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Today: Electric Potential Energy

* You should be familiar with the concept of
gravitational potential energy from Physics 1

e |et's review

o If a force I acts on a particle as the particle
moves from a-2>Db, then

W, = [ F-dl

a

Is the work done by the force
( dl is the infinitesimal displacement along the path)
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Careful: the force does not necessarily

iIne up with the displacement

~or example, a block sliding down an inclined
plane under the influence of gravity:




Conservative force
» A force is conservative if the work done by the
force Is independent of path

» Only depends on the initial and final points
di,

 Then the work done can be written as function of
the difference between some properties of the
begin and final point

Woop=[ F-dl=—[U(b)—U(a)]



Wop=J F-dl'=—[U(b) - U(a)]

* U Is the potential energy
e W=-DU
 Work energy theorem:
work = change In kinetic energy
Waep = K(b) — K(a)
K(a) + U(a) = K(b) + U(b)
* Potential energy defined up to additive
constant



Remember gravitational
field, force, potential energy

* Near the surface of the earth, constant
force F' = mg

 Think of it as mass times constant
gravitational field g

e Then gravitational potential energy U=mgh




Now imagine charge q, In constant electric field

—

+ Constant force F' = qo
« By analogy with gravity U = q,Ey

Electric field
dp lines
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» U = electric potential energy of the charge q,

Careful: the y-axis points opposite to the E field !



y
Electric field
.q[)

X

U =(qEy
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 If q, IS positive
» The force is downwards

» The force "pushes" the charge downwards, towards

smallery
» The force tends to make U smaller
 If q, IS negative
» The force is upwards

» The force "pushes" the charge upwards towards

larger y
» This also tends to make U smaller

lines

F

4o

E

e because of the —ve sign of the g, in the expression U=q,Ey 8




Potential energy of two point charges
« Remember the definition

b — —
Wop=J, F-dl = —[U(b) — U(a)]

e Consider displacement along line joining
the two charges ("radial displacement

Tb —_

W, = ["F.dF

"b ;.99
W, _p = fra kT—QOdr
Wa—b = kago (G- — )

z /) | b
A Tempting to identify
Q/ U(r) = kT 4 Const. s

Test charge gy
moves from a to b




M -
Test li.-h.!lj:.i.‘ qo
moves fromato b
ong an arbitrary path ".I

I|

F.dl = Fdlcos¢ = Fdr

> The work depends only on

the radial displacement
It does not depend on the amount
of "sideways" displacement

10

Work only depends on initial and final values of r




Summary:

Potential energy of two point charges

U(r) = kqgo  Const.
where r Is the distance between the two charges
* Most often we take Const=0 for simplicity
e« ThenU > 0asr—->8
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Repulsion: Attraction:
charges want to move apart charges want to move together

Always tendency to reduce potential energy




If we have many charges...

« Consider electric field caused by a bunch
of charges q4, g4, ga,---

* Bring a test charge q, into the picture

3 g2
Fa 3
i.:‘ /—@
I

» Potential energy associated with q,

e _if*_i'__(fi’_!_ LB D } _ G

4?‘_.&_{} "| !.] r}
(point charge g, and collection of charges g,)

Potential energy Is an additive quantity
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Many charges (cont.)

 If | have a collection of charges, the
Interaction of each pair will contribute to
the total potential energy of the system

« A compact way of writing 1t IS

1

q;9;
Utotal — Z

Adeg i< T

 Where
» q; and q; are the I-th and j-th charge
» 1; Is the distance between I-th and J-th charge

> I<] Insures no double counting 13



1 q;9;
Utotal — 4 Z
TEN i< T

You should try to get used to this kind of compact notation!
Let's see an example. Three charges. What are the terms?

Possibilities are
i=1 and j=1 iI=2 and =1 =3 and =1

I=2 and j=2 =3 and j=2
=3 and j=3

Only some of these satisfy the i<j condition
Then the sum becomes

goo— 1 | Ni% | %19 D4
total — ' '
4TeEQ | T15 13 X

You see that each pair of charges enters once and only onte




Work to and from infinity

=0 onvention!
U =K+ Songt [

Work done by the electric field in going from a->b
Wa—>b — U(CL) — U(b)

U(¥)=0 -> U(r) can be thought of as the work that
the electric field would do in moving the test charge
g, from its position to ¥

Conversely, the work that an external force would
need to do to bring the charge from ¥ to its current
position is —U 15




Example

* A particle of charge g and mass m is accelerated from rest

by a constant electric field E. What is the velocity after the
particle travelled a distance L?

A > $ A >
> £
> - >
. O ;
a > () a
. T Te——>V
> 0 >
> 5
» Q@ >
, W >
! : >
‘ >
X X
Xinitial X final
Before: v=0 After: X Xinitia) = Ly V=777

Guiding principle: conservation of energy
Kinitial * Uinitial = Kfinar + Usina 16

initial —

initial
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Electric Field Lines
J
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<

X X -
Xinitial X final

Before: v=0 After: Xana-Xinitia) = L, V=227

Ki + U Kflnal Ufinal

initial
Kinitia = 0 and Ko = %2 m v

The electric potential energy Is a function of x
U(X) = - gEx + Constant

Careful: earlier we defined it without a minus sign

This is because before we had the axis pointing
opposite to the electric field. But here the x-axis points
In the same direction as the electric field!

initial —

17




<

initial

K.

initial —

+ U

=0and K, =% mv?

initial — - I'<f|nal Ufinal

U(X) = - gEx + Constant
Ulnltlal — qEXmltlaI + Constant
Usna = -0EXq . + Constant

0 — gEX;,iig + CoONst. = %2 m v2 —qEX;,, + Const.

Yom v? = qE(XfmaI mitiajl)

Y

=L
— Note that the arbitrary
= 20EL/m constant dropped out
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Another example (Prob. 23.3)

A metal sphere, charge g, =-2.8 nC is held stationary by an insulating
support. A 2" sphere, g,=-7.8 nC amd m=1.5 g is moving towards q;.
When the two spheres are d=0.8 m apart, g, is moving with v=22 m/sec.
(a) What is the speed of g, when the spheres are 0.4 m apart?

(b) How close does g, get to g, before turning back?

p=22.0mfs
@—
=

q)

I 0.800 m >]

Conservation of energy K; + U, =K, + U,

Ki=%%2mvy®  Up =k,05/d;
Ky="2mv,> U, =k0,0,/d,

19



Conservation of energy K; + U, =K, + U,
Ki=%%2mvy®  Up =kq,05/d;
Ky=%2mvy> U, =k0,0,/d,

Z2mvy® +ka,0,/d; =%2mv,? +kq,q,/d,
Vp? = vy + 2(kim)q,q, (1/d, - 1/d,)

_ 2 9-109 -6 6y (1 1
Uy, = \/22 +2:555-3(—2.8-107°)(-7.8-107°) (W -~ W) m/s

vV, =12.5 m/s

Next: where does it stop?
It stops when v, = 0; the conservation of energy equation:

2mv,® + K qg,0,/d; =k q,0,/d,

_ kqy 45 _




Electric potential

» Definition: if a charge q, In an electric field
has electric potential energy U, then the
electric potential is defined as

v="Y
90

 Think of electric potential as "potential energy
per unit charge"

 Much as electric field is "force per unit charge"

21



Electric Potential V = qﬂ
0
Electric potential is a property of the
electric field and varies as a function of

position In space

Since U is defined up to an arbitrary
constant, V Is also defined up to an
arbitrary constant.

Only differences in potential between two
points are meaningful

Jargon: potential of a with respectto b
Vab - Va o Vb 22




Electric Potential V = qQ
* Units: [V]=[U]J/[Q] = Joule/CoqumbO

e Definition 1 Volt=1J/C
» Abbreviation: V

* Potential of a w.r.t. b (V_,) also called voltage

- _u,=v, W
V= Vo= Vy =4t = =

* V_, = work done by electric force in moving
unit charge fromato b

* V_, work done against electric force in moving
unit charge from b to a

23



How to not get confused by the signs!

Just remember one general principle

* The electric force does positive work In
moving from high electric potential energy
to low electric potential energy

» Just like gravity does positive work In
moving a body down towards the surface
of the earth

» Body Is high - potential energy is high
» Body Is low = potential energy is low

24



Using previous results for U....

U | . .
V=—= = (potential due to a point charge)
qo dmey 1
U ] {?J:
V=— = i
do 4mey 51

(potential due to a collection of point charges)

And also an (obvious) generalization:
] dqg
4TTE|_*_;, r
(potential due to a continuous distribution of charge) .




V from E

e Given a charge distribution, it is straight

forward (in principle!) to find V
[ l g;

qo dmey 1

§

e Sometimes you can get V starting from E

Wy =U, — U,
Waéb:faF-dl:f;qOE-df

— Ya
Va =44

f 1]
V, — V, = IE'-JE = IEL:G:-;-:;’:;:H
P a 26



Example
Back to charge q in constant electric field

A

(D)
=
|
o
a ()] a
o L To——pV
Q
O
@
L
! ! >
Xinitial X Xtinal .
Before: v=0 After: Xqn~Xiniian = L, V2=2qEL/m

What is DV = Viyitar = Viinal?

Lfinal -

AV = FEdx = EL

Tinitial 27



The electron volt (eV)

« Consider an electron accelerated through
a potential difference of DV=1 V.

e Change In potential energy DU = -eDV

e This must be compensated by a change In
kinetic energy DK = eDV = 1.6 107 J

 Definition of electron volt (eV):

The kinetic energy gained by an electron
accelerated through a DV = 1 Volt

e 1eV=1.610"J
o Useful unit of energy in atomic physics,
chemistry, etc.

» This Is a unit of energy, not potential
» Don't get confused

28



The largest accelerator

Switzerland

F_ -

CERN LHC
(Geneva, Switzerland)

Underground tunnel
26 Km circumference

Accelerates protons to
7 TeV =710% eV

France
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One more word about units
—— [E]=¢

F
q

Lfinal -

Edx

Linitial

These are the same

> [E] =X
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