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CHAPTER 23

Answer to Checkpoint Questions

1. (a) rightward; (b) leftward; (¢) leftward; (d) rightward; (p and e have

same charge magnitude and p is farther)

all tie

(@) toward positive y; (b) toward positive x; (¢) toward negative y
(@) leftward; (b) leftward; (¢) decrease

(@) leftward; (b) 1 and 3 tie, then 2 and 4 tie

Uk B

Answer to Questions

(@) toward positive z; (b) downward and to the right; (¢) A

(@) to their left; (b) no

two points: one to the left of the particles, the other between the protons
q/4meod?, leftward

(@) yes; (b) toward; (¢) no (the field vectors are not along the same line;

A O

(d) cancel; (e) add; (f) adding components; (g) toward negative y

6 all tie

7. (a) 3, then 1 and 2 tie (zero); (b) all tie; (¢) 1 and 2 tie, then 3

8 e, b, then a and c tie, then d (zero)

9 (@) rightward; (b) +¢1 and —gs, increase; ¢z, decrease; n, same

10. (@) toward the bottom; (b) 2 and 4 toward the bottom, 3 toward the top
11. a, b, ¢

a) positive; (b) same

(
13. (a)4,3,1,2;(b) 3, then 1 and 4 tie, then 2
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14. Accumulated excess charge creates an electric field; proximity of a second body con
centrates the excess charge and increases the field, causing electrical breakdown in
the air (sparking).

Solutions to Exercises & Problems

1E
(a) Fy=eE4 = (1.60 x 1071° C)(40N/C) = 6.4 x 1078 C.
(b) Ep = E4/2 =20N/C.
2E
+q -
M
/
3E

The lines of forces due to 4@ and —(@) are similar to those in Fig. 23-5. Just turn the book
by 90° so that the line joining the two charges in Fig. 23-5 becomes horizontal, with +@
on the left. Obviously the force on +¢ is to the right.

4E




638 CHAPTER 23 ELECTRIC FIELDS

5E

The diagram to the right is an edge view of the
disk and shows the field lines above it. Near the
disk the lines are perpendicular to the surface and
since the disk is uniformly charged the lines are
uniformly distributed over the surface. Far away
from the disk the lines are like those of a single
point charge (the charge on the disk). Extended
back to the disk (along the dotted lines of the
diagram) they intersect at the center of the disk.

If the disk is positively charged the lines are directed outward from the disk. If the disk
is negatively charged they are directed inward toward the disk. Lines below the disk are

exactly like those above.

6E
Solve ¢ from E = q/4meor?:

4 = dreyBr? — (LOON/C)(1.00m)°

o —10
= 509 % 109 Nomzjcz - L x0mTC

7E

Since the magnitude of the electric field produced by a point charge ¢ is given by E =
q/4megr?, where r is the distance from the charge to the point where the field has magnitude
E, the charge is

0.50m)2(2.0N/C)

:4 ZE: ( :56 10_110-
4= 2Tr 5= 599 x 109 Nom? /C2 s
8E
2 2.0 % 10~7 C)(8.99 x 10° N-m?/C?
. Q 8Q_ _ (820X 10T O)899 X 10°Nw?/C?) o s

- dmeg(r/2)? - 4dregr? (0.15m)?

E points toward the negative charge.
(b) F =eE = (1.60x1071? C)(6.4x10° N/C) = 1.0x 10~ ** N. F points toward the positive

charge.

9E
Since the charge is uniformly distributed throughout a sphere the electric field at the



Set the net 22w o

Nﬂﬁmﬁnﬁ\,\‘mi\\\\%f\.f

— \\

Armeq? Ameglx — x)?

golve for ' g =3 = 3(2.0 mm) = 6.0m-

(b) The divection of the electric field @a@@ﬁom@ by either of the two charges is 10 t

¢ direction at x = 2.0 Therefore the net field is also in the negative dire!

11P

T

AR

?
The E(x) <mH\&Iqa¢m|»m|Ep$m@ above. Here To = m\ﬁ/\w 4 1), where E =

o
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12P
(a) Convince yourself that a point where E = 0 can only be located to the right of the
positive charge. Denote the separation between the point and the positive charge by =,

then 1 [2.0 5.0
-Jq -Jq
E = — =0.
4reg [ x? (x + d)2} 0
Solve for z: » = 1.7d.
(b)
d
N \

13P
(a)

£, 1 [1.0q _ 2.0q | q

- drwey | d? (2d)?2 | Smepd?
E 4 points to the left.
1 1.0¢ 2.0q 3q
Ep = = :
dmey | (d/2)2  (d/2)? Teqd?

Ep points to the right.

2. 1 120¢ 1.0¢| _ Tq

= dreg | d? (2d)2]|  16mwepd?
E¢ points to the left.
(b)
+( -

Mo —
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14P

At points between the charges the individual electric
fields are in the same direction and do not cancel. k di
Charge g2 has a greater magnitude than charge ¢; so

a point of zero field must be closer to ¢; than to ¢o. It
must be to the right of ¢; on the diagram.

Put the origin at ¢2 and let = be the coordinate of P, the point where the field vanishes.
Then the total electric field at P is given by

1 q2 q1
E= 2 _ 0
47eg [:1;2 (x —d)z} ’

where ¢; and ¢, are the magnitudes of the charges. If the field is to vanish, ¢y /2% =
q1/(x — d)?. Take the square root of both sides to obtain \/gi/2 = \/g2/(x — d). The

solution for x is

(e ()

NN VEOq — /31

2.0
- (m) d = 2.0d = (2.0)(50 em) = 100 cm.

The point is 50 cm to the right of ¢;.

15P
(a) The fields from the two charges of 5.0¢ each cancel out. So

1 3.0q_ 12¢ _ 0
d? (2d)2|

E_

P dre

16P

Denote the electron with subscript ¢ and the proton
with p. From the figure to the right we see that the
|E.| = |E,| = ¢/(4mepd?), where d = 2.0 x 107% m, and
the magnitude of the net electric field is

E=2F_ cosf =2 € cos 8
dreqd?

~[2(1.6 x 10717 C)(8.99 x 10° N-m?/C?)
- 2.0 x 10—6 m?2
=3.6 x 10°N/C.

(cos60°)

proton electron
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17P

In the figure to the right, each of the six ar-
rows represents the net electric field of a pair
of diametrically opposite charges (e.g. the one
which points vertically upward represents the
field of the —12¢ and the —6¢ charges). Since
each of the six E-fields has a magnitude of
E = 6q/4meor?, where r is roughly the ra-
dius of the clock, by symmetry the net E-field
should point at A, i.e., the 9:30 mark.

18P
By symmetry the fields due to the two electrons placed in line with the midpoint of a side
cancel out. So
1 € €
- 4dmeq (\/§a/2)2 - 3mega’
4(1.60 x 10717 C)(8.99 x 10° N-m? /C?)

= 3020 m)? =48x107*N/C.

E is perpendicular to the side line and points toward the corner of the triangle opposite to
the side.

19P

By symmetry the fields due to the two charges of magnitude ¢ each cancel out. So
1 20¢i  gqi

P~ dre (a/V2)2  wega?’

where 1 is a unit vector from the +2.0¢g charge to point P.

20P
Put the origin of a coordinate system at the X
center of the triangle, where the net electric
field is given by

E=E +E;+E;.

From symmetry consideration it is obvious
that E1 = E2 = E3. This gives Q =q1 =
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21P

From symmetry, the only two pairs of charges
which produce a non-vanishing field E are: pair y
1, which is the one in the middle of the two ver-
tical sides of the square (the 4+¢, —2¢ pair); and
pair 2, the +5¢g, —5q pair. Denote the electric
fields produced by each pair as E; ans E,, re-
spectively.

Set up a coordinate system as shown to the
right, with the origin at the center of the square.

Now
1 q | 2q 3q
FE, = = I R
! 4dreg <d2 * d2> dregd?

1 5q n oq _9q
 dreg - drmegd?’

(V3P (Vady

so the components of the net E field are given by

and

Es

Ex = Elx —|— E2x = El —|— E2 COS 450

3¢ 5¢ o q
= 45° = 6.536 ———
4dmeyd? * (47T60d2> o8 (47T60d2>

and

. o oq ) o q
E, = Fy, + Ey, = Eysin45” = (47reod2> sin45° = 3.536<4mod2> )

Thus the magnitude of E is

z Y

4dreyd? -

q 7.43¢
E=.,/E?+ E? = 6.536)? 3.536)? =
+ By = E5507 + 53507 L) = oo

and E makes an angle 6 with the positive = axis, where

E 3.536
f=tan ' =L ) =tan ' | —— | =28.4°.
w (E) an (6.536)
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22P

Choose the coordinate axes as shown on the diagram
to the right. At the center of the square the elec-
tric fields produced by the charges at the lower left
and upper right corners are both along the = axis
and each points away from the center and toward
the charge that produces it. Since each charge is a
distance d = \/2a/2 = a/\/2 away from the center
the net field due to these two charges is

1 2q q
E, = =
dreg \a?/2  a?/2

1 ¢ (899 x10°N-m?/C*)(1.0 x 107¢ C)
4rey a2/2 (0.050 m)2 /2

=7.19 x 10* N/C.

At the center of the square the field produced by the charges at the upper left and lower
right corners are both along the y axis and each points toward the center, away from the
charge that produces it. The net field produced at the center by these charges is

L [ 2 q I ¢ 4
E, = — = =7.19x 10" N/C.
Y 4reg <a2/2 a2/2> drey a?/2 s /

The magnitude of the field is

E=,/E?+E2=/2(7.19 x 10+ N/C) = 1.02 x 10° N/C

and the angle it makes with the = axis is

E
§ =tan™! (—y> =tan" (1) = 45°.
E,
It is upward in the diagram, from the center of the square toward the center of the upper
side.

23E

The magnitude of the dipole moment is given by p = ¢d, where ¢ is the positive charge in
the dipole and d is the separation of the charges. For the dipole described in the problem
p=(1.60 x 10712 C)(4.30 x 1072 m) = 6.88 x 107?®* C-m. The dipole moment is a vector
that points from the negative toward the positive charge.
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24F

1 q q
E= .

dreq [(Z —apE T d/g)?]
For z > d we have (z £ d/2)7? ~ 272, so

From the figure above it is obvious that the net electric field at point P is in the negative
y direction. Its magnitude is

1 q d/2
dmeg (d)2)? 4 r? (d/2)% +r2
1 qd
- drey [(d)2)2 + r2)3/2°

E =2Fsmnf =2

For r > d [(d/2)? + r2]3/? & 3 so the expression above reduces to

1 qd
E =~ q_.
dmrey 3

Since p = (¢d)(—]J),

26P
Think of the quadrupole as composed of two dipoles, each with a dipole moment of mag-
nitude p = gd. The two dipoles point in opposite directions and produce fields in opposite
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directions at points on the dipole axis. Consider a point on the axis a distance z above the
center of the quadrupole and take an upward pointing field to be positive. Then the field
produced by the upper dipole of the pair is ¢d/2mey(2 —d/2)? and the field produced by the
lower is —qd/27meq(z +d/2)?. Use the binomial expansions (2 —d/2)™3 ~ 273 —327%(—d/2)

and (z +d/2)73 ~ 273 — 327%(d/2) to obtain

qd 3d 1 3d 6qd>

1
E — — _— = — =
27eq <Z3 * 24 28 * 224> dregzt

Let Q = 2¢d?, then
3
E S Q

dregzt’

27E
Use Eq. 23-16. Take E > 0 for E pointing in the positive z direction. The plot is shown
below.
1.1¢
5000 -
E(N/C) ©
—5000 [~ -
_1e10% | |
—10 -5 0 5 10
z(cm)
28E

From Eq. 23-16 the magnitude of the field at point P produced by ring 1 is given by

aR

FE, =
! dreg(R? + R2)3/2 ’
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while that by ring 2 is
? 4eg[(2R)? + R2)3/2°

Since E; and E; have opposite directions the condition for E; + E; = 01is F; = Ej, or

qRR ¢2(2R)

(R2 —|—R2)3/2 - [(2R)2 —|—R2]3/2 )

Solve for ¢1/gs to obtain ¢1/qs = 2(2/5)%/% ~ 0.51.

29P
Set dE/dz =0 in Eq. 23-16:

d_E B i gz B q(22 _I_R2)3/2 —3q2(22—|—R2)1/2 0
dz — dz |4meo(22 + R2)3/2| dreg(2? + R2)3 -

ie., (22 + R2)1/2 — 32 =0. Solve for z: z = :l:R/\/?.

30P
The electric field at a point on the axis of a uniformly charged ring, a distance z from the

ring center, is given by
E= =
- dmeg(z? + R2)3/2 ’

where ¢ is the charge on the ring and R is the radius of the ring (see Eq. 23-16). For ¢
positive the field points upward at points above the ring and downward at points below
the ring. Take the positive direction to be upward. Then the force acting on an electron

on the axis is
eqz

F=— .
dmen(2? + R2)3/2

For small amplitude oscillations 2z < R and z can be neglected in the denominator. Thus

eqz
dregR3

The force is a restoring force: it pulls the electron toward the equilibrium point z = 0.
Furthermore, the magnitude of the force is proportional to z, just as if the electron were
attached to a spring with spring constant k = eq/4megR*. The electron moves in simple
harmonic motion with an angular frequency given by

[k eq
w = _— = —_— s,
m dregmR3

where m is the mass of the electron.
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31P
By symmetry, each of the two rods produces the same electric field Eq pointing in the +y
axis at the center of the circle. So the net field is

cosfdg ,/""”/2 cos - qRdO

E =2FE,j =2j =2 —_
o] ']/ dreg R? ! —rj2 4meR? - 7R

B 1 4q .
- \drey TR? J

32P
By symmetry, both +¢ and —¢ produce an equal value of electric field, Eg, pointing verti-
cally downward. The magnitude of Ep is thus

dregr(mr/2)  wler?’

Ep:2E0:2/ sinfdg /”/2 gr sin 04 .
0

rod dmegr?

and Ep points vertically downward.

33P

By symmetry we only need to consider the y-
component of Ep. Consider an infinitesimal
segment of length dz in the rod. We have

dx/L 08 dE
0B, = cosbdp — ¥ 490/L _ acosbdf oE,
r 4dmegr? dmeg Ly
p
where we used = ytanf and r = y/ cosé. /L;\\
Thus //9 fn
/ AN
/em q cos 0d6 2 . r,/ Y AN
E = = sin 0y, / S
0 dmeg Ly dmeg Ly J .
QL/Q // \\
- X =
2meo Ly~/y* + (L/2)? \dx  OF———- U2-——
q

2meqyr/dy? + L2

Note that the factor of 2 in the first step above is due to the fact that each half of the rod
contributes equally to E.
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34P
(a) A= —q/L.
b)

~

B, _ 1 L Adx B qi L dx B q(—1)
P drey J, (a4 L —x)? - dreL o (a+L—x)? - drega(L +a)

e)If a> L then a(L + a) ~ a*, and
(¢) 7

indeed the electric field of a point charge.

35P
Consider an infinitesimal section of the rod of y
length dz, a distance x from the left end, as shown
in the diagram to the right. It contains charge dq
dg = Adzx and is a distance r from P. The mag- ‘ !
nitude of the field it produces at P is given by

1 ANdzx

5

dE =

dreyg 1
The & component is

1 ANdzx

dE, = — sin 6 /
drey 12 6/
and the y component is Py
1 Adzx
dE, = _47T60 p; cos 8. de

Use 6 as the variable of integration. Substitute r = R/cosf, + = Rtan#f, and dx =
(R/ cos? §) df. The limits of integration are 0 and 7/2rad. Thus

A w/2 - A
E, =— / sinf df = COSG‘ L )
drey J dreg 0 dreg R
and p
A T - A
E, =— / cos@df = — sin@‘ o )
drey Jo dreq 0 dreg R

Notice that E, = E, no matter what the value of R. Thus E makes an angle of 45° with
the negative = axis for all values of R.
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36E
From Eq. 23-24

B L(l_ #)
26 V22 4+ R?

5.3 1C/m? [ 12 cm 3
— 1— —6.3x 103N/C.
2(8.85 x 10—12 C2/N-m?) V/(12cm)? + (2.5 cm )? /
37P
(a) Let E = 0/2¢g = Eg = 3 x 10°N/C. Thus
2.5 x 1072 m)2(3.0 x 10° N/C)
= R0 = 27¢yR*E. :( =1.0x1077C.
(= me = aralt o 2(8.99 x 109 N-m?/C?) 8
() ( sy
(2.5 x107*m
— -~ 1.3 x10'7.
005 x 10152 0 XM
(¢) The fraction is
1.0 x 1077
frac = L — 0x 1077 C — 5.0 x 1076

Ne (1.3 x 10'7)(1.6 x 10-1° C)

38P
At a point on the axis of a uniformly charged disk a distance z above the center of the disk
the magnitude of the electric field is

E=2 (1 - )
" 2¢ V22+R2)

where R 1s the radius of the disk and o is the surface charge density on the disk. The
magnitude of the field at the center of the disk (z = 0) is E. = 0/2¢,. You want to solve
for the value of z such that E/E,. = 1/2. This means

z

VTR 2

or
z

1
VEZTR 2
Square both sides, then multiply them by z? + R? to obtain z* = (2%/4) 4+ (R?/4). Thus
2> =R?/3 and z = R/\/§
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39E

The magnitude of the force acting on the electron is F' = eFE, where E is the magnitude
of the electric field at its location. The acceleration of the electron is given by Newton’s
second law:

F eE  (1.60 x 10719 C)(2.00 x 10* N/C)

=3.51 x 10" m/s”.

Me  Me 9.11 x 10731 kg
40E
F e 11 x 1073 ke)(1. 10? 2
E:_:ma:(9 x 10 g)(1.80 x Om/s):1.02x10_2N/C,
€ e 1.60 x 1019 C

E points westward.

41E
Use Eq. 23-9:
ep 2(1.60 x 10712 C)(3.6 x 10722 C-m)(8.99 x 10? N-m?/C?)
2megz® (25 x 1079 m)3
=6.6x1071°N.
412E

(a) F. = Be = (3.0 x 10° N/C)(1.6 x 1019 C) = 4.8 x 10" ¥ N,
(b) Fi = Eqnet = Ee = 4.8 x 10713 N.

43E
Let mg = gFE = 2eE. Thus

—27 2
oM _ (6.64 x 107°" kg)(9.80m/s*) _ 9.03 % 10~ N/C..
2 2(1.6 x 1019 C)

E should point upward.

44E
(@) The magnitude of the force on the particle is given by F' = ¢FE, where ¢ is the magnitude
of the charge carried by the particle and E is the magnitude of the electric field at the

location of the particle. Thus

F_ 30x10°°N
pof 30X R 50t NyC
g 20x107°C

The force points downward and the charge is negative, so the field points upward.
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(b) The magnitude of the electrostatic force on a proton is
F.=¢E=(1.60x107"C)(1.5x 10°N/C) =2.4 x 1071 N.

A proton is positively charged, so the force is in the same direction as the field, upward.

(¢) The magnitude of the gravitational force on the proton is
F,=mg=(1.67x10"2"kg)(9.8m/s’) = 1.6 x 1072° N,

The force is downward.
(d) The ratio of the forces is

E, 2.4 x1071°N

= = =1.5x 10",
F,  164x10-20N 8
45E
Let mg = |¢|E and solve for |q|:
mg 4.4 N _9
= —=——"—=29x107"C.
=7 = Bonjc %

Since ¢E must be upward while E is downward, ¢ is negative.

46E
(a) IQC 6 C

F E 1. 10~ 1.40 x 10°N

o= F _¢E _ (1.60x1077C)(140 x 10 /):2.46><1017m/82.

me m e 9.11 x 10_31 kg

(b) 7
: 1
po 0o 300X 10Tmfs oo gm0
a 246 x 1017 m/s?
(¢) X X
5= §at2 = 5(2.46 x 10" m/s?)(1.22 x 1071%s)* = 1.83 x 10~ * m.

47E

(@) The magnitude of the force acting on the proton is F' = eE, where E is the magnitude
of the electric field. According to Newton’s second law the acceleration of the proton is
a = F/m, = eE/m,, where m, is the mass of the proton. Thus

(1.60 x 1071° C)(2.00 x 10* N/C) W
_ —1.92 x 10 .
¢ 1.67 x 10~ kg X107 m/s
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b) Assume the proton starts from rest and use the kinematic equations © = Lat? and
b q 5

v = at to show that v = \/2azx = \/2(1.92 x 1012m/s*)(0.0100m) = 1.96 x 10° m/s.

48E
(a) Use vfr —v? = —v? = 2as and a = F/m = —eE/m to solve for s:
. —v? _ —mev? _ —(9.11 x 10731 kg)(5.00 x 10°m/s)? 719 % 10~2m.
%0 —2¢E | —2(1.60 x 10-19 C)(1.00 x 105 N/C)
()

25 _ 2AT12x 102 m) oo
= — = = Z. S.

+ =
v; 5.00 x 105 m/s

SRS

(¢) From Av? = 2aAs

AK A(imev?) _ Av? 2aAs  —2e¢EAs
K, %mev? - v? N v? mev?

~—2(1.60 x 1077 €)(1.00 x 10° N/C)(8.00 x 10*m)
B (9.11 x 1073 kg)(5.00 x 106 m/s)2

=—-11.2%.

D 1.2 X 107 m)3(1.00 x 10° kg/m?
W:pV:”G'”:”( . m)(G < 107ke/mT) _ g 8710717 N

(b) From W = F = ¢FE = NeFE we solve for N, the number of excess electrons:

—15
N 8.87 x 10715 N .
eE — (1.60 x 10-1° C)(462N/C)

50E

When the drop is in equilibrium the force of gravity is balanced by the force of the electric
field: mg = ¢FE, where m is the mass of the drop, ¢ is the charge on the drop, and E is the
magnitude of the electric field. The mass of the drop is given by m = (47/3)r®p, where r
is its radius and p is its mass density. Thus

mg _ 4713 pg

1=°F T " 3E

_ 4m(1.64 x 107 m)*(851 kg/m”)(9.8m/s”) 20 10-19 ¢
3(1.92 x 105 N/C)
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and ¢/e = (8.0 x 10717 C)/(1.60 x 1071 C) = 5.

51P

You need to find the largest common denominator of the group of numbers listed in the
problem. One way to start this is to find the closest separation between any pair of the
numbers. For example, take 13.13 x 1071 C — 11.50 x 1071 C = 1.63 x 10~ !? C. You can
easily verify that this value is a common denominator. So this is the value of e that can be

deduced.

2 2(2.0 x 102 m) )
_ 2 —2.7% 10 .
VT 1.5 x 10-°s x 107 m/s

(b) Use s = jat? and E = F/e = m.ae:

e 25Mm, 2(2. 1072 11 x 1073k
g Mea _ 2sme (2.0 x 107*m)(9.11 x 10 g):1.0X103N/C.
e 2 (160 x 10~ C)(1.5 x 10~ 5)2

F = ¢E = ¢(E;i+ E,j)
= (8.00 x 107° C)(3.00 x 10* N/C)i+ (8.00 x 107° C)(—600N/C)j
= (0.240N)i— (0.0480N)j.

So the magnitude of F is F = /(0.240N)2 4 (0.0480N)2 = 0.245 N, and F makes an angle
f with the +x direction, where

F —0.0480 N
9=tan ' L) = tan—' [ 00 ) = 1130
an (F) an ( 0.240 N )

(b) The coordinates (x, y) at t = 3.00s are

1 F, #? 240 N) (3. 2
v = Lo o Bt (Q20N)B00s) o0
2 2m  2(1.0 x 10~2kg)
1 F, 108 —0.0480 N
y = —aytz — M Ty ( m)( ) =—-21.6m.

2 Gy E, 0.240N
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54P

F —eE —1.60 x 10712 C)(120N/C) j
az E_—E_{ X J2ON/C)S 5 p 103§ (m/s2) .
Me Me 9.11 x 10=31 kg
(b) Since a, = 0, the time ¢ it takes for the @ coordinate of the electron to change by 2.0 cm
is t = 2.0em/(1.5 x 10°m/s) = 1.3 x 1077s. So v, remains at 1.5 x 10°m/s, while v,

becomes

v, = 3.0 x 10 m/s — (2.11 x 10" m/s*)(1.3 x 107" s) = —2.7 x 10°m/s .

Thus v becomes (1.5 x 10°1 — 2.7 x 10° j) m/s.

55P
Take the positive direction to be to the right in the diagram. The acceleration of the
proton is a, = eE/m, and the acceleration of the electron is a, = —eE/m,, where E is

the magnitude of the electric field, m,, is the mass of the proton, and m, is the mass of the
electron. Take the origin to be at the initial position of the proton. Then the coordinate
of the proton at time ¢ is @ = %aptz and the coordinate of the electron is x = L + %aetz.
They pass each other when their coordinates are the same, or %aptz =L+ %aetz. This
means t? = 2L/(a, — a.) and
e W eE/m, L _Me
a, — a. (eE/my)+ (eE/m.) me +my
B 9.11 x 1073 kg
©9.11 x 10731 kg + 1.67 x 10~27 kg

(0.050m) = 2.7 x 10" m.

56P

(@) Suppose the pendulum is at the angle § with the vertical. The T
force diagram is shown to the right. T is the tension in the thread,

mg 1is the force of gravity, and ¢F is the force of the electric field. o4 OE
The field points upward and the charge is positive, so the force is
upward. Take the angle shown to be positive. Then the torque
on the sphere about the point where the thread is attached to the
upper plate is 7 = —(mg —q¢E){sinf. If mg > ¢E then the torque
is a restoring torque; it tends to pull the pendulum back to its mg
equilibrium position.

If the amplitude of the oscillation is small, sinf can be replaced by # in radians and the
torque is 7 = —(mg—qFE ). The torque is proportional to the angular displacement and the

pendulum moves in simple harmonic motion. Its angular frequency isw = \/(mg —qE)/I,
where I is the rotational inertia of the pendulum. Since I = m¢? for a simple pendulum,
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A I S
w g—qE/m

If ¢E > mg the torque is not a restoring torque and the pendulum does not oscillate.

and the period is

(b) The force of the electric field is now downward and the torque on the pendulum is
T = —(mg + ¢E)(0 if the angular displacement is small. The period of oscillation is

[0
T =9 — .
"\ gt ¢E/m

57P

The electric field is upward in the diagram and the charge is negative, so the force of the
field on it is downward. The magnitude of the acceleration is a = ¢E/m,, where E is the
magnitude of the field and m, is the mass of the electron. Its numerical value is

(1.60 x 1071° C)(2.00 x 10 N/C) W
- — 3.51 x 10 .
¢ 9.11 x 10—3! kg x 10 m/s

Put the origin of a coordinate system at the initial position of the electron. Take the x
axis to be horizontal and positive to the right; take the y axis to be vertical and positive
toward the top of the page. The kinematic equations are © = vgt cos, y = votsinf — %atz,
and v, = vosinf — at.

First find the greatest y coordinate attained by the electron. If it is less than d the electron
does not hit the upper plate. If it is greater than d it will hit the upper plate if the
corresponding x coordinate is less than L. The greatest y coordinate occurs when v, = 0.
This means vy sinf — at = 0 or t = (vy/a)sinf and

v2sin®f 1 visin?f 1 vlsin?é

Ymax = a 2 a? ) a

6.00 x 10° 2 sin% 45°
_ (600> 107m/s)7sin 457 _ 5 56 192,
2(3.51 x 1014 m/s”)

Since this is greater than d (= 2.00 cm) the electron might hit the upper plate.

Now find the = coordinate of the position of the electron when y = d. Since
vg sin @ = (6.00 x 10° m/s)sin45° = 4.24 x 10° m/s

and

2ad = 2(3.51 x 10** m/s*)(0.0200m) = 1.40 x 10** m?/s”
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the solution to d = vyt sinf — %atz 1s

v sinf — \/vg sin? 0 — 2ad
t

a

4.24 x 10°m/s — \/(4.24 x 105m/s)? — 1.40 x 1013 m? /s°
a 3.51 x 1014 m/s”

=643 x 107 7s.

The negative root was used because we want the earliest time for which y = d.

The z coordinate is
x = vot cos§ = (6.00 x 10°m/s)(6.43 x 107" s) cos45° = 2.72 x 10 * m.

This is less than L so the electron hits the upper plate at * = 2.72 cm.

58E

(a) p=(1.5x1072C)(6.20 x 107%m) = 9.30 x 10~° C-m.

(b) AU = pE — (—pE) = 2pE = 2(9.30 x 10715 C-m)(1100N/C) = 2.05 x 107! J.
59E

Use 7 =p x E.

(¢) Now r =0as p || E.
(b) Now 7 = pEsin90° = 2(1.6 x 10712 C)(0.78 x 107" m)(3.4 x 10° N/C) = 8.5x 1072? Nm.
(¢) Now 7 =0 again, since p || (—E).

60P
W =AU =—-ps-E—(—pi;-E)=(p; —py)-E =pEcosby — pE cos(8y + 7) = 2pE cos 0.

61P

The magnitude of the torque acting on the dipole is given by 7 = pE sin 6, where p is the
magnitude of the dipole moment, E is the magnitude of the electric field, and 6 is the angle
between the dipole moment and the field. It is a restoring torque: it always tends to rotate
the dipole moment toward the direction of the electric field. If 8 is positive the torque is
negative and vice-versa. Write 7 = —pE'sinf. If the amplitude of the motion is small we
may replace sin € with 6 in radians. Thus 7 = —pFE#. Since the magnitude of the torque is
proportional to the angle of rotation, the dipole oscillates in simple harmonic motion, just
like a torsional pendulum with torsion constant x = pE. The angular frequency w is given
by

_pE

2k
I I’

we =
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where [ is the rotational inertia of the dipole. The frequency of oscillation is

w 1 pE
[

o)

2P
(a) From Eq. 23-38

U=-p-E=—[(3.000i +4.00j)(1.24 x 107%° C-m)] - [(4000 N/C) 1]
=149 x107%07J.

(b) From Eq. 23-34

T=px E=[(3.00i+4.00j)(1.24 x 107" C-m)] x [(4000 N/C)1]
=(-1.98x 107 N-m) k.

(¢) The work done is

W=AU=A(-p-E)=(pi—ps)-E
= [(3.00i+4.00j) — (—4.00i + 3.00)](1.24 x 107°° C-m)] - [(4000N/C) ]
=347 x107%°].

2q «
o Amegd? | (14 a2)3/2]°

(¢) 0.707
(d) 0.21 and 1.9

64
(a) first row: 4, 8, 12; second row: 5, 10, 14; thier row: 7, 11, 16;
(b) 1.63 x 10~1° C



