
Additional problems for chapters 3 and 4

1. The internal (electronic) energy levels of an isolated hydrogen atom are given
by En = −R/n2, where n = 1, 2, 3, . . . and R = 13.6 eV. The degeneracy of each
level is given by 2n2. Assuming that all but the n = 1 and the n = 2 energy
levels may be ignored, estimate the electronic contribution to the mean energy
and to the entropy of a single hydrogen atom in a region of the sun where
T = 15000 K.

2. A perfect crystal consists of N atoms. If n atoms (n� N) are moved away
from their places in the lattice, one obtains a lattice with n crystal errors. The
dislocated atoms occupy spaces between the atoms in the regular lattice. There
are N ′ such spaces. Let w be the energy required to move an atom from its place
in the lattice and put it into one of the N ′ spaces. Calculate an expression for
n at thermodynamical equilibrium at the temperature T . What is the number,
n, of dislocated atoms if N = N ′ = NA, w = 1 eV and T = 300 K?

Hint: Helmholtz free energy has a minimum at equilibrium

3. Consider a system of two single-particle levels with energy 0 and ε, respec-
tively. Three particles are placed in these levels. The energy of the levels does
not depend on the spin of the particles. The temperature is such that kBT = ε.
Calculate numerical values for the chemical potential µ (use ε as energy unit)
and for the average number of particles in the lowest energy level if

a) The three particles have spin 1/2.
b) The three particles have spin 0.

What causes the difference?

4. Consider photons enclosed in a large cubic box with volume V and tempera-
ture T . Derive first an expression for the grand partition function, Ξ, from the
quantum states of the photons. Finally, show that pV = Ē/3, either directly
from ln Ξ or by first constructing ΦG and subsequently computing p and Ē.

5. The total energy of N identical independent oscillators is given by E =
(M + N

2 )~ω, where ω is the oscillator angular frequency and M =
∑N
i=1 ni.

The multiplicity in the microcanonical ensemble for fixed E(M) is given by

Ω(E(M)) = (M+N−1)!
(N−1)!M ! . In the limit of M � N � 1, calculate the temperature

T of the system and draw a graph showing E
N~ω as a function of kBT

~ω .
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6. Consider a single particle confined within a box in the shape of a rectangular
parallelepiped of edges Lx, Ly and Lz respectively. The possible energy levels
of this particle are

Enx,ny,nz
=

~2π2

2m

(
n2x
L2
x

+
n2y
L2
y

+
n2z
L2
z

)

a) Derive an expression for the number of states available to the particle if
its wave number is assumed to lie in the range between k and k + δk, where
kx = πnx/Lx.
b) Assuming a non-relativistic particle (~k = mv), derive the single particle
density of spates in v-space from its equivalence in k-space.
c) Consider now the case of N particles confined within the box. At low den-
sities and high temperatures, the average number of particles that occupy the
one-body quantum state Ψi is given approximately by NPi, where Pi is the
canonical probability that a single-particle system is found in Ψi. Based on this
assumption, calculate the average number of particles with speed between v and
v + δv.

Hint: The partition function associated with the translational motion of a

single particle is given by Q = V
(
mkBT
2π~2

)3/2
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