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« Lecture 1: History, stellar evolution & thermonuclear rates
 Lecture 2: Charged-particle reactions: direct measurements
 Lecture 3: Charged-particle reactions: indirect measurements
 Lecture 4: Slow neutron capture process: direct measurements

 Lecture 5: Rapid neutron capture process: indirect measurements
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H, He atomic masses

« Aston (1920): Uses mass spectrometry to reveal that
He atomic mass slightly less than 4 times H mass
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Solar energy: E = mc?

 Eddington (1920): conversion of H to He will explain energy
generation in Sun!

* Problem: how do protons overcome Coulomb repulsion?

AL,

1=y

—

F Nuclear Physics of Stars, lliadis, 2" Ed.
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QM tunneling: decay

« Gamow (1928) & Condon and Gourney (1929): explained
alpha decay via quantum mechanical tunneling
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F Nuclear Physics of Stars, lliadis, 2" Ed.
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QM tunneling: fusion

 Atkinson and Houtermans (1929): tunneling through Coulomb
barrier may enable nuclear fusion in stars
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Stellar reactions in the lab

« Cockroft and Walton (1932): first
nuclear reaction using artificially
accelerated particles

* break-up of Li into two alpha
particles under bombardment by
~few 100 keV protons

e part of stellar hydrogen-burning
pp chains

Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation
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NSCL

pp chains: the first step

 Atkinson (1936) proposed
fusion of two hydrogen nuclei to
deuterium as a source of stellar
energy generation

* Bethe and Critchfield (1938)
showed this reaction gives
energy generation of correct
order of magnitude to power
Sun

* First step of stellar hydrogen-
burning pp chains

F Nuclear Physics of Stars, lliadis, 2" Ed.
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CNO cycle

 Lauritsen and Crane (1934) produced 10-min radioactivity (*°N)
by bombarding carbon with protons

* Bethe (1939) and von Weizsacker (1938): energy production in
stars by CNO cycles discovered: rate and temperature
dependence

F National Science Foundation ; PR d
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A =5, 8 nucleosynthesis gaps

* Hoyle (1946, 1954): theory of nucleosynthesis within framework
of stellar evolution using available nuclear data

* Problem: no stable nucleil of mass number 5, 8; how to bypass

these In stars?
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3o reaction

« Salpeter (1952): three helium atoms could combine to form
carbon via “triple alpha reaction” powering red giant stars

p L
» 9 + — energy —

/’\

3 “He 112C

© 2012 Pearson Education, Inc.

- The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.
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3o reaction: Hoyle state

* Hoyle: must be special %C
excited resonance state at
7.7 MeV to make triple alpha
reaction fast enough to [£92]

E" =379 keV

or|_—*

1(®Be) ~ 1016 s

—

power red giant stars

* Dunbar et al. (1953), Cook et
al. (1957): discovered the
“Hoyle State” experimentally
confirming that the triple
alpha reaction can bypass
mass 5, 8 gaps

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation
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v e 2w Nuclear shell model
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Solar abundances & nuclear shell model

» Suess and Urey (1956): discovered peaks in solar system
abundances, related to magic numbers motivating
nucleosynthesis theory for heavy elements via s, r processes
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Stellar nucleosynthesis: a smoking gun

* Merrill (1952): discovery of unstable Tc in red giant stars showing
that nuclear reactions are producing heavy elements in stars
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Foundations of nuclear astrophysics: B%FH

REVIEWS OF
MODERN PHYSICS

VorLuMe 29, Numser 4

OctoBer, 1957

Synthesis of the Elements in Stars”

E. MARGARET BURBIDGE, G. R. BURBIDGE, WILLIAM A. FOWLER, AND F. HoOVLE

+ Al Cameron

independently
in Chalk River
internal report

Nuclear reactions in stars are responsible for energy generation and creation of elements

@’ National Science Foundation
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Nuclear astrophysics today

* Nuclear astrophysics has grown into a broad and vibrant field
that links topics such as astronomical observation, nuclear
physics experiment, nuclear theory, stellar evolution, and
hydrodynamics

@. National Science Foundation C. Wrede, HUGS, May 2019
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Big Bang nucleosynthesis

14 protons 2 neutrons

s P PP @

helium

synthesis e e Q ‘ O Q O

i P PPIDDPD \&

helium ;, |
e QO D DD D
12 hydrogen 1 helium
Y RKJ
atomic mass = 12 atomic mass = 4

Big Bang made 75% H and 25% He, by mass, in about 1000s

The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.
National Science Foundation

(5@ C. Wrede, HUGS, May 2019
[\

Michigan State University . .
Experimental Nuclear Astrophysics
NSCL P Phy

19




How were other elements made?

Key
E— Atomic number 2
Mg — Element’s symbol He
Magnesiumy Element’s name
24.305— Atomic mass*
4 5 6 7 8 9
Be *Atomi fracti b th t B c N 0 F
Lithium | Beryllium ,Om'c rmasses.are. ac pns SCauSe ley reprgsen - Boron Carbon | Nitrogen Oxygen | Fluorine
6941 | 901218 weighted average of atomic masses of different isotopes— 10.81 12011 | 14007 | 15999 | 18.988
I 12 in proportion to the abundance of each isotope on Earth. 13 14 15 16 17
Na | Mg Al | Si| P s | ¢l
Sodium | Magnesium Aluminum | Silicon [Phosphorus|  Sulfur Chlorine Argon
22.990 24.305 26.98 28.086 30974 32.06 35.453 39.948
19 20 21 22, 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca | Sc Ti Vv Cr | Mn | Fe | Co Ni Cu | Zn | Ga | Ge | As Se Br Kr
Potassium | Calcium | Scandium | Titanium | Vanadium | Chromium | Manganese| Iron Cobalt Nickel Copper Zinc Gallium | Germanium | Arsenic | Selenium [ Bromine | Krypton
39.098 40.08 44,956 47.88 5094 51.996 54.938 55.847 58.9332 58.69 63.546 65.39 69.72 72.59 74.922 78.96 79.904 83.80
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 | Ru | Rh Pd | Ag | Cd In Sn | Sb Te | Xe
Rubidium | Strontium | Yttrium [ Zirconium | Niobium A um Technetium | Ruthenium | Rhodium | Palladium |  Silver Cadmium [ Indium Tin Antimony | Tellurium lodine Xenon
85.468 87.62 88.9059 91.224 92.91 95.94 (98) 101.07 102.906 106.42 | 107.868 11241 114.82 118.71 121.75 127.60 126.905 131.29
55 56 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs Ba Hf Ta w Re | Os Ir Pt Au Hg Ti Pb Bi Po At Rn
Cesium Barium Hafnium | Tantalum | Tungsten | Rhenium | Osmium | Iridium Platinum Gold Mercury | Thallium Lead Bismuth | Polonium | Astatine Radon
132.91 137.34 178.49 180.95 183.85 186.207 190.2 192.22 195.08 | 196.967 20059 | 204.383 207.2 208.98 (209) (210) (222)
87 88 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Fr | Ra |_ Rf | Db | Sg | Bh | Hs | Mt | Ds | Rg | Cn | Uut | Uuq | Uup | Uuh | Uus | Uuo
Francium | Radium jum{ Dubnium |Seaborgi Bohrium | Hassium | Meitnerium |D: i i icium| Ununtrium I ium{Ununhexi ium| U {
(223) | 2260254 (263) (262) (266) (267) (211) (268) (281) (272) (285) (284) (289) (288) (292) (294) (294)
Lanthanide Series
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd | Pm | Sm | Eu | Gd | Tb Dy | Ho Er [ Tm | Yb Lu
— Lanth: Cerium |F dymium{Neodymium |Promethium| Samarium | Europium |Gadolinium [ Terbium |Dysprosium| Holmium | Erbium Thulium | Ytterbium | Lutetium

138.906 140.12 140.908 | 14424 (145) 150.36 161.96 157.25 158.925 162.50 164.93 167.26 | 168.934 173.04 174.967

Actinide Series

89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac | Th Pa U Np | Pu | Am | Cm | Bk Cf Es | Fm | Md | No Lr
Actinium | Thorium [Protactinium| Uranium | Neptunium | Plutonium | Americium | Curium | Berkelium [Californium | Einsteinium| Fermium |Mendelevium| Nobelium |Lawrencium
227028 | 232.038 | 231.036 | 238.029 | 237.048 (244) (243) (247) (247) (251) (252) (257) (258) (259) (260)

The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.
National Science Foundation C. Wrede, HUGS, May 2019
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In stars and stellar events!

Key
1 = — Atomic niimher o
H He
Hydrogen Helium
00794 400
4 T o 10
Be F Ne
Lithium | Beryllium Fluorine Neon
6.941 9.01218 18.988 20179
1 12 17 18
Na | Mg cl | Ar
Sodium | Magnesium Chlorine Argon
22.990 24.305 35.453 39.948
19 20 35 36
K Ca Br Kr
Potassium | Calcium | | Bromine | Krypton
39.098 40.08 79.904 83.80
37 38 53 54
Rb Sr | Xe
Rubidium | Strontium 1| lodine Xenon
85.468 87.62 126.905 | 131.29
55 56 85 86
Cs | Ba At | Rn
Cesium Barium 1| Astatine Radon
132.91 137.34 (210) (222)
87 88 117 118
Fr Ra Uus | Uuo
Francium | Radium mjU ium| U i
(223) 226.0254 (294) (294)
70 71
Yb Lu

Yiterbium | Lutetium
173.04 174.967

102 103
No Lr

1| Nobelium  |Lawrencium
(259) (260)

©2012 Pearson Education, Inc.
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Life of a low-mass star

(less than about 8 solar masses)

Protostar: cloud of cold gas collapses under gravity

Main Sequence: H fuses to He in core

Red Giant: H fuses to He in shell around inert He core until He flash
Helium Core Fusion: He fuses to C, O in core while H fuses to He in shell
Double Shell Fusion: H and He both fuse in shells around inert C, O core
Planetary Nebula: outer layers expelled

White dwarf star left behind

1.
2.
3.
4.
S.
6.
1.

LIFE OF A LOW-MASS
STAR (1Mgy,,)

Actual Length of Stage

Time on Cosmic Calendar

© 2012 Pearson Education, Inc.

- The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.
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Life of a massive star

(more than about 8 solar masses)

Protostar: cloud of cold gas collapses under gravity

Main Sequence: H fuses to He in core

Red Supergiant: H fuses to He in shell around inert He core

Helium Core Fusion: He fuses to C, O in core while H fuses to He in shell
Multiple Shell Fusion: many elements fuse in shells around Fe core
Supernova (type Il) explosion after Fe core collapses

Neutron star or black hole left behind

NoOoOA~WDE

LIFE OF A HIGH-MASS
STAR (25Mg,)

Actual Length of Stage

Time on Cosmic Calendar

® 2012 Pearson Education, Inc.

- The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.
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Binary star systems

Half of all stars are in binary systems. For example, the brightest star system in our sky Sirius.

NASA, ESA, H. Bond (STScl), and M. Barstow (University of Leicester)

6 National Science Foundation C. Wrede, HUGS, May 2019
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Close binary star systems

Interactions can lead to mass exchange and co-evolution, or rebirth of compact objects
through neutron-star mergers, thermonuclear (la) supernovae, classical novae, X-ray
bursts, ...

p
@ National Science Foundation
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The Milky Way: a cosmic recycling plant

’ M31 thegreatgalaxyln ;
- Andromeda

@ National Science Foundation C. Wrede, HUGS, May 2019
Q)
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The Milky Way: a cosmic recycling plant

ets may form in
I1Sks

@ Life Cycles of Stars: Many generations of stars have lived and died in the Milky Way.

The Essential Cosmic Perspective, Bennett, Donahue, Schneider, Voit, 7t Ed.

Michigan State University

-

@ National Science Foundation
9

NSC

L



Solar abundances

« Abundances determined by spectroscopy of the solar photosphere
& mass spectrometry of primitive meteorites

ot 7 7 T 7
1070 He Anders & Grevesse 1989
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mass number A =7 + N

solar abundance (?8Si = 106)
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Synthesis of elements In stars

1. H burning > conversion of H to He
2. He burning > conversion of He to C, O .
3. C, O and Ne burning = production of A: 16 to 28
4. Siburning - production of A: 28 to 60
B. s-,r-and p-processes = production of A>60
6. Li,Be, and B from cosmic rays Solar abundances
10" | E
o stellar H-, He, C, O, Si-burning
stars, supernovae
| % . S-process
10°f e % o He-burning in AGB stars, ]
. i‘o R o massive stars
s o o020 [-process
S PN P
5 ° 0 %P 0, type Il supernovae,
e s - merging neutron stars
10' . dn A o o |
. o ©
cosmic rays “ q
10° ' : — *
1] 50 100 150 200

National Science Foundation

M. Wiescher / A. Tumino

C. Wrede, HUGS, May 2019
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Nuclear astrophysics processes

Stable nuclei
82
0
o
S
j e
o 50
©
'
)
o
£
3
28 ———— rp-process
20 Nuclei known ——— [-process
to exist pP-process
- neutron star processes
8 - supernova cores
— s-process
> Ll
8 20 28 50 82 126
Number of Neutrons

I

Need stellar nuclear reaction rates to understand nucleosynthesis processes

- National Science Foundation C. Wrede, HUGS, May 2019
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Nuclear Mass and Binding Energy

Nuclear mass:

My

we = £Zm, + Nm, — Am
Nuclear binding energy:
Am - c¢> = AE = B(Z,N)

B(Z.N)

Zm, +Nm, —m,..)c
(Zm, )

nuc

Nuclear Physics of Stars, lliadis, 2" Ed.

National Science Foundation C. Wrede, HUGS, May 2019
Michigan State University Experimental Nuclear Astrophysics
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Binding energy per nucleon

10 | | | | | | | | | |

8 B coit
> fission
= 6f releases
< . energy
=, fusion
Z" 4 » . l p -
N releases
oD > | energy

oL -

0 _Il_ [ ] [ ] [ ] [ ]

0 50 100 150 200 250

Mass number A

General trends:
Fusion of light nuclei releases energy; fission of heavy nuclei releases energy.
Fusion of heavy nuclei consumes energy; break-up of light nuclei consumes energy.

F Nuclear Physics of Stars, lliadis, 2" Ed.
9
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Binding energy per nucleon

10 | | | |

Fe-56 ®
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Eg. fusing four tH into “He releases ~7 MeV per nucleon;
fusing many 1H into °Fe releases ~9 MeV per nucleon.

F Nuclear Physics of Stars, lliadis, 2" Ed.
@ National Science Foundation C. Wrede, HUGS, May 2019
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Binding energy per nucleon

9.0 | | [ |
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(b) Mass number A

Peak in the range of A = 50-65: iron peak nuclei! Nature favors production of the
most tightly bound and stable nuclides. 2Ni, 8Fe, and °6Fe are most bound.

F Nuclear Physics of Stars, lliadis, 2" Ed.
9
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Nuclear reactions: notation and terminology

A nuclear reaction can be represented symbolically as:

0+1—->2+4+3 or 0(1,2)3

0,1 are colliding nuclei before reaction
2,3 are the interaction products

If 0,1 identical to 2,3 then elastic or inelastic scattering;
otherwise nuclear reaction

If 2 Is a photon: radiative capture reaction
If 1 Is a photon: photodisintegration reaction

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation

@m Michigan State University = .\Nrede’ ey, LY 2019. 35
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Energetics of nuclear reactions: 0(1,2)3

Conservation of energy:
moc? +myc? +E,+E, =m,c* + m.c* +E, +E
0 1 0 1 — "2 3 2 3

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation C. Wrede, HUGS, May 2019
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Energetics of nuclear reactions: 0(1,2)3

Definition of Q value:

Qoimo3 = moc2 + mlc2 — m2c2 — m3c2 =E,+E;—Ey—E;

If Q > 0: reaction releases energy (exothermic)
If Q < 0O: reaction consumes energy (endothermic)

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation C. Wrede, HUGS, May 2019

@ MichiganiStats Liniversty Experimental Nuclear Astrophysics &
NSCL P Phy



Radiative Capture Reactions: 0(1,y)3

l mac?

3

myc® + myc* + Ey + E; = myc® + E; +E, or
Qo1—,3 = myc* + myct — myc* = E, +E, —Ey— L

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation C. Wrede, HUGS, May 2019
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Photodisintegration Reactions: 3(y,1)0

l mac?

3
If one adds energy >Q to nucleus 3, then it becomes energetically

possible for nucleus 3 to separate into fragments 0,1. Define

particle separation energy: S ~-Q
3—01 — X01-y3

F Nuclear Physics of Stars, lliadis, 2" Ed.
National Science Foundation C. Wrede, HUGS, May 2019
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Stellar reaction rates: thermonuclear

stellar reaction rate (V) = [ a(m¢()vdy
need: a) velocity distribution ¢(v)

b) cross section o(v)

a) velocity distribution

interacting nuclei in plasma are in thermal equilibrium at temperature T
also assume non-degenerate and non-relativistic plasma

= Maxwell-Boltzmann velocity distribution 40
35 4
r !
30| / 4
u 32 w 25 ] 'II max at
O(v) = 4n| — v>exp B £ [ e
2nkT 2KT = 20f | ]
£ s | ]
. m_m. © S
with u=—="—— reduced mass o | ]
m, +m; s 1. | |
v = relative velocity oo T
05 I PR Y N I NI U NI RS RS R
-10 0 0 20 30 40 50 60 70 80 90
energy [keV]
kT ~ 8.6 x 108 T[K] keV
example: Sun T~ 15x109 K = kT ~1keV

F M. Aliotta
@ National Science Foundation C. Wrede, HUGS, May 2019
N Experimental Nuclear Astrophysics 40




Stellar reaction rates: thermonuclear

b) cross section | Probability for reaction between nuclei (units of area)

no nuclear theory available to determine reaction cross section a priori

cross section depends sensitively on:

~ the properties of the nuclei involved

» the reaction mechanism

and can vary by orders of magnitude, depending on the interaction

examples: Reaction Force o (barn) Epm,j (MeV)
15N(p,a)12C strong 0.5 2.0
*He(a,y)"'Be | electromagnetic 106 2.0
p(p.e*v)d weak 10-20 2.0

1 barn = 1024 cm? = 100 fm?
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Stellar reaction rates: thermonuclear

(charged particles)

charged particles = Coulomb barrier energy available: from thermal motion
v Coulomb potential during static burning: KT« Eqy
T ~ 15x10° K (e.g. our Sun) = kT ~ 1 keV
EcnuIN ZIZZ 1
(MeV)
nuclear o ’ reactions occur through TUNNEL EFFECT
< ‘ :
I : e [ -
we % ==p tunneling probability | P« exp(-2am)
Maxwell-Boltzmann tunnelling through G . . .
distribution Coulomb barrier amow peak: energy of astrophysical interest
= exp(-E/KT) = expl- e ) where measurements should be carried out
£
E
'§ kT « EO « Ecoul
5 Gamow peak
2 o~ 108 barn < ¢ < 10-? barn
#
: major experimental challenges
kT energy
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Experimental approach

(charged particles)

Measure o(E) as low as possible in energy and extrapolate if necessary

CROSS SECTION
o (E) = éexp(-Zm]) S(E)

o(E)
LOG
SCALE
‘*— direct measurements —
||
p Ecoul
extrapolation Coulomb
needed ! barrier
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S-FACTOR
S(E) = Ec (E) exp(27n)

S{ E] -~
extrapolation

LINEAR direct measurement
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Neutron capture reaction rates

* No Coulomb barrier, so cross sections are larger at low energies

(ov) = fo(V)P(v)vdv = [o(E)exp(-E/kT)EdE

4 T T T T
S-wave neutron capture I / neutron flux distribution ®(E)
_ (Maxwell-Boltzmann)
energy range of interest £ ~ kT 9 3 -
.E II|I
1 -
oo — = OV=const={ov) 2
v © <] }
E
@©
stellar reaction rate 1 il
(ov) =10y,
oLt .
0 10 20 30 40 50 60 70 80
_ enegy [keV]
oy, = measured cross section for thermal neutrons
v, = | 2KL most Pmbgb'e ;’e'gc'tyl o « Need low-energy neutron beams to
| - .
V' w comresponding to Eq, bombard stable targets and measure yield
F M. Aliotta
@‘ Ngtiqnal Science Eoun(jation C. Wrede, HUGS, May 2019
N Mictlopistale Snlversty Experimental Nuclear Astrophysics =



Summary

* Historical development of nuclear astrophysics
« Stellar evolution and galactic chemical evolution
* Thermonuclear reaction rates

» Next: direct measurements of charged-particle reactions
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Thank you for your attention!
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