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The Structure of Matter

» What is the Universe made off?
s001m
J >Crysta| » What are the most fundamental objects in Nature?

( 1/10,000,000 » What particles where there in the beginning (right after
i ?
. the big bang)~
'~ Molecule > How do they interact? How do they form larger objects?
J HiIe > Where does all matter in the present Universe come from?
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Hydrogen Atom Wave functions

Remember Modern Physics / QM?

When n=1,1=0, m=0 : Is 10,0 =\/§ e~ T/%

agm
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n=2,1=0, m=0 :2s Y300 2an (2 ao) e
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= =0.+1 : = — r/2a, = — tip,—r/2a,
=1 m=0,+1 :2p W1, 2 o cosBe Vo141 =+ - sinf e*'%e
4dme h2 h o . nm eV
ag = 0 — = 0.0529 nm = 0.53A ¢ histhe reduced Planck constant, = 197.33 c

62 me me cx

me is the mass of an electron, =511 keV/c?

e is the elementary charge,

c is the speed of light in vacuum, and
« is the fine-structure constant. =~ 1/137.036



H ground state

(a) z\
2D projection
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Periodic Table

Atomic

halum

nw;nuen
1 Number =27 2
H Atomic MASS He
1.0079 40026
Iﬂh:i;un Dety"l‘um ( u n itS : u - 1/ 1 2 t h e tctson cargm niln;:):-n oxyg»:«n Ilu:gflm ni?tan
Li | Be mass of 12C atom B|C|N|O| F|Ne
6941 90122 10811 12 011 14,007 15909 18 998 20,180
sodium magneshim aluminium shoon phosphons SUtur chiorine agon
1 12 13 14 15 16 17 18
Na | Mg Al|Si| P | S |Cl|Ar
22.990 24.205 26.962 28086 30.974 32.065 35453 39.948
potassium caldum scandium litanium vanadium chromium | manganesa ron cobalt nickel copper zinc gabum germanium arsenic salenium bromine krypton
19 20 21 22 23 24 25 26 27 28 29 30 3 32 33 34 35 36
K | Ca Sc|{Ti|V|[CrIMn|{Fe|Co|Ni|Cu|[Zn|Ga|Ge|As | Se | Br | Kr
39,098 40,078 44 956 47 967 50.942 51,906 54 938 55.845 58 933 58.693 63 546 65 39 69.723 72,61 74,922 78,96 79.904 83.80
rubldiim strontum ytrum Zirconum niobum | molybdenum] technetium | ruthenium rhodium palladivm sllver cadmium ndum tin antimony tellurum lodinge XENON
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54
Rb | Sr Y |Zr|Nb|Mo| Tc|RUu|Rh|Pd|Ag|Cd|In |Sn|(Sb|Te| | | Xe
85468 87.62 88.908 01.224 92.906 95.94 (98] 101.07 102.91 106.42 107.87 11241 114.82 118.71 121.76 127.60 126.90 131.20
caosium barium utetium hamium Lantakim ungsten rhenium osmum Fidivm platinum oold mearcury thallium lead bermuth polonium astatine radon
55 56 57-70 7 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs|Ba| * [Lu|Hf | Ta| W |[Re|Os| Ir | Pt [Au|(Hg| Tl |Pb| Bi | Po| At | Rn
132.91 137.33 174 .97 178.49 180.95 183.84 186.21 190.23 192.22 195.08 196.97 200 59 204.38 2072 208.98 [209) 214 [222]
franclum radium lawrendum |ruthedordum|  dubnium | seaborglum bohnum hassium melinerum | ununnilium | unununium | ununbium unumquadum
87 88 89-102 103 104 105 106 107 108 109 110 11 112 114
Fr{Ra|*x*| Lr | Rf | Db | Sg | Bh | Hs | Mt ([Uun|Uuu(Uub Uuq
223y [226] [262] [261] [262] [266] [264] [269 |268] [271] 1272 [277] 1259
fanthanum cerum  |praseodymium] neodymum | promethium | samardum | ewopum | gadoinium terbium dyspeosiom | holmium eblum thudium ytterbum
*Lanthanide series 57 58 59 60 61 62 63 64 65 66 67 68 69
La|Ce|Pr|Nd|Pm|Sm|Eu|(Gd|Tb|Dy|Ho| Er |Tm| Yb
138 91 14042 140.91 144.24 [145] 150.36 151.96 157.25 158.93 162.50 164.93 167.26 168.93 173.04
actnium thonum protactinum uranium neptunium putonium amencum cunum berkslium | calfornum | enstenium fermum  mendelevium|  nobelium
** Actinide series 89 20 91 92 93 94 95 9 97 98 99 100 101 102
Ac| Th|{Pa| U [Np|Pu|Am|Cm|Bk | Cf | Es [Fm|Md| No
[227] 232.04 231.04 238.03 [237] [244] [243] [247] [247) [251] [252] [257] [259] [259)




The Structure of Matter

99.97% of the mass of an atom (and hence of all visible
matter) is concentrated in the nucleus.
0.000,000,000,024% of the atomic volume is occupied
by the nucleus .
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Stable nuclei

A =N +Z (all integers)

Isotopes: SAME Z
Isobars: SAME Z

Nuclear mass is ROUGHLY
proportional to A (see later)

ATOMIC mass can be fractional if
the natural abundance of a given
element has several stable
isotopes

Neutron number N
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All the nuclei in the universe
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neutron number N
Challenge: Most nuclear reactions in the Universe are at low

energies or involve the weak interaction (tiny cross sections) =>
Experiments and Theory are HARD! (subtle effects play big role!)



Atomic Binding energy Nuclear Binding energy

B tomic= /VIAtC2 - /VINucC2 -4Lm, c’ B uclear = MNC2 - Z-mpc2 - N'I’I’)nC2
My, = Mass of Nucleus
M ¢ = Atomic mass (single
isotope)
Z = Element Number

m, = Mass of Proton

my, = Mass of neutron

A=N+Z

Tvpical values: few A= Atomic Mass Number
yP ' N=Neutron Number

V4 V4
eV’s ... keV’s Z=Proton Number

Typical values: keV’s to 100’s of MeV'’s
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mc

In atomic and nuclear
physics, masses are typically
given in atomic
mass units (u) 1 u=1.66054
* 1027 kg = 931.494 MeV/c?

Proton =938.27 MeV
Neutron = 939.51 Mev

= Duh?

- A

b >3

Seperate particles weigh more than when © protons
joined in a nucleus (© neutrons
’H components 2H atom

1.007276amu @) @

1.008665 amu J
0.000549 amu @

2.016490 amu 2.014102 amu

Mass defect = 0.002388 amu =2.224 MeV

Note: amu = u (depending on who is talking)



Nuclear Force

Charge independent. %_
Highly dependent on ll
distance |

Saturated force

20

-20

-40

Proton-proton

Coulomb Repulsion will oo
overcome the Nuclear
Force as atoms become
larger.




Nuclear Density
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Nuclear Binding energies
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Liquid Drop Model

From previous slides, we find that Central (saturation) density:
nuclear density is roughly constant, and 0o ~ 0.17 nucleons/fm’> = 3 - 10! kg/m’

hence the nuclear radius goes like Al/3

R=1.22fm A3
Surface = 19 fm?- A%/3

Average density: 0.13 nucleons/fm’

M(A,Z) = NM, + ZM, + Zm, — a,A + a,A*> 20
A (N —Z)? § Vol
Tl T T Op olume energy

Surface energy

Coulomb energy
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a, = 15.67 MeV/c?
a, = 17.23 MeV/c?
a. = 0.714 MeV/¢?
a, = 93.15MeV/c? 5
{ —11.2 MeV/c? for even Z and N (even-even nuclei)

B/A [MeV]
o
[

Total binding energy
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0 MeV/c? for odd A (odd-even nuclei)

1 1 1 1 1
+11.2 MeV/¢? for odd Z and N (odd-odd nuclei). 0
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Nuclear Mass excess per nucleon
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Partially explains abundance of elements

Fig. 2.2 Abundance of the T T T T T T T
elements in the solar system 1010 _H |
as a function of their mass He
number A, normalised to the il |
abundance of silicon (=10°)
108 | -
108 |- Abundance [Si=10°]
104 |
Full explanation requires: 102 |
1) INITIAL ("primordial”) abundance B
(nearly all *H and “He) 1
2) Reaction path from these to heavier
elements (stars and their collapse, N

10'2 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
supernovae, neutron star mergers,...) T e e e e en e e e e 20

Mass number A



