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Part 1

Forces of nature

or

A short journey ...
back to Physics 111



Physics 111: Analysis of motion - 3 key ideas

Newton's laws of motion
Conservation of Energy

Conservation of Momentum




Newton's laws of motion

Newton's First Law: If no force acts on a body, then
the body's velocity cannot change

Newton's Second Law: |F = miq

Newton's laws of motion allow us to analyze many kinds
of motion.



Newton's laws of motion (applications)

Special case: motion with constant acceleration

(1D, 2D or 3D motion)

F =ma

v=y,+at

at2

X=X,+V,l +——

2

Observables:

time force
position

velocity

acceleration

Examples of problems: projectile motion, ...



Conservation of energy

The total energy of an isolated system cannot change

In an isolated system where only conservative forces
cause energy changes, the kinetic energy and potential
energy can change, but their sum cannot change

K, +U =K, +U,




Conservation of momentum

Conservation of linear momentum

If no net external force acts on a system of particles,
the total linear momentum of the system cannot change

b

P=myv +m,yv, +...+myv = const

Conservation of angular momentum

If the net external torque acting on a system is zero,
the angular momentum of the system remains constant,
no matter what changes take place within the system

— —

L=L,




What forces do we know from our experience
and Physics 111?

Gravitational Force

Frictional Force
Spring Force (Hook's Law)
Tension force in a string......




There are ONLY four fundamental forces

of nature
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FOUR or ONE? W@M

Many scientists think that all four of the fundamental
forces are, the manifestations of a single force which
has yet to be discovered.

Just as electricity, magnetism, and the weak force
were unified into the electroweak interaction, they
work to unify all of the fundamental forces.
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Gravitational and electro-magnetic forces:
this is what we experiencelll
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Part 2
Electric Charge



Electric charge

Electric Charge is an intrinsic characteristic of the
fundamental particles making up objects around us
(including us).

The ordinary matter consists of three (only!) particles:

electron (e) | proton (p) heutron (n)

mass 9.11x10-31 kg | 1.67x10-27 kg | 1.67x10-27 kg

charge -1.60x10° C | 1.60x101° C 0.00

The SI unit of electric charge is the Coulomb 14




Important characteristic of electric charge

An electric charge has a magnitude and sign.
It is either positive or negative.

Electron has negative electric charge

Proton has positive electric charge

|l |
| 8

=@ 2 ®'ITI> If the charges have the same
(a) Repulsion sign, the forces between them

are repulsive

<+—0 92 @=——D> Pt

—1 . F
() Repulsion

1@ 00 Charges of opposite sign

F -~ . .
o) Aficaction experience attractive forces




Atoms and molecules are made up from
electrons, protons and neutrons!

A classical (solar system)
model of an atom
(Lithium)

FElectron /

\ AN
\ y // = N
— ///
/ 7 Nucleus
\ﬁ)

Atoms are combinations
of equal amounts of
electrons and protons.

A quantum model of an
atom (Lithium)

(a) Neutral lithium atom (Li): (
3 protons (3+)
4 neutrons
3 electrons (3—)
Electrons equal protons:
Zero net charge
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Sizes and masses

Atoms are combinations of
equal amounts of electrons and
protons. The neutrons provide
the glue to stick together the
protons in the nucleus.

The proton and the neutron are
about 2000 times heavier than
the electron, so the vast
majority of an atom's mass
resides in the nucleus.

Atoms are mostly ... empty. We
live in almost empty space

Example: tennis ball and a grain of
sand

Atom

. ™\ Most of the
=) A\ atom’s volume
- < ~10819 m—> is occupied
‘ sparsely by
electrons.

Tiny compared with the
rest of the atom, the
nucleus contains over
99.9% of the atom’s mass.

Nucleus|

;*') Proton: Positive charge
Mass = 1.673 X 10 %" kg

Neutron: No charge
Mass = 1.675 X 10 %" kg

D  FElectron: Negative charge
Mass = 9.109 X 10 3! kg

The charges of the electron and
[)l‘()t()l] are C(]ll:ll in Il]zlgllitll(lc.
Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley



Net electric charge for a system of n particles

qnet =q1 +q2 +q3+"'qn

The total (net) electric charge of an isolated system is
conserved. The only way to change it is o add or remove
charged particles.

The total electric charge of the universe is constant.

v' the net electric charge of atoms and molecules is zero
(equal amounts of electrons and protons)

v’ removing an electron from a neutral atom creates a
positive ion

. . 18
v’ hegative ions?



@ Protons (+) Neutrons
® Electrons (—)

(a) Neutral lithium atom (Li): (b) Positive lithium ion (Li*): (¢) Negative lithium ion (Li™):

3 protons (3+) 3 protons (3+)

4 neutrons 4 neutrons

3 electrons (3—) 2 electrons (2—)

Electrons equal protons: Fewer electrons than protons:
Zero net charge Positive net charge

Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley

3 protons (3+)
4 neutrons
4 electrons (4—)

More electrons than protons:
Negative net charge
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To make an uncharged object to have a negative charge
we must:

A)  add some atoms

B)  add some protons

C) add some electrons

D) add some neutrons

E)  write down a negative sign

21



Macro objects (many atoms or molecules)

Materials - two extreme models

Insulators - a material in which charges do not move
freely though the interior of the sample. Examples:
Glass, wood, rubber, plastics, stone, brick, etfc
Conductors - material where free charges can move
through the material. Examples: Ionized gases (plasmas),
metals, ionic solutions if salts in water

Semi-conductors - a material intermediate between the
two extreme models - GaAs, Ge, Si, are the classic
examples.

22



Macro objects can be charged by
charge transfer or charge separation

v' Charge transfer happens when electric charges
(usually electrons) transfer from one object to
another

v' Charge separation occurs when two material are
rubbed together or when objects collide

23



Charge is quantized

Experiments show that any positive or negative charge g

that can be detected can be written as

q=n.e, n=il,iz,i3,...
e=1.60x10"C

where e is the elementary charge.

24



from a simple to complex

NN T VT T VY NT QY

Universe

human beings

cells

condensed matter, gases
molecules

atoms

Note: ALL electrons are
identical, as well as
protons, neutrons ...

electrons, protons, neutrons

fundamental particles: electrons, quarks, ...




Part 3

A force between charges



Coulomb’s Law

The electrostatic force between two charges q; and g,
separated by a distance r has the magnitude

[< r >|
F=k|%%| 479‘11 (IQ@]T‘D
]/‘2 B (a) Repulsion
1 479 71 92 ‘e—[>_)
k= =8.99x10” N-m°/C’ F | =
4.77780 (b) Repulsion
: . n@P—> +—0%
k is the electromagnetic constant 7 F
gg IS the permittivity constant (¢) Attraction

Where is the 374 Newton's law? -



Comparing the gravitational and electrostatic
forces

Let's calculate the ratio of the electrical to the
gravitational force inside a hydrogen atoms.

_ GMpMe P keqpqe

g R2 >T e rZ
, e k4,9,
o F,_ R _ ke
F, GA;,;Me GM M,
2
F, (9%x107)(1.6x107")?
F, (6.67x107")(1.67x1077)(9.11x107")
=2.27x10%

So we can forget gravity as compared to electrostatic
forces - at least on the atomic scale ”



A contradiction to a simple observation?

If F,/Fg =2.27%x103° then, why the gravity force plays
any observable role?

v' The force of gravity plays essentially NO role in
atomic and molecular systems

v However macroscopic objects are neutral or almost
neutral (the net electric charge is close to zero)

Therefore the force of gravity play strong role for
macroscopic objects

29



Coulomb’s law and the principle of
superposition

The principle of superposition: the net effect is the
sum of the individual effects

For n interacting particles the net force on particle 1
can be written as

|

Fi,net

=F12+ 13+F14+---F1

n

being practical — see chapter 3 “Vectors in Physics”
(adding vectors using components)

30



Charges Q, -Q, and q are placed at the vertices of an equilateral
triangle as shown. The total force exerted on the charge q is:

A) toward charge Q

B) toward charge -Q

C) away from charge Q

D) parallel to the line joining Q and -Q

Net Force and the superposition principle

Always draw a free
body diagram!

31



Net Force

Two point charges are arranged as shown, where Q; = -2C, Q, = 1C.
In which region could a third charge +1 C be placed so that the net
electrostatic force on it is zero?

A) I only

B) I and IT only , Q=-2C I Q=1C
C) IIT only J 9

D) I and IIT only

E) IT only

What if the third charge is g=-1C?
What if the particles have charges Q and -Q?

What if the particles have charges Q and Q? -



Net Force 2

Four identical point charges are placed at the corners
of a square. A fifth point charge placed at the center
of the square experiences zero net force.

Is this a stable equilibrium for the fifth charge?

33



Example: 3 electric charges in a line

Given that g = +12 mC and d= 16 cm,

(a) find the direction and magnitude of the net
electrostatic force exerted on the point charge ¢, in
Figure below?

(b) How would your answers to part (a) change if the
distance d were tripled?

34



Foe = = X
e Ame,  d° d’
F o= 1 1.0q ><22.Oq _9x10’ xl Oq ><22.Oq
4re,, d d

7 _9x10° x 3.0gx2.0¢g 1.0gx2.0g

resultant d 2 d 2

to the right
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problem
Problem 1. (10 points)

A small object of mass 0.025 kg and charge 1.9 pC hangs from the ceiling by a thread. A second small
object of mass 0.50 kg and charge -4.2 uC, is placed 52 cm vertically below the first charge.

(a) Find the tension in the thread

(b) Find the ratio of the electrical to the gravitational force between the objects.

/
e I T %z %—:z = OBAA
% // \(\\Z _\0‘3 ‘;W\Q&&
m‘g{? E,m\ T ) Q)\%;
T S HRe S T e %%Qﬁ AD
R’ Ve — ., S /L %60
\}l & 2 & ™Mo,
Y ‘*
O ™=
O')
Q(—-
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A tale of two particles

An electron and a proton are released from rest in
space, far from any other object. The particles move
toward each other, due to their mutual attraction.
When they meet, is the kinetic energy of the electron
greater than, less than, or the same as the kinetic
energy of the proton?

Explain.
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Part 4
Electric Field



A couple of “simple” questions

The Coulomb law

F =k%g2 +—@® ¢ 92—
r -F | F

How does q; "know" of the presence of q,?

Since the charges do not touch, how can g, exert a
force on q,?

Action on a distance!

Other examples?

39



Electric Fields or Action on a Distance

P

e @ @ 11

E

We can say that q; sets up an electric field in the space
surrounding it.

1.

At any given point P in that space the field has both
magnitude and direction.

. The magnitude depends on the magnitude of q; and the

distance between P and q;.

. The direction depends on the direction from q; to P

and the electrical sign of q;.
Thus when we place g, at P, q; interacts with g,
through the electric field at P.

40



The electric field is a vector field

The electric field consists of a distribution of vectors,
one for each point in the region around a charged object.
A way to define the electric field at some point P

1. Place a positive charge q,, called a test charge, at
the point P N

2. Measure the electrostatic force I that acts on the
test charge

3. Define the electric field at the point P due to the

charged object as . F

p E=—-

e @ @ T 4o
E The ST unit for the electric figld is

the newton per coulomb (N/C)



A particle in an electric field

1. If we know the electric field vector at a given point, the
force that a charge q experiences at that point is

F =qE
2. The direction of the force:

positive particles - in the direction of the field
negative particles - in the opposite direction of the field

F

- -

F,
—

E 42




The electric field due to a point electric charge

From Coulomb’s law, the magnitude of the electrostatic
force acting on qq is

b ldla] 1 \quO\

r* dme, ¥

The direction of the force is directly away from the
point charge if q is positive, and directly tfoward the point
charge is q is negative. Then the magnitude of the
electric field from a point charge is

lg 1 |4

r* dme, v’

E=k
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Example

Electric field around a positive electric charge

44



The electric field due to more than one point
electric charge

Using the superposition principle we can find the net

force ~ = ~ _
by =F+F,+F,,+...F,

0,net

Therefore the net electric field at the position of the
test charge is

—> —_— —_— —_

— F F F
F=_Qnet 701,702, 70,

4 4 4 9 0

E=FEon+En+En+...Eom
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A proton moves in a region of constant electric field.

Conceptual question

Does it follow that the proton's velocity is parallel to
the electric field?

Does it follow that the proton's acceleration is
parallel to the electric field?
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Conceptual question

The force experienced by charge 1 at point A is
different in direction and magnitude from the force
experienced by charge 2 at point B.

Can we conclude that the electric fields at point A
and point B are different?
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Tools (equations) to describe motion of electrons

atoms quantum Schrodinger equation
molecules mechanics Dirac equation

ases classical .
J ' . Second Newton's law
plasma, ... mechanics

—_—

F=qE=m§

48



Part 5

Electric Field Lines



Electric field lines provide a nice way to

visualize patterns in electric fields
1.

w

At any point, the direction of a
straight field line gives the direction
of the electric field at that point

. Electric fields extend away from

positive charge and toward negative
charge

No field lines cross.

The field lines are drawn so that the
number of lines per unit area is
proportional to the magnitude of the
electric field.
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Examples

(a) ib) lc)

Note that twice as many field lines
originate from the +2¢ charge than
the +g or -g charges.
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Problem

The electric field lines
surrounding three charges
are shown in the Figure.

The center charge is q, = -
10.0 mC.

(a) What are the signs of q,
and qs3?

(b) Find q;.
(c) Find gs.

J
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Part 6

Flux of an Electric Field



Flux

Example: a wide air stream of
uniform velocity at a small square
loop of area A.

Let @ represents the volume flow
rate (volume per unit time) at which
air flows through the loop.

The rate depends on the angle
between the velocity and the plane
of the loop.

® = (vcosO)A =vAcosO




Flux of an Electric Field

D = FAcosO

0 is the angle between the electric field and the line
perpendicular to the surface.

SI units: N'm?/C
For a non-uniform fields we have to integrate over a

surface

The electric flux through a surface is proportional to
the net number of electric field lines passing through

that surface.
55



Gauss' Law

Gauss' law relates the net flux ® of an electric field
through a closed surface to the net charge q,,. that
is enclosed by that surface

gO(I) = qenc

Gauss' law and Coulomb's law
Demonstration for a point charge

E-1 4 @_pq- ! Q452 1
e, r

e, r &,
A=4mr’

56



Example

In the following figure, the dashed line denotes a Gaussian surface
enclosing part of a distribution of four positive charges.

(a) Which charges contribute to the electric field at P?

(b) Is the value of the flux through the surface, calculated using
only the electric field due to q1 and g2, greater than, equal to, or
less than that obtained using the field due to all four charges?

' ;,‘ _ .h‘“-x
I:'r_'{u r\‘l'_,f ! |i_|_) f.i"] .

o7



A practical conclusion from the Gauss's Law -
FClr'CldCly'S CClge The field induces charges on the left

and right sides of the conducting box.

The total electric field inside the box is
zero; the presence of the box distorts
the field in adjacent regions.

Conducting box

E_ 8 E-0 B " F
- - N
During a thunderstorm - el
stay in your car!ll - i E

(a)

Copyright © 2007 Pearson Education, Inc. publishing as Addison Wesley



Epilogue

Interactive Computer Simulation

A very good collection of interactive simulations to learn physics from
the Physics Education Technology project at the University of
Colorado http://www.colorado.edu/physics/phet/

J|




