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Animation adapted from: 
http://www.youtube.com/watch?v=aWZY3
wwldjs&feature=relmfu

http://zonalandeducation.com/mstm/physics/waves/interference/waveInterference2/WaveInter
ference2.html
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• http://www.eng.fsu.edu/~dommelen/quantum/style_a/packets.html#SECTION076103000000000000000
• http://www.optics.rochester.edu/~stroud/animations/cowporbit.html
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http://id.mind.net/~zona/mstm/physics/waves/partsOfAWave/waveParts.htm
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The wavelength, l , of a wave is the 
peak-to-peak distance. (b) The wave is 
shown travelling to the right at a speed 
c; at a given location, the instantaneous 
amplitude of the wave changes through 
a complete cycle (the four dots show 
half a cycle) as it passes a given point, 
and the frequency, n, is the number of 
cycles per second that occur at a given 
point. Wavelength and frequency are 
related by ln = c.
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• http://zonalandeducation.com/mstm/physics/waves/standin

gWaves/standingWaves.html �
�
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http://www.physicsclassroom.com/Class/sound/soundtoc.html

http://www.csm.astate.edu/music.html
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animations.com/Physics/English/rays_ref.htm-http://physics
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• http://www.learnerstv.com/animation/animation.php?ani=102&cat=physics
• http://www.phy.ntnu.edu.tw/ntnujava/index.php?topic=16

�•�‹�™�‹�™�Ž�‰�‡���•�‹�Ž�„ ��
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http://physics-animations.com/Physics/English/pris_tmp.htm

http://www.youtube.com/watch?v=yL7NgbqWH0w
http://www.youtube.com/watch?v=yvMnURU1T24&NR=1

�•�‹�™�‹�™�Ž�‰�‡���•�‹�Ž�„ 11

	
��
���

��	
��
���

��

�•�‹�™�‹�™�Ž�‰�‡���•�‹�Ž�„ 12



3

����
��

������� ����
��

�������
•�
�� ���	��...  
•��� ��
��
� �������� ��	"� "��	�	" ��
����	� �����, �		 ���  

��"�	 �	�
• http://www.absorblearning.com/media/item.action?quick=18o

•�# ���� �	 ����... ���� ��

 ����	 �� ������ ��#�� ��"��
�  
�������:

•����� ���� ��� "����� ����	������"  
• http://www.lpscience.fatcow.com/mgagnon/Photoelectric_Effect/photoelectriceffect1.htm

• http://www.shsu.edu/%7Echm_tgc/sounds/flashfiles/pee.swf
• http://www.colorado.edu/physics/2000/quantumzone/photoelectric.html
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metal

e-
photon

electron

Kinetic energy = (1/2)mv2

Bern

Enter Albert Einstein

The photoelectric effect

E=hn
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 ��  �����  ����	�
...
The first experiment that obviously gave results 
at variance with all theories based on “classical” 
concepts, was the distribution of the radiation
energy emitted from a black body .

You can heat up almost any object, and it will glow with the same color regardless 
of what the material is, as long as it does not burn! This was noticed especially by 
porcelein makers, because they used very hot ovens, and looked into the ovens. In 
1792, Josiah Wedgwood gave the following table:

Potter’s guide : Temperature Color
550 C dark red
750 C cherry red
900 C Orange
1000 C Yellow
1200 C White

Something so universal
must be

VERY IMPORTANT

18

	
��!����	
��"�	
��!����	
��"�
•��� �� ��#, ���� �� ����� ��	� ������ ���  

���"��� ������� ���	 ���� �
��� ���������, 
���	 ���"��� ��������.

•���� ����� ���� ��������� �����
� )��" ����( 
�� �# �	� 	�	���� ��������� �����
�, ����  

����	�	, 	��	, ����� ���	��� 	�
�.

•�
	� ��� ���� 	��� 	��	 ����� �� ��� ����  
��
�� ������ ���� �� ������� ����� ������:

•�
����� �� ����
 ���� �� ��� ����, ��� ��� 
�"���
��" ������, ������ 
��� ���
��� ��
���

•���� ����- ���	 �� ������ ����
 ���� )���� 	
 
�"� ����( �� ���� ��
�
� ���� ���	 �� ������ 

����
 ���� )���� 	
 ���� ����(

•�����- ����� ����	 ����	������, ����...
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•	�� ��� �
 ���	�...
•�#� ����� ���
 ����� ���	 ��� ��	�� ������...
•	��	

��� �
�� �����	��� 	���	 ���	 ����
�? )	��� ���� ����	(
���� �# ��� ������ ���	��� ��� ��� ��� ��� ���	��?
���� ���� #��	 ��� ���� ��"�	 ����� )�#��	(

� http://www.visionlearning.com/library/flash_viewer.php?oid=1347&mid=51
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The quantum transition condition

From Introducing the Quantum Theory, J.P. McEvoy & O. Zarate, Totem Books

Bohr’s 
atom

explains much of 
chemistry.

The Old 
Quantum Theory

Many other things were 
introduced at this time, 
such elliptical orbits 

(remember Kepler) and 
spin of the electron, but 

we will not dwell on this. 
You had this in 

chemistry. The Pauli 
exclusion principle was 
also realized at this time. 
This is the major reason 

why we have solid 
structures as we know 
them, and explains the 
periodic table (together 
with the Bohr atom).

21

It was Prince Louis de Brogliewho challenged the scientific world with his Ph.D. 
matter thesis wherein he suggested that if light could behave as particles, then 

. could also behave as waves
He wrote down his famous de Broglie relation which was  taken up by many 

people - often to try to prove that it was wrong. One of these was Erwin 
Schrödingerwho soon recognized the remarkable nature of the idea and  wrote 

down his now famous wave equation for matter. 
Werner Heisenbergdeveloped a completely different pathway but ultimately 

identical in results following  his matrix mechanics methods.
When Dirac wrote down the relativistic wave equation, modern quantum theory 

had arrived. Another short tour is helpful to put these historical ideas into 
perspective.

A particle wave
- or -

a wavy particle?

22

���	������

� ���	������

�
•������ 	� ��- �	��� ��� ����:
•"��� ��
�
�� �
�� 	� �
��� �"� ��	��� ����	 ������� ���
���  

	� �����	� - ��
����, ��� ��
����� ���
���� 	� ����	� ����  
)��� ��
�
� �
��( ��	��� ����	 ������� ����� 	� ��	
: �	
 ����- 

matter waves".
•��� ������
� ������� �� ������ �"����	� ���" ������  

����	 ��	���� 	� "�	
 ����"  
•�� ���� 	
� 	� �����	� $��� ���� �	��� 	� 54V?
•����� ��� ��
�
� ���
�� �
�	, ���
 ��"�	 ���� 	
 	� 0.17 nm. 
•�� ���� 	
� 	� �
�
 ��� ������� 	� 10 �'�? 
•�"�� 6.6x10-23m=!!! 6.6x10-14 nm... 
� ��
�
� �
��
�
� ���
 ���  

��� ������� ���� 
����...

23

“De Broglie has lifted the great veil!”
Give him his PhD!

I don’t see
a thing yet;

particles or waves!

I see!!
Everything

is clear!
OR?

Einstein’s famous answer to the examining 
committee for De Broglie’s PhD thesis

Abra-ka-dabra
l particle = h/p

Particles are waves
And electrons should wiggle.
Those professors are knaves

Who at my work giggle.

Prediction:
If particles behave as 

waves, then they should 
diffract and interfere, as 

waves.

24
Thomson (the son of the fellow who discovered the electron showed that 

electrons do indeed diffract and interfere, just as light. 

Electrons also behave as waves!

.html3slit-/schroedinger/two2000www.colorado.edu/physics/http://
http://www.youtube.com/watch?v=DfPeprQ7oGc
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http://www.youtube.com/watch?v=DfPeprQ7oGc

�!

l particle= h/p

Particle
eg electron

Phase velocity

Group velocity

De Broglie assigned a physical wave to particles, and 
this wave accompanied the particle as it flew through 
space. The particle wave of a certain energy had the 
frequency that Einstein had assigned by E=mc2. And the 
wave was always in phase with some internal process in 
the particle. For De Broglie these waves were not 
abstractions, but were physically there and should be 
able to be detected!

This is called a “wave packet”

The “particle” 
moves with the 

“group 
velocity”.

This is
more fun
than being
a count!

�"

���	��	���������������������-�	���� �����������	� ��
����	�����������	���#�����
��#
����
�����	� ����������� ���
�
��� ��������"����	�� ��������#�����#���
�$���

��������


�
����%

2pr = nl 2pr = nl

nl = 2prstanding waves
n(h/mv) = 2prusing de Broglie’s equation; v = velocity of e- in atom

n(h/2p) = mvrquantum orbital hypothesis of Bohr

Niels Bohr Louis de Broglie

So, is the electron 
a particleorbiting 
the nucleus, or a 

wavethat fits 
exactly into the 

orbit?

How do we visualize this?

•AtomDebroglie

28
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•���� "����	" $�� ���" ���	��� �"����" ���� ��"����
��� �� 

���	�� ���
�.
•���������� "����" ���	�� ����� ��� �
��� �"� ����� ����  

���
�, ����� 	
 ��� 350-700  nm.
•���� ���� ��� �	� 	��
 "����	" ��"�� ��
�� � 350 nm 

����	� �
 �	 ���� ��	��
 �#�.
•��������� �
����	� 	"
� �� ����� �	
� 	� ��
����	�: �	���  

�����	� ���� 	� 54 V, �� �	 ���� 	
 	� 0.17 nm. �	�
�  
��
�
�� ���
��� 	� �����	��, ������ "����" 	� ��"�� !�  

���� ���� ��
�� �#�.

�

����	�
�
�	� 	�
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Bohr Atom
Debroglie Atom

33
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•#� �
�
� �	 ���� ��	��� ���	 ��� �����	�� ���� �"� ��� ��  

�"� �
�
•��	 ���
��� ����	��, �� �
� "�	 ������" ���� �# ���� ����  

�
���� ����� ��"����
��.
•�� ��
 ����� �	��� �� 	� ��
��
� ������� 	� ���	� �������  

����
�, 	��
 ��#�	 ����� �
��� ����� ���	 �� ����� �� ������  
	�� �
� �����. �� ������ ������� �
	� ����
 ����� ����� ��  

�� ���� ������.
•����� �� ������ ���� ��
� �#. ����
 ����� ��� ����� "����	"  

���" "����	" ��
�
�� ����� 	
� �	� ���� 	��
� )	�	 �����(  
	� ���� ���	�� ��"
�: Dx%l

•�"� �
�, �"�� "����" �"���	�" ��� �	 �
� )�����( �� �����  
����
� �	� �
��� $��	 ���
�. 	�� ����
� ����� �� ����,  

���� 	
� ���� ��� ����, ���� �� �� ������ �
�� 	� $���  
���
� ������ ������: Dp%h/l

http://kids.britannica.com/lm/animations/ouncert001d4/product.html

�
	������	
��
�����
	������	
��
����
•���
�� ����	 �
�� �� ������ )��� 	� J.D.Norton(
•��� ���� ����� 	� ���� "�	 ����
�����"?
•������� ��
����� ������ �� �������� ���	 ����
•	��	- �	 	��
 ���	 ��� ���� ���������� ������ �����.  
•��������, �� �� �
	 ���� ������, 	��
 ���	 �����$�  

�������	 )	��	- "������� �"� �������� ������("
•�� �� ���� ��	� 
� 
��� 
���
� �����
� ���� ��� 
�������!
•�� ������ �# ������. �	 ����� �� 	� "�	��� �����" �	� 	� "�"�  

��	���!"

��

http://kids.britannica.com/lm/animations/ouncert001d4/product.html
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Adapted from: 
http://www.youtube.com/watch?v=7SjFJImg2Z8
http://www.youtube.com/watch?v=d1tn56vWU_g

�
!�"�������#	
��#	
�	��"�� �
!�"�������#	
��#	
�	��"��
•���� 	� ���� �XX �#��# ��"�������" 	� ����	��... ���  

�	���� ��"�"	 ���	 �� ��������
•�
�	 ���� ���
�����- ������� ���� �

�� 	� ���� �����
•����� ���
�����, �	����� ��	
 "�����" ��"��	, ��� �����  

��� )���� 
	�� "�� ���	�(" ��� ��	
 �� ������ 
�  
�������
� ����� ������� �����...

•����� ��� "���	 "'���
�" ��
���� ��������...
•����	- �������� ��
���...  
•���� �������� ���� �� ������: ��� ���� �� ����, ��� ���  

�� �����.
•�������� ��	 ���� ���
����� ��� ��
���: ��� ���� �� ����  

��� ���� �� �������� ���"�	 ��
��� 	� �����...
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•��� ������� ��	�?
•�����
���	 ��� ��� ���� 	��	 ����"��� �	 ���
�� ����
� 	�  

��� �����. ����	 �
�
� ���� �	 ������ �����.
•���� ���
�� ���
� ���
 ��"�	 ����� "�����
��� �	��	" 	�  

�������
�� 
�������
•����� 	� ���� ����"� ���
� )���
 ����		 ��"�(

• http://www.pitt.edu/~jdnorton/teaching/HPS_0410/index.html

•���"� �� ���� ������ 	� �����
���, ���	���� �#��� )�����  
����� EPR( �	��� ����	 ���
� ����� ���� ��
����  

�������� 	� �� ��� ����
�� ��� ��

���� ������ ��� �
��
  
���� �� ����� 	� ����� ����, ������ �
�� )�
� �����	�  

����� ��
����� ���
�
�(
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