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What is the origin of Nuclear Astrophysics?



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.
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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

“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.”

- Michio Kaku


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

Thouns’u husands of strs iIIuinae this breathtking ige of star cluster Liller 1, &
with Hubble’s Wide F|eId Camera 3. ThIS steIIarsystemIocated 30000 Ilghtyears from
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The Scientific Basis — Two Formulas

for the energy generation in bomb and stars
2

E=m-c

Albert Einstein 1904

evien — ol

E, = (15.75MeV)A — (17.8MeV)A*"
Vielume term yurfaoe lerm

(071 1MeV)Z* (23.TMeVYA=27)"

A e A

{opdlomb ferm Pl Terin

e ‘ Weizsacker 1934
PRCEST L ) | 3' Mass Formula
%54~ 0
el ,
MeV B




The energy source of the Sun and other stars

1) Durch Herrn Gamow habe ich erfahren, dag
Bethe neuerdings denselben Zyklus quantitativ

e : , ' ‘ untersucht hat.
GEORGE ) p £

7 Eamow | N el
R ;"r 7:. 3 < o}’;\
e, Y
o A
N v
‘% "'v\ z;‘
a % )\
i 5
v ke elscts
o) O T
o S
“>OT\ X/)
IH % < R
& .:‘N ’ N‘/ )
| - i /> . H,{ <
; ; v 2SN P o o
. 4 %V ‘ % ;;/Sﬂ')@’('} " iy
Stars are driven by the release G. Gamow and E. Teller, “The Rate of

Of nuclear energy Selective Thermonuclear Reactions,”

Two seminal papers in 1938 discussed the energy generation in
Phys. Rev. 53 (1938): 608-609.

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 the
How are heavy elements been produced???  formation of ever heavier elements, a source of

The discovery of the neutron in 1932 by James Chadwick energy through radioaCtiVe deca!
e offered the solution, neutron — 4 ¢ Y '
| capture, but how are neutrons

12 . .
being produced in a stellar
0 environment of
! hydrogen? No way
! R 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 in stars! |

Enrico Fermi: an Italian 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.

.....
- o)

Edward Teller: Hungarian firebrand, worked with Heisenberg in Germany
before emigrating to the United States in 1933. At George Washington University he became an
expert in light ion fusion reactions and a vehement spokesperson for the hydrogen bomb.
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3 billion yrs.
1 billion yrs. _

300 million yrs.

300,000 yrs.

100 sec.

0.01 msec.

0.001 nsec.
O sec.

WIMPs formed?

Neutrons and
protons

form out of
“quark soup™

Nucilei form

Recombination: -
Atoms form

First stars form; —
Stars form. Their
light liberates some
electrons from atoms.

Galaxies form ——

Reheating of
intergalactic gas

Clusters of Galaxies form —




Big Bang Proton & Formation Star Today
Neutron of Light Formation
Formatlon \ uclei

How were elemen’rs Fe To U made9 Wiescher

Schatz
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Periodic Table of the Elements

e Co
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Are there more elements?
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The view towards the early stars and galaxies in the
Universe with the
-James T. Web_bf.’g&.le’scéfp-e
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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 t0 110,000 kelvins
LIFETIME: 3 million years



James Webb '.
Observathn: 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




Degrees of Freedom
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constituent quarks

protons, neutrons
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nudeonic densities
and currents
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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

Single particle configurations

Cluster — molecular configurations

Nuclear Structure

Collective vibrational configurations

Collective rotational configurations



- Big Bang Nucleosynthesis
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Flux (X/A)

The mass A=5 gap prohibits the produc:tion of subst'é'ntié_l' amounts of lithium and beryllium.
The mass A=8 gap prohibits the production of ,heavie_rvelements such as boron, carbon, and beyond!
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Fusion Reactions In Stars

e First stars: fusion for mid-mass elements

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

Cg‘in“ “ Energy
* |Ignition of type la supernovae W
o Car’oon-/1/2, : '
* Ignition of superbursts Q |

(a) Magnesium-24



The stepping stones for bridging the gap

Lol |
N\ ,
The o cluster structure g .

of light nuclei %""‘A

’ 1B
T —
" "
ﬁ’ﬁ Three particle fusion reactions:
/ /,/"‘ “He(awa,y)12C
3 J& “He(oun,y)’Be(o,n)t?C
_ And Li induced capture processes:
2H ®Li(o,v)°B(a,d)’C  deuteron cycle

“Li(o,y)*B(a,n)*N  neutron source



Dissociation of elements at high temperature and
density conditions?
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Histo B
s Deve\opment of Radiation Suen

ery triggered a unbounded enthusiasm and led
ber of medical and industrial apphcatlons
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Applications

Popular products included radioactive tooth paste
for cleaner teeth and better digestion, face cream to
lighten the skin; radioactive hair tonic, suppositories,
and radium-laced chocolate bars marketed in
Germany as a "rejuvenator.”" In the U.S, hundreds of
thousands of people began drinking bottled water
laced with radium, as a general elixir known
popularly as "liquid sunshine." As recently as 1952
LIFE magazine wrote about the beneficial effects of
inhaling radioactive radon gas in deep mines. As late
as 1953, a company in Denver was promoting a
radium-based contraceptive jelly. Albert Geyser
made a fortune in 1920 selling x-ray machines as
hair removal systems. ”"X-Ray treatment is save,
harmless and effective, and in this he was brilliantly
successful. The Tricho System of Treatment is the
result. This dries up the hair roots in a manner
similar to that of gradually getting bald, instead of
attempting their sudden and violent destruction.”

‘:;lef[m Jichvor

Yy 3 Ichbindieradioaktive Substanz.

f Baldl Meine Strahlen massieren‘das

' E Zaohnfleisch. Gesundes Zahn-
o fleisch - gesunde Zdhne.

S
86

( [T Ich bin die medizinische Seife -

¢ E mein Schaum reinigt die ganze

Mundhéhle bis in alle Winkel.

| TY

( h-r Ich - der Emulgator - sorge

. ‘u dafiir, da? ,DORAMAD"
| T

immer sahnig und frisch bleibt!

die gesamte Mundhdhle!

&:
&5,
( [ Ich bin das Aroma - durch mich
J &W erfrischt ,DORAMAD" késtlich
| OY

=
( L T2 Ich - der ganz feine Putzkdrper
A - mache die Z&hne blendend
weif}, schone den Schmelzl
-
.

ERZEUGNIS DER

AUERGESELLSCHAFT A-G BERLIN-N:65




Radione tablets for Energy

Radon water: Radon half life = 3.82 days

A century ago radioactivity was new, exciting and good for you—at least if
you believed the people selling

radium pendants for rheumatism,
all-natural radon water for vigor,
uranium blankets for arthritis and
thorium-laced medicine for digestion

(you don’t even want to know about the radioactive suppositories).



Radon Spas

Watkins, New Yor

on Seneca lLake.
Wm. E. Leftingwell, Pres

OPEN ALL THE YEAR

1 HEALTH RESORT and HOTEL known as

THE "AMERICAN NAUHEIM

chly Radioactive Mineral Springs

[HE BATHS




Medical Science

e X-rays offered opportunity for
new diagnostics

e Radioactivity offered opportunity
for treatment.

e Big business in radiation
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Structure of Atom

& Flectrim



Radioactivity is associated
with Nuclear
Transmutation

212ppy +3




Nuclear binding energy

Nuclei weigh less than the
sum of the masses of their
protons and neutrons

Energy and mass are related

(2, + 2my,) > m(*He)

BE = (2m, + 2m,,) — m(*He)



Consequences?

 Mutation  Cancer
Evolution * Death
Death

pends on radiation dose (radiation sickness)
pends on radiation damage

pends on enzyme repair mechanisms

pends on natural selection (survivability)

Alexander Litvinenko, 1962-2006



Nuclear Fission

NTISTS DID NOT LADGH Jmn.\
33 m, 'rHsv ‘rmeo m CESTROY MAT
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Adventures lnslde the Afom

NEUTRONS

.-
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A eARS B WL B e R R - i MR. PRESIDENT,

THE SPLITTING URAKILIM PROFESSOR EINSTEIN
> A£] ASKED THAT HIS
. DESTROYED MASS, AND... 5 R T
% § 70 YOL PERSOHAL

Adventures Inside the Atom Adventures Inside the Atom ; . Adventures Inside the Afom



Chain Reactions

Slow neutrons are morev|N A‘REACTOR’ URANIUM RODS ARE SEPARATE
D
likely to be captured by BY GRAPHITE TO SLOW DOWN THE NEUTRONS.”

NEUTRON:
JOINING
228 T0
FORM
PLUTONIUM

The first nuclear reacto

developed by Enrico
Fermi in Chicago
in 1942.
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SYNCHROTRONS 7HE HEAVY [ TFTERS

(PARTICLE BEAMS | _
' —{ PARTICLE
FP LISION
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NOTE: SYNCHROTRONS ARE SUITED FOR STUDYINC ’

| THE LHC ACCELERATES

PROTONS TO 6.5 TeV,

|‘]_E‘.-\ . ‘\',Lfel Y

IN ir{t J/_J}*L

s BENDING/ |

:wnumtno

UESLIGN

;. ICIRCULAR-

j RADIOFREOUENCY \

l L/{L;.'J-I-L\

Particles accelerated in a closed loop in vacuum: LHC, 14 million times in 20 minutes

Mainly protons but can accelerate everything up to Pb.

ARUS in YerPhi






https://www.bnl.gov/rhic/physics.php

Absolute Polarimeter (H! jet) pC Polarimeters

™ i \"

L

Siberian Snakes

'\‘@

Spin R
{longitudinal polarization)

5.9% Helical Partial
Siberian Snake E£20

F"ﬂ" H Source Int. Polarimeter

200 MeV Polanmeter pC Polarimeter

\ .
A2 10-26% Helical Partial Siberian Snake



The Electron-lon Collider

2.1 Association Agreements with Legal Effect

1.Albania A machine that will unlock the secrets of the strongest

2.Armenia )
3.Bosnia and Herzegovina fO 'ce In Natu e
4.Faroe Islands

5.Georgia

6./celand

7.Israel

8.Kosovo

9.Moldova

10.Montenegro

11.North Macedonia 9
12.Norway

13.Serbia

14.Tunisia

15.Turkey

16.Ukraine




The Electron-lon Collider (EIC) will be
the world’s first polarized electron-ion
collider, a set of accelerator rings that
bring polarized electrons and polarized
lons into millions of head-on collisions
at nearly the speed of light.



Fermilab Accelerator Complex

Main Injector )
Recycler Ring

High-Energy
Neutrino
Experiments

rs
I t
- Muon

Dellvery
Ring

Booster

Fixed-Target
Experiments,
Test Beam
Facliity

Muon \“n\

Experiments
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TRIUMF EXTRACTS

BEAM AT ENERGIES
FROM 65-520 MeV
J

NOTE: CYCLOTRONS ARE POPULAR
FOR MEDICAL RESEARCH AND CAN
PRODUCE MEDICAL ISOTOPES

-

BEAM PATH

SPIRAL }

[ELECTRS‘-’.AGNETS

[PARTICLE SOURCE)

[D-SHAPED CAVNY]

EXIT BEAM )

‘oscriaror @9 B



Two hollow evacuated D-shaped metal
chambers: magnetic force causes centripetal
acceleration for a circular orbit

v v
I B field m — :
T T i
r‘ | ’ o Eleciromagnal
ke 1 .EIH
: Or = = =,
r .
! Vacuum
Chambers
= (The Ds) Angular frequency
' il
Target -—.___I_‘_____—*. o= —
[ | T




frequency

gk (D)
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Maximum Kinetic Energy
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8.1 Protons are accelerated in a cyclotron by an electric field with oscillating
frequency of 8 MHz. If the diameter of the magnet is 1 m, calculate the
value of magnetic field and the maximum energy that the protons can reach.

Diameter = 1 m; radius =0.5 m

Frequency =8 MHz
w=27ntf= 2m.8x10°%/s=5 x 10 7 rad/s

o ! ql3 1 qy O
Magnetic Field? M= Sy T Srme - On l:m} .
B=mw»/Q
B =(1.67x102’ Kg) (5x10’ rad/s)= 0.52 Tesla

1.6x101° C
. n: Or B= mc?m =(_ mc?) o.
m— =g, Qcz ( Q)c?
B=940x10°eV (5x107 rad/s)/ 9x10®m2/s2
ot v ij_? B=0.52 Tesla

r T



Maximum Energy that a proton can reach

T= 1% mv?

=1/2mc? (oR/c)?

= 0.5(940MeV) (2.5 x 107)%> = 3.3 MeV
(3x108 )?




8.2 To achieve an energy of 20 TeV, each of the 55C main rings was to
contain about 4000 dipole magnets, each 16-meters long, with a field of 7 T.
This means that over half of the = 60 mile SSC tunnel was to be taken up
by dipoles. If you were to build a single synchrotron for use in fixed-target
collisions of equivalent energy in the center-of-mass (/s = 40 TeV), and
used a similar magnet design, how long would your tunnel have to be?

/8 = 40 TeV =(2mE’)Y2 ; E’ beam energy

E'=(2 %)%2 =1600x 10 ® GeV = 8 x10° TeV
2 mc?2 2 GeV

Circumference of circular tunnel will scale with energy.
C’=C E’/E= 60 miles (8x10~ TeV/20 TeV) = 2.4 x10 ® miles




7

o

)
THE LONGEST LINEAR

ACCELERATOR IS
2 MILES LONG

PARTICLE SOURCE]

NOTE: LINACS CAN PRODUCE MEDICAL ISOTOPES AND CAN
CREATE BEAMS OF RADIATION FOR CANCER TREATMENT

J

PARTICLE BEAM
STRAIGHT PATH




Copper Tubes

e Bunch Cloud ] _
The major structure of the particle

accelerator is the copper tube. The
A _! copper tube has a strong vacuum inside
through which the particles travel. The
tubes are made of copper because copper
conducts electricity and magnetism
'—‘J_ |L‘:] very well. At the SLAC linac, the copper
W = tube is made of more than 80,000 copper
E ll‘v_! cylinders brazed together for more than 2
miles (3.2 km)!

Ay L:'

‘P;.‘

e~ Bunch Cloud

1/20,000,000,000 second later
(notice how far the bunches have moved)

Copper tube is arranged in a series of cells called cavities. The spacing
of the cavities depend on the wavelength of the microwaves



Van de Graaff Accelerators

Van de Graaff accelerators produce energetic beams of

protons, deuterons, tritons, alpha particles, and 3He particles.
Secondarily, these charged particles can produce high-energy
neutrons through a variety of nuclear reactions. Analytical
applications with high-energy neutrons and energetic charged
particles are dominated by reactions involving particle evaporation
and usually produce neutron-deficient product nuclides.

Two other types of accelerators are the linear accelerator and

the synchrotron, with both types used to accelerate electrons.
Although electrons themselves have few analytical applications,
the bremsstrahlung radiation (i.e., gamma rays) emitted when high-
energy electrons interact with a tantalum or tungsten target can be
used for photon activation analysis (PAA).



https://www.sciencedirect.com/topics/chemistry/energetics
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/deuteron
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/alpha-radiation
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/linear-accelerator
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/synchrotron
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/bremsstrahlung
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tantalum
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/tungsten
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/activation-analysis
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Experiments with Charged Particles
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Nuclear reactions in context
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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!



= Extrapolations
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o Neutron detection techniques

JINA-CEE
Standard 3He counter system with 24 3He tubes — problems with beam induced

neutron background, e.g. 3C(a,n). Alternative are deuterated liquid scintillators
with response function analysis.
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Experimental Technigués
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St. George Separator

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

Compact Accelerator for Performing Astrophysical Research
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Advantage of underground physics
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Two Ways towards improved Experiments
for stellar Helium Burning

Background reduction by moving to cosmic ray free underground environments (LUNA, JUNA,
CASPAR) or to inverse kinematics techniques with recoil separators (DRAGON, St. GEORGE, ERNA)

Light ion on heavy target measuring light Heavy ion on light target measuring ion recoil
reaction product yield in reduced background vyield, limited by initial beam intensity and
environment, limited by detection efficiency.  acceptance of recoil separator

Sichuan Province

Jinping Mountains:



