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Part 3: Electric Potential (\Voltage)

University Physics V2 (Openstax): Chapters 7 & 8
Physics for Engineers & Scientists (Giancoli): Chapters 23 & 24

W - APE W -F.d o
Electrical Potential : 2Y ~ = = ——_FE.
Changein q g q
electrical —_— —
potential ~ d=testcharge Assuming F &E

are constant

» Positive charges accelerate as they move from higher to lower V.
* Negative charges accelerate as they move from lower to higher V.
J \Y J N

* Units: Volt(V) 1V =1— Note: 1—=1—=1—
C m mC C

Example: Determine the number of particles (each with charge e) that pass between the terminals of a
12.0 V car battery when a 60.0 W headlight burns for an hour.

P VTV W = Pt = (60.0W)(36005) = 216kJ

q AV 12.0V
g  18000C

- = Te0 10 = 1.13x10* particles
. X

Example: Determine the velocity of a proton, which after starting from rest is accelerated through a
potential of 252 V.

W |=qV =%mv2

-19
- [V _ [2.60x10™C)@5V) o0
m 1.67x10*"kg

The Electron Volt : a new unit of energy
* Anelectron volt (eV) is the energy acquired by an electron moving through a potential of 1V

- W=qV=eV=(160x10"C)(1J/C)=1.60x10"°J

* It’s normally used for atomic energy transitions.

Example : The Large Hadron Collider (LHC)
+ Inthe LHC, protons are accelerated to an energy of 7TeV (7x10'? eV).
« This is 7000 times the energy it takes to make a proton from nothing.
« This is equivalent to having the proton pass through a potential of 7x10*? V
» The proton beams of the LHC have the kinetic energy of
* 900 cars going 62 mph.
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Determining V FromE: dV=—-E.dl AV=-— J.E-dl

For a Point Charge: V;

ointCharge =

* To fix a reference, we set V=0 at r—oo V; K

ﬁlpo

ointCharge =
* Vs ascalar (we aren’t finding magnitudes) = Keep the signs on the charges.
» Superposition: Just add up V for multiple charges/sources.

Example: What is the potential at the point (2.25 m, 1.50 m) measured with respect to the origin in a
region with a uniform electric field E = (4.00 N/C)i + (2.00 N/C)j ?

AV:_}ae.dr:_g.{“far}:_g.r
- —{4.00N/C)i + (2.00 N/C}j - {2.25m)i + (1.50m)]}
= —{(4.00 N/C)(2.25m) + (2.00 N/C)(1.50m) } = —12.0V

Example: Determine the electric potential at the point P due to the 3 point charges

0.1 = 16.0”(: P
¢
30.0cm
Q, =20.0uC Qg =-12.0pC
L
B 40.0 cm i

Vigr =V, +V, +V, :k%+k%+k%:k(&+&+%J
If-l r-2 r-3 r-1 r-2 r3

16.0x10°C N 20.0x107°C N -12.0x10°°C

Vior = (9.00x10°Nm? /C?)
0.400m 0.500m 0.300m

}: 360kV
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Example: A thin flat disk of radius Ro has a uniformly distributed charge Q. Determine the potential at
a point P on the axis of the disk, a distance x from the center.

_9Q _[gv=kfdQ
dV =k . v_jdv_kj .

What variable do we integrate over? R (notr)

_oan| Q. (R
dQ—odA—(ﬂRzJ(ZﬁR)dR (szRdR

0 0

dQ 2kQ ) RdR 2kQ RdR
dav =k —= 5 = 5
r Ry r Ry \/RZ +x2

Can we just integrate dV?  Yes! dV is a scalar!

2kQ\¥ RdR
V=[dv =
j [Rg J'([\/R2+x2

2 2.1/2 1 -1/
U=[R +x] dU:§[R2+x2]122RdR

- (2SR (2

0

E from V
. dv--E.dl g=--Y
ol
A A\ A S\
ox ' oy 0z

Example: In a certain region of space the electric potential is given by V(x,y,z) = y? + 2.5xy — 3.5xyz.
Determine the electric field.

4
OX

E, = —%V =—(2y +2.5x-3.5xz)=3.5xz —2.5x - 2y

=—(2.5y-3.5yz)=3.5yz - 2.5y

y

oV
E,=—2"=—(-35xy)=35
=T (~3.5xy)=35xy

E = (3.5yz — 2.5Y)i +(3.5xz — 2.5x — 2y) | + (3.5xy)k
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Equipotential Surfaces (Every point in the surface is at the same potential)

No work is done by electrical forces when moving along an equipotential surface.
The electric field is always L to the equipotential surface.

HES EE
“\' : .
A ;C_j; ’

Roadmap
= e e
Fl=k o _ 1%
|| - W:IF-.:I’E U=k, .
—®
' '
B2 v _PE_ W
g 2 g
o o
=g APE =g AV
Y Y
G) ~(V)
2=, 2 =[5 df =k, L
F F
ar W x
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Capacitance: Q=Ccv
+ Q=Charge

« C = Capacitance
V = Electric Potential

e Units: Farad 1F=1C/V
y +Q / y +Q /
_{
f FILLLLLLLIL L]
d dEEEEEEEEEEEEEE
| UHHHHHH#
. b J L § J
) —Q
Parallel Plate Capacitor
Electric field at surface of conductor: E = 9 _ &
g  EA
E is constant.
S5 o Qd d g4 Y|
V=—E-d=Ed=£O—A=(£0—A> Q=(OT>V=CV CZOT

Dielectrics: A dielectric is an insulating material placed between the capacitor plates

Let Co be the capacitance without the dielectric, and C the capacitance with the dielectric.

+Q

A

k = “dielectric constant” &> &,
€ € EZ K& K>1
gA KEQA
d d 0 C> CO
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Example: What voltage is required to store 7.20x10°C of charge on the plates of a 6.00uF capacitor?

-5
Q=CV V=9=w=12,ov
C 6.00x10°F

Example: A parallel plate capacitor has a capacitance of 7.00uF when filled with a dielectric. The area
of each plate is 1.50m? and the separation between the plates is 1.00x10°m. What is the
dielectric constant of the dielectric material?

_ KkgA . dC  (1.00x10°m)(7.00x10°°F)

“= " &A  [8.85x10°C? (Nm?)L50m?)
Energy Storage in Capacitors: PE = 1QV = lCV2 = Q—2
2 2 2C
Q Q 2
e W :!'qu:é!qdng—c
S—S%Q(gj:%w ~QU=Z(eV) = v

Energy Density of Electric Field
» Look at a parallel plate capacitor

. pE=lcv? =1(%)(Ed )i ~ L oade? =15(Ad )E?
2 2 d 2 2
. Energy 1 _,
* Energy Density = =—cE
Volume 2

Example: A 6.00 pF capacitor is charged to 12.0 V. (a) How much charge and energy are stored in the
capacitor. (b) If the plates of the charged capacitor are then connected by a pair of thin
conductors to the plates of a second, uncharged 12.0 uF capacitor, what is the shared
electrical potential once equilibrium has been achieved and how much energy is stored by the
pair?

Q=CV =(6.004F)(12.0v)=72.0.C

PE = %CVZ =%(6.00yF)(12.0V)2 =432,4

V1 =V2 =V Qo :Q1+Q2
Qo :Q1+Q2 :C1V +sz = (C1+C2)V

veQ 120 0
C,+C, (6.004F +12.04F)

PE = %clv2 +%c:2v2 :%(c1 +C,)V? :%(6.00;&: +12.04F)(4.00V )2 =144,
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Example: A 6.00 uF capacitor is held at a constant electrical potential of 12.0 V. A dielectric (k =
3.00) is then inserted between the capacitors plates. Assuming that friction is negligible, how
much work must be done to insert the dielectric?

1 1

1
W,, .= PE PE ECFVZ—ECVZZE(CF—C)VZ

one — final — init —

=%(KC—C)V2 =%(K—1)CV2

= % (3.00—1)(6.004F )(12.0V )? = 8644
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Exercises

1. An electron moves across a 5.00 V electric potential. Determine the magnitude of the electron’s
change in Kinetic energy.

2. The plates of a parallel plate capacitor are separated by 1.00 mm. Determine the magnitude of
the electric field between the plates when the voltage across the capacitor is 5.00 V.

3. A proton is headed directly towards an object with a charge that is 8350 times as large as the
proton. When the proton is far away from the object its velocity is 1200 m/s. How close does it
get to the object?

4. Two 25.0 uC charges are fixed on the x-axis. One is placed at the origin, and the other is placed
at x = 6.00 m. Determine the electric potential at x = 3.00 m on the x-axis.

5. Two charges are placed on an xy-plane. A 5.00 puC charge (Q1) is fixed at the origin. A second
charge (Q2 =-10.0 uC) is fixed at the point (7.00 m, 1.00 m). Determine the electric potential at
the point (3.00 m, 4.00 m).

6. The plates in an air-filled parallel plate capacitor are squares with sides of length 1.00 cm
separated by 88.5 nm. It is charged so that the voltage across it is 4.425 V. Determine (A) The
capacitance of the capacitor, (B) The charge stored on the capacitor, (C) The magnitude of the
electric field between the plates.

7. The capacitor from the previous problem is now filled with a dielectric (x = 4.00). Determine (A)
The capacitance of the capacitor, (B) The charge stored on the capacitor, (C) The magnitude of
the electric field between the plates.

8. What is the potential at the point (3.00 m, 2.00 m) measured with respect to the origin in a region

with a non-uniform electric field E = axi + Ly?j, where a = —4.00 N/(C'm) and 8 = 3.00
N/(C-m"2)?

9. A 3.00 m long wire that holds a net charge of 5.00 puC is laid along the y-axis fromy; =-1.00 m

to y. = 2.00 m. Set up the integral to determine the electric potential at xo = 5.00 m on the x-
axis.

All Rights Reserved
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Exercise Solutions

1. An electron moves across a 5.00 V electric potential. Determine the magnitude of the electron’s
change in Kinetic energy.

|AKE| = |W| =qV = (1.60 x 1071° €)(5.00V) =8.00 x 10719

2. The plates of a parallel plate capacitor are separated by 1.00 mm. Determine the magnitude of
the electric field between the plates when the voltage across the capacitor is 5.00 V.

5.00V

. . . %4
Inside a parallel plate capacitor, E is constant. |[E| = = = —————
d 1.00X 10> m

=500
m
3. A proton is headed directly towards an object with a charge that is 8350 times as large as the
proton. When the proton is far away from the object its velocity is 1200 m/s. How close does it
get to the object?

When far away from a charge, the potential energy approaches zero. So all the energy is kinetic. At
it’s closest point to the charge, the proton will come to rest before being pushed away. When it
comes to rest, it will only have electric potential energy.

1 k
KEzzmvzquzeVze(—Q)ze(

2

= Emv

r r

8350ke) _ 8350ke? 1
r

. 2
16700ke? 16700 (9-00 x 10° NCT )(1.60 x 10719 ()2

r= — — =16.0m
(1.67 x 10-27 C) (1200;)

4. Two 25.0 uC charges are fixed on the x-axis. One is placed at the origin, and the other is placed
at x = 6.00 m. Determine the electric potential at x = 3.00 m on the x-axis.

N -m?
9 -6
rrre 1 o) T 3.00m

Notethat Q= Q1 =Q2=25.0uCandr =ri=r,=3.00 m

5. Two charges are placed on an xy-plane. A 5.00 uC charge (Q1) is fixed at the origin. A second
charge (Q2 =-10.0 uC) is fixed at the point (7.00 m, 1.00 m). Determine the electric potential at
the point (3.00 m, 4.00 m).

r = /(3.00m)2 + (4.00m)2 =500m 1, = ,/(7.00m — 3.00 m)2 + (1.00 m — 4.00 m)2 = 5.00 m

. 2
k0, kO, k (9.00 x 100 L7 )
V=V, +V,= =+ 2= 2(Q,+ Q,)=~————= 7(5.00 x10°C —10.0 x 105 C) = —9.00 kV
T 1 r 5.00m
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6. The plates in an air-filled parallel plate capacitor are squares with sides of length 1.00 cm
separated by 88.5 nm. It is charged so that the voltage across it is 4.425 V. Determine (A) The
capacitance of the capacitor, (B) The charge stored on the capacitor, (C) The magnitude of the
electric field between the plates.

_12 2 2
€0l 8.85 X107~ (0.0100 m)

A C=2t= e = 10.0 nF

B. Q =CV = (10.0 nF)(4.425V) = 44.25nC

C. Inside a parallel plate capacitor, E is constant. |E| = Y=o 24V

MV
d_ 885x10°m 50'07

7. The capacitor from the previous problem is now filled with a dielectric (k = 4.00). Determine (A)
The capacitance of the capacitor, (B) The charge stored on the capacitor, (C) The magnitude of
the electric field between the plates.

A. C = kCy = (4.00)(10.0 nF) = 40.0 nF
B. Q =CV = (40.0 nF)(4.425V) = 177 nC

|4 4425V MV
C. IEl= 4~ 885x10°m 50'0?

8. What is the potential at the point (3.00 m, 2.00 m) measured with respect to the origin in a region

with a non-uniform electric field E = axi + Ly?j, where a = —4.00 N/(C'm) and 8 = 3.00
N/(C-m”"2)?

3.00m

V= —fﬁ-dfz —f(axi+ ByZ%j) - (dxi + dyj) = —f

0

2.00m
axdx — f By?*dy
0

x=3.00m y=2.00m 1

V= [1 2] [1 3] = (400 N )(300 )2 1<300 N )(200 )?
= Zax . 3/)’y - =3 00— (3. m 3\3-005"3 .00m

V=180V —-4.00V =140V
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9. A 3.00 m long wire that holds a net charge of 5.00 puC is laid along the y-axis fromy; =-1.00 m
to y. = 2.00 m. Set up the integral to determine the electric potential at xo = 5.00 m on the x-

axis.
3 A dQ = Ay = %dy
2 d kOd k d
1 rl L y2+x02

| 2.00m
1 > V= de— Qf

dv || ,

1 r3 4 35 6 100mw/y2+x0

With Q = 5.00 «C, L = 3.00 m, and Xo = 5.00 m
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