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- Answer all questions short and to the point, but complete; write legible.
- Use of a calculator is not allowed.
- hc = 1240 eV·nm ; ~c = 200 eV·nm ; 1 u = 931.5 MeV/c2.
- Put your name and student number on each sheet. Good luck!

1. How can the spectrum of hydrogen contain so many lines when hydrogen contains only one electron?
(1 point)
The single electron in hydrogen can occupy many quantum states, each of which has a different
energy. If an electron changes it’s state, a photon is emitted as a result. The energy and hence
the wavelength of the emitted photon is determined by the energy difference of the initial and final
states of the electron. An ensemble of hydrogen atoms may all occupy different quantum states
and undergo transitions, hence a complete specturm is observed.

2. The average kinetic energy of an atom or molecule is about K = 3
2kT with k Boltzmann’s constant.

At what temperature will K be on the order of the bond energy (and hence the bond easily broken
by thermal motion) for (a) a covalent bond (say H2) of a binding energy 4.0 eV, and (b) a ”weak”
hydrogen bond of binding energy 0.12 eV? (2 points)
The requirement for breaking the bond is that the kinetic energy equals the binding energy, K =
3
2kT = Ebind. Thus T = 2

3Ebind/k. From the appendix k = 1.38 · 10−23 J/K = 1.38 · 10−23 J/K ×
6.24 ·1018 eV/J = 8.5 ·10−5 eV/K. So, 2

3/k = 7800K/eV . Breaking the covalent bond thus requires
a temperature of T = 7800× 4 = 31, 000K. Breaking the hydrogen bond requires a temperature of
T = 940K.

3. The decay of the isotope 20Na into 20Ne proceeds in two steps. In the second step only a photon
with Eγ = 1.634 MeV is emitted. In the first step a β-particle is emitted. What is the charge of the
β particle and which other particles are emitted (if any)? The nuclear masses of 20Na and 20Ne are
20.007351 u and 19.9924401754 u, respectively. What is the (maximum) energy of the β-particle in
MeV? Hint: you may neglect the motion of the daughter nucleus; ~p = m~v. (3 points)
I. In gamma-decay only a photon is emitted and the number of protons and neutrons does not
change. Hence the intermediate nucleus is an excited state of Ne. From the appendix, we find
that for Na Z = 11, whereas for Ne Z = 10. Hence once unit of charge is lost from the nucleus,
which must be taken by the beta, which is thus a e+. II. In beta-decay also a neutrino must
be produced to conserve lepton number. III. The energy release going from 20Na to
20Ne is Q = (20.007351 − 19.9924401754 − 0.000549)u = 1.5 · 10−2 u = 13.3MeV . Note that
also the positron must be created and hence it’s mass! If we ignore the motion of the
daughter nucleus, this energy is split between the neutrino and positron. Momentum
conservation requires that the electron and neutrino have equal but opposite momenta.
Because Q is a lot larger than the electron mass, we may neglect the latter. Hence
the maximum energy of the electron is Ee,max = 13.3/2 = 6.65MeV.

4. Briefly explain the principle of 14C-dating. Can it be used for dating: (i) wine, (ii) rock walls of
an old civilization, (iii) wall paintings of homo sapiens, (iv) the bones of a Neanderthaler? Why
(not)? (2 points)
I. Carbon-14 is continuously produced in the upper atmosphere by cosmic radiation. It is absorbed



by living organisms and incorported into their system. Once they die, the intake of C-14 stops and
the accumulated amount slowly drops because of radioactive decay. C-14 has a halflife of about
6000 years. II. i wine: consists of grapes, which accumulate C-14 while they are on the plant. Wine
is kept in closed bottles, thus no new carbon is accumulated. Hence it can be carbon-dated. ii
rock walls: do not ”grow” and hence do not accumulate C-14 during their ”life”. Hence: no. iii
wall paintings: if the used paint is organic (plants, ashes), then yes, otherwise: no. iv bones can be
radio-dated, because they contain carbon, so: yes.

5. Within the context of the free-electron model, explain what a conductor, isolator and semi-conductor
are. Sketch the band-structure. Give an example of each. (2 points)
In the free-electron model, the electrons can be found in bands, which may be full, partly full or
empty. If the band is only partly filled, we have a conductor. For an isolator, the band is completely
full and the next higher band is separated from this band by a large gap. If this band is this gap
is very small, we have a semi-conductor. Pictures as Fig. 40-32 on pg. 1091 of the book.

6. Does the presence of a neutrino among the decay products of a particle necessarily mean that the
decay occurs via the weak interaction? Do all decays via the weak interaction produce a neutrino?
Explain. (1 point)
Yes, neutrinos only interact via the weak interaction. Not all weak decays necessarily produce
neutrinos, e.g. Λ→ p+ π−.

7. Sketch the energy levels of a Li2+ ion (Z = 3). What is the ionisation energy in eV? Calculate the
wavelength and frequency of a photon that can ionize a Li2+ ion in the groundstate and that gives
the ejected electron a kinetic energy of 5 eV. (3 points)
I. This ion is hydrogen-like, hence the energy level distribution looks similar. However, Z is larger
and the energy levels scale as Z2. The ionization energy is thus 13.6 eV times 9 = 122 eV. II. The
corresponding energy levels are En = −122/n2. III. The photon must have an energy of 122 + 5 =
127 eV. For photons is holds that λ = hc

E = 1240 eV ·nm
E . So the wavelength is λ = 1240/127 ' 10nm.

8. The Z0 boson, discovered in 1985, is the mediator of the weak nuclear force, and it typically decays
very quickly. Its average rest energy is 91 GeV, but its short lifetime shows up as an intrinsic width
of 2.5 GeV. What is the lfietime of this particle? (2 points)
The intrinsic width is determined from the lifetime of the Z boson. For energy and time, the
uncertainty relation is ∆E∆t ≥ ~/2. Thus the lifetime of the Z-boson is τ = ~/2E. We know
~ · c = 200MeV · fm, thus with c = 3 · 108 m/s, ~ ' 6.7 · 10−22 MeVs. The lifetime then becomes
τ = 6.7 · 10−22/5 · 103 = 1.35 · 10−25 s.

9. The maximum number of electrons k contained in an atomic sub-shell with principle quantum
number n and angular momentum l is k = 2(2l+1). Explain the first factor 2 and the factor (2l+1).
For a given n, which values of l are allowed? Which of the following electron configurations are
not allowed: (a) 1s22s22p43s24p2; (b) 1s22s22p83s1; (c) 1s22s22p63s23p54s24d54f1. If not allowed,
explain why. (2 points)
The first factor 2 accounts for the two spin states per electron: spin-up or spin-down. The second
factor 2l + 1 accounts for the various orbital angular momentum states, |m| ≤ l. For a given n,
l < n. The states s, p, d, f have l = 0, 1, 2, 3, respectively, with n ≤ 2, 6, 10, 14. Thus states (a) and
(c) are allowed. State (b) claims to have a 2p8, which is not allowed.

10. Fermi-problem: Does the amount of rain collected on the rooftops in the Netherlands suffice to
provide everyone in the Netherlands with drinking water? (3 points)



Approach: estimate amount of rain fall per area in the NL; the combined area of the rooftops; the
number of NL people; the amount of drinkwater consumed by a NL peson. Alternatively, estimate
the average amount of rooftop per person. Annual rainfall in the NL is about 700 mm per year.
This can be estimated from the number of days that it rains (1 out of 2 to 3) and the average
amount of rain per rainy day (no more than 1 cm). The average amount of rooftop per person is
about 15 m2 from their house. We also have to take into account schools, shops, work, etc. Let’s
take a factor 3 (more than 1, less than 10) to arrive at a total area of about 50 m2 per person.
At 0.7 m/year per year this comes to a total 35 m3/year, or about 100 l per day. Average amount
of water used for drinking is definitely less than that, of order of several l per person per day. If
”drinking water” is interpreted as total water consumption: that is about 130 l per person per day.
This can be estimated from drinking, cooking, showering, toilet use, dishwashing, etc.








