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Potential; Capacitance

THE POTENTIAL DIFFERENCE between point 4 and point B is the work done against electri-
cal forces in carrying a unif positive test-charge from A to B. We represent the potential differ-
ence between 4 and B by Vp— V4 or by V. Its units are those of work per charge (joules/
coulomb) and are called volts (V):

1V=1J/C

Because work 1s a scalar quantity, so too 1s potential difference. Like work, potential difference may
be positive or negative.

The work W done in transporting a charge ¢ from one point A4 to a second point B 1s
W=q(Vy—Vy)=qV

where the appropriate sign (+ or —) must be given to the charge. If both (V5 — V) and g are positive
(or negative), the work done 1s positive. If (V3 — V) and ¢ have opposite signs, the work done 1s
negative.



ABSOLUTE POTENTIAL: The absolute potential at a point 1s the work done agaimst electric
forces in carrying a unmit positive test-charge from infinity to that point. Hence the absolute poten-

tial at a pomt B 1s the difference in potential from 4 = o0 to B.
Consider a point charge ¢ m vacuum and a pomnt P at a distance r from the point charge. The
absolute potential at P due to the charge ¢ 1s

= kd
r
where k = 8.99 x 10’ N-m’ / (% is the Coulomb constant. The absolute potential at infinity (at r = ) 18

7€10.
Because of the superposition principle and the scalar nature of potential difference, the absolute

potential at a point due to a number of point charges is

V:kZ%



where the r; are the distances of the charges ¢; from the point in question. Negative ¢’s contribute
negative terms to the potential, while positive ¢’s contribute positive terms.

The absolute potential due to a uniformly charged sphere, at points outside the sphere or on its
surface 1s V = kq/r, where ¢ 1s the charge on the sphere. This potential 1s the same as that due to a point
charge ¢ placed at the position of the sphere’s center.

ELECTRICAL POTENTIAL ENERGY (PEg): To carry a charge ¢ from infinity to a point
where the absolute potential 1s V, work in the amount gV must be done on the charge. This
work appears as electrical potential energy (PEy) stored in the charge.

Similarly, when a charge ¢ is carried through a potential difference V, work in the amount ¢V must
be done on the charge. This work results in a change ¢V in the PEj of the charge. For a potential rise, V
will be positive and the PE will increase 1f ¢ 1s positive. But for a potential drop, V will be negative and
the PE; of the charge will decrease if ¢ 1s positive.



V' RELATED TO E: Suppose that in a certain region the electric field 1s uniform and is in the

x-direction. Call its magnitude E,. Because E, 1s the force on a unit positive test-charge, the
work done in moving the test-charge through a distance x 1s (from W = F, x)

V=ExXx

The field between two large, parallel, oppositely charged metal plates 1s uniform. We can therefore use
this equation to relate the electric field E between the plates to the plate separation d and their potential
difference V: For parallel plates,

V =Ed

ELECTRON VOLT ENERGY UNIT: The work done in carrying a charge +e¢ (coulombs)
through a potential rise of exactly 1 volt 1s defined to be 1 electron volt (eV). Therefore,

eV =(1.602x 107" C)(1V)=1.602x10"]
Equivalently,

. k (in 1oul
Work or energy (in eV) = work (in joules)

[



A CAPACITOR 1s a device that stores charge. Often, although certainly not always, it consists of
two conductors separated by an insulator or dielectric. The capacitance (C) of a capacitor is de-
fined as

magnitude of charge on either conductor
magnitude of potential difference between conductors

Capacitance =

For ¢ in coulombs and V in volts, C is in farads (F).

PARALLEL-PLATE CAPACITOR: The capacitance of a parallel-plate capacitor whose opposing
plate faces, each of area A, are separated by a small distance d 1s given by

A
C = Kan

where K = €/¢; 1s the dimensionless dielectric constant (see Chapter 24) of the nonconducting material
(the dielectric) between the plates, and

6 =8.85x 1072 C?*/N-m? =885 x 107"* F/m

For vacuum, K = 1, so that a dielectric-filled parallel-plate capacitor has a capacitance K times larger
than the same capacitor with vacuum between its plates. This result holds for a capacitor of arbitrary
shape.



CAPACITORS IN PARALLEL AND SERIES: As shown m Fig. 25-1, capacitances add for
capacitors 1n parallel, whereas reciprocal capacitances add for capacitors 1 series.
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Fig. 25-1



ENERGY STORED IN A CAPACITOR: The energy (PEg) stored in a capacitor of capacitance
C that has a charge ¢ and a potential difference V' 1s

1
PE; =—qV =-CV* =

Solved Problems

How much work 1s required to carry an electron from the positive terminal of a 12-V battery to
the negative terminal?

W =gV =(-16x10"C)(-12V)=19x 107" ]

How much electrical potential energy does a proton lose as 1t falls through a potential drop of

5 kV?
Change in PE, = Vg = (-5 x 10° V)(Lox 107" €)= -8 x 107° ]



(a) What 1s the absolute potential at each of the following distances from a charge of 2.0 C:
r=10cm and r = 50 cm? (h) How much work 1s required to carry a 0.05 uC charge from the
point at r = 30 cm to that at r = 10 cm?

20x10°C

~18x 10V
m

A o=k = (00x 10’ Nt/
f

10
Vgu:SU Vio=30kV

b Work = g(Vyg - V) = (Sx 107 C)(1L44x 10° V) =72 m]



The following point charges are placed on the x-axis: +2.0pC at x=20cm, -3.0uC at
x =30 c¢m, —4.0 uC at x =40 cm. Find the absolute potential on the axis at x = 0.
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In Fig. 25-2, the potential difference between the metal plates 1s 40 V. (@) Which plate i1s at the
higher potential? () How much work must be done to carry a +3.0 C charge from B to 4A? From
A to B? (¢) How do we know that the electric field 1s in the direction indicated? () If the plate
separation is 5.0 mm, what is the magnitude of E?

|
| o

1

Fig. 25-2



(a) A posttive test charge between the plates 1s repelled by A and attrac
test charge will move from A to B, and so A 1s at the higher poten

() The magnitude of the work done in carrying a charge ¢ through a po
magnitude of the work done n the present situation 1s

= (300 V) =012k

ed by B. Left to itself, the posttive
1al,

ential difference V15 gV Thus the

Because a positive charge between the plates is repelled by A, positive work (+120 J) must be done to
drag the +3.0 C charge from B to A. To restrain the charge as it moves from 4 to B, negative work

(~120 1) is done.



(¢) A postive test-char between the plates experiences a force directed from A to B and this 1, by
efinition, the direction of the fild

(d) For paralll plats, V= Ed. Therefore,

0y
0050 m

Notice that the 1 unis for electic field, V/m and N/C, are identical

V
b= =M



A capacitor has a capacitance of 8.0 uF with air between its plates. Determine 1ts capacitance
when a dielectric with dielectric constant 6.0 1s placed between 1ts plates.

C with dielectric = K(C with air) = (6.0)(8.0 uF) = 48 uF

What 1s the charge on a 300 pF capacitor when 1t 1s charged to a voltage of 1.0 kV?

g=CV =(300x 107" F)(1000 V) =3.0 x 107" C = 0.30 uC

A metal sphere mounted on an insulating rod carries a charge of 6.0 nC when 1ts potential is
200 V higher than its surroundings. What 1s the capacitance of the capacitor formed by the sphere
and 1ts surroundings?

c_4_60x 1077C
V200V

— 30 pF



The series combination of two capacitors shown in Fig. 25-6 1s connected across 1000 V. Com-
pute (a) the equivalent capacitance Cy, of the combination, (b) the magnitudes of the charges on
the capacitors, (c) the potential differences across the capacitors, and (¢ ) the energy stored n the
capacitors.
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Fig. 25-6



IR B SRS B
6.0 pF 2.0 pF

(@) Co € C, 30pF
from which C = 2.0 pF.

(h) In a series combination, each capacitor carries the same charge, which is the charge on the combina-
tion. Thus, using the result of (a), we have

g1 =gy =q=CeoV = (2.0 x 1072F)(1000 V) = 2.0 nC

¢ 20x107°C
: V=== = 667 V=10.67 kV
(© LT, T30 % 10°2F
gy 20x107°C
V, =22 — =333 V=033 kV
27 C, 60x10°2F
(d) Energy in C, =1¢,V, =1(20 x 107 C)(667 V) = 6.7 x 107" T = 0.67 J

|

2
Energy in C; =1¢,V, =1(20x 107 C)(333 V) =33 x 107" T =033 pJ
Energy in combination = (6.743.3) x 107/ J=10x 107" J=1.0 uJ

The last result is also directly given by 3¢V or 1 C. V.



The parallel capacitor combination shown m Fig. 25-7 15 connected across a 120 V source.
Determine the equivalent capacitance C,,, the charge on each capacitor, and the charge on the
combination. i

2.0 pF

| .;.ﬁ.;. !

6.0 pF

120 N

Fig. 25-7



For a parallel combination,

Coqq = € + G, = 2.0 pF + 6.0 pF = 8.0 pF

Each capacitor has a 120 V potential difference impressed on it. Therefore,
g =CVy=020x107F)(120 V) = 0.24 nC
g, = CyV, = (6.0 x 107" F)(120 V) = 0.72 nC

The charge on the combination 1s ¢; 4+ ¢ = 960 pC. Or, we could write
g=CeV = (8.0 x 107 F)(120 V) = 0.96 nC



A 1.2 uF capacitor 1s charged to 3.0 kV. Compute the energy stored i the capacitor.

Enerav =gV =1CV? =112 x 107 F)(3000 V)* =54 ]

A certain parallpate capacitor conssts of two plats,each with area 200 e, separated by a
0 40-cm atr gap. () Compute tts capactiance. (p) 11 the capacttor 15 connected across a 300 V
source, find the charee ont, the enerey stored i 1, and the value of £ between the plates. (¢) 1f a
liquid with K = 2.60 1 poured between the plates 0 as o fll the ar gap, how much additional

charge will flow onto the capactor from the 500 V source!




(a) For a parallel-plate capacitor with air gap,

A e 200% 107 m? i
C=Ke—=(1)(885x 107°F =44x 10" F=44pF
g = (@8 X A0 /m) o v m — 4 P
(b) g=CV=(44x10"F)(50V)=22x10"C=22nC

Energy = gV =122 x 107°C)(500 V) =5.5x 107° T = 5.5 puJ

E_V_ 500 V
d 40x1073 m

(¢) The capacitor will now have a capacitance K = 2.60 times larger than before. Therefore,

=13x10° V/m

g=CV=(260x44x 107" F)(500 V) =57x 10" C=57nC
The capacitor already had a charge of 22 nC and so 57 nC—22 nC or 35 nC must have been added to it.



Supplementary Problems

Two metal plates are attached to the two terminals of a 1.50-V battery. How much work 1s required to carry
a +3.0-uC charge (o) tfrom the negative to the positive plate, () from the positive to the negative
plate?  Ans. (a) 7.5pl, (h) 7.5

The potential difference between two large parallel metal plates s 120 V. The plate separation 1s 3.0 mm.
Find the electric field between the plates. ~ Ans. 40 kV/m toward negative plate

Determine the absolute potential m air at a distance of 30cm from a pomt charge of
00pC.  Ans. 13KV



A capacitor with air between its plates has capacitance 3.0 uF. What is 1ts capacitance when wax of dielectric
constant 2.8 1s placed between the plates? ~ Ans. 8.4 puF

Determine the charge on each plate of a 0.030-uF capacitor when the potential difterence between the plates
5200V, Ans. 10pC

A capacitor 1s charged with 9.6 nC and has a 120 V potential difference between its terminals. Compute its
capacitance and the energy stored 1t~ Ans. 80 pF, 0.8 ]

Compute the energy stored 1 a 60-pF capacitor (a) when it 1s charged to a potential difference of 2.0 kV and
() when the charge on each plate 15 30 nC. ~ Ans. (a) 12 ml; (h) 7.5



Three capacitors, each of capacitance 120 pF, are each charged to 0.0 kV and then connected 1 seres

Detertmine (a) the potential difference between the end plates, (b) the charge on each capacitor, and (c) the
encrey stored in the system. ~ Ans. (o) 1LIKV: (h) 60 nC; (¢) 431

Three capacitors (200 uF, 5.00 F, and 7.00 uF) are connected in series. What is their equivalent
capacttance?  Ans. 119 pF

Three capacitors (200 uF, 5.00 4F, and 7.00 uF) are connected in parallel. What is their equivalent
capacttance!  Ans.  14.00 uF
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