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Understanding the Scenario and Relevant
Concepts

Introduction to Atomic Scale Distances

At the atomic level, particles such as protons and electrons are separated by
distances on the order of angstroms (10-10 meters). The given distance of
3.50x10-10 meters closely resembles typical atomic radii, particularly the
average distance between a proton and an electron in a hydrogen atom's ground
state.

Significance of the Distance

The initial separation of 3.50x10-10 meters indicates that the proton and
electron are initially in a close, bound state—possibly akin to the hydrogen
atom's structure. When released from this proximity, they will interact via
electrostatic forces, leading to acceleration and energy changes.

Goals of the Calculation

Given this initial separation, the key objectives are:

- To determine the initial electrostatic potential energy of the system.

- To analyze the kinetic energy imparted to the particles as they move apart.
- To find the velocities of the proton and electron after they are released
and are infinitely far apart.

- To understand the energy conservation involved in the process.



Fundamental Principles and Equations

Electrostatic Potential Energy (Coulomb Energy)

The electrostatic potential energy \( U \) between two point charges is given
by Coulomb's law:

\ [

U= \frac{k \, |q 1 q 2|}{r}
\1]

where:

- \(k = 8.9875 \times 1079 \, \text{N m}"2/\text{C}"2\) (Coulomb's constant),
- \(g_1, g 2\) are the charges,
- \(r\) is the separation distance.

Charges of Proton and Electron

- Proton charge \(q p = +1.602 \times 10°{-19} \, \text{C}\),
- Electron charge \(q e = -1.602 \times 107{-19} \, \text{C}\).

Since the magnitude of the charges is equal, and their product involves the
absolute value, the potential energy becomes:

\ [
U = \frac{k \, e"2}{r}
\1

Kinetic Energy and Energy Conservation

Initially, the particles are held at the specified distance (assuming a bound
state). When released, the system's total energy consists of:

- Initial potential energy \(U i\),

- Zero initial kinetic energy (assuming they are released from rest).

As they move apart, potential energy decreases, converting into kinetic
energy.

At infinite separation, the potential energy tends to zero, and all energy is
kinetic:

\ [

K {total} = U i

\1]

The individual velocities can then be found from the kinetic energy
expressions:



\ [
K = \frac{1}{2} m v*2
\1

Calculations and Derivations

Step 1: Calculate the Initial Potential Energy

Given:

-\( r =3.50 \times 107{-10} \, \text{m} \),

- \( e =1.602 \times 10°{-19} \, \text{C} \),

- \( k =8.9875 \times 1079 \, \text{N m}"2/\text{C}"2 \).

Plugging into the Coulomb energy formula:

\ [

Ui = \frac{(8.9875 \times 1079) \times (1.602 \times 107{-19})"2}{3.50
\times 10°{-10}}

\1]

Calculating numerator:

\ [

(8.9875 \times 1079) \times (2.566 \times 107{-38}) \approx 2.306 \times
10~{-28}

\1]

Dividing by \( r \):

\ [

U i \approx \frac{2.306 \times 107{-28}}{3.50 \times 10"{-10}} \approx 6.588
\times 107{-19} \, \text{J}

\1]

Result: The initial potential energy of the system is approximately \(6.59
\times 107{-19}\) Joules.

Step 2: Determine the Final Velocities of Proton and
Electron

Since the particles are released simultaneously and only interact via
electrostatics, the energy conservation dictates:



\ [
Ui=K{p} + K {e}

\1

where:

- \(K {p} = \frac{1}{2} m p v _p~2\),
- \(K {e} = \frac{1}{2} m e v _e™2\).
Masses:

- Proton: \(

1.673 \times 107{-27} \, \text{kg} \),

mp=
- Electron: \( m e 9.109 \times 107{-31} \, \text{kg} \).

From momentum conservation (since no external forces act):

\
mpvp=meve
\1

Express \(v_e\) in terms of \(v_p\):

\ [
v e = \frac{m p}{m e} v p
\1

Total kinetic energy:

\ [
K {total} = \frac{1}{2} m p v p~2 + \frac{1}{2} m e v e"2
\1

Substituting \(v _e\):

\ [

K {total} = \frac{1}{2} m p v p~2 + \frac{1}{2} m e \left(\frac{m p}{m e}
v_p\right)”2 = \frac{1}{2} m p v p™2 + \frac{1}{2} \frac{m p~2}{m e} v p"2
\1

Factor out \(v p”™2\):

\ [
K {total} = \frac{1}{2} v p~2 \left( m _p + \frac{m p~2}{m e} \right)
\1

Expressed as:

\ [
K {total} = \frac{1}{2} v p~2 \, m p \left(l + \frac{m p}{m e}\right)
\1

Solve for \ (v p\):



\ [
v p = \sqrt{\frac{2 K {total}}{m p \left(1l + \frac{m p}{m e}\right)}}
\1

Calculate \(\left(1l + \frac{m p}{m e}\right)\):

\ [

\frac{m p}{m e} \approx \frac{1l.673 \times 107{-27}}{9.109 \times 107{-31}}
\approx 1836

\1

Thus:

\ [

v p = \sqgrt{\frac{2 \times 6.588 \times 107{-19}}{1.673 \times 10"{-27}
\times (1 + 1836)}} = \sqgrt{\frac{1.3176 \times 10"{-18}}{1.673 \times
10~{-27} \times 1837}}

\1

Calculate denominator:

\ [
1.673 \times 107{-27} \times 1837 \approx 3.073 \times 10"{-24}
\1

Now:

\ [

v_p \approx \sqrt{\frac{1.3176 \times 107{-18}}{3.073 \times 10"{-24}}}
\approx \sqrt{4.29 \times 107{5}} \approx 655 \, \text{m/s}

\1

Similarly, the electron velocity:

\ [

v_e = \frac{m p}{m e} v p \approx 1836 \times 655 \approx 1.202 \times 10"{6}
\, \text{m/s}

\1]

Summary:

- Proton velocity after release: approximately 655 m/s,
- Electron velocity after release: approximately 1.2 million m/s.

Physical Interpretation and Implications



Energy Distribution

The initial electrostatic potential energy converts into the kinetic energy
of both particles. Due to the mass difference, the electron gains
significantly higher velocity, which is consistent with the principles of
momentum conservation and kinetic energy distribution.

Relevance to Atomic and Molecular Physics

These calculations mirror behaviors seen in atomic physics, such as the
ionization process where electrons are ejected from atoms. The energy
calculations highlight how the Coulomb potential energy relates to the
kinetic energy of particles freed from their bound states.

Real-World Applications and Limitations

While the model simplifies many complexities, it encapsulates fundamental
physics principles:

- Coulomb interactions,

- Conservation of energy,

- Conservation of momentum,

- Particle velocities post-interaction.

In practice, electrons may also experience quantum effects, and particles are
not strictly classical point charges at the atomic scale. Nevertheless,
classical calculations provide a

Frequently Asked Questions

What happens when a proton and an electron are
released 3.5 x 107-10 meters apart?

They experience a Coulombic attraction due to their opposite charges, which
may cause them to accelerate toward each other.

How is the electrostatic potential energy between a
proton and an electron calculated at this distance?

Using Coulomb's law: U = (k e"2) / r, where k is Coulomb's constant, e is the
elementary charge, and r is the separation distance.

What is the significance of the distance 3.5 x
10~-10 meters in atomic physics?

This distance is approximately the typical size of an atom, representing the



scale of atomic orbitals and electron-proton interactions.

If a proton and an electron are released at this
distance, will they form a hydrogen atom?

Potentially, if they are allowed to interact without external interference,
they may combine to form a hydrogen atom, releasing energy in the process.

What is the initial kinetic energy of the particles
if they are released from rest at this distance?

Initially, the kinetic energy is zero; the particles gain kinetic energy as
they are attracted toward each other due to electrostatic forces.

How can we estimate the speed of the electron when
it reaches the proton if released from this
distance?

By applying conservation of energy: the initial potential energy converts
into kinetic energy, allowing calculation of the electron's velocity at the
point of closer approach.

What role does Coulomb's constant play in
calculating forces and energies at atomic distances?

Coulomb's constant (k = 8.99 x 1079 Nm2/C2?) determines the strength of
electrostatic interactions between charged particles at given distances.

Are quantum effects significant at this separation
distance?

Yes, at atomic scales (~107-10 m), quantum mechanics governs particle
behavior, including energy quantization and wavefunction overlap.

What is the potential energy of the proton-electron
system at 3.5 x 107-10 meters?

It can be calculated using Coulomb's potential energy formula, which yields a
negative value indicating an attractive bound state tendency.

Can classical physics accurately describe the
interaction between a proton and an electron at this
scale?

Classical physics provides a rough approximation, but for precise



understanding at atomic scales, quantum mechanics is necessary due to quantum
effects and wave-particle duality.

Additional Resources

Electrostatic Interaction Between a Proton and an Electron Separated by a
Typical Atomic Distance

Understanding the fundamental forces governing atomic-scale interactions 1is
pivotal in physics and chemistry. When a proton and an electron are released
at a specific separation, such as 3.5 x 10-'° meters (a typical atomic
distance), their subsequent behavior provides insights into electrostatics,
quantum mechanics, and atomic structure. This detailed analysis explores the
problem of what happens when a proton and an electron are released at this
separation, focusing on the forces involved, potential energy, motion, and
implications for atomic stability.

Fundamental Concepts Involved

Before diving into calculations and implications, it's essential to
understand the core principles that govern the behavior of charged particles
at atomic scales:

Electrostatic Force (Coulomb's Law)

- Coulomb's Law describes the force between two point charges:

\ [

F = \frac{k e™2}{r"2}
\1

where:

- \( F\) is the magnitude of the electrostatic force.

- \( kK \) is Coulomb's constant, approximately \( 8.9875 \times 1079 \,
\text{N-m}~2/\text{C}"2 \).

- \( e \) is the elementary charge, approximately \( 1.602 \times 10°{-19} \,
\text{C} \).

- \( r \) is the separation distance, here \( 3.5 \times 107{-10} \, \text{m}
\).

- The behavior of the particles depends heavily on this force, which is
attractive between the proton and electron due to their opposite charges.



Potential Energy of the System

- The electrostatic potential energy between two point charges:

\ [
U= - \frac{k e™2}{r}
\1

The negative sign indicates that the system's energy is lower when the
charges are close, reflecting a bound state.

Quantum Mechanical Considerations

- At atomic distances, classical physics provides a good approximation for
initial insights but must be supplemented by quantum mechanics to fully
understand stable states like the hydrogen atom.

Calculating the Electrostatic Force at 3.5 x
10-1° M

Given:

\( r = 3.5 \times 107{-10} \, \text{m} \)
- \( e =1.602 \times 107{-19} \, \text{C} \)
\( Kk 8.9875 \times 1079 \, \text{N-m}"2/\text{C}"2 \)

Applying Coulomb's Law:

\ [
F = \frac{(8.9875 \times 1079) \times (1.602 \times 107{-19})"2}{(3.5 \times

107{-10})"2}
\]

Calculating numerator:

\ [
8.9875 \times 1079 \times (2.5664 \times 10"{-38}) = 8.9875 \times 2.5664
\times 10"{-29} \approx 23.055 \times 107{-29} = 2.3055 \times 10"{-28}

\1]

Calculating denominator:

\[



(3.5 \times 107{-10})"2 = 12.25 \times 10"{-20} = 1.225 \times 10"{-19}
\1

Thus,

\ [

F = \frac{2.3055 \times 107{-28}}{1.225 \times 107{-19}} \approx 1.883 \times
107{-9} \, \text{N}

\1]

Interpretation:

- The force is approximately 1.88 nanonewtons, a tiny but significant force
at atomic scales.

- This attractive force would cause the electron to accelerate toward the
proton if released from rest.

Potential Energy and Binding Nature

Calculating the potential energy:

\ [
U= - \frac{k e™2}{r}
\1

Substituting known values:

\ [

U= - \frac{8.9875 \times 10°{9} \times (1.602 \times 107{-19})"2}{3.5 \times
10~{-10}}

\1

Numerator:

\ [

8.9875 \times 107{9} \times 2.5664 \times 10"{-38} \approx 2.3055 \times
10~{-28}

\1]

Dividing:
\ [
U \approx - \frac{2.3055 \times 107{-28}}{3.5 \times 10°{-10}} \approx

-6.5886 \times 107{-19} \, \text{J}
\1

This energy is roughly:



\ [
U \approx -4.11 \, \text{eV}

\1]
(since 1 eV = \( 1.602 \times 107{-19} \, \text{J} \))
Implication:

- The potential energy of approximately -4.1 eV signifies a bound state
similar to the ground state energy of a hydrogen atom (~ -13.6 eV). The
actual energy depends on quantum states, but this initial energy indicates a
strong electrostatic attraction.

Behavior of the Particles Upon Release

With the initial conditions set, what happens when a proton and electron are
released at this separation?

Classical Perspective: Acceleration and Motion

- Both particles experience mutual attraction.

- The electron, being much lighter (~1/1836 the mass of the proton),
accelerates more rapidly.

- The proton's motion can be approximated as negligible initially, but over
time, both particles will move toward each other.

Calculating the Electron's Acceleration:
- The force on the electron:

\ [
F {e} = 1.88 \times 107{-9} \, \text{N}
\1]

- Electron's mass:

\ [
me = 9.109 \times 107{-31} \, \text{kg}
\1]

- Electron's acceleration:

\ [
a e = \frac{F {e}}{m e} = \frac{1.88 \times 107{-9}}{9.109 \times 107{-31}}
\approx 2.07 \times 107{21} \, \text{m/s}"2



\1]
Interpretation:

- The electron accelerates extremely rapidly, reaching significant velocities
in a very short time.

Time to Reach the Proton:
- Assuming constant acceleration (a simplification):

\ [

t = \sqrt{\frac{2r}{a e}} = \sqrt{\frac{2 \times 3.5 \times 107{-10}}{2.07
\times 10™{21}}}

\1

\ [

t \approx \sqrt{\frac{7 \times 10°{-10}}{2.07 \times 107{21}}} \approx
\sqrt{3.38 \times 107{-31}} \approx 5.82 \times 107{-16} \, \text{s}
\1

- This is on the order of femtoseconds, illustrating how quickly the
particles would collide if unimpeded.

Quantum Mechanical Perspective: Stability and Bound
States

- Classical predictions suggest rapid collision, but quantum mechanics
reveals that electrons are described by wavefunctions, with probabilistic
distributions rather than fixed trajectories.

- The hydrogen atom's ground state is characterized by a stable probability
distribution, not a classical orbit.

Quantum Considerations:

- The initial separation of 3.5 A (atomic distance) is comparable to the Bohr
radius (~0.529 R), suggesting that the particle could be in a bound state if
gquantum effects are considered.

- The energy levels and wavefunctions mean that the electron is not simply
'falling' into the proton but exists in a probabilistic cloud around it.

Implication:
- If the particles are released from rest at this separation, they will

likely form a bound state (like hydrogen) or, depending on the initial
energy, may escape or ionize.



Energy Conservation and Particle Dynamics

The initial potential energy of the system will convert into kinetic energy
as the particles accelerate toward each other:

\ [
\text{Total initial energy} = \text{Potential energy} + \text{Kinetic energy}
\1]

Assuming they are released from rest:

- Total energy is the potential energy, approximately \(-6.59 \times
107°{-19}\) Joules (~ -4.1 eV).

- As they approach each other, potential energy becomes more negative, and
kinetic energy increases.

Final Scenario:

- If they collide, the kinetic energy at the moment of contact (assuming no

other forces) would be approximately equal to the initial potential energy in
magnitude.

Implications for Atomic Physics and Chemistry

Understanding this interaction provides insight into why atoms are stable and
how electrons occupy discrete energy levels:

- The Coulomb attraction ensures electrons remain bound within atoms unless
sufficient energy is supplied to ionize them.
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