Chapter 25

1. (a) The capacitance of the system is

q 70pC

= = 35pF.
AV 20V

(b) The capacitance is independent of q; it is still 3.5 pF.

(c) The potential difference becomes

Aav =9 _ 200pC _ 57V.
C 35pF

2. Charge flows until the potential difference across the capacitor is the same as the

potential difference across the battery. The charge on the capacitor is then g = CV, and

this is the same as the total charge that has passed through the battery. Thus,

q=(25x10°F)(120V) =3.0x 10> C.

3. THINK The capacitance of a parallel-plate capacitor is given by C = &A/d, where A is
the area of each plate and d is the plate separation.

EXPRESS Since the plates are circular, the plate area is A = nR?, where R is the radius
of a plate. The charge on the positive plate is given by g = CV, where V is the potential
difference across the plates.

ANALYZE (a) Substituting the values given, the capacitance is

g7R? (8.85x107 F/m)z(8.2x102m)’

C -3
d 1.3x10°m

=1.44x10"°F=144 pF.

(b) Similarly, the charge on the plate when V =120 V is
q= (144 x 10 °F)(120 V) =1.73x 10 * C = 17.3 nC.

LEARN Capacitance depends only on geometric factors, namely, the plate area and plate
separation.

4. (a) We use Eq. 25-17:
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C—time ab _ (40.0mm)(38.0mm) _845 pF
"b-a (8.99x10° Mo’ )(40.0mm-38.0mm)

(b) Let the area required be A. Then C = gA/(b —a), or

A C(b-a) _ (84.5pF)(40.0mm—38.0mm) _191em?.
&, (8.85x10** C*/N-m?)

5. Assuming conservation of volume, we find the radius of the combined spheres, then
use C = 4R to find the capacitance. When the drops combine, the volume is doubled. It
is then V = 2(4743)R>. The new radius R' is given by

(R’)S:Z%TEW = R'=2"R.

an
3

The new capacitance is
C'=4ng,R =4ng,2"*R=5.047¢,R.

With R = 2.00 mm, we obtain C =5.047(8.85x10** F/m)(2.00x10°m)=2.80x10""F..

6. (@) We use C = Ag/d. The distance between the plates is

1.00m*)(8.85x10* C*/N-m?
4=t _(200M) )_sa5.10m.
C 1.00F

(b) Since d is much less than the size of an atom (~ 10 *° m), this capacitor cannot be
constructed.

7. For a given potential difference V, the charge on the surface of the plate is
g=Ne=(nAd)e
where d is the depth from which the electrons come in the plate, and n is the density of

conduction electrons. The charge collected on the plate is related to the capacitance and
the potential difference by q=CV (Eqg. 25-1). Combining the two expressions leads to

With d/V =d,/V, =5.0x10" m/V and n=8.49x10"*/m® (see, for example, Sample
Problem 25.01 — “Charging the plates in a parallel-plate capacitor”), we obtain
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% =(8.49%10% /m*)(1.6x10™°C)(5.0x10—-14 m/V) = 6.79x10*F/m?>.
8. The equivalent capacitance is given by C¢q = g/V, where q is the total charge on all the
capacitors and V is the potential difference across any one of them. For N identical

capacitors in parallel, Ceq = NC, where C is the capacitance of one of them. Thus,
NC=q/V and

N=d _ 1.00C ~9.09x10° .

VC  (110V) (1.00x10°°F)

9. The charge that passes through meter A is
q=C,V =3CV = 3(250 4F)(4200V) = 0.315C.

10. The equivalent capacitance is

10.0 4F)(5.00 -
L =Cr a2 00+ HF) (5004 ):7.33;1F.
C,+C, 10.0 4F +5.00 1
11. The equivalent capacitance is
C,+C,)C, (10.04F+5.00 uF)(4.00 uF
_(G+C,)C; _ (10.044F+5.00 uF)( /“):3.16)”F_

“C,+C,+C, 10.0 4F+5.00 uF +4.00 zF

12. The two 6.0 uF capacitors are in parallel and are consequently equivalent to
C., =12 uF. Thus, the total charge stored (before the squeezing) is

qtotal :Ceqv :(12,L1F) (1OOV) :120 /,IC

(@) and (b) As a result of the squeezing, one of the capacitors is now 12 uF (due to the
inverse proportionality between C and d in Eqg. 25-9), which represents an increase of
6.0 uF and thus a charge increase of

Al =AC,V =(6.04F) (10.0V) =60 4C .

13. THINK Charge remains conserved when a fully charged capacitor is connected to an
uncharged capacitor.

EXPRESS The charge initially on the charged capacitor is given by q = C,V,, where C;
= 100 pF is the capacitance and Vo = 50 V is the initial potential difference. After the
battery is disconnected and the second capacitor wired in parallel to the first, the charge
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on the first capacitor is g = C;V, where V = 35 V is the new potential difference. Since
charge is conserved in the process, the charge on the second capacitor is g = q — qu,
where C; is the capacitance of the second capacitor.

ANALYZE Substituting C;V, for q and C,V for q;, we obtain g, = C1(Vo — V). The
potential difference across the second capacitor is also V, so the capacitance of the second
capacitor is

c % YooV S0V-35V

V=G (100pF) = 42.86 pF ~ 43pF.

LEARN Capacitors in parallel have the same potential difference. To verify charge
conservation explicitly, we note that the initial charge on the first capacitor is

q=C)\, =(100 pF)(50 V) =5000 pC. After the connection, the charges on each capacitor
are

g, =C\V = (100 pF)(35 V) =3500 pC

q, =C,V =(42.86 pF)(35 V) =1500 pC.
Indeed, g = g1 + Q2.

14. (a) The potential difference across C; is V; = 10.0 V. Thus,
g1 = C1V1 = (10.0 1F)(10.0 V) = 1.00 x 10 C.

(b) Let C = 10.0 uF. We first consider the three-capacitor combination consisting of C,
and its two closest neighbors, each of capacitance C. The equivalent capacitance of this
combination is

C,C
C+C,

C,=C+ =150 C.

Also, the voltage drop across this combination is

o C% o _ov
C+C, C+L50C

0.40V,.

Since this voltage difference is divided equally between C, and the one connected in
series with it, the voltage difference across C, satisfies V, = V/2 = V3/5. Thus

g, =C,V, =(10.0F) (@j=2.00x10_50

15. (a) First, the equivalent capacitance of the two 4.00 wF capacitors connected in series
is given by 4.00 4F/2 = 2.00 gF. This combination is then connected in parallel with two
other 2.00-4F capacitors (one on each side), resulting in an equivalent capacitance C =
3(2.00 uF) = 6.00 4F. This is now seen to be in series with another combination, which
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consists of the two 3.0-xF capacitors connected in parallel (which are themselves
equivalent to C' = 2(3.00 xF) = 6.00 «4F). Thus, the equivalent capacitance of the circuit
is
c ccC’ _(6.00uF) (6.004F)
“ C+C' 6.00uF+6.00uF

=3.004F.

(b) Let V =20.0 V be the potential difference supplied by the battery. Then
q = CeqV = (3.00 4F)(20.0 V) = 6.00 x 10 C.
(c) The potential difference across C; is given by

cv  (6.004F) (20.0V)

- - =10.0V.
C+C'  6.00F+6.00uF

(d) The charge carried by Cy is g; = C1Vi= (3.00 £F)(10.0 V) =3.00 x 10 C.
(e) The potential difference across C; is given by Vo, =V -V; =20.0 V-10.0 V =10.0 V.
(f) The charge carried by C; is g, = C,V = (2.00 £F)(10.0 V) = 2.00 x 10~ C.

(9) Since this voltage difference V, is divided equally between C3 and the other 4.00-uF
capacitors connected in series with it, the voltage difference across Cs is given by V3 =
V,/2 =10.0 V/2=5.00 V.

(h) Thus, gz = C3V3 = (4.00 4F)(5.00 V) = 2.00 x 10° C.

16. We determine each capacitance from the slope of the appropriate line in the graph.
Thus, C; = (12 4C)/(2.0 V) = 6.0 x4F. Similarly, C, = 4.0 4F and C; = 2.0 4F. The total
equivalent capacitance is given by

1

i+ 1 C+C,+C,
C123 Cl CZ +C3 Cl(CZ +Ca) 1

or
C,(C,+C 6.0 uF)(4.0 uF+2.0 uF) 36

123: l( 2 3)=( /,l )( /’l lu )=_ﬂF=30/JF
C+C,+C, 60uF+40 uF+20uF 12

This implies that the charge on capacitor 1 is g, = (3.0 4F)(6.0 V) = 18 uC. The voltage

across capacitor 1 is therefore V; = (18 #C)/(6.0 ¢F) = 3.0 V. From the discussion in
section 25-4, we conclude that the voltage across capacitor 2 must be 6.0 V -3.0V =3.0
V. Consequently, the charge on capacitor 2 is (4.0 4F)(3.0 V) =12 uC.

17. (a) and (b) The original potential difference V; across C; is
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GV (3.16uF)(100.0V)
' C,+C, 10.04F+5.00uF

=21.1V.

Thus AV, = 100.0 V- 21.1V =78.9 V and
AQ: = C1AV; = (10.0 4F)(78.9 V) = 7.89 x 10 C.

18. We note that the voltage across C; is V= (12V -2V -5V) =5 V. Thus, its charge
is Js: = C3V3 = 4/JC

(a) Therefore, since C;, C,and Csare in series (so they have the same charge), then

4 uC
Cl = 2 V = 2.0 ﬂF .
(b) Similarly, C, = 4/5 = 0.80 4F.

19. (a) and (b) We note that the charge on C;is g3 = 12 C — 8.0 uC = 4.0 uC. Since the
charge on C, is g, = 8.0 xC, then the voltage across it is g/C, = 2.0 V. Consequently, the
voltage Vs across C;is 2.0V = C3=0s/Vs; = 2.0 uF.

Now C; and C, are in parallel and are thus equivalent to 6 uF capacitor which would then
be in series with C,; thus, Eq 25-20 leads to an equivalence of 2.0 uF which is to be
thought of as being in series with the unknown C;. We know that the total effective
capacitance of the circuit (in the sense of what the battery “sees” when it is hooked up) is
(12 1C)Vpatery = 4 pF/3. Using Eq 25-20 again, we find

1
2“ + - = C1—4OIUF

TI
O
IN

-
=S

20. For maximum capacitance the two groups of plates must face each other with
maximum area. In this case the whole capacitor consists of (n — 1) identical single
capacitors connected in parallel. Each capacitor has surface area A and plate separation d
S0 its capacitance is given by Cy = gA/d. Thus, the total capacitance of the combination is

(n-1)g,A  (8-1)(8.85x102 C?/N-m?)(1.25x10™* m?)

— =2.28x107?F.
d 3.40x10° m

C=(n-1)C, =
21. THINK After the switches are closed, the potential differences across the capacitors

are the same and they are connected in parallel.

EXPRESS The potential difference from a to b is given by Va, = Q/Ceq, Where Q is the
net charge on the combination and Ceq is the equivalent capacitance.
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ANALYZE (a) The equivalent capacitance is Ceq = C; + C, = 4.0 x 10° F. The total
charge on the combination is the net charge on either pair of connected plates. The initial
charge on capacitor 1 is

0, =CV =(1.0x10"°F)(100V) =1.0x10*C
and the initial charge on capacitor 2 is
q, =C,V =(3.0x10°F)(100V) =3.0x10 C.

With opposite polarities, the net charge on the combination is
Q=30x10%C-1.0x10%C=2.0x10"*C.

The potential difference is

-4
= Q _20d07C_
C, 40x10°F

€q

(b) The charge on capacitor 1 is now g =CiVa = (1.0 x 10 ® F)(50 V) =5.0 x 10> C,
(c) The charge on capacitor 2 is now g, =C,Va, = (3.0 x 10°F)(50 V) =1.5x 10 C.

LEARN The potential difference V,, =50V is half of the original V ( = 100 V), so the
final charges on the capacitors are also halved.

22. We do not employ energy conservation since, in reaching equilibrium, some energy is
dissipated either as heat or radio waves. Charge is conserved; therefore, if Q = C;Vpg =

100 uC, and 01, g2 and g3 are the charges on C;, C, and Cj after the switch is thrown to
the right and equilibrium is reached, then

Q=01+ 02+ .

Since the parallel pair C, and C3 are identical, it is clear that g, = gqs. They are in parallel
with C; so that V1=V3, or

which leads to q; = qs/2. Therefore,
Q=(05/2)+0;+0; =505/2

which yields g3 = 2Q/5=2(100 £C)/5 =40 xC and consequently g; = qs/2 = 20 uC.
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23. We note that the total equivalent capacitance is Ci3= [(C3) ™ + (C1+ Co) ] = 6 4F.

(@) Thus, the charge that passed point a is Ci; Vpart = (6 F)(12 V) = 72 uC. Dividing this
by the value e = 1.60 x 107*° C gives the number of electrons: 4.5 x 10*, which travel to
the left, toward the positive terminal of the battery.

(b) The equivalent capacitance of the parallel pair is C;,= C,+ C, = 12 u4F. Thus, the
voltage across the pair (which is the same as the voltage across C, and C, individually) is

72uC
12 4F - 6V.
Thus, the charge on C; is

0, = (4 4F)(6 V) =24 4C,

and dividing this by e gives N, =q,/e=1.5x10", the number of electrons that have
passed (upward) through point b.

(c) Similarly, the charge on C,is g, = (8 uF)(6 V) = 48 uC, and dividing this by e gives
N, =q,/e=3.0x10", the number of electrons which have passed (upward) through
point c.

(d) Finally, since Csis in series with the battery, its charge is the same charge that passed
through the battery (the same as passed through the switch). Thus, 4.5 x 10™ electrons
passed rightward though point d. By leaving the rightmost plate of Cs, that plate is then
the positive plate of the fully charged capacitor, making its leftmost plate (the one closest
to the negative terminal of the battery) the negative plate, as it should be.

(e) As stated in (b), the electrons travel up through point b.

(f) As stated in (c), the electrons travel up through point c.

24. Using Equation 25-14, the capacitances are

_ 2mgl,  27(8.85x107 C*/N-m?)(0.050 m)

= - =253 pF
In(b, /a,) In(15 mm/5.0 mm)
. 2mgl,  27(8.85x107 C*/N-m?)(0.090 m) 3.61 pF
> In(b,/a,) In(10 mm/2.5 mm) ' '

Initially, the total equivalent capacitance is

1

i+i_C1+C2 - CC, (2.53pF)(3.61pF)
C, C C, CgC, ? C,+C, 253pF+3.61pF

1.49 pF,
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and the charge on the positive plate of each one is (1.49 pF)(10 V) = 14.9 pC. Next,
capacitor 2 is modified as described in the problem, with the effect that

, 2mgl,  27(8.85x1072 C?/N-m?)(0.090 m)

- - =2.17 pF .
In(b;/a,) In(25 mm/2.5 mm)
The new total equivalent capacitance is
cr CC, _ (2.53 pF)(2.17 pF) 117 pF

?C,+C, 253pF+2.17pF

and the new charge on the positive plate of each one is (1.17 pF)(10 V) = 11.7 pC. Thus
we see that the charge transferred from the battery (considered in absolute value) as a
result of the modification is 14.9 pC — 11.7 pC = 3.2 pC.

(@) This charge, divided by e gives the number of electrons that pass point P. Thus,

y _32x107°C

== 2.0x10".

1.6x10°C
(b) These electrons move rightward in the figure (that is, away from the battery) since the
positive plates (the ones closest to point P) of the capacitors have suffered a decrease in
their positive charges. The usual reason for a metal plate to be positive is that it has more
protons than electrons. Thus, in this problem some electrons have “returned” to the
positive plates (making them less positive).

25. Equation 23-14 applies to each of these capacitors. Bearing in mind that o = g/A, we
find the total charge to be

Quotal =Q1 + Q2= 01 A1+ 0, A= & E1 AL + 6 E2 A, =3.6 pC
where we have been careful to convert cm? to m? by dividing by 10*.

26. Initially the capacitors C;, C,, and C; form a combination equivalent to a single
capacitor which we denote C,,;. This obeys the equation

1

i+ 1 C+C,+C,
ClZS C:l CZ +C3 Cl (CZ +C3)

Hence, using g = Cy,3V and the fact that g = q; = C, V,, we arrive at

— C123V _ C2 +CS

a9 _
C, C C,+C,+C,

=

Vl:q—:

=
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(@ As C; — oo this expression becomes V; = V. Since the problem states that V,
approaches 10 volts in this limit, so we conclude V=10 V.

(b) and (c) At C; =0, the graph indicates V; = 2.0 V. The above expression consequently
implies C; = 4C,. Next we note that the graph shows that, at C; = 6.0 uF, the voltage
across C; is exactly half of the battery voltage. Thus,

C,+6.0uF  C,+6.0pF
C,+C,+6.0uF " 4C,+C,+6.0uF

1
2

which leads to C, = 2.0 xF. We conclude, too, that C; = 8.0 «F.

27. (a) In this situation, capacitors 1 and 3 are in series, which means their charges are
necessarily the same:

_CCV _ (L00uF) (3.004F) (12.0V)

=0, = = =9.00.C.
®=%=C Tc, 1.00 4F+3.004F a
(b) Capacitors 2 and 4 are also in series:
2.00uF) (4.00uF) (12.0V
q, =g, = SCV _(2004F) (4.004F) (120V) 0

"~ C,+C, 2.00 uF +4.00 uF
(¢) 0,=0,=9.00uC.

(d) a,=0,=16.04C.

(e) With switch 2 also closed, the potential difference V; across C; must equal the
potential difference across C, and is

C+Cy \,__ (3.004F+4.004F)(12.0V)

C,+C,+C,+C,  1.00u4F+2.00uF+3.004F+4.00uF

Thus, g, = C,V; = (1.00 £F)(8.40 V) = 8.40 4C.

(f) Similarly, g, = C,V1 = (2.00 4F)(8.40 V) = 16.8 uC.

(9) Gz = Ca(V — V1) = (3.00 4F)(12.0 V — 8.40 VV) = 10.8 1C.
(h) Ga = Ca(V — V1) = (4.00 1F)(12.0 V - 8.40 V) = 14.4 4C.

28. The charges on capacitors 2 and 3 are the same, so these capacitors may be replaced
by an equivalent capacitance determined from
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Thus, Ceq = CoC3/(C, + C3). The charge on the equivalent capacitor is the same as the
charge on either of the two capacitors in the combination, and the potential difference
across the equivalent capacitor is given by ./Ce. The potential difference across
capacitor 1 is q1/C;, where q; is the charge on this capacitor. The potential difference
across the combination of capacitors 2 and 3 must be the same as the potential difference
across capacitor 1, so q1/Cy = o/Ceq.

Now, some of the charge originally on capacitor 1 flows to the combination of 2 and 3. If
Qo is the original charge, conservation of charge yields q; + g2 = qo = C; Vo, Where Vj is
the original potential difference across capacitor 1.

(@) Solving the two equations

G _ G
Cl Ceq
g, +0, =C\V,
for g; and g, we obtain
g, = Clzvo _ C12V0 _ C12 (Cz +C, )Vo .
' Ceq +C, % +C CC,+CC;+CCy
C,+C,

With Vo = 12.0 V, C;= 4.00 £F, C,= 6.00 4F and C3=3.00 F, we find Ceq = 2.00 4F and
q: = 32.0 «C.

(b) The charge on capacitors 2 is
q,=CV,—q,=(4.00uF)(12.0 V)-32.0 2C=16.0 x.C .
(c) The charge on capacitor 3 is the same as that on capacitor 2:

G, =CV, —q, =(4.00 1F)(12.0 V) —32.0 £C=16.0 4C .

29. The energy stored by a capacitor is given by U =1CV?, where V is the potential
difference across its plates. We convert the given value of the energy to Joules. Since
1J=1W-s, we multiply by (10° W/kW)(3600 s/h) to obtain 10 kW-h=3.6x10" J. Thus,

2(36x107J
coU _A30x10Y) oo
VZ  (1000V)
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30. Let V= 1.00 m®. Using Eq. 25-25, the energy stored is

1 1 c?

U=uV=ZgEV=2885x10"—— |(150V/m)’ (1.00m*) =9.96x10"° J.
2 2 N-m

31. THINK The total electrical energy is the sum of the energies stored in the individual
capacitors.

EXPRESS The energy stored in a charged capacitor is

2
u=9_lcve
2C 2

Since we have two capacitors that are connected in parallel, the potential difference V
across the capacitors is the same and the total energy is

U, =U,+U, =%(cl+cz)v2.

tot

ANALYZE Substituting the values given, we have
U= %(Cl +C,)V? = %(2.0><106 F+4.0x10°° F)(BOOV)2 =0.27J.

LEARN The energy stored in a capacitor is equal to the amount of work required to
charge the capacitor.

32. (a) The capacitance is

c_bA_ (8.85x107 C*/N-m”)(40x10* m?)
Sd 1.0x10°m

=3.5x10"" F = 35pF.

(b) g = CV = (35 pF)(600 V) = 2.1 x 10°® C = 21 nC.
(c) U =1CV? =(35pF)(21nC)’ =6.3x10°J = 6.3 4,

(d) E =V/d =600 /1.0 x 10> m = 6.0 x 10° V/m.

(e) The energy density (energy per unit volume) is



U 6.3x10°J ~ ;
A (40x10*m?)(1.0x10°m) =16 y/m’.

33. We use E=q/47g,R*=V /R. Thus

2 2 2
u:lsoEzzlgo(\ij =%[8.85><10‘12 ¢ ]( 8000\/) =0.11J/m®,

2 2 R N-m? ){ 0.050 m

34. (a) The charge gs in the figure is g, =C,V = (4.00 F)(100 V) =4.00x10™* C.

(b) V3=V =100 V.
(c) Using U, =1CV,?, we have U,=1C,V,*=2.00x107J.

(d) From the figure,

CCV _ (10.0 4F)(5.00 £F)(100 V)

0,=0Q,= =3.33x10™"C.
C +C, 10.0 uF +5.00 uF
(€) V1= qu/C1 =3.33 x 10* C/10.0 4F = 33.3 V.
(f) U, =1CV}?=5.55x10"J.
(g) From part (d), we have g, =g, =3.33x10™*C.
(h)V,=V-V; =100V -33.3V =66.7 V.
(i) U, =1C V2 =1.11x10"2J.
35. The energy per unit volume is
1 1 e ) e’
u==¢g,E*==¢, = =——.
2 2 "\ Admng,r 32m g r

1127

() At r=1.00x10"m, with e=1.60x10"°C and &, =8.85x10"* C*/N-m?*, we have

u=9.16x10"* J/m®.
(b) Similarly, at r=1.00x10°m, u=9.16x10"° J/m>.

(c) At r=1.00x10"°m, u=9.16x10° J/m°.
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(d) At r=1.00x10"m, u=9.16x10" J/m°.
(e) From the expression above, u oc r*. Thus, for r — 0, the energy density u — oo.

36. (a) We calculate the charged surface area of the cylindrical volume as follows:
A=27zrh+zr? =22(0.20 m)(0.10 m)+(0.20 m)* =0.25 m?

where we note from the figure that although the bottom is charged, the top is not.
Therefore, the charge is g = oA = —0.50 4C on the exterior surface, and consequently
(according to the assumptions in the problem) that same charge q is induced in the
interior of the fluid.

(b) By Eq. 25-21, the energy stored is

9’ _ (50x107 C)®

9 2 —36x107° 1.
2C  2(35x102 F)

(c) Our result is within a factor of three of that needed to cause a spark. Our conclusion is
that it will probably not cause a spark; however, there is not enough of a safety factor to
be sure.

37. THINK The potential difference between the plates of a parallel-plate capacitor
depends on their distance of separation.

EPXRESS Let g be the charge on the positive plate. Since the capacitance of a parallel-
plate capacitor is given by C =g, A/d,, the charge is g, =CV,=¢, AV,/d.. After the
plates are pulled apart, their separation is d, and the final potential difference is V;. Thus,
the final charge is g, =g, AV, /de . Since charge remains unchanged, g, =q,, we have

_q_f_ d, _ d, &A
=—= f

C;, gA

d
- V,=—Lv.
&A d d,

Vi

ANALYZE (a) With d =3.00x10°m, V,=6.00V and d, =8.00x10°m, the final
potential difference is V, =16.0 V.

(b) The initial energy stored in the capacitor is

u -ty &AV”  (8.85x107* C?/N-m?)(8.50x10™* m*)(6.00 V)?
2 2d 2(3.00x10°° m)

=451x107 J.
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(c) The final energy stored is

d,. ) d 2
U, ~leyzolaf: 1 goA(—fvi] :_f(ﬂjzd—fu..

2 2d, " 24d, (d
With d, /d, =8.00/3.00, we have U, =1.20x107* J.

(d) The work done to pull the plates apart is the difference in the energy:
W =U;—U;= 7.52x10™" J.

LEARN In a parallel-plate capacitor, the energy density (energy per unit volume) is
given by u=¢,E?/2 (see Eq. 25-25), where E is constant at all points between the plates.

Thus, increasing the plate separation increases the volume (= Ad), and hence the total
energy of the system.

38. (a) The potential difference across C; (the same as across Cy) is given by

=50.0V.

Voy o GV (15.04F)(100V)
' % C,+C,+C, 10.0u4F+5.00uF+15.0uF

Also, V3=V -V; =V -V, =100V -50.0 V=50.0 V. Thus,

g, =CV, =(10.04F)(50.0V)=5.00x10"C
g, =C,V, =(5.00F)(50.0V)=2.50x10"C
0y =0, +0, =5.00x10* C+2.50x10* C=7.50x10"C.

(b) The potential difference V3 was found in the course of solving for the charges in part
(@). Its value is V3 =50.0 V.

(c) The energy stored in C3 is U, :Csvf/2:(15.0;4F)(50.0V)2 /2=1.88x1071.

(d) From part (a), we have g, =5.00x10™*C, and

(e) V1 =50.0 V, as shown in (a).
(f) The energy stored in Cy is U, =%c1vf :%(10.0/¢F)(50.0V)2 =1.25x1072J.

(9) Again, from part (a), g, =2.50x10™C.
g) A9 p g,
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(h) V2 =50.0 V, as shown in (a).

(i) The energy stored in C, is U, =%C2V22 :%(S.OO,uF)(SO.OV)2 =6.25x107°J.

39. (a) They each store the same charge, so the maximum voltage is across the smallest
capacitor. With 100 V across 10 uF, then the voltage across the 20 wF capacitor is 50 V
and the voltage across the 25 uF capacitor is 40 V. Therefore, the voltage across the
arrangement is 190 V.

(b) Using Eq. 25-21 or Eq. 25-22, we sum the energies on the capacitors and obtain Uy
=0.095J.

40. If the original capacitance is given by C = gA/d, then the new capacitance is
C'=¢gyxAl2d. Thus C'/C = w2 or

k= 2C'/C = 2(2.6 pF/1.3 pF) = 4.0.

41. THINK Our system, a coaxial cable, is a cylindrical capacitor filled with polystyrene,
a dielectric.

EXPRESS Using Egs. 25-17 and 25-27, the capacitance of a cylindrical capacitor can be
written as
_ 2mKe L

0T Inb/a)’

where Cq is the capacitance without the dielectric, « is the dielectric constant, L is the
length, a is the inner radius, and b is the outer radius.

ANALYZE With «= 2.6 for polystyrene, the capacitance per unit length of the cable is

C_ 2mke, _ 27(2.6)(8.85x107* F/m) =8.1x10""F/m =81 pF/m.

L In(b/a) In[(0.60 mm)/(0.10 mm)]

LEARN When the space between the plates of a capacitor is completely filled with a
dielectric material, the capacitor increases by a factor «x, the dielectric constant
characteristic of the material.

42. (a) We use C = gA/d to solve for d:

8.85x10™ C*/N-m?)(0.35 m’
g_éh_l il ) ) _62x10%m.
C 50x10F




1131

(b) We use C o . The new capacitance is
C' = C(xkair) = (50 pf)(5.6/1.0) = 2.8x10? pF.

43. The capacitance with the dielectric in place is given by C = xCy, where Cy is the
capacitance before the dielectric is inserted. The energy stored is given by

U=1CV?=1xCV?,s0
2U 2(7.4x107°))
CV? (7.4x10%F)(652 V)?

According to Table 25-1, you should use Pyrex.
44. (a) We use Eq. 25-14:

C =2rng,x L = (4'7)2(0'15 m) =0.73 nF.
In(b/ a) 2(8.99><109 ) In(3.8 cm/3.6 cm)

(b) The breakdown potential is (14 kV/mm) (3.8 cm — 3.6 cm) = 28 kV.

45. Using Eq. 25-29, with o= g/A, we have

[E[= - =200x10° N/C
KEGA

which yields g = 3.3 x 10 C. Eq. 25-21 and Eq. 25-27 therefore lead to

2 2
_9 _ 99 _gex1079.
2C  2xe,A

46. Each capacitor has 12.0 V across it, so Eq. 25-1 yields the charge values once we
know C; and C,. From Eq. 25-9,

C,= ‘E—A = 221 x10°1F |
and from Eq. 25-27,
C,= ’f‘i;A = 6.64x101F .

This leads to
01 =C1V1=8.00x10°C, q,=C,V,=2.66 x 10° C.

The addition of these gives the desired result: g = 1.06 x 10™° C. Alternatively, the
circuit could be reduced to find the qyor.
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47. THINK Dielectric strength is the maximum value of the electric field a dielectric
material can tolerate without breakdown.

EXPRESS The capacitance is given by C = xCy = xgA/d, where Cy is the capacitance
without the dielectric, x is the dielectric constant, A is the plate area, and d is the plate
separation. The electric field between the plates is given by E = V/d, where V is the
potential difference between the plates. Thus, d = V/E and C = xgAE/V. Therefore, we
find the plate area to be

CVv

A= .
K&y E

ANALYZE For the area to be a minimum, the electric field must be the greatest it can be
without breakdown occurring. That is,

(7.0x10°F)(4.0x 10°V)

= = 0.63 m2 .
28(885x10“F/ m)(18x10° V/m)

LEARN If the area is smaller than the minimum value found above, then electric
breakdown occurs and the dielectric is no longer insulating and will start to conduct.

48. The capacitor can be viewed as two capacitors C; and C, in parallel, each with
surface area A/2 and plate separation d, filled with dielectric materials with dielectric
constants k1 and x», respectively. Thus, (in SI units),

coc .o - flADr  &(AI2)K, _ goA(,(lJr,(zj
1 2 d d d 2
_ (8.85x1072 C*/N-m?)(5.56x10™* m?)(7.00+12.00
5.56x10° m >

j =8.41x10™" F.

49. We assume there is charge g on one plate and charge —q on the other. The electric
field in the lower half of the region between the plates is

E,=—1—,
KA

where A is the plate area. The electric field in the upper half is

E,=— 1
K, A

Let d/2 be the thickness of each dielectric. Since the field is uniform in each region, the
potential difference between the plates is
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y_Ed Ed_ qd {LA}&@

2 2 _250A K, K, _250A KK,
SO
C:_:280A Ky
\ d x,+x,

This expression is exactly the same as that for Ceq of two capacitors in series, one with
dielectric constant x; and the other with dielectric constant x». Each has plate area A and
plate separation d/2. Also we note that if k1 = &2, the expression reduces to C = k1 gA/d,
the correct result for a parallel-plate capacitor with plate area A, plate separation d, and
dielectric constant xi.

With A=7.89x10"*m?, d =4.62x10°m, x, =11.0,and «,=12.0, the capacitance is

~ 2(8.85x107** C*/N-m?*)(7.89x10™* m?) (11.0)(12.0)

_3 —1.73x10°1F.
4.62x10° m 11.0+12.0

C

50. Let
Ci= 50(A/2)K'1/2d = 80AK1/4d,
Cz = a&(Al2) kold = sAK»/2d,
Cs = sAxa/2d.

Note that C, and C; are effectively connected in series, while C; is effectively connected
in parallel with the C,-C3 combination. Thus,

C:C1+ Czcs :50AK1+(50A/d)(K2/2) (K'3/2):gOA ot 2K2K3 |
C,+C;  A4d K,/2+K,/2 4d Ky + 1,

With A=1.05x10"°m?, d=3.56x10"°m, x,=21.0, x,=42.0and x,=58.0, we find the
capacitance to be

—12 2 2 -3 2
o (8:85x10° C*/N-m?)(L.05x10"° m )(21.0+2(42.0)(58.0)

3 j=4.55><1011 F.
4(3.56x10° m) 42.0+58.0
51. THINK We have a parallel-plate capacitor, so the capacitance is given by C = «Cy =

xeAld, where Cy is the capacitance without the dielectric, «is the dielectric constant, A is
the plate area, and d is the plate separation.

EXPRESS The electric field in the region between the plates is given by E = V/d, where
V is the potential difference between the plates and d is the plate separation. Since the
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separation can be written as d =xg,A/C, we have E =VC/xe,A The free charge on the
plates is gs = CV.

ANALYZE (a) Substituting the values given, we find the magnitude of the field strength
to be

VC (50 V)(100x107* F)

E= - =10x10" V/m.
Kke,A  54(885x107* F/m)(100x10™ m?) /

(b) Similarly, we have g; = CV = (100 x 10 2 F)(50 V) =5.0 x 10 ° C.

(c) The electric field is produced by both the free and induced charge. Since the field of a
large uniform layer of charge is q/2&A, the field between the plates is

E= qf + qf _ qi . qi
26)A  2g,A 2g,A 2g,A’

where the first term is due to the positive free charge on one plate, the second is due to
the negative free charge on the other plate, the third is due to the positive induced charge
on one dielectric surface, and the fourth is due to the negative induced charge on the other
dielectric surface. Note that the field due to the induced charge is opposite the field due to
the free charge, so they tend to cancel. The induced charge is therefore

0y =0, —&AE =5.0x10"° C—(8.85x10™ F/m)(100x10™*m*)(1.0x10* V/m)
=4.1x10°C=4.1nC.

LEARN An alternative way to calculate the induced charge is to apply Eg. 25-35:
1 1
g, =0 (1——) =(5.0nC) (l——} =4.1nC.
K 5.4

Note that there’s no induced charge (g, =0) in the absence of dielectric (x = 1).

52. (a) The electric field E; in the free space between the two plates is E; = g/&A while
that inside the slab is E; = Ei/x = g/k&A. Thus,

V,=E,(d—b)+ Ezb:(iA](d —b+9),

& K
and the capacitance is

8.85x102 C2/N-m?)(115x10* m? )(2.61
M (885x m*)(125<10°“ m*)( )=13.4pF.

q
C:—_ =
V, x(d-b)+b (2.61)(0.0124m—0.00780m)+(0.00780m)
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(b) g =CV = (13.4 x 10 ** F)(85.5 V) = 1.15 nC.

(c) The magnitude of the electric field in the gap is

£ -9 - L15x10" C ~1.13x10* N/C.
&A  (8.85x107% C°/N-m’)(115x10°* m?)

(d) Using Eq. 25-34, we obtain

4
B, L3I0 NIC_, 35.10° N/C.

E,=—L
K 261

53. (a) Initially, the capacitance is

A (885x107 CYN-m?)(0.12 m?)

C
° d 1.2x1072 m

89 pF.

(b) Working through Sample Problem 25.06 — “Dielectric partially filling the gap in a
capacitor” algebraically, we find:

8.85x10 C?/N-m?) (0.12m”)(4.8
__ahx (885 . )( 49 1 2x107pr.
x(d—b)+b  (4.8)(1.2—0.40)(L0 °m)+(4.0x10°m)

(c) Before the insertion, g = CoV (89 pF)(120 V) =11 nC.

(d) Since the battery is disconnected, g will remain the same after the insertion of the slab,
with g = 11 nC.

(€) E=q/&,A=11x10"° C/(8.85x10™2 C?/N-m?)(0.12 m?) =10 kV/m.

(f) E' = E/x= (10 kV/m)/4.8 = 2.1 kV/m.

(9) The potential difference across the plates is

V = E(d - b) + E'b = (10 kV/m)(0.012 m — 0.0040 m)+ (2.1 k\V/m)(0.40 x 10 m) = 88 V.

(h) The work done is

2 -9 2
W, —au=9 1 1) (1070 L1 707y
2 2 89x10 °F 120x10°F




1136 CHAPTER 25

54. (a) We apply Gauss’s law with dielectric: /& = xEA, and solve for x:

q 8.9x107 C

K= &EA B (8.85><10—1z CZ/N~m2)(1_4x10—6 V/m)(100><10‘4m2) =7.2.

(b) The charge induced is q' = q(l— 1) =(89x107 C) (1— 7—12j =77x107 C.
K .

55. (a) According to Eq. 25-17 the capacitance of an air-filled spherical capacitor is given

by
ab
C, =4ne,| — |.

When the dielectric is inserted between the plates the capacitance is greater by a factor of
the dielectric constant x. Consequently, the new capacitance is

=0.107 nF.

co 47[,(80( ab j 23.5 (0.0120 m)(0.0170 m)

b—a) 899x10° N-m?/C? 0.0170 m—0.0120 m
(b) The charge on the positive plate is g=CV =(0.107 nF)(73.0 V)=7.79 nC.

(c) Let the charge on the inner conductor be —q. Immediately adjacent to it is the induced
charge q'. Since the electric field is less by a factor 1/« than the field when no dielectric is
present, then —q + q' = — g/« Thus,

T an(ke-1)e 22 v =
q q=47(x-1) 235

k-1 ab (23.5—1.00
K —a

j(7.79 nC)=7.45nC.

56. (a) The potential across C; is 10 V, so the charge on it is
g1 = C1V3 = (10.0 4F)(10.0 V) = 100 «C.

(b) Reducing the right portion of the circuit produces an equivalence equal to 6.00 uF,
with 10.0 V across it. Thus, a charge of 60.0 uC is on it, and consequently also on the
bottom right capacitor. The bottom right capacitor has, as a result, a potential across it
equal to

Vv =%= 804C _so0v
10 4F

which leaves 10.0 V — 6.00 V = 4.00 V across the group of capacitors in the upper right
portion of the circuit. Inspection of the arrangement (and capacitance values) of that
group reveals that this 4.00 V must be equally divided by C, and the capacitor directly
below it (in series with it). Therefore, with 2.00 V across C, we find
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g2 = C2V2 = (10.0 F)(2.00 V) = 20.0 nC.

57. THINK Figure 25-51 depicts a system of capacitors. The pair C3 and C4 are in
parallel.

EXPRESS Since C; and C4 are in parallel, we replace them with an equivalent
capacitance C,, =C,+C, =30 uF. Now, C;, C,, and Cs4 are in series, and all are

numerically 30 pF, we observe that each has one-third the battery voltage across it.
Hence, 3.0 V is across Ca.

ANALYZE The charge on capacitor 4 is g4 = C4V4 = (15 uF)(3.0 V) =45 uC.

LEARN Alternatively, one may show that the equivalent capacitance of the arrangement
is given by

1 1 1 1 1 1 1 1

=—+—+—= + + =

C, C, C, C, 30uF 30uF 30uF 10 uF

or C,,,, =10 uF. Thus, the charge across C1, Cy, and Cs, are
0y =0, =0y = Ohpas = CyppV = (10 £F)(9.0 V) =90 nC.

Now, since C3 and C, are in parallel, and C, =C,, the charge on C,4 (as well as on Cg) is
O, =0,=0,,/2=(90 uF)/2=45 uF.

58. (a) Here D is not attached to anything, so that the 6C and 4C capacitors are in series
(equivalent to 2.4C). This is then in parallel with the 2C capacitor, which produces an
equivalence of 4.4C. Finally the 4.4C is in series with C and we obtain

(C)(4.4C)
_ONEEY)  0.82C = 0.82(50 uF) = 41 uF
“ = C144C (50 F) =41u

where we have used the fact that C = 50 uF.

(b) Now, B is the point that is not attached to anything, so that the 6C and 2C capacitors
are now in series (equivalent to 1.5C), which is then in parallel with the 4C capacitor (and
thus equivalent to 5.5C). The 5.5C is then in series with the C capacitor; consequently,

(C)(55C)
=-—"——-~=085C =42 uF .
“  C+55C H

59. The pair C; and C; are in parallel, as are the pair C; and C,; they reduce to equivalent
values 6.0 u#F and 3.0 uF, respectively. These are now in series and reduce to 2.0 uF,
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across which we have the battery voltage. Consequently, the charge on the 2.0 uF
equivalence is (2.0 4F)(12 V) = 24 xC. This charge on the 3.0 xF equivalence (of C; and
C4) has a voltage of
V= % = M =8.0V.
3 uF

Finally, this voltage on capacitor C, produces a charge (2.0 xF)(8.0 V) = 16 «C.
60. (a) Equation 25-22 yields

U= %CV2 - %(200><1012 F)(7.0x10° V) =49x10° J.

(b) Our result from part (a) is much less than the required 150 mJ, so such a spark should
not have set off an explosion.

61. Initially the capacitors C,, C,, and C; form a series combination equivalent to a single
capacitor, which we denote C,,;. Solving the equation

1 1.1 1 CGC+CC+CG,

—_— =

c:123 Cl CZ C3 C1CZC3

we obtain Cy,3 = 2.40 4F. With V = 12.0 V, we then obtain g = Cy,3V = 28.8 4C. In the
final situation, C, and C, are in parallel and are thus effectively equivalent to
C,,=12.0 4F. Similar to the previous computation, we use

1 _1 1 1_CCu+CCi+CC,
C1234 Cl C:24 C3 C1C24C3

and find Cy,3, = 3.00 4F. Therefore, the final charge is q = Cy23,V = 36.0 1C.
(@) This represents a change (relative to the initial charge) of Aq =7.20 xC.

(b) The capacitor C,, which we imagined to replace the parallel pair C, and C,, is in series
with C,; and C; and thus also has the final charge q =36.0 #C found above. The voltage
across C,, would be

q 36.0uC

2 = = = 300 V .
C,, 120uF

This is the same voltage across each of the parallel pairs. In particular, V, = 3.00 V
implies that g, = C,V, = 18.0 4C.

(c) The battery supplies charges only to the plates where it is connected. The charges on
the rest of the plates are due to electron transfers between them, in accord with the new
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distribution of voltages across the capacitors. So, the battery does not directly supply the
charge on capacitor 4.

62. In series, their equivalent capacitance (and thus their total energy stored) is smaller
than either one individually (by Eq. 25-20). In parallel, their equivalent capacitance (and
thus their total energy stored) is larger than either one individually (by Eq. 25-19). Thus,
the middle two values quoted in the problem must correspond to the individual capacitors.
We use Eq. 25-22 and find

(2) 100 1) =3C,(10V)* = C, =2.0 4F;
(b) 300 d =2C,(10V)? = C, =6.0 uF.

63. Initially, the total equivalent capacitance is C,= [(C.)™ + (C,) ] = 3.0 pF, and the
charge on the positive plate of each one is (3.0 xF)(10 V) = 30 xC. Next, the capacitor
(call is Cy) is squeezed as described in the problem, with the effect that the new value of
C.is 12 uF (see Eq. 25-9). The new total equivalent capacitance then becomes

C=[(Cy) '+ (C)) 1" = 4.0 4F,
and the new charge on the positive plate of each one is (4.0 £F)(10 V) =40 .C.

(@) Thus we see that the charge transferred from the battery as a result of the squeezing is

40 4C — 30 4C = 10 4C.

(b) The total increase in positive charge (on the respective positive plates) stored on the
capacitors is twice the value found in part (a) (since we are dealing with two capacitors in
series): 20 uC.

64. (a) We reduce the parallel group C,, C3 and C4, and the parallel pair Cs and Cs,
obtaining equivalent values C' = 12 4F and C" =12 uF, respectively. We then reduce the
series group C4, C' and C" to obtain an equivalent capacitance of Ceq = 3 1F hooked to
the battery. Thus, the charge stored in the system is gsys = CeqVbat = 36 4C.

(b) Since gsys = g1, then the voltage across C; is

L= g;: BuC _sov.
1 6.0uF

The voltage across the series-pair C' and C" is consequently Vps: — V1 = 6.0 V. Since C' =
C", we infer V' = V" =6.0/2 = 3.0 V, which, in turn, is equal to V4, the potential across
C4. Therefore,

Qs = CsV4=(4.0 4F)(3.0V) =12 uC.
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65. THINK We may think of the arrangement as two capacitors connected in series.

EXPRESS Let the capacitances be C; and C,, with the former filled with the x;, =3.00

material and the latter with the x» = 4.00 material. Upon using Eq. 25-9, Eq. 25-27, and
reducing C; and C, to an equivalent capacitance, we have

i_i+i_ 1 N 1 (x+x, | d
C, C C, kgAld xgAld KK, )&A

eq

or C, = (&j@ The charge stored on the capacitor is q = CeqV.
K + K,

ANALYZE Substituting the values given, we find

C., {_’fl"z j@ = 152 x 10 F,
K t+K,

Therefore, q = CeqV = 1.06 x 107° C.

KEGA
2d

LEARN In the limit where x, =x, =x, our expression for C becomes C_, =

where 2d is the plate separation.

66. We first need to find an expression for the energy stored in a cylinder of radius R and
length L, whose surface lies between the inner and outer cylinders of the capacitor (a <R

< b). The energy density at any point is given by u=1¢g,E*, where E is the magnitude of
the electric field at that point. If g is the charge on the surface of the inner cylinder, then

the magnitude of the electric field at a point a distance r from the cylinder axis is given
by (see Eq. 25-12)

__
27 Lr’
and the energy density at that point is
1 q°
Uu==gE’=——7——.
2% 8rlg,LPr?

The corresponding energy in the cylinder is the volume integral U, :judv. Now,
dV =2nrLdr, so
2

2 2
UR:.[R zq Tl 2zrLdr = g J.Rﬂz g In(E).
a 8rg,L°r drel’a v 4me,L \a
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To find an expression for the total energy stored in the capacitor, we replace R with b:

2
U, = q In[gj.
dre,L \a
We want the ratio Ugr/U,, to be 1/2, so

R 1. b
In—==In—
a 2 a

or, since 1In(b/a)=In(vb/a), In(R/a)=In(vb/a) .

R=+/ab.

CC, (6.00.4F)(4.00uF)

67. (a) The equivalent capacitance is C,, = =

C,+C, 600uF+400uF

(b) g1 = CeqV = (2.40 1F)(200 V) = 4.80 x 107 C.
() V1 = qu/C1 = 4.80 x 10 C/6.00 F = 80.0 V.
(d)g,=q.=4.80 x 10 C.

(e)Vo=V-V; =200V -80.0V =120 V.

68. () NOW Ceq = C1 + C, = 6.00 4F + 4.00 4F = 10.0 4F.

(b) g1 = C1V = (6.00 £F)(200 V) = 1.20 x 10~ C.
(c) V1= 200 V.
(d) g2 = C,V = (4.00 4F)(200 V) = 8.00 x 10 C.

(€) Vo= V; = 200 V.

= 240 4F .

This means R/a=+b/a or

69. We use U =2CV?. As V is increased by AV, the energy stored in the capacitor

increases correspondingly from U to U + AU: U + AU =1C(V +AV)?. Thus,

(1+AV/V)? =1+ AU/U, or

AV_V: /1+AU—U —1=1+10% —1=4.9% .

70. (a) The length d is effectively shortened by b so C' = gA/(d — b) = 0.708 pF.
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(b) The energy before, divided by the energy after inserting the slab is

U ¢/2C C gAld-b) d 500

U ¢?/2C’ C  gAld d-b 500-200

(c) The work done is

2 2 2
W =AU =U'—U=q—(i—1j= 9 (@—b-dy=-92 _ 5443
2 \c' Cc) 2 2, A

(d) Since W < 0, the slab is sucked in.
71. (a) C' = A/(d — b) = 0.708 pF, the same as part (a) in Problem 25-70.
(b) The ratio of the stored energy is now

U iCcVvZ C  gA/d d-b 500-2.00

— = ~=—= = =0.600.
U ICV? C' gAld-b) d 5.00
(c) The work done is
2
W =AU =U'-U = L(c'—c)v2 = &A (i—ljvz _ SRV g 2107,
2 2 (d=b d 2d(d —b)

(d) In Problem 25-70 where the capacitor is disconnected from the battery and the slab is
sucked in, F is certainly given by —dU/dx. However, that relation does not hold when the
battery is left attached because the force on the slab is not conservative. The charge
distribution in the slab causes the slab to be sucked into the gap by the charge distribution
on the plates. This action causes an increase in the potential energy stored by the battery
in the capacitor.

72. (a) The equivalent capacitance is Ceq = C1C/(Cy + Cy). Thus the charge g on each
capacitor is

CCV  (2.004F)(8.004F)(300V)
C,+C, 2.004F +8.004F

=4.80x107C.

q:qJ_:qz:Cqu:

(b) The potential difference is V; = q/C1 = 4.80 x 10* C/2.0 xF = 240 V.
(c) As noted in part (a), ¢, =q, =4.80x10*C.

(d)V,=V-V; =300V -240V =60.0 V.
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Now we have q'1/C; = ¢'2/C, = V' (V' being the new potential difference across each
capacitor) and q'1 + q'2 = 29. We solve for g';, g2 and V:

2C,q  2(2.004F)(4.80x107*C)
C,+C,  2.00 uF+8.00 uF

=1.92x10™"C.

(€) g =

, 0 1.92x10°C
() V=2 ===
C, 2.00 uF

=96.0V.

(9) 9, =2q—q, =7.68x10™*C.

(h) V, =V,/=96.0V.

(i) In this circumstance, the capacitors will simply discharge themselves, leaving q; =0,
() Va=0,

(k) a2 =0,

() and V, =V; =0.

73. The voltage across capacitor 1 is

Since V; =V, the total charge on capacitor 2 is
G, = CV; = (204F)(2V) =604C,,

which means a total of 90 xC of charge is on the pair of capacitors C; and C,. This
implies there is a total of 90 4C of charge also on the C3 and C, pair. Since C3 = C,4, the
charge divides equally between them, so g; = g4 = 45 xC. Thus, the voltage across
capacitor 3 is
v,= % B 53y
C, 20uF

Therefore, [Va—Vs|=V1 +V3=53V.

74. We use C = gxA/d « x/d. To maximize C we need to choose the material with the
greatest value of «/d. It follows that the mica sheet should be chosen.
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75. We cannot expect simple energy conservation to hold since energy is presumably
dissipated either as heat in the hookup wires or as radio waves while the charge oscillates
in the course of the system “settling down” to its final state (of having 40 V across the
parallel pair of capacitors C and 60 wF). We do expect charge to be conserved. Thus, if
Q is the charge originally stored on C and qs, gz are the charges on the parallel pair after
“settling down,” then

Q=q,+q, = C(100V)=C(40V)+(604F)(40V)

which leads to the solution C = 40 uF.

76. One way to approach this is to note that since they are identical, the voltage is evenly
divided between them. That is, the voltage across each capacitor is V = (10/n) volt. With

C = 2.0 x 107 F, the electric energy stored by each capacitor is %CVZ. The total energy

stored by the capacitors is n times that value, and the problem requires the total be equal

to 25 x 10°°J. Thus,
2

10
5(2.0x107) (7) =25 x 107,

which leads to n = 4.

77. THINK We have two parallel-plate capacitors that are connected in parallel. They
both have the same plate separation and same potential difference across their plates.

EXPRESS The magnitude of the electric field in the region between the plates is given
by E = V/d, where V is the potential difference between the plates and d is the plate
separation. The surface charge density on the plate is o=q/ A

ANALYZE (a) With d =0.00300 m and V = 600 V, we have

A

VB0V _;00x10° vim.
d  3.00x10° m

(b) Since d = 0.00300 m and V = 600 V in capacitor B as well, E; =2.00x10° V/m.
(c) For the air-filled capacitor, Eq. 25-4 leads to

o = Oa_ CV _ (g, Ald)V _ &Y
A A A d

=1.77x10° C/m?.

= &,E, = (8.85x10™? C%/N-m?)(2.00x10° \/m)

(d) For the dielectric-filled capacitor, we use Eq. 25-29:

o, = k&,E, = (2.60)(8.85x10™ C?/N-m?)(2.00x10° V/m) = 4.60x10° C/m”.
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(e) Although the discussion in Section 25-8 of the textbook is in terms of the charge
being held fixed (while a dielectric is inserted), it is readily adapted to this situation
(where comparison is made of two capacitors that have the same voltage and are identical
except for the fact that one has a dielectric). The fact that capacitor B has a relatively
large charge but only produces the field that A produces (with its smaller charge) is in
line with the point being made (in the text) with Eg. 25-34 and in the material that
follows. Adapting Eq. 25-35 to this problem, we see that the difference in charge
densities between parts (c) and (d) is due, in part, to the (negative) layer of charge at the
top surface of the dielectric; consequently,

G4 =0, —0g = (L77x107° C/m?) - (4.60x10° C/m?) = -2.83x10° C/m’ .

LEARN We note that the electric field in capacitor B is produced by both the charge on
the plates (oz;A) and the induced charges (o,,4A), while the field in capacitor A is

produced by the charge on the plates alone (o,A). Since E,=E;, we have

Op =0 +0,y> or Oipng =0 — O3

78. (a) Put five such capacitors in series. Then, the equivalent capacitance is 2.0 u4F/5 =
0.40 uF. With each capacitor taking a 200-V potential difference, the equivalent capacitor
can withstand 1000 V.

(b) As one possibility, you can take three identical arrays of capacitors, each array being a
five-capacitor combination described in part (a) above, and hook up the arrays in parallel.
The equivalent capacitance is now Ceq = 3(0.40 pF) = 1.2 uF. With each capacitor taking
a 200-V potential difference, the equivalent capacitor can withstand 1000 V.

79. (a) For a capacitor with surface area A and plate separation x its capacitance is given
by Co = A/x. The energy stored in the capacitor can be written as

2 2

2C  2(g,AlX)  2g,A

The change in energy if the separation between plates increases to x+dx is

2

du =3 dx.
2&,A
Thus, the force between the plates is
2
oV __ 9
dx 2g,A

The negative sign means that the force between the plates is attractive.
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(b) The magnitude of the electrostatic stress is

FI__ ¢ _o* 1 (o) 1 o
A 25N 25 2 °lg) 2°

where E =o/¢, is the magnitude of the electric field in the region between the plates.

80. The energy initially stored in one capacitor is U, =q/2C =4.00 J. After a second
capacitor is connected to it in parallel, with g, =q, =q,/2, the energy stored in the first
capacitor becomes
2 2
U= _@/2° Yoy,

~o
''2c  2C 4
which is the same as that stored in the second capacitor. Thus, the total energy is

Y, =2.00J.

U=U,+U,==2

(b) The wires connecting the capacitors have resistance, so some energy is converted to
thermal energy in the wires, as well as electromagnetic radiation.



