Exam Kaleidoscope Modern Physics

2 december 2014, 18:30-21:30, 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 ; hc = 200 eV-nm.

Final grade = total number of points/3 + 1



. What is the kinetic energy of an electron ejected from a sodium surface whose work function is
Wy = 2.28 ¢V when illuminated by light of wavelength (a) 410nm (b) 550 nm?

(2 points)

First need the energy for each of the two photons, F = hc/A. Since he = 1240eV - nm, the
photon energies are (a) 3eV and (b) 2.25eV. So in the first case the kinetic energy is K =
E—Wy=3-2.28eV = 0.72¢eV. In the second case, the energy is too low to emit electrons. 1
point for E-lambda relation; 1/2 point for the calculations and 1/2 for the conclusion that no
electron is emitted in second case. If for (b) a very small energy is calculated due to rounding
errors, that is also OK.

. The quantum states of an electron in an atom are characterised by the four quantum numbers,
n, I, m; and mg. In a many electron atom, how many electrons can occupy the same shell, i.e.
share the same value of n? Hint: first consider a combination (n,l). (3 points)

For a given n, | can take the values [0, n] and for a given [, m; can take the values [—/,[]. For each
combination n,l,m; ms can take the values —1/2 and +1/2. No two electrons may share the
same values for all quantum numbers (Pauli exclusion principle). Each combination of quantum
numbers thus contains one electron. Hence the total number of electrons is equal to the number
of possible states. For a combination (n,l) the number of electrons is thus 2(2[ + 1). Summing
over [ =0---n — 1 gives 2n? electrons per shell. Exclusion principle/1 electron per set of QN: 1
point; 1 =0 ... n-1 ,ml =-1... I, ms =-1/2, 1/2: 1/2 point each; 1/2 point for final calculation

. A radioactive element undergoes an alpha decay with a lifetime of 12 us. If alpha particles are
emitted with kinetic energy E = 5.5keV, find the uncertainty AF/E in the particle energy.
Using J-s as the unit for / in not allowed! (2 points)

Uncertainty relation: AEAt > h/2. Multiply both sides with ¢ to be able to use A - ¢ on the
RHS. So we have AEAt > h/2 or AE = h/2At = h-¢/2At - c.

. Explain what ionic, covalent and metallic molecular bonds are. (2 points)

Ionic: electrons are transferred from one atom to another, so that two ions are formed, electron
spend most time near one or the other nucleus; covalent: electrons are shared between the two
nuclei; metallic: electrons are shared between many atoms.

. Excimer lasers make use of molecules consisting of an excited noble gas and a halogen, e.g. Ar*Cl.
(a) Explain why a chlorine atom and an argon atom, both in their lowest energy state, can not
form an ArCl molecule. (b) However, if one of the least bound electrons of Ar is promoted to
the next energy state (the atom is "excited”, Ar*) it is possible to create an Ar*Cl molecule.
Why? (3 points)

(a) Neon is a noble gas, with a full outer shell. The Neon electron is very strongly bound.
Transfering an electron to Cl is thus energetically unfavorable. (b) if the neon atom is excited,
the remaining electrons exhibit a fluorine configuration, with the last electron in an excited state.
Hence a covalent bond becomes possible. 1 point for (a), 2 for (b)

. When a proton and an antiproton (both at rest) annihilate, at least two photons are produced.
Why not one? What are the wavelengths of the two photons? (2 points)

The production of just a single photon is prevented by momentum conservation. All the mass of
the proton and antiproton are converted to energy. The mass of an antiproton is equal to that
of a proton, m = 938 MeV/c2. Each photon thus has an energy of 938 MeV, which corresponds
to a wavelength of A = he/E = 200 MeV - fm /938 MeV ~ 0.2 fm.



7. Which two interactions play a significant role in the formation of an atomic nucleus? Indicate

10.

whether these interactions are attractive, repulsive or absent for pp, pn and nn nucleon pairs.
What is the range of each of these forces? Use these observations to explain why large stable
nuclei generally have more neutrons than protons. (3 points)

The strong nuclear and EM interactions. The strong interaction is attractive for all pairs, the
EM repulsive for a pp pair, and absent for pn and nn because the neutron has no electric charge.
The strong force has only a limited range, whereas the EM force has a infinite range. By adding
neutrons the average distance between protons is reduced, without lowering the strong binding.

. A naturally occurring radioactive decay sequence starts with 235 Th. The first five decays of this

sequence are «, 8, 7, o, a. Determine the resulting intermediate daughter nuclei. (2 points)
In a-decay A changes by -4 and Z by -2. In f7-decay A remains constant, but Z changes by
+1. So the sequence becomes

« B~ B~ « «
2211 9 280 &5 28Ac & 28Th 9 2Ra S 20Rn

. Consider the fusion reactions involving deuterium and tritium.

‘H+3H - SH+1H
H+2H — 3He +n
H+3H — 3He +n

Which of these reactions releases the largest amount of energy? For each reaction give the
(approximate) energy release. Hint: calculate the masses on the left and righthand side, while
keeping terms in m, and m,. (3 points)

From the appendix, the approximate binding energy per nucleon is %H : 1.1 MeV, :{’H :2.9MeV,
SHe : 2.5MeV, and jHe : 7.2MeV. Total binding on the LHS is 2%¥1.1+2*1.1=4.4, 4,4 and
2%1.14+3*2.9=10.9 MeV. For the RHS this becomes 3*2.9=8.7, 3*2.5=7.5 and 4*7.2=28.8 MeV.
This brings the energy release to 8.7-4.4=4.3, 7.5-4.4=3.1 and 28.8-10.9=17.9 MeV.

Fermi problem: How many grains of rice are consumed daily in China? (5 points)

Possible solution: number of people in China, 1 billion; rice consumption per person per day,
e.g. volume of about 1 cup per meal, 2 meals per day per person, on average; volume of a rice
grain, via size of grain (5mm long, 2mm diameter). Alternatively via weight. Wikipedia: 156
million metric ton per year



Fundamental Constants

Quantity Symbol Approximate Value Current Best Value’
Speed of light in vacuum ¢ 3.00 % 108 m/s 299792458 x 10%m/s
Gravitational constant G 6.67 X 107" N-m?/kg? 6.6728(67) x 107" N-m?/kg”
Avogadro’s number Na 6.02 x 10% mol™ 6.02214179(30) x 10% mol
Gas constant R 8.314 J/mol-K = 1.99 cal/mol-K 8.314472(15) J/mol-K

= 0.0821 L-atm/mol-K
Boltzmann’s constant k 1.38 X 1072 J/K 1.3806504(24) x 1072 J/K
Charge on electron e 1.60 x 1079 C 1.602176487(40) x 107 C
Stefan-Boltzmann constant a 5.67 X 1078 W/m?-K* 5.670400(40) x 10°W/m*-K*
Permittivity of free space €0 = (1/c%uy) 885 X 1072 C%/N-m? 8.854187817... X 1072 C?/N-m’
Permeability of free space Ho dar X 1077 T-m/A 1.2566370614 ... X 107°T-m/A
Planck’s constant h 6.63 X 107%7J-s 6.62606896(33) x 107 J-s
Electron rest mass g 9.11 x 1073 kg = 0.000549 u 9.10938215(45) x 10 kg

= 0.511 MeV/c? = 5.4857990943(23) x 10 u
Proton rest mass my, 1.6726 x 1077 kg = 1.00728 u 1.672621637(83) x 1077 kg

= 93827 MeV/c? = 1.00727646677(10) u
Neutron rest mass 1y 1.6749 % 107% kg = 1.008665 u 1.674927211(84) x 107 kg

Atomic mass unit (1 u)

= 039.57 MeV/c?

1.6605 x 107% kg = 931.49 MeV/c?

= 1.00866491597(43) u

1.660538782(83) X 107" kg

= 031.494028(23) MeV /¢~

"CODATA (3/07). Peter J. Mohr and Barry N. Taylor, National Institute of Standards and Technology. Numbers in parentheses indicate one-standard-
deviation experimental uncertainties in final digits. Values without parentheses are exact (i.e.. defined quantities).

Other Useful Data The Greek Alphabet
Joule equivalent (1 cal) 418617 Alpha A @ Nu N v
Absolute zero (0K) —273.15°C Beta B B Xi = &
Acceleration due to gravity Gamma r Y Omicron 0O o
at Earth’s surface (avg.) 9.80 m/s* (= g) Delta A 8 Pi II -
Speed of sound in air (20°C) 343 m/s Epsilon E € & Rho P p
Density of air (dry) 1.29kg/m’ Zeta 7 l Sigma p p
Earth: Mass 5.98 % 1034 kg Eta H n Tau i I T
Radius (mean) 6.38 X 10°km Theta (s} ] Upsilon Y v
Moon: Mass 735 X 107 kg Tota I ¢ Phi ® b, o
Radius (mean) 1.74 % 10°km Kappa K K Chi X X
Sun:  Mass 1.99 x 10*kg Lambda A A Psi N7 &
Radius (mean) 6.96 X 10° km i M P Omega 0 o
Earth-Sun distance (mean) ~ 149.6 X 10°km
Earth-Moon distance (mean) 384 X 10°km
Values of Some Numbers
o = 3.1415927 V2 = 1.4142136 In2 = 0.6931472 logqye = 0.4342945
e = 27182818 V3 = 1.7320508 In 10 = 2.3025851 lrad = 57.2957795°
Mathematical Signs and Symbols Properties of Water
x is proportional to = is less than or equal to Density (4°C) 1.000 X 10° kg/m’
= is equal to = is greater than or equal to Heat of fusion (0°C) 333 kI/kg
~ is approximately equal to > sum of (80 keal/kg)
#* is not equal to x average value of x Heat of vaporization 2260 k]/kg
> is greater than Ax change in x (100°C) (539 keal/kg)
>>  is much greater than Ax — 0 Ax approaches zero Specific heat (15°C) 418671 /kg-C°
< is less than n! nn—1)(n-2)...(1) (1.00 kcal/kg- C*)

< is much less than

Index of refraction

1.33
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