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2Motivations and Physical Background

ü Laboratory magnetoplasmas in compact traps are historically used for ion beams production

ü  Laboratory magnetoplasmas are also suitable and interesting for fundamental physics researches!

Fundamental 
plasma 

investigation

Ion Beams Production
for Accelerators

D. Mascali et al., Universe, 2022, 8(2), 80
D. Mascali et al., EPJ-A , 53, 2017, 7

Fundamental  nuclear  
astrophysics  research
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From a 
laboratory 
ECR ñPlasma 
starò toé

Efforts at INFN since 10-15 years to 
make an innovation of research goals, 
methods, instruments Ą use of 
plasmas for fundamental science 
and applications

Divertor Tokamak Test: 
LNS is partner of the 
Consortium

in Plasma

ȁ-decay 
accelerates in 
hot plasmas!!

New heating 
and 

diagnostics 
technology for 

Fusion
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Contribution (official 
sites with budget and 
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INFN - Perugia

INFN ςLNS

Contribution (official 
sites with budget and 
local responsible)

PANDORA project is founded by INFN 
(National Institute of Nuclear Physics)
The collaboration includes 34 
departments/laboratories in Italy and Europe

4The PANDORA Collaboration

SAMOTHRACE(SiciliAn
MicronanOTecHResearch And 
innovation CEnter) Ecosystem 
funded by the EU Next Gen Program 

Innovative R&D for Plasma Diagnostics:
Detectors and technologies for Fusion Power 
(Energy)

Production of new isotopes (from metals) 
for Quantum Technology manufacturing 
and optimization

IRIS
2.0



Elements of Nuclear Astrophysics

Nuclear astrophysicsdeals with
the quantitative and qualitative
explanation of the elemental
abundance.

Elements till 56Fe (iron peak) are synthesised
through successive thermonuclear fusionreactions

99% of elements beyond the iron peak are produced 
through neutron capture reactions



Neutron Capture Processes

Chart of nuclei and nucleosynthesis pathways. R-process takes place far from 
the valley of stability and proceeds through waiting point nuclei.

T.R. Rodriguez, J. Phys. Conf. Ser. 503 (2014)

Slow Neutron Capture (s-process)

Å Neutron density around 105-6 cm-3 from either 13/όʰΣƴύ16O
or 22Ne(Ŭ,n)25Mg reactions

Å Űn ~ [d to yrs] competes with Űȁ[d to yrs] to synthesise
60<A<208 elements in equilibrium

Å Takes place inside AGB stars(main branch) and massive 
stars (weak branch)

Rapid Neutron Capture (r-process)

Å Takes place in core collapse supernovae(CCSNe) and 
neutron star mergers(NSM)

Å Neutron density >1020 cm-3

Å ṉ ~ [s] synthesisesthe heaviest element along each 
isotopic chain till freeze-out, followed by decay to stability



The Problem

Slow Neutron Capture (s-process) Rapid Neutron Capture (r-process)

Abundance of isotopes, particularly at 
branching points, depends on
ÅMaxwell Averaged Cross Sections (MACS) 

of neutron capture and
Å -̡decay rates

Kilonovalight curve analysis can furnish 
details on r-process nucleosynthesis, but 
modelling light curves requires knowledge of 
elemental opacity

Stars and neutron star merger ejecta as plasmas: 
How sure are we about these quantities in a 

plasma environment? B.D. Metzger, Kilonovae. Living Rev Relativ 23 (2020)
D. Watson et al. Nature 574497-500 (2019)

S. Palmerini et al, ApJ 921, 7 (2021)



Isotope T1/2 (yr ) Eg (keV)

Make b-decay measurements  in plasmas of 
astrophysical interest: many isotopes can change their 
lifetime of several order of magnitude when ionized!!

COSMO-
CHRONOMETER
reproduction of 134Ba, 
136Ba s-only isotope 
yields

Solving the puzzle about the contribution of s -
processing to 94Mo: ͉ -decay or binary stars

PANDORA main goal:Investigating b-radioactivity in a «stellar» 
environment

Direct implication  on 
branching points in s-
process  
nucleosynthesys chain 
competition of neutron 
capture vs b-decay

Takahashi et al. 1987, Phys Rev C 36, 1522.

The effect is mainly driven by the opening of a new 
decay channel: the bound state beta decay



Ą -͉decay occur  with hugely different  lifetimes  in a plasma: this has a huge impact in stellar nucleosynthesis chains

Ą COSMOCHRONOMETERS: 187Renium, 176Luthetium, etc

The cases of 187 Re or 176Lu are quite  impressive :
Ą Neutral atoms have lifetime of >30 billions  of years,
In can be reduced  to 30-40 years only  if in plasma-highly ionized state!

 A BILLION OF TIMES SHORTER!!!

14C: for dating of fossils
   T1/2 = 8267 years

187Re: dating astrophysical  or 
cosmological  objects
 T1/2 = 42 billios of years!

NUCLEOSINTHESIS

sulla Terra in Plasma

https://www.nasa.gov/multimedia/imagegallery/iotd.html

Other Astrophysical implications of ̡-decays in plasmas



Magnetic traps for hot plasmas 
excited by e.m. waves

Variation wi th Te stronger than wi th śo Ɂstel lar 
ef fectɂ can be model led in ECR plasmas 

Nu cleosyn thesis 

in star s

Te = 0.1-100 keV in a lab. 
M agnetoplasma

Additional Goal
Å Measuring plasma opacity 

relevant for compact binary 
ejecta (Kilonovae)

PANDORA: A New ECRIT ςECR Ion Trap for ̡-decay measurements in plasmas

t
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HpGe detectors

-͊rays
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! ŎƘŀƭƭŜƴƎŜ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ άŦǳǎƛƻƴ ŘǊŜŀƳέΧ

The triple product of density, 
magnetic field and 
temperature for obtaining 
fully -stripped heavy ions is 
ƣőĲШƚċůĲШŸŉШљfŊŰŔƣŔŸŰњ



BROAD RANGE OF 
TEMPERATURES AND 
DENSITIES

ÅPlasma   temperatures and densities 

range from relatively cool and tenuous 

(like aurora)  to very hot and dense 

(like the central core of a star)

ÅThe word "PLASMA" was first 

applied to ionized gas by Irving 

Langmuir, an american chemist and 

physicist, in 1929. 



Magnetic fields intrinsically force charged particles to reduce freedom 
degrees: electrons spiralyze around the field lines and can be trapped 
for several ms in mirror machines or toroidal structures.  

Magnetic Confined plasmas

MIRROR STRUCTURES 

have axial symmetry and 
can be produced by 
sequences of room 
temperature or SC coils. 
They are commonly used 
in ion sources field

TOROIDAL 
CONFINEMENT

is typical of Fusion 
Machines like TOKAMAKS 
or STELLARATORS
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How do plasmas can be 
confined?

Thermonuclear reactors and Ion 
sources are typically based on 
magnetic confinement 15



Electron Cyclotron Resonance:

The ELECTRON CYCLOTRON FREQUENCY 
ɤC :

ɤC =eB/m

16
Microwaves

Coils

Hexapole

PlasmaɤRF =ɤC =eB/m

PRINCIPLES OF QUASI-AXYSYMMETRIC ECR 

TRAPS

https://github.com/Jue-Xu/Plasma_in_magnetic_mirror



Fundamentals of Beta decay theory



Fundamentalsof -͉Decay

Lepton phasevolume

Å Describes the volume of the phasespace 

(position +momentum) that can be 

occupiedbythe electron-neutrino pair

Å Dependsonelectronic configuration of 

atomicshells

Nuclear Matrix Element (NME)

Å Indicates the transition strength

Å Dependsonthe levelsof the parentand daughter 

nucleus,and selection rule

Å Purely nuclear in nature, no dependenceon 

electronic configuratiion

Å fL(Z',Q0)T1/2 is connected to the NMEand is independentof atomic configuration

Å If fL(Z',Q0)changes,T1/2changesaswell keeping the product constant

Å NMEis expressed andrecordedin literature as log ft value

Decayhalf-life

Recent Progresses of -͉decay theory in plasmas



General Model of In-Plasma ̡-Decay

-̡Decay Rates of 
Individual Ions

Ion Charge State 
Distribution in Plasma

In-plasma rates

Å Uniform plasma with fixed ne and kBTe

Å Non-uniform plasma with space-
resolved ne and kBTe

Decay rate In uniform 
plasma (ex. stellar interior)

Calculated with 
appropriate plasma model

Decay rate in laboratory 
plasma (ex. PANDORA)

By validating the model with PANDORA, the parameters can be modified to reflect the stellar plasma and 
calculate in -plasma -͉decay rate in s-process nucleosynthesis sites.



Orbital Electron Capture Decay in 7Be for ij configuration

Orbital EC decay to 7Li

Lepton phase volume for charge state i and level j

Configuration-Dependent Decay Rate

NB: 7Be is considered for PANDORA phase 2, but it was taken as first 
isotope for decay estimate due to small number of electrons and its 
relevance in cosmology and solar physics



Orbital Electron Capture Decay in 7Be in uniform plasma

Configuration-Dependent Decay Rate Ion CSD in uniform plasma with 
ne=1012 cm-3 and varying kBTe

Calculated with FLYCHK under LTE 
and NLTE conditions

In-plasma orbital EC rate

Results highlight that in -plasma decay models designed for LTE plasmas (ex. DHF) will predict wrong values in 
NLTE plasmas like PANDORA. The new model is universal and can be applied to both systems.



Calculating decay rate: (3) Rateɚ and T1/2

Simplified formalism

Onlyone charge state consideredhence no CSDand LPD(no p(ij)).

Also,onlya single transition (m) considered

log(fm0T1/2) = 4.99

163Dy66+BSBDT1/2 calculatedbyLiu et al 163Dy66+BSBDT1/2 calculatedby this model = ln2/ɚ*(ij)=49.77d

B      S       B.     D inFully-IonisedSystem:163Dy66+ӛ163Ho66+

-4
163Dy66+BSBDT1/247+5 d measuredbyJunget al
[M. Jung,F.Bosch et al, First Observation of Bound Stateɓ-

Decay, Phys.Rev.Lett69, 2164 (1992)]

Bound State Beta Decay in heavier nuclei
Calculations  are now 
almost  ready for 
134Cs, that  is in the 
PANDORA shortlist  !!
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MAIN SUBSYSTEMS UPDATES: Trap procurement

The magnetic  system,  fully  superconductive , consists  of:

1. #3 axial coils that generates the axial magnetic field;

2. #6 hexapole coils that generates the radial magnetic field.

It will enclose a plasma chamber with :

Å inner radius RCH_IN = 140 mm
Å length L = 700 mm .

TheÂ  ?§Å ќƚtrap hasbeen designedto operate at 18+ 21GHz.

MAGNETIC FIELD REQUIREMENTS
Binj max @ z = - 350 mm 3 T

Binj operative range 1.7 T ɬ3 T

Bext max @ z = 350 mm 3 T

Bext operative range 1.7 T ɬ3 T

Bmin @z = 0 mm 0.4 T

Bhex @ RCH_IN = 140 mm 1.6 T

Lhe Free

Warm Bore radius 150.5 mm

Distance between mirrors 700 mm

Stray field (as above 
specified)

Less than 0.2 T

(LNS ACTIVITY)
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Detail of radial containment 
brackets 

MAIN SUBSYSTEMS UPDATES: Trap procurement
Competitor #1 -Executive Design

Both the competitors are able to 
provide the total number of 
requested holes

Different solutions in SC wire alloys, 
clamping, etc
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Different microwave injection schemes :
- ñSingle -Frequency ò mode: only one

amplifier is used.
- ñTwo -Frequency Heatingò(TFH) and

ñTwo-Close -Frequency Heatingò

(TCFH) scheme mode, also with the
possibility to vary the power ratio between

two microwave amplifiers :.
- ñThree-Frequency -Heating ò mode

from the three Klystrons

Klystron 2
17.3-18.1 GHz

2.4 kW
Klystron 1

17.3-18.1 GHz
2.4 kW

Klystron 3
21 GHz
1.4 kW

Silver plated low -losses
Waveguides branching

GREEN: already purchased
YELLOW: planned to be procured in 
2024

MAIN SUBSYSTEMS UPDATES: RF system

required total microwave 
power PMW 4 kW 

PANDORAECRplasmoid
volume ~ 3 l

Target power density of 1.38 kW/l 

љĦŸůƓũŔċŰƣњШƽŔƣőШƣőĲШ
planned total amount of 

power delivered by the three 
klystrons  6 kW

to reach high charge states

(LNS ACTIVITY)



27The plasma diagnostics

Method:  ECR plasmas emit radiation  from microwave to hard X-rays and this radiation can be used to investigate plasma parameters in different regimes;

Multimessenger Astronomy Era:

Ą Exploring the Universo across 

the EM spectrum
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E. Naselliet al., Journal of Instrumentation 14(2019) C10008

PANDORA plasma multidiagnostics  systems

Typical  diagnostic  in ECRIS
In the frame of the PANDORAproject an innovative multi -diagnostic approach to 
correlate plasma parameters to nuclear activity has been proposed. This is based on 

several detectors and non-invasive techniques (Optical Emission Spectroscopy, RF 
systems, InterferoPolarimetry, time- and space-resolved X-ray spectroscopy),

allowing detailed  investigations  of magnetoplasma properties .

X-ray imaging and space resolved spectroscopy: Motivations and Physical Background ςThe PANDORA Multi-Diagnostics System



PANDORA trap as facility for Nuclear Astrophysics studies
Online plasma multidiagnostic
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Analyzing Magnet + Faraday cup

Experimental Setup ς Multi-diagnostic System

E. Naselli et al., Journal of Instrumentation (JINST) 14, 2019, C1008

Typical Electron-Cyclotron-Resonance (ECR) ion source
Ext. Beam diagnostic

High Resolution
Spectrally -resolved

X-ray Imaging

Polarimeter


