
The	Structure	of	Matter
Ø What	is	the	Universe	made	off?
Ø What	are	the	most	fundamental	objects	in	Nature?
Ø What	particles	where	there	in	the	beginning	(right	

after	the	big	bang)?
Ø How	do	they	interact?
Ø How	do	they	form	composite	objects?



Periodic	Table



TEST



In	atomic	and	nuclear	
physics,	masses	are	
typically	given	in	atomic	
mass	units	(a.m.u.	or	u);	
1	u =	1.66054.10-27 kg	=	
931.494	MeV/c2
=M(12C)/12

Proton				:	938.27	MeV	=
Neutron	:	939.57	MeV	=

MA =	“Anom”*u
“Anom”	≈	A	:=	Z	+	N
“Anom”:	Atomic	mass	#
A	=	Baryon	Number	 =	2.224	MeV/c2



Nuclear	Binding	energy

Bnuclear =	Zmpc2	+	NmNc2	- MAc2		 (MeV’s)
MA =	Atomic	mass

Nuclear	masses	given	in
- kg
- MeV/c2
- AMU	(“A”)
- “Mass	Excess”	D(Z,N)	=	M(Z,N)	- (Z+N)*u
with	u (=	1	a.m.u.	=	atomic	mass	unit)	=	m(12C)/12	=	
931.494	MeV/c2



Nuclear	Binding	energies



Stable	nuclei



Electron
Scattering



Electron
Scattering	->	

Nuclear	Density



Nuclear	Binding	energies



Weizsäcker mass formula
aV aS aC aA Delta Mn Mp Mel a.m.u.

15.67 17.23 0.714 93.15 11.2 939.56533 938.27234 0.510999 931.494

Z N A I3 Mass Binding EnergyB.E. per nucl. Mass Excess Nuclear mass
77 116 193 -19.5 0.000 -1532.825 -7.942 -35.272 179703.723

Actual Masses
D 1 1 2 0 1876.1238 -2.225 -1.112 13.136 1875.613
T 1 2 3 -0.5 2809.432 -8.482 -2.827 14.950 2808.921
He3 2 1 3 0.5 2809.413 -7.719 -2.573 14.931 2808.391
He4 2 2 4 0 3728.401 -28.296 -7.074 2.425 3727.379
Li6 3 3 6 0 5603.05 -31.996 -5.333 14.086 5601.517
Li7 3 4 7 -0.5 6535.366 -39.245 -5.606 14.908 6533.833
Be9 4 5 9 -0.5 8394.794 -58.166 -6.463 11.348 8392.750
B10 5 5 10 0 9326.991 -64.752 -6.475 12.051 9324.436
B11 5 6 11 -0.5 10255.102 -76.207 -6.928 8.668 10252.547
C12 6 6 12 0 11177.928 -92.164 -7.680 0.000 11174.862
C13 6 7 13 -0.5 12112.547 -97.110 -7.470 3.125 12109.481
N14 7 7 14 0 13043.779 -104.662 -7.476 2.863 13040.202
N15 7 8 15 -0.5 13972.511 -115.495 -7.700 0.101 13968.934
O16 8 8 16 0 14899.167 -127.622 -7.976 -4.737 14895.079
O17 8 9 17 -0.5 15834.589 -131.766 -7.751 -0.809 15830.501
O18 8 10 18 -1 16766.11 -139.810 -7.767 -0.782 16762.022
Ar40 18 22 40 -2 37224.72 -343.817 -8.595 -35.040 37215.522
K40 19 21 40 -1 37226.225 -341.530 -8.538 -33.535 37216.516
Ca40 20 20 40 0 37224.914 -342.059 -8.551 -34.846 37214.694
Ir193 77 116 193 -19.5 179743.806 -1532.089 -7.938 -34.536 179704.459
Au197 79 118 197 -19.5 183473.161 -1559.432 -7.916 -31.157 183432.792

Weizsäcker mass formula - Comparison
aV aS aC aA Delta Mn Mp Mel a.m.u.

Povh et al. 15.67 17.23 0.714 93.15 11.2 939.56533 938.27234 0.510999 931.494
SSM Wong 16 17 0.6 100 25 939.56533 938.27234 0.510999 931.494

Z N A I3 Mass Binding EnergyB.E. per nucl. Mass Excess Nuclear mass
Povh 77 116 193 -19.5 179743.070 -1532.825 -7.942 -35.272 179703.723
SSM Wong 77 116 193 -19.5 179560.241 -1715.654 -8.889 -218.101 179520.894

M (A,Z ) = N ⋅Mn + Z ⋅M p + Z ⋅me − B / c
2 ; B = aV A− aSA

2/3 − aC
Z 2

A1/3
− aa

N − Z( )
2

4A
±
δ
A1/2



All	the	nuclei	in	the	universe

H,	4He,	Li,…
C,	N,	O,	…

Fe,	Ni,…

superheavies?

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!)

n	stars



What	do	we	know	about	them?
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Nuclear	
Stability	

and	Decays

a,	fission

b+,	ECb-



Fermi	Gas	Model



Interlude: Fermi Gas

• Pauli exclusion principle: No two fermions (spin 1/2 particles) can be 
in the same quantum state

• Heisenberg uncertainty principle: Dp.Dx » ! => two states are 
indistinguishable if they occupy the same “cell” dV.d3p = h3 in 
“phase space” (except for factor 2 because of spin degree of 
freedom) => for volume V and “momentum volume” d3p = 4πp2dp we 
find for the Number of states between p…p+dp:

• Sirius B: pf = 670 keV/c for electrons (semi-relativistic - me = 511 keV/c2!)

– total kinetic energy: 
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White Dwarf Stability

• If R decreases, gravitational energy more negative:

• …while kinetic energy goes up:

• Compare: Equilibrium if sum of derivatives = 0
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White Dwarf INStability

• If R decreases, gravitational energy more negative:

• …while kinetic energy goes up more slowly:

• Compare: Once first term is greater than 2nd term 
(depends only on M and N), no amount of shrinking 
can stabilize system -> collapse
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Supernova remnant

• Neutron star:
– nearly no p’s, e-’s, just neutrons
– Remember: Rwhite dwarf µ 1/me M-1/3

– mn = 1840 me => R 1840 times smaller (really, about 
500 times because only 1 e- per 2 neutrons) => of 
order 10 km!

– Density: few 1044/m3 = 1/fm3 > nuclear density => 
nucleus with mass number A = 1057

– Chandrasekar limit: 5 solar masses (2-3 in reality?)
– Lots depends on nuclear equation of state *), 

general relativity

*) Repulsive core / Nuclear superfluid / quark-gluon plasma / strange matter / pasta ?



Fermi	Gas	Stability	revisited:
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Electron	Fermi	Gas:

Neutron	Star:	replace	me with	mn (1839	times	larger),	Ntot doubled	(since	Ntot =	
Nn =	number	of	all	nucleons,	not	=	½	Np+n for	electron	Fermi	gas.)	=>	R is	580	
times	smaller	(10	km)	
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=	730	times	larger	for	same	mass	M
Þ pf /m =40%	of	ratio	for	electrons	for	same	M
Þ maximum	pf could	be	2.5x	larger	before	relativity	sets	in	=>	4	

times	the	mass	(5.6	instead	of	1.4	Msun)



Shell	Model	– by	Dr.	Weinstein



•  nucleons are bound 
• energy (E) distribution 
• shell structure 

•  nucleons are not static 
• momentum (k) distribution 

scan/test/nn_pot.agr !

repulsive core!

attractive part!

determined by the  
N-N potential 

on average: 
Net binding energy: ≈ 8 MeV 
distance: ≈ 2 fm 

long-range!

short-range!

d!

r!r!

Structure of the nucleus 

Strong repulsion  
          NN correlations 

HUGS 2012 Nuclear Physics Weinstein 10 



(Maria Goeppert-Mayer, Jensen, 1949, Nobel Prize 1963) 

But:  there is experimental 
evidence for shell structure 

nucleons can not scatter into occupied levels: 
Suppression of collisions between nucleons 

Pauli Exclusion Principle: 

nuclear density 1018 kg/m3 

With the enormous strong force 
acting between them and with so 
many nucleons to collide with, how 
can nucleons possibly complete 
whole orbits without interacting? 

Shell Structure 

11 



Shell	structure	
and	Nuclear	
Level	Scheme



Evidence	for	
excited	states



40 

O(e,e’p) and shell 
structure 

p1/2 p3/2 

s1/2 

1p1/2, 1p3/2 and 1s1/2 shells 
visible 

Momentum distribution as 
expected for l = 0, 1 

p1/2 

p3/2 

Missing Momentum 
0 300 -300 

Fissum et al, PRC 70, 034606 (2003) 



Magnetic	moments

• “Natural”	unit:	1	nuclear	magneton
• Classical	prediction:	µ =	µNJ
• Generally:	µ =	µN	gJ J
• Dirac/Relativity:	for	J	=	S,	gS =	2	(pretty	good	for	
electrons)

• For	protons,	gS =	5.58	→	anomalous	moment	
k =	(g-2)/2	=	1.79;	for	neutrons	gS =	-3.83	→	
k =	-1.91	(huh?	n	is	neutral!!!)

• Orbital	motion	only:	gL =	1	(p),	0	(n)
• For	nucleon	w/	S,L,J: µ

µN
= gl ±

gs − gl
2l +1

⎛

⎝
⎜

⎞

⎠
⎟ j where j = l ± 1

2



   spectral function S(E,k): 
   probability of finding a proton with initial momentum k and  
   energy E in the nucleus 
•   factorizes into energy & momentum part 

•  single particle approximation: 
  nucleons move independently from each other  
  in an average potential created by the other nucleons (mean field) 

Z(E)!

E!EF!

Z(k)!

k!kF!

occupied      empty occupied     empty 

nuclear matter:!

Independent Particle Shell model (IPSM) 

nuclei: 

Not 100% accurate, but a good starting point 
HUGS 2012 Nuclear Physics Weinstein 12 
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