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Understanding the interaction between photons and electrons confined within quantum
systems is fundamental to quantum mechanics and nanotechnology. When a photon of a
specific wavelength interacts with an electron in a confined space, such as a three-
dimensional (3D) cubical box, it can induce transitions between quantized energy levels.
In this article, we explore the scenario where a photon with a wavelength of 38.0
nanometers (Nm) is absorbed by an electron confined in a 3D cubical potential well,
detailing the underlying physics, energy calculations, and implications of such a process.

Fundamentals of Quantum Confinement in a
Cubical Box

Quantum Well and Particle in a Box Model

The quantum particle in a box model is a fundamental concept in quantum mechanics that
describes a particle confined within infinitely high potential barriers. For an electron in a
cubical box:

- The potential energy inside the box is zero.

- The potential energy outside the box is considered infinitely large, preventing the
electron from escaping.

- The electron's energy levels are quantized due to spatial confinement.

Energy Quantization in a 3D Cubical Box
For a cube with side length \( L \), the energy levels are given by:

\[
E {n x,ny nz} =\rac{h™2}{8m} \left( \frac{n x™2 + n y*~2 + n z"~2}{L"2} \right)
\]

where:

-\(n x, n y,n z\) are positive integers (1, 2, 3, ...),

-\( h\) is Planck’s constant (\( 6.626 \times 10"~ {-34} \) Js),

-\( m) is the mass of the electron (\( 9.109 \times 10"~ {-31} \) kg),
-\( L) is the length of the side of the cube.

The quantized energy levels are discrete, and transitions occur between these levels upon



absorption or emission of photons.

Photon Absorption and Electronic Transitions

Energy of the Incident Photon
The energy of a photon is related to its wavelength \( \lambda \) by:

\[
E {photon} = \frac{hc}{\lambda}

\]

where:

-\( c) is the speed of light (\( 3.0 \times 1078 \) m/s),
-\( h\) is Planck’s constant,

-\(\lambda \) is the wavelength of the photon.

Given \( \lambda = 38.0\) Nm:

\[

E {photon} = \frac{6.626 \times 10" {-34} \times 3.0 \times 10" {8} }{38.0 \times
10~ {-9}} \approx 5.23 \times 10" {-17} \text{ Joules}

\]

Expressed in electronvolts (eV):

\[

1\, \text{eV} = 1.602 \times 10" {-19} \text{ Joules}

\]

\[

E {photon} \approx \frac{5.23 \times 10" {-17}}{1.602 \times 10"~ {-19}} \approx 326.4\,

\text{eV}
\]

This high photon energy suggests ultraviolet or soft X-ray energies, capable of inducing
electronic transitions in confined systems.

Conditions for Electron Excitation

For the electron to absorb the photon and transition from an initial state \( (n x, n y, n z)
\) to a higher state \( (n_x', n y', n _z')\), the energy difference must match the photon
energy:

\[
\DeltaE=E {n x',ny,nz}-E {nx,ny nz}=E {photon}
\]



The selection rules depend on the nature of the confinement and the symmetry of the
initial and final states.

Calculating the Required Box Size for Absorption

Given the photon energy, we can estimate the size \( L \) of the cubical box that allows a
transition matching this energy. Consider a transition from the ground state \( (1, 1, 1) \)
to an excited state \( (n_x, n y, n_z)\), where the sum of squares increases.

Energy of the Ground State

\[

E {1,1,1} = \frac{h"~2}{8mL"2} (1°2 + 172 + 1°2) = \frac{3h"2} {8mL"2}
\]

Energy of an Excited State

Suppose the electron transitions to a state characterized by quantum numbers \( (n, n, n)
\), for simplicity:

\[
E {n,n,n} =\frac{h™2}{8mL"2} n"2 + n"™2 + n"2) = \frac{3 n"2 h"2}{8mL"2}
\]

The energy difference:

\[
\Delta E = \frac{3 h"2}{8mL"2} (n™2-1)
\]

Setting \( \Delta E \) equal to the photon energy:

\[
\frac{3 h"~2}{8mL"2} (n"™2-1) = 5.23 \times 10" {-17} \text{ Joules}

\]
Solving for \( L \):

\[
L =\sqgrt{\frac{3 h™2 (n™2 - 1)}{8m \times 5.23 \times 10"~ {-17}}}

\]

Plugging in constants:

\[
L = \sqrt{\frac{3 \times (6.626 \times 10" {-34})"2 \times (n”~2 - 1)} {8 \times 9.109
\times 10" {-31} \times 5.23 \times 10"~ {-17}}}



\]

Calculating numerator:

\[

3 \times (6.626 \times 10" {-34})"2 = 3 \times 4.39 \times 10~ {-67} = 1.317 \times
10~ {-66}

\]

Denominator:

\[

8 \times 9.109 \times 10~ {-31} \times 5.23 \times 10" {-17} = 8 \times 9.109 \times 5.23
\times 10" {-48} \approx 8 \times 47.7 \times 10" {-48} \approx 381.6 \times 10"~ {-48}
\]

Thus:

\[

L = \sqrt{\frac{1.317 \times 10™{-66} (n"~2-1)}{3.816 \times 10"~ {-46}}} =
\sqrt{\frac{1.317}{3.816} \times 10" {-20} (n~2-1)}

\]

\[
L \approx \sqrt{0.345 \times 10" {-20} (n~2 - 1)} = \sqrt{3.45 \times 10~ {-21} (n"2-1)}
\]

To find a specific \( L \), choose \( n \) such that the transition is physically feasible.
Example: Transition from ground state (1,1,1) to (2,2,2):

\[

n=2,\quad n~2=4

\]

\[

L \approx \sqrt{3.45 \times 10"~ {-21} \times (4-1)} = \sqrt{3.45 \times 10"~ {-21} \times 3}
= \sqrt{1.035 \times 10" {-20} } \approx 1.02 \times 10~ {-10} \text{ m}

\]

This corresponds to approximately 0.102 nm, which is comparable to atomic dimensions.
The result indicates that for a photon of 38.0 Nm to be absorbed, the electron must
transition between levels separated by an energy matching that photon, achievable in a
very small confining region.

Implications and Applications



Quantum Dots and Nanostructures

The scenario described is directly relevant to the design and understanding of quantum
dots—nanostructures where electrons are confined in all three dimensions:

- Quantum dots can be engineered to have specific energy level spacings.

- Absorption of UV or X-ray photons can be tuned based on the size and shape of the
quantum dot.

- Applications include fluorescence labeling, quantum computing, and photovoltaic
devices.

Spectroscopy and Material Characterization

Understanding how electrons in confined systems absorb photons at specific wavelengths
allows scientists to:

- Determine sizes of nanostructures.

- Probe electronic properties of materials.

- Develop advanced optical sensors.

Limitations and Real-World Considerations

While the particle in a box model provides valuable insights, real systems involve:
- Finite potential barriers rather than infinite ones.

- Electron-electron interactions.

- Effects of impurities and

Frequently Asked Questions

What is the energy of a photon with a wavelength of
38.0 nm?

Using the formula E = hc/A, where h = 6.626x10734 Js and ¢ = 3.0x108 m/s, the energy is
approximately 5.22 eV.

How does the absorption of a photon affect an electron
in a 3D cubic box?

Absorption of a photon causes the electron to transition from a lower to a higher energy
level within the quantized states of the box, increasing its energy accordingly.

What is the significance of the wavelength 38.0 nm in
the context of electron transitions?

A wavelength of 38.0 nm corresponds to ultraviolet photons capable of exciting electrons
to higher energy levels or causing ionization in confined systems like a cubic box.



How are energy levels in a 3D cubic box quantized?

Energy levels are quantized based on quantum numbers along each dimension, with
energies proportional to the squares of these quantum numbers divided by the square of
the box length.

What is the approximate energy difference between the
initial and final states when the photon is absorbed?

The energy absorbed by the electron is approximately 5.22 eV, corresponding to the
photon energy at 38.0 nm wavelength.

How can the size of the cubic box influence the energy
levels of the electron?

Smaller box dimensions increase the energy level spacing due to stronger quantum
confinement, affecting the energy required for electron transitions.

What role does the photon wavelength play in
determining the transition in a quantum box?

The photon wavelength determines the energy of the photon, which must match the
energy difference between quantized states for absorption to occur.

Can a photon of 38.0 nm induce ionization of the
electron in the box?

Yes, if the photon energy exceeds the ionization energy of the electron in the box, it can
eject the electron, leading to ionization.

What are the practical applications of understanding
photon absorption in a quantum box?

This understanding is fundamental for designing quantum dots, lasers, photovoltaic cells,
and other nanotechnology devices that rely on electron transitions at specific wavelengths.

How does the energy of the photon relate to the
quantum numbers of the initial and final states?

The photon energy must equal the difference in energy between the initial and final
quantum states, which are determined by their quantum numbers in the three-dimensional
box.



Additional Resources

A photon with wavelength 38.0 nm is absorbed when an electron in a three-dimensional
cubical box makes a transition. This scenario exemplifies fundamental quantum mechanics
principles, illustrating how quantized energy levels in confined systems interact with
electromagnetic radiation. Understanding this process offers profound insights into the
behavior of electrons in nanostructures, quantum dots, and other nanoscale devices. In
this comprehensive guide, we explore the physics behind the absorption of a photon with a
specified wavelength by an electron confined in a three-dimensional box, detailing the
underlying principles, calculations, and implications.

Introduction to Quantum Confinement and Photonic Absorption

Quantum confinement occurs when an electron is restricted within a space so small that
its energy levels become discrete rather than continuous, a hallmark of quantum
mechanics. In such systems, like a cubical box (also called an infinite potential well),
electrons can only occupy certain allowed energy states. When a photon interacts with
such an electron, it can transfer its energy to the electron, causing a transition between
discrete energy levels—this is the essence of absorption.

The specific scenario involves a photon with a wavelength of 38.0 nm being absorbed by
an electron initially in a quantized state within a three-dimensional cubical box. This
process results in the electron moving from one energy level to a higher one, with the
photon’s energy precisely matching the energy difference between these states.

Fundamental Concepts and Parameters

Before delving into calculations, it’s essential to understand the key concepts involved:
Photon Energy

- The energy of a photon is given by:

\[
E {photon} = \frac{hc}{\lambda}

\]

where:

-\(h\) is Planck’s constant (\(6.626 \times 10~ {-34} \text{Js}\))
-\(c\) is the speed of light (\(3.00 \times 10”8 \text{m/s}\))
-\(\lambda\) is the wavelength of the photon

Particle in a 3D Box (Infinite Well)
- The energy levels are quantized and depend on three quantum numbers \(n X, n y, n z\),

all positive integers (1, 2, 3, ...).
- The energy of a state is given by:



\[
E {nx,ny nz}=\rac{h”2}{8mL"2} (n x*2 +n y~2 +n z"2)
\]

where:
-\(m\) is the mass of the electron (\(9.109 \times 10" {-31}\) kg)
-\(L\) is the length of each side of the cube

Transition Conditions

- The electron transitions from an initial state \( (n x, n y, n z)\) to a higher state \( (n_x',
ny',nz\).
- The energy difference must match the photon energy:

\[
\DeltaE=E {nx',ny,nz}-E {nx,nynz}=E {photon}
\]

Step-by-Step Approach to the Problem
1. Calculate the Photon's Energy
Given:

\[
\lambda = 38.0 \text{ nm} = 38.0 \times 10" {-9} \text{ m}

\]

Compute:

\[

E {photon} = \frac{(6.626 \times 10" {-34} \text{]Js})(3.00 \times 10"~ {8}
\text{m/s})}{38.0 \times 10"~ {-9} \text{m}}

\]

\[

E {photon} \approx \frac{1.9878 \times 10"~ {-25}}{38.0 \times 10"~ {-9} } \approx 5.23
\times 10~ {-18} \text{ J}

\]

Expressed in electron volts (eV):

\[
1 \text{ eV} = 1.602 \times 10"~ {-19} \text{ J}

\]

\[
E {photon} \approx \frac{5.23 \times 10"~ {-18}}{1.602 \times 10"~ {-19} } \approx 32.6
\text{ eV}



\]

Result: The photon has an energy of approximately 32.6 eV.

2. Determine Possible Electron Transitions

The energy levels depend on the quantum numbers and the box size \(L\). To proceed,
assumptions or known parameters are necessary:

- If the size \(L\) of the box is known, the energy levels can be explicitly calculated.
- Alternatively, if the initial and final states are specified, the energy difference can be
computed directly.

For generality, assume the electron initially occupies the ground state \((1,1,1)\). The
energy of this state:

\[
E {1,1,1} =\frac{h™2}{8mL"2} (172 + 172 + 172) = \frac{3h"2}{8mL"2}
\]

The final state must have total quantum numbers \( (n_x', n_y', n z') \) such that:

\[
E {nx,ny,nz}-E {1,1,1} = 32.6 \text{ eV}
\]

Expressed as:

\[
\frac{h”2}{8mL"2} \left(n x'*2 + n y'*2 + n z'~2 - 3 \right) = 32.6 \text{ eV}
\]

Define:

\[
\Delta N*2=n x'"2+ny"2+nz"2-3
\]

then:
\[

\frac{h™2}{8mL"2} \Delta N™~2 = 32.6 \text{ eV}
\]

3. Relate Energy Levels to Box Size \(L\)

Suppose the box size \(L\) is known or chosen to match certain energy scales. For



example, if \(L\) is such that:

\[
\frac{h~2}{8mL"~2} =E O
\]

then the energy levels are:

\[
E{nx,nynz}=EO0Mmx™2+ny~2+nz"2)
\]

and the energy difference becomes:

\[
E 0 (\Delta N™2) = 32.6 \text{ eV}
\]

From this, the initial and final quantum numbers can be deduced.

4. Possible Transitions and Selection Rules

In a 3D infinite potential well, the transition probabilities depend on the wavefunction
overlap. Typically, electric dipole transitions follow selection rules:

-\(\Deltan x = \pm 1, 0\)
-\(\Deltan y = \pm 1, 0\)
-\(\Deltan z =\pm 1, 0\)

However, for the photon with such high energy (~32.6 €V), transitions involve significant
changes in quantum numbers, often from the ground state to a highly excited state.

Practical Example: Calculating for a Specific Box Size

Let’s assume the box size \(L = 1 \text{ nm} = 1 \times 10" {-9} \text{ m}\). Then:

\[

E 0 =\frac{h™2}{8mL"2}
\]

Calculating:

\[

E 0 = \frac{(6.626 \times 107" {-34})"2}{8 \times 9.109 \times 10"~ {-31} \times (1 \times
10~ {-9})"2}
\]



\[

E 0 \approx \frac{4.39 \times 10" {-67}} {8 \times 9.109 \times 107 {-31} \times

10~ {-18}} = \frac{4.39 \times 10"~ {-67}}{7.287 \times 10"~ {-48}} \approx 6.02 \times
10" {-20} \text{ J}

\]

In eV:

\[

E 0 \approx \frac{6.02 \times 10" {-20}}{1.602 \times 10" {-19} } \approx 0.375 \text{
eV}

\]

The energy difference for a transition with \(\Delta N™2\):

\[
\Delta E = 0.375 \text{ eV} \times \Delta N2
\]

To match photon energy (~32.6 eV):

\[
\Delta N~2 = \frac{32.6}{0.375} \approx 87
\]

Thus, the transition involves a change in quantum numbers such that:
\[

nx""2+ny”"2+nz"2=3+87=90

\]

Possible quantum number combinations could be:

-\((n_x',n_y', n z')\) such that their squares sum to 90.

Examples include:

-\((3,6,3)\), since\(372+ 672+ 372=9+ 36 +
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