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Big-Bang Nucleosynthesis
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Stellar Nucleosynthesis
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Stellar Nucleosynthesis INFN

- period

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

[] Alkali metals [] Halogens
group [[] Alkaline-earth metals [_] Noble gases
L [] Transition metals [] Rare-earth elements (21, 39, 57-71) L=
1 B o - and lanthanoid elements (57-71 only) 2
H | 2 DM 13 14 15 16 17 | He
3 2 [[] Other nonmetals [T] Actinoid elements 5 6 7 8 9 10
Li | Be B C N (o) F | Ne
1 12 13 14 15 16 17 18
Na | Mg | 3 4 5 6 7 8 9 10 11 12| A [ Si| P S | Cl | Ar
19 20 21 22 23 24 25 26 27
K|Ca|[Sc| Ti|V |Cr|Mn| Fe|Cc °] us Fe  MKr  megy
37 38 39 40 41 42 43 44 45 _ 8- 12¢c
> Most stable nucleus
Rb| Sr | Y | Zr | Nb | Mo | Tc | Ru | Rhs 7
55 56 57 72 73 74 75 76 77 % 6 Fusion Fission
Cs|Ba|La|Hf | Ta| W |Re| Os Ir§ .
87 88 89 104 |105 |106 |107 [|108 |[109 g
Fr | Ra | Ac | Rf | Db | Sg | Bh [ Hs | M12 "7 Region of very
E’ 3 stable nuclides
lanthanoid series 6 2 = &9 S be 63 © 29
id seri
Ce | PrINd|Pm|Sm| Eu 1-
. _[e0 ot |92 |93 |94 (5 o, . A
actanId senes 7 Th Pa U Np Pu An 0 20 40 60 80 100 120 140 160 180 200 220 240

Mass number (A)

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 5



s- and r-process Nucleosynthesis INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

[ Akali metals [ Halogens
group [ Akaline-earth metals  [[] Noble gases
L [ Transition metals ] Rare-earth elements (21, 39, 57-71) 18
1 [ Other metals and lanthanoid elements (57-71 only) 2
H e 13 14 15 16 17 He
3 2 [ other nonmetals [ Actinoid elements 5 G 7 8 9 30
Li | Be B C N 0] F | Ne
11 12 13 14 15 16 17 18
Na|Mg| 3 4 5 6 7 8 9 10 1 12 | Al | Si P S Cl | Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K|Ca|[Sc|Ti |V |Cr|Mn|Fe|[Co| Ni |Cu|Zn | Ga|Ge | As | Se | Br | Kr
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
55 56 57 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86
Cs| Ba|lLa|Hf | Ta| W |Re|Os | Ir | Pt | Au|Hg | Tl |Pb| Bi [ Po | At | Rn
87 88 89 104 |105 |106 |107 |108 |109 |110 |111 |112 |113 |114 |115 |116 |117 |118
Fr |Ra|Ac | Rf |[Db|(Sg | Bh |Hs | Mt | Ds | Rg |Cn ([Nh | FI |[Mc | Lv | Ts | Og

lanthanoid series 6

actinoid series 7

58 |59 (60 |61 |62 |63 |64 |65 |66 |67 (68 |69 (70 |71
Ce | Pr [Nd ([Pm |Sm | Eu |Gd | Tb ([Dy | Ho | Er | Tm | Yb | Lu

90 |91 (92 |93 |94 |95 |96 |97 |98 |99 |100 |101 [102 [103
Th |Pa| U |[Np | Pu | Am|Cm | Bk | Cf | Es |Fm | Md | No | Lr

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 6



s- and r-process Nucleosynthesis
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[-decay investigation in matter

In 1947 Segre and Daudel pointed out that the possibility to alter
the decay rate of "Be by changing the electron density, at least
for low Z nuclei, an effect due to different chemical environment

PHYSICAL REVIEW

VOLUME 71,

NUMBER 4 FEBRUARY 15, 1947

Proceedings of the American Physical Society

MINUTES OF THE MEETING AT LL0s ANGELES, CALIFORNIA, JANUARY 3-4, 1947

HE 276th meeting of the American Physical
Society was held on Friday and Saturday,
January third and fourth, 1947, at Los Angeles
in Harris Hall of the University of Southern
California. This was our first meeting at that
University, which furnished excellent accommo-
dations and management for our sessions. Our
thanks are due particularly to R. E. Vollrath and
G. L. Weissler. The attendance at the most

populous session amounted to some 200. The four

invited papers were admirable in content and

presentation. The vice president of the Society
was prevented by the grounding of his plane from
presiding at the session of invited papers, and
was replaced as Chairman by C. S. Van Atta.
The other Chairmen were R. E. Vollrath and
J. Kaplan.

J. KapLAN

Local Secretary for the Pacific Coast
University of California

Los Angeles, California
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A3. Possibility of Altering the Decay Rate of a Radio-
active Substance. EmMiL10 SEGRE, University of California,
Berkeley.—The radioactive decay constant of a substance
decaying by orbital electron capture is proportional to
[¢(0)|2 of the electrons. In the case of a light element like
Be' it may be possible to alter this quantity by an appre-
ciable amount by putting the Be in different chemical
compounds. We would then have a slight change of the
radioactive half-life of the Be in different compounds. The
magnitude of the effect may be in the neighborhood of one
percent, but it is practically impossible to give a quantita-

tive estimate because the total change of ¥(0) is affected
by certain factors such as the density of the crystal, nature
of the chemical bond, etc. They are both positive and nega-
tive, and have comparable magnitudes. To obtain a reliable
estimate of the effect we require a more detailed knowledge
of the wave functions for various compounds than is at
present available. Experiments are in progress to detect
the effect by comparing the half-life of Be” in Be metal with
that in BeO or BeF,.
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Why plasma

Nucleosynthesis proceeds by nuclear fusion in
massive stars until iron, where it stops because the
fusion of still heavier nuclei needs energy instead of
providing it.

Heavier nuclei are created by an interplay between
neutron capture and beta-decay.

A major difference exists between terrestrial and
stellar conditions: stellar nucleosynthesis proceeds
in a hot and dense environment which affects the
degree of ionization of the atoms involved in the
stellar nucleosynthesis.

This raises the question “whether or not” the high
degree of ionization could induce any significant
differences of the beta-decay properties with
respect to neutral atoms.
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Why plasma: fusion processes INFN

ELECTRON SCREENING AND THERMONUCLEAR
REACTIONS E. E. SALPETER 1954

ENERGY E (keV)
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Relatively small enhancements due to electron screening
could cause significant errors in the extrapolation to
lower energies, if the cross-section curve is forced to
follow the trend of the enhanced cross sections without
correcting for screening.

J ‘
SE BARE
E Ecr N NUCLEUS ELECTRON
Z ) CLOUD  The effect of the electron
(1}
- \ / SHIELDED shielding on an incident
O 4 NUCLEUS projectile is to increase
g o the penetrability through
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(@) the cross section
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Why plasma: B-decays INFN
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Stellar nucleosynthesis proceeds in a hot and dense
environment which affects the degree of ionization
of the atoms involved in the stellar nucleosynthesis.

What happens when atoms are highly ionized? e

The beta decay in highly ionized atoms shows
important variations compared to neutral
species

1. Electron Capture becomes impossible in fully
ionized atoms.

2. Bound state f-decay typically marginal can
become important.

https://www.frontiersin.org/research-topics/25146/nuclear-
physics-and-astrophysics-in-plasma-traps
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Stellar nucleosynthesis proceeds in a hot and dense Bound-state -decay is a nuclear - decay process

environment which affects the degree of ionization in which an electron is created in a previously

of the atoms involved in the stellar nucleosynthesis. unoccupied atomic orbital rather than in the
continuum.

What happens when atoms are highly ionized? e

The beta decay in highly ionized atoms shows
important variations compared to neutral
species

1. Electron Capture becomes impossible in fully
ionized atoms.

2. Bound state f-decay typically marginal can
become important.

https://www.frontiersin.org/research-topics /25146 /nuclear-
physics-and-astrophysics-in-plasma-traps
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Why plasma: f-decays

Bound-state -decay is a nuclear - decay process
in which an electron is created in a previously
unoccupied atomic orbital rather than in the

Stellar nucleosynthesis proceeds in a hot and dense
environment which affects the degree of ionization
of the atoms involved in the stellar nucleosynthesis.

continuum.
What happens when atoms are highly ionized?
. R L N 0 2
The beta decay in highly ionized atoms shows e Ve Ve
important variations compared to neutral DAY A AT
. 1
Species M ‘l ,: ~ —ooocooooo-—:ooooooooo-
L -oo“ﬁ'—,'*no- L -oooo—-—:oooo-
!
1. Electron Capture becomes impossible in fully :. ; !
ionized atoms. ‘ | :' .
. o 1
2. Bound state f-decay typically marginal can free B-decay ’ bound B-decay !
become important. + e
p K -0——3-:+ K Tro
] \ !
L &
https://Www.frontiersin.org/research-topiCS/Z5146/nuclear- T ——
physics-and-astrophysics-in-plasma-traps
Y. Litvinov and E. Bosh: Rep. Prog. Phys. 74, 016301 (2011)
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Why plasma: f-decays

Stellar nucleosynthesis proceeds in a hot and dense
environment which affects the degree of ionization
of the atoms involved in the stellar nucleosynthesis.

What happens when atoms are highly ionized?

The beta decay in highly ionized atoms shows
important variations compared to neutral
species

1. Electron Capture becomes impossible in fully
ionized atoms.

2. Bound state f-decay typically marginal can
become important.

https://www.frontiersin.org/research-topics /25146 /nuclear-
physics-and-astrophysics-in-plasma-traps
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Bound-state -decay is a nuclear - decay process
in which an electron is created in a previously
unoccupied atomic orbital rather than in the
continuum.

Example: Bare 187Re’>* ions decay, due to the bound-
state beta decay,

Q-value modifications: in a stellar plasma, ions are
embedded in a cloud of charges, both positive and negative.
These charges create EM fields which act as perturbation to
the atomic/ionic levels leading to corrections of Q-values
which affects the decay rates.

E Bosch at al., Observation of Bound-State 3~ Decay of Fully
lonized '8 Re: 187Re-1870s Cosmochronometry, Phys. Rev. Lett. 77, 1996
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Stellar nucleosynthesis proceeds in a hot and dense Stellar plasma environment (p, T) can play a major role in
environment which affects the degree of ionization modifying the rates at the branching point in
of the atoms involved in the stellar nucleosynthesis. s-process nucleosynthesis. Temperature dependent variations

evaluated in the seminal work of Takahashi and Yokoi.
What happens when atoms are highly ionized?

KT [MeV]

The beta decay in highly ionized atoms shows . 0.1
= = = NETGEN ne=1.e+26
important variations compared to neutral 10416 | ne=3.0+26
species il § g Mo m
er Tays7 m
S oo | : e
1. Electron Capture becomes impossible in fully g 1m0e )
. . = 1e+06
ionized atoms. 10000 ! i
i i 4 Takahashi et al.
2. Bound state f-decay typically marginal can 100 |i.... 4987 Phys Ren -
become important. 3 = St
01 1 10
T8
https://www.frontiersin.org/research-topics /25146 /nuclear- _
physics-and-astrophysics-in-plasma-traps https://journals.aps.org/prc/abstract/10.1103 /PhysRev(C.36.1522
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p-unstable nuclei produced at high atomic charge state ( a)
(projectile fragmentation or fission)

Separation of reaction products (fragment separator)

Depending on nuclear charge and the m/q acceptance of
the ring up to three charge state can be stored in the ring

For cases in which the decay induces a change in m/q
larger than the acceptance the decay products can be
measured by in-ring particle detectors (multiwire
proportional chambers or Si detector telescopes)

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 17



Storage ring experiments INFN
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p-unstable nuclei produced at high atomic charge state ( a)
(projectile fragmentation or fission)

Separation of reaction products (fragment separator)

Depending on nuclear charge and the m/q acceptance of
the ring up to three charge state can be stored in the ring

For cases in which the decay induces a change in m/q
larger than the acceptance the decay products can be
measured by in-ring particle detectors (multiwire
proportional chambers or Si detector telescopes)

Storage ring experiments are incapable of exploring the rate
modifications due to charge state distributions
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Istituto Nazionale di Fisica Nucleare

How to reproduce stellar like

conditions in a laboratory?

— We need to create and confine a plasma to be able to
study the 3-decay in such environment
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How to create and confine plasma INFN
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Laboratori Nazionali di Frascati

T

UI\TT FI\I'\(T]I\'

R S
)
@
IRRER

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 23



How to create plasma INFN
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1)
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How to create plasma INFN
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It is composed of

1. Positively charged ions
2. Electrons
3. Neutrals

It is a quasi-neutral gas made of charged particles exhibiting a
collective behaviour.
Saha law describing the ionization state of a gas:

T3/ 2 _U; U; = ionization potential 13)
el n, = electron density

n; = ion density

n, = neutral density

n.
— =24 %1021
nn ne

To be compared to the value on Earth:

n;
R 10—122
nn




How to create

It is composed of

1. Positively charged ions
2. Electrons
3. Neutrals

It is a quasi-neutral gas made of charged particles exhibiting a
collective behaviour.

Its key properties are:

o Quasi neutrality — Strength and range of the electric force
and the good conductivity of plasma ensures that densities
of positive and negative charges in any sizeable region are
"equal”. It is directly connected to Debye lenght

o Display collective behaviour — particle motion in a
defined region will depend on the general status of the
system

plasma INFN
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While being negligible on
the Earth, it represents
about the 99% of the
known matter of the
Universe!

13)




How to create

Weakly ionised plasma is a mixture of different gases: neutral
gas, ion gas and electron gas.

Electrons and ions can have different distribution functions
(close to a Maxwellian) and therefore different temperatures.

Under the action of EM field electron gain more energy than
ions. Their mean energy will exceed the mean energy of the

ions and neutrals - T, > T;, T,

In plasma temperatures are measured in eV — kT = 1leV
correspondstoaT = 11600K

o kT, =1+ 10%eV for electrons (i.e. 10* + 108K)

o kT; = 0.03 + 1 eV for ions (i.e. about 10*K)

plasma

13)

INFN
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How to create plasma INFN
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Electron Cyclotron Resonance method

Electromagnetic (microwave) propagation plays
a fundamental role since the plasmas are
typically generated and heated mainly through
the interaction of the electrons with EM waves. @

4
|
|
|
|
1
|
|
|
1
|

High charge state ions are
primarily produced by
sequential impact
ionization: the ions must

1

External :

:

1

1

" - I
remain in the plasma long e~ trajectory :
:

1

1

1

1

1

magnetic field

13)

_—————>

enough (tens of ms) to
reach high charge states. &5  Microwave

electric field
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External
magnetic field

13)

_—————>

the ions must
remain in the plasma long =
enough (tens of ms) to
reach high charge states. &5  Microwave

electric field
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How to confine plasma INFN
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FL) =qvX B - Magnetic fields force charged particles
to reduce freedom degrees: electrons spiralyze around
the field lines and can be trapped for several

milliseconds in mirror machines or toroidal. : v -

TR
2
N
27
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How to confine plasma INFN
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The Lorentz force FL) exerted by a static magnetic field B on
particles of mass m having an elementary charge e causes a
circular motion, with a (cyclotron) radius

TR
2
N
2

It is associated to a cyclotron
frequency wg independent on particle
velocity and given by

eB
wp = —
m
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How to confine plasma INFN

Istituto Nazionale di Fisica Nucleare

Mil‘l‘O r Stru Ctu res Laboratori Nazionali di Frascati

They have axial symmetry and can be produced using
superconducting coils. To produce trapping:

1. Magnetic field should display a gradient in a direction
parallel to the field lines

TS
&
N
2

2. In a simple mirror the field has a radial component

) 1 mv?
3. Magnetic moment: u = Emz =

4. Mirror effect
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How to confine plasma INFN

Mirror structures b N st

They have axial symmetry and can be produced using
superconducting coils.

TR
&
N
2

T B e




The PANDORA experiment INFN
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X-rays SDD detectors X-rays pin-hole camera

/ Extraction line

Mass spectrometer

RF generator RF waveguides

\

Superconducting magnets
(coils + hexapole)

Faraday cup

/

g Horn antenna for
InterferoPolarimetry

y-rays HpGe detectors
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The PANDORA experiment INFN
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Whiex_in

X-rays SDD detectors

X-rays pin-hole camera

. : C ; C c! 7 4
/ Extraction line el Hee ™

Mass spectrometer

RF generator RF waveguides

\

Superconducting magnets
(coils + hexapole)

Faraday cup

/

— Horn antenna for
InterferoPolarimetry

The PANDORA magnetic trap is composed of:

YERysLipsie detsevais o 3 superconducting coils for axial

confinement

o asuperconducting hexapole for radial
confinement
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HPGe y detectors Array

Array of 14 HPGe detectors placed
around the trap in correspondence to
the holes in the magnetic system.

o HPGe use is mandatory due to their energy
resolution

o Total photopeak detection efficiency simulated

assuming an extended source (plasma volume of
1500 cm3) ~ 103

o Value of the order of 10-3 compensated by the
large number of atoms in the plasma makes the
measurements feasible

o No Anti-Compton Shields around HPGe

o Detectors will work in harsh experimental
conditions (up 50 kHz on each detector)
dedicated electronics able to run at high rate will
be used

o No magnetic field effects on HPGe charge
collection (detectors in a region B ~ 200 Gauss
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HPGe y detectors Array

fa cold
Warm
D
0
///% Hot
0 1keV 30keV 500keV £

lonization states and charge state
distributions are determined by the
plasma temperature at a given density
and assuming a certain confinement
time — plasma diagnostics plays a
relevant role in order to relate the
plasma environment properties to the
measured lifetimes
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Plasma Emitted Radiation

Langmuir Probe
1D (axial) T, n., EEDF profiles
RF 1‘ IR 1‘ Visible & UV T EUV T Soft-Xray T Hard-Xray T v-ray)
(3 kHz - 300 GHz) (?:g%C'T;:ZZ): (1,6 - 12 eV) \l, (10 - 120 eV) \L (0,12 - 12 keV) l (10 - 100 keV) (~ 1 MeV)
Plasma Immersed Antennas Optical plasma Observation X-ray Pinhole Camera - HpGe X-ray detectors
+ Spectrum Analyzer Spectroscopy for cold plasma (few eV) X-ray Imaging and space resolved spectroscopy Spectroscopy
Non-linear wave-plasma interaction density/temperature measure 2D energy distribution and (relative) density warm and hot plasma characterization)
<: Microwave Interferometry and Polarimetry measuring plasma density >

Eur. Phys. ]. Plus (2023) 138:599
https://doi.org/10.1140/epjp/s13360-023-04157-0
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The collaboration with theoreticians allowed to identify of a long list of isotopes
(more than 100) of potential interest for stellar nucleosynthesis.

Three cases to be studied during the first measurement campaign:

Isotope Ti2[yr] Ey[keV]
17614 3.78-1010  202.88 & 306.78
134(g 2.06 795.86

94Nb 2.03 104 871.09






176Lu physics case INFN

176 [ m
_ 1~ Istituto Nazionale di Fisica Nucleare
76 ‘\\ Laboratori Nazionali di Frascati
Lu 7\
76Lu: is a very long-lived isotope in laboratory conditions and in 8™ 0.34%, 196.3 keV max
principle might act as a cosmo-chronometer
—— 8+
o the s-process branching point B~ 99.66%
at 17%Lu is among the most 597.2 keV
important ones for the 4011 ke¥
understanding of slow neutron Hf 176 177 178 |—
captures in the Asymptotic Giant ¥ e
Branch (AGB) phases of low and i \
intermediate mass stars; Lu 175 ¥ \ \
o itdetermines the abundance 36%yr 94\\0% 306.78 keV
of 176Hf, an “s-only” nucleus '
o Scenario is complex due to the Yb —i(174 176 \ v A4
presence of an isomeric state \ \\
placed at 122.45 keV with a very N\ N\ 86.57% | 201.82 keV
short lifetime \ oy
13.3%,|,88.35 keV
Important to investigate the in-plasma variations of the half-life LT 0+

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 42



How to measure '7°Lu t1/ in plasma? INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

176Lu: lifetime vs. T - theoretical predictions

The PANDORA experiment oV
100 / 1000 10000
1e+12y T T

. . . Y xpected 176 y
Build a plasma trap where ion species are fex1o : AT By i
confined in a magnetic field and a plasma is 1e+08 | s IPANDORA plasma
created with: :

—_ 1e+06 | :
o Electron density: 10'? -~ 1014 ¢m ™3 = 10000 | v
o Electron temperature: 0.1 - 100 keV o0
- — - r

o Ion density: 1011 cm™3 - relies on the

radiactive isotope concentration in plasma T terrestrial

TY87 —e—

o lon temperature: ~ 1 eV — Ions are cold: no 0,01 LTY:LTE pops ,

access to the excited states 1 10 . 190 1000

b Courtesy of A. Mengoni
Takahashi et al. 1987, Phys Rev C 36, 1522

PANDORA: only ground state will be studied — T too low to
investigate variation on the isomeric state
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How to measure '7°Lu t1/ in plasma? INFN

The PANDORA experiment

Build a plasma trap where ion species are
confined in a magnetic field and a plasma is
created with:

o Electron density: 101% = 10 ¢cm ™3

o Ion density: 1011 cm™3 - relies on the

radiactive isotope concentration in plasma

Physics at EUPRAXIA@LNF

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

94 94
t Nb — “"Mo (yrs) log(t,,,)

4

102

1020

-3
p, (cm™)

Variation with T, stronger than with p, —
“stellar effect” can be modelled by ECR
(Electron CyclotronResonance) plasma
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until 6 order of

magnitudes 3¢ level
1.6 105 @ 100 5 0.3 Ik
& ©
20105 ® 80| £ 0.25 :
- o
7 2 |3
Expected '76Lu © 2610°( o 60| 2 0.2
lifetime in the 2 = =
PANDORA plasma o 40105 | > 40 = 0.15
= g =
S E =
L go105| 2 20| o 0.1
| £, =
20106 | = 10| -£0.05
O 3
107 % 1 (@]
: 10° 0.01 2 4 6 8
Neutral "7°Lu ’ Meas. Time [sec]  x10°

10 20 40 60 80 days
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How can we populate the 1" isomeric level?

one could simultaneously investigate isomeric
photoactivation as well as in-plasma decay rate
modification of ground and isomer levels

Thermalization between the ground and isomer
levels may occur

The laser-plasma can be expected to produce X-ray spectra similar to the stellar interior, which can
answer the question of equilibration more accurately than previous experiments on this topic!
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Why to use laser-induced plasma INFN

PRO:

Long-living plasma (order of weeks)

Steady state dynamical equilibrium for density
and temperature (by compensating ion losses)
Hence, over days/weeks constant values for
charge state distribution of in-plasma ions

Online monitoring of plasma density, temperature,
volume, at any energy domain in nLTE conditions

CONS:

O

Low density/high temperature plasma: nLTE
conditions

Difficult “plasmization” of solid/metallic isotopes
No access to nuclear excited state studies (too
low T)

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Laser-induced plasma

PRO:

o High density plasma, reaching LTE

o Fully thermodynamical equilibrium allows, in
principle, to estimate the population of
nuclear excited states

CONS:

o Difficult to implement diagnostics following
on-time the fast time-variation of plasma
parameters

o Shortliving plasma, with duration much
shorter than typical lifetimes of isotopes
involved in stellar nucleosynthesis



[-decay investigation in matter: from
early experiments to storage rings

In 1947 Segre and Daudel pointed out that the possibility to alter
the decay rate of "Be by changing the electron density, at least
for low Z nuclei, an effect due to different chemical environment

PHYSICAL REVIEW

VOLUME 71,

NUMBER 4 FEBRUARY 15, 1947

Proceedings of the American Physical Society

MINUTES OF THE MEETING AT LL0s ANGELES, CALIFORNIA, JANUARY 3-4, 1947

HE 276th meeting of the American Physical
Society was held on Friday and Saturday,
January third and fourth, 1947, at Los Angeles
in Harris Hall of the University of Southern
California. This was our first meeting at that
University, which furnished excellent accommo-
dations and management for our sessions. Our
thanks are due particularly to R. E. Vollrath and
G. L. Weissler. The attendance at the most

populous session amounted to some 200. The four

invited papers were admirable in content and

presentation. The vice president of the Society
was prevented by the grounding of his plane from
presiding at the session of invited papers, and
was replaced as Chairman by C. S. Van Atta.
The other Chairmen were R. E. Vollrath and
J. Kaplan.

J. KapLAN

Local Secretary for the Pacific Coast
University of California

Los Angeles, California

INFN
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Laboratori Nazionali di Frascati

A3. Possibility of Altering the Decay Rate of a Radio-
active Substance. EmMiL10 SEGRE, University of California,
Berkeley.—The radioactive decay constant of a substance
decaying by orbital electron capture is proportional to
[¢(0)|2 of the electrons. In the case of a light element like
Be' it may be possible to alter this quantity by an appre-
ciable amount by putting the Be in different chemical
compounds. We would then have a slight change of the
radioactive half-life of the Be in different compounds. The
magnitude of the effect may be in the neighborhood of one

percent, butit-is-practically-impossible-to-givea—quantita—

tive-estimate- because the total change of ¥(0) is affected
by certain factors such as the density of the crystal, nature
of the chemical bond, etc. They are both positive and nega-
tive, and have comparable magnitudes. To obtain a reliable
estimate of the effect we require a more detailed knowledge
of the wave functions for various compounds than is at
present available. Experiments are in progress to detect
the effect by comparing the half-life of Be” in Be metal with
that in BeO or BeF,.
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backup
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Storage ring experiments

The beta decay in highly ionized atoms shows important o
variations compared to neutral species ©

Bare '©3Dy66+ nuclei, being stable as neutral atoms,
become radioactive, thus allowing the s process, with a
half-life of 33 days.

M. Jung at al, First observation of bound-state 3~ decay, Phys. Rev. Lett. 69, 1992

Bare 187Re75+ 187Re75+ ions decay, due to the bound-
state beta decay, becomes 9 orders of magnitude faster

than neutral 137 Re atoms with a half-life of 42 Gyr.

E Bosch at al., Observation of Bound-State 5~ Decay of Fully
lonized 187 Re: 18’Re-1870s Cosmochronometry, Phys. Rev. Lett. 77, 1996

140py-58+ jons half-life T1/2 = 3.04 min (with a single
orbital electron) due to EC decay is shorter than the one of
140py-0+ neutral ions with 59 electrons T1/2 =3.39 min

Y. Litvinov et al,, Measurement of the b+ and orbital electron capture decay rates in fully

ionized, hydrogen-like and helium-like *°Pr lons Phys. Rev. Lett. 99, 2007, 262501

INFN
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Laboratori Nazionali di Frascati

Electron Capture becomes impossible in fully ionized atoms.
Bound state beta decay typically marginal can become
Important.

-

free B-decay

- . -
-
- -

- -

|

Y. Litvinov and E. Bosh: Rep. Prog. Phys. 74, 016301 (2011)
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Laser-matter interaction INFN
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When a high intensity laser pulse (above 1018 W/cm?) is
focused in a spot of the order of a few microns on a target
placed in vacuum, a plasma consisting of electrons and ions
is created almost instantaneously.

o Target Normal Sheath Acceleration (TNSA): effective
in accelerating protons and light ions — a short laser
pulse interacting with the target front surface produces
a plasma made of ions and fast electrons.

o Coulomb Explosion (CE): optimized for clustered
gaseous targets, intensities in the range 1018 = 102°
W/cm? and 7 < 200 fs — an explosion may occur due to

the intense laser field that, extricating several electrons

1 10 100 from the molecule cluster, induces a high level of

ionization. Possible also for thin (1-10 nm), solid targets
or nano-structured targets

{1 (nm)
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Laser-matter interaction INFN
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When a high intensity laser pulse (above 1018 W/cm?) is
focused in a spot of the order of a few microns on a target
placed in vacuum, a plasma consisting of electrons and ions
is created almost instantaneously.

o Radiation Pressure Acceleration (RPA), or Laser
Piston regime: based on the action of the radiation
pressure induced in the interaction of a short laser
pulse, of extremely high intensity (above 102° = 102!
W/cm?), with a thin and dense pre-plasma layer
created, in front of a target, by the laser-pulse leading
edge. The plasma electrons are locally separated from
the plasma ions creating a strong accelerating field

which efficiently accelerates the ions in the irradiated

target area.
{1 (nm)
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A precise control of the experimental conditions is
challenging with high-power lasers — variations observed
between experiments performed in conditions which would
seem similar at a first glance.

The scaling of the most important characteristics (such as
the energy per particle) with laser and target parameters is
still unclear to a large extent, despite the large number of
investigations performed.

10 100
{1 (nm)
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Why to use laser-induced plasma INFN

Simulations by B. Mishra et al.: thanks, Bharat!

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Exploring the onset of a (Full) Local Thermal Equilibrium:

@)

Typical lifetime of nuclear excited states ~ 107> s
Assuming an excited state for, e.g., 1’°Lu*, around 122.45 keV
Considering n_e=<q>n_i= 1027 m~3 (a typical stars interior
density), at T_e=T_i=6.68 keV, the excited level lifetime is
already exactly the same of the excitation rate, meaning that
this level can be populated and it is in thermal
equilibrium in the assumed laser-induced plasma
lifetime (order of ps or tens of ps)

Calculation also rescaled to a more realistic expected density
of a real laser-induced plasma scenario (n=e=n_i= 102> m~3)
— the required plasma temperature to get the thermal
equilibrium goes to around 37.5 keV. This value seems to
be however absolutely achievable in the

foreseen laboratory scenario, confirming that the decay
from excited states is in principle feasible.
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How to confine plasma INFN
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HOW to make lt Stable? Laboratori Nazionali di Frascati
The ideal confinement requires some stringent The stability of the confinement can be studied as
conditions on plasma equilibrium and stability. a function of the f parameter which is the ratio

between kinetic and magnetic pressure
Plasma can also be viewed as a fluid:

Prin = LnkT >nkT

2 ;
B /2110 13)

2
Pmag = g /2.‘10

The condition for a magnetically stable plasmais f < 1
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early experiments to storage rings
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Long standing question: How constant really are nuclear

decay constant?
One of the paradigms of nuclear science since the very early days has been the general

understanding that the decay constant is independent of extranuclear considerations

What happens to -radioisotopes under extreme conditions of
G. T Emery, Perturbation of Nuclear Decay Rates, Annual

Temperature (2500 K), Pressure (2000 atm) or Magnetic i cloar)Sticnoe 22
fields (80000 G)? H. Mazaki et al., Effect of Pressure on the Decay Constant of

g . o 99m
Almost nothing... < 0.05 % decay constant variation L L L S

In 1947 Segre and Daudel pointed out that the possibility to ‘ e _ -

i ] E. Segre, Possibility of altering the decay rate of a radioactive
alter the decay rate of 7Be by changing the electron density, at substance Phys. Rev. 71, (274) 1947
least for low Z nuclei, an effect due to different chemical

environment
E. Segre, Possibility of altering the decay rate of a radioactive
substance Phys. Rev. 71, (274) 1947

How does the surrounding chemical environment (lattice
structure and electron affinity) affect the host atoms decay?
(eg. "Be = "Li)

A variation of E.C. lifetime of around 3.5%
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The PANDORA's trap has been designed to operate at 18 + 21 GHz.

The magnetic system will have a length L = 700 mm and a
radius R = 300 mm.

It will enclose a plasma chamber with inner radius Rey y= 140
mm and length L = 700 mm.

The SC coils and hexapole will be made of Niobium-Titanium
alloy (NbTi), whose upper critical field is about 10 T at 4.2 K.

MAGNETIC SYSTEM FIELD REQUIREMENTS

B;,ymax @ z = -350 mm
B, operative range
B max @z = 350 mm

B..: operative range 1.7T-3T
Buin @ Z = 0 mm 04T
Bhex @ Rey iy = 140 mm 1.6 T
LHe Free

Warm Bore radius 150.5 mm

1.7T-3T

w w
—3 —3
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PANDORA magnetic system

L Wexr 4 —_ N Wing B
The PANDORA's trap has been designed to operate at 18 + 21 GHz.
The magnetic system will have a length L = 700 mm and a —
radius R = 300 mm. —_
It will enclose a plasma chamber with inner radius Rey y= 140

mm and length L = 700 mm. : , .
The SC coils and hexapole will be made of Niobium-Titanium Crir Cure Cov z
alloy (NbTi), whose upper critical field is about 10 T at 4.2 K. G Ll itets SR Pl MUERRAR s V)
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PANDORA magnetic sys
The PANDORA's trap has been designed to operate at 18 + 21 GHz

300 mm.

The magnetic system will have a length L = 700 mm and a

radius R

700 mm.

It will enclose a plasma chamber with inner radius Rey y= 140

mm and length L

itanium

ium-T

The SC coils and hexapole will be made of Niob

G. Mauro et al. - Front. Phys. 10:931953 (2022)

alloy (NbTi), whose upper critical field is about 10 T at 4.2 K.

<
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Deuterium fusion process in plasma INFN
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Cold ions exiting
from the plasma

* Deuterium
i cluster

d+d — >He+n (2.45 MeV)

It is a nuclear fusion reaction crucial for understanding
early phases of Nucleosynthesis

It took place right after the hadronization step was over,
when there were free p and n that eventually combine to

form deuterium.

Coulomb-

AY/ exploding
.3 cluster

9z1s jods weaq Jase]

Indirect measurements of the deuterium burning
available (1.5 MeV = 2 keV), also exploiting the so-called
Trojan-Horse Method. However, a full comprehension
of possible electron screening effects is crucial.

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 64
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Deuterium fusion process in plasma

Cold ions exiting " ‘: . This work
from the plasma L ... 5 Tumino et al. (THM) 2014 al LR LI
_ ‘ China Res.Group 1985 =
; Deuterium o Leonard et al. 2006 oarane
cluster p— Schulte et al. 1972 ‘ _
0 ¢ Krauss et al. 1987
> o Brown & Jarmie 1990 N
) Greife et al. 1995 ogit®
Ve o L
= b i u
Hotions —. - t’ 'Ff'i%' . -
& E [ 205 %D ?;:bﬂ .
8w’ f R i -
= ~ I~ [ \f 3 N
3 1] d+d—°3He+n
N L 1
Q
=] L -
%]
3
: 1 1 1 L1 1 1 4 l 1 1 1 1 L 1.1 l L 1 L 1 s l L 1
Coulomb- 5' 10 10 10°
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Model-independent determination of the astrophysical S factor in
laser-induced fusion plasmas

D. Lattuada, M. Barbarino, A. Bonasera, W. Bang, H. J. Quevedo, M. Warren, F. Consoli, R. De Angelis, P.
Andreoli, S. Kimura, G. Dyer, A. C. Bernstein, K. Hagel, M. Barbui, K. Schmidt, E. Gaul, M. E. Donovan, J. B.
Natowitz, and T. Ditmire

Phys. Rev. C 93, 045808 — Published 19 April 2016

AV exploding
.l cluster
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176Lu physics case

176Lu: is a very long-lived in laboratory conditions and in
principle might act as a cosmo-chronometer

INFN

SE— Istituto Nazionale di Fisica Nucleare

| Laboratori Nazionali di Frascati

—— 8+
o the s-process branching point 3~ 99.66%
at 176Lu is among the most 597.2 keV
important ones for the Hf 176 177 178 |— 401.1 keV
understanding of slow neutron
captures in the Asymptotic N
Giant Branch (AGB) phases of Lu 175 P \ ) 6+
low and intermediate mass 36%yr \
stars; ‘
’ 94.0% | 306.78 keV
o itdetermines the abundance Yb —i{174 176 \ )
of 176Hf, an “s-only” nucleus \
\ \ \ —14‘ A 44

o Scenario is complex due to the
presence of an isomeric state
placed at 122.45 keV with a very

short lifetime Important to investigate the in-

plasma variations of the half-life

See talk and poster by B. Mishra

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024.

86.5% | 201.82 keV

2+
13.3%,|,88.35 keV

176Hf 0+

66



Why to use laser-induced plasma INFN

PRO:

Long-living plasma (order of weeks)

Steady state dynamical equilibrium for density
and temperature (by compensating ion losses)
Hence, over days/weeks constant values for
charge state distribution of in-plasma ions

Online monitoring of plasma density, temperature,
volume, at any energy domain in nLTE conditions

CONS:

O

Low density/high temperature plasma: nLTE
conditions

Difficult “plasmization” of solid/metallic isotopes
No access to nuclear excited state studies (too
low T)

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Laser-induced plasma

PRO:

o High density plasma, reaching LTE

o Fully thermodynamical equilibrium allows, in
principle, to estimate the population of
nuclear excited states

CONS:

o Difficult to implement diagnostics following
on-time the fast time-variation of plasma
parameters

o Shortliving plasma, with duration much
shorter than typical lifetimes of isotopes
involved in stellar nucleosynthesis
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Nuclear physics: beta decays in plasma
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How to measure '7°Lu t1/ in plasma? INFN
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Scaling results to stellar environment raboratort Nazlonall i frascat
Build a plasma trap where ion species are confined in ty **Nb = **Mo (yrs) logtt,
a magnetic field and a plasma is created with: 4

o Electron density: 101% = 10 ¢cm =3

o Ion density: 101! cm™3 - relies on the radiactive
isotope concentration in plasma

dN T: T:
W _ gV - [Tmeas gy = [Tmeas 3 7 gN .
dt 0 0 ]
10 T (keV)
p, (cm?) °
N(Teas) = ANV T eas T, = 0.1-100 keV in a lab. Magnetoplasma

Variation with T, stronger than with p. — “stellar
effect” can be modelled by ECR (Electron Cyclotron
Resonance) plasma

n;V: density and plasma volume, constant — to be measured using
multiple diagnostic tools
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Why to use laser-induced plasma INFN
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How can we populate the 1" isomeric level? The experimental methodology revolves around
the measurement of two quantities:
The intermixing depends on photoactivation

rate A€ of the nucleus through a bath of high o photoactivation rate A€ (n,n, Ts)

energy X-ray photons obeying a Planck o decay rates A% (n,n;Ts) from g.s. and isomeric
distribution in the thermal equilibrium stellar states

plasma.

Thermalization between the ground and isomer
levels occurs when:

one could simultaneously investigate isomeric A(n,n, Ts) > = A4 (n,n; Ts)
photoactivation as well as in-plasma decay rate (onset of equilibrium between the levels)
modification of ground and isomer levels

See poster by B. Mishra

The laser-plasma can be expected to produce X-ray spectra similar to the stellar interior, which can
answer the question of equilibration more accurately than previous experiments on this topic!
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Why to use laser-induced plasma INFN

Simulations by B. Mishra et al.

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Exploring the onset of a (Full) Local Thermal Equilibrium:

@)

Typical lifetime of nuclear excited states ~ 107> s
Assuming an excited state for, e.g., 1’°Lu*, around 122.45 keV
Considering n_e=<q>n_i= 1027 m~3 (a typical stars interior
density), at T_e=T_i=6.68 keV, the excited level lifetime is
already exactly the same of the excitation rate, meaning that
this level can be populated and it is in thermal
equilibrium in the assumed laser-induced plasma
lifetime (order of ps or tens of ps)

Calculation also rescaled to a more realistic expected density
of a real laser-induced plasma scenario (n=e=n_i= 102> m~3)
— the required plasma temperature to get the thermal
equilibrium goes to around 37.5 keV. This value seems to
be however absolutely achievable in the

foreseen laboratory scenario, confirming that the decay
from excited states is in principle feasible.
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Fusion processes: heavy elements INFN
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Slow neutron capture process (s-process)
o Occurs in very old stars over millions of years. Elements
are released into the universe at the end of the star's life.

Neutron U bl |
O nstable nucleus Elcciron

decays in 1-100 years
° Q

o\ / /

i~
r?&c?lrgic, Neutron Repeat...
capiure Potentially
iacteactive 100-100,000 years
nucleus

Picture from https://knowablemagazine.org/article/physical-
world/2018/crash-stars-reveals-origins-heavy-elements
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Fusion processes: heavy elements INFN
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Rapid neutron capture process (r-process)
O Occurs in the debris ejected from a neutron star merger.
The whole process takes about 1 second.

Decays in 0.01 seconds o T o

Intense neutron Very
capture in a radioactive
short time nucleus

Immediately

Picture from https://knowablemagazine.org/article/physical-
- - Is-origins-h -el
Nuclear Astrophysics in plasma environment - LNF, May 17th 51(5)55(.1/201 8/crash-stars-reveals-origins-heavy-e %ents



s-process endpoint

AZ

Po
Bi

Pb

INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

201

Chart representing the final part of the s-process. Red
horizontal lines with a circle in their right ends

represent neutron captures; blue arrows pointing up-left
represent beta decays; green arrows pointing down-left
represent alpha decays; cyan/light-green arrows pointing
down-right represent electron captures.
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Decay scheme for lutetium
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176Lu physics case INFN
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Cosmo-chronometer or stellar thermometer? Laboratori Nazionali di Frascati

7Lu is one of the few naturally occurring radio nu-
clides that have survived from the era of nucleosynthesis.
Its present isotopic abundance [1] is 2.6% and its half-life

g 0.34%, 196.3 keV max

: 10 —
is 4.08 X10"° yr [2]. 8+
g~ 99.66%
. . 597.2 keV
i 174 176801 11 A 1842119771804 401.1 keV
72| Hf 7= Z 2 7// é Z
A Z ZZ 7% i
Proton (p) 175 17
:. 71| Lu |Process 538
o [ PR i 20 22 3552 3 N A T [— 6+
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86.5% | 201.82 keV
NEUTRON NUMBER, N
Figure 1. s-process path in the rare earth element mass region. s-only process nuclides '7°Yb, '7*Lu and ' "®Hf are shielded from r-process contributions 2.1
by 7°Er and !76Yb respectively. The s-process branches at '’®Lu if a significant population of the 3.68 h isomeric state occurs. 13.3% | 88.35 keV
Do 2
0+

176
Hf
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7Lu is one of the few naturally occurring radio nu-
clides that have survived from the era of nucleosynthesis.
Its present isotopic abundance [1] is 2.6% and its half-life

176Lu physics case

Cosmo-chronometer or stellar thermometer?

is 4.08X10' yr [2].

72
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o
w
g
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=
O 69
-
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o
a 68

Figure 1. s-process path in the rare earth element mass region. s-only process nuclides '7°Yb, '7*Lu and ' "®Hf are shielded from r-process contributions
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by 7°Er and !76Yb respectively. The s-process branches at '’®Lu if a significant population of the 3.68 h isomeric state occurs.
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176Lu physics case INFN

176 Lum Istituto Nazionale di Fisica Nucleare
Cosmo-chronometer or stellar thermometer? " 1- Laboratori Nazionali di Frascati
176 . . . Py
Lu 1s one of the few naturally occurring radio nu- 7

clides that have survived from the era of nucleosynthesis. 8 0.34%, 196.3 keV max
Its present isotopic abundance [1] is 2.6% and its half-life
is 4.08X10' yr [2].

— 8+

g~ 99.66%
597.2 keV

401.1 keV

PHYSICAL REVIEW C VOLUME 44, NUMBER 6 DECEMBER 1991

7Lu: An unreliable s-process chronometer

K. T. Lesko, E. B. Norman, R-M. Larimer, and B. Sur
Nuclear Science Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, California 94720 \
and Center for Particle Astrophysics, University of California, Berkeley, California 94720 88 keV \

i

C. B. Beausang*
Nuclear Science Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, California 94720 94\. O % 3 O 6 .7 8 keV
(Received 17 October 1990) \

A level scheme of '"*Lu up to ~ 1400 keV excitation energy is deduced from a y-y coincidence experi- '
ment and previously published particle transfer data. 170 y-ray transitions are placed between 85 levels. VN
We identify 27 previously unknown levels and 131 previously unknown transitions in '"*Lu. With this 4+
y-ray data we place the energy of the isomer at 122.9 keV. A level at 838.5 keV (J"=57,1,,, <10 ns) is \
found to decay with substantial strength to both the ground state (77, 4.08 X 10'° yr) and the 122.9 keV \
isomer (17, 3.7 hr). The presence of this level guarantees the thermal equilibrium of '"Lu®™ for 86.5 % 201.82 keV
T>3X10° K and therefore during s-process nucleosynthesis. The resulting temperature sensitivity of its !
effective half-life rules out the use of '"®Lu as an s-process chronometer. The use of '"®Lu to determine 7

s-process temperatures is discussed. 13.3% b 88.35 keV

176Hf O+
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Measurement strategy INFN
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Once the solid *7®Lu target is hit by a laser pulse with an intensity as high

A T . N " 0.347%, 196.3 keV max
as 10?1 W /cm?, the ionization and the subsequent ion emission takes 4

place 8+
Lu ions travelling at a velocity of the order of hundreds of keV ‘ggg 926‘2\/

401.1 keV
Given the high energy administered by the laser in a short time interval, a
local thermal equilibrium can be reached not only by the electrons, but
also by the ion clouds, that can reach temperature as high as 108K /a4

At this temperature, the nuclei may be excited, and

. ) 94.0% | 306.78 keV
the Lu isomeric state *7®™Lu can be populated

_ N
176 1u decays to the Hf 6" excited states, whose de-excitation 4+
proceeds through three different steps, leading to the subsequent 88.5% | 201.82 keV
(13;1611:‘:510n of photons with energies equal to E,,= 307, 202 and 88 keV. oy
""Lu, on the other hand, directly decays to the first Hf excited state 13.3% | 88.35 keV

— only the emission of a photon with E,, = 88 keV is observed 787 0+



Measurement strategy

Once the solid *7®Lu target is hit by a laser pulse with an intensity as high
as 10?1 W /cm?, the ionization and the subsequent ion emission takes
place

Lu ions travelling at a velocity of the order of hundreds of keV

Given the high energy administered by the laser in a short time interval, a
local thermal equilibrium can be reached not only by the electrons, but
also by the ion clouds, that can reach temperature as high as 108K

At this temperature, the nuclei may be excited, and
the Lu isomeric state *7®™Lu can be populated

1761u decays to the Hf 6" excited states, whose de-excitation

proceeds through three different steps, leading to the subsequent
emission of photons with energies equal to E,,= 307, 202 and 88 keV.

176m 41, on the other hand, directly decays to the first Hf excited state

— only the emission of a photon with E,, = 88 keV is observed

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024.
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Measurement strategy INFN
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Once the solid *7®Lu target is hit by a laser pulse with an intensity as high

as 10?1 W /cm?, the ionization and the subsequent ion emission takes e - .
Lu De-excitation energies
place -
- - Entries 10000
Lu ions travelling at a velocity of the order of hundreds of keV - x/ndf  387.2/408
B p1 87.99 = 0.05
Given the high energy administered by the laser in a short time interval, a o0 p2 9.719 = 0.081
local thermal equilibrium can be reached not only by the electrons, but - p3 i 0.62
also by the ion clouds, that can reach temperature as high as 108K *F - 18D
y ) p 8 : p5 9.314 = 0.346
60— p6 12.46 = 0.61
At this temperature, the nuclei may be excited, and o p7 9004204
: : 176,m 0 P8 10.01+ 0.37
the Lu isomeric state ~*™""Lu can be populated - \
20—
- IJ. [N ST

OO

50 100 150 200 250 300 350 400
E_vy (keV)

1761u decays to the Hf 6" excited states, whose de-excitation

proceeds through three different steps, leading to the subsequent

emission of photons with energies equal to E,,= 307, 202 and 88 keV.

176m 744, on the other hand, directly decays to the first Hf excited state

— only the emission of a photon with E,, = 88 keV is observed



Possible experimental setup for #-decay INFN
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' " 1. A PW laser pulse is sent to a solid target containing the

radio-isotope under investigation.

7
2. The plasma is created and a forward emission of the

D ) MCP thermalized excited nuclei takes place.

)= 7T =

P D T o 3. The nuclei travel and eventually decay in flight, populating

daughter nuclei in excited states.

4. The flight path, and then the distance between the target and
a suitable stopper, must be optimized in order to guarantee a

Gamma i h
proper time window for the decay measurement (~ 1us).

detector
array

5. This poses limits on the half-life range that can be explored.

6. The gamma emitted in the decay process may be detected
through a dedicated detection system.
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Projections for a 10 Hz repetition rate INFN
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Number of decays as a function of half lives Number of decays as a function of laser time (for T = 3 years
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Projections for a 10 Hz repetition rate

Total number of decays

Number of decays as a function of laser time
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Projections for a 10 Hz repetition rate INFN
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Number of decays as a function of laser time

w —
% [—
8 108 _?. ) ) 1 ............................................................................................
o) = Time window = 10" ns
"6 107 EE— ke et
5 =
o 6 . . . S S S S SRS R
g 10 E- Time window = 10° ns
c —
% 105 _? ............................................................................................
= ok Time window = 10° ns _
RSO SO N S SORTONI ST tt SIS
103:5_ ..................................................................................................................................................
102:5 ......................................................................................................................................................
10___? ..................................................................................................................................................
) FSE SN SSSER oo OSSR PSSR FONUISION SOSSS SOIS NS SO
10—1:? ....................................................................................................................................................
10—2: 1 IIIIIIIi | IIIIIIIi 1 IIIIIIIi | IIIIIIIi | IEIIIIIIi 1 IIIIIIIi 1 L1 11111
10 1 10 102 10° 10* 10° 10°

laser time (s) at 10 Hz repetition rate

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 85



<

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

Nuclear physics: general information
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S- and r-process Nucleosynthesis

[ Akali metals [ Halogens
group [ Akaline-earth metals  [[] Noble gases
! [ Transition metals ] Rare-earth elements (21, 39, 57-71) 18
1 0] Other metal and lanthanoid elements (57-71 only) 2
H| 2 Sl 13 14 15 16 17 | He
3 2 [ other nonmetals [ Actinoid elements 5 G 7 8 9 30
Li | Be B C N (0] F | Ne
1 |12 13 |14 |15 [16 |17 |18
Na|Mg| 3 4 5 6 7 8 9 10 11 12 | Al | Si P S | Cl| Ar
19 |20 |21 [22 A Z
K |Ca|Sc| Ti 151 173
37 [38 [39 |40 Sb —~ O Sb
Rb | Sr | ¥ | Zr 112 112 15 e T TE T o o 22 124
55 |56 |57 |72 Sn - 3— -%— -8— -g——' Sn
Cs | Ba| La | Hf 113 15 [
5 EU* N n " Nuclear reactions
Fr | Ra | Ac | Rf 110 T e s I [~ [116 5
oo [Helelolele [ | (1 )
%, beta decay (B)
58 10 *e e
lanthanoid series 6 Ag| —@
Ce
% N ——@) neutron capture
actinoid series 7 Th ) \_ Y,

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024.

INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

87



Solar system abundances INFN

Log, (Abundance)
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Figure 1.1: Solar abundance distribution normalised to Silicon at 10°, adapted from Lodders 2003. The
peaks in the distribution show the signatures of the different processes. The first peak around helium results
from the primordial nucleosynthesis. The second peak around iron originates from nuclear statistical
equilibrium and the following double peak structures from neutron capture processes.
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Fusion processes: light elements

Hi 'H 'H

, W'H
\/ \/
/l\v /l\v

H J'H HO QH

\/ \/
v/l l v

*He *He \

TSN

o N

4 .
) Protone He ( ) .
D Neutrone Raggio Gamma Y

Positrone Neutrino D

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024.

INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

89



Fusion processes: light elements
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Fusion processes: elements up to Fe INFN
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Logarithm of the relative
energy output (€) of proton-
proton (PP), CNO and Triple-

a fusion processes at different
temperatures (T). The dashed
line shows the combined
energy generation of the PP
and CNO processes within a
star. At the Sun's core
temperature, the PP process is

CNO Cycle

- more efficient.
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Main nucleosynthesis path INFN
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Figure 1.6: The s-process path. If a beta unstable isotope is reached, it decays back to the next stable
isotope. Stable isotopes are marked grey, and unstable isotopes white.

59, .. 60, .. 61, .. 62, ..
Ni Ni Ni Ni
|yprocess =P o
| ar 57 58 59 60 61
Co Co Co Co Co
f-process 3 -decay
56 57 58 59
Fe Fe Fe Fe )‘(F,»,)
. . o-decay

T Figure 1.5: Overview of the main nucleosynthesis paths along the chart of nuclides. In orange the fusion
contribution (chapter 1.2.3), in green the s-process path, in blue the r-process path (page 24) and in grey
the rp- and y processes (page 24). The s process and the y process are secondary processes, which depend
on certain seed isotopes, whereas fusion, the r process and the rp process are primary processes, which
are not dependent on prior nucleosynthesis. Adapted from Glorius 2013.

fusion
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Branching points and s-only isotopes INFN
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BRANCHING POINTS THE s-ONLY ISOTOPES

Branching points are isotopes or isomers on the s-process path, which undergo a -decay on the
same timescale as a neutron capture. This leads to a branching in the s-process path where some
of the mass flow follows the S-decay branch and the rest of the mass flow the neutron capture
path (figure 1.10).

The s-only isotopes are isotopes, which are created almost solely by the s process and are shielded
from other processes. These isotopes are often considered when comparing observations to sim-
ulations (figure 1.11).

F-decay
85 86 87 88 89
. 132 133 134 135 136 137
(ny) Sr Sr Sr Sr Sr Ba Ba Ba Ba Ba Ba
o-decay
N

83Rb 84Rb 85Rb 86Rb 87Rb 88Rb

131CS 132CS 133CS 134Cs 1SSCS 1SGCS

82Kr 83Kr 84Kr 85Kr 86Kr 87Kr 50 o 50 - v 7 -decay
Xe Xe Xe Xe Xe ’>_(;,»,)

NN N N L e

Figure 1.10: Branching point 33Kr along the s-process path. $3Kr has a half-life of about 10 years, which
would make it an excellent probe for s-process conditions, if all reaction channels would be known to
good precision. Stable isotopes are marked grey, and unstable isotopes white.
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176Lu level scheme INFN
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FIG. 6. Partial level scheme of "Ly, Spin and parity assignments of the 1’[411], 1‘ [523], g [4021, and £7 [514] pro-
ton orbitals coupled to the & > ~[514] neutron orbital in !®Lu. The assignments for the K =0 ;" [523] — [514] band are
considered as tentative. Assignments for a K ¥=2" vibrational band are included and the unassigned levels populated in
the (¢, «) reaction are shown on the extreme right. Gamma transitions assigned were taken from unassigned transi-
tions of Ref. 1. All levels shown are populated in the (f, «) reaction.
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176Lu physics case

‘The Decay Scheme of Natural Lutetium 176

JAMES R. ARNoLD AND THOMAS SUGIHARA*
Institute for Nuclear Studies, University of Chicago, Chicago, Illinois
(Received February 26, 1953)

HE nuclide lutetium 176 is of particular interest for two
related reasons; first, that it is the central member of one
of the four known triads of naturally occurring adjacent isobars,
and second, that its spin of at least 7 units! is the highest known.
Flammersfeld has reported a decay scheme for this nuclide,? in
which both K capture and B-decay appear, the ratio of the
branches being K/B~=2. The observed gamma-ray was placed
in the K branch, and its energy fixed at 0.260 Mev.

INFN

Istituto Nazionale di Fisica Nucleare
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(5567) (~1000)

176 4
72 flO‘l

FIG. 3. A partial level scheme of '"Lu, showing the posi-
tions and decays of the ground state and isomer at 122.9 keV.
The equilibration of these two levels could be achieved by way
of a level of intermediate spin, as illustrated in the figure.
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176Lu physics case INFN
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PHYSICAL REVIEW C VOLUME 44, NUMBER 6 DECEMBER 1991

176L.u: An unreliable s-process chronometer

K. T. Lesko, E. B. Norman, R-M. Larimer, and B. Sur
Nuclear Science Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, California 94720
and Center for Particle Astrophysics, University of California, Berkeley, California 94720

C. B. Beausang*
Nuclear Science Division, Lawrence Berkeley Laboratory, 1 Cyclotron Road, Berkeley, California 94720
(Received 17 October 1990)

A level scheme of '®Lu up to ~ 1400 keV excitation energy is deduced from a y-y coincidence experi-
ment and previously published particle transfer data. 170 y-ray transitions are placed between 85 levels.
We identify 27 previously unknown levels and 131 previously unknown transitions in '"®Lu. With this
y-ray data we place the energy of the isomer at 122.9 keV. A level at 838.5 keV (J"=57,1,,, <10 ns) is
found to decay with substantial strength to both the ground state (7, 4.08 X 10'° yr) and the 122.9 keV
isomer (17, 3.7 hr). The presence of this level guarantees the thermal equilibrium of *Lu®™ for
T>3X10° K and therefore during s-process nucleosynthesis. The resulting temperature sensitivity of its
effective half-life rules out the use of '"®Lu as an s-process chronometer. The use of '"°Lu to determine
s-process temperatures is discussed.

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 98



7Lu is one of the few naturally occurring radio nu-
clides that have survived from the era of nucleosynthesis.
Its present isotopic abundance [1] is 2.6% and its half-life

176Lu physics case

is 4.08X10' yr [2].
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Figure 1. s-process path in the rare earth element mass region. s-only process nuclides '7°Yb, '7*Lu and ' "®Hf are shielded from r-process contributions
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by '7°Er and !76Yb respectively. The s-process branches at '7*Lu if a significant population of the 3.68 h isomeric state occurs.
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176Lu branch in the s-process INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

L Ll L ] T Il T T ] T - I .
B P77 —— —
72| Hf %4 17683177 1783217941804
B %% B
Proton (p) 175517
N 71| Lu |Process -
E ~ . 7h |
o Z/}”M VIO 1A 12 F 134114 178
701 Yb
> I _
Z 169
O 69| Tm
6 -
- A T >
a 1662416732168 1704
@ 68| Er Fa
. 7= 1
s—Process T Process
1 | 1 . 1 1 1 1 L 1 1 1 1

98 99 100 101 102 103 104 105 106 107 108
NEUTRON NUMBER, N

Figure 1. s-process path in the rare earth element mass region. s-only process nuclides '’°Yb, '7*Lu and ' "*Hf are shielded from r-process contributions
by '7°Er and '7Yb respectively. The s-process branches at '’®Lu if a significant population of the 3.68 h isomeric state occurs.
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Experiments at the PW regime INFN
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Why laser

Nuclear Astrophysics in plasma environment - LNF, May 17th 202 i




Iy (Wem™2)

1021

10‘23

1022 E

102!

10%°

10"

Laser-matter interaction INFN

Istituto Nazionale di Fisica Nucleare
Laboratori Nazionali di Frascati

When a high intensity laser pulse (above 1018 W/cm?) is
focused in a spot of the order of a few microns on a target
placed in vacuum, a plasma consisting of electrons and ions
is created almost instantaneously.

o Target Normal Sheath Acceleration (TNSA): effective
in accelerating protons and light ions — a short laser
pulse interacting with the target front surface produces
a plasma made of ions and fast electrons.

o Coulomb Explosion (CE): optimized for clustered
gaseous targets, intensities in the range 1018 = 102°
W/cm? and 7 < 200 fs — an explosion may occur due to

the intense laser field that, extricating several electrons

1 10 100 from the molecule cluster, induces a high level of

ionization. Possible also for thin (1-10 nm), solid targets
or nano-structured targets

{1 (nm)
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When a high intensity laser pulse (above 1018 W/cm?) is
focused in a spot of the order of a few microns on a target
placed in vacuum, a plasma consisting of electrons and ions
is created almost instantaneously.

o Radiation Pressure Acceleration (RPA), or Laser
Piston regime: based on the action of the radiation
pressure induced in the interaction of a short laser
pulse, of extremely high intensity (above 102° = 102!
W/cm?), with a thin and dense pre-plasma layer
created, in front of a target, by the laser-pulse leading
edge. The plasma electrons are locally separated from
the plasma ions creating a strong accelerating field

which efficiently accelerates the ions in the irradiated

target area.
{1 (nm)
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Laser-matter interaction
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A precise control of the experimental conditions is
challenging with high-power lasers — variations observed
between experiments performed in conditions which would
seem similar at a first glance.

The scaling of the most important characteristics (such as
the energy per particle) with laser and target parameters is
still unclear to a large extent, despite the large number of
investigations performed.

10 100
{1 (nm)

Nuclear Astrophysics in plasma environment - LNF, May 17th 2024. 105



Experiments at the 10 TW regime
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Low-density target — one of the most effective way for

transferring energy from lasers to a gas target
occurs when the molecules in the gas are organized in

clusters

If the electromagnetic field is strong enough the cluster
atoms are ionized, and a Coulomb Explosion can take place.
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