ELECTRIC CHARGE AND ELECTRIC FIELD

21.1.  (a) IDENTIFY and SET UP: Use the charge of one electron (—1.602 X 107" C) to find the number of
electrons required to produce the net charge.
EXECUTE: The number of excess electrons needed to produce net charge ¢ is
-320x107 C
4 o =2.00x10" electrons.
—e —1.602x10""" Cl/electron

(b) IDENTIFY and SET UpP: Use the atomic mass of lead to find the number of lead atoms in

8.00x107 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 107 kg/mol, so the number of moles in 8.00 x 1073 kg is
Cmg . 8.00x107° kg
"T™M T 207x107 kg/mol
so the number of lead atoms is N =nN, = (0.03865 mol)(6.022 x 10> atoms/mol) = 2.328 x 10*? atoms.

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.
21.2. IDENTIFY: The charge that flows is the rate of charge flow times the duration of the time interval.

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

=8.59x107"3.

The number of excess electrons per lead atom is

SET Up: The charge of one electron has magnitude e =1.60x 107 c.

EXECUTE: The rate of charge flow is 20,000 C/s and ¢ =100 #s =1.00 X 1074 s.

S
1.60x107 €
EVALUATE: This is a very large amount of charge and a large number of electrons.

21.3. IDENTIFY: From your mass estimate the number of protons in your body. You have an equal number of
electrons.

0 =(20,000 C/s)(1.00x10™* s) = 2.00 C. The number of electrons is 1, = =1.25x%10".

SET UP: Assume a body mass of 70 kg. The charge of one electron is —1.60 X 107 C.
EXECUTE: The mass is primarily protons and neutrons of m =1.67 X 1077 kg. The total number of
70 kg

: 28
protons and neutrons is n =———-—=42x10"". About one-half are protons, so
pandn Ty 67510727 ke

n, =2.1x 10% = n,. The number of electrons is about 2.1x 10%. The total charge of these electrons is

0=(-1.60x10"" Clelectron)(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.
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21-2 Chapter 21
21.4. 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, =6.02x 10% 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 is
23 17.7¢g 22 .
Npn=(6.02x10"" atoms/mol)| ————=— |=5.41x10"" atoms. The number of protons is
197 g/mol
n, =(79 protons/atom)(5.41 x10% atoms) =4.27 x10%* protons.
0= (n,)(1.60x10™"" C/proton) = 6.83x10° C.
(b) The number of electrons is n, = n, =4.27 X 10%4,
EVALUATE: The total amount of positive charge in the ring is very large, but there is an equal amount of
negative charge.
21.5. IDENTIFY: Each ion carries charge as it enters the axon.
SET UP: The total charge Q is the number N of ions times the charge of each one, which is e. So O = Ne,
where e=1.60x107"° C.
EXECUTE: The number N of ions is N = (5.6 x10'lions/m)(1.5x107>m) = 8.4 x 10%ions. The total charge
O carried by these ions is O = Ne = (8.4x10°)(1.60x107°C)=1.3x10°C =1.3 nC.
EVALUATE: The amount of charge is small, but these charges are close enough together to exert large
forces on nearby charges.
21.6. IDENTIFY: Apply Coulomb’s law and calculate the net charge g on each sphere.
SET UP: The magnitude of the charge of an electron is e=1.60 x 107 c.
2
EXECUTE: F = q_z This gives
47[60 r
lg| =47y Fr? = \[47ey(4.57x107" N)(0.200 m)> =1.43x107'¢ C. And therefore, the total
number of electrons required is n = |q|/e =( A43x10716 O)/(1 60x107 Cl/electron) = 890 electrons.
EVALUATE: Each sphere has 890 excess electrons and each sphere has a net negative charge. The two like
charges repel.
k
21.7. IDENTIFY: Apply F =M and solve for r.
r
SETUP: F =650N.
k 8.99x10° N-m?/C?)(1.0 C)*
EXECUTE: rz\/ |q1q2| :\/( X = X ) =3.7x10° m=3.7 km
F 650 N
EVALUATE: Charged objects typically have net charges much less than 1 C.
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, =6.02 % 10% atoms/mol. |q| =nle, where n, is the number of electrons removed from one
sphere and added to the other.
EXECUTE: (a) The total number of electrons on each sphere equals the number of protons.

0.0250 kg

— =0 S 1=7.25%10%* electrons.
0.026982 kg/mol

ne=ny= (13)<NA>(
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21.9.

21.10.

21.11.

2

1 L
(b) For a force of 1.00x10% N to act between the spheres, F'=1.00X% 10* N= 4_q_2 . This gives
7[60 7

|| = \/47'['60 (1.00x10* N)(0.800 m)? =8.43x10™* C. The number of electrons removed from one sphere
and added to the other is n, =|g| /e =5.27x10" electrons.

(©)nl/n,=7.27x10"".

EVALUATE: When ordinary objects receive a net charge the fractional change in the total number of
electrons in the object is very small.

IDENTIFY: Apply Coulomb’s law.

SET UP: Consider the force on one of the spheres.

(a) EXECUTE: ¢;=¢q,=¢

1 2 . _
Fe |‘11‘212| __4 Ssog=r Lzollso m 02§0N 55 =7.42x10 7 C (on each)
drey r 4reyr (1/47[60) 8.988%x10" N-m~/C

(b) g, =4q

1 44? F F _ _
Fe |qlgz| - S50 gy =7 =1r =1(742x107 ©)=3.71x107 C.
47[60 v 47[60]” 4(1/47[60) (1/47[60)

And then ¢, = 4q, =1.48x107° C.

EVALUATE: The force on one sphere is the same magnitude as the force on the other sphere, whether the
spheres have equal charges or not.

IDENTIFY: We first need to determine the number of charges in each hand. Then we can use Coulomb’s
law to find the force these charges would exert on each hand.

SET UP: One mole of Ca contains N, =6.02 X 10 atoms. Each proton has charge e =1.60 x 1077 c.
2
The force each hand exerts on the other is F =k q—2
r
EXECUTE: (a) The mass of one hand is (0.010)(75 kg) =0.75 kg =750 g. The number of moles of Ca is

ne 750 g
40.18 g/mol

N =nN, =(18.7 mol)(6.02 x 10 atoms/mol) =1.12x10%° atoms.

(b) Each Ca atom contains positive charge 20e. The total positive charge in each hand is

N, = (1.12x10%)(20)(1.60 x 107 C)=3.58 x 10" C. If 1.0% is unbalanced by negative charge, the net

positive charge of each hand is ¢ =(0.010)(3.58 x 107 C)=3.6x10° C.

(¢) The repulsive force each hand exerts on the other would be

(3.6 x10° C)?
(1.7 m)?

=18.7 mol. The number of atoms is

2
F=k q—z =(8.99 x 10° N- mz/Cz) =4.0x10%° N. This is an immense force; our hands
r
would fly off.
EVALUATE: Ordinary objects contain a very large amount of charge. But negative and positive charge is
present in almost equal amounts and the net charge of a charged object is always a very small fraction of
the total magnitude of charge that the object contains.

IDENTIFY: Apply F =ma, with F =k|91‘§2|.
r

SETUP: a=25.0g=245 m/s>. An electron has charge —e=-1.60 X 107 c.
EXECUTE: F =ma=(8.55x107° kg)(245 m/s?)=2.09 N. The spheres have equal charges ¢, so

2
F=kZ and |q|=r\/§=(0.150 m)\/ 209N =2.29%107 C.
r

8.99x10° N-m?/C?
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21.12.

21.13.

g 229%x107° C
e 1.60x107"° C
electrical force is repulsive and the spheres accelerate away from each other.
EVALUATE: As the spheres move apart the repulsive force they exert on each other decreases and their
acceleration decreases.
IDENTIFY: We need to determine the number of protons in each box and then use Coulomb’s law to
calculate the force each box would exert on the other.

SET UP: The mass of a proton is 1.67 X 1077 kg and the charge of a proton is 1.60 X 107" C. The

=1.43%10" electrons. The charges on the spheres have the same sign so the

distance from the earth to the moon is 3.84 x 10® m. The electrical force has magnitude F, = k i (212| ,
»
where k£ =899x10" N-m“/C". The gravitational force has magnitude F,, =G—5=, where
r

G=6.67x10""" N-m?/kg>.

1.0x107 kg
1.67x107%" kg
of each box is g = Ne=(5.99 x 1023 )(1.60 x 107" C)=9.58x 10* C. The electrical force on each box is

(9.58 x10* C)2
(3.84%10° m)?

EXECUTE: (a) The number of protons in each box is N = =5.99x10%. The total charge

2
F, = l’cq—2 =(8.99 x 10° N- mz/C2) =560 N =130 Ib. The tension in the string must equal
r
this repulsive electrical force. The weight of the box on earth is w=mg =9.8 x 107 N and the weight of
the box on the moon is even less, since g is less on the moon. The gravitational forces exerted on the boxes
by the earth and by the moon are much less than the electrical force and can be neglected.
(1.0x107> kg)?

_ —34
5 =45x107" N,
(3.84x10° m)

=(6.67 x 107! N-m?/kg?)

(b) Fyyy = G122
EVALUATE: Both the electrical force and the gravitational force are proportional to 1/r2. But in SI units
the coefficient k in the electrical force is much greater than the coefficient G in the gravitational force. And
a small mass of protons contains a large amount of charge. It would be impossible to put 1.0 g of protons
into a small box, because of the very large repulsive electrical forces the protons would exert on each other.
IDENTIFY: In a space satellite, the only force accelerating the free proton is the electrical repulsion of the
other proton.

SET UP: Coulomb’s law gives the force, and Newton’s second law gives the acceleration:

a=Fim= (1/47‘[60)(62/}”2)/m.

EXECUTE: (a) a=(9.00x10° N-m?%/C?)(1.60x107" C)%/[(0.00250 m)*(1.67x1072" kg)] = 2.21x10% m/s>.
(b) The graphs are sketched in Figure 21.13.

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.

a v

Figure 21.13
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21.14.  IDENTIFY: Apply Coulomb’s law.
SET Up: Like charges repel and unlike charges attract.
Iqlqzl 1 (0.550x10" C)|q2|

. This gives 0.200 N =
471'60 2 4re, (0.30 m)

EXECUTE: (a) F =

|q2| =+3.64x107% C. The force is attractive and ¢1 <0, so g, =+3.64 % 107 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.
21.15.  IDENTIFY: Apply Coulomb’s law. The two forces on g; must have equal magnitudes and opposite

directions.
SET Up: Like charges repel and unlike charges attract.

EXECUTE: The force F, that ¢, exerts on g5 has magnitude F, = |q2q3| and is in the +x-direction.
53
F, must be in the —x-direction, so ¢; must be positive. F| = F, gives k|q1”q3| | ||2q3| .
7 n

2 2
i 2.00 cmj
= — | =(3.00 nC =0.750 nC.
|q1| |q2|(r2J ( ! )[4.00cm "

EVALUATE: The result for the magnitude of g; doesn’t depend on the magnitude of ¢,.

21.16.  IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on Q.
SET Up: The force that ¢, exerts on Q is repulsive, as in Example 21.4, but now the force that g, exerts is

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

1 (20x10°C)4.0x107°C) .
4rey (0.500 m)>
Therefore, the total force is 2F =0.35 N, in the —y-direction.

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

equally. Fi, =F,, =— sina=—-0.173 N (since sinx = 0.600).

21.17. IDENTIFY: Apply Coulomb’s law and find the vector sum of the two forces on ¢;.

SET Up: Like charges repel and unlike charges attract, so IE‘Q and IE‘3 are both in the +x-direction.
|qlq2| =6.749x10° N, F; = |‘M3|
”12 Vl3

F=18x10"* N and is in the +x-direction.

EXECUTE: F,=k =1.124x107* N. F=F, + F;=1.8x107* N.

EVALUATE: Comparing our results to those in Example 21.3, we see that F, ,, 3 =—F; ., 1, as required

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

SETUP: F, ,,is in the +y-direction.
(9.0x10° N-m?/C?)(2.0x107° C)(2.0x107° C)
(0.60 m)?

(Fyon1)y =+0.100 N. Fj o,y is equal and opposite to F] o, o (Example 21.4), s0 (Fp o 1), =—0.23 N

and (Fp on1)y =0.17N. Fo=(F o 1)y +(Fg on 1)y =—0.23N.
F,=(Fyon1)y +(Fpon1), =0.100 N+ 0.17 N=0.27 N. The magnitude of the total force is
-1 023

EXECUTE: F, =

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

F= \/(0.23 N)? +(0.27N)?> =0.35N. tan =40°, so 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.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



21-6 Chapter 21

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

EXECUTE: F, is in the x-direction.

F :k@ =337 N,s0 Fy, =+3.37 N
2
F.=F +F, and F, =-7.00 N
Fy =F.—F, =-7.00N-337N=-1037 N

For F;, to be negative, g3 must be on the —x-axis.

k
F =k@, so Jsf= 99| _ 0144 m, s0x=~0.144 m
x A
EVALUATE: ¢, attracts g; in the +x-direction so g; must attract g, in the —x-direction, and g5 is at

negative x.
21.20. IDENTIFY: Apply Coulomb’s law.

SET Up: Like charges repel and unlike charges attract. Let Fz 1 be the force that g, exerts on ¢; and let
F;, be the force that g5 exerts on g;.

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 |qig2]  (9x10° N-m?/C?)(3.00 x 107 €)(5.00 x 107° C)

Fy = =3.375 N, in the +x-direction.

' azey i (0.200 m)?
9 2/~2 —6 —6 2
F31:(9><10 N-m%/C )(3.00;10 C)(8.00x10 C):0.216£\I M’ L he —xdirection.
UE] UE]
0.216 N-m?
We need F, = Fy - Fy; ==7.00 N, 50 3.375 N -~~~ = _7.00 N.
i3

0.216 N-m? :
ny = | 2BONM ) j4am gy dsat x=0.144 m.
3375N+7.00N

EVALUATE: F;; =104 N. F;, is larger than F,;, because |q3| is larger than |q2| and also because 73 is

less than 7,.

21.21.  IDENTIFY: Apply Coulomb’s law to calculate the force each of the two charges exerts on the third charge.
Add these forces as vectors.
SET UP: The three charges are placed as shown in Figure 21.21a.

v

q, = +3.20nC

0.400 m

q, = +5.00nC
0.200 m

g, =—150nC

Figure 21.21a

EXECUTE: Like charges repel and unlike attract, so the free-body diagram for g5 is as shown in
Figure 21.21b.
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I3
Fi= 1 o] 2 |
7[60 i3
|f12‘I3|
< - =
F, ' 4re, r223
Figure 21.21b
-9 -9
F = (8.988x10° N.m?/c?)1:20x10 C)(S.O()2><10 ©) 1685%10° N
(0.200 m)
-9 -9
Fy=(8.988x10° N.m?/c2) 32010 OXE00x1077 C) _ ¢ ga5, 1077 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 2.58 x 107 N and is in the —y-direction.

EVALUATE: The force between ¢; and g5 is attractive and the force between ¢, and g5 is replusive.

Iqq |

21.22. IDENTIFY: Apply F =k to each pair of charges. The net force is the vector sum of the forces due to

g, and g,.
SET Up: Like charges repel and unlike charges attract. The charges and their forces on g3 are shown in
Figure 21.22.

|q1q3| (4.00x107° C)(6.00x10™° C)

EXECUTE: F, = =(8.99x10° N-m?/C?) =5.394%107° N.
rl (0.200 m)?
,9 —
Fy= |‘M3| _ (8.99x10° N-m2/cty X107 OXCL0XI07 €) ) 507 6

3 (0.300 m)?
F.=F,+F, =+F—-F =240x 107® N. The net force has magnitude 2.40 x 10™° 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.

v

«— 0200 m —
0.300 m F,

& —y . & v

42 F-_\

Figure 21.22

21.23. IDENTIFY: We use Coulomb’s law to find each electrical force and combine these forces to find the net
force.

SET Up: In the O-H-N combination the O is 0.170 nm from the H" and 0.280 nm from the N™. In the
N-H-N combination the N~ is 0.190 nm from the H' and 0.300 nm from the other N™. Like charges
repel and unlike charges attract. The net force is the vector sum of the individual forces. The force due to

|Q1CI2|
k .
}" l"2

each pair of charges is F =k—=
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62

r2

EXECUTE: (a) sz@zk
r

O-H-N:

(1.60x107" )2
(0.170x10™ m)?
(1.60x107" C)?
(0.280x107° m)?

O -H": F=(8.99x10° N-m?/C?) =7.96x107° N, attractive

O™-N": F=(8.99x10° N-m?/C?) =2.94x107" N, repulsive

N-H-N:
(1.60x107" C)?

(0.190x107° m)?
(1.60x107" C)?

(0.300x107° m)?
The total attractive force is 1.43x10™° N and the total repulsive force is 5.50 X 10~ N. The net force is
attractive and has magnitude 1.43x 10 N —5.50x10~° N=8.80x10™" N.

(b) F = ké ~(8.99x10° N m2/c2)-1:60x10 1_99C)22
r (0.0529x10™" m)

EVALUATE: The bonding force of the electron in the hydrogen atom is a factor of 10 larger than the
bonding force of the adenine-thymine molecules.

21.24. IDENTIFY: We use Coulomb’s law to find each electrical force and combine these forces to find the net
force.
SET UP: In the O-H-O combination the O~ is 0.180 nm from the H and 0.290 nm from the other O~.
In the N-H-N combination the N~ is 0.190 nm from the H* and 0.300 nm from the other N~. In the

O-H-N combination the O~ is 0.180 nm from the H* and 0.290 nm from the other N~. Like charges
repel and unlike charges attract. The net force is the vector sum of the individual forces. The force due to

|94 —k

1’2 7’2

N™-H": F=(8.99x10° N-m?/C?) =6.38x107° N, attractive

N™-N": F=(8.99x10° N-m?/C?) =2.56x107" N, repulsive

=822x107° N.

2
each pair of charges is F =k £

€2
T
}"2

EXECUTE: Using F = k|q1 32| —k

r

we find that the attractive forces are: O~ - H*, 7.10x 107 N;

N™-H", 6.37x107 N; O"-H™, 7.10x10™ N. The total attractive force is 2.06 x10™> N. The repulsive
forces are: O™ -0, 2.74 % 107 N; N -N7, 2.56 % 107 N; O -N7, 2.74 x 10~ N. The total repulsive
force is 8.04x10™ N. The net force is attractive and has magnitude 1.26 X 1078 N.

EVALUATE: The net force is attractive, as it should be if the molecule is to stay together.
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.

SET UP: A proton has charge +e and mass 1.67 X 1077 kg.

EXECUTE: (a) F =(1.60x107" C)(2.75x10° N/C)=4.40x107'* N
F_ 440x107'°N

“m 167x107 ke

(©) v, =v,, +a,t 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.

la
I"2

() a =2.63x10"" m/s?

21.26. IDENTIFY: For a point charge, £ =k

SETUP: E is toward a negative charge and away from a positive charge.

© Copyright 2012 Pearson Education, Inc. All rights reserved. This material is protected under all copyright laws as they currently exist.
No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.



Electric Charge and Electric Field 21-9

EXECUTE: (a) The field is toward the negative charge so is downward.

-9
E=(8.99%10° N~m2/C2)M= 432 N/C.
(0.250 m)
X . I N-m2/CH 3. 9
) r Mz\/(899x10 Nem?CH)E00x10°0) o
E 12.0 NIC

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) SET Up: 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 /' = gE.

EXECUTE: v =13 +2a, (x—x). 0=(4.50x10° m/s)? +24(0.0320 m) and a=3.16 x10'"* m/s*>. Now

X =
find the electric field, with ¢ =e. £ =ma and
E=male=(1.67x10"% kg)(3.16 x 10" m/s?)/(1.60x107'° C)=3.30x10° N/C, to the left.

(b) SET UP: Kinematics gives v=v, +at, and v=0 when the electron stops, so ¢ =vy/a.

EXECUTE: 1 =vy/a=(4.50x10% m/s)/(3.16x10'* m/s?)=1.42x107® s=14.2 ns

(¢c) SET Up: 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, =[(9.11x107! kg)/(1.67 x107%7 kg)](3.30x10® N/C) =1.80x10* 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.
21.28. IDENTIFY: Use constant acceleration equations to calculate the upward acceleration @ and then apply

F = ¢E to calculate the electric field.
SET UP: Let +y be upward. An electron has charge ¢ =—e.
EXECUTE: (a) vy, =0and a,=a, so y—y,= voyt+%ayt2 gives y— =%at2 . Then
ge 2(y—yp) __ 2(4.50m)

1 (3.00 x107° 5)?
_F _ma_(9.11x107" kg)(1.00 x 10" m/s*) _

q q 1.60x 107" C

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

=1.00 x 102 m/s.

E 5.69N/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.

21.29.  (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.
SET Up: 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.

'LE' mg =|q|E

1 E
q

mg

Figure 21.29
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1.45%1073 kg)(9.80 m/ .
Execure: |g| =28 - (14510 " keX ) 5 19107 C and g=-21.94C
E 650 N/C
(b) SET UP: The electrical force has magnitude Fj = |q|E =¢E. The weight of a proton is w = mg.
Fp=w so eE=mg
1.673x107%7 kg)(9. 2
EXECUTE: E=_¢€= (1.673x10 g)g 80 m/s”) =1.02x1077 N/C.
e 1.602x107" C

This is a very small electric field.

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

(= 10_8) than in part (a) (~ 102) so E is much smaller in (b). For subatomic particles gravity can usually

be ignored compared to electric forces.
21.30. IDENTIFY: The net electric field is the vector sum of the individual fields.

SET Up: The distance from a corner to the center of the square is » =+/(a/ 2)2 + (a/ 2)2 =a/\J2 . The

magnitude of the electric field due to each charge is the same and equal to £, = kq kq . All four

r? a’
y-components add and the x-components cancel.
E _
EXECUTE: Each y-component is equal to E,, =—E_ cos45° = 4 - quz =— \/Ef 9 The resultant field
V2 V24 a
442 . L
S @ , in the —y-direction.
a

EVALUATE: We must add the y-components of the fields, not their magnitudes.

21.31. IDENTIFY: For a point charge, F = kl | The net field is the vector sum of the fields produced by each

charge. A 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¢,.

EXECUTE: (a) The electric fields at point 4 due to the charges are shown in Figure 21.31a.

-9
E = |q1| - (8.99x10° N ~m2/C2)M=2.50X103 N/C
2 (0.150 m)
Ez : |q2| (8 99><109 2/C2)M =1. 124)(104 N/C

rA2 (0.100 m)*
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 point B are shown in Figure 21.31b.

-9
|QI| (8.99><109N~m2/C2)M

-9
E, =k|q2| (8.99%10° N 2/&)%
Since the fields are in the same direction, we add their magnitudes to find the net field.
E = E + E, =6.54x10° N/C, to the right.

E = k4 =5.619x10° N/C

=9.17x10% N/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.
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21.32.

21.33.

«—0.150 m——<«—0.100 m—> «— (0.100 m—>< 0.250 m
E,
. — —————— ® P o °
q E, A E, 42 E, @ g2
(a) (b)
Figure 21.31

IDENTIFY: The electric force is F = gE.
SET Up: The gravity force (weight) has magnitude w=mg and is downward.
EXECUTE: (a) To balance the weight the electric force must be upward. The electric field is downward,
so for an upward force the charge ¢ of the person must be negative. w= F gives mg = |q|E and

_mg (60 kg)(9.80 m/s?)
=T = tsonc -

’ 3.9 C)? . . -
@ =(8.99 x 10° N- mz/Cz)ﬁ =1.4x10" N. The repulsive force is immense and this is
r m

39C.

(b) F=k

not a feasible means of flight.

EVALUATE: The net charge of charged objects is typically much less than 1 C.

IDENTIFY: Eq. (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) SET UP: The motion is sketched in Figure 21.33a.

2.00 ¢m

-
u_n‘nch " i
—ls |- - g

For an electron ¢ =—e.

Figure 21.33a

F = ¢E and g 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.

EXECUTE: ZFy =ma,
eE =ma
}

Figure 21.33b

Solve the kinematics to find the acceleration of the electron: Just misses upper plate says that
X —x5=2.00 cm when y—y,=+0.500 cm.

X-component

Vor = Vo =1.60x10° m/s, a, =0, x— xy = 0.0200 m, £ = ?
X=Xy =\/0)Ct+%axl2
x—xy _ 0.0200 m

Vor  1.60x10° m/s
In this same time ¢ the electron travels 0.0050 m vertically:

t= =125%10"% s
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21.34.

21.35.

y-component
t=125x10"%s, vy, =0, y - 3, =+0.0050 m, @, =?

y—y0=v0yt+%ayt2
_2(y=y9) _ 2(0.0050 m)
4y=—27 - 8 2
t (1.25%x107% 5)

(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.

) a= eE _ (1.602x107" C)(364 N/C)
my 1.673x107%" 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

=6.40x10" m/s?

E =364 N/C

=3.49%10'" m/s?

1=125%10"% 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 , =-3.49% 10" mvs?.
y=yo=vp,t +1a,? =1(-3.49x10" m/s?)(1.25x107 5)* ==2.73x10~° m. The displacement is

2.73%107° 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.

(d) In each case a > g and it is reasonable to ignore the effects of gravity.

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 ¢, F= j For ¢,, F=cos i +sin 9_;', where @ is the angle between Ez and the +x-axis.

9 2/~2 -9
@ 2j=(9.0><10 N-m>/C2)( 52.00><10 O 5 C2813x10° NIC) }
Ay (0.0400 m)

By =2 = (9.0x10° N-m?/C?)(3.00x10™ C)
4reyrs (0.0300 m)? +(0.0400 m)>

4.00 cm
.00 cm

EXECUTE: (a) E, =

=1.080x10* N/C. The angle of E,, measured from

the x-axis, is 180° — tan_l( j =126.9° Thus

E, =(1.080 x10* N/C)(i c0s126.9° + jsin126.9°) = (—6.485 x10° N/C)i + (8.64x10° N/C) j
(b) The resultant field is E, + E, = (—6.485x 10> N/C)i +(-2.813x10% N/C +8.64 x10° N/C) ;.
E, + E, =(-6.485x10> N/C)i —(1.95x10* N/C) j.

EVALUATE: E‘l is toward ¢ since ¢ is negative. E‘z is directed away from ¢,, since g, is positive.

IDENTIFY: Apply constant acceleration equations to the motion of the electron.
SET UP: 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.
EXECUTE: Use the horizontal motion to find the time when the electron emerges from the field.

x—xp=0.0200m, @, =0, vy, =1.60x10° m/s.x — xy = vyt +at* givest=125x10""s. Since

6 3 Voy vy .
a, =0, v, =1.60 x10" m/s. y -y, =0.0050 m, vy, =0, 1=1.25x10"s. y -y, = 3 t gives
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v, =8.00x10° m/s. Then v=[v2 +v2 =1.79 x10° ms.
EVALUATE: v, =v), +a,f gives a, =6.4X 10" m/s®. The electric field between the plates is

ma, (9.11><10_31 kg)(6.4><1013 m/sz)
¢ 1.60x107 C
21.36.  IDENTIFY: Use the components of E from Example 21.6 to calculate the magnitude and direction of E.

E= =364 V/m. This is not a very large field.

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 =(~11N/C)i + (14 N/C) j.

EXECUTE: (a) E = [E2 + E2 = (-1 NIC) + (14 N/C)? =17.8 N/C.

E
tan ™! [u] = tan_1(14/1 1)=51.8° so 8=128° counterclockwise from the +x-axis.

|E|
(b) (i) F=Egso F=(17.8N/C)(2.5x1077 C)=4.45x10"° N, at 52° below the +x-axis.

(i1) 4.45% 1078 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: The forces the charges exert on each other are given by Coulomb’s law. The net force on the
proton is the vector sum of the forces due to the electrons.

SETUP: ¢, = ~1.60x107" C. qp = +1.60x107"? C. The net force is the vector sum of the forces exerted

2
e . . ..
@ = k—2 and is attractive so is directed toward the
r r

by each electron. Each force has magnitude F' =k

electron that exerts it.
EXECUTE: Each force has magnitude

Jaa| e (8.988x10° N-m*/C?)(1.60x107" C)?
e (1.50x107 m)?
diagram is shown in Figure 21.37.

F=F= =1.023x10"® N. The vector force

65.0

Figure 21. 37
Taking components, we get £, =1.023x 10 N; £, =0. Fy, = F,c0s65.0°=4.32 x 10~ N;

Fy, =F,sin65.0°=927 X107 N. F, =F +F,, =1.46x107° N; F, =F +F,,=9.27x107 N.
_ F, 927x10° N o
F=\F2+F2=173x10° N. tanf=—2 = ="~ _(,6349 which gives
F, 146x10°N

6=32.4°. The net force is 1.73 X 107 N and is directed toward a point midway between the two electrons.
EVALUATE: Note that the net force is less than the algebraic sum of the individual forces.
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21.38.

21.39.

21.40.

21.41.

IDENTIFY: Apply constant acceleration equations to the motion of the proton. E = F/ |q|

SET UP: A proton has mass m,, =1.67 x 1077 kg and charge +e. Let +x be in the direction of motion of

the proton.

ek . 1 1 eE . .
EXECUTE: (a) vy, =0. a=—_. x—xg=vg, ¢+ %axz‘2 gives x —x = Eaxt2 =—""1. Solving for E gives
m

P 2my
~2(0.0160 m)(1.67 x107%" kg)

= — - =148 N/C.
(1.60x107" €)(1.50x107° )

E
(b) v, = vy, +a,t=—1=2.13x10* ms.
My
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.
IDENTIFY: Find the angle € that 7 makes with the +x-axis. Then 7 = (cos H)f +(sin 6) } .
SETUP: tanf= y/x

EXECUTE: (a) tan‘l(%):—g rad. F=—j.
0t [12)7 g 522525
12) 4 2 2

(c) tan”! (%} =1.97rad =112.9°. #=-0.39 +0.92j (Second quadrant).
+1.

EVALUATE: In each case we can verify that F is a unit vector, because 7-r=1.
IDENTIFY: The net force on each charge must be zero.
SET UP: The force diagram for the —6.50 #C charge is given in Figure 21.40. F; 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: (a) Fj =|q|E =(6.50x10"° C)(1.85x10® N/C)=1.20x10° N
—6 —6
|qlgz| _ (8.9910° N-mz/Cz)(6'50><10 C)(8.752><10 C)
r (0.0250 m)
Y F,=0 gives T+F,~F;=0 and T=F; —F,=382N.
(b) Now F, is to the left, since like charges repel.
Y F, =0 gives T—F,—F; =0 and T =Fy +F, =2.02x10° 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.

=8.18x10° N

F,=k

Figure 21.40

IDENTIFY and SET UpP:  Use E in Eq. (21.3) to calculate F, F = ma to calculate @, and a constant
acceleration equation to calculate the final velocity. Let +x be east.
(a) EXECUTE:  F, =|¢|E = (1.602x10™" C)(1.50 N/C) = 2.403x107" N

a,=F/m=(2.403x107" N)/(9.109x107! kg) = +2.638 x10'" m/s?
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Vo, = +4.50x10° m/s, a, =+2.638x10"" m/s?, x—x; =0.375 m, v, =2

vi=vg +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, =—|q|E =~(1.602x10"" C)(1.50 N/C) =-2.403x10""" N
a, = F/m=(-2.403x10"" N)/(1.673x107*" kg) =—1.436 x10° m/s*
Vor =+1.90x10*m/s, a, = —1.436x10° m/s?, x —xy = 0.375 m, v, =?

V)z{ = vgx +2a,(x—xy) gives v, =1.59x 10* m/s
EVALUATE: ¢ >0 so F is west and the proton slows down.

21.42. IDENTIFY: The net electric field is the vector sum of the fields due to the individual charges.
SET UpP: The electric field points toward negative charge and away from positive charge.

rJ’I
(a) (b}

Figure 21.42

EXECUTE: (a) Figure 21.42a shows E o and E+q at point P. E‘Q must have the direction shown, to

produce a resultant field in the specified direction. E, o is toward Q, so O is negative. In order for the

horizontal components of the two fields to cancel, Q and ¢ must have the same magnitude.
(b) No. If the lower charge were negative, its field would be in the direction shown in Figure 21.42b. The

two possible directions for the field of the upper charge, when it is positive ( E ) or negative ( E_),are

shown. In neither case is the resultant field in the direction shown in the figure in the problem.

EVALUATE: When combining electric fields, it is always essential to pay attention to their directions.
21.43. IDENTIFY: Calculate the electric field due to each charge and find the vector sum of these two fields.

SET UP: 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, = ! [ q q Jz 49 ax

X

472'60 (11+)C)2 (a_x)z 477:60 (x2_a2)2~
2, 2
Forx>a, Ex= l 1 2+ 1 2 = 2q xz+a22-
drey \ (a+x)" (a—x) Arey (x* —a”)
2, 2
FOI’x<—a, Ex: 1 1 2+ 1 2 =— 2q xz+aZz~
4reg \ (a+x)°  (a—x) 4rey (x* —a®)

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

Figure 21.43

21.44. IDENTIFY: Add the individual electric fields to obtain the net field.
SET UP: The electric field points away from positive charge and toward negative charge.

Figure 21.44

EXECUTE: (a) The electric fields E, and E, and their vector sum, the net field E, are shown for each

point in Figure 21.44a. The electric field is toward 4 at points B and C and the field is zero at 4.

(b) The electric fields are shown in Figure 21.44b. The electric field is away from A at B and C. The field
is zero at A.

(¢) The electric fields are shown in Figure 21.44c. The field is horizontal and to the right at points 4, B and C.
EVALUATE: Compare your results to the field lines shown in Figure 21.28a and b in the textbook.

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) SET UP: The placement of charges is sketched in Figure 21.45a.

v

¢ *‘fl = +2.00 nC 4, = =5.00nC

a b

0.200 m' 0.200 m 0.600 m 0.400 m

Figure 21.45a
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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 E =

7 is the distance between the point where the field is calculated and the point charge.
(i) At point a the fields E, of ¢; and E, of g, are directed as shown in Figure 21.45b.

Figure 21.45b

|q1| 2.00x107° C

EXECUTE: E, = =(8.988%10° N-m?/C*)=————==449.4 N/C
4y 1} (0.200 m)’
-9
E,= |q§| (8.988x10° N-m?/C? )w—mgwc
4rey 1 (0.600 m)*

E;,=449.4N/C, E;, =0
2 =1248 N/C, E,,, =0
E.=E . +E, =+4494N/C+1248 N/C=+5742 N/C
E,=E,+E =0
The resultant field at point a has magnitude 574 N/C and is in the +x-direction.
(i) SET Up: At point b the fields El of ¢; and E'z of ¢, are directed as shown in Figure 21.45c.

& - X
ql = () ‘f: <) ®
Figure 21.45¢
-9
EXECUTE: E, = |ql| ~(8.988%10° N 2/&)% ~12.5N/C
Arey 1 (1.20 m)
-9
E, = |q2| —(8.988x10° N-m2/C? )M_zswwc
4re, 12 (0.400 m)?

E,=125N/C, E, =0
E,, =-280.9 N/C, E;,, =0
E . =E +E, =+12.5N/C-280.9 N/C=-268.4 N/C
Ey =Ely +E2y =0
The resultant field at point b has magnitude 268 N/C and is in the —x-direction.
(iii) SET UP: At point c the fields El of ¢, and E2 of ¢, are directed as shown in Figure 21.45d.
v
E, Ey

-—— @ i
¢ 4, >0 g, <0

Figure 21.45d
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1 2.00x107 C
EXECUTE: E, = @ = (8.988x10° N-m?*/C*)=————==449.4 N/C
4rey 1 (0.200 m)
1 5.00x10™ C
E,= —@ = (8.988x10° N-m*/C*)=————= =449 N/C
4rey r; (1.00 m)
E\,=-4494N/C, E;, =0
E,  =+449 N/C, E;, =0
E.=E +E, =-449.4N/C +44.9 N/C=-404.5 N/C
Ey =E1y+E2y=0
The resultant field at point b has magnitude 404 N/C and is in the —x-direction.
(b) SET Up: 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=(1.602x10""" C)(268.4 N/C)=4.30x10"'"N, +x-direction
(iii) F =(1.602x107"" C)(404.5 N/C) = 6.48x107'7 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), for (i) the field magnitudes were added because the fields were in
the same direction and in (ii) and (iii) 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.
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.
SET UP: The field of each charge is directed toward the charge if it is negative and away from the charge
if it is positive.
EXECUTE: 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 /2 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|i2. The net field is the vector sum of the fields due to each charge.
r

SET Up: The electric field of a negative charge is directed toward the charge. Label the charges ¢, ¢,
and g, 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;.
5.00x107° C

0100 m)? =4.49x10° N/C
. m

EXECUTE: E; = FE;=(8.99x% 10° N-m%/C?)

2.00x107° C
(0.0600 m)?

E,=E, +Ey, +Ey, =0 and E, = E +E,, + E5, = E, + 2Ec0s53.1°=1.04x 10’ N/C

E, =(8.99x10° N-m%/C?) =4.99x10° N/C

E=1.04x10" N/C, toward the —2.00 #C charge.
EVALUATE: The x-components of the fields of all three charges are in the same direction.
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q,

8.0 cm 10.0 em

q5 ¢

P x

8.0cm 10.0 cm

44

(@)

Figure 21.47

21.48. IDENTIFY: We can model a segment of the axon as a point charge.

SET Up: If the axon segment is modeled as a point charge, its electric field is E = k%. The electric field
r

of a point charge is directed away from the charge if it is positive.
EXECUTE: (a) 5.6x10'! Na™ ions enter per meter soina 0.10 mm = 1.0x10™* m section, 5.6 X 107 Na* ions

enter. This number of ions has charge ¢ = (5.6% 107 )(1.60x 1071 C)=9.0x1 072 C.

9.0x10712 C
(5.00 x 1072 m)?

(b) E = k@ =(8.99 x 10° N-m?/C?) =32 N/C, directed away from the axon.
r

A . 9 N -m2/C2)(9. -12
© re M:\/(899x10 N-m*/CH)0.0x107* C) _ o0

E 1.0x107° N/C

EVALUATE: The field in (b) is considerably smaller than ordinary laboratory electric fields.
21.49. IDENTIFY: The electric field of a positive charge is directed radially outward from the charge and has

Ll

magnitude £ = 5~ The resultant electric field is the vector sum of the fields of the individual charges.
i€y v

SET Up: The placement of the charges is shown in Figure 21.49a.
.\\

d

II!_J[}!J m
4$=>0 4 g =0 ]
0150 m| 0.150m| 0.150 m
]‘UAEP{FITI
.

Figure 21.49a

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

i E =E, __ L ld with »=0.150 m.

Figure 21. 49b
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(b) The two fields have the directions shown in Figure 21.49c¢.

E, _ . . .
b — E=E +E,, in the +x-direction
F‘I
Figure 21. 49¢
1 00x107°
E = @=(8.988x109 N-mz/Cz)wzﬁ%.S N/C
4rey 1 (0.150 m)
1 6.00x107° C
E = —@ = (8.988x10° N-m?/C?) 2~ =266.3 N/C
4rey r; (0.450 m)

E=E +E,=2396.8 N/C+266.3 N/C=2660 N/C; E, =+2660 N/C, E, =0
(¢) The two fields have the directions shown in Figure 21.49d.

0,300 m
X sinfd= w =0.800
9> 0 & 0.500 m
0.300 m
0.400 m cosf= 0.500m =0.600

Figure 21. 49d

47[60 ]/'l
-9
E, =(8.988x10° N- mz/cz)w =337.1N/C
(0.400 m)
1 |9
e Ll
TT€E) r
-9
E, =(8.988x10° N- m2/c2)w =215.7N/C
(0.500 m)

Ey, =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, =+129 N/C

E,=E, +E,,=-337.1N/C~172.6 N/C =-510N/C

E=\[E2 + E2 =\J(129 NIC)? +(-510 N/O)* =526 N/C

E and its components are shown in Figure 21.49¢.
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E
tanor = —~

X
_ 510N/C

"~ +129N/C
o =284°, counterclockwise from +x-axis

-3.953

Figure 21. 49¢

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

v

2
sing =200 _ 6 800
) i 250 m
!‘,]\/ f::
0.250m,” \\\ll.lihm
q., /f v g
—@ H\ G @ ] X
0.150m | 0.150 m
Figure 21. 49f
The components of the two fields are shown in Figure 21.49g.
1 |q
€y v

6.00x107° C

E; =(8.988x10° N-m?/C?) -
(0.250 m)

E, =E,=862.8 N/C

Figure 21. 49g

E,,=-E cos, E, =+E,cosb

E,=E,+Ey) =0

E\, =+E;sin6,E,, =+E,sin6

E,=E, +E,,=2E,, =2Esin0=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

¢, 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. IpENTIFY: Apply Eq. (21.7) to calculate the field due to each charge and then calculate the vector sum of
those fields.
SET Up: The fields due to g; and to g, are sketched in Figure 21.50.

-9
1 (6.00x10 : ©) _$) =150} NIC.
4me, (0.6 m)

EXECUTE: E, =
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1

”60

. 1 \ 1 . . .
B =——(4.00x107 C)] ———(0.600)7 + ————(0.800) } | = (21.67 +28.8 ))N/C.
! ((1.00 m)? (1.00 m)? 7= /

E=E +E,=(-1284N/C)i + (288 N/C)j. E= \/(128.4 N/C)? +(28.8 N/C)* =131.6 N/C at

_1f 28. . . .
6 =tan 1(%) =12.6° above the —x -axis and therefore 167.4° counterclockwise from the +x-axis.

EVALUATE: E| is directed toward ¢, because ¢, is negative and E, is directed away from ¢, because
q, 1s positive.

L

Figure 21.50

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

v

d

0.200 m
H<0 | q,> 0
—e L

A
U.I."‘II:J 0150 m| (LI50m

(1400 m

LIS

Figure 21.51a

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

.\I

L
E, E =E, Ry
Esa— 1 ° : 7€) K
gy <0 .l . -
2 f;: q, =)

-9
E, =(8.988x10° N-mz/CZ)M
(0.150 m)
E = E, =2397 N/C
Figure 21. 51b
Ey, ==2397 N/C, Ey, =0 Ey, ==2397 N/C, E5, =0
E, = E, +E,, =2(~2397 N/C) =-4790 N/C
E,=E,+Ey, =0

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

v

E, E,
o —|—&——+— 7T
4, <0 q,>0 b
Figure 21.51c¢
-9
E = |q1| — (8.988x10° N ~m2/C2)M =2397 N/C
4m.=0 = (0.150 m)
1 -9
E, = |q2| =8.988x10° N-m2/c3) 2010 € o6 nic
47e, 12 (0.450 m)?

Ey, = 42397 N/C, Ey, = 0 By, =266 N/C, Ey, =0
E, = E, + E,, = +2397 N/C - 266 N/C = +2130 N/C

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

0.300m
<5 > sing =291 _ 6 600
4, <0 94>0 0.500 m
0.400 m
0.400 m Osﬁzm: 0.800

Figure 21. 51d

The directions of the two fields are shown in Figure 21.51e.

G <0 gy >0 B E-1 |ql|
i 47[60 }’i
6.00x10~° C
E; = (8.988x10° N-m?/C?) 2~
(0.400 m)
E =337.0N/C
47[60 r2

-9
E, = (8.988x10° N-mZ/CZ)M
(0.500 m)
E, =215.7N/C
Figure 21. 51e

Ey, =0, B, =—E =-337.0 N/C
E,, =—E,sin@=—(215.7 N/C)(0.600) = —129.4 N/C
E,, =+E, cos§=+(215.7 N/C)(0.800) = +172.6 N/C
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E =E, +E, =—129 N/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.

E
tano = _—a

EX
tana=ﬂ=+l.27l

—129 N/C

a =232°, counterclockwise from +x-axis
Figure 21. 51f

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

v
' . 2
sing =201 _ 4 800
d 0.250 m
$.
0250m,” \\\U.Esu m 9= 0.150 m —0.600
» £ N 0.250 m
q. {’ N g
24 u\ G o .
0150 m | 0.150 m
Figure 21. 51g
The directions of the two fields are shown in Figure 21.51h.
.“
1 g
L€y 1
I . 1 79
. E, =(8.988x10° N~m2/C2)M
E (0.250 m)

E; =862.8 N/C

E, = E; =862.8 N/C

Figure 21. 51h

E, . =—FE cosb, E, =—E,cos8

E.=E| +E,, =-2(862.8 N/C)(0.600)=—-1040 N/C
E\,=+E;sin6,E,, =—E,sin6

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.
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21.52.

21.53.

21.54.

21.55.

IDENTIFY: For a long straight wire, E = A .
2reyr
SET UP: =1.80x10'" N-m*/C?.
27[60
_1.5x107%C/m

EXECUTE: r 08 m

 27mey(2.50N/C)
EVALUATE: For a point charge, E is proportional to 1/r. Fora long straight line of charge, E is
proportional to 1/r.
IDENTIFY: For a ring 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 =0.400 m.

Ox
(b) F, —gE =—(-2.50x107°C)(7.0 N/C)i =(1.75x107° N)i
EVALUATE: Charges g and O have opposite sign, so the force that g exerts on the ring is attractive.

(a) IDENTIFY: The field is caused by a finite uniformly charged wire.
SET Up: The field for such a wire a distance x from its midpoint is

EXECUTE: (a) E = =(7.0 N/C)i.

n ring :_Fonq =

1 A ( 1 j A
E= - .
2760 wf(wlay +1  \ 7€ ) x\f(xia)? +1

_ (18.0x10° N-m%/C?)(175x10™° C/m)
2
(0.0600 m)\/( 6'(2)(5’ ij +1

4.25 cm

=3.03x10% N/C, directed upward.

EXECUTE: E

(b) IDENTIFY: The field is caused by a uniformly charged circular wire.

. . . e 1
SET UP: The field for such a wire a distance x from its midpoint is £ = —% . We first find
drey (x“ +a”)

the radius of the circle using 27zr =1.
EXECUTE: Solving for r gives » =127 =(8.50 cm)/27x =1.353 cm.

The charge on this circle is O = A/ =(175 nC/m)(0.0850 m)=14.88 nC.
The electric field is

R Ox  (9.00x10° N-m?/C?)(14.88x10"° C/m)(0.0600 m)
- 2 2:3/2 3/2
amey (x" +a”) [(0.0600 m)? +(0.01353 mﬂ

E=3.45x10* 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.

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/A4), then use the formula for the field due to a disk of

charge, E, = i{l - ;]

26)| (R +1
- 6.50x107C
EXECUTE: The surface charge density is o= 9 = % = x—2 =1.324 x C/m>.
A mr® 7(0.0125 m)
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21.56.

21.57.

The electric field is

A 1 _ 1.324x107 C/m? 1
2| 21| 2885x102 CIN-m?)| 2
0 \/(R/x) +1| 2(8.85x% m”~) \/(1.25 cmj )

2.00 cm

E,=1.14x10° N/C, toward the center of the disk.
Ox

Arey (2 +a* )%
EXECUTE: Substituting into the electric field formula gives
1 Ox  (9.00x10°N-m?/C%)(6.50x10™°C)(0.0200 m)

= 2., 232 372
ey (x* +a”) [(o.ozoo m)? +(0.0125 m)z]

(b) SET UP: For a ring of charge, the field is £ =

E=892x10% N/C, toward the center of the disk.
(¢) SET UP: For a point charge, E = (1/47[60)q/r2.

EXECUTE: E =(9.00x10° N-m?/C?)(6.50x10~° 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.

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

SETUP: U(¢)=-p-E =—pEcosg, 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 = (5.0x107>° C-m)(1.6 x10° N/C)=8.0x107%* J.

24
) 2T =AU soT=200 o 2600 50
3k 3(1.381x107°° 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.
(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=gqd =(4.5x107° C)(3.1x107> m)=1.4x10""" C-m; The direction of p is from ¢, toward ¢,.

(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 21.57, so

E=—7"
psing

_ 72x10° N-m
(1.4x107'! C-m)sin36.9°

=860 N/C

Figure 21. 57

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 11.21) 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(|q|E )(d/2)=1.2x% 108 N-m. The torque for the orientation of the dipole in the

problem is less than this maximum.
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21.58. IDENTIFY: Calculate the electric field due to the dipole and then apply F = gE.

p
27eyx

SETUP: From Example 21.14, Eg;q0(x) = T

6.17x107° C-m
277€y(3.0x10™° m)®
F =qE =(1.60x 107" C)(4.11x 10° N/C)=6.58 107"® N and is toward the water molecule (negative

x-direction).
EVALUATE: Edipole is in the direction of p, so is in the +x-direction. The charge ¢ of the ion is negative,

=4.11x10% N/C. The electric force is

EXECUTE: EdipOlC =

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

21.59. IDENTIFY: The torque on a dipole in an electric field is given by 7= pXx E.
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 21.59%a.
(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.
(¢) Field lines for Egj,. in the stable orientation are sketched in Figure 21.59b.
EVALUATE: The field of the dipole is directed from the + charge toward the — charge.

E,

dipole

(a) (b)
Figure 21. 59
21.60. IDENTIFY: Find the vector sum of the fields due to each charge in the dipole.
SET UP: A point on the x-axis with coordinate x is a distance » =/(d/ 2)2 +x? from each charge.

EXECUTE: (a) The magnitude of the field the due to each charge is E = ! % =1 l 5 |
47[60 47[60 (d/z) +Xx

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,

2 . . .
soE=2E, = 9 ——— [sin8, where @ is the angle below the x-axis for both fields.
4z | (d/2)” +x*
. di2 2q 1 d/2 qd
sinf = — and Egipole =[4 ] ) > = 5375 The
J(d2)? +x ey \ (d/2)” +x \/( d2) +22 | Ame(d2) +x)
field is the —y-direction.
L L d
(b) At large x, x> (d/ 2)2, so the expression in part (a) reduces to the approximation Egipole = %
ﬂfox
EVALUATE: Example 21.14 shows that at points on the +y-axis far from the dipole, Egipo1e = 5 9d 3
ﬂ'foy

The expression in part (b) for points on the x-axis has a similar form.
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21.61.  (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.
SET UP: The two forces on each charge in the dipole are shown in Figure 21.61a.

sin@=1.50/2.00 so 6 =48.6°
! Opposite charges attract and like charges repel.

R Er:le"—Fbc:O

Figure 21. 61a

, (500 107% €)(10.0x107° C)

(00200 m) =1.124x10° N
. m

EXECUTE: F| = k@ =
B

F, =-Fsinf=-842.6 N
F,,=-842.6 Nso F,, = Fj,, + F,, =—1680 N (in the direction from the +5.00-4C charge toward the
—5.00-uC charge).

EVALUATE: The x-components cancel and the y-components add.
(b) SET Up: Refer to Figure 21.61b.

Fix The y-components have zero moment arm
and therefore zero torque.
F,, and F,, both produce clockwise torques.

Figure 21. 61b

EXECUTE: F|, =Fcosf=T743.1N
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.
21.62. 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.

SET Up: The electric field between the plates is given by E = 0/¢, 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
itis 7= pE sing.

EXECUTE: (a) The potential energy, U =—p- E =—pEcos ¢, is a maximum when ¢ =180°. The field
between the plates is E = 07/¢, giving

U = (16010717 €)(220x107° m)(125x107° C/m?)/(8.85x10712 C2/N-m?)=4.97x107" J

The orientation is parallel to the electric field (perpendicular to the plates) with the positive charge of the
dipole toward the positive plate.
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(b) The torque, 7= pE sing, is a maximum when ¢=90° or 270°. In this case
Tmax = PE = poley = edo/g,
Tonax = (1.60x10717 €)(220x107% m)(125x107% C/m?)/(8.85x107'> C*/N-m?)
Tax =4.97x107" N-m
The dipole is oriented perpendicular to the electric field (parallel to the plates).
() 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).
21.63. 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) SET UP: The charges are placed as shown in Figure 21.63a.

"l. - 9, G=9=93=94=0
&t‘i‘ ;/
s
e
/s
L B
rd
LWZL
’/
7
® LA
(fJ

Figure 21.63a

Consider forces on g4. The free-body diagram is given in Figure 21.63b. Take the y-axis to be parallel to the

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

1 02
EXECUTE: [3=F = Q—2
47[60 L

1 0?

- 4re, E

F, =—Fsin45° =—F/\2

R, =+F cos45° = +F{/\2

Fy, = +F;sin45° =+ F/\2
Fy, =+Fyc0s45° = +Fy/\2
sz =0, Fzy =F2
Figure 21.63b

(b) Rx=Ex+F2x+F3x=0

Ry=Fyy+ By, + Fyy = (2N2)— g, Lo o (1+2V2)
y Uy T2y T3y 4re, I? 4re, 212 87[60L2
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2
R= 0 S+ 2«/5). Same for all four charges.
87[60]4

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.

klqq'|

21.64.  IDENTIFY: Apply F'=——— to find the force of each charge on +¢. The net force is the vector sum of
r

the individual forces.

SETUP: Let g =+2.50 4C and g, =-3.50 #C. The charge +¢q must be to the left of g, or to the right of

q, 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 g;. Let +¢ be a distance d to the left of

q;, soitis adistance d +0.600 m from g,.

2 2
EXECUTE: F, = F, gives q|§h| ___tdla] S.d=t m(d +0.600 m) = +(0.8452)(d +0.600 m).
d*>  (d+0.600 m) |95
(0.8452)(0.600 m)

d must be positive, so d = =3.27 m. The net force would be zero when +g¢ is at

1-0.8452
x=-327 m.
EVALUATE: When +¢ isat x=-3.27 m, F, is in the —x direction and F, is in the +x direction.
21.65. IDENTIFY: The forces obey Coulomb’s law, and the net force is the vector sum of the individual forces.
|4’
2

they exert on g5 at the origin are sketched in Figure 21.65a. For the net force on g5 to be zero, Fl and

SETUP: F =k

. Like charges repel and unlike charges attract. Charges ¢; and ¢, and the forces

F, from ¢, and ¢, must be equal in magnitude and opposite in direction.

42 q3 Fy 4
L o X
+ } %’ bt

0.30m 0.20m

(a)

A
A
| (9

R 3

(b)
Figure 21.65
EXECUTE: (a) Since 17’1 , Fz and fnet are all in the +x-direction, F = F| + F,. This gives

g1 +k|LI2(]3| 400x1075 N [4.50><10‘9 C,250x107 c] "

400x10° N=k : =
2 2 899x10° N-m*C? P [0200mP | [0.300 m]?

¢3=3.17x10" C=3.17 nC.
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21.66.

(b) Both F; and F, are in the +x-direction, so F,. = F, + F, is in the +x-direction.

(¢) The forces F; and F, on g3 in each of the three regions are sketched in Figure 21.65b. Only in

regions I (to the left of g, ) and III (to the right of ¢, ) are f‘l and F2 in opposite directions. But since

|q2| < |q1|, q; must be closer to g, than to ¢g; in order for F| = F,, and this is the case only in region I.

Let g5 be a distance d to the left of ¢,, so it is a distance d +0.500 m from ¢,. F; = F, gives
4.50 nC 2.50 nC

7=k—3
(d +0.500 m) d

is d =1.46 m. This pointisat x=—-0.300 m—1.46 m=-1.76 m.

EVALUATE: At the point found in part (c) the electric field is zero. The force on any charge placed at this

point will be zero.

. 1.80d% = +1.80d =%(d +0.500 m). The positive solution

(d +0.500 m)>.

IDENTIFY: Apply F =k |qq2 | for each pair of charges and find the vector sum of the forces that ¢; and
r

q, exerton gj.
SET Up: Like charges repel and unlike charges attract. The three charges and the forces on g5 are shown
in Figure 21.66.

HT-7
oV 0.030m

4 Fy

0.040 m

| ===

Figure 21.66

|q1q3| 2 & 00x10™° C)(6.00x107° C)
7 (0.0500 m)?

6=36.9°. F,=+Fcos@=8.63x107 N. F, =+Fsin6=648x10" N.
(2.00x10™ C)(6.00x107° C)

=(8.99x10° N =1.079x10™* C.

EXECUTE: (a) f|=

=k |q2%| = (8.99x10° N-m%/C?) - ~1.20x107 C.
s (0.0300 m)
Fy =0, Fy,=—F, =—120x107* N. F, = F, + F, =8.63x107° N,

F,=F,+F,=648x10" N+(-120x10"* N)=-5.52x10" N.

(b) F—1/F2+F2 =1.02x107* N. tang=
X

EVALUATE: The individual forces on g3 are computed from Coulomb’s law and then added as vectors,

=0.640. ¢=32.6° below the +x-axis.

using components.
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21.67.

(a) IDENTIFY: Use Coulomb’s law to calculate the force exerted by each Q 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 =(1/2x)Nkim.
SET UP: The placement of the charges is shown in Figure 21.67a.

Figure 21. 67a

EXECUTE: Find the net force on ¢.

- k. ® h > Fo=F+F, and Fy=+F, 1 =-F,
Figure 21. 67b
__ 1 40 __ 1 499
" dmey (atrx)? P Amey (a—x)
qQ0 1 1
Fx = Fl - FZ = 2 2
drey| (a+x)- (a—x)

F.= 90 +(1+£j_2—(1—£j_2
! 471'».=0a2 a a

Since x < a we can use the binomial expansion for (1— x/at)f2 and (1+ x/a)72 and keep only the first two
terms: (1+z)" =1+ nz. For (1 —x/a)_Z, z=-x/a and n=-2 so (l—x/a)_2 =~142x/a. For (1 +x/a)_2,

z=+x/a and n=-2 so (1+ x/a)_2 =~1—2x/a. Then F = 90 Kl —Ej —(1 + Eﬂ = —[ﬁjx.

47[60a2 a a ﬂ'eoa3

For simple harmonic motion F =—kx and the frequency of oscillation is f = (1/27)v/k/m. The net force
1| q9

here is of this form, with k = qQ/ze,a’. Thus f = T
27\ meyma

(b) The forces and their components are shown in Figure 21.67c.

Figure 21.67c

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.
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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.

21.68.  IDENTIFY: Apply X F,=0and 2 F, =0 to one of the spheres.
SET Up: The free-body diagram is sketched in Figure 21.68. F,is the repulsive Coulomb force between
the spheres. For small 8, sin@=tané.

. 2
mgsm0=F =ki_ But

EXECUTE: X F,=Tsin0-F,=0and XF,=Tcos@-mg=0. So =3

cosé

d 2kq’L 2 )"
tan@=sinf@=—, so d3=Land d= 4= .
2L mg

EVALUATE: d increases when ¢ increases.

Tcos

T sin 6

mg

Figure 21.68
21.69. 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) SET UP: The placement of the spheres is sketched in Figure 21.69a.

g<0 120m 120m 9 <0
sin 257 sin 259

Figure 21.69a

The free-body diagrams for each sphere are given in Figure 21.69b.

sphere on the left: sphere on the right:

. .
Tsin 25° ’ 7
mg mg

F, is the repulsive Coulomb force exerted by one sphere on the other.

Figure 21.69b
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(b) EXECUTE: From either force diagram in part (a): ZFy =ma,

Tcos25.0°-mg=0and T __ms
c0s25.0°
2F,=ma,

T'sin25.0°— F, =0 and F, = T'sin25.0°

Use the first equation to eliminate 7 in the second: F, = (mg/cos25.0°)(sin25.0°) = mg tan25.0°
_ 1 |Q142|: 1 ﬁ_ 1 q’

Fo= 2 2 ) 2
4rney r 4rey r° 47me [2(1.20 m)sin 25.0°)

C

1 q2
47ey [2(1.20 m)sin25.0°]°

Combine this with F, = mgtan25.0° and get mg tan 25.0° =

g = (2.40 m)sin 2500 | & 1an25-0°
(dzey)

(15.0x107> kg)(9.80 m/s?)tan 25.0°
8.988x10° N-m?/C>
(c) The separation between the two spheres is given by 2Lsiné. ¢ = 2.80uC as found in part (b).
F, = (1/4m€,)q*/(2Lsin 6)* and F, = mgtan 6. Thus (1/47€y)q*/(2Lsin §)*> = mg tan 6.
2 —6 2
2.80%1

g - (8.988x10° N-m?/C?) (2.80x10"©) =
47ey 4%mg 4(0.600 m)*(15.0 x107> 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 8= sin . With this approximation the equation becomes

sin®> @#=0.3328 and sinf= 0.6930, so 8=43.9°. Now refine this guess:

=2.80x10"° C

q =(2.40 m)sin 25.00\/

0.3328.

(sin 6’)2 tan @ =

0 sin® ftan 6

45.0° 0.5000

40.0° 0.3467

39.6° 0.3361

39.5° 0.3335

39.4° 0.3309 so #=39.5°

EVALUATE: The expression in part (¢) says & — 0 as L — e and 8 — 90° as L — 0. When L is decreased
from the value in part (a), € increases.
21.70.  IDENTIFY: Apply XF, =0and X F, =0 to each sphere.

SET Up: (a) Free body diagrams are given in Figure 21.70. F,is the repulsive electric force that one

sphere exerts on the other.

EXECUTE: (b) T = mg/cos20°=0.0834 N, so F, = T'sin20°=0.0285 N = kql%.
i

(Note:  =2(0.500 m)sin20° = 0.342 m.)
(¢) From part (b), ¢,g, =3.71x107"3 C2.

(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 =——=-, where Q=M

. But the separation r, is known:
47[60 r 2

+
ry = 2(0.500 m)sin30° = 0.500 m. Hence: O = ql—zqz = Jaze,F,r? =1.12x10™° C. This equation, along

with that from part (c), gives us two equations in g, and g,: g, +¢q, =2.24 X 107° C and
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21.71.

21.72.

¢19, =3.71x 10712 2. By elimination, substitution and after solving the resulting quadratic equation, we

find: ¢, =2.06x107° C and ¢, =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.

T cos 20° J_ S kT cos 20°

Tsin20° Tsin 20° ¢

mg mg

Figure 21.70

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

1 o] (9.647x10° C)?

F= FE2 =(8.988%10” N-m?/C?) =2.09x10°' N
4ne, r (0.0200 m)*
(b) a =F/m. Need the mass of 0.100 mol of CI™ ions. For Cl, M =35.453 x1073 kg/mol, so
21
m=(0.100mol)(35.453x10~> kg/mol) = 35.45x10* kg. Then a =— F_ 209X107 N 5605102 ms?,

m  3545x107* kg
(c) EVALUATE: Is is not reasonable to have such a huge force. The net charges of objects are rarely larger
than 14C; acharge of 10* C is immense. A small amount of material contains huge amounts of positive

and negative charges.
IDENTIFY: The net electric field at the origin is the vector sum of the fields due to the two charges.

IQI
r?
due to the —5.00 nC charge is in the +x-direction, toward the charge.

(5.00x107° C)
(1.20 m)?
E =E +E,.E =+450N/C,s0 E, =E_—E, =+45.0 N/C-31.2 N/C=13.8 N/C. E is away from O
|Q| E2r _ (13.8 N/C)(0.600 m)*
8.99x10° N-m?/C?
(b) E,=—45.0N/C, so E, =E —E, =-45.0 N/C-31.2 N/C=-76.2 N/C. E is toward Q so Q is
Eyr?  (76.2 N/C)(0.600 m)?
k 899%10° N-m?/C?

EVALUATE: Use of the equation F =k-—=- |q|
2

SETUP: E =k E istoward a negative charge and away from a positive charge. At the origin, El

EXECUTE: (a) E, =(8.99x10° N-m?%/C?) =31.2 N/C. E;, =+31.2 N/C.

=5.53x1071% C.

so Q is positive. E, = k gives |Q|=

=3.05x107° C.

negative. |Q|=

gives only the magnitude of the electric field. When

combining fields, you still must figure out whether to add or subtract the magnitudes depending on the
direction in which the fields point.
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21.73.

21.74.

21.75.

IDENTIFY: The electric field exerts a horizontal force away from the wall on the ball. When the ball hangs
at rest, the forces on it (gravity, the tension in the string, and the electric force due to the field) add to zero.
SET UP: The ball is in equilibrium, so forit 2 F, =0 and ZFy =0. The force diagram for the ball is
given in Figure 21.73. Fj, is the force exerted by the electric field. F =¢E. Since the electric field is

horizontal, F 'z is horizontal. Use the coordinates shown in the figure. The tension in the string has been

replaced by its x- and y-components.

mg

Figure 21.73

_Mmg

EXECUTE: > F,=0 gives T,—mg=0. Tcos@—mg=0 and T =
7 7 cos@

. 2F.=0 gives Fp—-T,=0.

Fr —Tsin@=0. Combing the equations and solving for Fj gives

Fy =[ mgejsin6=mgtan6=(12.3x10_3 ke)(9.80 m/s?)(tan17.4°) =3.78 x 1072 N. Fj; =|g|E so
COS

_Fp 3.78x10°N
lgf  1.11x107° C
EVALUATE: The larger the electric field £ the greater the angle the string makes with the wall.
IDENTIFY: We can find the force on the charged particle due to the electric field. Then we can use
Newton’s second law to find its acceleration and the constant-acceleration kinematics formulas to find the
components of the distance it moves.
SET UpP: The x-component of the electric force on a charged particle is F, = gE, and F, = ma,. For

=3.41x10* N/C. Since q is negative and F, ¢ 1s to the right, E is to the left in the figure.

L L | S . . o
constant acceleration in the x-direction, x —x, = vy, + Eaxt . Similar equations apply in the y-direction.

EXECUTE: The only nonzero acceleration is in the y-direction, so a, =0 and

F -3
_BOSXIOTN ) 14510 mys2.

F,=qE, =(9.00x107° C)(895 N/C) =8.055x10 N. a, =
y =% T m o 0.400x1076 kg

X=Xy = voxt+%axt2 = (=125 m/s)(7.00x107 s) =—0.875 m.

1 1 _
Y=o =voyt+5ayt2 =§(2'014X104 m/s2)(7.00x107° s)> =0.4934 m. r = x>+ y* =1.00 m.

EVALUATE: The 1.00 m is the distance of the particle from the origin at the end of 7.00 ms, but it is not

the distance the particle has traveled in 7.00 ms.
IDENTIFY: For a point charge, F = k@. For the net electric field to be zero, E‘l and E2 must have equal
r

magnitudes and opposite directions.
SETUP: Let ¢, =+0.500 nC and ¢, =+8.00 nC. E is toward a negative charge and away from a

positive charge.
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EXECUTE: The two charges and the directions of their electric fields in three regions are shown in Figure 21.75.
Only in region II are the two electric fields in opposite directions. Consider a point a distance x from
0.500 nC 8.00 nC
; =k 2
x (1.20 m—x)
4x=21(1.20 m—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.

q, so adistance 1.20 m—x from ¢,. E; = E, gives k . 16x% = 1.20 m—x)z.

E, 9 E, E, qs E,
—— * = = e L =— —
. + + -
E, E,
«—X—>
1.2m

Figure 21.75

21.76. IDENTIFY: For the acceleration (and hence the force) on Q to be upward, as indicated, the forces due to
¢, and g, 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.

SET Up: 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 = Fiyg, cos@+ Fp, cos@=2Fp, cos@. The electrical

1 Q_Zl (for g;) and likewise for g,.
47[50 r

force on Q is given by Coulomb’s law, Foy, =

EXECUTE: First find the net force: F =ma = (0.00500 kg)(324 m/sz) =1.62 N. Now add the force

components, calling 6 the angle between the line connecting ¢; and g, and the line connecting ¢, and Q.

F 1.62N
F = Fp, cos@+Fpy, cost=2F,, cost and Fp, = Yy 395 em =1.08 N. Now find the charges
o 2
(3.00 cmj

by solving for g; in Coulomb’s law and use the fact that ¢; and g, have equal magnitudes but opposite

2 2

. 1 rF, .030 1.08 N _
signs. Fp, = |Q|2ql and ¢, = On (0903 Orzn)z( 08 N) ——— =6.17x10 e
' Arey 1 |Q| (9.00x10” N-m~/C°)(1.75x10"° C)

47[60
4y =—q; =—6.17x107 C.
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 O accelerates and hence moves upward, the magnitude of the acceleration vector
will change in a complicated way.

21.77. 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) SET Up: The forces are sketched in Figure 21.77a.
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EXECUTE: F, + F,; =0, so the net force is F = F,.

_ 1 4qBq) _ 64
dzey (LIN2)?  Ame,l*’

away from the vacant corner.

Figure 21. 77a

(b) SET UP: The forces are sketched in Figure 21.77b.

q q 2
& 2 EXECUTE: F, = ! q(3q)2 -3 5
, dzey (N2L)?  4mey(21%)

1 ¢(q)  3¢°
drey L*  Ameyl

The vector sum of Fj and F3 is Fj3 = \/F12 +F32.

—3q F.

Figure 21. 77b

3\/§q2 =

; Fi5 and F, are in the same direction.
12

F3y=v2F =
47[60

2
1 S
F=F3+F= SLZ[\/Z +—j, and is directed toward the center of the square.
47[60[4 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.

21.78. 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) SET UP: The fields due to each charge are shown in Figure 21.78a.

cosf =
x“+a

Figure 21.78a

EXECUTE: The components of the fields are given in Figure 21.78b.
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1 q
E, =E,=
e 4”50(a2+x2j

1 (2¢q
575 (_2)
L€y \ X

Figure 21.78b

E\, =-Esin@, E,, =+E,sin0 so E, =E;, + E,, =0.

1 q
E,_=E, =+E cosf= LE, =—FE
1x 2x 1 471'60(a2+x2j[\/x2+a2J 3x 3

1 q ) X 2q
E.=E +E, +E;, =2 -
xR [4”60(6124-)62 £\/x2+a2jj 47re,x*
Eo=_ 2g (1 X _ 2 - 1
odrg\ X @+ Ame (1+atxP)?

1
(+a*ix?)3?

Thus £ =—22 [1

3 , in the — x-direction.
4regx

(b) x> a implies a*/x* «1and 1+ (12/x2)_3/2 ~1-3a%/2x%.

2 2
Thus £~—29 |1 122 | |- 242
4reyx 2x 4reyx
EVALUATE: E ~1/x*. Fora 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).

21.79. 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' = Gmm 2/r2) 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>7 kg) = 6.0x10% protons
(b) Using Coulomb’s law, where the separation is twice the radius of the earth, we have
F, =(9.00x10° N-m?/C?)(6.0x10% x1.60x107'% C)?/(2x6.38x10° m)*> =5.1x10° N

electrical
Fyay =(6.67x107"" N-m?/kg?)(0.0010 kg)*/(2x6.38x10° m)* =4.1x10' 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.
21.80. IDENTIFY: We can treat the protons as point-charges and use Coulomb’s law.

SET UP: (a) Coulomb’s law is F' = (1/47[60)|q1q2|/r2.
EXECUTE: F =(9.00x10° N-m?/C?)(1.60x107"" C)%/(2.0x107"> 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.
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21.81.

21.82.

21.83.

21.84.

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.

SET UP: 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 (1.0 kg)/(1.67x107*7 kg) =3.0x10°°.

EXECUTE: (a) The charge difference present if the electron’s charge was 99.999% of the proton’s is
Ag =(3.0x10%°)(0.00001)(1.6x107"? C) = 480 C.

(b) F =k(Ag)*/r* =k(480 C)?/(5.0 m)*> =8.3x10"> N, and is repulsive.
a=F/m=(83x10" N)/(1kg) =8.3x10" my/s%.

EXECUTE: (c) Even the slightest charge imbalance in matter would lead to explosive repulsion!
IDENTIFY: The positive sphere will be deflected in the direction of the electric field but the negative sphere
will be deflected in the direction opposite to the electric field. Since the spheres hang at rest, they are in
equilibrium so the forces on them must balance. The external forces on each sphere are gravity, the tension in
the string, the force due to the uniform electric field and the electric force due to the other sphere.
2

7]
SET UP: The electric force on one sphere due to the other is Fi = k*—- in the horizontal direction, the

r
force on it due to the uniform electric field is Fp =¢E in the horizontal direction, the gravitational force is
mg vertically downward and the force due to the string is 7 directed along the string. For equilibrium
2F,=0 and 2F, =0.
EXECUTE: (a) The positive sphere is deflected in the same direction as the electric field, so the one that is
deflected to the left is positive.
(b) The separation between the two spheres is 2(0.530 m)sin25° =0.4480 m.
i

47 (8.99x10° N-m%*/C?)(72.0x10™ C)?
r (0.4480 m)*

Fo=k =2322x10"* N. Fp=qE. $F,=0 gives

N|

Tcos25° —mg =0 and T = mfso . YF, =0 gives Tsin25° + F.— Fy =0. mgtan25° + F. = gE.
COos

Combining the equations and solving for E gives

_ mgtan25° + Fe  (6.80x107% kg)(9.8 m/s*)tan25° +2.322x107* N
q 72.0x107° C

EVALUATE: Since the charges have opposite signs, they attract each other, which tends to reduce the

angle between the strings. Therefore if their charges were negligibly small, the angle between the strings

would be greater than 50°.

IDENTIFY: The only external force acting on the electron is the electrical attraction of the proton, and its

acceleration is toward the center of its circular path (that is, toward the proton). Newton’s second law

applies to the proton and Coulomb’s law gives the electrical force on it due to the proton.

2 2 v2

. v . . . e
SET UP: Newton’s second law gives F- = m— . Using the electrical force for F. gives k—=m—
r r

E =3.66x10° N/C.

r

=2.19x10° m/s.

EXECUTE: Solving for v gives v=

ke* _\/(8.99><109 N-m?/C?)(1.60x107" C)?
mr

(9.109x1073! kg)(5.29x107"" m)

EVALUATE: This speed is less than 1% the speed of light, so it is reasonably safe to use Newtonian
physics.

IDENTIFY: Since we can ignore gravity, the only external force acting on the moving sphere is the
electrical attraction of the stationary sphere, and its acceleration is toward the center of its circular path
(that is, toward the stationary sphere). Newton’s second law applies to the moving sphere and Coulomb’s

law gives the electrical force on it due to the stationary sphere.
2

SET UP: Newton’s second law gives F = m— . Using the electrical force for F gives & =m—.
r

|CI1612| Vv
2 r
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klgias| — (8.99x10° N-m?/C?)(4.3x107° €)(7.5x107° C)

mv? (9.00x10~ kg)(5.9x10° m/s)?
EVALUATE: We can safely ignore gravity in most cases because it is normally much weaker than the
electric force.

21.85. 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: Solving for r gives » = =0.925 m.

EXECUTE: (a) m=pV = p(gzzﬂj =(8.9x10° kg/m3)(§7rJ(l.OO><103 m)® =3.728x107 kg

n=m/M =(3.728x107> kg)/(63.546x10> kg/mol) =5.867x10~* mol
N =nN, =3.5x10* atoms
(b) N, =(29)(3.5%10?°) =1.015x10?* electrons and protons
Gner = €N, —(0.99900)eN,, = (0.100x1072)(1.602x10™" C)(1.015x10**)=1.6 C
2 2
L4, (160

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.
21.86. IDENTIFY: Apply constant acceleration equations to a drop to find the acceleration. Then use F' =ma to

find the force and F = |q|Et0 find |q|

SET UP: 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

=23x10""N

vertical, in the direction of the deflection of the drop. a, =0 and a, =a.
EXECUTE: Find the time of flight: ¢ = D/v=(0.020 m)/(20 m/s) =0.00100s. d = %at2 .

-4
a=¥=2(3-00><10 2m)=600m/sz.
t (0.0015s)

(1.4x107M kg)(600 m/s?)
8.00x10* N/C
EVALUATE: Since g is positive the vertical deflection is in the direction of the electric field.

21.87. 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) SET Up: 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 > F =md to
the proton gives that a, =0 and a,, =—eE/m. In these coordinates the initial velocity has components

Then a = F/m =qE/m gives g =malE = =1.05x1078 C.

vy =+vpcosa and v, =+ sine, as shown in Figure 21.87a.

[

Figure 21.87a
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EXECUTE: Finding A, : Aty="h

nax - the y-component of the velocity is zero.

max
v, =0,v, =vysine, a, =—eE/m,y -y, =h
2_.2
vy _VOy +2ay(y_y0)
2_ 2
"y
Y=>Yo= 5
ay

=9
max ~ *

_ —vg sin® & _ mvg sin® &
X D (—eE/m) 2eE
(b) Use the vertical motion to find the time #: y —y, =0, Voy =Vo sina, a, = —eE/m,t ="

- 12
Y=Yy =vo,t +5a,t
vy, 2(vpsina) _ 2myysina

a, —eE/m el

Then use the x-component motion to find d: a, =0, vy, =vycosa, t =2mvysina/eE, x—xqg=d =?

With y -y, =0 this gives ¢ =

2myvysina | mvg 2sinorcosor mvg sin2a
ek ek ek
(c) The trajectory of the proton is sketched in Figure 21.87b.

X=Xy =V, + %ath gives d =y, cosa(

[

Figure 21.87b
_ [(4.00x10° m/s)(sin30.0°)]*(1.673x10727 kg)
e 2(1.602x107" C)(500 N/C)

(1.673x10727 kg)(4.00x10° m/s)*sin 60.0°
(1.602x107" C)(500 N/C)

EVALUATE: Inpart(a), a, =—eE/m= —4.8%10"" m/s?. This is much larger in magnitude than g, the

(d) Use the expression in part (a): 7 =0.418 m

Use the expression in part (b): d = =2.89m

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. #,

max
and d increase when « or v, increase and decrease when E increases.
21.88. IDENTIFY: E =FE| +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.
1 4.00x10~°
la| _ (8.99x10° N- mz/cz)LzC —199.9 N/C.
aArey K (0.60 m)
E.=E +E, ., ,s0E, =E —E, =+50.0 NC-99.9 N/C=—49.9 N/C. Since E,, is negative, g, must
|E |5 (49.9 N/C)(1.20 m)>
(/47e))  8.99%x10° N-m?/C?
(b) E.=-50.0N/C. E;, =+99.9 N/C, as in part (a). E, = E, - E;, =—149.9 N/C. g, is negative.
|E) |5 (149.9 N/C)(1.20 m)>
(/47ey)  8.99%x10° N-m?/C?
EVALUATE: ¢, would be positive if E,, were positive.

EXECUTE: (a) E,=+500N/C. E|, =

be negative. |g,| = =7.99x107° C. g, =-7.99x1077 C

lga| = =2.40x107* C. ¢, =-2.40x107° C.
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21.89.  IDENTIFY: Divide the charge distribution into infinitesimal segments of length dx. Calculate E, and £,

due to a segment and integrate to find the total field.
SET Up: The charge dQ of a segment of length dx is dQ =(Q/a)dx. The distance between a segment at

x and the charge g is a+7—x. (1-y)"' =1+ when |y|<1.
1 do 1 I QOdx 1 Q(l 1)

1 ~ 2soEX:4 0 - 2:4 R4 i
7€y (a+r—x) 7€y "0 a(a+r—x) ey a

a+r=x, so E = ! g( ! —lj E =0.

EXECUTE: (a) dE, =

r a+r

4rey a\x—a x 7
(b) F:qﬁz;g(l_Lj,{
drey a \r a+r
EVALUATE: (c) For x> a, F:kq—Q((l—a/x)’1 _1):@(1+a/x+..._l)qu_2Qng' (Note
ax ax X 4drey r

that for 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.

21.90. IpENTIFY: Use Eq. (21.7) to calculate the electric field due to a small slice of the line of charge and
integrate as in Example 21.10. Use Eq. (21.3) to calculate F.
SET UP: The electric field due to an infinitesimal segment of the line of charge is sketched in Figure 21.90.

3
sin@=—2
32+ )2
dy §= d0
v 3= X
N = cosf =

a2+ )2

Figure 21.90

Slice the charge distribution up into small pieces of length dy. The charge dQ in each slice is
dQ = Q(dyla). 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 = ! [ dQ J_ Q ( dy j

47[&'0 )C2 +y2 47[600 x2 +y2

dE,.=dEcosf = O 5 dy2 73
dreqal (x~+y°)

_ L, 0 ydy
dEy——dEsmG—— 73

4rega (x* +7)
a
_ _ Ox ra dy o Ox |1 y 0 1
EX—J.dEx__47[5aJ.O 2002 azeal 2 [2, 2 _47zex\/2 2
0a "% (x™+y7) Ox\/x+y_0 0¥ \Vx“+a
a
E,=[agy=——2_[' 2% ____C | | ___ o |1 1
7 dreqa 0 (x> + )32 dreya \/x2+y2 A 4drepal x \/x2+az
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) F=gE
-q0 1 q0 |1 1
T Amenx |2 + 42 y =Ty dzegal x (x4 42

1 i(2Y" ) 1 d
(¢) For x>»a, ———=— 1+—2 =— 1__2 =———
24a?2 X X x 2x X 2x

s a0 F~qQ{1_1+a2]_qQa

4repx®’ 7 4mega\x x 2%

Y
4reyx

EVALUATE: For x> a, F, < F, and F =|F,|= and F is in the —x-direction. For x>>a the

charge distribution Q acts like a point charge.
21.91. IDENTIFY: Apply Eq. (21.9) from Example 21.10.

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

F-—L 19 ;
4mey x\x? +a?
-9
EXECUTE: E=——! 2 R 7.00x10 € i =(-6110 N/C)i.

Am€) xx2+a® 4T (0.100 m)y(0.100 m)® +(0.025 m)>
(b) The electric field is less than that at the same distance from a point charge (6300 N/C). For large x,
2 2
a2 =Ly < L1290 Ghich gives B, =—— 21— 94| The first
X X 2x7 ’ 4re, x* 2x?

correction term to the point charge result is negative.
(¢) For a 1% difference, we need the first term in the expansion beyond the point charge result to be less

2
than 0.010: 2”—2 ~0.010 = x = a/1/(2(0.010)) = (0.025 m)~/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.
. . Q> , S
21.92. IDENTIFY: The electrical force has magnitude F = % and is attractive. Apply 2. F = ma to the earth.
r
. . V2 . . 2mr . 24
SET UP: For a circular orbit, a =— . The period Tis ——. The mass of the earth is mg =5.97x10™" kg,
r v
the orbit radius of the earth is 1.50x10'" m and its orbital period is 3.146x10” s.
2 2.2
. % , A4rncr
EXECUTE: F =ma gives —=mg—. V" =
2 E- 72
0= \/ mpdr*r? [(5.97x10% kg)(4)(x?)(1.50x10'" m)?
kT? (8.99x10° N-m?/C?)(3.146x107 s)°

EVALUATE: A very large net charge would be required.
21.93. IDENTIFY: Apply Eq. (21.11).
SETUP: 0=0/4=0/7R>. (1+y*) 2 =1-)%/2, when »*> «]1.

EXECUTE: (a) E = 21[

, SO

=2.99x10"7 C.

1-(R*x*+1)712.
€

5 = 100 pC/7(0.025 m)? | _[(0.025 m)?

-1/2
3 +1 =1.56 N/C, in the +x-direction.
(0.200 m)

260
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21.94.

21.95.

21.96.

R? R?
(b) For x> R, E=-2[1-(1-R%/2x* +-)]= = "= P8 __ 0 .
2¢, 2€y) 2x°  Ameyx”  Ameyx
(¢) 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 %;56) =0.01=1%. For x=0.100 m,
Egigc =6.00 N/C and E,;, =6.30 N/C, so the percent difference is (632—;3%) =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: When the forces on it balance, the acceleration of a molecule is zero and it moves with
constant velocity.

SET Up: The electrical force is Fg = gFE and the viscous drag force is Fy = KRv.

Kv

EXECUTE: (a) F =Fy so gE = KRv and %: -

. . E E ET
(b) The speed is constant and has magnitude v = Z4 Therefore x=vt=| —L |7=| £ |4,
KR KR K JR

(©) x:(ﬂji, where ET is constant. (2j = (EJ and (2j =3(1] .
K JR K R, R ) R )5 R )
A1) A o AT
K J\R), K A\ R) K J\R); K A\R)

EVALUATE: The distance a particle moves is not proportional to its charge, but rather is proportional to
the ratio of its charge to its radius (size).

IDENTIFY: Find the resultant electric field due to the two point charges. Then use F = gE to calculate the
force on the point charge.

SET UP: Use the results of Problems 21.90 and 21.89.
EXECUTE: (a) The y-components of the electric field cancel, and the x-component from both charges, as

given in Problem 21.90, is E, = I 22001 _ 5 12 75 |- Therefore,
drey a \y (y +a°)
Fo_t 20411 . 121/2 PIfysa Fe— 2220 (1- g2y 4 )i = Q—‘é"z
drey a \y (y“+a°) drey ay drey y

(b) If the point charge is now on the x-axis the two halves of the charge distribution provide different

forces, though still along the x-axis, as given in Problem 21.89: F = qE L= ! &( ! —lj;

4rey a \x—a x
and quﬁ‘:—;&(l—;jf. Therefore, F=F, + F_= ! @( ! —2+ ! j; For
4rey a \x x+a 4rey a \x—a x Xx+a

2 2
x>a, F= L <A UM P OO | I ¢/
4re, ax x X x X2 4rey x°

EVALUATE: If the charge distributed along the x-axis were all positive or all negative, the force would be
proportional to l/y2 in part (a) and to /x*in part (b), when y or x is very large.

IDENTIFY: Apply 2 F, =0and X2 F, = 0to the sphere, with x horizontal and y vertical.

SET UP: The free-body diagram for the sphere is given in Figure 21.96. The electric field E of the sheet

- . o
is directed away from the sheet and has magnitude E = Ey. (Eq. 21.12).
€
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. . . o
EXECUTE: X F, =0 gives Tcosa=mgand T = s 2F . =0gives T sinar=22 and
coso 2¢,
o - . o o
T= q— . Combining these two equations we have e _ q— and tanar=—19 Therefore,
2€ysina cosa 2esina 2€ymg

qo
o = arctan .
2€ymg

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.

Tcos a
A

T sin o qE

Figure 21.96

21.97. 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.

SET UP: Consider the small segment shown in Figure 21.97a.

v EXECUTE: A small segment that subtends
angle d@ has length a d@ and contains charge

dQ:[lade JQ:Qde. (%;m is the total
Eﬂ.a T

a8 length of the charge distribution.)

H\

adf

o

Figure 21.97a

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.

d
oL lddl
4”60 a
dE =%d9
2r€ya

Figure 21.97b
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21.98.

21.99.

21.100.

dE, = dE cos8 = (Q/21°€ya”) cos 0dO

/2 /2
£ =[dE = —2— [ cos0ao=—L— sino| ) =2
2m eya 2m eya 2r eya
dE, = dEsin 0 = (0/27°€ya”)sin 6d 0
/2
E, = [dE, =—2— ["sinoa0=—2— (—cos0|ﬂ/2)=%
27 €ga” 70 2reya 0 2 €ya

EVALUATE: Note that £, = £, as expected from symmetry.

IDENTIFY: We must add the electric field components of the positive half and the negative half.
SET UP: From Problem 21.97, the electric field due to the quarter-circle section of positive charge has

components £, =+ 2Q 5, B, =- 2Q 5 The field due to the quarter-circle section of negative
2w €ya 27 €ya

2Q > Ey=+ 2Q 2
2m €ya 2m eya

charge has components £, =+

EXECUTE: The components of the resultant field is the sum of the x- and y-components of the fields due

0

5
7[260612

to each half of the semicircle. The y-components cancel, but the x-components add, giving £, =+

in the +x-direction.

EVALUATE: Even though the net charge on the semicircle is zero, the field it produces is not zero because
of the way the charge is arranged.

IDENTIFY: Each wire produces an electric field at P due to a finite wire. These fields add by vector addition.

. 1 0
SET Up: Each field has magnitude ——————
4rey x\x* +a?
while 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

1 0

4rey x\x* +a?

EXECUTE: (a) The net fieldis E =2

. The field due to the negative wire points to the left,

E ot =2E cos 45°=2 cos45°. In part (b), the electrical force on an electron at P is eE.

1 0
4re, wWaxZ +a?
2(9.00x10°N-m?/C?)(2.50 x107°C) cos 45°
- (0.600 m)\/(0.600 m)? +(0.600 m)*
The direction is 225° counterclockwise from an axis pointing to the right at point P.
(b) F=eE=(1.60x10""2 C)(6.25x10* N/C)=1.00x10"1* 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.

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.

SET UP: The formula for each field is E = 0/2¢,, and the net field is the vector sum of these,

cos45°.

=6.25%10* N/C.

o o ozto . . .
E B 44 —ZB— 4 \where we use the + or — sign depending on whether the fields are in the
260 260 260

net —

same or opposite directions and o5 and o 4 are the magnitudes of the surface charges.
EXECUTE: (a) The two fields oppose and the field of B is stronger than that of 4, so
Op 04y _Op—0y _ 11.6,uC/rn2 —9.50/1C/m2

- . =1.19%10° N/C, to the right.
2¢p 2¢ 2¢ 2(8.85x107 “C“/N-m~)

net —
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21.101.

21.102.

21.103.

21.104.

(b) The fields are now in the same direction, so their magnitudes add.
Epet = (11.6 #C/m® +9.50 11C/m?)/2€, =1.19%10° N/C, to the right

(c) The fields add but now point to the left, so E o =1.19% 10% N/C, to the left.

EVALUATE: We can simplify the calculations by sketching the fields and doing an algebraic solution first.
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.

SET Up: The formula for each field is £ = 0/2¢,, and the net field is the vector sum of these,

E =98 04 _optoy

et , where we use the + or — sign depending on whether the fields are in the

2¢) 2€ 2¢
same or opposite directions and o and o, are the magnitudes of the surface charges.
EXECUTE: (a) The fields add and point to the left, giving E o = 1.19x10° N/C.

(b) The fields oppose and point to the left, so E o = 1.19x10° N/C.

(¢) The fields oppose but now point to the right, giving Ej o = 1.19x10° N/C.
EVALUATE: We can simplify the calculations by sketching the fields and doing an algebraic solution first.
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 £ = 0/¢, and the electrical force on the droplet must balance gravity, so gE =mg.
EXECUTE: (a) 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. (5e¢)(0/€)) =mg and

oo 8 _ (324x107kg)(9.80 m/s>)(8.85x1072 C*/N-m?)

5e 5(1.60x107" 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.

IDENTIFY and SET UP: Example 21.11 gives the electric field due to one infinite sheet. Add the two fields
as vectors.

=35.1 C/m?

EXECUTE: The electric field due to the first sheet, which is in the xy-plane, is E; = (0/2¢, )k forz >0 and
El = —(0'/260)12 for z < 0. We can write this as El = (0'/260)(2/|Z|)I:’,, since z/|z| =+1 forz >0 and

z/ |z| =—z/z =-1 for z < 0. Similarly, we can write the electric field due to the second sheet as

E, =—(0/2€,)(x/|x])i, since its charge density is —c. The net field is

E = E, + E, = (0/2€,)(—(x/|x])i + (2/|2)k).

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.

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,.

SET UP: The area of the annulus is JZ'(R22 —R12 )o. The electric field of a disk, Eq. (21.11) is

E =f[1—1/\/(R/x)2 +1]

0
EXECUTE: (a) Q= Ao = 7z(R22 - R12)0'

() E(x)= %([l — 1y (Ry/x) + 1} —[1 —1/y/(R/x)* + 1])@;
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E(x)= —(1/ \/ (Rl/x) +1-1/ \/ (Rz/x) +1 ) |x| i. The electric field is in the +x-direction at points above
x

P

the disk and in the —x-direction at points below the disk, and the factor ~—i specifies these directions.
X

(¢) Note that 1/\/(R/x)* +1 = |Ri|(1 + (/R = |Ri|. This gives
1

1

2
E(x)= oyt 1 |x_; -2 L xi. Sufficiently close means that (x/Rl)2 <.
26\ R, Ry ) x 2\ R, R,

1 1
d) F,=—qE, = —;]—O-[F jx The force is in the form of Hooke’s law: F, =—kx, with
o\ R R

_go(1 1 \f qff

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/R1)2 to be small.
21.105. IDpENTIFY: Apply Coulomb’s law to calculate the forces that ¢; and g, exert on g3, and add these force

vectors to get the net force.
SET Up: Like charges repel and unlike charges attract. Let +x be to the right and +y be toward the top of

the page.
EXECUTE: (a) 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 uC, g3 =+4.00 uC, and g, > 0.

(¢) The forces F; and F, and their components are sketched in Figure 21.105b.

Fy:():_ 1 |q1||q3| 25il’l01+ 1 |q2”q3| >
47€y (0.0400 m) 47ey (0.0300 m)

2| |sin6’1 | |3/5 27
Vsing, 1645 64

sin#,. This gives

| qy|=0.843 C.

lo| 4 + lo| 3
(0.0400 m)2 5 (0.0300 m)2 5

EVALUATE: The net force F on g5 is in the same direction as the resultant electric field at the location of

(d) F,=F,+F,and F, =0, so F =|g;] =56.2N.
47[60

gzdueto ¢ and ¢, .

F, sin fl,
Fycos ) 6,

7, F, il % L

\:/ P'|AF3 F sin 8
g >0,¢,>0 Fy ¢,<0,<0 Fy
q,>0,g,<0 g <0,g,=0 F,
(@ (b)
Figure 21.105
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21.106. IDENTIFY: Calculate the electric field at P due to each charge and add these field vectors to get the net
field.

SET UP: 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 uC, and ¢, <O0.

(¢) The electric fields E;and E, and their components are sketched in Figure 24.106b. cos, = —

(0.050m)2 13 (0.120m)? 13

. This gives

. 12 12 .
sin g, TR cos 6, =Eand sin@, =%. E . =0=-

ko) _ kg

(0.120m)*>  (0.050 m)? 12
k
E,=- 4| 22— k4, zi=—1.17><107N/c. E=1.17x10" N/C.
(0.050 m)* 13 (0.120m)> 13

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

g <0,g,<0 E, g, =>0,g,>0

g,>0,g,<0 4, <0,¢,>0 Ei E sing,
(a (b)

. Solving for |g,| gives |g2|=7.2 4C, so g, ==7.2 uC. Then

E, cos#, E; cos f,

Figure 21.106

21.107. IpENTIFY: 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 =dq E to find the force the electric field of the second rod exerts on

each infinitesimal segment of the first rod.
SET UP: An infinitesimal segment of the second rod is sketched in Figure 21.107. dQ = (Q/L)dx’.

EXECUTE: (a) dE = kdQ 5 =@ & 7
(x+al2+L—-x" L (x+a/l2+L-X)
’, L
Ex:J-LdEx_kQJL dx kQ 1 : :Q( | 1 j
0 L (x+al2+L-x) L|x+a2+L-x], 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 dqg of the first
rod. This force is in the +x-direction. dFF =dq E.

P J.E d = J-L+a/2 EQ . 2kQ J-L+a/2( 1 jdx

al2 2x+a 2L+2x+a

2
ZIZQ ([1n(a+2 )]L+a/2—[ln(2L+2x+ )]L+a/2) %n((a+2L+aJ(2L+2aD.

2a 4L +2a

2

po k0 [ @)’ )
L2 ala+2L)
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2 2 2 2
(¢)For a> L, F= k%m ‘12(”—”“) = k%(z In (1+ L/a) - In(1 + 2L/a)).
L a>(1+2Lla) ) I

2
For small z, In(l1+z)=z— Z? Therefore, for a> L,

W (1 2 2L 212 kQ?
e L (2, )
L a 2a a a a

EVALUATE: The distance between adjacent ends of the rods is . When a >> L the distance between the
rods is much greater than their lengths and they interact as point charges.

ke e

Figure 21.107
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