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* BA new James Webb Space Telescope image of stars being formed in the Rho Ophiuchi cloud complex. NASA, ESA, CSA,

BSTScl, Klaus Pontoppidan (STScl
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Astronomy

Babylonian stone tablet of Shamash, the Sun-god, dated
early 9th century BC. From Sippar, southern Iraq.

The first documented records of
systematic astronomical observations
date back to the Assyro-Babylonians
around 1000 BCE in Mesopotamia.



;

Oldest Geocentric model of solar system
Armenia, 11-12 th century BCE



ON THE SUBJECT OF STARS, ALL
INVESTIGATIONS WHICH ARE NOT ULTIMATELY
REDUCIBLE TO SIMPLE VISUAL OBSERVATIONS
ARE... NECESSARILY DENIED TO US.. WE SHALL

NEVER BE ABLE BY ANY MEANS TO STUDY THEIR
CHEMICAL COMPOSITION.

- AUGUSTE COMTE -

LIBQUOTES.COM

January 19, 1798- September 5, 1857


https://img.libquotes.com/pic-quotes/v1/auguste-comte-quote-lbf7l3n.jpg

- Michio Kaku

“A hundred years ago, Auguste Comte, ... a great
philosopher, said that humans will never be able to
visit the stars, that we will never know what stars are
made out of, that that's the one thing that science
will never ever understand, because they're so far
away. And then, just a few years later, scientists took
starlight, ran it through a prism, looked at the
rainbow coming from the starlight, and said:
"Hydrogen!" Just a few years after this very rational,
very reasonable, very scientific prediction was made,
that we'll never know what stars are made of”



https://www.goodreads.com/author/show/5428890.Auguste_Comte

thousands of stars illuminate this breathtking ige of star cluster Liller 1, &
with Hubble’s Wide F|eId Camera 3. ThIS steIIar systemlocated 30000 Ilghtyears from




Bequerel, Rutherford, Thomson

| O Pauli, Fermi, Gamow. Landau,

Chandrasekar, Bethe
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Nuclear Physics known before the Bomb




The Scientific Basis — Two Formulas

for the energy generation in bomb and stars
E=m-c

2

Albert Einstein 1904

evien — ol

E, = (15.75MeV)A — (17.8MeV)A*"
Vielume term yurfaoe lerm
(0.71 1MeV)Z? - (23.TMeVIHA=27)
A o A
{opdlomb ferm Pl Terin

von Weizsacker
1934
Mass Formula




The energy source of the Sun and other stars

1) Durch Herrn Gamow habe ich erfahren, da8
Bethe neuerdings denselben Zyklus quantitativ
untersucht hat.
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ys. Rev. : - in the sun and the origin of the elements in our universe!



Neutrons for superheavy element production

Observation of heavy elements in 1920-1930 Continuous neutron capture would lead to
How are heavy elements been produced??? the formation of ever heavier elements, a
The discovery of the neutron in 1932 by James Chadwick  Source of energy th rou; _‘h radiotive ecay!
JI”I”‘ offered the solution, neutron A ¢ . oy @

¢

| capture, but how are neutrons
12 . .
being produced in a stellar
01— environment of
| ! hydrogen? No way
! e | % . to burn helium?
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Leaders of the Manhattan Project: USA

J. Robert Oppenheimer: theoretical physicist in Berkeley and Caltech,
focusing on the study of quantum physics and the structure of neutron stars

and black holes! . .
Hans A. Bethe: Trained in Germany by Sommerfeld, he quickly emerged as a

rising star in nuclear physics at Cornell, interest in light ion fusion processes’ @

stars!
Enrico Fermi: an ltalian physicist, wo used the opportunity of his

Nobel prize in 1936 to leave Fascist Italy for the United States. He
was essential for the understanding of neutrons and their role in

fission.
Edward Teller: Hungarian firebrand, worked with Heisenberg in Germany

before emigrating to the United States in 1933. At George Washington University he
became an expertin lightion fusion reactions and a vehement spokesperson for the
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What was known...

Fission

Energy in matter

Nuclear Reaction cross sections
Relative distributions of some elements

Unknown....



Fusion of Nitrogen and Hydrogen, and Oxygen

14N+14N, “N+1H. 10+'%0 in the hotspot of the explosion

Bethe dismissed the idea, but Oppenheimef-—==»- - . o —
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The Fear of Bigger Bombs — the Super

The Ulam-Teller design was based on the original Teller idea, that the heat would be
generated by a fission bomb to create the conditions for fusion. Instead of nitrogen,
deuterium and tritium would be the fuel, the latter produced at Hanford via the °Li(n,t)*He

02 025 *.% .3.0% :.E_g’?s;s 7T o4 0.45
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The Ulam-Teller design boosted the yield from the 20
kton to the 20 Mton range, raising again concerns about

atmosphere ignition, will radiation cooling be
sufficient???

104

consideration.
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https.//youtu.be/uYPbbks)xlg?si=dPXzwgfOJT
VTeRrP

“Manhattan Project Astrophysics”

By Michael Wiescher and Karlheinz Langanke
Physics Today March 2024


https://youtu.be/uYPbbksJxIg?si=dPXzwgf9JTVTeRrP
https://youtu.be/uYPbbksJxIg?si=dPXzwgf9JTVTeRrP
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Periodic Table of the Elements l

l

21 23 24 25 26 217 28 29
°
Sc T| Vv Cr Mn Fe Co Ni Cu
Scandium Titan| Vanadium Chromium Mal es Ir Cobalt Nickel Copp! Z
24956 w567 || ‘sose 51.9% sa038 || ssses 58.933 58.693 63.506 esm;s
41 42 43 a4 45 46 a7 P P
Nb Mo Tc Ru Rh Pd Ag
ercomum Niobium Molybdenum Technetium Ruthenium Rhodium Palladium Silver Cadmlum
91.224 92.906 95.95 98.907 101.07 102.906 106.42 107.868 112.411

74 75
Tungsten Rhenium
183.84 186.207

73
Hafnlum Tantalum
178.49 180.948

Osmium Iridium Platinum Gold
190.23 192.217 195.085 196.967

76 77 nl78 79
Os; Ir L Pt L Au

i [] Bnkoowns| et Cukoowns, SSRSEI | univown  Eiikieuntl
5 58 5 50 61 6 63 6 6 66 67 68 =) 70 7
ST R
| 2028 | 23203 | 231036 | 28029 || 237.048 | 204064 | 243061 247070 | 247070 | 251080 [2s4) | 257095 2581 | 25901 | [62)

Transition [ -

Are there more elements?

Rutherfordium Dubnium Seaborgium Bohrium Hassium Meitnerium Darmstadtium
[261] [262] [266] [264] [269] [268] [269]

104 105 106 107 108 109 110
E Db Sgﬁ Bhﬁ Hsﬁ MtE Ds




Big Bang

Galactic Chemical Evolution -

Dark ‘BFirst .. - -
Ages . Light

£

400,000 560 million 13.8 billion R 7
Years ESO . .. = o

Iron-56
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The Dark Ages

The expansion and cooling of the universe pushed the Planck
distribution of the primordial photon flux below the wavelength range

of visible and infra-red light and heat. The universe grew dark and cold
—the Dark Ages



Temperature and Density Development in
an Expanding Universe

— 1 3c?
ext =g~ |8nGpFY

The early universe was radiation dominated: p, (t) > pp,(t); transition from radiation to

matter dominated universe: p, (t) = p,, (t) with p,, (t) = pp, (£); py(T) = %o - T#
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The Planck Distribution in an Expanding and Cooling Universe

Spectral emissive powar, E, ,. Wim? . um

Spectral Blackbody Emissive Power

10°

108

107 -

T T T 11
Visible spectral region

Solar radiation

A |
4 6
Wavelength, A, um

Intensity (MJy/sr)

MAFSO0045

Wavelength shift from A=0.09 pm X-rays,
ionizing hydrogen, to A= 0.5 pym of
visible light to Cosmic microwave
background of A= 1600 um. It became
dark!

SPrecTRUM OF THE Cosmic
ViicRowAvVE BACKGROUND

Frequency (GHz)
100 200 300 400 500

400 p . - r .

_ T =2.725 + 0.001°K
300 |
200 |
100 |

0 B i [ |
1 0.2 0.1 0.07 0.05

Wavelength (cm)



- R oS TR 2
The Dark Age is the period between the time when the cosmic photon background wavelength grew beyond A =
2 um and the time when the evolution of structure in the universe led to the gravitational collapse of objects, in
which the first stars were formed generating radiation energy, starting the reionization of matter.
The universe became light again and the first stars emerged as the eldest light sources!



The view towards the early stars and galaxies In
the Universe with the
James 1. Wela_-bf_’gi,l_e'scb"p‘e




First Star formation
from inhomogeneities

in the mass distribution
of the early universe




The Mass Distribution of First Stars

SUN

MAsS: 1.989 x 103° kilograms
RADIUS: 696,000 kilometers
LUMINOSITY: 3.85 x 1023 kilowatts
SURFACE TEMPERATURE: 5,780 kelvins
LIFETIME: 10 billion years

FIRST STARS

MASS: 100 to 1,000 solar masses

RADIUS: 4 to 14 solar radii

LUMINOSITY: 1 million to 30 million solar units
SURFACE TEMPERATURE: 100,000 to 110,000 kelvins
LIFETIME: 3 million years
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Earen

del

f;l Earendel delensed
"/ =+ss= 21~ 1400: Lenstool
—-= 20~ 1500: WSLAP
1 = 20 ~2200: Glafic c=7
) === 21 ~6800: Glafic c=1
— 2u~8400: LTM
244 = 100000 limit

100 807060 50 40 30 20 10987 6 5 4 3
Temperature: Tes (1000 K)

Earendel is distant star at a redshift 900
million years after the Big Bang. This staris
magnified by a factor of thousands by the
foreground galaxy cluster lens WHL0137-08.
The absolute UV magnitude, -10 £ 2, is
consistent with a star of 50 to 500 solar
masses.

12.9 Billion yrs: Hubble observation, 2022




James Webb observation:»

Methuselah is located in the constellation Libra, close to the
Milky Way galaxy's Ophiuchus border, and around 190 light-
years away from the Earth.
14.5 +/-0.8 Billion years old




The Structure and Compeosition of First Stars

Red/orange: convective outward flow
Blue/turquoise: convective inward flow

They are made of primordial material -

No CNO cycle to generate the energy
and internal pressure for stabilization

* Contraction and collapse to form first
supernovae

How can carbon be formed?

6 T - - - NuGrid model, courtesy Falk Herwig
Temperature (10°K)



Physics of Hadrons

Physics of Nuclei

Degrees of Freedom

0% °06

quarks, gluons

&

constituent quarks

60

baryons, mesons

protons, neutrons

clusters

nuclecnic densities
and cumrents

collective coordinates

Energy (MeV)

940

neutron mass

140

pion mass

8

proton separation
energy in lead

7

cluster state
in Carbon

1.32

vibrational
state in tin

0.043

rotational
state in uranium

Nuclear Structure

Single particle configurations

Cluster — molecular configurations

Nuclear Structure

Collective vibrational configurations

Collective rotational configurations



. Big Bang Nucleosynthesis

1€ origin of the 'brim Orc
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The mass A=5 gap prohibits the production of substantial amounts of lithium and beryllium.
The mass A=8 gap prohibits the production of heavier elements such as boron, carbon, and beyond!



The Mass A=5 and A=8 Mass Gap

Decay by particle f N ( N ( )
emission (beyond 8B °B 1OB
\_ LA L J J
Decay by beta 1\r ~ .
emission
Be 883 Be
\ J U \ J
< ™ N\ [ \r ™
SLij 6L j 7Li] 8Lj
\_ _J J \. \_ W,
s N\ N\ N\ ~ \
2He | |3He | |4He | |°He A=8 mass
\_ _J \, J L J \_ _A
a
r N\ /7 e ~ \ g p
H 2H || 3H A=5 mass
. J \ J J gap

There are no stable nuclei with mass
A=5 and mass A=8 in the universe!

The formation of heavier nuclei
requires sufficient to jump these two
gaps by nuclear reaction processes!

This is a challenge in the rapidly
expanding hydrogen and helium
environments associated with the
Big Bang, Neutrino driven shocks, or
merging neutron stars.



H, n, He Environments

* Produced in Big Bang within the first three minutes by expansion
creating non equilibrium conditions for nuclear reactions. The
decoupling of weak interaction forms p, n dominated abundance
distribution, which is converted to a.

Can it go beyond “He?

* Produced in core collapse SN or on merging neutron star by
nuclear-statistical equilibrium (NSE), which indicates full chemical
equilibrium among all of the involved nuclear reactions. For high
temperature and density conditions the equilibrium shifts to p, n,
and o dominated abundance distribution.

How does it bridge the mass gap?

Radius ——

"Plank time

Inflation

10-33

Quark confinement

Neutrino decoupling

deuterium freeze-out |

Photon decoupling
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Open questions: tritium reaction studies

Be| 9Be  10Be The neglect of these tritium reactions
%, (\\(\ - may explain why the observed “Li
,}b _ k\,\(\ abundance is three times lower than
Q4 ik Li predicted!
Q@
(d.p) Subsequent °Be(o,n)1?C may generate
"He (;4He 3«25‘% neutrons and 2C.
(P;F)T T(dsnl% d.n)
(n.y) D (d.p) T 3H(t,2n) fusion and 3H(3He,pn) fusion require further studies at low
5 energies. The 3H(a,y)’Li fusion studies show pronounced discrepancies.
Given the high abundances of tritium in the early Big Bang environment
a also the strength of the subsequent ’Li(t,y)'°Be and “Li(t,n)’Be reactions

need to be investigated as possible solution of Lithium problem.



Impact of threshold states

Impact of near threshold s-wave resonance states may

il‘d‘.ﬂf cause order of magnitude increase in reaction rate!
1
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Element Distributions in very old Stars

:|II|I||III||II||III|'I|II|I|II|IIII:
-~ CNO Na Al Ca Ti Fe Sr -
5_ —
- Mg 5
- e e HE 1327-2326 -
4_—% ; o HE 0107-5240 =
o Cf .
\\ L —
iz__ @ §E _
1 . % ¢
0L ﬁ ’ 7
:|lIIl]IJIlillJIlJlIIiJIlJ|lIlJ|lJ$l:
5 10 15 20 25 30 35

Atomic Number
How are the CNO elements being formed and what are the
nuclear reactions towards Ca and beyond in the nucleo-chemistry
in first stars?




Emergence of early stars with carbon and neutron products

Primordial Elements:

First StarN ucleogynthesis
Experimental Needs & Tools
First Model Results




H, n, He at extreme matter conditions?
Onset of supernova or merging neutron stars!



Dissociation of elements at h

gh temperature and
density conditions?
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Chemical Equilibrium at high Densities and Temperatures

3

27k’
m -kT

YZ,N = GZ,N '(p'NA )A_l '

High p: Massive nuclei
High T: Light nuclei
Median T:  Tightly bound nuclei.

With the expansion of the shock follows a
gradual change in abundance distribution
on a timescale determined by assembling,
the n, p, a nuclei to heavier nuclei. That
timing depends on the associated rates.

Neutron Star Mergers and Nucleosynthesis of Heavy Elements
F.-K. Thielemann, M. Eichler, L.V. Panov, and B. Wehmeyer.
Annual Review of Nuclear and Particle Science 67 (2017) 253-274.
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Dynamical Reaction Network bridging the gap
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Light r-process ?

S

Onset of light r-process is unknown — usually
reduced to “He(2a,y)**C plus the 4He(an,y)’Be and
sometimes the “He(nn,y)6He reactions.

Tritium may play an important role!



Double neutron capture on hydrogen will form tritium, triggering tritium induced reactions in a rapidly
expanding supernova shock. Tritium interactions with rapidly formed light isotopes along the alpha chain but
also along the light r-process path should be investigated.
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Experimental Challenge
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Two Laser-Driven Nuclear Physics (LDNP) flagship experiments have
been identified for the EP-OPAL Laser Facility under development at
the University of Rochester

Flagship #1 Flagship #2

Physics a-beam 1

Target \
a-beam _ II n-beam 1
%%%%%%% /\\“I:)e‘am2
Ti?H, or Ti3H,

a-beam 2
Tritium Induced Nuclear Experiments Platform Neutron-Neutron Scattering Platform
— Investigate the nuclear structure of light nuclei. — directly test nuclear charge symmetry.
— first measurements of cross-sections at low energy — essential to understand the structure and dynamics
(“MeV). of neutron stars.




Flagship #1 — Tritium Induced Nuclear Experiments Platform

The high intensity laser being proposed (NSF-OPAL) is required to generate the required neutron production

to achieve a n-n scattering measurement
Flagship requirements

* Two different configuration of alpha-beams at
directly opposing to nearly parallel:

Layout

— to investigate angular interactions

* Development of liquid (frozen) hydrogen isotope
planar targets.

» Several highly-collimated lines-of-sight at ~20 meters
from target chamber center.

* Develop model to simulate n-n scattering to optimize
diagnostics.

— presently, there is no deterministic code (i.e.
MCNP) with the capability to model n-n
scattering




Flagship #2 — Neutron-Neutron Scattering Platform

directly measured

a-beam 1

\ I I n-beam 1
/\\ o

a-beam 2

e neutron-neutron scattering lengt
importance in nuclear and partic

IS @ quantity of tundamenta

e physics that has not been

» Neutron-neutron scattering parameters (a,,)
— directly test nuclear charge symmetry™*"
— critical to understanding neutron stars

* Dual TNSA configurations are required with
the ability to overlap the neutron beams.

* Success in this platform will enable measurements

that:

— Are free from the effects of
coulombic interactions.

— Evaluate energy and angular
dependence of n-n scattering.

— Essential to understand the structure
and dynamics of neutron stars.

*M J. Moravcsik, Phys. Rev. Letter 136 3B (1964)

" D.W. Glasgow et. al., Radiation Effects, 1986, Vol. 94 1-4, pp. 239-244




Flagship #2 — Neutron-Neutron

The high intensity laser being proposed (NSF-OPAL) is required to generate
the required neutron production to achieve a n-n scattering measurement

Flagship requirements

« Two different configuration of alpha-beams
at directly opposing to nearly parallel:

— to investigate angular interactions

Layout

« Development of liquid (frozen) hydrogen
isotope planar targets.

« Several highly-collimated lines-of-sight at ~20
meters from target chamber center.

 Develop model to simulate n-n scattering to
optimize diagnostics.

— presently, there is no deterministic code
(i.e. MCNP) with the capability to model n-
n scattering




Proof-of-principle experiments are underway and is required for
transformational science on the NSF-OPAL Laser Facility

Planned experiment for subset of outstanding goals in LDNP
— Monoenergetic ion energy spectrum
— Optimization of ion acceleration from metal foils
— Detector development for new cross-section measurements
— Development of cryogenic hydrogen isotope targets

Laser Pre-Pulse Testing (FY24-25)

Novel Target Design Testing (FY25-26)

OMEGA

Existing )
LLE Facility

OMEGA EP

Phoswich Detector Development (FY26)

Cryogenic Target Design Testing (FY27) : 47
Future EP-OPAL

(zoning pre-approved)
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First generation stars

JINA-CEE

Red/orange: convective outward flow
Blue/turquoise: convective inward flow

* They are made of primordial material
* They are very massive (10-100-1000 M)
* They contract under gravitational force

* No CNO cycle to generate the energy
release and internal pressure for

stabilization

* Collapse to form first supernovae

How can carbon be formed?



(I
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Fusion Reactions in Stars

L T o 4 : sud

* First stars: fusion for mid-mass elements

* Late stars: post-red-giant stellar evolution, carbon and

oxygen burning gCarbon-12 Eneray
- “a_x_‘ \ /_f_,J/
* Ignition of type la supernovae b
o Carbon-12 ...
* Ignition of superbursts e -

(a) Magnesium-24



Observation of cluster configurations
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Cluster model-based cross-sections for 2C(a,a’) inelastic scattering, and
inelastic 1°C(e,e’) electron scattering data matching the alpha cluster model!



The triple-alpha-process

Three particle fusion that may occur by different
‘He 5 He reaction pathways:
@\%{ » Single step process (more likely for high density

environments
‘e Y Y @ » Two step sequence (handicap is short-lived 2Be

= in equilibrium abundance)

g :r::frzn b e » Unbound 0" alpha-cluster state in '>C (Hoyle
state) saves the day since it adds a resonant
component.

3a___aB_e_+-‘i-%_-_-_£§ - > 7654.2 keV O‘I— 2"" O‘|‘
93 keV 1 1 2

.
44389 kev BRE

0
12C

+
0 keV

Structure simulations by Kanada En’yo and co-workers



I-process simulations in early star environments

(relying on special 2C(p,y)"*N(B*)"*C(a,n) neutron source driven by convective
processes - see later chapters.)

40
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035 a0 - ] 70 B 055 an 50 - ] 0 Bl

CEMP star
environment with
mixtures of H-rich gas
and He+C-rich gas.
The energy release rate
from the burning of
ingested H is shown in
very dark blue, yellow,
and white.

H-rich material
(red-yellow- blue)
concentration in
a 3D hydro
simulation of H
ingestion into the
He- shell flash
convection of an
accreting white
dwarf.



From Hydrogen to Helium Burning.

®
?

g T
&

C-ignition

|4e—ignition
' White Dwarf
Sequence

H-ignition

Ashes of hydrogen burning: “He from the 7
pp-chains and “He and N from CNO cycles. © ° g (P,)

2 4 6 8 10



y

ey - through the triple a process and the subsequent
ke e '_ 12C(q,y)60 reaction.

- -

Theenergy is generated by burhing the 4He fuel

-

2 R ~ The ¥N ashes of the CNO cycles is -
< converted into heutrons and Mg via the ~ _
- 14N (OL,Y)18F_(BV+)180 '((x,y)zzNe(a, )25|\'-/|g
reaction sequence! '

-
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Separators

Counting with

Separation. ratio of
reaction products to=
primary beam 108 |

Strong Gradient Electro-magnetic Online Recoil separator for capture Gamma ray Experiments

Py .

—
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Experiments with Charged Particles

JINA-CEE ::: A
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Nuclear reactions in context

JINA-CEE
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A direct measurement of a charged particle cross section for stellar burning is
more than unlikely! A comprehensive analysis of the reaction rate at stellar
energies, requires a full understanding of the reaction mechanism and the
reaction components to be fully integrated into the extrapolation process. First
principle nuclear models are limited, phenomenological models (R-matrix) are
limited, but multi-channel approach with a wide-range of data seem promising!
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Differential S-factor (MeV b/sr)

First experimental results’°B(a,n) >N
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Notre Dame measurement
o Vander Zwan and Gieger ( [973)
-- R-matrix with low energy resonance
—  R-matrix without low energy resonance
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Further studies
towards lower
energies scheduled
for late March 2019!

Neutron background
sources are:

Radiogenic neutrons
Beam induced neutrons

Other reactions presently under investigation: *'B(a.n), 1°B(a,d), “Li(a,y), Li(a,y)
As well as back-processing reactions: 1°B(p,a)



Helium Burning: The Cosmo-Chemistry
of Carbon and Oxygen
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The “holy Grail”

The step after carbon is being formed in a high temperature density environment:
12C(p,y)"®N triggering the CNO cycle leading to *N
12C(aL,y)"®0 determining the early '2C/1%0 ratio

107 1 » Late Stellar Evolution
| determines Carbon

| and/or Oxygen phase

| » Type la Supernova

1 central carbon burning
1 of C/O white dwarf

: » Type ll Supernova

il 1 \ 1 \ L] 1
3.%e+14 41e+14 4.3e+14 4.5e+14
Time (s)



Cross Section [LLb]

S-Factor [keV b]

The two most critical rates
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JINA-CEE

EXCITATION ENERGY (MeV)

Cluster Structure of 10O
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R-Matrix Analysis phenomenology, but ...
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extrapolation on the basis of all existing reaction
data through *O compound nucleus give 15%-
20% uncertainty in reaction rate extrapolation.
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St. George Separator

Strong Gradient Electro-magnetic Online Recoil separator for capture Gamma ray Experiments

"‘HDIHHT I\%\\QH:\:H?H

HIPPO jet gas target system
(Hlgh Pressure POint-like gas target)




CASPAR underground accelerator

Compact Accelerator for Performing Astrophysical Research
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Advantage of underground physics
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Summary

* Improvements in astronomical and cosmo-chemical observation
techniques drive field

* Nuclear reaction rates remain a dominant uncertainty for reliable
model predictions

 Cluster structure configurations dictate helium burning reaction
strength

 Alternative indirect experimental techniques from ANC to THM
measurements should be utilized.

 New experimental initiatives using either recoil techniques or
background free deep underground facilities open new opportunities
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