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Recall

* Electric force is a conservative force

* Aforce is said to be conservative if the work done by the force is
independent of the path, that is, it depends only on the start and end points.

* Hence, a potential energy function (U) associated with the electric
force can be defined such that:
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* Moving a mass up increases its gravitational potential
energy by mgd
= —W = —mgd cos 180 =
* Recall: work done by a constant forceis W =

|F||d| cos 8 where 6 is the angle between the force
and displacement

* Similarly, moving a positive charge opposite to a
uniform external field (E):
= —W = —qEd cos 180 =
* Try calculating AU when the positive charged is moved
in the direction of the field
* What about a negative charge?
* What if the charge is moved perpendicular to the
field?
* What if the charged is moved at an angle with respect
to the field?

AU = qOEd

il

(a) Moving a charge in an
electric field

AU = mgd

(b) Moving a mass in a gravitational field



IMP

The electric potential energy of a positive charge: AV =04V
* decreases when it moves in the direction of the electric field (AU —)
* increases when it moves opposite to the electric field (AU +) U = Db\/

The electric potential energy of a negative charge:
* increases when it moves in the direction of the electric field (AU +)
» decreases when it moves opposite to the electric field (AU —)

Note that in general the potential energy decreases in the direction of the electric force
Electric potential energy (U) a scalar physical quantity, measured in Joules (])

Y

All-in-one formula when a charge is moved in a uniform electric

field E
AU = —qFE As _ .
As: displacement parallel to the electric field. Take it positive if it is in the d lﬂ:‘, _________ >@
direction of the field and negative if opposite to the direction of the field 3 As .
E: magnitude of the electric field =
q: the charge, with sign (+ or —) E Peyd on Yo
ovd dee’'s L 5~ Y E
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Definition : The electric potential V at a point P in the electric field of
a charged object is: -CEled%C«\d
%o

% 220 W aw dofedt
qO q() i muse?‘d'\'l:' wll pe \es5

where W, is the work that would be done by the electric force on a positive
test charge g, were it brought from an infinite distance to P, and U is the
electric potential energy that would then be stored in the test charge—object
system.

Copyright ©2022 John Wiley & Sons, Inc. 6



Potential Energy of Charged Particle

If a particle with charge g is placed at a point where the electric
potential of a charged object is V, the electric potential energy U of the

particle—object system is:
C

J’R \

o\tS
U = q Vo
The Sl unit of the electric potential is J/C = Volt (V)

1V =1]/C:the energy of 1 C charge changes by 1 J when it moves through a potential difference
of 1V



Example

* A3 uC charge is moved through a potential difference of 640 V. What is its
potential energy change?

0 = 3x(0°C
v= 640 V

U= GV — (3x107%)(640) =0z x16° T



Work vs. Change in Electric Potential

Change in Electric Potential. If the particle moves through a
potential difference AV, the change in the electric potential
energy is:

v AU =qAV =q(V,-7,).

Work by the Field. The work W done by the electric force as
the particle moves from i to f:

W =-AU =—q AV:—q(Vf -V,).



ME= KE + PE Ceonsexvation 0% ME

ME;= ME¢ L K%‘ ) .
Kewr FEi< KB Pee + Work-Energy Conservation
~Ug+Vi = KBy~ KE; \J : vol

BV = AXE Conse“r’\“ipa"e‘céion of Energy. If a particle moves through a change AV in
electric potential without an applied force acting on it, applying the
conservation of mechanical energy gives the change in kinetic
energy as

AK =—q AV =—q(V, = V,).
not-  coveRAvaANe
Work by an Applied Force. If some force in addition to the electric force

acts on the particle, we account for that work

AK =AU +W, =-q AV +W,

app”

Copyright ©2022 John Wiley & Sons, Inc. 10



* In general, for a mass moving from A to B due to a conservative force:

%vaz + Up = %H‘IUBZ + Upg

* For the electric force:

U=qV
* So that
%I?IUBZ = %vaz + Ux — Ug
= %vaz + g(Va — VB)
* Or:
1T, 1
AK = - muvf 5 My = —q AV = —AU

11



Example

* A particle of mass 2 X 10~ kg and charge 6 nC has a speed of 18 m/s at a point
where the electric potential is 250 V. It moves through a point where the electric
potential is 110 V. What is its speed at this second point? (answer: 34.11 m/s)

M= 2x00 ] 1o, KKE  wewer i/
o= 6x\0C ME; = MEe PE cow e =/t
v= 13 2

: S KE] + PE; = KEe +PCp

d
2™V *+9qV; = < mVp 4 AN

: -9
L e )(18Y + (ex1TTY250) = - (2x 0T )NE" + (640 (110

12



D =-2vVv

Example /)\

%:!.6X(0
=1 N JAN
e = 63x10° Kg

* A proton is accelerated through a potential difference of —2'V
a) what is the change in its potential’energy? A= 2

AL=G AV
(1-6x16") (2D

_2.2%x167 T
V= QV:?-

b) how fast will this proton be moving if it started from rest?
AKE = - AU =+3.2X1571
KE{:\K[:;: 3-2x16"J

9

J.waf =32xI10 ' I

13



6‘ cV
=gy
Wed 2] TJan A\J:?A\I

Mg; = ME_(:

KE,’ = ?E
Example “m

* A proton at rest is released in a uniform electric field. What potential

difference must it move through in order to acquire a speed of 6 X
107 m/s?

14



Section 24.2

Equipotential Surfaces and the Electric Field

Characteristic of Equipotential Surface
surfpge  cd exevs  Powk Vs some  pofenfiad Ssere voltoope

Adjacent points that have the same electric potential form an equipotential surface,
which can be either an imaginary surface or a real, physical surface.

For the positive point charge below, the green lines represent equipotential

surfaces 0 .
a‘,v'f has : \ =10V # ‘ ‘nee GVQd“C' pthCJ
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(a)

Examples of Equipotential Surfaces

Equipotential surface
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[

.

Y

R RPN FRNN WRp—-

Y

Y
|

(b) (©) 5 b

-—»———4»——-—-1}———1——-—4———}-——-—

cmflram e dean an b o» on o] o> o> o o= e oo G

_.._____-___.___u____”___
Y Y Y
iy LA, Mgl PRTASE JCeR e Mataiel MY 0K
//‘——— Y

-~
o o .~
N
/ e
/ v,
/
! 1l
T T T
VX >
\ g
- 7
~ ”
A0 051
<
S P
I
I
I
m

v o - - - ——————— -

e PR Tap—— S

Electric field lines (blue) and cross sections of equipotential surfaces (gold) for (a) a uniform electric field,
(b) the field due to a charged particle, and (c) the field due to an electric dipole.
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* Question: Is the electric potential at point 1 in the figure greater than,

less than, or equal to the electric potential at point 3?
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Equipotential Surfaces and The Electric Field

 The work done to move a charge from any point on the equipotential surface to any
other point on the equipotential surface is zero since they are at the same

potential. Furthermore, equipotential surfaces are always perpendicular to the

. . . wor“’:_Au
electric field lines N - g AV (¥

of
Workk = F3¢c050  (,5(10) =0 fpe(pm&‘adog

The electric field must be perpendicular to equipotential lines. Why?

* Otherwise, work would be required to move a charge along an equipotential
surface, and it would not be equipotential.

In the static case (charges not moving) the surface of a conductor is an
equipotential surface. Why?

* Otherwise, charges would flow, and then it wouldn’t be a static case.



Energy Changes for Paths Within and Between
Equipotential Surfaces

The adjacent figure shows a family of equipotential Equal work is done along
surfaces associated with the electric field due to some these paths between the
distribution of charges. same surfaces.

The work done by the electric field on a charged particle No work is done along V=5

as the particle moves from one end to the other of this path on an \\ﬁ\"

paths I and Il is zero because each of these paths begins equipotential surface. :

and ends on the same equipotential surface and thus Jg=

there is no net change in potential.

The work done as the charged particle moves from one
end to the other of paths lll and IV is not zero but has
the same value for both these paths because the initial
and final potentials are identical for the two paths; that
is, paths lll and IV connect the same pair of

equipotential surfaces. No work is done along this path

that returns to the same surface.

Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.



- Potential Difference vs. Travel Along Path in Electric

'—M?(;Lb\:.a‘p ”Ed 4
+ wih pricudicd ' Lyl = =AV
- low poi-edh“"’ [00\! p? MQJ F EId WOf‘L:-—q/AV
. . . . . . 4._'= - \
The electric potential difference between two pointsiand fis : fp_‘fs_, e
ds = -4 AV
——y fa o oy | b
Vf B I/l - _j E . dS9 o Lebanesse ~fE oz W= vemur
l oarect

pow € Wes T urits

AV=-€Ed F.:Q,E
R NS
In a uniform field of magnitude E, the change in potential from a higher

equipotential surface to a lower one, separated by distance Ax, is

) —
same g xocfly &S AV E Ax.

» From this relation, electric field has units of V/m, which is the same as N/C
»{ The electric potential decreases in the direction of the electric field (AV — ve) and

increases opposite to the direction of the electric field (AV + ve) ;

Copyright ©2022 John Wiley & Sons, Inc. 20

where the integral is taken over any path connecting the points.




Example

The electric potential at point B in the parallel plate capacitor shown is less than
the electric potential at point A by 4.5 V. The separation between the points A and
Bis 0.12 cm, and the separation between the plates is 2.55 cm.

a) Find the electric field within the capacitor

b) Find the potential difference between the plates. pigh _peotebed
@ ‘V \ 4.5y G + o o 737 =+ n 3 e + L
A= Vo=
Va- V =- 49V _ E op. Y [P SN NS S
B.A\lf1 €d ci=2~5$><l<’?m \ ‘ \ \ \ \ 8B |- —f ——4——— —IAS
Y-Sz ¢ Ex(0-12 X)0°%) -+ 1 1 1t 1 ' tr ..
m 0 .12 %Kl072 S mm— [(9 o B
E=33%0 unboen: E ot A s ot e ™ E at B

(D) M= ~ Gol—> (37502555 )
-95-625V
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Section 24.3

Potential due to a Charged Particle
Potential Change for a Radial Path through a Particle-Generated Electric Field (part one)
The electric potential difference between two pointsiand fis:
A ~
v, ~V,=-| Eds,
For radial path ﬂ
v,-V,=-[ Edr
The magnitude of the R

electric field at the site ﬂ
of the test charge

1 ¢q
E=—1
Weset 7, =0 (at o) 4re, 1r?
and V=V (at R) @




Potential Change for a Radial Path through a Particle-Generated Electric Field (part two)

Solving for V and switching R to r, we get the electric potential for a point charge:

y—_L 4
drg, r

The potential due to a collection of charged particles is:

V = n V. = ! Zn:q" (n charged particles).

i=1 dre, T T,

Thus, the potential is the algebraic sum of the individual potentials, with no
consideration of directions.

A positively charged particle produces a positive electric potential. A negatively
charged particle produces a negative electric potential.

Copyright ©2022 John Wiley & Sons, Inc. 23



Potential due to a Charged Particle:
Checkpoint

The figure here shows three arrangements of two protons. Rank the
arrangements according to the net electric potential produced at point P
by the protons, greatest first.

Answer:
Same net potential (a) = (b) = (c)



Home Practice

What is the electric potential at point P, located at the center of the square of charged particles shown in Fig, 24.3.3a? The distance d is 1.3 m, and the
charges are

@1 = +12 nC, g3 =+31 nC, c ohaowndore  Gledmc PE of TLe Suster™

g2 = —24 nC, ¢q4 = +17 nC.
_ Eal'to‘% _f_.\éolf\q’q ‘ €Y %,

d JdJz d
= 2.68x10°% + 7'95"\0—7 % 3-65:(125"

(@)
Figure 24.3.3 (a) Four charged particles.

Solution:

4
N (_+2+q_s+fu>
47!'60

The distance r is, d/v/2, which is 0.919 m, and the sum of the charges is
G +q+qs+aqi=(12-24+31+17) x 107°C

=36 x107Y C.
Thus,
(8.99 x 10? N - m?/C?)(36 x 107 C)
0.919m
~ 350 V. (Answer)

25
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Section 24.6 Calculating the Field from the Potential
Work to Move a Charge Through an Electric Field

Suppose that a positive test charge g, moves through a displacement ds from one
equipotential surface to the adjacent surface. The work the electric field does on the test
charge during the move is — g,dV. On the other hand the work done by the electric field may

also be written as the scalar product (QOE)'d§.

Equating these two expressions for the work yields:

—q,dV = qOE(cos 6’)ds,

or dV
E cos 0 =——
ds
Since Ecos@ isthe componentof E in the direction of dS, we get:
@V
E =

’ s



Wort = ~ AV
Fe

wo(‘w-': “%AV

F, Ascos@= - 9 AV
fEDS cosO=-F bV

1,; AScos8 = -AV

E An = —AV
%

G 0% =-V




If we take the s axis to be, in turn, the x, y, andz====s, we find that the x, y, and z
components of E at any point are:

N Ow\/\«_ynore ) VWS

Thus, if we know for all points in the region around a charge distribution—that is,

if we know the function V(x,y,z) we can find the components of E ,and thus E
itself, at any point by taking partial derivatives.

For the simple situation in which the electric field Eis uniform

AV

F=———
As

27



Extra Practice 1

35 [3CALC The electric potential t points in an zy plane s given by V = (20 V/m’)a? - (3.0 V/m’)y
[n unit-vector notation, what is the electric field at the point (3.0 m, 2.0 m)? (3 ™~ QQ

~ -—__FD_V - Y \V g,
Solution: V= 2o — ’5.42 Ex = - ) (5)- -\2 - (-2
y -(Gy) = +6y o* B=Z™
35. We use Eq. 24.6.4: E‘O: —,59; =— (- 5)(2) - |12 RVT, (“"3)
E (x,y)= 9V _ —i((Z.O V/m*)x*-3.0 V/mz)yz) =-2(2.0 V/m?*)x;
aa; aax Nok W Slide louk il be
E (x,y) === = -a—((z.o V/m®)x* =3.0 V/m®)y*)=2(3.0 V/m*)y. "eedes’
' Y Y
E= JCizy+(12)? =I16-9 33
We evaluate at x = 3.0 m and y = 2.0 m to obtain ax .
9= taw (?7) 135

E =(=12 V/m)i+(12 V/m);. ald \BD

28



Extra Practice 2

36 [ CALC The electric potential V' in the space between two flat parallel plates 1 and 2 is given (in
volts) by ¥ = 1500z, where z (in meters) is the perpendicular distance from plate 1. Atz = 1.3 ¢m, (a)

what is the magnitude of the electric field and (b) is the field directed toward or away from plate 1070 i
= I3rm

E,=-2Y — _ (2~ 18e0%) at == (Eg "3(%%(.7"0)

Solution: See

36. We use Eq. 24.6.4. This 1s an ordinary derivative since the potential is a function
of only one variable.

E=-
dx

= (=39 V/m)L.

R (dV]1——d—(1500x )i = (—3000x)i = (—3000V/m>)(0.0130 m)i

(a) Thus, the magnitude of the electric field 1s £ = 39 V/m.

(b) The direction of E is i , or toward plate 1.

29



EXCron DMC@ Extra Practice3 <ot PQQ/WVQA

2 A I
37 [[] cALC [EETN What is the magnitude of the electric field at the point (3.00i — 2.00j + ZFE) m if

the electric potential in the region is given by V = 2.00zyz% where V is in volts and coordinates z, y, and
4zare in meters?

’____3\1 2
g”« ?7; — —Ztg%

Solution:
E = —aa—V =-2.00yz>,
X
. \Y) 2
Eyz_a_V:—z.OOXZZ, E‘o_ 24 —>-Ax2

which, at (x, y, z) = (3.00 m, —2.00 m, 4.00 m), gives

(E,, E,, 3= (64.0 V/m, —96.0 V/m, \eoaierm).

ANALYZE The magnitude of the field is therefore

‘E‘ - \/E‘2 +E; +g: \/(64-0 V/m)* +(-96.0 V/m)’ @

=150 V/im =150 N/C. 30




Section 24.7 Electric Potential Energy of a System of Charged Particles
Electric Potential Energy Between a Pair of Charged Particles

» The total potential energy of a system of particles is the sum of the potential energies for
every pair of particles in the system.

» The electric potential energy of a system of charged particles is equal to the work needed to
assemble the system with the particles initially at rest and infinitely distant from each other.

Poi
For two particles at separation r,
71 %2
e< | | Y >@
1 qg.q .
U = 2 (two-particle system ).
e, r
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Electric Potential Energy Amongst Three Charged
Particles (part one)

Sample Problem %
e . .
The figure shows three charges % Er\ergy S asspcnated
fixed at the vertices of an with each pair of
equilateral triangle. . What is the d Part'CleS
electric potential energy U of this
system of charges?
e d e
q:
Assume thatd=12cmandthat: ~  cmsomemm. Ghbds ’
What is the eletric potential energy
4, =+q, q,=-4q, and g, =+2q, of the system? v
in whlchq =150 nC. U’_)Ci"'_/_z Ei(ff?f e Vs
9 - g
0% ()< V_(f%_ _ %;lol"'z{lSoxlo Y-Y(igo o )> _¢.7Sx© 3 —6.95x(0° 3 4 33751634 —o. 013D
%, %; ~0-016835

Copyright ©2022 John Wiley & Sons, Inc.
N vy



Answer to Sample Problem

1 ((Q)(4(1) (+9)(+2q) (4Q)(12q)>

_}_ _}_

~ dme d d d
10¢>
- dmeod
(8.99 x 10° N - m2/C?)(10)(150 x 10~ C)*
T 0.12m
=—-1.7%x107%J = —17 mJ. (Answer)

The negative potential energy means that negative work would be done in to create the three-charge
structure.

33



Section 24.8 Potential of Charged Isolated Conductor

Potentials and Electrical Field Strength of a Charged Isolated Conductor

An excess charge placed on an isolated conductor will distribute itself on the surface of
that conductor so that all points of the conductor whether on the surface or inside come
to the same potential. This is true even if the conductor has an internal cavity and even

if that cavity contains a net charge. Our proof follows directly from:

12

12
f—} _)
= can Vf—v;;:— Ed.S = 8
2 opeh i <
Y00 5 de
0 - - ° ()
0 l 2 3 1 L = e\ 0 l 2 } !
r(m) - ‘S"' r ()
<
(b)

(ex)

a) A plot of V(r) both inside and
outside a charged spherical shell
of radius 1.0 m.

b) A plot of E(r) for the same shell.
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Practical Application

It is wise to enclose yourself in a cavity
inside a conducting shell, where the
electric field is guaranteed to be zero?

A car (unless it is a convertible or made
with a plastic body) is almost ideal!

Courtesy Westinghouse Electric Corporation

Copyright ©2022 John Wiley & Sons, Inc.
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