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Questions

“The effort to understand the universe is one of the very
few things that lifts human life a little above the level
of farce, and gives it some of the grace of tragedy.”

( S. Weinberg, “The first three minutes™)
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Questions

“The effort to understand the universe is one of the ve
few things that lifts human life a little above the level |
of farce, and gives it some of the grace of tragedy.” |
(S. Weinberg, “The first three minutes™) ’




The field

“Nuclei: the core of the mater, the fuel of stars”

motto of the Division of Nuclear Physics of the American
Physical Society at the beginning of I11I"¥ millennium

Star physics! What is it?! Many things ...

Nuclear astrophysics:
= Nuclear Physics for Astrophysics (NPA)
= Star dynamics
= Nucleosynthesis modelling

» Specific observations (space X- & gamma-rays telescopes,
cosmochemistry of meteorites, ...)

" “multimessenger astronomy”...



1. Origin of Chemical Elements



Big questions

We knew for long time that our energy on Earth
comes from the Sun!

1.But what produces it in the Sun?

Gravity (which governs planets’ motion)?! No!

Chemical reactions like on Earth (fuel burning, explosions...)?! No
In the 1920s (A. Edington & J. Perrin) we got the answer: nuclear
reactions! Namely fusion!

What about the other stars?!
2. How were/are the chemical elements created? Where?

(nucleosynthesis) The answer is same: nuclear reactions!
But which reactions?! How they proceed?!
3. Did nucleosynthesis stop, or continues today?
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e From Aristotle to Mendeleyev

In search of the building blocks of the universe...

Greek philosophers,
Asian philosophy 4 building blocks 18th-19th century Lavoisier, Dalton, ...

distinction between compounds

air
and pure elements

water

atomic theory revived

fire earth

92 building blocks
(chemical elements)

Periodic Table of Elements

1896 Mendeleyev
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http://www-tech.mit.edu/cgi-bin/imagemap/Projects/Chemicool/pertable.map
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We also work with:
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e Modern “Alchemy”: radioactivity

1896 Becquerel discovers radioactivity

WA The Nobel Prize in Physics 1903

A. H. Becquerel Pierre Curie Marie Curie

= emission of radiation from atoms

= 3 types observed: a, B and y “transmutation”
oA ! m (H{;:IiUm) S P

-t =R -
Ly < QL e
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* Nucleosynthesis: the synthesis of Elements through Nuclear Reactions

Two original proposals:

(full) Big-Bang nucleosynthesis Stellar nucleosynthesis

After Big Bang
all elements formed from protons and neutrons elements synthesised inside the stars

sequence of n-captures and p decays nuclear processes
soon after the Big Bang well defined stages ﬁf stellar evolution
Alpher, Bethe & Gamow ("o B v") Burbidge, Burbidge, Fowler & Hoyle (B2FH)

——

Phys. Rev. 73 (1948) 803

The Nobel Prize in Physics 1967 The Nobel Prize in Physics 1983

7/28/2024 Which one is correct? 13
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Nuclei and Nuclear Astrophvs? én XX c.
A Edington & J. Perrin ~ 1920 — “er~ me‘\ origin of stars’ energy

 Astronomy becomes astror' 5\“ _, uiscovery of galaxies
e 1930s—Bethe—-CM~ 3 ('(\ .< pp chain; the neutron is discovered
e 1948 — o (’(\a _actor (Apr 1, 1948: Alpher, Bethe and Gamow in

Ph- 9 a(\ .azing legacy of a wrong paper” (M. Turner) is the
E,(’(\C _ _. precision cosmology
-

_ 1 B%FH paper (Burbidge, Burbidge, Fowler and Hoyle) and Cameron
(Chalk River): BBN and stellar nucleosynthesis

* 60s-70s: solar neutrinos detected and solar neutrino puzzle (Pontecorvo,
Alvarez... R. Davis Jr., started 1948, Nobel prize 2002)

Standard Model and “The first three minutes”; Big Bang Nucleosynthesis
Neutrino oscillations confirmed (1997-2001 ...)

Cosmic Microwave Background ...

Neutron star mergers and multi-messenger astronomy (2017 -)

We, the epigones!
— Models

— Hydrodynamics
— Nuclear data
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Astrophysical motivations for nuclear physics studies

The first sources of light: Population lll stars

; ‘ Production Distance
v

Supernova o # ¥ of Heavy Estimates

explosions elements e

Accelerated Expansion

Afterglow Light
Pattern Dark Ages Development of
400,000 yrs. Galaxies, Planets, etc.

T,~0.2-0.4 GK

Inflation

X-ray Bursts

GRBs: Star Formation History
in the Early Universe

ANC - transfer ANC — nuclear breakup

7/28/2024 L. Trache - NUSYS 16



e Big Bang Nucleosynthesis

® occurred within the first 10-20 minutes of the
Universe after the primordial quark-gluon plasma
froze out to form neutrons and protons

e BBN stopped by further expansion and cooling

4 (temperature and density fell below those required
' for nuclear fusion)
e BBN explains correctly the observed mass abundances

of H (75%), *He (24%), 2H (0.003%),3He (0.004%), trace
amounts (101%%) of Li and Be, and no other heavy elements

1
X o) a < 4 2H+2H —>3He+n
= — 11 5 2H+2H — 34 + IH
Mass stability gaps at § / 6 2B Wi
7
8
9

7 n— H+e +v
Be 1 5
H+n — “H+y

H+1H — 3He+y
10

A=5 and A=8 !!! 3He —> *He 34 + 4He —"7U+Y

SHe +n —> 3H + IH
3He + 2H —> ‘He + H

BBN RN

we B

_ 10 2He + “He — "Be +y
No Way to bridge the ) T Fsin 4 4
11 'Lli+“H — "He + "He
g?):) through sequence n - i d
of %846%% captures during BB ... "R NS 12 ‘Be+n —> 'Li¥ H
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Cl4 | C15 | Cle | C1T | C 18 C 19 | C 20
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0.0202s |0.01736s | 001255 | 0.0105s 0.00508s 0.00292s
Be 10 | Be 11 | Be 12 Be 14
I.5letlby| 13.81s 0.0213s 0.00484s
Li 9 Lill
0.1783s 0.0087s
He 8
0.1191s
A=8
A=5
L. Trache - NUSYS

18



Nuclear astrophysics

* Nuclear astrophysics — increasingly —
motivation for NP research: e TN ]
. 026 / B
— Nuclei are the fuel of the stars | %’7‘
. . . i i 7 -
— Origin of chemical elements: o | X Z --------
nucleosynthesis = a large series of : .
nuclear reactions 2 l\zg
— & elemental/isotopic abundances are \%}.
indelible fingerprints of cosmic Z g
processes — Z ’?
* Big successes of NA: el - =\ .
— BBN — quantitative, parameter free (&

no of neutrinos=3)
— Heavier elements created in stars

— Solar reactions understood (pp-chaing *;=%. e o 5 % )
CNO, solar neutrinos...) W w8
— . e @ T @ ° e~
— Nucleosynthesis is on-going process! s &Gl
1 i)

— (quasi-) understand novae, XRB,

neutron stars ..., but not super-novae



Work for NPA

* The cosmic Li puzzle: why we see only 1/3 of
predicted ®’Li | Why?!

e Precision ...



After BBN, very little happened in nucleosynthesis for a
long time (~400M yr).

temperature and density too small !!!

It required galaxy and star formation via gravitation to
advance the synthesis of heavier elements.

matter coalesces to higher temperature and density...

Because In stars the reactions involve mainly charged
particles, stellar nucleosynthesis is a slow process.



o Stellar life cycle

BIRTH
Interstellar gas gravitational contraction

(/ o2

Stars

"~ metals RNy
DEATH
element \explosion/ thermonuclear
mixing reactions

0

> energy production

> stability against collapse
» synthesis of "metals”

7/28/2024 L. Trache - NUSYS 22



e Hydrogen Burning

e slow or fast (explosive) H-burning
e almost 95% of all stars spend their lives burning the H in their core (including
our Sun). Our Sun is a slow nuclear reactor (a fusion reactor we could not make!)

OUR SUN
Ve

1 second
N
2 N e
H oY X
O He

~15,000,000"DEGREES

7/28/2024 2003/01/11 06:36 23
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Detailed Sun workings: a reactor
Be(p,y)®B - solar neutrino problem — proof!

4'H—>*He+2e*+2v

8
. & R
‘ . . ' Branch3 | #¢ * %'~ " +®
Branch1 | ** * *» —-"'+ .+ (e (0.01percent) | 3He  ‘He 7Be
|85 percent) 3He 3He He IH H
p-p chain reactions :
# L] LI
Branch2 | ¢+ * %"~ "% +()
{15 percent) 3He  IHe Be
6 {8h 86 Mev
/ ": (90 percent) ..:.i _._.t' . .n.
g0 L b . .
" +\ . “Be He He
[ ]
1| p-p reaction Be " it °{1u sz:;":}
L ]
& 4+ & —= 88 4+ + 1 -
I.H I.H :H E|E(€I+V>DH -‘12(0;12"1"3 ? - pp III Chaln (0-010/0)
max ™
But one time in 400:  “----~ . 50, o —otese’e a (e
2 [ "pep" reaction v o 1 ‘}I-Te ‘fl-Te v\@;lﬁb @\
* + + *® —= a0 + Be
. I 131@..' M °\:/V
: i @ B
e 2 8
3 v : [
e 4+ 8 —= 44 + @ ] 4 =
MM He The figures are adapted from J. N. Bahcall,

Neutrings. from the Sun 24
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e Helium Burning: Carbon formation

* BBN produced no elements heavier than Li due to the absence of a stable
nucleus with 8 nucleons

e in stars 12C formation set the stage for the entire nucleosynthesis of
heavy elements

How is Carbon synthesized in stars?

T~6*108Kand p ~ 2*10° gcm?3

@ &
&

‘He + “He > 2Be 8Be + “He ¢« 12C (0*,)

“Hovyle state”
4/\& 8Be unstable y
7/28/202 (T ~ 10-16 S) L. Trache - NUSYS 25




Work for NPA

Question here:

* Better (more precise) data for pp-chains:
SHe+*He, 'Be(p,Yy), ...

* Are there alternatives to the 3a process?!



Helium Burning, Oxygen formation

- Oxygen production, carbon consumption:
12C + “He >1°0 +y

Still a big puzzle for experimentalists

reaction *2C(a.,y)1°0. Need c.s. at ~300 keV,
could measure down to ~1 MeV only.
Estimated c.s. at 101> — 1017 b, excludes so far
direct measurements!

Reaction rate is very small = Oxygen production is possible,
But not all Carbon burns and Carbon-based life became possible...



e Nucleosynthesis up to Iron

A massive star near the end of its lifetime has “onion ring” structure

Carbon burning | = T~6*10°K
p~2*%10° gem?3

12C 4+12C -> 20Ne + 4He + 4.6 MeV
2Na + H + 2.2 MeV
— T~1.2*10°K
P~ 4*10° gcm?3

Neon burning

20Ne +v->1%0 + *He
20Ne + *He -> 2*Mg +y

Oxygen burning | = T~ 15*10°K
p~ 107 gem3
160 + 160 -> 28Sj + 4He + 10 MeV
31p + 1H + 7.7 MeV
T~3*10°K
p~ 108 gem3

Silicon burning | =

major ash: Fe

stars can no longer convert mass into
7/28/2024 | Trache -NUsys  energy via nuclear fusion ! 28
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Binding energy per nucleon (MeV)

84Kf llgSn

205Ti
235U
Most stable nucleus
238U

Fission
h

Region of very

stable nuclides

I I T | T | I T I
80 100 120 140 160 180 200 220 240

Mass number (A)
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Questions for NPA

Important ion-ion fusion reactions
° 12C + 12C
° 12C + 160
° 160 + 160
Large Coulomb barriers, difficult to measure directly

Reaction rates in stellar plasmas vs. rates in [aboratory
(screening effect?!)

Masses, structure and decays of neutron-rich nuclei
Fission of heavy and hot nuclei

Supernovae, neutron stars, neutron stars mergers are
sensitive to the Equation of state (EoS) of nuclear matter.
Larger densities, larger charge asymmetries, new degrees
of freedom ...



Nucleosynthesis is going on

Proofs:
* Sun is shining!

* Decay of *°Al (T,,,=0.7 M yr) detected by
terrestrial and space gamma-ray telescopes

* Example: Diehl, R. et al. Radioactive 26Al from massive stars in the Galaxy. Nature 439, 45—47 (2006).

* Other galactic emitters observed... Tc
* Remnants in Earth sediments: ®OFe, 244Puy, ...



Proton —»

Nuclear gamma-rays
and
_ Cosmic Nucleosynthesis

™ Roland Diehl

Technical University Miinchen and
MPE and Origins Cluster emeritus
Garching

Contents:
Science goals of y-ray observations
Sources:
Supernova explosions
Transport:
Galactic-scale nucleosynthesis




Current Nuclear Gamma-Ray Line Telescopes:
ESA's INTErnatlonaI Gamma- Ray Astrophysics Laboratory (INTEGRAL)

Mission: 2002-(2024+..2029)

Instruments: 2 main (imager, spectrometer), 2 aux
3-day orbit, excentric and outside radiation belts

i
f?




26A| y-rays from the Galaxy

SPI on INTEGRAL

56

Flux [10® ph cm™ s (0.5 keV)™]

0.5keVbinmdAllSky"NSpectmm(OOMPTELmlp)
'5;'4557(4'5‘:;0' UL, Ay E
|-ms.f4v1o*d\:n§?;&mg) SP|/|NTEGRAL E

E, = 1808.9640.06 keV
FWHM = 3.5720.16 keV 2016
C,=(13110.39)<10 " phcm™ s~ kaV"'

e . .

1795 1800 1805 1810
Energy [keV]

1815 1820
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26Al from space telescopes

2+ 2069.5
4+ 2068.9
1+ 1850.6
0+ 26mA| 2+ 1759
—
5t 20|
i
" /
2+ ..‘|‘
[
|
0 a 416.9
*Mg o+ 2083
5+ 0.0
A
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Samples.
Microbialites

e Chile, Atacama Desert, Vilama
Formation

7/28/2024 L. Trache - NUSYS




Samples.
Stromatolit

» Kenya, Turkana Basin

7/28/2024 L. Trache - NUSYS



Samples. Mass Concentration Enhancement

« Check for our Rare Earth Elements mass concentration enhancement to confirm the
uptake hypothesis

« ICP-MS (Mass Spectrometry) REEs measurements on (determination of trace-
elements concentration):

O our geological samples

O proxy water samples from the same geological areas

Finally, our REEs ratio of carbonate/water indicates concentration enhancement factor

Atacama
Microbialite/Water
REEs — 104-10/
Th, U — 103-104

Kenya
Sample/Water
REEs — 103-104
Th, U—-102-10°

7/28/2024



Chemical procedure — Plutonium extraction. Chemical yield

17 Sample

Crushed and milled |

Digestion in HNO,

|

+242py, v
reference iso’jope Residue
Hydroxide Precipitation | |Leaching with HNO, Digestion
Calcination (Ca removal) in Aq.ua
Regia
Fluoride v + 24Py, Hydroxide
: - Precipitation reference isotope Precipitatio
Liigeciten (Fe, Ti removal) ¥ n
OI1 110U pidie .
Pu (+REEs, Th, U) in (Ca
3M HNO;-0.25M H;BO;-1M 1.5M HCl, to
3 AN H dryness
Pu (+matrix elements) 242
i + 242py, reference
in o

Pu Separation

3M HNO;-0.25M & NxTeva Resins
=

H,B0,-1M Al,(NO,)

A 4

isotope
1M HNO,

Fluoride Precipitation (Pu + Ca,

¥e)

Ca Oxalate Precipitation

Pu (+Ca, Ce) in

3M HNO,-0.25M H,BO,-1M Al;(NO,)

Pu (+Ca)in
3M HNO;-0.25M

y

=’ Pu Separation

H,BO,-1M Aly(NO,)

ICP-MS measurements of the
supernatant (before and after) and the
precipitate

Chemical recoveries for REEs, Th and
U:
ranging from 70% to 99%

Alpha Spectrometry — Determination
of Plutonium Chemical Recovery,
The analyte (20 mBq - 242Pu —
certified material NPL) uniformly
distributed on a surface

Chemical
Sample . RSD [%]
yield [%]
AS11, Atacama  96.1 17.2
Sample
AS19, Atacama  94.3 166
Sample
AS15, Turkana Sample 50.9 15.7
AS18, Turkana Sample 63.6 184

|

Teva Resin

7725714 B
-

AMS Target Preparation
7'. g p

L. Trache - NUSYS

39



AMS plutonium results. 2*4Pu ISM flux

Blank Sample. AMS Spectrum

2. .
«+ Blank.
« | Cumulated spectrum for
14 3h
i
gz 163Dy2+ ROI (244pu3+)
OU
O.
o

300 350 400 450 500 550 600 650
TotalSum: 288 Cursor
Start Time: 12:55:29

ggﬁ?hnm 551 . 665 et E::::d E‘ES":” Channels
Turkana Stromatolite. AMS

S actrum
A2 T

olruarT

TUR2.
Cumulated spectrum for 2h

| 163 Dy2+

| 2 events

250 300 330 400 450 500 550 600 650

7128120245

244
Puexcess water 4.
— m_stromatolite stromatolite s

Prsy2eipy = a7,

244py atoms
4= /sz]

40
mm >**Pu, Stromatolite (This work)

14.0
55 =m24Py, Sediment (Wallner etal., 2015)
m=244py, Crust-3 (Wallner et al., 2021) 120
o 30 - *°Fe signal, Core 848 and 851 (Ludwig etal., 2016)
5
10.0
3 25 G o
< = =
B o~ ]
S E 20 T—— 803§
Mo = 2
w2 60 & o
o £ 15 ==
o 0 L=
5% w0 88
O — :
S 10 A =L
=S 2o
Z 5 2.0 —
=
3 l
E 0 + 0.0
0 1 2 3 4 5 6

Age (Ma)

Our measurement indicates an Same source

extraterrestrial 2*4Pu influx of

interstellar material into the inner ‘ COI’e-CO”apse SNe

Solar System coincident in time with
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%0Fe and 244Pu from nearby nucleosynthesis found on Earth

Wallner+ 2015, 2016, 2021

»
C

= B
. 100 - 4
> 244
5 A Pu
E ~80 My
7]
£ i
K-
s -
2, AN S N
FeMn Crust-1 o
B Foncus | 145 3
44 2
60 las &
e i
825 17~3.8 My {25 &
20 42 ‘8
§15- * I 415 g
g 10 ii i * 11 E
it MR B
0 1 2 3 4 5 6 7 8 9 10
time period (Ma)
, peak of radioactivity influx
+ lunar material probes; + antarctic snow ~3 & 6-8 My ago'

What are its sources?

How did these traces of nucleosynthesis get here?

78 41



Nucleosynthesis summary

* Big Bang Nucleosynthesis (BBN)
— H, d, 3He, 4He, 7Li

e Stellar nucleosynthesis
— Fusion of light nuclei up to Fe
— Capture processes beyond iron:

* s-process slow neutron capture (AGB stars)

* r-process rapid neutron capture; Q: where, which path(s) ...?
Supernovae or/and neutron star mergers ?!
BTW watch the words: “multi-messenger astronomy”

* Intermediate ... i-process
* p-process
* rp-process

* A:no unique processes, diversity of observations means

diversity of phenomena; quiescent burning and explosive ...



M. Smith & E. Rehm

Annu. Rev. Nucl. Part. Sci. 2001.51:91-130. Downloaded from arjournals.annualreviewsg
by Texas A&M Umversity - College Station on 06/02/08. For personal use only,

+ fission
barriers ?!

Red Giant Stars
p-process  s-process

mass, Ty
resonances

r-process
100

X-ray .
Bursts site, path?!
op mass, T,
e 70
process g : 60

Novae Supernovae

50

m stable nuclide
r arip line
K.

g0 10 Inhomogeneous
Big Bang

Two big problems:
1. - very small energies and very small cross sections =indirect methods
27%2%&actions in stars involve(d) radio&ctive nuclei = use RNB 44




Short XRB ‘
- « hot CNO cycles Neutron

™ ap% Star
I'p-proces L

* EC rates _
* pycnonuclear fusuior
S

SN la - . ‘ .
* screening " erprocess -
* C, O fusion * VP process
* He-induced reactions * p process

* EC rates

* electron ca
‘ * radioactivity
Nova (26A|’ 44T S6N|j, 60|:e)
» hot CNQFCycles

. +Ne-Ca burning

* pp-chains
* CNO cycles

White Red Giant
Dwarf: * He-burning
. * p * neutron sources
: L » « weak s-process
AGB stars 2

« Carbon burning” ,‘ :
« neuiron sources S .
* s-process

Planetary
Nebula



e Messages to take away...

Nuclear reactions play a crucial role in the Universe:

1. they provide the energy in stars including that of the Sun.
2. they produced all the elements we depend on.

3. nucleosynthesis is on-going process in our galaxy

There are ~270 stable nuclei in the Universe. By studying reactions
between them we have produced ~3000 more (unstable) nuclei.

There are ~4000 more (unstable) nuclei which we know nothing
about, and which will hold many surprises and applications.
Present techniques are unable to produce them in sufficient
guantities, but you are getting there!

It will be the next generation of accelerators and the
next generation of scientists (why not some of you?!)
which will eermplete do the work of this exciting
research field.

7/28/2024 L. Trache - NUSYS 46
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