—

Arrows above represent uniform electric field acting on a dipole.
If we release the dipole, it ...
1. does not move 2. moves to the right

3. moves to the left 4. rotates clockwise
5. rotates counterclockwise 6. explodes
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Work of electric force: Wy = EPE; - EPE;
W ¢ = ax(V; = Vi)

We can say now that electrostatic field has_at every point:

[. Electric field E which creates a force F = qFE on a charge q
located at that point

2. Electric potential V which creates potential energy U = qV

S

r 2e,A

Ny
vy
I

Q

b= 12 B A
r



E

uipotential Surfaces and Their Relation to the Electric Field:

In the picture above:
1. v,>V,

A dipole




Hither

potentia The blue arrow represents the

region with electrostatic field mn 1t.
The electric potential increases in

1 the direction of the arrow.
ower
potentjal _ _
A negative test charge 1s released

|
| I
| | from the point B.
H l In what direction the charge will
A B c be moving?
1. Toward C
2. Toward A

3. Big blue arrow confuses me

A hin @ and E1s directed to lower potential.

-

Draw E and remember that Q <0.



Higher

potential The blue arrow represents the
region with electrostatic field in 1t.
The electric potential increases n

Lower - the direction of the arrow.
| potential
|
| | | A negative test charge 1s released
! l l from the point B.

A B C In what direction the charge will be

moving?
B. Toward A

E1s directed to lower potential, hence toward C.

o -

F=0F butQ<0,hence force is directed opposite to the field.



A charge Q was moved
from the point A to the
point B twice:

1. at first time 1t was
moving along the path
shown by a black
curved line.

2. then 1t was moving
along the green line.

When the electric field of a dipole did the greater work on the charge?

1. At first time (along the black trajectory)

2. At the second time (along the green trajectory)
3. The same work was done in both cases

4. Not enough information



| A charge Q was moved from the
L , /' point A to the point B twice:

1. at first time 1t was moving
along the path shown by a black
curved line.

2. then 1t was moving along the
green line.

When the electric field of a dipole did the greater work on the charge?

C. The same work was done in both cases

We = q(Vi = Vi) = q(Va — Vp). In both cases we deal to the
same charge, initial potential and final potential.

It does not matter how the charge was moving;
1ts mn1tial and final locations onlv are important!!!



A ball on a string - find the charge

> >
F = g E
N

In this equation q represents ...
1. the magnitude of the charge
2. the actual value of the charge
3. could represent both
4. does not represent neither




A ball on a string - find the charge

What's the sign of the charge?

1. positive
2. negative




A ball on a string - find the charge

What's the sign of the charge?

2. negative .

Find the magnitude of the charge

I 45 =Mg <— |n this equation q represents ...
1. the magnitude of the charge
2. the actual value of the charge
3. could represent both
4. does not represent neither




The tiny ball at the end of the thread shown in the picture has a mass
0f 0.30 g and is in a horizontal electric field of strength 700 N/C. It is

in equilibrium in the position shown. What are the magnitude and
sign of the charge on the ball?

E =700 N/C

The charge is 1. positive 2.negative




The electric field 1n the region shown 1n Figure 1s produced by a
single point charge, but the location of that point charge 1s unknown.
At the pomt (x =1, y = 1), we know that the electric field 1s directed
to the rnight.

[f this 1s all we knew about the field, what
could we say about the location and sign of the
point charge?

1.9>0
2.9<0
3. ambiguous
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/
The electric field in the region shown in Figure 1s produced by a
single point charge, but the location of that point charge 1s unknown.
At the point (x =1, y = 1), we know that the electric field 1s directed
to the right.

E=k

We also know that, at the point (x = 3, y
y = 3), the electric field 1s directed down. 4 1
With this information, what L
can we say about the location and sign of T E

the point charge? 1.X=1,Y=1 24 ’
2.X=2,Y=2
y I -
. &

1.9>0
2.q<0
Shambigesus

©0ONOOROG
X X X X X X X
LT T O T IO T [ O |
WN =N =W
< <X <<<<<
LT T O T IO T T O |
N = W= WN W



A single poimt charge 1s located at an unknown point on the x-axis.
There are no other charged objects nearby. You measure the electric
field at the origm to be 600 N/C n the positive x-direction, while the
electric field on the x-axis at x = +4.0 m 1s 5400 N/C 1n the negative x-
direction. What 1s the sign and magnitude of the point charge, and

.. G
where is it located? 4:1\} — X
X

O 4
E = A\q E represents 1. actua‘ value 2.the magnltude

=¥ 14l.
T E‘-Kx_l-g,p E= \&"‘l);«.
1. the charge is positive 2. the charge is negatlvé

1.X>0 2. X<0



2D

; Electric fields from
different sources
add as vectors.

Remember (!) Electric field is just a net force
acting on a +1 C charge placed at the location of
your interest!




Where is the net field equal to zero?
“ +3Q & —Q

The field is zero at a pointin:

4 ¥
1. Region D N MD
2. Region Il }

3. Region Il

4. two of the_above
5. all of the above




Two charges in a line

- 3 i
@ SR

Ql='9Q Q2=+Q IEI|=|EZ|

| k ,Q‘, I=IkQ—3I
(3r) re
The electric field from ball 1 and the electric field from ball 2
cancel out at the location where ball 3 was.

What is!the value of net E field at the location of the red charge?
1.0

2. between 0 and kQ/r?
3. between - kQ/r2and 0
4. none of the above



For the situation pictured:

A similar problem X
_______——'—— _——_—‘__———__
+ —Q ENet= 0
G, — >
L. \./
“——_______‘_'_‘_'___,_,_,—'—F ""-—__\_\_‘_'_‘_,_,.,-f-ﬂ""
4cm X-4cm

The distahlce between the charges 1s 4 cm.

The point at which the net electric field 1s 0 1s located at the unknown
distance x from the red charge.

In this case the distance from the blue charge to the pomt 1s x — 4 cm.

Notice: we do not know the values of the charges; we know the sign
and the relative values only, but this 1s enough to solve the problem!



D > 3 1
| E1 =l E> | X (x—4)
First, let’s flip the equation over:
3kQ kQ ¥ (x—4y
32 (x—4cmy 31

Now, let’s take a square root of it:

\F (x— 4)

From the definition: —| x| hence,
X
x| |x —4|
+3Q -Q E_=0 N
y ™ Net - 1
® AN V3 .
4cm X-4cm X, Zf x>0

From the definition: /= {_x, if x<0

In our case X 1s the positive distance X >0 and x >4 (x—4>0),

so|x|=x, and |x—4|=x-4, hence we have
x x—4
31 or 0577x=x—-4 and x=946cm




The Electric Fields from Separate Charges May Cancel

q,=*+16uC and q,=+4.0uC are separated by 3.0m.
Where Is the net electric field zero?

Not at any point off
the line between the

charges...
-
Pid ~
-
Phd N
t' S
- ~
- .~
" \\
" .
’4 \‘
~
N
I" b
~
’—’ ~
' ﬂ' \\
L -~ N\ ¥~
.- LY
- s i
- .~
’t’ \\
f‘ ~
E E
'1 l
-




P
+ ——— +—
E, | E
d
« 3.0m >
E =K,

i6x10¢) . (40x10°C)

d’ (3.0m—d)’

4.03.0m-d) =d’

d=+2.0m



Three charges are placed on three corners
of a square, as shown in the picture. Each

side of the square is 30.0 cm. Compute E at
the fourth corner. What would be the force
ona-6.00 uC charge placed at the ‘yacant A

corner? E, = K-t _
Al“'1 (+~®3) e
¢
The 2 == ZK—gﬁ- .‘- 5.00uC
direction of n3)*
E-filed is 7 3
The : 4
direction of F 5

is 0.itis 0



/

(

\

q,="q

Find net E field at the location of the
red charge.

E:k—u




Potential energy of a charge in a field of another charge

Q q

o - o \w f~}~w9
W: V;‘Vg‘,

| il
The old kno’wledge; the magnitude of the force:| -
(always positive!)

The new knowledge;  the potential energy for two charges:

EPE=U=k$

.=[_--
We can think of 1t as: A)|the potential energy of the charge
q 1n the field of the charge Q;  |B) the potential energy of the
charge Q in the field of the charge q;  |C) the potential energy
of interaction between the charges O and q.




Two charges: Absolute or Actual?

ka0

In the expression r

1. U is the absolute value of the potential energy, g and Q
are actual values of the charges

2. U is the absolute value of the potential energy, q and Q
are absolute values of the charges

3. Uis the actual value of the potential energy, q and Q are
actual values of the charges

4. U is the actual value of the potential energy, g and Q are
absolute values of the charges

Q
o

P




Problem

Q q
® @

r

Find the potential energy of the system consisting of a 2 uC
charge and a —4 nC charge, separated by the distance of 10 cm.

. U=
By the definition, for the system of two charges: 9,
Using the SI system of units:  Q =2*10°C, q=-4*10°C
r=0.1m

Calculation gives

6. A. -6
U =8.99-10° 2-10 (() 14 10 )=—71.92-10_2 =-0.72J

——




A charge of 0.20 uCis 30 cm from another point charge. It is known
that 0.027 ] of work is required to bring the second charge 18 cm

closer to the 0.20 uC charge. Find the value of the second charge.
"

1.1 puC 2.2uC 3.3uC 4.4 uC 5.50UC 6.6 uC

,\%% ¢ 4.=7
U=kjg' V"; K—“/‘m o\ —
L 4 (. rl-c.o_g "
Wconservative( field) = PE initial PE final ql

Qe

o2 #4= V,~ Vs "= oh..



Problem

® O

o

o Four charges are placed at the corners of a
square.

Q=2%10°C, q=-4*%10°C r=0.1m
Find the electrostatic potential energy of the
f system.

Each pair of charges o1ves an input.

Let’s numerate the charges.

’ Now, let’s show all the different pairs of charges.
How may different pairs of charges do you have?
A) 3 B) 4 C) 5

D) 6 E) 7




\ /
r /

square.

N7

\/'\ - O n"'\{ : i;' '5_' "
Vit k]

& Up=

To find U,; we need to know the distance a: a=vr*+r* =rv2=0.14m T w=

4
— T /
— \__ /

system:
Utotal

L 072 J= Uy = Uy =

(=4-107°)?

q9q9 _ 100 _
Uy = L =899102 1028
U - v 22 699100 210 ) 2575
24 = a
That gives: U =—1.595J

Problem

| Q=2*10"C,

\ Four charges are placed at the corners of a
q=-4*10°C r=0.Im
) /'" The electrostatic potential energy of the

Up tUps + Uy + Uy FUp + U34

- e S fe— T

U34

\X'+= V{"V4

N 4

=(/.4- q

If you are to assemble
this system by bring the
charges from infinity
one by one, what work
would you do?

1) 1.595 J
2)0J 3)-((595 4




€ > <€ >
o O O
-4q +q -4q

In order to find the electric potential energy of the configuration
we must consider the interacting pairs in the system. In this
case, there are three ways to pair up the objects. We use the
equation for the potential energy for the interaction between twi
charges (U = (kqQ)/r) to find the potential energy for each pair,
and then we add these together to find the total potential

energy.

1.U<O0 2.U=0 3.U>0



L L
< > <« >
O O O
-4q +q -4q
*k * *
4979 74979 749749

-4kg”2/L -4kg”2/L +16Kq"2/2L=0

2L

In order to find the electric potential energy of the configuration
we must consider the interacting pairs in the system. In this
case, there are three ways to pair up the objects. We use the
equation for the potential energy for the interaction between twi
charges (U = (kqQ)/r) to find the potential energy for each pair,
and then we add these together to find the total potential
energy.

—4qg*q . k—4(1*}/ N k—4q*—4q B
L L 2L

k 0-




L

A < > <
O O

-4q +q

_4q* _4q*
- k q"q +k q7q

L L
Before!
\ 4

< >

The energy for the shown configuration of

charges is ...

1. zero
2. some positive number

3. some negative number




Four charges again

Q q
¢ ¢
Z Potential energy of charge ¢ in the field
created by the three other charges
f r IS EQUAL TO
q Potential energy of the system comprised
Q p ; of four charges.
PRS Is this statement correct?
1. Yes!
2. No!

3. Maybe, depending on the charges



Important!

The potential energy The potential energy of
of this charge all these charges
in the field of these charges r 8 z |

e '

r

s act on one!
Thieetharges contribute 1nto

the potential energy of the :
fourth charge. of the system.

\rges mteract!
of charges contribute




Escape speed

Find the minimum speed an electron, which starts some distance 1 from a
proton, must have to escape from the proton.
Assume the proton remains at rest the whole time.

before after

pe® .
o0
1. 1st
2. 2nd
3. 3d

Let’s start with the conservation of energy equation4 4th

5. 5th
\Ui +K; + :gc _g +% 6. there are two terms
Which terms can we cross ediately? 7. there are three

terms



Escape speed
U+K+W _ =U +K

Which terms can we cross out immediately?

Assume no resistive forces, so W, =0

Assume the electron barely makes it
to infinity, so both U;and K are zero.

This leaves: U, + Ki=0

2ke?
mr

ke* 1,
or _T+ imvescape =0

__—

Vescape =

and

For: m=9.1¥10""kg, e=1.6*10"C, r=0.05%10" m

We have: Vescape ~é x 10 m/s




Two small 1dentical balls with the mass of 10 gram and the
charge of 10 uC are tied up by a string with the length of 10 cm.

[f we cut the string and let the charges moving away what will
be the speed of each charge when the distance between them 1s
infinitely large?

before
| q
® ®
m r m
after
H H
vV Vv

oo

visabout 1.3 m/s 2.30 m/s 3.300m/s 4.3000 m/s



2
4 ; )
Ep‘i =k r Ek-f =xmv” + 2my
\/ = —
2
4 2 2 4
F— = Ymv" + Ymy = k=

kiz p— J
mr

before

9 q
m. r m
after
i =Bt By Eioa1 = const
Etotal-initial = Etotal—ﬁnal =>

\ EvitEpi= Exs+E ¢ =

8.99-10°(10-10°°)’

0.01-0.1

’




Two small identical balls with the mass of 10 eram and the
charge of 10 uC are shot towards each other with the speed

30 m/s (each). If initially they are very far away from each other,
find the minimum distance between the balls.
A
L2V} 2wy

® ® Q—O
— .y
\V/



A charge of +2.0 uC is placed at the origin. Suppose that a proton is

released at r = 10 cm from the +2.0 uC charge. How fast will it be
moving as it passes a pointatr =50 cm?

1.5.0 Mm/s 2.5.1 Mm/s 3.5.2Mm/s
4,5.3Mm/s 5.5.4 Mm/s 6.5.5 Mm/s



An electron gun shoots electrons at a metal plate that is 4.0 mm
away in vacuum. The electric field in the region between the plate

and the gun is 1.25 kV/m. What is the minimum speed electrons
should have in order to reach the plate?

1.0.13x10°m/s 2.1.3x10m/s 2.13x106m/s



Electric potential of a charge

[t can be proved that

The electric potential V of a charge
at the distance 1 from the charge

(this works for one point-like charge ONLY!)
PRS

V2

In order to use this expression the zero level is to be chosen:

1. at the location of the charge
2. atinfinity

— \C



The Potential of a Point Charge; an Example

Using a zero reference potential at infinity, determine the amount by
which a point charge of 4.0x10® C alters the electric potential at a
spot 1.2m away when the charge is (a) positive and (b) negative.

(a)

+300 V

kq

v=0
atr=o0

V

+40><10 C

(8. 99><109N -m*/C?)(+4.0x10°°C)

12m & ‘“12"‘4
]

— 4300 V —40x10 C

1.2
at r=oco
(b) -300V
(h)

V =-300




The Total Electric Potential

Electric potential at a given point
crated by a system of charges
is equal to the algebraic sum of individual potentials
created by each individual charge at the point.

Q, VA=V1+V2+V3

VA:kchQ2 +kQ3

" " 1

There are NO vectors!

There are NO magnitudes!



Example

At locations A and B, find the total electric potential.

+8.O><10"9CV -=8.0x102C
, \?.MB = ~

0.20m 0.20 m 0.40m

, ~(8:99x10°N-m?*/C?)(£8.0x10°C) (8.99x10° N-m?/C*)(8.0x10°C)
N O.20m/-—+- ~__ %m

Y

- (8.99x10° N-m?/C?)(+8.0x10°C) X (8.99x10° N-m*/C*)(-8.0x107°C) 0w
0.40 m 0.40 m ~




A point charge of -2.0 uC is placed on the y-axis at

y =-100 cm. A second, of 3.0 uC, is placed on the y-axis at

y = 200 cm. If a test charged is moving from a point A to a point B
(see below) what is the potential difference the charges is falling

through? Points A and B are on the y-axis: point-A at y = 0.1 m and
point-B aty = 0.9 m.

1.-17kV 2.-85KkV 3.0V_4.85KkV _ 5.17kV




Practice Exercise

Three charges

What 1s the potential at the point A?

.(// -
/ \




Three charges

¢;=-¢  What 1s the potential at the point A?

V:V1+V2+\ﬁ

9,=%4q 43=74q h="% 13="%r

G YL S B Y B S NS IR |

rrrr2r3r\/§ \/gr

1 2 3 1 F



q 5

Three charges

What 1s the potential at the location of a
red charge?

®q - 1. Some positive number
N\ 2.0
N\
3. Some negative number
r/ O
./’ \“"\
r
T
Y 43~ 7Y



Four charges again

® O

q
0

If Q=2 pC and q=-4 pC andr=10 cm.

r ¢« | What 1s the value of the electrostatic field potential
three other charges make at the location of the charge
q

q?
.\/L

Potential V Is about
1.10V 2.100V 3.1000 V 4. 10000V

5.100000 V 6. 1000000 V 7.10000000 V



Four charges again

Q q
o 0
' If Q=2 uC and q=-4pC andr=10cm.
r ¢ | What 1s the value of the electrostatic field potential
three other charges make at the location of the charge
q ‘Q q9
o

We need to numerate the charges and mtroduce the distances.
Now we can write the expression for the total potential at the location of

the charge # 3.
q Q
12 92 V3=V13+V23+V43 V13:V43:I‘T
r /./
/
(I S a2
ya B and  a=vNr’+ri=r2
q ( :
T ¢, Together that gives us:
.107° —410°
V3:k3+kg+kq—:8.99-1092 10 02+899.10° 410 ~105310% v

’ o oa 0.1 0.1-42



Four charges again

Q q
¢ 0
' If Q=2uC and q=-4pC andr=10 cm.
r ¢« What 1s the value of the electrostatic field potential
three other charges make at the location of the charge
q @
" 0

We just found it; itis V=105310%V

What 1s the potential energy of the charge q in the field created by the
three other charges?

This potential energy is ...
1. positive

2. hegative



Four charges again

Q q
o 0
' If Q=2uC and q=-4pC andr=10cm.
r « What 1s the value of the electrostatic field potential
three other charges make at the location of the charge
i g

We just found 1t; 1t1s V =10.53 10V

What 1s the potential energy of the charge q i the field created by the
three other charges?

EPE=q:V =

EPE =-4.10%:10.53 10% =- 0.4212 J



Four charges again

® O
®

I[f Q=2uC and q=-4puC andr=10cm.

r «  What 1s the value of the electrostatic field potential
three other charges make at the location of the charge
r

. §
N 6 4
EPE =-4:107+105310" =-0.4212 J

D

How much work do we have to do to bring
this charge to infinity?
1.-0.4212) 2.0J 3.0.4212)



Worksheet: where is the potential zero?
'l' Region I| Region II | Region III
. 4cm .
‘ Y
<&/
+3Q -Q

Two charges, +30 and —Q, are separated by 4 cm.

Where 1s a point along the line passing through them (and a finite distance fr
the charges) where the net electric potential is zero?

1. Region I only

2. Region II only

3. Region III only
4. RegionIandII
5. Region II and III



Worksheet: where is the potential zero?

RegionI| RegionII | Region III

Two charges, +30 and —(Q, are separated by 4 cm. Atsome point V= 0.

k22 ol = ©

V =0=Vio+ Vo= h ) h ) =
bt N —
39 420




Worksheet: where is the potential zero?

Region I| Region II | Region III
. 4em
| ‘ | | | /J.\ ||
o B
+3Q -Q

Two charges, +30 and —Q, are separated by 4 cm.

Where 1s a point along the line passing through them (and a finite distance from
the charges) where the net electric potential 1s zero?

30 -0 30 0
Remember: V =V;0+Vo=", r

1 ’2

3?’2 =1

1 2

Tomake V=0 the right point should be three times closer to the charge
—Q than to the charge 3Q!

How many points like that are there on the line?

1.1 2.2
3.3 4.4



Worksheet: where is the potential zero?

RegionI| Region Il | Region III Region I| Region I | Region III

4 ¢cm

1 dem |
I I - | |
30 & 0 I +30 I N
=2 l’lr‘:' ‘:= (thy ;I‘lf JC‘R
heot YN

We have TWO points where /3, =7, (see the pictures).

Hence we have to write WO equations from one equation 37, = r

aT——

For the point A: For the point B:
3(4-X) =X 3(y=4)=y
12-3x=Xx Jy—12=y
X=3cm y=6cm

€C e



Worksheet: where is the potential zero?

Region I| RegionII | Region III

4 cm

(+)
S@-

+3Q -

Are there other locations which are NOT on the line
connecting the charges, but where the net potential is

zero?

~ Yes
2. No
This questions 1s too hard

Hint: think of the condition 3r, =r



Worksheet: where is the potential zero?

RegionI| RegionII_ | Region III

Are there are places that are not on the straight line
joining the charges, a finite distance away,
where the potential 1s zero?

A. Yes

As long as the condition 37, = r; 1s fulfilled, the net potential at that
point 1s 0!

There 1s an infinite number of points where V = (!

There is a whole equipotential /ine with V=0 (as wellas V>0 and V < 0)



Which statement is true?

1. field lines are parallel to equipotentials and directed from a
higher potential to a lower potential

2. field lines are parallel to equipotentials and directed from a
lower potential to a higher potential

3. field lines are perpendicular to equipotentials and directed
from a higher potential to a lower potential

4. field lines are perpendicular to equipotentials and directed
from a lower potential to a higher potential



Electric potential of a charge

v-rZ
s
Q>0 Q<0
Q=107/8.99 V=1 Q=-107/8.99 V=-1h

r (m) V (V) r (m) V)

1 1 1 -1

2 0.5 2 0.5

3 0.33 3 -0.33

Vv %

The equipotentials
are circles!

The equipotentials
are circles!




Electric potential of a charge

Three-dimensional representation (Equipotential surfaces)

Electric potential from a point charge :
TR

r

igher patential

cquipctential
surfanes ™

a>0

, e Electric field

Notice: Electric field (red arrows) 1s ALWAYS:

1) perpendicular to equipotentials!
2) directed from a higher potential to a lower potential!



Three-dimensional representation (Equipotential surfaces)

Electric potential from a point charge :

o
r

Lower potential
<

Equipotential

surfaces ™4 Higher patential

d<0

. Electric field
‘// line

Notice: Electric field (red arrows) is ALWAYS:
1) perpendicular to equipotentials!

2) directed from a higher potential to a lower potential!



A charge Q was moved
from the point A to the
point B twice:

1. at first time 1t was
moving along the path
shown by a black
curved line.

2. then 1t was moving
along the green lie.

The work done by the filed on the charge 1n both cases was:

i)

some positive number
some negative number

Zero
not enough information



A charge Q was moved from
the pomt A to the point B
twice:

1. at first time 1t was moving
= along the path shown by a
black curved line.

' X ’ N 2 then it was moving along
the green line.

The work done by the filed on the charge in both cases was:

C. zero

We = q(Va—-Vp)

Points A and B belong to the same equipotential line,
hence V,=Vy and V,-Vz=0!



