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Mr. Mohamad

A Particle Model of Waves

Physics Masterclass |
Comprehensive Study Guide

Prepared by Mr. Mohamad
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Expectation vs. Reality

The Established Rule Phenomenon 1 (Failure) Phenomenon 2 (Failure)
James Maxwell's electromagnetic Emission Spectra. The Photoelectric Effect.
wave theory successfully models light
as continuous changing electric and | Fails to explain the spectrum of Fails to explain the emission of elect-
magnetic fields. It perfectly explains: | electromagnetic waves emitted by trons from metals exposed to ultravi-

hot objects. olet radiation.
- Interference
- Diffraction
- Polarization

Mr. Mohamad'’s Insight:

To solve these two mysteries, physics had to completely reimagine light—not just as a
continuous wave, but as individual packets of energy.

NOLQGIA n . 34 4 2 |pswe0Zn
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Phenomenon 1:
Incandescence

Definition:

The emission of light from a hot
object.

The Mechanism:

As potential difference increases,
the filament’s temperature rises.

The Observation:

The emitted color explicitly shifts
from lower-frequency (red) to
higher-frequency (blue and violet)
as the object gets hotter.

Lower Temperature Medium Temperature Higher Temperature
(Deep Red) (Bright Yellow/Orange) (White/Blue)

NOLOGIX
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Deconstructing Emission Spectra

An emission spectrum is a graph of the intensity of radiation emitted from an object over a
range of frequencies.

Emission Spectra for Three Different Temperatures
10 , — , Rule Box
Infrared Visible Ultraviolet

S | 5800 K Peak: | K 8000 K Peak: Rule 1:
‘2 8 i Centered in the }: Shifted far left into Higher Temperature =
g —y i Visible spectrum i \, Ultraviolet region Greater total energy
22 | 4000K Peak: + | emitted (larger area
ke Centered in ; / 5 under the curve).
35 Infrared/Red region | | |
TS 4 N /| Rule 2:
g S A~ : E!gﬂer Temfferature =
= a8 : igher peak frequency
qg, 21 / TPRK/ | (peak shifts right toward
= /. § -~ uv).

0 *f,/ o —

Frequency (x10'4 Hz)
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The Astronomy Connection

Px T4

The total power emitted by an object is
proportional to its Kelvin temperature
raised to the fourth power.

Application Data (The Sun):
- Surface Temperature: = 5800 K
- Total Radiated Power: 4 x 1026 W

Real-World Impact & Mr. Mohamad’s Note

Because of the T* multiplier, the Sun radiates an
enormous amount of energy. On average, every
square meter of Earth's surface receives =~ 1000
W from the Sun. That is enough energy hitting

a single square meter to power ten 100-W
lightbulbs simultaneously!
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The Breakdown of Wave Theory

Wave Theory Prediction

Vibrating charged particles should
radiate an INFINITE amount of energy

!
[
i
!
at higher frequencies. 4

= 1I
=D ¢ Experimental Reality (at 1500 K)
() ] S
o) i The observed emission spectrum does
% ! not match. Energy peaks and then drops
= / off smoothly at high frequencies.
- /
Q ,’
= /
2 i
2 Y
/

i -

0 1 2 3 4 5

Frequency (x1074 Hz)

Verdict: Classical wave theory is fundamentally broken-when
predicting emission specﬁe Ultraviolet Catastrophe)
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Planck’s Quantum Leap (1900)

Classical Continugu's“ﬂ@ 'y" Quantum Discrete Energy
004, I Formula Focus

E = nht

E = Energy
n = Integer (0, 1, 2, 3...)

h = Planck’s Constant
(6.626 x 107-34 J/Hz)

f = Frequency of vibration

o g

Energy can be any value Atoms can only emit/absorb energy in
(like sliding anywhere on a ramp). specific, discrete bundles called quanta
(like resting only on specific stairs).

Key Concept: Energy is quantized. An atom’s energy changes only in multiples of hf, never fractions.
NOLOGIA 11 . 3442 /bB00Z7
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Phenomenon 2: The Photoelectric Effect

The emission of electrons when electromagnetic radiation falls on an object.

Ultraviolet Light (High Frequency) Visible Light (Lower Frequency)

A

B -\
| :
L
Immediate electron ejection, Even at extremely high intensity, exactly
discharging the plate. zero electrons are ejected.

The Mystery: Classical wave theory predicted that a high-intensity wave'should eventually build up

enough energy to'eject electrons, regardless of frequency. The experiment proved this completely wrong.
NOLOGIA 12 "3 4 42 [D8RAZNT =
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Current vs. Frequency
(Constant Intensity)

Current

Current vs. Intensity
(Frequency < f,)

o Frequency

Current

Analyzing the Photoelectric Data

Current vs. Intensity
(Frequency 2 f,)

Intensity

Threshold Frequency (f,).

Electrons are only ejected if
incident radiation exceeds a
specific minimum frequency.

Current

Intensity

Insight:

Below f,,, increasing light intensity
does absolutely nothing. Current
remains zero.

NOLOGIA

Insight:

At or above f, increasing intensity
increases the NUMBER of electrons
ejected (higher current).

~ 3 4 4 2 10w/
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The Solution
Albert Einstein explained the photoelectric effect by

bundles of energy called Photons.

Photons

proposing that light itself consists of discrete, quantized

Energy of a Photon
E =hf

The energy of a single photon depends ONLY on its frequency.

e

The 1-to-1 Rule

One photon interacts with exactly one electron.
If the photon's frequency (f) is below the
threshold (f,), its energy (hf) is too low to knock
the electron loose. A million low-energy photons
won't free a single electron.

. 34 4 2 |pswedZn
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Real-World Physics: Solar Panels

Application: Photovoltaic materials in solar cells.
@ 1
e e .

Te (_)Q\)D‘) /0”0
W) | Q Q - L
o0 S0 5000

@ _ ;
s —0-0 0
g o3
1©\__
>0—

1. Capture: Photons from the Sun strike the semiconducting material.

2. Absorption: If the photon's frequency exceeds the threshold
frequency of the semiconductor, its energy is absorbed.

3. Emission: Electrons break free from their atoms.

4, Current: This flow of escaping photoelectrons is directed to form a
usable electric current.

NOLOGIA E . 3442 /8200771 =
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Nifioh=pie: The Math: Mastering Electron Volts (eV)

Joules (J) Electron Volts (eV)

The Problem: The Joule (J) is far too massivea | Thé Critical Cbnvérsion:

unit for atomic-sized energy systems.
The Solution: The Electron Volt (eV). 1eV = (1.602 x 19~ C)(1V)

* Definition: The energy of one single electron l1eV = 1.602 % 10°197
accelerated across a 1 V potential difference.

NOLOGIA
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The Problem-Solving Blueprint

{ Step 1: Ensure your desired energy ]

Step 2: Ensure your wavelength (A)
output is in electron volts (eV). is converted to nanometers (nm).

v

The Ultimate Shortcut Formula A

E = (1240 eV-nm) / A

Step 3: Simply divide 1240 by A to get the Energy.

Why this works:

E = hf, and f = ¢/A. Therefore E = hc/A. Because h and ¢ are constants, converting their product (hc) into eV-nm yields

exactly 1240. This bypasses complex scientific notation and super energy normolt. This bypasses complex scientific
notation and saves critical minutes on exams!

NOLOGIA . 3442 /800271 =
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Synthesis Matrix: Wave vs. Particle

Both models are required to completely describe light.

Physical Feature

Classical Wave Model

Quantum Particle Model

(Interference/Diffraction)

Nature of Energy Continuous flow. Quantized (discrete bundles).
Emission Spectra at High Fails (Predicts infinite Succeeds (E=nhf perfectly
Temps energy). matches observed peak).
Ejecting Electrons Fails (Assumes high intensity | Succeeds (Requires minimum
(Photoelectric) is enough). threshold frequency, E=hf).
Propagation

Succeeds beautifully.

Cannot explain.

NOLOGIA
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Classical View

Classical Theory: Energy builds up smoothly over time.

JOLOGIA™ l

The Quantum Leap: From Continuous Waves to Discrete Packets

Einstein expanded on Planck’s work, proving that light doesn't just behave as a continuous wave, but as distinct
particles of energy called photons. A photon's energy is entirely dependent on its frequency: E = hf.

Quantum View

Einstein's Theory: Energy arrives in indivisible, discrete packets.

c
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H | | [ 1 E]
. | f<f,(Noemission) f > f, (Prompt emission)

Concept: The Mechanics of the Photoelectric Effect

Because one photon interacts with exactly one electron, low-frequency photons cannot “team up"” to free an electron.
The photon must possess a minimum threshold frequency (f,) to provide the necessary energy to break the electron free.

fof,

(Prompt emission)

iz

f<f,

(No emission)

NOLOGIA—
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Mr. Mohamad's Tip:

Remember your units!
Energy can be calculated
in Joules (J) or
electron-volts (eV).

1eV=1602x10"19J
| A

— T T | | | | '

. 34 42 [b8weQ0ZN
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~ Equation Anatomy: Kinetic Energy & The Work
A | |
T T T TV T T T T T T T T T T 170
| i Incident Photon Energy (E)‘. ]
i The total energy delivered by the light. = |
| | W— u———
- | Maximum Kinetic Energy The Work Function (W). HT [ A-J
_ of the ejected electron. The exact energy "toll" required :_L
L_| YN /Y] to free the most loosely bound . = [ A
. Ve -4/ electron from the metal. Ve - 1/5]
Ri=(¢Y) L Neg MG
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Mastery Example 1: Calculating Work Function & Kinetic Energy

A particular photocell uses a sodium cathode with a threshold wavelength
(Ag) of 526 nm. Ultraviolet radiation (A = 348 nm) falls on it. Find the work
function and the maximum kinetic energy of ejected electrons in eV.

1. The Setup 2. Work Function (W) | 3. Kinetic Energy (KE)
Ao = 526 nm _ hc First find Total Energy (E):
W hc 1240
A =348 nm 0 I Ry
T 2 348 3.56 eV
Shortcut Constant: 526 Then apply the main equation:
hc = 1240 eV:nm W = 2.36 eV KE=E-W
KE = 3.56 eV —2.36 eV
KE =1.20eV

NOLOGIA
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Material Matrix: Visualizing Thresholds Across Metals

Synthesis: The higher the Work Function, the deeper into the UV
spectrum we must go to eject an electron.

@ Cesnum

K

W=195eV
Triggers easily in
visible red light
(A =637 nm)

AN

—|

— N

7/ Sodium AN
W=236¢eV
Requires green/blue
visible light
(A =526 nm) |

/ Magnesium AN

W =3.66 eV
Requires
Ultraviolet light
(A =339 nm)

=

@ Silver L

W =4.60 eV

Requires deep
Ultraviolet light
(A =270 nm)

7 =l

NOLOGIA

Infrared

Ultraviolet
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Concept: Testing the Theory via Stopping Potential

How do we measure the kinetic energy of an electron we can't see? By
forcing it to climb an electric "hill" until it stops completely.

]
Anode | |— e\ Cathode
—— o— ® L, °
- *— o

Electric Field Pushback

+ —
I-®
Ammeter reading Zero

Potentiometer

NOLOGIA
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Equation Anatomy: Stopping Potential

KE = —eAV,
" 7

\ The Stopping Potential (Volts).

Kinetic Energy of

electrons as they ! ;

leave the:cathode. Charge of an electron The precise negative voltage
(—-1.602 x 1071° Q). applied to the anode required

to stop the current.

Key Insight: At the stopping potential, the maximum kinetic energy of the electrons
perfectly equals the work done by the electric field to stop them. Multiplying the two
negative values (charge and voltage) yields a positive Kinetic Energy.

NOLOGIA
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Mastery Example 2: The Stopping Potential Math

The stopping potential difference of a photocell is 4.0 V. How much kinetic energy
does the incident light give the electrons in both Joules and electron-volts?

2. Convert to electron-volts

1. Solve in Joules
Negatives cancel

KE = —(-1.602 x 107 C)(-4.0 V)

Convert to eV

- 64x107177
~ 1.602x 10719 J/eV

Divide by
1.602 x 1071° J/eV

KE

KE=+464%x10"1°] KE=4.0eV

Trick:

Mr. Mohamad's Exam

by a
lectron stopped
ggt?antial difference of 4 V always

ineti f exactly
kinetic energy ©
‘Za:\le.‘The numbers match!

NOLOGIA
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Graph Deconstruction: Maximum KE vs. Frequency

~

Maximum Kinetic Energy (eV)

1. The Slope: The slope is universal. For
every single metal, the slope is exactly
Planck’s constant (h = 4.14 x 1071 eV/Hz).

2. The X-Intercept: This is the Threshold
Frequency (f,,). Below this specific point,
KE = 0 and no electrons are emitted.

| 1 | |

|

| |

8 9 10 11
Frequency (x 104 Hz)

12

13 14 15

NOLOGIA

[ 27 B

3. Parallel Lines: Different metals have
different starting thresholds, but the
underlying physics (the slope) remains

identical.

. 34 4 2 |pswed0Zn
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Real-World Application: The Digital Camera Array

The exact same principle that ejects electrons from a metal cathode is used
to capture photos in your smartphone via the photovoltaic effect.

\ 1. The Light

2. The Filter Grid

3. The Photoelectric Detector

Photons strike the detector
array, ejecting electrons and
storing a charge proportional to
the light's intensity. This stored
charge is digitized into a pixel.

- 3 4 4 2 T08wQ0Zn
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Concept: The Compton Effect (Momentum Without Mass)

Einstein predicted photons have momentum. In 1922, Arthur Holly Compton
proved it by firing X-rays at graphite. Equation: p = h/A.

7
Classical Collision @. —* ><

Quantum Collision: /
Scattered photon loses photon (initial) scattered photon

energy, increasing its

wavelength. photon (lmtlal electron
N\ recoiling electron

NOLOGIA 34 4 2 /b8RRADZTTI =
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Analyzing the Compton Shift: Proof of Collision

Because energy and momentum are conserved, the energy gained by the recoiling
electron must be lost by the photon. A loss in photon energy means a decrease in
frequency, which results in an increase in wavelength.

Unscattered X-rays Scattered X-rays
] | | 1 | | | | | | | | 1]} |

|

| | |
= I - — | | =

| | |

| | [
- | . - | | -

g | .é’:' | |

) | B | |
e k | = = | | =

Q | L | |

= I £ | |
= | 2 a | | 2

| | |

| | |
" I . - | | "

| | |

| | |

' L 1 1 1 o 1 1 1 f 1 11 1
)\ }\ As

The Compton Shift—Direct proof the massless

photon transferred physical momentum.
NOLOGIA . 34 4 2 /p8Rea0ZTi
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Synthesis Matrix: Photoelectric vs. Compton Effects

Photoelectric Effect

Compton Effect

Type of Incident
Radiation

Visible / Ultraviolet Light

High-Energy X-Rays

What Happens
to the Photon?

Completely absorbed
and vanishes

Scattered and deflected
with lower energy

Target Electron

Bound valence electrons

Free or loosely bound
electrons

What this
Phenomenon
Proves

Light consists of discrete
energy packets (particles)

NOLOGIA

These massless particles
carry physical momentum
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Mr. Mohamad’s Master Equation Cheat Sheet

The Constants

h =6.63 x 10734 J-s
h = 4.14 x 1071 eV-s

= 3.00 x 108 m/s
e = -1.602 x 107192 C

Shortcut: hc = 1240 eV-:-nm

The Master Equations

Photon Energy:
= hc/A

Photoelectric Effect:
= hf - hf,
(or KE = E - W)

Stopping Potential:
KE = -eAV,

Compton Momentum:
= h/N = hf/c

The Golden Rules

Rule 1: If calculating your
final answer in eV, always
use h = 4.14 x 10715,

Rule 2: W (Work Function)
and hf, are the exact same
physical property.

Rule 3: Higher threshold
frequency always means a
higher work function.

End of Document. You a equipped for mastery. i
NOLOGIA —I3 4 4 2 /pBRRCOZTI
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