CHAPTER 23: Electric Potential

Responses to Questions

Not necessarily. If two points are at the same potential, then no net work is done in moving a charge
from one point to the other, but work (both positive and negative) could be done at different parts of
the path. No. It is possible that positive work was done over one part of the path, and negative work
done over another part of the path, so that these two contributions to the net work sum to zero. In this
case, a non-zero force would have to be exerted over both parts of the path.

The negative charge will move toward a region of higher potential and the positive charge will move
toward a region of lower potential. In both cases, the potential energy of the charge will decrease.

(a) The electric potential is the electric potential energy per unit charge. The electric potential is a
scalar. The electric field is the electric force per unit charge, and is a vector.
(b) Electric potential is the electric potential energy per unit charge.

Assuming the electron starts from rest in both cases, the final speed will be twice as great. If the
electron is accelerated through a potential difference that is four times as great, then its increase in
kinetic energy will also be greater by a factor of four. Kinetic energy is proportional to the square of
the speed, so the final speed will be greater by a factor of two.

Yes. If the charge on the particle is negative and it moves from a region of low electric potential to a
region of high electric potential, its electric potential energy will decrease.

No. Electric potential is the potential energy per unit charge at a point in space and electric field is
the electric force per unit charge at a point in space. If one of these quantities is zero, the other is not
necessarily zero. For example, the point exactly between two charges with equal magnitudes and
opposite signs will have a zero electric potential because the contributions from the two charges will
be equal in magnitude and opposite in sign. (Net electric potential is a scalar sum.) This point will
not have a zero electric field, however, because the electric field contributions will be in the same
direction (towards the negative and away from the positive) and so will add. (Net electric field is a
vector sum.) As another example, consider the point exactly between two equal positive point
charges. The electric potential will be positive since it is the sum of two positive numbers, but the
electric field will be zero since the field contributions from the two charges will be equal in
magnitude but opposite in direction.

(a) V at other points would be lower by 10 V. E would be unaffected, since £ is the negative
gradient of V, and a change in V' by a constant value will not change the value of the gradient.

(b) If Vrepresents an absolute potential, then yes, the fact that the Earth carries a net charge would
affect the value of V at the surface. If V' represents a potential difference, then no, the net charge
on the Earth would not affect the choice of V.

No. An equipotential line is a line connecting points of equal electric potential. If two equipotential
lines crossed, it would indicate that their intersection point has two different values of electric
potential simultaneously, which is impossible. As an analogy, imagine contour lines on a
topographic map. They also never cross because one point on the surface of the Earth cannot have
two different values for elevation above sea level.
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0.

10.

11.

12.

14.

15.

The equipotential lines (in black) are perpendicular to the electric field lines (in red).

The electric field is zero in a region of space where the electric potential is constant. The electric
field is the gradient of the potential; if the potential is constant, the gradient is zero.

The Earth’s gravitational equipotential lines are roughly circular, so the orbit of the satellite would
have to be roughly circular.

The potential at point P would be unchanged. Each bit of positive charge will contribute an amount
to the potential based on its charge and its distance from point P. Moving charges to different
locations on the ring does not change their distance from P, and hence does not change their
contributions to the potential at P.

The value of the electric field will change. The electric field is the vector sum of all the contributions
to the field from the individual charges. When the charge Q is distributed uniformly about the ring,
the y-components of the field contributions cancel, leaving a net field in the x-direction. When the
charge is not distributed uniformly, the y-components will not cancel, and the net field will have
both x- and y-components, and will be larger than for the case of the uniform charge distribution.
There is no discrepancy here, because electric potential is a scalar and electric field is a vector.

The charge density and the electric field strength will be greatest at the pointed ends of the football
because the surface there has a smaller radius of curvature than the middle.

No. You cannot calculate electric potential knowing only electric field at a point and you cannot
calculate electric field knowing only electric potential at a point. As an example, consider the
uniform field between two charged, conducting plates. If the potential difference between the plates
is known, then the distance between the plates must also be known in order to calculate the field. If
the field between the plates is known, then the distance to a point of interest between the plates must
also be known in order to calculate the potential there. In general, to find V, you must know E and be
able to integrate it. To find E, you must know } and be able to take its derivative. Thus you need E
or V in the region around the point, not just at the point, in order to be able to find the other variable.

(a) Once the two spheres are placed in contact with each other, they effectively become one larger
conductor. They will have the same potential because the potential everywhere on a conducting
surface is constant.

(b) Because the spheres are identical in size, an amount of charge O/2 will flow from the initially
charged sphere to the initially neutral sphere so that they will have equal charges.

(¢) Even if the spheres do not have the same radius, they will still be at the same potential once they
are brought into contact because they still create one larger conductor. However, the amount of
charge that flows will not be exactly equal to half the total charge. The larger sphere will end up
with the larger charge.
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16.

17.

18.

If the electric field points due north, the change in the potential will be (a) greatest in the direction
opposite the field, south; (b) least in the direction of the field, north; and (c) zero in a direction
perpendicular to the field, east and west.

Yes. In regions of space where the equipotential lines are closely spaced, the electric field is stronger
than in regions of space where the equipotential lines are farther apart.

If the electric field in a region of space is uniform, then you can infer that the electric potential is
increasing or decreasing uniformly in that region. For example, if the electric field is 10 V/m in a
region of space then you can infer that the potential difference between two points 1 meter apart
(measured parallel to the direction of the field) is 10 V. If the electric potential in a region of space is
uniform, then you can infer that the electric field there is zero.

The electric potential energy of two unlike charges is negative. The electric potential energy of two
like charges is positive. In the case of unlike charges, work must be done to separate the charges. In
the case of like charges, work must be done to move the charges together.

Solutions to Problems

Energy is conserved, so the change in potential energy is the opposite of the change in kinetic
energy. The change in potential energy is related to the change in potential.
AU =gAV =-AK —

= —AK — Kinitia] _Kﬁna] — my’ — (9'11X10731kg)(5'0><105 m/s)2 =[-0.71V
q q 2q 2(-1.60x107°C)

The final potential should be lower than the initial potential in order to stop the electron.

AV

The work done by the electric field can be found from Eq. 23-2b.

V. _ W, =-qV, =—(1.60x10""C)[-55V -185V] —[3.84x107]]

q

The kinetic energy gained by the electron is the work done by the electric force. Use Eq. 23-2b to
calculate the potential difference.
W, 5.25x107°J

[ e e b S Y PV
" g (-1.60x10"°C)

The electron moves from low potential to high potential, so is at the higher potential.

By the work energy theorem, the total work done, by the external force and the electric field
together, is the change in kinetic energy. The work done by the electric field is given by Eq. 23-2b.

I/Vextemal + I/I/::lectric = KEfmal - KEinitial - I/Vextemal - q(VL - Va) = KEﬁnal -
W.w—KEg, 7.00x107J-2.10x10"J
(I/b _ V;) _ __ external final __ X - X =[-53.8V
q —9.10x10°°C

Since the potential difference is negative, we see that V. >V .
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S.

10.

11.

As an estimate, the length of the bolt would be the voltage difference of the bolt divided by the
breakdown electric field of air.

1x10°V
—  —33m=~[30m
3x10°V/m

The distance between the plates is found from Eq. 23-4b, using the magnitude of the electric field.

=t o gt B _[3507)

d [E[  1300V/m

The maximum charge will produce an electric field that causes breakdown in the air. We use the
same approach as in Examples 23-4 and 23-5.

surface ,?)Ebrcakdown and V;urfa . Lg N
7, 1y
0= 47[50732Eb,eakdown = 91 — (0.065 m)z (3 %10° V/m) _
8.99x10° Nem?/C

We assume that the electric field is uniform, and so use Eq. 23-4b, using the magnitude of the
electric field.

V, 1oV

d 40x10°m

2.8x10* V/m

To find the limiting value, we assume that the E-field at the radius of the sphere is the minimum
value that will produce breakdown in air. We use the same approach as in Examples 23-4 and 23-5.

V. 35,000V
V . =rkE — p=—uhe 2 —(.0117m~|0.012m
surface 0" breakdown 0 E 3 » 1 06 V /m

breakdown

1O L otmy r—( : j(35,000V)(0.0117m)

4re, 1, et ] 8.99%10° Nem?/C?

~[asx10°d]

If we assume the electric field is uniform, then we can use Eq. 23-4b to estimate the magnitude of the
electric field. From Problem 22-24 we have an expression for the electric field due to a pair of
oppositely charged planes. We approximate the area of a shoe as 30 cm x 8 cm.

surface

Ezzzfzg —>
d g ¢A
o- gojy _ (8.85x10C? /I\in(l)z)gg._i)24m2)(5.0x103v) _[1ix10°C]
U X m

Since the field is uniform, we may apply Eq. 23-4b. Note that the electric field always points from
high potential to low potential.

(a) |V, =0| The distance between the two points is exactly perpendicular to the field lines.

(b) Ve =V, —V, =(-420N/C)(7.00m) =[-29.4 V|
(©) Ver=Ve=Vy =V Vo4 Vy =V, =V +Vy, ==294V +0=[-29.4V]
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12. From Example 22-7, the electric field produced by a large plate is uniform with magnitude F = 2.

2¢,
The field points away from the plate, assuming that the charge is positive. Apply Eq. 23-41.
[ il o : ox ox
V(x)-V(0)=V(x)-V,=—|Eeldl)=—|| —1i ppldxi)=—— — |[V(x)=V,——
(-1 (0) = 0) 1 =) ][ T )2 > -
(a) The electric field at the surface of the Earth is the same as that of a point charge, £ = FPL
TE I,

The electric potential at the surface, relative to V' (o0) =0 is given by Eq. 23-5. Writing this in
terms of the electric field and radius of the earth gives the electric potential.

yo— = (~150V/m)(6.38x10°m) =[-0.96 GV]
75,

(b) Part (a) demonstrated that the potential at the surface of the earth is 0.96 GV lower than the
potential at infinity. Therefore if the potential at the surface of the Earth is taken to be zero, the

potential at infinity must be V() =|0.96 GV|. If the charge of the ionosphere is included in

the calculation, the electric field outside the ionosphere is basically zero. The electric field
between the earth and the ionosphere would remain the same. The electric potential, which
would be the integral of the electric field from infinity to the surface of the earth, would reduce
to the integral of the electric field from the ionosphere to the earth. This would result in a
negative potential, but of a smaller magnitude.

V =

14. (a) The potential at the surface of a charged sphere is derived in Example 23-4.

r=—2— 5 0=4my, -
dre,r,
-12 2 2
_0 0 :47,80%:1/0802(680\/)(8.85x10 C/Nm):3.761><10_8C/m2
Area 4zrl  4xr r (0.16m)

~(3.8x10° C/m2

(b) The potential away from the surface of a charged sphere is also derived in Example 23-4.
O _d4mply i _ (0.16m)(680V)

drneyr  Amey v 4 (25V)

V= =4352m~=|4.4m

15. (a) After the connection, the two spheres are at the [same potential. If they were at different
potentials, then there would be a flow of charge in the wire until the potentials were equalized.

(b) We assume the spheres are so far apart that the charge on one sphere does not influence the
charge on the other sphere. Another way to express this would be to say that the potential due
to either of the spheres is zero at the location of the other sphere. The charge splits between the
spheres so that their potentials (due to the charge on them only) are equal. The initial charge on
sphere 1 is O, and the final charge on sphere 1 is Q.

0 0-0 0 0-0 r
V1 — 1 ’ Vz — 1 ’ V] — I/z N 1 — 1 Q1 — Q 1
4re,r, 4re,r, dre,  Ame,r, (r1 T "2)
Charge transferred O -0, =0 -0 . 0 L
(n+n) | (i+n)
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16. From Example 22-6, the electric field due to a long wire is radial relative to the wire, and is of

magnitude E =

A
—. If the charge density is positive, the field lines point radially away from the

2re, R

wire. Use Eq. 23-41 to find the potential difference, integrating along a line that is radially outward
from the wire.

17. (a)

(b)

R,
I ) A A R
———dR=———In(R,-R ) =|—In—
27, R 27, 2me, R

0

V.-V =—Rf17:-(d?) _
Rm

R b

The width of the end of a finger is about 1 cm, and so consider the fingertip to be a part of a
sphere of diameter 1 cm. We assume that the electric field at the radius of the sphere is the
minimum value that will produce breakdown in air. We use the same approach as in Examples
23-4 and 23-5.

Viniae = T+ Eovason = (0.005m) (3x10° V/m) =

surface
Since this is just an estimate, we might expect anywhere from 10,000 V to 20,000 V.
1 Q 1 4o

surface = - =
drme, v, 4dms, 1,
8.85x10™"* C*/Nem’
a:l/;urfmi:(ls,ooov)( )z 2.7x107° C/m’
7 0.005m

Since this is an estimate, we might say the charge density is on the order of 30 ,uC/ m’.

18. We assume the field is uniform, and so Eq. 23-4b applies.

-
g

(a)

(b)

(©)

Vo 010V
E=—=————=[1x10"V/m
d 10x10”°m

The electric field outside a charged, spherically symmetric volume is the same as that for a
point charge of the same magnitude of charge. Integrating the electric field from infinity to the
radius of interest will give the potential at that radius.

Q2 ;V(rZrO)z— 0 dr = 0 | = 0

—dr = =
drme,r * dmer 47rgor|w drme,r

E(rzrn)=

Inside the sphere the electric field is obtained from Gauss’s Law using the charge enclosed by a
sphere of radius 7.
47r’E = Qi s

4 3
g() 3 72.’;)

Or

3
dme,r;

- E(r<p)=

Integrating the electric field from the surface to » <7, gives the electric potential inside the

sphere.
r 2 |" 2
O e e e CR
w47 T, drme,r,  8mer, | 8re,r, r
To plot, we first calculate V, = V(r = ro) = and E, = E(r = ro) = O ~. Then we plot
dre,r, dre,r,

V/V, and E/E, as functions of r/r,.
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For r < vV oo T
or r<r, : =— 00\ 0/ _1 _ r
0 0 Q 2 1’02 0 Q }/b
dre,r, 47r50r02
0 0
) dreyr T, = 47z50r2 r02 -
Forrors PfY =20 B () s BB, =Y B ()
dre,r, dre,r;
) 1.50
The spreadsheet used for this
problem can be found on the 125 \
Media Manager, with filename 1.00
“PSE4_ISM_CH23.XLS,”ontab | _ | \
“Problem 23.19¢.” =
< 0.50 \\
S I
0.25 -
0.00 :
0.0 0.5 Lo 15 2.0 2.5 3.0
1.0
0.8 1
0.6
= / \
= / \
S
=02
\
0.0
0.0 0.5 L0, 15 2.0 2.5 3.0

20. We assume the total charge is still Q, and let p_ = k#°. We evaluate the constant k by calculating
the total charge, in the manner of Example 22-5.
50

5
drry

0= J.pEdV = ]D‘kr2 (47rr2dr) =4krr, > k=
0

(a) The electric field outside a charged, spherically symmetric volume is the same as that for a
point charge of the same magnitude of charge. Integrating the electric field from infinity to the
radius of interest gives the potential at that radius.

0 o 0 0

4 (r 2 ) =- =
2 0
drg,r’ 47r£0r|w drer

E(rzr)=

4rg,r’

(b) Inside the sphere the electric field is obtained from Gauss’s Law using the charge enclosed by a
sphere of radius 7.

4rr’E = Qo 3 O = J.pEdV = >0 j.r2 (47rr2dr) = >0 %m’s = 0 -
0

5 5 5
&, 4rry drry 7
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3
ancl — Qr
2 5
drer dme,r;

Integrating the electric field from the surface to » <, gives the electric potential inside the

E(r<n)=

sphere.
r 3 4 | 4
Vir<n)=V(p)-[-Lear=—2 & | __2 [5 T
w A7E T, dreyr,  167mer, |y0 l67e,r, r
(¢) To plot, we first calculate V, = V(r = ro) = and E, = E(r = ro) = Lz Then we plot
dme,r, dre,r;
V[V, and E/E, as functions of /7.
Q r or’
lome,r, r04 ! 472'801’65 r
Forr<r: V[V, = =4 5-—|; E[E,=—2=—
0 g 9 g
dre,r, dner!
0 0
) dreyr 1 o drer’ 7 2
Forror: VI, =2 B (ol e, = A (o)
dre,r, Aner!
The spreadsheet used for this 1.50
problem can be found on the 1.25
Media Manager, with filename 1.00 1
“PSE4 ISM_CH23.XLS,” on tab '
“Problem 23.20c.” < 07
E 0.50 \\
0.25 -
0.00 ‘ ‘ :
0 0.5 1 1.5 2 2.5 3
riro
1.0
0.8 / \
0.6
= /| N\l
0.0 A
0 0.5 1 1.5 2 2.5 3
riro
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21.

We first need to find the electric field. Since the charge distribution is spherically symmetric,
Gauss’s law tells us the electric field everywhere.

ancl ancl

2
80

1
> E=—0

9SE-dA = E(4zr") = Pr

If r <, calculate the charge enclosed in the manner of Example 22-5.

’ 2 r 4 3 5
0. =[PV =[p, {1 - H drrdr = 4zp, | |:r2 - r—z} dr = 4zp, {% _;7}
0

0 0 rO 0

The total charge in the sphere is the above expression evaluated at » =r,.

0 —dmy |l |80
total pO 3 5}"2 15

0
Outside the sphere, we may treat it as a point charge, and so the potential at the surface of the sphere
is given by Eq. 23-5, evaluated at the surface of the sphere.
870,07
1 thal — 1 15 — Zp 0’?)2

drme, T, dme, 1, 15¢,

The potential inside is found from Eq. 23-4a. We need the field inside the sphere to use Eq. 23-4a.

V(r=r)=

The field is radial, so we integrate along a radial line so that Eedl = Edr.

}"3 r5
3 52 3
E(r<n)-— Qo _ g :&F_r_}

2 2
dre, r dre, r oy

r r r 3 2 4 T
- Pl r T Pl T r
V-V =—|Edl=—|Edr=—|=| ——— |[dr=—-"| ——

S I I Jgo{s 54)2} {6 20r21

0

2 4 T o) 2 2 4 2 4
ooy 4| | " o | A A W I N W
ol g 6 20| | 156, |\ 6 205 6 207

o » 7
e ) R
g\ 4 6 207

22. Because of the spherical symmetry of the problem, the electric field in each region is the same as that

of a point charge equal to the net enclosed charge.

1 Qencl _ 1 %_Q — 3 Q

(@) Forr>r: E=

2 2 2
dre, r dre, r 8rme, r

For n<r<n: E= @,because the electric field is 0 inside of conducting material.

1 1 4 1
For O<r<r: E= Q;;cl: #: %
dre, r dme, r 8re, r

(b) For r>r,, the potential is that of a point charge at the center of the sphere.
1o 150 1390

V=——==——==—>=|,r>yp
dme, v dme, r |8me, 1
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(¢c) For 1, <r<r,, the potential is constant and equal to its value on the outer shell, because there is

no electric field inside the conducting material.
3 0

8re, 1,

V:V(r:rz): , h <r<u

2

(d) For 0<r<r,weuse Eq. 23-4a. The field is radial, so we integrate along a radial line so that

E-dl = Edr.
r r r 1 1 1
V,~V, =—[Bedb=-[ Edr=-] %dr: e [1 1
L p . 87e, 1 re, \1r 13
11 1 1 1 1
V.=V +£ ——— =£ —+—|= <2 —+—|, O<r<p
' 8ng, \r 1) 8me,\2r r rne, \ 1, 1
30 30
(e) To plot, we first calculate V, =V (r = rz) = and £, = E(r = rz) = . Then we plot
8rme,r, 8me,r;
V/V0 and E/E0 as functions of r/r2.
0 (1 1) Lo
‘ V. 8w, \n 1) | . E 8z, n 2
FOI‘O<1"<7’1. ?0_ 3Q —3[1+(r/r2) }’EO 3Q _Er_z_?(r/rz)
8re,t, 87,1
39
E
For r,<r<u: K:87[8‘)r2=1;—: 0 =0
v, 30 E 30
8re,r, 8me,r]
39 39
V. 8mg, r L E 8mg, 1 2
For r>r,: —= 0 —2—(p/r) ; —= 0 - _2 _(p/r
. IRl UM L SR
87,1, 8me, 1
. 5.0
The spreadsheet used for this \
problem can be found on the 40
Media Manager, with filename
“PSE4 ISM_CH23.XLS,” on tab 3.0
“Problem 23.22¢.” S
N 2.0
1.0 —~——
OAO T T T
000 025 050 075 100 125 150 175 2.0
rira
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ol \

\.

0.0 T T T

0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.0/
rirs

23. The field is found in Problem 22-33. The field inside the cylinder is 0, and the field outside the

R
cylinder is 7%
&R
(a) Use Eq. 23-4a to find the potential. Integrate along a radial line, so that E-df = EdR.
R R
- R R R
Vo=V, =—[Bedl=-[ EdR=~[Z2dR=-""ln— —
R, R, R, EOR 80 RO
R, R
V.= - m=| R>R,
60 0

(b) The electric field inside the cylinder is 0, so the potential inside is constant and equal to the
potential on the surface, .

(o) @, we are not able to assume that /' =0 at R=0. J #0 because there would be charge at
infinity for an infinite cylinder. And from the formula derived in (a), if R =<0, V}, = —o0.

24. Use Eq. 23-5 to find the charge.

e o 0 m) 7 = Jersm(ssy) -0 C

8.99 x10° Nem?/C?

(a) The electric potential is given by Eq. 23-5.
1 0 0 Loy 1.60x107°C
V= ==(899x10 Nem’/C" ) ————=28.77V ~|29V
dng, r ( / )0.50>< 10"°m -

(b) The potential energy of the electron is the charge of the electron times the electric potential due
to the proton.

U=0V =(-1.60x10"C)(28.77V) =|-4.6x10 "]

26. (a) Because of the inverse square nature of the electric —X—— g
field, any location where the field is zero must be * O ® O—
closer to the weaker charge (qz) . Also, in between the 9, <0 ¢,>0

two charges, the fields due to the two charges are parallel to each other (both to the left) and
cannot cancel. Thus the only places where the field can be zero are closer to the weaker charge,
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but not between them. In the diagram, this is the point to the left of ¢g,. Take rightward as the
positive direction.
IR 2 S

2

E= =0 > lg|(d+x) =¢gx* >
472_50 x2 47[50 (d + x)2 | 2|( ) 1
N"A V2.0x10°C
x= d= (5.0cm) =|16cm left of g,
Ja, ~Jlal V34x10°C-+2.0x10°C
(b) The potential due to the positive charge is positive < d >
everywhere, anpl the potential due' to the negative _“— X —5— X —"
charge is negative everywhere. Since the negative C
charge is smaller in magnitude than the positive charge, q,<0 ¢ >0

any point where the potential is zero must be closer to the negative charge. So consider
locations between the charges (position x,) and to the left of the negative charge (position x,)

as shown in the diagram.

I 22.0x10°C)(5.0
Vlocationl :L L+&:|:O - xl = qu =( - )(6 Cm) :1852Cm
rs,| (d-x) x, (.-4) (-5.4x10°C)
L[ 4 g
= ——+2 =0 >
location 2 47[6‘0 I ( d +x2) x2:|
—2.0x10°C)(5.0
x, =4 __(20x07e)( M) . 43em

(¢,+4,) (14x10°C)

So the two locations where the potential is zero are |1 .9 cm from the negative charge towards the|
|positive charge, and 7.1 cm from the negative charge away from the positive charge.|

27. The work required is the difference in the potential energy of the charges, calculated with the test
charge at the two different locations. The potential energy of a pair of charges is given in Eq. 23-10

q0

1
as U =——--==_ So to find the work, calculate the difference in potential energy with the test

charge at the two locations. Let Q represent the 25uC charge, let g represent the 0.18uC test

charge, D represent the 6.0 cm distance, and let d represent the 1.0 cm distance. Since the potential
energy of the two 25uC charges doesn’t change, we don’t include it in the calculation.

1 Og 1 g 1 Oq 1 Oq
initial — + final — +
4re, D/ 2 4dreg, D/ 2 4re, [D/ 2—-d ] 4re, [D/ 2+d ]
Workextemal = Uﬁnal - l]initial = 1 Qq + 1 Qq - 2( 1 Qq ]
force 4re, [D/2-d| 4rme, [D/2+d] \ 4me, D)2

C20g[ 1 1 1
"4, |[D-2d] [D+2d] D2

=2(8.99x10’ N-mQ/cz)(zsxlo6c)(0.18x106c){

S

An external force needs to do positive work to move the charge.

1 1 1
+ —
0.040m 0.080m 0.030m}
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28. (a) The potential due to a point charge is given by Eq. 23-5.

1 1 1 1
Vo=V o=
drme, 1, 4dne, v, dme, \rnooT

036m 0.26m

(b) The magnitude of the electric field due to a point
charge is given by Eq. 21-4a. The direction of the i i
electric field due to a negative charge is towards the b \ a

= (8.99x10’ N-mz/Cz)(—&leO(’C)[;—;J -

charge, so the field at point a will point downward, and
the field at point b will point to the right. See the
vector diagram.

. . (8.99x10° Nem’/C?)(3.8x107°C) .

E, = 1 |12i:( - ll )2( : )i=2.636x105v/mi
dre, 1, (0.36m)

. . 8.99 x10° Nem’/C*)(3.8x10°C) , .

L |12j:_( <10 Nem'/ )2( - )j:—5.054><105V/mj
dng, 7. (0.26m)

E,—E =2.636x10’V/mi+5.054x10° V/mj

b

E,-E|= \/(2.636 x10°V/m)" +(5.054x10° V/m) =|5.7x10° V/m

-E 5.054x10°
O=tan' —2=tan ' —— = -62°
E 2.636x10°

b

29. We assume that all of the energy the proton gains in being accelerated by the
voltage is changed to potential energy just as the proton’s outer edge reaches the
outer radius of the silicon nucleus.

1 e(l4e)
Uinitial :Uﬁnal - eVinitial = -
dre, 1
14)(1.60x107°C
Vi = 1 M—e=(8-99x109N-m2/C2)( )(1.60~ _15)=4.2><106V
dng, r (1.2+3.6)x10"°m

30. By energy conservation, all of the initial potential energy of the charges will change to kinetic energy
when the charges are very far away from each other. By momentum conservation, since the initial
momentum is zero and the charges have identical masses, the charges will have equal speeds in
opposite directions from each other as they move. Thus each charge will have the same kinetic

energy.
1 0 >
Ein = B ™ Viioa = Kua = —=2 (%mv) -
dre, r
> [(899x10° Nem?/C?)(5.5x10°C)’
yo | L2 (899 nf/ )( - ) =[2.0x10’ m/s

4z, mr (1.0x10"°kg)(0.065m)
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By energy conservation, all of the initial potential energy will change to kinetic energy of the
electron when the electron is far away. The other charge is fixed, and so has no kinetic energy.
When the electron is far away, there is no potential energy.

—e

=K. - (9@ )(Q):%mv2 —

dme,r

Einitial

=F,

final

- U

initial final

2(=e)(0)  [2(8.99x10° Nem?/C*)(~1.60x10"°C)(~1.25x10°C)

(47s,) mr (9.11x10™'kg) (0.425m)

=9.64x10° m/s

32. Use Eq. 23-2b and Eq. 23-5.

VBAzVB—VAz( 1 ¢ 1 (—q)J_( g, 1 (—q)j

dre, d —-b 4re, b dme, b 4re, d—b

_ 4 (;_1_; ! j_z ! ( ! L}M
dme,\d-b b b d-b 47r£0q d-b b 47r50b(d—b)

33. (a) For every element dg as labeled in Figure
23-14 on the top half of the ring, there
will be a diametrically opposite element
of charge —dg. The potential due to those
two infinitesimal elements will cancel
each other, and so the potential due to the
entire ring is @

(b) We follow Example 21-9 from the
textbook. But because the upper and
lower halves of the ring are oppositely
charged, the parallel components of the
fields from diametrically opposite infinitesimal segments of the ring will cancel each other, and

=

— bottom top

the perpendicular components add, in the negative y direction. We know then that |[E_= 0.

dg 1 2QRd£ R 0 dl
dE, =—dEsin0 = - —sinf = - . — — s
Arg, r 47r€0(x +R)(x +R) 872'80(x +R)
27R 27R
1 R
E, = [ dE, = Q _ 9 N

R _87Z280 (xz +R2)3/2 ,[ dt= 47, (xz +R2)3/2

0 R 2
dme, (& + ) :

R -
— J, which has the typical distance dependence
dre, x

Note that for x > R, this reduces to E=-

for the field of a dipole, along the axis of the dipole.
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34. The potential at the corner is the sum of the potentials due to each of the charges, using Eq. 23-5.

V= ! (3Q)+ L ¢ + : (_2Q): : Q(HLJ L@(\/EH)

dre, € 4zns, NEY. e, { drg, £ 2 4re, 24

35. We follow the development of Example 23-9, with Figure 23-15. The charge on a thin ring of radius
R and thickness dR is dg = odA = O'(ZﬂRdR). Use Eq. 23-6b to find the potential of a continuous

charge distribution.

1 o(27RdR) o 12|
I o ey
= 2;::0(\/)/ +R,; —\/x2+R12)

36. All of the charge is the same distance from the center of the semicircle — the radius of the semicircle.
Use Eq 23-6b to calculate the potential.

{ 1 d 1
P T O Y P I 2
T e, ” r  Armer, 4 & 4e b
0
7

oY)
~

The electric potential energy is the product of the point charge and the electric potential at the
location of the charge. Since all points on the ring are equidistant from any point on the axis, the
electric potential integral is simple.

dgq q0
U=qV =¢q = dg=—""——
J.47r80\/r2 +x° 47r€ \/r +x° J. 472'80\/1”2 +x°

Energy conservation is used to obtain a relationship between the potential and kinetic energies at the
center of the loop and at a point 2.0 m along the axis from the center.
K,+U,=K+U

99 e 49
-2
4ﬂ£0\/r2 dre, N+ X7

This is equation is solved to obtain the velocity at x =2.0 m.

oo 4@ (1 _ 1
27[6‘011’1 r ]/'2 +x2
(3.0 4C)(15.0 uC) 1 1

27(8.85x10 2 /Nm*)(7.5x10 k) | 0.12m [0.12m)" + (2.0m)’

= 29 ms|

0
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38.

39.

40.

Use Eq. 23-6b to find the potential of a continuous charge

g . : ; . y
distribution. Choose a differential element of length dx’ at position
x" along the rod. The charge on the element is dg = %dx', and the
element is a distance = /x”* + » from a point on the y axis. Use 4
an indefinite integral from Appendix B-4, page A-7.
2 g dx' [ = dx X
LI (R - A ¢
T dme, v dme, X + )
1 ¢ O+ +1
= g[ln(\/x'z +y° +x')} |2 In L
4, 24 -t |8rme d \/[2 +y' =1
Use Eq. 23-6b to find the potential of a continuous charge ' . '
distribution. Choose a differential element of length dx’ at D x' dy |
position x" along the rod. The charge on the element is L . : f-:'_JP—
dg = %dx', and the element is a distance x —x" from a point
outside the rod on the x axis.
Q
—dx
1 d 1 ¢ 1 +4
V= J_q: J‘M - = g[—ln(x—x')]lziz 9 [ln(x ﬂ,x>£
drne,” r Ame,l,x—x"  4ng, 24 = |8me d x—4

For both parts of the problem, use Eq. 23-6b to find the potential of a continuous charge distribution.
Choose a differential element of length dx’ at position x" along the rod. The charge on the element
is dg = Adx' = ax'dx’'.

(a) The element is a distance » =/x"> + y* from a point on the y

axis.

y

. 1 J-ﬂ: 1 ¢ ax'dx -
dre,” r 47z507,_,\/x'2+y2 r

The integral is equal to 0 because the region of integration is
“even” with respect to the origin, while the integrand is “odd.” X'\ dx’'
Alternatively, the antiderivative can be found, and the integral : 7 X
can be shown to be 0. This is to be expected since the potential
from points symmetric about the origin would cancel on the y axis.

(b) The element is a distance x —x' from a point outside
the rod on the x axis.

=

R‘
=

£ I

. 1 J@Z 1 J-ax'dx' a J~x’dx' { {

x—x" dre ? x—x'

dre,” r  Are 0

0 -¢
A substitution of z = x — x" can be used to do the integration.
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L x—4

' ' _ _ x+4
- a J~xdx __a J~(x z)( dz)= a j(i—ljdz
47z x—x" dre z

80 -t X 0 x+{ 47[80 x—t z

x+ )
- ¢ (xlnz—z) fz a [xln(x+ )—ZB:I,x>f
Are, 7 |4z, x—1{

41. We follow the development of Example 23-9, with Figure 23-15. The charge on a thin ring of radius
R and thickness dR will now be dq = o0dA = (aRz)(27szR). Use Eq. 23-6b to find the potential of

a continuous charge distribution.
] Jﬂ: 1 ’js(aRz)(%erR) :L'Tﬂ
dre,* v Ame, \/xz + R? 2¢, % m
A substitution of x* + R = u” can be used to do the integration.
X +R =" - R =u’—-x";2RdR =2udu

R,

= 2 2
a 't RdR a (- udu q - e,
- 2 2 - - |:§u e :IR:()
26, 5 AIx* +R 28, 2, u 2¢

0
= ;z[%(xz + R2)3/2 —x’ (x2 +R’ )l/zlzo

_ @ {ﬁ(qu;)“_xZ(xz+R;)'“}+gx3}

14

R=R,

, x>0

42.

The electric field from a large plate is uniform with magnitude £ = 0'/ 2¢,, with the field pointing

away from the plate on both sides. Equation 23-4(a) can be integrated between two arbitrary points
to calculate the potential difference between those points.

AV = —Tidx _ o= x)

2¢, 2¢g,

Xy 0

Setting the change in voltage equal to 100 V and solving for x, — x, gives the distance between field
lines.

2¢,AV 2(8.85x107 C*/Nm’)(100 V) .
R 0.75%10°C/m’ =236x10"m = [2un]
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1
44. The potential at the surface of the sphere is V, = 2 g The potential outside the sphere is
7E, T,
1 Q 7 . . .
V= 2 — =V, —, and decreases as you move away from the surface. The difference in potential
zE, ¥ r

between a given location and the surface is to be a multiple of 100 V.

1 0.50x10°C
v, = g=(8.99x10” Nem®/C?)| == | = 10,216V
dre, r, 0.44m
£

[V, - (100v)n]

(@ = d _10.216V ) 44m) = [0.444m|

.=
[V,—(100V)1] * 10,116V
Note that to within the appropriate number of significant figures, this location is at the
surface of the sphere. That can be interpreted that we don’t know the voltage well enough
to be working with a 100-V difference.

V-V =V, -V, =(100V)n — r=
r

) r,= %y = 10’216\/(0.44m) =10.49m
[V, -(100V)10] * 9,216V

(©) 1y = %, = 10’216\/(0.44111)= 2lm
[V, - (100V)100] 216V

45. The potential due to the dipole is given by Eq. 23-7. r
B +————
w v oL peost _ (8.99x10" Nem?/C?) (4.8 x10™Com ) cos 0 _‘5 0
dre, 1 (4.1x10°m)’

- ;
I peos® (8.99x10"Nem’/C?)(4.8x107 Com)cos45°

2

Are, r (4.1x10°m)’ -0

~[1.8x10°V

I peosd (8.99x10"Nem’/C”)(4.8x10Cem)cos135°

(b) V=

(c) V=

2

dre, 1 (1.1x10"m)’ 0
N SyTEY T

46. (a) We assume that p, and p, are equal in magnitude, and that each makes a 52° angle with p .

The magnitude of p, is also given by p, = gd , where ¢ is the net charge on the hydrogen
atom, and d is the distance between the H and the O.
4

=2p cos52° —» p=—>"—=qgd —
p=2p b, 2 008 52° q

Ax107°Ce
p___ 61xI0 Cm 1 mc

7= 2d cos52° 2(0.96 x IO’IOm)c0552°

This is about 0.32 times the charge on an electron.
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(b) Since we are considering the potential far from the
dipoles, we will take the potential of each dipole to be
given by Eq. 23-7. See the diagram for the angles

. p
involved. From part (a), p, = p, = m.
V=v,+V,
1 p,cos(52°-0) N 1 p,cos(52°+0)
4re, r 4reg, r
1 P

= _— 52°-60)+ 52°+6
4dreyr 2cos52° [COS( ) COS( )]

_ L »
4reyr 2cos52°

(cos 52°cos @ +sin52°cos @ + cos 52°cos & —sin 52° cos 6?)

1 pcosd

1
= L(Z c0s52°cos 6?) =
4dreyr 2cos52° dre, r

sopo 41 g} 4 i(lj__ q (_Lj_ I g
. dr dr\ 4re, r dme, dr\r 4re, r dre, P

48. The potential gradient is the negative of the electric field. Outside of a spherically symmetric charge
distribution, the field is that of a point charge at the center of the distribution.
dv 1 92)(1.60x10™"°C
& o E=- %:—(8.99x109N.m2/c2)( ) . ). —2.4x10” V/m
dr ame, r (7.5%x10"°m)

The electric field between the plates is obtained from the negative derivative of the potential.

v d
E=——=-——[(8.0V/m)x + 5.0V]=-8.0 V/m
dx dx

The charge density on the plates (assumed to be conductors) is then calculated from the electric field
between two large plates, £ =o/¢,.

o = Eg, = (8.0V/m)(8.85x10"2 C*/Nm? ) =

The plate at the origin has the charge —7.1x107"'C/m* and the other plate, at a positive x, has charge
+7.1x107""C/m” so that the electric field points in the negative direction.

50. We use Eq. 23-9 to find the components of the electric field.

E =—6—V:O - E :_8_V:O
' Ox T Oz
o[ ] deney) (e
o (@) (a+5°) (a+5°)
g | )0,

(a +y2)2
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51. We use Eq. 23-9 to find the components of the electric field.

oV ov oV
E =——=-25y+35yz ; E =——=-2y—-25x+35xz ; E. =———=3.5xy
ox ! oy Oz

E =|(-2.5y+3.5yz) i+ (-2y - 2.5x +3.5x2) j+ (3.5xp) k

52. We use the potential to find the electric field, the electric field to find the force, and the force to find
the acceleration.

oV F E oV oV

Ex:__ , F;:qEV , ax: Y:L:—i—:—i—

’ Oox } m m m Ox m Ox
2.0%x10°C

a (x=2.0m)=- [2(20V/m")(2.0m)-3(3.0V/m’)(2.0m)" |=[1.1m/s’

50x10" kg

53. (a) The potential along the y axis was derived in Problem 38.

2 [t ()

yosis = 8re k \/({2 +y° 4 - 8re d
L p2 2\712 L{ p2 2\712
E:—a—V:— 0 g(f +y) 2y_;(f +y) 2y _ 0
g oy 87e,l \/ﬁz +y> +4 \/fz +y° -4 47r50y\/f2 +y’
From the symmetry of the problem, this field will point along the y axis.
Eol- L 2

472-80 y\/ez + y2
Note that for y > £, this reduces to the field of a point charge at the origin.

(b) The potential along the x axis was derived in Problem 39.

9 [m(“"ﬂ:gQ [ (x + )~ In(x - £)]

T Bred x—1{ med

g T
T 8medlx+l x—L] Az \ X -0

From the symmetry of the problem, this field will point along the x axis.

ol ( Y )1
e, \ x" =1

Note that for x > £, this reduces to the field of a point charge at the origin.

54. Let the side length of the equilateral triangle be £. Imagine bringing the —e { —e
electrons in from infinity one at a time. It takes no work to bring the first ;

electron to its final location, because there are no other charges present. ) ?
Thus W, =0. The work done in bringing in the second electron to its
final location is equal to the charge on the electron times the potential —e

(due to the first electron) at the final location of the second electron.

1 1 ¢
Thus W, = (—e) - °l= €. The work done in bringing the third electron to its final
e, ) A4ng, L
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location is equal to the charge on the electron times the potential (due to the first two electrons).

1 1 1 2¢°
Thus W, =(—e) S L =% The total work done is the sum W +W,+W,.
dre, b 4Ang, L) 4rs,
2
1 € 1 2¢ 1 3¢ 3(8.99x10°Nem®’/C*)(1.60x107°C
W=W AW, + W, =04+ ——p—— 22 o~ 2% ( /2)( )
Are, 4 4me, £ 4mg, L (1.0><10 m)
leV
=-6.9x10‘“‘J :6.9><10"8J(—): 43eV
1.60x107"°J

O
bt

The gain of kinetic energy comes from a loss of potential energy due to conservation of energy, and
the magnitude of the potential difference is the energy per unit charge. The helium nucleus has a
charge of 2e.

AU  AK  125x10°eV
Ay =22 2% XV Cosky
q q 2e
The negative sign indicates that the helium nucleus had to go from a higher potential to a lower
potential.

56. The kinetic energy of the particle is given in each case. Use the kinetic energy to find the speed.

2(1500eV)(1.60x107° J/eV
(@ im’=K — v:\/z_K:\/ ( : )( X . ):2-3><107m/s
m

9.11x107"kg

2(1500eV)(1.60x107"° J/eV
(b)) tm’=K — vz\/z_K:\/ e )( X = )=5-4><105m/s
m

1.67x10 kg

57. The potential energy of the two-charge configuration (assuming they are both point charges) is given
by Eq. 23-10.

U 1 00, _ 1 e
dng, r dng, r
2
1 1
AU =U;, U,y = ° ( __j
471-80 r{nilial }}mal

0.110x10°m  0.100x10° m )\ 1.60x10 7

~ (8.99x10° N-mz/Cz)(l.60x1019C)2( 1 1 j( lev j

=-131eV
Thus of potential energy was lost.

58. The kinetic energy of the alpha particle is given. Use the kinetic energy to find the speed.

/ 2(5.53x10°%V)(1.60x10™" J/eV
%mvzzK - v= 2_K:\/ ( — )( - /e )=1.63x107m/s
m

6.64x10 kg
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59. Following the same method as presented in Section 23-8, we get the following results.

(a) 1 charge: No work is required to move a single charge into a position, so U, =0.
2 charges: This represents the interaction between O, and 0O,.
v, - 20
dre, 1,

3 charges:  This now adds the interactions between O, & Q, and O, & Q..
1[g@+g@+ggj

dre,
4 charges: This now adds the interaction between O, &Q,, O, &0,, and O, &Q,.
I[Q@+gg+gg+g@+g@+g@j

4re,

U, =

r

12 K

13 7

23

Uu,=

r

12 H

13 H

14 7

23 5

24 g

34

O,
44/7?\
Q4.’§£r24 UE iz

I3y 3

0,

0,
(b) 5 charges: This now adds the interaction between O, & Q;, O, &Q,, O, & Q,,and O, & Q..

1(gg+gg+gg+g@+gg+gg+gg+gg+@@+g@j

U. =
> Nane

r

12 "

13 H

14 4

15 5

23 5

24 h

25 g

34 7

35 y

45

O,

60. (a) The potential energy of the four-charge configuration was derived in Problem 59. Number the
charges clockwise, starting in the upper right hand corner of the square.

U, < l(gz+gg+gg+gg+zg+ggj

Are

0 rn

12 "

13 H

14 7

23 r

24 g

34

L, o (4++2)

—Q2(1+ ! +—+—+ ! +1j—
4re, \ b \/Eb b b \/Eb b 4re,b
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(b) The potential energy of the fifth charge is due to the interaction between the fifth charge and
each of the other four charges. Each of those interaction terms is of the same magnitude since
the fifth charge is the same distance from each of the other four charges.

U, = (4\/_ )

charge 47[8

(c) If the center charge were moved away from the center, it would be moving closer to 1 or 2 of
the other charges. Since the charges are all of the same sign, by moving closer, the center
charge would be repelled back towards its original position. Thus it is in a place of
equilibrium.

(d) If the center charge were moved away from the center, it would be moving closer to 1 or 2 of
the other charges. Since the corner charges are of the opposite sign as the center charge, the
center charge would be attracted towards those closer charges, making the center charge move
even farther from the center. So it is in a place of ﬁinstable equilibrium.

(a) The electron was accelerated through a potential difference of 1.33 kV (moving from low
potential to high potential) in gaining 1.33 keV of kinetic energy. The proton is accelerated
through the opposite potential difference as the electron, and has the exact opposite charge.

Thus the proton gains the same kinetic energy, | 1.33 keV |.
(b) Both the proton and the electron have the same KE. Use that to find the ratio of the speeds.

v m 1.67x107k
%mvzzimv2 - <= L= 2orxT X8 -
PP 2 e e
v, m,

9.11x107'kg

The lighter electron is moving about 43 times faster than the heavier proton.

62. We find the energy by bringing in a small amount of charge at a time, similar to the method given
in Section 23-8. Consider the sphere partially charged, with charge ¢ < Q. The potential at the

1, and the work to add a charge dg to that sphere will increase the

surface of the sphere is V' =
4re,

potential energy by dU =Vdg. Integrate over the entire charge to find the total potential energy.

1 2
qdq:_Q_

0 47E, 1, 87e, 1,

63. The two fragments can be treated as point charges for purposes of calculating their potential energy.
Use Eq. 23-10 to calculate the potential energy. Using energy conservation, the potential energy is
all converted to kinetic energy as the two fragments separate to a large distance.

=K

1
final —

4re,

(38)(54)(1.60x10™°C)’ leV
(5.5x10"°m)+(6.2x 10"5m)(1.60 x107J

949, %
r

Einitial = Eﬁnal - Ummal

=(8.99x10’ Nom’/C?)

j =250x10°eV

=|250 MeV
This is about 25% greater than the observed kinetic energy of 200 MeV.
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64. We find the energy by bringing in a small amount of spherically symmetric charge at a time, similar
to the method given in Section 23-8. Consider that the sphere has been partially constructed, and so

has a charge g < O, contained in a radius < 7;. Since the sphere is made of uniformly charged

material, the charge density of the sphere must be p, = Q —. Thus the partially constructed sphere

S
3
. r .
also satisfies p, = Ly and so L3 = % - g= Q —. The potential at the surface of that
37 ST SA A

sphere can now found.

po La_ 1 o1 o

- - - 3
dre, r  Ame, r  4rng, 1,

We now add another infinitesimally thin shell to the partially constructed sphere. The charge of that
shell is dg = p,4xr’dr. The work to add charge dq to the sphere will increase the potential energy
by dU =Vdq. Integrate over the entire sphere to find the total potential energy.

Lot Y 30°

3
dre, 1,

U=de:deq=f
0

207e,r,

65. The ideal gas model, from Eq. 18-4, says that K = %mv2 =3kT.

ms _7
/ 3(1.38x10 J/K )(273K
K=imv =3kT — v_ = 3KT = ( /31)( ) =[1.11x10° m/s
273K m 9.11x10 kg
3(1.38x107 J/K )(2700 K
Vo= /3kT = ( /31)( )= 3.5x10° m/s
2700K m 9.11x10 kg

66. If there were no deflecting field, the electrons would hit the
center of the screen. If an electric field of a certain direction
moves the electrons towards one extreme of the screen, then the T
opposite field will move the electrons to the opposite extreme E AY e = [14cm
of the screen. So we solve for the field to move the electrons to \

one extreme of the screen. Consider three parts to the v,

—
electron’s motion, and see the diagram, which is a top view. é} AX, oy = 34Cm

First, during the horizontal acceleration phase, energy willbe  Ax, , =2.6cm

conserved and so the horizontal speed of the electron v can
be found from the accelerating potential V. Secondly, during the deflection phase, a vertical force
will be applied by the uniform electric field which gives the electron a leftward velocity, v,. We

assume that there is very little leftward displacement during this time. Finally, after the electron
leaves the region of electric field, it travels in a straight line to the left edge of the screen.

Acceleration:
2eV
> eVzémvj - vxz‘f—
m

=K

initial
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Deflection:
Ax
1 1 . = — —field
time in field: Ax,,, =Vt — fiw =
VX
ek eEAx,
F=eE=ma, —> a =— v =v,+at. =0+——-5
¥ ¥ y ¥ 0 y*field
m my_
Screen:
_ t N t _ AX"sclre:en A _ t _ screen
screen - vx screen screen - yscreen - vy screen - vy
v %
X X
eEAxﬁeld
Ay screen v_y — mvx — eEAxﬁeld N
2
Axscreen VX VX mv}(
A 2eV
e (60+10Y)
E — Ayscreenmvx — sereen m — 2VAyscreen - 2 6.0 10 V (0.14m)
screen eAxﬁeld screen eAxﬁeld screenAxﬁeld (034 m) (0026 m)

=1.90x10°V/m~1.9x10’ V/m

As a check on our assumptions, we calculate the upward distance that the electron would move while
in the electric field.

eEN(Ax,, ) eE(Av,,) E(Ax,,)
Ayzvotﬁcld_l_%aytécld:O+%(;j( vﬁeldj = ) (2?;) = 4;€ld
x m| ——
m
1.90x10° V/m)(0.026m)’
:( / )( )=5.4x10*3m

4(6000V)
This is about 4% of the total 15 cm vertical deflection, and so for an estimation, our approximation is

acceptable. And so the field must vary from |+1.9x10° V/m to —1.9x10° V/m

Consider three parts to the electron’s motion. First, during the
horizontal acceleration phase, energy will be conserved and so T
the horizontal speed of the electron v_ can be found from the .
. . o : E ITem

accelerating potential, V' . Secondly, during the deflection

phase, a vertical force will be applied by the uniform N \L

— }~ ———————————— 22cm-----
é Axscreen

electric field which gives the electron an upward velocity, v . Axgeq

We assume that there is very little upward displacement during this time. Finally, after the electron
leaves the region of electric field, it travels in a straight line to the top of the screen.
Acceleration:

/ 2eV
— — 1,2 —
Uinitial - Kfmal - QV 2 mvx - vx - m
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Deflection:
Ax
1 1 . = — —field
time in field: Ax,,, =Vt — fiw =
X
ek eEAx,
F=eE=ma, —> a =— v =v,+at. =0+——"5
y ¥ y y 0 vy~ field
m my,
Screen:
_ _ screen _ _ screen
screen - vxtscreen _> ZSCI‘SCH - yscreen - vytscreen - vy
v v
X X
eEAx,
Ayscreen — L — mvx — eEAxﬁeld N
AxSCI’CCn vX VX mvj
A 2eV
m__
AV oenV, Vscreen 2V Ay 2(7200V)(0.11m)
E — screen X — m — screen —
Axscreen eAxﬁeld screen eAxﬁeld Axscreen Axﬁeld (022 m) (0028 m)

=2.57x10°V/m~|2.6x10° V/m

As a check on our assumptions, we calculate the upward distance that the electron would move while
in the electric field.

) eEN(Ax,,, )  eE(Avy,) E(Ax,)
Ay = Volgy + 5, L0y =0+ 5| — | = = -
! m % ( 2eV j 4V
x 2m -
m
(2.97%10° V/m)(0.028m)’ .
= =8.1x10"m
4(7200V)
This is about 7% of the total 11 cm vertical deflection, and so for an estimation, our approximation is
acceptable.

68. The potential of the earth will increase because the “neutral” Earth will now be charged by the
removing of the electrons. The excess charge will be the elementary charge times the number of
electrons removed. We approximate this change in potential by using a spherical Earth with all the
excess charge at the surface.

1.602x10°C 10e 6.02 x 10" molecules )( 1000k
Q:( X j( € ]( x 7 Thorecures <€ 12 2(0.00175m)’
m

e H,0 molecule 0.018kg
=1203C
1 0 0 272\ 1203C s
V= ——=(899%x10" Nem'/C" )] ———=[L.7x10"V
dre, R, ( / ) 6.38x10°m

69. The potential at the surface of a charged sphere is that of a point charge of the same magnitude,
located at the center of the sphere.

(1x10™C)

(0.15m)

1 g
dre, r

V= =599.3V =600V

. X ’ ‘m
(8.99x10" Nem®/C?)
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70.

71. Let d, represent the distance from the left charge to point b, and let @, represent the distance from

the right charge to point b. Let O represent the positive charges, and let ¢ represent the negative
charge that moves. The change in potential energy is given by Eq. 23-2b.

d, =+12*+14’cm = 18.44 cm d, =14’ +24°cm =27.78 cm

1
UV, =40 -V) =g ¢, 2 || 2. ¢
4re, |\ 0.1844m  0.2778m 0.12m 0.24m

1 1 1 1 1
= Oq + - +
4re, 0.1844m 02778m ) | 0.12m 0.24m

=(8.99x10" Nem’/C* ) (-1.5x10°C)(33x10°C)(-3.477m "' ) = 1.547] = [1.5]

72. (a) All eight charges are the same distance from the center of the cube. Use Eq. 23-5 for the
potential of a point charge.

Veonir =8 L@ |16 1 9 gy 12
4re, ﬁ ¢ 3 4re, € dre, L
2

(b) For the seven charges that produce the potential at a corner, three are a distance £ away from

that corner, three are a distance \/EI away from that corner, and one is a distance \/gf away
from that corner.

0 I 9 ! Qz5.70 L 9

0 ( 3 1 )
Vo =3 =43 + =|3+—F—=+—F|—=
corner 47[(90 e 47[(90 \/Ef 472'50 \/52 \/5 \/g 472'(90 f 472'(90 2

(¢) The total potential energy of the system is half the energy found by multiplying each charge
times the potential at a corner. The factor of half comes from the fact that if you took each
charge times the potential at a corner, you would be counting each pair of charges twice.

3 1)1 Q 1o
U 13 v =434+ ——4+— |—=|2x228 -
2 (Q corner) ( \/5 \/gj 47[80 £ 471-80 £
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The electric force on the electron must be the same magnitude as the weight of the electron. The
magnitude of the electric force is the charge on the electron times the magnitude of the electric field.

The electric field is the potential difference per meter: E = V/ d.
F. =mg ; F, =|q|E=eV/d - eV/d =mg —

,_med _ (9.11x10"kg)(9.80m/s” ) (0.035m) _

e 1.60x107"°C
Since it takes such a tiny voltage to balance gravity, the thousands of volts in a television set are
more than enough (by many orders of magnitude) to move electrons upward against the force of

gravity.
74. From Problem 59, the potential energy of a configuration of four Q(P— ——f-— GP 20
1
charges is U = (Q1Q2 + 0, + 20, + 2.0, + 2.0, + .0, j | [
4”‘90 hs s n s s By €] | ¢
Let a side of the square be £, and number the charges clockwise starting | [
with the upper left corner. GI} g — _é
U= 1 (Q]Qz + Q1Q3 + Q1Q4 + Q2Q3 + Q2Q4 + Q3Q4] 2Q '3Q
dme, r, o hy R Iy Ly Ty
_ 1 (Q(2Q) N 0(-30) N 0(20) N (20)(-39) N (20)(20) . (=30)(20)
4re, /) J2t { { Y. )

2

Q2 1 9 2 [~2 (3'1X1076C) ( 1 j 797l

= ——8 [=(8.99%x10" Ne cC)—| —-8|=|-79]
4ﬂgoe(ﬁ ) (899 m'/C) 0.080m (/2 |

75. The kinetic energy of the electrons (provided by the UV light) is converted completely to potential
energy at the plate since they are stopped. Use energy conservation to find the emitted speed, taking
the 0 of PE to be at the surface of the barium.

KE. . =PE

1 2 _
initial a2 MV =qV -

2(-1.60x107"C)(-3.02V
y = /ZqV - ( 3)1( )_ 1.03x10° m/s
m 9.11x10"kg

76. To find the angle, the horizontal and vertical components of the velocity are needed. The horizontal
component can be found using conservation of energy for the initial acceleration of the electron.
That component is not changed as the electron passes through the plates. The vertical component
can be found using the vertical acceleration due to the potential difference of the plates, and the time
the electron spends between the plates.

Horizontal:
1 2 Ax
PE .. =KE., — ¢V =;mv, t=—
%
Vertical:
Vv —v E t E Ax
FE=qu=ma=m(’ Vo) - vy:—qy I el
t m my
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Combined:
E Ax 250
= E Ax gF Ax  E Ax (0 013v j(0.065m)
v .
tan @ = = = -4 - S i - =0.1136
v, v, my’ 2qV 2V 2(5500V)
0 =tan™ 0.1136 =
77. Use Eq. 23-5 to find the potential due to each charge. Since the triangle is 0 B 0
equilateral, the 30-60-90 triangle relationship says that the distance from a
corner to the midpoint of the opposite side is \/51?/ 2. A C
L1 (0, 1(30), 1 (0 1 20( , 1
= + + = —| 4+—=
dzs, U2 4ms, U2 dms, 302 4zs, L NE) -30

_ g[ﬁ_zJ

e\ 6

y_ L (o) 1 (0 1 (B30)_ 1 60 | 30
P dme, U2 4me, 42 dms, 302 4ze, N30 2rme

1 (9), 1 (30), 1 (-0 1 g(“ 1}__£[1+£J

< dre, 42 dms, 02 4ms, 302 =_4m€0 4 N mel 6

78. Since the E-field points downward, the surface of the Earth is a lower potential than points above the
surface. Call the surface of the Earth 0 volts. Then a height of 2.00 m has a potential of 300 V. We
also call the surface of the Earth the 0 location for gravitational PE. Write conservation of energy
relating the charged spheres at 2.00 m (where their speed is 0) and at ground level (where their
electrical and gravitational potential energies are 0).

v
Eiin=Eqa mgh+qV=%mv2 - V= 2(gh+%)

i 45x107C)(300V

v.= |2 (9.80m/s2)(2.00m)+( ¥10°C)(300V) = 6.3241m/s
i (0.340kg)
i —4.5x107*C)(300V

v.= |2 (9.80m/s2)(2.00m)+( <10°C)(300V) =6.1972m/s
I (0.340kg)

v, —v_=6.3241m/s -6.1972m/s =[0.13m/s

(a) The energy is related to the charge and the potential difference by Eq. 23-3.
AU  4.8x10°]
AU=gAV — AV =" - 4Xoc —1.2x10°V
q .

(b) The energy (as heat energy) is used to raise the temperature of the water and boil it. Assume
that room temperature is 20°C.
O =mcAT +mL, —
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0 4.8x10°)

m= =
AT +L 4186 1 (s0c)+| 22.6x10° -
kgsC® kg

=(1.8kg

80. Use Eq. 23-7 for the dipole potential, and use Eq. 23-9 to determine the electric field.

x
1/2
Vo 1 pcos® p (x2+y2) _p x
B B - 372
v 6V ~ P (X2 +y2)3/2 _x%(xz +y2)1/2 2x ) » 2x2 _y2
’ Ox dre, (x2+y2)3 4re, (x2+y2)5/2
. p 2cos’ @ —sin’ @
dre, I
Eyz_a_V:_ px [_%(xz+yz)—5/22y}: p 3xy _ p {3cost935in0}
0y 4re, dre, (x2 + yz) 4re, r

1
Notice the — dependence in both components, which is indicative of a dipole field.
r

81. (a) Since the reference level is given as V=0 at r = oo, the potential outside the shell is that of a
point charge with the same total charge.

,_ 1o 1 pE(;‘ﬂﬁ—;‘ﬂf):&(Vf—"f)’wrz

dre, r  4reg, r 3g

3
Note that the potential at the surface of the shell is V, = &(rz - ij

2
3g,

(b) To find the potential in the region 7 <r <r,, we need the electric field in that region. Since the

charge distribution is spherically symmetric, Gauss’s law may be used to find the electric field.
. 1 1 A —4 gy P
#E.dA:E(4ﬂ_r2):Qencl S E= Qe;clz pE(3 - 3 ]):&( 2')
g, dng, r 4re, r 3¢, r

The potential in that region is found from Eq. 23-4a. The electric field is radial, so we integrate
along a radial line so that Eedl = Edr.
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(¢) Inside the cavity there is no electric field, so the potential is constant and has the value that it
has on the cavity boundary.
pE 2 2
=|—\r -7
J-2e-)

IOE 1.2
v, =24 -
& 0

0

2

no—- r<r

>

hs
3

o =
-~ |~\w

[The potential is continuous at both boundaries |

82. We follow the development of Example 23-9, with Figure 23-15. The charge density of the ring is

4
o= Q = Q —. The charge on a thin ring of radius R and thickness dR is
7R, -7 (iR)) ) 37R,

4
dg =o0dA = %(2#RdR). Use Eq. 23-6b to find the potential of a continuous charge
T

distribution.
40
1 "t 37R 7 (2rRdR) 20 12
V= I I J. 2 (x T Rz)
dre,” r 50 ] \/xz + R? 35 7rR \/x + R? 35 TR; 1R,
20
= 380”R§ (\/xz +R§ —\/x2 +§R§)

83. From Example 22-6, the electric field due to a long wire is radial relative to the wire, and is of

1 2
e R If the charge density is positive, the field lines point radially away from the
g,

wire. Use Eq. 23-41 to find the potential difference, integrating along a line that is radially outward
from the wire.

magnitude F =

R, R,
V,~V,=—[Es(dl)=- L AR ()| L
2me, R 27, 2me, R,

R, R, 0

84. (@) We may treat the sphere as a point charge located at the center of the field. Then the electric

1 1
field at the surfaceis £,  =—— £22 , and the potential at the surfaceis V. = g
dre, dre, 1,
1
I/surface = 4 g = Esurfacer() = Ebreakdownr() = (3 X 106 V/m)(ozom) = 6 X IOSV
ey Ty

0.20m)(6x10°V
(b) I/surface :4;2 (4 e ) 0 surface ( m)( - 2) = 133X1075C z

o (8.99 x10’ Nem*/C?)

00

(a) The voltage at x = 0.20 m is obtained by inserting the given data directly into the voltage
equation.

4
y(020m) = — 2 - 130Vem =[23kv

(x +R) [(020m)" +(0.20 m)ZT
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86.

87.

(b) The electric field is the negative derivative of the potential.

F:(x)——i B |._|_ 4Bxi
Cde [(v4R) | (¢ R

Since the voltage only depends on x the electric field points in the positive x direction.

(¢) Inserting the given values in the equation of part (b) gives the electric field at x = 0.20 m

. 4(150 Vem*)(0.20m)i -
E(0.20 m) = ( - )( m)i =[2.3x10° V/mi

[(020m)"+(0.20 m)ZT

Use energy conservation, equating the energy of charge —g, at its initial position to its final position

at infinity. Take the speed at infinity to be 0, and take the potential of the point charges to be 0 at
infinity.

= - Lon? + (= = L2 -
initial — Eﬁnal - Kinitia] + Uinitia] - Kﬁnal + Uﬂnal - 2 mv() + ( ql ) I/initia] 2 mvﬁnal + ( ql ) I/ﬁnal
point point
1 2 1
lmv2+(_q )_#:0_’_0 Sy = —L
2 0 1 4 5 5 0 ) 5
ey Na  +b mré, \la” +b

(a) From the diagram, the potential at x is the potential of two

point charges. -q vHg
o - ©
V=1(4j+1(‘qj <d><d >
M dge \x—d ) Ame,\x+d | x
1 2qd
- 4T |, 4=1.0x10"C,d =0.010m
4re, (x —d )
b) The approximate potential is given by Eq. 23-7, with € =0, p =2q¢d, and r = x.
1YY p g y Eq P =2q
_ 1 2qd 600 ‘
oppros dre, x 500 Actual
To make the difference at -\\ == - ° - Approx|
small distances more _ A0 \
apparent, we have plotted = 300 s
from 2.0 cm to 8.0 cm. 2 N
The spreadsheet used for A 200 '“~.\_
this problem can be found 100 -| ) \\
on the Media Manager, with
filename 0 ‘ ‘
“pSE4 ISM CH23.XLS.” 2.0 3.0 4.0 5.0 6.0 7.0 8.0
on tab “Problem 23.87.” x (em)

© 2009 Pearson Education, Inc., Upper Saddle River, NJ. All rights reserved. This material is protected under all copyright laws as they
currently exist. No portion of this material may be reproduced, in any form or by any means, without permission in writing from the publisher.

97



Physics for Scientists & Engineers with Modern Physics, 4" Edition Instructor Solutions Manual

88. The electric field can be determined from the potential by using Eq. 23-8, differentiating with respect

to x.

dV(x) d O I/, 172 } 0 [ 5 SN2 :|

E(x)=- =—— +R - =———+(x"+R 2x)-1
(x) dx dx|:2ﬂ'80R02 _(x 0) ¥ 27&,R; 2(x 0) ( x)

o | s
27g,R; (x2 +R? )”2

0

Express V and E in terms of x/R,. Let X =x/R,.
V(x)= [(x2+R§)”2—x}= 20 ( X7+ —X)

2”50R§ 4dre R,
2(5.0x10°C
=(8.99x10’ N-mz/Cz)M( X’ +1 —X) = (8.99><105V)(\/X2 +1 —X)
0.10m
0 X 20 X
E(x)= 1- = 1-
() 27e,R; (xz +R’ )”2 47e,R; { \/XZ + 1}

-6
=(8.99x10’ N-mz/Cz)M{l —L}

(0.10m)’ X>+1
v
=(8.99x10° V/m)[l e
X' +1]
10.0
The spreadsheet used for \

o
o

this problem can be found
on the Media Manager,
with filename

“PSE4 ISM_CH23.XLS,”
on tab “Problem 23.88.”

N\

¥ (10° Volts)
N
(e}

!

o
=]

0.5 1.0 1.5 2.0 2.5 3.0 35 4.0
x/R()

e
o

10.0

S o
o o
1

)
o> \\
S 40
a 2.0 \
\‘
0.0 \ \ \
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

x/R()
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89. (a) Ifthe field is caused by a point

charge, the potential will have a graph W0y

that has the appearance of 1/r 30 ®

behavior, which means that the 'y

potential change per unit of distance %2.0 4 ry

will decrease as potential is measured & ® ¢ o ®
farther from the charge. If the field is 0

caused by a sheet of charge, the 0.0

potential will have a linear decrease 00 10 20 30 40 50 60 70 80 90
with distance. The graph indicates x(cm)

that the field is caused by a point
charge. The spreadsheet used for this problem can be found on the Media Manager, with
filename “PSE4 ISM_CH23.XLS,” on tab “Problem 23.89a.”

(b) Assuming the field is caused by a point charge, we assume the charge is at x = d , and then the

potential is given by V = 2 Qd . This can be rearranged to the following.
TE, X —
4re, x—d
’ 0.080 | |x =0.1392 (1/V) - 0.0373‘ )/.
1 Q0 °
X =— +d ~ 0.060 -
V 4re, E .
| = 0.040 <
If we plot x vs. ; , the slope is 0.020
, which can be used to 0.000 ‘
47s, 0.000 0.200 0.400 0.600 0.800 1.000
determine the charge. UA\S
slope = 0.1392m.V = 0 -
4re,

0
0.1392m-V
0 =475, (01392meY) = o =

The spreadsheet used for this problem can be found on the Media Manager, with filename
“PSE4 ISM_CH23.XLS,” on tab “Problem 23.89b.”

(c¢) From the above equation, the y intercept of the graph is the location of the charge, d. So the

charge is located at x =d =-0.0373m ~|3.7 cm from the first measured position|.
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