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Question

* An isolated conductor of arbitrary shape has a net
charge of +10 Coulombs.

* |nside the conductor is a cavity that contains a point
charge of -3 Coulombs.

* What is the net charge on the inner surface of the
cavity?

(a) -13 Coulombs
(b) -3 Coulombs
(c) 0 Coulombs
(d) +3 Coulombs
(e) +13 Coulombs



Conductors

e There is no electric field inside a conductor in
electrostatic equilibrium.
e Some clarification:

“Inside a conductor” only refers to the conducting material.
It does not refer to any cavities inside a conductor.

This “spherical conducting shell” is
conducting material: no electric field.

— Q:
This “solid conducting sphere” is Ql
conducting material: no electric field.

This is a gap between the conductors. Itis
not conducting material (ie, air or vacuum),
so it can have an electric field!



Tuesday’s Question

e Surface charge on the inside of the cavity:

Conducting material:
charge is +10 Coulombs

— Cavity inside the conductor

Point charge inside the cavity:
charge is -3 Coulombs

e Let’s use Gauss’s law to figure out what the net charge is on
each surface.



Tuesday’s Question

 Apply Gauss’s Law to just the point charge.

Qinside

* Gauss's Law: §. 71 EdA =
€0

e Spherical Gaussian surface around

the charge: Q;,5iqe = —3 C.
e Electricfield:

E =

1 (=30C)
7
Aey, 17




Tuesday’s Question

 Apply Gauss’s Law to the whole cavity.

The Gaussian surface is always

inside the conductor so E = 0
everywhere on the surface.

Gauss’s Law: gﬁS A-EdA = Qi?;Sl'de
0

Since §, 1 ; E dA = 0 we must
have Qinsige = 0.
But the point charge is -3 C...

The charge on the inner surface of
the cavity must be +3 Coulombs.



Tuesday’s Question

e Apply Gauss’s Law to the entire system.

Gauss’s Law: gﬁS A-EdA = Qi?;Sl'de
0

No electric field inside the

conductor, so the charge can only

be on the inner and outer

surfaces.

We were told that the total charge

was +10 Coulombs.

e We worked out that +3 Coulombs
was on the inner surface.

e We must have +7 Coulombs on the

outer surface.




Work done by a Force

e Definitions from mechanics (Physics 152/172):

How much work does
poor Sisyphus do?

dW = —F - d¢

What is the change in
the potential energy
of the rock?

dU = —F - d¢

e Conservative force: Net work independent of the path.
— Total work done: Wy = Ur — U; (change in potential energy)



Work Done by Electrostatic Force

* An electric field exerts a force on a charge.

R q>0 -

i <o — £

e |f we push it to the left, we do work on the charge:
AW = —F -d¢ > 0
— The charge gains potential energy.
* |f we release the charge, it accelerates to the right

— The charge loses potential energy.
— It gains kinetic energy (total energy is conserved).



Work Done by an Electric Field

e The force is related to the electric field:

-

F=q§

 The change in potential energy per unit charge is
called the electrical potential difference:

alu .
dV=7=—E-d€

* As a unit charge is moved from point a to point b the
potential difference is:

b b
AV=f dv=—f E-dé=V,—V,

a a /

We can do this because the force is conservative!



Clicker Question

 Which path will give the biggest increase in the
potential energy of a charge g > 0 in the constant

electric field E?




Clicker Question

 Which path will give the biggest increase in the
potential energy of a charge g in the constant

electric field E?

dW = —F -d¢ < 0
Ufinal < Uinitial

dW = —F -d¢ >0

Urinat > Uinitial

Ufinal = Uinitial




Potential Energy vs Electric Potential

e Electric potential difference:

Sl units: Joules per Coulomb

b b
AV:J dv=—f E-de=V, -V,
a a
— This only depends on the electric potential at
points a and b...

— Electric potential is a property of the field.

e Difference in potential energy:
AU = q AV Sl units: Joules
— This depends on the charge, q...
— It is not a property of the field.



S| Units

e Units of electric potential: Joules per Coulomb

 We will use this so frequently that we define:
1 Volt = 1 Joule/Coulomb

e Electric field:
1 Newton/Coulomb = 1 Volt/meter



Properties of the Electric Potential

 The electric field points in the direction of decreasing
electric potential.

— As Sisyphus’ rock rolls down hill (direction of ﬁ) it loses
potential energy.

e So far, our definition only referred to changes in
potential energy and differences in electric potential.

— You can add an arbitrary constant to the electric potential
without changing the potential difference.

— But it must be the same value at all points in space.

 We usually define the electric potential as the potential
difference relative to a convenient “reference point”.



Calculating Electric Potential

e If the electric potential is a property of the field, how
do we calculate it?

* The electric potential of a field at a point x is the work
per unit charge required to move from the reference
point, X,¢¢, to the point, X:

w . L
;=V(x)—vref=—f E-df

 Maybe it would be nice to pick fref so that V.. = 0.

-

Xref



Electric Potential due to a Point Charge

Q E "7 amer?
N B
df = —dr 7

RN

r ‘

| Tre f

V() = V(Tyes) = — j T E(r)-df

Tref

:_er dr _ Q(l_l)

ATTEY “Tref T2 4TEY \T  Tref

* We can make V(rref) = 0 if we let 1 = .



Electric Potential due to several Point Charges

* Electric potential for a single point charge:

V(r) = ¢

dtey T
 Electric potential at point x due to several point
charges:

(when 13,0 — o)

Q

41te — 7

V(x) =

where r; = |x — x;| is the distance to each charge.

e I/ (x) is a scalar function (no direction).



Electric Potential

The electric potential is a scalar function,
so we can graph it as a surface.
(at least as a function of x and y).

V(r)

| This is the shape of the mountain that
.’5 poor Sisyphus has to push his unit
charge up.

V(r) «1/r




Clicker Question

* What is the electric potential at the center of a
square with charges at each corner?

+3¢ |7 -3¢
B Bl S ¢
a | x
S 2 SR O +5C

+4C | |

| a |
1 (90 1 (90
(a) V(O)  4meq a/V2 (b) V(O)  4mey a?/2
(c) V(O)  4amega/V2 (d) V(O)  4meq a/vV2



Clicker Question

+3¢ 17 -3¢
A R ¢
R O +5C
+4 C | |
| a |
> 1 (90
(a) V(O)  4meg a/V2
(C) V(6) — 1 (9 C)

Q

V(x) =
(%) Aey L T7;
l

1; is the same for all
points:

Ti:%iza/\/i

Sum of the charges is +9 C.

1 (90)

ATTEY A% /2
1 (150)

4Ty /2

(b) V(0) =
(d) V(0) =




Example

This enclosure has an electric The walls of this room have an
potential of -750 kV. electric potential of zero volts.

Negatively charged
hydrogen ions are
produced in the
enclosure.

How much kinetic
energy do they
have when the
leave the room?




Example

e Potential energy inside the enclosure:
Uinside = 9 Vinsiae
g = —1.602 x 1071° Coulombs
Vinside = —750 X 103 Volts
= —750 x 103 J/C
Uinsige = (—1.602 x 10712 ) (=750 x 103 ]-C™1)
* Potential energy outside the enclosure:
Uoutsige = 0
 Energy is conserved: loss of potential energy = gain in
kinetic energy.

T =1.20 x 10713 Joules



Other Units for Energy

When we discuss the energy of elementary charged
particles with e = 1.602 X 1071° C measuring
energy in Joules is inconvenient.

Instead, we use “electron-Volts”:
leV =1.602 x 10717 Joules

This is the energy that an electron gains or loses
when its moves through an electric potential
difference of 1 volt.

In the previous example, the hydrogen ions would
leave the room with a kinetic energy of 750 keV.



Electric Field (again)

e We can calculate the electric field from the electric
potential:

, - ov., oV _ dV .
E=-VV=—|—0l+—J+k

e This is called the “gradient” of the electric potential.
e Useful relations:

aV(r) adVor
= — The “chain rule”...
0x 0r 0x Also works for y and z.
or x Or y aor Z
— 2 2 2 ‘ — — —
r = X Z —_— == — == —_—= -
\/ Tyt dx r 0y T 0z r

— N\
Vr = 71



Electric Field from a Point Charge

e Electric potential:

V)= — 3
dtey T
e Electric field:
N N av _ 1 Q
E=-—-VV=——Vr= T

or 41ey 12



Constant Electric Field

 What electric potential produces a constant
electric field, E = Ei?

e Electric field:

E=-VV
— What function will have v _ —E,a—V = O,a—V = (07
dx ady 0z

— How about V(x) = —Ex...

* Alinear electric potential produces a constant
electric field.



Final Clicker Question

e Assume that the electric field in a cell membrane is
constant and the electric potential on the inside of
the membrane is 50 mV /ower than the outside.

e What is the electric field in a cell membrane that is

5 nm thick? This is the “+” direction. A
outside

+ 4~ Pbositive E-field would point
out.

u ANy

NP SN ﬂf \k‘nnm ) Voutsize = 0V
WK t 4l fH tuJU JHUU%I Vinsizge = —50 mV
inside Ax = 5 nm

(@) 25x107°V:-m~! (b) =107 V-m™1
(c) +107V-m™! (d) 25x10°V-m~1!



