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Understanding the energy levels of the hydrogen atom is fundamental to the
study of quantum mechanics and atomic physics. The hydrogen atom, being the
simplest atom, serves as a model system that helps scientists comprehend more
complex atomic structures. One key concept in this context is the total
energy of an electron when it occupies specific energy states, particularly
the excited states. The statement that the total energy of an electron in the
first excited state of the hydrogen atom is approximately -3.4 electron volts
(eV) provides valuable insight into the atom's quantum behavior. This article
delves into the details of this energy level, exploring the principles behind
it, its significance, and its implications in the broader scope of atomic
physics.

Understanding Energy Levels in the Hydrogen
Atom

The hydrogen atom consists of a single proton in the nucleus and a single
electron orbiting around it. The energy of the electron in this atom 1is
quantized, meaning it can only occupy specific discrete energy levels. These
energy levels are described by the Bohr model and later refined by quantum
mechanics.

Quantization of Energy Levels

- The energy levels are characterized by the principal quantum number, n,
which takes positive integer values: 1, 2, 3,

- The lowest energy state (n=1) is called the ground state.

- Higher energy states (n=2, 3, 4, ...) are called excited states.

Energy Formula for the Hydrogen Atom

The energy of an electron in the nth energy level of hydrogen is given by the
Bohr formula:

\ [



E n= - \frac{13.6\, \text{eV}}{n~2}
\1

- Here, 13.6 eV is the ionization energy of hydrogen, which corresponds to
the energy required to remove the electron completely from the atom.

The First Excited State of Hydrogen

The first excited state corresponds to n=2. Using the energy formula:

\ [

E 2 = - \frac{13.6\, \text{eV}}{272} = - \frac{13.6\, \text{eV}}{4} = -3.4\,
\text{eV}

\1

This confirms that the total energy of an electron in the first excited state
is approximately -3.4 eV, which aligns with the statement at the beginning.

Significance of Negative Energy Values

- The negative sign indicates that the electron is bound to the nucleus; it
requires energy input to escape.

- The magnitude of the energy signifies how tightly the electron is bound:
the larger the magnitude, the more tightly bound the electron.

Interpreting the Total Energy of -3.4 eV

The total energy being -3.4 eV means that the electron in the first excited
state is at an energy level 3.4 eV below the ionization threshold (which is
set at 0 eV). To ionize the atom from this state, an energy of at least 3.4
eV must be supplied.

Implications in Spectroscopy

- When an electron transitions from the first excited state (n=2) to the
ground state (n=1), it releases energy in the form of a photon.

- The energy of this photon corresponds to the difference between the two
energy levels:

\ [

\Delta E=E 1 - E 2 = -13.6\, \text{eV} - (-3.4\, \text{eV}) = -13.6\,
\text{eV} + 3.4\, \text{eV} = -10.2\, \text{eV}

\1]



- The negative sign indicates energy is emitted during the transition.
- The emitted photon has an energy of approximately 10.2 eV, which lies in
the ultraviolet region of the electromagnetic spectrum.

Calculating the Total Energy for Different
States

Understanding the energy levels involves recognizing how energy varies with
n:

e Ground state (n=1): \(E_ 1 = -13.6\, \text{eV}\)

e First excited state (n=2): \(E 2 = -3.4\, \text{eV}\)

e Higher excited states (n=3, 4, ...): \(E n = - \frac{13.6}{n"2}\,
\text{eV}\)

This simple inverse-square relationship highlights the decreasing magnitude
of energy as n increases, approaching zero from below as n tends to infinity.

Energy Transitions and Spectral Lines

Electrons transitioning between energy levels emit or absorb photons with
energies corresponding to the difference between the levels. These
transitions give rise to spectral lines characteristic of the hydrogen atom:

Key Transitions

1. Balmer Series: Transitions from higher levels (n > 2) to n=2, producing
visible light lines.

2. Lyman Series: Transitions from higher levels to n=1, producing
ultraviolet lines.

3. Paschen Series: Transitions to n=3, producing infrared lines.

The first excited state (n=2) plays a crucial role in the Balmer series,
which is prominently observed in astronomical spectra.



Quantum Mechanical Perspective

While Bohr's model provides a foundational understanding, modern quantum
mechanics describes these energy levels using wavefunctions and probability
distributions.

Schrodinger Equation and Energy Quantization

- The solutions to the Schrdédinger equation for the hydrogen atom yield
discrete energy eigenvalues matching the Bohr model for stationary states.
- The wavefunctions corresponding to these energies describe the likelihood
of finding the electron in a particular region around the nucleus.

Importance of the First Excited State

- The n=2 level is the lowest excited state; electrons can be thermally
excited to this level under suitable conditions.

- Transitions involving this state are significant in spectral analysis and
astrophysics.

Applications and Real-World Relevance

Understanding the energy levels of hydrogen, including the first excited
state at -3.4 eV, has several practical applications:
e Astrophysics: Interpreting spectral lines from stars and galaxies.
e Spectroscopy: Identifying elements and their states in laboratories.
e Quantum Mechanics Education: Demonstrating quantization principles.

e Development of Lasers: Utilizing specific transitions within atomic
spectra.

Summary and Key Takeaways

- The total energy of an electron in the first excited state of hydrogen 1is
approximately -3.4 eV, derived from the Bohr model formula.
- This energy level indicates a bound state, requiring energy to ionize.



- Transitions between this state and others produce characteristic spectral
lines, essential in spectroscopy.

- The quantization of energy levels forms the backbone of quantum mechanics
and our understanding of atomic behavior.

Conclusion

The value of about -3.4 eV for the total energy of an electron in the first
excited state of hydrogen encapsulates fundamental principles of atomic
physics. It exemplifies how electrons occupy discrete energy levels, how
energy transitions manifest as spectral lines, and how these concepts
underpin modern scientific and technological advancements. Recognizing and
analyzing these energy states not only deepen our comprehension of matter at
the atomic level but also enhance our ability to explore and interpret the
universe through spectral observations.
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Frequently Asked Questions

What is the total energy of an electron in the first
excited state of the hydrogen atom?

The total energy of an electron in the first excited state of the hydrogen
atom is approximately -3.4 eV.

How is the energy of an electron in the first
excited state of hydrogen calculated?

It is calculated using the Bohr model formula: E n = -13.6 eV / n2?, where n=2
for the first excited state, resulting in approximately -3.4 eV.

What does the negative sign in the energy value
signify?

The negative sign indicates that the electron is bound to the nucleus; energy
must be supplied to free it from the atom.



Why is the energy of the first excited state of
hydrogen higher than the ground state?

Because the first excited state (n=2) has a higher energy level (-3.4 eV)
than the ground state (n=1, -13.6 eV), meaning the electron is less tightly
bound.

What is the significance of the first excited state
in hydrogen's spectral lines?

The first excited state corresponds to the n=2 energy level, and transitions
from this state produce the Balmer series lines in the hydrogen spectrum.

How does the total energy relate to the ionization
energy of hydrogen?

The ionization energy is the energy required to remove the electron from the
atom, which is 13.6 eV for hydrogen; since the electron in the first excited
state has -3.4 eV, it requires about 10.2 eV to ionize from this state.

Can the electron in the first excited state
spontaneously emit energy? If so, how?

Yes, the electron can spontaneously emit a photon and transition back to the
ground state, releasing energy of approximately 1.89 eV corresponding to the
energy difference between the states.

What is the wavelength of the photon emitted when an
electron transitions from the first excited state to
the ground state?

The wavelength is approximately 656 nm, corresponding to the H-alpha line in
hydrogen's emission spectrum.

How does knowing the total energy of the electron
help in understanding hydrogen's spectral lines?

It allows us to determine the energy differences between levels, which
correspond to specific photon wavelengths emitted or absorbed, explaining
hydrogen's spectral lines.

Why is the total energy of an electron in the
excited state negative instead of positive?

Because the electron is bound to the nucleus with a negative potential
energy; only when it gains enough energy to reach zero (free state) does it



become positive, representing ionization.

Additional Resources

The total energy of an electron in the first excited state of the hydrogen
atom is about -3.4 eV is a statement that encapsulates fundamental concepts
in atomic physics, quantum mechanics, and spectroscopy. This value, while
seemingly simple, is rooted in the intricate quantum behavior of electrons
within atoms, and understanding it requires delving into the principles that
govern atomic structure and energy quantization. This article explores the
significance of this energy value, the theoretical foundations behind it, the
methods used to determine it, and its implications in broader scientific
contexts.

Understanding the Concept of Total Energy in
Hydrogen Atom

Definition of Total Energy

In quantum mechanics, the total energy of an electron in an atom is the sum
of its kinetic energy (due to its motion) and its potential energy (due to
electrostatic attraction between the negatively charged electron and the
positively charged nucleus). For the hydrogen atom, which consists of a
single proton and a single electron, the total energy reflects the electron's
bound state relative to free, unbound states.

Mathematically, the total energy \(E\) in a bound state is negative relative
to a free electron at rest (zero energy). This negative value indicates that
energy must be supplied to ionize the atom, i.e., to free the electron from
the influence of the nucleus.

Quantized Energy Levels

The hydrogen atom's energy levels are quantized, meaning the electron can
only occupy specific energy states. These states are characterized by the
principal quantum number \(n\), where:

- \(n 1\) corresponds to the ground state (the lowest energy state),
- \(n = 2\) corresponds to the first excited state,
- and higher values of \(n\) correspond to increasingly excited states.



The energy of these levels is given by the Bohr model and refined by quantum
mechanics:

\ [
E n= - \frac{13.6\, \text{eV}}{n"2}
\1

where 13.6 eV is the ionization energy of hydrogen for the ground state.

The First Excited State of Hydrogen: Energy
Characteristics

Energy of the First Excited State (n=2)

Applying the formula:

\ [

E 2 = - \frac{13.6\, \text{eV}}{2"2} = - \frac{13.6\, \text{eV}}{4} = -3.4\,
\text{eV}

\1]

This precise value (-3.4 eV) indicates that the electron in the first excited
state is bound to the nucleus with an energy of 3.4 eV below the continuum
(free electron state). The negative sign underscores its bound nature.

Implications of the Energy Value

- The energy level at -3.4 eV means that to ionize the hydrogen atom from
this excited state, one must supply slightly more than 3.4 eV of energy.

- It also implies that the electron has less energy (more negative) than in
the ground state (-13.6 eV), meaning it is less tightly bound than in the
ground state but still bound.

Quantum Mechanical Foundations of Energy Levels

Schrodinger Equation and Hydrogen Atom

The quantized energy levels derive from solving the Schrddinger equation for



the hydrogen atom:

\ [
\hat{H} \psi = E \psi
\1

where:

- \(\hat{H}\) is the Hamiltonian operator (total energy operator),
- \(\psi\) is the wavefunction of the electron,
- \(E\) is the energy eigenvalue corresponding to that wavefunction.

The Coulomb potential between the proton and electron governs the
Hamiltonian:

\ [
V(r) = - \frac{ke™2}{r}
\1]

with \(k\) being Coulomb's constant, \(e\) the electron charge, and \(r\) the
radial distance.

Solving this yields discrete eigenvalues \(E n\), which depend solely on the
principal quantum number \(n\).

Wavefunctions and Probability Distributions

The wavefunctions \(\psi {n,1l,m}\) (solutions characterized by quantum
numbers) provide the probability distribution of the electron's position. For
the first excited state (\(n=2\)), the wavefunction has specific shapes and
nodes, reflecting regions where the electron is more or less likely to be
found.

- The \(n=2\) state has two main sublevels: 2s and 2p.

- Both have the same energy in the absence of external fields (degeneracy),
but their spatial distributions differ.

Methods to Determine the Energy of the First
Excited State

Spectroscopic Techniques



Spectroscopy is the primary experimental tool for measuring atomic energy
levels:

- When electrons transition between energy levels, they emit or absorb
photons with energies equal to the difference between levels.

- The Lyman-alpha line (transition from \(n=2\) to \(n=1\)) corresponds to UV
light with a wavelength of approximately 121.6 nm.

- The Balmer series, involving transitions from higher levels to \(n=2\),
produces visible spectral lines (e.g., H-alpha at 656.3 nm for \(n=3\) to

\ (n=2\)).

By measuring these spectral lines' wavelengths precisely, scientists can
determine the energy differences and, consequently, the energy levels
themselves.

Quantum Mechanical Calculations

Theoretical calculations, based on solving the Schrdédinger equation with
Coulomb potential, produce the energy levels with high accuracy. The Bohr
model’s simple formula matches experimental data remarkably well for
hydrogen, but quantum mechanics accounts for small corrections such as
relativistic effects and fine structure.

Significance of the -3.4 eV Energy in
Scientific and Technological Contexts

Atomic Physics and Quantum Mechanics

- The value of -3.4 eV for the first excited state serves as a foundational
benchmark for understanding atomic structure.

- It exemplifies quantum quantization, illustrating how electrons do not
occupy arbitrary energies but specific, discrete levels.

Astrophysics and Spectroscopy

- Hydrogen spectral lines, originating from transitions involving the \(n=2\)
level, are critical for understanding stellar atmospheres and interstellar
media.

- The -3.4 eV energy level helps interpret emission and absorption spectra
from astronomical objects.



Technological Applications

- Laser technology exploits electronic transitions between specific energy
levels in atoms, including hydrogen-like systems.

- Understanding these energies aids in developing precise spectroscopic
instruments for chemical analysis and plasma diagnostics.

Broader Implications and Modern Perspectives

Refinements Beyond the Bohr Model

While the Bohr model provides a simple and effective estimate, modern quantum
mechanics introduces corrections:

- Fine structure: relativistic effects and spin-orbit coupling slightly
modify energy levels.

- Lamb shift: quantum electrodynamics predicts small shifts in energies,
including the hydrogen levels, measurable with high-precision experiments.

Extensions to Multi-electron Systems

The hydrogen atom serves as a prototype for understanding more complex atoms,
where electron-electron interactions complicate energy level calculations.
The principles learned from hydrogen inform the methods used in quantum
chemistry and condensed matter physics.

Educational and Conceptual Value

The energy value of -3.4 eV in the first excited state encapsulates core
principles of quantum theory, including quantization, wave-particle duality,
and the probabilistic nature of atomic behavior.

Conclusion

The statement that the total energy of an electron in the first excited state
of the hydrogen atom is about -3.4 eV is more than a numerical fact-it's a



window into the quantum world’s structured and quantized nature. This energy
level, derived through a combination of theoretical calculations and
experimental spectroscopy, exemplifies the elegant simplicity yet profound
complexity of atomic physics. It underpins our understanding of atomic
spectra, astrophysical phenomena, and technological innovations, reinforcing
the importance of quantum mechanics as a fundamental scientific framework.

Understanding this energy level helps clarify how electrons behave within
atoms, how they interact with electromagnetic radiation, and how these
principles are harnessed in various scientific and practical applications. As
research advances, refinements to these energy values continue, offering
deeper insights into the quantum realm and the fundamental workings of the
universe.
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