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Talk Overview

Theoretical Modelling
ECR Plasmas as Stellar Testbench
Nuclear Astrophysics Interplay between plasma environment and nuclear decay rates

R- and S-processes Physics and properties of ECR plasmas Models as a tool to complement y-taggingresults
Rl o il il s ane e i\a/lea}surement of m-plasma decay rates using y- Extend theory to stellar interiors
element opacities ssins . '

_ , Extract plasma parameters from diagnostics data

Plasma diagnostics
Advance fundamental research into ECRIS operation




Elements of Nuclear Astrophysics
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Nucleosynthesis chart showing neutron-capture processes [ 1]

[1] G.Martinez-Pinedo, EMMI, GSI/Different Arts




Elements of Nuclear Astrophysics

S-process

R-process

Production sites: AGB stars

B-decay ¢4 MACS, neutron flux

Production sites: NS mergers and Kilonovae
KN Light curves, heavy element opacity
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[2] D. Kasen etal., Nature 551, 80-84 (2017).

[3] S. Taioli etal, ApJ 933, 158 (2022)




Electron Cyclotron Resonance Plasmas

Solenoids for
Axial confinement
Gas injection
Hexapole for system
radial confinement
Incident microwaves
7 ) few kW at tens GHz
Extraction "\-\
W ‘ , > \‘\
B_minimum” Magnetic Field N \, . ECR Surface
n,=10"-10" cm? ok
T,=0.1-100 keV

Schematic of ECRIS operation and global electron properties [4]

Electron trapping using B-min configuration

Longitudinal B-field m=) | Electrongyrationat w,.=eB/m, | == Interaction with R-polarised microwave —)

Electron heating

B-min configuration ——) Adiabatic invariant E— Electron trapping PLASMA

[4] D. Mascali et al, Eur. Phys.J. A 53, 145 (2017). =




Properties of ECR Plasmas

Electrons are heated to high energies (k57 between 0.1 - 100 keV)

Electron density n.reaches 10! - 1019 cm™ Stellar densities are much higher (12, n; ~ 1020 = 1022 cm®)

Ions are cold and stationary relative to electrons Both electrons and ions are energetic

N\ /

ECR plasmas can emulate stellar interiors to some degree

/7 N\

Energetic electrons ( keV) and radiation mteract

S Ions and electrons interact with each other and radiation to produce
with 1ons in NL'TE to produce CSD and LLPD L'TE CSD and LPD




PANDORA

Plasmas for Astrophysics, Nuclear Decay Observations and Radiation for Archaeometry

n. 102 - 10" cm?
T.: 0.01 - 100 keV
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Two grand classes of in-plasma phenomena to be studied:
- B-decay rates of radioisotopes in stellar atmospheres for s-process branching

- opacity of heavy elements in early-stage KN for r-process nucleosynthesis




y -Tagging and T, , Measurement

EF.CR magnetoplasma can be maintained in MHD equilibrium for days 1% Lu of 1018 c® (V,, =1500 cm?) E, - 202.88 and 306.78 keV
or even weeks
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Iso-significance contour plots for 176Lu isotope showing
measurement time required to overcome background, as a

Numerical simulations to determine detection efficiency function of lifetime and significance level [6]

according to chosen plasmamodel - 14 HpGe detectors [5]

[5] D. Mascali etal, Universe 8, 80, 2022

[6] E. Naselli, Frontiers In Phys., special issue (2022)



Plasma Diagnostics

Plasma Emitted Radiation
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sDD 1.0+ 30 keV Yolumetric soft X-ray Spectroscopy; Res, ~ 120 eV
warm elecirons temperaiure and density e, ~ 7%, gr, ~ 3%
HpGe 30 + 400 ke Yolumetric hard X-ray Spectroscopy: Res. ~ 200 eV
hard electrons temperature and density &, ~ 7%, e, ~ 5%
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Microwave Polarimeter K-band Faraday-rotalion measuremeni: €, ~ 25%
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X-ray pin-hole camera 2+ 15 ke¥ 2D Space-resolved spectroscopy Energy Res. ~ (0.326 ke¥
soft X-ray Imaging and plasma structure  Spatial Res. ~ 0.56 mm
Multi-pins EF probe + I+ 26.5 GHz Frequency-resolved Spactroscopy 5A Resolution bandwidth:
Spectrum Analvzer (5A)  (pobe] plasma emitted EM wave in GHz range RBW = 3 MHz
Multi-pins RF probe Il = 26.5 GHz Time-resolved X-ray Spectroscopy B Gs/s [soope)

+ Scope + HpGe [ probe ) time scales below ns




Plasma Diagnostics — Warm Electrons

High energy bremsstrahlung and contribution

from extraction plate
1500 mm Plasma chamber 743 mm
HpGe detecto B a—% Volumetric fluorescence and low energy
\ET// — ' bremsstrahlung emission
: DD detector =
Bending A

ITTLD camer>

magnet

2D space-resolved X-ray imaging (spectrally integrated and
photon counting mode)

FaNgday cup

Measuring ion currents (total and individual charge Schematic ofX-ray experlmental setup showmg

states) various detectors used and distances [7]

[7] D. Mascali et al, Rev. Sci. Instrum. 87, 02A510 (2016).
[8] E. Naselli etal, Condens. Matter 1, 0 (2021).
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2D X-ray imaging (top) and soft X -ray
spectrum (below) [8]
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ECR Plasma Modelling—Why?
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B-field surfaces in a plasma chamber with the closed

ECR surface [9]

X (m)

0.02 | argon, 10™ mbar, Debencen 2018 }

3D structure of 10ons from simulations - the anisotropy is a
direct consequence of non-homogenous electron distribution
12.84 GHz and complex particle transport [12]

L e — IPOTY
3 3D structure of electrons from simulations - the

spatial anisotropy and non-homogeneity with respect
Mode-like EM field structure in plasma chamber to density and energy are visible [11]

under vacuum [10]

[9] B. Mishra etal, Frontiers in Phys., spedal issue (2022)
[10] G. Tornsi etal, JEWA 28,9 (2014) [12] B. Mishra, EP] Web of Conferences, 2022.

[11] R. Racz et al, Plasma Sources Sci. Technol. 26, 075011 (2017)



ECR Plasma Modelling—Why?

ECR plasmas properties are non-uniform. Models can:

(1) Help calculate space-resolved decay rates and opacities
(2) Connect laboratory and stellar plasma theory

(3) Complement y-tagging results

(4) Couple with diagnostics for extracting plasma parameters

(b) Improve fundamental understanding of ECRIS devices



In-Plasma B-Decay Rates
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In-Plasma B-Decay Rates

NEUTRALATOM ION

Continuum decay
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[16] K. Takahashi and K. Yokoi, Nucl. Phys. A404 (1983), 578.

[17] J. Bahcall, Phys. Rev. 128 (1962), 3.



In-Plasma B-Decay Rates

. Contribution from both continuuman nd stat
e froo 2206 ’Be undergoes electron capture to’Li S TR o) G e (2 S

?Be
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"Be decay scheme [18]

[18] NNDC Nuclear Data Chart 15




In-Plasma B-Decay Rates

The lepton phase volume quantifies the number of ways a decay can occur. The phase volume changes with variations in atomic
configuration, depending on type of decay

Information needed: level probability distribution (LPD), orbital occupancy,
orbital electron wavefunction, decay energy and shape factor

(b) Shape factor describing
compatibility between
nuclear and lepton
wavefunction

(m)x(27

(e) Probability distribution of various (d) Occupancy of orbital (c) Larger of squared radial (a) Q-value of decay when
charge statesand levels of isotope contributing to certain component of electron isotope in (i,j) charge state
decay withinrelevant wavefunction evaluated on and level configuration
ionic configuration nuclear surface

[16] K. Takahashi and K. Yokoi, Nucl. Phys. A404 (1983), 578.




In-Plasma B-DecayRates , ... . .. ./ s s

The decay energy depends on not just the difference in nuclear masses, but on
the overall system energy which includes atomic/ionic energy

Information needed: energy of different atomic configurations of
parent system and coupling with daughter system

7Be0+ 7Li0+
Continuum Continuum

li10

’Be - Li level coupling
lisp schematic for K- and L-shell
capture (neutralion)

li3s

li2p

All configurations should have at No selection on daughter configuration
least one K-shell electron K-shell vacant states autoionising

K-SHELL CAPTURE

7Be0+ 7Li0+
A
Continuum Continuum
04g10 1i10
E 04g05 / 7 li3p
) e y .
04g04 Vs _ li3s
) \ A
04g03 /4] AR li2p
< A
04g02 ‘ , li2s

All configurations should have at No selection on daughter configuration

least one L-shell electron L-shell vacant states autoionising



In-Plasma B-Decay Rates

Energetics 'Be - ’Li electron capture Energetics "Be - 'Li electron capture
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In-Plasma B-Decay Rates

Conservation of total angular momentum implies that only certain electron orbitals can Information needed: spin-parity of electron orbitals and
interact with the nucleus, depending on the spin and parity of the decay decay transition
1 form = a, nu and x = nsy;», np»
.
q- form = uand x = nsy,n, np1)n
(m)x —

Q/RE form = wu and x =np3/, nds;»

0 otherwise.

[16] K. Takashi and K. Yokoi, Nuclear Physics A404 (1983) 578




In-Plasma B-Decay Rates

The probability of electron capture from bound states depends on the square of the
radial component of the orbital wavefunction evaluated on the nuclear surface

Radial component of Dirac equation — Coupled differential equations

dP(r) & V-« dQ(r) K V —e
0 ) - (20 TS Ye S =200+ () P
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e\ 112 q
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e\ 12 ¥
Q(r) = (—?) E(%) e PPN Py 4+ (N — k) FY)
(e iy

[18] V. M. Burke and I. P. Grant, Proceedings of the Physical Society 90 (1967) 297

Information needed: formalism for radial wavefunctions of
different orbitals

Electron wavefunctions 7Be
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In-Plasma B-Decay Rates

The probability of electron capture from bound states also
depends on the occupancy of the relevant orbital

li2slevelin’Be'*-2e"in1s, 1e'in 2s
1s,,, occupancy = 1

2s,,, occupancy = 0.5

2p,,, occupancy = 2p;,, occupancy =0

7Be”1* LPV analysis
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Information needed: Occupancy of relevant orbitalsas a
function of the level configuration and ion charge state
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be quite pronounced for some
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groups based on similarity in lepton
phase volume - computational
advantage




In-Plasma B-Decay Rates

Information needed: CSD and LPD of ’Be for various n, and T,

The ion CSD and LPD strongly depends on electron density and temperature .
(calculated using FLYCHK)

7Be’* Level Population Distribution

7Be Charge State Distribution . — leT-2st CSD and LPD calculated lfsmg grid of density and
— keT.=2eV -- keTe=42eV temperature valuesin FLYCHK under LTE
— keTe=22eV " i i
07| 10 approximation
0.6 , o
% 7’Be®* Level Population Distribution
0.5 "'; 1074 102 \
a
> N/ A Ll N N
= 10-12 R L e
204
]
n A
g 10—1! \\ 10—20
& 0.3 B A M
10-16 “.\ ___________ e gl — kaT.=2eV
0.2 . 4 — keT.=22eV
04g02 04g04 04906 04908 04g10 £ 10732 - kgTe=42eV
Level &
0.1 1047
0.0 LPD of 7Be* and 7Be?* for different temperatures as 1056
) ‘ ‘ ‘ | | calculated by FLYCHK (no effect of density)
0+ 1+ 2+ 3+ a4+ 10-65
Charge State

CSD of ’Befor different temperatures as calculated by FLYCHK (no effect of density) hyl hy3 hyS hy7 hyo hyll hyl3 hyl5 hyl7 hyl9 hy21 hy23 hy2s




In-Plasma B-Decay Rates

’Be Ty ’Be Decay Branching Ratio
140 -
0.11651
120
o 0.11650
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Plasma electron temperature (eV) Plasma electron temperature (eV)
Ty, calculated = 47.4 days T,/, measured [7] = 53 £ 6 days

’Be ground state (neutral and 04g02 level config)

Branchingratio=11.6% Branchingratio=10.7+ 0.2%

[19] G.J. Matthews, R.C. Haight, R.G. Lanier and R.M White, Physical Review C 28 (1983) 2




In-Plasma B-Decay Rates
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[16] K. Takahashi and K. Yokoi, Nucl. Phys. A404 (1983), 578.



Self-Consistent Steady-State Electron Simulations

Schematic of COMSOL Multiphysics© + MATLAB©
self-consistent numerical modelling for electrons
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[13] D. Mascali et 2/, EPJ D, 69:27 (2015)
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[14] A. Galatd et al, Plasma Sources Sa. Tech. 25, 045007 (2016)
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Self-Consistent Electron-lon Simulations

BUFFER IONS BALANCE EQUATION:
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Particle transport
under EM fields with
collision togenerate
3D spatial distribution

(occupation maps)

Constant monitoring
of loss/gain of
macroparticles

betweenvarious levels
to calculate relative
weight of each level

Forward reactions —
ionisation, excitation,
absorption
Backward reactions —
charge exchange, de-
excitation,
spontaneous emission

N macroparticles
Initial r, v, reaction parameters
B field
ION, CEX and OCC maps
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[10] B. Mishra et a/, Frontiers in Phys., special issue (2022)




Self-Consistent Electron-lon Simulations
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Self-Consistent Electron-lon Simulations

MONTE CARLO SAMPLING CSD AND DENSITY SCALING
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[9] B. Mishra etal, Frontiers in Phys., special issue (2022)




Self-Consistent Electron-lon Simulations
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Self-Consistent Electron-lon Simulations

Current (A)
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m/q

Experimental s pectrum of Ar ion current [15]

L=105mm

®. =11 mm
<N> =Mean density in region of potential dip

[9] B. Mishra etal, Frontiers in Phys., special issue (2022)

[15] S. Biri et al, Rev. Sci. Instrum. 83, 02A431 (2012)
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Self-Consistent Electron-lon Simulations
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E.CR plasmas models can advance fundamental research in ECRIS operation

[9] B. Mishra etal, Frontiers in Phys., special issue (2022)




|sotope-Plasma Simulations

Same PIC-MC simulation scheme as for plasma ions, but with different balance equation
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Soft X-Ray Diagnostics Models

X-ray fluorescence image from SPhC algorithm Pt . =
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[20] B. Mishra et a/, Phys. Plasmas, (2021)

[21] B. Mishra et al, Condens. Matter, (2021)
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Soft X-Ray Diagnostics Models

X-ray spectrum from SPhC algorithm
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Conclusions and Future Perspectives

ECR plasmas can be reliable systems for emulating stellar environments and reactions thereof
Experimental activities can be complemented by ECR plasma models for optimised analysis
Self-consistent steady state routines developed to describe electrons, ions and radio-isotopes in plasma
In-plasma decay rate formalism already developed

Plasma models (soft X-ray) can also be used to extract electron and ion parameters from spectra

Models useful not only for application like PANDORA but also for fundamental ECRIS research
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Electron Diagnostics — X-Ray Spectroscopy - Volumetric

Bharat Mishra— ECRIS Workshop —14 Oct 2022
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Electron Diagnostics — X-Ray Spectroscopy - Volumetric
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Electron Diagnostics — X-Ray Spectroscopy - Fluorescence

Objective: Launch electron simulations for higher energy ranges and compare model-generated maps with experiment again

SECOND ATTEMPT
DATA: Debrecen 2018

Electron data stored in 7 new intervals:
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Electron Diagnostics — X-Ray Spectroscopy - Fluorescence
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« Local geometrical efficiency

[9]S. Biri et al, JINST 16, P03003 (2021)
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Electron Diagnostics — X-Ray Spectroscopy - Fluorescence

Space-resolved K-Shell ionisation Local geometrical Generating image of X-ray map on CCD — 1024x1024 pixels
energy density cross-section efficiency
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Electron Diagnostics — X-Ray Spectroscopy - Fluorescence
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Conclusions:

New method for resolving plasma non-homogeneity established,
allowing quantitative study of EEDF on a ROI-by-ROl basis

Match between experiment and model much better for Debrecen
2018 as compared to Debrecen 2014 —electron density on correct
order of magnitude, general features reproduced

Some aspects not reproduced —notably the hole in the centre —can
be attributed to incompleteness of electron simulations

Only 3 magnetic branches visible in experiment —may be attributed
toion density distribution, incomplete implementation of
clusterisation

Upgrades underway:
+ Update PIC code to generate realistic electron and ion maps
* New correct emission rates using space-resolved EEDFs

+ Implement features like mesh and clusteringin CCD
projection

* Formalism to obtain fluorescence + bremsstrahlung from
specific regions at CCD for more complete benchmarking
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Use grouped levels as super-groups for calculating reaction rates
Variations within each super-group do not affect decay rates significantly—only ratio of

populationin each does

Reaction rate matrix to be solved till steady-state —final population represent plasma

equilibrium

Only parent system can

be studied
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