Bauer/Westfall: University Physics, 2F

Chapter 22: Electric Fields and Gauss’s Law
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Conceptual Questions

22.13.

22.14.

22.15.

22.16.

22.17.

The metal frame and sheet metal of the car form a Faraday cage, excluding the electric fields
induced by the lightning. The current in the lightning strike flows around the outside of the car to
ground. The passengers inside the car can be in contact with the inside of the car with no ill effects,
but should not stick their hands out an open window.

Since lightning can strike the tree and have the current flow through the wet tree, the current would
jump to any object near the tree. To avoid lightning, go inside the house or a car. If I were outside, I
would go to a low place and avoid trees or tall buildings. I should not lie down on the ground since
the current can flow along the surface of the Earth.

If electric field lines crossed, there would be a charge at the crossing point. It is known that the
electric field lines extend away from a positive change and the lines terminate at a negative charge.
If in the vicinity of the crossing point there is no charge, then the lines cannot cross. Moreover, if we
put a test charge on the crossing point, there would be two directions of the force; this is not
possible; therefore the lines cannot cross.

The net flux through a closed surface is proportional to the net flux penetrating the surface, that is,
the flux leaving the volume minus the flux entering the volume. This means that if there is a charge
within a surface, the flux due to the charge will only exit through the surface creating a net flux no
matter where the charge is located within the surface. If a charge moves just outside the surface,
then the net flux crossing the surface would be zero since the flux entering the volume must be
equal to the flux leaving the volume as shown in the figure:

Closed Surface
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Because of the spherical symmetry of this problem, Gauss’s Law can be used to determine electric
fields. The image below shows a cross-section of the nested spheres:
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22.18.

22.19.

22.20.

Chapter 22: Electric Fields and Gauss’s Law

Gauss’s Law is applied on four surfaces, G,, G,, G, and G, as shown in the figure.
(a) In the region r <r,, the electric field is zero because it is inside the conducting sphere.
(b) Applying Gauss’s Law on the surface G, gives the electric field in the region r, <r<r,, ie,

E(47r)=3Q/ &, or E=3Q/4ze,r.
(c) In theregion I, <r <r;, the electric field is zero since it is inside a conductor.

(d) In the region r<r,, using Gauss’s Law yields E(47zr2)=3Q/ &,- Therefore, the electric field is

E=3Q/4re,r’.
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(a) If you are very close to the rod, the electric field can be approximated by the field produced by a
very long rod. Then E is proportional to the linear charge density and to 1/r.

(b) If you are a few centimeters away from the center, the rod’s finite length becomes relevant and
the rod can be treated as a line of charge with finite length, as in Example 22.3.

(¢) If you are very far away, then the electric field behaves like that of a point charge. Therefore, the

field is proportional to the total charge and to 1/r°.

® 0O

divided by the

constantg, or (ﬁ =0,/ &, This is known as Gauss’s Law. The strength of a dipole is p=qd.
net

The total electric flux through a closed surface is equal to the net charge, q

enc ’

Because the dipole is completely enclosed by the spherical surface, the enclosed charge will be
Qoe =0+ (—q): 0. Thus the net flux through the closed surface will be zero.

935



Bauer/Westfall: University Physics, 2F

22.21.

22.22,

22.23.
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Consider two small elements dx at X and —x as shown in the above figure. Due to the symmetry of

the problem, it is found that the component of E, in the y~direction, E, , is equal in magnitude, but

in the opposite direction, to the y-component of E,. Therefore, only the x-components of electric

fields contribute to the net field. Integrating over the length of wire yields E:J.;M(—f()

4ne,r’
Using dq=Adx, it simplifies to E :[;—X]jj smfu (dq). Substituting r=./x>+y” and sin@=x/r
€, r

yields E :(;Xl J_[:( xdx —- Using the substitution z =X’ yields:
TTE, X2

+y?

e e e e S
=(—*)(2ZSOJ[(1/y)—1/ 2’y

Since the conductor has a negative charge, this means that the electric field lines are toward the
conductor. Electrons inside the conductor can move freely and redistribute themselves such that
the repulsion forces between electrons are minimized. As a consequence of this, the electrons are
distributed on the surface of the conductor.
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—

-—

—

“"“-.
~~

St. Elmo’s Fire is a form of corona discharge; the same phenomenon whereby lightning rods bleed
off accumulated ground charge to prevent lightening strokes. Lightning rods are not supposed to
conduct a lightning strike to ground except as a last resort. In stormy weather, a ship or aircraft can
become electrically charged by air friction. The charge will collect at the sharp edges or points on
the structure of the ship or plane because the electric field is concentrated in areas of high
curvature. Sufficiently large fields ionize the air at these areas, as the molecules of nitrogen and
oxygen de-ionize they give off energy in the form of visible light. The ghostly glow known since the
days of “wooden ships and iron men” is St. ElImo’s Fire.

Consider the surface layer of charge to be divided into two component; a ‘tile’ in the vicinity of some
point, and the ‘rest’ of the charge on the surface. Seen from close enough to the given point on the
surface, the ‘tile’ appears as a flat plane of charge. Gauss’s Law applied to the cylindrical surface
pierced symmetrically by such a plane, implies that the ‘tile’ produces an electric field with the
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Chapter 22: Electric Fields and Gauss’s Law

component o/ 2¢, perpendicularly outward from the surface on the outside, inward on the inside.

But Gauss’s Law applied to a short cylinder (‘pillbox’) partially embedded in the conductor, implies
that the entire charge layer produces an electric field with component o/& perpendicularly
outward outside the surface, and zero inside. To yield this result, the ‘rest’ must produce electric
field o/2¢,, outward, in the vicinity of the ‘tile’ inside and out. It is this electric field which exerts

force on the ‘tile’, carries charge per unit area o. Hence, every portion of the charge layer
experiences outward force per unit area stress of magnitude > =0’ /2¢,. Note that the outward
direction of the stress is independent of sign of o.

22.24. The net force on the dipole is zero, so there will be no translational motion of dipole. The net
torque; however, is not zero, so the dipole will rotate. With the force on the positive charge to the
right and the force on the negative charge to the left, the dipole will rotate counter-clockwise.

Exercises

22.25. The electric field produced by the charge is:

kg (8:99:10° N'm*/C*)(4.00-10” C)
E=—= 5 =575.36 N/C = 575 N/C.
r (0.250 m)
22.26.
o A q,=-2.4nC
+x -
O’E
q,=1.6nC B
The electric field vector will be E = ZE = (kq1 /r? ))A( + (kq2 /r? )9 =k/r (ql;( +0, 9) The magnitude
of the vector is:
_ 107 2/~2
E-\E+E X o 32O N /C \/(1.6~10‘° C) +(-24107 C) =25.931 N/C =26 N/C.
o ! (1.0 m)
22.27.
'1'
q, =48.00nC
.
E -

+ 4, =-24.00 nC

The electric field at the origin is EzZEi:(k|ql|/r12)()?)+(k|q2|/r22)(—9). The direction is

tan6 =E, /E,.
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22.28.

22.29.

E 2 2 4. ? (24,
6, = tan~' (—yJ =tan™' {M} =tan™' {w} =tan”" [( 000 m) ( 00 nC)] =12.53°.

« Sl r5 [a] (6.000 m)’ (48.00 nC)
The electric field lies in the 37 quadrant so §=180.00°+ ¢, +12.53°=192.53°. Rounding to four
significant figures gives us 8 =192.5°.

THINK: The electric field is the sum of the fields generated by the two charges of the corner triangle.
The first charge is ¢, =-1.0-10° C and is located at Fl = (0.10 m) )A/ The second charge is

g, =1.5-10° C located at r, =(0.20 m)x.

SKETCH:
10.0 cm
L E

+x ¥, ] E |

q,=-10.0 uC

0.
E’ 20.0 cm

=15.0 uC

RESEARCH: The electric field is given by the equation E= (kq/ r’ )IA’

SIMPLIFY: E= (kq1 /v’ ) y+ (kq2 /r; ))A( The magnitude of the field is

LA

0

E
and has a direction ' 9 =tan™ (E—y):tanl {(q—é]—(— ] where @ is in the second
X r1 2

quadrant.

S,
N— 7
N—

I

8

:S\
VS
N

CALCULATE: E:(8.99-109Nm2/C2) ~1.0:107 C 15107 C =9.6013-10° N/C
(0.100m)’ (0.200m)’

(0200m)*(1.0107 C)
(0100 m)’(1.5-107 C)

ROUND: The least precise value given in the question has two significant figures, so the answer
should also be reported to two significant figures. The electric field produced at the corner is
E=9.6-10° N/C at 110° from the x-axis.

DOUBLE-CHECK: Dimensional analysis confirms the answer is in the correct units.

6 =tan" =69.444° or 8=110.56°.

THINK: We want to find out where the combined electric field from two point charges can be zero.
Since the electric field falls off as the inverse second power of the distance to the charge, and since
both charges are on the x-axis, only points on the same line have any chance of canceling the electric
field from these two charges, resulting in a net zero electric field. The first charge, g, =5.0C, is at

the origin. The second charge, g, =-3.0C, is at Xx=1.0 m. Consider where along the x-axis it is

possible to have zero electric field. On the sketch we have marked three regions (I, II, and III). If we
place a positive charge anywhere in region II, the 5 C will repel it and the -3 C will attract it, so that
the positive charge moves to the right. If we place a negative charge in the same region, it will move
to the left. So we know that the electric field cannot be zero anywhere in region II. Region I is closer
to the 5 C charge. Since this is also the charge with the larger magnitude, its electric field will
dominate region [, and thus there is no place in region I where the electric field is 0. This leaves
region III, where the two electric fields from the point charges can cancel.
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Chapter 22: Electric Fields and Gauss’s Law

SKETCH:

I III

+5C

o)

I

I

i
x,=0 x, =1m

RESEARCH: The electric field due to the charge at the origin is E, =kq,/x*. The other charge

produces a field of E, = kql/(x =X, )2

SIMPLIFY: The combined electric field is E=kg,/x” + kql/(x -X, )2 Setting the electric field to zero,

solve for X :

k k k k
Mo, X oo % % = (x—xl)zqo=—x2q1 = (x—xl)z|q0|=x2|q1|

X (x=x,)

We could now solve the resulting quadratic equation blindly and would obtain two solutions, each
of which we would have to evaluate for validity. Instead, we can make use of the thinking we have
done above. In the last step we used the fact that the charge at the origin is positive and the other is
negative, replacing them with their absolute values. Now we can take the square root on both sides
and choose the positive root, leaving us with

X, /||
(x-x,) ] - fa] = -
l V|q0|—\/|q1|
(1:00m)+/5.00.€

1/5.00 C —+/3:00C

ROUND: The positions are reported to three significant figures. The electric field is zero at
X =444 m.

DOUBLE-CHECK: This is a case where we can simply insert our result and verify that it does what it
is supposed to: E(x=4.4 m)=Kk(5 C)/(44 m)* +Kk(-3 C)/(44m—-1m)’ =0.

CALCULATE: X = =4.43649m

THINK: Let’s fix the coordinate notation first. The charges are located at points (0,d), (0,0), and (0,-
d) on the y-axis, and the point Pis P= (x,0). In order to specify the electric field at a point in space,
we need to specify the magnitude and the direction. Lets first think about the direction. The
distribution of the charges is symmetric with respect to the xaxis. Thus if we flip the charge
distribution upside down, we see the same picture. This means also that we can do this for the
electric field generated by these charges. Right away this means that the electric field anywhere on
the x-axis cannot have a y-component and can only have an x-component.

SKETCH:
Y,

RESEARCH: The electric field strength is given by E=KkQ/r?, and the electric fields from different

charges add as vectors. We need to add the x-components of the electric fields from all charges.
They are (from top to bottom along the y~axis):
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B =g tiz
E =Ecosf=— Jli(lz \/dzxv = (dz__lrkq)z()”
E=k= dz_ -ﬁz

SIMPLIFY: All we have to do is add the individual x-components to find our expression for the x-
component of the electric field along the x-axis:

E,(GO)=E,, +E,, +E,, =20 __ KK | L X

X2 (d*+x7) XT(d? )

(This is the expression for x>0; for x<0 it has the opposite sign so that it always points away from
the origin.)
CALCULATE: Not applicable.
ROUND: Not applicable.
DOUBLE-CHECK: For x — 0 we see that the first term diverges as we get very close to the positive
charge at the origin, which is as expected.
For large distances, X — o, d/x — 0, we expect at most a very weak electric field because the net

charge of our configuration is 0. We can factor out the /X’ term to get

3 2
Ex(x,0)=2Xk2q(1— X =2kq[1— ! _ 2 1—{(% +1J For

L (d2+X2)3/2 X2 L
(dz/xz) < 1, the binomial expansion gives us

-3/2
d’ 3d?
1| ~l-I—
[xz ] 2 x2

The electric field then simplifies to
2 2 N
E (x >>d,0):@(1_[1_ 3d D: 2kq3d”  3kad .
X

2 %2 x?2x> X
Thus the electric field strength of this configuration, called a “quadrupole”, falls with the inverse

fourth power of the distance to the origin for large distances. (... as compared to the electric field
from a dipole, which falls with the inverse third power).

22.31. Thedipole is just two charges fixed together of opposite sign. The electric field at a point is the sum
of the fields produced by each charge. The figure indicates that the electric field produced is created
by the component of the field perpendicular to line x.
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22.32,

22.33.

Chapter 22: Electric Fields and Gauss’s Law

Fy T "9@..
‘h‘l\gs\
L P 0 ,
2 d rof X !
AT A
E
K K 2kgsi
E=E,+E, =E sin0+E,sin0= 9 sino+ 4 ging-—2Kqsind

(&) ()

Note that sind = d . This means the field is:
2y/(d/ 2)2 +x?
_ —2kqd _ —kqd _ —kp
2((d /2)2 + x2)3/2 ((d / 2)2 + X2)3/2 ((d /2)2 + x2)3/2

If x>d then E=—kp/x’. The field along the axis of the dipole is E=-2kp/x’, indicating that the
field strength falls off more rapidly perpendicular to the dipole axis.

THINK: The field due to a dipole moment at a point 4 along the x-axis is E(h)=k2qd/h’. I want to

find the point perpendicular to the x-axis as measured from the origin (i.e., along the y~axis), where
the electric field has this same value.

SKETCH:
[ E
: E(l)
I’,l E‘:’
e -—
) e) h E(h)
RESEARCH: From the previous problem, the electric field along the y~axis is E(l) :(k#d)m.
d>/4+1

Set E(l)=E(h) and solve for | .

k(2qd) _
h3 (% + |2 )3/2

CALCULATE: Not applicable.

ROUND: Not applicable.

kqd 2 _ 1 - 2(i+|2)3/2:h3 — 1=

SIMPLIFY: = = .
")

DOUBLE-CHECK: According to this expression, /will always be less than A4 This is consistent with
the previous result that the electric field strength along a line perpendicular to the dipole axis falls
off more rapidly than the field strength along the dipole axis.

THINK: As the m=4.0g ball falls the force of gravity acting on it will cause it to accelerate

downwards. At the same time, the force due to the electric field acts on the ball causing it to
accelerate towards the east. The forces act perpendicular to each other. The problem is solved by
finding each component of the velocity. In order to find the velocity due to the electric field, the
time required for the ball to travel 30.0 cm downwards is needed.

SKETCH:
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v=0,7,=0
g=5.0mC +y

= — L

dy=30.0 cm E=12N/C

RESEARCH: The velocity in the downward direction is found using vi = vio +2gdy. The time it takes
to reach this velocity t=v, /g. The acceleration eastward is calculated using F=ma=qE. The
velocity is then v, =a t.

SIMPLIFY: The y-component of the velocity is v, =./2gdy because the ball starts from rest. The

time it takes for the ball to fall 30.0 cm is t =,/2gdy / g. The acceleration eastward is a=gE/m. The

J2ad [
velocity eastward is v, =at -V, = (Ejﬂ _%E Zd—y
m 9

g m

CALCULATE: v, =2(9.81 m/s’ 0300 m)=24261 m/s downward

vx=(5.0~10'3c 12N/C j 2( 0.300 m

0.0040 kg 9.81 m/s’

ROUND: The velocity_is_report to three significant figures. The ball reaches a velocity of
(3.71 m/s)X +(2.43 m/s)y.

DOUBLE-CHECK: This is a reasonable answer considering the size of the values given in the
question.

J =3.7096 m/s eastward

22.34. THINK: A line of charge along the y-axis has linear charge density +4 from y=0toy=+a, and -4
from y=0toy=-a. | want to find an expression for the electric field at any point X along the x

axis. Itis noted that the charge configuration is similar in structure to a dipole. By symmetry, the x-
components of the field cancel out, and the net field is in the y-direction.
SKETCH:

+A Tea

0 o

-4

" E(0--a) E(0-a)

=¢ <

RESEARCH: The electric field resulting from a charge distribution is the integral over the differential
charge: dE=kdq/r’. The y-component of the field is dE, =kdqgsin&/ r’, where @ is the angle

between the electric field produced by dq and the y-axis. Also, r=(x>+Yy?, sind=y/r. From
0 to a, dg= Ady,and from 0 to —a, dq=-Ady.

SIMPLIFY: dE. —dE, _ =% ng | AW y |_ kaydy
v, r’ X2 + y2 \/Xz N yz (X2 + y2 )3/2
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_ _kdg .\ [ -kady |y _ kaydy
dE_=dE,_ = 2 sm( 9)_[x2+sz{ \/Xz+y2]_(xz+y2)3/z

The field due to the positive charge distribution is: E, :joa

kAydy :kiJ‘a ydy T Similarly,

(X2+y2)3/2 0 (X2+ 2
the field due to the negative charge distribution is: E_= jiaw = k/IJ‘ 76&.
0 (X2+y2)3/2 0 (X2+y2)3/2

CALCULATE: Let u=x"+Yy’ then du=2ydy then:

A 8 ki T
E, - Oa—d3?2=(klj(—lij i e | T e | and
270y 2 u ), ut (x +y) . X (X2+a2)
_ o ki "
T L o I e e
2y 2 ™), (x+y?) X (X2+(—a2)
- . 1 1
electric field at x is: E=E +E =2kA =
2 2 X
(x> +a

ROUND: Not applicable.
DOUBLE CHECK: The electric field decreases inversely proportionally to the distance from the wire,
as expected.

THINK: A semicircular rod carries a uniform charge of +Q along its.upper half, and -Q along it’s
lower half. [ want to determine the magnitude and direction of the electric field at the center of the
semicircle. The rod has a length of L=7zR. The charge density of the upper half of the rod is

A=Q/L=Q/ (1/2)7rR =2Q/ zR. Similarly, the lower half of the rod is 41 =-2Q/ zR.
SKETCH:

RESEARCH: From the symmetry of the semi-circle, the x-components of the field cancel, and the
resulting electric field only has a y~component. The y~component of the electric field for the upper
segment of the rod is given by

dE,, :dEcosﬁz(—kdq/ Rz)cosﬁz(—kﬁdx/Rz)cosé’,

where dx =Rd@. Therefore, d, , =(-kARd0/R* )cos0 =—kAcos0dd/ R.
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22.36.

SIMPLIFY: Integrating both sides with respect to dgives:
/2 s 2
dE,, =(-k2/R)[" cosd0 =(-k2/R)sin 0[5 = (-k1/R)(1-0)=(-kA/R) =—k2Q/ zR’.

The lower half of the semicircle also contributes the same y-component. The total electric field at

the origin is
E ~4kQ)o (L —4Q Yo ([ Q o
E=E .+E .=2E .= = = .
Yy vy ( 7R? Jy (47;50.71R2Jy (ﬂzsoRz Y

CALCULATE: Not applicable.
ROUND: Not applicable.

DOUBLE CHECK: The resulting field points in the direction from the positive charge to the negative
charge, as required.

THINK: Two semicircular rods, with uniformly distributed charges of +1.00 uC and —1.00 puC,

respectively, form a circle of radius r=10.0 cm. I want to determine the magnitude and direction
on the electric field at the center of the circle.
SKETCH:

RESEARCH: The charge densities of the positively charged and negatively charged rods are
+4=Q/ 7R and -4 =-Q/ 7R, respectively. The differential element of the electric field is given by

dE =kdq/R?, where the differential element of charge along the line is dgq=Adx = ARd#. It is also
necessary to consider the x- and y-components of the differential elements.

SIMPLIFY: dE, k/ldxzslnﬁ k/1dt9251nt9 kQRdt93smt9 kQsinodé . Similarly, dE kQCOSZHdH
R R 7R R? 7R
dE :——st1n26’d9; dE —M Integrating both sides of each expression gives:
* 7R Y 7R?
Q = 2kQ
I t9d¢9— ( cosé’)o ==

Q kQ NS
E.,= ey IO cosédﬁzm(sm 9)|0 =0

kQ 27 kQ or 2kQ
E—,x :_W-‘-” sm@d@z—w(—cosﬁ)” :_ﬂ-RZ
kQ 2z kQ , . .
E, =~ Teos0d0 =——(sin0)f " =0

2kQ +2kQ 0= 4kQ

7rR2 7R? 7R’

The total electric field at the center is givenby: E=E_, +E +E  +E =
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4(8.99-109 N m2/c2)(1.00-10*6 c)
7(0.100m )’

ROUND: The electric field is reported to three significant figures: E=1.14-10° N/C. Because all of
the y- components are zero, the resultant field is in the positive x-direction.
DOUBLE-CHECK: Given the symmetry of the charge configuration, this is a reasonable result.

CALCULATE: E= =1.1446-10° N/C

THINK: The charge @ is uniformly distributed along the rod of length Z. The rod has linear charge
density 4 =Q/L. The electric field at a position x = d can be calculated by integrating over the

differential electric field due to the differential charge on the rod. The electric field differential
dE=kdq/r*, where the differential is along the y~axis, and R=4/d’> +y>. The x- and y-components

of the field must be considered individually. The x-component of the field differential is given by
dE, =dEcos@, and the y-component is given by dE, =dEsin6.

SKETCH:

SIMPLIFY: dE, = kd? cosﬂzkﬂ—?ycosﬁzﬂcosﬁzﬁucosﬁ
R L(d2+y2)
coso-8_ 4 e |k | d | kdody
N L@y oy ) L y)
dE, =W _Gng sing=Y=— Y - gg - QW
(@ o) For T ey
Integrate both expressions.
L
L dkQdy dkQ ¢ 1 kQd y
E, :J.o > a2 L J.o S dy = L dz\/dz 2
L(d +y) (d +y) Y,
L
L ykQdy _kQ y kQ|__—1
E = _— —d =\
y .[o L(d2+y2)3/2 L .[o (d2+y2)3/2 y L ’d2+y2 i

E(d)=EX-E¥

L
CALCULATE: E, = kQd [$} _kQd { L 0] = kQ
d

L|dJd+y? | LleJael ) ddai+L
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22.38.

22.39.

L
£ _kQ {—_1} kQ (
y | 2 2
L|yd*+y* |, Jai 42 d
dvd> +12 e L\/d2+L2
ROUND: Not applicable.
DOUBLE CHECK: The magnitude of the electric field decreases as dincreases, as expected.

1 —1] kQ  kQ
db o2 + 12

THINK: A wire bent into an arc of radius Rand carrying a uniformly distributed charge Q will have a
linear charge density of 1 =0Q/26R. By the symmetry of the charge distribution, the y~components
cancel, and only the x-component of the charge contributes to the electric field.

SKETCH:

segment of the arc is

infinitesimal

RESEARCH: An electric field produced by an

dE=kdq/R* =kAdx/R*=kARd®/R* =kA1d®/R. The total electric field can be calculated by
integrating over the differential elements of the field. Since the y~component of the field is zero,
E=E, jg 72V TAY)
SIMPLIFY:
o0
E= kﬂ“ 0sOdO —ki 0s@dO = kQ I 0s@dO = sz sin® | = sz (sinﬁ—sin(—@))
- R R 26R , 26R
kQ /. . kQsin @
= sin@ +sin(0))=
CALCULATE:
|£]
kQ
'
kQ
b

0° 45 90 1350 180° O
ROUND: Not applicable.
DOUBLE CHECK: As 6 —0 the field is the same as that of a point charge, because
im kQ51n9:k_Qlim sin@ kQ
-0  ER? R? 60 @
ring of charge.

. The field becomes zero as the point is symmetrically enclosed by a

THINK: The washer will create an electric field that should be not to different from the electric field
of the thin ring of charge we encountered in Solved Problem 22.1. The washer has a total charge
Q =7.00 nC, with inner and outer radius of the washer are r, =2.00 cm and r, =5.0 cm. The electric

field at z, =30.0 cm away from the center of the washers is desired.
SKETCH:
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b2, = 30.0em

0=7.00nC

! 10.0 cm
i 4.00 cm
RESEARCH: The surface density is 0 =Q/A where the areais A= 7r(r02 - riz). The field will point in

along the z-axis due to symmetry. The field due to a segment is dE =kdq/R’. The distance from the

segment of charges is R=4/x" +2. and cos@=2z_/X* +2..

SIMPLIFY: E=[ k:f cosd= jzjkadTAZ: I :3(:;]'1“:% - ”2(’: f?zrz ] I’ " ):)Z o Evaluating
the single integral gives:
£ 2kQz, { -1 } _ —2%kQz, 1 _ 2%z, L
(v ()| (eez)” (pez)” | (0-r) [T ez

CALCULATE:

. 2(8.99-10° N m*/C?)(7.00-10” C)(0.300 m) 1 ) 1 1
(0:0500m)" +(0:0200m) J(0:0200)" +(0.300"(0.0500) + (0.300)" |

=682.715N/C

ROUND: The values are given to three significant figures. The electric field is E=6.83-10° N/C
pointing towards the positive z-axis.

DOUBLE-CHECK: In Solved Problem 22.1 we found for the thin ring: E=kQz, /(r* +22)" . Using the

average of our outer and inner radius we then find from this formula:

(8.99-10" N'm*/C?)(7.00-10™ C)(0.300 m)
E= > 5 =6852N/C
((0.0350 m) +(0.300 m)")**
Since this is fairly close to our result for a ring with finite thickness, we have added confidence in
our result.

The force on the particle is F=qE. The charge is q=-2e so the force is
F=QE =-2E =-2(1.60-10" c)(lo.o- 10° N/c) =-320-10"° N.
The torque due to the field is
H = pxE=pEsin@ =qdEsing=(5.00-10" €)(0.400-10° m)(2.00-10° N/C)(sin60.0°)
=3.46-10"" N m.

The maximum torque occurs when the dipole is perpendicular to the field. The electric field is
7| :‘BXE‘ = pEsin 0 =(1.05 D)(3.34-10™ C m/D)(160.0 N/C)(5in90°) =5.61-10>* N-m.

The force acting on the electron is F=ma=0gE. The acceleration is then a=qE/m. Assuming the
electron is moving in the same direction as the electric field, the acceleration will oppose the
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E 2eEx
motion. The velocity is given by v’ =V; +2ax =v; +2[q—jx =V, _ ==X Solving this equation for x:
m m

2eE mv’
[LJX =v; —v’andv =0, therefore X = > é . The distance traveled is
e

m

(9.109-107" kg)(27.5-10° m /)’
X = =0.1885 m.
2(1.602:10™ C)(11,400 N/ C)

To three significant figures, the electron travels 0.189 m before it stops.

The dipole moment is p=qd=ed=(1.602-10""C)(0.680-10°m)=1.089-10>*Cm ~1.09-10* C m.
The torque experienced by the dipole is
|r]= ‘5@‘ = pEsin 6 =edEsin 0 = (1.089-10 Cm )(4.40-10° N/ C)(sin45°) =3.39-10™ N m.

THINK: The net force on falling object in an electric field is the sum of the force due to gravity and
the force due to the electric field. If the falling object carries a positive charge, then the force on the
object due to the electric field acts in the direction opposite to the force of gravity.
SKETCH:

E

+y =

; F
’ MO

+x —

RESEARCH: The net upward force acting on the fobject is F=F —F =QE-Mg=Ma. This
corresponds to'a downward acceleration of a=g —%. Recall thatthe speed of an object in free fall

is given by v} =V, +2aAy =V =+/2ah.
SIMPLIFY:
v’ QE
(@) v=+2ah = a=-=g- - = V= 2h(g-QE/ M)
(b) If the value g—QE/M is less than zero, then the argument of the square root is negative. This

means the value is non-real and the body does not fall.

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE CHECK: Dimensional analysis confirms that the units of the expression reduce to m/s, the
correct units for velocity.

THINK: The force in between the charge and the dipole moment is equal to the force acting on each
pole of the dipole. The dipole moment is p=6.20-10"" Cm and is r=1.00 cm from the charge

Q =1.00 uC.

SKETCH:
+y
+x

+(‘;

0=1.00 uC
RESEARCH: The force due to an electric field is I—::qE(r), where the electric field is
E(r)=(kQ/r*)r.
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SIMPLIFY: The total force is F = qE(r + 5r) - qE(r). From the fundamental theorem of calculus,

F ~qor- £ - p X2~ pk Q( ]f=_2f3pr

—2(8.99-109 Nmz/C)(6.2~10’3° Cm)(l 00-10°° c)

CALCULATE: F= f=1.11476-10" N

(0.0100 m)’
ROUND: The force is reported to 3 significant figures.
(a) The force between the dipole and the charge is 1.11-10"" N.
(b) The molecule is attracted to the charge regardless of the sign of the charge. This occurs because
the charge of opposite sign on the dipole will move closer to the charge creating an attractive force.
DOUBLE-CHECK: The mass of a water molecule is 3.01-107° kg, meaning the force is relatively

large. To view a dipole attracted to a charge, place a charged rod or comb near running water from
a faucet.

THINK: Assuming that the wire is made of a conducting material, the charges will be uniformly
distributed over its length. The wire will produce an electric field. This field in turn produces a
force on a proton, causing the proton to accelerate. The wire has a length of L=1.33 m and a total
charge of Q =-3.05-10°¢. The proton is X =0.401 m away from the center of the wire.

SKETCH:

RESEARCH: The linear density of the wire is A =Q/L. Due to the symmetry around the center of
the wire the field produced is only along the x-axis. The electric field due to a segment of charge is

dEz(kdq/Rz)cosﬁ. The distance from the charge to the segment of the wire is R=4/x>+y>. The

force on the protonis F=ma= qE(r).
SIMPLIFY: The electric field is:

kldg k|aldy ( x y 7
|E| J‘ | | 050 = ILL//ZZ | | ( ) k| | J‘LL//ZZ 3/2:M){—x2 x2+y2}
—L/2
:(MJ L2 L2 | kL K|Q|
X (x2+L2/4)”2 (x2+|_2/4)”2 x(x2+L2/4)”2 x(x2+|_2/4)”2
alEl Kl

The acceleration of the proton is a=

m mx(x2 +12 /4)1/2 .

(8.99-10° N m? /C)‘(—3.05-106)(1.602'10’19 c)‘

CALCULATE: |E|= =0.0141062 N/C

0.401 m| (0401 m)"+(1.33)"/ 4}”

1.602:107" C

=2~ (0.0141062 N/C) =1,351,561 m/s’
1.672-107 kg
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ROUND: The values are reported to 3 significant figures.

(a) The electric field produced by the wire at 0.401 m from its center is 0.0141 N/C.

(b) The acceleration of the proton is 1.35-10° m/s’.

(c) The force is attractive since the wire is negatively charged and the proton is positively charged.
The force points towards the wire.

DOUBLE-CHECK: These are reasonable answers with appropriate units.

The flux through a Gaussian surface is the sum of the total charges within the surface divided by the
permittivity of free space &,. ® =) Q, =(3q)+(-q)+(29)+(-79)/&, =-30/5,.

The sum of the flux through each surface is equal to the charge enclose divided by &,. Zfbi =Q/¢g,.

The charge is then
Q=g Zd)i = (8.85 1072 ¢/ (N m’ ))(—70.0 —300.0—-300.0+300.0—400.0—500.0) N m”

=-1.124-10° C~-1.12-10% C.

THINK: The first Gaussian surface is a sphere with radius r= R + 0.00.0000010 m. This surface
encloses all the charge on the sphere. The second Gaussian surface is a small, right cylinder, whose
axis is perpendicular to the surface of the sphere and penetrates the surface. Taking the cylinder to
be small compared to the sphere, we can consider the surface of the sphere to be locally flat. The
charge density on the surface of the sphere will be the total charge divided by the surface area of the
sphere. For this case, the electric field is constant outside the sphere and zero inside the sphere.
SKETCH: The sketch shows the two Gaussian surfaces.

(a) shows the spherical surface

()

RESEARCH: For the spherical Gaussian surface, the electric field just outside the surface of the
sphere is the same as a point charge, so the electric field is radial and perpendicular to the Gaussian

surface. So we have @ = 4_‘;} E.dA=E (47[!’2) = i We choose a very small right cylinder so that

&)
the surface of the sphere is locally flat as show in the sketch. In this case, the electric field is

perpendicular to surface. The charge density is o = The electric field is parallel to the

5 -

4zR
sides of the cylinder and perpendicular to the ends of the cylinder. So we have
= = oA
o= (ﬁ) E«dA=E,  A+E A= 9. ——. The electric field inside the sphere is zero.
& &
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SIMPLIFY: For the spherical surface, the electric field is E :Lz:k%.
& (47zr ) r
q

o 2

For the cylindrical surface, the electric fieldis E == =—= 4zR = ki.
outside 2

&, &, R

CALCULATE: In this case, is very close to , so the answer for both cases is
6.1-10° C

E= k% =(8.99~109 N m’ /Cz) 2.44373-10° N/C. The charge is positive so

> =

(0. 15 m)
the field points outward from the surface of the sphere.

ROUND: We round the magnitude of the electric field to two significant figures E =2.4-10° N/C.
DOUBLE-CHECK: The units are correct for an electric field. The rather high magnitude results from
the fact that field is calculated very close to the surface of the charged sphere. Our result for the
small right cylindrical Gaussian surface in only correct very close to the surface of the sphere, so
that the surface can considered locally flat.

The cube does not contain any charges, thus the total flux must be zero.
A(E, +E; +E. +E, +E. +E.) =) @, =0, and therefore,

E.=—(E,+E; +E. +E, +E;)
=—(=15.0 N/C+20.0 N/C +10.0 N/C +25.0 N/C +20.0 N/C)

=—60 N/C.
The field on the face Fis 60.0 N/C into the face of the cube.

e

+5e

The charge inside the sphere induces a charge of +3e on the inside surface of the sphere. The +3e
charge must come from somewhere. In this case the +3e charge is removed from the outer surface
charge. The outer surface charge is then +2e. The total charge within the material of the sphere is
+5€.

Gauss’s Law states that gﬁlﬁEdA:h. The integral over the sphere gives
&

qiﬁ E-dA=EA= E[47rR2] :hj E :qe—”g. The electric field outside a uniform distribution of
& 47R’g,

charge is identical to the field created by a point charge of the same magnitude, located at the center

of the distribution. Since the radius of the balloon never reaches R, the charge enclosed is constant

and the electric field does not change.

THINK: The charges on the surface of the shell may be found using Gauss’s Law. The inner and outer
radii of the shell are r, =8.00 cm and r, =10.0 cm respectively. The electric field at the surface of the
outer radius is 80.0 N/C pointing away from the center of the sphere. The electric field at the
surface of the inner radius is 80.0 N/C and points towards the center of the sphere. Since the
spherical shell does not produce any field in its interior, we can infer that there is a negative charge
inside the hollow portion, equivalent to a point charge at the center.
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SKETCH:

RESEARCH: Gauss’s Law states that®, = Gane _ qiﬁ E-dA.
2

SIMPLIFY: For a spherically symmetric electric field, the charge enclosed within a Gaussian sphere

of radius R is given by h:q‘jﬁE-dA:qenc =€0E<47ZR2). This gives the (negative) charge at the
&
center of the sphere. Since the field between the inner and outer surfaces of the shell is zero, this is

also equal to the total (positive) surface charge at the inner radius of the conductor: g, = ¢ E <4m’i2 )

The Gaussian surface around the whole sphere contains the charge at the center and the charge of
the shell. Since the charges at the center and on the inner surface are equal and opposite and
therefore cancel, the field at the outer surface can be calculated as being due solely to the charge on

the outer surface: ¢, = ¢,E, (47rr02 )
CALCULATE: g, =(8.854-10™ C*/N m”)(80.0 N/C)47(0.0800 m)’ =5.6966-10"" C
0, =(8:854-10"% C* /N m?)(80.0 N/C)47(0.100 m)’ =8.9010-10™" C

ROUND: Rounding to three significant figures, the inside and outside total charges over the surface

of the sphere are 5.70-10"" C and 8.90-10™" €, respectively.

DOUBLE-CHECK: These are reasonable answers with appropriate units. As you would expect, given
that the field strength is the same inside and out, the ratio of the charges is the ratio of the square of

the radii: 8 :10° =5.70:8.90.

THINK: The electric field at various points can be found using Gauss’s Law. This law can also be
used to find the charge on the outside surface of the conductor. There is a q=-6.00 nC charge at
the center of the sphere. The shell has inner and outer radii of r=2.00m and r =4.00m
respectively. The shell has a total charge of Q =+7.00 nC.

SKETCH:

‘ g =-6.00 nC ‘

RESEARCH: Gauss’s Law states that Cﬂﬁdz =0,./&-

SIMPLIFY: The electric field of charges with spherical symmetry are given by Gauss’ Law, where we

take spherical Gaussian surfaces: @E-dﬁ =EA= E(4;rr2 ) = Gene or E(r) =%. The electric field
& 7EY
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qcnc

at r,<ris E(r)= . The electric field inside any conductor is always zero: E(r,)=0 where
b YV Aze,r? :
0°1

_ qcnc _ Q+q

drey;  Ane,r;

I, <r, <r,. The electric field outside of the conductoris r, >r,. E(r3) . Because the

field inside the conductor must be zero, Gauss’s Law indicates that the charge at the center of the
O _ 910G

5 > or
4rs v, 4ms,l,

shell is equal and oppposite to the charge on the inside of the shell: E (rz) =0=

q=-0,. The charge on the sphere is equal to the sum of charges on the inner and outer surfaces of
the shell g, +d, =Q. Thus, the outer surface charge is o =q, /421 =(Q—q,)/ 4zt =(Q+q)/ 4xt..

CALCULATE:
— . -2
(a) The electric fieldat r, =1.00 m is E, = 6.00-10 " € —~=-53.951 N/C.
47(885:10" C*/(N m?))(1.00 m)
(b) The electric fieldat r, =3.00 m is E, =0 N/C.

(7.00~10*9 C-6.00-10" c)

(c) The electric fieldat r, =5.00 m is E= >=0.3597 N/C.
47(8:85-10™ C*/(Nm’))(5.00m)

(d) The surface charge on the outside part of the shell is

(7.00-10 C-6.00-10” C)

o= 5 =4.974-10"* C/m>.
47(4.00 m)
ROUND: All the values have an accuracy of three significant figures.
(a) The electric field at'r, =100 m is +54.0 N/C.
(b) The electric field at r, =3.00 m"is 0 N/C.
(c) The electric field at r, =5.00 m is 0.360 N/C.
(d) The surface density on the outside surface is 4.97-10" C/m’.
DOUBLE-CHECK: These are reasonable results.
Inside the sphere of radius a, the charge density is p= Quu =L3 and is zero anywhere else.
V. (4/3)za

Gauss’s Law states #E—dﬂzqei. The area of the Gaussian surface is always taken to be
(90

A=4zr*and by spherical symmetry, the E-field points radially. Thus, ﬁ)ﬁ-dﬂzqe& gives

80
E= [%JF = {(4 q°“°) 5 jf = ( kq;‘” ]F If r<a, the enclosed charge is then
& e )T r
3 k 3 ~
q,,. = pV :L} iﬂr* = Qr3 and E= q;““ = k?rz = kQ}r r. Otherwise, the surface
(4/3)ma’ \ 3 a r ar a

kQ

encloses the whole charge Q. The electric field is then E =(r—2)? if r>a. Note that this behaves

like a point charge, as would be expected once outside the radius. Below is a graph of E(F) .
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Using Gauss’s Law qﬁj‘) E-dA=EA = E(47rr§) = qE‘Lth Solving for the charge gives
£

0
Oears, = &E(47712,,, ) =(8.85-107> C* /N m” )(~150. N/C) 47z (6371-10° m)2 =-6.7711-10° C
~—6.77-10° C.

Let 6 =10.0 cm be the radius of the solid sphere, the distance between the solid sphere and the
inner part of the hollow sphere, and the thickness of the hollow sphere. Let r, =15.0 cm be the

distance from the center to the point # and let r, =35.0 cm be the distance from the center to the

point Q.

(a) The Gaussian surface at r, encloses the charge on the inner sphere. E (47zr; ) = qﬂ The charge
&

on the inner sphere is
q=¢,47Er; =(8.85-10™ C*/Nm’)47(-10000 N/C)(0.150 m)" =-2.50-10" C =-25.0 nC.
(b) For the electric field inside the shell to be zero, the charge on the inner surface of the shell

+0
must be equal to the negative of the charge on the inner sphere. E =qL°2 = w =0o0
dre,”  Ame,r

rg=-q.
The charge on the inner surface of the shell is then g, =—q = —(—25.0 nC) =25.0nC.
(c) The Gaussian surface at r, =35.0 cm from the center encloses the inner charge and the charge
+
on the shell: E, (47er2 ) = Bene _ —(q Qo)
2 )
the charge on the inner and outer surfaces of the shell: q,, =0, +d,. The charge on the outer

or q+0,,, =&47E,1;. The charge on the shell is the sum of

surface of the shell is
0o = Gyt =0 = A — (=) = Qg + 0 = £, 47E, TG
=(8.85-10" C*/N m’)47(1.00-10* N/C)(0.350 m)’ =1.36-10” C=0.136 uC.

¢, =+1.00 pC/m? o =-1.00 uC/m?* o o

E=0 E =0

10.0 cm

954



22.60.

22.61.

Chapter 22: Electric Fields and Gauss’s Law

The field due to either of the two sheets is found by taking a Gaussian cylinder with top-area A
through either plane. Then CJ-:J.)EdA =2-EA :% :ﬁ: E :21. For the positively charged plate
80 ‘90 50

the field points normally away from it. The negatively charged plate has field lines pointing towards
it.  Adding these fields together gives zero on the outside of the two plates, and

E=2E, = 2(%} =2 within the two plates, directed towards the negative plate. The field is
50 50
(1.00-10° C*/m?)
E= =1.13-10° N/C,

8.85-10” C*/(Nm’
(Nm’)

and points from the positive plate to the negative plate. Therefore, the force an electron will
experience between the two plates is given by

(1.00-10*6 C? /mz)
(8.85~10"2 c*/(N mz))

Since the E-field outside the plates is 0, the electron will experience no force outside of the two
plates.

=1.8107-10“* N~1.81-10* N

F=qE=eE=(1.602:10" C)

The magnitude of an electric field is 1.23-10° N/C ata distance 50.0 cm perpendicular to the wire.
The direction of the electric field is pointing toward the wire.

= g > Charge density 4

t \ _J

Gaussian Surface

Applying Gauss’s Law on the surface shown above gives:

Noting that A = % =Q,. =1L, Sfj‘) E-dA=EA=EQzrL)= AL = A=2rErg,. Observing the E-field’s

&y
inward direction as negative, the charge density of the wire is

2 =2715,E=27(0.500 m)(8.85-10™ C* /(N m”))(~1.23-10° N/C)
= -3.4204-10" C/m~-342-10" C/m.

The number of electrons per meter is

(—3.42-10‘8 C/m)
N = =2.135-10" electrons/m
(—1.6O2~10“9 c)

N ~2.14-10" electrons per meter.

THINK: A solid sphere of radius R has a non-uniform charge density p = Ar’. Integrate the sphere.
SKETCH: Not required.
RESEARCH: The total charge is given by Q = J- pdV.

Sphere

SIMPLIFY: Integrating in the spherical polar coordinate yields:
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2z 2T w

Q=T p(r)r*sin 0dodgdr = J-J.Sinﬁdﬁd¢‘|‘0R<Ar2)r2dr:47Z_AJ-0Rr4dr
0 00

5 =R 5
=47rA r :47z'AR—=i7rAR5.
5 5 5

r=0

S N

0

CALCULATE: Not required.
ROUND: Not required.
DOUBLE-CHECK: One can check the result by single-variable integration, using spherical shells:

dV = A, dr = (471" )dr
T t rT* 4

Q= J.,DdV =.[(Ar2 )(47”’2 )dr = 4ﬂAjr4dr = 47ZA{§} = gﬂ'ARS
0 0 0

Which agrees with the previous answer.

THINK: This is a superposition of two electric fields.
SKETCH:

/\
“n
CUGTOA o i
4
el
e
I
ot
—— O_ﬂ'
(7]
2
.
1
1
1
1
1
1

' |
I 3.00 cm I 3.00 ¢cm

RESEARCH: The magnitude of the electric field of a charged wire at a distance r from the wire is, by
simple application of Gauss’ Law, E=A4/27z¢,r, where A is the linear charge density of the wire.

The net electric field at P is given by Ene = 3 4 (sin OX —cos 6’9)

PN ~ A
(sin 6% +cos 09 )+
N g 2me,r

SIMPLIFY: By symmetry, Ene = Ex =( 4 Jsin&f(.
7E ¥

CALCULATE: A=1.00uC/m, r=~/3.00"+40.0> cm=40.11cm, sin6= % =0.07479 and
. cm

(1.00-10° C/m)(0.07479)
27(8.85:10™ C*/(N'm’))(0.4011m)

Enet = % =(6707N/C)X.

ROUND: Keeping three significant figures yields Ene = (6.71 kN/C))?.

DOUBLE-CHECK: Since the vertical components cancel out, it makes sense that the answer is in the
x-direction.

THINK: Since this problem has a spherical symmetry, it is possible to apply Gauss’s Law.
SKETCH:
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I is the radius of a sphere with a charge density p=120nC/cm’. 1, is the inner radius of a
conducting shell. r, is the outer radius of the conducting shell. The shell has a net charge q..

RESEARCH: For this problem, four Gaussian surfaces, G, (within the sphere), G, (between the sphere
and the shell), G, (within the shell), and G, (outside the shell) are used. By applying Gauss’s Law on

each surface, the electric field can be determined.
SIMPLIFY: For the Gaussian surface G,, applying Gauss’s Law gives

@EdKZqﬂ = —E@dA:h:%_

€ ) €

i)
(a) Using V,, :iﬁrj, the electricfield is E, (47rra2) :3—, =
3 & 3&,

(b) For the Gaussian surface G,, applying Gauss’s Law yields:

4 s
p(ﬂ-rl j 3 3
fpEda=toe o 23 T E(4rp) 2T gl PO
& & 3¢&, 3&,1

(c) For the Gaussian surface G,, the electric field is zero since the surface is in a conductor.
(d) For the Gaussian surface G,, applying Gauss’s Law gives

+ 3 3
@EdA:qci = E<4ﬂ_rd2):qsphere Ushelr _ 4pm’1 +qshcu —~E= yun + Ogpen

& & 3¢, & RPN Y N
rie| 3 4z

CALCULATE: Substituting the numerical values, p=120nC/cm’=0.12C/m’, r =0.12m,
r,=0300m, r,=0.500m, r,=0.100m, r,=0.200m and r; =0.800 m yields the electric fields:

0.12 C/m*)(0.100 m
(a) E=Pa_ ( ) ) 4518.10° N/C
3¢, 3(8.85~10’12 Cz/Nmz)

or? (012 ¢/m’)(0.12 m)’

(b) E=

=L = S =1.953-10° N/C
3¢,y 3(8.85-10™ C*/Nm?)(0.200 m)

(c) E=0 since it is in the conducting shell.
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(@

1 |:p_l‘l3+ O }: 1 (0.12C/m*)(0.12 m)’ L Z200-10°C

ke[ 3 47 | (8.85-10™ C*/Nm?)(0.800 m)’ 3 4n
=-1.589-10" N/C

ROUND: Rounding to three significant figures:

(a) E=4.52-10° N/C

(b) E=1.95-10° N/C

(c¢) E=0 since it is in the conducting shell.

(d) E=-1.59-10" N/C

DOUBLE-CHECK: The values of electric fields have the correct units and are of reasonable orders of

magnitude.

THINK: Using the symmetry of a cylinder, Gauss’s Law can be applied.
SKETCH:

+y "___GT___“

= - 3

. cylinder _.-

Note that the Gaussian surfaces G, and G, are cylindrical surfaces with radii r, and r, and a length
L.
RESEARCH: The electric field can be determined by applying Gauss’s Law on the Gaussian surfaces
G, and G,.
SIMPLIFY: For the Gaussian surface G,, applying Gauss’s Law produces

AL — (A72)L, A

‘]gEldK=qﬂ=( = E/(27rL)="—"F = E =——*.
& ) & 4re,l,

Similarly for the Gaussian surface G,, using Gauss’s Law gives
(2/2)L+0o(27RL) (2/2)L+o(27RL) g, _Atd4nRo

= E,(27rL)= f = E

& & 4re,l,

PEAA = o
80
Therefore, the expressions of the electric fields are:

(a) For r <R, the electric field is E = f.

4re, ¥

(b) For r>R, the electric field is E= Mf’.

4re,l,
CALCULATE: Not required.
ROUND: Not required.
DOUBLE-CHECK: Since the metal cylinder is a conductor, all its charge resides on its outer surface.
This means that the field inside the cylinder is not affected by the charge on the cylinder. Therefore,
for r <R, the electric field is only due to the wire. For r >R, the charge on the cylinder produces an
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electric field as if all its charge was concentrated in the center of the cylinder. Therefore, the electric
field can be found by replacing 4/2 with (/1 / 2) +27Ro as the new linear density of a wire.

THINK: Use the values from the question: o, =3.00 uC/m?*, and o, =-5.00 pC/m>.

(a) The total field can be determined by superposition of the fields from both plates. The field
contributions from the two charged sheets are opposing each other at point 2, to the left of the first
sheet.

(b) The situation is similar to a) except that the fields due to both charged sheets point in the same
direction at point P’.

SKETCH:
g, =3.00 pC a,=-5.00 uC
\ B
EpE— E-;
L] ! -
P \ P Q
\ N
\ N
RESEARCH:

(a) At point P, the field due to sheet #1 is given by E, = —(al /2¢, ))A(, and the field due to sheet #2 is

given by E, =—(62/2[;‘0))2. Note that E_, =E +E,.

total

(b) At point P’, the field due to sheet #1 is given by E| = (crl /2¢, )>A<, and the field due to sheet #2 is
given by E) = —(02/280);(. Again, E/  =E +E.

total
SIMPLIFY:

o e-{ A (B e

2¢, 2¢,

0

R B P R )
2¢, 2¢, 2¢,

CALCULATE:
~(3.00-5.00)-10° C/m’

(@ E,, = 2(8.85.10712 G mZ)))A( =(1.130-10° N/C)%
-6
(b) E, = (3'00_(_5_'00))'10 N, = (4.520-10° N/C)%
2(885-10" C*/(Nm’))
ROUND:
(@ E,, =1.13-10° N/C in the positive x-direction
(b) E,, =4.52-10° N/C in the positive x-direction

DOUBLE-CHECK: The results are reasonable because the answer in (b) is four times larger than that
found in (a) since in (a) the fields are opposing each other and in (b) the fields are in same
direction.

THINK:

() The field due to a charged sphere outside the radius of the sphere is equivalent to the field due to
a point charge of equal magnitude at the center of the sphere.

(b) The electric field radiates outward, perpendicular to the surface of the sphere.

(c) The field inside a conductor is zero.

SKETCH:
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@L1LL0) YT (23.0,1.,0)
Y

{4

RESEARCH:
(a)The field is given by: q=0.271nC and r* =(23.1 cm)2 +(1.10 cm)2 +(0 cm)z.
(b)  Theangleis given by tan@=(1.10 cm)/(23.1 cm) or & =tan"' (1.10 cm)/(23.1 cm).

(c) The field is zero inside a conductor.
SIMPLIFY: Notrequired.
CALCULATE:

(0271 nC)(10” C/nC)
47(8.85-10™ C* /N m”)((0.231)" +(0.0110)") N/C

(@) E= =45.56 N/C

1.10 cm

.lcm

(b)) o= tanl[

(o) ON/C

ROUND:

Rounding to three significant figures:
(a) Ex45.6 N/C

(b) 0~2.73°

(o) ON/C

DOUBLE-CHECK:

(a)Not required.

(b) Since the y~component is much less than the x-component I expected the angle to be small,
which it is.

(c)Not required.

j:2.7263°

THINK: The spherical symmetry of the charged object allows the use of Gauss’s Law to calculate the
electric field. To do this, separate Gaussian surfaces must be considered for r <a and r >a.
SKETCH:

€))
Thin
Gold Layer <
Charge -20Q
<— Gaussian Surface
(b)
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Gaussian Surface

-~
~
~

RESEARCH:
(a)The total charge inside the Gaussian surface is given by q = jor p,4zr*dr'. The charge density is

P, =Q/V,,..,and the volumeis V_,  =(4/3)7a’.

(b) The total charge is simply the charge of the non-conducting layer and the gold layer:

g =Total Charge=Q -2Q =-Q.

Gauss’s Law states CJSE dA = 0.../ &- Since the Gaussian surface in this case is a sphere, Gauss’s Law
simplifies to E(47rr2) =q/¢,.

SIMPLIFY:

(@ q= I;po 4zridr' = pojor47zr2dr] = p,(4/3) 71’ :(ﬁj(éﬁﬁj. Substituting
Qr

3 3
X :(L}, q:Q_Z_ E(4”r2):qﬂ:Q_r = E(r):[ 5 Jr, r<a. The direction is radially

4/3)ra a g as, 4rd’e,
outward.
(b) E(47zr2)=qﬂ:ﬂ=£ M iINA - |forr>a = E==- Q ~|r. The direction is
& & £, dreyr ey
towards the center of the sphere.
©
|E|
0 1
4re o '
{.J' r
-Q | /
4ne @

The discontinuity at r =a is due to the surface charge density of the gold. The charge on the gold
layer causes a sudden spike in the total charge resulting in a discontinuity in the electric fields.
CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE-CHECK:
(a) The electric field increases r gets larger since the charge inside the Gaussian surface increases

as a function of r* while the area increases as a function of r®. Since the increase of the area
decreases the field by a function of r* and the charge increases the field by r’ it is reasonable that
the field increases, as a function of r.

(b) The sphere acts like a point source is as expected.
(c) There is a discontinuity in the E v.r graph due to the presence of a surface charge density on

the gold layer, which is expected.
THINK: By constructing Gaussian surfaces in both regions r <R and r >R, the electric field can be

calculated using Gauss’s Law.
SKETCH:
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G'1: Gaussian Surface
forr<R

G2: Gaussian Surface
forr>R

RESEARCH: The total charge inside the Gaussian surface is given by ¢ :J‘(:po47rr2dr'. The charge
density is given by p(r):(ﬂ/ r)sin(ﬁr/ZR). For the Gaussian surface outside the sphere

(r > R), the total charge is given by q= jorpo47rr2dr’. The electric field can be calculate using Gauss'’s

Law: <j>E dA = q , which for a spherical Gaussian surface is E= (47rr2) =0/ ¢g,.

enc

SIMPLIFY: For the case r <R, q= j( Jsm(ZR j(47zr Jdr' =4[’ rs1n( jdr
=4rpB —2Rr cos| 2L + 2R jrcos T gy
P R), Lz )l 2R
—2Rr r 2RY ar’ r
Integration by parts: q =4 e 22 sin] 2o
ntegration by parts: q 7Z'ﬂ|:( _ )cos[sz (”j s1n[2R ﬂo
=_8’B 7r - cos(” j 2Rs n(mj
V4 2R 2R

For the case r >R, q is given by

e S REIENE)
i el 2

The electric field is given by E(47rr ) a 2 q
& 7r? &

For the case r <R,

( ) R{m‘ cos[ﬂrj—2Rsin(ﬂ—rﬂ= —Sﬁi?k {mﬂcos[”—rj—ZRsin(ﬂ—rﬂ (1)
47r? & Vs 2R 2R r 2R 2R

For r>R,

16,3p 4,6’R2 @
4nr’e, 7'r’s,
Forr=R
8’8Rk{ —2Rsin [ERH =_8’Bk{mcos(zj—%in(zj}:—_gﬂk[0—2(1)J:%
2R Vi3 2 2 T T
4R? 4 16 5k
(2)2(72'ZRJ:[7[2§ ]: f

~(1)=(2)

The expressions are equal when r=R.
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CALCULATE: Not applicable.
ROUND: Not applicable.
DOUBLE-CHECK: The two expressions are equal at r =R, which should be the case since there are

no surface charge densities present cause discontinuities for r >R, the objects act like a point
source, which is expected from a charged sphere.

THINK: The principle of superposition can be used to find the electric field at the specified point.
The electric field at the point (2.00,1.00) is modeled as the sum of a positively charged cylindrical

rod with no hole and a negatively charged cylindrical rod whose size and location are identical to
those of the cavity. Let’s first think about the case of the positively charged cylindrical rod without a
hole. Since the point of interest is inside the rod, the entire charge distribution of the rod cannot
contribute. Instead we draw our Gaussian surface as a cylinder with our point of interest on its rim
(see sketch below, where the dashed circle in the cross-sectional view represents the Gaussian
cylinder).

SKETCH:

RESEARCH: In section 22.9 of the textbook it was shown that for cylindrical symmetry of the charge
distribution the electric field outside the charge distribution can be written-as-E =2kA/r, where ris
the distance to the central axis.of the charge distribution and A4 is the charge per unit length.

In the problem here the charge was initially uniformly distributed over the entire cross-sectional
area, which means that the value of 1 for the Gaussian surface and for the hole are proportional to
= doa (F/RY*,and Ay = 2,4 (N / R)*.

Now we have the tools to calculate the magnitudes of the individual electric fields of the rod and of
the hole. What is left is to add the two, which is a vector addition. So we have to determine the x-
and y-components of the fields individually and the combine them.

If E, is the field from the dashed cylinder and E, is that of the cavity then from considering the

their cross-sectional area: A

‘Gauss

1/2

i ; . _ 2, 12\2 _ 2 2 B , a2
geometry the relation are given by: E, —E12/(2 +1 ) , By —E22/(2 +1 ) , By —El/(2 +1 )

and E,, =0.5E,/(2* +0.5°) "
The net electric field is given by the following relations E, =E,, +E,, and E =E +E, .
SIMPLIFY:

E, =2k Ag,. /T =2KA,,(r/RY’ /T =2k, I/ R’

B, =2KAy /1 = —2K A4 (ot / R)z as

where 1, is the distance between our point of interest and the center of the hole.
E,=E 2 + 2 and E, =E, ! + 05

X 1 (22 N 12 )1/2 EZ (22 +0.52 )1/2 >

CALCULATE: r=((0.01m)’ +(0.0200 m)’ )“2 =0.02236 m

(2+7) (2+0s5)"

r, = ((0.00500 m)’ +(0.0200m)’ )m =0.02062m
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2(8.99-10°Nm*/C?)(6.00-107C/m)(0.02236 m) X
E = =2.680-10° N/C

: (0.0300 m)’
9 2 /2 -7 :
£, = 2899-10Nm /C*)(6.00-107C/m)( 0.0100 mj —_0581.10° N/C
(0.02062 m) 10.0300 m

E =1833-10° N/C, E, =1339-10° N/C
ROUND: E, =183 kN/C, E, =134 kN/C
DOUBLE-CHECK: We can calculate the magnitude and direction of the combined electric field and
find: E=/E; +E, =227kN/C, and #=tan"'(E,/E,)=36.1°. If the hole would not have been drilled,
the magnitude would have been the magnitude we calculated above for E,, E, =268 kN/C, and it

would have pointed along the r vector with an angle of 26.6°. This means that our result states that
the magnitude of the electric field is weakened due to the presence of the hole, and that it does not
point radial outward any more, but further away from the xaxis. Both of these results are in
accordance with expectations and add confidence to our result: the hole modifies the electric field
somewhat, but does not do so radically.

THINK: Use the principle of superposition and model the problem as a positive infinite plane and a

negative circular disc.
SKETCH:

View from above

dA

RESEARCH: The electric field contributed by the plane is given by: E , . =o/2¢,. One can find the

electric field of a disc by adding up the contributions from each small area. From the symmetry one
many conclude that the field points vertically. The contribution of each small area to the field in the
J-direction is given by:
dE =(—JdA/4m90)(cos€/ rz), cosd=h/r, r’=p>+h* E,_ :jdE. Evot = Eptane + Esie-

h=0.200 m,R=0.050 m, ¢ =1.3 C/m’.

SIMPLIFY: dE = - 294 (Cosej _ole dgde)(%
4rs,\ 12 4re, k( P +h2)
_[_oh e P [ oh -2 _oh 1 1
Edisc —[ 4;2-‘90 jJ.O dg.l.o dp( pZ +h2 )3/2 _[ 4”50 ](277)[( p2 _h2) :|0 = 2‘90 (h2 N R2 )1/2 h

+E, =— T

E S S U < I L
plane 260 260 h (h2+R2)1/2 - 26‘0 (h2+R2)1/2

total = Edisc
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130C/m’ 0.200m ,
CALCULATE: E, = e — : — =7.12510° N/C
2(8.85-107% C*/ N m®) ((o.zoom) +(0.0500m) )
ROUND: E_, ~7.13-10" N/C
E
a
e |

. —
kR kM
2 2

DOUBLE-CHECK: The plot shows that for large h the result is the same as that of an infinite plane
without a hole as one would expect.

22.71. Regardless of what orientation the cube is in, we can always enclose it in a Gaussian surface that just
covers the cube. Gauss’s Law states that g;f) EdA = q

L

X

enc

)

+y

Now consider the flux through one particular face given by EK] There exists a flux through the
opposite face given by EA—Z with the relation EK; = —EAﬁ2 since KI and A—2 point the opposite way.
The sum of the flux contributed between the two opposite sides is EKI +EA—2 =0. If this calculation
is done for each side then the total flux is 0 and hence the total charge must be 0 by Gauss’s Law.

22.72. The dipole moment is given by p=qd where d is the distance between the charges. The maximum

torque is when the field is perpendicular to the dipole moment.
+q

_w.—nv
—_—

-q

—_— ) —

The torque is then 7 =QEd = pE=(8.0-10™ Cm)(500.0 N/C)=4.0-10" Nm.

22.73.
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22.76.

Consider a cylindrical Gaussian surface with a radius of 4.00 cm. By Gauss’s Law, qt_vf)EdK =0,/ &-

(6.40-10 C/m*)(0.0400 m)

=145-10° N/C
& 26, 2(8854:10 m” kg st A?)

The charge inside the cylinder is q= pzr’l, so the field is given by
2
E(2arl) =270 g2

away from the y-axis. The information concerning the radius of the cylinder is irrelevant.

The electric force and the gravitational force must balance.

{ F,
F',__ o qf
q

+tx F =mg

+y

gE-mg=0 = E=mg/q, g=9.81m/s’
(9.109-10™" kg)(9.81 m/s’ )

6107 C =-5.58-10" N/C

(@ m,.. =9.109-10"" kg, q=-1.602:10" C, E=

electron

with the field directed down.
(1.672:107" kg)(9.81 m/s’ )

ot C =1.02-107 N/C with

(b) m_=1.672-10" kg, q=1.602-10" C, E=

proton

the field directed up.

24.0 cm

20.0 cm

(a) Construct a Gaussian surface (spherical) with radius between 20.0 cm and 24.0 cm. Gauss’s
Law states that the total flux is equal to g/ &,, since the electric field inside the last metallic shell is
zero, the flux must be zero and hence the total charge must be zero. Since the total charge to be
Zero:

Qingide war +10.00 pC=5.00 uC =0 = G g4y = —3-00 pC.
(b) Constructing a Gaussian sphere that contains all the shells, it can be determined that since the
electric field is zero, outside the largest shell the flux is also zero and hence the total charge must be
Z€r0. 0, iewan T Jinigenan +10-00 pC=5.00 pC =0 = 0 e war —2-00 pC —5.00 uC +10.00 uC =0, which

then implies q 0.

outside wall =
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6, =+30.0 pC/m*
E E

1 1

try
r«lt‘!.1
%>
25}

Plane 2 6, =-40.0 pC/m*

o]
oy
o

Plane 1

The fields from both plates are always perpendicular to each other. The field E, from plane 1
always points away from plane 1. The field E, from plane 2 always points toward plane 2. The

combined field E points in different directions depending on where you measure it, but the
magnitude of the field is the same everywhere.

2 2
E=E +E = {ﬂj J{&J

2¢, 2¢,
- o7 07 _ \/(30.0 pC/m?) +(~40.0 pC/m?*)’ o
2¢, 2(8.85-10".m > kg s A7) '

The sum of the forces on the electron is given by F =-mg+0E. E=-150.N/C,

otal g,ravity+Fc0ulomb -

q=-1.602-10" C,

m=9.11-10"" kg. Thus,F,, =qE-mg=ma=a, _E_ 9.
m

e

(1.602-10"9 c)(lso. N/C)
a, = a0 1) ~(9.81m/s’)=2.64-10" m/s”.
A1 g

This problem can be solved using Gauss’s Law. Flux = Showa _ CJ;B E.da= CJ.JS En -d@=10Nm?*/C. Since
&

0

Eda=E,da, g, =& (100 Nm?/C)=(8.85:10™" C*/(N m’)}(10.0N m*/C) =8.85-10"" C.

This problem can be solved using Gauss’s Law. Flux=gq,,/¢,. The approximation can be made that
the flux leaving the ends of the rod are negligible, so Flux=q,,, /&, =Al/ &, where | is the length of
the rod.
-12 6 2
LD (8.85-107)(1.46-10° N m*/C)
I 0.300 m

=4.31-10" C/m

THINK: I first need to find the relationship between the first wire and the second wire.
SKETCH: Not required.
2kA

RESEARCH: The field due to the first wire is given by: E, =——=2.73 N/C. The field due to the
r

second wire is given by E, =2k(0.811)/(6.5r).
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2k (0.812) (0.81)2kA (081
SIMPLIFY: E, = (65r )=(65} , =(65jEl

CALCULATE: E, = (%) E, = (%j(z.n N/C)=0.3402 N/C
ROUND: 0.340 N/C
DOUBLE-CHECK: The answer is comparable to the electric field of the original wire which makes it
reasonable.

22.81. THINK: I want to find the charge, g, needed to balance out the force of gravity. After finding q, I
can determine the number of electrons based on the charge of a single electron.

SKETCH:
E
A l
mg g

i

RESEARCH: The net force on the object must equal zero in order for the object to remain

motionless. F_, = Foavity TReoutomb = 05 Fanity =M, F..om = EQ0, E=0/2¢, for an infinite plane. The
number of electrons is 4/q,,,,, -
2m
SIMPLIFY: thal r Fg:ravity+|:coulomb — 0 1 Ftotal 3 _mg + Eq = 05 Eq = mg = | Ziq = mg = q = ﬁ
&y

2m
Number of electrons = —13%_ 0=9.81m/s’, 6=-3.50-10" C/m’, m=1.00 g.

qulectron

CALCULATE:
2(1.00-107 kg)(9.81 m/s” )(8.85-10” m~* kg ' s* A?)

=3.097-10" electrons
(—3.50.10-5 C/mz)(—1.602-10“° c)

Number of electrons =

ROUND: 3.10-10" electrons
DOUBLE-CHECK: This number, though large, is reasonable since the amount of charge on each
electron is tiny.

22.82. THINK:
(a) The necessary electric field strength can be determined by finding the acceleration required to
achieve the desired deflection. The final speed of the proton can be found through the relation
between the proton’s initial velocity and its angle of deflection.
(b) The electric field strength required to give the protons a specific acceleration will impart a
different acceleration to the kaons due to difference in mass.

SKETCH:
7 : ]
15.0 km/s E v ‘
. B AL P C s
+q % b
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RESEARCH:
(a,b) Initially the velocity in the y~direction, v, is zero. The only part of the velocity affected by the

electric field is v, v, is the same before and after the deflection. v =at, t is the time the proton

X

spends in between the plates. F=ma=Eq, tand=v,/v,, v’ =V; +Vv,, where v is the new speed.

t=1/v,, | is the distance the proton has to traverse between the plates. 6=1.50-10" rad,
[=15.0 cm, v, =15.0 km/s.

(c) The mass of a proton =1.67-10" kg. The mass of a kaon is =8.81-10" kg. The speed of the kaon

is given by setting the momentum of a kaon equal to the momentum of a proton:
m. v, =m

kaon * kaon proton Vproton °

SIMPLIFY:
(@ab) v =v, tanf=at = v /t=a
mv, mv, tan@d my, tand mv; tan &

2
Eq=ma= _ N E:mvxtanﬁ
t t /v, | Iq

V=2 v =2+ (v, tan @) =2 (1+tan’9)

(c) Take the result from part (a) to find 6.

2 ( el
=M fano tan = tanf= qEIz = O=tan”' qEIz
Iq mv, Lmva
CALCULATE:
1.67-107 kg 15.0-10° m/s) tan(1.50-107 rad
(a) E= ( ) ) tan( ):0.023455 N/C

(0.150 m )(1.602-10"°-C)

®)v=(150-10"m/s) 1+ tan’ (1.50-10" rad )| ~=15.000017 km/s

1.67-107 kg
881-10> ke
With the results from part (a), the electric field is E=mv; tan/(Iq).

(©) Vi, = (15.0-10" m/s )=28434 m/s

(1.67-107 kg)(15.0-10° m/s)2 tan(1.50-10” rad)
(0.150 m)(1.602:10™ C)

0=1.50-10"rad, E= =0.02345507 N/C

=7.91295-10*rad

—-19
e _]( qEl ]:t | (1:602:107°C)(0.02345507 N/C)(0.150 m)
mv, (8.81:10"kg)(28434 m/s)’
ROUND:
(@) E~0.0235 N/C
(b) v ~1.50-10* km/s
(c) 8~7.91-10"* rad
DOUBLE-CHECK:
The change in speed is small compared to the magnitude of the speed, which is expected since the

deflection was also small. The deflection of the kaon is less that the deflection of a proton with the
same momentum because the kaon has a higher speed.

THINK: Using the charge density, Gauss’s Law can be used to find the electric field as a function of
the radius.
SKETCH: Not required.
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RESEARCH: The charge inside a spherical Gaussian surface is given by q = pV = (4/3)7rr3,

sphere * Vsphere

p=3.57-10° C/m® and r =0.530 m. Gauss’s Law gives the field #Edﬂ = E(47rr2): q/ &,

3
SIMPLIFY: E(4;zr2)=i:E ! (EJ— ! (ﬂ} 1 (p(‘m)’” ]:P_r

£ 4 kso 4ar? k g, | 4nr’ £ 3¢,
(3.57-10°)(0.530)

N/C =7.127-10* N/C
3(8.85-10’12)

CALCULATE: E=

ROUND: E=7.13-10* N/C
DOUBLE-CHECK: The result was independent of the actual radius of the sphere as it should be.

22.84. THINK: Gauss’s Law can be used to determine the electric field as a function of radius for the three
cases r<R, R<r<2R and r>2R.

SKETCH:

RESEARCH: The electric field through the surface of a sphere of radius ris given by Gauss’s Law:
fpE-dA=E(47r’)=q/%,
For r <R, the enclosed charge is given by:
q, =JO 2, <4zrr’2)dr’,

where

__Q
2 43) R

For R <r <2R, the enclosed charge is given by:
A, =Q+|_p, (4mr?)dr,
where
—Q
(4/3)7((2R) -R)

For r >2R, the enclosed chargeis 4, =Q-Q=0.

SIMPLIFY:
For r<R:
_ r 3Q 12 !_3Q r72 r_3Q r3 _ Q 3
ql_..-o AR (47Z'r )dr —?J-Or dr —? ? = ? r
Er<R(47fr2)=i: &3 I’3 = E'_<R=L3
& &R 4meg R
For R<r<2R,
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Q+I p2(47zr’2)dr —Q+I (2 R3](4ﬂr'2)dr’: —Q— (r —R3)

e S A
4re, ¥ 7R 4re, ¥ TR 7 287, \r* R

=0.

For r >2R: Since the total charge is zero, by Gauss’s Law E

CALCULATE: Not applicable.

ROUND: Not applicable.

DOUBLE-CHECK: It is expected that the expression for r <R and R<r<2R are equal at r=R and
the expressions for r >2R and R<r<2R, are equal at r=2R. For r=R:

Qr __Q

R 4zg R 4ze,R?

Q 8 r Q 8 R Q
ER<r<2R = - T3 T3 |7 5= Er<R
287, \ r R 287, \ R R 4ze,R
For r=2R:

e Q8 )| Q [ _2R)\_[Q 2 21 ¢
Rl 287g, \r* RY) | 287¢, \4R* R*) (287¢, \R® R? R

The expressions are equal, so the solution is reasonable.

r>2R

THINK: The electric field due to the charge induces a charge distribution on the floor below it. Asa
result, the charge experiences a force directed toward the floor. Since the charge and its ‘mirror
image” describe a dipole, the electric field lines are perpendicular to the floor. I want to determine
the force acting on the charge, the electric field just above the floor, the surface charge density and
the total surface charge induced on the floor.

SKETCH:

+0

50.0 em

50.0 em

-0

A Gaussian pill box may be drawn along an infinitesimally small area as follows:

RESEARCH: The electric field due to the charge is given by E=kq/r*, where gis the magnitude of
the charge and ris the distance from the charge to the floor. The force experienced by the charge is
given by Coulomb’s law; F = (1/ 4re, )(q]q2 /r? ) Since the electric field points in the negative y~

direction, only the y~contribution from each charge need be found. The y-contribution is given by
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E= ! % cosé, cosH:E,and r:(a2+p2)1/2.
dme, \ ¥ r

Since the y-component from both charges is the same (i.e. since the charges are equal in magnitude),

the total electric field is then: E_, =%(%)cos€. Using Gauss’s Law on the pillbox,
7, \ I

EdA =dq/¢, = dg=odA. The total charge is given by q= ji“ﬁnitcadA.

plane

SIMPLIFY:
() F=| —%
47z,(2a)

© Emlzi(gjcosgz 2 [%j: 1 { Qa

drme, \ r? 4re,\ 1

_d_q_ odA _o _ :L Qa
(d) EdA = PR E_g0 and o =Ez, =—— —(a2+p2)3/2
[ L Qa = p Qa aQ 2
(e) q=fadAf0 (%j W dpzZ;rjO (%j —(a2+p2)3/2 dp:?(_z)[(az-‘rpz) 1/2}O 9
CALCULATE:
(1.00-10°.C)(~1.00-10-* C) ;
(b) F= =-8.9918-10~ N

47(885'10°°C* /N'm?)(1.00 m)’

(c) Not applicable.

(d) Not applicable.

(e) Not applicable.

ROUND:

To three significant figures:

(b) F=8.99-10" N downward

DOUBLE-CHECK:

(a) The sketch is symmetric as it should be.

(b) The force is downward as it should be since the positive charge is attracted to the negative
charge.

(¢) The field gets weaker as p gets larger as expected since the source is farther away with
increasing p.

(d) The surface charge density gets smaller as p gets larger since the source is farther away with
increasing p.

(e) Since all the field lines coming from the charge go onto the top of the slab it is not unreasonable
that the total charge induced is equal to the charge in magnitude.

Multi-Version Exercises
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Exercises 22.86-22.88 The electric field a distance dfrom the wire is E = 2|(T/1 The force is

thenF=qE = %. From Newton’s Second Law we have F=ma = %. So the acceleration is
e2k4
a=——.
md

LKA _ 2(1.602:10™ €)(8.99-10° N m*/C?})(2.849-10™ C/m)

=7.198-10° m/s’

md (1.673-10 kg)(0.6815 m)
e2kA

a=——
md

_amd _ (1.111:107 m/s*)(1.673-10™" kg)(0.6897 m) 45110 o

2ek 2(1.602:10™" C)(8.99-10° N m*/C’)
e2kA

a=——
md

§_20KA 2(1.602:10™° C)(8.99-10° N'm*/C*)(6.055-10™"* C/m) 0678 m.
ma (1.673-1077 kg)(1.494-10" m/s’)

Exercises 22.89-22.91 The magnitude of the electric field at the center due to a differential element

d¢ is dE= k/RHZM . The x-components add to zero, leaving only a field in the y~direction. The y-

component is dE, :%Sin 0.-Taking d/=Rd& we have dE, =kF/:—2Rsin Hdﬁz%sin gdo. We

integrate from 0 to 7 to get the magnitude of the electric field:
”k—ﬂsin 0do = —ki[cos H]” = 2k_ﬂ' = w
° R R ° R L

So E:m.
L

2k _ 27(8.99-10° N m’/C*)(5.635-10™ C/m)

=1.438-10* N/C

L (0.2213 m)
E_ 27k A
L
3.117-10*N/C)(0.1055 m
4=-E- :( )( ):5.822-10’8 C/m
277k 2ﬂ(8.99~109 N mz/Cz)
E_ 27kA
L
27(8.99-10° N m?/C?)(6.005-10° C/m
L=27KA ( 4)( )20.1399m:13.99 cm
E 2.425-10* N/C
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