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CHAPTER 25

Answer to Checkpoint Questions

NS TR W

(@) negative; (b) increase

(@) positive; (b) higher

(@) rightward; (b) 1, 2, 3, 5: positive; 4: negative; (¢) 3, then 1, 2, and 5 tie, then 4
all tie

a, ¢ (zero), b

(@) 2, then 1 and 3 tie; (b) 3; (¢) accelerate leftward

closer (half of 9.23 fm)

Answer to Questions

A B Ol i o

—
N o= O

—
W

(@) higher; (b) positive; (¢) negative; (d) all tie
(@) left; (b) —50V; (¢) positive; (d) negative
(a¢) 1 and 2; (b) none; (¢) no; (d) 1 and 2 yes, 3 and 4 no
—4q/4rTeyd

(b), then (a), (¢) and (d) tie

all tie

(@) negative; (b) zero

(a)—(c) Q/4negR; (d) a, b, ¢

(@) 1, then 2 and 3 tie; (b) 3

E.,E, E,

left

(a) 2, 4, and then a tie of 1, 3, and 5 (where E = 0); (b) negative x direction;
positive x direction

(¢)
(a), (B), (¢)
(a)

a) 3 and 4 tie, then 1 and 2 tie; (b) 1 and 2, increase; 3 and 4, decrease
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15. (a) ¢, b, a; (b) zero
16. (a) - (d) zero
17. (a) positive; (b) positive; (¢) negative; (d) all tie

18. farther
19. (@) no; (b) yes
20. no

21. no (a particle at the intersection would have two different potential energies)
22. (a) - (¢) C, B, A; (d) all tie

23. (a) — (b) all tie; (¢) C, B, A; (d) all tie

24. situation 2

Solutions to Exercises & Problems

1E
The magnitude is AU = eAV = 1.2 x 10”eV = 1.2 GeV.

2E
(a¢) An ampere is a coulomb per second, so
84 A-h = (84 C-h/s)(3600s/h) = 3.0 x 10° C.

(b) The change in potential energy is AU = ¢ AV = (3.0 x 10° C)(12V) = 3.6 x 10° J.

3P
(¢) When charge ¢ moves through a potential difference AV its potential energy changes
by AU = ¢ AV. In this case, AU = (30 C)(1.0 x 10° V) = 3.0 x 10'° J.

(b) Equate the final kinetic energy of the automobile to the energy released by the lightning:
AU = %mvz, where m is the mass of the automobile and v is its final speed. Thus

AU [2(3.0 x 1010 J) ,
_ . /22Y — 77 x10°m/s.
¢ m \/ 1000 ke X 107m/s

(¢) Equate the energy required to melt mass m of ice to the energy released by the lightning:
AU = mLp, where L is the heat of fusion for water. Thus

AU 3.0x 107
Ly 33x105]/ke

=9.0x 10 kg.

m =
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4E
zaxis
5P
2A
(e
+A +A & @
some electric field lines some equipotential cross sections
6E

(a) VB —Va=AU/(—e) =394 x 1071 J/(-1.60 x 10717 C) = —2.46 V.
(0) Ve —=Va=Vp—Va=—-246V.
(¢) Vo — Vg =0 (Since C and B are on the same equipotential line).
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TE
AV = EAs = (1.92 x 10°N/C)(0.0150m) = 2.90 x 10° V.

() E=F/e =3.9x 107" N/(1.60 x 1071? C) = 2.4 x 10* N/C.
(b) AV = EAs = (2.4 x 104 N/C)(0.12m) = 2.9 x 103 V.

The electric field produced by an infinite sheet of charge has magnitude E = o/2¢y, where
o is the surface charge density. The field is normal to the sheet and is uniform. Place the
origin of a coordinate system at the sheet and take the = axis to be parallel to the field
and positive in the direction of the field. Then the electric potential is

V:VS—/ Ede =V, — Ex,
0

where V; is the potential at the sheet. The equipotential surfaces are surfaces of constant
x; that is, they are planes that are parallel to the plane of charge. If two surfaces are

separated by Ax then their potentials differ by AV = —EAx = (0/2¢y)Ax. Thus

_ 2¢g AV 2(8.85 x 10712 C* /N-m?)(50V)

=88x10%m.
o 0.10 x 10-6 C/m” - .

Az

qo0z

f z
W:/ goE-ds =27 | 4. =

260 0 260 '
(b) Since V = Vy = =W/qy = —0z/2¢,

oz
V=V,— 2.
0 260

11P

The potential difference between the wire and cylinder is given, not the linear charge density
on the wire. Use Gauss’ law to find an expression for the electric field a distance r from the
center of the wire, between the wire and the cylinder, in terms of the linear charge density.
Then integrate with respect to r to find an expression for the potential difference between
the wire and cylinder in terms of the linear charge density. Use this result to obtain an
expression for the linear charge density in terms of the potential difference and substitute
the result into the equation for the electric field. This will give the electric field in terms
of the potential difference and will allow you to compute numerical values for the field at
the wire and at the cylinder.
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For the Gaussian surface use a cylinder of radius r and length ¢, concentric with the wire
and cylinder. The electric field is normal to the rounded portion of the cylinder’s surface
and 1s uniform over that surface. This means the electric flux through the Gaussian surface
is given by 27rlE, where E is the magnitude of the electric field. The charge enclosed by
the Gaussian surface is ¢ = A, where A is the linear charge density on the wire. Gauss’
law yields 2wegrl E = Al. Thus \

2megr

FE =

Since the field is radial, the difference in the potential V. of the cylinder and the potential
Vi, of the wire is

AV:Vw—VCZ—/wEdr:/C A g A 1n<i>,
" %271'607“ 2meg Tw

where r,, is the radius of the wire and r. is the radius of the cylinder. This means that
_ 2meg AV

- In(re/rw)

A AV
- 2mer - rin(re/ry)
(a) Substitute r,, for r to obtain the field at the surface of the wire:
- AV _ 850V
rwln(re/ry)  (0.65 x 107 m)In[(1.0 x 1072 m)/(0.65 x 10=6m)]
=1.36 x 10° V/m.
(b) Substitute r. for r to find the field at the surface of the cylinder:
- AV _ 850V
roln(re/ry) (1.0 x 1072 m)In[(1.0 x 1072 m)/(0.65 x 10~%m)]

=8.82x 10°V/m.

and

E

r r 2
qr qr
= — E(r)dr =0 — dr = ————.
V(r) = V(0) /0 (r)dr = 0 /0 = -
(b)) AV =V(0) — V(R) = ¢/8meyR.
(¢) Since AV =V(0) — V(R) > 0, the potential at the center of the sphere is higher.

13P

(a) Use Gauss’ law to find expressions for the electric field inside and outside the spherical
charge distribution. Since the field is radial the electric potential can be written as an
integral of the field along a sphere radius, extended to infinity. Since different expressions
for the field apply in different regions the integral must be split into two parts, one from
infinity to the surface of the distribution and one from the surface to a point inside.
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Outside the charge distribution the magnitude of the field is E = ¢/4megr? and the potential
is V = q/4repr, where r is the distance from the center of the distribution.

To find an expression for the magnitude of the field inside the charge distribution use a
Gaussian surface in the form of a sphere with radius r, concentric with the distribution.
The field is normal to the Gaussian surface and its magnitude is uniform over it, so the
electric flux through the surface is 477 E. The charge enclosed is ¢r®/R3*. Gauss’ law

becomes ,
qr
4regr’E = o
SO gr
F=——.
dreg R?

If Vi is the potential at the surface of the distribution (r = R) then the potential at a point
inside, a distance r from the center, is

V=V /rEd =V d /rd—V (U
e R P dregR? Rr P SmegR3  8megR

The potential at the surface can be found by replacing r with R in the expression for the
potential at points outside the distribution. It is V, = ¢/4meg R. Thus

9 1 r? 1 _ q 2 2
V= 4reg (R o T 2R>  8megR3 (3R" 7).

(b) In 12P the electric potential was taken to be zero at the center of the sphere. In this
problem it is zero at infinity. According to the expression derived in part (a) the potential
at the center of the sphere is V. = 3¢/8negR. Thus V —V, = —qr2/87r60R3. This 1s the
result of 12P.

(¢) The potential difference is

2q 3q q
AV =V, -V, = — = — )
Sreg R 8meg R 8meg R

The same value as is given by the expression obtained in 12P.

(d) Only potential differences have physical significance, not the value of the potential at
any particular point. The same value can be added to the potential at every point without
changing the electric field, for example. Changing the reference point from the center of
the distribution to infinity changes the value of the potential at every point but it does not
change any potential differences.

14P
(a) For r > ry the field is like that of a point charge and

1 Q

V_

- 2
dmeg T

where the zero of potential was taken to be at infinity.
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(b) To find the potential in the region ry < r < rq, first use Gauss’s law to find an expression
for the electric field, then integrate along a radial path from ry to r. The Gaussian surface
is a sphere of radius r, concentric with the shell. The field is radial and therefore normal
to the surface. Its magnitude is uniform over the surface, so the flux through the surface
is @ = 47r? E. The volume of the shell is (47/3)(r5 — r?), so the charge density is

_ %0
SREECENE

and the charge enclosed by the Gaussian surface is
4 3 3 rd —r}
q:<?>(r _rl)p:Q<T§—T§ .

3_ .3
4regr’E = Q <r3 r;)

ry — Ty

Gauss’ law yields

and the magnitude of the electric field is

el QP

 dreg rz(rg — rf) '

If V; is the electric potential at the outer surface of the shell (r = ry) then the potential a
distance r from the center is given by

r r 3
V:m—/zmwﬂg—ﬁlﬁiﬁ/‘Q—%>w
" dmey ry — 3 " r

TR [ )

dreg r% — rif 2 2 r o

The potential at the outer surface is found by placing r = ry in the expression found in
part (a). It is Vi = @Q/4meyry. Make this substitution and collect terms to find

po @ 1 @ﬁ_i_ﬁ)

= 3 3
dmey ry —ry

Since p = 3Q /47 (r3 — r}) this can also be written

o P (B3
3€g 2 2 r )
(¢) The electric field vanishes in the cavity, so the potential is everywhere the same inside

and has the same value as at a point on the inside surface of the shell. Put r = r; in the
result of part (b). After collecting terms the result is

Q 3(r3—ri)

- dreg 2(r3 —r3)’
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or in terms of the charge density V = (p/2¢o)(r3 — r?).
(d) The solutions agree at r = 1 and at r = rs.

15E
Let V =0 at r — oo. Then V(r) = ¢/4mwegr. Thus

(a)

q q
Vi—Vg = —
4 B dregra  4dmwegrp
1 1
= (1.0 x 107° . 10°N-m?/CH)| —— — —— | = —4 .
(1.0 x 107" C)(8.99 x 10 m*/C )<2.0m 1.0m> 500V

(b) Since V(r) depends only on the magnitude of r, the result is unchanged.

16E
(a¢) From symmetry consideration, the equipotential surface with V' = 30V must be a
sphere (of radius R) centered at ¢, where V = ¢/4negR. Solve for R:

q (1.5 x 1078 C)(8.99 x 10° N-m?/C?)

R = —
dmegV 30V

=45m.

(b) Since AR = (q/4meq)A(1/V), AR is not proportional to AV (but rather to AV™1), so

the surfaces are not evenly spaced.

17E

Imagine moving all the charges on the surface of the sphere to the center of the the sphere.
Using Gauss’ law you can see that this would not change the electric field outside the
sphere. The magnitude of the electric field E of the uniformly charged sphere as a function
of r, the distance from the center of the sphere, is thus given by E(r) = ¢/(4mer?) for
r > R. Here R is the radius of the sphere. Thus the potential V' at the surface of the
sphere (where r = R) is given by

[e) R
q q
VIR)=V r:oo—l_/R (r)dr /Oo dregr? " dreg R
. 10° N-m? /C?)(1. 108
:(899>< 0 m?/C?)(1.50 x 00)28.43><102V.
16.0 cin
18E
1 —1.
g = dreyRY = —LOWELOV) e

8.99 x 10° N-m? /(2
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19E
If the electric potential is zero at infinity then at the surface of a uniformly charged sphere
it is V = g/4reg R, where ¢ is the charge on the sphere and R is the sphere radius. Thus

q = 4reg RV and the number of electrons is

—6
N — @ _ dregR|V| _ (1.0 x 10 1;n)(400V) 58 % 10°.
€ € (8.99 x 109 N-m? /C")(1.60 x 10~ C)

20E

€)

q +2q
some electric field lines
(b)
@
some equipotential cross sections

21E

First, convince yourself that V(z) cannot be equal to zero for > d. In fact V() is always
negative for + > d. Now consider the two remaining regions on the z axis: = < 0 and
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0 <z < d. For x < 0 the separation between ¢; and a point on the = axis whose coordinate
is x 1s given by dy = —x; while the corresponding separation for ¢ i1s dz = d — x. Now set

1 (a1, ¢ g (1 -3
V = —_— —_— = —_— = 0
(2) dreg <d1 + d2> dreg (—:1; + d— :1;)

to obtain @ = —d/2. Similarly, for 0 < @ < d we have d; = z and d3 =d — x. Let

e q (1 -3\
V(x)_47reo<d1+d2>_47r60<:1;+d—:1;>_0

and solve for x: = = d/4.

22K
(a) Since both charges are positive, so is the electric potential created by each of them.
Thus the net potential cannot possibly be zero anywhere except at infinity.

(b)

<

G
g —P © X
d

In the figure above, let E(x) = E; — E5 = 0, we obtain

1 1
Bi(z)= —L — By(a) = &

 drweg a2  dmeg (d— )2

Combine this equation with ¢ = +¢ and g2 = +2¢ and solve for z:

d 1.0m
T = =
T+v2 1442

=041m.

23E

Since according to the problem statement there is a point in between the two charges on
the o axis where the net electric field is zero, the fields at that point due to ¢; and ¢
must be directed opposite to each other. This means that ¢; and ¢, must have the same
sign (i.e., either both are positive or both negative). Thus the potentials due to either of
them must be of the same sign. Therefore the net electric potential cannot possibly be zero
anywhere except at infinity.
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24E
. ( °OX *N-m?/C?)
q 4.0 x 107°C)(8.99 x 10° N-m~/C 5
V= R 0.10m 30107V
(b) The field just outside the sphere would be
. 10°
4 _K:M:g(jxl(ﬁv/m?

F = —
dregR? R 0.10m

which would have exceeded 3.0 MV /m. So this situation cannot occur.

25E
) (200 V)(0.15m)
¢ =dre VR = omms N-m2/cz =33x107°C.
) 3.3x107°C
7= 47qu2 - 4‘7r(>(;.15 m)? =12x107° C/m*.
26P

(a) The electric potential V' at the surface of the drop, the charge ¢ on the drop, and the
radius R of the drop are related by V = ¢/4regR. Thus

q (8.99 x 10° N-m? /C*)(30 x 10712 C)

— — =54x10"*m.
dregV 500V 8 m

R

(b) After the drops combine the total volume is twice the volume of an original drop, so
the radius R’ of the combined drop is given by (R')®> = 2R® and R' = 2'/3R. The charge
is twice the charge of original drop: ¢’ = 2¢. Thus

1 4 1 2q 2V 2(500V)
drey B! 4dmey 21/3R 21/3 21/3

Vl

27P

Assume the charge on the Earth is distributed with spherical symmetry. If the electric
potential is zero at infinity then at the surface of the Earth it is V = ¢/47wey R, where ¢ is
the charge on the Earth and R (= 6.37x10°% m) is the radius of the Earth. The magnitude of
the electric field at the surface is E = ¢/4megR?, s0 V = ER = (100 V/m)(6.37 x 10°m) =
6.4 x 108 V.
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28P
A charge —5¢ is a distance 2d from point P, a charge —5¢q is a distance d from P, and two
charges 45¢ are each a distance d from P, so the electric potential at P is

q ) 5 5 b 5q
V ——— =t -4+ =] == :
dmeg ( 2d  d d * d 8meg
The zero of the electric potential was taken to be at infinity.
29P
Use ¢ = 137,000 C from Sample Problem 22-4 to find V:
9 2 /12
q (137 000 C)(8.99 x 10 Nm/C):1.93><108V.

47r60R 6.37 x 105 m

30P
The net electric potential at point P is the sum of those due to the six charges:

Ve = Z Vei = Z 47r60rl
B 1 5.0q —2.0q —3.0q
" i [ T2 | A2 B+ (AP
3.0q —2.0q —5.0q
d2 4 (d/2)2  d/2 d? 4 (d)2)?
—0.94¢
- dregd

31P
(a) and (b). Consider the two points A and B, with (4,,4,,4.) = (R+ 2., 0, 0) and
(B;,By,B.)=(R— =z, 0, 0), where the circle intersects the z axis. We have
i 42
dregVa = =0
Teova R+:1;c+:1;2—(R—|—:1;c) ’
il 42
dregVp = =0.
Teovs R—xc+x2+(R—xc)
Solve for R and z.:
2 6.0¢)%(8.6
.= qux22 — ( 62) ( nm)2 :—4.8nm,
9 — 42 (6.0¢)? — (—10¢)
6.0e)(—10e)(8.6
R = q21Q251?22 = (6:0e)( ¢)(86nm) =8.1lnm.
9 — 42 (6.0¢)* — (—10¢)?
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(¢) No. In fact the V = 0 one is the only circular one.

32P
(a) The net charge carried by the sphere after a time ¢ is ¢ = %aet, where a is the activity
of the nickel coating. Thus from V = ¢/4nweg R = aet/8meg R we solve for t:

,_8meVR 2(1000 V)(0.010m) .
_ — = 33s.
ae (8.99 x 109 N-m?2/C?)(3.70 x 10%/5)(1.60 x 10~19 C)

(b) The time t' required satisfies %aet’ = ¢AT, where ¢ = 100keV, ¢ = 14.3J/K, and
AT =5.0C°. Thus

g 2eAT 2(14.3J/K)(5.0C°)
~ae (3.70 x 108 /s)(100 x 10® x 1.6 x 10=19 J)

=24x10°s =28 x 10%da.

33E
Use Eq. 25-20:
1 p (899 %10 N-m?/C?)(1.47 x 3.34 x 1072 C-m) _x
V= — = =1.63x107"V.
Areq 1 (52.0 x 10=9 m)? %
34E

A positive charge ¢ is a distance r — d from point P, another positive charge ¢ is a distance
r from P, and a negative charge —q is a distance r + d from P. Sum the individual electric
potentials created at P to find the total:

_q 1 1 1
V_47reo<r—d+r r—l—d)l

Use the binomial theorem to approximate 1/(r — d) for r much larger than d:

1 1t 9 1 d
T R ) () ) =
Similarly,
1 1 d
r+d r 2’

Only the first two terms of each expansion were retained. Thus

Va4 1_|_d_|_1 1_|_d _q 1_|_2d . q 1_|_2d
N47T€0 roor2 o 2 ) dreg\r  r2 ) Admweyr r )
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35E
(a) From Eq. 25-35

V=2

A [L/Q + (LZC/;L + d?)l/Z] '

dreg

(b) V =0 due to superposition.

36E

1 dq 1 —Q
dmey Jioqa B 47 R Jioq dmeg R

37E
(a) All the charge is the same distance R from C, so the electric potential at C is
1 /Q 6Q\_ 5Q

dregR’

4reg

R R

where the zero was taken to be at infinity.

(b) All the charge is the same distance from P. That distance is vV R? 4+ z2, so the electric
potential at P is

V_1.< Q0 6 )__ 5Q
CAmeg \VR2 + 22 VR2 ¥ :2) drwegVR2 ¥ 22

38E
The disk is uniformly charged. This means that when the full disk is present each quadrant
contributes equally to the electric potential at P, so the potential at P due to a single

quadrant is one-fourth the potential due to the entire disk. First find an expression for the
potential at P due to the entire disk.

Consider a ring of charge with radius r and width dr. Its area is 27r dr and it contains

charge dq = 2mwor dr. All the charge in it is a distance /r? 4+ 22 from P, so the potential

it produces at P is
1 2wordr ordr

- dmey /1?2 + 22 - 2e0V/ 12 + 22 '

dv

The total potential at P is

R
o rdr o 5 5
= — — = —\r°+z
2¢e0 Jo r2 422 2e¢

v

R
= i(\/Rz—l—z:2—2>.
0

260

The potential V,, at P due to a single quadrant is

VvsqzK i(\/f€2‘|‘22—2>.

4 8e



CHAPTER 25 ELECTRIC POTENTIAL 695

39P

Consider an infinitesimal segment of the ring, located between r' and r + dr' from the
center of the ring. The area of this segment is dA = 27r'dr’, and the charge it carries
is dqg = odA = 2nor'dr'. The separation between any point on this segment of the ring

and point P is a = v/r'* + z2. Thus the contribution to Vp from this segment is given by
dVp = dq/(4repa). Integrate over the entire ring to obtain Vp:

1 dq 1 B onor!
V = dV = —_— = l
" /ring r dmeg /ring a dreg r m

Upon making a change of variable u = r'* the integral above can be readily evaluated to
yield the result

R
VPZQL[\/T’Z—I—ZZ] = (;)(\/RZ—I—ZZ—\/TZ—I—ZZ).
€0 r €0

For z = 2.00R and r = 0.200R this gives Vp = 0.1130 R/ ¢q.

40P
(a) Denote the surface charge density of the disk as oy for 0 < r < R/2, and as oy for
R/2 < r < R. Thus the total charge on the disk is given by

R/2 R -
q= / dg = / 2noyrdr + / 2royrdr = —R*(0y + 30,)
disk 0 R/2 4
- %(2.20 x 1072 1m)2[1.50 x 10~° C/m? + 3(8.00 x 10~7 C/m?)]

=148 x 1077 C.

(b) Use Eq. 25-36:
R/2 ! ! R ! !
V(z)= / dV = [ o1 (2n B)dR! + M}
disk dmeg \/22 + R r2 V2 + R

/ 2
:£< 22+R—— >_|__<1/22_|_R2 22+—>
260 4 260

Plug in thenumerical values of a1, 09, R and z to obtain V(z) = 7.95 x 102V

41P

(a) Consider an infinitesimal segment of the rod, located between = and = 4 dx. It has
length dx and contains charge dg = Adx, where A = @Q/L is the linear charge density of
the rod. Its distance from P is d + x and the potential it creates at P is

1 dg 1 Adzx
drey d+x  dmeg d+a

dV =
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To find the total potential at P;, integrate over the rod:

At de A L Q L
— = In(d Inf1+4+—).
v dreg /0 d+x 4re n(d+ ) n( + )

42P
(@) Similar to the last problem, let us consider an infinitesimal segment of the rod, located
between = and x 4+ dz. It has length dr and contains charge d¢g = A dx = cxdz. Its distance
from P; is d + = and the potential it creates at P; is

1 dg 1 cade
Arey d+ 1  4dmeg d+
To find the total potential at P;, integrate over the rod:

L
c L
= L—dlnl14+=})].
0 dmeg [ Il( - d)]

dV =

L
c z dx c
v dmeg /0 d+ 4dmeq [ n(z +d)

43E
The magnitede of the electric field is given by
B AV 2(5.0V) 9
|E| = | — s |~ 00L5m =6.7x10°V/m.

E points from the positively charged plate to the negatively charged one.

44E

Use E, = —dV/dx, where dV/dz is the local slope of the V vs. z curve depicted in
Fig. 25-48. The results are:

E.(ab)=—6.0V/m, E,(bc) =0, E,(cd) = E;(de) = 3.0V /m,

E.(ef)y=15V/m, E,(fg) =0, E,(¢gh) =—-3.0V/m.

E, (V/m)
15— eﬁf
12
(.
|
o
6L |
| L
C\ d e:
|
b f 9
-51} c 0 5 x(m)
|
|
& o
N 6 |—
a b
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45E
On the dipole axis § = 0 or 7 so |cosf| = 1. The magnitude of the electric field is thus
given by
oV p | d[1 P
E — —_— — | = —_ R — .
[Er)] ‘ or dmeqy |dr (7“2)‘ 2mepr3
46E
Use Eq. 25-41:
_ o _ 9 2\ 2 2\, 21 _ 24 ..
E.(z,y)= 9% D [(2.0V/m)a” — (3.0V/m)y"] = =2(2.0V/m* )z ;
x T
E _ 020V /m®)e? — (3.0 V/m®)y?) = 2(3.0V/m?
) = =5 = = 5ROV — (B0V/m)y?] = 230V /.

Now plug in # = 3.0m and y = 2.0m to obtain the magnitude of E: F = ,/E? + E2 =

17V/m. E makes an angle 6 with the positive « axis, where

E
§=tan ' =L ) =135°.

47E
dv\ . d . )
= (—3000V/m?)(0.0130m)i= (—39V/m)i.

48E

(a) The E-field corresponding to V is

dV d | Ze (1 3 r?
E = - = — — _— — —I— _—
dr dr |4meg \r 2R 2R3
_ Ze i o
 4meg \r2  R3 )’

(b) The expression for V(r) is valid inside the atom only and cannot be extended to r — oc.
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49P

(@) The charge on every part of the ring is the same distance from any point P on the axis.
This distance is r = V2?2 + R?, where R is the radius of the ring and z is the distance from
the center of the ring to P. The electric potential at P is

1 1 q

1 dg 1 dq 1
— — - dg = .
4eg / 7 4reg / Vz?2 + R? dmey /22 + R2 / 1 drey /22 + R?

v

(b) The electric field is along the axis and its component is given by

Ve d
0z  4mey dz

q 1 2 2\—3/2 q <
4dreg (2) Sy (22) drey (22 + R2)3/2

This agrees with the result of Section 23-6.

E = (22—|-R2)_1/2

50P
From 41P the electric potential for a point on the = axis whose = coordinate is given by

r=—d<01is
B B Q L
(r = d)_47r60L1n 1+d '

Replace © = —d with a general value = to obtain

L
Viz) = 4:30[/ 1n<1 — ;) )

_d Q e L
x:—d_ dr | 4megL H z

Note that here E, < 0, indicating that E is in the negative x direction, as expected.
(b) From symmetry it is obvious that the electric field does not have any y component, i.e.,

E, =0.

dV
dx

_ 1 Q
pe—d  dreg d(L+d)’

51P
(a) Consider an infinitesimal segment of the rod from = to 4 dz. Its contribution to the
potential at point P is

1 Alz)dx 1 cx

dmeg /a2 + y?  dmey /72 4 y2
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Thus

(VL2 +y*—y).

L
c x c
= /rod Wr = dmeg /o Va?+y? de = dmeg
(b)

oVp c d c Yy
FE = — = — — (/L2 2 = 1—— ).
Py y dmey dy Tvr =) d7req ( /12 + y2>
(¢) All we obtained above for the potential is its value at any point P on the y-axis. In
order to obtain E,(x,y) we need to first calculate V(z,y), i.e., the potential for an arbitrary
point located at (x, y). Then E,(x, y) can be obtained from E,(z, y) = —0V(x, y)/0x.

52E
a) Use Eq. 25-43 with ¢ = ¢9 = —e and r = 2.00 nm:
q q q

1 1 €? 8.99 x 10° N-m?/C?)(1.60 x 10712 C)?
o Lo 1o (899X m/C7)(1.60 L 115x10707.
drey T drey T 2.00 x 10~°m

(b) Since U > 0 and U o r~1 the potential energy U decreases as r increases.

53E

(@) The charges are equal and are the same distance from C. Use the Pythagorean theorem
to find the distance r = /(d/2)2 + (d/2)2 = d//2. The electric potential at C is the sum
of the potential due to the individual charges but since they produce the same potential,
it 1s twice that of either one:

20 V2 2V
 dwey d 4Aweod
(8.99 x 10° N-m? /C*)(2)v/2(2.0 x 1076 C)

— =25x10°V.
0.020m

(b) As you move the charge into position from far away the potential energy changes
from zero to ¢V, where V is the electric potential at the final location of the charge.
The change in the potential energy equals the work you must do to bring the charge in:
W =¢qV =(20x107°C)(2.5x 10°V) =5.11J.

(¢) The work calculated in part (b) represents the potential energy of the interactions
between the charge brought in from infinity and the other two charges. To find the total
potential energy of the three-charge system you must add the potential energy of the
interaction between the fixed charges. Their separation is d so this potential energy is
q* /4megd. The total potential energy is

q2

dmegd
(8.99 x 10° N-m? /C?)(2.0 x 1076 C)?
0.020m

U=W+

=51J+ =6.9J.
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54K
The potential energy of the two-charge system is

_ 1 9192
dmeg \/(51?1 —22)2 + (y1 — y2)?
(8.99 x 10° N-m?/C2)(3.0 x 10~6 C)(—4.0 x 10~° C)

_ = —-1.97J.
V(3.5 4+ 2.0)2 4 (0.50 — 1.5)% cm

Thus —1.9J of work is needed.

55K
(a) Denote the side length of the triangle as a. Then the electric potential energy is

i B(e/3)* _ (809 % 10° N-m?/C?)(1.60 x 1071 C)?
- dmea 3(2.82 x 1031

=272x 107147,

(b) U/c* =2.72x 1071 J/(3.00 x 108 m/s)? = 3.02 x 107! kg. This is about a third of the

accepted value of the electron mass.

56 E

Choose the zero of electric potential to be at infinity. The initial electric potential energy U;
of the system before the particles are brought together is therefore zero. After the system
is set up the final potential energy is

7. q* 1 1 n 1 1 1 n 1
F 4eg a a 2 a a +/2a
B 24> 1 5) — 0.21¢>
- drega V2 N €a

Thus the amount of work required to set up the system is given by W = AU =Uy; - U; =
—0.21¢%/(ega).

57E
Let the quark-quark separation be a. Then

(a)
1 (2¢/3)(2¢/3) 4e?

Uipup = =
PP 4re a drega

_ 4(8.99 x 10° N-m?/C?)(1.60 x 107! C)e
9(1.32 x 10=15 m)
= 4.84 x 10° eV = 0.484 MeV.
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(b)

- 47T1€ [(26/31526/3) B 2(26/33(26/3)] 0.
58E
U= 47350 > q;iqjj _ Trend <9192 +q193 + q2q4 + q3q4 + % + %)
_ (8.99 x 110; imZ/CZ) [(12)(—24) 4 (12)(31) + (—24)(17) + (31)(17)
+ (12\)/(;7) + (_Qj%(?’l (10717 )
=—-12x107°7J.
59P

Let ¢ = 0.12C and @ = 1.7m. The change in electric potential energy of the three-charge
system as one of the charges is moved as described in the problem is

2 2
AU q (2 g>_2q

- dreg % Ca) drega
2(0. 2(g. 9N .2 /(2
_ (0.12C)*(8.99 x 10” N-m*/C*) 155107
1.7m
Thus the number of days required would be
1. 108
n= (15X 107J) =2.1d.

(0.83 x 10% W)(86400s/d)

60P
(a) Let ¢ (= 0.15m) be the length of the rectangle and w (= 0.050m) be its width. Charge

g1 1s a distance { from point A and charge ¢o is a distance w, so the electric potential at A

1 q1 q2
Va= = 4+ =
A 47r60<£ * w)

— (8.99 x 10° N-m? /02)<

18

—5.0x107%C 4 2.0x107°C
0.15m 0.050 m

=6.0x 10*V.
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(b) Charge ¢; is a distance w from point b and charge ¢, is a distance (, so the electric
potential at B is

1 q1 q2
Vg = =4+ =
B dmeg (w * K)

:(899><109Nqn2/02)<

~5.0x1075C n 2.0x107¢C
0.050 m 0.15m

= —78%x10°V.

(¢) Since the kinetic energy is zero at the beginning and end of the trip, the work done by
an external agent equals the change in the potential energy of the system. The potential
energy is the product of the charge ¢3 and the electric potential. If Uy is the potential
energy when ¢3 is at A and Up is the potential energy when g3 1s at B, then the work done
in moving the charge from B to Ais W =Us —Up = ¢3(Va — Vp) = (3.0 x 107° C)(6.0 x
10V +78x10°V)=251].

d) The work done by the external agent is positive, so the ener y of the three-charge
g p Y g g
system increases.

(e) and (f) The electrostatic force is conservative, so the work is the same no matter what
the path.

61P
The work required is

62P
The particle with charge —¢ has both potential and kinetic energy and both these change
when the radius of the orbit is changed. Find an expression for the total energy in terms
of the orbit radius. @) provides the centripetal force required for —¢ to move in uniform
circular motion. The magnitude of the force is F' = Qq/4megr?, where r is the orbit
radius. The acceleration of —¢ is v?/r, where v is its speed. Newton’s second law yields
Qq/4meor? = mv? [r, so mv? = Qq/4meor and the kinetic energy is K = %mv2 = Qq/87epr.
The potential energy is U = —Qq/4mepr and the total energy is

P K40 — Qg Q¢ Qg

Smegr  dmwegr Smegr

When the orbit radius is ry the energy is E; = —Qq/8megr; and when it is ro the energy
is Fy = —Qq/8megry. The difference Ey — Ey is the work W done by an external agent to
change the radius:

1 1 1 1
8meg \ 12 r1 8meg \ 1y r9
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63P
(a)
1 ¢ (899 x10°N-m2/C?)(1.60 x 1019 C)
_Loe_ — 272V,
V(0= e 5.29 x 10~1Tm 2y
() U = —€eV(r)=—27.2eV.
(¢) Since mev? /r = —e? /dmeor?,
1 1 e? 1 27.2eV
I” — _ 2 — —— = —— = =13. .
v =gmv 5 <47r60r> 2V(r) 5 3.6eV

(d) The energy required is
AE=0—-[V(r)+ K] =0—(-272eV 4+ 13.6eV) = 13.6€eV.

64P

Use the conservation of energy principle. The initial potential energy is U; = ¢*/4mwegry,
the initial kinetic energy is K; = 0, the final potential energy is Uy = ¢*/4megra, and the
final kinetic energy is Ky = %mvz, where v 1s the final speed of the particle. Conservation

of energy yields
2 2 1
E = E + —mu?.
4egry 4regrsy 2

The solution for v is

B 2¢? 1 1
v dwegm \ry T2

- \/(8.99 % 109 N-m? /C%)(2)(3.1 x 10~ C)2 ( 1 1 )

20 x 10=6 kg 0.90x 103m 2.5x 10~3m
=2.5x10°m/s.
65P
Let r =1.5m, 2 = 3.0m, ¢ = —9.0nC, and ¢; = —6.0 pC. The work done is given by
Q1q2 (1 1
W=AU="—"| - — —
dreg (r w/r2—|—:1;2>

= (—9.0 x 1077 C)(—6.0 x 10712 C)(8.99 x 10° N-m?/C?)

1 1
[1.5m - /(1bm)e £ (3.0m)2]
=18x1071°7J.
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66P
(a) The potential energy is

¢ (8.99 x 10°N-m? /C?)(5.0 x 1075 C)?

dmegd 1.00m ’
relative to the potential energy at infinite separation.
(b) Each sphere repels the other with a force that has magnitude
2 9N .2 /(12 —6 (2
o4 :(8.99><10 N-m* /C?)(5.0 x 107° C) 0995 N
degd? (1.00m)?

According to Newton’s second law the acceleration of each sphere is the force divided by
the mass of the sphere. Let m 4 and mp be the masses of the spheres. The acceleration of

sphere A is

F 0.225 N )
Ay T B0x10 kg | 0m/s

and the acceleration of sphere B is

F 0.225N) )
B T k10 kg oW

(¢) Energy is conserved. The initial potential energy is U = 0.225], as calculated in
part (a). The initial kinetic energy is zero since the spheres start from rest. The final
potential energy is zero since the spheres are then far apart. The final kinetic energy is

%mAvi + %va%, where v4 and v are the final velocities. Thus
1 1
2 2
U= §mAvA + ivaB.

Momentum is also conserved, so
0=mava +mpvp.

Solve these equations simultaneously for v 4 and vg.

Substitute vg = —(ma/mp)va, from the momentum equation, into the energy equation
and collect terms. You should obtain U = %(mA/mB)(mA + mp)vy. Thus

2UmB
[ —
4 ma(ma+mp)

2(0.225 J)(10 x 103 kg)
_ = 7.75m/s.
\/(5.0 x 1073 kg)(5.0 x 103 kg + 10 x 103 kg) m/s

Now calculate vg:

ma (5.0 x 10~3 kg

m) (7.75m/s) = —3.87Tm/s.
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67P

The initial speed v; of the electron satisfies K; = %mev? = eAV, which gives

2eA 2(1.60 x 1010 J)(62
oo J2AV (1.60 x 1019 J)(6 5V):1.48><107m/s.
V me 9.11 x 10~31 kg

68P

(a¢) At the smallest center-to-center separation ryi, the initial kinetic energy K; of the
proton is entirely converted to the electric potential energy between the proton and the
neucleus. Thus

- 1 €4 1ead 8262
K, = = .
47ey Tmin 47 EqT min
Thus
o 82¢? B 82¢? 82(1.6 x 10~1? C)(8.99 x 10? N-mZ/Cz)
min T ek Ameg(4.80 x 10°¢) V 4.80 x 10°V

=925x 107" m = 25fm.

Note that 1eV = le-1V.
() In this case

- 1 ¢aqiead 82¢? 82¢?
K, = : =2 p = ,
dmey 70 dmeor] i, 47enT min
so the new minimum separation is r! . = 2ryi, = 50{fm.

69P
The idea for solving this problem is the same as that for the last one. In this case

1
K= 9@

- 2
47ey Tmin

which gives rpi, = ¢Q/4me K.

70P

The change in electric potential energy of the electron-shell system as the electron starts
from its initial position and just reaches the shell is AU = (—e)(—=V) = €V. Thus from
AU = K = 1m,v? we find the initial electron speed to be

2 7
[2AU 2¢V
Uy = = .
me me
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71P

Use the conservation of energy principle. Take the potential energy to be zero when the
moving electron is far away from the fixed electrons. The final potential energy is then
Uy = 2e?/4meyd, where d is the half the distance between the fixed electrons. The initial
kinetic energy is K; = %mevz, where m, 1s the mass of an electron and v is the initial
speed of the moving electron. The final kinetic energy is zero. Thus K; = Uy or %mev2 =
2¢? /4megd. Hence

2 9IN.m2 /(2 —19 ()2
v:\/ 4e :\/(8.99><10 Now? /OG0 X 100 CP o

dmegdm, (0.010m)(9.11 x 10—31 kg)

72P
The potential difference between the surface of the sphere of charge () and radius r and a
point infinitely far from it is AV Q) /4megr. Thus the escape speed vege of the electron of

mass m. satisfies K = %m v, =c¢AV, or

/ 2(1.60 x 10-19 C)(1.60 x 1015 C)(8.99 x 109 N-m2/C?)
vesc
47r60m r (9.11 x 10731 kg)(1.0 x 1072 m)

=2.2x 10" m/s.

73P
Let the distance in question be r. The initial kinetic energy of the electron is K; =
where v; = 3.2 x 10° m/s. As the speed doubles, K becomes 4K;. Thus

2

1 2
§mevi 9

e 3
AU = pr— ~AK = —(4K, - K;) = -3K; = —§mev§,
or
. 2¢? ~2(1.6 x 1071 €)*(8.99 x 10° N-m? /C?)
3(4dmeg)mev? 3(9.11 x 109 kg)(3.2 x 10°m/s)?
=16x%x10""m
T4E

Since the electric potential throughout the entire conductor is a constant, the electric
potential at its center is also +400V.

75K
(a¢) and (b) For r < R = 20cm the electric field is zero since this region is inside the

conductor. For r > R we have E(r) = q/(4megr?), where ¢ = +3.0 uC. In particular, just
outside the sphere E = ¢/(4megR?) = Ey = 6.8 x 10° N/C.
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Use V(r) = fooo E(r)dr to calculate V(r). For r < R = 20cm the electric potential is a

constant since this region is inside the conductor, an equipotential body. For r > R we
have V(r) = ¢/(4meor). In particular, at r = R 'V = ¢/(4negR) = Vo = 1.4 x 10° V. This
is also the value of V(r) for r < R.

Both E and V' as functions of r are plotted below.

|
|
:Urz 1 r
|
|
|
|
|

20 bm 20cm

V0=1.4x105 V.

76E
If the electric potential is zero at infinity, then the potential at the surface of the sphere is
given by V = ¢/4weyr, where ¢ is the charge on the sphere and r is its radius. Thus

(0.15m)(1500 V)

_ —8
8.99 x 10°N-m? /C* 20X 10C

q =4megrV =

TTE

(a) Since the two conductors are connected V; and V; must be the same.

(b) Let Vi = ¢1/4neg Ry = Va2 = ¢2/4weg Ry and note that ¢1 + ¢2 = ¢ and Ry = 2R;. Solve
for 1 and ¢2: @1 = ¢/3, ¢2 = 2¢/3.

0 2
e ()3 -
oy q2/4nR3 g2 ) \ Iy '

78P

In sketching the electric field lines and the equipotential lines pay attention to the following:
(1) The electric field lines and the equipotential lines and always perpendicular to each
other wherever they intersect. (2) The filed lines are perpenduluar to the surface of the
conductor (which is an equipotential surface); while the equipotential lines just outside
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the conductor follow its surface countour. (3) The greater the curvature of the surface of
the conductor, the higher the concentration of the surface charge and hence the greater
the electric field outside the surface. This means that the electric field just outside the
conductor is the strongest near its narrower end; and the weakest in between the two ends,
where the surface is flat. The field is of course zero inside the conductor, where the potential
1s a constant.

some equipotential lines and electric field lines (denoted with arrows)

9P
(a) The potential would be

Q. B 47 R0,
AregR.  4meyR.
= 47(6.37 x 10° m)(1.0 electron/ m?)(—1.6 x 10719 C/ electron)(8.99 x 10? N-m?*/C?)
=—0.12V.

(b)

Ve =

E:EZEZ 0.12V

- — _18x%x1078N/C
e  R.  637x10°m % /C

where the minus sign indicates that E is radially inward.
80P

(a) The electric potential is the sum of the contributions of the individual spheres. Let ¢;
be the charge on one and ¢, be the charge on the other. The point halfway between them
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is the same distance d (= 1.0m) from the center of each sphere, so the potential at the
halfway point is

8.99 x 109 N-m? /C*)(1.0 x 1074 C — 3.0 x 10~ C
podite  (899x m” /C7)(1.0 . ) _ 180 %107V,
dregd 1.0m

(b) The distance from the center of one sphere to the surface of the other is d — R, where
R i1s the radius of either sphere. The potential of either one of the spheres is due to the
charge on that sphere and the charge on the other sphere. The potential at the surface of
sphere 1 is

L (e w
V1_47T60<R+d—R>

— (8.99 x 10° N-m? /02)<

1.0x 1078 C 3.0x1078C
0.030 m 1.0m — 0.030 m

=2.7x103V.

The potential at the surface of sphere 2 is

_ 1 q1 g2
V= e, (d—R+ R)

— (8.99 x 10? N-m? /02)<

1.0x 1078 C 3.0x1078C
1.0m — 0.030 m 0.030m

= -89 x10°V.
81P
(a)
o q (3.0 x 1078 C)(8.99 x 10° N-m?/C?) 4
F=_ = = =12x10"N/C.
eg 4megR? (0.15m)? % /

(b) V = RE = (0.15m)(1.2 x 10* N/C) = 1.8 x 10° V..
(¢) Let the distance be x. Then

4eg

q 1 1
A — — _ = —
V=V -V (R i R) 500V,

which gives

RAV  (0.15m)(=500V) )
_ _ —58x%1 .
TTIV AV T Siseov sy oS x e
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82P
Since the charge distribution is spherically symmetric we may write
1
E(T) — Gencl
drey 1

where ¢enc 18 the charge enclosed in a sphere of radius r centered at the origin. Also
Vir) = f:o E(r)dr. The results are as follows:
For r > Ry > Ry

g1+ g2
Vir) =
(r) dreyr
g1+ g2
E(r)= :
(r) dmeqr?’
for Ry >r >Ry
1 q1 q2
Vir) = = 4+ =
(r) 47r60(r —I_R2>7
d1
FE —
(r) dregr?’
and for Ry > Ry > r
E =0,

1 q1 q2
Vi(r) = = 4+ 2.
(T) 47T€0 <R1 —I_ R2>

E(r) (104N/C) V(r) (104V)
80 50~
|
40 |-
6.0 |— : :
‘ 30— |
40— |
| 20 [— |
| I I
U B ‘
20 : | 10 i ¥
I | L r(m) \ | | | | r(m)
050 10 20 30 4.0 050 10 20 30 40
83
c) 4.24V
84
(a) for N < 12 configuration 1 is less energetic, for N > 12 configuration 2 is less energetic;
(b) 12;
(¢) 2



