
Exam Kaleidoscope Modern Physics

31 october 2014, 9:00-12:00, A. Jacobshal

- Put your name and student number on each sheet.

- 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 .

- Final grade = total number of points/3 + 1

1. Ordinary stars shine because of nuclear fusion, producing elements heavier than hydrogen. How-
ever, no elements heavier than iron are produced in burning stars. Explain why. (2 points)
Tests understanding of the concepts ”binding energy” and ”fusion”. Tests ability to read and
interpret the binding energy vs. atomic number diagram. The binding energy per nucleon
steadily rises with atomic number A from hydrogen to iron. From that point on, the binding
energy per nucleon descreases again with increasing A. As long as the binding energy rises when
two lighter nuclei fuse, the Q-value is positive, and the reaction will go by itself. Beyond iron
the binding energy decreases, leading to a negative Q-value. Hence energy must be put in to
keep the reaction going. And hence no nuclei heavier than iron are produced.

2. A free neutron has a mean life of 900 s. What is the (relative) uncertainty in its mass?
(2 points)
Tests the understanding of and ability to use the concept ”uncertainty relation” and the ability
to make use of the product ~ · c. Checks the reproduction of the prefix ”femto”. Use the uncer-
tanty relation between energy and time, ∆E∆t ≥ ~/2. The lifetime can be used as a measure of
the uncertainty ∆t, so that ∆E ≥ ~/2/∆t = ~c/(2∆tc) = 200 MeV · fm/(1800 s · 3× 108m/s) '
10−24 MeV. The neutron mass corresponds to an energy of about 1 GeV = 103 MeV, so the rel-
ative uncertainty is about 10−27. Note that the answer is deliberately ”weird” to avoid making
the question too obvious.

3. Just like an electron, a negative muon may bind to a nucleus to form a so-called muonic atom.
Carefully consider a Lithium atom with one of its electrons replaced by a muon. What is the
lowest energy state the muon can be in? Explain your answer using the various quantum num-
bers involved. (3 points)
Tests the understanding of the concept ”exclusion principle”, understanding of the distinguisha-
bility of electrons and muons (lepton number) and knowledge of atomic structure, in particular of
the litium atom. The leptons are described by their lepton flavor. The set of quantum numbers
describing the muon thus always differs from those of the electrons as Lµ 6= Le. The muonic
states are, apart from the scaling factors, similar to the electronic states. Hence the state with
the lowest energy is the 1S-state, i.e. with n = 1 and thus l = 0.

4. Explain why a neutrino is so hard to detect. (2 points)
Tests the reproduction of basic properties of the weak interaction and neutrinos. A neutrino is
only subject to the weak interaction. The weak interaction has a very short range (approximately
0.001 fm (compared to 1 fm for the strong interaction and infinitely for the EM interaction) and
hence the reaction cross section is extremely small. Detection requires a neutrino to somehow
interact.



5. The 7
3Li nucleus has an excited state 0.48 MeV above the ground state. What wavelength

gamma photon is emitted when the nucleus decays from the excited state to the ground state?
(2 points)
Tests the understanding of the concept ”de Broglie wavelength”, ”ground state” and ”excited
state”, the relation between the excitation energy and the energy of the emitted photon, and
the ability to make use of the product ~ · c. The de Broglie relation says λ = h/p. For a photon
E = pc, so λ = pc/E = 1240 MeV · fm/0.48 MeV = 2500 fm = 2.5 pm.

6. Sketch the potential energy vs atomic distance diagram for a bond between two atoms, requiring
an activation energy, with a respulsive core and which produces a meta-stable molecule. In your
sketch, indicate the bond length r0, the activation energy Ea, the Q-value, and the regions where
the potential is repulsive or attractive. (4 points)
Tests the understanding of the concept ”potential”, including several properties. A merger
between figure 40-9 and 40-11. Activation energy: long distance behavior is repulsive, i.e. falls
with increasing distance. Repulsive core: potential energy rises quickly for shorter ranges. Meta-
stable: local minimum above zero around bond length r0. The activation energy is the height
above zero of the bump between the local minimum and infinity. The Q-value is the height of
the dip at r0 with respect to the potential at infinity (assumed to be zero; may have any value,
but then all zero’s above should be replaced by this value).

7. As 222
86Rn decays into 206

82Pb, how many alpha and beta particles are emitted? Does is matter
which path in the decay series is chosen? Why (not)? (2 points)
Tests understanding of the concepts ”decay series”, ”α/β-decay” and reproduction of their prop-
erties, in particular conservation laws. In β decay A doesn’t change. So the change in A from 222
to 206 can only be due to α emission. Since ∆A = Abegin −Aend = 16, which would correspond
to 4 α’s. At the same time Z would change by 8 (for each α two protons leave the nucleus).
Since ∆Z = 4, an additional change of ∆Z = −4 is necessary. This would correspond to the
emission of 4 β− particles. The precise path does not matter, as in the end only the conservation
of charge and number of nucleons have to hold. There is a catch though: also β+’s could be
emitted. Then the condition holds that there are 4 more β−’s emitted than β+’s. In this case
the path does matter.

8. Identify if atoms with the following electron-configurations exist. If so, give their name: (a)
1s22s22p63s2; (b) 1s22s22p63s23p6; (c) 1s22s22p83s23p64s1; (d) 1s22s22p63s23p63d64s2 (3 points)

Tests the understanding of the concepts ”atomic structure” and ”shell structure”, ability to
reproduce atomic structure notation and their interpretation. Ability to relate atomic proper-



ties to the location in the periodic table. (a) Mg; (b) Ar; (c) doesn’t exist; 2p8 has too many
electrons. (d) Fe

9. Explain on the basis of the energy bands why the sodium chloride crystal is a good insulator.
Hint: consider the shells of the Na+ and Cl− ions. (2 points)
Tests the understanding of the concept ”band structure”, the relation between band gap and
material properties, and the relation between atomic properties and solid state properties. Both
Na+ and Cl− are in a noble gas configuration (a completely filled shell). Hence, in a solid the
valence band is full. The conduction band originates from the next shell, and thus exhibits a
large gap. This is the configuration of an insulator.

10. Fermi problem: How much ink is used to answer all the RUG exams during an exam week?
(5 points)
Several possible routes to solve this problem exist. Estimation of properties at hand have to
be closer to reality. This includes for example the number of pages per exam, the number of
students in a room, the number of exams per period or week, the amount of ink in a pen. Other
quantities can be estimated less precisely. There are several things that you need to know: how
many students are there at the RUG?; how many exams do they have in a week?; how much
ink do they use per exam? Perhaps: how much ink is there in a pen? Step one: what is the
number of students at the RUG. There are about 200,000 people in Groningen. They are not all
associated to the university, but a fair share will be, assume 10%. Of those half will be students,
the other half will be staff. So a total of 10,000 students would be realistic (28,000 according
to RUG). Step two: the number of exams per student. From your own experience you know
that you have two exams (Calculus I and Kaleidoscope; there is no exam for physics lab 1).
Some students may have more exams (typically three), some may have less (none if you’re doing
research). So a typical number would be 1 per period and thus 1/2 per week. Taking 1 per week
would no be too far off. So in total about 10,000 exams are done. Step three: An average pen
lasts defintely more than 1 exam (if it doesn’t get lost), but not for 100. If we use 10 exams,
we’re not too far off. So a total of 1,000 pens will be consumed (this is an acceptable answer,
with number of pens as the unit). Each (ballpoint) pen has an ink volume of about 10 cm x
1 mm x 1 mm = 0.1 cm3 or 0.1 ml. So a total of 100 ml ink will be consumed (this is a better
answer). Fountain pens use quite a bit more ink and contain about 1 ml. Answers around 1 l will
be graded correct. Most importantly is the careful explanation of the various quantities needed,
the use of units, and the avoidance of unnecessarily complicated calculations through the use of
scientific notation.










