Electric Fields

CHAPTER OUTLINE

ANSWERS TO QUESTIONS

A neutral atom is one that has no net charge. This
means that it has the same number of electrons
orbiting the nucleus as it has protons in the nucleus.
A negatively charged atom has one or more excess
electrons.

Similarities: A force of gravity is proportional to the
product of the intrinsic properties (masses) of two
particles, and inversely proportional to the square of
the separation distance. An electrical force exhibits
the same proportionalities, with charge as the intrinsic
property.

Differences: The electrical force can either attract or
repel, while the gravitational force as described by
Newton’s law can only attract. The electrical force
between elementary particles is vastly stronger than the
gravitational force.

All of the constituents of air are nonpolar except for water. The polar water molecules in the

air quite readily “steal” charge from a charged object, as any physics teacher trying to perform
electrostatics demonstrations in the summer well knows. As a result—it is difficult to accumulate
large amounts of excess charge on an object in a humid climate. During a North American
winter, the cold, dry air allows accumulation of significant excess charge, giving the potential
(pun intended) for a shocking (pun also intended) introduction to static electricity sparks.

Answer (c). Each charge produces field as if it were alone in the Universe.

No. The balloon induces polarization of the molecules in the wall, so that a layer of positive

charge exists near the balloon. This is just like the situation in Figure 23.4a, except that the signs
of the charges are reversed. The attraction between these charges and the negative charges on the
balloon is stronger than the repulsion between the negative charges on the balloon and the
negative charges in the polarized molecules (because they are farther from the balloon), so that
there is a net attractive force toward the wall. lonization processes in the air surrounding the
balloon provide ions to which excess electrons in the balloon can transfer, reducing the charge
on the balloon and eventually causing the attractive force to be insufficient to support the weight
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An electric field created by a positive or negative charge extends in all directions from the charge.

Thus, it exists in empty space if that is what surrounds the charge. There is no material at point A
in Figure 23.21(a), so there is no charge, nor is there a force. There would be a force if a charge
were present at point A, however. A field does exist at point A.



2 Chapter 23

*Q23.7

*Q23.8

Q23.9

#Q23.10

#Q23.11

Q23.12

Q23.13

Q23.14

*Q23.15

(i) We compute ¢,q,/r* in each case. In (a) it is 400/4 = 100 (nC/cm)®. In (b) and (c), 300/4 =
75 (nC/cm)?. In (d) 600/9 = 67 (nC/cm)>. In (e) 900/9 = 100 (nC/cm)*. The ranking is then a=¢ >
b=c>d.

(ii) We compute ¢ /r* in each case. In (a) it is 20/4 = 5 nC/cm”. In (b) 30/4 = 7.5 nC/cm’. In (c)
10/4 = 2.5 nC/cm?. In (d) 30/9 = 3.3 nC/cm?. In (e) 45/9 = 5 nC/cm?. The ranking is then b > a =
e>d>c.

The charge at the upper left creates at the field point electric field to the left, with magnitude we
call E . The charge at lower right creates downward electric field with an equal magnitude E|.

These two charges together create field \/EEI downward and to the left at 45°. The positive
charge is V2 times farther from the field point so it creates field 2F I/(x/E )*=E, upward and

to the right. The net field is then (\/5 - 1) E, downward and to the left. The answer to question
(1) is (d).

(i1) With the positive charge removed, the magnitude of the field becomes \/EE1 , larger than
before, so the answer is (a).

Both figures are drawn correctly. E, and Ez are the electric fields separately created by the point
charges ¢, and ¢, in Figure 23.12 or ¢ and —q in Figure 23.13, respectively. The net electric field
is the vector sum of E, and E,, shown as E. Figure 23.19 shows only one electric field line at
each point away from the charge. At the point location of an object modeled as a point charge, the
direction of the field is undefined, and so is its magnitude.

(i) Answer (c). Electron and proton have equal-magnitude charges.
(i1) Answer (b). The proton’s mass is 1836 times larger than the electron’s.

Answer (b).

Linear charge density, A, is charge per unit length. It is used when trying to determine the
electric field created by a charged rod.

Surface charge density, ¢, is charge per unit area. It is used when determining the electric field
above a charged sheet or disk.

Volume charge density, p, is charge per unit volume. It is used when determining the electric field
due to a uniformly charged sphere made of insulating material.

No. Life would be no different if electrons were + charged and protons were — charged. Opposite
charges would still attract, and like charges would repel. The naming of + and — charge is merely
a convention.

In special orientations the force between two dipoles can be zero or a force of repulsion. In
general each dipole will exert a torque on the other, tending to align its axis with the field created

by the first dipole. After this alignment, each dipole exerts a force of attraction on the other.

(i) According to the inverse square law, the field is one-fourth as large at twice the distance. The
answer is (¢), 2 X 36 cm = 72 cm.

(i1) The field is four times stronger at half the distance away from the charge. Answer (b).
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SOLUTIONS TO PROBLEMS

Section 23.1

P23.1

P23.2

(a)

(b)

O]

(d)

(e)

()

(@

()

(a)

(b)

Properties of Electric Charges

The mass of an average neutral hydrogen atom is 1.007 9u. Losing one electron reduces its

mass by a negligible amount, to

1.007 9(1.660x 10 kg)—=9.11x10™" kg=[1.67x107 kg |.

Its charge, due to loss of one electron, is

O—l(—l.60><10’19 C)= +1.60x107° C|.
By similar logic, charge =| +1.60x10™"° C

mass = 22.99(1.66><10’27 kg)—9.ll><10’31 kg=|3.82x107° kg

charge of CI" =| -1.60x10™" C

mass = 35.453(1.66x 107" kg)+9.11x10™" kg =[5.89x10™ kg

charge of Ca** =-2(-1.60x10™" C) =] +3.20x10™" C

mass =40.078(1.66x1077 kg)-2(9.11x10™ kg)=| 6.65x10™ kg

charge of N* = 3(—1.60><10’19 C)= -4.80x107" C

mass =14.007(1.66 x10™" kg)+3(9.11x10™ kg)=/2.33x10~ kg

charge of N** =4(1.60x10™" C)=[ +6.40x 10" C

mass = 14.007(1.66x10™ kg)—4(9.11x10™ kg)=| 2.32x 107" kg

We think of a nitrogen nucleus as a seven-times ionized nitrogen atom.

charge =7(1.60x10™ C)=[1.12x10"* C

mass =14.007(1.66 X107 kg)—7(9.11x10™" kg)=[ 2.32x10™ kg

charge =| -1.60x10™" C

mass =[2(1.0079)+15.999 ]1.66 10 kg+9.11x10™ kg

N 10.0 grams ( 6.00.x 107 atoms)( 47 Slectrons
107.87 grams/mol mol atom

-3
# electrons added = Q 1.00x10™ C

= - =6.25x10"
e 1.60x107" C/electron

or | 2.38 electrons for every 10° already present |

=12.99x10™ kg
j: 2.62x10%
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Section 23.2  Charging Objects by Induction

Section 23.3 Coulomb’s Law

kg, (899x10° N-m*/C*)(1.60x10™ C)’

P233 (@ F o= 5 =[1.59x10° N (repulsion)
r

(3.80x10™° m)

Gmym, _(6.67x10™" N-m*/C*)(1.67x107 kg)’

(b) F === ~ =[129x10" N

(3.80x10™° m)

The electric force is | larger by 1.24 x10™ times |

m,nt,

(c) If keﬁzG with ¢, =¢q, =q and m, =m, = m, then
r

= = 8.61x10™" C/kg |

e

q_ |G _ 6.67x10™" N-m?*/kg’
8.99x10° N-m?*/C’

*P23.4 In the first situation, FA onBl = ]CFLZ,H%J; In the second situation, |q A| and |q3| are the same.
h

- - k .

FB onA2 = _FA onB = %”q”(_i)

2

iz ke CIA||QB| "12
F ”22 k, QA||‘]B|

2 2
F,= h 2r1 =2.62 uN(m) =1.57 uN
I 17.7 mm

Then F,,,,, = 1.57 uN to the left |.

P23.5  If each person has a mass of =70 kg and is (almost) composed of water, then each person
contains

N =| 79000 grams [6.O2><1023 mo‘“‘ﬂes)(lo protons )5 23%10% protons
18 grams;/mol mol molecule

With an excess of 1% electrons over protons, each person has a charge

g=0.01(1.6x10™" C)(2.3x10%)=3.7x10" C

3.7%107)
% N=4x10" N[ ~10® N

So  F=k 1% = (9x10°)
r
This force is almost enough to lift a weight equal to that of the Earth:

Mg=6x10" kg(9.8 m/s*)=6x10" N~10* N
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P23.6  We find the equal-magnitude charges on both spheres:

2 4
Fek 3L L q=r\/kz=(l.00m)\/ LOOXIOTN ) 655107 ¢

r r 8.99x10° N-m*/C?
The number of electron transferred is then

-3
xfer = Lﬂc, =6.59x10" electrons
1.60x10™"° C/e

The whole number of electrons in each sphere is

Ny =208 (6.02x107 atoms/mol ) (47 ¢~ /atom)=2.62x10* ¢
107.87 g/mol

The fraction transferred is then

N 6.59 x 10" o . o
=X — =|2.51x10" [=2.51 charges in every billion
f N ( 2.62x10* g Ty

tot

P23.7 (a) The force is one of . The distance r in Coulomb’s law is the distance between
centers. The magnitude of the force is
(12.0x10™ C)(18.0x10™ C)

F=49% _(3.99%10°N-m*/C?) : =|216x107 N
p (0.300 m)

(b) The net charge of —6.00 x 10 C will be equally split between the two spheres, or
-3.00x10~ C on each. The force is one of , and its magnitude is

3.00x10™ C)(3.00x10” C)

F:’%Q_;%:(s.%xlogNmz/Cz)( : =8.99x107 N
- (0.300 m)

P23.8  Let the third bead have charge Q and be located distance x from the left end of the rod. This bead
will experience a net force given by

= k,(39)0: k,(q)0/ <
F= (xzq) l+(d(—q))c)2(_l)

The net force will be zero if i = 1 5
x* (d-x)

This gives an equilibrium position of the third bead of x ={0.634d|.

,ord—x=

Sl

The equilibrium is| stable if the third bead has positive charge | .

(8.99x10° N-m*/C?)(7.00x10° C)(2.00x10™° C)

P239  F=k 1% ; =0.503 N
r (0.500 m)
y F,
8.99x10° N-m?/C*)(7.00x107° C)(4.00x10° C
r (0.500 m) £\ 0.500 m
F =0.503c0s60.0°+1.01c0s60.0°=0.755 N 2.00 \60" g
F, =0.503sin60.0°— 1.01sin 60.0° = —0.436 N uC 2100 uC

F=(0.755 N)i—(0.436 N)j=| 0.872 N at an angle of 330° FIG. P23.9
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P23.10  The top charge exerts a force on the negative charge ke+ which is directed upward and to
(d12)" +x°
the left, at an angle of tan™' (Zi) to the x-axis. The two positive charges together exert force
X
22kqu 3 (_x)l 7= ma or for x << g, a= —ZquQ X
(a*/4+x) (@2/4+) 2 md /8
(a) The acceleration is equal to a negative constant times the excursion from equilibrium, as in
a=—w"X, so we have Simple Harmonic Motion with W’ = %
m
2 3
T= 2 md , where m is the mass of the object with charge —Q.
0] 2\ k,q0
® 0, =w0d=| 4a,[ "2
md
2 1.60x10™ C)’
P2311 (a) F= kef =(8.99x10°N-m?/C?) ( ) ~={822x10" N | toward the other
r (0.529%10™° m)
particle
mv’
(b) Wehave F= from which
r
Fr [8.22x107° N(0.529x10™ m) .
=, —= — =|2.19x10°m/s
m 9.11x10™ kg
Section 23.4  The Electric Field

P23.12 F=k 1%

P23.13  For equilibrium, F=-

or

Thus,

(a)

(b)

(8.99x10°N-m?/C?)(1.60x10™ C)" (6.02 x 10*)’

SE

r [2(6.37x10°m)]
Fg
g8 = -mg(-])
B-"8]
q

_ s (9.11x10™" kg)(9.80m/s”) - 5
E:%J:( (_1'60“)519(:) )J=| ~(5.58x10"'N/C)j |

. mg._ (1.67x107 kg)(9.80m/s’).. =
B = e0x107°C) j=|(102x107N/C)j |
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P23.14 The point is designated in the sketch. The magnitudes of the £ : - 2.%0 +6.80
electric fields, E, (due to the —2.50 x10™° C charge) and E, 42—F — é %3
(due to the 6.00x10™° C charge), are -~ g —1’50
<~—d+1.00m—
kg (8:99x10°N-m’/C?)(2.50%x10™ C) FIG. P23.14
E="d- 2 M
r d
kg (8:99x10°N-m*/C?)(6.00x10° C) ®
e (d+1.00 m)’

Equate the right sides of (1) and (2)
to get (d+1.00 m)" =2.40d"
or d+1.00 m ==%1.55d
which yields d=1.82m
or d=-0.392m

The negative value for d is unsatisfactory because that locates a point between the charges where
both fields are in the same direction.

Thus, d =|1.82 m to the left of the —2.50 uC charge |

- k,Q : t0 x=0 q
*P23.15 The first charge creates at the origin field —<= to the right. t l A
a _O | | | O_ X
Both charges are on the x axis, so the total field cannot have a FIG. P23.1
vertical comonent, but it can be either to the right or to the left. G.P23.15

| If the total field at the origin is to the right, then | g must be negative:
kQz kg ( 2\_2kQ:
Q1. L1 ()25

| In the alternative, if the total field at the origin is to the left,

kFQ % keq AN ZkeQ % —
7l+97(_1)_a_2(_1) q—+27Q
P23.16 The electric field at any point x has the x-component
k,q(4
pe__ka ., ka _ kg(4ax)

(x-a)  (x=(-a)) (2-a)

. 4a(kgq)
When x is much, much greater than a, we find E =| — : .




8 Chapter 23

P23.17 (a) One of the charges creates at P a field E = If;g/ n2 at an angle 6
X
to the x-axis as shown.
When all the charges produce field, for n > 1, the components
perpendicular to the x-axis add to zero.
k A N
The total field is %/nz)lcose = % .
R +x (R*+x7) FIG. P23.17
(b) A circle of charge corresponds to letting n grow beyond all bounds, but the result does
not depend on n. Smearing the charge around the circle does not change its amount or its
distance from the field point, so it | does not change the field |
(0,0.500 m)
kg (8.99x10%)(2.00x10°) Ve
P23.18 (a) E=-%5= =14 400 N/C
r (1.12) / 200 47 2.00
uC_—1g | g7~ K€
0m>
E,=0 and E,=2(14400)sin26.6° = 1.29x10* N/C 1.00m 1.00m
FIG. P23.18
so |E=1.29x10*j N/C
() F=gE=(-3.00x10°)(1.29x10*j) = -3.86x 107} N |
= . N .k » k,(3q9)2 AL k (4g) 4
P23.19 () E=llp Kbp Kdsp_ f(Z‘I)i+ A f)(icos45.00+jsm45.00)+ "(Zq)j
n I r; a 2a a
£-3.06% 2715065 5=| 5015 o 58.8°
a a a
© L k)qz o
(b) F=gE=|591—- at58.8
a
Section 23.5  Electric Field of a Continuous Charge Distribution
P2320  E=[%% where dg=,dx
X
E=k,A, _[d—)zc =k, (—lj _| kA The direction is — i or left for A, > 0.
X0 x X X ‘xO




Electric Fields 9

9 -6
Q P2321 E= ( Zkexg 7 = (8.99 . 10 )(75'2 >§/10 )x = 26'74 X10° x3/2 We choose the x axis along
X +d’) (x*+0.100) (x*+0.0100)

the axis of the ring.

(@ Atx=00100m, E=664x10'i N/C=[6.64 MN/C]
(b) Atx=00500m,  E=241x10"i N/C=]24.1i MN/C|
© Atx=0.300 m, E=640x10°] N/C=] 6401 MN/C]
(d) Atx=1.00m, E=6.64x10°1 N/C:

P23.22 The electric field at a distance x is E =2rko|1- ;}
VX' +R’
This is equivalent to E =2rk,o|1- BN
J1+R*/x
R2 RZ R2
For large x, — << 1 and 1+ — =1+
ge x = << e "
O !
o) E =2rko|1-
[ [1+ R2/(2x2)]]

=2rk,o
< [1+R(247)]
k,Q(1/x 2
Substitute 0 = % E = _ko(x?) - ka(xz +R_J
TR [1+R*/(2x*)] 2
But for x >> R, - = i’ SO E = k“ZQ for a disk at large distances
X+R/2 X X

P23.23 (a) From the Example in the chapter text, E = 2ﬂkecr(1 - ;]

N2+ R?
0

0=—5=184x10" C/m’
TR

E=(1.04x10" N/C)(0.900)=9.36 x10" N/C=[93.6 MN/C |

approximation: E =2mk,c =| 104 MN/C (about 11% high) |

(®)  E=(1.04x10° N/C)(l— 200 cm j=(1.04><108 N/C)(0.004 96)=[ 0.516 MN/C |

J30.0* +3.00* cm

approximation: E =k Q. (8.99 X 109)

e 2
r

520x107°

(0307

| 0519 MN/C (about 0.6% high) |
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P23.24 E=21kc

P23.25

P23.26

Chapter 23

)

E=2m(899%10°)(7.90x10° )| 1- ———* :4.46x108[1—;J
( )( ) x* +(0.350)" Vx® +0.123

(a) At x=00500m, E=3.83x10° N/C=
(b) At x=0.100 m, E=324x10° N/C:
() At x=0.500 m, E=8.07x10" N/C=
(d) At x=2.000 m, E=6.68x10" N/C=[6.68 MN/C ]|

Due to symmetry E = IdEv =0, and E = jdE sin@ = kej dq s;n@ J
| ’" &
where dq = Ads = Ard@, “ x
o b Y. [sin6de = kA cos6)[" = 2k, A ~
r r r FIG. P23.25
where A=2 and r=£
L T

- 5 = 2kam _ 2(8.99x10° N-m*/C*)(-7.50x 10" C)x
us, T (0.140 m)’

Solving, E =-2.16x10" N/C

Since the rod has a negative charge, E = (—2.16 x107 ;) N/C= -21.6i MN/C |.

(a) Wedefine x =0 at the point where we are to find the field. One ring, with thickness dx, has
Qdx

charge = and produces, at the chosen point, a field

7 ke‘x de <
The total field is
= _ d+h kL,Q)Cd)C - kt,Qi d+h , -
E—a"&!‘argedE_ :‘; h(x2 +R2)3/2 1= 0 XL(X +R ) 2 xdx
i k,0i (x* +R2)’“ 2 k. Qi 1 B 1

2h - (-1/2)

h (dz+R2)l/2 ((a’+h)2+R2)l/2

x=d

continued on next page
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P23.28

(b)

(a)

(b)

()

(b)

(©)

Electric Fields 1

Qdx

Think of the cylinder as a stack of disks, each with thickness dx, charge T, and charge-

d.
per-area O = % One disk produces a field
. 2 R
JE = n’keszx - X i
TR (x2 + Rz)

d+h

_ 2kQdx| x i
all charge —d R*h (x2+R2)1/2

w2
o
et
Il
—
]

R*h

|d+h | (x2 " R2)1/2 d+h

212

The electric field at point P due to each element of length dx is dﬁ\ y
dE = —* C]2 and is directed along the line joining the element to / K\P
X" +y /979\\
point P. By symmetry, VAR I
/ \
E = JdEx =0 and since dq = Adx, / Y \
/ \
—f -X
E=Ev=jdEy=JdEcose where cos0=; 4_%_'19(,
) 2 2
NEaE
FIG. P23.27
02 -
d 2k, A sin 6,
Therefore, E= 2keﬂ,yj al ek %
0 xz + yz) y

For a bar of infinite length, 6, =90° and E =

y

The whole surface area of the cylinderis A =27z r" +2xrL =2xr(r+L).

0=0A=(15.0x10" C/m*)27(0.025 0 m)[0.025 0 m +0.060 0 m| =

For the curved lateral surface only, A =2mrL.

0=04=(150x10" C/m*)[ 27(0.025 0 m)(0.060 0 m)]=
Q=pV = prr’L=(500x10"C/m")[ £(0.025 0 m)’ (0.060 0 m) | =
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P23.29 (a) Every object has the same volume, V =8(0.030 0 m)’ =2.16x10™ m’.

For each, 0 = pV =(400x10™ C/m*)(2.16 x10™ m*)=

(b) We must count the 9.00 cm? squares painted with charge:

@) 6 X 4 = 24 squares
0=0A=(150x10"C/m*)24.0(9.00x10™ m*)=[ 324 x10™° C

(i) 34 squares exposed

0=0A=(150x10" C/m?)24.0(9.00 x 10~ m?)=

(iii) 34 squares

0=0A=(150x10"C/m?)34.0(9.00x10™ m?)=

(iv) 32 squares
0=0A=(150x10"C/m*)32.0(9.00x10™ m*)=[4.32x10™ C

(c) (i) total edge length: /=24x%(0.030 0 m)

Q=A0=(80.0x10""C/m)24x(0.030 0 m)=[576x10" C
(i) Q=2A0=(80.0x10""C/m)44x(0.0300 m)=|1.06x10™" C
(i) Q=2¢=(80.0x10""C/m)64 x(0.030 0 m)=
(iv), Q=Al= (80.0 x 107" C/m)40 x(0.030 0 m)={0.960x10™° C

Section 23.6 Electric Field Lines

P23.30 \ \ 1 / / P23.31 \ \ l / /

—F F F F F f|— —_— = = = |

EPEARS VAR
FIG. P23.30 FIG. P23.31
9 _ __6 _ _l
P23.32 (a) q—2 “5°-173

(b) | q, is negative, g, is positive
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()

(b)

Electric Fields 13

The electric field has the general appearance shown. It is

zero| at the center |, where (by symmetry) one can see that

the three charges individually produce fields that cancel out. %’@

In addition to the center of the triangle, the electric field lines in
the second figure to the right indicate three other points near the
middle of each leg of the triangle where E = 0, but they are
more difficult to find mathematically.

You may need to review vector addition in Chapter Three.

The electric field at point P can be found by adding the \,KJ
electric field vectors due to each of the two lower point (%%
charges: E=E, +E,.

The electric field from a point charge is E = k, 4p
r

As shown in the solution figure at right,

El =k, 4 1o the right and upward at 60°

2

S

E,=k, % to the left and upward at 60° FIG. P23.33
a

E=E,+E, =k L[ (cos60% +5in60%) + (~ cos 60°1 +5in60°) | = k, %[2(sin6003)}

S

1
—
~
(0%)
»

LY
Lo
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Section 23.7  Motion of a Charged Particle in a Uniform Electric Field

P23.34

P23.35

P23.36

A

The particle feels a constant force: F = ¢E = (1 %107 C)(Z 000 N/C)(—j) =2x107 N(—J)

and moves with acceleration: a

YF _ (2x107 kg-m/sz)(—j)

a0 0 m/s)(-)

Note that the gravitational force is on the order of a trillion times smaller than the electrical force
exerted on the particle. The particle’s x-component of velocity is constant at

(1.00 x10° m/ s)cos 37°=7.99x10* m/s. Thus it moves in a parabola opening downward. The

maximum height it attains above the bottom plate is described by
0 =03 +2a,(y,~y,):  0=(6.02x10"m/s) — (2x10" m/s*)(y, - 0)
y, =181 x10™ m

Since this is less than 10 mm, the particle does not strike the top plate, but moves in a symmetric
parabola and strikes the bottom plate after a time given by

y, =y o+ %aytz 0=0+(6.02x10* m/s)t+ %(—1 x10" m/s*)’
since >0, r=120%x10"s
The particle’s range is ~ x, =x, +0,6=0+(7.99x10* m/s)(1.20x10* 5)=9.61x10™* m.

In sum,

The particle strikes the negative plate after moving in a parabola with a height of 0.181 mm
and a width of 0.961 mm.

L 9E _ 1.602 x107"° (640
T m 1.67x107

p=var 120x10°=(6.14x10°)r  1=[195x107 5]
1 1 )

© xf—x,.=5(v,.+vf)t xf=§(1.20><106)(1.95><105)=

(d) K:%mvz :%(1.67><10‘27 kg)(120x10° mys) =[1.20x107 1]

@ l=2E- (1.602x10™)(6.00 x 10°)
m (1.67x107)

(a)

)=| 6.14x10° m/s’ |

by v

=5.76 x10" m/s so a =|-5.76 x10"{ m/s’

(b) v}=0v/+2a(x,-x,)

0=10] +2(-5.76x10")(0.070 0) V. =2.84x10°1 m/s

(c) wv,=v +at
f i

0=2.84x10°+(-5.76x10")r  1=[493x10" s
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Q P23.37 The required electric field will be | in the direction of motion |

Work done = AK
1
so, —Fd = —5 mvi2 (since the final velocity = 0)

which becomes eEd=K

and E = 5
ed

P2338 0, =9.55x10° m/s E=(720j)N/C

eE  (1.60x107%)(720)
(a) a,=—= 27

m  (L67x1077)
From the large magnitude of this vertical acceleration,

we can note that the gravitational force on the particle is FIG. P23.38
negligible by comparison to the electrical force.

=6.90x10" m/s’

2 .
R=15129 4 275107 m so that
a,
(9.55%10°) sin 26 .
= 1.27%10
6.90x 10

Q sin 20 = 0.961 9: 90.00—9=
(b) ;=R __R If 0=36.9°, t=. If0=53.1°,t=.

v, v,cosf

x 00500
P23.39 == 2200 g1x107 s=[111
@ = s S

_gE _(1.602x107)(9.60%10°)
Tm (1.67x107)

1, 1 1 7\2 _ 3
VT = Ol y‘f_5(9.21><10 )(1.11x107) =5.68x10”° m = 5.68 mm |
© v, =[450x10" m/s v, =0, +at=(9.21x10")(1.11x107) = 1.02x10° m/s

(b) a, =9.21x10" m/s’
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Additional Problems x=0 15 cm

P23.40

P23.41

P23.42

~O0——0—0—=
The two given charges exert equal-size forces of attraction q ~12 uC 45 uC
on each other. If a third charge, positive or negative, were
placed between them they could not be in equilibrium. If the FIG. P23.40
third charge were at a point x > 15 cm, it would exert a
stronger force on the 45 # C than on the —12 ¢ C, and could
not produce equilibrium for both. Thus the third charge must
be at x = —d < 0. Its equilibrium requires

=3.75

k,g(12 uC) k,q(45uC) (15 cm+d)2_£
>  (15cm+d) d 12

15cm+d=194d d=16.0cm

The third charge is at . The equilibrium of the —12 x C requires
kq(12 uC) k,(45uC)12 uC

4(121C) k. (451C)12 1 J=513uC

(16.0 cm) (15 cm)

All six individual forces are now equal in magnitude, so we have equilibrium as required, and this
is the only solution.

(a) Letus sum force components to find /

oy
X

ZszqEX—Tsinezo,and ZE‘,:qu+Tcose—mg=0 X
mg (1.00x107)(9.80) @

= = =1.09x10"° C T
1 (Ex c0t9+Ey) (3.00c0t37.0°+5.00)x 10° ng

=110.9 nC Free Body Diagram

FIG. P23.41

N

Combining these two equations, we get

(b) From the two equations for z F. and z F, we also find
qEx -3
T=—"——=544%x10" N=| 544 mN
30

This is the general version of the preceding problem. The known quantities are A, B, m, g, and ©.
The unknowns are g and 7.

The approach to this problem should be the same as for the last problem, but without numbers to
substitute for the variables. Likewise, we can use the free body diagram given in the solution to
problem 41.

Again, Newton’s second law: z F =-TsinB+gA=0 €))
and 2Fy:+TcosO+qB—mg=0 2
A
(a) Substituting T = q 0 into Eq. (2), CIA.C—OGSH.F gB=mg
sin

mg

Isolating g on the left, g= m
cotf+

continued on next page
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P23.44
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mgA

(b)  Substituting this value into Eq. (1), T=—0 9
(Acos6+ Bsinf)

If we had solved this general problem first, we would only need to substitute the appropriate
values in the equations for g and T to find the numerical results needed for problem 41. If you
find this problem more difficult than problem 41, the little list at the first step is useful. It shows
what symbols to think of as known data, and what to consider unknown. The list is a guide for
deciding what to solve for in the analysis step, and for recognizing when we have an answer.

F= k4.9, : tanf = ——
r 60.0

0=14.0°

(8.99x10°)(10.0x10°°)’

F= =40.0N
1 (0.150)°

(8.99x10°)(10.0x10°)’ 0N

= =2. FIG. P23.43
’ (0.600)°
(8.99x10°)(10.0x10°°)’

F = ; =235N

(0.619)

F =-F,—F,co0s14.0°=-2.50-2.35c0s14.0°=-4.78 N

x

F =—F —F,sin14.0°=-40.0-2.355in14.0°=—40.6 N

Fo = \F+F? =(4.78)" +(40.6) =

_ ﬂ _ —40.6
F -478

X

-9 . . y
(a) The ﬁeld., E,, due to the 4.00 x10™ C charge is in the 400 500 300 - -
—x direction. nC nC nC E B
L kg. (899%10° N-m?/C*)(—4.00x10” C). <9 = E
E =S4 . i ‘ 0500 Lo.soo*‘*l.zo* 3
r (2.50 m) m m m
=-5.751 N/C FIG. P23.44 (a)

Likewise, E, and E,, due to the 5.00 x 10~ C charge and the 3.00 x 10 C charge, are

- 8.99x10° N-m*/C*)(5.00x107° C) , .

E2=k"2qf=( / )2( )i=11.2 N/C i
r (2.00 m)

. (8.99%10° N-m’/C*)(3.00x10” C). .

E, = 5 i=18.7 N/C i

(1.20 m)

E,=E, +E, +E, =| 242 N/C | in +x direction.

continued on next page
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(b) E, =-1i=(-846 N/c)(0.243i+o.97oj)

B, =Kdi_ (112 N/C)(+])

.
= kg . N A -4.00
E,=—t=(581 N/c)(—0.371i + 0.928j) nC

' RSA:
E =E, +E,=-421i NJC E =E, +E, +E, =843j N/C

Ep = 9=| 63.4° above —x axis | FIG. P23.44 (b)

P23.45 Charge % resides on each of the blocks, which repel as point charges:

F_ k(0/2)(0/2)

12 =k(L—L[.)

k(L_Li)
k

e

Solving for Q, 0=|2L

P23.46 From Figure (a) we have dc0s30.0°=15.0 cm

15.0 cm
or _2rvom
c0s30.0°
From Figure (b) we have 0 =sin"' ( )
50.0 cm
15.0 cm 15 em
6 =sin™ =20.3° i
(50.0 cm (cos 30.00)) Figure (a)
|
mg tan 6 50.0 cm
or F, = mgtan20.3° ()
e [l
F <34
From Figure (c) we have F,=2Fcos30.0° 1§Q_ mg
kg’ Figure (b)
F =2 —<—— |c0s30.0° @)
«= 710300 m)

Combining equations (1) and (2),

2
2[(03]{5—(6)])2}08 30.0° = mg tan 20.3°
. m

., mg(0.300 m)’ tan 20.3°

2k, cos30.0°
. (200x10 kg)(9.80 m/s*)(0.300 m)” tan 20.3° Figure (c)
7= 2(8.99x10° N-m?/C?)cos30.0° FIG. P23.46

g=+420x10" C* =2.05x107 C=| 0.205 uC
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*P23.48
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According to the result of an Example in the chapter text, the left- y
hand rod creates this field at a distance d from its right-hand end: «—ph—
— X
= L —a ! a b-a b+a
d(2a+d)
FIG. P23.47
k,QO  dx
F = —_—
2a d(d+2a)
2 b 2 b
F=kEQ J dx_ _kQ (_Lln2a+xj
2a ), x(x+2a) 2a 2a X Jyos

2 2 2 2 2
4a b b-2a 4a>  (b—2a)(b+2a) 4a b* —4a

We model the spheres as particles. They have different charges. They exert on each other forces
of equal magnitude. They have equal masses, so their strings make equal angles & with the
vertical. The distance r between them is described by sin & = (+/2)/40 cm,

so r=80cmsin 8

Let T represent the string tension. We have
2F . =0: kgqq,)/r=Tsing

LF =0: mg= T cos@

kad, _ oo r/2

r’mg J(40 cm)? — /4
Cleared of fractions, k,q,q,~/(80 cm)’ — r* = mgr’

8.99 x 10°(N - m*C?) 300 x 10°C (200 x 10°C) /(0.8 m)* —r*> =2.4x107(9.8) N
(0.8 m)*> — r2=1901 r©

Divide to eliminate 7.

We home in on a solution by trying values.

r 0.64 — r>—1901 r®
0 +0.64

0.5 -29.3

0.2 +0.48

0.3 -0.84

0.24 +0.22

0.27 -0.17

0.258 +0.013

0.259 —-0.001

Thus the distance to three digits is | 0.259 m |.
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*P23.49

*P23.50

90.0° ) y
Q= [2Adl="| A cosORAO=ARsind], . = A,R[1-(~1)]=24,R
-90.0° ) ‘b
0=12.0 uC=(22,)(0.600) m=12.0 uC  so Ay =10.0 uC/m A X
3.00 uC)(Ad/¢ 3.00 uC)(A, cos” ORAO
dF, = 1 ( H 2)()“ ) cosO = 1 ( M )( 02 ) | cos @
T dre, R dr g, R
0
o00° 3.00x107° C)(10.0x10™° C \ /
F= | (899x10° N~m2/C2)( I LL) P
T e (0.600 m) 0° 360°
/2
F = 899600) 14 | (1+1cos29jd9 |l
Y 0.600 a2 2 } Q f
1 1 72 0 0° 360°
F,=(0.450 N)(—0+—sin 29) =/ 0.707 N downward
2 4 2 FIG. P23.49

Since the leftward and rightward forces due to the two halves of the semicircle cancel out, F, = 0.

(a) The two charges create fields of equal magnitude, both with outward components along the

(b)

()

(d)
(e

x axis and with upward and downward y components that add to zero. The net field is then

M£§+M£§_ 2(8.99 x10° N-m?*)52x10”° C xi
oot C*((0.25 m)’ +x°)"

935N-m> x i
C(0.0625 m> + x*)*?

Atx=0.36m,
2 A
Bo_ 0N 036mi 50 i
C (0.0625 m~ +(0.36 m)” )’
We solve 1 000 =935 x (0.0625 + x*)~*2 by tabulating values for the field function:

X 935 x (0.0625 + x%)*?
0 0

0.01 597

0.02 1185

0.1 4789

0.2 5698

0.36 4000

0.9 1032

1 854

oo 0

We see that there are two points where E = 1 000. We home in on them to determine their
coordinates as (to three digits) x =0.016 8 m and x =0.916 m.

The table in part (c) shows that the field is nowhere so large as 16 000 N/C.

The field of a single charge in Question 15 takes on all values from zero to infinity, each at just
one point along the positive x axis. The vector sum of the field of two charges, in this problem,
is zero at the origin, rises to a maximum at 17.7 cm, and then decreases asymptotically to zero.
In the question and the problem, the fields at x = 36 cm happen to take similar values. For large
x the field of the two charges in this problem shows just the same inverse proportionality to x>
as the field in the question, being larger by the factor 2(52 nC)/(57.7 nC) = 1.80 times.



P23.51 (a)

(b)

P23.52 The bowl exerts a normal force on each bead, directed along
the radius line or at 60.0° above the horizontal. Consider the
free-body diagram shown for the bead on the left side of the
bowl:

F,

or

Also,

or

Thus,

P23.53 ()

(b)

Electric Fields 21

From the 2Q charge we have  F, —T,sin6, =0 and mg—T,cos6, =0 ‘

F,  T,si
Combining these we find —&= Tsinb, =tan0, 0 h
mg T,cos6,

From the Q charge we have F,=T,sin6, =0 and mg—T,cos6, =0

F, _Tysin® v
Combining these we find e - 115

—~=————=tan6f,or | 9, =6,
mg T, cos6, : FIG. P23.51

k200 2kQ°
F=——==—"
r r

If we assume @is small then tan @ = r/_2

Substitute expressions for F, and tan® into either equation found in part (a) and solve for r.

2 2 /3
Fe _ tan 6, then 2kQ° (1 )T and solving for r we find r = [—4ka Zj .
mg r* \mg) 24 mg

=nsin60.0° — mg =0,

n=—018
sin60.0°

ZFX =—F +ncos60.0° =0,

k 2
ez =ncos60.0° = _ms__"s
R tan60.0° /3

1/2
mg
= R _—
’ [wJ

E
The total non-contact force on the cork ball is: F = gE + mg =m ( g+ q_)
m

FIG. P23.52

which is constant and directed downward. Therefore, it behaves like a simple pendulum in
the presence of a modified uniform gravitational field with a period given by:

T=27r\/ L _,- 0.500 m
g+qE/m 9.80 m/s” +[(2.00x 10 C)(1.00x 10° N/C) /1.00x10” kg |

=|0.307 s
. - L
. Without gravity in part (a), we get T =27
qE/m

. 0.500 m
~7(2.00%10° €)(1.00x10°N/C)/1.00x 10~ kg

=0.314 s (a 2.28% difference).
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*P23.54 (a) At A the top charge makes the dominant contribution to the

P23.55

Chapter 23

(b)

(©)

()

(b)

field and the net field is downward. At B the total electric
field is zero. Between B and C the main change is weakening
of the downward electric field of the top charge, so the net
field at C is upward. At E the fields of the two bottom charges
cancel out and the total field is downward. At F the total field
is downward.

The field is zero at B as it changes from downward at A to
upward at C. As a continuous function, the field must pass
through the value zero near D as it changes from upward
at C to downward at E and F.

Let y represent the distance from E up to the zero-field point. FIG. P23.54
The distance from P to E is (32— 1.5%)"2 cm = 2.60 cm. Then
the requirement that the field be zero is

k.q - ka Y + kedy
(2.60 cm —y)* (1.5 cm)® +y* \/(1,5 cm)2 +y° [(1.5 cm)’ +y’ ]3/2

k,q 3 2k,qy
(2.60 cm — y)? [(1.5 cm)® + yz]y2

(1.5 4 )™ =2y (2.60 — y»* =0

As a check on our algebra, we note that y = (1/3)2.60 cm = 0.866 cm should be a solution,
corresponding to point B. Substituting 0.866 gives 5.20 — 5.20 = 0 as it should. We home in
on the smaller answer:

y (1.5% + y?)¥2 — 29(2.60 — y)?
0 +3.375

0.3 +0.411

0.4 -0.124

0.37 +0.014

0.373 —-0.000 6

To three digits the answer is|0.373 cm |.

There are 7 terms which contribute: ‘

3 are s away (along sides)

3 are \/2s away (face diagonals) and sin@ = % =cos6

lis V/3s away (body diagonal) and sin ¢ = % A

The component in each direction is the same by symmetry. FIG. P23.55

el

—~_k6q2 2 1 LA 0\ keq2 A
=3 |:1+2\/§+3\/§:I(I+J+k)— s (1.90)(i+j+Kk)

2

F=\F +F +F =329 kg away from the origin

2
N
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P23.56 (a) Zero contribution from the same face due to symmetry, opposite
face contributes

2 2
4(k4sin¢j where 1= (i) +(%) +5° =15s=122s
r

PR

2 "
sinqb:i E=4keqs= 4 keq= 218qu '
’ AN (2 R A FIG. P23.56

(b) | The direction is the k direction. |

P23.57 The field on the axis of the ring is calculated in an Example in the chapter text as

k,xQ

E=E =

X

The force experienced by a charge —g placed along the axis of the ring is

F=-kQq — % | and when x <<a, this becomes F=— kQq x.
‘ (x2 +a’ )3/2 e

This expression for the force is in the form of Hooke’s law, with an effective spring

k
constant of k= £3q

Since W =2nf = \/E, we have f= 1 |kQq
m

27\ ma’
i : dE
P23.58 dE=— kdg | —xi+0.150 my y
S oas0ny | oisomy x
i i 0.150 m ~.
k A= +0.150 m]) dx .
= ) 532 X dq
[ +(0.150 m)’ |
FIG. P23.58

040w (i +0.150 mj) dx
32

E= [ dE=kA
all charge x=0 |:x2 + (0-150 m)z:l

0.400 m 0.400 m

A

+i
2 2
J +(0.150 m)’ |

(0.150 m) jx

E=kA e -
(0.150 m)* y/x* +(0.150 m)’ |,

e

E=(8.99x10°N-m*/C?)(35.0x10” C/m)[i(2.34 ~6.67) m™ +j(6.24-0) m-1]
E

=(~1.361 +1.96]) x 10° N/C =| (~1.361 +1.96] ) kN/C
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P23.59 The electrostatic forces exerted on the two charges result in a net torque g
T=-2Fasin0=-2Eqasin6. —E ®
For small 0, sin@ =60 and using p = 2ga, we have T=—-Epb - /A

— 9
. . de
The torque produces an angular acceleration givenby 7=Ia=1 ey -
FIG. P23.59
- . d’6 (Ep

Combining these two expressions for torque, we have e + e 0=0

t

2
This equation can be written in the form z—? = —®*0 which is the standard

t

P23.60

equation characterizing simple harmonic motion, with @* = =2

Then the frequency of oscillation is f= w/27, or  f = 2L PE = 1 |2qaE
T

1 2r 1

E:Zke3f="e;1(_§)+(§;‘§2 (_i)+(§;‘§2 (e —keqi(1+L+i+...)= _fr6_kq

r a

ANSWERS TO EVEN PROBLEMS

P23.2  (a)2.62 X 10* (b) 2.38 electrons for every 10° present
P23.4  1.57 uN to the left
P23.6 251 X 10°
P23.8  x=0.634d. The equilibrium is stable if the third bead has positive charge.
P23.10 (a) period = Z|m 3 where m is the mass of the object with charge —Q (b) 4a kg0

' 2 kqu J g ’/nd3
P23.12 514kN
P23.14 1.82 m to the left of the negative charge
P23.16 See the solution.
P23.18 (a) 12.9j kKN/C (b) —38.6j mN

kA, [ 2
P2320 ~(-i)
'x()
P23.22  See the solution.
P23.24 (a) 383 MN/C away (b) 324 MN/C away (c) 80.7 MN/C away (d) 6.68 MN/C away
k(Q; 2 )2 2 a\V? ZkeQi 2, 2\ 2 o\1?

P2326 (a) T[(d +R) " =((d+n) +R?) (b) 5 h(a*+R?)" = ((a+h) +R?)
P23.28 (a) 200 pC (b) 141 pC (c) 58.9 pC

P23.30

See the solution.



P23.32

P23.34

P23.36

P23.38

P23.40

P23.42

P23.44

P23.46

P23.48

P23.50

P23.52

P23.54

P23.56

P23.58

P23.60
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(a) —% (b) g, is negative and g, is positive

The particle strikes the negative plate after moving in a parabola 0.181 mm high and 0.961 mm wide.
(a) =57.6i Tm/s>  (b) 2.84i Mm/s (c)49.3ns

(a) 36.9°,53.1° (b) 167 ns, 221 ns

It is possible in just one way: at x =—16.0 cm place a charge of +51.3 uC.

mg (b) mgA
Acot0+ B Acos@+ Bsin0
(a) 242 N/C at0° (b)9.42N/Cat 117°

(a)

0.205 uC

259 cm

2 N

(@) BE=—2NM xi 400 i KNIC (¢) Atx=0.016 8 m and at x=0.916 m

C(0.0625 m*+x*)
(d) Nowhere is the field so large. (e) The field of a single charge in Question 7 takes on all
values from zero to infinity, each at just one point along the positive x-axis. The vector sum of
the field of two charges, in this problem, is zero at the origin, rises to a maximum at 17.7 cm, and
then decreases asymptotically to zero. In the question and the problem, the fields at x = 36 cm
happen to take similar values. For large x the field of the two charges in this problem shows
just the same inverse proportionality to x? as the field in the question, being larger by the
factor 2(52 nC)/(57.7 nC) = 1.8 times.

12
mg
R| ——
[keﬁ J
(a) At A downward. At B zero. At C upward. At E downward. At F downward. (b) See the
solution. (c) 0.373 cm

(a) See the solution. (b) k.
(—1.36§+1.963) kN/C

ﬂzkeq 2
> 1
6a







