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What do we know about them?
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Stable nuclei
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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
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Fermi gas model:

how simple a model can you make ?

Initial nucleon energy: KE, = p; /2m,

Final nucleon eNergy:Ke, = p?/2m,=(G+p,)* /2m,

-2 - -
Energy transfer:,, _ KE, - KE, = qa . 4P

2mp m,

Expect:

‘Peak centroid at v=¢*2m +¢
‘Peak width 2gpq.i/m,

*Total peak cross section = Zo,, + No,,



Fermi Gas

Pauli exclusion principle: No two fermions (spin 1/2 particles) can be

In the same quantum state h=2mh
Heisenberg uncertainty principle: Ap-'Ax = i => two states are
indistinguishable if they occupy the same “cell” dV-d3p = h3in

“phase space” (except for factor 2 because of spin degree of
freedom) => for volume V and “momentum volume” d3p = 4mrp2dp we
find for the Number of states between p...p+dp:

Vo, VP
dp = N, = =L
pErE p ap or =253 3

= p,= h(3.7'[2)1/3 n'’; n= N

Vv 2
dN =2 —4xp dp =
h’ pap 1%

R=1.22fm -AYV3=>V=76fm3-A=>

if we count p and n separately but assume equal number, n =% /7.6 fm3=>
n1/3 — O404/fm Nuclear Fermi Momenta of ?H, ?” Al and *’Fe from an Analysis of CLAS data

Hui Liu,»%* Na-Na Ma,® ' and Rong Wangh % *

TABLE III. Fermi Momenta of some nuclei determined in
this work. kr, exp. denotes the Fermi momentum given by
our analysis of the CLAS data. The errors are the statistical
errors only. kr, theo. denotes the Fermi momentum given by
the calculation from the Fermi gas model for the nucleus (see

=> p; is approximately 250 MeV/c

Eq. (9)).
Nucleus kr, exp. (MeV/c) kr theo. (MeV/c)
’H 116 + 7 140
27Al 232 4+ 27 226
56Fe 244 + 28 231

arXiv:2103.15609v3



Fermi Gas

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

« Heisenberg uncertainty principle: Ap-Ax =~ 1 => two states are
indistinguishable if they occupy the same “cell” dV-d3p = h3in
“phase space” (except for factor 2 because of spin degree of
freedom) => for volume V and “momentum volume” d3p = 4mrp2dp we
find for the Number of states between p...p+dp:

V 2 V 2 V Pjr 2 173 1/3 N M N

dN =2—4xp-dp = d, = N = _— = =hl(3x n-; I’l=ﬂ; Ntot — star A
g Pep “ T 2K 3 py=h(37’) v 0.001 kg 2

h=2xh » Sirius B: p;= 670 keV/c for electrons (semi-relativistic - m, = 511 keV/c?!) sun:
— total kinetic energy: 6-1056 -
2/3
%)
Py 2 5 2 2 2/3 3

(P V. g LV P 3y P B (N) 4) Nol ool
f2 2h% 9 2h3 5 5 tot 7 10m tot( ) % 10m R2 ,non-rel.

Ekin _ :Df‘E(p)LPZ dp =
tot / ﬂ2h3

97_[ 1/3
3hc| —
P 4 13 4/3
2 Ve pf_3 3 2\! Ntot (4) tot . Ct et
f pPc— PE p =3 P 7 = ZN w0iCP s thN ot (3” ) v 1 ; ultra-relativistic




White Dwarf Stability

* If R decreases, gravitational energy more negative:
dvi,  d | 3GM® 3GM*
d(-R) dR\ 5R 5R’

« ...while kinetic energy goes up:

ol — | = —2—;non-rel.
10m\ 4 R S5m\ 4 R

dEkin - d 3h2 (971,)2/3 N;/t_% _%(9_”)2/3 N5/3
d(-R) dR

« Compare: Equilibrium if sum of derivatives = 0

3GME 3 (9 ) N PN 97\ M
- 7 T =0= R= 2 R
SR Sm\ 4 R mGM~\ 4 M

= 7280 (really: 5500) km / (M/M., )3

sun




Shell Model
- slides by Dr. Weinstein



6.04 MeV

286 keV
280 keV

247 keV
235 keV
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Structure of the nucleus

e nucleons are bound

Q ~energy (E) distribution

shell structure
* nucleons are not static
D Q . ‘momentum (k) distribution
determined by the

N-N potential

W, P short-range
on average:
. Net blndlng energy: = 8 MeV
repulsive core distance: & 2 fm
r r
1 S S S S Y @_;_6)
T
: ongTange  Stpong repulsion

attractive part —» NN correlations

HUGS 2012 Nuclear Physics Weinstein
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Shell Structure (Maria Goeppert-Mayer, Jensen, 1949, Nobel Prize 1963)

nuclear density 108 kg/m?3

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?

Pauli Exclusion Principle; ———

Further splitting Multiplicity
Quantum energy from spin-orbit of states
states of potential effect \ 1
well including 1
angular momentum v 9 n, 8
effeclts.
\ ’
—
19 .
195, 10
e 2Py 2
2p ——— s, 6 Closed shells
J 12 4 indicated by
i . ‘magic numbers"
of nucleons.
— 8
(=)
1d,, 4 J
2s - 2
d—= 2s N\
' )
1d,,
(20)
w4
T 1p,. 2 N~
1p-—< - 2 B
T———1p, 3)
Ay 4 Q{--/
P
oy o s ( yi

But: there is experimental
evidence for shell structure

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



Magnetic moments
eh

2m,

“Natural” unit: 1 nuclear magneton uyn =
Classical prediction: p = J
Generally: p=py g,/

Dirac/Relativity: for J =S, g. = 2 (pretty good for
electrons)

For protons, g. = 5.58 - anomalous moment
= (g-2)/2 = 1.79; for neutrons g, =-3.83 -

kK =-1.91 (huh? n is neutral!!l)

Orbital motion only: g, =1 (p), 0 (n)

For nucleon w/S,L,J: u _ ¢ 25787 where P
u, 21+1

2



Independent Particle Shell model (IPSM)

* single particle approximation:
nucleons move independently from each other
in an average potential created by the other nucleons (mean field)
spectral function S(E k):
probability of finding a proton with initial momentum & and
energy E in the nucleus
« factorizes into energy & momentum part

nuclear matter:

Z(E) Z(k)
A k2 %

2mp

empty

~V

Not 100% accurate, but a good starting pom‘r

HUGS 2012 Nuclear Physics Weinstein



Nuclei in the Cosmos

When and where were all the known nuclei existing naturally on
Earth produced?

What kind of nuclear reactions are involved?

What kind of stellar or galactic or Big Bang environments provide
these reactions?

How can we learn more about this with experiments on Earth?



The Structure of Matter

> What nuclei is the Universe made off?

s 0.01 m ) ) o _
Crystal » What nuclei where there in the beginning (right after
' ?
( 1/10,000,000 the big bang):
0° m » When and how did nuclei important for life form?
S > Where do heavy nuclei come from?
J 110
). 10"%m
® Atom I
\\ ' = ?_
) 1/10,000 g Z g
Atomic nucleus & 5 g
J 110 :
10°m l
Proton Lt o Y LI g
£ = = = O = @
J 1/1,000 2 = §F = = E =
' <10®m = =
Electron, <
Quark 3
D




MASS FRACTION

Where does *He come from ?

100 —..

102 Big Bang
104 |-,

106 |-

108 |-
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MASS NUMBER

First “3” minutes:

qguarks fuse to p, n

(everything else decays)

p+n = d, d+p=3He, 3He+n = *He
Competes with n decay (15 min)
=> observed abundance = test of
Big Bang models

Smattering of Li,...

MASS FRACTION
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“Ordinary” nucleosynthesis in stars
(like the sun):
p+tp =d +e*+v->%He, ..



C, N, O: Elements for Lif

 How do you form C?

The Hoyle state i
the triple-alpha p

of this 7.7 MeV resc1

burning stars and
The existence of t
properties are stil
The Hoyle state is
a high-temperatu
a consequence of
followed within ~
lived resonance w
constituent alpha
of gamma rays int
In 2011, an ab inif
the ground and e;
state

0" 76542 keV
2+
4438.9 keV
+ O 0 keV


https://en.wikipedia.org/wiki/Resonance_(particle_physics)
https://en.wikipedia.org/wiki/Triple-alpha_process
https://en.wikipedia.org/wiki/Triple-alpha_process
https://en.wikipedia.org/wiki/Triple-alpha_process
https://en.wikipedia.org/wiki/Fred_Hoyle
https://en.wikipedia.org/wiki/Carbon-12
https://en.wikipedia.org/wiki/Nucleosynthesis
https://en.wikipedia.org/wiki/Star
https://en.wikipedia.org/wiki/Carbon-12
https://en.wikipedia.org/wiki/Helium-4
https://en.wikipedia.org/wiki/Helium-4
https://en.wikipedia.org/wiki/Helium-4
https://en.wikipedia.org/wiki/Beryllium-8
https://en.wikipedia.org/wiki/Beryllium-8
https://en.wikipedia.org/wiki/Beryllium-8
https://en.wikipedia.org/wiki/Kelvin
https://en.wikipedia.org/wiki/Alpha_particle
https://en.wikipedia.org/wiki/Gamma_ray
https://en.wikipedia.org/wiki/Carbon-12
https://en.wikipedia.org/wiki/Ab_initio_methods_(nuclear_physics)
https://en.wikipedia.org/wiki/Ground_state
https://en.wikipedia.org/wiki/Excited_state

C, N, O: Elements for Life

* Carbon/Oxygen ratio in our universe?
* What reaction do we need to study?
* What is the problem?

* What do we need to study it?

Observed Elemental Abundance Pattern for
SMSS J031300.36-670839.3 ([Fe/H] < -7.3)




MASS FRACTION

Relative log €

Heavier elements — the r process

What is the r-
process?

What kind of nuclei
do we need to study
to understand it?
What are possible
sites for it?

How can LIGO
help?
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Neutron Stars and Nuclear Pasta

n stars = End states of star collapse for stars > several solar masses (supernovae)
Gigantic nuclei: A = 10°7 (but superdense core due to gravity >> nuclear force!)

08 09 10 11 12
R(L4Mo)/R

Nuclear Pasta \
(crust of n star)

J1903+0327
B e
s i _ §OM1\ PALG GM3
w :
% Double neutron star gystems
=
1.0F 1
0.5} 1
0.0 1 1 1 1 1 1 1
7 8 9 10 11

12 13 14 15
Radius (km)

models of neutron stars + observed masses

Measuring the n radius of lead to predict the radius of a n star



Summary

Much already known about nuclear processes in the
universe

Still more information needed: cross sections of very rare
processes, properties for very exotic nuclei, equation of
state of nuclear matter, r-process sites,... Front End

Building
Tools: low energy accelerators (future: underground!), rare
isotope facilities (FRIB!), parity violating electron scattering
(J La b), LIGO TLLJ:\nnaeﬁs V7 4

Radioactive lon Beam
Post Accelerator

ECR
lon Sources

: Gz Gas Stoppers = i
Office Ad'tlon Solid Stopper Experimental Area 4 Heg\llj)?%gogg\tljg"ﬂ?nac

Addition

In-flight

Connector Highbay i Cryogenics
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Extension . : /
Fragment B
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