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Topic: Alpha-particle Scattering and Rutherford's Nuclear Model of
Atom

Class: CBSE CLASS XlI
Subject: Physics
Unit: Unit 12: Atoms

SECTION 1: WHY THIS TOPIC MATTERS

What if everything you see—your desk, your hands, the air you breathe—is almost entirely
nothing? One single experiment proved it. The alpha-particle scattering experiment is one of
the most important moments in physics. It's the pivotal investigation that completely
shattered the old, common-sense ideas about the atom and revealed its true, deeply
surprising structure. Before this, the leading theory was the "plum pudding model," which
pictured the atom as a soft, positively charged sphere. Rutherford's experiment proved this
was wrong and set the stage for the quantum revolution.

Understanding this experiment helps you see how a single, well-designed observation can
change our entire view of the universe. It’s also important because:

o It proved atoms are mostly empty space. The experiment overturned the intuitive
idea that atoms are solid balls. The results showed that an atom is an astonishing
99.99% empty space, a concept that still challenges our everyday experience.

e Itrevealed the nucleus through a simple analogy. Imagine throwing tennis balls ata
wall—they bounce back. Now imagine throwing them at a room full of soft pillows—
they would just slow down. Rutherford's team saw some alpha particles bounce back
sharply, just like tennis balls hitting a wall. They concluded there must be a tiny, hard,
dense centerinside the atom: the nucleus.

o The principles are still used today. The fundamental idea of probing a material by
bombarding it with particles and observing how they scatter is a cornerstone of
modern science. A powerful technique called Rutherford backscattering
spectroscopy (RBS) uses this exact principle to analyze the composition and
structure of materials in fields like microchip manufacturing.

To understand how they figured this out, let's use a simple mental picture.

SECTION 2: THINK OF IT LIKE THIS

Abstract concepts in physics are often easiest to grasp with simple analogies. These mental
models help you visualize what's happening at a scale you can't see directly.

© ScorelLab by Profsam.com
Designed to help CBSE Class 12 students improve conceptual clarity and score up to 30% more marks in
Physics, Chemistry, and Mathematics.



K scoreLab

The Crowded Room Model

e The Old Idea (Plum Pudding Model): Imagine a room completely filled with soft
cushions. If you throw tennis balls (our alpha particles) into this room, they might slow
down a bit or be slightly deflected, but they would never bounce straight back at you.
This is what scientists expected to happen.

o The New Idea (Nuclear Model): Now, imagine a mostly empty room with a single,
small, incredibly solid wall right in the center. If you throw tennis balls into this room,
most would fly straight through the empty space and come out the other side
untouched. But the very few that happen to hit that central wall would bounce back
sharply.

The actual results of the experiment matched the "empty room with a wall" model perfectly.
This revealed that the atom's positive charge and mass were not spread out like cushions but
were concentrated in a tiny, dense core we now call the nucleus.

Mini-Diagram

Alpha Particle ---> [ Mostly Empty Atom ] ---> Passes Through
Alpha Particle ---> (Nucleus) --->Bounces Back!
Supporting Analogies

Here are other ways to picture the same idea:

e The Stadium: An atom is like a massive sports stadium that is almost entirely empty
space. The nucleus is like a single marble placed at the center of the field.

e The Desert: An atom is like a vast desert containing only a single, solid rock. Most
things can pass over the desert untouched, but anything that strikes the rock will be
deflected.

Now, let's look at the precise scientific definition and formulas you need for your exams.

SECTION 3: EXACT NCERT ANSWER (LEARN THIS FOR EXAMS)

The NCERT textbook provides the precise language you need for exams. Let's break down the
three key takeaways: the model's description, the definition of a key variable, and the formula
that governs the interaction. Below the formula, you'll find an explanation for each symbol.

In Rutherford’s nuclear model of the atom, the entire positive charge and most of the mass of
the atom are concentrated in the nucleus with the electrons some distance away. The
electrons would be moving in orbits about the nucleus just as the planets do around the sun.
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The impact parameter is the perpendicular distance of the initial velocity vector of the a-
particle from the centre of the nucleus.

The formula for the electrostatic force of repulsion is:
F=(1/4mne,) * ((2¢e)(Ze)/ r’)

e F:The electrostatic force of repulsion between the alpha particle and the nucleus.

g, (epsilon-nought): Afundamental constant called the permittivity of free space.

e: The elementary charge (the magnitude of the charge of a single proton or electron).

e Z: The atomic number of the target atom (for gold, Z = 79), which represents the
number of protons in its nucleus. The total charge of the nucleus is therefore Ze.

e r:The distance between the alpha-particle and the nucleus.

Let's connect this powerful formula back to our simple 'tennis ball' analogy.

SECTION 4: CONNECTING THE IDEA TO THE FORMULA

The formula F = (1 / 4mtg,) * ((2e)(Ze) / r’) is the powerful mathematical tool that turns our
qualitative picture of a "solid wall" into a quantitative prediction. This electrostatic force is
what causes the positively charged alpha particle to deflect when it gets near the positively
charged nucleus. Here is the logical connection:

o Step 1: The "Wall" is a Force. The hard wall in our analogy isn't a physical object. It
represents an incredibly powerful repulsive force. This is the electrostatic Coulomb
force, which pushes two positive charges apart.

e Step 2: The Force Depends on Charge and Distance. The formula shows that this
force F depends on the charges involved (the alpha particle's charge 2e and the
nucleus's charge Ze) and the distance r between them.

« Step 3: The Force Spikes at Close Range. The 1/r* term in the formula is crucial. It
means as the distance r gets smaller, the repulsive force increases dramatically. This
inverse-square relationship is the reason the "wall" feels so solid at close range—the
force spikes to levels capable of reversing a high-energy particle.

e Step 4: A Strong Force Implies a Concentrated Charge. For an alpha particle to be
pushed back so violently (large-angle scattering), it must experience a massive
repulsive force. This can only happen if it gets very close to a highly concentrated
positive charge. This confirms that all the atom's positive charge Ze must be packed
into a tiny, dense nucleus, rather than being spread thinly throughout the atom.

Now let's break down the entire experiment and its conclusions step-by-step.
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SECTION 5: STEP-BY-STEP UNDERSTANDING

Here is the logical flow of Rutherford's discovery, from the initial setup to the final,
revolutionary model.

1. The Experiment: Rutherford's team fired a beam of fast-moving, positively charged
alpha particles (which are Helium nuclei) at an extremely thin sheet of gold foil to see
what was inside the gold atoms.

2. The Old Idea (Plum Pudding Model): The existing "plum pudding" model predicted
that the alpha particles would only be slightly deflected, as it assumed the positive
charge inside the atom was spread out thinly.

3. The Surprising Result: What the team actually observed was shocking. Most particles
passed straight through the foil, but a very small number were deflected at huge
angles, and some even bounced almost straight back.

4. The Revolutionary Conclusion: This backward scattering could only happen if the
alpha particle hit something extremely small, very massive, and positively charged.
This forces the conclusion that the atom must be mostly empty space, with a nucleus
10,000 to 100,000 times smaller than the atom itself.

5. The New Nuclear Model: Based on these results, Rutherford proposed his new
model: a tiny, dense, positive nucleus at the center containing nearly all the mass, with
lightweight electrons orbiting far away in what is mostly empty space.

This new model was revolutionary, but it's easy to misunderstand some of its key points.

SECTION 6: VERY SIMPLE EXAMPLE (TINY NUMBERS)

While complex calculations can be done to predict scattering angles, the core idea is
conceptual. The source materials do not provide a simple numerical example with tiny
numbers for this specific topic. Instead, let's consider a "Thinking Example" to solidify the
main point.

e Scenario: Inthe alpha-particle scattering experiment, a detector observes a single
alpha particle scattering backwards at a sharp angle of 150°.

e Question: Does this single observation support the plum pudding model or the
nuclear model?

e Answer: The plum pudding model, with its thinly spread positive charge, could never
produce such a large deflection. A 150° "bounce" is like a tennis ball hitting a brick
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wall. This sharp deflection is powerful evidence for the existence of a tiny, highly
concentrated positive nucleus, as described by the nuclear model.

The key is not the exact numbers, but understanding that large-angle scattering proves the
existence of the nucleus.

SECTION 7: COMMON MISTAKES TO AVOID

Let's tackle three common traps that students fall into. Mastering these will give you an edge.

WRONG IDEA: Atoms are solid objects like billiard balls.

o Why students believe it: We see solid objects in everyday life and assume
atoms, the building blocks of matter, are the same.

e CORRECT IDEA: Atoms are 99.99% empty space. The nucleus is incredibly small
compared to the entire atom, like a marble in the middle of a sports stadium.

e WRONG IDEA: Alpha particles bounced off the atom's outer surface.

o Why students believe it: It's easy to picture atoms as solid spheres with a hard
surface that things can bounce off of.

o CORRECT IDEA: Alpha particles pass through the vast empty space of the atom.
Significant deflection only happens if an alpha particle gets very close to the tiny
nucleus at the center.

e WRONG IDEA: The light electrons in the atom are what bounced the heavy alpha
particles backward.

o Why students believe it: They know electrons are part of the atom and might
imagine them acting like a swarm of bees.

e CORRECT IDEA: An alpha particle is like a bowling ball; an electron is like a ping-pong
ball. The bowling ball will not be deflected by hitting a ping-pong ball. Only the
massive, positively charged nucleus (another bowling ball) can cause a major
deflection.

To keep these correct ideas straight, here is an easy way to remember the core concept.

SECTION 8: EASY WAY TO REMEMBER

Use these memory anchors to quickly recall the key findings of the experiment.
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¢ Mnemonic: Use the word "BACK". The observation of Backward scattering reveals a
hard Atomic Center called the Kern (nucleus). An even simpler way to remember is:
"BACK — Backward scattering reveals a nucleus."

e Memorable Phrase: "Most pass through; some bounce back. Atoms are mostly
empty; nuclei are solid."

Use these anchors when you do a final recap with the following points.

SECTION 9: QUICK REVISION POINTS

Key takeaways for quick revision:
e Rutherford's experiment fired alpha particles (positive Helium nuclei) at thin gold foil.
e The expected result from the plum pudding model was only small-angle scattering.

e The observed result was that most particles passed straight through, while a few
scattered at very large angles (backscattering).

e This proved the plum pudding model was wrong and that the atom's positive charge is
concentrated in a tiny, dense nucleus.

o Rutherford's nuclear model states that an atom is mostly empty space, with a positive
nucleus at the center and electrons orbiting it.

You now have a solid grasp of the core concepts. For those aiming for top marks, the next
section provides advanced details that demonstrate a deeper mastery of the subject.

SECTION 10: ADVANCED LEARNING (OPTIONAL)

This section contains deeper insights that go beyond the basic syllabus but provide a richer
understanding of the topic and its historical and scientific importance.

1. Historical Context: The experiment was conducted in 1909 specifically to test J.J.
Thomson's "plum pudding" model.

2. The Scattering Force: The deflection is caused purely by the electrostatic (Coulomb)
repulsion between the +2e charge of the alpha particle and the +Ze charge of the gold
nucleus.

3. The Scattering Formula: While the derivation is complex, the Rutherford Scattering
Formula predicts that the chance of scattering is proportional to 1/sin*(6/2). This
explains why large angles (0) are very rare.
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4. Estimating Nuclear Size: The size of the nucleus was first estimated by calculating
the "distance of closest approach" for an alpha particle in a direct head-on collision.

5. ANew Unsolved Problem: Rutherford's model was a huge success, but it created a
major problem. According to classical physics, orbiting electrons should radiate
energy and spiral into the nucleus, making the atom unstable. This set the stage for the
next revolution: Bohr's model.

6. Modern Applications: The exact same principle is used today in a powerful material
analysis technique called Rutherford Backscattering Spectroscopy (RBS).
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