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 ; hc = 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 900s. 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 A - c. Checks the reproduction of the prefix ”femto”. Use the uncer-
tanty relation between energy and time, AEAt > h/2. The lifetime can be used as a measure of
the uncertainty At, so that AE > h/2/At = he/(2Atc) = 200MeV - fm/(1800s - 3 x 108m/s) ~
10724 MeV. The neutron mass corresponds to an energy of about 1 GeV = 102 MeV, so the rel-
ative uncertainty is about 10727, 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 L, # L.. 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 [ = 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 1fm 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 gLi nucleus has an excited state 0.48MeV 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 % - ¢. The de Broglie relation says A = h/p. For a photon
E = pc, so A = pc/E = 1240MeV - 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 7y, the activation energy E,, 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 ryp. 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 rg 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).
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7. As 222Rn decays into $Pb, 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”, "« /3-decay” and reproduction of their prop-
erties, in particular conservation laws. In 8 decay A doesn’t change. So the change in A from 222
to 206 can only be due to o emission. Since AA = Apegin, — Aeng = 16, which would correspond
to 4 a’s. At the same time Z would change by 8 (for each a two protons leave the nucleus).
Since AZ = 4, an additional change of AZ = —4 is necessary. This would correspond to the
emission of 4 B~ 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 S7’s could be
emitted. Then the condition holds that there are 4 more 5~ ’s emitted than S7’s. In this case

the path does matter.
8. Identify if atoms with the following electron-configurations exist. If so, give their name: (a)

1522522p9%352; (b) 15%25%2p83523p5; (c) 1522522p®3523p04st; (d) 1522522p%3523p°3d045% (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-



10.

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

. 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.

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 10cm x
Imm x 1mm = 0.1cm?® or 0.1 ml. So a total of 100ml ink will be consumed (this is a better
answer). Fountain pens use quite a bit more ink and contain about 1 ml. Answers around 11 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.



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




"SITPUB QLT ‘STT “PI1 ‘€11 SIUAWA[R J0f pajiodar uaaq sey (pauijuodun) 20uapiad Areururnjaig (o xipuaddy os[e 99) 'SUOISIAL 9OOT
“sasatjuared ut UOATE ST 0d0j0ST UMOUY PAAI[-JSATUOT A1) JO SSLLU *SIUAAD 2|qRISUN AUBTH JO,] AIBLINS §, Y)IRF U0 Moo Koy safejuastad ur sadojost 19A0 PaGeIoAr SaN[eA SSBW DILOTY §

TSL1P951 S |eSLoPIn1 S |25 LoPe1 S [ LoP9e1 IS |eSLoP9 1SS |oSLaPI01 S| e5LoP96SS | SLIPILIS | SLoPOLSS | 5LaPI9SS | SLIPISSS | SLiPISS | SLiP9SS SLPY SLIP9
(@o0) (652) (867) (L5 (zsz) (152) (Lve) (Lra) () () (Len) 68T0'8ET | 8YSEO'IET| 908€0TET | (LT SALIAE APIUIPY
€01 1T | TOT ON | 101 PIAL {001 WA | 66 SH |86 O [L6 AA|96 WD |66 Wy |v6 Nd | ¢6 AN |26 N |16 Bd|06 UL|68 2V
SNPSo 1 I | 590PSp1 7| 590PS e 1 | 5907 S2r S 7 | 1590 PS 1LY | 25902 So1 4 | 2590 Sel T | 25917S 0¥ | e590PS LAY | 2590PSoS Y | 2590PSe kb | 25902 Se ¥ | 2590PSe S | 591251/ 59,PS
L96'FLI FO'ELT | TTPEG'ROT|  6STLO1 | TEOE6H9T |  00STOL | SESTERST STLST|  +96'16T 9£'0¢T | (571 TYTYPL | S9LOGOVL [ OTLOVL| LYS0G6'SEl | SALIAG ApIuBYIURT,
IL WT{0L 9K |69 WL |89 JIA|L9 OH|99 AQ|S9 AL|¥9 PO|€9 Nng (79 WS |19 WJ|09 PN|6S Id |8 3D |LS ®1
SLotP9|  1SLoiPY SLP9 | SLP9 | SLoP9Y SLPY | SLP9 | SLPY | SLep9 L 5L
(582) (082) (182) (9L2) (LL2) (TLe) (1£7) (892) (L92) (9z2) (eTa)
Cll ITT 8 [O11 SA 601 A | 801 SH | £01 yg |90l 8 |s0r a4 | +01 JA $€01—68( 88 ®A | L8 1A
o9 <49 »49 <9 =49 199 | S90iPS | (590iPS 15965 59:PS &9PS 59PS 9,78 =59:P€ 259:P¢ =9 159
(€49 (012) (602) | 07086'807 TLOZ| EE8EPOT 65007 |695996'961|  ¥80°S61|  LIT'T6! €T061 | LOT981 PR'E8T | 88LFG 08I 6t78LI LTELEL |6ISPSO67TEL
98 WY (S8 IV |¥8 od|€8 |78 ad |18 ILL|08 BH|6L DV |8L M |LL AN |9L SO|[SL W |¥L M|€L BL|TL JH|L1L-LS|9S ed|sS sD
odS odg S cds zd¢ 19 | SSalPy | SSailPY | oSSaiPY 1565P¥ SS.PY Y44 1SSePE 1SS PY SSPY SS1PY 5 1SS
€6TIEL | L¥PO6'9TT 00°LTI| 09LKCI| OIL8IT| SISPII| LIFTII| TR98LOI TH901 | 0SS06201 L1001  (36) P6'S6 | BE906T6 YTT16 | S8506'38 T9L8 |  8L9VSY
S X |[€S  I|TS BdL|IS 4S|0S US| 67 UL|8F PD|[Lv BV |9r PA|Sh U |+ DA |k L[k O |1¥ AN|OF IZ |6 X |[8¢ JIS|Lf q¥
ody <y iy s <y | ShaPE | (StaPE STPE | ShuPE ShePE PP 1S¥sPE STePE ST PE #SHIPE &7 5%
86L €8 Y06'6L 96'8L | 091Z6FL P9TL £TL'69 601’59 9PSE9 | PE698S | SEIEEH'S SPR'CS | SYOREEHS | 1966°1S | SIH60S L98'L¥ | TI6SS6HF 8LO0F | £860°6€
9t I (St A |FE O3S | €€ SV |TE 9D 1€ BD|0€ UZ|6C MD|8C IN|LT 0D|9C A (ST U |¥C ID|€C A|TT ILL|IT 98]0 ®I |61 N
o4t g s dg g 1dg € 15€
8665 5P CE S90'ZE | TLELG'OE | SSBO'8T |98ESTRE'9T 0S0£°¥T [8269L686'TT
81 AV (LI D91 S|SI d|¥l IS|ET IV (A[uo s[ppYys 13In0) Tl BN | 1T eN
0z az oz az -z iz uoneInsuo.) oI — s =z r
L6LT0T |TEOVRG6'8T|  #666'ST | £900°%1 | LOTOTL 11801 E6V'SE [—— ¢SSRIA] DIO0) Y 2812106 1769
(]I ON 6 R RS RO PSRN O )| [CE g RQuoN MOy — LT [ |— [oquis A TR R 1]
o1 ST
209200°t POLOD' |
o 9H I H
TITA ITA IA A Al SJUDWIA[G] UONISUBL], II I
dnoary dnoaxy dnoxry dnoary dnoax dnoxgy dnoaxy

SWDWAF Y} JO I[qE, JIPOLIdJ



Orc

0ee

0

0

¢

081

V 'SN3|oNuU Ul SUCA|INU JO 13QLunp
091 01 D¢l 00T 0

8

_ | H | _

i

(A2} uoajanu Jad ABiaua Buipuiq adelany





