counterclockwise from + x-axis

Figure 21.49e
(d) The two fields have the directions shown in Figure 21.49f.

v

Mm
[

N\

TN siné

0.250 m , ‘ b . 0.250 m

_0200m _
50 m

0.800

A

’
rd

q, //ﬁ\ (l,;\ q,

-@ ®
0.150m | 0.150 m

Figure 21.49f
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The components of the two fields are shown in Figure 21.49g.

-' E
g . E =E,= 41 @
e r
-9
E, = (8.988x10° N-m?/c?) 2010 €
(0.250 m)

E,=E,=8628 N/C

Figure 21.49g

E _=-E cosb,E, =+E,cosb

E =E, +E, =0

E, =+Essing, E, =+E,sin0

E,=E, +E, =2E, =2E ssinf=2(862.8 N/C)(0.800)=1380 N/C
E =1380 N/C, in the + y-direction.

EVALUATE: Point a is symmetrically placed between identical charges, so symmetry tells us the electric field
must be zero. Point b is to the right of both charges and both electric fields are in the +x-direction and the resultant
field is in this direction. At point ¢ both fields have a downward component and the field of g, has a component to
the right, so the net E is in the 4th quadrant. At point d both fields have an upward component but by symmetry
they have equal and opposite x-components so the net field is in the +y-direction. We can use this sort of reasoning

to deduce the general direction of the net field before doing any calculations.
21.50. IDENTIFY: Apply Eq.(21.7) to calculate the field due to each charge and then calculate the vector sum of those fields.

SETUP: The fields due to ¢, and to ¢, are sketched in Figure 21.50.
-9
L (60010 ©) oy _s0f NiC.
4re, (0.6 m)

1 , 1 R . .
—(1.00 m)? (0.600)i +m(0.800) j] =(21.61 +28.8 ))N/C.

E=E +E,=(-1284 N/C)i + (28.8 N/C) | . E=+/(128.4 N/C)* +(28.8 N/C)* =131.6 N/C at

Execute: E,=

E, =L(4.00x10*" C)[
4re,

6 =tan™ (ﬁj =12.6° above the —x axis and therefore 196.2° counterclockwise from the +x axis.

EVALUATE: El is directed toward ¢, because g, is negative and EZ is directed away from g, because g, is positive.

\

e

L ]
=

4

Figure 21.50

2151, IDENTIFY: The resultant electric field is the vector sum of the field E, of ¢, and E, of g,.
SETUP: The placement of the charges is shown in Figure 21.51a.
:

d

0,200 m
4, <0 a 4=>0
. “ | ' -

A b
0,150 m| 0.150 m| 0,150 m
0400 m

.c

Figure 21.51a
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ExecuTe: (a) The directions of the two fields are shown in Figure 21.51b.

"' E =E, :L@
dre, 1,
E, )
= SO E, =(8.988x10’ N-mz/Cz)M
<0 ", I q,>0 (0.150 m)
E =E,=2397 N/C
Figure 21.51b

E, =-2397TN/C,E  =0E, =-2397TN/C, E,, =0

E =E _+E, =2(-2397 N/C)=-4790 N/C

E =E +E, =0

The resultant electric field at point a in the sketch has magnitude 4790 N/C and is in the —x-direction.
(b) The directions of the two fields are shown in Figure 21.51c.

¥

E, E,
e ~——— 7%
4, <0 g,>0 °
Figure 21.51c
-9
E = L@ =(8.988x10” N - m2/c2)M =2397 N/C
4re, 1 (0.150 m)
-9
E,= L@ =(8.988x10” N- mz/cz)w =266 N/C
4re, 1, (0.450 m)

E, =+2397 N/C, E,, =0 E, =~266 N/C, E, =0
E =E, +E, =+2397 N/C-266 N/C =+2130 N/C
E =E, +E, =0

The resultant electric field at point b in the sketch has magnitude 2130 N/C and is in the +x-direction.
(c) The placement of the charges is shown in Figure 21.51d.

0.300 m
.‘I
4, <0 q,>0 . sinH:0'300m:0.600
* ’ 0.500 m
0.400 m cos0 =240 _ 6 00
0.500 m
C
Figure 21.51d
The directions of the two fields are shown in Figure 21.51e.
gL lal
4% <0 h20 ' dre, i
il ' 6.00x10” C
\ : E, =(8.988x10° N-m*/C?) -~
il | (0.400 m)
i i E =337.0 N/C
ol b £
\ 2 gl (]
1 2 2
4re, 1,
E, 5
2x . 1
i E, = (8.988x10° N m?/c?) 20010 €
“I (0.500 m)
E, =215.7 N/C
Figure 21.51e

E, =0,E, =-E =-337.0N/C
E, =-E,sin6=—(215.7 N/C)(0.600) = —129.4 N/C
E,, =+E, cosf =+(215.7 N/C)(0.800) = +172.6 N/C
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21.52.

E,=E, +E, =-129N/C
E, =E, +E, =-337.0 N/C +172.6 N/C=~164 N/C

E=E}+E’ =209 N/C

The field E and its components are shown in Figure 21.51f.

tana =—=
E 3
- X
| —
! tanazw:H.Zﬂ
| ‘ 129 N/IC
EZ “y a =232°, counterclockwise from + x-axis

Figure 21.51f
(d) The placement of the charges is shown in Figure 21.51g.

A}

d
A sing = 2200M _ 6 800
0.250m ,” N 0250m 0 IS'S(Z)m
¢ ( os0=12 = - 0.600
q, % g . m
o) e
0.150m | 0.150m
Figure 21.51g
The directions of the two fields are shown in Figure 21.51h.
.\I
1 |q
E=E= Q
€, T
00x107°
E, = (8.988x10’ N-mz/Cz)%
250 m

E, =862.8 N/C
E,=E =862.8 N/C

Figure 21.51h

E _=-E cosb,E, =—E,cosf

E =E, +E, =-2(862.8 N/C)(0.600)=-1040 N/C
E =+Esing, E, =-E,sin0

E,=E +E, =0

E =1040 N/C, in the — x-direction.

EVALUATE: The electric field produced by a charge is toward a negative charge and away from a positive charge.
As in Exercise 21.45, we can use this rule to deduce the direction of the resultant field at each point before doing

any calculations.

IDENTIFY: For a long straight wire, E = .
2reyr

SET UP: L:4.49x10" N-m*/C*.
27,
_15x10"°C/m

r=————=1.08m
27€,(2.50 N/C)

EXECUTE:

EVALUATE: For a point charge, E is proportional to 1/7*. For a long straight line of charge, E is proportional to 1/r.
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21.53. IDENTIFY: Apply Eq.(21.10) for the finite line of charge and E = % for the infinite line of charge.
&
SETUP:  For the infinite line of positive charge, E is in the +x direction.
EXECUTE: (a) For a line of charge of length 2a centered at the origin and lying along the y-axis, the electric field
L = 1 A S
is given by Eq.(21.10): E = —— ————i
27€, xx*/a* +1
(b) For an infinite line of charge: E = 5 i Graphs of electric field versus position for both distributions of
TEX
charge are shown in Figure 21.53.
EVALUATE: For small x, close to the line of charge, the field due to the finite line approaches that of the infinite
line of charge. As x increases, the field due to the infinite line falls off more slowly and is larger than the field of
the finite line.
0.00 1.00 2.00 3.00 . 4.(.)0
(.r
2
Figure 21.53
21.54. (@) IDENTIFY: The field is caused by a finite uniformly charged wire.
SETUP: The field for such a wire a distance x from its midpoint is
1 1
E= 4 = 2[ j a .
2re, x\/(x/a)2+l 4re, x\/(x/a)z-i—l
(18.0x10" N-m*/C?)(175x10” C/m) . ,
EXECUTE: E= - =3.03 x 10" N/C, directed upward.
(0.0600 m) (6'00 ij +1
4.25 cm
(b) IDENTIFY: The field is caused by a uniformly charged circular wire.
SETUP:  The field for such a wire a distance x from its midpoint is £ =—————— sz —7 - We first find the radius
4re, (x" +a”)
of the circle using 2mr = /.
EXECUTE: Solving for r gives » = [/2n = (8.50 cm)/2n = 1.353 cm
The charge on this circle is Q = A/ = (175 nC/m)(0.0850 m) = 14.88 nC
The electric field is
ol Oxr _ (900x10°N-m’/C*)(14.88x10°C/m)(0.0600m)
476 (x*+a?) [(0.0600m)? +(0.01353my* |
E =3.45 x 10* N/C, upward.
EVALUATE: In both cases, the fields are of the same order of magnitude, but the values are different because the
charge has been bent into different shapes.
21.55. IDENTIFY: For aring of charge, the electric field is given by Eq. (21.8). F = gE . In part (b) use Newton's third

law to relate the force on the ring to the force exerted by the ring.
SETUP: 0=0.125x10"C, a=0.025mand x=0.400m.

=3 1 Qx ~ ~
ExXecute: (@) E=————1=(7.0N/O)i .
(@) dre (P 1) ( )
(0) F\p g = —Fony = —¢E =—~(-2.50x10"°C) (7.0 N/O)i = (1.75x107° N)i

EVALUATE: Charges g and O have opposite sign, so the force that g exerts on the ring is attractive.
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21.56.

21.57.

21.58.

IDENTIFY: We must use the appropriate electric field formula: a uniform disk in (a), a ring in (b) because all the
charge is along the rim of the disk, and a point-charge in (c).
(a) SET UP:  First find the surface charge density (Q/4), then use the formula for the field due to a disk of charge,

-1
Y2 JRIxP+1]

EXEcUTE: The surface charge density is o =

-9
%: Q _ 650x10°C 500 107 O,

> 7(0.0125 m)’
The electric field is

£ 1 _ 1.324x10° C/m’ B 1
Y 2| JR/x)+1]  2(8.85x107 C*/N-m?) 1.25 cm )
- +1
(2.00 cmj
E.=1.14 x 10° N/C, toward the center of the disk.
. . 1 Ox
(b) SETUP: For a ring of charge, the field is £E=——

4re, (x2 + (12)3/2 .
EXECUTE: Substituting into the electric field formula gives
1 Ox _ (9.00x10° N-m*/C*)(6.50x107 C)(0.0200 m)
 dre, (x*+a?) [(0.0200 m)? +(0.0125 m)* |

3/2

E=18.92 x 10* N/C, toward the center of the disk.
(c) SETUP:  For a point charge, E =(1/47¢,)q/r’.

EXECUTE: E=(9.00 x 10° N- m*/C?)(6.50 x 10~ C)/(0.0200 m)* = 1.46 x 10° N/C

(d) EVALUATE: With the ring, more of the charge is farther from P than with the disk. Also with the ring the
component of the electric field parallel to the plane of the ring is greater than with the disk, and this component
cancels. With the point charge in (c), all the field vectors add with no cancellation, and all the charge is closer to
point P than in the other two cases.

IDENTIFY: By superposition we can add the electric fields from two parallel sheets of charge.

SETUP: The field due to each sheet of charge has magnitude o/2¢,and is directed toward a sheet of negative

charge and away from a sheet of positive charge.
(a) The two fields are in opposite directions and £ = 0.
(b) The two fields are in opposite directions and £ = 0.

(c) The fields of both sheets are downward and E = 22i =2 , directed downward.

% &
EVALUATE: The field produced by an infinite sheet of charge is uniform, independent of distance from the sheet.
IDENTIFY and SET UP: The electric field produced by an infinite sheet of charge with charge density o has

magnitude E = . The field is directed toward the sheet if it has negative charge and is away from the sheet if it

o]
2¢
has positive charge.
EXecUTE: (a) The field lines are sketched in Figure 21.58a.

(b) The field lines are sketched in Figure 21.58b.

EVALUATE: The spacing of the field lines indicates the strength of the field. In part (a) the two fields add
between the sheets and subtract in the regions to the left of 4 and to the right of B. In part (b) the opposite is true.

A B A B
— - ey [
- e
D — - ey [
B B —
E— . | —
-] —
+a —2a +o +20
(a (b)

Figure 21.58
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21.59.

21.60.

21.61.

21.62.

IDENTIFY: The force on the particle at any point is always tangent to the electric field line at that point.

SETUP: The instantaneous velocity determines the path of the particle.

EXEcUTE: In Fig.21.29a the field lines are straight lines so the force is always in a straight line and velocity and
acceleration are always in the same direction. The particle moves in a straight line along a field line, with
increasing speed. In Fig.21.29b the field lines are curved. As the particle moves its velocity and acceleration are
not in the same direction and the trajectory does not follow a field line.

EVALUATE: In two-dimensional motion the velocity is always tangent to the trajectory but the velocity is not
always in the direction of the net force on the particle.

IDENTIFY: The field appears like that of a point charge a long way from the disk and an infinite sheet close to the
disk’s center. The field is symmetrical on the right and left.

SETUP: For a positive point charge, E is proportional to 1/7>and is directed radially outward. For an infinite
sheet of positive charge, the field is uniform and is directed away from the sheet.

EXeEcUTE: The field is sketched in Figure 21.60.

EVALUATE: Near the disk the field lines are parallel and equally spaced, which corresponds to a uniform field.
Far from the disk the field lines are getting farther apart, corresponding to the 1/* dependence for a point charge.

=

Figure 21.60

IDENTIFY: Use symmetry to deduce the nature of the field lines.
(a) SETUP: The only distinguishable direction is toward the line or away from the line, so the electric field lines
are perpendicular to the line of charge, as shown in Figure 21.61a.

HERE
RERN

Figure 21.61a

(b) EXECUTE and EVALUATE: The magnitude of the electric field is inversely proportional to the spacing of the
field lines. Consider a circle of radius » with the line of charge passing through the center, as shown in
Figure 21.61b.

Figure 21.61b

The spacing of field lines is the same all around the circle, and in the direction perpendicular to the plane of the
circle the lines are equally spaced, so E depends only on the distance ». The number of field lines passing out
through the circle is independent of the radius of the circle, so the spacing of the field lines is proportional to the
reciprocal of the circumference 27z of the circle. Hence E is proportional to 1/7.

IDENTIFY: Field lines are directed away from a positive charge and toward a negative charge. The density of
field lines is proportional to the magnitude of the electric field.

SETUP: The field lines represent the resultant field at each point, the net field that is the vector sum of the fields
due to each of the three charges.

ExecuTe: (a) Since field lines pass from positive charges and toward negative charges, we can deduce that the
top charge is positive, middle is negative, and bottom is positive.

(b) The electric field is the smallest on the horizontal line through the middle charge, at two positions on either
side where the field lines are least dense. Here the y-components of the field are cancelled between the positive
charges and the negative charge cancels the x-component of the field from the two positive charges.

EVALUATE: Far from all three charges the field is the same as the field of a point charge equal to the algebraic
sum of the three charges.
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21.63.

21.64.

21.65.

21.66.

21.67.

(a) IDENTIFY and SET UP:  Use Eq.(21.14) to relate the dipole moment to the charge magnitude and the
separation d of the two charges. The direction is from the negative charge toward the positive charge.
EXECUTE: p=gd=(4.5x10" C)(3.1x10” m)=1.4x10""" C-m; The direction of P is from ¢, toward g,.
(b) IDENTIFY and SET UP:  Use Eq. (21.15) to relate the magnitudes of the torque and field.

EXECUTE: 7= pEsing, with ¢ as defined in Figure 21.63, so

Fo_T
psing
-9
o - T2 N _e6h e
(1.4x107" C-m)sin36.9°

Figure 21.63

EVALUATE: Eq.(21.15) gives the torque about an axis through the center of the dipole. But the forces on the two
charges form a couple (Problem 11.53) and the torque is the same for any axis parallel to this one. The force on

each charge is |q|E and the maximum moment arm for an axis at the center is d/2, so the maximum torque is

2(lq| EX(d/2) =1.2x10"" N-m. The torque for the orientation of the dipole in the problem is less than this

maximum.
(a) IDENTIFY: The potential energy is given by Eq.(21.17).

SETUP: U(¢)=—p-E =—pEcos¢p, where ¢ is the angle between p and E.
EXECUTE: parallel: ¢=0 and U(0°) =-pE

perpendicular: ¢ =90° and U(90°)=0

AU =U(90°)-U(0°) = pE =(5.0x10™" C-m)(1.6x10° N/C) =8.0x10™* J.

U 2(8.0x1072* J
b) 2AT = AU so T = 22Y _ ( ) =039K
2 2
3k 3(1.381><10’3 J/K)

EVALUATE: Only at very low temperatures are the dipoles of the molecules aligned by a field of this strength. A
much larger field would be required for alignment at room temperature.

IDENTIFY: Follow the procedure specified in part (a) of the problem.

SETUP: Usethat y>>d .

2o 2
EXECUTE: (a) : 5= ! 5 _xdf 22) gy zd/ 2 _ > 2 d2 > . This gives
(y=df2) (y+d/2) (' —-d’/4) (' -d*/4)
E, = q 22yci = gd > y2 > . Since y2>>d2/4,E},z d .
dme, (' —d*[4)  2me, (' —d/4) 27e,y]

(b) For points on the —y-axis, E_is in the +y direction and E_ is in the —y direction. The field point is closer to
p
7€y’

—q, so the net field is upward. A similar derivation gives £ ~ . E, has the same magnitude and direction

at points where y >>d as where y <<—-d .

EVALUATE: E falls off like 1/7° for a dipole, which is faster than the 1/72 for a point charge. The total charge of
the dipole is zero.
IDENTIFY: Calculate the electric field due to the dipole and then apply F = ¢E .

4
27meyx

SETUP:  From Example 21.15, E . (x) =

3.

-30
ExECUTE:  E,, =010 CM ) 41,10° N/C. The electric force is F = ¢E =
27€,(3.0x107 m)

(1.60x10™" C)(4.11x10° N/C) = 6.58x107" N and is toward the water molecule (negative x-direction).

EVALUATE: E,__isin the direction of P | so is in the +x direction. The charge g of the ion is negative, so F is

dipole

directed opposite to E and is therefore in the —x direction.

IDENTIFY: Like charges repel and unlike charges attract. The force increases as the distance between the charges
decreases.
SETUP: The forces on the dipole that is between the slanted dipoles are sketched in Figure 21.67a.
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EXeEcUTE: The forces are attractive because the + and — charges of the two dipoles are closest. The forces are
toward the slanted dipoles so have a net upward component. In Figure 21.67b, adjacent dipoles charges of opposite
sign are closer than charges of the same sign so the attractive forces are larger than the repulsive forces and the
dipoles attract.

EVALUATE: Each dipole has zero net charge, but because of the charge separation there is a non-zero force
between dipoles.

Fu CD P PP
(@ (b)
Figure 21.67

21.68. IDENTIFY: Find the vector sum of the fields due to each charge in the dipole.
SETUP: A point on the x-axis with coordinate x is a distance » =+/(d/2)* + x* from each charge.

. . 1 1
EXecUTE: (a) The magnitude of the field the due to each charge is E = % -4 — |
dre, r* dme,\ (d)2) +x

where d is the distance between the two charges. The x-components of the forces due to the two charges

are equal and oppositely directed and so cancel each other. The two fields have equal y-components,
dj2

J@d/2) +x°

and E; . = 29 12 > d/2 = qdz 55 - The field is the —y direction.
P are \(@/27 +5° |\ Jdj2y +x° ) 476 ((d/2) +x)

SOE=2F = ﬁ % sind, where @ is the angle below the x-axis for both fields. siné =
7 4ze,\(d)2)’ +x

(b) At large x, x* >>(d/2)?, so the expression in part (a) reduces to the approximation Egpore ® 4q_d% .
TEX
EVALUATE: Example 21.15 shows that at points on the +y axis far from the dipole, £, ~ Zq—d3 . The
&y

expression in part (b) for points on the x axis has a similar form.
21.69. IDENTIFY: The torque on a dipole in an electric field is given by 7= pXE .

SETUP: 7= pEsing, where ¢ is the angle between the direction of P and the direction of E .

EXECUTE: (a) The torque is zero when P is aligned either in the same direction as E or in the opposite
direction, as shown in Figure 21.69a. -

(b) The stable orientation is when P is aligned in the same direction as E . In this case a small rotation of the
dipole results in a torque directed so as to bring P back into alignment with E . When P is directed opposite to
E , a small displacement results in a torque that takes P farther from alignment with E .

(c) Field lines for E,
EVALUATE: The field of the dipole is directed from the + charge toward the — charge.

-

Eﬂ ipole

in the stable orientation are sketched in Figure 21.69b.

ipole

@ (b)
Figure 21.69

21.70. IDENTIFY: The plates produce a uniform electric field in the space between them. This field exerts torque on a
dipole and gives it potential energy.
SETUP: The electric field between the plates is given by E = o /¢, and the dipole moment is p = ed. The

potential energy of the dipole due to the field is U =—p- E =—pE cos¢ , and the torque the field exerts on it is 7=
pE sin ¢,
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21.71.

EXECUTE: (a) The potential energy, U =—p- E =—pEcos¢ , is a maximum when ¢= 180°. The field between
the plates is £ =o/¢,, giving

Unax = (1.60 x 107 C)(220 x 10 m)(125 x 10° C/m’)/(8.85 x 10> C*/N-m*) =4.97 x 10 J
The orientation is parallel to the electric field (perpendicular to the plates) with the positive charge of the dipole
toward the positive plate.
(b) The torque, 7= pE sin ¢, is a maximum when ¢= 90° or 270°. In this case

T =PE=po/e =edo/e,
Zpe =(1.60x107™ €)(220x10™ m)(125x10°° C/m’) /(8.85x10™> C*/N-m”)

7, =497x10"" N-m

The dipole is oriented perpendicular to the electric field (parallel to the plates).

(c) F=0.

EVALUATE: When the potential energy is a maximum, the torque is zero. In both cases, the net force on the
dipole is zero because the forces on the charges are equal but opposite (which would not be true in a nonuniform
electric field).

(a) IDENTIFY: Use Coulomb's law to calculate each force and then add them as vectors to obtain the net force.
Torque is force times moment arm.

SETUP: The two forces on each charge in the dipole are shown in Figure 21.71a.

sind =1.50/2.00 so 8 =48.6°
. Opposite charges attract and like charges repel.
% F,=F, +F, =0

Figure 21.71a

lgq’| _ k(5.00x10*6 C)(10.0x107° C)
r (0.0200 m)*
F,=-Fsin@=-842.6 N

F,,=-842.6 Nso F,=F,+F,,=-1680 N (in the direction from the +5.00-uC charge toward the —5.00-uC

charge).
EVALUATE: The x-components cancel and the y-components add.
(b) SETUP: Refer to Figure 21.71b.

Fix

=1.124x10° N

EXECUTE: F =k

The y-components have zero moment arm and
therefore zero torque.

F,, and F, both produce clockwise torques.

Figure 21.71b

EXECUTE: F, =Fcosf=743.1N
7=2(F,)(0.0150 m) = 22.3 N -m, clockwise
EVALUATE: The electric field produced by the —10.00.C charge is not uniform so Eq. (21.15) does not apply.
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21.72.

21.73.

IDENTIFY: Apply F = kM for each pair of charges and find the vector sum of the forces that ¢, and g, exert on ¢,.
r

2

SETUP: Like charges repel and unlike charges attract. The three charges and the forces on g, are shown in
Figure 21.72.

F,

Fiy |

F

x

hY

//
-
_\0 0.040m
t i

| =
=

Figure 21.72
(5.00x107° C)(6.00x107 C)
7 (0.0500 m)’
0=36.9°. F,, =+Fcosf=8.63x10" N. F, =+Fsinf=6.48x10" N.
-9 -9
F, :k_|q2‘213| =(8.99x10° N.m2/c2)(2'00X10 C)(6'002X10 ©
S (0.0300 m)

F, =0, F,, =—F,=-120x10" N. F,=F_+F, =8.63x10" N.
F =F +F, =648x10° N+(-1.20x10™ N)=-5.52x10" N..

(b) F=.,/F +F!=1.02x10"* N. tang =

The individual forces on ¢; are computed from Coulomb’s law and then added as vectors, using

|%%|

=(8.99x10° N-m*/C?) =1.079x10™* C.

EXECUTE: (a) F, =k

=1.20x107" C.

F
Fy =0.640. ¢=32.6°, below the +x axis.

X

EVALUATE:
components.
(a) IDENTIFY: Use Coulomb's law to calculate the force exerted by each O on ¢ and add these forces as vectors to
find the resultant force. Make the approximation x >>a and compare the net force to F' =—kx to deduce k and
then f =(/27z)Wk/m.

SETUP: The placement of the charges is shown in Figure 21.73a.

A}

Q=0 X

1' e 7® B

Figure 21.73a

EXeEcUTE: Find the net force on g.
e F.=F,+F, and F, =+F, F, =-F,
Figure 21.73b
__ 1 40 __ 1 q0
' 472'60 (a+x)2’ ? 472'60 (a—x)2

F-r-p=99 1 1
TN 4z (a-Hc)2 (a—x)2

et )
dre,a a a
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Since x << a we can use the binomial expansion for (1—x/a)” and (1+x/a)” and keep only the first two terms:
(1+2)" =1+ nz. For (1-x/a)”, z=-x/a and n=-2 so (I1—-x/a)?> ~1+2x/a. For (1+x/a)?, z=+x/a and

n=-2 so (1+x/a)? ~1—2x/a. Then F ~ &2{(1 _ﬁj —[1 +ﬁﬂ = —[ﬂjx. For simple harmonic

4re,a a a re,a’

motion F =—kx and the frequency of oscillation is f = (1/ 27r)\/k/ m. The net force here is of this form, with

k=qQ/rea’. Thus sz %
2z \ me;ma

(b) The forces and their components are shown in Figure 21.73c.
.

Figure 21.73c

The x-components of the forces exerted by the two charges cancel, the y-components add, and the net force is in
the +y-direction when y > 0 and in the —y-direction when y < 0. The charge moves away from the origin on the
y-axis and never returns.

EVALUATE: The directions of the forces and of the net force depend on where ¢ is located relative to the other
two charges. In part (a), F =0 at x =0 and when the charge ¢ is displaced in the +x- or —x-direction the net force is
a restoring force, directed to return ¢ to x =0. The charge oscillates back and forth, similar to a mass on a spring.

21.74. IDENTIFY: Apply ZE, =0and ZF‘ =0 to one of the spheres.
SETUP: The free-body diagram is sketched in Figure 21.74. F, is the repulsive Coulomb force between the

spheres. For small 8, sinf ~tané.

. 2
EXEcUTE: X F, =Tsinf-F,=0and XF, =Tcos@-mg=0.8So M:F =%.But tan® ~sin@ =L

cosé e 2L°

2Uq’L )’

0d3=Land d:( q j .
mg 2rmemg

EVALUATE: d increases when ¢ increases.

e T'sinf

/
mg

Figure 21.74

21.75. IDENTIFY: Use Coulomb's law for the force that one sphere exerts on the other and apply the 1st condition of
equilibrium to one of the spheres.

(a) SETUP: The placement of the spheres is sketched in Figure 21.75a.

1.20m /0 1.20m

it} n

O
¢<0 120m 120m 4<0

b o .
sin 25 sin 259

Figure 21.75a
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The free-body diagrams for each sphere are given in Figure 21.75b.

sphere on the left: sphere on the right:

mg
Figure 21.75b
F is the repulsive Coulomb force exerted by one sphere on the other.
(b) EXECcUTE: From either force diagram in part (a): ZF) =ma,
T¢0s25.0°—mg=0and T =—8
c0s25.0°
ZF‘X = max
T'sin25.0°~F, =0 and F, =T'sin25.0°
Use the first equation to eliminate 7 in the second: F, =(mg/c0s25.0°)(sin25.0°) = mg tan 25.0°
P U 7 R B ¢
¢ Are, 1 4rze, > 4re, [2(1.20 m)sin25.0°7
. L 1 ?
Combine this with F, = mgtan25.0° and get mgtan25.0° = g - 5
4re, [2(1.20 m)sin25.0°]
¢ =(2.40 m)sin25.0° |8 1An 2307
(1/47e,)
, (15.0x107 kg)(9.80 m/s” )tan 25.0° .
q:(2.40 m)sm25.0° 5 = =2.80x10" C
8.988x10° N-m*/C
(c) The separation between the two spheres is given by 2Lsiné. ¢ =2.80uC as found in part (b).
F = (1/47reo)q2 /(2L sinH)2 and F, = mgtan@. Thus (l/47reo)q2 /(2L sin 49)2 =mgtané.
1 2 (2.80x10 €)’
(sin@) tang=———T—= (8.988x10° N-m*/C?) . =0.3328.
4re, 41°mg 4(0.600 m)’(15.0x10~ kg)(9.80 m/s”)
Solve this equation by trial and error. This will go quicker if we can make a good estimate of the value of & that
solves the equation. For @ small, tan@ ~sin#. With this approximation the equation becomes sin’ @ = 0.3328
and sind=0.6930, so =43.9°. Now refine this guess:
0 sin*@tan @

45.0° 0.5000

40.0° 0.3467

39.6° 0.3361

39.5° 0.3335

39.4° 0.3309 so 0=39.5°
EVALUATE: The expression in part (c) says @ — 0 as L — o and @ — 90° as L — 0. When L is decreased from
the value in part (a), 6 increases.

21.76. IDENTIFY: Apply ZFx =0and ZF) =0 to each sphere.

SETUP: (&) Free body diagrams are given in Figure 21.76. F, is the repulsive electric force that one sphere
exerts on the other.

EXECUTE: (b) T =mg/c0s20°=0.0834 N, so F, =T'sin20°=0.0285 N = kq—lzqz . (Note:
5

;= 2(0.500 m)sin 20° = 0.342 m.)
(c) From part (b), ¢,¢, =3.71x10™ C2,
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21.77.

21.78.

(d) The charges on the spheres are made equal by connecting them with a wire, but we still have

2
F, =mgtan@ =0.0453 N = ﬁg—z , where Q = % . But the separation #, is known:
,

2
r, =2(0.500 m)sin30° = 0.500 m. Hence: O = % = J4re,F.r7 =1.12x10° C. This equation, along

with that from part (c), gives us two equations in ¢, and ¢,: ¢, +¢,=2.24x10° Cand ¢,q, =3.71x107" C*.
By elimination, substitution and after solving the resulting quadratic equation, we find: ¢, =2.06x10° C and

4,=1.80x107 C.

EVALUATE: After the spheres are connected by the wire, the charge on sphere 1 decreases and the charge on
sphere 2 increases. The product of the charges on the sphere increases and the thread makes a larger angle with the
vertical.

Tcos 20° | kT cos 20°

¢ Tsin 20°  Tsin 20°

[ \
mg mg

Figure 21.76

IDENTIFY and SET UP:  Use Avogadro's number to find the number of Na® and CI~ ions and the total positive
and negative charge. Use Coulomb's law to calculate the electric force and F = ma to calculate the acceleration.
(a) EXeEcUTE: The number of Na' ions in 0.100 mol of NaCl is N =nN,. The charge of one ion is +e, so the

total charge is ¢, =nN,e= (0.100 mol)(6.022 x10* ions/mol)(1.602x10™"*C/ion) =9.647x10° C
There are the same number of Cl™ ions and each has charge —e, so ¢, =—9.647x 10° C.

3 2
F= LM =(8.988x10° N- mz/cz)w
4re, 1 (0.0200 m)

(b) a = F/m. Need the mass of 0.100 mol of CI~ ions. For Cl, M =35.453x10" kg/mol, so

21
m =(0.100 mol)(35.453x10™ kg/mol) =35.45x10™* kg. Then a = L M
m 3545x107 kg

(c) EVALUATE: s is not reasonable to have such a huge force. The net charges of objects are rarely larger than 1 xC;
a charge of 10* C is immense. A small amount of material contains huge amounts of positive and negative charges.
IDENTIFY: For the acceleration (and hence the force) on Q to be upward, as indicated, the forces due to ¢; and ¢,
must have equal strengths, so ¢; and g, must have equal magnitudes. Furthermore, for the force to be upward, g,
must be positive and ¢, must be negative.

SETUP: Since we know the acceleration of O, Newton’s second law gives us the magnitude of the force on it.

We can then add the force components using F = Fj,, cos@+ F;,, cosd=2F, cosd . The electrical force on Q is

=2.09x10" N

=5.90x10% m/s’.

1 9a
4re, r
ExecuTe: First find the net force: F = ma = (0.00500 kg)(324 m/s*) = 1.62 N. Now add the force
components, calling the angle between the line connecting ¢, and ¢, and the line connecting ¢, and Q.

given by Coulomb’s law, F, = (for g;) and likewise for g,.

F=F,, cosf+F, cosd=2F, cost and F, = 2c1;9 = 2(1262251;1) = 1.08 N. Now find the charges by
3.00cm
solving for ¢; in Coulomb’s law and use the fact that ¢, and ¢, have equal magnitudes but opposite signs.
rF, 2
F, = b Q—‘Zﬁ and ¢ =——2 = (0;0300‘2“) 2(1'08 N) —6.17x10°* C.
' 4ze, 1 Lo (9.00x10°N-m*/C*)(1.75x107°C)

4re,
q,=-q,=-6.17x107° C.



21-32  Chapter 21

EVALUATE: Simple reasoning allows us first to conclude that ¢; and g, must have equal magnitudes but opposite
signs, which makes the equations much easier to set up than if we had tried to solve the problem in the general
case. As Q accelerates and hence moves upward, the magnitude of the acceleration vector will change in a
complicated way.

21.79. IDENTIFY: Use Coulomb's law to calculate the forces between pairs of charges and sum these forces as vectors to
find the net charge.
(a) SETUP: The forces are sketched in Figure 21.79a.

1
q @

EXECUTE: F, + If3 =0, so the net force is F = F,.

1 ¢(Bq)  6q°

= = , away from the vacant corner.
4re, (LIN2)  4me L 4

Figure 21.79a

(b) SETUP: The forces are sketched in Figure 21.79b.

q q
e ! P

2 EXECUTE: 172:41 q(3q)2: 3‘122
7 (VL) 4e, (20)

pop_ 1 aB9)_ 3¢
1= 3_4 2 2
e, L 4re, L

The vector sum of F, and F} is F, =+/F’ +F .

—3q F. q -

3

Figure 21.79b
3\/§q2

= F, and F, are in the same direction.
4re, L ’

Fy=2F =

2

F=F,+F,= 34 ; [\/E + lj, and is directed toward the center of the square.
4re,L 2

EVALUATE: By symmetry the net force is along the diagonal of the square. The net force is only slightly larger

when the -3¢ charge is at the center. Here it is closer to the charge at point 2 but the other two forces cancel.

21.80. IDENTIFY: Use Eq.(21.7) for the electric field produced by each point charge. Apply the principle of
superposition and add the fields as vectors to find the net field.
(a) SETUP:  The fields due to each charge are shown in Figure 21.80a.

E 9“‘“““‘ _A' = i
: ~ c0sl = ——

Figure 21.80a
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21.81.

21.82.

21.83.

EXECUTE: The components of the fields are given in Figure 21.80b.

Figure 21.80b

E =-Esing, E, =+E,sin0soE =E, +E, =0.

1 q X
E =E, =+FE cosf= ,E, =-FE
1x 2x 1 47[60 (Clz + xz j[\/xz n az J 3x 3
E =E, +E, +E =2 41 [ zq 2) zx 2 )| - 2
e\ a +x \/x +a 4re,x
2g (1 X 2q 1
Ex:_4 2T, L :_4 7| 1= S, 2\32
€ | X (a +x) X (1+a /x)

Thus E = 24 = 1= ! =75 |» in the — x-direction.
4rex (1+a*/x7)

(b) x>>a implies a’/x* <<1and (1+az/x2)73/2 ~1-3a’/2x’.

2 2
Thus £~—24 | 1-[1-2% || =324
4rex 2x 4re,x
EVALUATE: E ~1/x*. For a point charge E ~1/x” and for a dipole E ~1/x’. The total charge is zero so at

large distances the electric field should decrease faster with distance than for a point charge. By symmetry E must
lie along the x-axis, which is the result we found in part (a).

IDENTIFY: The small bags of protons behave like point-masses and point-charges since they are extremely far apart.
SET UP: For point-particles, we use Newton’s formula for universal gravitation (F = Gmymy/r*) and Coulomb’s
law. The number of protons is the mass of protons in the bag divided by the mass of a single proton.

EXECUTE: (a) (0.0010 kg)/(1.67x107>" kg) = 6.0x 10> protons

(b) Using Coulomb’s law, where the separation is twice is the radius of the earth, we have

Faeerical = (9.00 x 10° N- m*/C?)(6.0 x 10% x 1.60 x 10" C)*/(2 x 6.38 x 10° m)*=5.1 x 10° N

Fgay = (6.67 x 10" N- m*/kg?)(0.0010 kg)*/(2 x 6.38 x 10°m)* =4.1 x 10°' N

(c) EVALUATE: The electrical force (=200,000 Ib!) is certainly large enough to feel, but the gravitational force
clearly is not since it is about 10°° times weaker.

IDENTIFY: We can treat the protons as point-charges and use Coulomb’s law.

SETUP: (a) Coulomb’s law is F = (1/47e,)|q,q,|/r*.

EXECUTE: F=(9.00 x 10° N- m*/C?)(1.60 x 10" C)*/(2.0 x 10" m) = 58 N = 13 Ib, which is certainly large
enough to feel.

(b) EVALUATE:  Something must be holding the nucleus together by opposing this enormous repulsion. This is

the strong nuclear force.
IDENTIFY: Estimate the number of protons in the textbook and from this find the net charge of the textbook.

Apply Coulomb's law to find the force and use F,, = ma to find the acceleration.

SETUpP: With the mass of the book about 1.0 kg, most of which is protons and neutrons, we find that the number
of protons is 1(1.0 kg)/(1.67x10 kg) =3.0x10* .

EXecuTE: (@) The charge difference present if the electron’s charge was 99.999% of the proton’s is

Ag = (3.0x10%)(0.00001)(1.6x10™" C) =480 C .

(b) F=k(Aq)*/r* =k(480C)*/(5.0 m)* =8.3x10" N, and is repulsive.

a=F/m=(83x10" N)/(1kg)=8.3x10" m/s’.
EXECUTE: (c) Even the slightest charge imbalance in matter would lead to explosive repulsion!
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21.84.

21.85.

21.86.

21.87.

IDENTIFY: The electric field exerts equal and opposite forces on the two balls, causing them to swing away from
each other. When the balls hang stationary, they are in equilibrium so the forces on them (electrical, gravitational,
and tension in the strings) must balance.

SETUP: (a) The force on the left ball is in the direction of the electric field, so it must be positive, while the force
on the right ball is opposite to the electric field, so it must be negative.

(b) Balancing horizontal and vertical forces gives gE = T sin 82 and mg = T cos 6/2.

EXECUTE: Solving for the angle 6 gives: 8= 2 arctan(qE/mg).

(c) As E — o, 8 — 2 arctan(e0) =2 (1/2) = = 180°

EvALUATE: If the field were large enough, the gravitational force would not be important, so the strings would
be horizontal.

IDENTIFY and SET UP:  Use the density of copper to calculate the number of moles and then the number of atoms.
Calculate the net charge and then use Coulomb's law to calculate the force.

EXECUTE: (a) m=pV = p(gmﬁj =(8.9x10° kg/m3)[%7r](l.00><103 m)3 =3.728x107° kg

n=m/M =(3.728x10" kg)/(63.546x 10" kg/mol) =5.867x10"* mol
N =nN,=3.5x10" atoms
(b) N, = (29)(3.5 x 1020) =1.015x10* electrons and protons

G = €N, —(0.99900)eN, =(0.100x107*)(1.602x10™" C)(1.015x10” ) =1.6 C

(1.6 C)’

2
F=kL ~=23x10" N

2

P (1.00 m)

EVALUATE: The amount of positive and negative charge in even small objects is immense. If the charge of an
electron and a proton weren't exactly equal, objects would have large net charges.
IDENTIFY: Apply constant acceleration equations to a drop to find the acceleration. Then use F =ma to find the

force and F :|q|Eto find |q| .

SETUP: Let D=2.0 cm be the horizontal distance the drop travels and d =0.30 mm be its vertical
displacement. Let +x be horizontal and in the direction from the nozzle toward the paper and let +y be vertical, in
the direction of the deflection of the drop. a, =0 and a,=a.

47(15.0x107° m)’
3
_2d _ 2(3.00x10* m)

1
time of flight: ¢ = D/v =(0.020 m)/(20 m/s)=0.00100s. d =—at*. a A o 600m/s .
& fv=( ( ) 2 2 (0.001s) /

EXECUTE: First, the mass of the drop: m = pV = (1000 kg/ms)[ J =1.41x107" kg . Next, the

(1.41x107" kg)(600 m/s’)
8.00x10* N/C

EVALUATE: Since g is positive the vertical deflection is in the direction of the electric field.

IDENTIFY: Eq. (21.3) gives the force exerted by the electric field. This force is constant since the electric field is

uniform and gives the proton a constant acceleration. Apply the constant acceleration equations for the x- and

y-components of the motion, just as for projectile motion.

(a) SETUP:  The electric field is upward so the electric force on the positively charged proton is upward and has

magnitude F' = eE. Use coordinates where positive y is downward. Then applying Z F =ma to the proton gives

=1.06x10"° C.

Then a=F/m=qE/m gives ¢ =ma/E =

that a, =0 and a, = —eE/m. In these coordinates the initial velocity has components v, =+v,cosa and

v, =+y,sina, as shown in Figure 21.87a.

a

Figure 21.87a
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21.88.

ExXEcuUTE: Finding h_ : Aty="h

max *

the y-component of the velocity is zero.

max

v, =0, v, =vysina, a, = —eE/m,y—y,=h, =7

vf, :véy+2ay(y—y0)

2 2
vV, = Vo,

2a

v

Y=V =

ho= —vg sin’ & _ mvg sin’a
™ 2(—eE/m) 2¢E

(b) Use the vertical motion to find the time #: y—y, =0, v, , =v,sina, a,=—eE/m, t =?

2
Y=Yy =Vt +sat

. L. 2v, 2(v,sinax) 2 i
With y—y, =0 this gives t = —2 = — (% ) =M, SIne
a, —eE/m ek

Then use the x-component motion to find d: a, =0, v, =v,cosa, t =2mv,sina/eE, x—x,=d =?

Lo 2mvysina | mv;2sinacosa  mv, sin2a
X=X, =V, t+5at gives d=v cosa = =

ek ek ek
(c) The trajectory of the proton is sketched in Figure 21.87b.

a

Figure 21.87b

2
4.00x10° m/s)(sin30.0°) | (1.673x107 k
(d) Use the expression in part (a): &= [( )( )] ( g)

=0.418
2(1.602x10™ C)(500 N/C) "

(1.673x10° kg)(4.00x10° mis)’ sin60.0°

=2.89
(1.602x10™° C)(500 N/C) "

Use the expression in part (b): d =

EVALUATE: In part (a), a, =—eE/m=-4.8x10" m/s’. This is much larger in magnitude than g, the acceleration
due to gravity, so it is reasonable to ignore gravity. The motion is just like projectile motion, except that the
acceleration is upward rather than downward and has a much different magnitude. /4, and d increase when

a or v, increase and decrease when E increases.
IDENTIFY: E _=E, +E, .UseEq.(21.7) for the electric field due to each point charge.

SETUP: E is directed away from positive charges and toward negative charges.
-9
EXECUTE: (a) E, =+50.0N/C. E, = L@ = (8.99x10° N-m/c?) 22010 € _ 999 nyc.
’ 4re, 1 (0.60 m)
E =E +E, ,s0 E, =E_—E, =+50.0 N/C-99.9 N/C=-49.9 N/C . Since E, is negative, g, must be
|E,.|7 (49.9 N/C)(1.20 m)’
(1/47¢,)  8.99x10° N-m’/C’

(b) E,.=-50.0N/C. E,=+999 N/C, asinpart (a). E, =E _—E,_ =-149.9 N/C. g, is negative.

|E,|77 (149.9 N/C)(1.20 m)?
(1/47¢)  8.99x10° N-m’/C’

negative. |g,|= =7.99x10"° C. q,=-7.99x10" C

=240x10"* C. ¢, =-2.40x10" C.

|q2|:

EVALUATE: ¢, would be positive if E, were positive.
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21.89.

21.90.

IDENTIFY: Divide the charge distribution into infinitesimal segments of length dx . Calculate E,and E, due to a
segment and integrate to find the total field.
SETUP: The charge dQ of a segment of length dx is dQ =(Q/a)dx . The distance between a segment at x and

the charge gis a+r—x. (I-y) ' =1+y When|y|<<1_
EXECUTE: (a) dE, = L _d9 p__1 f Qax 1 Q(l 1 j

- S - - =z
471'60((1+F—X)2 * 47[60051(a+r—x)2 e, a\r a+r

a+r=x,s0 EX:;Q[L—lj E =0.

xX—a x

k ki ki 1
EVALUATE: () For x>>a, F =242 (1—a/xy" —1)= ML 14 g/x+...o1) = K€ . —Q . (Note that for

ax ax X 4re, v

x>>a, r=x—a=x.) The charge distribution looks like a point charge from far away, so the force takes the form
of the force between a pair of point charges.
IDENTIFY: Use Eq. (21.7) to calculate the electric field due to a small slice of the line of charge and integrate as
in Example 21.11. Use Eq. (21.3) to calculate F.

SETUP: The electric field due to an infinitesimal segment of the line of charge is sketched in Figure 21.90.

dy = d0 sinf=—2
\\‘_‘.2_'__\.2 1’_)("24_)/2
3 X
(;\\ cosd =

dE,

Figure 21.90
Slice the charge distribution up into small pieces of length dy. The charge dQ in each slice is dQ = Q(dy/a). The

electric field this produces at a distance x along the x-axis is dE. Calculate the components of dE and then integrate
over the charge distribution to find the components of the total field.

EXECUTE: dE = ! [ Y J— 0 ( & )

_47re0 X+’ _47r50a x4y
dE_=dEcosf = Ox il 3
T&d (x2+y2)
dE, = ~dEsing=——2 ydy__
g 4re,a (x2+y2)
Ox ¢« dy ox[1 y " 0 1
EK:IdEX:_ .[o 2 PN 2 [ 2| = 2 2
drea” (x” +y7) 4reya| x \/x +3* ], 47reox\/x +a
QO [« ydy 0 1 . o1 !
E)':J.dEy:_ J.o 2 292 = T 2. 2| Y J2., 2
drea®® (x”+y7) 4re,a \/x +3° |, 4real x \/x +a
(b) F=¢,E
40 1 qQ (1 1
F,:_E:_—;Fyz— E = —
x qL, 47[60x\/m ¥ 9=, 471'6011[)6 \/x2+a2

2 -1/2 2 2
@Fore>>o LA 1 )L
N L X X 2x° x 2x

2
P90 . 90 (1_1+a_): 90a
4reyx 4rea 8re,x

x x 2x°
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21.91.

21.92.

21.93.

21.94.

q0

and F is in the —x-direction. For x >> g the charge
4reyx

EVALUATE: For x>>a, F,<<F, and F ~|F,|=

2

distribution Q acts like a point charge.
IDENTIFY:  Apply Eq.(21.9) from Example 21.11.

SETUP: a=2.50 cm. Replace QO by |Q| . Since Q is negative, E is toward the line of charge and

g-_ 1o ;
4re, x\x* +a*
1 10| 1 9.00x107 C

i =(=7850 N/C)i.

i=-
4re, x> +d 472, (0.100 m)4/(0.100 m)* +(0.025 m)?
(b) The electric field is less than that at the same distance from a point charge (8100 N/C). For large x,

EXECUTE: E=-

1 1 : 1 : . .

(x+a)"?=—(+a*/x) " x| 1- a_2 LB, =—0 % l—a—2 +---| . The first correction term to the point
x X 2x 4re, x 2x

charge result is negative.

(c) For a 1% difference, we need the first term in the expansion beyond the point charge result to be less than
2

0.010: % ~0.010 = x ~ a,/1/(2(0.010)) = 0.025,/1/0.020 = x ~0.177 m .
X

EVALUATE: At x=10.0 cm (part b), the exact result for the line of charge is 3.1% smaller than for a point
charge. It is sensible, therefore, that the difference is 1.0% at a somewhat larger distance, 17.7 cm.

2
IDENTIFY: The electrical force has magnitude F =

—— and is attractive. Apply z F =ma to the earth.
P

2

SETUP: For a circular orbit, a = Y The period T is 27r . The mass of the earth is m, =5.97x10* kg, the
r v

orbit radius of the earth is 1.50x10'' m and its orbital period is 3.146x10" s .

v, Ar?

A =0

2.3 24 2 11 3

Q:\/mE47r2r _ (5.97><109 kg)(ét)(;r2 )(1.50%10 7m)2 —299x10" C .
kT (8.99x10° N-m?*/C?)(3.146x107 s)

EVALUATE: A very large net charge would be required.

IDENTIFY: Apply Eq.(21.11).

SETUP: 6=0/4=0/zR*. (1+y*)"*~1-y*/2,when y* <<1.

.k
EXECUTE: F =ma gives —?:mE , SO
r

EXECUTE: (a) E:i[l_(RZ/xz_i_l)fl/z}.
2¢

5 2 -1/2
E= 4.00 pC/;T(O-Ozs m) {1 _[Eg(z)(z)(s) m;Z + 1) } =0.89 N/C , in the +x direction.
€ 200 m
2 2
() For x>> R E=Z[1-(1-R /2 +- )]« T K _ ok __ O
2¢, 2¢) 2x°  4rmex”  4mex

(c) The electric field of (a) is less than that of the point charge (0.90 N/C) since the first correction term to the point
charge result is negative.

(d) For x=0.200 m , the percent difference is W =0.01=1% . For x=0.100m,
Eg =343N/CandE,, =3.60N/C, so the percent difference is % =0.047 = 5%.

EVALUATE: The field of a disk becomes closer to the field of a point charge as the distance from the disk
increases. At x=10.0 cm, R/x =25% and the percent difference between the field of the disk and the field of a
point charge is 5%.

IDENTIFY:  Apply the procedure specified in the problem.

SET Up: j F(x)dx = —j f(x)dx.
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21.95.

21.96.

21.97.

EXECUTE: (a) For f(x)= f(~x), j Sy =| 0 F(x)dx + j: F(x)dx = jo’“ f(=0d(=x)+ | 0” F(x)dx . Now
replace —x with y. This gives j f(x)dx = jo“ F(y)dy+ jo“ Sy =2 0” F(x)dx .
(b) For g(x)=-g(-x), .[: g(x)dx =fig(x)dx + .[: g(x)dx = —L;a —g(—=x)(-d(-x))+ J.:g(x)dx . Now replace

—x with y. This gives [ g(x)dx= —j: g)dy+ | 0“ g(x)dx =0.

(c) The integrand in £, for Example 21.11 is odd, so £, =0.

EVALUATE: In Example 21.11, E, = 0 because for each infinitesimal segment in the upper half of the line of charge,
there is a corresponding infinitesimal segment in the bottom half of the line that has £, in the opposite direction.
IDENTIFY:  Find the resultant electric field due to the two point charges. Then use F =gE to calculate the force
on the point charge.

SETUP: Use the results of Problems 21.90 and 21.89.
EXECUTE: (@) The y-components of the electric field cancel, and the x-component from both charges, as given in

Problem 21.90, is E = 1 20 l— 5 121/2 . Therefore, F = I —20q l— 5 121/2 f.Ify>>a
dre, a \y (y +a’) 4re, a y (+a)

Erl 2229 _(1_ g2y 4. )i = —Lqu‘
4re, ay 4re, y
(b) If the point charge is now on the x-axis the two halves of the charge distribution provide different forces,

. . L = = 1 1 1)~
though still along the x-axis, as given in Problem 21.89: F, =¢E, = _@(_ - _jl
4re, a \x—a x

and Iff=qI§ =—L@(l—;jf.Therefore,|f=lf++lf= ! @( ! —E+ ! jf.For x>>a,
4re, a

XxX—a Xx Xx+a
2 2
Ii’z#@ 1+£+a_2+”._2+ 1_£+a_2_”. |=L2Q3qa|
4re, ax X x XX Ame, x

EVALUATE: If the charge distributed along the x-axis were all positive or all negative, the force would be
proportional to 1/y” in part (a) and to 1/x” in part (b), when y or x is very large.

IDENTIFY: Divide the semicircle into infinitesimal segments. Find the electric field dE due to each segment and
integrate over the semicircle to find the total electric field.

SETUP: The electric fields along the x-direction from the left and right halves of the semicircle cancel. The
remaining y-component points in the negative y-direction. The charge per unit length of the semicircle is

122 and dE:kﬂ dl:k/idé’

2
wa a a

EXECUTE:  dE, =dEsinf = kAsin0dO 1y refore, E, = 2k2 | 0"/ *sin6 do = 2k—/l[—cosa]g/ 2 2kA _ 2"% ,in
i a a

a a Ta

the —y-direction .

EVALUATE: For a full circle of charge the electric field at the center would be zero. For a quarter-circle of

charge, in the first quadrant, the electric field at the center of curvature would have nonzero x and y components.
The calculation for the semicircle is particularly simple, because all the charge is the same distance from point P.
IDENTIFY: Divide the charge distribution into small segments, use the point charge formula for the electric field
due to each small segment and integrate over the charge distribution to find the x and y components of the total field.

SETUP: Consider the small segment shown in Figure 21.97a.
.“

EXECUTE: A small segment that

subtends angle d@ has length a d6 and
e contains charge dQ = (ﬁJQ = Qd 0.
T

1
b, S7a

\ (7a is the total length of the charge
g ) distribution.)

Figure 21.97a
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The charge is negative, so the field at the origin is directed toward the small segment. The small segment is located at
angle @ as shown in the sketch. The electric field due to dQ is shown in Figure 21.97b, along with its components.
y

dE
d
Ll
4re, a
dE = 2Q ~d0
x 2r'eya

dE.
Figure 21.97b

x

dE_=dEcosf = (Q/27rze(,a2)cos0d6’

g/z)_ 0

2r'ed’

E, = [dE, = —2— [ " cos0d0 =—2—(sin0
’ T 2mgat 27°e,a

dE, =dEsin0 =(Q/27°a’ )sin0d0

Y

2n’e,a’

EV:J.dEY = ZQ 2J'”/zsinadaz%(—cosﬂg“):
’ Y 2ntea’ Yo 2r’ga
EVALUATE: Note that £, = E, as expected from symmetry.
21.98. IDENTIFY: Apply Z:FY =0and ZF) =0 to the sphere, with x horizontal and y vertical.

SETUP: The free-body diagram for the sphere is given in Figure 21.98. The electric field E of the sheet is

directed away from the sheet and has magnitude £ = zi (Eq.21.12).
&
EXECUTE: ZFy =0 gives Tcosa=mgand T = me . ZFX =0 gives Tsinag=42 and T = q?' .
cosa 2¢, 2¢,sina
Combining these two equations we have e _ L and tanq =22 Therefore, o = arctan g .
cosa 2¢sina 2e,mg 2e,mg

EVALUATE: The electric field of the sheet, and hence the force it exerts on the sphere, is independent of the
distance of the sphere from the sheet.

T———Tcosa

: 44

[ @

|

[ - X

T sin e gE
mg
I
Figure 21.98
21.99. IDENTIFY: Each wire produces an electric field at P due to a finite wire. These fields add by vector addition.
SET UP: Each field has magnitude 19 . The field due to the negative wire points to the left, while

4rey x\x* +a’

the field due to the positive wire points downward, making the two fields perpendicular to each other and of equal

magnitude. The net field is the vector sum of these two, which is E,,, = 2F; cos 45° = 2LLCOS 45° . In
4rey xNx* +a’

part (b), the electrical force on an electron at P is eE.

) 1 (0]
EXeCUTE: (a) The net field is E,o = 2 ————co0s45°.
7€ x\x* + a?

~ 2(9.00x109N~mz/cz)(2.50x10*"’c)cos45°

net —
(0.600 m)\/(0.600 m)* +(0.600 m)*
The direction is 225° counterclockwise from an axis pointing to the right through the positive wire.

=6.25 x 10 N/C.
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(b) F = eE=(1.60 x 10™"° C)(6.25 x 10* N/C) = 1.00 x 10" N, opposite to the direction of the electric field, since
the electron has negative charge.
EVALUATE: Since the electric fields due to the two wires have equal magnitudes and are perpendicular to each
other, we only have to calculate one of them in the solution.
21.100. IDENTIFY: Each sheet produces an electric field that is independent of the distance from the sheet. The net field
is the vector sum of the two fields.
SETUP: The formula for each field is £ = 0/2¢,, and the net field is the vector sum of these,
+
et = 95494 _5=9% , where we use the + or — sign depending on whether the fields are in the same or
2¢, 2¢, 2¢,
opposite directions and o, and o, are the magnitudes of the surface charges.
EXECUTE: (@) The two fields oppose and the field of B is stronger than that of 4, so
2 2
Bpu=Cr_ 91 _9p=0y _ 1OpCM" =9.50uCim_ _ 1o 155\, to the right.
2%, 2 2 2(8.85x10"*C*/N-m’ )
(b) The fields are now in the same direction, so their magnitudes add.
Epe = (11.6 pC/m* +9.50 uC/m%)/2 ¢, = 1.19 x 10° N/C, to the right
(¢) The fields add but now point to the left, s0 E, = 1.19 x 10° N/C, to the left.
EVALUATE: We can simplify the calculations by sketching the fields and doing an algebraic solution first.
21.101. IDENTIFY: Each sheet produces an electric field that is independent of the distance from the sheet. The net field
is the vector sum of the two fields.
SETUP: The formula for each field is £ =0/2¢,, and the net field is the vector sum of these,
+
et = 95494 _%5=9% , where we use the + or — sign depending on whether the fields are in the same or
2¢, 2¢, 2¢,
opposite directions and o, and o, are the magnitudes of the surface charges.
ExecuTe: (@) The fields add and point to the left, giving E,.; = 1.19 x 10° N/C.
(b) The fields oppose and point to the left, s0 E, = 1.19 x 10° N/C.
(¢) The fields oppose but now point to the right, giving E, = 1.19 x 10° N/C.
EVALUATE: We can simplify the calculations by sketching the fields and doing an algebraic solution first.
21.102. IDENTIFY: The sheets produce an electric field in the region between them which is the vector sum of the fields
from the two sheets.
SET UP: The force on the negative oil droplet must be upward to balance gravity. The net electric field between
the sheets is £ = o/¢,, and the electrical force on the droplet must balance gravity, so g£ = mg.
EXeEcUTE: (@) The electrical force on the drop must be upward, so the field should point downward since the
drop is negative.
(b) The charge of the drop is Se, so gE =mg. (Se)(c/¢,) =mg and
324x107° kg)(9.80 m/s* )(8.85x10™ C*/N-m’
o ="8% _ J )(1 )_ 35.1 C/m’
Se 5(1.60x10™ C)
EVALUATE: Balancing oil droplets between plates was the basis of the Milliken Oil-Drop Experiment which
produced the first measurement of the mass of an electron.
21.103. IDENTIFY and SET UP: Example 21.12 gives the electric field due to one infinite sheet. Add the two fields as
vectors.
EXECUTE: The electric field due to the first sheet, which is in the xy-plane, is E, = (o/ ZGO)R forz >0 and
E = —(O’/ZEO)R forz<0. We can write this as E, =(G/250)(z/|z|)|2, since z/|z| =+1forz>0 and z/|z| =—z/z=-1
for z<0. Similarly, we can write the electric field due to the second sheet as E, = —(o/ 260)(x/ |x|) i, since its
charge density is —o. The net fieldis E =E, + E, = (0'/250)(—(x/|x )i+ (z/|z|)|2).
EVALUATE: The electric field is independent of the y-component of the field point since displacement in the
+y- direction is parallel to both planes. The field depends on which side of each plane the field is located.
21.104. IDENTIFY: Apply Eq.(21.11) for the electric field of a disk. The hole can be described by adding a disk of charge

density —o and radius R, to a solid disk of charge density +o and radius R, .
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21.105.

21.106.

SETUP: The area of the annulus is 7(R; — R})o . The electric field of a disk, Eq.(21.11) is

E:i[l—l/./(R/x)ZH]
6

EXECUTE: (a) Q= Ao =x(R;—R’)o

(0) E=2- ([1 V(R /x)? +1J [1—1/./(R/x) +1})| b Ew=22 (l/\/(R/x) F1-1/J(Ry/x)’ +1)| b

The electric ﬁeld is in the +x direction at points above the disk and in the —x direction at points below the disk, and

X| » . . .
the factor u| specifies these directions.

X
(c) Note that 1 /\/(R /x)2+l:m(l+(x/R)2)’”z~m This gives E(x)= 2| > - x—lzf—i LI
: R ' R’ g 2¢\R, R ) x 2R R
Sufficiently close means that (x / R)* <<1.
(d) F.=qE, = —E L—i . The force is in the form of Hooke’s law: F =—kx, with k = goy 1 _1 .
’ 2¢\ R, R

re k- ﬂ___
m 27r ZGOmR R

EVALUATE: The frequency is independent of the initial position of the particle, so long as this position is
sufficiently close to the center of the annulus for (x/R,)* to be small.

IDENTIFY: Apply Coulomb’s law to calculate the forces that ¢, and g, exert on ¢,, and add these force vectors

to get the net force.
SETUP: Like charges repel and unlike charges attract. Let +x be to the right and +y be toward the top of the page.
EXecuTe: (@) The four possible force diagrams are sketched in Figure 21.105a.
Only the last picture can result in a net force in the —x-direction.
(b) ¢,=-2.00 4 C, g, =+4.00 uC, and g, > 0.
(c) The forces lf1 and lf2 and their components are sketched in Figure 21.105b.
Fyz():——l —|ql||q3| 2sin6’]+—1 —|q2||q3| 2
! 4re, (0. 0400 m) 47e, (0.0300 m)
_2| |sin¢9l 2 |3/5 27
16"5ing, 16 11475 " 64

sind, . This gives

= |q,|=0.843 uC .

|Q1| i+ |CI2| 3
(0.0400 m)*> 5 (0.0300 m)* 5

EVALUATE: The net force F on g, is in the same direction as the resultant electric field at the location of ¢, due

(d) F,=F, +F, and F,=0,s0 F =|q,| =562N.
} ’ 47160

to g, and ¢, .

'

: F sin 6,
|
Fycos 6, 6>

Fy cos b‘ll i
v < /\ | sin 8,

g9 >0,4,>0 F, 4,<0,¢,<0 r

g =0,g,<0 g, <0,g,=0 [
(a) (b)

Figure 21.105

IDENTIFY: Calculate the electric field at P due to each charge and add these field vectors to get the net field.
SETUP: The electric field of a point charge is directed away from a positive charge and toward a negative
charge. Let +x be to the right and let +y be toward the top of the page.

EXecUTE: (a) The four possible diagrams are sketched in Figure 21.106a.

The first diagram is the only one in which the electric field must point in the negative y-direction.

(b) ¢, =-3.00 4C, and g, <O0.
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>

. = = . - 5. 12
(c) The electric fields E, and E, and their components are sketched in Figure 24.106b. cosé, = 3’ sinf, =—

k k k k
cosa92:2 and sinHZ:i. E =0=- i £ la)] 12 . This gives [2: ~= i - S
13 (0.050m)’ 13 (0.120m)y’ 13 (0.120m)’ _ (0.050 m)’ 12
Solving for |g,| gives |g,|=7.2 uC,so g, =—7.2 pC . Then

k
E =~ ol 12k Sy y5.00 Ne. E=117x107 NIC.
(0.050m)* 13 (0.120m)* 13

EVALUATE: With ¢, known, specifying the direction of E determines both ¢, and E.

E,cosf, E; cos 0,
ay << N >

g1 <0,g,<0 £, q; =0, q1>0 i A
G, >0,g,<0 G <0,g,>0 Ey E, sing,
(@ _ (b)
Figure 21.106

21.107. IDENTIFY: To find the electric field due to the second rod, divide that rod into infinitesimal segments of length
dx, calculate the field dE due to each segment and integrate over the length of the rod to find the total field due to

the rod. Use dF = dgq E to find the force the electric field of the second rod exerts on each infinitesimal segment of

the first rod.
SETUP: An infinitesimal segment of the second rod is sketched in Figure 21.107. dQ =(Q/L)dx" .

EXECUTE: () dE = k dQ i _ko dx .
(x+a/2+L-x) L (x+a/2+L-x)
! L
E. J'dE _kQ.[L dx kQ 1 :Q( 1 1 )
O (x+al2+L-x"Y L|x+a/2+L-%], L\x+a/2 x+a/2+L

E_sz 1 1
L \2x+a 2L+2x+a)

(b) Now consider the force that the field of the second rod exerts on an infinitesimal segment dq of the first rod.
This force is in the +x-direction. dF =dq E .

Fe J'Ed J-L+a/2EQ oo 2kQ Imu( 1 1 de

2x+a 2L+2x+a

Fo 2k 1 S @+ 2012 ~In2L+ 23+ )]} j2) = sz 1n[(‘”z“"}(2“2“n.

I’ 2a 4L +2a
kQ (a+L)°
LZ a(a+2L) '
kQ a*(1+L/a) kQ
c)Fora>L, F=——In| —————*— 2In(1+L In(1+2L
(© For « Conl L8 1200020/
2 2 2 2
For small z, ln(1+z)zz—z—.Therefore,for a>>L,F~kQ2 £—L—2+--- 2—L—2i2 szz .
2 L a 2a a a a

EVALUATE: The distance between adjacent ends of the rods is a. When a >> L the distance between the rods is

much greater than their lengths and they interact as point charges.
.“

ex's] < x —> .
._.—‘dr’ & X

a,lr 2

k—L—>

Figure 21.107



