CHAPTER 16: Electric Chargeand Electric Field

Answersto Questions

1.

A plastic ruler is suspended by athread and then rubbed with a cloth. As discussed in section 16-1,
theruler is negatively charged. Bring the charged comb closeto theruler. If theruler isrepelled by
the comb, then the comb is negatively charged. If theruler is attracted by the comb, then the comb is
positively charged.

The clothing gets charged by frictional contact in the tumbling motion of the dryer. The air inside
the dryer is dry, and so the clothes can sustain arelatively large static charge. That charged object
will then polarize your clothing, and be attracted to you electrostatically.

Water is apolar molecule — it has a positive region and a negative region. Thusit iseasily attracted
to some other charged object, like an ion or electron in the air.

The positively charged rod dlightly polarizes the molecules in the paper. The negative chargesin the
paper are dightly attracted to the part of the paper closest to the rod, while the positive chargesin the
paper are dlightly repelled from the part of the paper closest to therod. Since the opposite charges
are now closer together and the like charges are now farther apart, there is a net attraction between

the rod and the paper. @
tt+tt++++++4) 3

The plastic ruler has gained some el ectrons from the cloth and thus has a net negative charge. This
charge polarizes the charge on the piece of paper, drawing positives slightly closer and repelling
negatives dightly further away. This polarization resultsin a net attractive force on the piece of
paper. A small amount of chargeis able to create enough electric force to be stronger than gravity,
and so the paper can be lifted.

On ahumid day thisis more difficult because the water moleculesin the air are polar. Those polar
water molecules are able to attract some fraction of the free charges away from the plastic ruler.
Thusthe ruler has asmaller charge, the paper isless polarized, and there is not enough electric force
to pick up the paper.

The net charge on the conductor is the unbalanced charge, or excess charge after neutrality has been
established. The net charge isthe sum of all of the positive and negative charges in the conductor. |f
aneutral conductor has extra el ectrons added to it, then the net charge is negative. If aneutral
conductor has electrons removed from it, then the net charge is positive. If a neutral conductor has
the same amount of positive and negative charge, then the net chargeis zero.

Free charges in a conductor refer to those electrons (usually 1 or 2 per atom) that are so loosely
attracted to the nucleus that they are “free” to be moved around in the conductor by an external
electric force. Neutral conductors have these free electrons.

For each atom in a conductor, only a small number of its electrons are free to move. For example,
every atom of copper has 29 electrons, but only 1 or 2 from each atom are free to move easily. Also,
not even all of the free electrons move. As electrons move toward aregion, causing an excess of
negative charge, that region then exerts alarge repulsive force on other electrons, preventing them
from all gathering in one place.
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10.

11.

13.

14.

15.

The force of gravity pulling down on the leaves, tending to return them to the vertical position.

The magnitude of the constant in Newton’s law is very small, while the magnitude of the constant in
Coulomb’slaw isquite large. Newton’s law says the gravitational forceis proportional to the
product of the two masses, while Coulomb’ s law says the electrical force is proportional to the
product of the two charges. Newton’slaw only produces attractive forces, since there is only one
kind of gravitational mass. Coulomb’slaw produces both attractive and repulsive forces, since there
are two kinds of electrical charge.

For the gravitational force, we don’'t notice it because the force is very weak, due to the very small
value of G, the gravitational constant, and the small value of ordinary masses. For the electric force,
we don’'t notice it because ordinary objects are electrically neutral to avery high degree. We notice
our weight (the force of gravity) due to the huge mass of the Earth, making a significant gravity
force. We notice the electric force when objects have a static charge (like static cling from the
clothes dryer), creating a detectable electric force.

The electric forceis conservative. You can “store” energy init, and get the energy back. For
example, moving a positive charge close to another stationary positive charge takes work (similar to
lifting an object in the Earth’ s gravitational field), but if the positive charge is then released, it will
gain kinetic energy and move away from the “stored energy” location (like dropping an object in the
Earth’ s gravitational field). Another argument is that the mathematical form of Coulomb’s law is
identical to that of Newton's law of universal gravitation. We know that gravity is conservative, and
so we would assume that the electric force is also conservative. There are other indications as well.
If you move a charge around in an electric field, eventually returning to the starting position, the net
work done will be 0 J. The work done in moving a charge around in an electric field is path
independent — al that matters is the starting and ending locations. All of these are indications of a
conservative force.

The charged plastic ruler has a negative charge residing on its surface. That charge polarizes the
chargein the neutral paper, producing a net attractive force. When the piece of paper then touches
the ruler, the paper can get charged by contact with the ruler, gaining a net negative charge. Then,
since like charges repel, the paper is repelled by the comb.

Thetest charge createsits own electric field, and so the measured electric field is the sum of the
original electric field plusthe field of the test charge. By making the test charge small, the field that
it causesis small, and so the actual measured electric field is not much different than the original
field to measure.

A negative test charge could be used. For purposes of defining directions, the electric field might
then be defined as the OPPOSITE of the force on the test charge, divided by the test charge.

Equation (16-3) might be changedto E = -F/q , q<O0.
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16. Theéelectric field is strongest to the right of the positive charge, because the individual fields from
the positive charge and negative charge both are in the same direction (to the right) at that point, so
they add to make a stronger field. The electric field is weakest to the |eft of the positive charge,
because the individual fields from the positive charge and negative charge are in opposite directions
at that point, and so they partially cancel each other. Another indication is the spacing of the field
lines. Thefield lines are closer to each other to the right of the positive charge, and further apart to
the left of the positive charge.

17. Atpoint A, the net force on a positive test charge would be down and to the left, parallel to the
nearby electric field lines. At point B, the net force on a positive test charge would be up and to the
right, parallel to the nearby electric field lines. At point C, the net force on a positive test charge
would be 0. In order of decreasing field strength, the points would be ordered A, B, C.

Electric field lines show the direction of the force on atest charge placed at a given location. The
electric force has a unique direction at each point. If two field lines cross, it would indicate that the
electric forceis pointing in two directions at once, which is not possible.

19. Fromrulel: A test chargewould be either attracted directly towards or repelled directly away from
a point charge, depending on the sign of the point charge. So the field lines must be
directed either radially towards or radially away from the point charge.

Fromrule2: The magnitude of the field due to the point charge only depends on the distance from
the point charge. Thus the density of the field lines must be the same at any location
around the point charge, for a given distance from the point charge.

Fromrule 3: If the point chargeis positive, the field lines will originate from the location of the
point charge. If the point chargeis negative, thefield lineswill end at the location of
the point charge.

Based on rules 1 and 2, the lines are radial and their density is constant for a given distance. Thisis

equivalent to saying that the lines must be symmetrically spaced around the point charge.

20. If the two charges are of opposite sign, then E =0 at apoint closer to the weaker charge, and on the
opposite side of the weaker charge from the stronger charge. The fields due to the two charges are of
opposite direction at such apoint. |If the distance between the two chargesis|, then the point at

which E =0 is2.41 | away from the weaker charge, and 3.41 | away from the stronger charge.

If the two charges are the same sign, then E =0 at a point between the two charges, closer to the
weaker charge. The point is 41% of the distance from the weaker charge to the stronger charge.

21. We assume that there are no other forces (like gravity) acting on the test charge. The direction of the
electric field line gives the direction of the force on the test charge. The acceleration is always
parallel to the force by Newton’s 2™ law, and so the acceleration lies along the field line. If the
particleis at rest initially and then released, the initial velocity will also point along the field line,
and the particle will start to move along the field line. However, once the particle has avelocity, it
will not follow the field line unless the line is straight. The field line gives the direction of the
acceleration, or the direction of the change in velocity.
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22.

23.

24.

Since the line of chargeisinfinitely long, it has no preferred left or right direction. Thus by
symmetry, the lines must point radially out away from the center of theline. A sideview and an end
view are shown for aline of positive charge. As seen from the end view, thefield is not uniform.
Asyou move further away from the line of charge, the field lines get further apart, indicating that the
field gets weaker as you move away from the line of charge.

3

[F++++++++F+++++-+++++]

l

Just because the electric flux through a closed surfaceis zero, the field need not be zero on the
surface. For example, consider a closed surface near an isolated point charge, and the surface does
not enclose the charge. There will be electric field lines passing through the surface, but the total
electric flux through the surface will be zero since the surface does not enclose any charge. The
same number of field lines will enter the volume enclosed by the surface as |eave the volume
enclosed by the surface.

On the contrary, if E =0 at all points on the surface, then there are no electric field lines passing
through the surface, and so the flux through the surface is zero.

The electric flux depends only on the charge enclosed by the gaussian surface, not on the shape of
the surface. ®_ will be the same for the cube as for the sphere.

Solutionsto Problems

1.

Use Coulomb’s law to calculate the magnitude of the force.
QQ, (360x10°C)’

r2

F =k—12=(8.988x10° N-m*/C’) =1347N ~[13N

(93x10?m)’

Use the charge per electron to find the number of electrons.
1 electron

-1.602x10"°C

(—SO.OxlOGC)( j — [1.87x 10" electrons]

Use Coulomb’s law to calculate the magnitude of the force.

19 19
. :le—?Z:(s.gssxlof’N-mz/cz)(l'mzxm C)(26x1.602x10C) 7o
.

(15x1072m)’
Use Coulomb’s law to cal culate the magnitude of the force.
1.602x10%°C)°
F =kQ1—(32=(8.988><109N~m2/CZ)( 2 ={9.2N
r (5.0x10**m)
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5. Use Coulomb’slaw to calculate the magnitude of the force.

—6 -3
- Ql_(zgz (898810 Ner /CZ) (25x10 C)(3.0><1.0 C) _
(35x10"m)

r

6. Since the magnitude of the forceisinversely proportional to the square of the separation distance,

1
F oc—, if the distance is multiplied by afactor of 1/8, the force will be multiplied by afactor of 64.
r

F =64F, =64(32x10°N) =

7. Since the magnitude of the forceisinversely proportional to the square of the separation distance,
F ocr—l2 , iIf the force istripled, the distance has been reduced by afactor of \@ .
1 _845em
NERNE
8. Usethe charge per electron and the mass per el ectron.
(—42><10‘GC)( 1 electron

=14.88 cm

mj =2.622x10" ~ |2.6X1014dectr0n5
—1. X

2.4x10 kg

9.11x10"k
(2622x10%e )(X—gj -

le

9. Convert the kg of H,O to moles, then to atoms, then to electrons. Oxygen has 8 electrons per atom,
and hydrogen has 1 electron per atom.

1moleH,0 \( 6.02x10%molec. ( 10e j -1.602x10°C
1.8x107?kg 1 molec. e

1.0kgH,0=(10kg HZO)[

-[-5.4x10'C

10. Taketheratio of the electric force divided by the gravitational force.
QQ
L oYe) (8.988x10° N-m?/C?) (1.602x10**C)’ —
e _ - =[2.3x
Fo gmm  cmm, (66710 N-m?/kg?)(9.11x10 **kg) (1.67x10 "' k)
r
The electric force is about 2.3x10® times stronger than the gravitational force for the given scenario.

1 mole

11. (a) Letoneof thechargesbe g, and then the other chargeis Q, —q. The force between the

chargesis F. ZKM:%(QQT_QZ):%QT{Q&T_(iJ J If welet x=Qi,then

T T

k
F. :—fo(x—xz),where 0<x<1. Agraphof f(x)=x-x between thelimitsof 0and 1
r
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12.

13.

14.

shows that the maximum occursat x = 0.5, or |q=0.5Q;,|. Both charges are half of the total,

and the actual maximized forceis F, =0.25—Q?.
r

(b) If one of the charges has all of the charge, and the other has no charge, then the force between
them will be 0, which is the minimum possible force.

Let the right be the positive direction on the line of charges. Use the fact that like charges repel and
unlike charges attract to determine the direction of the forces. In the following expressions,

k =8.988x10° N-m?/C? .

_ 75uC)(48uC) | (T5C)(854C) _ oo«

75 T

(0.35m)’° (0.70m)’
Fo=k (75(’; C?))S(ri?’j ©) 4k (48(‘(‘)23 (ri?j ©) _ s635N ~[E6x10N
F, =k (85(‘; (:7)0(75)’: ©) _« (85(’“; Cg;“j’;’ ©) _ _s63n ~[azaaon]
./A0m .oom

The forces on each charge lie along a line connecting the charges. Let the
variable d represent the length of a side of the triangle, and let the variable Q
represent the charge at each corner. Since the triangle is equilateral, each angleis
60°.

Q2 Q2 , QZ ) N
I:l2 = k? - F12x = k?COSGO ) F12y = an60

QZ QZ N Q2 ) ,
Ry = k_d2 = Fy, = —k—d2 cos60” , F, = k—d2 sn60

12x

Qo 0%
Fy=Fy +Fy =0 Fly = I:12y + F13y - ZkFSin&)O - \/ékF

2 11.0x10°C)’
F = Jr2+ 2 =3k - 3(8.988x10° N-m?/C? (—z 83.7N
PV d’ ( /) (0.150m)’

Thedirection of F, isinthe| y-direction|. Also notice that it lies along the bisector of the opposite

side of the triangle. Thus the force on the lower |eft charge is of magnitude |83.7 N|, and will point

|30° below the — x axis|. Finally, the force on the lower right charge is of magnitude [83.7 N|, and

will point |[30°below the + x axis] .

. . = F42
Determine the force on the upper right charge, and then use the 43 /
symmetry of the configuration to determine the force on the other three @
charges. Theforce at the upper right corner of the square is the vector
sum of the forces due to the other three charges. Let the variable d d
represent the 0.100 m length of a side of the square, and let the variable
Q represent the 6.00 mC charge at each corner.

)

"

Q4 IE41

Q, Q
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Q° Q’
Fo= k? - Fu= k? ) F4ly =0

Q? Qo J2Q?
F,=k e - F, =k e coAs’ = k—40|2 v Foy = k R
QZ QZ
F43 = k? —> F =0 , F43y = ?

Add the x and y components together to find the total force, noting that F, =F, .
f Q Q ( ﬁ}

1+—
d’ 4
= (. 2 k(3.1
F4= F4X+F4y=k? +T ZZkF 2+E
6.00x10°C
=(8.988><109N-m2/02)¥(\/7+ j 6.19x10'N

(0.100m)

—F

4y

Foe = Fa + Fio + i = kd_

F
0= tan‘lﬁ = above the x-direction.
4x
For each charge, the net force will be the magnitude determined above, and will lie dong the line
from the center of the square out towards the charge.

15. Determine the force on the upper right charge, and then the symmetry of the configuration says that
the force on the lower |eft charge is the opposite of the force on the upper right charge. Likewise,
determine the force on the lower right charge, and then the symmetry of the configuration says that
the force on the upper left charge is the opposite of the force on the lower right charge.

The force at the upper right corner of the square is the vector sum of the
forces due to the other three charges. Let the variable d represent the 0
0.100 m length of a side of the square, and let the variable Q represent '

the 6.00 mC charge at each corner.

Q -2, -0

F41 = k? - I:41>< ? ' Ty =

Q @ . N ok @
F42:k2d2 - F42x:k2d2COS45 ZkF, AZkaW

Q’ Q°
F43=k? e d F43X=0,F43y— ?

Add the x and y components together to find the total force, noting that F, =F, .
2 2
\/—Q +0= kd_(_ \sz—064645k%: 4y

Fpw = Fa + P + P = _kd_+ k

2

F =[PP =k 2 (064648)32 =k 2 (05142)
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16.

17.

(6.00x10°C)’

( —/_(0.9142) =[2.96x10'N
0.100m

=(8.988x10° N-m’/C?)

F
f=tan" L= from the x-direction, or exactly towards the center of the square.

4x

For each charge, the net force will be the magnitude of [2.96x10"N| and each net force will lie
along the line from the charge inwards towards the center of the square.

Take the lower left hand corner of the square to be the origin of coordinates. Each charge will have a
horizontal force on it due to one charge, a vertical force on it due to one charge, and adiagonal force
on it dueto one charge. Find the components of each force, add the components, find the magnitude
of the net force, and the direction of the net force. At the conclusion of the problem is adiagram
showing the net force on each of the two charges.

(@ 2Q: F, = (2(I?2)Q+ (2Q2)|(4Q)cos45°=k?—2(2+2f) kIQ
Fpo, = k(ZQI)Z(SQ) + k(Zle(fQ) sin4s° = k?—z(6+ 2V2)= 8.8284k|?
I el o) e g1 88284
on— FZQX+F2Qy_1O'1 B QZQ_tan FZX_t 48284
(b) 3Q: FsQX=k(3Q?£4Q)+k(3§ZQcos45° I (12+—x/—j l3.0607k|?
Fpo, = —k(3Q?§2Q) —k(3§ZQsin45° = —k?—z(mgﬁj = -7.0607 kl?

kQ? F, _, —7.0607 ~
3Q 3ox T Mgy 2 3Q 1F_y =tan’” =
3x

Fo, =+/F5 +F5 =[14.8
13.0607

The forces on each charge lie along aline connecting the charges. Let
the variable d represent the length of aside of the triangle. Sincethe
triangle is equilateral, each angleis 60°. First calculate the magnitude
of each individual force.
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| .
r, k22l (8.988x10° N-m?/C?) (40x10 C)(8-°2X1° )
d (1.20m)
~0.1997N =F,,
| ,
F o kIQlQe,l (5.988x10° N -/ * )(4.0><1 C)(G.(leO c)
(1.20m)
~0.1498N = F,
. ,
F, _k|Q2Q3| (8.988x10° N - /CZ)(8.0><10 C)(6.02><10 C) 02906N - F.
d (1.20m)

Now calculate the net force on each charge and the direction of that net force, using components.

F,=F, +F, =—(0.1997 N)cos60° +(0.1498N)cos60’ = —2.495x10°N

1x 12x

F, = F,, +Fs, =—(0.1997N)sin60° —(0.1498N)sin60° = ~3.027x 10" N

13y

F —~3.027x10*'N
F =./F’+F2 =[0.30N letan’liztan’l—xi=
F, —2.495x10°N

F,, = Fy, + Fp, = (0.1997 N) cos60° —(0.2996 N ) = ~1.998x 10N
F,, = Fo, + Fy, =(0.1997N)sin60° +0=1.729x10"N

F 1.729x10™"N
F =./E2+F2 =|0.26N 92=tan'1ﬁ=tm'1;1=
= -1.998x10"N

2x

+F,, =—(0.1498N)cos60° +(0.2996N) = 2.247x 10N
F,, = Fy, +Fp, =(0.1498N)sin60° + 0=1.297x10"N

F L 1.297x10°N
F,=F2+F2 =[026N] 4, =tan"—=L=tan - ~[30]
2247x10*N

18. Sincetheforceisrepulsive, both charges must be the same sign. Since the total chargeis positive,
both charges must be positive. Let the total charge be Q. Then if one chargeis of magnitude g, then
the other charge must be of magnitude Q—q. Write a Coulomb’slaw expression for one of the

charges.

q(Q-q) 2 Fr?

F=k > - q -Qq+ =0 —»
r k

4(22.8N)(1.10m)’
(8.988x10° N-m*/C?)

oo 4Fr® (560x10°C)+ \/(560x1060)2—
_ k__
4= 2 - 2

=[554x10*C, 554x10°C| Q-q=[554x10°C, 554x10*C
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19. The negative charges will repel each other, and so the third charge -Q, Q ')
must put an opposite force on each of the original charges. O ~ OO—
X > 1-x

Consideration of the various possible configurations leads to the
conclusion that the third charge must be positive and must be between
the other two charges. See the diagram for the definition of variables. |

For each negative charge, equate the magnitudes of the two forces on the charge. Also note that

O<x<l.
|ft: kQOQ 3(30 right: k 3Q0Q2 3Q2°
X I (1-x) |
QQ _ 3QQ |
k= 0 =0.366|
X (I— ) ” \/?3+1
QOQ % - Q= 3Q0 2 —Q0 3 —0402Q0
NG

)

Thus the charge should be of magnitude |0.40Q, |, and adistance |0.371 from —Q, towards —3Q,|.

Assume that the negative charge isd = 18.5 cm to the right of the Q Q
positive charge, on the x-axis. To experience no net force, the 47uC -35uC Q
third charge Q must be closer to the smaller magnitude charge -® o\ M
(the negative charge). The third charge cannot be between the d S x 7

charges, because it would experience aforce from each charge in

the same direction, and so the net force could not be zero. And the third charge must be on the line
joining the other two charges, so that the two forces on the third charge are along the sameline. See
the diagram. Equate the magnitudes of the two forces on the third charge, and solve for x > 0.

-] Ll el Vel

X=

(d + x) x* (\/_ \/62)
el J35x10°C

=(18.5cm) =|116cm

(f \/32) (\/4.7x10*60—\/3.5x10*‘”’c)

21. (a) If theforceisrepulsive, both charges must be positive since the total charge is positive. Call the
total charge Q.

ke ke - Fd?
Q40 - e QQZI Q1(<d32 Q) gqg+

2
‘/ Q=+ Q2—4FEI
2

(90.0x10°C)+ \/(90.0><10_6C)2 -

=0

(12.0N)(1.06m)’
(8.988x10° N-m?/C?)

2

=169.9x10°C, 22.1x10°C
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(b) If theforceis attractive, then the charges are of opposite sign. The value used for F must then
be negative. Other than that, the solution method is the same as for part (a).

kQ,(Q-
Q+Q,=0Q F:k?;?z: Ql(cdzz Q) S Q-0gs Fq?
Qt Q2—4Fd2 Q+ Q2_4Fd2
Q= k__ Kk
1 2 2

(-12.0N)(1.06m)’
(8.988x10° N-m?/C?)

(90.0x10°C)+ \/(90.0><106C)2 _

2

=(104.4%x10°C, -14.4x10°C

22. The spheres can be treated as point charges since they are spherical, and so Coulomb’slaw may be
used to relate the amount of charge to the force of attraction. Each sphere will have a magnitude Q
of charge, since that amount was removed from one sphere and added to the other, being initially
uncharged.

QQ Q? [F 1.7x10°N
F=k=2=-k= - Q=r,/—=(012m
r Sl ( ) 8.988x10° N-m?/C?

1 electron
1.602x10™°C

- 1.650><10'7C( ) —[1.0x102dectrons|

23. UseEg. 16-3to calculate the force.

e-f L B QE =(-1.602x10*C)(2360N/C east) = |3.78x10° N west
q

24. UseEg. 16-3 to calculate the electric field.
F _3.75x10 N south
g 1602x10"°C

E=

=|2.34x10° N/C south

25. UseEq. 16-3to calculate the electric field.
F 8.4Ndown

q —88x10°C

E=

=19.5x10° N/C up

26. Use Eq. 16-4ato caculate the electric field due to a point charge.

.0x10°
E-= k%=(8.988x109 N- mz/cz)M —|7.42x10° N/C up
r

(2.00x10"m)’
Note that the electric field points away from the positive charge.
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Chapter 16 Electric Charge and Electric Field

27.

Assuming the electric forceis the only force on the electron, then Newton's 2™ law may be used to
find the acceleration.

E mEedE aZMEZ(l.aoleo*”c)

e m (9.11x10*kg)

750N/C = [1.32x10% m/s’

Since the charge is negative, the direction of the acceleration is |opposite to the field| .

The electric field due to the negative charge will point Q>0 E Q,>0
toward the negative charge, and the electric field due ~ 1, ~
to the positive charge will point away from the / — e
positive charge. Thus both fields point in the same Dttt > E
direction, towards the negative charge, and so can be d/ 2 2

29.

30.

31.

32.

added.

&l . Ie]_, Q] o 4k
E= =y =2l K -
El+E] r? ’ r,  (d/2) ! (d/2)* d? (IQl+IQl)

_ 4(8.988x10°N-m*/C?)
~ (80x10°m)’

(8.0x10°C+7.0x10°C) =[8.4x10" N/C

The direction is |towards the negative charge|

Assuming the electric force is the only force on the electron, then Newton's 2™ law may be used to
find the electric field strength.
1.67x107kg)(1x10°)(9.80m/<’
F, =M= — e_m_l o) 19)( / )=0.102N/Cz0.1N/C
q (1602x10*°C)

Since the el ectron accel erates from rest towards the north, the net force on it must be to the north.
Assuming the electric force is the only force on the electron, then Newton's 2™ law may be used to
find the electric field.

(9.11x10*'kg)

= 2 _ 10
q  (-1602x107C) (115nys” north) =[6.54x10™ N/C soh

~ . - m
F,=ma=gE —» E=—

o

The field due to the negative charge will point towards

the negative charge, and the field due to the positive Q Eq -Q
charge will point towards the negative charge. Thus O : O
the magnitudes of the two fields can be added together e d / ?_ > E

-Q

to find the charges.
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Q _8kQ Ed> (745N/C)(1.60x10"m)
=2E, =2k——= - Q= —[2.65x10™¢]
BT 25 (d/2)* d O - 8(8.988x10°N-m’/C?)

33. Thefield at the center due to the two negative charges on opposite
corners (lower right and upper |eft in the diagram) will cancel
each other, and so only the positive charge and the opposite
negative charge need to be considered. Thefield dueto the
negative charge will point directly toward it, and the field due to
the positive charge will point directly away fromit. Accordingly,
the two fields are in the same direction and can be added
algebraicaly.

ol 2

d?/2 ~ d*/2

/) (47.0+27.0)x10°C
(0.525m)’ /2

E=E+E, =k /+k

=(8.988x10°N-m =|4.70x10° N/C & 45°

34. Thefield at the upper right corner of the square is the vector sum of E ~
the fields due to the other three charges. Let the variable d represent ®
the 1.0 m length of a side of the square, and let the variable Q Q

represent the charge at each of the three occupied corners.
Q Q
El:k? d Elx=k?,Ely=0 d
Q o N2Q J2Q

- E2X=k2dZCOS45=k4d2 ,E2y=k4dz Q, Q
.Q

E = k— - E,=0,E, = k—

Add the x and y components together to find the total electric field, noting that E, = E, .

_ k2 f@ V2
EX_Elx+%x+E3x_kd2 d (l 4J_Ey

g Sjnag(a

2.25x10°C
:(8.988x109N-m2/C2)u(x/_ 2+ j 3.87x10° N/C
(1.oom)’

k
== 2d°

E
0= tan’lgy = from the x-direction.

X
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Chapter 16 Electric Charge and Electric Field

35. Choose the rightward direction to be positive. Then the field due to +Q will be positive, and the
field due to —Q will be negative.

c . Q ._Q :kQ( 1 1 }: —akQxa

(x+a) (x-a) \(x+a) (x-a) ) |[(¢-a’)

The negative sign means the field points to the|left].

36. For the net field to be zero at point P, the magnitudes of the fields created by Q, and Q, must be
equal. Also, thedistance x will be taken as positive to the left of Q. That isthe only region where
the total field due to the two charges can be zero. Let the variable d represent the 12 cm distance,
and note that |Q|=4Q, .

Ef=E| - kl(j—;l:k—(xfij -

\/@ \/%E d 12cm oom

TRk We-ke) (e Vo1

37. (&) Thefield dueto the charge at A will point straight downward, and the A

field due to the charge at B will point along the line from A to the Q
origin, 30° below the negative x axis. |
Q Q |
EA=k|—2 N EAX=0,EAX:—kI—2 B+Q
. |
Eszg2 - E, =- gzcos3o°=—k\/—3? S ~
| | 2 E,
Q. o Q
EBy :—k|—29n30 Z—k?
J3Q R
E =E, +E, ="K E Ey:EAy+EBy:— ?
KQ®  IKQ? \/12sz2 J3kQ
E=,E +E’= \/ + = =
5+5 4°* 4* 4* |?
3R
E 2 _
0=tan" =L =tan'—2A tan’l—3 = tan*+/3=240°
Ex _ \/73(2 _\/é
21°
(b) Now reverse the direction of E,
Q Q
EA =k|—2 —> EAx =0,EAX=—|(I—2
Q Q v YR Qa1 Q
EB=k|—2 —> EBX=|(|—2COS3O =k? ,EBkaI—an3O = ?
E,=E, +E, = */2_?? E, =E, +E, =—k%
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3k2Q2 k2Q2 4k2Q2 kQ

E=,/Ef+Ej=\/ YRRy i rra
Q

-t = —tan*—2_ L _[aao

E, BRES /3

P

m

38. Ineach case, find the vector sum of the field caused by the charge on the | eft (Eleﬂ) and thefield

caused by the charge on the right (E,,, ) E g

Point A: From the symmetry of the geometry, in
calculating the electric field at point A only the vertical
components of the fields need to be considered. The
horizontal components will cancel each other. +Q ¢

5.0
0 =tan'—=26.6"
10.0

d= \/(S.Ocm)z +(10.0cm)’ =0.1118m

kQ . 7.0x10°C
E, = 2—?sm¢9 =2(8.988x10° N- mz/CZ)OX—OCan26.6° —[asx10°N/c| 6, =[o0]
d (0.1118m)
Point B: Now the point is not symmetrically placed, and
so horizontal and vertical components of each individual
field need to be calculated to find the resultant electric
field.

5.0 5.0
6. =tan " —=45 0. =tan'——=184°
et 0 et 15.0

Qe = \/(S.Ocm)z +(5.00m)” =0.0707m

Oighe = \/(5.0cm)2 +(15.0cm)” =0.1581m
e = Q Q
E = (Eleft )x +(Erigh1 )X =k 92 COSG, — kTCOS‘grigm
left right
~ (8.988x10° N-m?/C?)(7.0x10°C)| —2___ 184|100 N/C
(0.0707m)”  (0.1581m)

E, =(Eu), +(Eign), = k%gne +kTQsinH

left right
left right

S5’ sin1g4’
(0.0707m)°  (0.1581m)’

=(8.988x10° N-m*/C?)(7.0x10° c){ } =9.69x10° N/C

E
E, = E +E =[L2x10N/c|  ¢,= tan - = [56°

X
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Chapter 16 Electric Charge and Electric Field

The results are consistent with Figure 16-31b. In thefigure, thefield at Point A points straight up,
matching the calculations. Thefield at Point B should be to the right and vertical, matching the
calculations. Finally, thefield lines are closer together at Point B than at Point A, indicating that the
field is stronger there, matching the calculations.

39. Both charges must be of the same sign so that the electric fields created by the two charges oppose
each other, and so can add to zero. The magnitudes of the two electric fields must be equal .

Q , 0 0 Q1
_ K—L_ — k 2 _2 = _|=
SR K G T T g

40. From the diagram, we see that the x components of the two fields will cancel each other at the point
P. Thusthe net electric field will be in the negative

y-direction, and will be twice the y-component of +Q ‘
either electric field vector.
ki a Tt
Eo =2EsSng =2— Q ~sing /
X +a X 0 "~~~ )
_2Q  a E E,
X2+a2 (X2+a2)1/2 a //’
2kQa 1" Qe”
= im in the negative y direction T
(x2+a2)

We assume that gravity can be ignored, which is proven in part (b).
(@) Theelectron will accelerate to the right. The magnitude of the acceleration can be found from
setting the net force equal to the electric force on the electron. The acceleration is constant, so
constant acceleration relationships can be used.

F.=ma=|qE — a:M

net

m
V=V, +2aAX — v:x/Zan:,/ZmAx
m

b (1.602x10*°C)(1.45x10* N/C)
- (9.11x10 "kg)

(b) Thevalue of the acceleration caused by the electric field is compared to g.
|dE (1602x10%°C)(145x10° N/C)
a= =

(110x10°m) =|7.49x10° ny/s

= 2.55x10° m/s’
m (9.11x10kg) /
5 2
a_255x10 rr:/s > 60 10"
g 9.80 m/ S
The acceleration due to gravity can be ignored compared to the accel eration caused by the
electric field.

42. (a) Theédectron will experience aforce in the opposite direction to the electric field. Since the
electron isto be brought to rest, the electric field must be in the same direction as the initial

velocity of the electron, and soisto the|right].
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43.

45,

46.

47.

48.

(b) Sincethefield isuniform, the electron will experience a constant force, and therefore have a
constant acceleration. Use constant accel eration relationships to find the field strength.

E E
F=gE=ma — a=E v2:v§+Zan:v§+2q—Ax -
m m

- mV ) —m¢ _ (911x10"kg)(30x10 mys)’ i
20/ 20Ax  2(-1.602x10°C)(4.0x107m)

6.4x10° N/C

Use Gauss's law to determine the enclosed charge.

— Qencl
E
&

o

@ - Q,, =¥z, =(145x10° N-m’/C)(8:85x10™ C*/N- ) =[1.28x10°C

(@ ®©=E A=Ear’=(58x10°N/C)7(18x10"m) =[s9N-m*/C

(b) @, =E A=(Ecosd5’)zr” =(58x10° N/C)(cos45’) 7(18x10°m) =|42N-m’/C

(© ®E=ELA=(Ec0590°)nr2=l§|

(@) Use Gauss'slaw to determine the electric flux.

Qu -1.0x10°C 3
g, 885x10™2C*/N-m?

(b) Sincethereisno charge enclosed by surface A2, @ = @

~1.1x10°N-m*/C

Q.=

(@) Assuming that there is no charge contained within the cube, then the net flux through the cubeis
[0]. All of thefield lines that enter the cube also leave the cube.

(b) There are four faces that have no flux through them,
because none of the field lines pass through those faces.
In the diagram shown, the left face has a positive flux
and the right face has the opposite amount of negative
flux.

®,, = EA=E =(6.50x10°N/C)I

“«----] ---»

D =0

o =—(650x1I0°N/C)I* @,

Equation 16-10 applies.

oA, Q=¢,EA=(885x10"C*/N-m")(130N/C)(10m)’ =[1.15x10°C

&

E:

The electric field can be calculated by Eq. 16-4a, and that can be solved for the charge.
2 2 \?
Q Er?  (275x10° N/C)(350x10°m) —
E=k—= — Q= = =-3.75><10 C
r? 0= 8.988x10° N-m?/C?
This corresponds to about 2x10° electrons. Since the field points toward the ball, the charge must

be| negative|.
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Chapter 16 Electric Charge and Electric Field

49. See Example 16-11 for a detailed discussion related to this problem.

(@)
(b)
(©)

(d)

()

Inside asolid metal sphere the electric field is[0].

Inside a solid metal sphere the electric field is| 0.

Outside a solid metal sphere the electric field isthe same asiif al the charge were concentrated
at the center as a point charge.

350x10°C
|E|= kQ =(8.988x10° N- mz/cz)(x—z) =|3.27x10° N/C
r (3.20m)
Same reasoning as in part (c).
350x10°C
|E|= kg =(8.988x10° N-m*/ CZ)(X—Z) =|8.74x10* N/C
r (6.00m)

The answers would be for athin metal shell.

50. SeeFigure 16-33 in the text for additional insight into this problem.

(@
(b)

(©)
(d)

51. (a)

Inside the shell, the field is that of the point charge, |E = k% :

I

Thereis no field inside the conducting material: :

Outside the shell, the field is that of the point charge, |E = k% .

r
The shell does not affect the field due to Q alone, except in the shell material, wherethefieldis
0. Thecharge Q does affect the shell —it polarizesit. Therewill be an induced charge of -Q
uniformly distributed over the inside surface of the shell, and an induced charge of +Q
uniformly distributed over the outside surface of the shell.

The net force between the thymine and adenine is due to the following forces.
(0.4e)(0.2e)  0.08ke”

] o]

. .2 2
O—Nrepulsion: F :k(04e)(0 e): 0.08ke

ON N2 =
(Z.SOAJ (Z.SOAJ
0.2¢)(0.2e)  0.04ke’

F, =k(22)(02) _ 004
(S.OOA) (3.00A)

0.2¢)(0.2 ke

H—N attraction:  F, =k( e)( Ze) __0.04ke :

(2.00A) (Z.OOAJ

008 008 004 004 1 Yk
Far = Fou = Fov =R + Py :(1.802 280 300 2.002}{1-0x1 ‘mmj @

O—H attraction:  F,, =k

N — N repulsion:
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8.988x10° N-m?/C?)(1.602x10™°C)’
=(.02004)( A0 N1/ C)( - ) - 4623x10°N ~[46x10™N
(1.ox10*l°m)

(b) The net force between the cytosine and guanine is due to the following forces.
(0.4e)(0.2e)  0.08ke"

O-—Hattraction:  F,, =k 7 = — (2 of these)
(1.90Aj (1.90Aj
, (0.4e)(0.2¢)  0.08ke’
O —N repulsion: on =K > (2 of these)
(2004 (zgoAj
0.2e)(0.2¢) ki
H —N attraction: FHNzk( I 0.04ke
(z.ooAj (zooAj
0.2¢)(0.2e) 4k
N —N repulsion: FNNzk( I 0.04e
(S.OOA) (3 OOA)

2, 2
Foe = 2Fy —2Fy =Ry +Fy = (2 008 2 008 004 004 j( 1 j ke

— — + —
190° 290° 300° 200" )\1.0x10"m/ d?

8.988x10° N-m?/C?)(1.602x10™°C)’
:(.03085)( - (m/ 12( )2 - ) =7.116x10°N ~|7.1x10°N|
1.0x10 " m

(c) For 10° pairs of molecules, we assume that half are A-T pairs and half are C-G pairs. We
average the above results and multiply by 10°.
=110°(F,, +F.) =10°(4.623x10 "N +7.116x10°N)

=5.850x10°N ~|6x10°N

52. Set the magnitude of the electric force equal to the magnitude of the force of gravity and solve for

the distance.
2

(S]
FE:FG —> k—zzmg -
r

[k B (8988x10°N-m?/C*)
r—e\/; =(1.602x10"°C) \/ o107k (080 m/sz)—5.08m

53. Calculate thetotal charge on all electronsin 3.0 g of copper, and then compare the 384C to that
value.

1 mole \( 6.02x10%at 29 1.602x10°C
Tota dectron charge=3.0g moe . oms ( ° j .
63.59 mole atoms le

=1.32x10°C

© 2005 Pearson Education, Inc., Upper Saddle River, NJ. All rightsreserved. 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.

19



Chapter 16 Electric Charge and Electric Field

6
Fraction lost = w =12.9x107™"

1.32x10°C

Since the gravity force is downward, the electric force must be upward. Since the charge is positive,

55.

56.

57.

58.

the electric field must also be upward. Equate the magnitudes of the two forces and solve for the
electric field.

) ) g (167x107kg)(9.80m/s’) —
F=F, — gE=ng — E= — (1.602><10’19C) =[1.02x107 N/C, up

Use Eqg. 16-4ato calculate the magnitude of the electric charge on the Earth.
2
Q Er> (150 N/C)(6.38x10°m)
E=k—= - Q= = =-6.8><105C
r’ O " om0 N-m?/C?
Since the electric field is pointing towards the Earth’s center, the charge must be [ negative|.

(a8 From problem 55, we know that the electric field is pointed towards the Earth’s center. Thus an
electron in such afield would experience an upwards force of magnitude F. =eE. Theforce
of gravity on the electron will be negligible compared to the electric force.

F.=eE=ma —

e (1602x10™C)(150N/C)
M (o11x107kg)

(b) A proton in the field would experience a downwards force of magnitude F. =eE . Theforce of

gravity on the proton will be negligible compared to the electric force.
F.=eE=ma —

eE (1602x10%°C)(150N/C)

— 2.638x10° m/s’ ~|2.6x10° mys, up

a=—-= o7 =1439x10° M/’ ~|1.4x10° m/s’, down
m 67x g
3 2
(c) For the electron: %z 268;8;01:/?/ > z

1.439x10° m/s’
For the proton: a_ 1439 0 T/ S T
g 9.80m/s

For the droplet to remain stationary, the magnitude of the electric force on the droplet must be the
same as the weight of the droplet. The mass of the droplet is found from its volume times the density
of water. Let n be the number of excess electrons on the water droplet.

F.=|E=myg — neE=%rr’pg —

_dar'pg_4r(18x1 *m)’ (1.00x10" kg/m") (9.80m/s’)

=9.96x10° ~|1.0x 10’ electrons
3eE 3(1.602x10°C)(150N/C) 10 < [L0x l

There are four forcesto calculate. Call the rightward direction the positive direction. The value of k
is 8.988x10° N-m?/C? and the value of eis 1.602x10*°C.
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k(0.40e)(0.20e) 1 1 1 1
F.=F,+F +F,+F,= - + + -
net CH CN OH ON (1>< 1079 m)z (030)2 (040)2 (O 18)2 (028)2

=2.445x10°N ~[24x10™°N

59. The €lectric force must be aradial forcein order for the € ectron to movein acircular orbit.

QO m
Fe=Fga — K 2
r.orbit I’orbit

19 ~)2
& =(8.988x10°N-m’/C?) (1602-10°*C) ~[21x10m]

_)

ror i
T v (9.11x10kg) (1.1x10° my’s)’
60. Set the Coulomb electrical force equal to the Newtonian gravitational force on one of the bodies (the
Moon).
i M, M
FE = FG - k (3 = G"’“+Eam N
r.orbit rlorbit

o [Py _ \/(6.67><1011 Nem?/kg? )(7.35x10% kg) (5.98x 10 kg) 75

k (8.988x10° N-m?/C?)

(@) Theelectron will experience aforce in the opposite direction to the electric field. Thusthe
acceleration is in the opposite direction to the initial velocity. The force is constant, and so
constant acceleration equations apply. To find the stopping distance, set the final velocity to O.

eE
F=eE=ma —» a=— V=V +2aAX —
m

Vv m¢ (911x10%kg)(2L5x10° mys) —
_ =10. m

2a 26 2(-1.602x10°C)(11.4x10° N/C)

(b) Toreturn to the starting point, the velocity will reverse. Use that to find the time to return.
v=y,+a —

V. v — 2(9.11x10*kg)( 21.5x10° m/s
f=yVo Vo~V __amy, ( — g)( / ) =2.14x10"°s
a a GE  (-1602x10*°C)(11.4x10°N/C)
62. Because of the inverse square nature of the electric field, Q
any location where the field is zero must be closer to the ! Q.z .
weaker charge (Q,). Also, in between the two charges, ~—d — | —

the fields due to the two charges are parallel to each other and cannot cancel. Thusthe only places
where the field can be zero are closer to the weaker charge, but not between them. In the diagram,
this means that x must be positive.

E:-kaLz:o - |Q|(1+d) =QI* —

1> (1+d)
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Chapter 16 Electric Charge and Electric Field

Y o I J50x10°C (20m) oMM
Joa-Jlo]  Vzsxw°c-ysoxi0°c 26mfromQ,

63. The sphere will oscillate sinusoidally about the equilibrium point, with an amplitude of 5.0 cm. The

65.

66.

angular frequency of the sphere is given by @ = /k/m = \/126N/m/0.800kg =12.5rad/s. The
distance of the sphere from the tableis given by r =[0.150—0.050cos(12.5t)|m. Usethis distance

and the charge to give the electric field value at the tabletop. That electric field will point upwards at
al times, towards the negative sphere.

8.988x10° N-m*/C?)(3.00x10°C 4
E:kgz( . m’/C*)( Xz ): 2.70x10 e
r [0.150-0.050cos(125t)] m*  [0.150-0.050cos(12.5t )]

7
| 108x10 _N/C, upwards
[3.00-cos(12.5t)]

The wires form two sides of an equilateral triangle, and so the two charges are
separated by a distance d =78 cm and are directly horizontal from each other. Thus

the electric force on each charge is horizontal. From the free-body diagram for one of
the spheres, write the net force in both the horizontal and vertical directions and solve
for the electric force. Then write the electric force by Coulomb’slaw, and equate the
two expressions for the electric force to find the charge.

SF =F cs0-mg=0 — F =—
cosé
SF =F sn0-F.=0 —F, dng=—2 gng=
=k =0 - F.=Fdnfd=——gnd=mgtand
cosé
22
FEzk—(ng) —mgtn® — Q=2d mg:(ane
24x10°kg)(9.80m/s’ ) tan 30°
=2(7.8x10"m) (2~ g)(g /2)2 = 6.064x10°C~[6.1x10°C
(8.988x10°N-m’*/C?)

The electric field at the surface of the peais given by Equation (16-4a). Solve that equation for the
charge.

2
Q Er?  (3x10°N/C)(3.75x10°m) aod
E — k_ NN — = = 5><10 C
2 0= 8.988x10° N-m*/C?
This corresponds to about 3 billion electrons.

There will be arightward forceon Q dueto Q,, given by Coulomb’slaw. Therewill be aleftward
force on Q, dueto the electric field created by the parallel plates. Let right be the positive direction.

-l e
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Since the electric field exerts aforce on the charge in the

68.

69.

70.

6.7x10° c) (1.8><10’6 c)
(0.34 m)2

=(8.988x10° N mz/cz)( ~(6.7x10°C)(7.3x10° N/C)

=[0.45N, right

same direction as the electric field, the chargeis
[positive. Use the free-body diagram to write the
equilibrium equations for both the horizontal and vertical
directions, and use those equations to find the magnitude
of the charge.

o\ L=55cm
43cm

6= cos’1£ =386°
55

> F =F.-Fsnd=0 - F. =F, sng=QE
mg

D F =F cosf-mg=0 — FT:E — QE=ngtand
1.0x10°kg)(9.80m/s’ ) tan 38.6°
Q:mgtanez( 10k 4m/ I et

E (12x10°N/C)

The weight of the massisonly about 2 N. Since the tension in the string is more than

that, there must be a downward electric force on the positive charge, which means that E
the electric field must be pointed [down . Use the free-body diagram to write an T
expression for the magnitude of the electric field.

Y F=F-mg-F.=0 > F.=QE=F-mg — mg =
_ 5.67N—(0.210kg)(9.80m/s’

g H-mo_ ( gl( /s)_ 1.06x10" N/C
Q 3.40x107C

To find the number of electrons, convert the mass to moles, the moles to atoms, and then multiply by
the number of electronsin an atom to find the total electrons. Then convert to charge.

1moleAl ( 6.02x10*atoms (13 e ectronsj -1.602x10™C
2.7x107%kg electron

15 kg Al = (15 kg AI)(

-[-7.0xa0°

The net charge of the bar is |0C|, since there are equal numbers of protons and electrons.

1 mole 1 molecule

(&) Theforce of sphere B on sphere A is given by Coulomb’s law.

2
F = KQ away from B

AB 2> !
R

(b) Theresult of touching sphere B to uncharged sphere C is that the charge on B is shared between
the two spheres, and so the charge on B is reduced to Q/ 2. Again use Coulomb’s law.

_,.Q9/2_|k’
he R 2R

, away from B
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(c) Theresult of touching sphere A to sphere C is that the charge on the two spheresis shared, and
so the charge on A isreduced to 3Q/4. Again use Coulomb’s law.

_ 39/4(Q2) [3@
R 8R*

away from B

71. Onthe x-axis, the electric field can only be zero at alocation closer to the smaller magnitude charge.
Thus the field will never be zero to the left of the midpoint between the two charges. Also, in
between the two charges, the field due to both charges will point to the left, and so the total field
cannot be zero. Thusthe only place on the x-axis where the field can be zero isto the right of the
negative charge, and so x must be positive. Calculate the field at point P and set it equal to zero.

~0/2 d
£ k! Qz/ ) k2 -=0 > 2¢=(x+d)’ - x=|-——=~241d
X (x+d) J2-1
Thefield cannot be zero at any points off the x-axis. For any point off the x-axis, the electric fields
due to the two charges will not be along the same line, and so they can never combine to give 0.

72. Theelectric field will put aforce of magnitude F. = QE on -Q FZE
each charge. The distance of each charge from the pivot point is B @ ®
QEL R Q

L/ 2, and so the torque caused by each forceis 7 = F.r, =

Both torques will tend to make the rod rotate counterclockwise
QEL)
2

QEL].

in the diagram, and so the net torqueis 7, 2(

73. A negative charge must be placed at the center of the square. Let
Q=8.0uC bethe charge at each corner, let -q be the magnitude of
negative charge in the center, and let d =9.2cm be the side length of
the square. By the symmetry of the problem, if we make the net force
on one of the corner charges be zero, the net force on each other
corner charge will also be zero.

;I'IH
B

F41=k3—§ - F,, k?: 4, =0
F42=k2dez - F42X:k§;2 cos45°:k% ,|:42y:k*ﬁ(32
F43=k(§—22 — Fu =0,F, = kg_:

_kdqz/z = Fip=- 23?00345°=—k\/§?Q: »

The net forcein each direction should be zero.

Sr kL2 0 kR0, qoq £+d)-reean’c

So the charge to be placed is —q =|-7.66x10°C].
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Thisisan|unstable equilibrium|. If the center charge were slightly displaced, say towards the right,
then it would be closer to the right charges than the left, and would be attracted more to the right.
Likewise the positive charges on the right side of the square would be closer to it and would be
attracted moreto it, moving from their corner positions. The system would not have a tendency to
return to the symmetric shape, but rather would have atendency to move away from it if disturbed.
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