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Abstract

We present updates of a simulation suite to model in-
plasma ion-electron dynamics, including self-consistent elec-
tromagnetic (EM) wave propagation and population kinet-
ics to study atomic processes in ECR plasmas. The EM
absorption is modelled by a heuristic collisional term in
the cold dielectric tensor. The tool calculates steady-state
particle distributions via a full-wave Particle-In-Cell code
and solves for collisional-radiative process giving atomic
and charge state distributions (CSD). The scheme is general
and applicable to many physics’ cases of interest for the
ECRIS community, including the build-up of the CSD and
the plasma emitted X-ray and optical radiation. We present
the code’s last updates and future perspectives, using as a
case-study the PANDORA scenario. We report about study-
ing in-plasma dynamics of injected metallic species and
radioisotopes ionisation efficiencies for different injection
conditions and plasma parameters. The code is capable of re-
constructing space-resolved plasma emissivity comparable
to measurements and modelling plasma-induced modifica-
tion of radioactivity.

INTRODUCTION

Electron cyclotron resonance ion sources (ECRIS) are
widely used in accelerator facilities around the world to pro-
vide high current ion beams with charge states tuned accord-
ing to experimental requirements. They operate on the dual
concept of resonance heating with microwaves and magnetic
confinement using a min-B profile that generates a compact
and dense plasma composed of energetic electrons and multi-
charged ions. In a complementary way, ECR ion trap can be
also serve as a facility resembling stellar plasma conditions,
useful for performing interdisciplinary experiments interest-
ing for nuclear physics, atomic physics and astrophysics [1].
While operational ECRIS are often designed using empirical
scaling laws [2], the physics of plasma leading the ion gen-
eration process as well as the charged particles’ dynamics
in it is really intricate due to the multi-physics interactions
between static and dynamic electromagnetic fields and par-
ticles. Simulations are a powerful tool to investigate the
microscopic structure of ECR plasma and improve our fun-
damental understanding of these devices thereof. In the
following, various aspects of space-resolved 3D full-wave
Particle-In-Cell (PIC) model developed to study the ECR
plasma properties and therein particle interactions are pre-
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sented in detail. The description of the code will follow a
schematic simulation pipeline: a first-level high-precision
input given in terms of steady-state electrons distributions in
the simulation domain; in cascade, a second-level input will
be given by computing steady-state ion charge distribution
in plasma imposed by the pre-simulated electron dynamics;
finally, external neutral/charged particles interaction with the
electron/ion distributions is studied aiming at reconstructing
their in-plasma reactions.

PLASMA ELECTRONS DYNAMIC
SIMULATIONS

The ground level of the 3D full-wave electron PIC code is
a set of routines employing MATLAB® as a particle pusher
and COMSOL Multiphysics® as a FEM solver to gener-
ate 3D profiles of electron density (n.) and average energy
(E.) self-consistent with EM field distribution [3,4]. The
electrons simulation implies a looped scheme where initial
macro-particles are first moved and energised by the EM
field distribution of the microwaves injected into the vacuum
chamber, generating a first density profile based on the dielec-
tric tensor treatment in cold plasma approximation. Then,
fields are recalculated based on the updated electron den-
sity, including long-range Coulomb collisions for catching
both particles’ deterministic frictions and random diffusion,
till convergence between the particle and field profiles is
reached. A flowchart representing the simulation scheme is
shown in Fig. 1(a). The algorithm has been applied to vari-
ous types of ECRIS configurations [5-8], and is an excellent
tool to produce space- and energy-resolved distributions of
ne and E,. Figure 1(b-c) shows a comparison of E, obtained
from the simulations of a 14.28 GHz, 200 W ECRIS opera-
tional at ATOMKI, Debrecen and of a 14.428 GHz, 100 W
ECRIS operations at INFN-LNL, Legnaro, hereafter LEGIS.
In both ECRIS distributions are strongly space-dependent,
owing to differences in shape and size of the plasma cham-
ber, microwave frequency and power. The data in these
plots represent the source maps which form the basis of
ion dynamics calculations. We have recently attempted to
overcome the cold plasma approximation in the EM wave
damping in plasma. Preliminary results of the developed 1D
semi-analytical model of EM wave propagation including a
hot tensor plasma response have been presented. The study
allowed to investigate on the coupling of antenna-generated
60 MHz fast X-waves to realistic plasma fusion scenario
within the Divertor Tokamak Test (DTT) project. Consid-
ering linearised Vlasov-Maxwell equations, stationary and
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Figure 1: Schematic PIC loop for electrons (a). Electron mean energy [keV] 3D distributions for the ATOMKI ECRIS
(Debrecen, Hungary) at 14.28 GHz and 200 W of RF power (b) and the LEGIS ECRIS (Legnaro, Italy) at 14.428 GHz and

100 W of RF power (c).

homogeneous plasma, with no strong EM perturbations, and
in a collision-less scenario, we could model the electron Lan-
dau damping of the wave imposed by the expected plasma
profile. Details can be found in Ref. [9]. Efforts to adapt
the hot tensor description in ECR plasma-based devices are
ongoing.

PLASMA IONS DYNAMIC SIMULATIONS

The second level of simulations allows to model ECR
plasma ions properties using a PIC Monte Carlo (MC) code
which takes as input steady state n, and E, maps from elec-
tron PIC outputs to compute the corresponding steady-state
ion maps, based on the following ion balance equation:
A Ni—1Yi-1,i=MiYi,i+1 01 nEiyy i—ninE; ;—1— G
e NeTi

with n; the ion number density of charge state i, y the electron
impact (EI) ionisation rate, n = ng/n,. the neutral gas over
electron density ratio, E the single-electron charge exchange
(CEX) rate, and 1; the characteristic confinement time of the
charge state.

The flowchart representing the PIC-MC simulation
scheme is shown in Fig. 2. For each charge state i, N rep-
resentative macro-particles are sampled according to an
ionisation map and moved in a collisional plasma. Dur-
ing their transport, EI and CEX ionisation are considered
via MC routine, and the trajectories of remaining particles
mapped to occupation maps. At intermediate time steps,
accumulated maps are extracted, properly scaled to charge
density maps, solving via the Poisson equation for the local
charge unbalance imposed by the self-built up electron and
charge-state distribution (CSD). The solution will provide
the self-generated electric potential map, thus the related
electrostatic field components acting to equilibrate the charge
unbalance and serving to the formation of the well-known
double-layer (DL) confinement close to the ECR surface.
At the end of the PIC simulation for each i, occupation maps
are converted into density maps using charge neutrality and
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Figure 2: Schematic of PIC-MC loop for ions.

a proper scaling accounting for all the forward (backward)
atomic processes in the CSD built-up.
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Figure 3: Volume averaged reaction frequencies for EI and
CEX process as function of the charge state g for ATOMKI
(a) and Legnaro (b) ECRIS. Mean charge distributions for
Argon (c) and Oxygen (d) buffer ions in ATOMKI and Leg-
naro, respectively.
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This allows to generate the CSD which converges to the
true steady-state value as more charge states are simulated.
An example of the utility of the PIC-MC code can be seen
in Fig. 3(a-b) which shows the EI/CEX average reaction
frequencies vs. ¢ charge state for Ar (O) buffer ions for
ATOMKI (LEGIS) ECR sources, respectively, correspond-
ing to E, shown in Fig. 1(b-c). Not only the different gas
species plays a role in a different trend of reactions as a
function of ¢, but also the different operative conditions (RF
power, gas pressure, geometry, frequency) impact on the
q where one of the processes overcomes the other. Such
predictions might help ECRIS operators in fine-tuning the
CSD accordingly to the expected atomic physics occurring
in plasma. In Fig. 3(c-d) the different mean-charge distri-
butions are shown for ATOMKI and LEGIS, respectively.
More details on the algorithm, its various components and
conclusive results are present in Ref. [4]. Experimental
benchmark of the ion dynamics from PIC-MC simulations
can be provided by comparing the predicted ion current as a
function of charge state (current profile) with its counterpart
read at the Faraday cup. The ion density n; is the given input,
then the simulated extracted current is given by:

LS(n;)q;e
(2\tigie

T

i = , ey
with « the transmission factor, L is the semi-plasma length
and S is the area of the extraction hole. A critical param-
eter in Eq. (1) is the confinement time 7; given as the re-
ciprocal sum of ambipolar diffusion and electrostatic con-
finement time. The latter arises from the electrostatic DL

(a)

0.25 —
[ —Exp
|-o- sim

Current (mA)
°
-
@

°
-
~

P TR SE T N
e

1+ 2+ 3+

4+ 5+ 6+ T+
Charge State

Current (mA)
°
a
7}
7

°
=

°
°
)

0 . . . .
4+ 5+ 6+ 7+ 8+ 9+ 10+
Charge State

1+ 2+ 3+

Figure 4: Experimental vs. simulated extracted ion beam
current for the ATOMKI ECRIS, including only ambipolar
diffusion (a) or both ambipolar and electrostatic confinement
(b).

self-generated in the PIC-MC simulation and predicted to
exist in ECR plasma [10]. Figure 4 shows a comparison of
TUBI
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the current profile extracted from the ATOMKI ECRIS and
that simulated using the PIC-MC code and Eq. (1). As can
be observed, the general trends and overall magnitude of the
current are decently reproduced only if the electrostatic con-
finement (in Fig. 4(b) is included in the confinement time,
underlining the reliability of the model usable to predict ion
beam currents in other ECRIS designs.

IN-PLASMA DYNAMICS OF
INJECTED RADIOISOTOPES:
STUDY OF IONISATION AND

NUCLEAR DECAY RATES

In the upcoming years a new facility currently under con-
struction at the INFN-LNS in Catania, Italy, will be available
to perform in-plasma inter-disciplinary experiments. The
PANDORA facility [1] aims to use a compact and high-
energy density ECR magnetoplasma as a stellar emulator
for in-plasma measurement of nuclear decay rates and heavy
element opacity. Both these quantities depend on ion CSD
and electron properties [11, 12] and which are expected to
vary strongly in the plasma. Here we present two appli-
cations of interest for the PANDORA physics cases of the
PIC-MC simulation tool described in the previous sections.
Plasma-induced decay rate modification is a cornerstone of
the PANDORA facility. In-plasma -decay rates are given
by A* = (In2/ft) f* where ftis related to the nuclear matrix
element of the decay, according to the Fermi theory of the
nuclear decay, and f* is the lepton phase volume calculated
in the plasma. Accordingly to Ref. [11], the in-plasma decay
rate can be strongly influenced by the presence of empty
atomic inner shells, entering in the so-called bound-state 3
decays (e~ emitted in a bound free shell) or decaying via or-
bital electron capture (picking up e~ from bound electrons
in the inner shells).

Such dependency is therefore strongly connected to the
in-plasma CSD and atomic level population, biased by the
thermodynamics of the radioactive isotope in plasma and
the ongoing atomic processes (ionisations and excitations).
The probability distribution of the radioactive ions in the
plasma and can be calculated using the ion PIC-MC code
with an extended balance equation including all collisional
and radiative processes [13]. The application of this method
can be seen in Fig. 5(c-d) which shows the ’Be mean-charge
distribution following the ionisation dynamics after injec-
tion of "Be!* in the LEGIS plasma oxygen at 5 x 107>
mbar pressure (c) and the related 3D variation (up to 50
%) in the electron capture half-life #1/, of "Be ions (terres-
trial 712 ~ 55 days), as expected from theoretical calcu-
lations [14]. The "Be decay into 'Li via electron capture
is one of the PANDORA physics cases, interesting for the
cosmological lithium problem and for its impact on the pri-
mordial nucleosynthesis. Another interesting case is the
134Cs isotope (terrestrial 7 /2 ~ 2 years), as being a key nu-
clei in a branching point of s-process nucleosynthesis in
massive stars. Its S~ -decay rate change in plasma could
be observed in PANDORA via a dedicated HPGe detectors
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Figure 5: Deposition rate maps of caesium isotope (**Cs) thermal evaporation (420 K) via resistively heated ovens and
after in-plasma ionisation, with (a) and without (b) hot screen (liner, simulated at 800 K) at the plasma chamber wall.
Mean-charge distribution of "Be in the plasma trap following "Be'* injection (c) and related half-life time accordingly to

the in-plasma nuclear decay modelling in Ref. [14] .

array surrounding the trap, looking for the daughter nuclei
EM de-excitation via y emission. However, the y signal
arising from the decay in plasma must be disentangled from
the overwhelming y noise self-generated by the plasma and
Bremsstrahlung emission. Moreover, neutral isotopes con-
densing at the cold plasma chamber wall decay too, and such
signal represents and additional source of noise to the detec-
tion system. A MC simulation has been recently performed
looking at the dynamics of injected Cs particles in plasma
via thermal evaporation, studying the ionisation efficiency
of the PANDORA non-axisymmetric injection system and
at the same time the expected amount of depositing neutral
metallic atoms. The latter aspect turned to be useful in es-
timating the y noise arising from the Cs deposition at the
wall in the detection system [15]. In Fig. 5(a-b) the deposi-
tion maps at the PANDORA chamber wall (unfolded in the
longitudinal z-axis and azimuth 6 coordinates) are shown,
where the recycling effects of low-melting Cs imposed by
the usage of a hot screen (b) is contrasted to the case where
no hot screen is used (a). The results underlines the relevant
role played by the plasma and magnetic field in the isotope
dynamics.

CONCLUSION

This paper presented an outline of coupled 3D full-wave
PIC and PIC-MC codes capable of describing space-resolved
properties of electrons and ions in an ECR plasma self-
consistently. The results of the simulations are fundamental
inputs to various physical processes, which can be used to
validate the models while simultaneously underlining their
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predictive power. The simulation schemes are currently be-
ing updated in various ways including substitution of the
cold electron approximation with the corrected hot electron
dielectric tensor, addition of more reactions and improve-
ment of previous ones for better modelling of ion dynamics
and full implementation of the collision-radiative model for
NLTE plasma-induced decay rate evaluation. The updated
simulations will be compared with suitable experimental
data from other ECRIS and the results will be reported in
future works.
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