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Often we encounter distributions of charge - not single charges

Examples:

Charges on wires in circuits

Charges in electronic components

Charges in the ionosphere and solar wind

Charges separated by membranes in cells

Charges in ionic solutions



Line Charge:

A very long row of charges
placed close together.



What kind of things in life are similar to line charges? Electric wires?

Yes
 // How are line charges relevant to biological systems? //

Good question,

Sheets of charge describe distributions near membranes
or on conductors in solutions

 I don't understand the math done for the section on "How does it
depend on stuff?" and am confused as to what it means;

What kind of things in life are similar to line charges? Electric wires?

Yes
 // How are line charges relevant to biological systems? //

Good question,

Sheets of charge describe distributions near membranes
or on conductors in solutions

 I don't understand the math done for the section on "How does it
depend on stuff?" and am confused as to what it means;



Electric field due to a line charge

Line chargeLine charge

Suppose you are a distance D from a row of charges of length L.
Suppose there are ! coulombs of charge (each of charge q) per meter.

In terms of L, D, q, and !, when can we consider this an infinite line
charge?

LL

Whiteboard,
TA & LA

E =
2kc!
D
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!
E(rr) = Kqj

rj
2

qj
! r̂j

#2   q2

#1   q1

#3   q3

E = 2!K"

Whiteboard,
TA & LA

Suppose radius = aSuppose radius = a

Draw a graph-sketch
of how E depends on
d.

Draw a graph-sketch
of how E depends on
d.



E = 2!K" 1# d
d 2 + a2

$
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E =
KQ
d 2

Q = !a2"

Field above a disc of Charge: this is a doable problemField above a disc of Charge: this is a doable problem
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Coulomb’s law
for a charge Q
Coulomb’s law
for a charge Q



When would we model the field as a sheet instead of a line? //
How do you know if it is a sheet charge or line charge?
When would we model the field as a sheet instead of a line? //
How do you know if it is a sheet charge or line charge?
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@0#'2$@0#'2$

The fields of the 
two plates cancel
each other on 
the outside.

The fields of the 
two plates cancel
each other on 
the outside.

The fields of the 
two plates add
on the inside, 
producing double 
the field of a
single plate.
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! The figure
shows a
capacitor just
after it has
been
connected to
a battery.

! Current will
flow in this
manner for a
nanosecond
or so until the
capacitor is
fully charged.

CapacitorsCapacitors



! The figure
shows a
fully
charged
capacitor.

! Now the
system is in
electrostatic
equilibrium.

! Capacitance always refers to the charge
per voltage on a fully charged capacitor.

Capacitance and Capacitors



! The ratio of the charge Q to the potential
difference "VC is called the capacitance C:

! Capacitance is a purely geometric property
of two electrodes because it depends only on
their surface area and spacing.

! The SI unit of capacitance is the farad:

! The charge on the capacitor plates is
directly proportional to the potential
difference between the plates:

Capacitance and Capacitors
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Capacitors are
important elements
in electric circuits.
They come in a
variety of sizes and
shapes.

The keys on most computer
keyboards are capacitor
switches. Pressing the key
pushes two capacitor plates
closer together, increasing
their capacitance.
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!V = E!x = Ed

E = 4" kC# = 4" kC
Q
A

$ Q =
A
4" kC
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)*
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VCQ !=

4!kc is often
written as “1/_0”
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! Consequently, the capacitance
depends only on the geometry of the
electrodes.

! The figure shows
two arbitrary
electrodes charged
to ±Q.

! Since

It might appear that the
capacitance
depends on the
amount of charge,
but the potential
difference is
proportional to Q.

0ACd!=
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! The total energy
transferred from the
battery to the capacitor
is:

! The figure shows a
capacitor being
charged.

! As a small charge dq is
lifted to a higher
potential, the potential
energy of the capacitor
increases by:



! Capacitors are important elements in
electric circuits because of their ability
to store energy.

! The charge on the two plates is ±q and
this charge separation establishes a
potential difference "V = q/C between
the two electrodes.

! In terms of the capacitor’s potential
difference, the potential energy stored
in a capacitor is:

The Energy Stored in a
Capacitor



! A capacitor can be
charged slowly but
then can release the
energy very quickly.

! An important medical
application of
capacitors is the
defibrillator.

! A heart attack or a serious injury can cause the
heart to enter a state known as fibrillation in
which the heart muscles twitch randomly and
cannot pump blood.

! A strong electric shock through the chest
completely stops the heart, giving the cells that
control the heart’s rhythm a chance to restore
the proper heartbeat.

The Energy Stored in a Capacitor
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_V = V0 volts

Low endHigh end
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Cap #1 is charged by connecting it to a battery.Cap #1 is charged by connecting it to a battery.
Cap #2 is not charged but otherwise is the sameCap #2 is not charged but otherwise is the same
as C#1.as C#1.
C#1 is disconnected from the batteryC#1 is disconnected from the battery
and connected to C#2.and connected to C#2.
How does the magnitude of the E fieldHow does the magnitude of the E field
in C#1 change?in C#1 change?

A.A. SameSame
B.B. Bigger by ~X2Bigger by ~X2
C.C. Bigger but not by ~X2Bigger but not by ~X2
D.D. Smaller by ~X2Smaller by ~X2
E.E. Smaller but not by ~X2Smaller but not by ~X2
F.F. CanCan’’t tellt tell
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#(*7'$$")/*$-0*4()3'4$(%*")#(*7'$$")/*$-0*4()3'4$(%*")

%03'40#*$-0*%03'40#*$-0*ΔΔ""*+(%*.*/";0)*+(%*.*/";0)

4-.%/0<4-.%/0<

  

C = 1
4!kC

A
d '

V

–
–
–
–
–
–
–

+
+
+
+
+
+
+

0

E
–
–
–
–
–
–
–

+
+
+
+
+
+
+
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,()#"30%*8-.$*-.770)#,()#"30%*8-.$*-.770)#

8"$-*.)*")#'2.$(%8"$-*.)*")#'2.$(%

!! A0*N)(8*$-.$A0*N)(8*$-.$

4-.%/0#*#07.%.$04-.%/0#*#07.%.$0

0;0)*8"$-*.)*")#'2.$(%<0;0)*8"$-*.)*")#'2.$(%<

!! 5-"#*%03'40#*$-0*+"0235-"#*%03'40#*$-0*+"023

")#"30*$-0*:.$0%".26")#"30*$-0*:.$0%".26

\'#$*)($*$(*V<\'#$*)($*$(*V<

!! 5-0*+"023*%03'4$"()*+.4$(%*"#5-0*+"023*%03'4$"()*+.4$(%*"#

30+")03*$(*&0*30+")03*$(*&0*κκ<<

–
–
–
–
–
–
–

+
+
+
+
+
+
+

0

E
–

–

–

–

+

+

+

+

 there werematerial no ifmaterial inside

1
EE

!
=
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,-.%/03*(&\04$#*")*,()3'4$")/*I(2"3#,-.%/03*(&\04$#*")*,()3'4$")/*I(2"3#

!! A-.$*-.770)#*"+*72.40*.*4-.%/03*(&\04$*")$(*.A-.$*-.770)#*"+*72.40*.*4-.%/03*(&\04$*")$(*.

)0'$%.2*4()3'4$(%>)0'$%.2*4()3'4$(%>

XX Z(#"$";0*"()#*.%0*+"R03*")*$-0*#(2"3Z(#"$";0*"()#*.%0*+"R03*")*$-0*#(2"3

XX I(:0*)0/.$";0*4-.%/0#*]#-.%03*0204$%()#^*.%0*+%00*$(I(:0*)0/.$";0*4-.%/0#*]#-.%03*0204$%()#^*.%0*+%00*$(

:(;0:(;0
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,-.%/03*(&\04$#*")*,()3'4$")/*12'"3#,-.%/03*(&\04$#*")*,()3'4$")/*12'"3#

!! A-.$*-.770)#*"+*72.40*.*4-.%/03*(&\04$*")$(*.A-.$*-.770)#*"+*72.40*.*4-.%/03*(&\04$*")$(*.

)0'$%.2*+2'"3>)0'$%.2*+2'"3>

XX _77(#"$0*4-.%/03*"()#*.%0*.$$%.4$03*$(*(&\04$_77(#"$0*4-.%/03*"()#*.%0*.$$%.4$03*$(*(&\04$

XX `"N0*4-.%/03*"()#*.%0*%0702203`"N0*4-.%/03*"()#*.%0*%0702203

XX 5-0%:.2*0)0%/9*N007#*"()#*:(;")/5-0%:.2*0)0%/9*N007#*"()#*:(;")/

+
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Electrical Current

Fluid Flow Analogy (model)

Conductors   

Ohms’s Law   V = IR

Electrical Current

Fluid Flow Analogy (model)

Conductors   

Ohms’s Law   V = IR
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When charge flows, we say there is an electrical current.When charge flows, we say there is an electrical current.

wirewire

Charge
enters here
Charge
enters here

Charge
leaves here
Charge
leaves here

Current    ICurrent    I

Just like fluid flow in a pipeJust like fluid flow in a pipe

pipepipe

Fluid enters
here
Fluid enters
here

Fluid
leaves here
Fluid
leaves here



Your questions about models

Water Flow
In the water-flow model how is pressure analogous to voltage? //
Could you further explain the water model? //
We’ll get to that.  It’s a good model for understanding circuits.

Air Flow
Same as water flow model //

Rope Model
Never heard of it.  Perhaps it emphasizes that a path for current to
complete a circuit must be present.

Your questions about models

Water Flow
In the water-flow model how is pressure analogous to voltage? //
Could you further explain the water model? //
We’ll get to that.  It’s a good model for understanding circuits.

Air Flow
Same as water flow model //

Rope Model
Never heard of it.  Perhaps it emphasizes that a path for current to
complete a circuit must be present.
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wirewire

Charge

"Q enters
here during

time "t

Charge

"Q enters
here during

time "t

"Q leaves
here during

time "t

"Q leaves
here during

time "t

Current    ICurrent    I

I = "Q/"tI = "Q/"t

Generally not
the same
charge, but the
same amount
of charge

Generally not
the same
charge, but the
same amount
of charge
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Materials that readily allow current to flow when an electric field is
applied are called conductors. (Others called insulators)

Examples:
Metals
Ionic solutions

People (under their skin)
Sea water (salt)

Doped semiconductors  (Basis for solid state electronics)
Plasmas (most of the universe, e.g. sun, starts space between,

ionosphere)

Materials that readily allow current to flow when an electric field is
applied are called conductors. (Others called insulators)

Examples:
Metals
Ionic solutions

People (under their skin)
Sea water (salt)

Doped semiconductors  (Basis for solid state electronics)
Plasmas (most of the universe, e.g. sun, starts space between,

ionosphere)
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Metals are crystals.  Lattice of positive ionsMetals are crystals.  Lattice of positive ions

Some electrons
are bound to
particular ions, the
rest are free to
roam.  In a perfect
lattice they would
be have as free.

Some electrons
are bound to
particular ions, the
rest are free to
roam.  In a perfect
lattice they would
be have as free.





Current carrying wire

Inside the wire there are stationary
charges and moving charges.

Metallic conductor
Moving - free electrons
Stationary - positive ions and bound
electrons

In any length of wire the number of positive and negative
charges is essentially the same (unless the wire is charged).

The wire can carry a current because the free electrons move.



,'%%0)$6*)':&0%*30)#"$9*.)3*;02(4"$9

Consider a segment of length l,
cross sectional area A

A

The segment has N free electrons

Number density, n,  of free
electrons is a property of the
material.
For copper   n!1.1!10

29 m"3

 N = n lA( )
volume

Suppose the free electrons have speed v.  How long will it take all
the electrons to leave the segment?

 !t = l / v
Whiteboard, TA &

LA



,'%%0)$

During a time interval "t = l/v, a net charge Q = -eN flows through
any cross section of the wire.

The wire is thus carrying I

 
I =

Q
!t

="Aenv

The current is flowing in a
direction opposite to that
of v.

A

 

I =!Aenv= Aj
j =!env

j - current densityj - current density
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A. Close to the speed of light
B. Supersonic
C. About as fast as a Prius
D.  Glacial

A

 

I =!Aenv

Number density, n,  of free
electrons is a property of the
material.
For copper   n!1.1!10

29 m"3 Whiteboard, TA &
LA
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A. Close to the speed of light
B. Supersonic
C. About as fast as a Prius
D.  Glacial

A

For a 1mm radius copper wire carrying 1 A of current

 
v =

I
Aen

=1.8!10"5m / s
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Free electrons feel a friction
with the lattice that gives rise
to “resistivity”

Materials have impurities.

Lattices have dislocations

Can you think of any thing
else?  Hint: its effect depends
on temperature.

Free electrons feel a friction
with the lattice that gives rise
to “resistivity”

Materials have impurities.

Lattices have dislocations

Can you think of any thing
else?  Hint: its effect depends
on temperature.

Whiteboard, TA &
LA
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I =!Aenv= Aj
j =!env

Recall relation between current and velocity of charges in a wireRecall relation between current and velocity of charges in a wire

But what determines v ?  Answer:Newton’s laws

Force on an electron:

But what determines v ?  Answer:Newton’s laws

Force on an electron:

  Fe =!eE!mv / !
Friction is to a good
approximation
proportional to
velocity.  # is the time
between collisions

Friction is to a good
approximation
proportional to
velocity.  # is the time
between collisionselectrons acquire a velocityelectrons acquire a velocity

  v=!µE =!(e! / m)E
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 I =!Aenv= Aj

mobilitymobility

  j = eµnE = E / !

Resistivity: a property of the
material
Resistivity: a property of the
material

ll

 l E =V Electric potentialElectric potential

When the dust settlesWhen the dust settles

 I =V / R

  R= l! / A

  v=!µE =!(e! / m)E
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Charge
enters here
Charge
enters here

Charge
leaves here
Charge
leaves here

Current    ICurrent    I

pipepipeFluid enters
here
Fluid enters
here

Fluid
leaves here
Fluid
leaves here

The volumetric flow rate of the fluid, I = v*A, will be governed by
the Hagen-Poiseuille (H-P) equation:
The volumetric flow rate of the fluid, I = v*A, will be governed by
the Hagen-Poiseuille (H-P) equation:

wirewire

!P "
lµvisc

A2
I

  
V = RI =

l!
A
I

Whiteboard, TA &
LAHow are they the same? different? Why?How are they the same? different? Why?
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When charge flows, we say there is an electrical current.When charge flows, we say there is an electrical current.

wirewire

Charge
enters here
Charge
enters here

Charge
leaves here
Charge
leaves here

Current    ICurrent    I

Just like fluid flow in a pipeJust like fluid flow in a pipe

pipe clogged with porous materialpipe clogged with porous material

Fluid enters
here
Fluid enters
here

Fluid
leaves here
Fluid
leaves here
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!! ,'%%0)$*],'%%0)$*]##^**^** "#$%&%"#$%&%*a*,('2(:&K#04*a*,('2(:&K#04

!! b(2$./0*]b(2$./0*]""^̂ '()*'()**a*W('20K,('2(:&*a*W('20K,('2(:&

!! HO1"023*]HO1"023*]$$^̂ Y08$()K,('2(:&*a*b(2$K:0$0%Y08$()K,('2(:&*a*b(2$K:0$0%

!! @0#"#$.)40*]@0#"#$.)40*]%%^̂ +,#+,#*a*b(2$KB:70%0*a*b(2$KB:70%0

!! ,.7.4"$.)40*],.7.4"$.)40*]&&^̂ -.&./-.&./*a*b(2$K,('2(:&*a*b(2$K,('2(:&

!! Z(80%*]Z(80%*]''^̂ 0.**0.***a*W('20K#04*a*W('20K#04
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H204$%"4*4"%4'"$*020:0)$#H204$%"4*4"%4'"$*020:0)$#

!! ()**+,-+.()**+,-+.**ee30;"40#*$-.$*:.")$.")*.*4()#$.)$30;"40#*$-.$*:.")$.")*.*4()#$.)$

0204$%"4.2*7($0)$".2*3"++0%0)40*.4%(##*$-0"%0204$%"4.2*7($0)$".2*3"++0%0)40*.4%(##*$-0"%

$0%:").2#$0%:").2#

!! /-,+./-,+.**ee*4-.%/0#*+2(8*Q'"4N29*)003*;0%9*2"$$20*4-.%/0#*+2(8*Q'"4N29*)003*;0%9*2"$$20

+(%40#*$(*:(;0+(%40#*$(*:(;0

!! %+.-.*0,.%+.-.*0,.**ee*4-.%/0#*)003*.*2.%/0%*+(%40*$(*:(;0<*4-.%/0#*)003*.*2.%/0%*+(%40*$(*:(;0<

HR.:720#*.%0*@0#"#$(%#*.)3*HR.:720#*.%0*@0#"#$(%#*.)3*`"/-$&'2&#`"/-$&'2&#

!! &)1)2-*0,.3&)1)2-*0,.34343f('*N)(8*.&('$*$-0#0=f('*N)(8*.&('$*$-0#0=



! The most basic electric circuit
is a single resistor connected
to the two terminals of a
battery.

! Figure (a) shows a literal
picture of the circuit elements
and the connecting wires.

! Figure (b) is the circuit
diagram.

!  This is a complete circuit,
forming a continuous path
between the battery
terminals.

The Basic CircuitWhy do we call them circuits?Why do we call them circuits?



!! Suppose we:Suppose we:
–– Close A for a few secondsClose A for a few seconds
–– Open AOpen A
–– Close BClose B

!! What happensWhat happens
to the bulb?to the bulb?
–– 1. It stays off.1. It stays off.
–– 2. It stays on after you close A2. It stays on after you close A
–– 3. It stays on after you close B3. It stays on after you close B
–– 4. It flashes when you close A4. It flashes when you close A
–– 5. It flashes when you open A5. It flashes when you open A
–– 6. It flashes when you close B6. It flashes when you close B

A

B



B#*$-0B#*$-0*2"/-$&'2&**2"/-$&'2&*+2.#-0#*8-"4-*(+*$-0+2.#-0#*8-"4-*(+*$-0

+(22(8")/*"#*$%'0+(22(8")/*"#*$%'0

1212 3(45*56%3(45*56%*4-.%/0#*:(;0*.4%(##*$-0*4-.%/0#*:(;0*.4%(##*$-0*2"/-$&'2&*2"/-$&'2&6*$-096*$-09

:(;0*.$*%('/-29*4()#$.)$*#7003:(;0*.$*%('/-29*4()#$.)$*#7003

7272 3(45*56%3(45*56%*4-.%/0#*:(;0*.4%(##*$-0*4-.%/0#*:(;0*.4%(##*$-0*2"/-$&'2&*2"/-$&'2&6*$-096*$-09

:(;0*#2(80#$*.$*$-0:(;0*#2(80#$*.$*$-0*2"/-$&'2&*2"/-$&'2&

8282 9%:.*56%!9%:.*56%!4-.%/0#*:(;0*.4%(##*$-04-.%/0#*:(;0*.4%(##*$-0*2"/-$&'2&*2"/-$&'2&66

$-09*:(;0*.$*%('/-29*4()#$.)$*#7003$-09*:(;0*.$*%('/-29*4()#$.)$*#7003

;2;2 9%:.*56%9%:.*56%*4-.%/0#*:(;0*.4%(##*$-0*4-.%/0#*:(;0*.4%(##*$-0*2"/-$&'2&*2"/-$&'2&66

$-09*:(;0*#2(80#$*.$*$-0$-09*:(;0*#2(80#$*.$*$-0*2"/-$&'2&*2"/-$&'2&

g<g< Y()0*(+*$-0*.&(;0Y()0*(+*$-0*.&(;0
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1(($-(23*"30.#h1(($-(23*"30.#h

,'%%0)$#,'%%0)$#

!! ,-.%/0*"#*:(;")/h,-.%/0*"#*:(;")/h

?(8*:'4->?(8*:'4->

!! ?(8*3(0#*$-"#*%02.$0*$(?(8*3(0#*$-"#*%02.$0*$(

$-0*")3";"3'.2*4-.%/0#>$-0*")3";"3'.2*4-.%/0#>

!! A-.$*7'#-0#*$-0*4-.%/0#A-.$*7'#-0#*$-0*4-.%/0#

$-%('/-*%0#"#$.)40>*H204$%"4$-%('/-*%0#"#$.)40>*H204$%"4

+(%40*":72"0#*.*3%(7*")*+(%40*":72"0#*.*3%(7*")*""==

t
q

I
!
!

=

I = q n A vI = q n A v

Fe = qE

!V = "
E
L
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_-:_-:cc#*`.8#*`.8

!! ,'%%0)$*7%(7(%$"().2,'%%0)$*7%(7(%$"().2

$(*4-.)/0*")*$(*4-.)/0*")*H204$%"4.2*Z($0)$".2H204$%"4.2*Z($0)$".2

!! !(0#*@*3070)3*()*$-0*B%0.*(+!(0#*@*3070)3*()*$-0*B%0.*(+

$-0*%0#"#$(%>$-0*%0#"#$(%>

!! !(0#*@*3070)3*()*$-0*20)/$-*(+!(0#*@*3070)3*()*$-0*20)/$-*(+

$-0*%0#"#$(%>$-0*%0#"#$(%>

IRV =!

1. R Increases
2. R decreases
3. R remains the same
4. Depends on material
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!! 5-0*%0#"#$.)40*+.4$(%*")*_-:5-0*%0#"#$.)40*+.4$(%*")*_-:cc#*`.8*#07.%.$0##*`.8*#07.%.$0#

")$(*.*/0(:0$%"4.2*7.%$*]")$(*.*/0(:0$%"4.2*7.%$*]567567^**$":0#*.*7.%$^**$":0#*.*7.%$

")3070)30)$*(+*$-0*#"M0*.)3*#-.70*&'$")3070)30)$*(+*$-0*#"M0*.)3*#-.70*&'$

3070)30)$*()*$-0*:.$0%".2<3070)30)$*()*$-0*:.$0%".2<*5-"#*4(0++"4"0)$*"#*5-"#*4(0++"4"0)$*"#

4.2203*$-04.2203*$-0**,+.-.*-8-*9,+.-.*-8-*9**(+*$-0*:.$0%".2*](+*$-0*:.$0%".2*]ρρ^<^<

!! U$#*%04"7%(4.2*]U$#*%04"7%(4.2*]::^*"#*4.2203*^*"#*4.2203*20;<=2*-8-*920;<=2*-8-*9<*<*>?@+>?@+
,+2-1,02)A30B3*@+3,+.-.*);2+3-.32)AA+<3*@+320;<=2*);2+,+2-1,02)A30B3*@+3,+.-.*);2+3-.32)AA+<3*@+320;<=2*);2+
>CDED>CDED
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R = ! L

A
=

1
g

L
A
=

1
G
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!! 5-0*%0#"#$.)40*+.4$(%*")*_-:5-0*%0#"#$.)40*+.4$(%*")*_-:cc#*`.8*#07.%.$0##*`.8*#07.%.$0#

")$(*.*/0(:0$%"4.2*7.%$*]")$(*.*/0(:0$%"4.2*7.%$*]567567^**$":0#*.*7.%$^**$":0#*.*7.%$

")3070)30)$*(+*$-0*#"M0*.)3*#-.70*&'$")3070)30)$*(+*$-0*#"M0*.)3*#-.70*&'$

3070)30)$*()*$-0*:.$0%".2<3070)30)$*()*$-0*:.$0%".2<*5-"#*4(0++"4"0)$*"#*5-"#*4(0++"4"0)$*"#

4.2203*$-04.2203*$-0**,+.-.*-8-*9,+.-.*-8-*9**(+*$-0*:.$0%".2*](+*$-0*:.$0%".2*]ρρ^<^<

!! U$#*%04"7%(4.2*]U$#*%04"7%(4.2*]::^*"#*4.2203*^*"#*4.2203*20;<=2*-8-*920;<=2*-8-*9<*<*>?@+>?@+
,+2-1,02)A30B3*@+3,+.-.*);2+3-.32)AA+<3*@+320;<=2*);2+,+2-1,02)A30B3*@+3,+.-.*);2+3-.32)AA+<3*@+320;<=2*);2+
>CDED>CDED
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A
=

1
g

L
A
=

1
G


