PHYS 1444 — Section 002
Lecture #5

Monday, Sept. 9, 2019
Dr. Jaehoon Yu

¢« (Ch21
« The Electric Field & Field Lines
« Electric Fields and Conductors

»  Motion of a Charged Particle inan E
Field

 Electric Dipole and Dipole Moment

Today’s homework is homework #4, due 11pm, Monday, Sept. 16!!

N
"




Announcements

 Reading assignments
— CH21.11, CH21.12 and CH21.13
o 15t Term Exam

— In class, Wednesday, Sept. 18: DO NOT MISS THE EXAM!

— CH21.1 to what we learn on Monday, Sept. 16 + Appendices A1 — A8

— You can bring your calculator but it must not have any relevant formula
pre-input

— BYOF: You may bring a one 8.5x11.5 sheet (front and back) of
nandwritten formulae and values of constants for the exam

— No derivations, word definitions, or solutions of any problems !
— No additional formulae or values of constants will be provided!
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Reminder: Special Project #2 — Angels & Demons

Compute the total possible energy released from an annihilation
of xx-grams of anti-matter and the same quantity of matter,
where xx is the last two digits of your SS#. (20 points)

— Use the famous Einstein’s formula for mass-energy equivalence

Compute the power output of this annihilation when the energy
s released in yy ns, where yy is the first two digits of your SS#.
(10 points)

Compute how many cups of gasoline (8MJ) this energy
corresponds to. (5 points)

Compute how many months of world electricity usage
(3.6GJ/mo) this energy corresponds to. (5 points)
Due at the beginning of the class Monday, Sept. 23

Monday, Sept. 9, 2019 AN\ PHYs 1444002, Fall 2019 3
‘r\" Dr. Jaehoon Yu




Direction of the Electric Field

* |f there are more than one charge present, the individual
fields due to each charge are added vectorially to obtain the
total field at any point in space

E. =E+E +E+E +..

* This superposition principle of electric field has been verified

by experiments.

* For a given electric field E at a given point in space, we can
calculate the force F on any charge q, F=qE.

— What is the direction of the force on the charge placed in the field
and the field depending on the sign of the charge g7

— The F and E are in the same directions if the sign of q is positive
— The F and E are in the opposite directions if the sign of q is negative
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Example 21 -8

E above two point charges: >3 Ea

Calculate the total electric field (a) at i Y Es

point A and (b) at point B in the figure Wie L/

on the right due to both the charges R NV NG

Q1 and Q2 ~ \\\\60 N \’/

\\C’?) B1
How do we solve this problem? Ty N
30 cm el N7

First, compute the magnitude of fields at N
each point due to each of the two charges. \\\\\\
Then add them at each point vectorially! 52— A

First, the electric field at point Aby Q; and then Q..

o (9.O><109N-mz/Cz)-(50X10_6C)

E |= 51— =1.25x10° N/C
. e (0.60m)’ 8
P (9.0%10° N-mz/Cz)z-(SOx 10°C) 5.0 10° N/C
P i (0.30m)
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Example 21 - 8 cnt'd

Now the components of the electric field ; Y Eg,

vectors by the two charges at point A. N # RV
— A i PO ’ Eg

E =F cos30=1.1x10°N/C B2,

Ax Al %, Ep<
— . 6 \\\ \\\

EAy _EA2 — EAI s1n 30 = 4.4x%10 N/C 30 cm \\\\\ \"10%>

So the electric field at point A is TN
- 26 cm 26 cm 0 \\‘ -
Q) =+50 uC 0, =-50 uC

E,=E,i+E,j=(1.1i+44)x10° N/C

The magnitude of the electric field at point Ais

E,|=E +E? = \/(1.1)2 +(4.4)" x10° N/C =4.5x10° N/C

Now onto the electric field at point B
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Example 21 - 8, cnt'd

Electric field at point B is easier due to symmetry! *af~ g,
é: Y E
Since the magnitude of the charges are the same | 4
. : N b
and the distance to point B from the two charges  -* SO T T T K>
are the same, the magnitude of the electric field S S N
. S~ B
by the two charges at point B are the same!! N N
Q Q 30 cm \\\ \\70
\\ \%
E|=k=L=|E,|=k=2=
r v e N
B1 B2 \\\ \
(9.O><109N-mz/Cz)-(50x10_6C) 4 26 em 26em 0N,
= ( )2 =28x10° N/C @y=+50uC Q) =-50 pC
0.40m

Now the components!  First, the y-component! £, = E,, sin@ —E,, sinf =0
Now, the x-component! cos8 = 0.26/0.40 = 0.65
E, =2E, cosf=2.28x%x10°-0.65=3.6x10° N/C

So the electric . . .
. - - E, i+E, 07 6 _ 6
field at point B is E,= Epit+Eyj= (3-6l+01)><10 N/C=3.6x10°iN/C

The magnitude of the E,|=E, =2E, cos6=2-2.8x10°-0.65=3.6x10° N/C

electric field at point B
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Example 21 - 12 ;

 Uniformly charged disk: Charge is distributed
uniformly over a thin circular disk of radius R. The

charge per unit area (C/m2) is 0. Calculate he
electric field at a point P on the axis of the disk, a .

distance z above its center.
How do we solve this problem?

First, compute the magnitude of the field (dE) at point P
due to the charge (dQ) on the ring of infinitesimal width dr.

From the result of example 21 — 11 JE — 1 zdQ
(please do this problem yourself) 4re, ( 22 4 ,,2)3/2

Since the surface charge density is constant, o, and the ring .
has an area of 2mtrdr, the infinitesimal charge of dQ is dQ = 2rordr

So the infinitesimal field dE can be written

dQ

1 zdQ 1 2MzO oz r
dE = 2 2\3/2 — 2 2\3/2 rdr = 2 2\3/2 dr
471'80 (Z + 7 ) 472:80 (Z + 7 ) 280 (Z + 7 )
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Example 21 - 12 cnt'd

Now integrating dE over 0 through R, we get

2mwz0 zO r

1
£ J.dE } IOR 4re, (22 + 7"2)3/2 e 28, jOR (22 + r2)3/2

_ (o) _ z R_i | 1
2¢, (22+r2)1/2 O B 2¢, (22+R2)1/2

What happens if the disk has infinitely large area?

dr

O

o 1
EF=——][1-— —_
280|: (22+R2)1/2:| = E 28
0

So the electric field due to an evenly
distributed surface charge with density, o, is
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Field Lines

The electric field is a vector quantity. Thus, its magnitude can be

expressed by the length of an arrow and the direction by the
direction the arrowhead points.

Since the field permeates through the entire space, drawing vector

arrows is not a good way of expressing the field.

Electric field lines are drawn to indicate the direction of the force

due to the given field on a positive test charge.
— Number of lines crossing unit area perpendicular to E is proportional to the

magnitude of the electric field.

— The closer the lines are together, the stronger the electric field in that region.
— Starts on a positive charge and ends on a negative charge.  Earth’s G-field lines

v

,\
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Electric Fields and Conductors

* The electric field inside a conductor is ZERO in a static
situation. (If the charge is at rest.) Why?

— If there were an electric field within a conductor, there would be a
force on its free electrons.

— The electrons will move until they reach the position where the
electric field becomes zero.

— Electric field, however, can exist inside a non-conductor.

 Consequences of the above

— Any net charge on a conductor distributes -
itself on its surface. r

Conductor

— Although no field exists inside a conductor, ~_ |~ —
the fields can exist outside the conductor +
due to induced charges on either surface
— The electric field is always perpendicular to
the surface outside of a conductor. / \
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Example 21-13

Shielding, and safety in a storm. A hollow metal
box is placed between two parallel charged plates.

What is the field like in the box?
If the metal box were solid

— The free electrons in the box would redistribute themselves
along the surface so that the field lines would not penetrate

into the metal.

The free electrons do the same in hollow metal boxes
just as well as it did in a solid metal box.

Thus a conducting hollow box is an effective device for
shielding. =» The Faraday cage

So what do you think will happen if you were inside a

car when the car was struck by a lightening?
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Motion of a Charged Particle in an Electric Field

» |fan object with an electric charge q is at a point in
space where electric field is E, the force exerting on
the objectis F = gE.

» What do you think will happen
to the charge?

— Let’s think about the cases like

these on the right. >< \ /
— The object will move along the — & . U
field line...Which way? | //\

— Depends on the sign of the charge

— The charge gets accelerated
under an electric field.

(a) (b)
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Example 21 - 14

* Electron accelerated by electric field. Anelectron (massm= 0 &
9.1x10-%"kg) is accelerated in a uniform field E (E=2.0x10*N/C)
between two parallel charged plates. The separation of the
plates is 1.5cm. The electron is accelerated from rest near the
negatlve plate and passes through a tiny hole in the positive

plate. (a) With what speed does it leave the hole? (b) Show that
the ?rawtatlonal force can be ignored. Assume the hole is so
small that it does not affect the uniform field between the plates.

The magnitude of the force on the electron is F=qE and is
directed to the right. The equation to solve this problem is

F=qlk=ma
F qE

The magnitude of the electron’s accelerationis a= —=
m m

Between the plates the field E is uniform, thus the electron undergoes a
uniform acceleration

o ;E . (1.6><1019c)(2.(3)1><104N/C) 5105
N e (9.1)(10 kg) 14

.! \‘ Jl. JAUIIVVII 1 U
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Example 21 - 14

Since the travel distance is 1.5x10?m, using one of the kinetic eq. of motions,

Vv =V +2ax cv=+2ax =2-3.5%10° - 1.5%102 =1.0x 10 m/s

Since there is no electric field outside the conductor, the electron continues
moving with this speed after passing through the hole.

* (b) Show that the gravitational force can be ignored. Assume the hole is
so small that it does not affect the uniform field between the plates.

The magnitude of the electric force on the electron is

F =qE=eE = (1.6x10—19c)(2.0><1o4N/c) —32x10°5N
The magnitude of the gravitational force on the electron is
F,=mg=9.8m/s” x(9.1x10"'kg) =8.9x 10 N

Thus the gravitational force on the electron is negligible compared to the
electromagnetic force.
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Electric Dipoles

* An electric dipole is the combination of two equal charges
of opposite signs, +Q and —Q, separated by a distance £
which behaves as one entity.

* The quantity Q/is called the electric dipole moment and IS
represented by the symbol p. - .

.—>.
— The dipole moment is a vector quantity, p < b 0

— The magnitude of the dipole moment is Q4 Unit? |C-m

— lts direction is from the negative to the positive charge.
— Many of diatomic molecules like CO have a dipole moment. =»
These are referred as polar molecules.

» Even if the molecule is electrically neutral, their sharing of electron causes
separation of charges

« Symmetric diatomic molecules, such as O,, do not have a dipole mo
— The water molecule also has a dipole moment y
which is the vector sum of two dipole moments o

(0)

between Oxygen and each of Hydrogen atoms.
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Dipoles in an External Field

» Let's consider a dipole placed in a uniform electric
field E.

 What do you think will happen to the dipole

In the figure?
— Forces will be exerted on the charges.

* The positive charge will get pushed toward right
while the negative charge will get pulled toward left.

— What is the net force acting on the dipole?
o« Zero

— So will the dipole not move? F-=-QE<U-Q

* Yes, it will.

— Why?

 There is a torque applied on the dipole.
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Dipoles in an External Field, cnt'd

* How much is the torque on the dipole? /7;Q_.F+=QE
— Do you remember the formula for torque? 4_/‘%
T=rxF —

— The magnitude of the torque exerting on each of the charges
with respect to the rﬁtitional aris at the center is

T Q=’F><F‘=rFsin0: é (QE)sinH :éQEsiné?

=£QEsin6’

Q:Fxﬁ:rFsinQ:L_l (—QE)sinH
2
— Thus, the total torqu IS

* T = T+ T o= —QEsm6’+ QEsmH [QEsin@ = pEsin0

— So the torque on a dlpole in vector notationis 7 = p X E

* The effect of the torque is to try to turn the dipole so that
the dipole moment is parallel to E. Which direction?
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Potential Energy of a Dipole in an External Field

What is the work done on the dipole by the electric field to
change the angle from 6, to 62’7

- J‘Hz T — J»2_> 16— 2 . II Why negative?\

6, Because t and 0 are opposite
The torque IS 7= pE sin g . directions to each other.
Thus twe work done on the dipole by the field is
W = —pEsm6’d6’ pE[cosH] = pE(cos 6, —cos0, )

What happens to the dipole’s potentlal energy, U, when a
positive work is done on it by the field?

— It decreases.
We choose U=0 when 6,=90 degrees, then the potential
energy at 6,=6 becomes U =—W =—pEcosf=—-p-E
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E,=E,= = = _ 0
0 ¢ 4re, L\/FZJ’(Z/z)ZJ dre, r2+(l/2)2 dre, r2+12/4 ¢ % 2

Electric Field by a Dipole

Let’s consider the case in the picture.

There are fields by both the charges. So the total
electric field by the dipole is £, = £,, +E_,

The magnitudes of the two fields are equal ,
L0 Lo 1 o SN .7

Now we must work out the x and y components

of the total field.

— Sum of the two y components is
o Zero since they are the same but in opposite direction

— So the magnitude of the total field is the same as the
sum of the two x-components:

E=2FE cos¢= 1 - Q2 : _ | P 7
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Dipole Electric Field from Afar
» What happens when r>>|?.

1 p 1 p

ED - 472'50 (7"2 _|_12/4)3/2 - 471-80 ]/'3

(When r>> l)

 Why does this make sense?

» Since from a long distance, the two charges are very
close so that the overall charge gets close to O!!

* This dependence works for the point not on the
bisecting line as well
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Example 21 - 17

* Dipole in a field. The dipole moment of a water molecule is 6.1x10-3°C-m.
A water molecule is placed in a uniform electric field with magnitude
2.0x10°N/C. (a) What is the magnitude of the maximum torque that the field

can exert on the molecule? b? What is the potential energy when the
torque is at its maximum? (c) In what position will the potential energy take
on its greatest value? Why is this different than the position where the

torque is maximized?

(a) The torque is maximized when 6=90 degrees. Thus the magnitude of
the maximum torque is

T=pEsinf =pE =
=(6.1x10°°C-m)(2.5x10° N/C) =1.2x10** N - m

What is the distance between a hydrogen atom and the oxygen atom?
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Example 21 - 17

(b) What is the potential energy when the torque is at its maximum?

Since the dipole potential energyis U= -p- E=_ pE cos@

And T is at its maximum at 6=90 degrees, the potential energy, U, is
U=—pEc059:—pEcos(90°):O

s the potential energy at its minimum at 6=90 degrees? No

Why not?  Because U will become negative as 0 increases.

(c) In what position will the potential energy take on its greatest value?

The potential energy is maximum when cos0= -1, 6=180 degrees.
Why is this different than the position where the torque is maximized?

The potential energy is maximized when the dipole is oriented so
that it has to rotate through the largest angle against the direction
of the field, to reach the equilibrium position at 8=0.

Torque is maximized when the field is perpendicular to the dipole, 6=90.
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