PHY294H

Professor: Joey Huston
email:huston@msu.edu
office: BPS3230

Homework will be with Mastering Physics (and an average of 1 hand-
written problem per week)

+ 2nd MP assignment due Wed Jan. 27; second hand-written
problem (27.51) as well; | added it on to the MP assignment
for convenience, but it still needs to be turned in with a
complete solution

+ Help-room hours: 12:40-2:40 Tues; 3:00-4:00 PM Friday
Quizzes by iclicker (sometimes hand-written)
Course website: www.pa.msu.edu/~huston/phy294h/index.html

+ lectures will be posted frequently, mostly every day if | can
remember to do so



TABLE 25-1

ELECTRIC FIELDS AND POTENTIALS FOR VARIOUS CHARGE CONFIGURATIONS

Charge Configuration

M agnitude of
Electric Field

Point charge

Infinite line of uniform
charge density A

Parallel, oppositely
charged plates of
uniform charge density
o, separation d

Charged disk of radius R,
along axis at distance x 27e,R?

Charged spherical shell
of radius R

Electric dipole

Charged ring of radius
R, along axis

Uniformly charged
nonconducting solid
sphere of radius R

q

2
dmeqr

A

27eyr

o
€o

0 (foz + x2 — x)

Along bisecting axis
only, far away:
p
dneyr’

0x
4mey(R? + x2)3?

r>R: 0 =
4me,r

Or
< R:
' 4re,R3




Gauss’ law

® Caveats

+ Gauss’ law applies only to
a closed surface

+ Gaussian surface is not a
physical surface, just a
mathematical construct

+ can’t find the electric field
from Gauss’ law alone;
need to apply it in
situations where we can
already guess at the
shape of the field

® |et s start with the field
outside of a spherical
charge distribution

Gaussian

surface
\

“* E is everywhere
perpendicular to
the surface.

Sphere of
total charge Q

Copyright © 2004 Pearson Education, Inc., publishing as Addison Wesley



Gauss’ law applications

Gaussian surface inside

®» NOW ConS|der the the sphere of charge
electric field inside a
sphere of charge

® Again, choose a
spherical Gaussian
surface, or radius r <

R
® Electric field ;

Sphere of /

total charge Q

Increases linearly g !
inSide the Sphere and 0 E The field il.lside the .sphe.re
= increases linearly with distance.
then drops off as 1/r? me R N
] «r\ The field outside the
: sphere decreases as 1/r?,
outside Y\
A\
|
0 ' r
0 R



A harder integral

® Suppose | have a wire
with a uniform charge .
density A passing Linear charge
through the center of a ~___—density A
Gaussian surface (a
cube) of side L

® \What is the electric flux
through the cube?

I

I

® |’ Il do this the easy way |
and the hard way L /:_ i A

® Easy way: 1
o Q /e, = AL/g, Lz |

[

4 Qir'I:}\’L
® Hard way:
+ evaluate the integral



® Let’ s make life a bit easier for

A harder integral

ourselves

We know the electric field
from a long straight line of
charge points perpendicularly
away from the line
¢ so there is no component of
the electric field along the z-
axis
+ so E-dA will be zero for both
the top and bottom of the
cube

So | just have to integrate
over the 4 sides of the cube

+ but from the symmetry each
side should give the same
result, so | just have to do
one side

+ but neither r nor coso is

constant so this is not a trivial

integral

L

<
Linear charge
t ¢ density A
—> / L y
dA ;
o
i /
: dy
)] P
: |- 5
| > -
/:_ T dA
|
o I
...to the whiteboard



Spherical shell

® Let’ s consider a
Gaussian surface inside + Q
a uniformly charged
hollow spherical shell

Qin

€n

B, = <#>E~d}i:

® By symmetry, E should
be uniform on spherical
surface of radius r
o Ednre =Q, /e,
¢« Q. =0
s E=0




Charged conductors

® Thus the electric field
inside a conductor (due The electric field inside
to static Charges) must the conductor 1s Zero.
be zero ;

® Since the electric field is
zero, the electric flux
must be zero through
any surface in the interior
of a conductor

® |f the flux is 0, then the ;
charge enclosed by any The flux through the Gaussian surface

Gaussian surface must 1s zero. There’s no net charge inside the
be 0 conductor. Hence all the excess charge

1s on the surface.

® All free charge then
resides on the surface of
a conductor



Electric field near a conductor

® |n addition, we can state
the the electric field near  The electric field at the surface
the surface of a 1s perpendicular to the surface.
conductor has to be A
perpendicular to that -
surface

® Suppose that the electric
field had a component
parallel to the surface

+ then this would cause a
force on the conduction
electrons that would cause /.
them to move, until the Surface charge
electric field at the surface
was perpendicular again




Sharp edges

® If | have a charged object with
a pointy end, then the electric
field lines are more
concentrated there

o because electrons are
more concentrated there

® So lightning rods have pointy
ends

(c)




Lightning rods

* In the United States, the pointed
lightning rod conductor, also called
a “lightning attractor” or “Franklin
rod” was invented by Benjamin
Franklin in 1749 as part of his
groundbreaking explorations of
electricity

* Franklin speculated that with an
iron rod sharpened to a point at the
end,"The electrical fire would, |
think, be drawn out of a cloud
silently, before it could come near
enough to strike [...]."




Electric field near a conductor

® Let s try a cylindrical
Gaussian surface to

calculate the value of ~ Sirfwechze  Thecleunc el s
E near the surface

surface.
® The only contribution
Is from the top of the
cylinder
+ EA=q; /¢,
* i, =MA
o E=n/e,

Gaussian
surface




Suppose the interior of a conductor is hollow

® There is no electric A hollow completely
field inside the enclosed by the conductor

conductor

® So there is no electric

flux around the
Gaussian surface
shown

® S0 no net charge
iInside the hollow

The flux through the Gaussian surface is
zero. There’s no net charge inside, hence
no charge on this interior surface.



Conductors

Let’ s put a positive charge

inside the hollow The flux through the Gaussian surface is zero,
If | put a Gaussian surface hence there’s no net charge inside this surface.
inside the hollow, there is a There must be charge —¢ on the inside
non-zero electric flux, so surface to balance point charge g.

there’ s got to be a non-zero
field

But if the Gaussian surface is
outside the hollow, then the E
field has to be zero

+ thus the flux has to be
Zero

+ and the charge enclosed

has to be zero The outer surface must have charge +¢ in
+ electrons must move to order that the conductor remain neutral.

the surface of the hollow to
cancel out the electric field
due to the postive charge

Neutral
conductor

Point
charge ¢




Use conductors to screen electric fields

(a) Parallel-plate capacitor (b) The conducting box has been polarized
/ - and has induced surface charges.
- - i v _
+—> >—= + H —
+— - g v B
> > - + : —
= —> ] — + % < ﬁ -
+— — > — - | I —— il
= > :_ _: > — + 11— _, S H— —
- > | ] > - +——E = 0 |H— —
B T > + _:_/ — + +\_)_—>— -
+—> - = + ; -
+1 o > — + ﬁ . & .
> > - + "/“':\)\ -
+—> > — - : —
I > »—— & ——»—/\-»— -
We want to exclude the The electric field is perpendicular
electric field from this region. to all conducting surfaces.

demo



IClicker question

A point charge of -5.0 C is off-center inside an electrically
neutral spherical metal shell. What is the induced
charge on the inner surface of the shell?

" R R N
'l \\

A. 0C

B. +5C .’, ) R \\
C. -5C | @ !
D. +10 C o E ,

E. -10C

~
------



IClicker question

A point charge of -5.0 C is off-center inside an electrically
neutral spherical metal shell. What is the induced
charge on the inner surface of the shell?

A. 0C
B. +5C

C. -5C
D. +10C
E. -10C

- S
f‘ \\

~
------

The electric field
inside of the
conductor 1S zero.
So the Gaussian
surface integral
inside the conductor
1S zero. So the
charge enclosed
must be zero.



IClicker question

A point charge of -5.0 C is off-center inside an electrically
neutral spherical metal shell. What is the induced
charge on the outer surface of the shell?

L
""""

A. O C ,”: +5 C \\\\

B. +5C "' R \\|

C. -5C j @ -

D. +10C o °¢ S Lq, =2

E. -10C Nl o

.....



IClicker question

A point charge of -5.0 C is off-center inside an electrically
neutral spherical metal shell. What is the induced
charge on the outer surface of the shell?

- .- .
- -,

A. 0C Z iscaN,  Theshellis

B +5C § ; R \‘ electrically neutral.
: ‘ :

C. -5C { 05 - -

D.+10C \\ ) / T Qouter =7

E. -10C 7

-
______



Problem

® Given the fluxes
through the Gaussian
surfaces, what are
the values of the
charges q,, g, and

Q3?




Step back: how well do we know Gauss’ and Coulomb’ s law

® Gauss’ law is ® Joseph Priestly knew that
_ there is no gravitational field
equwalent to within a spherically symmetric
’ mass distribution and
Coulomb' s law On,ly speculated that a similar
because Coulomb’ s behavior of the gravitational

and electric force laws would

law is an inverse explain a charged cork ball

square law placed inside the a charged
_ metal container is not
® How well is attracted to the walls of the
Coulomb’ s law/ container |
+ this effect was first seen by
Gauss’ law known? Benjamin Franklin who told

Priestly



Deviations from inverse square law

® John Robison did
experimental tests in
1769 of the distance
behavior of the forces
between charges

® Robison expressed
the uncertainties in
his result as a
deviation from
Coulomb’ s law
o F o 1/r2#d

Constraints on 0 have improved

Investigator Date Maximum o
Robison 1769 0.06
Cavendish 1773 0.02
Coulomb 1785 0.10
Maxwell 1873 5X10%
Plimpton and | 1936 2 X 10°
Lawler

Williams, 1971 3 X101
Fawler and

Hill

Now verified to better than 1 part per billion from atomic scale to galactic scale.




Electric potential

® Ve’ ve discussed the — — 2
similarities before between the &K= ZKi - 21/Zmivi
force between two charges + sum of all kinetic
and the force between two energies in problem
masses : :

P ® U = interaction
=27 energy of the system
B = potential energy
r ® Most often talk about

O Any.tf.orce tlha_t isafunctiontpf Change N potential
position only is a conservative
force which means that we energy due to work
can associate a potential performed by
energy with it conservative force

‘EmeCh_K-I-U ‘AU:Uf'Uiz'Wforce

o AE = AK + AU

mech



Work

® \Vork that a constant O |fForXF IS not

force does is constant, then have
o+ W =F-Ar = FAr cosf to integrate 'F-ds over
. the path travelled

sl

The path is curved.

fea,
tay,
.
.
.
.

F W= FAr
i / AF

The force is

¢
f‘/' 5 not constant. :
W= —FAr :
i AF -
ﬁ‘/ 2 The work done in this

JZ) F. small segment of the
f® % General case motion is F ds = F - ds.
F i W=FAr
(I e i = FArcosf
; ar : .
: The work is done by the .. .for a conservative force, the work performed
component of /' in the

direction of motion. iS independent Of the path

&‘



Uniform fields

oW _ _ =

grav

mg Ar cosQ°

MQy; -Mgys
Uf B LJi = 'Wgrav
Mgy -mgy;

The gravitational field does work
on the particle. We can express the

o AU

grav

Y work as a change in gravitational
potential energy.

— "’d

Vi > Gravitational
Ar field
v |2 ¢ Ve |z
W
¥ vyt Y U=U, +mgy

0-

The net force on the particle 1s down.
[t gains Kinetic energy (i.e., speeds up)
as it loses potential energy.

® W

elec

FAr cosQ°
qEs; -qEs;

® AUelec = Uf 'Ui =-W

= gEs; -qEs,
The electric field does work on the
particle. We can express the work as
a change in electric potential energy.

Electric field *

elec

= E FO
- - 2+
_ : L
= : L
_ F F +
| —@® —@
- +
— * +
- NAT +
- - +
- -
- E H

, . s

0 S¢ % i

The particle is “falling” —
1 g Ugee = U, + qEs

in the direction of E.



Potential energy

(a)

= System bounda ()
F T = Source charges

The external force
of the hand does
work on the system
of charged particles,

increasing U, .
elec

The external force
of the hand does
work on the earth-
book system,
increasing U

.
o
o

Earth

How much effort does it take to
move the charge from Ato B?

Hard (repulsive): U increases,
Easy (attractive): U decreases



Uniform fields

Note that the work done by the =~ ® W = FAr cosQ°
E field, and thus the change in = gEs; -qEs;
potential energy does not depend ¢ AU, =U;-U =-W

on the path - = gEs; -qEs;

elec

Electric field F The electric field does work on the
particle. We can express the work as
B i a change in electric potential energy.
- + o
_ + Electric field =
— + = — ."- ar
- + - E I
= + — < : s
— + o . . ..'
- +
— ar - < :) < :) F
- - - +
y— + s é —
. AL - MAY ar
— 3t — . +
-— <k - - +
- +
T T T S - E ar
0 5 B . : — . s

The particle is “falling” J
in the direction of E.

= U, + qEs

elec



Uniform fields

e

i e I 1 R B e
ll
|+++++++++++++++|

® W, = FAr cos(Q°
= qEs; -qEs;
¢ ALJelec = Uf 'Ui =-W
= qEs; -gEs,

The electric field does work on the

A

elec

A

—

E

The potential energy of a positive particle. We can express the work as
charge decreases in the direction of E. a change in electric potential energy.
The charge gains Kinetic energy as it

moves toward the negative plate. Electric field

T

A

e

-
-

E

|
i

1 B e o e e ] B LR
|+++++++++++++++|
||
T A
oSl
+++++++++++++++

The potential energy of a negative

. A T It T s
charge decreases in the direction s
Bt = oy it 0 S.os S.
opposite to E. The charge gains f 5 i
-1 St ANET ; aQ 1 IPQ f y 7 2 Te 1Q. 54 1 22 —
Kinetic energy as it moves away The particle is “falling | Ielec = |0 + qES
from the negative plate.

in the direction of E.



iclicker question

As you move a positive (+) charge from point
1 to point 2 its electric potential energy (U)

® o A. Decreases

B. Increases

C. Stays the same
® O - : D. Not enough info

o + > @2



iclicker question

As you move a positive (+) charge from point
1 to point 2 its electric potential energy (U)

® o A. Decreases

B. Increases

C. Stays the same
® O - : D. Not enough info

o + > @2



Potential energy of point charges

—

® First, let me calculate the work .
2 l on2

done by charge 1 on charge 2 @ ) Froni 4,
while charge 2 moves from +—0 O—>

point x, to point x,

Woeree = j; Fppo vdx (b) Fixed in Force changes
: position with distance.
q.9 \q' . = i |
Weree = ”f dx Q= F Q=P F
4'77:80 xl :3‘ ﬁ
A7
1\ 11 T *
_ 449, (__) _ 499> N 0 : X, X,
clee dme \ x/), 4me |x, x, g, does work on g, as
g, moves from x. to x..
I 1
AUelec=Uf_Ui=_W%f=M T
dme | x, X,

Kgqvg, 1 qug»

use r instead of x. Set U, = Ugeo = Y e (two point charges)
€o




Potential energy of point charges

(a) Like charges
: rmin !
| k\ |
Energy "'I*----Distance of closest
i .approach for two like
! i charges with total
i energy E_ .
I
|
|
|
0 I r
0 ro
min
(b) Opposite charges
| rmax :
] - [
O E max
0 f P

mech

“Distance of
maximum
separation for
two opposite
charges.

Energy

(b) Fixed in
position

-

lon2

9

Force changes
with distance.

N b L
O O F Q= F
:.~ ﬁ_’
AF
| . T T X
O ::. xi xf
g, does work on g, as
g, moves from x. to x_.
Kqu2 1 q14» .
Uoee == = dre, T (two point charges)

Note that the potential energy between any two

point charges is

zero at infinite separation



iclicker question

Rank in order, from largest to smallest, the potential energies
U, to U, of these 4 pairs of charges. Each + symbol
represents the same amount of charge.

®:.® (%) --@® € - 5= (%) g T (%)
M " © @
A U, =U,>U,=U,
Kq1q2 B. Ub - Ud > Ua - UC
Uelec = r C. Ua = UC > Ub = Ud
D. U,>U.>U,>U,
E. Uy>U,=U,>U,



iclicker question

Rank in order, from largest to smallest, the potential energies
U, to U, of these 4 pairs of charges. Each + symbol
represents the same amount of charge.

®-® (%)--® & --;--® Q@ --©
() (h) (-c) (:l)
A. U,=U,> U, = U,
Kqgq, B. U =U,>U,=U,
Uelec = r C. Ua = UC > Ub - Ud
D. U;>U.>U,> U,
E. U;>U,=U,>U,



Example

® Suppose that the E field
Inside the capacitor is
50,000 N/C and the
spacing in the capacitor
IS 2 mm

® | release a proton from
rest from the position of
the positive plate

+ what’ s the work done by
the electric field by the
time it gets to the negative
plate?

+ What is the proton’s
speed?

et o3 ) B P B

-
-

The potential energy of a positive
charge decreases in the direction of F.
The charge gains kinetic energy as it
moves toward the negative plate.

|++v+ F+ A+ttt +|



Examples

FF+ F + + F + F]
anp)

FF+ F + + F + F]
(@)
anr)

Suppose I move a positive charge from 1 to f in each of the two cases
above. Is AU positive, negative or zero? What about a negative charge?
Is the field doing positive or negative work? (Note that it can be easy
to confuse the work done by the field and the work done by an external
agent.)



Another example

® \What if | move a
positive charge along \
a field line, in the
direction of the field?

s is AU + or -?
® \What about a "
negative charge? g -

"ea,
o
"
B
*a
a
e

-
*,
.




Example

® Suppose a small
positive charge is
shot towards a larger
fixed charge v

® \What happens to its
speed?




Example

® Suppose a small positive
charge is shot towards a
larger fixed charge

® \What happens to its
speed?
+ there’s a force acting on
the small charge causing a

negative acceleration (it’ s
slowing down)

+ this force is varying with
the distance between the
two charges

+ | can calculate the work
done by this force by
integrating F-dr

¢ ...or | can calculate the
change in potential energy

s
\Y%
@ ——

A

.



Example

® Suppose a small positive
charge is shot towards a
larger fixed charge

® How close does it come?

+ let’ s suppose the small v
charge is a proton and it ®—
has the same velocity we * .,
used for the last example? F
A 1.38 X10°m/s (a) Like charges

+ and that the fixed charge ®——
is a carbon nucleus (Z= T

min '

K—k)l
[ ., |
+6e) Energy *---Distance of closest
: .approach for two like
' i charges with total
: dllelzy Emcch'
Kq,1q, 1 ¢19» E
U o = = (two point charges) . = E ecn
r 47760 r 1 " “elec
|
0 { r
0 r

min



Example

® Suppose instead we have a
proton shot away from a large
negative charge (equal to -6e)
with the initial velocity equal
the final velocity for the proton
in the previous problem and
starting at the distance that

the proton had stopped. —
® How far does it go before F

stopping?

(b) Opposite charges
’Uf-UI=Kf-KI " g::
. b
019> 1 192 : | —

Ugee = R r— (two point charges) U :lw Epech

1" Distance of
| maximum
1 separation for
I [
, two opposite
1 charges.

Energy



Example

® Suppose instead we have a
small negative charge (an
electron) shot away from the
positive nucleus (with the
initial velocity equal the final
velocity for the proton in the

previous problem and starting v — @
at the distance that the proton —
had stopped). 1—:’
® How far does it go before
StO p p | ] g ? (b) Opposite charges
. -

Kq:9, 1 419> w
- — Distance of
r 4 €, r maximum
separation for
two opposite
charges.

Uclcc

(two point charge:

Energy



Multiple point charges

® \What if | have more than 1 2 nC
charge? What is the total @------------

potential energy?

U

U

1 q4;

i<j lj
1
4rme

elec

49,49, N 49,9 N 4,495

4P s I

+ What is the potential
energy of these charges

when they’ re separated
by an infinite distance?

4 cm

+ how much work does it
take an external agent to @ ds3
assemble them in the
positions shown?

Y =U,- U

external agent —
- 'Wfield



Our old friend, the electric dipole

® Earlier we found thata (@
dipole in an electric field - >
experiences a torque that
causes the dipole
moment p to rotate in
alignment with the

E

electric field
® \What about the work F
done by the electric field < >
In causing this rotation
and the change in the Ipl = qd

potential energy?



Dipoles

® AU ip0e = Us - U
=" Welec(i'>f)

= -pEcos¢; + pEcos¢,

® Udipole

Turning points for
oscillation with
energy £

mech

Energy

Unstable
equilibrium
at @ = =180°

F. Stable

.
-
.
-------

equilibrium
atf = 0°

(b)

Force component is
opposite displacement.

Copyright © 2004 Pearson Education, Inc., publishing as Addison Wesley



Back to the electric field

So we’ re going to replace the
idea of action at a distance by
the concept of a field

Particles don’ t interact directly
with each other

They create fields which then
interact with the other particles

+ we will need this when we
start talking about dynamic
situations

We’ Il be dealing with electric
and magnetic fields in this
course

@)

e
@)

—

FA on B

B

field on B

In the Newtonian view, A
exerts a force directly on B.

In Faraday’s view, A alters

the space around it. (The wavy
lines are poetic license. We
don’t know what the alteration
looks like.)

Particle B then responds to
the altered space. The altered
space is the agent that exerts
the force on B.



Electric potential: another abstract concept

It" s easy to understand the
energy stored in a spring when
it' s compressed or stretched

Harder to understand the energy
stored in the interaction of
charges

Suppose | have a bunch of
source charges interacting with a
(test) charge q

The potential energy is
|
U — qsourceq
dme, 1
Let me define a quantity called
the electric potential (V) such that
U=qV
+ Vs the potential created by the
source charges

+ U is the potential energy that a
charge g has in the potential V

Equilibrium
position of spring

[ —
FY F

The potential at
this point is V.

The source charges alter
the space around them by
creating an electric potential.

%@)ﬁﬁﬁ

Source charges

K/\/\/\ [f charge ¢ 1s in the potential,
%\//\\ the electric ])Otelltldl energy 1s

(/ tsources



Units of potential

® Unit of electric
potential is the joule
per coulomb or volt
(after Alessandro
Volta), inventor of the
electric battery

e 1V=1J/C

L Lake
¥ Como,

-

{ where O EEE alw owow oo

he hung i
out BT




