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The Infamous Single-Slit Experiment

If there is one experiment that has | I
challenged our intuition about reality

more than any other, it is the single-slit Detection
experiment. Screen
* The experimental setup is
remarkably simple.
* The results are anything but
simple.
Today we will ask one fundamental Single Slit
question:

* Where will each photon land on
the screen? )




What Do We Actually Observe?

When thousands of photons pass
through a single slit...

« Each photon is detected at one location
on the screen.

* The photons do not arrive uniformly
across the screen.

* As more and more photons arrive, they
gradually build a distinctive pattern of
alternating bright and dark regions.

The mystery is not only why the
beam spreads...

* The mystery is also why there are places
where no photons are ever detected. 3




Each model explains an important

part of the experiment. Three Models...Three

Each model answers a different scientific question

about the experiment. Pieces Of the PUZZle

 Maxwell's Equations
* Predict the diffraction pattern.

* Treat light as a continuous electromagnetic
wave.

] ' ] o Maxwell’s Heisenberg Quantum
* Heisenberg's Uncertainty Principle Equations UII;C_ert?':"ty State Machine
. ) rinciple B
Explains why the beam spreads after passing Ax Ap > h/2

through a narrow slit.
* Does not explain the bright and dark regions.

* Quantum State Machine OO > i P,

Explanatlon

* Predicts the probability distribution of
photon detections.

* Naturally produces both the beam spread
and the diffraction pattern.

* Explains how individual photon detections
accumulate into the observed intensity
pattern
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Maxwell's equations describe light as a
continuous electromagnetic wave.

M axwell's These equations successfully predict
 Reflection
z . Refracti
Equations | Refraction.
 Diffraction

They correctly predict the intensity pattern
produced by the single-slit experiment.



A Wave Passing Through a Narrow Opening

According to
Maxwell's
equations,

 Every point across
the opening acts like
a new source of
electromagnetic
waves.

e These waves interfere
with one another.

Incoming Wavelets from every Wavelets overlap and interfere
Plane Wave point across the slit to produce constructive (bright)

(Huygens’ Principle) and destructive (dark) regions pattern on the screen ¢ Th eresu lt IS a

diffraction pattern.
6

Resulting diffraction




Constructive and Destructive
Interference

Where waves arrive in Phase, Constructive Interference Destructive Interference
. . Waves in phase Waves out of phase by 180°
* Their amplitudes add.
* Bright region.
Where waves arrive out of phase,

* Their amplitudes cancel.
* Dark region.

Dark Band

Maxwell's equations predict the @ Bight sand o
location of every bright and dark |
region.

Band
ro Intensity)



Maxwell Gets the Pattern Exactly Right

Maxwell’s Prediction Observed Diffraction Pattern The predicted intensity
(Theoretical Intensity) (Actual Experiment) matches the observed

diffraction pattern
remarkably well.

* The locations of the
bright and dark
regions are exactly
where Maxwell's
equations predict.

But one important question
remains...

e Where are the
photons?

Intensity

Position on Screen Posmon on Screen




One Problem
Remains...

Maxwell predicts
* v the pattern
* v the intensity
* v the dark regions
But detectors never observe

e continuous

electromagnetic waves.

They observe

* individual photon
detections.

One Problem Remains...

What Maxwell Predicts

v Diffraction pattern
v/ Intensity distribution
v/ Bright and dark regions

Not continuous waves

—, Uik ,,‘.‘..

Detectors never observe continuous electromagnetic waves.



Maxwell's Equations  Still Unexplained
MEYAVEL P

. v Explains « ? Individual

Equations * v Reflection photon detections

* v Refraction ° ? Where will each

Summary * v Polarization photon land?

v Diffraction

v Intensity
Maxwell Equations Summary distribution

* v Locations of
the bright
regions

v Locations of
the dark regions
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Maxwell explains why the diffraction pattern contains
bright and dark regions.

 But Maxwell does not explain why the beam

The Heisenberg

Uncertainty spreads after passing through a narrow slit.

Pl’inciple The Heisenberg Uncertainty Principle answers that
question.




Position and Momentum Cannot Both Be Known Precisely

Wide Slit Narrow Slit The Heisenberg Uncertainty
| Principle states

* The more precisely a
particle's positionis
known...

Larqe uncgftainty . Smrftll unc'e'rtainty ® Th e l.e SS p recC i Se I.y itS
in position In position m 0 m e I‘Itu m ca n be

| Small uncertainty | kl‘lOWh.

| in momentum : in momentum ‘ . .
N T _ Passing through a narrow slit
| Small uncertainty | Large uncertainty | precisely determines the

in direction ! in direction

= photon's horizontal position.

e Its horizontal momentum
therefore becomes
uhcertain.

——=it li
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Why the Beam Spreads

As the slit becomes narrower,

* The uncertainty in horizontal
momentum increases.

* Photons therefore leave the
slit over a wider range of
angles.

* The beam spreads.

Narrow Slit

This prediction agrees remarkably
well with experiment.

13
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What We Just Saw on
the Video

We just saw in a physics lab what
we predicted using the Heisenberg ‘
Uncertainty principle.

* The Heisenberg Uncertainty
Principle has done something
very important.

* It correctly predicts that the
beam spreads as the slit
narrows.

* But did you notice what it didn't
explain?

15



What the Uncertainty Principle Explains

N dffOw S lit Narrower slit

— larger A6 A
‘ - wider spread i
|

Increased uncertainty in

transverse momentum .
Vertical

Larger spread of photon
directions

.- | :._- .__.-""-
‘ ' ._ - Position

8 |

= | i

|

|

|

|
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v

Wider beam = e el Detestion

Screen

The Uncertainty Principle successfully
predicts the overall beam spread | 16




...But Not the Whole Experiment

DOES NOT EXPLAIN

Beam spreads
v X Bright regions

—
v Wider angular distribution X Darkregions

I e s X Individual photon
v/ Narrower slit > larger spread detections
Wider slit: H‘E — I*f X Where the next
Smaller spread Narrower slit: Larger spread photon lands

The uncertainty principle predicts the overall width of the
distribution, but not its detailed probability pattern.




We Still Need One More Piece

Maxwell’s Equations tell us:

v Where the bright and dark bands
occur

_L—’I ‘." |

Heisenberg's Uncertainty
Laser

Principle tells us:
v Why the beam spreads

——» Slit ————— > Detector

(Screen)

What we actually observe: BUt neither tells us.
S, S ? Where will the next photon land?
11
eSS ? Why do thousands of individual
One photon A few photons  Many photons The full photons build exactly the
detection detected detected pattern emerges Maxwell intensity distribution?

To answer those questions, we need a different model -
The Quantum State Machine model 18




The Quantum State Machine

The Quantum State Machine predicts the probability of every
possible measurement outcome

Inst f treating light .
stead o ) éating light as The Quantum State Machine
e continuous waves ——  QUANTUM STATE MACHINE

[ J
or sim p ly QUANTUM STATE EVOLUTION RULE PROBABILITY
The Quantum State DISTRIBUTION

* uncertain particles e ) e
) -: ' '
The Quantum State Machine - ORN

(one photon

describes s W
A quantum state, ¢ (Psi) |

The quantum The machine evolves The result is a Detection

 Evolving in Hilbert space e b qbamece Sl
on o outcomes. quantum physics. point on the screen.
* Whose probability one mhoton
amplitudes determine where Y s
o e o . epeat many times:
iINn d (AVA| d u a l. p h Oto 1] d etQCt | O N S individual detections build the full pattern.

OCCULr.
19



The Quantum State ¢

The quantum state describes
the present state of the system.

Y(x,y,zt)

It encodes Quantum bk il
eg o ° coordinates and time.
¢ The prObabIllty amplltUdes State This illustration shows a slice

fOI" eve ry pOSSible / \ along the x-direction.
measurement outcome. | ™

* The phase relationships
between those

amplitudes.

* Everything needed to Re(®)
p red ICt th € p ro ba b | lltles Of At every point in space (x, y, z) and time t, “«,!J(;i‘c, ¥V, 2, t) provides a complex
futu re measurements. (amplitude and phase) probability amplitude.

The quantum state evolves
continuously with time. 20



The Hamiltonian It is a mathematical operator (often

involving derivatives) that:

Ope rator * Operates on the current quantum

state, .

The Hamiltonian operator acts on the * Determines how the quantum
state evolves continuously with
quantum state. y

time.

* Produces the evolving quantum
state used to predict future
measurements.

Recall: During quantization, the
classical fields are replaced by
quantum fields containing operators,
and these operators are assembled
into the Hamiltonian operator that acts
on the quantum state.

Hamiltonian

Current Quantum State Operator w | ,:‘,L ate The Hamiltonian ope rator tells the
Quantum State Machine how the
quantum state evolves. 21




Bringing the
Pieces Together

The Quantum State
Machine has two
essential parts:

* The quantum state, ,

describes the present
state of the system.

* The Hamiltonian
operator, H,
determines how the
quantum state
evolves.

What happens when the
Hamiltonian operator acts
on the quantum state?




Schrodinger Equation

Schrodinger's IGEaTER=S
o § The Hamiltonian acting on
Equation ™

The quantum state and the Hamiltonian operator come together
in one equation:

The Schrodinger equation tells us
* How the quantum state changes with time.
* How the Hamiltonian operator updates the quantum state.
* How the Quantum State Machine evolves continuously.
Schrodinger's equation is the engine that drives the Quantum State Machine. .



Running the Quantum State Machine for the
Single-Slit Experiment

Now let's use the Quantum State | I
Machine to model the single-slit

experiment.

* The Quantum State Machine has
already been constructed.

* The experimental setup is already
encoded in the Hamiltonian
operator.

* The only remaining taskis to
prepare the initial quantum state.

Every prediction begins by
preparing an initial quantum
state, ¢,.




The Quantum State Machine in Action

)
Time Evolution 4 e
(Schrédinger) Born Rule

o g
i

Quantum State

Photon . Detection —
Source Screen

Individual Photon Detections Build the Pattern

Before reaching the slit, the photon is traveling toward
Preparing the Initial the barrier.

S * That situation is represented mathematically
Quantum tate by the initial quantum state, {,.

* The initial quantum state contains everything
known about the photon before it reaches the slit.




Three Essential Components

@ Born Rule

Converts the state into
probabilities for detection.

Determines how the state
evolves in time.

Encodes all the information
about the photon.

Schrodinger's equationis
applied continuously.
* The Hamiltonian

operator acts on the
quantum state.

* As the photon
approaches and
passes through the
slit.

The quantum state
changes continuously.

* The Quantum State
Machine computes the
evolving quantum state.




Th t tateh
changed. > | The Quantum State Changes

It now contains After Passing Through the Slit

* The probability

amplitudes The Photon and Its Quantum State
The slit reshapes the quantum state
* The phase

o . Before the Slit At the Slit After the Slit
re la t I O n S h I p S Well-defined momentum Position is constrained Momentum becomes uncertain .
(narrow spread) e V

* The complete
prObability Stru Ctu re : \/\ [\\/\ \ smwam:%}’ "“n‘b.ff/\ /\ / 7“-\ M
. B Y,
For every possible | |

detection point on the . P——
Momentum Space The slit precisely Momentum Space

fixes position in x Wide Distribution

Narrow Distribution
within width a.

screen.

Passing through the narrow slit localizes the photon in position.

) T h © p re d i Ct i on i S now \I‘I""‘--. By the Uncertainty Principle, this increases the uncertainty
encoded in the evolved
qua ntum state.
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Converting Amplitudes into
Probabilities

From the Slit to the Screen:

The Born Rule converts the Time Evolution and the Born Rule
probability amplitudes e Evolu State at the Screen B Rul
contained in the uantum The state changes with time Final wave function orn u e
q ; (? fe ) C‘)tinv:jaris tl;e wave bfug‘(lz‘:l‘on
. 1L (36 6O een into detection probabilities
state into measurable .

babiliti ime ¢ / _ &
pro ablites. " ' ‘ |l/} ratsuccn 2

Probablllty Distribution

Probability
i1
£i2
T

Position x

P(x) = P(x) |2

The Born Rule converts the
evolving quantum state into
experimentally testable
predictions.

Time progresses —

28












We watched exactly what the
model predicted:

 Each photon arrived as a single
detection.
 Each detection appeared random.

* Yet together they formed the
probability distribution predicted by
the Quantum State Machine.

* The Quantum State Machine predicts the
probability distribution—not the landing
position of any individual photon.

* What we just withessed in the video was
Conway-Kochen free will in action:
individual photon detections remained
underdetermined—even though the
overall probability distribution was
precisely predicted.

What Did We
Just See?

Random detections reveal an underlying probability distribution.




The Amazing Achievement
of the Quantum State
Machine Model

The Quantum State Machine
correctly Predicts
* v Beam spread
v Bright regions
v Dark regions

v Complete probability
distribution

v Statistical accumulation
of individual photon
detections

v The experimentally
observed diffraction pattern

* The Quantum State Machine
predicts every experimentally
observable statistical feature of
the single-slit experiment.

QUANTUM STATE

MACHINE
ay 2
h—=H
Wag — W
h, _ A
l
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The Quantum State Machine Model Also
Predicts the Free Will of the Photons

The Quantum State Machine predicts

* v the probability of every possible outcome.
It does not predict

« X which individual photon will be detected ; i pruye /1

next. ' /| PREDICTION /1
What we just withessed in the video was Conway- |
Kochen free will in action: individual photon detections
remained underdetermined—even though the overall
probability distribution was precisely predicted.

The Quantum State Machine predicts not only the probability distribution—it also predicts
that the individual detection events remain underdetermined, consistent with the Conway-

Kochen free will we just observed in the video. 34



The single-slit experiment has taught us

some important lessons: Th ree Models."one
* Maxwell's equations explain the
wave nature of light. Complete
* Heisenberg's Uncertainty Principle U nderstanding

explains why the beam spreads.

* The Quantum State Machine
incorporates both and predicts

DOUBLE sur

ONE THEORY.

everything that modern physics el TR
can predict about the single-slit @ |
experiment—including the e : N
underdetermined nature of the el -
individual detection events. e JACHINE

—

Its extraordinary predictive success
makes the Quantum State Machine one
of the greatest scientific models ever
developed. 35
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PHOTOELECTRIC EFFECT

ONE THEORY. curen|
COUNTLESS EXPERIMENTS. |
REMARKABLE ACCURACY. M [ oMIC ENEREY LEVELS

QUANTUM
STATE
MACHINE

QUANTUM TUNNELING
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Next Time...

Can the Quantum State
Machine Build an Atom?

 Today we used the Quantum State
Machine to predict the single-slit
experiment.

* Nexttime we will use the same Quantum
State Machine to answer a much bigger
question.

Can it predict the structure of an atom?

* We will begin with a single proton and a
single electron.

* We will allow the Quantum State
Machine to evolve the quantum state.

* We will watch a hydrogen atom emerge.

* The same Quantum State Machine that
predicts the single-slit experiment also
predicts the existence of atoms.

37
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