
QUANTUMNESS

CHAPTER 2

(R. FEYNMAN, 1963)

One might still like to ask: “How does it 
work?  What is the machinery behind the 
law?”  
No one has found any machinery behind 
the law. No one can “explain” any more 
than we have just “explained.” No one will 
give you any deeper representation of the 
situation.  

We have no ideas about a more basic 
mechanism from which these results can 
be deduced.



SECTION 1  DOUBLE SLIT EXPERIMENTS AND 
QUANTUM UNCERTAINTY*

(empirical fact)

P12 = P1 + P2

Ballistic pattern:

Double slit experiment with bullets:

* MOSTLY TAKEN FROM FEYNMAN’S LECTURES ON PHYSICS



I12 6= I1 + I2

Interference pattern:

I12 = I1 + I2 + 2

p
I1I2 cos �

I1 = |h1(t)|2 I2 = |h2(t)|2

Wave theory:

Where h1, h2 are complex numbers called amplitudes

I12 = |h1 + h2|2

height due to wave passing through hole-1 = <e h1 ei!t

height due to wave passing through hole-2 = <e h2 ei(!t+�)

(1)

height of wave from hole-1

height of wave from hole-2 = <e h2 ei!t

phase difference

(empirical fact)

Double slit experiment with water waves:



Double slit experiment with electrons:

More empirical facts:  

1) we hear sharp “clicks” from the detector. And all “clicks” are the same. There are 
no “half-clicks. Click arrival is stochastic but average click rate is constant.  

2) As we move the detector around, the rate at which the clicks appear is faster or 
slower, but the size (loudness) of each click is always the same.  

3) We would notice also that if we put two separate detectors at the backstop, one 
or the other would click, but never both at once.  

P12 6= P1 + P2

Interference pattern:

(empirical fact)



CONCLUSIONS:

PROPOSITION A:  Each electron either goes through hole 1 or through hole 2

But then the effect of going through hole 1 and hole 2 should add-up.  
So, how can you explain the complicated interference pattern, i.e.                             ?P12 6= P1 + P2

Physically, this is very counter intuitive and mysterious However, it is simple to cook 
up a mathematics which gives the correct result: 

As in the case of waves, we ASSUME that the probability of finding the electrons in 
hole-1 and hole-2 are given by two complex numbers φ1 and φ2 and that:

P12 = |�1 + �2|2

We conclude the following: The electrons arrive in lumps, like particles, and the 
probability of arrival of these lumps is distributed like the distribution of intensity 
of a wave. It is in this sense that an electron behaves “sometimes like a particle 
and sometimes like a wave.” [R. Feynman, Feynman’s Lectures in Physics]



Even more mysterious! 

Once we probe which hole the electron passed through (particle behaviour) the 
interference pattern ( wave-behaviour ) disappears !!!!

P12 = P1 + P2

Ballistic pattern:

Facts: 

1) Every time that we hear a “click” from our electron detector we also see a flash of light either 
near hole 1 or hole-2 but never both at once! And Proposition A is necessarily true.


2) Once we keep track of the hole which is crossed by the electron, we no longer observe 
interference pattern!!!!
“It is impossible to design an apparatus to determine which hole the electron passes 
through, that will not at the same time disturb the electrons enough to destroy the 
interference pattern”



SUMMARY:
1) The probability of an event in an ideal experiment is given by the square of the 

absolute value of a complex number ϕ which is called the probability amplitude:

(2) When an event can occur in several alternative ways, the probability amplitude for the 
event is the sum of the probability amplitudes for each way considered separately. There is 
interference:

(3) If an experiment is performed which is capable of determining whether one or another 
alternative is actually taken, the probability of the event is the sum of the probabilities for 
each alternative. The interference is lost



If you make the measurement on any object, and you can determine the x-component of 
its momentum with an uncertainty  Δp 
Δp, you cannot, at the same time, know its x-position more accurately than Δx ≥ ℏ/2 Δp 

where ℏ is a definite fixed number given by Nature.
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Heisemberg’s Uncertainty Principle

NB: this has nothing to do with our present technological limitations 
(accuracy of instruments, noise/signal ration…).  

Is an insurmountable boundary of knowledge provided by Nature.  
No technology will enable us overcome it!

( ℏ= 1.05 x 10-34 J sec )



PHYSICS HAS GIVEN UP THE AMBITION TO PREDICT THE FUTURE!  
 ONLY THE ODDS OF AN EVENT CAN BE PREDICTED!!!!

MODERN PHYSICS SET THE END OF DETERMINISM IN PHYSICS!

Vs



QUANTUMNESS OF PATHS IN BIOLOGY (QUANTUM BIOLOGY): 

DOES  ENERGY IN PHOTOSYNTHETIC COMPLEX TRAVELS LIKE ELECTRONS IN THE 
DOUBLE SLIT EXPERIMENT?

QUESTION:  
Diffusive (hopping) or wave-like 

propagation? 
does Nature exploits quantum 

propagation to enhance  
transport efficiency?

Is this evidence for 
 quantum (i.e. wave-like)  

propagation?



Quanta of Energy: Atomic Spectra

Atoms emit only light with certain frequencies!! 

The energy of electrons in atoms is QUANTISED. 
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h= 6.6 10-34 J sec (Planck’s constant)
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None of this can fit in a classical description of  
matter and matter-radiation interaction!! 

We need a new and entirely different theory!

Road to QUANTUM MECHANICS

Einstein (1905): concept of photon 
De Broglie (1924): wave-particle duality 
Heisember (1925): matrix mechanics  
Schrödinger (1926): wave-mechanics 
Bohn (1926): Interpretation of the wave function 
Dirac (1926): equivalence of wave- and matrix- mechanics => quantum mechanics 
Heisemberg(1927): uncertainty principle



Quanta of magnetic moment: the Stern-Gerlach experiment

Expected result:

Unpolarized magnetic  
moments

Experimental observation:

All-up or all-down!
μ



Let us now consider apparatus made by combining several Stern-Gerlachs enabling a relative 
rotation around the beam axis:

The result is (again) unexpected

1) all-or-nothing on x-axis ! 
2) measurement of x-component 
destroys the information obtained 
from measuring the z-component!

One more form of quantum  
uncertainty!


