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Abstract: Laboratory magnetoplasmas can become an intriguing experimental environment
for fundamental studies relevant to nuclear astrophysics processes. Theoretical predictions
indicate that the ionization state of isotopes within the plasma can significantly alter their
lifetimes, potentially due to nuclear and atomic mechanisms such as bound-state 3-decay.
However, only limited experimental evidence on this phenomenon has been collected.
PANDORA (Plasmas for Astrophysics, Nuclear Decay Observations, and Radiation for
Archaeometry) is a novel facility which proposes to investigate nuclear decays in high-
energy-density plasmas mimicking some properties of stellar nucleosynthesis sites (Big
Bang Nucleosynthesis, s-process nucleosynthesis, role of CosmoChronometers, etc.). This
paper focuses on the case of “Be electron capture (EC) decay into “Li, since its in-plasma
decay rate has garnered considerable attention, particularly concerning the unresolved
Cosmological Lithium Problem and solar neutrino physics. Numerical simulations were
conducted to assess the feasibility of this possible lifetime measurement in the plasma
of PANDORA. Both the ionization and atomic excitation of the “Be isotopes in a He
buffer Electron Cyclotron Resonance (ECR) plasma within PANDORA were explored via
numerical modelling in a kind of “virtual experiment” providing the expected in-plasma
EC decay rate. Since the decay of “Be provides y-rays at 477.6 keV from the 7Li excited
state, Monte-Carlo GEANT4 simulations were performed to determine the y-detection
efficiency by the HPGe detectors array of the PANDORA setup. Finally, the sensitivity
of the measurement was evaluated through a virtual experimental run, starting from the
simulated plasma-dependent y-rate maps. These results indicate that laboratory ECR
plasmas in compact traps provide suitable environments for 3-decay studies of “Be, with
the estimated duration of experimental runs required to reach 3o significance level being
few hours, which prospectively makes PANDORA a powerful tool to investigate the decay
rate under different thermodynamic conditions and related charge state distributions.

Keywords: (3-decay studies; nucleosynthesis; electron cyclotron resonance plasmas and
ion trap; plasma diagnostics; GEANT4 simulations; HPGe detector array; ion dynamic
in plasmas

1. Introduction

For decades several studies were finalized to unravel the cosmic origin of elements,
enabling nuclear astrophysics making significant progress in identifying the various nu-
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cleosynthesis processes and quantifying elemental abundances. About half of the heavy
elements and isotopes beyond Fe and up to Pb and Bi result from s-process nucleosynthesis,
which is due to neutron captures (NC) of a preexisting intermediate and heavy nuclei,
which are slow in comparison to (3-decays (3-D) [1,2]. Stellar nucleosynthesis models
designed to calculate s-process branching for heavy nuclei depend on the properties of both
these processes, i.e., the NC cross-sections and the (3-D lifetimes, and uncertainties in either
of them can significantly disrupt the balance between competing processes [3,4], leading to
discrepancies between observed and predicted elemental abundances. Understanding the
s-process composition can also provide the r-process (based on a rapid NC by the nuclei,
so that the NC rates are much faster than those of 3-D) abundances [5] by subtracting the
s-process component from the total solar abundances for those nuclei which have s- and
r-contributions. Nucleosynthesis models still rely on decay half-lives (t; /;) measured in
neutral atoms, which may differ significantly from their stellar plasma counterparts. To
address this issue, investigations on the modification of decay rates due to changes in the
atomic environment of radioactive nuclei in dense plasmas are needed.

The change in a nuclear decay constant, A, by any external effect has been a subject
of investigation for many years since the interesting suggestions reported in [6,7]. Initial
studies involved measuring decay rates in extreme physical conditions (i.e., magnetic field
up to 80,000 Gauss) but yielded only negligible changes (<0.05%) [8]. Further research
revealed somewhat larger (around 3.5% for “Be) changes when modifying the chemistry
of the material containing the decaying nuclei [8]. Variation in the pressure of the sample
was also attempted at #™Tc, as it was compressed at a pressure of 100.000 bar, inducing an
increase in the decay constant in the order of 10~* [9]. A much more pronounced effect of
the atomic environment on A was observed in highly charged ions in storage rings. Fully
stripped '8”Re was investigated and a dramatic reduction in t; /» (from 42 Gyr in neutral
187Re t0 32.9 + 2 yr in 187Re”5*) was measured [10]. Even more relevant was the study

about the decay of fully stripped 16>Dy®*

ions, since it was discovered that the isotope,
which is stable in its neutral form, became unstable via bound state 3 decay (BSBD)—in
which an electron is emitted directly into a vacant atomic orbital—when fully stripped [11].

Decay rates are expected to vary significantly in interiors of stars where nucleosyn-
thesis occurs. A complete theoretical analysis of all in-plasma (3-decay processes was
conducted by Takahashi and Yokoi [12], who illustrated how local thermodynamic equilib-
rium (LTE) stellar plasma may enhance or suppress certain transitions. Their formulations
were also used to predict BSBD rates in fully ionized nuclei, successfully reproducing
observations from storage rings. Possible plasma-induced variations of decay rates in
isotopes were investigated in [13,14] to quantify their impact on modelling the abundance
of s-process elements. In the recent work of Mishra et al. [15,16], the Takahashi and Yokoi
model was generalized for any kind of plasma, including low-density non-LTE (NLTE)
laboratory magnetoplasmas.

To theoretically and experimentally study plasma-induced changes in 3-decay rates,
a new facility called PANDORA (Plasmas for Astrophysics, Nuclear Decay Observations,
and Radiation for Archaeometry) is being built at INFN-LNS in Catania, Italy. The PAN-
DORA project [17], financed by the Italian National Institute of Nuclear Physics (INFN)
in the frame of an international collaboration, proposes a new experimental approach for
studying (for the first time) in-plasma nuclear (3-decay rate as a function of thermodynam-
ical conditions of the environment, namely a magnetized plasma obtained via Electron
Cyclotron Resonance (ECR) and trapped in strong magnetic fields able to mimic some
stellar-like conditions. The in-plasma decay rates of 3-decay processes (expected to change
dramatically as a function of the ion ionization state in the PANDORA plasma environment
emulating some thermodynamics conditions of interiors of stars) will be measured as
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a function of the charge state distribution (CSD) of the in-plasma ions, varying plasma
conditions. The new experimental approach consists in a direct correlation of the plasma
environment and the decay itself, and this can be done only by simultaneously identify-
ing and discriminating—through an innovative multi-diagnostic system which will work
synergically with a y-rays detection system—the photons emitted by the plasma (from
microwave to hard X-ray) and y-rays emitted after the isotope (3-decay [18-23].

PANDORA represents an innovative multidisciplinary project which could add pe-
culiar research capability in Nuclear Astrophysics and Applied Physics fields of research;
not only for the above mentioned in-plasma 3-decay measurements, but also because it
is an unprecedented setup for applications in plasma physics field. It will be the biggest
B-minimum magnetic trap with the potentiality to also work as an ion source and as a
testbench for magnetic fusion related diagnostics or technologies.

For the first phase of PANDORA, a subset of physical cases was chosen to start
the study, as reported in Table 1. The selection was based on scientific relevance to nu-
clear astrophysics processes (Big Bang Nucleosynthesis, s-process nucleosynthesis, role
of CosmoChronometers, etc.), on the expected effects on the lifetime, due to radionuclide
in-plasma CSD and on the maximum ionization state that can be reached by the trap design.
Moreover, being the identification of the decay products based on the y—ray detection,
only isotopes whose daughter nuclei emit y—rays were chosen. The selection procedure
has given three isotopes as outputs: the 17°Lu (which might play a crucial role as cosmo-
clock), the 134Cs (involved in s-processes and relevant to produce the s-only isotopes '**Ba
and !3Ba), and the **Nb (relevant for the abundance of **Mo in single or binary systems
of stars).

Table 1. Physical cases of PANDORA reporting the isotope of nuclear astrophysics interest, the
half-life in the neutral state, the type of decay, and the daughter nuclei including the energy of the
emitted y-rays after the decay. The physical cases selected for the PANDORA phase-1 are highlighted
in pink, while the additional physical case for the PANDORA phase-2 is highlighted in yellow.

Physical  Isotope Type of Daughter E, [keV]

Cases Decay Nuclei

Lu | 3.78 - 10 [yr] B °Hf 202.88 & 306.78
PANDORA 1316, 2.06 [yr] B 3B, 795.86
Phase-1  ™omq, 1203~ 10% [yr] B Mo 871.09
PANDORA| 7“Be 53.2 [days] EC "Li 477.60
Phase-2

In this work, we focus on a further physical case for PANDORA—"Be—whose feasi-
bility study is carried out here for the first time. The possibility to investigate the in-plasma
decay rate of “Be has attracted considerable attention within the PANDORA collabora-
tion [24], particularly for the still open question of the so-called Cosmological Lithium
Problem—the primordial ’Li abundance predicted by the standard Big-Bang Nucleosynthe-
sis (BBN) model is about three times larger than the observation [25-27] and for the physics
of neutrino. The “Li abundance strongly depends on the ”Be production and destruction
rate, and there are still various uncertainties; so far, the largest one concerns the processes
of bound and free e~ captures (EC) on 7Be, hence its lifetime. Several works were devoted
to study the "Be(e”,ve)”Li reaction [28,29]. Recently, an estimate of the 7Be half-life based
on ab initio quantum calculations and its consequences on Li nucleosynthesis in low mass
AGSB stars, was discussed in [30]. Despite several recent experimental progresses, there are
still some uncertainties and ambiguities.

The EC decay rate of “Be strongly depends on its atomic configuration, i.e., its ion-
ization state and its excitation levels. The variation of EC rates in local thermodynamic
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equilibrium (LTE) stellar plasmas with high density has been studied in detail by Taka-
hashi and Yokoi (TY) [12], while the model discussed by Mishra et al. [31] generalizes
their approach to low-density ECR plasmas in NLTE as the ones that will be produced in
PANDORA. ECR plasmas confined in magnetic Biinimum structure are, in fact, in NTLE
condition due to the low density, with a typical Electron Energy Distribution Function
(EEDF) consisting of three different electron populations. In addition, Taioli et al. [29,32]
have developed a DHF-based ab initio approach to independently evaluate the half-life of
7Be in plasmas.

In this framework, the PANDORA facility, with its novel experimental approach, could
be an excellent testbench to validate the predictions of these decay models and to measure
the effect of a plasma on the lifetime of “Be. The revised in-plasma EC rates could then
be used to assess their impact on the solar neutrino flux [27] and given as inputs to BBN
network codes for investigating whether any nuclear physics solution to the Li-problem
exists at all [26,33].

2. The PANDORA Facility: Conceptual Design and the Novel
Experimental Approach

The Electron Cyclotron Resonance (ECR) plasmas, generated through the interaction of
electromagnetic waves and gases or vapours in a magnetic field, have become increasingly
valuable in both fundamental science and applied research. While traditionally used as ion
sources (ECRIS) to produce high-intensity beams of highly charged ions, ECR plasmas also
offer a compelling experimental environment for studying nuclear astrophysics.

In the PANDORA setup, a dense and hot ECR plasma—made of multicharged ions
immersed in a dense cloud of energetic electrons—will be confined by multi-Tesla magnetic
fields and resonantly heated by some kWs of microwave power in the 18 —21 GHz frequency
range. The plasmas can reach ne~10'1—10'3 cm 3 and Te~0.1—100 keV of electron density
and temperature, respectively. Thus, the radionuclides can be trapped in a dynamic
equilibrium, in a Magneto Hydro Dynamically stable plasma, with an on-average locally
stable density, temperature, and CSD, even for weeks.

The PANDORA facility is built around three primary subsystems (see Figure 1a):
a superconducting magnetic trap, an array of 14 HPGe detectors, and a plasma multi-
diagnostics system. A sketch of the whole system is shown in Figure 1b.

The superconducting magnetic trap [34] is composed of three coils to axially confine
the plasma, and a hexapole for radial confinement. This trap has been designed to maximize
plasma lifetime while still offering sufficient flexibility and accessibility for diagnostic and
detection instruments. Boasting a plasma chamber length of 70 cm and an inner diameter
of 28 cm, it stands as one of the largest B-minimum magnetic traps ever designed. This
large volume will enable long confinement times, leading to a highly charged state ion
distribution that significantly impacts the anticipated changes in in-plasma decay half-life.
The trap is designed to operate at 18 and 21 GHz, powered by three klystrons delivering a
total of 6 kW. The superconducting magnetic system generates a maximum magnetic field
of 3T.

Non-invasive plasma diagnostics play a relevant role in characterizing the plasma
environment properties. A multi-diagnostics system and advanced techniques of analysis
aiming to characterize the ECR magnetized plasmas confined in compact traps were prop-
erly developed. Thermodynamics plasma parameters can be monitored online through
the non-invasive multi-diagnostic system which includes dozens of detections and di-
agnostics devices, categorized into three main types based on the following techniques
employed: (i) transmission techniques that use probing signals passing through the plasma
(RF interfero-polarimeter [35], Thomson scattering [36,37]); (ii) emission techniques uti-
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lizing devices installed inside the plasma chamber (multi-pin RF probes [38] connected
to spectrum analyzers or scopes to detect RF plasma emission); (iii) emission techniques
utilizing devices installed outside the plasma chamber (OES [39], soft X-ray imaging and
space- and time-resolved spectroscopy [40], volumetric soft and hard X-ray SDD and HPGe
detectors [41]) to detect optical, soft and hard X-ray, and y-ray plasma emission [23,42]. A
scheme illustrating the whole multi-diagnostic setup is shown in Figure 2.

Detection and diagnostics system

O High temperature and ionization
state plasmas confinement;

@ HPGe y-ray detector Array

QO B-decay detection by y-rays tagging;

@ Plasma Multidiagnostics System X Superconductive
dPlasma enviroment characterization; ' Magnetic Trap
Qlmprovement of plasma stability; N W Sextupole magnets

_ [ Coils
Cryostat
Iron yoke

(a) (b)

Figure 1. (a) Summary of the PANDORA facility subsystems. (b) Sketch of the PANDORA system
including the superconductive magnetic system (sextupole magnets in red, three coils in yellow,
cryostat in pink, and iron yoke in cyan) and the diagnostics and detection systems surrounding
the trap.
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Figure 2. Sketch of the whole multi-diagnostics and detection system which will surround the
PANDORA plasma trap. The most relevant characteristics of each diagnostic tool are reported in
Table 2.
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Table 2. The types of experimental measurements that can be performed with each diagnostic tool,
along with their typical uncertainties, are summarized by highlighting the most relevant character-
istics, such as sensitive range and resolution. Here, ¢ denotes the typical (empirically estimated)
errors, for ne (electron density) and Te (electron temperature). AE represents the energy resolution

in the relevant environment (i.e., measurements done on a plasma with similar characteristics as
the PANDORA one). The measurements emerged as fundamental are identifiable by their green
colour designation, the complementary techniques that are useful but not strictly mandatory are
denoted in blue, and the methodologies that are still under development or planned for later stages
of PANDORA are marked in yellow.
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A comprehensive overview of each diagnostic tool and technique is presented in
Table 2, outlining their most relevant characteristics (sensitive range, resolution, and target
electron population), the experimental measurements they enable, the thermodynamic
parameters and plasma processes they can probe, and the associated uncertainties.

Within the PANDORA project, a strategic prioritization of diagnostic techniques is es-
sential for effective plasma characterization. Certain measurements emerge as fundamental,
identifiable by their green colour designation, as they provide core insights into the plasma’s
behaviour. These include precise assessments of thermodynamic parameters—namely, elec-
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tron density and temperature—across the cold, warm, and hot electron populations. Such
measurements are achieved through a combination of optical and X-ray spectroscopy, lever-
aging spectral line analysis for density and temperature measurement, alongside Thomson
scattering and polarimetry techniques. The capacity to resolve these measurements in both
space and time is also crucial, allowing for a dynamic understanding of plasma evolution as
well as performing X-ray plasma imaging. Furthermore, the quantitative characterization
of instabilities is considered quite critical, and that can be done by employing RF probes to
capture the nonlinear broadening the of self-emitted plasma spectrum in the microwave
range, which is a direct signature of kinetic turbulence [18].

In contrast, a set of complementary techniques, denoted in blue, while useful, are
however not strictly mandatory for the initial phase of plasma characterization. These
methods serve to improve the understanding gained from the more fundamental mea-
surements, offering more granular detail but not being essential for establishing a baseline
understanding. These techniques provide supplementary data that can refine the overall
plasma properties characterization.

Finally, certain techniques are marked in yellow and represent methodologies that
are still under development or planned for later stages of PANDORA. These may include
advanced diagnostic methods to enhance real-time data processing, e.g., the online charge
state distribution measurement by very high-resolution optical spectrometry. These tech-
niques represent the forward-looking ambitions of the project, promising to further expand
the scope and precision of plasma characterization in subsequent phases even though they
are not part of the initial operational focus.

Experimental results have been already collected on downsized testbenches very well
emulating the main features of PANDORA, even if at lower energy contents (lower densities
and temperatures), and much lower plasma volume, operating at INFN-LNS laboratory in
Italy and at ATOMKI-laboratories in Hungary. All the devices will operate simultaneously
with each other and with the y-ray detection system. The array will consist of 14 HPGe
detectors (70% of relative efficiency) chosen for their high resolution (0.2% @ 1 MeV).
They will surround the magnetic trap and will be placed in specific positions where holes
were made in the cryostat structure as well as in the internal plasma chamber to directly
look into the plasma through thin aluminum windows. The choice of high-resolution
detectors allows to improve the signal-to-noise ratio, which is strongly affected by the
harsh-environment (the background in the HPGe detectors comes from the intense plasma
self-emission in any range of the electromagnetic (EM) spectrum, including X and y-rays).
The total efficiency of the array, estimated via GEANT4 simulations [23], is 0.2-0.3%, the
value being energy dependent.

The experimental methodology of PANDORA relies on maintaining the plasma in
a dynamic equilibrium over extended periods, potentially spanning months. To main-
tain plasma stable for long time, an innovative plasma excitation method—the so called
Two-Close-Frequency-Heating (TCFH) [18]—able to damp the plasma instabilities and
improving the plasma confinement, will be applied.

PANDORA'’s innovative experimental approach unfolds in six key steps:

e A buffer plasma of He, O, or Ar is created using ECR heating, reaching densities up to
10" em 3.

e The plasma trap is designed to accommodate metal injection systems that vaporize
metal isotopes (17Lu, 134Cs, *Nb) to densities ranging from 10° to 10'! cm 3. Simula-
tions have also evaluated the diffusion [43] of these atoms within the plasma chamber,
along with plasma interaction and transport phenomena.

e  Other isotope injection solutions have been considered for the case of "Be, due to its
larger activity compared to the other physics cases mentioned. A feasibility study
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based on the principles of the Charge-Breeder technique and of the ISOL technique
has been already performed. The isotope injection in plasma will be based on the
construction of an in-flight injection line of radioactive ion beams (RIBs) into the
plasma trap. The “Be nuclei can be produced by an accelerated proton beam hitting a
boron nitride compound; fragmentation reaction will produce the isotope from boron.
Then, effusing nuclei will be extracted at 1* charge state and subsequently injected
into a radio-frequency quadrupole cooler to optimize the beam envelope properties,
longitudinal matching and energy, before entering the plasma potential and penetrate
in the plasma core.

e The plasma can be maintained in magnetohydrodynamic (MHD) equilibrium for
extended periods (days). The number of y-rays emitted from the decay of daughter
nuclei produced in the 3-decay process can be expressed as N (t;) = An;Vyty, where
A is the isotope’s nuclear decay constant, 1; is the isotope ion density, V), is the plasma
volume, and t,, is the measurement time. N, (t,,) scales linearly with t,,, and once n;
and V), are known, A can be determined.

e  The emitted y-rays are detected by the array of HPGe detectors.

e The in-plasma radioactivity is correlated with plasma parameters using the non-
invasive multi-diagnostic setup able to monitor the plasma parameters online.

Recent activities of the PANDORA collaboration have focused on the design of the
magnetic trap for experiments planned in 2026, and on the development of various plasma
diagnostic tools [20,22]. R&D efforts are proceeding alongside theoretical models [13,14,44]
and simulations [15,45] that support the project’s underlying principles.

3. Methods

Numerical simulations have been performed to assess the feasibility of PANDORA in
investigating the modification of “Be EC rate in laboratory magnetoplasmas. The build-up
of the radio-isotope ion CSD and atomic level excitations in a He ECR plasma buffer inside
the PANDORA plasma trap have been explored via a combination of Particle-in-Cell (PIC)
simulations and population kinetics collision-radiative model (see Section 3.1). The results
of these simulations determine plasma-configuration dependent decay-rate calculations
based on the generalized decay model described in [31]. For a given in-plasma decay rate,
the related y emission map from daughter nuclei is then modelled for further analysis
including the y-detection system.

Monte-Carlo GEANT4 simulations have been performed to determine the y-detection
efficiency (see Section 3.2) of the PANDORA detection system. Finally, the sensitivity of the
measurement has been evaluated through a virtual experimental run aimed to estimate
the duration of experimental runs required to reach 3o significance level. Although similar
studies were performed for the other physical cases 1761y, 134Cs, and ?*Nb [23], here, for
the first time, local investigations have been carried out by considering the 3D map of "Be
ions within the PANDORA plasma chamber, differentiated by their ion charge states, and
thus resulting in local 3D efficiency maps.

3.1. Spatial Distribution of ”Be CSD

The morphology of an ECR plasma is determined by the interplay between the fre-
quency of the injected microwaves, the magnetostatic field profile, the geometry of the
plasma chamber, and the gas pressure. Broadly speaking, the resonance heating process
concentrates the bulk of electron thermal energy into a small, ellipsoidal core called the
plasmoid, surrounded by a cool, rarified region called the halo. The plasmoid is mostly
composed of warm and hot electrons which carry out the sequential ionization of buffer
and radio-isotope atoms. Therefore, to quantify the feasibility of studying decay dynamics
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of any isotope in PANDORA, it is necessary to understand the spatial distribution of plasma
density and energy, estimate the degree of variation expected, and confirm whether said
variation occurs in a region visible to the g-ray detector array.

To simulate the spatial characteristics of an ECR plasma, a set of full-wave Particle-in-
Cell (PIC) codes which can generate 3D maps of electron density #,, and energy density
E., consistent with the electromagnetic field of the injected microwaves, was properly
developed [45,46]. The codes take the operating parameters of the plasma as input—
microwave frequency, RF power, and magnetostatic field—together with the chamber
geometry to run an iterative scheme where electrons are first moved by a particle pusher in
the electromagnetic (EM) field defined by the empty chamber, and then the field is updated
according to the new positions of the electrons. The iteration continues till a convergence
between n,, E,, and EM field is reached. In their current formalism, the electron PIC codes
assume no explicit dependence of the operating parameters on the buffer element. The
former are, in fact, the independent quantities which determine #, and E,, and the buffer
ion densities adjust themselves to the resultant electron maps keeping the quasineutrality
condition. The concentration of the isotope, ¢, can be maintained by varying the amount of
material fluxed proportionally with RF power.

The PIC codes were applied to the PANDORA trap, and the projections of 7, and E,
along various planes are shown in Figure 3.

1, m~9]1018 1, [~ x1018 ne %] x 1018

250

S = N W &~ U O - ®

8 8

7 7

6 6

5 = i5

4 ;‘150 4

3 - 3

2 2

1 250 1

100 200 300 400 500 600 700 0 100 200 300 400 500 600 700 0
7 [mm]| z [mm)]
(b) (0

E.[eV]

400 400
350
300
250

200

y [mm]

150
100

50

0
100 200 300 400 500 600 700 100 200 300 400 500 600 700

7z [mm] z [mm

(e) ()

Figure 3. (a—c) Two-dimensional projections of 7, (in m~3) on planes at z = 0, y = 0, x = 0, respectively.
(d-f) Two-dimensional projections of E, (in eV) as obtained from PIC simulations [45] to planes at
z=0,y=0,x =0, respectively.

The electron density and energy projections accurately reproduce the physics of
resonance interaction in ECR plasmas. As can be noted from Figure 3a, the plasma ellipsoid
concentrates most of the density, which peaks around 8 x 10'® m~3, which is the cutoff limit
corresponding to the microwave frequency used (see [45] for more details). The extended
traces along the axial and radial directions seen in Figure 3b,c mirror the magnetostatic
field lines which are generated by the solenoid and sextupole and along which the electrons
move in the plasma. The hexagonal structure shown in Figure 3a is the projection of a
tri-cuspid rotated by 120°, characteristic of the radial magnetic field in an ECR ion source.
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The rotation can also be appreciated in Figure 3c—the density lines switch directions on
crossing the mid-plane to coincide with the sextupoles. Similar features can be observed
in Figure 3d—f which plot the electron energy density instead. The bright regions with
E. ~ 400 eV are the resonance layers where the energy transfer between microwaves and
electrons occur.

The PIC codes can also be used to simulate the space-dependent CSD of buffer and
7Be ions in the plasma. These studies are ongoing, but in the meantime, the spatial profile
of the CSD is approximated using a simpler approach. Assuming the electrons follow a
Maxwell distribution, a spatial map of temperature can be defined through the expression
E, = (3/2) T.. The CSD and density of buffer and “Be ions can then be locally calculated
in each simulation cell using a suitable collision-radiative model. The locality assumption
implies that the ion population kinetics are completely defined by the electron properties
in that cell and are independent of ion transport in the plasma. While this is a strong
assumption, it suffices for the objective of this work, which is to provide a first of its kind
sensitivity study based on quasi-realistic dynamics of ECR plasmas.

The 3D maps of CSD were generated using the collision-radiative model employed by
FLYCHK [47]. FLYCHK is a population kinetics code developed for accurately predicting
atomic spectra in different kinds of plasma, under (non) local thermodynamic equilibrium
[(N)LTE] conditions. The code takes n, and kgT, as input, and the atomic number of the ion,
and calculates the CSD that would be consistent with the inputs. For this work, a grid of
70 electron temperatures (from 1 eV to 200 keV) and five densities (from 10'® to 102 m~3)
was generated and passed as input to FLYCHK. The code was run for two atomic species
in NLTE mode—the buffer ion He, and Be, the isotope of interest. The code calculated the
probability of each charge state of each species p; corresponding to each parameter grid
point. For 1, < 102 m~3, p; is density-independent.

The CSD calculated by FLYCHK was fit with spline interpolation functions of the form:

piy) = Yoo anly —y1)" Y (1)

where y stands for kgT, and y; = 1 eV, the lower bound of the temperature interval. The
fitting procedure furnished the coefficients a,. The a,, was then applied to the energy density
of each simulation cell, resulting in 3D maps of He and 7Be CSD (hereafter denoted as p;!¢
and p;¢). To ensure the correctness of the approach, £p;¢ and p;5¢ were calculated in
each cell and it was confirmed that the interpolated CSD summed to unity.

We used p;¢ and p;B¢ to then calculate the respective ion density n;/® and n;P¢,
assuming total charge neutrality in each plasma cell. The CSD was converted to the ion

density (in m~3) through the following expressions:

Ne

K= , . 2
Yiaipf + Ty ipf

nile = Kpj'* ©)

nbe = ckpPe (4)

where K is a scale factor with the same units as density, and c is the concentration of
"Be relative to He. Equation (2) is essentially a charge balance equation which calculates
the scale factor in such a way that the total positive charge (generated by He and ”Be) is
countered by the total negative charge of electrons in that cell. We generated ion density
maps for a set of different concentrations ¢ =5 x 1072,1 x 1072,5 x 1073, 5 x 1074,
5x 1072, and 5 x 10~° to investigate the best conditions under which an in-plasma decay
measurement of /Be could be performed, optimizing on measurement time, uncertainty in
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experimental values and minimizing radioactivity below permissible levels. The results of
the analysis are discussed in detail in Sections 4.2 and 5.

The three-dimensional maps of 7Be CSD, consistent with the simulated 7, and E,, are
shown in Figure 4. The top row shows 2D projections of the mean charge <Zg.>, which
is indicative of the spatial distribution of the charge states. Regions with higher mean
charge denote a larger presence of more ionized species. It can be noted that inside the
effective plasma volume (marked by non-zero values of #n, and E., see Figure 3), <Zp.>
varies between two and four, meaning that most of the Be ions are present in charge states
i=2%,3*% and 4*. In fact, we calculate that the density of Be!* is merely 3.76% of the total
isotope density. It can also be observed that <Zg.> is low deep inside the plasmoid and
along the axis but is higher near the resonance surface and along the magnetic branches.
This indicates that “Be?* is primarily formed in the plasma core where the electron energy
density is lower, while “Be®* and "Be** populate the outer regions where E, peaks.
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Figure 4. (a—c) Two-dimensional projections of mean charge of “Be in the PANDORA plasma trap and
n;8¢ (in m—3) on the x-y plane for (d) i = 2%, (e) i = 3%, and (f) i = 4*. The green ellipse in each image
shows the boundary of the plasmoid. The plots of 1;%¢ correspond to a concentration ¢ =5 x 1072

The bottom three panels of Figure 4 each show a projected view of 7;5¢ on the x-y plane
for single charge states, i = 2*, 3*, and 4*. The images refer to the highest concentration
considered in this paper, ¢ = 5 x 10~2. The maps are consistent with our explanation above.
They also show that while the peak densities of each of the charge states is comparable,
i = 2% is more sparsely distributed; whereas, the higher charges are more uniform and even
in their spatial profile.

The green ellipse is intended to depict the boundary of the plasmoid. Our calculations
show that roughly 70% of the total “Be density is located inside the plasmoid, as can also be
evinced in Figure 4d-f. The 30% outside the plasmoid is mostly in the form of “Be**, which
extends along the energetic magnetic branches. It should be underlined here that these
estimates are obtained in the absence of important plasma effects such as the electrostatic
double layer which is self-generated during ion transport and prevents excessive loss
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(1) Plasma chamber

(2) Radial holes to place the
diagnostics and detection
remote-sensing systems

(3) Magnetic trap \
(4) Axial Coils —, (4)

outside the plasmoid. The complete PIC-MC simulations of ions are expected to show a
higher confinement inside the plasmoid.

3.2. GEANT4 Simulations for the Evaluation of the 3D Array Efficiency Map

To measure in-plasma (3-decays, a y-ray detector array has been designed using
GEANT4 simulations (GEANT4-10-06-Patch-02 version and reference physics list QBBC)
as described in detail in [23], in order to count the number of 3-decays by measuring the
subsequently emitted y-ray from the excited states of the daughter nuclei.

These simulations allowed to optimize the detector array configuration and materials,
including collimation systems, to ensure accurate measurement of 3-decay rates within
the plasma environment. The simulated setup (shown in Figure 5) incorporates a detailed
model of the ECR plasma trap, including the plasma chamber and the detector array.

Whole system

(3) Magnetic system and
(6) cryostat

(4) Axial Coils
(6) Cryostat

(5) Sextupole > .
magnets (7) Lines of view on cryostat to place the

diagnostics and detection remote-sensing systems

(5) Sextupole
magnets

Figure 5. Sketch of the simulation setup incorporates a detailed model of the PANDORA plasma trap.
The main elements are the vacuum chamber (grey), the whole magnetic system (with axial coils in
yellow and hexapole in red), the cryostat (purple), and the external iron yoke (dark grey). The holes
are designed in the whole structure as lines-of-sight for diagnostics and detection systems.

The main elements are the vacuum chamber (shown in grey and labelled as (1)),
the whole magnetic system (labelled as (3) with axial coils represented in yellow (4) and
hexapole magnets in red (5)), the cryostat (labelled as (6) shown in purple), and the external
iron yoke (in dark grey). Several holes have been designed both in the plasma chamber
(labelled as (2)), in the cryostat structure (labelled as (7)), and in the external yoke to
be collinear and have lines-of-sight to place both diagnostics and detection systems, as
sketched in Figures 1b and 2.

A total of 4.1 x 10° events were simulated, assuming an isotropic homogeneous
volumetric cylindrical source corresponding to the volume of the PANDORA plasma
chamber. We fixed the emission energy at E,, = 477.6 keV, which is the energy of the “Li
emitted y-rays after the "Be (3-decay (as reported in Table 1).

In Figure 6a—c, the 2D maps of the total number of y-ray tracks which impact on the
14 HPGe detector array are shown. They are 1.44 x 10° in total. Different views of the 3D
maps are also shown in Figure 7. The photopeak events, which impact on the 14 HPGe
detector array releasing their whole energy, are instead 3.9 x 10°, and their corresponding
2D maps are shown in the Figure 6d—.
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Figure 6. (a—c) Two-dimensional maps of the total number of y-rays which impact on the 14 HPGe
detector array. (d—f) Two-dimensional maps of the photopeak events which impact and release all
energy on the array.
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Figure 7. Different views of the 3D maps of the y-rays impacting on vy array.
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These simulations clearly also show the volume under investigation by the combined
lines-of-sight for each of the detectors. It is evident that the array has been configured
in such a way the detection regards especially the y-emission occurring the in-plasma
core, where we expect to have larger intensities of y-ray emission considering the overall
contribution of all the “Be charge states, as confirmed from results shown in Section 4.1

4. Results

In this section, we use the numerically simulated CSD and density maps of "Be
discussed in Section 4.1 to obtain 3D maps of secondary y-rays emitted during the iso-
tope decay.

Furthermore, the results obtained from Monte-Carlo GEANT4 simulations for de-
termining the y-detection efficiency of the HPGe detector array will be presented (see
Section 4.2). Additionally, a sensitivity study evaluated through a virtual experimental run
will be discussed.

4.1. Spatial Distribution of Secondary -y-Emission

The spatial distribution of emissivity rate (in counts per second) of secondary y-rays
produced by the decay of “Be can be calculated using the following expression:

0,i+
“YBe ~ Be *
NOn - 21 o™i A (5)
where A} is the decay rate of each charge state, i, and V), is the emissivity volume. n;%
refers to the ion density as calculated in Section 4.1. We consider y-emission from each

simulation cell, V), = 102 m3,

corresponding to a cubic cell of edge 1 mm which is the
resolution of our matrices used in the PIC codes.

7Be undergoes electron capture to ’Li populating two different states, the 7Li ground
state (J* = 3/27) and the excited state (J™ = 1/27) at 477.6 keV. It is the transition from
this state back to ground that generates the secondary . Since there is no change in the par-
ity of the daughter nucleus and the total change in spin Al < 1, these transitions are allowed
decays and their corresponding log f values are 3.324 and 3.556, respectively [48]. Following

the prescription in Takahashi—Yokoi [12] and Ref. [32], A; was calculated as follows:

N
A 1<2)<(ft)1+(ft)z) ©

where the two terms in the summation refer to the two transitions (denoted m from
hereafter) and (ft);» = 108 (Y. The term f" is the lepton phase volume of the decay,
calculated as follows:

fu= Tod ﬁx(Q"m)zsx,m )

In Equation (7), x refers to the atomic orbital from which the capture occurs, oy is
the occupancy of that orbital, By is the Coulomb amplitude, Qy,, is the energy associated
with the capture from the orbital and for the transition m, and S, is the shape factor.
These quantities have been extensively studied in Ref. [31] and hence only the results are
discussed here.

Table 3 reports the EC rate for each charge state, assuming that the ions remain at their
atomic ground level. The electronic configurations are also reported. As can be seen, the
decay rates do not change much from neutral to doubly ionized “Be because the decay
primarily proceeds through capture of electrons from the K-shell which remains full till i =
2*. In hydrogen-like ions, the occupancy of the K-shell drops by 50% and consequently,
the decay rate, while it completely vanishes in fully stripped ”Be. Since a large part of ions
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are expected to be in i = 3" and 4" states (Figure 4b,c), it can be foreseen that N, will be
significantly lower inside the plasma than if the same total number of ions were to remain
in the neutral state. This statement forms the basis of the sensitivity study presented in
Sections 4.2 and 5.

Table 3. A; for each 7Bel*. The 4* state is void of electrons and does not contribute to capture.

Charge State (7) Electronic Configuration Electron Capture Decay Rate [s~1]
0* 152252 151 x 1077
1 15225 151 x 1077
2* 1s 146 x 1077
3* 1s! 6.53 x 1078
4 - 0
0,i+
Figure 8 shows the projection of NJ* " on the x-y, x-z, and y-z planes, calculated
using Equation (5), and the values reported in Table 3, corresponding to ¢ = 5 x 1072
(5% of He density). The plots show the total in-plasma emission rate—it is the sum of
emission from ionized ”Bel* decaying at an effective rate A*, and from residual “Be®* which
are nevertheless present in the plasma as part of the ion CSD. Since the objective of the
0,i+
experiment is to detect and measure ionization-induced decay rate modifications, N
can be used to separate the two contributions and furnish data on A* alone within a certain
uncertainty range (see Section 5).
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Figure 8. Different views of the 2D maps (for the xy, xz, and yz planes respectively for (a—c)) of the
space resolved y-rays emission rate (cps) in the PANDORA trap for the “in-plasma” ionized + neutral
7Be scenario.

4.2. Local g-Ray Detector Array Efficiency

The results of the GEANT4 simulations are presented in Figure 9a—c, showing 2D
spatially resolved maps of the geometrical detection efficiency (egeom) of the y-ray detector
array. This represents the first instance of estimating volumetric, space-resolved efficiency
using voxels of 1 mm? in size. Additionally, the total detection efficiency (e1,¢) maps, which
account for both geometrical and photopeak efficiencies, are displayed in Figure 9d—f.

The analysis begins with 2D y-rays emission rate maps of the PANDORA experimental
configuration (Figure 8 in Section 4.1). By combining these spatial distributions with the
total detection efficiency of the HPGe array, we quantified the detectable y-rays rate.
Figure 10a—c show the superposition of y-ray emission rate maps with the total efficiency
£Tot Map (cyan and arbitrary units), highlighting key design features of the detection system.
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Figure 9. Two-dimensional maps of the geometrical (a—c) and total (d—f) detection efficiency of the
y-rays detector array for the xy, xz, and yz planes.
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Figure 10. (a—c) The y-ray emission of the daughter nuclei after the 3-decay of the “Be superimposed
onto the total efficiency map (in cyan and in arbitrary unit). (d—f) Merging between the total efficiency
and the emission rate maps for the “in-plasma” ionized + neutral ”Be scenario.

A notable characteristic is that the detection system’s cones of view avoid regions
where deconfined ions are present, corresponding to the positions of the most peripherical
v-rays. This design choice stems from the strategic placement of apertures for the y-
ray detectors, which were carefully positioned to avoid the so-called magnetic branches.
These branches represent regions within the magnetic trap where the magnetic field lines
are more intense. In such areas, background radiation due to intense fluorescence and
Bremsstrahlung X-rays—arising from axial and radial electron losses impacting on the
plasma chamber walls—is expected to be significantly higher. In fact, as happens for ions,
hot electrons are deconfined as well, and they tend to concentrate along the magnetic
branches, impacting on the metallic walls of the plasma chamber and emitting strong
fluorescence X-ray radiation. This radiation is not included in the current background
analysis. Nevertheless, the space-resolved efficiency maps shown in Figure 9 confirm that
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such a contribution should be negligible, as it cannot be detected, lying outside the HPGe
detector’s lines of sight.

The product of the two maps (total array efficiency and emission rate) is shown in
Figure 10d—f, representing the detection efficiency weighted by the effective number of
photons emitted by the daughter nuclei following the 3-decay of neutral and ionized “Be
across the entire volume of the PANDORA plasma chamber. A large fraction of the y-rays
is emitted (or deconfined) outside the ECR plasmoid and thus cannot be detected by the
detector array. Consequently, all y-rays which are not overlapped with the cyan maps
represented in Figure 10a—c cannot be detected. For this reason, the total efficiency result
is to be lower than the previous estimation where, in contrast, all photons were instead
assumed to be distributed entirely within the plasma core region.

To assess the feasibility of achieving a 3o significance level in measurement, we ana-
lyzed the Signal-to-Background (S/B) ratio. The main background sources are as follows:

1.  Bremsstrahlung X-rays (NgEB "™M): these originate from plasma self-emission and are
particularly intense in loss-cone regions caused by axial and radial losses impinging
on the plasma chamber walls.

2. +y-rays from excited 7Li nuclei following the (3-decay of neutral "Be (N 7—360): these
result from the y-decay of daughter “Li nuclei following the B-decay of neutral Be
continuously injected into the plasma trap. This contribution cannot be experimen-

tally distinguished from the y-decay of ionized nuclei within the plasma (Ng;ngl+,
where i is a given ionization state), which constitutes the signal of interest. This
overlap undermines and limits the accuracy of in-plasma 3-decay rate measurements
attributed solely to ionized nuclei.

For both background contributions, we assumed and uniform spatial distribution
within the ellipsoidal plasmoid volume. The diffusion and deposition of nuclei on the
plasma chamber walls are being neglected, and, thus, also the corresponding background
contribution due to their accumulation on the walls. Nonetheless, we are confident that
this contribution—which would require more detailed simulations of plasma diffusion
dynamics, as conducted in [39]—is not affecting the conclusions of this work. This is due to
the lines of view of HPGe detectors that are optimized (as already discussed in Section 4.2)
to detect merely the plasmoid, avoiding magnetic branches, and thus deposited materials
on the plasma chamber walls whose main contribution would be limited to the areas in
front of the lines of sight where HPGe are placed.

The first background contribution arises from self-emission of the He buffer plasma,
an example of background spectrum characterized by an electron density of 1, = 10'> cm 3
and a volume V, = 1500 cm?, is shown in Figure 11. It was derived from measurements
on existing traps and rescaled using an emissivity model [49] for the higher densities and
volume of PANDORA plasmas.

For the y-rays of interest (477.6 keV), the background rate was evaluated by integrating
the spectrum within the detector’s intrinsic resolution window (0.59 keV at 477.6 keV),
yielding N3-P" = 4.7 x 10* cps. Any environmental background contribution is negligi-
ble compared to the typical noise spectrum arising from the expected plasma self-emission
shown in Figure 11.
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Figure 11. An example of the rate of the buffer He plasma self-emission in the whole volume as a
function of the energy of the radiation (the width of the bin in the x axis corresponds to 10 eV). The
energy of y-rays of interest is highlighted by the blue dashed curve.

The second background component stems from y-rays emitted after the decay
of neutral “Be nuclei having a lifetime (decay constant) of ty (lp) and its rate yields
Ng}?eo =5 x 103 cps, assuming a concentration of 5 x 107> of “Be relative to the He.
By combining both background contributions under the assumption of uniform spatial
distribution within the ellipsoidal plasmoid volume, and applying the total volumetric
detection efficiency ( eot = 0.0013) previously estimated in [23], the two background com-

ponents of X-rays/y-rays detected by the HPGe array are, respectively, N3-"""" = 61.1 cps

and Ng}?eo = 6.5 cps.

0,i
The rate of the y-rays emitted in the plasma-on scenario is Ng);ZB " 1990 cps, as
derived in Equation (5) in Section 4.1. When accounting for the space-resolved efficiency
derived via GEANT4 simulations (see Section 4.2), the detected signal rate becomes the

following: Ng);BeO/l+ = 0.66 cps. This scenario aligns with theoretical models of the PAN-
DORA plasma’s thermodynamic properties, assuming ”Be concentration of 5 x 10~° in the
He buffer (see Section 3.1).

0
The signal includes contributions from, (i) neutral "Be (N 8—”36 ), i.e., the short-lived

. i+
component and (ii) ionized 7Bel* (N EBG ), i.e., the longer-lived component, per theoretical
predictions, so that:
0,i+ 0 i+
YBe ' _ NJVBe B
NOne - NOn + NOne (8)

Uncertainties were calculated as the square root of counts within the detector’s energy
resolution window.
Figure 12a illustrates the trend of the background rate due to neutral “Be’ nuclei

blue curve) in the “plasma-off” scenario N, 7_Be" and the in-plasma signal rate (red curve
P Off p g

in the “plasma-on” scenario Ng;BeO'l+. Each curve is plotted with the corresponding 3o
error bands, while the three times the square root of the Bremsstrahlung background
rate is also shown (black curve). To evaluate the feasibility of the measurement, the 3o
Bremsstrahlung background rate was compared to the y-signal rate in plasma to determine
the minimum time required for a statistically significant measurement. The goal is to
identify the crossover point between the signal curve (including its lower error band) and
the 30 background curve. The intersection (green dot) marks where the signal exceeds the
30 background level, with the corresponding abscissa indicating the measurement time

thlasma required to achieve 3o significance, highlighted by a dashed yellow line.
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Figure 12. (a) Trend of the background rate due to neutral “Be’ nuclei (blue) and the in-plasma signal
rate (red). The three times square root of the Bremsstrahlung background rate is shown in black.
(b) Trend of NPI=0Off (blue) in the “plasma-off” scenario, N PI=0n (red) in the “plasma-on” scenario,
and Nikg’Bmm. Each curve is plotted with its corresponding 3¢ error bands.

As shown in Figure 12a, a 30 significance is attainable after approximately 25 min for
a "Be concentration of 5 x 10~°. The next step involves verifying that the “in-plasma” signal
contribution is significantly different (lower) from the “plasma-off” contribution (when only
neutral “Be” is considered). Only under this condition, any observed difference could be
attributed to ionized ”Be nuclei, which causes a reduction in y-ray rate due to their longer
lifetime as predicted by theoretical models. This distinction is critical for experimentally
measuring the 3-decay rate of ionized ”Be for the first time in PANDORA.

In order to do this, we compared the following X/y-ray rates (shown, respectively, in
blue and in red in Figure 12b):

X,y XBre VB0
NEA = NZoen 1 NTBO _ 30 9
Off On + Off (Ngfrem +Nz)lf3feo) ( )
Xy _ XBrem Tpe0i+ ‘
Now' = Ng, " +Ng. +3a(NgBmm+Nngo,l+) (10)
n n

By considering their values at the time tg;”s’"”, shown, respectively, as blue and red
dot, it is evident that these contributions are distinguishable, differing by more than
30 significance. Their intersection (yellow dot) marks where this difference becomes
statistically significant at 30, with the corresponding abscissa indicating the measurement
time #§'* required to reach this threshold. The NJ-"" is shown in black with its 3¢
uncertainty. The final experimental measurement time needed to achieve 3o significance is
given by t3, = min (tlgéﬂsm”, t%@“k).

This procedure was repeated for various ’Be concentrations ranging from 5 x 10~ to
10~° (normalized to a reference He density of one) to determine the minimum concentration
required for a statistically significant measurement. The results are presented in Figure 13.
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Figure 13. Trend, for a concentration of 7Be of 5 x 1074 (a), 5 x 107° (c), and 10~ (e), of the
background rate due to neutral 7BeY nuclei (blue) and the in-plasma signal rate (red). The three times

square root of the Bremsstrahlung background rate is shown in black. (b) Trend of Ngf} (blue) in the

“plasma-off” scenario, Ng;] (red) in the “plasma-on” scenario, and N3-5*". Each curve is plotted with
the corresponding 3¢ error bands. A zoom-in in the range t = [3.23-3.25] x 10° s is shown.

The expected measurement times needed to achieve 30 significance range from tens
of seconds (for a concentration of 5 x 10~#, Figure 13a,b) to approximately 37 days (for a
concentration of 10, panel e-f). Such a difference is connected to the short lifetime of "Be
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non ionized present in the trap, whose contribution to the total counting rate increases with
measurement time and has to be compared to the signal coming from the EC in ionized
7Be, which induces the expected variation in decay rate. For each concentration value,
we evaluated the required material quantity (micrograms) and the corresponding activity
(MBq), considering the half-life of neutral ’Be” (53.3 days).

Table 4 summarizes the obtained values, including the results obtained by simulations
(Ng‘f”’f"o, Néﬁ”"’, and detected Ngffo’H ). The expected activity ranges from tens of GBq (for a
concentration of 107°) to less than hundreds of MBq (for a concentration of 5 x 10~%4). The
corresponding required material quantity varies from 2 mg to 6 ng, respectively.

Table 4. Summary of the results obtained by simulations (Ngﬁ””” , Ng?;o , and detected Ngfifo/” ) for four

different concentration values of “Be and values of required material quantity (mg) and corresponding
activity (MBq).

"Be
tp [days] 53.3
Concentration 10-° 5x 107 5x107° 5x 1074
NgGz™" [cps] 100 500 5010 50,039
A [MBq] 22,311 4683 555 80
M [mg] 1720 0.361 0.043 0.006
NPlasma [eps] 40 199 1990 19,900
Detected N5'#5™2 [cps] 0.007 0.066 0.656 6552

To estimate the required quantities and doses, the efficiency of the plasma generation
technique from a given material injected inside the plasma trap was conservatively assumed
to be 1%. It is important to note that this “non-plasmizated” contribution is being consid-
ered for the total material quantity calculation reported in Table 4, although its diffusion
and deposition on the plasma chamber walls are being neglected in the computation of the
overall background, as already discussed in Section 4.2 (we only considered the background
noise under the assumption that it is concentrated within the plasmoid volume).

5. Discussion

The results indicate that laboratory ECR plasmas within PANDORA trap provide a
suitable environment for B-decay studies of “Be. The estimated duration of experimental
runs required to achieve 3¢ significance level ranges from tens of seconds to slightly
over a month, depending on the concentration of ”Be relative to the buffer helium gas.
This concentration impacts the quantity of material required, its feasibility, and dose-
handling constraints.

It is therefore crucial to identify the optimal tradeoff for achieving 30 statistical,
balancing the following:

a. Reasonable measurement durations;

b.  Manageable material quantities and doses (considering cost, availability, and han-
dling limitations for radioprotection issues);

C. The dependency of the uncertainty in the decay constant of ionized atoms on mea-
surement time.

Regarding the measurement time, the most favourable condition corresponds to mini-
mizing the duration required for data acquisition in which the plasma must be monitored
and maintained stable, which is achievable with a concentration of 5 x 104
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In terms of material quantities, the maximum expected activity and required material
are approximately 22 GBq and 2 mg, respectively, for a concentration of 107°. It, however,
results to be feasible [50-53].

The production of the “Be isotope can be carried out starting from a lithium sample
and then exploiting a proton-induced (p,n) reaction. At ATOMKI laboratory its preparation
involves slicing a segment from a ’Li rod and pressing it into a specialized copper holder
under an argon atmosphere to prevent oxidation. The prepared sample is then mounted
in a cooled target holder within a vertical beamline. Irradiation is performed using the
ATOMKI cyclotron via a proton-induced nuclear reaction (p,n), employing an 11 MeV
proton beam at 20 mA with a beam area of approximately 1 cm? on a rotating vertical
beamline. This procedure has been conducted for several years at ATOMKI laboratories,
requiring approximately one week (100 h of beamtime) to yield several GBq doses of ”Be.
Notably, the beryllium-to-lithium ratio remains significantly low at less than 1:1 million.
After irradiation, short-lived isotopes decay over several days, enhancing the lithium-to-
beryllium ratio for subsequent applications.

The proposed structure for “Be isotope production appears applicable to the PAN-
DORA experiment, especially if the required dose is below 1 GBq. In such cases, irradia-
tion would not pose significant challenges due to its relatively short duration. However,
preparatory and post-irradiation activities—including sample preparation, placement in the
beamline, removal after irradiation, activity measurement, packaging, and transportation—
remain complex. For these reasons, the most suitable condition appears to be at a con-
centration of 5 x 1074, requiring only 6 ng of material and yielding an expected dose of
80 MBq for the total experimental measurement.

Finally, considerations regarding uncertainty in decay constant measurements are
necessary and highlight that shorter measurement durations can increase uncertainties. In
the following, we describe the mathematical framework for analyzing the decay constant
of 7Be in both plasma-off and plasma-on scenarios.

Plasma-Off Scenario:

The number of y-rays (3-decays) in the plasma-off scenario—where only the neutral
7Be? atoms are considered—is given by Equation (4):

0
N
—Of = AN, 11
ot oNo (11)
Here, Ay is the decay constant of neutral "Be, and N is the total number of “Be atoms,
assumed constant under dynamic equilibrium in ECR plasmas [17].
Plasma-On Scenario:
In the plasma-on scenario, the y-ray counts include contributions from both neutral

( Ngeo) andionized (Ngew ) atoms:

'y_BeU’i+ 'y_BeO 'y_BeH
ONG, ~ INgG, ING,

_ Bel Belt
BT = o5 o5 = /\ONO + A * Ny (12)

Here, Ax is the decay constant of ionized "Be, which we aim to experimentally investi-
gate in PANDORA. The total number of atoms is as follows:

No = NB 4 NBe™ (13)
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Then, the Equation (12) can be rewritten as follows:

aNg_BeU,H» 5 i 5 o ()BEi+ ()Bei+
n _ _ agBe et _ _
o = )\0<N0 NO )—I—)\*NO ANp | 1 No + A x Np No (14)
The ionization ratio F is defined as follows:
NBEH~
F==2 15
R (15)
Substituting F into Equation (14) gives the following;:
BN%BEO/H
— O — AgNp(1—F) + A NoF = [Ao(1 —F) + A% F]No = [Ag — F(Ag — A%)]Np (16)

ot
Integrating the Equations (11) and (16) over the measurement period t,,, the total y-ray
counts are the following, respectively:

0
NEG = AoNotm (17)

0,i+

NG = [Ag — F(Ag — A%)] Notw (18)

In the plasma-off scenario, the angular coefficient of y-ray counts versus time directly
corresponds to Ag (being known Ny). In the plasma-on scenario, this coefficient depends on
both the ionization ratio (F) and the decay constant of ionized atoms (A”).

The two coefficients are equal only under specific (asymptotic) conditions, where
either F = 0 (no ionization) or Ay = A* (no change in decay constant, which would imply
invalid theoretical predictions).

This framework provides a basis for experimentally determining A*, which has never
been measured before. It also highlights how ionization impacts decay rates and measure-
ment uncertainties in ECR plasmas.

It is worth pointing out that the definitions of F and A* refer to values averaged over
the effects of individual charge states i+ of “Be according to the following relations:

4

/\F* _ Zzi@: e (19

i=1""i+

As discussed in Section 3.1, theoretical predictions highlight significant variations in

the lifetimes of different charge states of “Be, particularly for 7Be>* and 7Be**, making their

relative weights in the relation 18 substantially higher compared to the low charge states
7Be!* and "Be?*.

To emulate the real experimental measurement by the virtual experiment, we have to

consider that the total measured counts Ng /7 has to include also the X-ray Bremsstrahlung

contribution (N3-P"™), and it will be affected by the total detection efficiency of the HPGe

array (er,t). This (N5-"") is more specifically intended as the number of counts in the
energy resolution window of the detectors array, with its own efficiency. The detected
quantities, considering e7,, are highlighted with an underscore:

X, B 0,i+
N = NE 4 N = [Ag — F(Ao — As) Nofw+ NG
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Leading to the following expression for the decay constant of ionized atoms Ax:

Xy X_Brem

1 NOn - NOn
S S N N B = o)

A% F Not }\0( ) (20)

This requires careful error propagation to determine uncertainty AAx in Ax. Error in

F propagates into Ax, as well as N())(T,nyl Np,and Ng;B rem

that introduce additional variance,
especially for low “Be activities.
The total uncertainty AAx is derived using the error propagation formula for multi-

variable functions, substituting partial derivates and simplifying, results in the following:

2 2 2
X,y X,Brem X,y X,Brem X,y X,Brem
1 X 2 1 X B 2 NOn 7NOP1 2 NOn 7NOVZ 2 NOn 7NOVZ 2
M= | AN —— AN == —— (AN, = —— (At Ao — =—=———| (AF 21
J(Noth —O") +(mth Sor ) T Ft, No® (ARo)” + NoFt,,? (At { Ao NotwF? (4F) 1)

Tradeoffs between measurement duration and uncertainty are needed. The advantages
of shorter measurement durations are the reduced material quantities/doses, lowering lo-
gistical and safety constraints, and an improved plasma stability due to shorter operational
windows. On the other hand, the disadvantage is a hugely increased statistical uncertainty
in Ax. As it is possible to observe from the Table 5, which reports the typical expected

0,i+
uncertainties (assuming F = 0.87), the statistical uncertainty of Ng}—de dominates at lower
measurement time (for a given concentration), and the Bremsstrahlung background noise
starts to become significant only for higher concentration.

Table 5. Typical uncertainties, activities, and material quantities reported, for each concentration
(columns coloured in yellow, green, orange and blue respectively for 107°,5 x 107%, 5 x 1077,
5 x 10~%), both for the minimum exposure time case (columns with labels coloured in blue), and for
higher measurement times.

tm 37.04 days 100 days 1.6 h 15 days 1600 s 1 day 23s 5 min 1h
Relative AN} 47% 28% 46% 15% 2% 6% 36% 10% 3%
Relative AN)((;“Brem 0.01% 0.004% 0.03% 0.01% 0.32% 0.04% 2.7% 0.7% 0.2%
Relative Al" 62.6% 39.6% 61.3% 23.5% 56.7% 15.46% 49.2% 18.76% 14.03%
A [GBql 22.31 60.24 4.68 45.09 0.55 29.97 0.08 1.04 12.49
M [mg] 1.72 4.64 0.36 3.48 0.043 2.31 0.006 0.08 0.96
Relative AF 10%
Relative AN 10%
Aty 1s

For each concentration, the typical uncertainties, the activities and the material quanti-
ties are reported both for the minimum exposure time case estimated in Section 4.2 (columns
with labels coloured in blue), and for higher measurement times in order to reduce the
Ax uncertainty.

The optimal concentration seems to be 5 x 10~ for a measurement time of approx-
imately 5 min, as it balances material requirements (below 100 ng) and moderate dose
(1 GBq) with manageable uncertainty (18.8%). This result is illustrated in Figure 14, which
shows the activity (yellow bar plot) and the relative error of the decay constant (red dots)
versus measurement times for concentrations: (a) 107, (b) 5 x 107°, (¢) 5 x 107>, and (d)
5 x 10~%. As observed, relative uncertainty decreases with increasing exposure time, lead-
ing to higher activity. The tradeoff between uncertainty and activity enables identification
of optimal experimental condition.



Universe 2025, 11, 195

25 of 29

Concentration: 10°°

Concentration: 5.10°°

20 CActivity 20 20 CActivity 80
18 [*@® X relative error 180 18+ -® ) relative error 70
16 170 16+t o leo
§14 o 160 §14- e
o2 1502 0% S
210 < 210 \ 40 <
S ‘@ 140 =% = =
=8 4 = 8t \ i 4
< {30 2 \ 30
6 6 °
4 20 4 | 7 20
2 10 ol 110
0 ; . 0 - . 0
37 days 100 days 1,6 h 15 days
(a) (b)
50 Concentration: 5-10™ 20 - Concentration: 5-107 -
' DActivity DActivity ' '
18 -@ )\ relative error 18 [@ A relative error —
160 160
16 ® 16
—14 150 _14 ) 150
g : =3 i -
g12 <40§g12 | _40§.
_§~1 0 ,\; _§1 0 N :\:
£ 8 \ 130 3 £ 8 ' 130 3
< i < \\
6 %, 120 6 o _ 120
4 ° 4 “1e
110 110
2 2
0 - 0 —— — : 0
1600 sec 1 day 23sec 5min 1 hour

(©)

(d)

Figure 14. Activity (yellow bar) and relative uncertainty of decay constant (red dot) versus the
measurement time for concentration: 1070 (a), 5 x 107¢ (b), 5 x 1072 (c), and 5 x 10~4 (d).

The results obtained are promising, as they have allowed, for the first time, the feasibil-
ity of studying the B-decay of “Be in plasma within PANDORA to be assessed, evaluating
whether a significant measurement can be obtained within reasonable measurement time,
with manageable doses and with quantities of material that can be produced in laborato-
ries worldwide.

Of course, these estimates are based on simulation results, which, while serving as a
valuable tool for designing the setup, diagnostic systems, evaluate needed material and
production technique, radioprotection issues, etc., leave some aspects undefined that can
only be clarified by the future experiment once the facility is installed at INFN-LNS and
becomes operational.

In addition, the use of HPGe detectors minimize the detected Ngy—zB " and repeated
measurements will constrain systematic errors. The precision in ionization ratio F can
improve with online characterization of charge state distribution by optical spectroscopy.
Finally, it is important to point out that the angular coefficient of Equation 18 can be
derived by linear fit, reducing the corresponding uncertainty and optimizing the accuracy
of measurement.

The trap is currently under construction, with installation expected in August 2026
and the site acceptance tests until the end of 2026. Although achieving the experimental
conditions described by PANDORA facilities can face technical challenges, the collaboration
has extensive expertise in the field of ECR plasmas. The plasma diagnostics are the result of
long-term R&D and related training. Several experimental campaigns have been dedicated
to improving plasma monitoring techniques, using the multi-diagnostic system [54], as well



Universe 2025, 11, 195

26 of 29

as innovative plasma heating techniques capable of damping instabilities and improving
both plasma stability and confinement [55,56]. Experience shows that ECR plasmas have the
advantage of remaining stable for days or even weeks, thanks to the magnetohydrodynamic
equilibrium that can be guaranteed, and high ion charge state can be produced [57-59].
Various measurement protocols, metallic isotope injection techniques, plasma tuning, as
well as long term plasma stability, are well-established within the community and fall
within the collaboration’s expertise.

6. Conclusions

In this study, we explored the feasibility of measuring the decay rate of ’Be in an
ECR plasma within the PANDORA project. Through numerical simulations, we assessed
the impact of ionization and atomic excitation of “Be on its electron capture decay rate
in a He buffer plasma. The results of GEANT4 Monte-Carlo simulations represents the
first instance of estimating volumetric, space-resolved efficiency using voxels of 1 mm?3 in
size. They indicate that the HPGe detector array of the PANDORA setup is adequate for
detecting the y-rays emitted from ”Be decay. The analysis of the measurement sensitivity,
obtained through a “virtual experimental run” based on simulated plasma-dependent
v-ray production rate maps, indicate that laboratory ECR plasmas in compact traps offer
a promising environment for 3-decay studies of “Be. Notably, the estimated duration of
experimental runs required to reach a 3o significance level varies from tens minutes to few
hours. Tradeoffs between measurement duration, activity, and uncertainty of the decay con-
stant was determined. Shorter measurement durations reduce material quantities/doses,
lowering logistical, and safety constraints, but the disadvantage is a hugely increased sta-
tistical uncertainty in Ax. The optimal concentration seems to be approximatively 5 x 10~4
for a measurement time of about 5 min, as it balances material requirements (below 100 ng)
and moderate dose (1 GBq) with manageable uncertainty (18.8%).

These preliminary results indicate that PANDORA has the potential to be an effective
tool for studying the decay rate of “Be under different thermodynamic conditions and
charge state distributions. Future measurements could provide important insights to
address the Cosmological Lithium Problem and to better understand solar neutrino physics.
Furthermore, PANDORA'’s innovative approach, combining plasma production with an
advanced diagnostic system and y-ray detection, opens new avenues for studying nuclear
processes in astrophysical environments.
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