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* Experimentally, physicists and engineers discovered that the electric force is
conservative and thus has an associated electric potential energy.

gravitational field — force <> path independency

* The motivation for associating a potential energy with a\force is that we can then apply
the principle of the conservation of mechanical energy to ¢losed systems involving the

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 3



24-1 What is Physics?
Applied Positive Work:

Potential Energy |
Increases L Charge Moves Uphill:
R S ) : -
A [’m doing work Against
+ T
tQ 4 .Q R T,
WATT . -\: '

Applied Negative Work:

Potential Energy
Decreases
QQ d .Q %)
Work done by field is negative of a Chrgeﬂcﬁoves Downbhill:

work done by me.

I’m doing work With field

http://www.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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* When an electrostatic force acts between two or more charged

particles, we can assign an electric potential energy U to the
system.

* If the system changes its configuration from an initial state i to
a different final state f, the electrostatic force does work W on
the particles. If the resulting change is AU, then

AU=U;— U;= —-W.
* As with other conservative forces, the work done by the
electrostatic force is path independent.

* Usually the reference configuration of a system of charged
particles is taken to be that in which the particles are all
infinitely separated from one another. +q far away -q

The corresponding reference potential energy is usually set
be zerol Therefore, U= -W_.

U :OZUI Uf_oz_vi/fm

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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at point P 4
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(a)

The rod sets up an
electric potential,
which determines
the potential energy.

1)

. T
Electric potential o
Vat point P T gl

+
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(b)

a) A test charge has been
brought in from infinity
to point P in the electric
field of the rod.

b) We define an electric
potential V at P based on
the potential energy of
the configuration in (a).




24-2 Electric Potential Energ
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Example, Work and potential energy in an electric field:

(2) The work done by a constant force F on a particle under-
going a displacement d is

Electrons are continually being knocked out of air molecules in
the atmosphere by cosmic-ray particles coming in from space.
Once released, each electron experiences an electrostatic force F
due to the electric field E that is produced in the atmosphere by
charged particles already on Earth. Near Earth’s surface the elec-
tric field has the magnitude £ = 150 N/C and is directed down-
~ward. What is the change AU in the electric potential energy of a
released electron when the electrostatic force causes it to move
vertically upward through a distance d = 520 m (Fig.24-1)?

KEY IDEAS

(1) The change AU in the electric potential energy of the
electron is related to the work W done on the electron by the
electric field. Equation 24-1 (AU = —W) gives the relation.

+

=)

E| F

[

Fig. 24-1 Anelectron in the atmosphere is moved upward
through displacement d by an electrostatic force F due to an
electric field E.

~n

PHY 102 Physics II © Dr.Cem Ozdogan
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W=F-d. (24-3)
(3) The electrostatic force and the electric field are related

by the force equation F = gE, where here ¢ is the charge
of an electron (= —1.6 X 107 C).

Calculations: Substituting for Fin Eq. 24-3 and taking the
dot product yield

W = gE-d = qEd cos 6, (24-4)
where #is the angle between the directions of E and E.I’he
field E is directed downward and the displacement d is
directed upward; so ¢ = 180°. Substituting this and other
data into Eq.24-4, we find

W = (—=1.6 X 107 C)(150 N/C)(520 m) cos 180°
=12 X 107147,

Equation 24-1 then yields
AU=-W=QL2X107].

This result tells us that during\ﬂzﬂi} m ascent, the electric
potential energy of the electron'decreases by 1.2 X 10714 1.

(Answer)

~ J
'

to a better configuration
(Potential Energy)
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* The potential energy per unit charge at a point in an electric field is called the electric
potential V (or simply the potential) at that point. This is a scalar quantity. Thus,

: kollQ)
v-YU U_Fd_7pd

a  q gl g
The electric potential difference V between any two points i and fin an electric field is

equal to the difference in potential energy per unit charge between the two points.

Thus, U U _AU oy

AV = Lj; — === = = == (potential difference defined).
q q q q

The potential difference between two points is thus the negative of the work done
(AU=-W) by the electrostatic force to move a unit charge from one point to the other.

= FEd

If we set U, =0 at infinity as our reference potential energy, then the electric potential

V must also be zero there. Therefore, the electric potential at any point in an electric
field can be defined to be W,

= — (potential defined)
q

Here W, is the work done by the electric field on a charged particle as that particle
moves in from infinity to point f (V=0 — V.=V).

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 7
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* The Sl unit for potential is the joule per coulomb. This combination is called
the volt (abbreviated \/)_ I volt = 1 joule per coulomb.

* This unit of volt allows us to adopt a more conventional unit for the electric
field, E, which is expressed in newtons per coulomb.

e () (R) e

c)\" 17 J\INm
=1 V/m. Sve-fedy

—

* We can now define an energy unit that is a convenient one for energy
measurements in the atomic/subatomic domain:
* One electron-volt (eV) is the energy equal to the work required to move a
single elementary charge e, such as that of the electron or the proton,
through a potential difference of exactly one volt.

* The magnitude of this work is gAV, and _{ &N = |\/vw
e
1eV =e(1V) w
= (1.60 X 107°C)(1J/C) = 1.60 X 10719 7J. {pnr

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 8
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* If a particle of charge g is moved from point j to point fin an electric field by
applying a force to it, the applied force does work W, on the charge while

the electric field does work W on it. The change K in the kinetic energy of the
particle is |5 p — K;— K; = Wy, + W.

* If the particle is stationary before and after the move, Then K. and K. are
both zero. vi=vr =0 Wyp=—W.

* Relating the work done by our applied force to the change in the potential

energy of the particle during the move, one has |, ) = 1) _
- i "lapp’

* We can also relate W, to the electric potential difference AV between the
initial and final locations of the particle: W, = qAV.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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* Adjacent points that have the same electric potential form an equipotential
surface, which can be either an imaginary surface or a real, physical surface.

* No net work W'is done on a charged particle by an electric field when the
particle moves between two points /i and f on the same equipotential surface.

Equal work is done along Fig.. 24-2 POTtiOIlS of four .
these paths between the ~ €quipotential surfaces at electric
same surfaces. potentials

No work is done along ) V=100V, V,=80 V,V, =60V, and V,
this path on an A0V
equipotential surface. : — _ ' :
HIZ AV=V-V Four paths along which a test charge
=\/ -\/ may move are shown.
2- V1 ) .
LV, eV Two electric field lines are also
AV=V -V indicated.
IV: AV=V.-V
No work is done along this path =V2-V1

that returns to the same surface.

II: AV=V V=V -V,=0

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 10
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24-4 Equipotential Surfaces 7 [y

Equipotential surface
/ Field line
| \
L

S

\(T—
%‘:‘E""@#&Q&\\}ﬁ. ,gf!::‘% :

AT

J T \\
AK Lecture Notes
(a) (&)
——
AV AV F.f A- N “
“\ : | ._."’ I ;
\ 77NN /
{({{??}) *A
Fi 7 A \
{ : N, ! \
f k | L *E

/

Fig. 24-3 Electric field lines (purple) and cross sections
of equipotential surfaces (gold) for (a) a uniform electric
field, (b) the field due to a point charge, and (c) the field
due to an electric dipole.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 11
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24-5 Calculating the Potential from the Field s

Y(Path Field line otal work:
)

9o

* Thus, the potential difference V.-V, between

any two points 7/ and fin an electric field is
equal to the negative of the line integral from j
Fig. 24-4 A test charge gymove to_ . . . .

from point i to point falong the path ~ * Since the electrostatic force is conservative,
shown in a nonuniform electric field. all paths yield the same result.
During a displacement d5°, an el e If we set potential V/ =0, then

trostatic f::frce (.;ﬂE ac.ts on the te.t . bring the charge
charge. This force points in the direc- V=_| Eds p

tion of the field line at the location of : ’ rom oo

the test charge.

This is the potential V at any point fin the electric

. field relative to the zero potential at point i.
dW = F-d¥.

dW = g, E - d¥.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 13
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24-5 Calculating the Potential from the Field s

Example, Finding the Potential change from the Electric Field:

(a) Figure 24-5a shows two points i and fin a uniform electric
field E. The points lie on the same electric field line (not The electric field points from

shown) and are separated by a distance 4. Find the potential higher potential to lower potential,

difference V; — V; by moving a positive test charge g, fromto

falong the path shown, which is parallel to the field direction. i
- iHigher potential ~
Calculations: We begin by mentally moving a test charge
qo along that path, from initial point / to final point f. As we
move such a test charge along the path in Fig. 24-5a, its dif-
ferential displacement ds” always has the same direction
as E.Thus, the angle #between E and d5 is zero and the dot 2 9o :
product in Eq.24-18 is *?
—» d.'j‘ ==
E-ds = E dscos 0 = E ds. (24-20) lE
Equations 24-18 and 24-20 then give us | )
. f Y v f T
Ve~ ¥, =~ | Erdxy=—| Edx (24-21)
; i Lower potential

Since the field is uniform, E is constant over the path and
can be moved outside the integral, giving us

(Answer)

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 14



24-5 Calculating the Potential from the Field 7 [y

(b) Now find the potential difference V;— V; by moving the
positive test charge g, from i to f along the path icf shown in
Fig.24-5b.

Calculations: The Key Idea of (a) applies here too, except
now we move the test charge along a path that consists of
two lines: ic and cf. At all points along line ic, the displace-
ment ds” of the test charge is perpendicular to E. Thus, the
angle #between E and ds” is 90°, and the dot product E - d5°
is 0. Equation 24-18 then tells us that points / and c are at the
same potential: V. — V, = 0.
For line ¢f we have # = 45° and, from Eq. 24-18,

I

i f
V,—V, = —f E-dv = —f E(cos 45°) ds

C C

3
= —E(cos 45°) j ds.
The integral in this equation is just the length of line cf;
from Fig. 24-5b. that length is d/cos 45°. Thus,

d
cos 45°

Vi = Vi = —E(cos 45°) = —FEd. (Answer)

Same result

ial.

— path independence

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan
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The field is perpendicular to this ic path,
so there is no change in the potential.

of |E
The field has a component
/ along this cf path, so there

is a change in the potential.

T

()
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. . o i i I To find the potential of

We know that the electric potential \I/Ci tt: I;J;?tlij\z ’::hheafgaertlc;;le the oha:gedpp::\rtiz;le,

: : . . we move this test charge
difference between two Domtsj_i and f1s oroduces an electric field aut to infinity.

Vel = —J: E - ds, E and an electric potential Ef a
l V at point P. B o
For radial path * We find the potential by
TR~ J‘wEd moving a test charge q,
i e from P to infinity. 51 |

The magnitude of the . The. test charge is shown

) . field at the si ; at distance r from the /
electric field at the site o B q particle, during differenti /
the test charge A by displacement ds. = .
We set V, =0 (at ) and l 4
V.=V (atR . . ‘

l g e g T

== 4-'_:73” J;- e g 4-;;Eu [ r ]H Copyright © 2014 John Wiley & Sons, Inc. All rights reserved.
Solving for V and l qﬁ q q
switching R to r, we F=k— > F=k—= —>V =k=
1 g 2 2
get V= e T T T
. vector vector scalar

as the electric potential V due to a particle of charge g at any
radial distance r from the particle.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 16
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* The net potential at a point due to a group of point charges can be found with the

help of the superposition principle.

* First the individual potential resulting from each charge is considered at the given point.

* Then we sum the potentials.

* For n charges, the net potentialis | ¥V = 2 V, =
i=1

What is the electric potential at point P, located at the cen-
ter of the square of point charges shown in Fig. 24-8a? The
distance d is 1.3 m, and the charges are

g, = +121nC,
qs = —24 TIC

KEY IDEA

The electric potential V' at point P is the algebraic sum of
the electric potentials contributed by the four point charges.

g3 = +31 nC,
gs = +17nC.

,-~=~. equipotential surface
s

i ® 7l
Q—3i—0Q | Q N Q
|
! \
| A
d P d bt /\qf’
/ V=850V N i
I \\
| \
Q—3i—Q | Q Q !
% 9y \ 0 @
‘\\ i
(a) 1 T

Fig. 24-8 (a) Four point charges are held fixed at the cor-
ners of a square. (b) The closed curve is a cross section, in the
plane of the figure, of the equipotential surface that contains
point P. (The curve is drawn only roughly.)

October 11, 2021

I & g :
— 2 (n point charges).

(Because electric potential is a scalar, the orientations of the Example'
point charges do not matter.) Net
Calculations: From Eq.24-27, we have Potential

VZZW: 1 (i+&+ﬁ+ﬁ) of

i=1 dmey \ r r < k Several

The distance r is d\ 2, which is 0.919 m, and the sum of the Charged
charges is Particles

q+eptagtag=02-24+314+17)X107°C
=36 X 107°C.

(8.99 X 10°N-m?/C?)(36 X 10 C)

Tt
. 0.919 m

~ 350 V. (Answer)

Close to any of the three positive charges in Fig. 24-8a, the
potential has very large positive values. Close to the single nega-
tive charge, the potential has very large negative values.
Therefore, there must be points within the square that have the
same intermediate potential as that at point P. The curve in Fig.
24-8b shows the intersection of the plane of the figure with the
equipotential surface that contains point P. Any point along that
curve has the same potential as point P.

PHY 102 Physics II © Dr.Cem Ozdogan
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24-7 Potential due to a Group of Point Charges

Potential is not a Vector

(a) In Fig. 24-9a, 12 electrons (of charge —e) are equally
spaced and fixed around a circle of radius R. Relative to V =
0 at infinity, what are the electric potential and electric field at
the center C of the circle due to these electrons?

KEY IDEAS

(1) The electric potential V at C is the algebraic sum of the
electric potentials contributed by all the electrons. (Because
electric potential is a scalar, the orientations of the electrons
do not matter.) (2) The electric field at C is a vector quantity
and thus the orientation of the electrons is important.

Calculations: Because the electrons all have the same neg-
ative charge —e and are all the same distance R from C, Eq.
24-27 gives us

1

P %. (Answer) (24-28)
Because of the symmetry of the arrangement in Fig.
24-9a, the electric field vector at C due to any given electron
is canceled by the field vector due to the electron that is dia-

metrically opposite it. Thus. at C

‘Ezo.

V=-12

(Answer)

October 11, 2021
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Potential is a scalar and
orientation is irrelevant.

(a) (b)

Fig. 24-9 (a)Twelve electrons uniformly spaced around a circle.
(b) The electrons nonuniformly spaced along an arc of the original
circle.
(b) If the electrons are moved along the circle until they are
nonuniformly spaced over a 120° arc (Fig. 24-9b), what then
is the potential at C? How does the electric field at C change
(ifatall)?

Reasoning: The potential is still given by Eq. 24-28, because
the distance between C and each electron is unchanged and
orientation is irrelevant. [The electric field is no longer zero,
however, because the arrangement 1s no longer symmetric.
A net field is now directed toward the charge distribution.

18
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* At P, the positive point charge (at distance
r,,)) sets up potential V) and the negative

point charge (at distance r)) sets up potential
V.. Then the net potential at P 1s:

- dqre, i '

4TrE Fe—\I

* Naturally occurring dipoles are quite small;
so we are usually interested only in points
that are relatively far from the dipole, such
that d<<r, where d is the distance between
the charges. If p = qd,

— 7 ~=dcos # and r,_.r = <

C . { ;"I cOs 1 1
Fo STTE .=; V X —— E o —
T 9«12 ?,.3
C 1 pcosé -
V= (electric dipole),

b 41T8|] rz

a)

b)

Point P is a distance » from the
midpoint O of a dipole. The line OP
makes an angle 6 with the dipole
axis.

If P is far from the dipole, the lines
of lengths r,, and r, are
approximately parallel to the line of
length », and the dashed black line is
approximately perpendicular to the

line of length ;.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 19
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V Due to a Line of Charge:
In Figure (a) A thin, uniformly charged rod produces an electric potential 7 at point

P. (b) An element can be treated as a particle. (¢) The potential at P due to the element
depends on the distance . We need to sum the potentials due to all the elements, from

the le t side (d) to the right side (e).

is charged rod B P q
is bbviously not a : Here is how to find ‘,f p— k:—
But we can treat this distance r from the
element as a particle. r element.

|-¢—;§_—h~.
|"i—e"&.._".

-q—.f\'—n-|

(&) (e)
(b) If A is the charge per unit length, then the

o P .
Our job is to add the ]\ Chal’ge on Iength dx is: dg = Adx.
potentials due to all . .
L \ © r= (x2 + d?)\2
- 7 ) I dq 1 A dx
Here is the leftmost Here is the rightmost = dV = = 5 P
element. darey darey (x* + d=)Y-°

(e)

‘ I A Ix A J[' dx A ! ( i N ,’,}‘J]_.,_.ﬁ) L
2 w1 U - S s = x + (x? 23112
 dmey (x* + d7)'” dmey Jo (X2 + d?)1”? dare " x_\ (x ‘ /1o

A {L + (L2 + cF)"'f}
In .

d7re, d

__A {In(L b L+ fffﬂ-’—":) ~In d}. _

J‘FE“

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 20
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V Due to a Line of Charge:

* Uniformly charged rod
* Total charge +Q

* Length L

* What 1s V at position P?

' —X

P
e T =T DT - 3

dq=/dx

;M

L a
=|

dq

Units:
[Nm?/C?][C/m]=[Nm/C]=[J/C]=[ V]

A =0/L

QF)\ dx

L+a

kdq

V, =

rod!
L+a

=kA ln(X) ]
V., =kA|In(L +a) - In(a)|

=kAIn L;a =kAln(1+L/a)
kQ ll:ya>>L

x ll)=k 2 =
a>>L a a

point charge

First term of Taylor series expansion of In(1+L/a)

http:/iwww.phys.lsu.edu/~jdowling/PHYS21132-SP15/lectures/index.html
PHY 102 Physics II © Dr.Cem Ozdogan 21
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Charged Disk: - In Fig. 24-13, consider a differential element
" consisting of a flat ring of radius R’ and radial

f width dR’. Its charge has magnitude
| dg = o(27R")(dR")

B - S in which (2rmR’)(dR’) is the upper surface area
very charge elemen

,.-'r | in the ring contributes of the ring- A= ﬂ'?"z ; dA = 2mrdr
to the potential at P.
* The contribution of this ring to the electric

/ potential at P is:

L drl)— 1 d 1 27R')(dR’
— dV = adq — o(2mR")(c )
dae, r dreg Vz?2 + R

|
Fig. 24-13 A plastic disk of radius R, * The net potential at P can be found by
charged on its top surface to a uniform sur- . . . . .
adding (via integration) the contributions of

face charge density o. We wish to find the

potential V at point P on the central axis of a” the rings from R’:O to R’: R
the disk. :

— | — — ‘\. — —

» .. ) ) »
<€p Jo \z=+ R =&

J 1 o J R' dR' o A S ——

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 22
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T
V= k f \ mﬂc’%
m

17 1(1 +x2
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* Suppose that a positive test charge g, moves

through a displacement from one equipotential
surface to the adjacent surface.

* The work the electric field does on the test
charge during the move is -q, dV.  AU=q AV=-W 4

* The work done by the electric field amay also be Two
written as the §ca|ar produ

equipotential
surfaces

(qﬂ ) W’ 0 Fig. 24-14 A test charge Jpmoves a
Therefore = = g, E(Cos 6) ds, distance ds from one equipotential surface

to another. (The separation between the
surfaces has been exaggerated for clarity.)
The displacement 45" makes an angle #with
the direction of the electric field E.

_ e B dV
That is, oS ="~y

Since E cos 6 1s the component of E in the direction of ds,
If we take the s axis to be, in turn, the x, y, and z axes, the x, y, and z

components of E at any point are vV oV aV
1"'_-1 - ] E = — . E. = A

X ov ' 0:

Therefore, the component of E in any direction is the negative of the rate at
which the electric potential changes with distance in that direction.

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 24



24-10 Calculating the Field from the Potential 7

Example:

The electric potential at any point on the central axis of a
uniformly charged disk is given by Eq. 24-37,

V= —20 (Vz2 + R?2 - 2).
€0

Starting with this expression, derive an expression for the
electric fieldat any point on the axis of the disk,

~

We want the electric field E a$ a function of distance Z along
the axis ¢f the disk. For any value of z, the direction of E
must be dlong that axis because the disk has circular symme-

try abouf( that axis. Thus, we want the component E_ of I_f in
the direction of z.|This component is the negative of the rate
at which the electric potential changes with distance z.

Calculation: Thus, from the last of Eqs. 24-41, we can write

aVv o d
E=-=_-Z2 C \2+R-
2 az 25, dz( < 2

(Answer)

a &
_ o )
23(,( V72 + R?

October 11, 2021

Summary: we are given an
expression for V(r) (or V(X,y,z))
and E=-0V/0s then find E.
Reminder: V 1s scalar E 1s vector

PHY 102 Physics II © Dr.Cem Ozdogan 25
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* The electric potential energy of a system of fixed point charges is equal to the work that
must be done by an external agent to assemble the system, bringing each charge in from an

infinite distance.

é ) C% Figure 24-15 shows two point charges g, and q,, separated by a

Fig. 24-15 'Two charges held a
fixed distance r apart.

distance r.

However, when we next bring ¢, in from infinity and put it
When we bring ¢, in from infinity and put itin  in place, we must do work because ¢, exerts an electrostatic

place, we do no work because no electrostatic
force acts on g,

o oy,
JW%;& /nguz}g[é,dgﬂﬂﬁ
"JC—E“‘?cmnom;wW
E:i WW‘ZJVV‘OA

* The work done is ¢g,V, where V is the potential that has been set up by g, at the point where

we put g.. v = | q

C darey 1
l {f'r 1(]2

U=W=g¢q,V =
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Example, Potential Energy of a System of Three Charged Particles:

Figure 24-16 shows three point charges held in fixed positions Calculations: Let’s mentally build the system of Fig.
by forces that are not shown. What is the electric potential 24-16, starting with one of the point charges, say ¢, in place
energy U of this system of charges? Assume that d = 12 cm  and the others at infinity. Then we bring another one, say g5,
and that in from infinity and put it in place. From Eq. 24-43 with d
substituted for r, the potential energy U, associated with
the pair of point charges ¢, and ¢, 1s

g1 = +q. ¢g»= —4qg., and gqy= +2q.

in which g = 150 nC. 1 q
% Up=—-F———
e 471'80 d
Erjergy e assoma‘ted We then bring the last point charge g, in from infinity and
with each pair of . N - . . .
e put it in place. The work that we must do in this last step is
* g P : equal to the sum of the work we must do to bring g; near g,
/ and the work we must do to bring it near g,. From Eq.24-43,
with d substituted for r, that sum is

H-—d
7 g3 charges. This sum (which is actually independent of the order

Fig. 24-16 Three charges are fixed at the vertices of an equilateral in which the charges are brought together) is

triangle. What is the electric potential energy of the system? U=U,+ Upj+ Uy
9 ® U O .1 ((+q)(—4q} L Ho(+29) (—4q)(+2q))
! t dre d d d
=) ha v aove we LMZ»FAM _ __10¢
ﬂlll; 47T80-fj
:: U"Lj, (899 x 1P N-m/CH(10)(150 X 10 * CF
Tat s - 0.12m
‘L_——————"‘ _ 14 = 7 X 10 )= @7 mJ. (Answer)

/U[L'f_u13+uiﬂi .
lower potential — preferred

configuration
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* 4 point charges (each +Q and equal mass) are
conneeted by strings, forming a square of side L. +(? L +(’
« Ifall four s suddenly snap, (i) what is the
kinetic energy o h charge when they are very ,\/5 L
farapart? (11) If each c ¢ has mass m, find the
velocity 0 harge long after the string
snaps.
* Use conservation of energy (K +

(Final K_of all four charges) = (U, stor d) = + —I—(?
(energy requlred to assemble the system of charges)

1. No energy needed to bring in first charge: U,=0 4. Energy needed to bring in 4th charge:

. | 2kQ" | kO
2. Energy needed to bring in 2nd charge: U, =QV =Q(V, +V, +V,) = +

kQ? L 2L

U, =QV =—— ' i
L * Total potential energy is 2
sum of all the individual ~ KQ ( 44 \/5)
3. Energy needed to bring in 3rd charge: terms shown on right hand
kQ Q2 side:
U, =QV =QV, +V,) =

\/7 L * So, final kinetic energy of kQ2
each charge =>K=mv?/2 = @ I (4 + \/7)

http:/iwww.phys.lsu.edu/~jdowling/PHY S21132-SP15/lectures/index.html
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Example:Conservation of Mechanical Energy with Electric Potential Energy

An alpha particle (two protons, two neutrons) moves into a

stationary gold atom (79 protons, 118 neutrons), passing

through the electron region that surrounds the gold nucleus

like a shell and headed directly toward the nucleus theelectrons act like a closed spherical shell of uniform neg-
(Fig. 24-17). The alpha particle slows until it momentarily ~ ative charge and. as discussed in Section 23-9, such a shell
when its center is at radial distance r = 9.23 fm from the =~ produces zero electric field in the space it encloses. The al-
nuclearcenter. Then it moves back along its incoming path. ~ pha particle still experiences the electric field of the protons
(Because gold nucleus is much more massive than the in the nucleus, which produces a repulsive force on the pro-
alpha particle>we can assume the gold nucleus does not ~ tons within the alpha particle. _ A
move.) What was the Kinetic energy K; of the alpha particle As the incoming alpha particle is slowed by this repulsive

when lit was initially ﬁ‘r\away (hence external to the gold force, its kinetic energy is ‘rransfgrred to electric potential
- energy of the system. The transfer is complete when the alpha

atom ) 7 ASSUME THdt (e oniylorce acting between the alpha : : S -
}\ particle momentarily stops and the kinetic energy is K, = 0.

particle and the gold nucleus is*the (electrostatic) Coulomb

force. B Calculations: The principle of conservation of mechanical
Fig. 24-17 An alpha par- Ki I|<f_0 | energy tells us that

ticle, traveling head-on toward I L5 | K; + U; = K; + Uy. (24-44)
the center of a gold nucleus, —

comes to a momentary stop Alpha We know two values: U; = 0 and K; = 0. We also know that
(at which time all its kinetic (e the potential energy U, at the stopping point is given by the
energy has been transferred | ] =() U Gold right side of Eq. 24-43, with q, = 2e, ¢, = 79e (in which e is
to electric potential energy) ! f e the elementary charge, 1.60 X 107'° C), and r = 9.23 fm.
and then reverses its path. Thus, we can rewrite Eq.24-44 as

Reasoning: When the alpha particle is outside the atom, 1 (2e)(79)

e s g . 3 _ Kg s

the system’s initial electric potential energy U, is zero be 4me, 923 fm

cause the atom has an equal number of electrons and pro- : - _ .

tons, which produce a net electric field of zero. However, _ (899 X 10° N-m%C*)(158)(1.60 X 10~ C)

once the alpha particle passes through the electron region 9.23 X 107 m

surrounding the nucleus on its way to the nucleus, the elec- — 304 X 10~12J = 24.6 MeV. (Answer)

tric field due to the electrons goes to zero. The reason is that

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 29
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24 Solved Problems

1. An infinite nonconducting sheet has a surface charge density

0=0.10 uC/m? on one side. How far apart are equipotential
surfaces whose potentials differ by 50 V?

() fTﬂf%E Ve -V £.ds
dioconsl { i LAV = .
%ﬁ#é M‘j = e

-soV i

T= 040 WG/, . - ,L____ _(au){a”ﬂsw j"'ﬂ_
AV;S‘;”}/%’. | fEJ v d‘;aﬂg afaxfo‘ﬂ;/m"‘

T = ég EESxfaof
o H_:___,_ _ f
- &
- S0 v
L CHE T e

Sail; Ve
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2. Figure shows a rectangular array of charged +Ef}_\_ _____ r'-__———/—f';q‘
particles fixed 1n place, with distance a = 39.0 \ | /
|
I
I

I
| |
cm and the charges shown as integer multiples i” I “i
of ¢, =3.40 pC and ¢, = 6.00 pC. With '=0 .'F/_*_/_ﬂ____q1 ___rr_:_\jl
—4 s 24

at infinity, what 1s the net electric potential at
the rectangle’s center? (Hint: Thoughtful
examination can reduce the calculation.)

October 11, 2021
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24 Solved Problems

3. Figure shows a thin rod with a uniform charge ) .
density of 2.00 uC/m. Evaluate the electric —*m =
potential at point P if d=D=L/4.00. N = L

" Fig. 24-40 Problem 26.
1P

s(26)

- H;_ L . IIE - \/ 7 a(a-.
4;{4;“5?[ L::ud:‘ (dE-kdﬂ—)(c]l&Lgﬁ) dv= (W

A=2xi0 % D * dn l.-'l“ﬂ
d:n..:;‘:.. fJV-* j ka 2% — d) " £aﬂn(zm+m+zmm?
D-H.)l 2\ + 0
) +20+ LY %2 D+D>
T
10 +,J,BL/ _t:ﬂ’q_d
(mzﬂxww?”” %(Mﬂiéﬂ oriaell -5"'( @*”"*D*wmomwk)
T Lo
D+ Vpad® Lzt
Ry st
v+ (2 e e
= 2.8 ma"‘_{
——‘_'-—_——-_-__ . " ) .- i

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 33



1ZMIR
gl KATIP CELER]
UNIVERSITESI

4. In Figure, what is the net electric :
potential at the origin due to the circular % 0.
i

fﬂ"’"—;

arc of charge Q,=7.21 pC and the two fit

particles of charges Q, =4.00Q, and Q,=
-2.00Q,? The arc’s center of curvature 1s R

——
R 200K

L
X

at the origin and its radius is R = 2.00 m; L;;qj
the angle indicated is 6=20.0°.

6(29) | %MJIE W%mﬁf
Cf}‘ubél"a*f- chrgp V-rk_?_— ;:;”’ &% {,; as a_/::ofutfda;ﬂ- y .;g

| ‘h : -

Vi cntlr=? | Vi =E I Vg oy (S g_@_;,_ﬂ&) l

&= 207, k= 2 - 9.99,00 K" 7-2Ux10S =0. aszh«'m

8i=7#2] C;deéﬁz '@3- -28), F=4F ,V-€d c 2m
@' {2.2.) ( ) EJY:CEB_#E_-_;___M‘*CVM _.}U’ﬂ# ;C}.BBZ gé
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24 Solved Problems d o

5. The electric potential at points in an xy plane 1s given by V=(2.0
V/m?)x? - (3.0 V/m?)y?. In unit-vector notation, what is the electric
field at the point (3.0 m, 2.0 m)?

V — V(x,y):scalar — E(X,y):vector

9{35) 2 V. ®
V‘"( h“-)l “(3%&_‘ JLJEIB{VJ J:?/ g_-—-—ga:: %ﬂ g}%rgg
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6. In Figure, how much work must we do to 9 Q
bring a particle, of charge Q=+16¢ and v 91}"@\(99
initially at rest, along the dashed line from F A
infinity to the indicated point near two fixed L 4 S

&~
i qo

particles of charges q,=+4¢ and q,=-q,/2? o

[=_=]

Distance d=1.40 cm, 6,=43°, and 0,=60°. Fig. 24-49 Problem 50.

0 (50) j ) ¥ e fTai 8
F;)f,{éi;;[ﬂ.q;ﬁ,} Work raWel? W;Q‘I{_:: Z{C% j.-f-':fﬂﬁﬂjg
R A R I

»ﬁdm 1 ol ¢ d reference point
T th fﬁ é:w/,,f e

?f’fée‘ '?.2.2 h-g-j':“ ;

D
S
y
Q

k4 N k Az

o

e
QL:QV“PKUEEZQ\Q
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7. An electron 1s projected with an initial speed of 3.2x10° m/s
directly toward a proton that is fixed in place. If the electron 1s
initially a great distance from the proton, at what distance from
the proton 1s the speed of the electron instantaneously equal to

tw1ce the 1nitial value ot R ;
™
i (55) ,‘-"[f__# R u/v*"iu)w&m
. é —
. r, ~pof i~ P ’Ffu‘d 9 K\%Q/
ﬂ d.drfmc: » hen 2% 1
W .fﬂ.r/o C=l65x0 M
ARSI we At
47T% _
ioﬁ{oi 12 T &

4, K ") _2x o)
2 12,1
M’/éz- W z ({ ~ ", ‘:ﬁ!f.ﬁmf H“:{J zﬁi”ff)!a kg
— x

24 = L e” E
) ¥ o —Lut. el | r, 2e
'@"@'1% ‘ }>—é"”?e4'= N O BT
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Electric Potential

*The electric potential J at
point P in the electric field of a
charged object:

- W, U
V= -

i Eq. 24-2
do in

Electric Potential Energy
*Electric potential energy U of
the particle-object system:

U=gqV. Eq. 24-3

*[f the particle moves through
potential AV
AU=gqAV =g(V,- V). Eq.24-4

October 11, 2021

4
Mechanical Energy
*Applying the conservation of
mechanical energy gives the
change 1n kinetic energy:

AK = —gAV. Eq. 24-9

*In case of an applied force in
a particle
AK = —gaV + W, Eq. 24-11

°In a special case when AK=0:
Wy =g AV (forK; = K;). Eq.24-12

Finding V from E

*The electric potential

difference between two point /

and f1s: ;
S

E - d¥. Eq.24-18

PHY 102 Physics II © Dr.Cem Ozdogan



24 Electric Potential i

Additional Materials
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Induced Dipole Moment

Fig. 24-11 (a) An atom, showing the positively
charged nucleus (green) and

the negatively charged electrons (gold
shading).The centers of positive and

negative charge coincide.

(b) If the atom is placed in an external electric The electric field shifts
field E, the electron orbits are distorted so that (a) the positive and negative
the centers of positive and negative charge no charges, creating a dipole.
longer coincide. An induced dipole moment p E
appears. The distortion is greatly exaggerated
here.

>

=

(b)

October 11, 2021 PHY 102 Physics II © Dr.Cem Ozdogan 40



1ZMIR
- K ATIP CELEBI
UNIVERSITESI

—y

W4 An excess charge placed on an isolated conductor will distribute itself on the surface of 12
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 s 8
even if that cavity contains a net charge. < .
We know that Bene._
Vi—Vi=—| E-ds %1 2z 3 4
i r (m)
Since for all points E = () within a conductor, it follows directly that V, (@
=V for all possible pairs of points { ' 12
z 8
2,
0

0 1 2 3 E
r (m)

. (b)

d Fig. 24-18 (a) A plot of V(r) both
{ inside and outside a charged spheri-
cal shell of radius 1.0 m. (b) A plot of
N L(r) for the same shell.

Spark Fig. 24-19 A large spark
Discharge jumps to a car’s body and then

exits by moving across the
from a insulating left front tire (note

the flash there), leaving the per-
Charged e

son inside unharmed. (Courtesy

Conductor Westinghouse Electric '
On nonspherié(a” conductors, a surface charge distribute itself uniformly over the surface of the
conductor. At sharp points or edges, the surface charge density-and thus the external electric field, -may
reach very high values. The air around such sharp points or edges may become ionized, producing the

corona discharge that golfers and mountaineers see on the tips of bushes, golf clubs, and rock hammers when
thunderstorms threaten. Such corona discharges are often the precursors of lightning strikes. In such
circumstances, 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.

October 11,2021 PHY 102 Physics II © Dr.Cem Ozdogan 41
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Isolated Conductor in an Isolated Electric Field

Fig. 24-20 An uncharged conduc-
tor is suspended in an external elec-
tric field. The free electrons in the
conductor distribute themselves on
the surface as shown. so as to reduce
the net electric field inside the con-
ductor to zero and make the net field
at the surface perpendicular to the
surface.

October 11, 2021

* If an 1solated conductor 1s placed in an external

electric field, all points of the conductor still
come to a single potential regardless of whether
the conductor has an excess charge.

The free conduction electrons distribute
themselves on the surface in such a way that the
electric field they produce at interior points
cancels the external electric field that would
otherwise be there.

Furthermore, the electron distribution causes
the net electric field at all points on the surface
to be perpendicular to the surface.

If the conductor in Fig. 24-20 could be
somehow removed, leaving the surface charges
frozen 1n place, the internal and external
electric field would remain absolutely
unchanged.

PHY 102 Physics II © Dr.Cem Ozdogan 42
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