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0Q25.3

Answer (b). Taken without reference to any other point, the potential
could have any value.

Answer (d). The potential is decreasing toward the bottom of the
page, so the electric field is downward.

(1)

(ii)

Answer (c). The two spheres come to the same potential, so Q/R
is the same for both. If charge g moves from A to B, we find the
charge on B:

&:%%4501{{—(7: 9 :900nC
R, Ry 1.00cm  2.00 cm
Sphere A has charge 450 nC — 300 nC = 150 nC.

Answer (a). Contact between conductors allows all charge to
flow to the exterior surface of sphere B.

103

=300 nC
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Answer (d).

£ __AV_ (1.90x10* V-1.20x10° V)
A (5.00 m—3.00 m)
Ranking a > b = d > c. The potential energy of a system of two

charges is U = k,q,4,/r. The potential energies are: (a) U = 2k,Q*/r,
(b) U=kQ*/r, (o) U=-kQ*/2r, (d) U=kQ*/r.

(i) Answer (a). The particle feels an electric force in the negative x
direction. An outside agent pushes it uphill against this force,
increasing the potential energy.

=-35.0 N/C

(ii) Answer (c). The potential decreases in the direction of the
electric field.

Ranking D > C > B > A. Let L be length of a side of the square. The
potentials are:

_kQ 2kQ

A T =(1+ J_)
2%Q  kQ k,Q

V== N (2+\/—j L
__kQ  2kQ \/—kQ
NI RN T
_kQ 2kQ_ kQ

b L/2 L/2 L

Answer (a). The change in kinetic energy is the negative of the
change in electric potential energy:

K=-gAV =—(-e)V =¢(1.00x10* V)=1.00x10* eV

Ranking c > a > d >b. We add the electric potential energies of all
possible pairs. They are:

(b) -2 kQ’ + Q' __kQ’
d d d
keQz kBQZ — keQz
(c) ; +2\/§d—(4+\/§) ;
kQ Q' KQ kQP
@ T2 —27 J2d
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0Q25.10 Answer (b). All charges are the same distance from the center. The
potentials from the +1.50-uC, -1.00-4C, and -0.500-4C charges cancel.

0Q25.11 Answer (b). The work done on the proton equals the negative of the
change in electric potential energy:

W =—gAV — gAV = -W = —qEscos 0
=—¢(8.50x 10> N/C)(2.50 m)(1)=-3.40x 107 J
0Q25.12 (i) Answer (b). At points off the x axis the electric field has a
nonzero y component. At points on the negative x axis the field
is to the right and positive. At points to the right of x = 0.500 m

the field is to the left and nonzero. The field is zero at one point
between x = 0.250 m and x = 0.500 m.

(ii) Answer (c). The electric potential is negative at this and at all
points because both charges are negative.

(iii) Answer (d). The potential cannot be zero at a finite distance
because both charges are negative.

0Q25.13 Answer (b). The same charges at the same distance away create the
same contribution to the total potential.

0Q25.14 The ranking is e > d > a = ¢ > b. The change in kinetic energy is the
negative of the change in electric potential energy, so we work out

—qAV = —q(Vf - Vi) in each case.

(a) —(=e)(60 V =40 V) = +20 eV (b) —(=€)(20 V =40 V) = —20 eV
(©) —()(20 V — 40 V) = +20 eV (d) —(e)(10 V —40 V) = +30 eV
() —(-2e)(60 V-40V) = +40 eV

0Q25.15 Answer (b). The change in kinetic energy is the negative of the
change in electric potential energy:

AK=-gAV - K,— K, =q(V,-V,)

Solving for the speed gives

o = \/vi L de(V,-Vy)
m

1.60x107°C)(1.50x 10°V - 4.00x 10° V)
6.63x10 kg

= (6.20%10°m/s)’ + l
( )

=3.78%x10° m/s
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ANSWERS TO CONCEPTUAL QUESTIONS

CQ25.1

CQ25.2

CQ25.3

CQ25.4

CQ25.5

CQ25.6

The main factor is the radius of the dome. One often overlooked
aspect is also the humidity of the air—drier air has a larger dielectric
breakdown strength, resulting in a higher attainable -electric
potential. If other grounded objects are nearby, the maximum
potential might be reduced.

(a) The proton accelerates in the direction of the electric field, (b) its
kinetic energy increases as (c) the electric potential energy of the
system decreases.

To move like charges together from an infinite separation, at which
the potential energy of the system of two charges is zero, requires
work to be done on the system by an outside agent. Hence energy is
stored, and potential energy is positive. As charges with opposite
signs move together from an infinite separation, energy is released,
and the potential energy of the set of charges becomes negative.

(@) The grounding wire can be touched equally well to any point on
the sphere. Electrons will drain away into the ground.

(b) The sphere will be left positively charged. The ground, wire,
and sphere are all conducting. They together form an
equipotential volume at zero volts during the contact. However
close the grounding wire is to the negative charge, electrons
have no difficulty in moving within the metal through the
grounding wire to ground. The ground can act as an infinite
source or sink of electrons. In this case, it is an electron sink.

When one object B with electric charge is immersed in the electric
field of another charge or charges A, the system possesses electric
potential energy. The energy can be measured by seeing how much
work the field does on the charge B as it moves to a reference
location. We choose not to visualize A’s effect on B as an action-at-a-
distance, but as the result of a two-step process: Charge A creates
electric potential throughout the surrounding space. Then the
potential acts on B to inject the system with energy.

(@) The electric field is cylindrically radial. The equipotential
surfaces are nesting coaxial cylinders around an infinite line of
charge.

(b) The electric field is spherically radial. The equipotential surfaces
are nesting concentric spheres around a uniformly charged
sphere.
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SOLUTIONS TO END-OF-CHAPTER PROBLEMS

Section 25.1 Electric Potential and Potential Difference
Section 25.2 Potential Difference in a Uniform Electric Field
*P25.1 (a) From Equation 25.6,

c_|avi__600)/C
d  533x10° m

=[1.13x10° N/C|

(b) The force on an electron is given by

F=|q/E=(1.60x10" C)(1.13x10° N/C)=[1.80x10™ N]

(c) Because the electron is repelled by the negative plate, the force
used to move the electron must be applied in the direction of the
electron's displacement. The work done to move the electron is

W =F-scosf=(1.80x10" N)[(5.33-2.00)x 10" m |cos0°

=14.37x1077 J

*P25.2 (a) We follow the path from (0, 0) to (20.0 cm, 0) to (20.0 cm, 50.0 cm).
AU = — (work done)
AU = —[work from origin to (20.0 cm, 0)]
— [work from (20.0 cm, 0) to (20.0 cm, 50.0 cm)]

Note that the last term is equal to 0 because the force is
perpendicular to the displacement.

AU =—(gE,)Ax=—(12.0x 10 C)(250 V/m)(0.200 m)

= -6.00x107*J

-4
) av=2U__600x10 T _ 54 5c_Soov

q 12.0x10° C

P25.3 (@) Energy of the proton-field system is conserved as the proton
moves from high to low potential, which can be defined for this
problem as moving from 120 V down to 0 V.

1
K, +U, =K, +U,: O+qV=Emv§+0

: 1] ) 1 :
(1.60x 107 C)(120 V)(m) = E(1.67 x107 kg)o;

v, =[152x10° m/s
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(b) The electron will gain speed in moving the other way,
fromV,=0to V,=120 V: K; + U, = K; + U,

1
O+O:§mvf+qV

0= %(9.11 x 107" kg)o? +(-1.60x 10 C)(120J/C)

v,=16.49%x10° m/s

P25.4 The potential difference is
AV=V,-V,=-500V-9.00V=-140V

and the total charge to be moved is

Q=-N,e=—(6.02x10")(1.60x 10" C)=-9.63x10* C

Now, from AV = K, we obtain

W =QAV =(-9.63x10* C)(-14.0 J/C) =(1.35 MJ
P25.5 The electric field is uniform. By Equation 25.3,

B C B
V,-V,=-[E-ds=-[E-ds- [E.ds
A A C
0.500 0.400
V, -V, =(-Ecos180°) | dy-(Ecos90.0°) | dx
-0.300 -0.200
V, -V, =(325V/m)(0.800 m)=| +260 V
P25.6 Assume the opposite. Then at some point A on some equipotential

surface the electric field has a nonzero component E in the plane of the

surface. Let a test charge start from point A and move some distance
on the surface in the direction of the field component. Then

B
AV = —JTE -ds is nonzero. The electric potential charges across the
A
surface and it is not an equipotential surface. The contradiction shows

that our assumption is false, that E,=0, and that the field is
perpendicular to the equipotential surface.
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P25.7 We use the energy version of the isolated system model to equate the
energy of the electron-field system when the electron is at x = 0 to the
energy when the electron is at x = 2.00 cm. The unknown will be the
difference in potential V- V,. Thus, K; + U, = K; + U; becomes

or

SO

()

(b)

P25.8 (a)

(b)

1 1
Emvi +qV, = Emvf +qV;

Sm(of=0})=a(v, V),

Noting that the electron’s charge is negative, and evaluating the
potential difference, we have

o (9.11x10™ kg)[(3.70x10° m/s)* — (1.40 x 10° m/s)’ |
- 2(-1.60x10™ C)

=[-389V]

The negative sign means that the 2.00-cm location is lower in
potential than the origin:

The origin is at the higher potential.

The electron-electric field is an isolated system:

Ki+U; =K, +U;
%mevf +(=e)V,=0+(-e)V,

e(Vf —Vi):—%m v?

The potential difference is then

Ay 2t (9113107 kg)(285x 107 m/s)’
2 2(1.60x10™ C)

=-231x10° V=|-2.31kV

From (a), we see that the stopping potential is proportional to the
kinetic energy of the particle.

Because a proton is more massive than an electron, a proton

traveling at the same speed as an electron has more initial kinetic

energy and requires a greater magnitude stopping potential.
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(c) The proton-electric field is an isolated system:

Ki+U;=K,+U;

1m v*+eV.=0+eV
o Ui e, i

pi

1
e(V, -V, )==m v’
( f l) 2
The potential difference is
m, o’
AV =—t~
P 2e
Therefore, from (a),
2
AV, m,u}|2e

P _

AV, —m?/2e

- AV, JAV, =-m, [m,

P25.9 Arbitrarily take V = 0 at point P. Then the potential at the original
position of the charge is (by Equation 25.3)

AV=V—-0=V=-E-§=-FLcos@ (relative to P)
At the final point g,
V =-EL (relative to P)

Because the table is frictionless and the particle-field system is isolated,
we have

(K+U), =(K+U),
L
or O—qELcosQ:Emv —gEL

solving for the speed gives

o \/2qEL(1— cos6)
m

~[2(2.00x10 C)(300 N/C)(1.50 m)(1-cos60.0°)
- 0.0100 kg

=| 0.300 m/s |

P25.10 (a) The system consisting of the mass-spring-electric field is

(b) The system has both felectric potential energy and elastic potentiall

: U,and U,
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(c) Taking the electric potential to be zero at the initial configuration,
after the block has stretched the spring a distance x, the final
electric potential is (from equation 25.3)

AV=V=-E-§=-Ex
By energy conservation within the system,

(K+u,,+u,) =(1<+usp+ug)f

i

1
0+0+0:0+§kx2+QV

0=tk +Q(-Ex) — «x= 208
2 k
(d) [Particle in equilibrium|
() YF=0 - -kx,+QE=0 —> x,= %
(f)  The particle is no longer in equilibrium; therefore, the force
equation becomes
2
NSF=ma — —kx+QE:mZTf
2
_ k( Y %j —m d_f
k dt

2.7 2 _ 2
Defining x’ = x — x,, we have d’x :d (x xO):d *
dt? dt? dr?

Substitute x” = x — x, into the force equation:
2 2.7
—k(x—@):md—f - —kx’:mdf
dt dt
d’x’  kx'

> m

(g) The result of part (f) is the equation for simple harmonic motion
a, =-w’x" with

o= [E2 L 2y
m T w k

(h) |The period does not depend on the electric field. The electric field
just shifts the equilibrium point for the spring, just like a gravita-

tional field does for an object hanging from a vertical spring.

© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



112 Electric Potential

P25.11  Arbitrarily take V = 0 at the initial point. Then at distance d downfield,
where L is the rod length, V =-Ed and U, =-ALEd.

(@) The rod-field system is isolated:
K;+U; =K, +U;

0+0= %mmdv2 —qV
0= % uLv* — JLEd
[

S HLV® = ALEd

Solving for the speed gives

_ [22Ed _ 2(40.0x10° C/m)(100 N/C)(2.00 m)
o= u B (0.100 kg/m)
-[0a00m/s ]

(b) | The same. | Each bit of the rod feels a force of the same size as

before.

Section 25.3  Electric Potential and Potential Energy
Due to Point Charges

P25.12 (a) Atadistance of 0.250 cm from an electron, the electric potential is

-1.60x107" C
0.250x 107 m

V= keg:(8.99><109 N-mz/Cz)[

=|-5.76x107 V|

(b) The difference in potential between the two points is given by
kLol

RYERE)
T 1, n

2 1

AV =

Substituting numerical values,

|AV]=|(8.99%x10° N-m*/C?)(-1.60x10™ C)

x( 1 _ 1 )
0.250%x10? m 0.750x107% m

|AV|=|3.84x107 V
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(c) |Because the charge of the proton has the same magnitude
as that of the electron, only the sign of the answer to part
(a) would change.

P25.13  The total electric potential is the sum of the potentials from the
individual charges,

vzkezi=ke{ﬁ+”’—2j

non

1

(@) The 4.50-uC and —2.24-uC charges are distances 1.25 cm and 1.80
cm, respectively, from the origin. The electric potential is then

V=(899x10’ N-mz/Cz)[ 4.50x10° C | -2.24x10° C}

+
125x10? m 1.80x107 m
V=[212x10°V
(b) The distance of the 4.50-uC charge to the point is

r, =4(0.0150 m)’ +(0.0125 m) = 0.0195 m,

and the distance of the —2.24-uC charge to the point is

r, =/(0.0150 m)? +(0.0180 m)* = 0.0234 m
The potential is
) 450x10° C N 224%x10° C

V=(899%x10° N-m*/C?
h 1

V=[121x10°V

P25.14  The potential due to the two charges is given by V = kezi.
it

1

(@) The electric potential at point A is

V=k Y= (899x10° N-m?/C?)
a

" -15.0x10”° C+ 27.0x107° C
200x102m 2.00x102 m

=[5.39 kV]|
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(b) The electric potential at point B is

V=kY 1 =(899%10° N-m?/C?)
%

" -15.0x10”° C+ 27.0%x107° C
1.00x102m 1.00x102 m

=[108 k]

P25.15 By symmetry, a line from the center to each vertex
forms a 30° angle with each side of the triang]le.
The figure shows the relationship between the
length d of a side of the equilateral triangle and the
distance r from a vertex to the center:

rc0s30.0°=d/2

— r=d/(2c0s30.0°) 2 2
ANS. FIG. P25.15

The electric potential at the center is

v=k3L

1

:k( Q .. 9 .2 ]
‘1 d/(2c0s30.0°) d/(2c0s30.0°) d/(2c0s30.0°)

V= (4)(2 c0s30.0°k, %) =16.93k, %

*P25.16 (a) From Equation 25.12, the electric potential due to the two charges is

V=k Y%= (899x10° N-m?/C?)
i1

5.00x10” C  -3.00x10~ C
X + =[103 V]
( 0.175 m 0.175 m )

(b) The potential energy of the pair of charges is

U =K _ (8.99x10° N-m2/C?)

7,‘1 2

(5.00x10™ C)(-3.00x10” C)
0.350 m

X

=|-3.85%107 ]

The negative sign means that |positive work must be done| to

separate the charges by an infinite distance (that is, to bring them
to a state of zero potential energy).
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*P25.17 (a) Inanempty universe, the 20.0-nC charge can be placed at its
location with no energy investment. At a distance of 4.00 cm, it
creates a potential

k 8.99x10° N-m?/C?)(20.0x10” C
V= 6:71=( 004(/)0251 )_ 450 kv

To place the 10.0-nC charge there we must put in energy
U, =q,V,=(10.0x10" C)(4.50x10° V)=4.50x 10" ]

Next, to bring up the —20.0-nC charge requires energy
Uy +Uy=q,V, +4;,V, =q5(V, + V)
=(-20.0x10" C)(8.99x10° N-m?*/C?)
" ( 10.0x10” C | 20.0x10” Cj
0.040 0 m 0.080 0 m
=—450x107° J-450x107° ]

The total energy of the three charges is

U, +U,, +U,;=|-450x107"]

(b) The three fixed charges create this potential at the location where
the fourth is released:

V=V, +V,+V,
=(8.99x10” N-m?*/C?)
X( 20.0x10”° C
J(0.040 0 m)* +(0.030 0 m)?
10.0x10”° C 20.0x10” C
0.030 0m  +/(0.040 0 m) +(0.030 0 m)? ]
V=3.00x10° V

Energy of the system of four charged objects is conserved as the
fourth charge flies away:

1 5
—mo-+qgV
(2 1

L 2
=|-mv" +qV
-(2 7

1

f

0+(40.0x10™ C)(3.00x 10 V):%(z.oomo—13 kg)o® +0

2(1.20x10™
v= ( — ) =|3.46x10* m/s
2x107" kg
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P25.18 (a) V,=kYL= (% dzf/g_j %(1+J§)
B o Ny 2 2\ 5:00x107 C B
V= (899x10° N-m?/C )[—2'00“0_2 m](wz)_

(b) VB:ke;Z—;:ke(% Zde keg(f+2)

-9
V, =(8.99x10’ N-mZ/CZ)(Mj(%+2) =16.08 kV

2.00x107 m
il )
o V,-V,=k= +2 1++2 +1-2
( ) B A e d \/E ( ) \/E
500107 C\( 1
V=V, =(899%x10° N-m*/C?)| ——5— (—+1— 2)
=V~ m/ )(2.00><10-2mj 2 V2
=658 V
P25.19 (a) Since the charges are equal and placed
y
symmetrically, . 200 uC g 200uC
(b) Since F = I]E -0, ' x=-0800m 0 x=0.800m
ANS. FIG. P25.19
© v=2k1
’

-6
~2(8.99x10° N-m?/c?)| 2010 €
0.800 m

V=450%x10* V=|45.0kV

P25.20 At a distance r from a charged particle, the voltage is V = k“’TQ

k. 1Q|
rr

and the

field magnitude is E =

@) L_VI_ 300x10° V. _ o0
|E| 5.00x10*> V/m '‘—

Q
47 €, (6.00 m)

(b) V=-3000V=

Then,

Q=(6.00 m)(-3000 V)(47 &,) =
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P25.21 (a) Each charge is a distance /2 4+ 42 /2 = a/ J2 from the center.

PR Q |_ Q
V_ke;r_z;ke[a «/EJ_ 4ﬁkea

(b) The potential at infinity is zero. The work done by an external
agent is

Q Q
W:qAVZq(Vf_Vi)Z‘](‘l\/Ekez—O): 4\/Ekeq7

P25.22  The charges at the base vertices are d/2 = 0.010 0 m

from point A, and the charge at the top vertex is /\ ,g
Ay Ji5 400 /| !
(2d)* - (—) =>4 cm 3.57
2 2 / C”I
from point A. = + A
V=Yk qi |e—2.00 e —»
F ANS. FIG. P25.22

N e e R B PO | S
_ke(d/2+d/2+d\/ﬁ/2]_k"d( 4+\/ﬁ)

7.00x10°° C 2
V=(899%x10° N-m?/C?) ——~—— = (_44._)
( m/ )( ) NS

0.020 0 m
=|-1.10x10" V|
k k _
P2523 (a) E.= e‘Z1 TR ~=0 becomes E_=k, +—?+—2q - |=0
x~  (x-2.00) : x*  (x—2.00)

Dividing by k,  2gx* = g(x —2.00)°
or x* +4.00x - 4.00 = 0.

- +./
Therefore E=0  when x= —00% ;6-0“6-0:_.

(Note that the positive root does not correspond to a physically
valid situation.)

(b) Assuming 0 < x < 2.00 m, the potential is zero when

_kay, kg o, Z={@+ (=20) }_0
k,

x 200-x
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giving 7(2.00-x)=2gx or x= % =10.667 m

For x > 2.00 m , the potential is zero when

kzz[@+%}:0 or g(x-2.00)=2gx

e

This has no positive x solution. Physically, the total potential
cannot be zero for any point where x > 2.00 m because that point
is closer to charge —2g, so its potential is always more negative
than the potential from charge g is positive. For x < 0, the

[(q) . (29)

o Vv
potential is zero when —=| —+——"—
k |x| |2.00 + x|

e

} =0, giving

2
%< Wq+|x| or ¢(2.00+|x)=24|x]

which has the solution | x| = 2.00 correspond to x =[-2.00 m|.

P25.24 The work required equals the sum of the
potential energies for all pairs of charges. No
energy is involved in placing g, at a given position
in empty space. When g, is brought from far away
and placed close to g,, the system potential energy
can be expressed as q,V,, where V,is the potential A Ng. FIG. P25.24
at the position of g, established by charge g,.

When g, is brought into the system, it interacts
with two other charges, so we have two additional terms ¢,V,and ¢,V

in the total potential energy. Finally, when we bring the fourth charge
g, into the system, it interacts with three other charges, giving us three

more energy terms. Thus, the complete expression for the energy is:
u=u,+U,+U,+U,
U =0+Uy, + (U + Uy )+ (U, + Uy, +Us,)

k Q* kQZ( 1 j kQZ( 1 j
U=0+""+"| —+1|+-8 1+—=+1
s s W2 s V2

kQZ( 2) k,Q’
U=—"|4+—=|=|541-=
s V2 s

We can visualize the term (4 + ij as arising directly from the 4 side

2

pairs and 2 face diagonal pairs.
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P25.25 (a) The electric potential at y = 0.500 m on the y axis is given by

V:@+@:2(Mj

n 1, r

_, (8.99x10° N-m* /C*)(2.00x10°* C)
J(1.00 m)? +(0.500 m)?
V=322x10" V=322 kV

Y
P ¢ (0, 0.500 m)

2.00 uC 2.00 uC
R 4 @
(-1.00 m, 0) (1.00 m, 0)
ANS. FIG. P25.25

(b) The change in potential energy of the system when a third charge
is brought to this point is

U=qV=(-3.00x10"° C)(3.22x10* J/C)=| -9.65x 107 ]

P25.26 (a) The potential due to the two charges along the x axis is
V(x) — kte + keQZ — ke (+Q) + ke (+Q)

n ) - \/xz +a° \/x2 +(—€l)2

%0 ko[ 2
Vi e 2kQ _k

(x) e o | Jware
V(x) 2

(k.Q/a) \/(x/a)z +1

ANS. FIG. P25.26(a) shows the plot of this function for |x/a| <3.

2.5-

V (x)
k.Qla

0.5
0.0

-4 -3 -2 -1 0 1 2 3 4
x/a

ANS. FIG. P25.26(a)
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(b) The potential due to the two charges along the y axis is
V(y) — kte + keQZ _ ke (+Q) + ke (_Q)

71 Té B |]/ — £l| |]/ + ll|
_kQ 1 1
Yw)== [Lwa—u |y/a+1|]

Viy) ( 11 ]
(kQ/a) |\|ly/a-1] |y/a+1
ANS. FIG. P25.26(b) shows the plot of this function for |y/a| <4.

Nk oo

(

—_r

vy
kQla

5 -4 -3 2N\-1/1,1 2 3 4 5
-
L6
L8

--10
yla

ANS. FIG. P25.26(b)

P25.27  The total change in potential energy is the sum of the change in
potential energy of the q, - gq,, 49, — 4,, and g, — g, particle systems:

ue :q4‘/1 +Q4V2+q4V3 :q4ke(ﬁ+q_2+q_3j

n ) 3

U, =(10.0x10° C)'(8.99x 10° N-m?* / C?)

X L + L + L
0.600m  0.150m (0.600 m)* +(0.150 m)’

U, =[895]

e

P25.28 (a) Each charge separately creates positive potential everywhere. The
total potential produced by the three charges together is then the

sum of three positive terms. There is | no point |, located at a finite

distance from the charges, at which this total potential is zero.

b) v=kd, ka_|2kq
a a a
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P25.29  Each charge creates equal potential at the center. The total potential is

V:S{M}: _Skq

R R

P25.30  The original electrical potential energy is

k,
U3=qV=q7q

In the final configuration we have mechanical equilibrium. The spring
and electrostatic forces on each charge are

- k(2d)+q 2~

F spring +F charge ( 3 d)2
k.q’
Then k=—=
184°
In the final configuration the total potential energy is

2 2
L yqu= LR gy R0 _ AR
2 2184 3d 9 d
The missing energy must have become internal energy, as the system
is isolated:

AU+AE,, =0
2 2
ARG _kI L AE 0
9d d
The increase in internal energy of the system is then
5k,q°
AE, =|21
int 9d

P25.31  Consider the two spheres as a system.
(a) Conservation of momentum:

A

2 p _ MY
0=muv,i+m,v, (—1) or v, =

2

By conservation of energy,

_ke(_ql)qz_l 2 1 5 ke(_%)qz
0= 7 —21711711+2111202+—r1+r2

2,2
and kad ka4, _ lmlvf + 1mo; , which yields

o+, d 2 2 m,

oo [ 2mkag, (11
VA (my+m) o+, d
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(b)

suppressing units,

) :\/2(0.700)(8.99><109)(2><106)(3><106)( 1 1 )

(0.100)(0.800) 8x10°  1.00
=|10.8 m/s
o MO _ (0.100 kg)(10.8 m/s) _ 155 mjs
om, 0.700 kg

If the spheres are metal, electrons will move around on them with
negligible energy loss to place the centers of excess charge on the
insides of the spheres. Then just before they touch, the effective
distance between charges will be less than r, + 7, and the spheres

will really be moving | faster than calculated in (a) |.

P25.32  Consider the two spheres as a system.

(a)

(b)

Conservation of momentum:
0=muv,i+m,v, (—1)

m,v
or v,=—1.
mZ

By conservation of energy,

k(- 1 1
O:—( 21)% :Emlvf+§mzv§+
k,(=4,)4,
o+,

and keqqu _ keqqu — lmlvf + l m12012 )
1+, d 2 2 m,

S 2m,k,q,9, 1 1
b m, (m, +my)\ r,+r, d

m, 21k, 0,9, 1 1
v, =|— |v, = ——

m, m,(m, +m,)\ n+r, d
If the spheres are metal, electrons will move around on them with
negligible energy loss to place the centers of excess charge on the

insides of the spheres. Then just before they touch, the effective
distance between charges will be less than r, + 7, and the spheres

will really be moving | faster than calculated in (a) |.
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P25.33 A cube has 12 edges and 6 faces. Consequently, there are 12 edge pairs
separated by s, 2 x 6 = 12 face diagonal pairs separated by /25, and 4

interior diagonal pairs separated by /3s.

kg [ 12, } k,q*
U=—12+ 22.8—
NN s

P25.34  Each charge moves off on its diagonal line. All charges have equal
speeds.

2(K+U), =2(K+U)f
2 2
0+ — 4keq + 2keq 4( 1 2)_}_ 4keq + Zkeq

L ~2L 2~+/2L
2
(2+—1,_2j—k‘f =2mov*

Solving for the speed gives

1 \kgq’

o= | 14— |~

( V8 ) mL

P25.35  Using conservation of energy for the alpha particle-nucleus system,
we have K +U,=K;+U..

keq ocqgold
7.

1

But u. =

1

and 7,=oo. Thus, U =0.

Also, K, =0 (v, = 0 at turning point),

SO U.=K,
keqlxqgold 1 2
or - —=—m,7,
T oin 2
_ chqaqgold
e

~2(8.99%10° N-m? / C*)(2)(79)(1.60x 10™ C)°
- 6.64x107 ke )(2.00%x10” m/s)’
g

=2.74x10" m=[274 fm
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Section 25.4  Obtaining the Value of the Electric Field
from the Electric Potential
1% AV
. E =—— E =——=-(sl fli
P25.36 N ™ — E, e (slope of line)

The sign indicates the direction of the x component of the field.

AV 20V -
x=0to1cm: E =- -2 0:—2OV/cm
Ax 1cm
AV
x=1to3 cm: E=—=- 0 =0V/m
Ax 2 cm
AV -20V
x=3to4 cm: E =- :—O 0 =+20 V/cm
Ax 1cm
E (V/cm)
20 —_—
0 } { x (cm)
0 1 2 3 4
20 —

ANS. FIG. P25.36

P2537 V=4+bx=10.0V+(-7.00 V/m)x
(@) Atx=0, V=100V
Atx =3.00m, V=|-11.0V
Atx =6.00m, V=-320V
av ; Y
(b) E= s -b=—(-7.00 V/m) :| 7.00 N/C in the +x direction
P2538 E = v - E = _av = — (slope of line)
ox Ax
E (V/cm)
N — —
0 } t t f = x(cm)
0 | 2 3 4 5
30 e

ANS. FIG. P25.38
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The sign indicates the direction of the x component of the field.

x=0to1cm: Exz—AV:—?)OV_O:—BOV/cm
Ax 1 cm
x=1to02 cm: Exz—AV:—O_3OV:30V/m
Ax 2 cm
x=2to3 cm: Exz—ﬂz— 0 =0V/cm
Ax 1cm
x=3to4 cm: EX=—AV=—_3OV_O:+30V/cm
Ax 1cm
x=4to5cm: Ex:—AV:—O_(_3OV):—3OV/cm
Ax 1cm
P25.39 (a) V=5x—3x2y+2yzz, where x, y and z are in meters and V' is in
volts.
Ex:—a—V:—5+6xy
ox
E, =—a—V=+3x2—222
Y ay
Ezz—a—vz—élyz
0z

which gives

E=(-5+6xy)i+(3x —22%)j - 4yzk

(b) Evaluate E at (1.00, 0, —2.00) m, suppressing units,
E,=-5+6(1.00)(0)=-5.00

E: =3(1.00)* - 2(-2.00)* = -5.00
E. = —4(0)(-2.00)=0

;=

which gives

E=JE?+E2 +E2 =[(-5.00)" +(-5.00)" + 0> =[ 7.07 N/C

P25.40 (a) E,>E; sinceE= AV
As
A 6-2)V
(b) E,=- v:_( ) =|200 N/C | down
As 2 cm
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(c) ANS. FIG. P25.40 shows a sketch of the field lines.

[EEEE REEE J Wt sl ity oo

[ PR R S SN 'R SRR A g R

ANS. FIG. P25.40

P2541 (a) Forr<R, V= ke?Q
Er = —d—V =
dr
(b) For r=R, V= kQ
r

7,,2

av (_ke_Q): k.Q

P25.42  For a general expression for the potential on the y-axis, replace the a
with y. The y component of the electric field is

p o 9V _ i[keQm{éh/ﬁzﬂﬁ J]

Yy

¢ y
kQ v kQ
E, = 1— —
ly Pyt + 0+ y 2+

Section 25.5  Electric Potential Due to
Continuous Charge Distributions

P25.43  The potential difference between the two points is

_ _ kO kQ _ keQ( 1 j
AV =V, ~V,= A Rl L g
JR2+(2RF R R {5

= —0.553k"—Q
R
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_(qy-_ L 99
P25.44 v_jdv_Meojr

All bits of charge are at the same distance from O. So

_ -6
v-— (g)=(8.99x109N-m2/C2) 7.50x10° €
4m €\ R 0.140 m/x

- [CisiMv ]

P25.45 (a) Asalinear charge density, A has units of Y B{
[
|
I
I

|

C/m. So « = A/x must have units of C/m?>:

@ el

(b) Consider a small segment of the rod at
location x and of length dx. The amount of ANS. FIG. P25.45
charge on it is Adx=(ox)dx. Its distance
from A is d + x, so its contribution to the electric potential at A is

dv =k 3y oxdx

‘r fd+x
Relative to V = 0 infinitely far away, to find the potential at A we
must integrate these contributions for the whole rod, from x = 0 to

x=L.Then V= [ dV = ij“x

x.
d+x
allg

To perform the integral, make a change of variables to
u=d+x,du=dx,u(atx=0)=d,and u(atx=L)=d + L:

Ve J-d+L ko(u — d) i

it —kaj dui — kade(

u

d+L

V = k,ou|t™" —k,adln u|’
= ko(d+L-d)—kod[In(d+L)~In d]

S )
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oxdx

kj\/b2 #(L2-x)

Letz:é—x. Then ng—z, and dx =-dz.

k,dg

P2546 V= j

(L/2-z)(- dz) koL zdz

Vekal S kel
—— (z+m)+keam

L

2
+k,o (E—x) +b
2
0

- L

2
y-_koL (E—x)+ (E—x) +b°
2 2 2
0

kol _L/2—L+ (L/2) +b?
2| L2y +v

T -{TT]

koL b +(I*/4)- L2
Jb7 +(E/4) +L/2

P25.47 V=k, | dq k'[Mx ko /116{15 ijx

all charge ¥ semicircle

kA

V=—kAln(~x) +

V= ke/’tln%+ kAm+kAn3=|kA(r+2In3)

Section 25.6  Electric Potential Due to a Charged Conductor

P25.48 A conductor of any shape forms an equipotential surface. If the
conductor is a sphere of radius R, and if it holds charge Q, the electric

field at its surface is E = k,Q/R’ and the —potential of the surface is

V =k Q/R; thus, if we know E and R, we can find V. However, if the
surface varies in shape, there is no clear way to relate electric field at a
point on the surface to the potential of the surface.
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P25.49  Substituting given values into V = kQ , with Q = Ng:
r

8.99x10° N-m*/C*)Q
0.300 m

7.50%10° V= (

Substituting g = 2.50 x 107 C,

7
- 62(.)50 Tol?g C? —=|1.56x10" electrons
.60 x e

P25.50 For points on the surface and outside, the sphere of charge behaves
like a charged particle at its center, both for creating field and
potential.

(@) Inside a conductor when charges are not moving, the electric field
is zero and the potential is uniform, the same as on the surface,

and E=@.

kg (899x10° N-m’/C*)(26.0x10° C)

V=R 0.140 m B
b pokd_ (8.99%10° N-m* /C*)(26.0x10°° C)
By B=5= (0.200 m)’

=|5.84 MN/C | away

kg (899x10° N-m*/C?)(26.0x10° C)
R 0.200 m

e ka_ (8.99x10° N-m* / C*)(26.0x10° C)

=[117MV ]

R (0.140 m)?
=]11.9 MN/C | away

(©)

V=M= 1.67 MV
R

P25.51 (a) Both spheres must be at the same potential according to

k k
;_% = ;;12, where also g, +4, =1.20x10° C.
1 2

Then g, = N and

2

Ny g =120x10° C
n
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_120x10°C
1+6.00 cm/2.00 cm

q, =0.300x10"° C

on the smaller sphere.

g,=120x10° C-0.300x10° C=0.900x10° C
y_ka _ (8.99x10° N-m*/C*)(0.900x 10 C)
n 6.00x 107 m

=11.35x10° V

(b) Outside the larger sphere,

- kg . V.. 135x10°V.
E, = "zl t= —H‘zur: 2.25%10° V/m away
1 1 0.060 0 m

Outside the smaller sphere,

- 1.35x10° V.,
g, = 100X 10 Vs 74 10° V/m away
0.020 0 m

The smaller sphere carries less charge but creates a much stronger
electric field than the larger sphere.

Section 25.8  Applications of Electrostatics

P25.52  From the maximum allowed electric field, we can find the charge and
potential that would create this situation. Since we are only given the
diameter of the dome, we will assume that the conductor is spherical,
which allows us to use the electric field and potential equations for a
spherical conductor.

@ Epy =300x10° V/m =52 ke—Q(l) = Ve (1)
T T

r r

Vi = Enn? =(3.00x 10° V/m)(0.150 m) =
{Or keQmax — V }
r

max

k
(b) e?Zmax — E

max

2 (3.00%x10° V/m)(0.150 m)
Qmax=E“‘aXr =( 5 I — ) =|7.51 uC
k 8.99x10° N-m?2/C

e
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Additional Problems
P25.53  From Equation 25.13, solve for the separation distance of the electron
and proton:

2
=k o p =0
T, u u

The separation distance r,, between the electron and proton is the same
as the radius r of the orbit of the electron. Substitute numerical values:

16x10°C)( 1ev
“136eV  \16x107"]

r=-(8.99 x 10° N-mZ/CZ)(

=1.06 x 10 m
Set this equal to r = #7°(0.052 9 nm) and solve for n:
r =n*(0.052 9 nm) = 1.06 x10™"° m = 0.106 nm

Which gives n = 1.42. Because 7 is not an integer, this is not possible.
Therefore, the energy given cannot be possible for an allowed state of
the atom.

P25.54 (a) The field within the conducting Earth is zero. The field is
downward, so the Earth is negatively charged. Treat the surface
of Earth at this location as a charged conducting plane: thus, use

E=0/¢,
which gives

0 =E€,=(120N/C)(8.85x10™ C*/N-m?)

=[1.06 nC/m?, negative

(b) Q=0cA=0c4nr’=(-1.06x10" C/m?)(4r)(6.37 x 10° m)
=|-542 kC

(c) The Earth acts like a conducting sphere:
[ _kQ_(899x10" N-m*/C*)(-5.42x10° C)

R 637 x10° m =74 MY

(d) Electric potential decreases in the direction of the electric field;
therefore, the potential is greater at greater heights:

Vi = Vi = Ed = (120 N/C)(1.75m) =210 V.

— |The person’s head is higher in potential by 210 V.

© 2014 Cengage Learning. All Rights Reserved. May not be scanned, copied or duplicated, or posted to a publicly accessible website, in whole or in part.



132 Electric Potential

(e) Like charges repel:
£ kg, _ (899x10° N-m®/C?)(5.42x 10° C)*(0.273)

B2 (3.84 x 10° m)*
F, =4.88x10° N =|4.88x10° N away from Earth

(f) The gravitational force is
_ GM;M,,

2
r
_ (6:67x10™" N-m*/kg?)(5.98 x 10** kg)(7.36 x 10* kg)

(3.84x 10° m)’

Fs

E.=199%x10° N
Comparing the two forces,

20
Fo_L99x10YN _ | o o

e
F. 488x10° N

The gravitational force is in the opposite direction and 4.08 x 10'°

times larger. Electrical forces are negligible in accounting for

planetary motion.

P25.55  Assume the particles move along the x direction.

(@) Momentum is constant within the isolated system throughout the
process. We equate it at the large-separation initial point and the
point c of closest approach.

MV + 1M,V = 1,V + 11,V
mlvi +0=mVv_ +m,v,
mo . (2.00x10° kg)(21.0m/s)

v, = i= & i=6.00i m/s
m, +m, 7.00x107 kg

(b) Energy is conserved within the isolated system. Compare energy
terms between the large-separation initial point and the point of
closest approach:

Ki+U, =K, +U;

1

1 1 k
Emlvi +Emzv§i +0= E(m1 +m,) vl + L

T

c

2
o } , k.,

m, +m, r

c

1 1
Emlvz +0= E(ml + mZ)[
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7’/112’02 + 2 keqqu

—mo*+0=
ml +m2 T’C
k m, +m
=5 (1, + m, ), 0* — mP0? =2 a2 (1, + my)
rC
k m, +m
m1m202 —n eql%( 1 2)
rC
.= 2k,q0,9, (ml + mz)
c 2
m,m,v

~2(8.99x10° N-m*/C*)(15.0x10°° C)(8.50x 10 C)(7.00x 10 kg)
- (2.00x107 kg)(5.00x 10~ kg)(21.0 m/s)’

=[3.64m|

(c) The overall elastic collision is described by conservation of
momentum:

MV + 1,V = MV + 11,V ¢
myoi+ 0 = 1m0, i+ m,v, i
and by the relative velocity equation:

0y; —

1

Uy = Uy = Uyy
V-0=0,, -0, >0, =047y
We substitute the expression for v, into the momentum equation:
M0 = M0, ; + My,
Mo = mo, ; + my(v+v, )
Mo = mo, ; + M0+ m,o,
M,0 — My = M0, ¢ + M0,
(m, —my)v =(m,+m,)v,,
m, —m 2.00g-5.00
U= ——= [v= £ g (21.0 m/s)
m, + m, 2.00g+5.00g
=-9.00m/s

Therefore, the velocity of the particle of mass m, is |-9.00 im/s|

(d) Substitute the expression for v, back into v,,= v + v;:

0, =0+0,, =(21.0 m/s)+(-9.00 m/s)=12.0 m/s

Therefore, the velocity of the particle of mass m, is |12.0 im/s|
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P25.56  Assume the particles move along the x direction.

(@) Momentum is constant within the isolated system throughout the
process. We equate it at the large-separation initial point and the
point c of closest approach.

MV F 1M,V =TV 1LV, ¢

2 2 A m,v
moi+0=movi+m,i — v, =

m, +m,

(b) Energy is conserved within the isolated system. Compare energy
terms between the large-separation initial point and the point of
closest approach:

Ki+U, =K, +U;

1 1 1 k
Emlvlzi + Emzv; +0= E(;/n1 + mz)vf + Y2

r

[

2
m,o n k9.9,
m1 + m2 T

Cc

1 1
Emlv2 +0= E(m1 + mz)(

7”1202 2 k.9.9,

—mo°+0=
m, +m, r,
k m, +m
5 (my +m, ) m,0* —m,20* =2 0z (my +my)
7"C
k m, +m 2k m, +m
ot =2 A 2)—>n= 0 ( k )
r, m,m,v

(c) The overall elastic collision is described by conservation of
momentum:

MV + M,V ,, = m1‘71f + m2\72f
mlvi +0= mlvlfi + m202fi - MU= Mmo,+ 1m0,
and by the relative velocity equation:
U1, =0y = Uy — Uy
v-0=0,,-0;; > 0, =0+70
We substitute the expression for v, into the momentum equation:
M0 = M0, + My, ¢
mo = mpo, ; + mz(v+vlf)

M0 = M0, ; + M0 + M,
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M,0 = 1M,0 = M0,  +M,0,

(ml_mz)v:(ml+m2)vlf — Uyf :(21122]0

. . | my—my ) s
Therefore, the velocity of the particle of mass m, is || ——= |vi].
m, + m,

(d) Substitute the expression for v, back into v,, = v + v

m, —m,
Uyp =0+0;; =0+ ——— |0

m, + m,
_ (4 m,) + (11, — my) 0= 2m, -
m, + m, m, + m,

. . . 2m 3
Therefore, the velocity of the particle of mass m, is — vil.
m, + m,

P25.57  The two spheres of charge have together electric potential energy

U=qV =k, T2
"o
(38)(54)(1.60x 107 C)’
(5.50+6.20)x 10" m

=4.04x10™" J=[ 253 MeV |

P25.58 (a) To make aspark 5 mm long in dry air between flat metal plates
requires potential difference

AV =Ed=(3x10° V/m)(5x10”° m)=15%10* V[~ 10" V

=(8.99x10" N-m*/C?)

(b) The area of your skin is perhaps 1.5 m’, so model your body as a
sphere with this surface area. Its radius is given by 1.5 m* =4xr?,
r = 0.35 m. We require that you are at the potential found in part

(a), with V = kq . Then,
r

v 1.5><104V(0.35m)( ] ) N-m
ko 899%x10°N-m?/C*\V.-C/){ ]

g=58x107 C| ~10° C
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P2559 Wehave V,=kQ/R=200V and V,=kQ/R + 10 cm) = 150 V.

(a) %:R”Igcmziggewo(mwcm):zoozz—m:
2

(b) From V, = ke%, we have

V,R (200 V)(0.300 m) B 6:67 nC|
Q k.~ 899%10° N-m?/C? S

e

(c) Wehave V=kQ/R=210V and E =kQ/(R + 10 cm)’ =400 V/m.
Therefore,

V _(R+10cm)’ 210 21

E R T 400 40

where R is in meters.

— 40(R+0.100)* = 21R

Thus, we have

40R* + 8R + 0.4 =21R —40R*~13R+0.4=0

There are two possibilities, according to

o3t J13% - 4(40)(0.4)
- 80

=[29.1 cm or 3.44 cm|
(d) If the radius is 29.1 cm,

VR (210 V)(0.291 m) o
= =6.79x107 C=[6.79 nC]
Q k. 899%x10° N-m?/C? =

e

= either 0.291 m or 0.034 4 m

If the radius is 3.44 cm,

VR _ (210 V)(0.0344 m)
k. 899%10° N-m?/C>

Q= =8.04x107° C =[804 pC

e

(e) |No ; two answers exist for each part.|

P25.60 (a) The exact potential is

Lkq kg kg kg _kq_2kq_| kg

r+a r—a 3a+a_3a—a_4a 4qa 4qa

(b) The approximate expression -2k ga/x” gives

~2kga/(3a)* = -k,q/4.5a
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Compare the exact to the approximate solution:

1/4-1/45_05 o111
1/4 45 7

The approximate expression —2k,qa/x* gives —k,q/4.5a,
which is different by only 11.1%.

Q
P25.61 W= [Vdq, where V= k;j .
0

IN.m2/C2 6 )2
Therefore, W = kQ* = (8'99X1O N-m*/C )(125X10 C)

=[7027].

2R 2(0.100 m)
Q k,q kQ’
P25.62 W= deq , where V = —=. Therefore, W =| =— |.
0 R 2R

P25.63  For a charge at (x = -1 m, y = 0), the radial distance away is given by
J(x+1)*> +y* . So the first term will be the potential it creates if

(8.99 x 10°N . m’/C)Q,=36V.m — Q,=4.00nC
The second term is the potential of a charge at (x =0, y = 2 m) with

(8.99 x 10°N . m*/C)Q,=-45V.m — Q,=-5.01nC

Thus we have {4.00 nC at (—1.00 m, 0) and —5.01 nC at (0, 2.00 m).|

P25.64  From Example 25.5, the potential along the x axis of a ring of charge of
radius R is

k,Q
JR? + x?
Therefore, the potential at the center of the ring is
yo_ kO kO
JRe+ (0 R

When we place the point charge Q at the center of the ring, the electric
potential energy of the charge-ring system is

ker:@

V =

s-av=of )

Now, apply Equation 8.2 to the isolated system of the point charge and
the ring with initial configuration being that with the point charge at
the center of the ring and the final configuration having the point
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charge infinitely far away and moving with its highest speed:

2
AK+AU=0 — (%mviax—0j+(0—keTQj=0

Solve for the maximum speed:

2 \1/2
ome(22)
mR

Substitute numerical values:

(2(8.99 % 10° Nom?*/C?)(50.0 x 10° €)' |~
P = (0.100 kg)(0.500 m)
=30.0m/s

Therefore, even if the charge were to accelerate to infinity, it would
only achieve a maximum speed of 30.0 m/s, so it cannot strike the wall
of your laboratory at 40.0 m/s.

P25.65 InEquation25.3, V,-V,=AV =- LZE -ds, think about stepping from

distance r, out to the larger distance r,away from the charged line.
Then ds = drt, and we can make r the variable of integration:

V,-V,=—["—A_%.drt with ##=1 1cos0°=1
n2mE, T

The potential difference is

Vs e,
0 1 0 1
;
and V=V, =5t (Inr,~Inp) = |- A in 2

P25.66 (a) Modeling the filament as a single charged particle, we obtain
yokQ_ (8.99 x 10° N-m*/C?)(1.60 x 10~ C)
o 2.00 m
(b) Modeling the filament as two charged particles, we obtain
yokQ  kQ (g+g]

n T noon

=719V

9 9
(8.99 % 10° N_mz/cz) 0.800 x 10 C+ 0.800 x 10~ C
1.50 m 250 m

=|7.67V
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(c) Modeling the filament as four charged particles, we obtain
V:ke(%+%+%+%J
h L I T
=(8.99 x 10° N-m*/C?)
" 0.400 x 10 C N 0.400 x 107 C
1.25m 1.75 m

0.400 x 107 C N 0.400 x 107 C
225m 2.75m

=|7.84V

(d) We represent the exact result as

V:ke_an(“_a)

14 a
(899 x 10° N-m*/C?)(1.60 x 10~ C) 1n(3)
- 2.00 m 1
=7.9012V

Modeling the line as a set of points works nicely. [The exact result,
represented as 7.90 V, is approximated to within 0.8% by the|
four-particle version)

P25.67  We obtain the electric potential at P by integrating:
a+L
Adx

V=k
I
_ an!a+L+\/(a+L)2+b2]

a+a* + b

a+L

=k 2In| v+ [ +17)

a

B
P25.68 (a) V,-V,= —JE -ds and the field at distance
A

r from a uniformly charged rod (where
r > radius of charged rod) is ‘
A 2kA

E=
2rwe,r r

In this case, the field between the central

wire and the coaxial cylinder is directed ANS. FIG. P25.68
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perpendicular to the line of charge so that

2k A
r

Vy= V=] dr=2ke/l]n[r—”j

Ty

or szzkgamir—“] .

4

(b) From part (a), when the outer cylinder is considered to be at zero
potential, the potential at a distance r from the axis is

V= 2kelln(r—”)

B
The field at r is given by
E= IV _ —ZkE),(L](_T_;] _2kA
or r, r r
AV
But, from part (a), 2k,A = .
In(r,/r,)
A 1
Therefore, | E= —V(—) .
In(r,/n,)\r
P25.69 (a) The positive plate by itself creates a field
o 360x10”7 C/m?

E=—" = =2.03 kN/C
2e, 2(8.85x10™ C*/N-m’) /

away from the positive plate. The negative plate by itself creates
the same size field and between the plates it is in the same

direction. Together the plates create a uniform field |4.07 kN/C

in the space between.

(b) Take V =0 at the negative plate. The potential at the positive plate
is then

Wi 12.0 cm
AV=V-0=-[Edr=- [ (-4.07 kN/C)dx

0

The potential difference between the plates is

V =(4.07x10° N/C)(0.120 m)=

(c) The positive proton starts from rest and accelerates from higher to
lower potential. Taking V; =488 V and V,= 0, by energy
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conservation, we find the proton’s final kinetic energy.

(K+qV)i=(K+qV)f+Kf:qVi

(%mvz + qV)i = (%mvz + qV)f

qV,=(1.60x10™ C)(488 V) = %mvi =|7.81x10™" ]

(d) From the kinetic energy of part (c),

1
K =—mov}
2

2K |2(7.81x107
Uf = ? :\/ 1(67)< 10_27 k;) =3.06 x 105 m/s =306 km/S

(e) Using the constant-acceleration equation, v} = v} + Za(x = xi) ,

vi-v;  (3.06x10° m/s)2—0
2(x,-x)  2(0.120m)

a=

=| 3.90x 10" m/s* | toward the negative plate

(f)  The net force on the proton is given by Newton’s second law:

Y F=ma=(1.67x10" kg)(3.90x10" m/s*)

=| 6.51x107'® N | toward the negative plate

(g) The magnitude of the electric field is

-16
_E 650N _ s
g 1.60x107 C

(h) |They are the same.

P25.70 (a) Inside the sphere, |E,=E, =E, =0|.

(b) Outside,

vV 0 312
Ex:—az—a(vo—EOZ+EOa3Z(x2+y2+Z2) )
- —[0+ O+E0a3z(—%j(x2 +y’+2° )_5/2 (2x)}

)75/2

E. = 3E@’xz(x* +y* +2°
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E, - %(V _Eoz+E0a3z(x2+y2+zz)_3/2)
:—an3z(—%)(x2+}/2+Zz)_5/22y
Ey _ 3E0a3yz(x2+y2+zz)—5/2

-3/2

=E, - E0a3z(—§)(x2 +y*+2° )75/2(22)—]50113 (x*+y*+2%)

-5/2

E. =| E,+E@’ (22 - x* —y*) (x> +y* +2°)

Challenge Problems
P25.71 (a) The total potential is

y_ka_kg_ka

= ”1)
rl rz rl rz

From the figure, for r >>a, r, — 1, = 2acos@.
Note that r, is approximately equal to r,. Then

V= MZQ cos@ = kgpc—Zose
rer
ANS. FIG. P25.71
(b) E = LIV _ M
or r
In spherical coordinates, the § component of the gradient
is —l(ij . Therefore,
r\ 06
1( oV k,psin®
E9 = —_ — | = —3
20 r
o k.p
(c) Forr>>a, 6=90° E,(90°)=0, E,(90°)=—
r
o 2k.p o
For r >>a, = 0°: E,(0°)==—5, E,(0°)=0
r

these results are reasonable.
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(d) because as r — 0, E — . The magnitude of the electric field
between the charges of the dipole is not infinite.

1/2

(e) Substituting 1, =#, =~r=(x*+ y*)"? and cos 6= % into

(x* +v°)
k pcos@ _ k.py
V= ) glVGS V—m .
__9V_ Bkpxy __V _kp(2y’-¥)
@ 1 E=5 _(x2+y2)5/2 and | £, = dy (x2+y2)5/2

P25.72  Following the problem’s suggestion, we use dU = Vdg, where the

potential is given by V = kg . The element of charge in a shell is
r

dq = p (volume element) or dq = p(47r rzdr) and the charge gin a
sphere of radius r is

0 4rv®
e

Substituting this into the expression for dU, we have

(4 Jo=f 57  tosrn-
o

R
U=de=ke(16;[ ]p [ridr _k[
4 3k
But the total charge, Q = p377:R . Therefore, Ung

(1675 )pzr‘ldr

P25.73  For an element of area which is a ring of radius r and width dr, the
k.dq

— , where
r+x

incremental potential is given by dV =

dq=o0dA =Cr(2rrdr)

The electric potential is then given by

V=C(2rk,)

]3 r2dr
e
o N+ X7
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From a table of integrals,

2 2

redr r X

j— =—r’+x° ——1r1(r+\/1f2 +x2)
NEN: 2

The potential then becomes, after substituting and rearranging,

ridr

Nrr+x?
= nkEC[R\/R2 +x° +x21n(

v:c(znke)T

P25.74  Take the illustration presented with the problem as an initial picture.
No external horizontal forces act on the set of four balls, so its center of
mass stays fixed at the location of the center of the square. As the
charged balls 1 and 2 swing out and away from each other, balls 3 and
4 move up with equal y-components of velocity. The maximum-
kinetic-energy point is illustrated. System
energy is conserved because it is isolated:

Ki+U; =K, +U;

0+U; =K, +U;
SU =K, +U, ANS. FIG. P25.74
2 2
ka _ Lo+ 1ot + Lo 4 Lo +k“—q
a 2 2 2 2 3a
2 2
2k;q=2mvz - V= kf_q
3a 3am

P25.75 (a) Take the origin at the point where we will find the potential. One
Qdx

ring, of width dx, has charge 5 and, according to Example

25.5, creates potential
k,Qdx
hvx*+ R?

The whole stack of rings creates potential

v= | dvzdr kQdx =k"Q1n(x+\/x2+R2)

av =

d+h

all charge d h\/xz +R? h d
_| kQ ., d+h++(d+h) +R?
h d+~d>+R?
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(b) A disk of thickness dx has charge Qde and charge-per-area

Qdx
nR*h

Qdx
4V =2nk, = (Va?+ R - x)

. According to Example 25.6, it creates potential

Integrating,
d+h
(\/x +R%dx— xdx)
2 x2 d+h
x x +R2+—1n(x+\/x2+R2)——
h 2 2 |,
Q[d+h Jd+nP +R? —dJF + R?
V=

d++Jd?+R?

d+h++(d+h) +R?
—2dh—h2+R21n[ thiy(d+h) + ]]

P25.76  The plates create a uniform electric field to the right in the picture,

with magnitude

V,—(-V,) 2V,

d d

Assume the ball swings a small distance x to the right so that the

145

thread is at angle 6 from the vertical. The ball moves to a place where

the voltage created by the plates is lower by

—Ex——ﬂx
d

Because its ground connection maintains the ball at V' = 0, charge g

flows from ground onto the ball, so that

_2Vix keq 0 o qZZVOxR
d R k,d

e

Then the ball feels an electric force

4V2xR
k,d?

e

F=qE=
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to the right. For equilibrium, the electric force must be balanced by the
horizontal component of string tension according to
4V7xR

k,d’

Tsin6 = gE =

and the weight of the ball must be balanced by the vertical component
of string tension according to T cos@ = mg. Dividing the expression for
the horizontal component by that for the vertical component, we find
that

4V2xR
k,d*mg

tan@ =

. . X
For very small angles, we can approximate tan6 ~sin6 = I’ % the

above expression becomes

) 5 12
x_4VoxR - V= kdmg for small x
L kd’mg 4RL

If V, is less than this value, the only equilibrium position of the ball is
hanging straight down. If V exceeds this value, the ball will swing
over to one plate or the other.

P25.77  For the given charge distribution,

k, k,(-2
V(x, y, 2)= fQ)_i_ (,, 9)
1 2

where 7, =\/(x+R)2 +yi+27°

and r, =4 +y’+2°

The surface on which V (x, y, z) = 0 is given by

kf_,q(l - zj =0 or 2r, =1,
7"1 7"2

This gives:
4(x+R) +4y* +42° = x> + > + 2°

which may be written in the form:

x2+y2+zz+(§ij+(0)y+ (0)z+(§R2):0 [1]
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The general equation for a sphere of radius a centered at (x,, y,, z,) is:
(x=x ) +(y=1,) +(z=2) -a* =0
or P4yt +27+ (2% ) v+ (-2y, )y +(-22, )z
+(xg+ys+25—a*)=0 [2]

Comparing equations [1] and [2], it is seen that the equipotential
surface for which V = 0 is indeed a sphere and that:

—2x0:§R; -2y,=0; —2z,=0; x§+y§+z§—a2:%R2

4
Thus, xO:—ER, Yo=2,=0,and 02:(%—3)122:%1{2

The equipotential surface is therefore a sphere centered at

(—%R, 0, O] , having a radius %R .
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ANSWERS TO EVEN-NUMBERED PROBLEMS

P25.2
P25.4
P25.6
P25.8

P25.10

P25.12

P25.14
P25.16

P25.18
P25.20

P25.22

P25.24

P25.26

P25.28

P25.30

(a) -6.00 x 10*7J; (b) -50.0 V
1.35 MJ
See P25.6 for full explanation.

(a) —2.31 kV; (b) Because a proton is more massive than an electron, a
proton traveling at the same speed as an electron has more initial
kinetic energy and requires a greater magnitude stopping potential; (c)
AV, [AV, =-m, [m,

(a) isolated; (b) electric potential energy and elastic potential energy;

2.7 ’
(c) = Q ; (d) Particle in equilibrium; (e) =— Q ; () == d =_kx ;
m

(8) 27r\/7 (h) The period does not depend on the electric field. The

electric field just shifts the equilibrium point for the spring, just like a
gravitational field does for an object hanging from a vertical spring.

(a) -5.76 x 107 V; (b) 3.84 x 107 V; (c) Because the charge of the proton
has the same magnitude as that of the electron, only the sign of the
answer to part (a) would change.

(@) 5.39 kV; (b) 10.8 kV

(a) 103 V; (b) -3.85x 107 ], positive work must be done
(a) 5.43 kV; (b) 6.08 kV; (c) 658 V

(a) 6.00 m; (b) —2.00 uC

~11.0x 10"V

541—— kQ'
s

2
(a) m ; (b) See ANS. FIG. P25.26(b).

(a) no point; (b) 2kq

2
AE, =K
9d
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P2532  (a) v = |2Tekedds (11
) e my(m, +my)\ r,+1, d

and v, = 2K, 4,4; LI ; (b) faster than calculated in (a)
m, (m, +m,)\ r,+r, d

1 \k,gq°
P25.34 = 1+ — |-
¢ ( J§) mL

P25.36  See ANS. FIG. P25.36.
P25.38  See ANS. FIG. P25.38.

P25.40 (a)E,>E,since E= AA—V; (b) 200 N/C; (c) See ANS. FIG. P25.40.
S
P54z £ —— KO

P2544 -1.51 MV

P25.46 -t
2

v +(L*/4)-L)2
JoP +(L/4)+ L2
P25.48  No. A conductor of any shape forms an equipotential surface.

However, if the surface varies in shape, there is no clear way to relate
electric field at a point on the surface to the potential of the surface.

P25.50 (a)0, 1.67 MV; (b) 5.84 MN/C away, 1.17 MV; (c) 11.9 MN/C away,
1.67 MV

P25.52  (a) 450 kV; 7.51 uC
P25.54 (a)1.06 nC/m’, negative; (b) -542 kC; (c) =764 MV; (d) The person’s

head is higher in potential by 210 V; (e) 4.88 x 10° N away from Earth;

(f) The gravitational force is in the opposite direction and 4.08 x 10
times larger. Electrical forces are negligible in accounting for planetary

motion.
2k + — A A
P25.56 (a) "o ; (b) D (1, - mz); (c) {—ml e ]vi; (d) { 2y ]vi
m, +m, M, m,v L +m, m, +m,

P25.58 (a) ~10*V; (b) ~10°C
k.q
4a
which is different by only 11.1%.

P25.60 (a) —

; (b) The approximate expression —2k ga/x” gives —kq/4.5,
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2
P56 Q0
2R

P25.64  Even if the charge were to accelerate to infinity, it would only achieve
a maximum speed of 30.0 m/s, so it cannot strike the wall of your
laboratory at 40.0 m/s.

P25.66 (a)7.19V; (b)7.67 V; (c) 7.84 V; (d) The exact result, represented as 7.90
V, is approximated to within 0.8% by the four-particle version.

AV (1
P25.68 (a) AV =2kAln| = |;(b) E= —(—)
, ln(ru/rb) r
P25.70 (@) E, = Ey =E, =0; (b) E, =3E0a3xz(x2 + yZ + 72 )75/2 ’
E, = BEa’yz(x* +y* +2° )75/2 , E,=E,+E@*(222 - x> —y*)(x* +y* + 22)75/2
2
P25.72 U= 3k
5 R

2

P2574 oo KA
3am

P25.76  See P25.76 for full explanation.
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